Opioid receptor protein expression during

development of the rat brainstem

By

Bronwyn Maree Kivell

A thesis

Submitted to Victoria University of Wellington
In fulfilment of the requirements for the degree of
Doctor of Philosophy
In Cell Biology

Victoria University of Wellington

2003




Abstract

Few satisfactory protocols exist for primary culture of postnatal brainstem neurons, and
commonly used procedures often give poor survival rates in older foetal (>E16) and early
postnatal brainstem cultures. The present study describes the first reliable method for
establishing stable in vitro cultures of foetal and postnatal brainstem neurons up to six days
postnatal age in a defined, serum-free culture medium. This novel culture method was used
to study opioid receptor expression and distribution in developing brainstem cells. Opioids
play an important role in brainstem functions, being involved in respiratory and
cardiovascular modulation and pain control (Olsen et al., 1995; Olson et al., 1997;
Vaccarino et al., 1999; Vaccarino and Kastin, 2001). These brainstem functions are
particularly important for survival at birth, and opioid receptor distribution patterns and
sensitivities to opioid ligands change during development. Using cultured cells and frozen
sections of brainstem tissue, mu (MOR) and delta (DOR) opioid receptor localisation in
neuronal and glial cells at different stages of foetal and postnatal development in the rat
were examined by immunocytochemistry and confocal microscopy.  Bipolar and
multipolar neurons showed similar immunoreactivities; whereas, glial cells were more
lightly stained than neurons. Developmentally advanced stages were more intensely
stained for MOR (P<0.006, Mann-Whitney test); whereas, DOR immunoreactivity did not
change during development. These developmental expression patterns observed in culture
for MOR were similar to those obtained from Western blots of electrophoreses brainstern
lysates. DOR, however, decreased in expression in brainstem lysates with increased
developmental age, even though there was no difference in DOR expression in cultured
cells. MOR and DOR were colocalised in specific brainstem regions and in the cerebellum
of foetal and postnatal animals, although the distribution of both opioid receptors in the
foetal brain was more diffuse than in the older animals. The intracellular distributions of
MOR and DOR were investigated by confocal microscopy. In addition to plasma
membrane staining, a population of internalised cytoplasmic receptors was present in
neurons. MOR was down-regulated after exposure of either cultured brainstem cells or
transfected or non-transfected SH-SYSY neuroblastoma cells to the MOR agonist
DAMGO. From the above investigation, it was concluded that opioid receptors are

developmentally regulated during maturation of the brainstem of the rat, and that primary
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cell culture, immunocytochemistry, and immunoblotting of cell lysates are suitable

techniques for investigating opioid systems in the foetal, postnatal, and adult rat.
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CHAPTER 1

1 Introduction and Literature Review

This chapter summarises the physiological function of opioids in the central nervous
system (CNS), their localisation and that of their receptors, their regulation and expression
during mammalian development, the functional implications of differential distributions of
opioid receptors within the rat brainstem during development and the overall role the

opioid system plays in health and disease.

1.1 OPIOIDS

Opioid signalling is coupled to many physiological processes within the body (Olsen et al.,
1989; Olsen et al., 1995: Olson et al., 1997; Vaccarino et al., 1999; Vaccarino and Kastin,
2001). Opioids modulate respiratory, cardiovascular, and gastrointestinal systems and are
implicated in body temperature regulation (Adler and Geller, 1988; Takita et al., 1998),
analgesia (Paul et al., 1989; Pasternak, 1993), antinociception (Fields and Heinricher,
1985; Porreca et al., 1992; Gutstein et al., 1998; Commons et al., 2001) immune cell
signalling (Bidlack, 2000; Tefano et al., 2000; Kraus et al., 2001; Sun, 2002; Suzuki et al.,
2002), cognitive functions (Olsen et al., 1989), locomotion (Vaccarino et al., 1999), and
the central control of endocrine function (Olson et al., 1997; Vaccarino et al., 1999,
Vaccarino and Kastin, 2001). Opioid peptides bind to receptors on the plasma membrane
and exert their effects on the cell through G-protein signalling pathways (Lefkowitz, 1998;
Wang et al., 1999; Remmers et al., 2000; Wang et al., 2000; Tsao et al., 2001) (for review
see) (Standifer and Pasternak, 1997).

There are three main groups of endogenous opioid peptides: enkephalins, B-endorphins,
and dynorphins. These peptides are derived from proteolysis of their larger precursor
proteins, pro-enkephalin, pro-opiomelanocortin (POMC), and pro-dynorphin, respectively.
Pro-enkephalin is the precursor for several active peptides, all of which have opioid
activity. Within its structure, it contains 7 peptides with the [Met]- or [Leu]-enkephalin
active core. POMC has at its carboxyl terminus the 31 amino acid -endorphin and its 91

amino acid precursor beta-lipotropin. POMC is also the precursor for adrenocorticotropic



hormone. P-endorphin is the only peptide from this precursor to have opioid functions,
Pro-dynorphin produces three main [Leu]-enkephalin-containing peptides, including
dynorphin-A and —-B. All endogenous opioid peptides contain the opioid core Tyr-Gly-
Gly-Phe-Met (or Leu). Endomorphin-1 and endomorphin-2 are proposed endogenous
ligands for mu opioid receptors, although they are the product of an as yet unidentified
precursor. For a review on endogenous opioids, see Akil et al. (1984) (Akil et al., 1984).
Opioid peptides bind with different affinities to the five main classes of opioid receptors:
mu receptor (MOR), delta receptor (DOR), kappa receptor (KOR) (Martin et al., 1976;
Barnard and Demoliou-Mason, 1983; Kieffer et al., 1992; Pasternak, 1993; Minami and
M., 1995; Reisine, 1995; Satoh and Minami, 1995; Standifer and Pasternak, 1997; Law and
Loh, 1999), opioid receptor-like receptor (ORL-1) (Pan et al., 1998; Meunier et al., 2000;
Mollereau and Mouledous, 2000; Slowe et al., 2001), and opioid growth factor receptor
(OGFr) (Zagon et al., 1999; Zagon et al., 2002), all of which have been cloned. Each class
of opioid receptor (OpR) has distinct expression and functional profiles within the body,
especially within the brain, where they are developmentally and spatially regulated (Liu et
al., 1999). The distributions of opioid peptides and their receptors in the adult brain and
within the foetal brain during early development are functionally important. To better
understand opioid action at the cellular level, Xenopus oocyte expression systems
(Appleyard et al., 1999; Koch et al., 2000), transfected cells (Cvejic and Devi, 1997;
Martin and PL., 2001; McVey et al., 2001; He et al., 2002), and cells endogenously
expressing opioid receptors (Prathert et al., 1994; Kramer and Simon, 1999) have been

studied.

1.1.1 THE HISTORY OF OPIOIDS

Opiates are alkaloid compounds that have been used for over 4000 years in religious rituals
because of their ability to evoke euphoria. The first active substance was isolated in 1806
from opium extracted from poppy seeds (Papaver somniferum) and was named morphine,
after Morpheus, the god of dreams. In the 1850s, morphine was introduced into medicine
for the treatment of acute pain during surgery and for the relief of chronic pain. It was also
used as a cough suppressant and for the treatment of diarrhoea. Since this time, research
efforts have sought molecules that mimic the action of morphine without causing the
unwanted side effects of nausea, constipation, respiratory depression, immune suppression,

addiction, and tolerance (Olson et al., 1997; Vaccarino et al., 1999; Vaccarino and Kastin,




2001). In 1898, heroin, a diacetylated derivative of morphine, was synthesised for this
purpose but later discovered to be even more addictive than morphine because it crosses
the blood-brain barrier more readily. OpR antagonists are often used in drug therapy to
block the effects of opioids (Gonzalez and Brogden, 1988). Opioids are now one of the
most dangerous and costly drugs of abuse and are estimated to cost the USA over 100
billion US dollars/pa in lost earnings, medical expenses and crime associated with drug

abuse [www.nida.nih.gov/EconomicCosts].

The development of cellular and molecular techniques with which to study OpRs has
dramatically increased the knowledge of how the opioid system works, although the exact
cellular mechanisms that lead to desensitisation and addiction still remain unknown.
Unfortunately, little progress has been made in separating the desired anti-pain effects of

opioids with their unwanted side effects.

1.1.2  ENDOGENOUS OPIOIDS

The term opioid refers to all drugs with morphine-like actions, regardless of their
molecular structure. Endogenous opioid ligands were first identified by Hughes et al.
(1975), who isolated met-enkephalin and leu-enkephalin from the pig brain (Hughes et al.,
1975). Two other classes of endogenous opioid peptides, dynorphins and B-endorphin,
were discovered soon after from porcine and camel pituitary glands, respectively (Li and
Chang, 1976; Goldstein et al., 1981). The endorphins tend to have a peripheral site of
action; whereas, the enkephalins and dynorphins are widely distributed in the central
nervous system and are considered to be the predominant central opioid peptide
neurotransmitters (for reviews see (Carr, 1988; Lutz and Pfister, 1992; Dhawan et al.,
1996; Vaccarino et al., 1999; Vaccarino and Kastin, 2001)). Opioid receptors were first
identified in the mammalian brain in the 1970's by autoradiography of binding sites of
radiolabelled opioid peptides (Pert et al., 1973). Multiple OpRs were characterised by the
different effects of different OpR agonists or partial agonists in the morphine-dependent

and nondependent chronic spinal dog (Martin et al., 1976).

1.1.3 SELECTIVITY OF LIGANDS FOR OPIOID RECEPTORS
Binding experiments have shown that DOR preferentially binds enkephalin, KOR
preferentially binds dynorphin, and MOR shows high affinity for endomorphins, [-



endorphin and enkephalin. Endogenous opioid peptides have only moderate selectivity for
one OpR type over another and it is likely that they activate more than one OpR. The
interaction between opioid peptides and OpRs involves both the binding selectivity of the
ligands and receptor availability in the vicinity of peptide release. The pharmacological
profiles of each opioid receptor have been well characterised (for reviews see (Iwamoto
and Martin, 1981; Smith and Low, 1981)). Most of the opiates used clinically such as
morphine, codeine, and methadone, selectively interact with MOR. The pharmacology of
the three groups of classical opioid receptors is distinct and well characterised. OpR
ligands have been synthesised with varying specificities for each class of opioid receptor,
summarised in Table 1.1. [D-Ala’,N-methyl-Phe*,Gly’-ol]enkephalin (DAMGO) and
dermorphin have a high selectivity and affinity for MOR (Goldstein and Naidu, 1989;
Negri et al., 1992; Attila et al., 1993). The DOR agonists [D-Ser’]Leu-enkephalin-Thr
(DSLET) and [D-Ala’>,D-Leu’Jenkephalin (DALDE) have only slight selectivity for DOR;
whereas, [D-Pen®’Jenkephalin (DPDPE) is highly selective. DSLET has been reported to
have 20- to 600-fold selectivity for DOR over MOR (Gacel et al., 1980); whereas, DALDE
has a 2- to 20-fold selectivity for DOR over MOR (James and Goldstein, 1984). DPDPE is
100- to 1000-times more potent at DOR than MOR (Mossberg et al., 1983; Toth et al.,
1990) and is the preferred DOR agonist for use in binding studies. The specificity of the
ligands has been mapped to specific regions of the opioid receptor, using chimeric or
mutated OpRs (Meng et al., 1996; Capeyrou et al., 1997; Gouldson et al., 1998; Chaturvedi
et al., 2000; El Kouhen et al., 2000).




Table 1.1 Selectivity of ligands for opioid receptors

Receptor Agonists Antagonists Natural Transmitter

MOR DAMGO CTOP Endomorphin-1
Morphine Naloxonazine Endomorphin-2
Dermorphin B-FNA Enkephalin

SNC 80 Endorphin

Morphine-6-glucuronide

DOR DPDPE Naltrindole Enkephalin
DALDE NTB Endorphin
DSLET BNTX
Deltorphin I ICI 174864
Deltorphin II

KOR U50,488 nor-BNI Dynorphin A
U69,593 Dynorphin B

Enadoline




1.2 OPIOID RECEPTORS
1.2.1 TYPES OF RECEPTORS

In the 1970s, the three main classes of OpR, W, 8, and k, were identified (Martin et al.,
1976). These three classes were further subdivided according to their pharmacological
properties into Wi/Wa/Us, 81/8;, and Ki/K2/K3 receptors. Although these eight isoforms of
opioid receptors (OpRs) have been recognised pharmacologically, only three OpR genes
have been cloned. DOR is located on chromosome 1, MOR on chromosome 6, and KOR
on chromosome 8 (Befort et al., 1994; Wang et al., 1994; Yasuda et al., 1994). The seven
MOR, DOR, and KOR isoforms are all products of these three cloned genes. This has
recently been confirmed by production of knockout mice in which the pharmacological
responses are lost for each particular OpR gene deleted (Matthes et al., 1996; Kieffer,
1999; Chen et al., 2000; Kieffer and Gavériaux-Ruff, 2002). The correlation between the
biological activity of the encoded proteins and the pharmacological subtypes remains to be

established.

Recent studies have shown that some pharmacological heterogeneity arises from the three
known MOR, DOR and KOR genes by alternative splicing mechanisms. At present fifteen
different C- and N- terminal splice variants have been reported for the MOR-1 receptor in
rodents (Koch et al., 1998; Pan et al., 1999; Koch et al., 2001; Pan et al., 2001). These
splice variants, classified as MOR-1 and MOR-1A to MOR-IN, are differentially
distributed in the brain and undergo region-specific processing (Schulz et al., 1998;
Abbadie et al., 2000b; Abbadie et al., 2000a). For example, MOR-1C is absent or sparse in
the nucleus ambiguous (NA), locus coeruleus, and striatum, regions where MOR-1 1s
expressed at high levels. MOR-1C and MOR-1 are both found in the periaqueductal gray
(PAG) and laminae 1 and II of the spinal cord (SpC); whereas, MOR-1C expression is
higher in the hypothalamus than MOR-1 (Abbadie et al., 2000a). MOR-1D is expressed at
high levels in the nucleus of the solitary tract (NTS), area postrema, inferior olive (I0),
NA, and spinal trigeminal nucleus; whereas, it is absent from the striatum and loecus
coeruleus (Abbadie et al., 2000b). In the mouse, five splice variants of KOR have been
described, and each of these splice variants has distinct expression patterns within the brain
(Pan et al., 1998). KOR-3A is expressed at high levels in the striatum, a region where
KOR-3 is absent. KOR-3C is found in the PAG and hypothalamus in the same regions as
KOR-3. KOR-3B levels were low throughout the brain. KOR-3D was most predominant



in the cerebellum; whereas, the brainstem had similar expression levels of KOR-3, KOR-
3A, and KOR-3D (Pan et al., 1998). Two DOR splice variants have also been identified in
mouse brain by RT-PCR. The DOR splice variants are present at low levels
(approximately 5%) when compared to total DOR-1 expression levels (Gavériaux-Ruff et
al., 1997). Most of the splice variants express a truncated form of the receptor protein, and
in the case of the KOR and DOR splice variants, the receptors are unlikely to couple with
G-proteins. The precise biological functions of these splice variants remains to be

determined.

1.2.2 OPIOID RECEPTOR STRUCTURE

A major breakthrough in the understanding of OpR structure and function was achieved
with the cloning of the different OpRs (Evans et al., 1992; Kieffer et al., 1992; Chen et al ,
1993b; Fukuda et al., 1993; Li et al., 1993; Thompson et al., 1993; Abood et al., 1994;
Zimprich et al., 1995; Akil et al., 1996; Zagon et al., 1999; Meunier et al., 2000). The
sequence of the cloned genes indicated that opioid receptors belonged to the superfamily of
G-protein coupled receptors (GPCR), lying within the subfamily of rhodopsin receptors.
The three classical OpRs share about 60% sequence identity (Knapp et al., 1995; Satoh and
Minami, 1995), and each OpR is approximately 90% identical to its counterpart in other
mammalian species (Befort and Kieffer, 1997). The N-terminus shares the least homology
(around 10%), with the transmembrane regions and intracellular loops showing the greatest

homology (Blake et al., 1996) for review see (Satoh and Minami, 1995).

OpRs have seven transmembrane helices (Figure 1.1) connected by three intracellular and
three extracellular loops, a cytoplasmic C-terminus, which has a highly conserved potential
palmitoylation site, and an extracellular N-terminus that contains multiple glycosylation
sites. Two cysteine residues located in the first and second extracellular loops are highly
conserved between different OpRs and form a disulfide bond in the properly folded,
functional protein. Multiple sites exist for protein kinase phosphorylation, and these sites
are present in the 2" and 3™ intracellular loops and in the C-terminal domain (Chen et al.,
1993a), (for review, see (Minami and M., 1995)). Mutation analysis of the OpRs has been
carried out by construction of opioid receptor chimeras (Befort and Kieffer, 1997;
Gouldson et al., 1998; Law and Loh, 1999; Law et al., 2000a) and site-directed
mutagenesis. (Meng et al., 1996; Capeyrou et al., 1997; Chaturvedi et al., 2000; El Kouhen



et al., 2000). Mutation analysis has increased the understanding of ligand binding
selectivity and identified the receptor regions responsible for activation and regulation of
the receptors. For example, the C-terminal of DOR and MOR appears to be involved in
receptor trafficking, since loss of the C-terminal prevents polarised insertion of the
receptor in the plasma membrane (Trapaidze et al., 1996; Trapaidze et al., 2000). KORs
require the C-terminal region for agonist-induced receptor down-regulation (Appleyard et
al., 1999). A summary of opioid receptor regions important for binding and regulation is
shown in Figure 1.1 (Minami and M., 1995; Satoh and Minami, 1995; Wang et al., 1995;
Blake et al., 1996; Meng et al., 1996; Trapaidze et al., 1996; Befort and Kieffer, 1997;
Koch et al., 2000; Law et al., 2000a; Wang et al., 2000). Extracellular loops have a role in
determining ligand selectivity. These extracellular loops probably do not form the actual
binding pocket for the peptide, but act as filters for the ligands, regulating the ability of the
ligands to interact with the binding pocket within the core of the receptor. The orientation
of the amino acid side chains greatly affects the ability of the extracellular loop to filter
opioid selective ligands, since mutation of a single amino acid can alter the tertiary
structure of the receptor protein. For example, when an OpR agonist binds to its receptor,
a small conformational change exposes the intracellular loop, allowing its interaction with

G-proteins (Javitch et al., 1997).

The resolution of the atomic structure of GPCRs has not yet been carried out, but several
models have been presented in the literature (Knapp et al., 1995; Wess, 1998). In one
proposed model, the seven transmembrane helices are tightly packed and arranged in a
sequential clockwise order in a tight bundle. The position of the transmembrane helices is
important in determining the interaction of the side chains. A schematic diagram of the
organisation of the transmembrane helices has been presented (Law et al., 2000a). The
structure of the OpR in the membrane has been modelled in detail for rat MOR (Minami

and M., 1995; Satoh and Minami, 1995) and DOR (Law et al., 1999).

1.2.3 OPIOID RECEPTOR REGULATION

The OpR signalling pathways described in this section are summarised in Figure 1.2. The
cloning of DOR in 1992 by Evans et al. (1992) (Evans et al., 1992) and Kiefer et al. (1992)
(Kieffer et al., 1992) dramatically increased the understanding of OpR regulation.

Regulation has now been extensively studied using cell lines (Elliott et al., 1994; Prathert



et al., 1994, Gies et al., 1997; Yabaluri and Medzihradsky, 1997; Kramer and Simon, 1999;
Law et al., 2000c; Remmers et al., 2000; Jenab and Inturrisi, 2002), brain membrane
preparations (Satoh and Minami, 1995; Gray et al., 2001), Xenopus oocyte expression
systems (Appleyard et al., 1999; Koch et al., 2000), and yeast expression systems (Lagane
et al., 2000). Cloning and transfection techniques have allowed the function of individual
OpR amino acid sequences to be determined by selective mutation (Meng et al., 1996),
thus, permitting identification of the receptor domains responsible for opioid ligand
selectivity, agonist activation, and receptor regulation. Transfected cells and cells
endogenously expressing OpRs are often used to study receptor regulation because they
consist of homogeneous populations of cells that are more easily characterised than the
heterogeneous population of cells within the brain that express OpRs. Studies of OpR
function within the brain are further complicated by differences in regional distribution.
function, and regulatory mechanisms (Mansour et al., 1987, 1988). These regional
differences are further complicated by species differences that exist in the type,
localisation, and expression levels of different OpRs. Species variability is described in

detail later in this chapter.

Activation of OpRs causes a reduction in pre- and postsynaptic neuronal excitability.
OpRs, through GPCR signalling pathways, inhibit adenylyl cyclase activity. The resultant
decrease in cAMP in the cells, through alteration of numerous protein kinase activities,
leads to changes in receptor phosphorylation, activation of inward-rectifying K channels,
and inhibition of voltage-gated Ca®*channels. (Xiang et al., ; Fan and Crain, 1995; Kovoor
et al., 1995; Belcheva et al., 1996; Trapaidze et al., 1996; Blake et al., 1997; Chen et al.,
1997; Chu et al.,, 1997; Gaudriault et al., 1997; Pak et al., 1997; Yabaluri and
Medzihradsky, 1997; Yu et al., 1997; Koch et al., 1998; Zhang et al., 1998; Kramer and
Simon, 1999; Law and Loh, 1999; Liu et al., 1999; Pak et al., 1999; Bohn et al., 2000;
Kramer and Simon, 2000; Petija-Repo et al., 2000; Remmers et al., 2000; Tryoen-Toth et
al., 2000; Wang et al., 2000; Yoshikawa et al., 2000; Wei and Low, 2002). Exposure of
cultured cells that express OpRs, or cells transfected with OpRs, to opioid agonists causes
an inhibition of adenylyl cyclase activity, similar to that seen in vivo (Law et al., 1983;
Kieffer et al., 1992; Chan et al., 1995). Chronic exposure causes a decrease in the ability
of the OpR to regulate adenylyl cyclase activity (receptor desensitisation) and a decrease in
receptor density (receptor down-regulation) (Law et al.,, 1983; Law et al., 2000b).

Exposure of OpRs to opioid antagonists in cultures of spinal cord dorsal root ganglion



causes an up-regulation of receptors to the plasma membrane (up to a 40% increase);
whereas, incubation with OpR agonists causes a down-regulation of OpR function (up to a

70% reduction in function) (Chen et al., 1997).
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Figure 1.1

Opioid Receptor Structure, Binding and Regulation Properties
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Figure 1.2
Opioid Receptor Activation

Binding of opioid peptides (OP) at opioid receptors (OpR) causes G-protein mediated inhibition
of adenylyl cyclase (AC) which causes a decrease in intracellular cAMP levels. The K* channel
is activated and the Ca’’ channel inhibited, causing hyperpolarisation of the cell membrane.
Decreased cAMP levels causes a decrease in protein kinase activity (PKA) which modulates
numerous cellular processes, including reduced OpR transcription and changes in channel
activities. Modified from Nestler (1996) and Kandel et al. (2000).




Opioid receptors, through coupling to G-proteins, inhibit (Chen et al., 1993b) or activate
(Chan et al., 1995) different isoforms of adenylyl cyclases (Standifer and Pasternak, 1997).
There are many different types of G-proteins, and there are differences in subunit
conformation between these G-proteins. Each of the 19 different o subunits, the 5 8
subunits, and the 6 y subunits described in the literature has unique functional properties
(reviewed by Harrison, 1998 and Conner 1999) (Harrison et al., 1998; Connor and
Christie, 1999). G- protein coupling differs between different brain regions; cell lines,
transfected cells, and between OpR subtypes (Chan et al., 1995; Appleyard et al., 1999).
There are also differences in the sensitivity of G-proteins to toxins (Standifer and
Pasternak, 1997). For example, in SH-SYSY cells, MOR couples to the G-protein G;:
whereas, DOR couples to the G-protein Gy, suggesting that G-protein specificity exists
for different OpRs (Remmers et al., 2000) (reviewed in Standifer and Pasternak (1997)
(Standifer and Pasternak, 1997). The different types of adenylyl cyclases, of which eight
have been described (Standifer and Pasternak, 1997), vary in their sensitivity to
calcium/calmodulin and the different G-protein subunits (Harrison et al., 1998; Connor and
Christie, 1999), as well as their regulation by different protein kinases (Xiang et al., ; Koch
et al., 1997; Wilson, 1997; Zhang et al., 1998; Appleyard et al., 1999; Kramer and Simon,
1999, 2000; Tso et al., 2000; Wang et al., 2000). All these factors affect the overall

regulation of OpRs in neuronal cells.

Receptors within the GPCR class share similarities in their regulatory properties
(Dohlman, 1991; Lefkowitz, 1998; Jordan and Devi, 1999; Tsao and von Zastro, 2000),
and G-protein signalling has been well described in the literature. Briefly, when GPCRs
are not stimulated by agonists, the G-protein exists as a heterotrimer with o, B, and
¥ subunits. GDP is bound to the o subunit. When the ligand binds to the receptor, the
receptor associates with the G-protein, and GDP is exchanged for GTP. The G-protein o
and Py subunits separate, and the OpR dissociates from the G-protein subunits. The o G-
protein subunit then acts on adenylyl cyclase, GTP is hydrolysed to GDP, and the o

subunit reassociates with the By subunit (Connor and Christie, 1999).
Activation of OpRs causes a reduction in cellular excitability and neurotransmitter release.

This can occur by several different mechanisms that are described below and illustrated in

5 2 . s 2
Figure 1-2. The OpR, on exposure to an agonist, inhibits voltage-dependent Ca™" channels,
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including N-type (Tallent et al., 1994) and L-type Ca® channels (Piros et al., 2000). OpR
stimulation reduces neuronal excitability by hyperpolarising the plasma membrane by
increasing K* conductance out of the cell, and inhibiting Ca™ entry into the cell (Piros et
al., 2000). This has been confirmed by studies in Xenopus oocytes that coexpress either
MOR or KOR along with the G-protein activated K* channel (GIRK1) (Kovoor et al.,
1995). In the brain, MOR also couples to the G-protein-activated, inward-rectifying K"
channel (Bausch et al., 1995b). The presence of coupling between MOR and GIRK1 has
been directly supported by studies that demonstrate that MOR and K" channels colocalise
in some regions of the brain, including the olfactory nucleus, cerebral cortex, thalamus.

locus coeruleus, and the dorsal raphe nucleus (Bausch et al., 1995b).

Agonist-induced receptor phosphorylation is critical in the regulation of GPCRs (Arden et
al., 1995; Yu et al., 1997; El Kouhen et al., 2001) and involves phosphorylation of the C-
terminal of MOR (Pak et al., 1997). Several different protein kinases are involved in OpR
phosphorylation, including protein kinase C (Xiang et al., ; Kramer and Simon, 1999),
Ca”*/calmodulin (CaM)-dependent protein kinases (Koch et al., 1997), G-protein-coupled
receptor kinases (Zhang et al., 1998; Appleyard et al., 1999), and mitogen-activated protein
kinases (MAPK) such as Erk-1 and Erk-2. Activation of MAPK occurs via the G-protein
By subunit (Wilson, 1997; Kramer and Simon, 2000; Tso et al., 2000; Wang et al., 2000).
GPCR regulation by phosphorylation has been recently reviewed by Law (2000) (Law et
al., 2000a). A G-protein independent, tyrosine-kinase-dependent pathway may also be
involved in MOR down-regulation (Pak et al., 1999). DOR may also be partially regulated
by G-protein independent and phosphorylation independent mechanisms. For example,
mutant C-terminal truncated DOR, in the absence of phosphorylation, showed down-
regulation on exposure to DOR agonist DALDE. The DOR internalisation observed in this
study was via a dynamin-dependent mechanism involving clathrin-coated pits (Murray et
al., 1998). The study of DOR down-regulation carried out by Murray et al. (1998) was the
first to show GPCR down-regulation that does not require phosphorylation to undergo

dynamin-dependent endocytosis.

1.2.4 RAPID RECEPTOR DOWN-REGULATION AND INTERNALISATION
Opioid receptor signal transduction is closely associated with receptor down-regulation or

desensitisation, a phenomenon characterised by a rapid loss of receptor function upon

15



sustained exposure to an opioid agonist. Several cellular systems, including cell lines
endogenously expressing these receptors and transfected cell lines, provide useful models
to study these functions in vitro. In vivo systems are complicated further by long-term
adaptive changes, tolerance, and addiction (Nestler and Aghajanian, 1997; White and
Irvine, 1999). Recent findings suggest that MOR down-regulation during agonist
stimulation is the sum of both accelerated receptor degradation and decreased receptor
biosynthesis (Afify, 2002). Numerous mechanisms operate at the transcriptional,

translational, and protein levels to lead to the desensitisation of opioid receptors.

The current model for OpR desensitisation (summarised in Figure 1.3) follows the same
model as for other GPCRs (recently reviewed by (Tsao et al., 2001)). Briefly, the receptor
is phosphorylated by protein kinases on exposure to its agonist, allowing [-arrestin to bind
to the receptor. The binding of P-arrestin competes with G-protein binding for the
attachment sites, resulting in termination of receptor function. Addition of G-protein
receptor kinase and P-arrestin to a Xenopus oocyte KOR expression system showed
increased KOR down-regulation on exposure to KOR agonists (Appleyard et al., 1999).
The internalisation of the receptor is also [-arrestin-dependent, and therefore
phosphorylation-dependent, and occurs via endocytosis mediated by clathrin-coated pits
(Xiang et al., ; Chu et al., 1997). The internalised receptor is resensitised by
dephosphorylation and is then recycled to the membrane, or, alternatively, the receptor is
degraded within lysosomes (Ko et al., 1999; Shapira et al., 2001; Tanowitz and von
Zastrow, 2002). The endocytosis of GPCRs usually requires ubiquitination. Cytoplasmic
lysine residues are covalently modified by ubiquitin to signal MOR and DOR removal
from the membrane to endosomes (Chaturvedi et al., 2001). Another study, however, has
described ubiquitination-independent trafficking of DOR to lysosomes (Tanowitz and von
Zastrow, 2002). Several pathways for down-regulation of OpRs probably exist. Recently,
a G-protein-coupled receptor-associated sorting protein (GASP) has been implicated in the

modulation of lysosomal sorting (Whistler et al., 2002).
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Figure 1.3

Opioid Receptor Regulation
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Whistler et al. (2001) using a C-terminal truncated DOR suggested that phosphorylation
was required for wild-type DOR internalisation, but not for internalisation of the truncated
DOR. This suggests that the DOR C-terminal region acts as a brake for receptor
internalisation and that the break is removed by receptor phosphorylation (Whistler et al.,
2001). Another protein, dynamin, has also been implicated in OpR internalisation in
addition to B-arrestin (Chu et al., 1997). There are differences in the specific pathways of
down-regulation and internalisation for different types of receptor. For example,
Gauderiault et al. (1997), using cells transfected with MOR and DOR showed that OpRs
were down-regulated and internalised through partially distinct endocytotic pathways
(directly visualised by confocal microscopy) (Gaudriault et al., 1997). This suggests that
each receptor interacts with distinct proteins that mediate intracellular trafficking and
sorting. OpR splice variants also display different patterns of insertion and removal from
the membrane, and the rates of down-regulation with different agonists vary (Koch et al.,

1998; Koch et al., 2000; Abbadie and Pasternak, 2001; Koch et al., 2001).

Despite all this direct experimental evidence of OpR down-regulation and desensitisation,
some studies indicate that other factors may be involved, since inhibition of phosphatase
activity does not enhance OpR desensitisation and internalisation, and protein kinase
activation, or over-expression of (-arrestin, does not enhance phosphorylation (El Kouhen
et al., 1999). Numerous factors may therefore be involved in regulation, and regulatory
pathways may be unique for each OpR subtype, splice variant, G-protein subtype, or
adenylyl cyclase isoform (Pak et al., 1999; Tso et al., 2000). Indeed, not all OpR
regulation directly involves G-protein-mediated pathways. To complicate matters further,
opioids are not always inhibitory. It has been shown, for example, that KOR acts in an
excitatory manner to oppose the actions of MOR (summarised in a review by Pan 1998)
(Pan, 1998). KOR was recently found to reduce K* currents via activation of stimulatory
G proteins in cultured hippocampal neurons, supporting the concept of an excitatory
opioid system (Fan et al., 1992; Fan and Crain, 1995; Hampson et al., 2000). In addition, it
has been proposed that morphine, which does not cause rapid internalisation of MOR, may
have a different mechanism for down-regulation that leads to opioid tolerance (Keith et al.,

1996; Keith et al., 1998).
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In summary, activation of OpRs generally results in hyperpolarisation of the membrane via
altered ion channel activity and G-protein-mediated inhibition of adenylyl cyclase activity.
After activation, receptor phosphorylation causes OpR desensitisation (reduced coupling to
signaling pathways) or down-regulation (removal of OpRs from the membrane), processes
mediated by protein kinases and B-arrestin. Opioid receptor regulation is complicated by
the involvement of different isoforms of adenylyl cyclase (Standifer and Pasternak, 1997)
as well as G-protein subunits (Harrison et al., 1998; Connor and Christie, 1999), and the

interactions they have with each subtype of receptor are unique.

1.2.5 OLIGOMERISATION

GPCRs form oligomers in a tissue, regional, and species-specific fashion (Rios et al., 2001;
Salim et al., 2002). The formation of oligomers alters the function of individual receptors
and influences signal amplification. Oligomerisation has therefore been postulated to be a
mechanism for increasing the functional repertoire of G-protein coupled receptors
(Gouldson et al., 1998). OpRs, as members of the family of GPCRs, also form oligomers.
Using time-resolved fluorescence resonance energy transfer (FRET) techniques (Cvejic
and Devi, 1997; Levac et al., 2001), DOR has been shown to form homo-oligomers when
transfected into HEK 293, CHO, or COS cells. The structural basis for this association
remains unclear but may involve the formation of disulfide bonds, hydrophobic
interactions, and intracellular coiled-coil interactions (Bouvier, 2001). The presence of the
DOR C-tail is reported to be necessary for receptor dimerisation (Cvejic, 1997). Indirect
evidence also exists for MOR homodimer formation. In a study of mouse brain tissue,
MOR homodimers were observed by protein coimmunoprecipitation techniques (Garzon et
al., 1995), and Western blots of electrophoretic extracts of the periaqueductal grey from
mouse brain demonstrated the presence of low (50-58 kD) and high molecular weight
(100-114 kD) MOR bands. The high molecular weight bands were twice the size of the

MOR monomers (Garzon et al., 1995).

Hetero-oligomerisation has been reported between MOR-DOR (George et al., 2000;
Gomes et al., 2000; Martin and PL., 2001) and DOR-KOR (Jordan and Devi, 1999;
Ramsay et al., 2002) and between DOR and KOR with f,-adrenoceptors (another GPCR)
(Jordan and Devi, 2001; McVey et al., 2001; Ramsay et al., 2002). MOR-1 also forms
heterodimers with the GPCR, somatostatin-2a (Pfeiffer et al., 2002). Recently, MOR,



DOR, and KOR were found to oligomerise with the chemokine receptor CCRS, and the
heterodimers were postulated to have a role in modulating immune responses (Suzuki et
al., 2002). The DOR-KOR heterodimer displays differences in ligand binding profiles
when exposed to the KOR selective agonists dynorphin A and U69593 and the DOR
selective agonist DPDPE. In the case of DPDPE, a decreased affinity for the heterodimer
was seen relative to the DOR monomer. On the other hand, the non-specific opioid
antagonists naloxone and diprenorphine showed an increased affinity for the DOR-KOR

heterodimer receptor complex (Jordan and Devi, 1999).

Interactions between MOR and DOR have been postulated for years (Traynor and Elliott,
1993), although direct interactions have only been discovered recently (George et al.,
2000). Like the DOR-KOR heterodimer, the 150 kD MOR-DOR heterodimer has novel
binding sites compared with the MOR and DOR monomers, showing reduced binding
affinity for some agonists (DALDE, DPDPE, DAMGO, and morphine), and increased
affinity for some endogenous opioid peptides (endomorphin-1 and leu-enkephalin).
Differences in OpR regulation, desensitisation, and receptor internalisation were also seen
with heterodimers (Gomes et al., 2000; Martin and PL., 2001). An intact MOR C-terminal
region is not required for MOR-DOR hetero-oligomerisation to occur (Gomes et al., 2000).
The functional relevance of OpR hetero-oligomerisation is still being investigated. MOR-
DOR hetero-oligomers do not closely match any MOR or DOR pharmacological subtype.
At present, hetero-oligomerisation has only been seen in vitro, mainly in OpR transfected
cell lines that grossly over-express OpRs. It still remains to be established if hetero-
oligomers are present in vivo, although some indirect evidence exists for their formation.
For example, in studies using knockout mice, MOR is needed to obtain full DOR-mediated
analgesia of the tail withdrawal response (Matthes et al., 1996; Matthes et al., 1998). MOR
knockout mice also do not display place preference, a test designed to measure reward and
drug seeking behaviour in response to a selective DOR agonist such as deltorphin II
(Hutcheson et al., 2001). MOR knockout mice are unresponsive to morphine, including
the effects of morphine on pain relief, addiction, and tolerance. The expected functional
consequences of OpR knockout are not always observed. The maintenance of normal
function in these mice is not a result of increases in expression of the remaining OpRs,
since their expression and distribution remain unchanged (Kitchen et al., 1997). For
example, OpRs are believed to have a role in developmental maturation and in the

modulation of respiration. OpR knockout mice, however, seem to develop and mature



normally and have normal breathing rhythms. MOR and DOR have some overlapping
functions in vivo and act synergistically to increase the response to MOR and DOR
agonists (Cahill et al., 2001a; Martin and PL., 2001). Recent investigations have indirectly

linked these enhancements of function to heterodimer formation (Levac et al., 2001).

Both MOR and DOR homodimers on their own cause adenylyl cyclase inhibition, MAPK
activation via pertussis toxin-sensitive GPCRs, and undergo agonist-dependent
internalisation and desensitisation. The MOR-DOR heterodimer, however, is coupled via
pertussis toxin-insensitive G-proteins.  Inhibition of adenylyl cyclase and MAPK
activation in the MOR-DOR heterodimer only occurs if both MOR and DOR selective
ligands are added together. In the MOR-DOR heterodimer no desensitisation was seen
with the MOR-selective agonist DAMGO or the DOR-selective agonist DPDPE. As stated
earlier, the MOR-DOR heterodimer has increased affinity for endomorphim-1 and leu-
enkephalin. The DOR-KOR heterodimer shows an increased affinity for non-selective
agonists. The properties of OpR dimers have been recently reviewed by Levac et al.

(2001) (Levac et al., 2001).

1.3 OPIOID RECEPTOR EXPRESSION

The anatomical distribution and expression levels of specific OpRs within the brain can
provide important clues on the sites of action and functional significance of the different
opioid systems within the brain. For example. OpRs located in parts of the limbic system
and cerebral cortex have been implicated in modulating the opioid effects of euphoria and
drowsiness (Wamsley, 1983); whereas, activation of OpRs within the spinal cord leads to
spinal analgesia and desensitisation to pain (Fields and Heinricher, 1985; Gamboa-Esteves
et al., 2001). OpRs in brainstem areas modulate cardiovascular and respiratory functions
(Denavit-Saubie et al., 1978; Pasternak et al., 1980; Hassen et al., 1982; Sessle and Henry,
1985; Yeadon and Kitchen, 1989; Shook et al., 1990; Gray et al., 1999; Liu et al., 2000;
Moss and Laferriére, 2000; Aicher et al., 2001; Stornetta et al., 2001). These regional
distributions show species variations in both receptor expression levels and in the specific
sites of localisation within the brain (Yoburn et al., 1991: George et al., 1994). Differences
can also be seen in receptor expression and localisation patterns at different stages of
development (Beland and Fitzgerald, 2001) and in disease states (Delay-Goyet et al., 1987;
Barg et al., 1993b).



The distribution of OpRs generally matches the pharmacological site of action and
production of opioid peptides. For example, met-enkephalin immunoreactivity is found in
the medulla (Ceccatelli et al., 1989) and dorsal horn of the rat spinal cord (SpC) where it is
colocalised within the same SpC regions as DOR (Cheng et al., 1995b). Leu-enkephalin is
also found in the rat NTS where it is found closely associated with MOR-positive neurons
(Cheng et al., 1996). Radioimmunoassay experiments have shown that met-enkephalin, [3-
endorphin, and dynorphin are present in brainstem respiratory regions of the piglet (Zhang
and Moss, 1995). Met-enkephalin is also present in the NTS and medulla of newborn
rabbits (Gingras-Leatherman et al., 1986) and human foetal brain tissue (Yew et al., 1990).
These regions all express high levels of both MOR and DOR receptors (Delfs et al., 1994,
Arvidsson et al., 1995a; Arvidsson et al., 1995b; Bausch et al., 1995a; Ding et al., 1996a).
No single OpR, however, exists in the same brain regions as a single opioid peptide. More
often, several opioid peptides are found in the same regions along with multiple OpRs
(Loughlin et al., 1985). It is difficult to compare or correlate the distributions of peptides
and receptors reported in the literature, because of the differences in techniques used in
each study and the fact that opioid peptides can diffuse away from their site of production.
Zadinia et al. (1997) showed that endomorphin had a high affinity for MOR (Zadina et al.,
1997) and was found in the CNS in regions of high MOR density (Zadina et al., 1999).
Both the level of expression and receptor distribution can help investigators gain better
insight into opioid functions, interactions, and regulation in vivo since the physiological
function of any neuromodulatory system depends on the ratio of active receptors to

available ligands.

The distribution of endogenous opioid peptides (Olson et al., 1997; Vaccarino et al., 1999;
Vaccarino and Kastin, 2001) and the OpRs they interact with (Xia and Haddad, 1991) are
developmentally regulated and spatially distributed in the brain. The anatomical
distribution of OpRs in the rodent brain has been examined by radioligand binding in the
foetal (Tsang et al., 1982), postnatal (Tsang et al., 1982; Kornblum et al., 1987; Xia and
Haddad, 1991), and adult rat (Kornblum et al., 1987; Mansour et al., 1988; Xia and
Haddad, 1991; Bunzow et al., 1995), and in the adult mouse (Matthes et al., 1998;
Goodman et al., 1999; Chen et al., 2000). Immunocytochemistry (ICC) has been used to

investigate OpR populations in the adult rat (Dado et al., 1993; Elde et al., 1995; Ding et



al., 1996b; Kalyuzhny et al., 1996; Cheng et al., 1997; Gutstein et al., 1998; Schulz et al.,
1998; Abbadie et al., 2000b; Abbadie et al., 2000a; Cahill et al., 2001b; Wessendorf and
Dooyema, 2001; Abeyta et al., 2002; Wang and Wessendorf, 2002) and adult mouse (Pan
et al., 1998; Abbadie et al., 2000b). The ICC studies have been limited, until recently, by
the unavailability of suitable antibodies against OpRs (Elde et al., 1995). With the cloning
of the OpR genes, mRNA expression has also been examined in various regions of the
CNS and SpC of foetal rats (Georges et al., 1998) and mice (Zhu et al., 1998), postnatal
rats (Georges et al., 1998; Gulledge et al., 2000), and adult rats (Mansour et al., 1988;
George et al., 1994; Mackawa et al., 1994; Zastawny et al., 1994; Mansour et al., 1995;
Wittert et al., 1996; Georges et al., 1998; Bouret et al., 2000; Tong et al., 2000; Cahill et
al., 2001b; Wang and Pickel, 2001; Wang and Wessendorf, 2002) and adult mice (Pan et
al., 1998; Pan et al., 1999). In all these in situ hybridisation studies, radiolabelled, rather
than fluorescent probes, were used for visualisation of receptor binding sites. The
resolution and specificity of radiolabelled probes are not as good as those obtained with

fluorescent or colourimetric antibody or nucleic acid probe labelling techniques.

OpR expression is primarily regulated by transcription. OpR expression levels are
controlled by both proximal and distal promoters (Kraus et al., 1995; Andria and Simon,
1999; Liu et al., 1999), and several transcriptional regulatory factors have been discovered
(Kraus et al., 2001; Sun and Loh, 2001). For example, DOR is regulated by both
transcription promoters and suppressors (Andria, 2001). An example of this is Ets-1, a
DOR transcriptional activation factor (Sun and Loh, 2001). Transcriptional regulation is
known to vary during development (Ko et al., 2002). OpR expression and spatial

distributions in the adult rat brain are summarised in Table 1.2.




Table 1.2  Distribution of Opioid Receptors in the Brain
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Animal

Rat

Rat

Rat

Rat

Rat

RAT

| RAT

Reference number

THE PRESENT STUDY

Method

IHC

IHC

IHC

mRNA

ARB

IHC

IHC

Opioid Receptor

DOR

DOR

DOR

DOR

KOR

MOR

DOR

Telencephalon

olfactory bulb

+4+

o+t

olfactory tubercle

+++

+

CORTEX

Ant cingulate

+++

+

s

frontal parietal

e+

+|+|+

piriform

R

Striatum

0|0

++

Nucleus accumbens

HIPPOCAMPUS

CA1

CA2

CA3

Dendate gyrus

Amygdala

0(T|TV|T(TO|TO

Globus pallidus

Diencephalon

Hypothalamus

e

THALAMUS

0|0

Anterior group

Medial group

o

Midline group

Lateral group

Ventral group

Lateral geniculate

Medial geniculate

Mesencephalon

Substantia nigra

+++

+++

Vental tegmental area

++

+44

Interpeduncular nucleus

+++

+++

+4 4

Superior colliculus

++

4

++

Inferior colliculus

+++

e

-

Periqueductal gray

.

Cerebelium

++

e

Rhombencephalon

Pontine reticular nucleus

++

G

Locus coeruleus

Facial motor nucleus

Parabrachial nucleus

++

++

++

++

Gigantocellular nucleus

+++

T|(TO|T|T| T

+++

+++

Intermediate reticular nucleus

Panvocellular reticular nucleus

Medullary reticular nucleus

Raphe nuclei

Nucleus ambiguus

+++

++++

Nucleus of the solitary tract

0| 0| T

o

++++

+4++

Gracile

Cuneate

Extemal cuneate

Spinal trigeminal nucleus

o

44

44+

++

+4+

+++

Hypoglossal Nuclei

+4+

o+

Vagal nuclei

++

++

Inferior olive

ot

+++

Medial reticular formation

++

+4++

4+

Lateral reticular nuclei

0| 0| 0| T|T|T

++

++

Area postrema

ot

+t

Data from Table 1-2 has been collected from the following reference; (1) Delfs et al. (1994);
(2) Morwaki et al. (1996); (3) Diaz et al. (2000); (4) Mansour et al. (1995); (5) Zastawny et al.
(1994); (6) Delay-Goyet et al. (1990): (7) Cahill et al. (2001); (8) Arvidson et al. (1995); (9)
Bausch et al (1995); (10) Goody et al. (2002); (11) Ding et al. (1996).
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1.3.1 OPIOID RECEPTOR COLOCALISATION WITH OTHER RECEPTORS
AND NEUROTRANSMITTERS

OpRs colocalise with opioid peptides, other neurotransmitters, and ion channels (Bausch et
al., 1995b; Ding et al., 1995; Gracy et al., 1997b; Gray et al., 1999; Aicher et al., 2000a;
Huang et al., 2000; Stasinopoulos et al., 2000; Taki et al., 2000; Barry et al., 2001).
Colocalisation in specific brain regions helps to elucidate the specific functions of OpRs in
these areas. For example, in the cerebral cortex, olfactory nucleus, nucleus accumbens,
substantia nigra, hippocampus, thalamus, locus coeruleus, reticular nucleus, vestibular
nucleus, and trigeminal nucleus, MOR is colocalised with K* channels (Bausch et al.,
1995b) and acts on postsynaptic sites to inhibit neuronal firing through the opening of
these channels (Hampson et al., 2000). Recently, GIRK knockout mice were shown to
have impaired morphine-induced analgesia (Ikeda et al., 2002). Knowledge of the spatial
distribution and regulatory properties of OpRs may contribute to the development of an
opioid analgesic with fewer adverse side effects, provided that opioid peptides can be

targeted to specific regions.

MOR is also often colocalised with neurokinin 1 (or substance P) receptors (NKIr) in the
dorsal horn of the SpC (Ding et al., 1995; Aicher et al., 2000a) where the dorsal horn
receives input from the PAG (Fields and Heinricher, 1985). This input modulates
antinociception and plays an important role in opioid-mediated analgesia (Kalyuzhny et al.,
1996). Brainstem regions showing colocalisation of NK1r and MOR include the spinal
trigeminal tract (STT) (Aicher et al., 2000a), nucleus of the solitary tract (NTS) (Laferriere
et al., 2003), and the pre-Botzinger complex (preBotC) of the brainstem (Gray et al., 1999),
the latter a region believed to be responsible for generating respiratory rhythm (for review
see)(Rekling and Feldman, 1998; St. John, 1998; Lipski et al., 2002). Usually, NK1r and
MOR are colocalised at postsynaptic sites on dendrites. Opioids have also been implicated
in the release of substance P from cultured dorsal root ganglion neurons (Suarez-Roca and
Maixner, 1995). MOR colocalises with N-methyl-D-aspartate (NMDA)-type glutamate
receptors in the rat NTS (Huang et al., 2000) and in other brain regions (Gracy et al.,
1997a) and is believed to have a role in the presynaptic modulation of glutamate release in
these areas (Aicher et al., 2000b). The colocalisation of MOR with glutamate receptors
may be involved in the decrease in arterial pressure and heart rate produced on exposure to
opioid ligands (Miyawaki et al., 2002). In the cerebral cortex of the rat, MOR is expressed

on GABAergic neurons (Taki et al., 2000), and MOR is present in the NTS in areas where
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acetylcholinesterase-positive neurons are located (Barry et al., 2001). In the rostral
ventrolateral medulla (RVLM) of the rat, DOR immunoreactive boutons appose

catecholaminergic neurons (Stasinopoulos et al., 2000).

In addition to colocalising with other receptors and neurotransmitters, OpRs also colocalise
with sites of opioid peptide synthesis in many brain regions. In the periaqueductal gray
(PAG) of the rat SpC, DOR is present in enkephalin-positive neurons (Commons et al.,
2001) and is postulated to act as a presynaptic autoreceptor. In the caudate putaman
nucleus of the basal ganglion, MOR colocalises with leu-enkephalin in both axons and
dendrites (Wang et al., 1996). In the cerebral cortex, it colocalises with preproenkephalin-

producing neurons (Taki et al., 2000).

1.3.2 DEVELOPMENTAL OPIOID RECEPTOR EXPRESSION AND
DISTRIBUTION

OpRs are expressed in different regions of the brain and at different expression levels
during growth and maturation. Opioid receptors appear first in the brainstem and later in
the striatum, midbrain and cortex (Coyle and Pert, 1976). Studies of OpR expression in the
foetus and early postnatal rodent have shown that MOR and KOR first appear around E11
to E15. DOR appears later, not normally being detected until early postnatal development
(Spain et al., 1985; Tavani et al., 1985; Petrillo et al., 1987), although in one study in the
mouse, DOR was first detected at EI13 (Zhu et al., 1998). Detection of OpR expression
varies with the sensitivity of the techniques used (Tsang et al., 1982; Villiger et al., 1982;
Kornblum et al., 1987; Attali et al., 1990; Xia and Haddad, 1991; Zhu et al., 1998). More
recent techniques that make use of specific antibody binding and nucleic acid hybridisation
are more sensitive and can pick up lower expression levels than radioligand binding
techniques. These distinct and repeatable ontogenic profiles of OpR expression in
different brain regions suggest that opioids are important in the development of neural
pathways. A naloxone-reversible [3-endorphin effect on circulating growth hormone has
been described in the foetal ovine brain, suggesting the presence of functional opioid
receptors in the foetus that control release of growth hormone (Gluckman et al., 1980).
Opioids are expressed in the CNS of all mammals at birth, and administration of opioid
agonists in neonates causes marked effects on respiratory and cardiovascular activities
(Moss et al., 1993a, b; Murphey and Olsen, 1994; Greer et al., 1995; Takita et al., 1998;
Colman and Miller, 2001; Colman and Miller, 2002). This suggests that OpR modulation
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is present and functional at birth. Opioid agonist exposure before birth has important
implications in cardiorespiratory function with regard to the increased risk of respiratory
arrest in newborns (Chavez et al., 1979; Kandall et al., 1993). Variations in OpR
sensitivities to particular agonists and antagonists occur during development, especially in
the first few weeks after birth (Spain et al., 1985). These variations in sensitivity may be
related to OpR expression levels and neuronal maturation of brainstem nuclei. The
detailed effect that opioids have on respiration during development is discussed later in this

chapter.

1.3.3 DEVELOPMENT OF THE RAT BRAINSTEM

At birth, the rat brain is very similar in morphology to that of the adult rat, and nearly all
structures can be recognised from a familiarity with the adult rat brain. In the foetal brain,
however, fewer nuclei are distinguishable, and the boundaries of the nuclei are less
distinguishable in stained sections. Figure 1.4 compares brainstem structures of the rat at
E16 with the adult (Paxinos and Watson, 1986; Paxinos et al., 1994). In the medullary
raphe nucleus, a region that shows OpR expression in the adult (Delfs et al., 1994;
Mansour et al., 1995; Moriwaki et al., 1996; Cahill et al., 2001b; Diaz et al., 2002), 5-HT-
positive neurons synthesise neurotransmitter at E13 and receive synaptic contacts by E20
(Lidov and Molliver, 1982). At E12, the posterior neuropore closes and several brainstem
regions, including the reticular formation and medullary regions, send projections to the
SpC (de Boer-van Huizen and ten Donkelaar, 1999). In intact brainstem preparations from
E12 foetuses, spontaneous action potentials can be detected in the medial and lateral
brainstem regions. These action potentials are believed to arise from motorneuronal
responses in the dorsal motor nucleus of the vagus and sensory nerve inputs from the NTS

(Momose-Sato et al., 2001).



E16

B Adult

Figure 1.4
Anatomy of brainstem nuclei

Schematic pictures of E16 (A), and adult (B) coronal sections of the rat brainstem, showing
locations of specific brainstem regions. Scale Bars = 1.3 mm (A) and 4 mm (B). Abbreviations:
nucleus of the solitary tract (NTS): dorsal motor nucleus of the vagus (12); medial longitudinal
fasiculus (mlIf); raphe nucleus (R); gigantocellular reticular nuclei (Gi); pyramidal tract (Py);
inferior olive (10); lateral paragigantocellular nuclei (LPGi); spinal trigeminal tract and nuclei
(STT): nucleus ambiguus (NA); spinal vestibular nuclei (SpVe): external cuneate nucleus (ECu);
rostral ventrolateral medulla (RVLM): and medial vestibular nucleus (MVe).



Most neurons in the NTS and vagal nucleus undergo their final mitotic division between
E10 and E15 (Altman and Bayer, 1980; Phelps et al., 1990; Lakke, 1997) with a peak at
E13: whereas, neurons in the NA finish dividing at E15. The acquisition of neuronal
properties during development is described by Momose-Sato et al. (2001) (Momose-Sato
et al,, 2001). As E13 and E14 neurons mature, more multipolar cells appear and the cells
become larger in size (de Boer-van Huizen and ten Donkelaar, 1999). At developmental
age EIS5 in the rat, the neural tube undergoes a marked increase in thickness, especially in
the rostral brainstem, and neural migration is apparent. At E15, several nuclei are easily
identifiable, including the hypoglossal and trigeminal nuclei. There is also a marked daily
increase in cell volume and cell number. At E16, more brainstem nuclei can be identified
in the spinal trigeminal tract and nucleus (STT), inferior olive, NA, NTS, and facial
nucleus, although the characteristic shapes and boundaries of these brainstem nuclei do not
become apparent until E19 (Lidov and Molliver, 1982). The caudal medullary regions are
more highly innervated early in development than the more rostral brainstem regions, such
as the pons, although the STT and reticular areas appear to be devoid of terminals at E16

(Lidov and Molliver, 1982).

In late embryonic development there is an increase in growth of neuronal processes.
Brainstem projections can be seen in the lumbar SpC of the E17 to E21 rat, emanating
from many brainstem nuclei, including the NA and NTS (Lakke, 1997). After E19, there
is an increase in dendritic growth and a decrease in cellular packing density (Lidov and
Molliver, 1982). In the neonate there are postnatal changes in neurotransmitter and
receptor densities that influence neuronal functions (Bayliss et al., 1997; Moss and
Laferriere, 2002). At birth it is necessary for many brainstem nuclei to be functional for
survival, including the brainstem nuclei responsible for breathing (Mitchel and Berger,
1975), swallowing, and suckling (Sessle, 1973: Nakamura et al., 1999). The rat at birth is
relatively immature; hence, other functions such as eye and limb movements develop later
in postnatal development (Vinay et al., 2000; Freeman and Nicholson, 2001). The
development and maturation of breathing and the respiratory system will be discussed later

in this chapter.




1.3.4 FUNCTION OF OPIOIDS IN THE BRAINSTEM

The brainstem has an important role in the integration and control of numerous essential
physiological functions, including control of the somatic and autonomic nervous systems.
These functions are modulated by endogenous opioid peptides but can also be affected by
administration of exogenous opioids (Denavit-Saubie et al., 1978; Harlan et al., 1987).
Brainstem functions that are affected by the opioid system include the generation and
modulation of respiratory movements and chemoreception, cardiovascular activity,
gastrointestinal tract motility and digestion, transmission of pain, modulation of arousal
and consciousness, modulation of sensory motor pathways, control of reflexes mediated by
cranial nerves, taste, hearing and maintenance of balance, temperature regulation, and
swallowing and control of the face and neck muscles (Sessle, 1973; Feuerstein, 1985;
Fields and Heinricher, 1985; Punnen and Sapuru, 1986; Adler and Geller, 1988; Wang and
Li, 1988; Shook et al., 1990; Wind and Kuhin, 1995; Szilagyi, 1998; Llewellyn-Smith,
2000; Tershner and Helmstetter, 2000; Vanderah et al., 2001). For reviews on the
functional role of opioids in these physiological systems, see Vaccarino (1999; 2001) and
Olson (1995; 1997) (Olsen et al., 1995; Olson et al., 1997; Vaccarino et al., 1999;

Vaccarino and Kastin, 2001).

Studying brainstem areas that express OpRs helps in the understanding of the functional
implications of these receptors and their peptides and provides a rationale for the
differential distribution of receptors and their peptides in different brain regions. Further
information on the role OpRs play in regulating function can be gained from genetically
modified mice that lack specific OpRs (knockout mice). Genes encoding all the
components of the opioid system have been disrupted in mice by homologous
recombination (Matthes et al., 1998; Kieffer, 1999; Chen et al., 2000; Kieffer and
Gavériaux-Ruff, 2002). All these mutated mice, including double-knockouts as well, reach
adulthood with no obvious abnormalities, suggesting that OpRs are not essential for
normal development. It is possible that redundancy is built into opioid functions in vivo,
such that the action of one receptor type can be taken over by another. As described
earlier, in the single-knockout mouse, the remaining OpR expression levels remain
unchanged, suggesting that the absence of one OpR is not compensated for by an increase

in expression levels of other OpR types (Kitchen et al., 1997; Simonin et al., 2001).

(%]
(1]



Increased receptor coupling of the other OpRs (Matthes et al., 1998), or enhanced ligand

expression levels, also appear not to be involved (Matthes et al., 1996).

Respiratory function in mice lacking MOR showed no significant differences in respiratory
rhythm generation, ventilatory pattern, or chemosensitivity control when compared with
wild-type mice (Matthes et al., 1998; Morin-Surun et al., 2001). These results suggest that
MOR does not play a direct or essential role in the development and maturation of the
neural respiratory pathways. Respiratory parameters, however, have not been evaluated in
DOR or KOR knockouts or in double-knockouts. Another possibility is that gene
knockout can lead to a compensatory upregulation of other genes that can maintain the
function normally associated with the gene of interest. MOR and KOR action are known
to influence analgesia, and, as expected, both MOR and KOR single-knockout mice show a
reduced threshold to pain (Matthes et al., 1996; Matthes et al., 1998; Park et al., 2001). In
a study of MOR knockout mice, Matthes et al. (1996) found that morphine was unable to
induce analgesia, reward, or physical dependence (Matthes et al., 1996). The effects of
morphine on respiratory depression and immunosuppression were also absent in these
mice, demonstrating that these effects of morphine are encoded for by the MOR gene
(Matthes et al., 1996). In these same mice, it was also shown that the response of mice to
KOR agonist-induced analgesia and KOR adenylyl cyclase inhibition were maintained in
the MOR knockout mouse. Reduced DOR analgesia and the absence of DOR-mediated
respiratory depression, however, were observed in the MOR knockout mouse, suggesting a
link between the actions of MOR and DOR; whereas, MOR and KOR act independently of

each other in vivo (Matthes et al., 1998).

Brainstem areas with high expression patterns for both MOR and DOR include the NTS
(Atweh and Kuhar, 1977; Mansour et al., 1994; Mansour et al., 1995; Cheng et al., 1996;
Gamboa-Esteves et al., 2001), NA (Atweh and Kuhar, 1977; Nomura et al., 1996;
Stasinopoulos et al., 2000), rostral ventrolateral medulla (RVLM) (Gray et al., 1999;
Stasinopoulos et al., 2000; Aicher et al., 2001; Guyenet et al., 2002; Wang and
Wessendorf, 2002), and STT (Kandel et al., 2000; Stasinopoulos et al., 2000), as described
earlier in this chapter and summarised in Table 1.2. The functions of these brainstem
regions and the implications of OpR localisation are discussed below, with emphasis on
opioid systems involved in cardiorespiratory modulation and pain control. The SpC shows

high levels of MOR and DOR in the dorsal horn (Cheng et al., 1997), which sends
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projections to brainstem areas. The outer layer of the STT contains fibre tracts that are a
continuation of the superficial laminae of the dorsal horn extended into the medulla. The
spinal trigeminal nucleus receives sensory fibres from all of the cranial nerves of the head,
including the facial nerve, glossopharyngeal nerve, and vagal nerve (Kandel et al., 2000),
and in these areas opioids may be involved in modulation of such functions as taste, tongue

movements and swallowing (Sessel et al., 1981; Sessle and Henry, 1989).

1.3.4.1 Opioid Receptor Function in the RVLM and NA

The RVLM is located around the NA and contains a pool of mixed motor neurons that
have functions in respiration, vocalisation, and vomiting. This brainstem region contains
the decrementing expiratory neurons of the Bétzinger complex (BotC). When these
neurons are labelled with neurobiotin in the ventral respiratory group of the rat, they show
axonal projections to other respiratory areas in the medulla and SpC (Saito et al., 2002),
supporting the findings of previous electrophysiological and morphological studies (Bryant
et al., 1993). The central control of breathing has been extensively reviewed (Mitchel and
Berger, 1975; Loeschcke, 1982; Yeadon and Kitchen, 1989; Bianchi et al., 1995; Bonham,
1995; Rekling and Feldman, 1998; St. John, 1998; Butera et al., 1999; Ballantyne and
Scheid, 2000; Lipski et al., 2002). Opiates like morphine, commonly used in the relief of
pain, often cause nausea and vomiting as unwanted side effects (Olson et al., 1997;
Vaccarino et al., 1999; Vaccarino and Kastin, 2001), and it is possible these opioid effects
are modulated by neurons in these brainstem areas. The NA contains motorneurons that
innervate pharyngeal muscles through branches of the vagus nerve and the larynx via
laryngeal nerves (Iscoe, 1988); whereas, hypoglossal motorneurons are involved in tongue
protrusion during inspiration (Iscoe, 1988). Axons from the NA motorneurons typically
run dorsally toward the vagus nerve (No. 10) and hypoglossal nerve (No. 12) before
turning and heading ventrally (Saito et al., 2002). The vagus and hypoglossal nuclei in the
brainstem express MOR (Delfs et al., 1994; Nomura et al., 1996) and DOR (Arvidsson et
al., 1995a; Bausch et al., 1995a) and may be a site for opioid effects on swallowing (Sessle

and Henry, 1989).

1.3.4.2 Function of Opioids in the NTS
The NTS shows marked opioid peptide (Ceccatelli et al., 1992; Cheng et al., 1996) and
OpR immunoreactivity (Mansour et al., 1987, 1988 Ceccatelli et al., 1989; Cheng et al.,




1996). The NTS is part of the dorsal respiratory group and receives projections from
spinal cord fibers of the dorsal horn (Gamboa-Esteves et al., 2001). The NTS is a sensory
nucleus dedicated to processing visceral input from all the major organs, including the
heart, lungs, and abdominal visera (Lawrence and Jarrott, 1996). The peripheral afferent
information from baroreceptors and chemoreceptors, together with inputs from higher
brain centers, is integrated in the NTS, and the final reflex response is determined and
directed to medullary neurons that regulate sympathetic and parasympathetic outflow. The
NTS is also involved in descending pain control via neurons that send projections to the
NA (Lewis, 1998). OpRs in the NTS affect cardiopulmonary, gastrointestinal, and cortical
arousal activities (Cheng et al., 1996), and these functions are mainly modulated via the
MOR receptor (Ruegg et al., 1994). In the NTS, immunogold-labelling experiments
showed that MOR was present in both presynaptic vagal afferent axon terminals and
postsynaptic dendrites but was rarely found in both sites in the same neuron (Aicher et al.,
2000b). These results suggest that MOR ligands modulate either the presynaptic release
from or the postsynaptic response to vagal afferents in the NTS. The vagal afferents are
likely to include the inhibitory neurons and gastric and cardiorespiratory afferents that
terminate in regions of the NTS that have MOR immunoreactivity (Cheng et al., 1996).
Electron microscope studies indicate that MOR is colocalised with NMDA receptors in the
rostral NTS where MOR acts postsynaptically to modulate excitation via these NMDA
receptors (Huang et al., 2000). In the intermediate NTS, MOR activation inhibits
presynaptic release of glutamate from visceral afferents, thus, reducing neuron excitability
(Huang et al., 2000). Opioid administration reduces the urge to cough (Rutherford et al.,
2002), causes vomiting (Flérez and Hurlé, 1993), and influences taste and feeding
responses in rats via MOR activation in the NTS (Kotz et al., 1997). These opioid effects
possibly occur via sensory fibres in the throat that terminate in the NTS, as well as via

connections to the vomiting centre in the hypothalamus.

1.3.5 EFFECTS OF OPIOIDS ON THE CARDIOVASCULAR SYSTEM

1.3.5.1 Cardiovascular Effects of Opioids in the RVLM and NA

The opioid signalling system in the brainstem plays a role in the medullospinal network
that controls sympathetic tone and arterial pressure. In the RVLM, this occurs via both
pre- and postsynaptic modulation of neurons on exposure to MOR agonists (Huang et al.,

2000), and presynaptic modulations on exposure to DOR agonists (Guyenet et al., 2002).
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The presynaptic OpR effects are inhibitory, causing a reduction in glutamate release that
leads to reduced neuronal firing. DOR activation in the RVLM modulates cardiovascular
reflexes by inhibiting neurotransmitter release from axon terminals of neurons that synapse
with presympathetic neurons. Microinjection of various opioid receptor agonists into the
RVLM produces hypotension (Punnen and Sapuru, 1986), and the overall action of opioids
in this area is to inhibit presynaptic sites, causing a fall in blood pressure (Feuerstein, 1985;
Punnen and Sapuru, 1986; Miyawaki et al., 2002; Pugsley, 2002). A recent study by
Miyawaki et al. (2002) has shown that microinjection of a MOR-selective agonist
(DAMGO) into the RVLM selectively blocks baroreceptor reflexes. DOR activation with
a selective agonist (DPDPE) in some cells inhibits respiratory-related neuronal burst
patterns; whereas, no effect on baroreceptor or chemoreceptor reflexes was seen in other
cells (Miyawaki et al., 2002). These results suggest that opioid peptides in the RVLM act

on distinct OpR populations at presynaptic sites.

1.3.5.2 Cardiovascular Effects of Opioids in the NTS

Opioid peptides in the NTS mediate complex cardiovascular events. Almost all visceral
afferent projections that relay information to the brain about the status of peripheral
cardiovascular functions terminate in the NTS (Brody, 1986). Met-enkephalin, when
injected into the NTS, causes bradycardia and a decrease in blood pressure (Rabkin, 1991).
In this brainstem region there seems to be opposing actions of KOR and MOR on the
control of the baroreceptor heart rate reflex when selective agonists are microinjected into
the NTS. Agonist activation of DOR causes a vagus-dependent bradycardia (Randich et
al., 1992); whereas, the MOR selective agonist, DAMGO, when injected into the NTS
produces hypertension and tachycardia (Hassen et al., 1982). In whole cell patch clamp
experiments, MOR agonists were shown to cause hyperpolarisation of NTS neurons by
acting at presynaptic sites, leading to a depression of glutamate-mediated excitatory post-

synaptic potentials (Rhim et al., 1993)(for review see) (Lawrence and Jarrott, 1996).

1.3.6 EFFECT OF OPIOIDS ON RESPIRATION

OpRs are highly expressed in certain brainstem regions responsible for the generation
and/or modulation of respiratory rhythm (for review, see (Bianchi et al., 19953)).
Exogenous administration of opioids directly affects the rate of respiration in all mammals

studied [Gray, 1999 #321; Liu, 2000 #567; Moss, 2000 #568; Shook, 1990 #743; (Denavit-
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Saubie et al., 1978; Ling et al., 1985; Sessle and Henry, 1985; Neubauer et al., 1987;
Yeadon and Kitchen, 1989; Paakkari et al., 1990; Moss et al., 1993a, b; Murphey and
Olsen, 1994; Kato, 1998; Laferriére et al., 1999; Colman and Miller, 2001; Morin-Surun et
al., 2001). The specific effects opioids have on respiration depended on the OpR subtype
activated (Yeadon and Kitchen, 1989). KORs appear to be devoid of respiratory
depressant activity, DOR exerts modest respiratory depressant effects, and MOR exerts a
strong inhibitory influence on ventilation. Studies have shown that administration of
opioids in neonatal, juvenile and adult rats causes a decrease in the rate of respiration and a

fall in tidal volume via activation of both y,; and p, receptors (Colman and Miller, 2001).

1.3.6.1 Respiratory Rhythm Generation

The pons and medulla of the brainstem contains several areas with respiratory function.
The medullary respiratory regions can be further divided into the dorsal respiratory group
(DRG) and ventral respiratory group (VRG). For a review, see (St. John, 1998). The DRG
group is made up of the ventrolateral NTS and adjacent parts of the reticular formation
including the nuclei of the cranial nerves and contains neurons that display an inspiratory
discharge pattern. The VRG, shown in sagittal section in Figure 1.5, is made up of the NA,
RVLM, preBotC, BotC, and facial nuclei and contains neurons with mixed discharge
patterns (St. John, 1996). The BotC is a group of neurons located near the rostral end of
the NA in the VRG, and motorneurons and interneurons within this region are active
during expiration (Bryant et al., 1993). The preBotC is located in the ventrolateral medulla
(VLM) caudal to the BotC and is the postulated site of the respiratory rhythm generator in
mammals (Smith et al., 1991). Others, however, suggest that the discharge pattern from
this area more closely resembles gasping (St. John, 1996, 1998). An alternative theory of
respiratory rthythm generation, the network theory, suggests that a network of
interconnecting, pre-sympathetic RVLM neurons are involved. It is possible that a
combination of these two systems may generate the respiratory rhythm. Respiratory
rhythm generation has been reviewed by Funk and Feldman (1995) and Lipski et al. (2002)
(Funk and Feldman, 1995; Lipski et al., 2002). A recent study by Del Negro et al. (2002)
shows that abolishing pacemaker neurons with low doses (less than 20 uM) of riluzole (a
sodium channel antagonist used to abolish bursting activity) has no effect on the
respiratory rhythm in neonatal slice preparations of the mouse and rat, thus, suggesting an

emergent network property (Del Negro et al., 2002). The preBotC, in tissue slice
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preparations taken from neonatal rats, generates respiratory-related motor nerve output
(Smith et al., 1991). Excitatory interneurons also show intrinsic pacemaker-like properties
(Rekling and Feldman, 1998). Respiratory related areas, especially the preBotC, do not
have precise anatomical boundaries. A study by Gray et al. (1999) reported that preBotC
neurons responsible for rhythmogenesis were immunoreactive for both MOR and
neurokinin-1 receptors (NK1r). This finding has helped to anatomically define the location
of the preBotC (Gray et al., 1999). MOR agonists applied to the preBotC in tissue slice
preparations cause a decrease in respiratory frequency (Johnson et al., 1996) by
hyperpolarising the membrane via an increase in K* conductance (Gray et al., 1999) in a
similar way to that observed in the intact animal (Bonham, 1995). MOR and NKIr
positive neurons in the preBotC are depolarised by substance P and thyrotrophic hormone
(Rekling et al., 1996) and hyperpolarized by MOR agonists such as DAMGO. These
neurons are believed to be responsible for both rhythm generation and respiratory

frequency control (Rekling and Feldman, 1998).

1.3.6.2 Modulation of Respiration

The endogenous opioid peptides, enkephalin and dynorphin, have been implicated in
central respiratory control (Rutherfurd and Gundlach, 1993). The NTS is part of the dorsal
respiratory group (DRG), which has for a long time been implicated in respiration.
Different types of respiratory neurons in this region have been classified according to their
firing properties (Berger, 1977; Berger et al., 1984). Discrete areas within the brainstem
are linked via neural processes, and modulation of neurons in one area transmits signals to
modulate neuronal activity in other areas. This is especially apparent in the brainstem
areas involved in respiratory and cardiovascular control. In the rat, inspiratory neurons in
the VRG project to the NTS (Lipski et al., 1994). Respiratory related neurons in the NA
receive chemoreceptor inputs from other VRG nuclei, the NTS, and the caudal raphe
nucleus (Smith et al., 1989; Lewis, 1998; Wang et al., 1998), and have been implicated in
NA-mediated respiratory modulation. Both the NTS and the raphe nuclei also provide

OpR inputs to the RVLM (Stasinopoulos et al., 2000).

The primary muscle of inspiration is the diaphragm, a flat sheet of muscle that forms the
lower boundary of the thorax and is innervated by the phrenic nerves. Motorneurons

projecting to muscles of the chest wall and abdomen are located in the SpC and are



controlled by respiratory centers in the brainstem. Ventilatory activity can be modulated in
multiple regions of the brainstem. One group of regions having neurons with respiratory-
modulated discharge patterns are the nuclei of the cranial nerves V, VII, IX, X, and XIL
These cranial nerves innervate muscles of the upper airway and larynx (for review see)
(Iscoe, 1988). Some of the cranial nuclei, as mentioned above, also express OpRs,
including the facial nuclei (VII), vagus (X) and hypoglossal nuclei (XII) (Delfs et al.,
1994; Arvidsson et al., 1995a; Bausch et al., 1995a), thus, providing more putative

locations for possible OpR modulation of brainstem function.
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Figure 1.5

Brainstem Respiratory Centers of the Ventral Respiratory Group

Schematic diagram of the rat brainstem in sagittal section, showing the
location of respiratory areas. Modified from Gray et al. (1999).
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1.3.6.3 Chemosensitivity

The respiratory system is extremely responsive to acid/base changes in the plasma and
cerebrospinal fluid (CSF). Chemosensitivity arises at the cellular level from the activity of
specialised glomus cells in the carotid body and via central chemoreceptors located within
brainstem nuclei and in the ventral floor of the medulla. These peripheral and central
chemoreceptors can communicate with each other. For example, efferent fibres in the
carotid nerve innervate glomus cells within the carotid body, and sensory afferents synapse
with relay neurons in the NTS and nuclei within the VRG (Finley and Katz, 1992). In
vitro experiments using brainstem slices have identified neurons within many brainstem
nuclei that increase their firing rate when exposed to acidosis. These neurons are found in
the NTS, locus coeruleus, medullary raphe nucleus, and the NA (Rigatto et al., 1992). This
arrangement suggests that central respiratory chemoreception is a distributed property of
the respiratory network; although, in some cases, CO, changes needed to elicit a response
have been outside the concentration range expected to occur in vivo (Wang et al., 1998).
Chemosensitive neurons show unique morphologies, with neurons stimulated by CO,
having large multipolar somas, whereas, CO,-inhibited neurons having small fusiform
somas. Only neurons in a limited number of brainstem regions respond to the small
changes in CO; that typically occur under physiological conditions. These findings
suggest that not all chemoreceptors play an equal role in respiratory chemoreception

(Wang et al., 1998).

Medullary raphe nuclei contain putative central respiratory chemoreceptors and also
express OpRs (Delfs et al., 1994; Mansour et al., 1994; Moriwaki et al., 1996; Diaz et al.,
2000; Cahill et al., 2001b). Medullary raphe neurons project to several respiratory nuclei.
including the NTS, NA, and RVLM, and all these regions express MOR and DOR. It
seems likely, therefore, that OpRs modulate the chemosensitivity of neurons within the
brainstem. Abnormalities in the human homologue of the medullary raphe have been
reported in infants who died of sudden infant death syndrome (Kinney et al., 1995). These
findings have been linked to a decrease in respiratory drive and/or arousal in response to &
hypercapnic stimulation during sleep. A decrease in respiratory drive and response tc
hypoxia is also a characteristic of OpR activation, suggesting a possible link between the

two systems. For example, OpR activation by morphine in awake, unrestrained rats causes
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a decrease in sensitivity of the CO; controller. This was observed as a blunted respiratory

response to a hypercapnic stimulus (Van Den Hoogen and Colpaert, 1996).

In the rostral pons and medulla oblongata, MOR activation causes respiratory depression
by decreasing chemoreceptor sensitivity to hypercapnia (Murphey and Olsen, 1994).
Long-term exposure to hypoxia can also cause alterations in OpR expression patterns. For
example, rats exposed to hypoxia for 7 days show decreased DOR expression in the brain.
This finding suggests that DOR agonists play a protective role in chronic hypoxia
(Mayfield et al., 1996). A significant role for endogenous opioids in the modulation of
respiration is also supported by studies in the piglet by Moss et al. (1981) who showed that
B-endorphin caused a naloxone-reversible decrease in respiratory drive and reduces the

sensitivity of breathing to hypercapnic stimuli (Moss and Scarpelli, 1981).

1.3.7 EFFECT OF OPIOIDS DURING DEVELOPMENT

The respiratory neural network in the brainstem undergoes maturation after birth (Funk and
Feldman, 1995), but the circuitry for generating respiration is established before birth (St.
John, 1998). Spinal and brainstem motorneurons are coupled in the NA in early
development of the newborn mouse (Rekling and Feldman, 1997) in a similar way to the

adult, suggesting that this circuitry develops early.

Centrally administered morphine at low doses stimulates, and at high doses decreases,
foetal breathing movements (Szeto et al., 1988). At birth, breathing must become
continuous, and several mechanisms have been postulated to be involved in this process,
including the loss of a placental inhibitor of respiration at birth or a sudden alteration in
blood/gas levels. The individual importance of these two factors remains controversial
(Rigatto, 1996; Kuipers et al., 1997). Respiratory output patterns are irregular at birth, and
regular rhythmicity is not established until days or weeks after birth, depending on the

species under investigation (Mortola, 1984).

Both MOR and DOR help maintain normal foetal (Cheng et al., 1993a) and neonatal
(Grunstein and Grunstein, 1982) breathing movements, although the particular receptoi
sub-types involved in stimulatory and depressant effects are controversial (Moss anc

Scarpelli, 1979; Cheng et al., 1991; Cheng et al., 1992; Cheng et al., 1993b). In neonates




opioids are associated with respiratory depression, mainly via MOR, although some DOR
modulation has also been reported, similarly to that seen in adult animals. For example, in
conscious neonatal rabbits the DOR agonist DALDE reduces ventilation (Grunstein and
Grunstein, 1982). Similar DOR effects were shown in conscious neonatal rats in one study
(Greer et al., 1995) but were not seen in conscious neonatal rats in another study (Atalie
Colman, unpublished observations). MOR respiratory effects in young mammals are more
clearly established. In conscious neonatal dogs, the MOR-selective agonist fentanyl
caused a decrease in the frequency of breathing (Bragg et al., 1995). In conscious,
unanaesthetised, neonatal rats, fentanyl administration led to a frequency change that
resembled a gasping response, and this change was shown to involve W, receptors;
whereas, a general reduction in tidal volume occurred via W, receptors. A blunted response
to hypoxia was also seen in conscious rat pups (Colman and Miller, 2002). The OpR
antagonist, naloxone, when administered to conscious neonatal rats, caused an
enhancement in breathing at rest (Hazinski et al., 1981); whereas, the DOR-specific
antagonist, naltrindole, had no effect in neonatal piglets (Moss et al., 1993a), suggesting

that endogenous MOR-selective agonists are modulating breathing shortly after birth in the

pig.

The magnitude of the effects of opioids on respiration is increased during hypoxia. This
was demonstrated in a study by Moss et al. (1993), who showed that naltrexone enhanced
the respiratory response to hypoxia in piglets (Moss et al., 1993a). Endogenous opioid
levels, both in the CNS and peripherally, are increased in neonates exposed to hypoxia
(Moss and Inman, 1989; Armstead, 1995; Yan et al., 1995). Long-term hypoxic treatment
(7 days) of adult mice also alters OpR expression levels. DOR expression (but not MOR
or KOR) decreased by down-regulation of receptors as a result of release of endogenous
DOR agonists (Mayfield et al., 1996). Evidence has accumulated that opioids have a
major role in breathing during hypoxia during neonatal development. This hypoxic
modulation presumably occurs via the OpR-expressing regions of the DRG and VRG in a
manner similar to adults. OpR expression changes during development, and modulation of
OpR functions during development may reflect these changes. Exposure to morphine
during foetal or early neonatal rat development causes a decrease in OpR expression in the

brain. Tolerance to the analgesic effects of morphine appears similarly to that seen in the




adult, suggesting that the mechanisms for OpR down-regulation are present and functional
at birth (Temple et al., 1988).

1.4 ROLE OF OPIOIDS IN HEALTH AND DISEASE

1.4.1 RESPIRATORY RELATED DISEASES

The effects of opioids on the respiratory system, although known for a long time, are only
currently being linked to specific physiological responses and pathological conditions. As
stated above, endogenous opioid peptides are involved in the modulation of normal
breathing (Yeadon and Kitchen, 1989; Shook et al., 1990; Morin-Surun et al., 1992; Florez
and Hurlé, 1993) but have also been linked to stress responses in diseases such as sudden
infant death syndrome (SIDS) (Chavez et al., 1979; McMillen, 1986; Coqueral et al., 1992;
Storm et al., 1994), sleep apnoea (Ferber et al., 1988; Myer et al., 1990; Shook et al.,
1990), asthma (Rogers and Barnes, 1989), and other chronic obstructive pulmonary
disorders (Florez and Hurlé, 1993). Opioids have also been studied in relation to
cardiovascular diseases; in particular, haemorrhage (Bedell et al., 1998; Vaccarino et al.,

1999; Cavun et al., 2001; Henderson et al., 2002).

1.4.1.1 SIDS

The risk of SIDS increases when infants are unable to, or have compromised ability to,
respond to a stressful stimulus, such as hypoxia. These risks increase with exposure to
opioids and nicotine. A postulated cause of SIDS is the abnormal regulation of opioid
transmission (Morin-Surun et al., 1992). Evidence supporting the role of opioids in SIDS
includes a study on infants at risk for SIDS. These infants have a reduced central
chemosensitivity and display alveolar hypoventilation (Shannon and Kelly, 1977). During
the first day of life, partially asphyxiated preterm infants have higher plasma f-endorphin
levels than nonasphyxiated preterm infants. An elevated B-endorphin concentration in the
CSF may be responsible for an increased risk of infant apnoea syndrome and its associated
SIDS (Shook et al., 1990; Pokela, 1993; Storm et al., 1994). B-endorphin injected into the
CSF of dogs' causes a respiratory depression that is mediated by central vagal pathways,
shown to be important in the timing of respiration (Moss and Scarpelli, 1981). It has been
suggested that incidences of SIDS may be related to exposure to opiates in breast milk,
either arising from opiates prescribed for the mother, or possibly from naturally occurring
opioids present in breast milk (Shook et al., 1990). Foetal bradycardia may also arise from

intrathecal opioids prescribed for labour analgesia (Mardirosoff et al., 2002), and this may
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further complicate the opioid induction of SIDS symptoms. Prenatal methadone or heroin
exposure also increases SIDS risk (Chavez et al., 1979; Kandall et al., 1993). The true role
of opioids in increasing the risk of SIDS is unknown. OpR distributions within the
brainstem cardiorespiratory nuclei of victims of SIDS appear to be normal, suggesting that

OpR dysfunction itself does not play a role (Kinney et al., 1998).

1.4.1.2 Sleep Apnoea

A disease related to SIDS, infant apnoea, is often referred to as near-miss SIDS. There are
many forms of infant apnoea syndrome that can be attributed to abnormally high endorphin
levels, and prenatal exposure to methadone is generally associated with a depressed
response to CO; after birth in human infants (Olsen and Less, 1980). In adult sleep apnoea
sufferers, a reduction in number, duration, and intensity of hypoxic events occurs if the
patients are given the opioid antagonist naltrexone, suggesting that opioids play some role

in the development of sleep apnoea (Ferber et al., 1988).

1.4.1.3 Asthma

Opioids are believed to influence responses to asthma, although the mechanism and extent
of their role in this disease remains largely unknown. For recent reviews of opioids and
asthma, see Mazzone and Canning (2002) and Groneberg and Fischer (2001) (Groneberg
and Fischer, 2001: Mazzone and Canning, 2002). Opioids can be detected in the healthy
lung. For example, met-enkephalin immunoreactivity exists in the rat and guinea pig lung
in nerve fibres in the trachea and bronchi (Shimosegawa et al., 1990). In asthma sufferers,
there is damage to the epithelial lining of airways that exposes C-fibres in the bronchial
mucosa. Stimulation of these C-fibres by inflammatory mediators may subsequently lead
to bronchoconstriction and inflammation (Barnes, 1986). In animal models, inhalation of a
MOR agonist inhibits C-fiber activation, although this agonist was not effective in humans
(Pavord et al., 1994). Opioid effects on the airways also include inhibition of smooth
muscle contraction and inhibition of neurally-mediated mucous secretion in human bronchi
(Rogers and Barnes, 1989). New studies with the non-classical opioid receptor ORL-1
have shown that activation of this receptor prevents airway constriction; however, effective
therapeutic strategies employing ORL-1 drugs have not yet been developed (Groneberg
and Fischer, 2001). Chronic exposure to opioids by pharmaceutical workers increases the

incidence of bronchial asthma, probably as a result of effects of opioids on the immune




system (Gorski and Ulinski, 1996). Thus, opioids may influence the progression of asthma
by directly altering mucous secretion and airway responsiveness, or they may indirectly

affect asthma through their effects on immune responses.

1.4.2 HAEMORRHAGE

In addition to their involvement in respiratory disease, endogenous opioids may also play a
role in cardiovascular disease. Opioid receptors are found in the heart, vessels, and areas of
the CNS that regulate cardiovascular function (Hassen et al., 1982; Pfeiffer et al., 1984;
Feuerstein, 1985; Lawrence and Jarrott, 1996; Miyawaki et al., 2002; Pugsley, 2002). For
example, severe haemorrhage reduces blood volume (direct effect) and suppresses the
activity of the sympathetic nervous system leading to a marked bradycardia
(decompensatory response) and a fall in blood pressure. The exact central mechanism for
the decompensatory response is not understood, although opioids are believed to play a
role. Opioid involvement in haemorrhage was first observed by Faden and Holaday (1979)
who discovered that intravenous injection of naloxone inhibited the fall in arterial blood
pressure caused by haemorrhage in rats (Faden and Holaday, 1979). In the periaqueductal
gray of the SpC, this response is mediated by DOR (Cavun et al., 2001). Fentanyl, a MOR
agonist, when infused into a cat with brain trauma injuries, also produces a decrease in
blood pressure (Bedell et al., 1998; Vaccarino et al., 1999). Another study has shown that
KOR activity in the medulla inhibits sympathetic activity in severe haemorrhage
(Henderson et al., 2002). Thus, all three classical receptors, MOR, DOR, and KOR, can
influence the sympathetic control of the cardiovascular system, particularly affecting its
response to haemorrhage. These effects are clinically important with regard to
haemorrhage during surgery because opioids are often used in anaesthesia and for reducing

postoperative pain.

1.4.3 DRUG ADDICTION

Opioids are often used as drugs of abuse because of their ability to produce euphoria.
Chronic use, however, results in tolerance and addiction, and opioid overdose often results
in death from severe respiratory depression (White and Irvine, 1999). OpR down-
regulation and desensitisation on exposure to opioids have been discussed earlier in this

chapter. Briefly, chronic exposure to opioids causes down-regulation and reduced OpR

density (Prathert et al., 1994; Trapaidze et al., 1996; Gaudriault et al., 1997; Standifer and
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Pasternak, 1997; Massotte and Kieffer, 1998; Law and Loh, 1999). There is also a
decrease in the synthesis of endogenous opioids [Fang, 1998 #1120, suggesting a negative
feedback system, as well as alterations in gene regulation. Behaviourally, chronic opioid
administration produces tolerance through the action of N-methyl-D-aspartate (NMDA)
receptors and serotonergic systems (Vaccarino et al., 1999). Chronic opioid administration
also results in dependence and addiction, as observed by opiate withdrawal symptoms that
include aches and pains, changes in respiration, sweating, and tremors. MOR mediates
most of the analgesic effects of morphine, although DOR also plays a role (Quock et al.,
1999). The exact mechanism of addiction and tolerance are not well understood and
involve both cellular and behavioural changes (Koob and Moal, 1997; Nestler and

Aghajanian, 1997, Vaccarino et al., 1999; Vaccarino and Kastin, 2001).

There appears to be a genetic predisposition for drug abuse. People who show a
predisposition to drug abuse sometimes have polymorphisms in genes for the opioid
peptides and receptors (Bond et al., 1998; Mayer and Hollt, 2001). In a study by Bond et
al. (1998) five single nucleotide polymorphisms (SNPs) in the MOR coding region were
found in heroin addicts. One of the SNPs in the MOR gene showed enhanced responses to
B-endorphin when the mutated protein was expressed in cell lines, due to increased binding

affinity of $-endorphin for MOR (Bond et al.. 1998; Mayer and Hollt, 2001).

1.4.4 THE ROLE OF THE BRAINSTEM AND OPIOIDS IN PAIN CONTROL

Opioids play an important role in stress-induced analgesia, being implicated in childbirth,
exercise, and conflict or threat (Olson et al., 1997; Vaccarino et al., 1999; Vaccarino and
Kastin, 2001). In a study in which mice were exposed to biting flies, opioid-mediated
analgesia (measured by naloxone sensitivity) developed within 30 min (Kavaliers et al.,
1998), although not all stress-induced analgesia was reversible by naloxone (Fields and
Heinricher, 1985). The degree of opioid-mediated analgesia varied with the sex of the
subject, being greater in males than females (Kavaliers et al., 1998). The neural pathways
by which stress-induced analgesia occurs have been extensively studied, although the exact
mechanisms remain unknown. Several brain regions and OpR subtypes have been
implicated in pain control (Vaccarino et al., 1999; Vaccarino and Kastin, 2001).
Stimulation of the PAG, an area that expresses high levels of MOR, DOR and KOR

(Gutstein et al., 1998; Commons et al., 2001) reduces the severity of clinical pain in

47




humans (Fields and Heinricher, 1985). The PAG receives input from the cortex and sends
projections to the RVLM, which in turn sends projections to the dorsal horn of the SpC.
At each of these integrative levels, there are enkephalin-containing interneurons that
express MOR and DOR (Commons et al., 2001). SpC neurons also project rostrally to
terminate at medullary and midbrain regions and play an important role in analgesia. The
SpC is the point of entrance of nociceptive sensory information and is an important site for
antinociception by MOR and DOR agonists (Cheng et al., 1995b). Clinically, morphine is
one of the most widely used drugs for the relief of pain, and is often used for pain relief
after surgery, during labour, and for cancer sufferers. Opioids modulate analgesia by their
actions on MOR, DOR, and KOR subtypes. Within these receptor classifications, K1, K2,
k3, and 81 receptors mediate supraspinal morphine analgesia and u2, 81, and k1 receptors
are responsible for spinal analgesia (Pasternak, 1993). The use of opioids in controlling
pain is problematic, due to the effect of opioids on other systems, including respiratory,
gastrointestinal, and cardiovascular systems. As previously stated, opioids injected into the
CSF of women in labour causes foetal bradycardia (see review by Mardirosoff et al. 2002)
(Mardirosoff et al., 2002), and such treatment may therefore be undesirable because of this

adverse effect on the late-term foetus.

1.5 Aims of Thesis

The aim of the present study was to establish a primary culture model for investigating rat
brainstem cells isolated from late foetal and early postnatal developmental stages. This
culture method will be used, along with studies on frozen sections from rat brain, to
examine developmental changes in MOR and DOR OpR expression and distribution in the

rat brainstem.
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Chapter 2

2 Primary Culture Of Brainstem Cells

2.1 AIM

The aim of this study was to develop a method for growing primary brainstem neurons
from rats at different stages of foetal and early postnatal development. The development of
a method for culturing postnatal brainstem neurons was important because it would allow
study of cultured brainstem neurons at later developmental ages than had previously been
possible. This method could then be used to investigate opioid receptor expression during

development (Chapter 3).

2.2 INTRODUCTION

2.2.1 USE OF PRIMARY CULTURE IN INVESTIGATION OF BRAINSTEM
FUNCTION

Primary cultures of brainstem neurons from foetal and postnatal rats are useful models for
in vitro studies of brainstem function, because they more closely mimic the normal
situation than cultures of established cell lines. In both primary cultures and established
cell cultures, more control exists over the cell environment. Greater experimental control
is beneficial because it allows single components of the medium to be changed and their
effects evaluated. The use of a chemically defined, serum-free medium is recommended
for studies in which complete control of the environment in the nutrient medium is desired,
for example, studies involving electrophysiological recordings (Rigatto et al., 1994),
immunocytochemical staining (Fitzgerald et al., 1992), neurotransmitter release (Shimoda
et al., 1992), and growth factor responses (Copray and Leim, 1993; Miller and Azmitia,
1999). Culture in a defined medium provides a more stable and consistent environment
because it removes the variability between different batches of serum. The advantages of
studying receptor expression in culture, as opposed to whole brain slices, is the ability to
trace individual neuronal processes and observe interactions with other cells. The
disadvantages of using a cell culture model may include the formation of abnormal cell
architecture, changes in gene expression, and the formation of abnormal glial-neuronal.

neuronal-neuronal, and neuronal-glial communication.




The brainstem integrates many functions of the somatic and autonomic nervous systems.
For example, the brainstem plays a role in the suckling response, swallowing, respiration,
cardiovascular control, the maintenance of the arousal state, and the mediation of stress
responses [Vaccarino, 1999 #877; de Boer-van Huizen, 1999 #549; Lehnert, 1998 #548;
(Pilowsky et al., 1990a; Rigatto et al., 1992). The brainstem is composed of many
heterogeneous neurons having different morphologies and functional properties. Neurons
from the brainstem send projections to wide areas of the brain and spinal cord, and the
specific morphology of cells relates to their functional properties (Berger et al., 1984;
Pilowsky et al., 1990b; Pilowsky et al., 1993). Rostral brain regions are relatively easily
maintained in culture because they are at an earlier developmental stage than caudal

regions; and thus fewer connections are broken during tissue dissociation (Brewer, 1997).

No satisfactory protocols for primary culture of postnatal brainstem neurons in defined
medium have been reported. Even with serum, commonly used procedures often give poor
survival rates in older foetal (>E16) and postnatal brainstem cultures (Azmitia, 1990;
Minamoto et al., 1991). Only two papers, Masuko et al. (Masuko et al., 1986), and
Ternaux and Portalier (Ternaux and Portalier, 1993) have reported the successful culture of
brainstem neurons from the postnatal rat. Masuko et al. (1986) cultured brainstem cells
from neonatal mice up to P5 using a glial feeder layer and FCS. Neurons were not labelled
by neuron-specific markers but were identified solely on morphology, a criterion shown to
be unreliable (Raff et al., 1979). Some brainstem cultures from neonatal rats were also
used, although no actual data were presented for these cultures. The study by Ternaux and
Portalier (1993) provided more comprehensive culture data; however, their culture medium
generally contained serum and was therefore undefined (Ternaux and Portalier, 1993).
Although some of their cultures were maintained without serum, detailed results in defined

medium were not reported.

The present study describes the first reliable method for establishing stable in vitro cultures
of foetal and early postnatal brainstem neurons in a defined culture medium. Optimal
neuron survival of both late foetal and early postnatal brainstem cultures was achieved
with a commercially available, serum-free culture medium specifically designed for
support of neurons in culture. This medium consisted of Neurobasal™, a medium from
Gibco (Invitrogen, Gathersburg, MD, USA) for foetal cultures, and Neurobasal™-A for

postnatal cultures. Both of these were used with a defined supplement (B27) high in

50



antioxidants, also from Gibco. Neuron and glial cells present in the cultures were
identified using immunocytochemical staining with antibodies against microtubule-
associated protein-2 (MAP2) or glial fibrillary acidic protein (GFAP), respectively.
Neuron populations were stable for up to 9 days in culture and showed significant neurite
outgrowth with time. This culture system will be useful for studying brainstem neuron
function in vitro at later developmental ages than previously possible, thus providing a

more complete picture of neuronal maturation during development of the rat brainstem.




2.3 METHODS
2.3.1 PRIMARY CELL CULTURE
2.3.1.1 Animals

All procedures were approved by the Victoria University of Wellington Animal Ethics

Committee (JM95R2, IM98R2 and JIM2000R4).

Foetal brainstem neurons were cultured from pooled embryos of time-mated Wistar rats.
Pro-oestrous rats were mated overnight. Successful mating was confirmed by the presence
of sperm in vaginal smears the next morning and termed EO according to Paxinos et al.
(1994). Smears were taken using damp cotton wool wrapped around curved forceps.
Smears were dabbed onto microscope slides and stained for several minutes with a drop of
toluidine blue (0.05% in water) (The General Chemical Company Ltd, Budbury,
Middlesex, UK). Excess toluidine blue was removed by blotting the edge of the slide with
a paper towel. Vaginal epithelial cells were observed using a compound microscope

(Zeiss, Oberkochen, Germany).

Neonatal Wistar rats aged 0 to 6 days postnatal (PO to P6) were anaesthetised with
Nembutal (50 mg/kg; Virbac, Otahuhu, Auckland) intraperitoneal (ip) injection, and then
sacrificed by cervical dislocation. The external surface of the animal was sprayed with

70% ethanol before aseptic removal of the brain.

2.3.1.2 Culture Reagents and Equipment

Pasteur pipettes were siliconised by aspirating Siliclad solution (Sigma, St Louis, MO,
USA), into the barrel of the pipette, then expelling it once. The pipettes were allowed to
air dry before autoclaving at 120°C for 15 min. Circular 13 mm diameter coverslips
(BDH, Palmerston North, NZ) were cleaned for 10 min in a sonicator bath (L&R, Kearney,
NJ, USA) with warm water containing a small amount of detergent. The coverslips were
then washed in 7 changes of dH,O and two changes of 70% ethanol, and stored in a sealed
container in 70% ethanol until needed. The day prior to setting up the cultures, the
coverslips were flame-sterilised, and four coverslips were placed in each 35 mm diameter
cell culture dish (Nunc; Invitrogen). Each coverslip was coated with 50 pL of 10 pg/mL
poly-D-lysine (PDL) (Sigma) by incubation at room temperature for 5 min. Excess coating

solution was removed, and the coverslips were allowed to dry overnight. Coated
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coverslips could be stored at 4°C for up to one week. On the day of plating, the coverslips
were washed 3x in sterile dH,O and pre-treated with 10% heat-inactivated foetal calf
serum (FCS) (Invitrogen) for at least 2 h at 37°C to assist cell attachment. The FCS

solution was removed prior to plating the cells.

2.3.1.3 Foetal Brainstem Culture

Primary brainstem cultures were established from E14, E16, E18 and E20 rat foetuses by a
modification of the method of Cheung et al. (1997) (Cheung et al., 1997) who used serum-
free conditions to culture E14-E16 foetal rat mesencephalic neurons. Pregnant rats were
anaesthetised by ip injection of Nembutal (Virbac). Foetuses were removed from the
uterus and placed in sterile ice-cold balanced salt solution (BSS) (pH 7.4) (Appendix 2:
Section 1). All dissections were performed with sterile instruments, and solutions were
kept on ice in a laminar flow cabinet (Gelman Sciences, Australia). Foetal rat brains were
removed and placed in Hibernate-E medium (Invitrogen), a medium that allows prolonged
storage of tissue without loss of viability. Both Hibernate-E (for foetal tissue) and
Hibernate-A (for postnatal tissue) media are no longer commercially available through
Invitrogen. The appropriate Hibernate formulae are given in Appendix 1. Recently,
Hibernate medium has been made commercially available again through the original
designer of the medium, Dr Gregory Brewer (email:gbrewer@simed.edu, Springfield IL,

USA) at a cost of approximately $60 (USA) for 500 mL.

Brainstems were dissected from the whole brain with the aid of a dissecting microscope
(Olympus, Tokyo, Japan), and blood vessels, meninges, and the cerebellum were carefully
removed using fine-tipped, sterile watchmaker's forceps. Detailed foetal brain dissections
complete with photographs and diagrams are described in the following references,
(Brewer and Cotman, 1989; Azmitia, 1990; Fitzgerald et al., 1992; Copray and Leim,
1993). Brainstem regions taken for culture included the rostral brainstem region, consisting
of the pons and medulla, extending posteriorly to approximately 2mm caudal to the obex

(Figure 2.1).

53




AH

MPO)

03/ T2 o
;«}{asa{/ =

\ : -
N Maxilla T

Fiven!
Diaph "3
M_iver s
W
W Duof (& o
\ A= =
S A .
N \Pan».
<) !
N,
\ Y

ke~

pm;’_‘;r{ ‘{ MetN }
'\b.\:' . . :
Hpex m N N
- .{ "“-C_) =
\,.___.N\ GRG N N M ~ 1
Ly U //
T -
I T e e I R e e —_ i
o] 5 4 3 2 1
Figure 2.1

Diagram of E16 Foetal Rat Showing the Brainstem Region
Taken for Culture

The area shown in red is the area taken for primary brainstem cultures. This region
includes the pons, medulla, nucleus of the solitary tract (NTS), and nucleus ambiguus
(NA). From Paxinos et. al. (1994). Scale bar = mm.




Pooled brainstems from a single litter (8-15 fetuses) were transferred to fresh Hibernate™-
E medium. The tissue pieces (approx 2 mm?®) could be left at this stage for up to a week at
4°C without loss of viability although for all experiments discussed in this thesis, they
were never stored for more than 30 h. The tissue was then transferred to a sterile 15 mL
centrifuge tube and mechanically dissociated by triteration using a fire-polished.
siliconised, long-stem Pasteur pipette. Trituration involved aspirating the tissue suspension
in and out of the pipette approximately 10x. Tissue pieces were allowed to settle, and the
supernatant containing the dissociated cells was removed and retained. This procedure
was repeated 3x, and the combined supernatants were centrifuged in a non-refrigerated
bench-top centrifuge (300 g, 5 min, Clements, GS200, Sydney, Australia) and resuspended
in complete growth medium. The complete growth medium consisted of Neurobasal
medium with 2% B-27 supplement (Invitrogen), 0.25 mM L-glutamine (Sigma), 0.25 mM
GlutaMax I (Invitrogen), penicillin G (50 U/mL) (Invitrogen), and streptomycin sulphate
(50 pg/mL) (Invitrogen). A mixture of glutamine and GlutaMax I was used initially due to
the cells' inability to metabolise GlutaMax I when first seeded (personal communication,
Dr Stephanie Hughes), although when the culture medium was changed (every 5-7 days)
50 mM GlutaMax I was used instead of the glutamine/glutaMax mixture. This complete
medium, with an osmolality of 240 mosm/kg HO, was used for E14 and E16 cultures.
Osmolality was determined in a Fiske OS™ osmometer (Fiske Associates, Needham
Heights, MA, USA). To enhance neuron survival in E20 cultures, a mixture of 50%
Neurobasal medium and 50% Neurobasal-A medium containing identical supplements as
for the E14 and E16 cultures was used. The osmolality of this modified medium was 26(

mosm/kg H»O.

The percentage of viable cells was determined by trypan blue dye exclusion. A 50 pl
sample of suspended cells was diluted in 450 pL of 0.02% trypan blue in BSS. The
percentage of viable cells was determined microscopically using a haemocytometer. Thz

cells were seeded onto previously cleaned coverslips that had been treated with poly-D-

lysine and serum at a density of 0.5-1.0x100 viable cells/cm? in a total of 2 mL complete
growth medium per 35 mm dish. Cells were incubated in a controlled atmosphere of 95%
air, 5% CO, and 97% humidity at 37°C for up to 3 weeks. To keep cellular debris to a

minimum in the cultures, half the medium was replaced after 1 day in culture with fresn,




pre-warmed culture medium. Following this, cultures were fed every 5-7 days with half

changes of medium.

2.3.1.4 Postnatal Brainstem Culture

Neonatal Wistar rats aged up to 6 days (PO to P6) were anaesthetised with pentobarbital by
ip injection (50 mg/kg), and then sacrificed by cervical dislocation. The animals were
sprayed with 70% ethanol before aseptic removal of the brain. Whole brains from rats of
the same litter were removed and placed in a 100 mm diameter culture dish containing 10
mL of Hibernate-A medium (Invitrogen) on ice. The meninges and blood vessels were
carefully removed with the aid of a dissecting microscope. A separate 60 mm culture dish
containing Hibernate-A medium was used for every two animals. Brainstems were
identified using the same criteria as for foetuses (Figure 2.2), removed, pooled and placed
in petri dishes containing Hibernate™-A medium. The tissue was cut into 2 mm cubes and
the tissue matrix loosened by treating with trypsin stock (Invitrogen) to give a final
concentration of 0.05% trypsin in Hibernate-A medium. Tissue was then incubated for 15
min at 37°C in a shaking waterbath. Alternatively, the tissue pieces could be stored
overnight in Hibernate-A medium containing B-27 supplement (without trypsin), as
described for embryonic tissue. The tissue pieces were allowed to settle for 5 min and the
supernatant removed. The pellet was resuspended in Hybernate-A medium containing
10% FCS (to inhibit trypsin activity) and 0.0l mg/mL DNase (Sigma). The tissue was
then mechanically dissociated in the same way as for foetal cultures, substituting
Hibernate-A medium and Neurobasal-A medium for the embryonic media, Hibernate-E
and Neurobasal. The supernatant containing the dissociated cells was centrifuged at 300 ¢
for 5 min, and the cell pellet resuspended in Neurobasal-A medium containing 2% B-27
supplement, 0.25 mM L-glutamine, 0.25 mM GlutaMax 1, penicillin G (50 U/mL), and
streptomycin sulphate (50 pg/mL). The osmolality of this medium was 280 mosm/ky
H>O. Cell viability was determined by trypan blue dye exclusion as described above.

Cells in 2 mL complete growth medium were seeded onto prepared coverslips in 35 mrn

culture dishes at a density of 0.5-1.0 x100 viable cells/cm?.

2.3.2 CELL-SPECIFIC MARKERS

Immunocytochemistry (see below for methods) was used to identify and characterise the

cell types present in the cultures. GFAP was used to specifically label astrocytes (Raff et




al., 1979), and MAP2 was used to specifically label neurons (Sarnat et al., 1997).
Cholinergic neurons in some cultures were labelled using antibodies to choline

acetyltransferase (ChAT) (Knusel and Hefti, 1988; Burton et al., 1995; Chen et al., 2001).

2.3.2.1 Fixation of Cultured Cells

Coverslips with their attached cells were removed from the culture medium and washed 3x
in phosphate buffered saline (PBS) (pH 7.4) (Appendix 2: Section 2) before being fixed in
a mixture of 50% acetone: 50% methanol for 8 min at -20°C. The coverslips were washed
3x in cold PBS (5 min each) and stored at 4°C (for up to 3 weeks before staining) in PBS
containing 0.1% sodium azide in a culture dish sealed with Parafilm (American National

Can™ Chicago, IL, USA).

2.3.2.2 Permeabilisation and Removal of Endogenous Peroxidase Activity

Prior to immunostaining, cells were permeabilised for 30 min at room temperature in PBS
containing 0.2% Triton X100. Endogenous peroxide activity was removed by incubation
in 0.1% H,0, 50% methanol in dH>0 (Appendix 2: Section 3) for 1S min, and washed 3x 5
min in PBS.

2.3.2.3 Colourmetric Visualisation with DAB

DAB colourmetric visualisation of immunostaining was used as an alternative to
fluorescence signal amplification. The colourmetric method was used to obtain permanent
mounted samples that permitted a comparison to be made between samples of differen
developmental ages after varying times in culture, without the problems of photobleaching
generally associated with fluorescence. DAB visualisation used secondary antibodies

conjugated to Horseradish peroxidase (HRP), as described above.

2.3.24 MAP2 Immunocytochemistry

To identify neurons, microtubule-associated protein-2 (MAP2) immunostaining wes
carried out using a modification of the method of Hsu et al. (1981) (Hsu et al., 1981).
Biotin/avidin amplification was performed, followed by visualisation using 3,2-
diaminobenzidine (DAB) (Volsen, 1984). Briefly, cells were fixed, permeabilised,
endogenous peroxidase activity was removed and coverslips were washed. Non-specific

binding sites were then blocked at room temperature for 30 min in PBS containing 2%
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normal goat serum (NGS) (Invitrogen), 4% bovine serum albumin (BSA), 0.2% Triton,
and 0.01% sodium azide. Coverslips were incubated with mouse monoclonal anti-MAP2
primary antibody (specific for MAP2a, b and ¢) (1:250; Sigma) in PBS containing 0.2%
Triton, 1% NGS, and 2% BSA, at 4°C overnight. Coverslips were then washed 3x in PBS
containing 0.2% Triton, incubated with biotin-labelled goat anti-mouse IgG (1:250 in PBS
containing 0.2% Triton; Sigma) for 2 h at room temperature, washed 3x in cold PBS (5
min each), and then incubated for 2 h at room temperature in ExtrAvidin Peroxidase (1:500
in PBS; Sigma). After incubation, the coverslips were washed 3x as before.
Immunostaining was visualised with DAB developing solution (0.5 mg/mL; Sigma), 0.1 M
phosphate buffer, and 0.01% H,0,. Coverslips were washed 3x in cold PBS and mounted
on microscope slides with glycerin jelly. Negative controls were incubated identically but
without primary antibody. Some coverslips were counterstained with 3% toluidine blue or
Delafield’s haematoxylin to improve visualisation of non-immunostained, non-neuronal
cells. Cells were observed using a compound microscope (Zeiss, Oberkochen, Germany)
at 400X magnification by phase contrast or brightfield optics. Cell types were identified

according to immunostaining characteristics and morphology.

2.3.2.5 GFAP Immunocytochemistry

Astrocytes were positively identified using a rabbit primary antibody to GFAP (1:100;
Sigma) and a sheep anti-rabbit secondary antibody conjugated to FITC (1:100; Sigma).
Non-specific binding sites were blocked and the coverslips washed between antibody
treatments as described above for MAP2. Fixed cells were incubated in primary and
secondary antibodies for 1 h each at room temperature in the dark. The coverslips were
mounted in Antifade (Molecular Probes, Eugene, OR, USA) and examined for
fluorescence on a confocal microscope (TCS 4D, Leica Lasertechnik Gmbh, Germany). Ir
some cases, cells were double-labelled with antibodies against MAP2 and GFAP using

secondary antibodies conjugated to Rhodamine Red and FITC, respectively.

2.3.2.6 Choline Acetyltransferase (ChAT) Immunocytochemistry

Some primary brainstem cultures were immunostained for the presence of cholinergic
neurons using antibodies specific for ChAT (Knusel and Hefti, 1988; Burton et al., 199%;
Chen et al., 2001). ChAT antibody was kindly donated by Dr Gregory Funk (Department

of Physiology, University of Auckland, NZ). Cell culture samples were fixed,




permeabilised, endogenous peroxidase activity removed, and non-specific binding sites
blocked as described previously. Primary antibody (rabbit anti-ChAT) (1:500; Sigma) was
incubated overnight at 4°C followed by goat anti- rabbit IgG Biotin (1:500, Sigma).
Samples were washed 3x 5 min, then incubated with ExtrAvidin HRP (1:500, Sigma) for

DAB visualisation, or ExtrAvidin-FITC (1:1000, Sigma) for detection by fluorescence.

2.3.2.7 Colour Development and Mounting

Antibody-labelled cells were washes 3x 5 min, then incubated in DAB colour development
reagent (Appendix 2: Section 4) for 1-20 min until the colour had developed. They were
then washed 3x 5 min in PBS and mounted onto glass slides using glycerin jelly mounting
medium (3.8% gelatin (Sigma), 50% pure glycerin (Sigma), and 0.2% phenol crystals

(BDH) in dH,O (Appendix 2: Section 06)).

2.3.2.8 Cell Type Classification

Neurons, positively stained for MAP2, were classified as either bipolar or multipolar
according to the number of processes extending out from the soma (Figure 2.4C & D).
Glial cells were classified by morphology as either type I astrocytes (large flat cells with an
epitheloid shape and a prominent nucleus) or type II astrocytes (smaller stellate-shaped
cells morphologically similar to neurons)(Raff et al., 1983) (Figure 2.4A & B). Cells not
fitting within these categories four were classified as ‘other’ and presumably consisted of

fibroblasts, macrophages, oligodendrocytes, and endothelial cells.

2.3.2.9 Morphometric Analysis

Morphometric analysis was carried out on MAP2 immunoreactive neurons, using the
Semper 6 image acquiring software program (Synoptics, Cambridge, UK). Coverslips
were counterstained with toluidine blue to identify cell nuclei. Measurements of cell body
length were obtained using Image Pro software (Media Cybernetics, Silver Spring, MD,
USA). Fifteen cell body diameters and total neurite length for each cell were analysed
from foetal (E16) and postnatal (P6) cultures after 4 and 7 days in culture. Only nerve
cells in sparsely populated areas of the coverslip were morphometrically analysed because
of the difficulty in distinguishing cell and neurite boundaries in densely populated regiors

(Figure 2.3).
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Figure 2.2

Postnatal Brain Structure

Three-day-old postnatal rat brain (P3), showing lower brainstem
regions taken for culture (highlighted by arrows). Scale bar divisions
equal 1 mm.

Figure 2.3
Cell Morphometry Measurements

A MAP2-positive neuron (n) showing cell body length (red) and neuronal
process measurements (black). Total neurite length from black outlined
neuronal processes was calculated using Image Pro software. Note the
presence of toluidine blue stained glial cells (g). Scale bar =20 u m.
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24 RESULTS
2.4.1 PRIMARY BRAINSTEM CULTURE

During the development of the brainstem culture method a number of variations in culture

conditions were tried. The results of these experiments are described below.

2.4.1.1 Brainstem Cell Dissociation

Brainstem tissue was dissociated in Hibernate™ medium/B27, which is high in
antioxidants and contains Ca™ and Mg™ ions (Brewer and Price, 1996). In the present
study Hibernate™ medium/B27 increased cell viability during dissection and dissociation
(60-80% viability) compared with (Ca*, Mg™ free) BSS (40-60% viability). Cell viability,
immediately before plating, was typically between 65-80%, with younger foetal cultures

having the highest proportion of viable cells.

2.4.1.2 Establishment of Primary Cultures

Dissociated brainstem cells attached to the coverslip within 1 day in culture and nerve cells
began to produce neurites within the first few days. After 4 days in culture, neurons
visualised by phase contrast optics, had a phase-bright soma (Figure 2.5A-D) and stained
positively for MAP2 (Figure 2.5E & F). Neurons were often seen growing on top of type I
astrocytes, although a small proportion of neurons were not directly associated with glial

cells.

2.4.1.3 Cell Attachment in Culture

In addition to serum pre-treatment of coverslips, several cell attachment substrates were
tested for their ability to promote neuron survival. In the absence of added substrate, cell
attachment was very poor. Coverslips treated with poly-D-lysine showed better attachment
than those treated with poly-L-lysine. Polyethyenimine (PEI) (50% w/v) (Sigma) gave
good neuron attachment, survival and process outgrowth initially, but the PEI solution
obtained from Sigma proved to be unstable, and therefore results were inconsistent. Poly-
D-lysine gave the most successful and consistent cell attachment and neurite outgrowth of
the three substrates tested. In some cultures poly-D-lysine-treated coverslips were not pre-

treated with serum, and this prevented most neurons from attaching to the surface.
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Figure 2.4

Classification of Different Cell Types in Culture

The main cell types observed in brainstem cultures were type | astrocyte (A) and type II astrocyte (B).
staining positively for GFAP (FITC) and observed by confocal microscopy. Scale bar = 10 um. Bipolar
neurons (C) and multipolar neurons (D), staining positively for MAP2 (DAB) were observed using
brightfield microscopy. Note the absence of staining of type I glial cells by anti-MAP2 antibody (g).
Scale bar = 20 um.




Figure 2.5

Morphology of Primary Cultures of Brainstem Neurons from Different
Developmental Ages of Foetal and Postnatal Rats.

Brainstem cultures from E14 (a) and E16 (b) rats were grown in Neurobasal medium/B27 supplement.
Cultures from 3-day old postnatal rats ©, and 6-day old postnatal rats (d). were grown in Neurobasal-A
medium/B27 supplement. All cultures were seeded at 0.5-1.0x106 cells/em?. Photomicrographs were
taken after 7 days in culture using phase contrast microscopy. Some phase bright neurons are shown
with arrows. Brainstem cultures stained for MAP2 from 6-day old postnatal rats are shown after 4 days
in culture (e) and after 7 days in culture (). Note the increased neurite length at 7 days (f) compared
with 4 days (e). Scale bars =20 pum.

64




2.4.1.4 Effect of Different Culture Media on Cells

Several variations of culture media were tested to determine the optimal conditions for
culturing brainstem neurons. In postnatal cultures, qualitative estimates of neuron survival
were made. Quantitative comparisons between neurons cultured in DMEM medium and
DMEM-F12 medium, or Neurobasal medium have been reported previously by Brewer et
al. (1993) (Brewer et al., 1993). In our study DMEM-F12 with 10% FCS gave poor
neuron survival; whereas, DMEM-F12 with B27 supplement gave moderate neuron
survival.  Neurobasal/B27 supplement for foetal cultures and Neurobasal-A/B27 for
postnatal cultures gave the best neuron survival and were chosen as the standard culture

media for brainstem neurons.

2.4.1.5 GlutaMax I Replacement of Glutamine

Glutamine and GlutaMax I supplements were directly compared in P1 cultures. Cultures
were seeded at 1x10° cells/em’® with either 0.5 mM L-glutamine or with 0.25 mM
GlutaMax 1/0.25 mM L-glutamine. The density of the cultures was estimated using a
compound microscope equipped with phase contrast optics at 160x magnification.
Cultures were scored on a scale of 1 to 3 according to cell density, without regard to the
type of cells. A score of 3 was given when cells covered >85% of a typical field of view, a
score of 2 when 50-85% of the field of view was covered, and a score of | when <50% of
the field of view was covered. After 6 and 12 days in culture there were significantly more
cells in cultures containing GlutaMax I supplement (mean score = 2.1) than in cultures
containing glutamine only (mean score = 1.5) (P < 0.03, Mann-Whitney test, n = 33 fields
of view for glutamine: n = 159 fields of view for GlutaMax I from counts of two coverslips,
and six coverslips, respectively). Others have reported similar results with GlutaMax I in
neuronal cultures (Minamoto et al., 1991). Neither the replacement of glutamine with
GlutaMax I nor the seeding density had any obvious effect on the percentage of neurons in

the cultures relative to the total number of cells.

24.2 EFFECTS OF SEEDING DENSITY ON NEURONAL SURVIVAL

In preliminary experiments a range of seeding densities from 1x10° to 1x10° cells/cm?®
were tested. Good neuron survival was observed at each density within this range. In ore
culture, 13 pooled brainstems from P1 rat pups were seeded at either 1x10° cells/cm® (n = 8

coverslips) or 5x10° cells/em® (n = 6 coverslips). There was no statistically significant




difference in the percentage of neurons staining positively for MAP2 after 6 or 12 days in
culture relative to the total number of cells present in the cultures (50-100 cells were
counted on each coverslip and classified as being either bipolar or multipolar neurons, or

type I or type II astrocytes).

All other cultures were initially seeded at the same density of 5x10° cells/em”. Neuron
density was not directly measured over time in culture, although neuron survival appeared
to be reduced in cultures established from older developmental ages, as evidenced by a
decrease in overall cell density with time and an increase in the number of unattached cells
and debris after one day in culture. Some cell divisions could be seen in the cultures. One
older postnatal culture (P15) was attempted; however, few neurons survived more than one

day in culture.

24.3 CELL MORPHOLOGY AND IMMUNOREACTIVITY IN CULTURE

Cells classified as bipolar and multipolar neurons (Figure 2.4C & D) were confirmed to be
neurons by their positive MAP2 immunoreactivity (Figure 2.6). It was necessary to use a
specific marker to identify neurons since their morphology was very similar to the stellate-
shaped type II astrocytes that stained positive for GFAP (Figure 2.4A & B), but negative
for MAP2 (Figure 2.4C & D). The negative control for MAP2 (no primary antibody)
showed no staining (Figure. 2.6F). In a single experiment, a culture of brainstem neurons
and glial cells was double-labelled using antibodies against GFAP (FITC-labelled) and
MAP2 (Rhodamine Red-labelled). No cells stained with both GFAP and MAP2 when
observed by confocal microscopy, thus ensuring that MAP2-stained multipolar neuront
were not incorrectly identified as type II astrocytes, and vice versa. This immunostaining

distinction has been well-established in other culture systems (Marriott et al., 1995).
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Figure 2.6

Cultured Brainstem Neurons Positively Stained for MAP2

E14 neurons after 7 days in culture (a):; E16 neurons after 9 days in culture (b); E20 neurons after
7days in culture (b): P3 neurons after 7 days in culture (d); P6 neurons after 9 days in culture (e);
Negative MAP2 control for P6 neurons after 7 days in culture (no MAP2 antibody) (f). Note the
absence of MAP2 staining in the cell body and nucleus in a-e. Brightfield microscopy. Scale bar =

20 pm.
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2.4.4 DISTRIBUTION OF CELL TYPES

Cell type distributions on coverslips from each developmental age, embryonic E14, E16,
E20 and postnatal P3 and P6, were counted after 4, 7, and 9 days in culture (Figure. 2.7).
Between 50 and 250 cells on each coverslip were counted and classified into one of the
five groups. The ratio of neurons to glial cells remained constant with time in culture in
E16, E20, P3 and P6 cultures. Type I astrocytes made up a greater proportion of the total
cells (50-72%) in more advanced developmental ages compared with the youngest E14
cultures (17-20%). There was no significant change in the distributions of cell types with
time in culture from 4-9 days, suggesting good neuron survival and maintenance between 4

and 9 days in culture.

The more adherent, flattened type 1 astrocytes were more common than the neuronal like
type II astrocytes in both foetal and postnatal cultures. The marked difference in the
frequency distribution of cell types in El4 cultures compared with the developmentally
more advanced cultures was highly significant (P < 0.001, n = 5, Kruskal-Wallis).
Comparing cell types at different developmental ages (average value from the pooled 4, 7
and 9 day results of Figure. 2.7), E14 cultures had a higher proportion of neurons than glial
cells (61% compared with 35%), and most of the neurons were bipolar (40% of total cells)
rather than multipolar (21% of total cells). Late embryonic (E16 and E20) and early
postnatal cultures (P3 and P6) had a higher proportion of astrocytes than neurons (67-73%
compared with 25-31%), and most of the neurons were multipolar (18-25%) rather thar
bipolar (5-9%) (range of values averaged from pooled results of E16, E20, P3 and P¢
cultures after 4, 7 and 9 days in culture). There were significant differences between the
bipolar/multipolar neuron ratios in cultures from foetal E14, E16 and E20 and postnatal PZ
and P6 stages. More advanced cultures had disproportionately more multipolar neurons.
This difference was statistically significant between E14, E16, E20, P3 and P6 cultures at
4, 7 and 9 days in culture (P < 0.0019, n = 5, two-factor, Kruskal-Wallis test). Thus E14
cultures showed significantly more neurons than glial cells; however, by E16, type 1 glial
cells predominated in the cultures. E14 also showed more bipolar than multipolar neurons

compared with later stage cultures in which multipolar neurons were more common.
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Figure 2.7

Proportion of different cell types present in brainstem cultures of foetal and
postnatal rats

Proportion of different cell types in cultures from foetal and postnatal rat brainstems. Coverslips
were removed, stained, and cell type distributions determined after 4, 7, and 9 days in culture.
Mean + S.E.M of the percentage of total cells counted at each age vs. time in culture. Multiple
cultures for each developmental age of rat were used. and the results were pooled (n = number of
pooled coverslips from two to four different culture preparations).




2.4.5 CELL MORPHOMETRY MEASUREMENTS

Neuronal processes increased in length during culture (Figure 2.8 and Table 2.1) and made
connections with cell bodies or processes of other neurons, but more commonly with glial
cells. The mean cell body diameter was the same for foetal and postnatal cultures, with no
size difference over time in culture or between bipolar and multipolar neurons (Figure 2.9).
Neurite length increased in E16 foetal cultures between 4 and 7 days in culture (P < 0.005,
n =29, Mann-Whitney test). In P6 cultures, neurite length increased from zero at day 1 to
162 £ 20 um by 7 days in culture; however, there was no significant increase in neurite
length between days 4 and 7 in these cultures. Total neurite length in foetal E16 cultures

was 45% greater than in P6 cultures after 7 days (P < 0.02, n = 31, Mann-Whitney test).

2.4.6 PRESENCE OF CHOLINERGIC NEURONS IN PRIMARY BRAINSTEM
CULTURES OF THE RAT

ChAT-positive cells were present in all developmental ages of primary brainstem cultures
from E16 to P6. All ChAT-positive cells showed neuronal morphology, and no staining
was observed on glial cells. The percentage of cells stained positive for ChAT was
determined by counting ChAT-positive cells as a percentage of total cell nuclei from 3
fields of view from 2 separate coverslips from developmental ages E16, E20, P3, and P6
primary brainstem cultures of the rat. Approximately 5% of cell nuclei were found to be
ChAT positive (not shown in Figure). Usually, ChAT-positive cells appeared in small
clusters of 2-3 neighbouring ChAT-positive cells (Figure 2.10). Staining was diffuse in the
cytoplasm of some cells (Figure 2.10A) and punctate in others (Figure 2.10B & C). Cell

processes were also stained (Figure 2.10A).
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Figure 2.8

Frequency Histograms of Neurite Length

Frequency histograms of MAP2 positive neurons (count) and total neurite length for E16 and P6
cultures after 4 and 7 days in culture. E16C4 stands for E16 cells cultured for 4 days.




E16C4 E16C7

6
| e 4 F E
3 3
8 2 o
o IS L,
8 “ Wt 12 0% 4 s e 7 7 & 9 1o 11112 13 14 15 e 17
Cell Body Length (; m) Cell Body Length (;,m)
P6C4 P6C7
5 6
4 |
g3 £ 4 |
(=]
1
0 — 0
7 X v (KL 12 13 14 15 Je 17 7 L] 9 o 1t 12 13 14 15 16 17
Cell Body Length (, m) Cell Body Length (;u m)
Figure 2.9

Frequency Histograms of Cell Body Diameter

Frequency histograms of MAP2 positive neurons showing cell body length for E16 and P6
cultures after 4 and 7 days in culture. E16C4 stands for E16 cells cultured for 4 days.

Culture type ~ Neurontype ~ Daysinculture  Cell Body diameter ~ Total neurite length ~ Number of cells
(mm) (mm)

El6 Mulipokr 4 124403 14245 5
Bipolar 4 121206 118+3 10

All Neurons 4 122£0.5 12611 15

El6 Mutipolar 7 137406 25246 6
Bipolar 7 127407 2416 9

All neurons 1 13106 85423 15

Po Multipolar 4 113£05 168+ 11 12
Bipokr 4 10907 116+3 5

All Newrons 4 112£05 152+28 17

Po Multipokar 7 120£05 1736 12
Bipokr 1 113206 1183 3

AllNeurons 7 11.9+05 162+20 15

Table 2.1 Morphometric Data Summary

Average values of cell body diameter and total neurite length (mean + SEM) for the data of
Figure 2.8 and Figure 2.9. Cell body diameter was determined for the long axis of ellipsoid
cells. Total neurite length was calculated as the sum of the lengths of individual neurites of a
single cell.




Figure 2.10

ChAT-Labelled Cells

Cells labelled positive for ChAT (green) from primary brainstem cultures from E16 (A), E20 (B).
and P3 (C) rats, counterstained with propidium iodide (red) to visualise cell nuclei. The negative
control cell line, LLC-PK, showed no ChAT staining (D). Scale Bars =20 um.
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2.5 DISCUSSION
2.5.1 PRIMARY BRAINSTEM CELL CULTURE

This study describes the first successful method for culture of late foetal and early
postnatal animals in defined medium, using a commercially available neuronal medium
containing supplements high in antioxidants. Few satisfactory protocols for primary
culture of postnatal brainstem neurons have been reported, and commonly used procedures
often give poor survival rates in older foetal and early postnatal brainstem cultures, despite
the presence of serum (Azmitia, 1990; Miller and Azmitia, 1999). The use of primary
culture as a model for in vitro studies of brainstem function is important because it more
closely mimics the normal situation when compared with cultures of established cell lines.
In a culture system, it is possible to trace individual neurons and neuronal processes and
observe interactions between cells that would not be possible in brainstem slice studies.
This method has been used successfully to study the survival of neurons, outgrowth of
neurites, and to determine the proportion of different cell types in cultures from foetal and
postnatal rats of different ages (Kivell et al., 2000, 2001). This culture system supports
brainstem neuron survival in the absence of FCS, present only in the initial seeding to
promote cell attachment. Glial cell feeder layers are also not necessary, thus reducing the
amount of advance preparation required to set up the cultures. In addition, the use of
Hibernate medium removes the time constraints normally faced when establishing primary

cultures from brain tissue.

2.5.2 METHOD DEVELOPMENT

2.5.2.1 Cell Dissociation

A problem that arises when culturing cells from various brain regions of the neonatal rat is
that some areas, such as the brainstem, are proportionally more mature than others, such as
the more rostral cortex, and are therefore difficult to establish and maintain in culture.
Mature, developing neurons require increased interactions with trophic factors released
from their target fields (Barde, 1989; Levi-Montalcini, 1995). These trophic factors,
including nerve growth factor, brain-derived neurotrophic factor, and basic and acidic
fibroblast growth factor, tend to be selective for different types of neurons (Varon and
Adler, 1980; Barde, 1989; Barbacid. 1995; Levi-Montalcini, 1995). One study, using
foetal (E18-19) rat cells cultures from the rostral ventrolateral medulla (RVLM), tested the

effect of trophic factors on neurons expressing tyrosine hydroxylase. Glial derived




neurotrophic factor, brain-derived neurotrophic factor, neurotrophin 3, neurotrophin-4/5,
and ciliary neurotrophic factor increased the number of tyrosine hydroxylase positive cells
in culture. However, nerve growth factor, transforming growth factor-beta, and basic
fibroblast factor did not (Copray et al., 1999). The more immature a tissue is the more
easily it can be dissociated, thus yielding higher numbers of viable cells. In the present
cultures, there was better cell survival at E14 than later developmental ages. This may
have been due to increased plasticity and immaturity of the younger neurons and their
reduced requirements for trophic support. It is also possible that some of the cells present
at E14 were either stem cells, progenitor or precursor cells that can give rise to neurons or
astrocytes, depending on culture conditions. The increased requirement for trophic support
in developmentally older cultures may also explain why neuronal processes from P6
cultures were significantly shorter than those from E16 cultures (Table 2.1) (P < 0.02,
Mann-Whitney test). This may also be due to the fact that trypsin was not used in tissue
dissociation of foetal cultures, whereas trypsin was used in cultures prepared from

developmentally older brainstems.

2.5.2.2 Tissue Storage
Hibernate ™ is a serum-free medium containing Ca®* and Mg”*. The use of Hibernate
medium was a significant improvement in the present culture system because it allowed
foetal tissue to be dissociated without the need for harmful exposure to Ca*-Mg *-free
conditions, as well as permitting long-term storage of dissected tissue prior to culturing
(Brewer and Price, 1996). Hibernate has been used for storage of living brain tissue for up
to 4 weeks at 2-8 °C and ambient CO, (0.2%) (Brewer and Price, 1996). Using Hibernate,
the viability of dissociated cells was improved compared with use of the more common
Ca’*-Mg™*free tissue dissociation solutions (Copray and Leim, 1993). It was noted in the
present study that undissociated foetal and postnatal brainstem tissue pieces (2 mm3) could
be maintained in this storage medium for several days at 4°C without noticeable loss of
viability. This reduced the time constraints of setting up cultures. Literature reports
emphasise the necessity of rapid (1-2 h) tissue dissociation and plating procedures to
obtain good neuron viability and attachment (Buse, 1985). The two variations of
Hibernate medium, E (embryonic) and A (adult), differ only in their osmolality (240 and
280 mOsm/kg H,O, respectively). Neurons are particularly sensitive to changes n

osmolality, and the optimal osmolality for survival of mid-foetal neurons (E14-E18) is




lower than that of late foetal neurons (E20). Early postnatal neurons tend to swell at lower
osmolalities. Unfortunately, soon after the present method was developed and published,
Hibernate medium was deleted from the Invitrogen range of cell culture reagents. It is now
necessary to either produce the medium from its individual components or purchase it from
its originator, Dr Gregory Brewer:

[gbrewer @simed.edu<mailto: gbbrewer @simed.edul]. The protocols for making

Hibernate-A, and -E are described in the Appendix of this thesis (Appendix 1).

2.5.2.3 Choice of Medium

Neurobasal ' medium is a serum-free, bicarbonate-buffered medium that was originally
developed for optimising growth of foetal rat hippocampal neurons (Brewer, 1997).
Neurobasal medium also supports neuron growth and differentiation in cultures of rat cells
derived from other brain regions, including cortex, cerebellum, dendate gyrus, striatum,
and substantia nigra (Brewer, 1995). The composition of Neurobasal medium is based on
DMEM (Brewer et al., 1994). DMEM medium has a higher osmolality, however, than
other reported media that have been optimised for the culture of foetal neurons (Brewer,
1997). In the present study it was shown that Neurobasal medium effectively supported
the maintenance of E14-E18 rat brainstem neurons, and Neurobasal-A medium supportec
the maintenance of more advanced E20 and postnatal rat brainstem regions, when
supplemented with B27. B27 is an antioxidant-rich, serum-free medium supplemen:
(Brewer et al., 1993). B27 supplement can replace the obligatory requirement for serum,
once neurons have attached to the substrate. In Neurobasal/B27, our neuron survival rate
was higher than that in Neurobasal containing 10% FCS. Coverslips were coated with
poly-D-lysine and FCS to promote attachment, but no serum was added to the medium
itself during the actual cultures. Thus, culture conditions were completely defined after
plating. Defined media are important for providing complete control over in vitro
conditions.  Studies that use FCS-containing medium, such as those of Ternaux and
Portalier (1993) (Ternaux and Portalier, 1993) and Masuko et al. (1986) (Masuko et al.,
1986), report good neuron stability, however, FCS content is unknown and variable
between batches and FCS supports astrocyte division. In the present study, culture in a
defined medium without FCS showed similar neuron survival without the inherent

disadvantages of serum use.
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2.5.2.4 Glutamine/Glutamate Toxicity

A major problem encountered when growing neurons in culture is their susceptibility to
glutamine toxicity, yet cultures without glutamine tend to grow poorly. L-glutamine
produces ammonia, a toxic breakdown product (Minamoto et al., 1991). GlutaMax I (L-
alynyl-L-glutamine) does not produce ammonia and was used to replace half of the
glutamine to maximise neuronal survival. Neurotoxicity can also occur from glutamate,
which is thought to play a role in neurodegenerative disorders, including Alzheimer’s
disease (Arias et al., 1997). Glutamate excitotoxicity has been extensively studied in cell
culture (Kassof et al., 1995; MacManus et al., 1997). Using glutamate-free media
containing serum, Brewer et al. (Brewer et al., 1994), have shown that DMEM-F]2
provides better neuronal survival than DMEM in cultures of some brain regions (brainstem
not reported). Neurobasal medium, although DMEM based, is glutamate-free. The present
study used a modification of the method of Cheung et al. (1997), originally developed for
mesencephalic cultures (Cheung et al., 1997). Neurobasal medium with B27 supplement
gave better neuron survival than glutamate-containing DMEM-F12 with B27 supplement.
This improved survival in Neurobasal compared with DMEM-F12 or DMEM has been
attributed to the omission of the excitatory amino acids, glutamate and aspartate, as well as
the lower osmolality of the culture medium (Brewer et al., 1994). The addition of B27
supplement to the medium during cell dissociation and culture also reduces cell damage

caused by free radical production.

2.5.3 SEEDING DENSITY AND CELL ATTACHMENT

Primary culture of post-mitotic neurons from distinct brain regions requires the use of large
numbers of animals in order to have enough cells to plate at high densities (1x10° cells/cm’
or higher) required for viable cultures (Azmitia, 1990). In the present study, survival was
excellent at seeding densities as low as 1x10°cells/cm®. The seeding density used herz
allowed between 4 to 10 culture dishes (35 mm diameter, each containing 4 coverslips) to

be seeded from one litter of rat pups.

Poly-D-lysine gave the most successful and consistent cell attachment and neurite
outgrowth in culture. This conclusion is supported by the findings of Brewer and Cotmen
(1989) (Brewer and Cotman, 1989) who also found that poly-D-lysine reduces the

aggregation of neurons compared with poly-L-lysine.  Other commonly described
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attachment substrates include collagen and fibronectin (Mains and Patterson, 1973;
Masuko et al., 1986). These were not tested in the present study. Failure to pre-treat the
coverslips with serum prevented most neurons from attaching to the coverslip surface,
indicating the need for attachment factors present in serum. A review by Barnes (Barnes
and Sato, 1980) describes the role of serum in providing specific attachment factors in
neuronal cultures. These attachment factors include fibronectin-like molecules, cell

adhesion and spreading factor, and cold-insoluble globulin.

254 CULTURE CHARACTERISTICS
2.5.4.1 Cell Specific Markers

In the present study, different types of cells in culture were identified using phase contrast
morphology and staining profiles with antibodies against MAP2 and GFAP. GFAP is only
present in glial cells (Raff et al., 1979). MAP2 localisation is specific for neurons and
neural precursor cells (Sarnat et al., 1997). Distributions of MAP2 during normal
development, (Céceres et al., 1983; Binder et al., 1984; Matus, 1988: Chauhan and Siegel,
1997) and during development in culture have been well established (De Lima et al.,
1997). In mature neurons in situ and in cultured cells after several days in culture, MAP2
staining is found predominantly in dendrites, and the axons are unstained (Kadota et al.,
1997). In the present study, all neurites, whether dendrites or axons, stained positively for

MAP?2 for at least the first 9 days in culture.

Neurite growth occurred by an increase in length as well as an increase in the number o'
branches with time in culture. This was observed for all developmental ages tested,
although at younger developmental stages, neurite growth tended to be faster, especiallv
immediately after plating. Cultures could be successfully maintained for up to 3 weeks
with little neuronal cell death. The number and type of neurons present in culture werz
unchanged between 3-9 days for all developmental ages tested. A few cultures were also
observed for longer time periods with little differences seen. In cultures established from
older developmental ages (P3 and P6), the neurons tended to be multipolar, whereas at
younger developmental ages (E14 and E16), the neurons were mostly bipolar. These
results support the findings of de Boer-Van Huisen et al. (de Boer-van Huizen and ten
Donkelaar, 1999) who showed that brain tissue from E14 foetuses contained more mature

multipolar cells than tissue from E12 foetuses, suggesting that the number of neurie
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connections increases with age. Mature neurons require more trophic support from their
target tissues than immature neurons. The increased neurite complexity of
developmentally older neurons and the complex connections formed with other neurons
and glial cells may in part explain why postnatal and late foetal tissues are more difficult to

establish in culture.

2.5.4.2 Neural-Glial Associations

Many multipolar and bipolar neurons at all developmental ages tested and after 4, 7 and 9
days in culture tended to be associated with glial cells. Usually neurons were observed on
top of type 1 astrocytes, although there were always some isolated neurons present in the
same cultures. This observation is consistent with findings in other culture systems
established from different brain regions (Trenkner, 1992). Miller and Azmitia (1999)
reported neuronal-glial connections in E14 and E16 cultures of cholinergic neurons from
ventral forebrain. Neurons connected to glial cells stained more intensely with ChAT
antibody than unconnected neurons (Miller and Azmitia, 1999). In the present study, the
proportion of glial cells from all developmental ages remained constant between days 4
and 9 in culture (Figure. 2.7). Since the proportion of astrocytes did not change with time
in culture, it is clear that this Neurobasal/B27 medium inhibits the proliferation and
overgrowth of astrocytes, although astrocytes remained viable. It is well-established that
serum-free culture conditions inhibit astrocyte cell division (Marriott et al., 1995). The
lack of glial cell proliferation means that cultures did not need to be treated with an agent
such as 5-fluoro-2"-deoxyuridine (FDU) or [-D-cytosine arabinoside (Ara C) to inhibi
division of non-neuronal cells. This is advantageous for setting up healthy cultures
because addition of Ara C has been shown to cause neuronal cell death (Wallace and

Johnson, 1989), and exposure to FDU for greater than 24 h can also be neurotoxic.

2.5.4.3 Presence of Cholinergic cells in primary brainstem cultures of the rat

ChAT-positive cells were present in cultures from the rat brainstem. The choline acetyl
transferase (ChAT) antibody is commonly used as a marker for cholinergic neurons
(Knusel and Hefti, 1988; Burton et al., 1995; Chen et al., 2001). The presence of
cholinergic neurons was tested to help determine if brainstem neurotransmitter
characteristics were maintained in culture. ChAT-positive neurons are found in many

brainstem areas including the NTS and spinal trigeminal tract (Barry et al., 1993; Barry et
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al., 2001), areas also shown to express opioid receptors (Delfs et al., 1994; Mansour et al.,
1994; Arvidsson et al., 1995a; Arvidsson et al., 1995b; Bausch et al., 1995a; Mansour et
al., 1995; Moriwaki et al., 1996; Cahill et al., 2001b). In the present study ChAT-positive
neurons were found in primary cultures of the rat brainstem at all stages of development

tested from E16 to P6.

2.6 CONCLUSIONS

A serum-free primary culture system was successfully developed for establishing and
maintaining foetal brainstem cells in culture. In addition, it was possible to culture
postnatal brainstem neurons up to age P6 in a completely defined medium. These studies
reinforce several key factors that must be considered when culturing late foetal and early
postnatal brainstem neurons: (1) optimal osmolalities must be provided for different
developmental ages of neurons; (2) antioxidant-rich medium supplements should be
included in culture media; (3) glutamine cytotoxicity should be controlled by partial
replacement with GlutaMax I; (4) culture media that do not include glutamate should be
used, and (5) Hibernate medium/B27 (Invitrogen) should be considered to increase neuron
survival during tissue dissociation. Taking account of these factors, this study has
provided the first reliable method, using a defined culture medium, that supports the
culture of brainstem neurons from late foetal and early postnatal stages of the rat. A well-
characterised cell culture system allows developmental studies of the rat brainstem to be

carried out at a later developmental age than has previously been possible.
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CHAPTER 3

3 Opioid Receptor Distribution In Cultured Cells

3.1 AIM

The aim of the present study was to characterise mu opioid receptor (MOR) and delta
opioid receptor (DOR) expression during late foetal and early postnatal development of the
rat using primary cultures of dissociated brainstem cells. Using the culture technique
described in Chapter 2, changes in the expression patterns of MOR and DOR during

development were investigated.

3.2 INTRODUCTION

3.2.1 A NOVEL BRAINSTEM CELL CULTURE SYSTEM FOR STUDYING
OPIOID RECEPTOR EXPRESSION DURING DEVELOPMENT

Using the dissociated brainstem cell culture method previously developed (Chapter 2)
(Kivell et al., 2000, 2001), brainstem cells from late foetal and early postnatal stages were
used to study opioid receptor expression during early development, a critical time when
neuronal control of cardiovascular and respiratory function is established (Moss and
Laferriere, 2002). MOR and DOR action in the brainstem has been shown to modulate
cardiovascular and respiratory functions (Laferriére et al., 1999) (for reviews see (Guyenet
et al., 1994; Vaccarino and Kastin, 2001; Pugsley, 2002)). Primary cell cultures were usec
because they more closely resemble the in vivo brainstem than established neural cell lines
in part because of the heterogeneous population of neurons and astrocytes present in the
cultures. A secondary advantage of using primary cultures is that established cell lines
often have random loss or gain of genotypes and phenotypes. Thirdly, an established cell
line that models brainstem cells does not exist. A better understanding of opioid receptor
expression during early brainstem development is thus possible using primary culturz
techniques coupled with immunocytochemistry (ICC) and confocal microscopy (Ojcius et

al., 1996).

3.2.2 OPIOID RECEPTOR IMMUNOCYTOCHEMISTRY
Several different methods were used in the present study to achieve optimal opiod

receptor visualisation in cultured cell lines and in primary brainstem cell cultures. When




this project was first started, there were few commercially available opioid receptor
antibodies. The antibodies that were available were of questionable quality, presumably
due to the difficulty generally encountered in making good antibodies to G-protein-coupled
receptors. Problems with detection of antibody signal as a result of low expression levels
were also common. These difficulties made it necessary to pre-test opioid receptor (OpR)
antibodies from different sources in order to choose the one with the highest specificity and
to evaluate that antibody with different signal amplification strategies. One amplification
method that was used was Tyramide Signal Amplification (TSA™) (Perkin Elmer Life
Sciences Inc., Boston, MA, USA). This reagent is available in a complete kit designed to
amplify weak signals [Buki, 2000 #893; Shindler, 1996 #938]. TSA uses HRP enzyme to
catalyse the deposition and covalent cross-linking of haptens (FITC, Rhodamine, Biotin),
or other detection reagents to the HRP-conjugated antibody. TSA allows a lower
concentration of primary antibody to be used, thus, minimising non-specific primary
antibody binding that can occur at high concentrations, while generating the high signal
amplification that is necessary for the receptors to be detected (De Haas et al., 1996;

Hunyady et al., 1996).

3.2.2.1 Opioid Receptor Localisation in SH-SYSY Cells

Previous studies have shown that SH-SY5Y human neuroblastoma cells endogenously
express MOR, DOR and KOR (Yu et al., 1986; Cheng et al., 1995a). The exact expression
level of opioid receptors on these cells varies according to the methods used to detect OpR
expression and whether the cells are differentiated or not. Kazmi and Mishra (1986) repor!
a 2/1 ratio of MOR/DOR (Kazmi and Mishra, 1986); whereas, Yu et al. (1988) report
ratio of 5/1 (Yu and Sadée, 1988). When SH-SYS5Y cells are differentiated with all-trans
retinoic acid (RA), the neuroblastoma cells become more like mature neurons (Pihlman et
al., 1984). The density of MOR increases by 32-40 %, whereas DOR density remains tha
same (Yu and Sadée, 1988). The levels of MOR mRNA have also been shown to increasz
on differentiation (Jenab and Inturrisi, 2002). The amount of MOR protein at the SH-
SYSY cell surface has been reported to be in the range of 43 fmol/mg protein (Law et al.,
2000c). MOR expression on SH-SYSY cells has been further classified to be of the i
subtype because the receptors reversibly bind naloxonazine (Elliott et al., 1994).
Naloxonazine is known to irreversibly bind and block p; opioid receptors (Ling et a'.,

1986: Pick et al., 1991); thus, reversible binding suggests that p, receptors are present. The




SH-SY5Y cell line has become a well-characterised, reproducible cell model for studying
opioid receptor regulation and function (Pdhlman et al., 1990; Gies et al., 1997) and

provides an ideal positive control for opioid receptor immunoreactivity.

3.2.2.2 Opioid Receptor Localisation in Primary Culture

Many studies have used ligand binding, autoradiography and biochemical responses to
confirm the presence of OpRs in primary cultures of dissociated cells from rat brain
(Vaysse et al., 1990), brainstem (Miller and Azmitia, 1999), and dorsal root ganglion (Fan
and Crain, 1995; Chen et al., 1997). Few studies, however, have used ICC to look at
opioid peptides or opioid receptors in primary cultures, with the exception of He (1992)
who detected dynorphin and enkephalin presence in dendate gyrus cell cultures, Kulkarni-
Narla (2001) who studied DOR and KOR expression in ileal myenteric neurons (He et al.,
1992; Kulkarni-Narla and Brown, 2001) and Lee et al. (2002) who studied fluorescent
ligand binding in cortex cultures (Lee 2002). No ICC localisation of opioid receptors has
been reported in primary cultures of the brainstem. Most studies on OpR functions in
primary culture use rat dorsal root ganglion cells (MacDonald and Werz, 1986; Werz et al.,
1987), striatal cells (Maus et al., 1990), hippocampal cells (Vaysse et al., 1990),
hypothalamic cells (Di Scala-Guenot et al., 1990; Vaysse et al., 1990), and cells cultured
from the cerebral cortex (Erikson et al., 1990; Erikson et al., 1992). Cells cultured from
different brain regions may regulate OpRs differently due to expressions of different forms
of adenylyl cyclase, and g-protein coupled receptors in these regions. The present study
provides a good immunocytochemistry based model for further studies on opioid receptor

expression in cultured cells of both primary and established cell lines.

3.2.2.3 Developmental expression of MOR and DOR

Previous studies have shown that OpR expression changes during development. Thesz
changes have been described in detail in Chapter 1 (Section: 3.2.1) and Chapter 6. Briefly,
OpR binding studies show that MOR and DOR expression levels increase during late
foetal and early postnatal development (Tsang et al., 1982; Villiger et al., 1982; Kornblum
et al., 1987, Attali et al., 1990; Xia and Haddad, 1991; Zhu et al., 1998). The level of
expression is dependent on the brain region studied. Opioid receptor development occurs

carliest in the brainstem and later in the striatum, midbrain and cortex (Coyle and Pe't,




1976). The functional implications of changes in expression during development have

been discussed in Chapter 1 (Section: 1.3.7 and 1.4).
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3.3 METHODS

3.3.1 CELL CULTURE

3.3.1.1 Dissociated Brainstem Cell Culture

Primary cultures from brainstems of foetal and early postnatal rats were grown on poly-D-
lysine-coated coverslips in serum-free Neurobasal culture medium supplemented with B-

27, as described in Chapter 2 (Section: 2.3.1).

3.3.1.2 SH-SYS5Y Cell Culture

The human neuroblastoma cell line SH-SYSY was obtained from Dr Mark Grimes
(Massey University, Palmerston North, New Zealand). The cell line was grown in Roswell
Park Memorial Institute 1640 medium (RPMI-1640, GIBCO, Invitrogen) containing 5
mg/L phenol red, 2 g/L. Na,COs, 30 nM selenium, 10% FCS (v/v), 50 U/ml penicillin G,
and 50 pg/ml streptomycin sulphate. The cell line was grown either directly on the
polystyrene surface of the culture dish or on circular coverslips (13 mm diameter).
Coverslips had previously been cleaned and then coated with 50 pL of 10 ug/mL poly-D-
lysine (Sigma) in the same way as described for primary brainstem cultures (Chapter 2,

Section: 2.3.1).

Cell differentiation was induced by addition to the culture medium of 1 puL/mL all-trans
retinoic acid (RA) (Sigma) (10 uM stock in 100% ethanol). The 1000x stock solution of
10 uM RA was kept at —20°C in the dark. Cells were differentiated for between 7-14 days
and fed twice weekly by removing the entire medium by aspiration and replacing it with

fresh medium containing RA.

Stock cultures of SH-SY5Y cells were passaged every 5-7 days by washing the attached
cells with sterile PBS, then adding trypsin solution to dissociate the cells (0.05% trypsin;
5.3 mM EDTA; Invitrogen). Culture medium containing FCS was added to the culturz
dish, the cell suspension was transferred to a 15 mL sterile centrifuge tube (Becton
Dickinson, Christchurch, NZ) and centrifuged in a bench-top centrifuge for 3 min at 1200
rpm. The supernatant was discarded. the cell pellet resuspended in fresh medium, and the

cell suspension transferred into new culture dishes.




3.3.1.3 LLC-PK1 Cell Culture
A pig kidney cell line, LLC-PK,, obtained from Flow Laboratories (Ervine, Ayrshire,

Scotland) was cultured in RPMI-1640 medium (Invitrogen). Cells were grown on
coverslips and maintained and passaged in the same way as described above for SH-SY5Y
cells. LLC-PK, cells differentiate spontaneously upon reaching confluence, as evidenced
by the formation of domes in cultures. Domes are raised areas of epithelium that form in
culture on non-porous surfaces as a result of vectorial (apical to basal) fluid transport under

the cell monolayer (Mullin et al., 1980).

3.3.2 IMMUNOCYTOCHEMISTRY
3.3.2.1 General Immunocytochemistry Methods

All cell culture samples were fixed, washed, and had endogenous peroxidase activity
removed as described in Chapter 2 (Section: 2.3.2.2) and Appendix 2 (Section 3). The
samples were washed between all steps for 3x 5 min each in PBS containing 0.2% Triton,
except after blocking. Non-specific primary antibody binding sites were blocked at room
temperature for 30-60 min in the appropriate blocking solution. For non-TSA-amplified
samples, the blocking solution consisted of PBS containing 2% normal goat serum (NGS),
4% bovine serum albumin (BSA), and 0.2% Triton. For TSA amplification, the blocking
solution was supplied in the TSA kit. Blocking solutions were stored in 25 mL aliquots at
=20°C.  All antibodies were also diluted in blocking solution to the appropriate
concentration. Primary antibodies were incubated with cells at 4°C overnight. Secondary
antibodies were incubated for 2 hrs at room temperature, unless otherwise stated. Al
samples labelled with fluorescence probes were mounted onto slides cell-side up using
anti-fade mounting medium (Appendix 2: Section 7) and covered with number 0 coverslips
(BDH). The edge of the coverslips was sealed with clear nail varnish or Repair
Vulcanising Rubber Solution (bicycle tyre repair glue) (Weldtite Products, Barton on
Humber, England) and protected from light. Samples were viewed, scanned and
photographed immediately after fluorescent staining, although fluorescently labelled cells
could be stored for 1-2 days at 4°C in the dark with only minor loss of fluorescence
intensity. Some DAB-stained coverslips were counterstained using 3% toluidine blue by
immersion in the solution for several minutes, washing and mounting. Toluidine blue
stains cell nuclei and improves visualisation of non-labelled cells, thus allowing all cells 10

be counted.




To study OpR expression during development, all paired samples from each developmental
age and each time in culture were collected and stained at the same time as a matched set.
DAB colour development was stopped after the same duration of staining in these age-
matched samples. This procedure was used to prevent any differences arising from
variations in DAB colour development when the same samples were tested on different

days.

3.3.3 AMPLIFICATION AND DETECTION METHODS

3.3.3.1 Digoxigenin Secondary Antibody Amplification Method

Digoxigenin (DIG) (1:10, anti-rabbit DIG), 1:10, anti-mouse DIG), Chemicon), followed
by anti-DIG HRP (1:500, Roche), was used as an alternative to the biotin/avidin
amplification method. DIG-conjugated antibodies have the advantage of forming few non-
specific interactions with animal tissues, unlike avidin/biotin, which may bind non-

specifically to animal tissues.

3.3.3.2 Tyramide Signal Amplification
FITC- or Rhodamine- conjugated: FITC or Rhodamine labelled TSA was used to amplify

and visualise HRP-conjugated secondary antibodies. After incubation in secondary
antibody, samples were washed (3x 5 min) as previously described, then incubated with
TSA solution containing 1:50 dilution of amplification reagent in the supplied buffer,
according to the manufacturer's instructions. Coverslips were incubated for 4 min at room
temperature, washed as described previously, and mounted onto slides using anti-fade

mounting medium.

Biotin-conjugated: TSA™-Biotin was used as an alternative to biotin labelled secondar

antibodies because it increases the amplification of the signal. Primary antibodies wer:
incubated with cells as described previously, washed, incubated in HRP-conjugated
secondary antibodies (anti-guinea pig IgG HRP; 1:2000 for MOR, and anti-rabbit IgG
HRP; 1:5000 for DOR), washed, then incubated in TSA-Biotin (1:50), as per
manufacturer's instructions. After incubation in TSA™- Biotin (3-10 min) the tissue was
washed, then incubated in ExtrAvidin-HRP (1:1000) and washed again before DAB colour
development, as described previously in Chapter 2 (Section: 2.3.2.3) and Appendix 2
(Section: 4).




3.3.4 PRIMARY ANTIBODIES

3.3.4.1 Rabbit anti-MOR (Chemicon)

Several different antibody staining protocols and combinations of antibodies were used for
MOR ICC (Table 3.1). Initially rabbit polyclonal MOR antibody against the C-terminal of
the rat MOR receptor was used (Chemicon International, 1:2000-1:5000; Temecula, CA,
USA). The secondary antibody was FITC-coupled, sheep anti-rabbit IgG (1:50-1:150;

Sigma).

3.3.4.2 Rabbit anti-MOR (gift of Dr Stephan Schulz)

This anti-MOR antibody, raised against the amino terminal of the rat MOR. was kindly
supplied by Dr Stephan Schulz from the laboratory of Professor Volker Hollt (Otto-von
Guerich University, Germany) (Schulz et al., 1998). Briefly, rabbit anti-MOR primary
antibody was used at a dilution of 1:3000 for TSA-FITC, TSA-Rhodamine or TSA-Biotin
amplification. A dilution of 1:1000 was used for non-TSA amplification for either DIG or
Biotin/ExtrAvidin amplification, as described in amplification and detection methods

(Section: 3.3.3).

3.3.4.3 Rabbit anti-MOR (Research and Diagnostics Antibodies)

Rabbit anti-MOR serum, specific for the carboxyl terminal of the rat MOR (Research and
Diagnostic Antibodies (R&D), Berkeley, CA, USA) (1:500) was incubated with either
cultured brainstem cells, LLC-PK; cells, undifferentiated or RA-differentiated SH-SY5Y
cells. Signal amplification was carried out using anti-rabbit IgG biotin for 2 h at room
temperature, followed by ExtrAvidin-HRP (Sigma). Antibody binding was visualisec
using both colourmetric (DAB) and fluorescence methods. Immunofluorescence was

achieved by substituting ExtrAvidin-FITC (1:1000; Sigma) for ExtrAvidin-HRP.
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Negative controls were set up by: i) incubation in the absence of primary antibody or ii)
incubation with primary antibody in a cell line (LLC-PK,) that does not express MOR and
DOR or iii) pre-incubation of the primary antibody with an excess of the MOR peptide
used to generate the antibody (250 pg/mL.; Research and Diagnostic Antibodies, Berkeley,
CA) in order to compete with the tissue epitope sites. The peptide was added to the diluted
antibody solution 45 min prior to incubation with the tissue in order to allow binding of the

peptide to the primary antibody.

3.3.4.4 Guinea Pig anti-MOR (Chemicon)

The guinea pig (GP) anti-MOR antibody corresponds to amino acid residues 384-398 of
the carboxyl-terminus of the cloned rat MOR-1. Briefly, samples were incubated with
primary antibody, GP anti-MOR (1:2000) followed by anti-GP HRP (1:2000, Zymed
Laboratories Inc., San Francisco, CA, USA) and then amplified by the TSA (FITC,

Rhodamine or Biotin) amplification protocol.

3.3.4.5 Rabbit anti-DOR (Chemicon)

To detect DOR in cultured cells using colourmetric DAB reagent, rabbit anti-DOR
antibody (1:1000) against the rat receptor was incubated with cells, the cells were washed,
and then incubated with anti-rabbit DIG (1:10), washed again, then incubated with anti-
DIG HRP (1:500). To detect DOR by fluorescence, primary antibody (rabbit anti-DOR’
was incubated at a lower concentration (1:3000) than for colourmetric detection, the cells
were washed, then incubated in anti-rabbit IgG DIG (1:10), washed again, then incubatec
in anti-DIG HRP (1:500), washed once more, then treated with TSA (FITC or Rhodamine)

reagent.

3.3.5 DOUBLE-LABELLING EXPERIMENTS

Double-labelling experiments were carried out using a method modified from Rocheville
et al. (2000) and Pecci Saavedra et al. (1993) (Pecci Saavedra et al., 1993; Rocheville et
al., 2000). Double-labelling experiments were carried out using a neuronal specific
marker, mouse anti-MAP2 (1:1000, Sigma), and guinea pig anti-MOR (1:2000, Chemicon)
or rabbit anti-DOR (1:2000, Chemicon). Alternatively, samples were double-labelled with
MOR and DOR antibodies instead of OpR and MAP2 antibodies. Double-labelling was

possible because the primary antisera were raised in different animal species (Figure 3.1).
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Double-labelling was carried out in the same way as for single-labelling, except where
indicated. Primary antibodies were incubated together on the same samples in blocking
solution overnight, washed, incubated in one HRP-conjugated secondary antibody (for
example for MAP2 detection, anti-mouse IgG-HRP) for 1 hr at 37°C, washed (3x 5 min),
amplified using TSA-FITC, and washed again. Peroxidase activity was then removed by
incubating the cells for 15 min in hydrogen peroxide solution (Appendix 2: Section 3) but
replacing 50% methanol with ddH>O since methanol causes a reduction in the fluorescent
signal. The sample, labelled in this case for MAP2, was then washed and incubated with
the other secondary antibody specific for the second primary antibody (for example, for
MOR detection, anti-GP-HRP) as described above, washed (3x 5 min), then incubated with
TSA-Rhodamine, washed, then mounted onto slides in anti-fade mounting medium. Care
was taken after fluorescence labelling to protect the samples from light during washes and
subsequent incubations. When using this double-labelling method, it was necessary to
carry out multiple controls to ensure specificity of the staining. These controls are

described in Table 3.2.

3.3.6 COUNTERSTAINING OF THE NUCLEUS

Propidium iodide (PI) was used to label the nucleus in some fluorescently labelled samples
to help pinpoint antibody localisation within the cell body and identify the proportion of
positively labelled MOR and DOR cells. Without PI labelling of the nucleus, it is difficult
to identify individual cell bodies in cell clumps. PI stock (100 pg/mL in anti-fade solution
and stored in the dark at 4°C) was diluted immediately before use in PBS washing buffer tc
a final concentration of 1 pg/mL. Samples were then counterstained with PI after

fluorescent labelling was complete, then washed and mounted as previously described.
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Figure 3.1

Method for Double-Labelling using TSA

Double-labelling of MOR and DOR using Tyramide signal amplification (TSA). Cells were
incubated with primary antibodies (1a. 1b), followed by an HRP-labelled secondary antibody (Step
2). TSA amplification was then carried out, depositing a fluorophore (FITC) (MOR labelling) (Step
3), and the HRP activity of the first secondary antibody for the MOR signal was removed (Step 4).
to allow independent detection of the second primary-secondary antibody combination (DOR
labelling) (Step 5), followed by TSA amplification of the DOR signal using TSA-Rhodamine (Step
6). Hence, MOR s labelled with FITC (green) and DOR with Rhodamine (red) in the same sample.

Primary antibody First First Second Second Final Signal
Secondary Antibody | TSA detection | Secondary Antibody | TSA detection Observed
quinea pig anti-MOR anti-GP (lgG) HRP FITC anti-Rabbit (gG) HRP Rhodamine FImc
rabbit anti-DOR anti-GP (lgG) HRP FITC anti-Rabbit (lgG) HRP Rhodamine Rhodamine
MOR + DOR anti-GP (lgG) HRP FITC anti-Rabbit (lgG) HRP Rhodamine | FITC and Rhodamine
rabbit anti-DOR anti-Rabbit (lgG) HRP FITC anti-GP (lgG) HRP Rhodamine FITC
guinea pig ant-MOR | anti-Rabbit (lgG) HRP FImc anti-GP (lgG) HRP Rhodamine Rhodaminz
MOR + DOR anti-Rabbit (lgG) HRP FITC anti-GP (lgG) HRP Rhodamine | FITC and Rhodamine
Table 3.2

Double-Labelling Method Validation

The controls used to ensure that: a) peroxidase removal was complete after staining with the first
antibody and b) there was no loss of the fluorescent signal from the first antibody during staining for
the second antibody binding sites.
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3.3.7 CONFOCAL MICROSCOPY

Fluorescence was visualised using a Leica TCS 4D confocal microscope with a
krypton/argon laser fitted with a 63x/1.4 NA or 40x/1.4 NA objective. Phase contrast
images were generated under transmitted light using a 40x/1.4 NA phase 3 lens. The
computer software programmes NIH Image (Wayne Rasband; http://zippy.nimh.nih.gov)
and Adobe Photoshop  (Adobe Systems Inc., 1996) were used to analyse and display the
images. As an alternative to confocal microscopy, an Olympus AX70 photomicroscope
(Olympus Optical Co., Tokyo, Japan) equipped with fluorescence and brightfield optics
was used to obtain images. The confocal microscope settings are shown in Table 3.3. The

excitation and emission wavelengths for the fluorescent probes used in this study are

presented in Table 3.4.

Table 3.3 Confocal microscope settings

Excitation | Excitation Beam | Detection Beam
Fluorophore Filter Splitter Splitter Barrier Filters
FITC BP 488 DD Mirror BP FITC
Rhodamine BP 568 DD RSP 580 LP 590
Pl BP 568 DD RSP 580 LP 590
DAB BP 488 DD DD LP 590

Confocal filter settings allows the excitation, emission, and splitting of the wavelengths of light to be
Abbreviations: Double dichroic mirror (DD); long pass
filter (LP) (transmits wavelengths above the given value); band pass filter (BP) (allows transmission o'’

carefully controlled for each fluorophore.

light around the given wavelength); second beam splitter (RSP).

Table 3.4 Excitation and emission wavelengths of fluorophores

Excitation Emission
Fluorophore | Wavelength (nm) | Wavelength (nm)
FITC 490 520
Rhodamine 580 605
PI 535 620

Excitation and emission wavelengths of fluorophores.

)
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3.4 RESULTS

3.4.1 SELECTION OF ANTIBODIES

Primary cultures from brainstems of all developmental ages tested (E16 to P6) and after
varying times in culture all showed positive staining for both MOR and DOR. Positive
labelling was seen with both colourmetric (DAB) and fluorescent labelling methods.
Differences were observed in the intensity of the staining with the antibodies tested from
different sources and with the use of different amplification techniques (Table 3.1). Very
weak staining was observed in cells in which the primary antibody was directly bound to
FITC-labelled secondary antibody. This staining pattern was usually very diffuse and
required high voltage settings on the confocal microscope. Greater amplification was
achieved using DAB colourmetric detection, although this signal was also very weak
without the use of TSA-Biotin in the amplification protocol. No differences in the staining
patterns of membranes versus cytoplasm were observed with the different primary
antibodies used. In all cultures regardless of the primary antibody used, a mixture of
membrane and cytoplasmic staining was seen in different populations of neurons on the
same coverslip. Specific subcellular localisations were not easily detected in DAB-stained
neurons due to the nature of the deposition of the coloured product. Often, staining of the
cell membrane obstructed the view of cytoplasmic vesicle staining because the light
microscope could not focus through the deposited coloured product on the plasmz
membrane. For this reason most cellular OpR distribution patterns were determined by
fluorescent detection on the confocal microscope. General staining intensity for each
antibody and each amplification technique was ranked on an arbitrary scale from no
staining (0) to weak staining (1), moderate staining (2), and very strong staining (3) (Table
3.1). The most specific staining, and the most intense, of both MOR and DOR occurred
with TSA amplification, presumably because lower primary antibody concentrations wers
possible, thus, preventing the non-specific binding seen at higher concentrations with

conventional amplification methods (Table 3.1).

3.4.2 DETERMINING ANTIBODY SPECIFICITY
SH-SYSY cells were used as a positive control for both DAB and fluorescent labellirg
methods. These cells showed both MOR and DOR immunoreactivity and the stainirg

intensity was similar to that seen in primary cultures of brainstem cells. Some primary
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antibodies were supplied with a blocking peptide that was used to test the specificity of the
antibody. The peptides for the rabbit anti-MOR antibody from R&D Antibodies and from
Chemicon blocked most of MOR antibody binding at antibody dilutions greater than

1:1000 (Figure 3.2).

3.4.2.1 Negative Controls

LLC-PK, pig kidney cells showed no immunoreactivity when incubated with MOR (Figure
3.3A) or DOR (not shown) antibodies, and, thus, this cell line was used as a negative
control to test antibody specificity in each experiment. Cultured brainstem cells were
incubated with blocking solution containing no primary antibody and were developed the
same as MOR and DOR antibody-labelled cells. This second type of negative control also
showed no immunoreactivity (Figure 3.3B & C). At MOR primary antibody
concentrations higher than 1:1000, the MOR blocking peptide was unable to completely
block MOR antibody binding when used at a concentration of 250 pg/mL. Numerous
amplification techniques were attempted (Table 3.1). Some of these, such as FITC-
labelled secondary antibodies failed to adequately label the cells. The strongest signal

development was always achieved with TSA.

3.4.2.2 Positive Controls

The neuroblastoma cell line, SH-SYSY, has been reported in the literature to express both
MOR and DOR (Yu et al., 1986) and was used in this study as a positive control to help
establish the immunofluorescent procedures. Differentiated SH-SY3Y cells showed an
increase in both MOR and DOR immunoreactivity (Figure 3.4B & D) relative to non-
differentiated SH-SYSY cells (Figure 3.3A & C). Staining intensity was greater in cells
displaying a more neuronal morphology, in particular, cells with neurite outgrowths.
Staining of neuronal processes could be seen using both fluorescent and colourmetric
labelling methods. Fluorescent labelling observed with the confocal microscope was best
for determining the cellular localisation of OpRs within single cells when the cells were
scanned in three-dimensions. DAB colour development was easier for determining the
intensity of staining within cell populations, and for comparing cultures from different
developmental ages. MOR and DOR staining was observed on the plasma membrane of
the cell body and on neuronal processes, as well as in the cytoplasm. Both membrane and

cytoplasmic staining was observed in both bipolar and multipolar neurons, and no




morphologically distinct cellular characteristic could be determined from the staining
pattern observed in any one neuron. No nuclear staining of MOR and DOR was found in
any neurons or astrocytes. In some cultures, lymphocytes could be seen that were stained
positive for both MOR and DOR, and these lymphocytes often showed nuclear staining.
Both MOR and DOR are known to be expressed in lymphocytes (for review see) (Bidlack,
2000); therefore, the immunolabelling of both the cytoplasm and the nucleus of
lymphocytes seen in the present study are likely to be specific. This result adds support to

the validation of the OpR immunostaining protocol used in this study.
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Figure 3.2

Peptide Blocking of Antibody Binding

MOR labelling of SH-SY5Y cells using DAB colour development without (A) and with (B) pre-
incubation with the MOR peptide used to make the antibody (anti-MOR rabbit antibody and peptide
from R&D Antibodies). Note that the MOR immunostaining has been partially blocked by the
peptide. These figures were scanned at the same voltage and laser settings on the confocal
microscope. Scale bars = 20 um.

Figure 3.3  Negative Controls

e : i ) ! MOR (guinea pig anti-MOR, Chemicon) staining

:”"7- 5 3 of LLC-PK, cells (A). Primary brainstem cells in
Sh e R - culture with no primary antibody for MOR (B) or
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Figure 3.4

DOR and MOR Labelling of SH-SY5Y Cells

DOR (A) (rabbit anti-DOR, Chemicon) and MOR (C) (guinea pig anti-MOR, Chemicon)
labelling of growing undifferentiated SH-SY5Y cells, and DOR (B) and MOR (D) labelling of
retinoic acid-differentiated SH-SYS5Y cells. Cells were treated in culture with 10 nM retinoic
acid for 10 days. Note the darker opioid receptor staining on cells displaying a more neuronal
morphology (n) than the flat. less differentiated cells present in the same culture dish (f). Scale
bars = 20 pum.




3.4.3 OPIOID LABELLING OF DIFFERENT CELL TYPES IN PRIMARY
CULTURES OF THE RAT BRAINSTEM

MOR and DOR staining of brainstem cells in primary culture were examined using DAB
staining (Figure 3.5, Figure 3.7 and Figure 3.8). MOR and DOR positive cells in culture
were classified according to their morphology as either bipolar or multipolar neurons, type
1 or type 2 astrocytes, or other cells, using a photomicroscope equipped with brightfield
and phase-contrast optics. Neurons could be seen as phase-bright cells, often growing on a
layer of astrocytes (Figure 3.5B). Astrocytes were commonly closely associated with
MOR- and DOR-positive neurons and, with the light microscope, looked as if they were
connected to each other (Figure 3.5A). The most intense MOR and DOR staining was
seen on neurons whose identity was confirmed by double-labelling with the neuron
specific marker MAP2. Fluorescent double-labelling of MOR and MAP2, or DOR and
MAP2, with FITC and Rhodamine showed colocalisation (Figure 3.6). Fluorescence was
observed by confocal microscopy. Combined images showed that most (>95%) of the

opioid receptor labelling was on MAP2 positive neurons.

OpR staining intensity was also partially quantified by brightfield microscopy using DAB
(Figure 3.7 and 3.8). Staining intensity of cells was classified on a scale ranging from 0 to
3 (0 = unstained, and 3 = intensely stained) for each cell type described above. Primary
brainstem cultures were labelled with the rabbit anti-MOR antibody (Chemicon) or the
rabbit anti-DOR antibody (Chemicon) and amplified using anti-rabbit IgG DIG and anti-
DIG HRP before colour development using DAB. Differences in opioid receptor
expression between the different cell types present in culture were assessed. Both MOR
(Figure 3.7) and DOR (Figure 3.8) labelled cells were seen at all developmental ages tested
(Figure 3.9). Data pooled from all developmental ages for MOR (P < 0.002, n = 3
coverslips from each developmental age, Kruskal-Wallis test) and DOR (P < 0.0001, n = 3
coverslips from each developmental age, Kruskal-Wallis test) showed significantly greater
staining intensity of neurons compared with glial cells. The actual intensities are difficult
to compare directly because glial cells are flattened cells, whereas the soma of neurons is
rounded, and thus, may appear darker because of its thickness. There were no significant
differences in the staining intensities between bipolar and multipolar neurons or between
type 1 and type 2 astrocytes (data not presented). Not all neurons showed OpR
immunoreactivity. No difference in the percent of OpR positive neurons was seen n

cultures from the different developmental ages. In all cultures, 40-70% of the neurons
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were OpR positive (with the same percent of MOR and DOR positive cells present in all
cultures). Large variations in the percent neurons, however, were seen between cultures

prepared on different days.

In Summary, it was concluded that: a) OpR expression was greater in neurons than in glial
cells, but that there was no difference between bipolar and multipolar neurons; b) there was
no obvious difference between the number of MOR and the number of DOR expressing
neurons in the cultures; c) astrocytes expressed both MOR and DOR, but at very low
levels; e) There were no obvious differences in the number of cells stained or the
proportion of MOR- versus DOR-positive cells between cultures prepared from different

developmental ages.

3.44 OPIOID RECEPTOR EXPRESSION IN PRIMARY CULTURES DURING
DEVELOPMENT

3.4.4.1 Neuronal MOR and DOR Expression During Development

MOR expression changed during late foetal and early postnatal development in primary
cultures of the rat brainstem. Data pooled from MOR-labelled neurons of foetal (E16-E18)
and postnatal (P1-P6) cultures showed that developmentally more advanced postnatal
stages were more intensely stained (P < 0.006, n = 423 cells, Mann-Whitney test) than
foetal cultures (Figure 3.9A). There were no significant differences in DOR expression

levels during development (Figure 3.9B).
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Figure 3.5

Morphology of Opioid Receptor Positive Cells

DOR-labelled (rabbit anti-DOR, Chemicon) E18 primary brainstem cells (A) visualised by
DAB. Note the darkly stained DOR-positive neurons (n) and the less intensely stained type
I astrocyte (g). Astrocyte/neuronal and neuronal/neuronal connections can be seen. (B)
Phase-contrast microscopy of a foetal E16 primary brainstem culture shows phase-bright
neurons (n) lying on top of a layer of astrocytes. MOR staining of this same photo using
brightfield optics can be seen in Figure 4.7A. Brightfield (A) and phase-contrast
microscopy (B). Scale bars =20 um.

Figure 3.6
MOR and MAP2 Colocalisation

Confocal images of MOR (guinea pig anti-MOR) and MAP2 double-labelled rat
brainstem cells in culture showing MOR-positive cells (green) and MAP2 positive
neurons (red). Some cells show MOR labelling of the cytoplasm of the soma (s); whereas,
MAP2 localisation is usually in the cell processes (p). No nuclear (nu) staining is seen.
Some single neurons show double-labelling of both MOR and MAP2 (B) (yellow).
Similar results were obtained for DOR and MAP2 staining in culture (results not shown).
Scale bars = 20 um.
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Figure 3.7

MOR Expression During Development

Foetal E16 (A, B), E20 (C. D) and postnatal P3 (E, F) cultures showing the distribution of MOR (rabbit
anti-MOR, Chemicon) visualised by DAB. Some cultures (A, B, & C) have been counter-stained using
toluidine blue to visualise the nucleus and aid in the counting of cells. MOR expression is shown during
development after 4 (A, C, & E) and 9 (B, D, & F) days in culture. No significant differences were
observed in the staining pattern over time in culture. Brightfield microscopy (A-E), Transmitted light
confocal microscopy (F). Scale bars = 20 um.
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Figure 3.8

DOR Expression During Development

Confocal pictures (B&W) showing DOR expression (using DAB) in foetal E16 (A), E20 (B), and
postnatal P3 (C & D), and P6 (E & F) cells during development, and after 4 (A, B, C, & E) and 9

(D & F) days in culture. Confocal transmitted light images. Scale bars = 20 pm.
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Figure 3.9

MOR and DOR Staining Intensity of Neurons and Astrocytes in
Primary Rat Brainstem Cultures from Different Developmental Ages

Staining of neurons and astrocytes in primary brainstem cells cultured from late
foetal and early postnatal rats (mean + SEM). There is an increase in staining
intensity of MOR during development (A), but no change in the staining intensity of
DOR (B). Neurons stain more intensely for both MOR and DOR than astrocytes.
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Figure 3.10

MOR Labelling of SH-SY5Y Cells

Confocal serial sections (A-F) through MOR-labelled SH-SH5Y cells (guinea pig anti-
MOR, Chemicon) (green) using tyramide amplification (FITC). Cells were counter
stained with propidium iodide (red). Note the labelling of the cell membrane (m),
cytoplasm (c), and processes (p) as shown by the arrows. Scale bar = 20 pum.
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Figure 3.11
DOR Labelling of SH-SY5Y Cells

Confocal serial sections (A-F) through DOR-labelled SH-SHSY cells (rabbit anti-DOR,
Chemicon) (green) using tyramide amplification (FITC). Cells were counter stained with
propidium iodide (red). Note the similar staining of both MOR (see Figure 3.9) and
DOR (this figure) in SH-SYSY cells. Scale bar = 20 um.
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3.44.2 Glial Cell Expression of MOR and DOR During Development

Staining intensities of glial cells in the cultures were similar at all developmental ages. In
all cultures labelled with either MOR or DOR, glial cells showed only weak staining that
was difficult to distinguish from background. As mentioned above, the thinness of the
flattened glial cells made it difficult to compare staining intensities directly with neuronal
staining. Type I astrocytes, however, were only lightly stained, despite having a rounded
soma similar to multipolar neurons. Astrocytes clearly stained more intensely than the
negative control cell line, LLC-PK; thus, it can be concluded that the cells contain a low

density of OpRs of both the MOR and DOR subtype.

3.4.4.3 Stability of Opioid Receptor Expression in Culture

Opioid receptor expression was measured in cultures established from foetal (E16) and
postnatal (P6) brainstems after 4, 7, and 12 days in culture. There were no significant
differences in either MOR or DOR immunoreactivities with time in culture (data not

presented).

3.4.5 INTRACELLULAR DISTRIBUTION OF OPIOID RECEPTORS

The three-dimensional, intracellular distribution of opioid receptors was examined by
confocal microscopy. In addition to plasma membrane receptor staining, a population of
internalised receptors was present in neurons. Internalised OpRs were seen as punctate or
diffuse staining within the cytoplasm of the soma and in the neurites. Membrane-bound
and internalised opioid receptors were present in both neuronal and glial cells cultured
from the rat brainstem (Fig 3.12, 3.13, 3.14, and 3.15) and in SH-SYS5Y cells (Figure 3.10,
3.11, and 3.14C). Nuclear staining was only seen in the occasional lymphocyte that was

present as a contaminant in the cultures.

All SH-SY5Y cells stained positive for MOR (Figure 3.10) and DOR (Figure 3.11).
Staining was strongest in the plasma membrane, neurites, and cytoplasm but was absent in
the nucleus. Sometimes the staining was diffuse; whereas, other times it was punctate.
Double-labelling experiments showed colocalisation of MOR and DOR in SH-SY5Y cells.
This colocalisation of opioid receptors was found in the membrane, cytoplasmic vesicles,
and on processes. Not all MOR were colocalised with DOR receptors, and not all DOR

were colocalised with MOR. Distinct MOR or DOR stained regions of the cell showed up
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as red (MOR) or green (DOR) staining, rather than yellow (MOR and DOR) (Figure
3.14C). Often MOR and DOR staining was found in the axon hillock region of neurons.
Here the staining was usually intense and mostly intracellular. In other neurons intense
staining was seen in the axon and dendrites. There was no clear pattern or trend to the

staining pattern except the absence of nuclear staining in neurons and glia.

3.4.6 COLOCALISATION OF MOR AND DOR IN CELLS CULTURED FROM
THE RAT BRAINSTEM

Similar to SH-SY5Y cells, MOR and DOR were colocalised in some cells in primary
cultures of the rat brainstem from both foetal (Figure 3.14A) and postnatal cultures (Figure
3.12, Figure 3.14B and Figure 3.15). Colocalisation was not present in all areas of a cell or
in all cells. As with SH-SY5Y cells (Figure 3.14C), there were regions within a cell that
had only MOR, or only DOR, immunoreactivity. Serial optical sections through a group of
MOR and DOR double-labelled cells in a P1 culture using confocal microscopy revealed
some predominantly MOR-positive cells adjacent to predominantly DOR-positive cells.
Other cells showed colocalisation of MOR and DOR in the same cluster (Figure 3.15).
One region showing high MOR and DOR colocalisation is where the two cell membranes
and processes meet. In these regions it is possible that MOR and DOR are present in

boutons and synaptic junctions although the resolution in the present study is not sufficient.
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Figure 3.12
Double-Labelling of MOR and DOR in Culture
Confocal serial sections through MOR (guinea pig anti-MOR, Chemicon) (red) and DOR (rabbit

anti-DOR. Chemicon) (green) double-labelled cells from postnatal (P3) brainstem cultures after 4
days in culture. Opioid receptor colocalisation is shown in yellow. Scale bar = 20 um.

109




Figure 3.13

Three-Dimensional, Confocal Analysis of MOR and DOR Staining in Primary
Culture

Confocal images showing similar staining patterns of MOR (A & C) (guinea pig anti-MOR,

Chemicon) and DOR (B & D) (rabbit anti-DOR, Chemicon) (green). Diffuse intense MOR (A) and
DOR (B) membrane staining of neurons (n) and diffuse weaker staining of nearby type 1 astrocy'es ‘
for DOR (g). Some MOR (C) and DOR (D) labelling of neurons was also punctate (p) and |
cytoplasmic. Cells are counterstained with propidium iodide (red). Scale bars = 20 pum.
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Figure 3.14

MOR and DOR Double-Labelling

Confocal images of MOR (guinea pig anti-MOR, Chemicon) (red) and DOR (rabbit anti-DOR,
Chemicon) (green) double-labelled cells from foetal E16 (A) and postnatal P1 (B) primary
brainstem culture. and SH-SY5Y cells (C). Colocalisation (yellow) can be seen in some areas.
Negative control with no primary antibodies (D) shows no staining at the same confocal laser
setting used in A, B, & C. Scale bars = 20 pum.
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Figure 3.15
Serial Confocal Sections Through a Group of P1 Cells Expressing MOR and DOR

Confocal serial sections through a group of cells cultured from postnatal (P1) brainstem after 8 days in
culture (A-E). Cells are double-labelled for MOR (guinea pig anti-MOR. Chemicon) (green) and DOR
(red). A phase contrast confocal transmitted light image (F) shows the same field of view as A, B, (., D,
& E. Note the punctate DOR staining (red) in several cells surrounding A MOR-positive (green) cell (2).
Also note that not all cells show OpR immunoreactivity. Arrows show areas of colocalisation where
neuronal processes of the neighboring cells meet. Scale bar =20 u m.




3.5 DISCUSSION

3.5.1 ANTIBODY TESTING FOR IMMUNOCYTOCHEMISTRY

Antibody quality and specificity was a problem early on in the study. Few opioid receptor
antibodies were commercially available at the start of the research, with the exception of
one rabbit anti-MOR antibody from Chemicon. This antibody proved to have undesirable
high background staining properties when used at the high primary antibody concentration
initially required to give an adequate signal. TSA signal amplification however, helped
overcome the low signals initially observed using standard biotin/avidin amplification
techniques and a lower primary antibody concentration with lower background staining
levels could be used. Early studies by others involving opioid receptor localisation used
ligand-binding assays to determine OpR distributions in the brain (Mack et al., 1984; Xia
and Haddad, 1991). Some investigations used fluorescently-tagged opioid receptor
peptides, demonstrating specific binding by competition, but these studies were unable to
detect opioid receptors directly by microscopy because of the weakness of the signal (Kolb
et al., 1983; Kolb et al., 1985; Koman et al., 1985; Mihara et al., 1985). The peptides often
bound to more than one type of opioid receptor, and the covalent attachment of the
fluorophore to the peptide in many cases altered binding activity, making it difficult tc
determine specific OpR distributions. In the mid to late 1980's, antibodies were made to
peptide fragments of OpRs, and the antibody binding was monitored (Glasel et al., 1983;
Carr et al., 1986; Myers and Glasel, 1986). These early immunostaining protocols,
however, were only suitable for labelling transfected cell lines in which there was massive
over-expression of receptors (Madsen et al., 2000). In 1988, Maneckjee et al. annealed onz
of the first polyclonal antibodies to MOR and showed ICC fluorescent labelling of MOR
on a non-transfected neurotumour cell line, NCB-20 (Maneckjee et al., 1988). This was
the first study to use ICC for visual detection of MOR in a non-transfected cell line. MOR
staining was seen on both the membrane and within the cytoplasm, and the staining pattern

was similar to that seen in the present study with SH-SYSY cells.

Due to the initial unknown quality of the antibodies chosen in the present study, and the
weak staining patterns observed, numerous positive and negative controls were essential 1o
ensure receptor specificity, while amplifying the signal adequately to visualise staining.
Four different MOR antibodies were selected in our study, all targeting the cytoplasmic

carboxyl-terminal region of MOR. Several different splice variants of MOR have becn
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described in the literature (Gavériaux-Ruff et al., 1997; Koch et al., 1998; Pan et al., 1999;
Abbadie et al., 2000a; Koch et al., 2001), and all of these MOR antibodies have been
demonstrated to be specific for the MOR-1 receptor splice variant (Schulz et al., 1998). In
the present study all of the antibodies gave adequate staining, provided TSA amplification
was used. The DOR antibody from Chemicon was the only DOR antibody tested in the
present study, because it gave good, reliable staining, and was generally easier to work
with than the four MOR antibodies. To some extent, the ease of using the DOR antibody
was due to the experience gained with the earlier development of staining techniques for

MOR antibodies.

3.5.2 CONTROL FOR ANTIBODY SPECIFICITY

Throughout this study, LLC-PK; pig kidney cells showed no immunoreactivity for either
MOR or DOR using ICC and Western blotting techniques and were used as negative
controls. No previously studies, however, have mentioned the presence or absence of
OpRs on LLC-PK; cells. These cells were used as a negative control to ensure that
immunoreactivity was only correlated with the presence of opioid receptors. Controls
using no primary antibody were also used to ensure that there was no reaction with
endogenous HRP and that no non-specific DAB colour deposition occurred. DAB car
produce a brown colour on non-labelled cells if incubated for too long during the colour
development step. These negative controls were incorporated into every staining
experiment and were incubated and developed for the same amount of time as the

experimental samples.

SH-SY5Y cells were used as positive controls because they have both MOR and DOR
opioid receptors present both before and after RA-induced differentiation (Kazmi and
Mishra, 1986; Yu et al., 1986; Yu and Sadée, 1988; Cheng et al., 1995a). Differentiation
could be confirmed by the morphological changes that occurred during neuronal
maturation, including the formation of long neuritic outgrowths with networks of
interconnecting processes (Pahlman et al., 1984; Pihlman et al., 1990). It has been shown
by others from radiolabelled binding experiments (Yu and Sadée, 1988) that differentiation
of SH-SYSY cells causes an increase in expression of MOR. This increase in expression
could clearly be seen in the present study, which employed ICC detection protoco!s.

Differentiated SH-SYSY cells with long neuronal processes showed increased staining for
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both MOR and DOR when compared to the more strongly attached, undifferentiated SH-
SYSY cells with shorter processes (Figure 3.4A & C). There have been no reports in the
literature from radioligand binding to suggest that DOR levels are increased in
differentiated SH-SY5Y, although an increase was clearly seen in our cultures using ICC.,
The increase in MOR and DOR staining in RA differentiated SH-SY5Y cells suggests that
OpR ICC using the amplification techniques described in the present study, is in fact
quantitative. However, the increase in staining must be large enough to be visualised. The
increase in MOR with RA differentiation in SH-SYSY cells has been reported by others to
be approximately 32-40 % (Yu and Sadée, 1988). Taking these findings into account, the
present study would expect to observe changes in OpR expression above this 30% range.
Changes in OpR expression below this level are unlikely to show statistically significant
changes in expression levels unless large sample numbers are used. The use of positive
(SH-SYSY cells) and negative (LLC-PK, cells) controls in conjunction with peptide
blocking confirmed that the antibodies used were specifically labelling their purported
targets. The best single negative control would be to use tissues from MOR and DOR
knockout mice to be absolutely certain that the primary antibodies were binding
specifically. These knockout models were not available in New Zealand at the time these

experiments were performed.

3.5.3 CELL TYPE-SPECIFIC OPIOID EXPRESSION IN CULTURE

MOR and DOR are known to be present on neurons and glial cells within the brain (Hause~
et al., 1990; Stiene-Martin and Hauser, 1991; Mansour et al., 1994; Chao et al., 1997).
Changes in astrocyte opioid receptor expression levels with the cell cycle have been
reported (Thorlin et al., 1999; Anders et al., 2000), with increased expression occurring in
mitosis. The neurons and astrocytes in the present study, however, are unlikely to be
undergoing mitosis. Brainstem neurons undergo their last cell division between E10 and
EIS5 (Altman and Bayer, 1980; Phelps et al., 1990; Lakke, 1997), whereas, the astrocytes in
serum-free culture do not divide significantly (Marriott et al., 1995). In the primary
cultures of the present study, MOR and DOR staining was significantly greater on neurons
than on glial cells. This was true for each developmental age tested, and in general,
staining of most astrocytes was no higher than background levels. In our culture model it
is possible that the occasional stronger staining of astrocytes seen in some cultures cou'd

be attributed to their stage in the cell cycle, although this parameter was not monitored.




The serum-free Neurobasal medium used in this study has been reported by others to
reduce cell proliferation (Brewer et al., 1993); thus, astrocyte cycling through the cell cycle
should be minimal. Wilkin et al. (1995) has reviewed the functional significance of OpR
expression in astrocytes (Wilkin et al., 1995). In general, opioids play a role in inhibiting

cell division in astrocytes (Stiene-Martin and Hauser, 1990, 1991).

The present study is the first to describe OpR expression in cultures of brainstem neurons
during late foetal and early postnatal development. A large number of neurons in culture
showed positive immunoreactivities in single labelling studies of both MOR and DOR
(between 40-70% of total neurons in culture). It is difficult to ascertain whether the
number of OpR positive neurons present in the present cell culture study using ICC
technique is within the expected in vivo expression levels of MOR and DOR within the rat

brainstem.

Previous cell culture studies, by others, have measured the amount of opioid ligand binding
in cells cultured from regions other than the brainstem. Comparisons between OpR
expression levels in cell cultures isolated from different brain regions are difficult to due tc
OpR expression being different in different brain areas (Mansour et al., 1988; Delfs et al.,
1994; Mansour et al., 1994; Ding et al.. 1996b; Cahill et al., 2001b). In vivo MOE.
immunoreactivity levels in the middle layers of the adult rat cortex have been described as
moderate, whereas in the same study, brainstem staining was described as 'especially
abundant’ (Moriwaki et al., 1996). These results support the MOR immunoreactivity found
in the present study (Chapter 6). One study of pig myenteric neurons in culture, although
not stating the percentage of OpR positive neurons, did state that a small percentage (10% )
of the cultured neurons were positive for both DOR and KOR (Kulkarni-Narla and Brown,
2001), implying that single DOR labelled cells were much greater than 10%. Another
study measuring dynorphin-immunoreactivity (endogenous KOR ligand) in cultured
dendate gyrus cells showed between 80% to 90% of neurons were OpR positive (He et al.,
1992). A recent study by Lee et al. (2002) using cultured rat cortical neurons showed
around 6.3% of neurons were positively labelled with fluoro-dermorphin, a fluorescent!y
tagged MOR-specific ligand. The staining pattern observed was also punctate and within
the soma and processes, similar to the staining patterns seen in the present study. In the
same study by Lee et al. (2002), DOR labelling with fluoro-deltorphin, labelled

approximately 11.5% of cultured cortical neurons (Lee 2002). Although some regions of
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the cortex have high expression levels of MOR and DOR, the expression levels within the
brainstem are greater (Ding et al., 1996b; Moriwaki et al., 1996) especially when the
density of OpR positive neurons were measured (Delfs et al., 1994). Taking these findings
into account we would expect neurons cultured from the brainstem to show proportionally
more neurons stained positive for MOR and DOR than cultures from the cortex. The 40%
to 70% of neurons expressing MOR or DOR in brainstem cultures seen in the present study
is therefore within realistic levels. The high proportion of MOR and DOR positive
neurons is not likely to be due to staining artefacts because of the rigorous controls used to
test for non-specific staining. It is likely that the new TSA amplification techniques
allowed detection of very small receptor numbers compared with other more limited
traditional methods that use radioactive binding or avidin/biotin ICC amplification

methods.

Studies investigating opioid receptor expression in tissue slices have shown that the
brainstem has a high density of both MOR- and DOR-positive cells in particular regions of
the spinal trigeminal tract (STT), nucleus of the solitary tract (NTS) and nucleus ambiguus
(NA) (Atweh and Kuhar, 1977; Mansour et al., 1988; Delfs et al., 1994; Ding et al., 1996b:
Cahill et al., 2001b). Cells in primary culture may have altered receptor expression thai
differs from in vivo cell expression due to changes in the cellular environment and/or
changes in receptor-receptor and receptor-glial interactions. However, the number of OpEk.
expressing cells in the present study remains high, suggesting no significant loss of OpE.

expression.

3.5.4 OPIOID RECEPTOR EXPRESSION DURING DEVELOPMENT

Using ICC with DAB colour development, MOR immunoreactivity was shown to increasz
with developmental age of the brainstem tissue used for establishing the primary cultures.
These findings are supported by radioligand binding experiments that show an increase in
MOR expression between late foetal and early postnatal development in spinal cord (Attali
et al., 1990; Rahman et al., 1998), hindbrain (Spain et al., 1985), and whole brain (Petrillo
et al., 1987). In the present study, the estimation of MOR levels during development by
quantitation of Western-transferred MOR immunolabelled protein (described in Chapter 6
(Section: 6.4.4)) also supports the visual observations of staining intensity in cultue

(Figure 3.9). From the present results, it can be concluded that MOR expression increas:s
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between E16 and P6. Unlike the clear changes seen with MOR, DOR immunoreactivity
was similar in cultures established from late foetal and early postnatal animals. An
increase in expression of DOR during early postnatal development has been reported,
based on radioligand binding in the spinal cord, (Attali et al., 1990; Rahman et al., 1998)
and whole brain, (Petrillo et al., 1987), although results from the present study do not
support this. Using ICC (Chapter 3), no changes in DOR expression were seen. In
brainstem homogenates from different developmental ages (Chapter 6), quantitation of
Western-transferred immunolabelled protein indicated a decrease in the expression of DOR
in the brainstem during development. Changes in expression levels that are too small to
detect using ICC methods may account for these discrepancies. In addition, the normal
variation commonly seen between cultures established from similar stages may mask small
changes that do occur. Some papers report an increase in DOR expression at a later
developmental age (P14) (Spain et al., 1985) than was possible to test in our primary
culture model, since brainstem neurons older than P6 were difficult to establish in culture.

Some older cultures were attempted, however, the results were not encouraging.

The increased expression of MOR during development is well known and accepted (Spain
et al,, 1985; Tavani et al., 1985; Petrillo et al., 1987), and may be related to the
development of opioid related functions during early development. For example, in the
maturation of opioid responses to respiration, which have been described in detail in
Chapter 1 (Section: 1.3.7). Opioids are involved in the control of foetal, neonatal and adul:
breathing movements (Grunstein and Grunstein, 1982; Shook et al., 1990; Cheng et al.,
1993a; Gray et al., 1999; Liu et al., 2000; Moss and Laferriére, 2000), with changes in the
degree of response to opioid ligands occurring during development. These changes in
sensitivity may relate to changes in OpR expression. The significance of this is discussed

in more detail in Chapter 6.

The expression of DOR is generally accepted to increase during development (Spain et al.,
1985; Tavani et al., 1985; Petrillo et al., 1987). However, the data presented in the present
chapter shows DOR expression in cells cultured from the rat brainstem does not change
significantly. Western blot results from brainstem lysates (Chapter 6) show a decrease in
DOR expression with development. The significance of these findings is described n

detain in Chapter 6.
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Some DAB-stained cultures were scanned on the confocal microscope and the density of
staining measured using NIH Image software (data not presented). This gave a numerical
value for staining intensity that replaced the visual 4-point scale used for Figure 3.9. The
use of image analysis software, although making the data more 'quantitative’, it did not
alter the overall findings. Because no quantitative density measurements were taken
during the early stages of the study and since the re-analysis of all the earlier data by this
method would be unlikely to yield any new information, no density analysis results have
been presented here. Staining intensity measurements were performed blind, whether they

were assessed visually or by NIH image analysis, thus, removing any possible bias.

MOR and DOR staining patterns did not change with time in culture, suggesting that the
cells in culture are stable, remaining at the same developmental stage as when they were
isolated, with no developmental up- or down-regulation of receptors. The absence of
developmental changes in OpR expression with time in cultured cells is probably a
consequence of removal of signals controlling the developmental changes when the cells
are isolated. When brainstem tissue is isolated, neuronal connections are lost and cannot
be re-established in the culture dish. The suspension of the developmental state in culture
has some benefits. Primary cultures are typically unstable with time as differentiatior
factors are diluted out and chromosomal aberrations occur. A stable culture is an idea
system in which to study factors controlling receptor expression levels. Since the contro.
of OpR expression during development is not understood, cell culture may provide a model
in which specific factors affecting expression can be assessed individually. For example,
neurotransmitters and growth factors can be added to cultures in a controlled manner and

changes in OpR expression monitored.

3.5.5 INTRACELLULAR DISTRIBUTION OF OPIOID RECEPTORS

MOR and DOR have been shown to be present on the plasma membrane, in axonal and
dendritic processes (Besse et al., 1990; Cheng et al., 1996; Svingos et al., 1998; Abbadie et
al., 2000b), and in cytoplasmic vesicles (Abbadie et al., 2000a; Cahill et al., 2001b). This
distribution could clearly be seen in the present study in neurons from primary brainstem
cultures and in SH-SYSY cells. Although differences in staining patterns were seen n
individual neurons in culture, there were no overall differences in staining patterns n

cultures established form different ages. Neurons from both late foetal and early postnatal




cultures showed a variety of membrane and cytoplasmic staining patterns, and staining
could be diffuse, punctate, or a mixture of both, depending on the individual neuron. Both
MOR and DOR undergo rapid down-regulation following exposure to their respective
agonists (Chang et al., 1982; Law et al., 1983; Puttfarcken and Cox, 1989). Down-
regulated receptors presumably give a punctate, non-membranous staining pattern if the
receptors are sequestered into intracellular vesicles. The reason for the diffuse cytoplasmic
staining is unknown, but may relate to poor antibody resolution of smaller vesicles. Opioid
receptor localisation within the cell, specifically down-regulation of opioid receptors from
the membrane to cytoplasmic vesicles, is discussed in detail in Chapter 4. Punctate
staining of MOR and DOR within the cell body may be due to newly synthesised receptors
awaiting insertion in the membrane. MOR and DOR receptors may also be awaiting
transport to the neuronal processes, although recent studies suggest that OpR are recycled
locally, as no changes in immunoreactivity were observed between the soma and processes
with agonist exposure over time (Lee et al., 2002). However, the methods used in the
study may not have been sensitive enough to visualise receptor trafficking. Also, the
receptors could have been transported retrogradely, as well as anterogradely. Transport of
OpRs may be important in cultured neurons with rapidly growing neuritic processes. Foi
example, cytoplasmic OpRs may be transported to neuronal processes for OpRs insertior
into these peripheral processes. Future experiments specifically measuring the synthesis or’

new OpR proteins may help determine if this is the case.

Having a large population of inactive receptors inside the cell has the advantage of
providing a mechanism for a fast response or up-regulation. Excess OpR expression
within the cell may allow for a sudden increase in opioid function if the cell becomes over-
stimulated, or they may act to down-regulate a neuron when too much excitatory input
comes to it. It remains to be determined if this in fact the case. MOR and DOR double
labelling in the present study was often greatest in closely associated neurons or
connecting processes. The resolution in the present study, however, is not sufficient to
determine if this staining was localised to boutons and synaptic junctions. In future

electron microscope studies will be needed to confirm this.

In the present study, different staining patterns were observed, for example, punctatz,
diffuse, membranous, and cytoplasmic. However, no trend was seen in the staining pattern

with cell morphology or the developmental age of the culture. In future experiments, the
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cells could be labelled with antibodies to specific neurotransmitters, or neurotransmitter
receptors and the staining pattern of OpRs determined. This would help to correlate OpR
staining pattern with cellular functions. Although not examined in the present study,
particular cell populations such as GABAergic or cholinergic neurons may be regulated
differently by different OpR subtypes and OpR trafficking within these cell types may be
different. Colocalisation experiments using cell specific markers may help determine if

this is the case.

3.5.6 COLOCALISATION OF MOR AND DOR

Double-labelling experiments were possible using standard double-labelling techniques
(Pilowsky et al., 1991; Pecci Saavedra et al., 1993), because the primary antibodies used
were raised in different animals (guinea pig anti-MOR, and rabbit anti-DOR). Fluorescent
detection of these antibodies used FITC and Rhodamine because these fluorophores emit
wavelengths of light that can easily be separated using standard confocal microscope filters
that prevent bleed-through of signal (Titus et al., 1982; Parks et al., 1983; Entwistle and
Noble, 1992; Matsumoto et al., 1993). This procedure ensures that colocalisation is real
and not a bleed-through artefact. Regular laser alignment checks of the confoca
microscope were undertaken during the study to ensure that false positive or false negative

colocalisation data were not collected as a result of poor laser alignment.

In primary cultures of the brainstem and in SH-SYSY cells, colocalisation of MOR and
DOR was evident in many cells. Primary cultures showed colocalisation at all ages, from
late foetal to early postnatal stages. MOR and DOR colocalisation has been reported in
several brain regions, including the dorsal horn of the spinal cord (Cheng et al., 1997;
Abbadie et al., 2002) and many brainstem regions, including the STT, NTS and NA (Ding
et al., 1996b; Cahill et al., 2001b). Colocalisation implies that both MOR and DOR
ligands can dually modulate the response of a single neuron. Studies on MOR and DOR
cotransfected cells have shown that these receptors form heterodimers that have novel
signaling, binding, and functional properties (Jordan and Devi, 1999; George et al., 2000);
Bouvier, 2001). Although heterodimers have not yet been described in vivo, there are
atypical functional observations that may be explained by heterodimerisation. For
example, in MOR knockout mice there is reduced DOR-mediated analgesia and DOR-

mediated respiratory depression (Matthes et al., 1998). Thus, MOR must interact with
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DOR in some manner, possibly by heterodimer formation between the two receptors. The
binding and functional properties of each opioid receptor subtype, although extensively
studied, cannot be fully explained, and this provides further evidence that heterodimers
may exist in cells where MOR and DOR are colocalised. Only one MOR gene has been
described (Wang et al., 1994), although numerous splice variants exist (Koch et al., 1998;
Pan et al., 1999; Koch et al., 2001; Pan et al., 2001). Thus, receptor subtypes may be
generated in part by heterodimerisation and in part by variations in pre- or post-

translational modification of the mRNA.

3.5.7 SUMMARY AND CONCLUSIONS

Primary culture provides a good model to study opioid receptor expression during
development. There are several advantages of using primary cell cultures to study
developmental changes in opioid receptor expression. Cell culture enables three-
dimensional, intracellular localisation of receptors within the cell, and it is possible to
visualise individual neurons and their processes. This detail at the cellular level is not
possible using tissue slices, in part because thin sections are required for antibody
penetration, and these do not allow observation of long neurite processes that extenc
through a number of slices. The density of cells in slices also makes the individua
characteristics of each cell difficult to visualise due to masking of signals. In culture,
however, the cell density can be controlled, allowing individual neurons and thei-
processes to be easily observed. The disadvantages of using a tissue culture model are that
changes in gene expression may occur after cells are removed from their normal
environment, and developmental cues from other brain regions, including humoral

regulators (neurotransmitters, glial trophic factors) and synaptic connections are absent.

The present study is the first to measure MOR and DOR expression and distribution in
primary brainstem cultures during development. There are several advantages and
disadvantages associated with using ICC rather than radioligand binding to detect opioid
receptor proteins. Immunocytochemistry measures total protein, including membranc-
bound receptors and internalised receptors; whereas, ligand binding usually measures on'y
functional protein and does not measure internalised receptors. When using membrare
homogenates OpR presence on intracellular vesicles is not taken into account unless they

are specifically isolated by centrifugation, or cells are kept intact. When interpreting data




from binding studies it is also important to consider incubation conditions. Opioid ligands
are sensitive to incubation conditions; for example, the presence of sodium in the buffer

decreases the binding affinity of OpR agonists to receptors (Pert and Snyder, 1974).

The cell culture model used in the present study did not show any changes in OpR
expression with time in culture; therefore, the cells’ differentiated phenotype was stable in
culture. Unique expression levels, however, were seen with MOR when cells were isolated
from different developmental ages, and the patterns of expression were similar to those
reported by others for MOR expression during development. Thus, cell culture provides a
useful model to study foetal and early neonatal developmental changes in OpR expression.
The culture system would not be suitable for studies on maturation in older postnatal (>P9)
or adult animals. Because OpR expression is stable with time in culture, this method has
the advantage that it can be used to study factors that regulate OpR expression. It also
allows for a more flexible timing of experimental manipulations. All things considered,
the primary culture model described in this study provides a novel system for investigating

opioid receptor expression and function during development of the brainstem.



CHAPTER 4

4 Opioid Receptor Regulation In Culture

4.1 AIM

To demonstrate that primary cultures of rat brainstem neurons can be used to model opioid
receptor responses, MOR was cloned and transfected into a cell line to generate a positive
control that over-expresses MOR, thus providing a strong signal for ICC monitoring.
MOR down-regulation in response to an opioid agonist was then assessed. Enhanced
expression of the cloned MOR was also used to test the specificity of the opioid receptor

antibodies.

4.2 INTRODUCTION

MOR was used in this study to evaluate opioid receptor (OpR) regulation in cultured cells
and to observe if cultured brainstem cells express functional OpRs. MOR-transfected cells
and SH- SYSY cells were used as positive controls to study opioid receptor regulation
SH-SYSY cells endogenously express opioid receptors in culture (Kazmi and Mishra,
1986; Yu et al., 1986), and MOR localisation in both MOR-transfected cells and non-
transfected SH-SYSY cells are regulated in culture on exposure to MOR agonists and

antagonists (Prathert et al., 1994; Kramer and Simon, 1999; Remmers et al., 2000).

Opioid receptor function and regulation is extremely complicated and not very well
understood. The current understanding of OpR regulation has been described in detail in
the introduction (Chapter 1: Section: 1.2.3). Most studies have been carried out on
transfected cells that over-express MOR or on established cell lines, such as the
neuroblastoma cell line SH-SYSY that endogenously expresses MOR. Primary cultures,
however, may provide better models to study opioid receptor function in the brainstemn
because the cells more closely resemble the natural state. OpR-positive cells in different
regions of the brain have unique functions that relate to the location of the receptors
(Mansour et al., 1987; George et al., 1994; Arvidsson et al., 1995a; Elde et al., 1995;
Monteillet-Agius et al., 1996; Svingos et al., 1996; Wittert et al., 1996). For example,
OpRs in the pre-Botzinger complex, nucleus of the solitary tract (NTS), and nucleus

ambiguus (NA) of the brainstem are involved in respiratory modulation (Sessle and Henry,
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1985; Dashwood et al., 1988; Shook et al., 1990; Xia and Haddad, 1991; Takita et al.,
1998; Gray et al., 1999; Laferriére et al., 1999); whereas, OpRs in the periaqueductal gray
(PAG) play a role in pain modulation (Vaughan and Christie, 1997). OpRs have been
shown to colocalise with various other neurotransmitters and neurotransmitter receptors
(Ding et al., 1995; Wang et al., 1996; Gong et al., 1997; Commons et al., 1999). The
different functions of MOR in different brain regions may be due to unique receptor sub-
types, unique splice-variant distributions (Koch et al., 1998; Pan et al., 1999; Abbadie et
al., 2000a; Koch et al., 2001), localisation with different neurotransmitters or
neurotransmitter receptors (Ding et al., 1995; Wang et al., 1996; Gong et al., 1997
Commons et al., 1999; Aicher et al., 2000a; McDonald and Mascagni, 2001), or formation
of heterodimers with novel binding characteristics and/or signal transduction pathways
(George et al., 2000; Bouvier, 2001; Levac et al., 2001; Ramsay et al., 2002). A single
neuronal cell line model like SH-SY5Y can be used to study OpRs, but may not adequately
reflect the properties of all MOR-containing cells in the brain. To better understand MOR
function in the brainstem, a brainstem primary cell model has been analysed and compared
with the more classical cell culture models of OpR regulation involving transfected cells

and established cell lines.



4.3 METHODS
4.3.1 CELL CULTURE

Several cell lines were used in the present study to find a cell line with a high efficiency of

MOR transfection.

4.3.1.1 COS-7

The COS-7 African green monkey kidney cell line (SV-40 transformed) from American
Type Culture Collection (ATCC, VA, USA) was grown in DMEM (Invitrogen) with low
bicarbonate (1.5 g/L), 10 % FCS (v/v), 50 uM selenium, penicillin G (50 U/mL), and
streptomycin sulphate (50 pg/mL). The cell line was passaged using trypsin as described

for SH-SYSY cells Chapter 3 (Section: 3.3.1.2).

4.3.1.2 H441

H441 cells are a human lung bronchoalveolar adenocarcinoma cell line (ATTC). The cells
were maintained in RPMI-1640 medium (Invitrogen) supplemented with 10% (v/v) FCS,
50 uM selenium, penicillin G (50 U/mL), and streptomycin sulphate (50 pg/mL). Cells
were passaged 1:10 every week using trypsin-EDTA (Invitrogen) in the same way as

described for LLC-PK, cell lines (Chapter 3, Section: 3.3.1.3).

4.3.1.3 SH-SYS5Y

See Chapter 3 (Section: 3.3.1.2) for detailed characteristics and culture methods of theSH-

SYSY neuroblastoma cell line.

4.3.2 MOR CLONING
All cloning experiments were carried out under the New Zealand Environment Risk

Management Authority (ERMA) approval code, GMDO01138, in a certified PC2 laboratory.

4.3.3 EXPERIMENTAL DESIGN

Primers were designed using Oligo 6 software (Version 6.02, Molecular Biology Insights
Inc., Plymouth, MN, USA) spanning the start and stop sites of rat MOR mRNA (GenBank
accession number L.22455) (Thompson et al., 1993). The MOR forward primer spannec
the start codon and the reverse primer spanned the stop codon at site 1366 (Figure 4.1)

Optimal calculated annealing temperature of the MOR primers was 57.8°C, yielding ¢
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predicted 1196 bp PCR product (Figure 4.1). The lyophilised primers were purchased
from Invitrogen. The primers were centrifuged and reconstituted at 100 uM in TE buffer
(10 mM Tris; | mM EDTA, pH 8.0) and stored at —20°C. At least 17 nucleotides in the
region of interest complementary to MOR were included in each primer. Some primers
included a terminal attB (+4Gs) Gateway-specific sequence needed for insertion of the
PCR product into the Gateway™ (GW) vectors. The GW cloning system has the
advantage that it maintains gene orientation and reading frame, essential features for
successful transfection experiments. This system also allows the gene to be easily moved
into different vectors. Some reverse primers were also tagged with the FLAG sequence

(CTACTTGTCGTCATCGTCCTTGTAGTC (reverse complement)), which was used to
provide antibody-labelling of MOR transfected cells with FLAG-specific antibodies. The
pattern of staining of transfected cells labelled with the anti-FLLAG antibody was compared
with staining by MOR antibody (guinea pig anti-MOR, Chemicon) to ensure its MOR

specificity. Anti-FLAG antibody was also used to measure transfection efficiency.



Figure 4.1
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MOR Sequence

tgcctgecgce
agggcagctg
agttacagcc
gggaacacca
tcectggctea
accgggcttg
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ctggtcatgt
ttcaaccttg
tacctgatgyg
tactacaaca
gctgtctgece

aacgtctgca

tcttetetygg
tgagaggaag
tacectagtce
gcgactgcte
acttgtcecca
gcgggaacga
tcatggccect
atgtgattgt
ctctggcaga
gaacatggcc
tgttcaccag
acccagtcaa

actggatcct

.~
catggcaacc
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Sequencing Primers
Cloning Primers
Start and stop codons

ggcaguggtc
tgctcaaaat
gttacggcct
aggacaggaa
tctgctggac
ccacatttca
tgaatccagt
gcatecccaac

gggaacatcc
P

ttccactagg
aggctgggge
gcagcaggcc
agacccctta
cgttgatggce

cagcctgtgce

gctggtececat
gcgtggaacc

gtaagaatct

cgaaaagtct

ttcagecacca
gctcaggcaa
aaccagtcecg

cctcagaccg

tggacagcag
gttgctcece
atccatgcgg

gcagcccttc

ctactctate
aagatacacc
cgccttagcg
ctteggaace
catattcacc
agccctggat
ctecttctgec
catagattgce
ctgtgtcecttt
gatgatctta
tctgcgcagg
ccccatcecac
gacggtttcc
tctttacgece
ctecgtcceacg

ctccacggcet

gtgtgtgtag
aaaatgaaga
accagtacac
atcctctgcea
ctctgcaceca
ttccgtaccce
atcggtctgce
accctecacgt
atcttegett
cgactcaaga
atcacccgga
atctacgtca
tggcacttct
ttcctggatg
atcgaacagc

aatacagtgg

agqcaaaaac

t

tgctccattg

ccctaactgg

Primer sequences are shown in bold, and indicated by arrows.

tgggecctctt
ctgccaccas
tgcectttea
agatcgtgat
tgagcgtgge
cccgaaatgc
ctgtaatgtt
tcteececaccc
tcatcatgce
gcgttegceat
tggtgctggt
tcatcaaagc
gcattgcttt
aaaacttcaa
aaaactccac
atcgaactaa

gtctcacace
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4.3.3.1 RNA Isolation

For RNA isolation experiments, all glassware was baked for 4 hrs at 180°C, and all
solutions were autoclaved and/or made up with diethyl-pyro carbonate (DEPC) treated
water (Appendix 2: Section 8). Micropipette filter tips and plasticware were purchased
certified RNAse free, and a separate set of pipetters, dedicated only to RNA isolation, wis

used to prevent RNAse contamination.

A 50-100 mg piece of brainstem tissue from an adult male rat was isolated ard
immediately transferred to a 1.5 mL microfuge tube containing 1 mL of TRIZOL"” Reagent
(Invitrogen). Tissue samples were immediately homogenised using a Polytron PT 1200C
power homogeniser (Kinematica AG, Switzerland) for 30 sec at full power, taking care 10
keep the probe immersed. The sonicator probe was prepared earlier by immersion in
RNAse away® solution (Molecular Bio Products Inc., San Diego, CA, USA), air-dried,
then washed 3 times in DEPC-treated water before immersion in the sample. Tke
homogenised samples were incubated at room temperature for 5 min before the addition of
0.2 mL of chloroform. The tubes were shaken vigorously by hand for 15 sec and incubated
at room temp for 2-3 min. Samples were centrifuged at 12,000 rpm for IS min at 4°C.
Following centrifugation, the upper, clear aqueous phase containing RNA was transferred
into a new tube, and 0.5 mL of 100% isopropyl alcohol added. The solution was mixed
and incubated at room temperature for 10 min before centrifugation at 12,000 rpm for 10
min at 4°C. The supernatant was removed, and precipitated RNA could be seen as a ge!-
like pellet at the bottom and on the sides of the tube. One mL of 75% ethanol (prepared
with DEPC-treated water) was added and the pellet resuspended using a vortex mixer. The
sample was centrifuged at 7500 rpm for 5 min at 4°C. The supernatant was discarded and
the RNA pellet allowed to air dry for 5-10 min before redissolving in 21 uL of water. The
concentration of RNA was determined by diluting 1 uL of RNA sample in 99 ul. watcr
and the absorbance measured in a spectrophotometer at 260 nm. The concentration of
RNA was determined from the nucleic acid extinction coefficient (50) using the following

calculation.

Concentration (pg/ul.) = Asg x dilution x 50



4.3.3.2 Reverse Transcription- PCR (RT-PCR)
Diluted RNA (1 uL of 2 ng/uL) was used immediately after RNA isolation in the RT-PCR

reaction. The remaining RNA was stored at -80°C. The integrity of RNA was determined
by running a sample of RNA (2 uL of RNA, and 2 uL of DNA Loading Dye) on a 0.8%
agarose gel. Care was taken to reduce RNAse contamination by using DEPC-treated
solutions. RNAse away® solution was used to wash the gel tank. Two-step RT-PCR wus
performed using C. rherm. Polymerase® (Roche Diagnostics GmbH, Mannheim,
Germany). Two-step RT-PCR was chosen so that each step could be performed under
optimum conditions.  The following reagents were pipetted into a thin-walled
RNAse/DNAse-free PCR tube (Invitrogen). Reagents were thawed, vortexed, and placed
on ice before setting up the reactions (Table 4.1). Oligo dT primers (Invitrogen) were
diluted to 1 pM, and 0.4 L. was added to the reaction. The oligo (dT) reaction was carried
out at 60°C for 45 min in a PCR machine (Progene Techne, John Morris Scientific, N7))

and placed at —=20°C overnight or until the next reaction step.

Table 4.1 Reagents used for RT-PCR

Component Volume per Final Concentration
Reaction (ul.) N
5x RT Buffer 4.0 10 mM Tris-HCL, pH 8.5, 10 mM KCI, 60 mM
(NH4)1 804 2 mM MgCl: |
DTT 1.0 5 mM !
dNTP mix, 0.64 0.8 mM each
25 mM N
DMSO 0.6 5% N
C. therm. 1 6 units
polymerase N
Primer, 20 uM
oligo dT 0.4 0.4 M
Or mu reverse 1.0 1.0 uM
rimer N
RNA (2 ng/uL) 1 ul | ng/20 uL ]
Sterile distilled Up to 20 pL Up to 20 uL.
water —
TOTAL 20 pul. _

As an alternative protocol, the reverse MOR primer (5-TAG GGC AAT GGA GCA GTT
TC-3') was used in this reaction to specifically amplify MOR ¢DNA from the total mRNA .

in contrast to amplification of total cDNA from total mRNA. The quantity and quality cf
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the product was determined by agarose gel electrophoresis, and the product was purified

using a DNA gel purification protocol (Section: 4.3.3.5).

4.3.3.3 Polymerase Chain Reaction (PC R)

PCR was performed using the Expand High Fidelity PCR System® (Roche Diagnostics).
This system uses a thermostable Taq DNA polymerase. A proofreading polymerase is
included to increase the yield and reduce the number of PCR-induced errors. All reactions
were performed on ice, taking care not to contaminate samples with foreign DNA. Mastzr
mix solutions were made from individual stocks and were added to sterile 0.2 mL PCR
tubes (Invitrogen) as shown in (Table 4.2). After the appropriate amounts of Master m:x
were added to each individual reaction tube, forward and reverse primers (Figure 4.2) were

added, along with the DNA template.

MOR primers were used both with and without the GW and FLAG tags, and PCR
conditions were optimised for annealing temperature and cycle number. A hot start PCR
cycle was used consisting of 94°C for 60 sec followed by 40 cycles of 95°C for 15 sec,
57.5°C for 90 sec, and 72°C for 15 sec. This 40-cycle sequence was then followed by 72°C

for 5 min, and the reaction was then held at 4°C.
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Figure 4.2 MOR Cloning and Sequencing Primers
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Figure 4.2 MOR Cloning and Sequencing Primers

The primer sequences used for cloning and sequencing of
MOR, showing the GW, Flag, and MOR sequences.
Multiple sequencing primers were used to obtain a
sequence of both strands of the entire MOR gene.







Table 4.2 Solutions used in PCR reactions

Master mix 1

Reagent Volume
dATP (10 mM) 1 ul
dCTP (10 mM) 1 uL
dGTP (10 mM) 1 ulL
dTTP (10 mM) 1 uLl
DNA Template (10 ng) 5 uL
5' Primer (100 puM) 1.5 ul
3' Primer (100 uM) 1.5 uL
Sterile dd H,O 13l
TOTAL 25 uL
Master mix 2
Reagent Volume
Sterile dd H,O 19.25 ulL}
10x Expand Hi Fi Buffer SuL
(with 15 mM MgCl,)
Expand Hi Fi Enzyme Mix| 0.75 uL
TOTAL VOLUME 25 ul

4.3.3.4 Agarose Gel Electrophoresis

DNA samples containing 5 uL. of DNA loading dye (10% Ficoll; 0.025% bromophenol
blue) were run on 0.8% agarose (Invitrogen) gels containing | pg/mL of ethidium brom:de
(Invitrogen) in TAE buffer (0.04 M Tris-acetate, | mM EDTA, pH 8.0). A 100 bp DNA
ladder (BioRad, CA, USA) was used as a standard. Electrophoresis was performed at 100
V for I hr, or until the dye front was 2/3 of the way down the gel. Bands were obseryed
under UV light and polaroid photographs taken. Some samples needed for later
experiments were excised from the gel with a clean scalpel and placed in clean microft ge

tubes for gel purification of the DNA.

4.3.3.5 DNA Gel Purification

DNA bands of the appropriate size for MOR were cut out of the agarose gel and purified
using a QIAquick® gel extraction kit (Qiagen, GmbH, Germany). The gel slice was

weighed, and 300 uL of QG buffer (pH 7.50) was added for every 100 mg of gel. The
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sample was incubated at 50°C until the gel slice had dissolved. Isopropanol (100 pL of
100%) was added per 100 mg of gel slice, and the sample was mixed. A QIAquick® spin
column provided in the kit was placed in a 2 mL collection tube, and the sample was
loaded and centrifuged in a tabletop microfuge for 1 min at 13,000 rpm. Flow-through was
discarded and 0.75 mL of PE buffer added. The solution was incubated for up to 5 min at
room temperature before centrifugation for 1 min at 13,000 rpm. The flow-through was
again discarded, the column centrifuged again, and the residual flow-through discarded.
The column was placed in a clean 1.5 mL microfuge tube, and 30 pL of elution buffer (10
mM Tris/HCI, pH 8.5) was added to the centre of the QIAquick® membrane. The sample
was left to stand for 1 min to increase the DNA vyield, and then centrifuged at full speed for
I min. Approximately 28 pL. was recovered from the column. Purified DNA was stored at

—20°C until needed for later analysis.

4.3.3.6 pGEM®-T PCR Cloning Method
The purified MOR DNA PCR product was ligated into the pGEM®-T plasmid (Promega

Corporation, Madison, WI, USA), following manufacturer's instructions. Cloning reagents
(Table 4.3) were placed in sterile 0.2 mL PCR tubes, mixed by pipette, and incubared
overnight at 4°C. The attributes of the pPGEM-T plasmid are described in Appendix 4.

Table 4.3 Reagents used to ligate MOR into pGEM-T vector

Standard Positive Background W
Reagent Reaction Control Control

2X Rapid Ligation Buffer
(T4 DNA Ligase) 5 uL 5 puL 5 uL i
pGEM®-T Vector (50 ng) 1 uL 1l 1 ul |
PCR Product 3 uL - . |
Control Insert DNA (4 ng/pL) - 2 uL - |
T4 DNA Ligase (100u/mL) 1 uL 1 uL 1 uL i
Deionised Water 0 uL 1 gL 3 uL |
Final Volume 10 puL 10 pL 10 pL ]
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A5 pL aliquot of this mixture was added to transform 50 pL of DH5c. competent bacteria
(Invitrogen), as described below. This pGEM®-T vector has a [-galactosidase (BGAL)
colour selection feature that causes formation of blue colonies if the BGAL gene is not
disrupted by an insert of DNA. Transformed bacteria are plated onto LB-amp agar plates
(Appendix 2: Section 10) pre-coated with 60 UL of X-galactosidase (XGAL) solution (50
UL of 40 mg/mL XGAL; 10 uL of 1 M IPTG). White colonies were picked and cultured

for DNA miniprep using the alkaline lysis method (see below).

4.3.4 TRANSFORMING BACTERIA

Plasmid DNA from the cloning reactions was used to transform library efficiency
competent DH5a cells (Invitrogen). A 10 ¢cm diameter petri dish containing LB amp agar
(LB medium with 1.5% agar (DIFCO, Becton Dickinson, MD, USA) and 50 pg/mL
ampicillin, Appendix 2: Section 10) or LB-kanamycin agar (LB-medium with 1.5% agar
and 50 pg/mL kanamycin) was used to grow the bacteria, depending on the antibiotic
resistance characteristics of the plasmid. Fifty pL of competent cells were thawed on ice,
placed in a 1.5 mL microfuge tube, and 1 pL of plasmid DNA added. This mixture was
gently mixed and placed on ice for 30 min, then heat-shocked at 40°C in a waterbath for 2
min, then placed on ice for a further 2 min. SOC medium (450 uL)(2% tryptone, 0.5%
yeast extract, 0.05% NaCl, 2.5 mM KCIl, 20 mM glucose, 10 mM MgCls, pH 7.0,
Appendix 2: Section 11) was added and the mixture incubated at 37°C for 1 hr. This
mixture was then plated onto LB plates, left at room temperature for | hr, then turned

upside down and placed in a 37°C incubator overnight.

4.3.5 MINIPREP ISOLATION OF PLASMID DNA

4.3.5.1 Miniprep Standard Alkaline Lysis Method

Using a sterile toothpick, single colonies were used to inoculate 2 mL LB medinm
(Appendix 2: Section 9) containing appropriate selective antibiotic (50 pug/mL ampicillin
or kanamycin) in a sterile 20 mL test tube with a loose-fitting cap. The tube was placed in
a shaking incubator at 37°C overnight. The next day, 1.4 mL of this culture was
transferred to a 1.5 mL microfuge tube, and centrifuged for 1 min at 13,000 rpm.  The
supernatant was removed and the pellet resuspend in 100 uL of ice cold GTE Buffer (50

mM glucose, 25 mM Tris HCI pH 8.0, and 10 mM EDTA, pH 8.0) and incubated at room




temperature for 5 min. The bacteria were then lysed by adding 200 uL of P2 buffer (0.2 M
NaOH, 1% SDS). The tube contents were mixed by inverting the tube several times,
followed by incubation on ice for 5 min. Protein in the lysate was precipitated by adding
150 pL of ice-cold P3 Buffer (3 M potassium acetate, pH 5.5). The samples were vortexcd
gently for 10 sec to resuspend the pellet and then incubated on ice for 10 min. Tubes we e
centrifuged for 10 min to pellet the protein. The supernatant was removed and placed in a
fresh tube, and 400 uL of phenol:chloroform:isoamyl alcohol (24:24:1) was added. The
sample was vortexed briefly, then centrifuged for 5 min at 4°C to separate the phases. The
top aqueous phase was transferred to a fresh tube and 900 pL of ethanol added. The
sample was then mixed using a vortex mixer and centrifuged for a further 10 min to pellet
the DNA. The supernatant was removed, the pellet washed once with 1 mL of 70%
ethanol. The sample was recentrifuged and the ethanol removed. The DNA pellet was
allowed to dry at room temperature for 10-20 min. When the pellet was dry, 30 uL. of TE
buffer containing 50 pug/mL RNAse was added, and the sample was mixed and incubatzd
for 10 min at room temperature to dissolve the DNA. A 5 uL aliquot was removed to
determine DNA concentration. The aliquot was added to 495 pL of dd H,O and tae
absorbance of the solution measured at 260 nm in a spectrophotometer. The DNA

concentration was calculated using the following calculation.

Concentration (ug/ul) = A4 x dilution x 50

The purified DNA was PCR-amplified using MOR-specific primers and the product
electrophoresed on a 0.8% agarose gel to confirm the presence of MOR inserts. If the
appropriate 1200 bp MOR band was present, the purified plasmid DNA was used in
subsequent PCR reactions with MOR primers containing the GW and FLAG sequences
inserts that are necessary for cloning into GW vectors. After successful PCR with the GW
primers, the DNA was electrophoresed on an agarose gel, the appropriate sized bands were
cut out of the gel and the DNA purified using the DNA gel purification protocol described

carlier. DNA from this step was then used in the GW BP reaction.
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4.3.6 MIDIPREP ISOLATION OF PLASMID DNA

4.3.6.1 Midiprep Using Qiagen Plasmid Purification System

The Qiagen plasmid purification system (Qragen) was used to purify DNA required for
mammalian transfection experiments.  This system was used because it removes
endotoxins, which are detrimental to transfection experiments. A flask containing 50 mL
of LB-amp was inoculated with a 200 pL aliquot of a miniprep culture containing the
pDEST 12.2 plasmid with the MOR-FLAG tagged DNA. The culture was placed in a
shaking incubator and agitated overnight at 220 rpm at 37°C. The next day, cells were
harvested by centrifugation (6000 rpm for 15 min at 4°C in a SS-34 rotor in a Sorval RC:B
centrifuge). The supernatant was discarded and the pellet resuspended in 4 mL of PI
Buffer (50 mM Tris-HCI, pH 8.0, 10 mM EDTA) and incubated at room temperature for 5
min. Four mL of P2 buffer (200 mM NaOH., 1% SDS) was added to lyse the cells. The
tubes were inverted 6 times and then incubated at room temperature for 5 min. Proteins
were precipitated by adding 4 mL of chilled P3 buffer (3 M potassium acetate pH 5.5) the
samples inverted 6 times to mix, and then incubated on ice for 15 min. Samples were
centrifuged at 20,000 rpm for 30 min at 4°C. The supernatant was placed in a fresh plastic
centrifuge tube and recentrifuged at 20,000 rpm for 15 min at 4°C. Meanwhile. the
Qiagen-tip 100 was equilibrated with buffer by applying 4 mL of QBT Buffer (750 mM
NaCl, 50 mM MOPS pH 7.0, 15% isopropanol, 0.15% Triton X-100), and allowing the :ip
to empty by gravity flow. The supernatant containing the DNA was then applied to the
column and left to empty by gravity flow. The Qiagen-tip was washed with 10 mL of QC
buffer (1 M NaCl, 50 mM MOPS, pH 7.0, 15% isopropanol) and allowed to empty. This
step was repeated, and the Qiagen-tip placed above a clean 50 mL Corex centrifuge tube.
The DNA was eluted with 5 mL of QF Buffer (1.25 M NaCl, 50 mM Tris-HCI, pH &5,
15% isopropanol). The DNA was precipitated by adding 3.5 mL of room temperature
isopropanol, mixing and centrifuging for 30 min at 15,000 rpm at 4°C. The supernatant
was removed, and the DNA pellet was washed with 2 mL of 70% ethanol, and then
recentrifuged for 10 min at 15,000 rpm at 4°C. The ethanol was removed and the DNA
pellet allowed to air dry for 10-20 min before resuspending in 200 uL of TE buffer (1 L
of 1 M Tris; 200 uL of 0.5 M EDTA, pH 8.0). The yield of DNA was determined from its

absorbance at 260 nm, as described previously.
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4.3.6.2 Midiprep Concert™ High Pure Plasmid Purification System
For DNA sequencing, a Concert High Pure Plasmid Purification Kit (Invitrogen), similar to
the Qiagen kit, was used to prepare plasmid DNA according to the manufacturer’s

instructions.

4.3.6.3 Gateway BP Reaction

The BP reaction allows rapid cloning of PCR products synthesised with the approprizte
attB tags (Figure 4.3) into a range of GW entry vectors. Once the gene is in the entry
clone, it is easily transferred to other GW vectors, each with specific properties. For
example, vectors designed for transfection into mammalian expression systems (pDEST
12.2). MOR DNA was cloned into the GW pDONR 201 Vector (Appendix 4). Reagents
from the kit (Table 4.4) were added to a 1.5 mL microfuge tube at room temperature,
mixed, and incubated at 25°C for 60 min. One pL of proteinase K solution was added and
the solution incubated for 10 min at 37°C according to the manufacturer’s instructions.
One pL of this reaction was used to transform 50 pL of library efficiency DHSa competent
cells as previously described (Section 4.3.4: Transforming bacteria). The transformad

bacteria were spread onto LB plates containing 50 ng/mL kanamycin (Sigma).




Table 4.4 Reagents required for the GW BP reaction.

Component Negative control Positive Control Sample

PCR product
(with attB tags) - = 1-5 uL
40-100 fmol

PEXP7- tet
Positive control - 1 uL -
(50 ng/ulL)

pDONR 201 Vector
(150 ng/uL) 1 uL 1 uL I uL

BP Reaction Buffer
(5x) 2 uL 2 uL 2 uL

TE Buffer 5 uL 4 uL To 8 uL.

The next day, colonies, selected with a toothpick, were grown in 2 mL of LB medium
containing 50 pg/mL kanamycin. The bacteria harbouring the pDONR 201 vector
containing MOR were purified using the miniprep alkaline lysis method as previously
described. DNA from this reaction was PCR amplified using the MOR primers to see if it
contained MOR DNA. Only DNA that could successfully PCR amplify MOR was usad
for further reactions. The remaining culture was used to make glycerol stocks by adding

10% (v/v) glycerol. The stocks were stored at —80°C.

4.3.6.4 Gateway LR Reaction

The LR reaction is the second reaction in the GW cloning system. The LR reaction is a
recombination reaction between an entry clone and a destination vector and is equivalent to
highly specific cutting and ligation reactions. In this reaction proteins cut to the left and
right of the gene within the attL site of the entry clone (Figure 4.3). This is then ligated to
the appropriate site in the destination vector. The destination vector used in this study

(pDEST12.2) is designed for mammalian expression experiments.

The LR reaction requires linearised DNA for optimal results. The entry pDONR 201
vector, with the MOR DNA insert was linearised by cleavage at the Apa I restriction site

within the GW cassette. Ten uL of DNA from the BP reaction was added to 1 ul of Apal
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enzyme (Roche), 2 UL of Apa I restriction enzyme buffer A (Roche), and 7 uL. of sterile cd
H>O in a 1.5 mL microfuge tube. The solution was mixed, and then incubated for 60 mn

at 30°C. This linearised entry clone was used in the following LR reaction.

Following the manufacturer’s instructions, reagents were added to 1.5 mL microfuge tubes
(Table 4.5), mixed using a vortex, and incubated for 60 min at 25°C. One pL of proteinase
K solution was added to the template reaction and incubated for 10 min at 37°C. After the
LR reaction was complete, 1 pL of this reaction was used to transform 50 uL of library
efficiency DH5a competent cells (Section 4.3.4). The transformed cells were then plated
onto LB plates containing 50 pg/mL ampicillin and grown in an incubator overnight at

37°C.

Table 4.5 Reagents required for the GW LR reaction

Component Negative control Positive Control Sample
LR Reaction Buffer
(5x) 2 uL 2 uL 2 uL. B
PENTR-gus
(50 ng/uL) a 1 ul =
Entry Clone 0.4 pL N
(100-300 ng/reaction) |
Destination Vector 1 uL 1 uL 1 uL.
pDEST 12.2
(150 ng/ul) |
TE Buffer To 8 uL To 8 puL To 8 ul

4.3.6.5 DNA Sequencing

DNA sequencing of the plasmid DNA, purified using the Concert High Pure Plasmid
Midiprep Purification System, was performed in the Victoria University of Wellingion
DNA Sequencing Facility using an ABI Prism 377 DNA sequencer (Perkin Elmer Applied
BioSystems, Foster City, CA, USA) and appropriate sequencing primers (Figure 4 2).
Sequencing was carried out to ensure that the MOR DNA was in the correct reading frame

and contained no errors. Both strands were sequenced at least once in both directions.




PCR tubes were placed on ice and 4 uL. BigDye™ termination mix (Perkin Elmer), 250 ng
of DNA template, and 0.8 pL of IuM primer mix added. The cycle sequencing reaction
was carried out in a Gene Amp 9600 PCR machine (Perkin Elmer) and consisted of 25
cycles of 96°C for 10 sec, 50°C for 5 sec and 60°C for 4 min, with a final hold at 4°C. The
reaction was then transferred to a Sepadex G50 sequencing purification spin column
(Appendix 2: Section 12) for desalting. The eluted samples were lyophilised and stored at
—20°C until electrophoresis was carried out. Lyophilised samples were supplied to the
sequencing technician and analysed on an ABI prism 377 DNA sequencer, following the

manufacturer’s instructions.
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Figure 4.3

Cloning a PCR Product using the Gateway BP Reaction

A gene flanked by the Gateway attB1 and attB2 sites can be cloned between the attL 1 and
attL.2 sites of an entry vector, and transformed into £. coli. Kanamycin (Kan) resistant
colonies can then be selected.
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4.3.7 TRANSFECTION OF MAMMALIAN CELL LINES

Two different methods were used to transfect a number of different mammalian cell lines,
and several different volumes of transfection reagent were tested to optimise transfection
efficiency. Transfected cells that were used for immunocytochemistry were grown on

PDL-coated slides as previously described (Chapter 2, Section: 2.3.1.2).

4.3.7.1 FuGENETMBG6 Transfection

Cells were dissociated using trypsin-EDTA in the same way as for passaging (Chapter 3,
Section: 3.3.1.2), resuspended in 10 mL culture medium without antibiotics, centrifuged at
1000 rpm for 5 min and resuspended in | mL of culture medium. Ten pL of the cell
suspension was removed and added to 80 puL of medium and 10 pL trypan blue (0.2% in
PBS). The proportion of viable cells was determined by dye exclusion using a
haemocytometer. Cells were plated at 3 x 10° cells/35 mm plate, grown overnight, and
checked the following day to ensure the cells were 50-80% confluent. Serum-free medium
(94 pL or 97 ul) was placed in a sterile microfuge tube and either 3 uL or 6 pL,
respectively, of Fugene ™6 reagent (Roche) added to give a final volume of 100 pL. Cure
was taken to prevent the Fugene ™6 reagent from touching the sides of the plastic
microfuge tube. Gentle tapping mixed the tube's contents, 1 pg of DNA was added, and
the solution mixed again. The tube’s contents were incubated at room temperature for 15
min before addition to the culture dish. The medium in the culture dish was gently swirled
to mix. Cultures were incubated between 12 hr to 72 hr in a 5% CO, atmosphere in a

humidified, 37°C incubator.

4.3.7.2 Lipofectamine Transfection

Cells were plated the day before transfection as described for Fugene ™6 transfection.
Six uL of Liofectamine reagent (Invitrogen) was added to a 1.5 mL microfuge tube
containing 94 L of serum-free, antibiotic-free, culture medium and the reagent combined
with 1 ug of DNA within 5 min, according to the manufacturer's instructions. Samples
were mixed gently and incubated at room temperature for 20 min before adding to the

culture dish as described above.
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4.3.8 IMMUNOCYTOCHEMISTRY
Cells cultured on coverslips were fixed and prepared for ICC by removing endogenous
peroxidase activity (Chapter 2; Section; 2.3.2.2) and blocking in TSA™ blocking solution

as previously described in Chapter 3 (Section: 3.3.2.1).

4.3.9 ANTI-FLAG ANTIBODY LABELLING OF TRANSFECTED CELLS
A FLAG-tag sequence was added to the cloned rat MOR DNA sequence so that expressad

protein could be detected using an anti-FLAG IgG mouse antibody (1:1000) (Sigma). This
primary antibody was incubated overnight, washed, incubated in goat anti-mouse HRP
(1:500) (Sigma) for 1 hr, washed, and incubated in TSA™-FITC (or rhodamine) for 3 min
as previously described (Chapter 3; Section; 3.3.2.2). Cells were also labelled using the
anti-MOR antibody or double-labelled using anti-FLAG and anti-MOR antibodies. the
latter using the double-labelling protocol previously described in Chapter 3 (Section:

3.3.5).

4.3.10 MOR RECEPTOR IN VITRO REGULATION

MOR regulation was monitored in cell culture using the ICC method of Koch et al. (19¢98)
(Koch et al., 1998). In order to down-regulate MOR, the MOR agonist [D-Ala’, N-Me-
Phe?, Gly—ols]enkephalin (DAMGO) (1 uM) was added to cultures for up to 4 hr, and cells
were fixed for ICC after 1, 2, or 4 hrs. Some cultures were pre-incubated with a sterile
solution of 50 uM monensin (Sigma) (5 mM (100x) stock in ethanol) for 60 min prior to
DAMGO administration. Monensin traps MOR in cytoplasmic vesicles by preventing
endosome acidification (Koch et al., 1998). Control cells were cultured at the same time
but were not treated with DAMGO. Cytoplasmic and membrane staining of individual
cells was scored on a scale of 0 = no staining, 1 = light staining, 2 = medium staining, end
3 = intense staining. Voltage matched confocal images of serial sections through the cells
were scored by blinded observations. Staining intensity measurements of at least 100 cells
from 4 coverslips taken from 2 separate experiments were performed blind by 4 differ:nt
people and the data collated (n = 4 coverslips). A multiple comparisons test (based on
Kruskal-Wallis rank sums, P< 0.001) was carried out according to the criteria outlined in

Hollander and Wolfe (1973) (Hollander and Wolfe, 1973b) (Appendix 3).
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44 RESULTS
44.1 MOR CLONING

RNA was successfully isolated from the adult rat brainstem at a concentration of 1.5
pg/ul. The integrity of the RNA was confirmed by electrophoresing a portion of the
sample on an agarose gel. If the RNA was not degraded, the sample was used immediately
for RT-PCR reactions. Initial PCR experiments (from the cDNA obtained in the RT
reaction) only worked with the short MOR cloning primers, not the longer primers with the
GW or FLAG sequences. It was therefore necessary to clone MOR into the pGEM-T
plasmid (Figure 4.4A) before PCR with MOR-GW-FLAG primers were successful (Figure
4.4). Following this, MOR was cloned into the pDONR 201 GW vector, then into the
pDEST 12.2 vector. Successful MOR clones in the pDEST 12.2 vector were used for
transfection experiments. The clones were confirmed by DNA sequencing. Multiple
sequencing runs were combined using Seqman™ II software (DNASTAR Inc.) and a
consensus sequence formed from these multiple sequencing runs (Appendix 5). Resuls,
displayed using the Jellyfish program (LabVelocity Inc., San Francisco, CA., USA),
showed that the MOR consensus sequence calculated from the multiple sequencing runs

did not contain PCR-induced errors (Figure 4.5).

4.4.2 MOR TRANSFECTION OF MAMMALIAN CELL LINES

MOR-transfected cell lines were used as controls to check that the guinea pig anti-MOR
antibody (Chemicon) was specifically labelling MOR. Double-labelling MOR-transfected
cells with anti-FLAG antibodies and directly comparing staining patterns confirmed this.
Transfection experiments were also used as a positive control to test whether cultured cells
from the rat brainstem express OpRs that were capable of being regulated by opiod
agonist exposure. MOR function was assessed by treatment of cells with a MOR agonist,

DAMGO, and measuring receptor internalisation (down-regulation).

MOR was successfully transfected into SH-SY5Y cells and H441 cells using bo'h
Lipofectamine and FuGENE™6 reagents. There were no differences in transfecticn
cfficiency between lipofectamine and FuGENE ™6. Although SH-SYSY and H441 cells
were successfully transfected, transfection into COS-7 and LLC-PK, cells was not
successful. H441 cells had low transfection efficiencies (about 3%) under all conditions

tested, with varying DNA concentrations and transfection reagent concentrations, ard
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were, therefore, not used in further experiments. SH-SY5Y cells were chosen for further
MOR transfection experiments because they gave the best transfection efficiency of the
cells tested, on the order of 17%. Transfection efficiency was measured using anti-FLAG
antibodies (TSA-FITC) on Pl-counterstained cells after 5,24, 48, and 72 hr of transfecticn.
Transfected cells were counted as a percentage of the total number of cells in 3 fields of
view, using a 40 X lens on the confocal microscope. The average transfection efficiencies
for 5, 24, 48, and 72 hr, were 3%, 15%, 17% and 9%, respectively. For all further
experiments the 24 hr transfection period was chosen because it gave the best transfection
efficiency, with an average of 17% and a range of 5-25%. Higher transfection efficiencies

are desirable, as they allow a greater number of cells to be studied in each experiment.

SH-SY5Y cells endogenously express MOR; therefore, labelling experiments were
performed using the anti-FLAG antibody. This antibody binds to the FLAG sequence that
was added to the end of the MOR sequence during cloning. Some experiments using the
guinea pig anti-MOR antibody (Chemicon) were also carried out. Transfected cells
expressed much higher levels of MOR than non-transfected SH-SYSY cells and could
easily be detected by ICC at lower voltage settings on the confocal microscope.
Transfected cells were also double-labelled with both anti-FLAG and anti-MOR antibodies
(Figure 4.6), and both antibodies gave identical staining, confirming that the guinea pig

anti-MOR antibody from Chemicon was specific for MOR.

No cross-reactivity was seen between DOR and MOR with the DOR specific antibody
used in the present study. In some experiments (data not shown) MOR-transfected H44 1
cells were immunolabelled for DOR, although no H441 cells showed labelling for DOR.
MOR-transfected SH-SYSY cells double labelled with DOR and FLAG specific
antibodies, showed no DOR immunoreactivity using the same confocal microscope laser
voltage settings (in SH-SY5Y cells, endogenous DOR expression levels could of course be
seen at high voltages in the same way as endogenous MOR expression). These results

confirm the specificity of the DOR antibody for the DOR receptor.

147




MOR PCR from pGEM-T vector

1 2 3 4 5 6 7 8 Lane

2000 bp

1000 bp

500 bp

MOR PCR from pDEST 12.2 Gateway mammalian cloning vector

B

DNA
Ladder Neg MOR MOR
2000 bp

1500 bp

1000 bp

500 bp

Figure 4.4 MOR PCR

(A) PCR of MOR from the pGEM-T vector using the MOR FWD Gateway (GW) and
REV FLAG GW primers, showing a 1200 bp band in several PCR reactions in lanes 1
2,4,5,7 & 8. Another band can be seen at approx 2400 bp and is likely to be a double
copy of MOR. The 1200 bp product was purified from the gel and cloned into GW
vectors pDONR 201 and pDEST 12.2. Note the negative control in lane 3 and the
molecular weight markers in lane 6. (B) MOR PCR primers. Only colonies in which
MOR PCR amplification was successful as shown by a 1200 bp product were
sequenced and used for transfection experiments.
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Figure 4.5 Sequence Alignment of the Cloned Rat MOR-1 Receptor
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Figure 4.5  Sequence Alignment of the Cloned Rat MOR-1 Receptor

The consensus DNA sequence from the cloned rat MOR and the rat MOR sequence
code 1.22455 from GenBank showing the correct sequence for the MOR-1 receptor




Cloned MOR
Rat MOR Sequ

i 11 21 31 a1 51 61 71
AGCACCATGGACAGCACLALLGACAGC AGTACTGHIT CAGGGAAC AT CAGCGAC TG TCAGACCCCTTAGCTCAGGCALG
————————— TTCAGCATCATGHATAGAGCAC CEGICOAGGGAACACCAGC GACTGCTCAGAC CCCTTAGCTCAG GEALG

Consensus

Cloned MOR
Rat MOR Sequ

cagcaccatggacagcageaccggcccagggaacaccagegactgoctcagaccocttago tcaggoaag
81 91 101 111 121 131 141 151
TIGCTCCCCAGLACE TO R T U T TCRACT TG TT CCAC GTTGATGGL AACCAGTC CGATCCATGCGCTCTGAL CTGCA
TTGC T OO ARG ACC TR T THRC T AAC TTG T CCACGTTOATCGCAAC CAGTCC GATC CATGCSETCTCALCCGEA

Consensus

Cleoned MOR
Rat MOR Seqgqu

ttgocteecoccagoacctggotoctggotocaacttgicccacgitgatggoaaccagtoccgatccatgoggictgasacegea

Consensus

Cloned MOR
Rat MOR Sequ

161 17X 181 191 201 211 221 231
GGG TTOGC G CEAAC GACAGC T TE TGl CCTrAGACC CACAGCCCTTCCATGOTCACAGC CATTACCATCATGI:CCCTC
CCGGHETTGGE FEGAAC GACABCCTOT G CCTCAGACCGGCAGCCITTCCATGGTCACAGCCATTACCATCATG (CCCTC
cogggcttgygcyggaacygacagectgtgococctocagaccyggcagcccttccatggtcacageccattaccatcatgicccto
241 251 261 271 281 291 301 311
TR TC T AT G TGO T G TAG T GeCL U T T T GEAAAT TTCC TG T T AT TATGTHAT T TAAGATACAT CAAAAT JARGAL

TACTCTATCGTGTETGTAGT GG CT U TIC GEAAACTTC CTGGT CATCTATGCTGATTGTAAGATACACCAAAAT FARGALC

Consensus

Cloned MOR
Rat MOR Seqgu

tactctatcgtgtgtgtagrgygoctocrtcggaaacttocctgytcatytatgtgattgtaagatacaccaaaat jaagac
321 331 341 351 361 371 381 391

IO LA LA AT C T A AT TT T AAC CT TG TC TR AGAL GO C T TAGE GACCAGTACACTGCCCTTITCAGAGTG TCAACT
T A CARC AT TACAT T T ICAAC CTTOL TOTCGCAGACBCCTTAGC GACCAGTACACTSCCCTTTCAGAGTG TCAACT

Consensus

Cloned MOR
Rat MOR Sequ

tgocaccaacatctacatittocaaccttgotobggrcagacgocttagecgaccagtacactgococtbbcagagtgtcaact
401 411 421 431 441 451 461 471

A TR AT GG OAAC AT GO T T L GGAA L C AT T TG AAGAT CETCATC TCAATAGATTAT TACAACATCTTC ACCAGT
ACTTGATGGSAAL ATGGLCCTTCGGAM TATCCTETGCAAGATCGTGATT TCALTAGATTACTACARCATGTTC ACCAGT

Consensus

Cloned MOR
Rat MOR Sequ

acctgatgggaacatggoecttoggaaccatcctotycaagatcgtgatctocaatagattactacaacatgttcaccago
ag1 491 501 511 521 531 541 551

ETATTCACCCTCTGOAC CATGAGT BT GRACT SETATAT TGO TETOTECTACCEAGT T ARAGC COTRGATTTCCC TACCET
ATATTCACCCTCTGIACCATGAG GACCGCTACATTECTGTCTGE CACC CAGTCAAAGE CCTEGATTTCCC TACEDC

Consensus

Cloned MOR
Rat MOR Sequ

atattcaccctotgraccatgagogtggaccgoctacattgoctgtctgoccacccagtcaaagoccctggatttocgtacooe

561 571 581 591 601 611 621 631
CCCAAATEL CAAAR T GT L AAC T TLCAACTGRATECTE TC T CTEU CATCGETCTOCCTOTAAT GTTCATG CAACCA
CUCAAATGCCARAATC GTCAACGTCTGLAACTGGATCCTCTCTTIC TG CATCGGTC TGO TETAATGTTCAT G CAACCA

Consensus

Cloned MOR
Rat MOR Sequ

ccgaaatgcraaaatogicaacytctgraactggatcCctctictictyccatcggctgcoctgtaatgrtcatggcaaccea
541 651 561 571 681 691 701 711

CAMAATACAGECAGGGETC TATAGATTCCACCCTCACETICTCCCACC CAACCTOTACT GLGAGAACT TGO T UAARATC
CAARATACAGGCAGGHFTCTATAGATTHCACCCTCAC GTTCTCCCAL CCAACCTGOOTACTOLCAGAACCTLOT 'AAARTC

Consensus

Cloned MOR
Rat MOR Sequ

caaaatacaggcaggggtecoatagattgraccctcacgttotocccacccaacctggtactgggagaace tgctizaaaato
721 731 741 754 761 T 7681 791

TG T TC T T AT C T G T T I CATCAT oG TCCTCATCATCACTOICTCT TAC GG CTEATGATC TTACGAC {CAAGAG
TG TC T T TAT CT TG T T I AT AT GC CGETCCTCATCATCACTOTETGTTACGGCCTGATGATCTTACGAC TCAAGAL

Consensus

Cloned MOR
Rat MOR Sequ

tgtgtotttatottegetttoatcatgocggtococtecatcatcactgtgtgitacggoctgatgatcttacgac ccaagag

801 811 821 831 G4l 851 861 871
COTTCECATGOTATCGGGCTOCARABARALGEAT AGGAATC TG GrAGEATCAC CCOGATGGTECTGETEETE FTRECTR

COTTCBCATGCTATC LG T CCAAAGAAAAGGACAGGAATCTSCGCAGGATCACCCGEATEGOTEGC TGS TSETE STEECTE

Consensus

Cloned MOR
Rat MOR Seqgu

cgttcgcatgctatoggge toccaaagaaaagyacaggaatctgcygcaggatcaccogygatggtyctggtyggtc ytggocty

911 921 931 941 951
ETCCACATCTACGTCATCAT CAAAGCGCTOATTACCATTCCAGARACCACATTTITAG
CATCCACATCTACGTCATCATCAAAGCGCTEATCACGATTCCAGAAACCACATTTCAG

881 891
TATTTATCGTCTEITGGALL
TATTTATCGTCTGCTGZALT

201

Consensus

Cloned MOR
Rat MOR Seqgqu

tatttatcgtorgectggaccoocatccacatctacgtratcatcasaagcgoctgatcacgattccagaaaccacatttcag
961 971 981 991 1001 1011 1021 10Z1

ACGETTTOCT G CACTTC TG CATTGC TT TG GG T TACACGAACAGC TGO CTCAATCCAGTIC T TUACGUCTTCL TEGATGA
ACGGTITCCTEECACTTC TGCAT TG T TIGGO TTACAC GAACAGCTEC CTGAAT CCAGTTCTTTACGCCTTIC U THGATGA

Consensus

Cloned MOR
Rat MOR Segu

acggtttcctggcacttctgrattgotibgggttacacgaacagectgocctgaatccagttctttacgocitece tggatga
1041 1051 1061 1071 1081 1091 1101 1111

BAACTTC AAGCGATCC TTLAGAGASTTC TG CATCC CAACTTUCTCCACGATC CAACAGCAARACTCCACTCCAGTCTLTL
AAACTTCAAGCEAT CCTTCAGAGAGT TC TECATCC CAACCTCGTCCACGATC GAACASTAARACTCCACTL G GTCCGTE

Consensus

Cloned MOR
Rat MOR Sequ

aaacttcaagcgatgcttragagagttotgoatcccaacctogtocacgatcgaacageaaaactccactogagtioccgo
1121 1131 1141 1151 1161 1171 1131 119l

AGART AL TAGGGAACATC LT TCCAN GO TAATAC ACTHGATC CAKCTAACCACTAGC TACARAATCTGOAGGI AGASACT
AGAACACTAGEEAACATCCCTCCAL GGCTAATACAGTEGATE GAACTAACCACTAGC TAGARAATC TEGAGG " AGAAACT

Consensus agaacactagggaacatccctoccacggctaatacagtggatcgaactaaccaccagctagaaaatctggaggragaaact
1201 1211 1221 1231 1z41 1251 1261 1271
Cloned MOR. GCTCCAEIRLC -~~~ —— e e e — e e e
Rat MOR Segu CCTCCATTOUCCTAACTGGGTCTCACACCATCCAGACCCTCGCTAAGCTT
Consensus gctccattgcc
e Start and stop codons
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Figure 4.6

Labelling of Transfected SH-SY5Y Cells

Double-labelling using (A) anti-FLAG (red) and (B) guinea pig anti-MOR (Chemicon) (green)
antibodies in MOR transfected. monensin and DAMGO-treated SH-SYSY cells. FLAG-labelled
MOR-transfected SH-SY5Y cells (C) (green) with no treatment with either DAMGO or mon=nsin.
showing mainly membrane staining. Negative control for (C) with no primary anti-FLAG antibody
(D). Figures C and D were counterstained with PI (red). Scale bar = 20 w m.




4.4.3 MOR REGULATION
4.4.3.1 Non-Transfected Cells

In non-transfected, monensin-pre-treated SH-SY5Y cells, there were significant increases
in cytoplasmic staining of MOR in control cells (monensin but no DAMGO) and in cells
treated with the MOR agonist DAMGO for 2hr (Figure 4.7B, D & F) and 4 hrs (Figure
4.8B & F). Membrane staining, however, showed no significant differences in intensitv
between control cells (monensin but no DAMGO) and cells treated with
monensin/DAMGO. The increase in cytoplasmic staining occurred within the first hour,
with no significant further increases after 4 hrs (Table 4.6). Primary cultures also showel
an increase in cytoplasmic MOR staining after treatment with monensin and DAMGO
(Figure 4.9), although this difference was not significant due to the inherently large
variation in MOR staining patterns in these cultures. In untreated, control cultured
brainstem cells (Figure 4.9A, C & E), the plasma membrane staining appears more intense
than the cytoplasmic staining; whereas, in the cells treated with monensin, followed by
DAMGO for 2 hr (Figure 49B, D & F), the staining appears more intense in the

cytoplasm.




Figure 4.7
MOR Regulation in Non-Transfected SH-SYSY Cells (A)

Non-transfected SH-SYSY cells labelled with antibodies to MOR (guinea pig anti-MOR,
Chemicon) (green) and counterstained with PI (red). Control cells (A, C & E) (monensin (50 p
M) without DAMGO treatment). and (B. D & F) after pretreatment with monensin (50 u'vl)
followed by 2 hr DAMGO (1 uM) . Scale bar =20 pu m.




Figure 4.8
MOR Regulation in Non-Transfected SH-SH5Y Cells (B)

Monensin (50 uM) treated non-transfected SH-SYSY cells after (A) 0 hr and (B) 4 hr DAMGO (1
uM). Note the increase in punctate cytoplasmic staining with the guinea pig anti-MOR antibody
(Chemicon). Non-transfected SH-SYSY cells shown in phase contrast (C, E) and with MOR
labelling after monensin treatment after (D) 0 hr and (F) 4 hr treatment with 1 uM DAMGO. Note
the intense (white colour) cytoplasmic staining in the DAMGO-treated cells (A & F). Scale bar = 20
um.




Table 4.6 MOR regulation in non-transfected, monensin pretreated SH-SYSY cells

No. of Cells
Treatment Counted Average Membrane Average Cytoplasmic

Staining Intensity + SEM | Staining Intensity + SEM |

Control 243 1.4 +0.07 1.7 +£0.06
DAMGO 1

1 hr 173 124 (:0F 2.3+0.06
DAMGO N

4 hr 194 1.3 £0.07 2.3+0.06
|

MOR cytoplasmic and membrane staining of SH-SY5Y cells were ranked on a scale from
0 (no staining) to 3 (intense staining) before and after the addition of the MOR agonist
DAMGO (1 uM) for 1 hr and 4 hr. There was a significant increase in cytoplasmic staining
between the control (monensin but no DAMGO) and after 1 hr and 4hr DAMGO
(monensin and DAMGO). Multiple comparisons based on Kruskal-Wallis rank sums (P<
0.001).

4.4.3.2 Transfected SH-SY5Y Cells

MOR-transfected SH-SY5Y cells express much higher levels of MOR than when non-
transfected. The localisation of the receptors, however, is the same. MOR-transfected SH-
SYS5Y show an increase in cytoplasmic staining in response to DAMGO and monensin
treatment in a similar way to non-transfected SH-SYSY cells, but the increase is much
more apparent in transfected cells (Figure 4.8D & F). This difference is probably due to the

more intense staining being easier to visually localise in the cell.




Figure 4.9

OpR Regulation in Dissociated Brainstem Cell Cultures

Primary cultures of rat brainstem P1 cells after 4 days in culture labelled with antibodies to
MOR (guinea pig anti-MOR. Chemicon) (green) and counterstained with PI (red). Control
cells (A, C & E) (monensin (50;M) without DAMGO treatment), and (B. D & F) cells afier
pretreatment with monensin (50 { M) followed by 2 hr DAMGO (1 }M) . Scale bars = 20 ym.
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4.5 DISCUSSION
4.5.1 MOR CLONING AND TRANSFECTION OF MAMMALIAN CELLS

The rat mu opioid receptor was cloned in 1993 by Chen et al. (Chen et al., 1993b) andl
Thompson et al. (Thompson et al., 1993), with a deduced polypeptide of 398 amino acid
residues.  Once cloned, MOR could be transfected into cells that do not express MOR
(such as kidney cells), or have low levels of MOR expression (such as neuroblastoma
cells). MOR transfection studies have increased our knowledge of how MOR is regulated
(Koch et al., 1997; Koch et al., 1998; Law and Loh, 1999). Transfection of mutated cr
truncated receptors has increased our knowledge of which receptor amino acid residues are
responsible for ligand binding selectivity and which are responsible for receptor regulation
(Pak et al., 1997; Pak et al., 1999). Opioid receptor regulation in MOR-transfected cel's
was not studied in detail in this work because such experiments have been well
documented in the literature (Koch et al., 1998; Law et al., 2000c). In the present study,
transfected cells were used as controls for interpreting MOR responses in non-transfected
primary cultures and SH-SYSY cells. Changes in receptor localisation patterns in these

cells were more difficult to measure due to their lower endogenous expression.

In the present study, transfection experiments helped confirm the specificity of the guinza
pig anti-MOR antibody. Identical staining patterns were seen with anti-MOR and anti-
FLAG antibodies, confirming the specificity of the MOR antibody. Antibody specificity is
an essential requirement for meaningful immunocytochemistry and immunohistochemistry.
Other studies have used ICC (Keith et al., 1996; Koch et al., 1998: Ingnatova et al., 1999;
Koch et al., 2001) or fluorescent ligand binding (Gaudriault et al., 1997) to study OpR
regulation on exposure to opioid agonists in transfected kidney cells to monitor the rate of
receptor internalisation.  In the present study, these techniques were used in an
endogenously expressing cell line (SH-SYSY) and in cultured brainstem cells. Although
MOR-transfected cells provide a good model, the results must be interpreted with caution
because transfected cells over-express receptors above endogenous levels, and this over-
expression may alter the properties of receptor regulation. In the present study, MOR
agonist-induced down-regulation in both transfected and non-transfected SH-SY5Y czlls
was observed, as a result of receptor internalisation. To a lesser extent, this was also seen
in rat brainstem cultures, although the ICC data were difficult to interpret due to the high

amplification of signal required for the low endogenous MOR expression levels.

157




4.5.2 OPIOID RECEPTOR REGULATION

Opioid receptor regulation has been described in detail in the Introduction to this thesis
(Chapter 1: Section 1.2.3). Monensin is an inhibitor of endosomal acidification and,
therefore, blocks receptor recycling to the plasma membrane by trapping internalised
receptor proteins in the endosome (Koch et al., 1998). Agonist induced desensitisation
involves phosphorylation of intracellular OpR domains and is regulated by protein kinases
as has been described in the main Introduction (Chapter I: Section 1.2.3). In the presen!
study, MOR was rapidly internalised in all the cell lines examined, including primary
cultures of brainstem cells. Internalised receptor was generally characterised by punctatc
cytoplasmic staining.  The punctate nature of the staining presumably reflects the
packaging of the receptors in endosomes. The significance of diffuse staining is unknown,
but is unlikely to be due to fluorescent signal above and below the plane of focus, as
confocal microscopy reduces this problem. The staining pattern could however be an
artefact of the amplification steps used, in which the enzymatic amplification (TSA)
deposits large amounts of fluorophore, potentially limiting the resolution of small OpR

containing vesicles.

The increase in cytoplasmic staining occurred within the first hour after 1 uM DAMGO
treatment, with no further increase seen by 4 hr. These results are supported by the work
of others who have shown that receptor internalisation occurs rapidly and is complete
within 1 hr (Koch et al., 1998; Pak et al., 1999). In studies using forskolin-stimulated
intracellular cAMP production to assess receptor activity (Law et al., 2000¢S), SH-SY5Y
MORs have been shown to be down-regulated in the presence of 1 uM DAMGO. Down-
regulation of OpRs occurs rapidly with internalisation of receptors into endosomes where
they are either degraded or recycled to the membrane. Long-term changes in gene
expression also occur, but not within the time period used in the present study (Ko et al.,
1999). Receptor phosphorylation has also been described (Xiang et al., ; Chen et al., 1993a
Minami, 1995 #382; Pak et al., 1997; Kramer and Simon, 1999) and is an important step in

OpR down-regulation.

MOR and DOR are also regulated differently. A recent study of Xenopus oocyte
expression system showed MOR down-regulation occurs at a slower rate than DOR down-

regulation due to the activation of arrestin (Lowe et al., 2002). Differences in the




responsiveness to arrestin-mediated desensitisation were due to differences in OpR
phosphorylation. Phosphorylation of the C-terminal and 2™ intracellular loop of DOR was
required for arrestin-mediated rapid down-regulation, whereas MOR phosphorylation of
the 2" intracellular loop was required. The phosphorylation of DOR at the two regions
described leads to more efficient activation of arrestin, and was hypothesised to be the
reason for faster down-regulation of DOR. Differences in the regulation properties of
different OpR subtypes have not been studied in primary culture. The culture mode
described in the present study (Chapter 2) expressing both MOR and DOR (Chapter 3) wil

provide a useful model in which to study these differences.

It is possible that different cell types within the brain are regulated differently. For
example, neurons in the cortex may have different OpR regulation properties than thz
brainstem. A recent study, the first to demonstrate OpR-mediated internalisation in
cultured neurons (cortex), showed dermorphin and deltorphin induced MOR and DOR
clathrin-dependent internalisation, which could be blocked by naloxone (Lee et al., 2002).
The study by Lee et al (2002) is the first study to determine OpR down-regulation in
culture and it remains to be determined if these regulation properties are also found in
cultures of other brainstem regions including brainstem neurons cultured in the present
study. Down-regulation of MOR was seen in the present study, using DAMGO, although

it was not determined if this was via a clathrin-dependent pathway.

Different MOR splice variants demonstrate different mechanisms of regulation (Koch et
al., 1998; Koch et al., 2000; Abbadie and Pasternak, 2001; Koch et al., 2001). For
example, in a study by Koch et al. (1998) MOR-1 and MOR-1B splice variants, which
differ in their C-terminal amino acid composition showed different regulatory patterns.
MOR-1B-transfected cells had a slower desensitisation rate and an accelerated recepLor
reactivation of the internalised receptor in endosomes back to the plasma membrane on
exposure to DAMGO (Koch et al., 1998). In the mouse lateral septum in vivo MOR-1 and
MOR-1C showed differences in MOR internalisation. MOR-1 was internalised by
DAMGO, but not morphine, whereas; MOR-1C was internalised by both DAMGO und
morphine (Abbadie and Pasternak, 2001). Differences between the two splice-variants lie
in the alternative splicing of the carboxyl terminus. Different OpR agonists, and splice-
variants showing different down-regulation properties is an important new area of research

whereby the mechanisms of addiction, tolerance and desensitisation are being elucidatedl.
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The present study is the first to use ICC to demonstrate MOR regulation in non-transfected
cells that endogenously express and regulate MOR. The heterogeneous cell populations
found in primary cultures makes developmental changes in regulation difficult tc
determine by ICC techniques, especially when studying the different cells in culture whick
all show different extents of membrane versus cytoplasmic staining, both with and withou
agonist exposure (see MOR localisation Figures in Chapter 3). If there are any overal
changes in the regulation of OpRs during development it may be able to be quantified

using cCAMP measurements.

Receptor up-regulation in response to opioid antagonist exposure was not examined in thz
present study. An attempt was made to replicate a study by Keith et al. (1996) using 0.4 M
sucrose o prevent receptor internalisation, but the neuronal cells were too sensitive to
osmotic shock to survive in these experiments (Keith et al., 1996). The original work wis
carried out on kidney epithelial cells (HEK 293), which are less sensitive to osmolar

changes than neuroblastoma (SH-SYSY cells) and primary neuronal cell cultures.

In summary, developing a primary culture model to study endogenously expressed MOR
will contribute to our understanding of MOR regulation in vivo. Using ICC, OpR
regulation was assessed in transfected SH-SYSY cells and, with poorer resolution, in non-
transfected SH-SYSY cells and in primary brainstem cultures from foetal and neonaial
animals.  This technique was less effective in measuring OpR regulation in primeary
cultures because of the variations in staining intensity between neurons within a single
culture, and between similar cells from different cultures. ICC also has distinct limitaticns
because of its inability to provide quantitative results. A more quantitative method, such as
measurement of intracellular cAMP production, could be used to measure OpR regulation,
since opioid peptides inhibit cAMP accumulation (Arden et al., 1995; Chan et al., 1995).
This method measures cAMP accumulation in cultured cells by measuring basal cAMP
levels using [*P]cAMP and synthesised cAMP by measuring [’H]cAMP levels. The ratio
between the two radioactive cAMP levels can then be calculated. This method was used
by El Kouhen et al. (1999) to measure MOR down-regulation by DAMGO in MOR-
transfected HEK293 cells (EI Kouhen et al., 1999). This same method used in primary

cultures may provide a more quantitative measure of OpR down-regulation in
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endogenously expressing primary cultures, as it would combine the regulation
measurements of all cells in culture.

4.5.3 SUMMARY AND CONCLUSIONS

Mu opioid receptors are down-regulated in primary rat brainstem cultures established from
foetal and early postnatal rats. MOR is rapidly internalised on exposure to the MOR
agonist DAMGO in the same way as non-transfected, and MOR-transfected, SH-SYSY
cells, suggesting MOR expressed in cultured brainstem cells is functionally regulated. 1CC
techniques however, are not sensitive enough to determine if differences occur during

development in the rate and level of OpR down-regulation.

The guinea pig anti-MOR antibody (Chemicon) used in the present study specifical'y
labels MOR and this was confirmed by double labelling experiments with antibodies for
FLAG and MOR. The rabbit anti-DOR antibody (Chemicon) showed no crossreactivity
for MOR (Data not shown).

From this study it can be concluded that the antibodies used are binding specifically for

MOR and DOR. In primary brainstem cultures MOR is functionally down-regulated by
DAMGO, a MOR selective agonist.
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CHAPTER 5

5 MOR and DOR Expression In Purkinje Cells Of The
Rat Cerebellum

5.1 AIM

During the course of the present study on rat brainstem opioid receptors, MOR and DOR
distributions were determined in brain sections by immunohistochemistry (IHC). During this
study, immunoreactivity for both OpR subtypes was also observed in the rat cerebellum in
particular in the Purkinje neurons of the molecular layer. The aim of this study was to confirm
that both MOR and DOR are present in cerebellar tissue, as it is currently accepted that MOR
is not expressed in the rat cerebellum, although MOR expression has been described in

cerebellar tissues from most other mammalian species.

5.2 INTRODUCTION

5.21 MOR AND DOR EXPRESSION IN THE BRAIN

MOR and DOR protein and mRNA localisation within the CNS and peripheral tissues have
been extensively studied using immunohistochemistry, in situ hybridisation, radiolabelled
ligand binding, and RT-PCR (Atweh and Kuhar, 1977; Mansour et al.. 1988; Xia and Haddad,
1991: George et al., 1994; Mansour et al., 1994; Arvidsson et al.. 1995b; Mansour et al., 1995:
Wang and Wessendorf, 2002). Each class of opioid receptor shows distinct expression
patterns within the brain (Delfs et al., 1994; Mansour et al., 1994; Bausch et al.. 1995a:
Mansour et al., 1995; Ding et al., 1996b; Peckys and Landwehrmeyer, 1999: Cahill et al.,
2001b). Most brain areas show good correlation between protein and mRNA expression
patterns, although some differences are noted. These differences may be due to either the
mRNA signal being absent in neuronal processes, or to variations in sensitivity of the different
methods used. The latter problem arises because of different binding affinities of the probes

for their targets and the use of different signal amplification methods.




5.2.2 STRUCTURE OF THE CEREBELLUM

The cerebellum is a brain region involved in fine control and planning of complex motor
activities. It is made up of several lobes. including the anterior lobe, posterior lobe, and
flocculonodular lobe, and has three main functional zones, the vermis. lateral. and
intermediate zones (Kandel et al., 2000). Regions of the cerebellum are separated by
numerous fissures, which divide the tissue into lobules. Cerebellar neurons are segregated
mto three distinct layers, the outermost molecular layer, the Purkinje cell layer, and the
innermost granular layer. The molecular layer contains stellate and basket cell inhibitory
interneurons, the dendrites of inhibitory Purkinje cells, and the axons of excitatory grarule
cells. Purkinje cell axons project to the deep cerebellar nuclei and provide the output of the
cerebellar cortex. The inner granular layer contains densely packed, small granule cells, Golgi
interneurons, and mossy fibre terminals that provide afferent input to the cerebellum (Kandel

et al., 2000).

5.2.3 CEREBELLAR FUNCTION

The cerebellum has functions that include learning and planning of complex motor patterns,
evaluation of sensory information, modulation of descending motor systems in both the
brainstem and cerebral cortex, regulation of postural balance and eye movements, and
regulation of body and limb movements (Kandel et al., 2000). Purkinje cells, which are
inhibitory in function, project to the inferior olive, vestibular nuclei, and reticular formation in
the brainstem, regions that all express both MOR and DOR (Mansour et al.. 1994). Purkinje
axons project through the white matter to the vestibular nuclei and provide inhibitory output
that is mediated by the neurotransmitter y-aminobutyric acid (GABA). In other regions, for
example, the dorsal horn of the cat spinal cord, GABA-containing neurons synapse with
MOR-expressing neurons (Gong et al.. 1997). In the rat cerebral cortex, many MOR-
expressing neurons also stain positive for GABA (Taki et al., 2000). Neurons expressing
DOR have also been shown to synapse with GABAergic neurons (Commons et al., 2001).
These colocalisation studies suggest a possible role for opioids in the cerebellum of
modulating Purkinje cell activity. Both opioids and the cerebellum play roles in modulating
vestibular function (Kandel et al., 2000). Nystagmus caused by vestibular deafferentaticn is

reduced by administration of naloxone, an OpR antagonist (Dutla et al., 1996). OpRs may act




by hyperpolarizing Purkinje cells, thus, preventing Purkinje cell inhibition of the vestibular

nuclei and other brain regions.

5.2.4 SPECIES DIFFERENCES IN MOR AND DOR DISTRIBUTIONS IN THE
CEREBELLUM

Species differences exist in opioid receptor expression in the cerebellum, and the CpR
subtypes that are present vary. In the rabbit and human, MOR is expressed in the cerebellum
at high levels and DOR at low levels (Lu et al., 1993: Peckys and Landwehrmeyer, 1999),
with both MOR and DOR expression highest in the Purkinje cell layer. In the rat it is
generally accepted that within the cerebellum only DOR is expressed (Ableitner, 1994; Abeyta
et al., 2002). In the present study we report strong expression of MOR protein in Purkinje
cells of the rat cerebellum, with some MOR protein expression also seen within stellate clls

in the external molecular layer.
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5.3 METHODS

5.3.1 IMMUNOHISTOCHEMISTRY

5.3.1.1 Tissue Fixation

Foetal brain tissue was fixed by removing the whole brain and placing it in paraformaldeh yde
fixative solution (4% paraformaldehyde in PBS, pH 7.4) overnight at 4°C. Adult brain tissue
was fixed by cardiac perfusion of a rat that had been deeply anaesthetised with pentobarbital
(65 mg/kg ip) (Nembutal). A midline incision was made through the skin at the base of the rib
cage, exposing the xiphisternum. A central cut was made along the rib cage and the ribs
folded back to expose the heart. The left femoral vein was exposed and cut immediately
before inserting a blunted needle into the left ventricle. The needle was taped into place and
connected to tubing, which passed through a peristaltic pump (Watson Marlo Ltd, Cornwall,
England) and into a reservoir bottle containing ice-cold PBS. The PBS was perfused into the
circulation at a flow rate of 11 mL/min until the perfusate was free of blood (10-15 min). The
perfusate was then replaced with ice-cold 4% paraformaldehyde in PBS (pH 7.4) and perfused
for 30 min to fix the brain tissue. The brain and rostral spinal cord were carefully removed
and placed in fixative for 2 hr at room temperature. The tissue was then transferred to PBS
containing 30% sucrose at 4°C and left overnight, or until the brain had sunk to the bottom of
the container. This final step prevented tissue damage during freezing. Before sectioning, he

brain was stored frozen for up to 60 days at -70°C.

5.3.1.2 Tissue Sectioning

Fixed tissue was mounted in Cryo-M-bed freezing compound (Bright Instrument Company
Ltd, Huntingdon, UK) and cut using an HM 500 OM series cryostat microtome (Microm
International GmbH, Walldorf, Germany). Free-floating 20 um or 30 um serial coronal
sections were placed in labelled 1.5 mL microfuge tubes (or 10 mL vials for sagittal sections)
containing PBS. After sectioning, the tissue was permeabilised in PBS containing 0.1% Triton
X-100 for 30 min, then endogenous peroxidase activity was removed by incubating sections in
a solution of 50% methanol containing 1% w/v hydrogen peroxide. The sections were washead
3x 5 min and stored in PBS containing 0.1% sodium azide for up 7 days at 4°C. The sodivm
azide was washed off before immunolabelling because it inhibits the peroxidase enzyme uszd

in the detection methods.
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5.3.1.3 Antibody Labelling

Several sections were incubated in the same microfuge tube in 200-300 pL of primary
antibody.  For washing, antibody solutions were carefully removed with a micropipette,
leaving the sections at the bottom of the tube. The sections were washed in PBS containing
0.1% Triton X-100 (4x 5 min washes), then blocked for 1 h in blocking solution supplied with
the Tyramide amplification kit (Perkin-Elmer). Sections were then incubated overnight at 4°C

in primary antibody diluted in blocking solution.

5.3.1.4 Detection of MOR

The anti-MOR antibody (guinea pig anti-MOR, 1:1000, Chemicon) was diluted in blocking
solution prior to use and incubated overnight at 4°C on a rocker platform. The free-floating
sections were washed with PBS containing 0.01% Triton X-100 (4x 5 min each), and the s tes
of primary antibody binding detected using a rabbit anti-GP IgG-HRP-conjugated secondary
antibody, (Zymed Laboratories, San Francisco, CA), diluted 1:3000 in TSA blocking solution,
and incubated for 1 h at room temperature. Unbound anti-GP IgG-HRP was removed by
washing 4x for 5 min each in PBS containing 0.01% Triton X-100. An amplification step
using TSA-biotin (Perkin-Elmer) was performed following manufacturer’s instructions as
outlined in Chapter 3 (Section: 3.3.3.2). The sections were then washed in PBS and incubated
for 30 min at room temperature with ExtrAvidin-HRP (Sigma), diluted 1: 2000 in PBS.
Immunoreactivity of cells was detected by DAB (Sigma) staining (1 pg/mL in 0.1 M
phosphate buffer (pH 7.4), containing 0.1% hydrogen peroxide), with or without nickel

sulphate (0.03%) until suitable colour development had occurred.

5.3.1.5 Detection of DOR

For immunostaining of DOR, sections were preincubated in TSA blocking solution for 1 h at
room temperature, then incubated overnight at 4°C on a rocker platform with DOR antibocly,
(rabbit anti-DOR, 1:1000, Chemicon) diluted in TSA blocking solution. The next day the
samples were washed 4x 5 min each as above. Bound primary antibody was detected by
incubating with an anti-rabbit 1gG HRP-conjugated antibody (1:2000) for 2 h at room

temperature.  Sections were washed, and the signal amplified with TSA- biotin and
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ExtrAvidin-HRP, as described above for MOR. DOR sites were visualised using DARB as

described above.

5.3.1.6 Mounting of Sections and Visualisation of DOR Immunoreactivity

The immunolabelled, free-floating tissue sections were mounted on slides and air-dried prior
to dehydration through increasing ethanol and Histo-clear® histological clearing solution
washes (National Diagnostics, Alanta, USA) for 3 min each (70% ethanol, 70% ethanol; 95%
ethanol; 95% ethanol; 100% ethanol; 100% ethanol; 25% histo-clear/75% ethanol: 50% h:sto-
clear/50% ethanol; 75% histo-clear/25% ethanol; 100% histo-clear). The sections were
mounted onto slides using DePeX mounting solution (BDH Laboratory Supplies, Pcole,
England). For high magnification digital images, stained sections were photographed usinz an
Olympus AX70 compound photomicroscope (Olympus, Tokyo, Japan) with digital camera
(Nikon COOLPIX 995 3.34 mega zoom, Tokyo, Japan). For low magnification imaging of
coronal and sagittal sections, an inverted series SV11 stereomicroscope (Carl Zeiss
Mikroskopie, Jena, Germany) equipped with digital camera (AxioCam HRc, Carl Zeiss
Mikroskopie) was used, and images were captured using AxioCam 5.05 and AxioVision 3.1

software (Carl Zeiss Mikroskopie).

5.4 RESULTS

5.4.1 DISTRIBUTION OF MOR AND DOR IN THE RAT BRAIN

5.4.1.1 MOR and DOR Localisation in the Adult Rat Brain

In the adult rat, MOR and DOR distributions have been well documented in the literature
(Delay-Goyet et al., 1987; Mansour et al., 1987, 1988: Delfs et al., 1994: Mansour et al., 1994,
Zastawny et al., 1994; Arvidsson et al., 1995a; Mansour et al., 1995; Ding et al., 1996b; Diaz
et al., 2000; Cahill et al., 2001b). In the present study. typical staining patterns for these
receptors were seen in most brain regions, including the dorsal horn of the spinal cord (DH),

olfactory bulb, and in specific brainstem nuclei (Figure 5.1).

5.4.1.2 Distribution of MOR and DOR in the Rat Cerebellum
Previous studies have shown that DOR is expressed in the adult rat cerebellum (Delay-Goyet,

1990; Ableitner, 1994; Bausch et al., 1995a; Abeyta et al., 2002). Using a DOR-specific
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antibody, abundant DOR protein expression was detected in the present study within the large
cells of the Purkinje layer,- in the dendritic processes of Purkinje cells within the molecular
layer, and in some stellate and/or basket cells of the molecular layer in both adult (Fizure
3.2A. C, & E and Figure 5.3A) and P6 rats (Figure 5.4A). Cerebellar sections were also
stained for MOR. Figure 5.2 (B, D, & F) and Figure 5.3B shows the staining obtained in the
adult rat cerebellum. The patterns seen for MOR closely resemble the staining pattern seer for
DOR, with positive staining in the Purkinje cell layer. the dendritic processes of the molecular
layer, and occasionally stellate and/or basket cells within the molecular layer. This staining
pattern can also be seen in the cerebellum of P6 rats labelled with the same MOR-specific
antibody (Figure 5.4B), although the granular layer in P6 rats shows more intense staining

than the granular layer in adult cerebellum.

The distribution of both DOR and MOR in the rat cerebellum obtained by
immunohistochemistry is supported by fluorescent in situ hybridisation (FISH) detection using
fluorescently-labelled ¢RNA probes (Eli Mrkusich and Dr Darren Day. perscnal
communication). As with ICC, FISH detection of both MOR and DOR mRNA shows
labelling of cells in the Purkinje layer and in some stellate and/or basket cells in the molecular
layer. There is little labelling, however, of the Purkinje cell dendrites within the molecular
layer. This is consistent with the fact that mRNA is often found only in the cell body where

the protein receptors are synthesised.
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ADULT BRAIN

Figure 5.1
DOR And MOR Labelling in Brain Regions

Adult DOR (A & C) (rabbit anti-DOR, Chemicon) and MOR (B & D & F) (guinea pig anti-
MOR, Chemicon) immunoreactivity in the adult rat showing similar staining patterns for
DOR and MOR: (A & B) dorsal horn of the spinal cord (coronal section): (C & D) the
olfactory bulb (sagittal section); and (F) brainstem (sagittal section). The negative control (E)
with no primary antibody shows no staining in a region of the brainstem. Immunoreactivity
was detected with DAB and visualised using brightfield microscopy. Scale bars = 1 mm
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ADULT

Figure 5.2
Distributions of DOR and MOR immunoreactivity in the Adult Rat Cerebellum

Distribution of DOR (A, C, & E) (rabbit anti-DOR. Chemicon) and MOR (B, D, & F) (guinea pig anti-
MOR, Chemicon) immunoreactivity in the cerebellum of the adult rat. Intense staining of Purkinje cells
(Pk) and their dendritic processes (shown by arrows) is seen within the molecular layer (M). The granular
layer shows some labelling (Grl.). MOR is stained with DAB in the presence of nickel; whereas DOR is
labeled without nickel. Some edge staining artifact can be seen. Scale bars = 200 um (A & B), 100 um (C
& D), and 50 um (E & F).
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DOR MOR

Figure 5.3
DOR and MOR Labelled Purkinje Cells

High power images of adult rat cerebellum showing (A) DOR (rabbit anti-DOR, Chemicon) and (B)
MOR (guinea pig anti-MOR, Chemicon) immunoreactivity in Purkinje cells (arrow heads). Scale
bars =40 um.

POSTNATAL (P6)
DOR MOR

£l

Figure 5.4
Distribution of DOR and MOR immunoreactivity in the Postnatal P6 Rat Cerebellum

High power pictures of the postnatal P6 rat cerebellum showing (A) DOR (rabbit anti-DOR, Chemicon) and
(B) MOR (guinea pig anti-MOR. Chemicon) labelling of the Purkinje cell layer (Pk) with weak labelling of
dendrites (shown by arrows) extending from Purkinje cells in the molecular layer (M), Some staining of the
granular layer (GrL) below the Purkinje layer is evident. Cell bodies in the molecular layer can be seen and
are probably stellate or basket cells (shown by arrow heads). Scale bars = 50 um
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5.5 DISCUSSION
5.5.1 MOR AND DOR DISTRIBUTION IN THE ADULT RAT BRAIN

Coronal sections of the rat spinal cord, brainstem. and sagittal whole brain sections were
labelled with MOR and DOR antibodies. The MOR and DOR staining patterns observed were
characteristic of MOR and DOR staining patterns described in the literature (Mansour e al.,
1987, 1988; Delay-Goyet, 1990; Delfs et al., 1994; Mansour et al.. 1994 Zastawny et al.,
1994; Arvidsson et al., 1995a; Mansour et al.. 1995: Ding et al., 1996b; Moriwaki et al.. 1996;
Diaz et al., 2000; Cahill et al., 2001b). The regions stained for both MOR and DOR included
the dorsal horn of the spinal cord, olfactory bulb, and the striatum. Similarities with DOR

labelling in the mouse brain were seen in the olfactory bulb (Bausch et al., 1995a).

In the present study, the distribution of MOR in the adult rat brain closely resembled the
distribution pattern reported in the literature using MOR-1 antibodies (Ding et al., 1996b) and
includes MOR detection in the olfactory bulb, striatum, and dorsal horn of the spinal cord

(Mansour et al., 1987, 1988: Arvidsson et al.. 1995b; Diaz et al., 2000).

The rabbit anti-DOR antibody (Chemicon) used in the present study has been recently well
characterised, including one paper giving a detailed comparison with another DOR antibody
which gave an almost identical staining pattern in rat brain (Cahill et al., 2001b). This DOR
antibody is therefore likely to be specific for DOR. The strongest DOR staining in the study
by Cahill et al. (2001) was observed in the caudate putamen, ventral striatum, layers IL. III, V
and VI of the cerebral frontal cortex. the diagonal band of Broca, and the dorsal horn of the

spinal cord (Cahill et al., 2001b). Similar staining patterns were observed in the present study.

5.5.1.1 MOR and DOR Expression in the Adult Rat Cerebellum

It is generally accepted in the literature that MOR is not expressed in the rat cerebellum
(Mansour et al., 1987, 1988; Delfs et al., 1994; Mansour et al., 1994; Mansour et al.. 1995:
Ding et al., 1996b), although a few studies have provided some evidence that MOR is present
within the rat cerebellum. For example, Barg, et al. (1989) showed both MOR- and DOR-
specific ligand binding in the rat cerebellum during development (Barg and Simantov, 1939).

In a more recent study, Wittert et al. (1996) demonstrated the presence of MOR mRNA in the
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rat cerebellum using RT-PCR (Wittert et al., 1996). In addition to the above two studies.
Bausch et al. (1995) presented an image or photomicrograph of positive MOR
immunoreactivity in the cerebellum of the rat within Purkinje cells, although the staining was
not mentioned in the text of their paper (Bausch et al., 1995b). There is no controversy that
MOR exists in the cerebellum of species other than the rat. including mouse, rabbit and human
(Lu et al., 1993; Peckys and Landwehrmeyer, 1999; Hauser et al., 2000). Most OpRs i1 the
cerebellum are found in the granule layer (Hauser et al., 2000) and in Purkinje cells (Bausch et
al., 1995b; Peckys and Landwehrmeyer, 1999). MOR and DOR receptors are often fourd in
the same brain regions, especially in brainstem nuclei (Chapter 6). The functional

implications of this in the cerebellum. remains to be determined.

In the present study, IHC staining of both MOR and DOR in the cerebellum of postnatal P6
and adult rats showed intense labelling of the Purkinje cell layer, with lighter staining of
Purkinje cell dendrites present in the outer molecular layer. IHC techniques are not
quantitative; and. therefore, the abundance of MOR relative to DOR could not be assessed.
Quantitative immunoblots and confocal immunofluorescent staining of DOR protein in the
adult rat cerebellum has recently been reported. Purkinje cells were shown to express DOR at
comparable levels to other brain regions, such as the striatum and dendate gyrus, althcugh
expression in the granule cells was low (Mansour et al., 1994: Abeyta et al., 2002). DOR
expression has also been reported in the rat cerebellar cortex, vermis, dendate nucleus, and
interpositus nucleus (Ableitner, 1994). The DOR expression patterns found in the present
study were consistent with the above findings. P6 rats showed greater expression of both
MOR and DOR in the granular layer than that found in the adult. This is consistent with
developmental studies on the cerebellum in guinea pig and rat in which MOR and DOR

expression decreased between postnatal and adult animals (Barg and Simantov, 1989).

Purkinje cells, cerebellular astrocytes, and mossy fibres express the endogenous opioid agonist
enkephalin within the developing cerebellum (Wiliams and Dockray, 1983; Walker and King.
1989; Spruce et al., 1990; Osborne et al., 1993). Enkephalin is the endogenous ligand for both
DOR and MOR. Purkinje cells have also recently been shown to contain mRNA for endo-

oligopeptidase (Hayashi et al., 2001), an enzyme that converts enkephalin precursors to




enkephalin. Preproenkephalin mRNA and its peptide are also found in the cerebellum (Zagon
et al., 1985). The presence of endogenous opioid ligands and their receptors in the cerebellum
is suggestive of a role for opioids in the development or function of this brain region. The
functional significance of opioid receptors and their peptides being localised to specific cell

types within the cerebellum has yet to be determined.

5.5.1.2  Effects of Opioids on Cerebellar Function and Development

Purkinje cells play a role in controlling gait. balance, facial movements. and posture. Opioids
are known to affect locomotion (for review see)(Olson et al., 1997; Vaccarino et al., 1999;
Vaccarino and Kastin, 2001), although no studies have proposed a functional link between
opioids and cerebellar motor control. It is possible that Purkinje cells expressing both MOR

and DOR may play a role in modulation of some of these complex motor functions.

Opioids play a role in the regulation of cellular proliferation in the developing CNS (Zzgon
and McLaughlin, 1991; Barg et al., 1993a; Gurwell et al., 1996). In the mouse and rat. opioids
inhibit neuroblast replication and differentiation in the developing cerebellum (Zagon and
McLaughlin, 1983; Hauser and Mangoura, 1998). Opioids also affect granule cell
proliferation and differentiation in a highly selective manner. Since the data from the present
study and the work of others has shown that these cells express MOR and DOR as well as the
opioid peptide preproenkephalin, it can be concluded that these receptors and their ligands
control at least part of granule cell growth and differentiation. Treatment of granule cells
cultured from P5 and P6 mice with morphine (a MOR preferential agonist) caused a decrcase
i cell numbers and inhibition of neuroblast proliferation (Hauser et al.. 2000). The
localisation of OpRs and peptides within the cerebellum has important developmental
implications, particularly in the area of opioid abuse, and this is especially relevant in terms of
newborns of drug-addicted mothers. The use of opioids in pain relief during labour may also
alter cerebellar function and/or development in the newborn. These speculations need to be
investigated, and the cellular distribution of MOR and DOR to specific cells within the
cerebellum needs to be refined through the use of high-resolution techniques, such as
immunogold electron microscopy or confocal microscopy. Double-labelling with specific cell

type markers such as calbindin to specifically label Purkinje cells would also aid in the
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interpretation of the data (Wanner et al., 1997). Calbindin D28k is a calcium-binding protein,
which protects neurons against apoptotic cell death. The protein has a distinct distribution in
the brain and sensory system and is abundant in specific neuronal cells. It is often used as a

positive marker for Purkinje cells within the cerebellum (Puyal et al., 2002).

5.6 SUMMARY AND CONCLUSIONS

Immunohistochemical staining of MOR and DOR in the present study demonstrated patierns
of expression in regions previously shown to express OpRs, as well as MOR expression i1 the
cerebellum a result not consistent with the consensus in the literature. This study is one ol the
few to use IHC techniques to describe MOR expression in the rat cerebellum, especially in the
Purkinje cell layer. One earlier IHC study has suggested that MOR is expressed in Purkinje
cells in the cerebellum (Bausch et al., 1995b), although the authors did not discuss the
significance of their finding and may not have realised that others report that MOR is not
expressed in this region. The staining patterns observed for MOR in the present study were
similar to DOR in the rat cerebellum and to MOR in the human, rabbit, and mouse cerebellum.
The most likely reason that MOR was not seen in earlier studies on rat cerebellar tissue was
the poor resolution of the methods used. In the present study, high-amplification IHC methods
were used, including TSA-biotin amplification. Previous studies using IHC techniques with
standard avidin/biotin amplification failed to detect MOR. Given that mRNA FISH labelling
has shown a strong MOR mRNA signal in the same areas of the cerebellum (Eli Mrkusich and

Dr Darren Day, personal communication), the present results are unlikely to be artefactual.
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CHAPTER 6

6 Developmental Expression and Distribution Of Opioid
Receptors In The Rat Brainstem

6.1 AIM

The aim of this chapter is to investigate the distribution of MOR and DOR in the rat brainstem
during development. To achieve this, total brainstem homogenates from different stages cf rat
development were used to measure total MOR and DOR protein levels, using SDS-PAGE; gel
electrophoresis and Western blotting. Immunohistochemistry (IHC) was performed on tissue
sections from different developmental ages to determine patterns of expression during

development.

6.2 INTRODUCTION

6.2.1 MOR AND DOR EXPRESSION IN THE RAT BRAINSTEM DURING
DEVELOPMENT

Several investigators have studied OpR expression in the rodent brain during developrnent
(Coyle and Pert, 1976; Pasternak et al.. 1980: Leslie et al. 1982; Tsang et al., 1982;
Wohltmann et al., 1982; Spain et al., 1985; Tavani et al., 1985; Kornblum et al., 1987: Petrillo
et al., 1987; Attali et al., 1990; Bem et al., 1991; Xia and Haddad, 1991: Barg et al., 1992;
Murphey and Olsen. 1995; Zhu et al., 1998: Tong et al., 2000; Beland and Fitzgerald, 2001),
but few studies have investigated the distribution and expression patterns of MOR and DOR in
the brainstem (Xia and Haddad, 1991: Murphey and Olsen, 1995; Laferriére et al., 1999).
Most studies have used ligand-binding methods, and in most cases results reported for the
brainstem have been superficial. Often the whole brain is used, or the brain is separated into
forebrain and hindbrain regions. The present study concentrates on the lower brainstem
regions that were used for primary culture (Chapter 2, 3, & 4). areas shown to be involved in

respiratory rhythm generation and modulation.
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6.2.2 MOR AND DOR DISTRIBUTION IN THE ADULT BRAIN

The distribution of MOR and DOR proteins and mRNA expression levels in sections of rat
brain have been extensively investigated by autoradiographic techniques (Atweh and Kuhar,
1977; Mansour et al., 1987; Temple and Zukin, 1987; Delay-Goyet, 1990; Diaz et al., 2000;
Goody et al., 2002), immunohistochemistry (IHC) (Arvidsson et al., 1995a: Arvidsson et al..
1995b; Ding et al., 1996b: Cahill et al.. 2001b), and in situ hybridisation (ISH) (Delfs e al.,
1994: George et al., 1994; Mansour et al., 1994: Zastawny et al., 1994). Some of these studies
present conflicting distribution patterns, depending on the experimental techniques used.
These differences between studies are probably due largely to differences in sensitivity and
resolution between the techniques of receptor-ligand binding, antibody binding, and mRENA
hybridisation. Results from some of these studies are summarised in Chapter 1 (Table 1.2).
Different opioid receptor ligands have unique binding properties, but some ligands and
antibodies used in early studies were relatively non-specific. binding more than one receptor
subtype. ISH studies often give different labelling patterns to IHC detection; possibly because
IHC labels receptors in neural processes as well as in the cell body; whereas, ISH lubels
mRNA mostly in the cell body. Another factor to consider when interpreting OpR distribution
patterns is the presence of multiple molecular forms of MOR and DOR that may be
differentially recognised by different antibodies and ligands. Most of these early studies were
carried out before these different isoforms of MOR had been described. To further compl cate
matters, each MOR isoform has a unique distribution within the brain (Schulz et al., 1998:

Abbadie et al., 2000b; Abbadie et al.. 2000a).

The general consensus from the literature on brainstem and spinal cord is that both MOR and
DOR are present in the dorsal horn of the spinal cord (DH) (Arvidsson et al., 1995a:
Arvidsson et al., 1995b; Moriwaki et al., 1996: Diaz et al.. 2000; Cahill et al., 2001b) ard in
brainstem areas of the locus coeruleus (Delfs et al.. 1994; Zastawny et al., 1994: Arvidsson et
al., 1995a; Arvidsson et al., 1995b; Moriwaki et al., 1996), spinal trigeminal tract and nucleus
(STT) (Delfs et al., 1994; Mansour et al., 1994; Arvidsson et al., 1995a; Arvidsson et al..
1995b: Bausch et al.. 1995a; Mansour et al., 1995; Moriwaki et al., 1996; Cahill et al., 2001b).
the dorsal motor nucleus of the vagus (12) (Delfs et al., 1994; Arvidsson et al.., 1995a:

Arvidsson et al., 1995b; Bausch et al., 1995a), nucleus of the solitary tract (NTS) (Delfs et al.,
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1994; Mansour et al.. 1994; Zastawny et al., 1994; Arvidsson et al.. 1995a: Arvidsson et al.,
1995b; Mansour et al., 1995; Moriwaki et al.. 1996; Diaz et al.. 2000), and the nucleus
ambiguus (NA) (Delfs et al., 1994; Zastawny et al., 1994; Arvidsson et al., 1995a; Arvidsson
etal., 1995b: Moriwaki et al., 1996; Peckys and Landwehrmeyer, 1999).

6.2.3 THE EXPRESSION AND DISTRIBUTION OF MOR AND DOR DURING
DEVELOPMENT.

6.2.3.1 Early studies in the Developing Brain

There are many published reports on opioid receptor expression during development that are
based on ligand binding of brain homogenate samples in the rat (Coyle and Pert, 1976;
Pasternak et al., 1980; Leslie et al.. 1982; Tsang et al.. 1982; Wohltmann et al., 1982: Span et
al., 1985: Kornblum et al., 1987; Petrillo et al., 1987; Attali et al., 1990: Kitchen et al.. 1990;
Bem et al., 1991), mouse (Tavani et al.. 1985: Barg et al., 1992), pig (Laferriére et al., 1999)
and guinea pig (Murphey and Olsen, 1994). Often the samples analysed are from whole brain,

without separation of brain regions, making regional changes impossible to determine.

A few studies have used ligand-binding autoradiography to show OpR binding to specific
brain regions during development. One study showed MOR, DOR, and KOR binding in the
postnatal rat brain; however, the brainstem was not included in this study (Kornblum et al.,
1987). Another investigation showed binding by naloxone, a non-selective OpR antagcnist
that binds MOR with a higher affinity than DOR, but again no mention was made of the
brainstem (Kent et al., 1982). A third study described the postnatal distribution of MOR and
DOR in the brainstem of the pig by autoradiographic binding of the MOR agonist DAMGO
and the DOR agonist DPDPE (Laferriére et al., 1999). MOR- and DOR-specific binding was
seen in the NTS, NA, and inferior olive (I10). Leslie et al. (1998) have demonstrated KOR
mRNA binding in foetal E17 rat brainstem in the region of the dorsal motor nucleus of the
vagus, hypoglossal nucleus, and NTS; however, the distribution of KOR was not compered

with any other age group (Leslie et al.. 1982).

The nature of the ligand used in each study affects the specific distribution patterns obseryed.

For example, naloxone and enkephalin can both bind to MOR and DOR receptors (Kent et al.,
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1982). These non-specific ligands show different expression levels compared to DAMGO and
DPDPE (Xia and Haddad, 1991). Direct comparisons between studies, however, are difficult
because of the different developmental ages used and the fact that the brain sections are not

matched.

6.2.3.2 Species Differences

Studies in different species have shown similar opioid receptor distribution patterns to those
seen in the rat during development. In the mouse. specific OpR expression levels during train
development were first described by Zhu et al. (1998) using ISH techniques (Zhu et al., 1998).
Previous studies used ligand binding in forebrain and hindbrain preparations, but did not use
specific DOR ligands (Spain et al., 1985). In the mouse, MOR mRNA was first detected at
EIL5 and DOR at E13.5, with an increase in expression with increased developmental age
(Zhu et al., 1998). In studies of newborn piglets, MOR binding by DAMGO increased with
age: whereas, DOR levels, based on DPDPE binding did not change between P2 and P21
(Laferriere et al., 1999). Opioid development in the piglet tends to be ahead of developraent

in the rat, with the highest densities found in the NTS and STT.

6.2.4 DISTRIBUTION OF MOR AND DOR DURING RAT DEVELOPMENT

Most studies suggest that MOR and DOR increase during development. DOR appears at a
later developmental age than MOR and KOR, which are first detected at E12 and incrzase
during the later foetal and early postnatal developmental stages (Spain et al., 1985; Tavani et
al., 1985; Petrillo et al., 1987). DOR is not expressed until early postnatal development (Spain
et al., 1985; Tavani et al., 1985; Petrillo et al., 1987), although some studies have detected
DOR expression as early as E13.5 in the mouse, using more sensitive ISH techniques (Zhu et
al., 1998). Comparisons in expression levels between species are difficult to make in these
studies due to the variations in the sensitivities of these techniques. In preparations of whole
brain from the rat (minus the cerebellum), changes were observed in opioid receptors during
postnatal development. DOR was first present at very low levels at P3, then increased to adult
levels at 3.5 months (binding was expressed per g brain). MOR remained high during the

postnatal time period between P3 and P21 and in the adult (Petrillo et al., 1987). In the rat
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spinal cord, DOR increased in the 3rd postnatal week (Attali et al.. 1990), although the peptide
diprenorphine, which binds to both MOR and KOR, was used in this study.

6.2.5 FUNCTIONAL IMPLICATIONS OF MOR AND DOR EXPRESSION IN THE
BRAINSTEM

The functional implications of OpR expression in the brainstem were discussed in detail in
Chapter 1 (Section 1.3). For a review. see (Olson et al.. 1997: Vaccarino et al., 1999;
Vaccarino and Kastin, 2001). Brainstem nuclei are involved primarily in cardiorespiratory and
antinociceptive function. The vagus nerve contains afferent projections to the NTS fron: the
heart, lungs, and abdominal viscera (Lawrence and Jarrott, 1996), and vagal stimulation
affects  cardiopulmonary  reflexes, swallowing,  gastrointestinal motility, feeding,
antinociception, sleep and respiration. The brainstem areas involved in the contrcl of
breathing include the dorsal respiratory group (DRG) in the caudal NTS and the ventral
respiratory group (VRG), which includes the pre-Botzinger Complex (preBotC), Botzinger
Complex (BotC). NA, and ventrolateral medulla (VLM). The NTS is a major afferent
integration or relay centre that plays a role in respiratory timing. The VRG, located in and
around the NA, includes the preBotC, a region postulated to be responsible for generating the
respiratory rhythm (Smith et al., 1991; Rekling and Feldman, 1998). Most brainstem
functions become critical at birth, in particular, respiratory function. Studies in the guineu pig
have shown that morphine metabolites are more potent at inhibiting respiratory function in the
first weeks after birth (Murphey and Olsen, 1994). This may be due to an increase in MOR
expression in the brainstem during early postnatal development (Spain et al., 1985; Tavani et
al., 1985; Petrillo et al., 1987). Abnormalities in opioid functions during early postaatal
development have been implicated in SIDS (Chavez et al.., 1979; McMillen, 1986: Storm et
al., 1994).

There is a need for a more comprehensive look at OpR localisation and expression during
brainstem development because ligand-binding studies do not provide the specificity and
resolution required. Early studies lacked the sensitivity that more recent approaches provide,

and they should be interpreted with this in mind. Using highly specific antibodies to MOR
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and DOR, the aim of the present study was to provide a more detailed and reliable picture of

OpR distributions in the brainstem during development.

6.3 METHODS

6.3.1 QUANTIFICATION OF OPIOID RECEPTOR EXPRESSION

6.3.1.1 Sample Preparation for Western Blots

Three sets of samples from each developmental age (age-matched samples) were used to
measure OpR  expression during development. Brainstem tissue from several diffcrent
developmental ages was dissected from animals sacrificed by a lethal dose of pentobarbital
(Pentobarb 300; 100 mg/kg ip) (Chemstock Animal Health Ltd, Christchurch, NZ). Tissue
was placed on ice, washed in PBS. chopped into small pieces, and transferred into Western
Sample Buffer (8 M Urea, 3 M thiourea, 4% CHAPS and 40 mM DTT). The tissue was
incubated at room temperature on a vortex mixer for 10-30 min, and samples were stored

frozen at -20°C until applied to electrophoretic gels.

In addition to brain tissue pieces. cultured cells from dissociated brainstem tissue were
prepared for Western blots. The cultured cells were rinsed in PBS and mechanically detached
from the culture dish by trituration with a ImL pipette in 0.4 mL of PBS. The suspended cells
in were placed in a 1.5 mL microfuge tube and washed in PBS (2x). The samples were pooled
and centrifuged for 5 min at 3000 rpm. The PBS was removed and the cells resuspended in
sample buffer, incubated at room temperature with continuous vortexing for 10-30 minutes,

and stored at -20°C until required.

6.3.1.2  Concentration of Protein by Acetone Precipitation

Selected samples were concentrated in the Western sample buffer before electrophoresis in
order to prevent interference of salts in the buffer when large volumes are loaded. Samples
were precipitated for 5 min in 4 volumes of ice-cold acetone and centrifuged at 14,000 rprn for
10 min at 4°C. Acetone was removed by micropipette, and the pellet was re-solubilized n 5x
SDS loading buffer (62.5 mM Tris-HCI pH 6.8, 2% SDS, 20% glycerol, 1% bromophenol
blue, 5% B-mercaptoethanol) and electrophoresed on 8% SDS polyacrylamide gels (Appendix

2: Section 13).
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6.3.1.3 Protein Determination

Protein concentrations in brainstem tissue and cell culture samples were carried out according
to a modified Bradford method. The protein assay used was first described by Bradford
(1976) and modified by Sedmak and Grossberg (1977) to reduce interference by lipids and
detergents (Bradford, 1976; Sedmak and Grossberg, 1977). The method, using mod fied
Bradford reagent (0.04% (w/v) Brilliant Blue G 250. in 3.5% perchloric acid), was further
modified for 96-well plates. A standard curve was prepared in 50 pL, adjusting the sample
volume with dH20. Modified Bradford reagent (250 pL) was added, the solution mixed. and
the plate incubated at room temperature for 10 min. A microplate reader (VERSAmax,
Molecular Devices Corporation, Sunnyvale, CA, USA) was blanked with sample buffer
lacking protein, and the absorbance of the samples was measured at 620 nM. Sample protein
concentrations were estimated from a BSA standard curve (0 - 50 Ug protein) using

Softmax®Pro software (Molecular Devices Corporation).

6.3.1.4 SDS-PAGE Gel Electrophoresis

All samples were analysed by electrophoresis on 1.5 mm thick, 8% SDS polyacrylamide gels
using a 4% stacking gel (Appendix 2: Section 13). The gels were cast and electrophores:zd in
a Miniprotean II or III cell (BioRad. Hercules, CA, USA). Appropriate amounts of protein
(10-70 pg) were added to each lane alongside 7 uL of Benchmark prestained molecular wzight
markers (Invitrogen) and electrophoresed in SDS running buffer (0.3% Tris, 1.4% glycine,
0.1% SDS, pH 8.3) (Appendix: Section 14) at 150 V for 1 hr. Concentrated protein gel
loading buffer (5x stock) (Appendix: section 15) was added to the samples in 1.5 mL
microfuge tubes to give a final concentration of at least 1x loading buffer. The samples were

then boiled for 10 min on a heated dry block (Barnstead, Dubuque. lowa, USA).

6.3.1.5 Western Transfer

Proteins were transferred from polyacrylamide gels to polyvinylidene difluoride (PVDF)
membrane (BioRad) using a Trans Blot® cell (BioRad). The PVDF membrane was scaked
for 5 min in 100% methanol, then 5 min in ddH20, then placed in Western Transfer Buffer

(25 mM Tris, 192 mM glycine, pH 8.3 containing 20% methanol) (Appendix 2: Section 16).
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The materials used for transfer were stacked in transfer buffer in a Western Transfer
Apparatus (Appendix 2: Section 19; Table 1), avoiding air bubbles between layers. A small
magnetic stirrer was placed at the bottom of the transfer tank, which was filled with ice cold
transfer buffer, and the dark grey side of the assembled cassette was placed on the side neirest
the black electrode. The assembled tank with its cooling coil was placed on a magnetic stirrer
in a cold room at 4°C, and proteins in the gel were transferred for 4 hrs at 100 V into the

PVDF membrane.

6.3.1.6 Immunostaining of Western Transferred Proteins

After protein transfer, the membrane was rinsed in ddH20 and blocked, protein side up,
overnight at 4°C in 10% non-fat milk powder (Anchor) in Tris-buffered saline (TBS) (137 mM
NaCl, 20 mM Tris, pH 7.6) containing 0.1% Tween 20 (BioRad, Hercules, CS, USA  (T-
TBS). All membrane incubations were performed on a rocker platform. The next day, the
membrane was washed (3x 5 min) in T-TBS, and then incubated at room temperature for 2 hrs
in primary antibody for MOR (1:5000, anti-MOR guinea pig, Chemicon) or DOR (1:5000,
anti-DOR rabbit, Chemicon) diluted in T-TBS. The PVDF membranes were rinsed (2x 5 min
and 2x 15 min) in T-TBS, and incubated for 1 hr at room temperature with secondary antibody
conjugated to HRP (for MOR, anti-GP HRP 1:2000, and for DOR. anti-rabbit HRP 1:5000),

washing as before.

6.3.1.7 Detection And Analysis Of Western Transferred Proteins

HRP-labelled proteins were visualised using Lumi-light enhanced chemiluminescent substrate
(Roche) and developed using Kodak X-OMAT film (Radiographic Supplies Ltd, Christchurch,
NZ). The chemiluminescent reaction was performed as per manufacturer's instructions and
the film exposed between 1-30 min prior to developing. The location of MW markers was
determined and the protein bands analysed by scanning the film using a Molecular Dynamics
Personal Densitometer SI (Molecular Dynamics, Sunnyvale, CA, USA). Images were
analysed using ImageQuant software (Molecular Dynamics). The band density (minus the

average background density of the film) was calculated for statistical analysis.
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6.3.2 IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed by the methods described in Chapter 5 (Section 5.3 1).
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6.4 RESULTS

6.4.1 ANTIBODY QUANTITATION

MOR and DOR antibodies stained in a quantitative manner. When increasing amounts of
protein lysate were run on an SDS-PAGE gel. there was an increase in MOR and DOR band

intensity in the Western blots (Figure 6.1).

6.4.2 MOR AND DOR EXPRESSION IN SH-SY5Y CELLS

Antibody specificity was confirmed by using SH-SYSY and LLC-PKI cells as positive and
negative controls, respectively. Undifferentiated SH-SYSY cells showed MOR-positive
protein bands at 50 kD and 70 kD. and DOR-positive bands at 30 kD and 60 kD (Figure 5.2).
LLC-PKI cells showed no immunoreactivity for MOR or DOR proteins. A second negaitive
control experiment using no primary MOR or DOR antibody, only secondary antibodies,
showed no immunoreactivity; therefore, all immunoreactivity observed was presumed to be
due to specific labelling by the primary antibodies. Some SH-SYSY and brainstem sanmiples
gave a band at approx 140 kD for MOR and 130 kD for DOR when the film was exposed for a
longer period. Other investigators have attributed this to opioid receptor dimer formution
(George et al., 2000). Two MOR antibodies were tested in these experiments to check the
specificity of the primary antibodies. Both the guinea pig anti-MOR antibody and the rabbit
anti-MOR antibody (Chemicon) gave immunoreactive bands at 50 kD and 70 kD, and both
produced similar changes in staining intensity during development when the same saniples

were labelled on a separate Western blot (Figure 6.4).

All band intensity data obtained from the gels were normalised to the postnatal day 3 protein
band (P3) to allow comparisons to be made between duplicate samples run on separate ge's, or

protein bands visualised at different chemiluminescent exposure times.




Figure 6.1

DOR and MOR Labelling of Adult Brainstem Tissue Lysates

A

DOR

B MOR |
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Western blots of adult brainstem
lysates showing quantitative antibody
staining. (A) DOR (rabbit anti-DOR,
Chemicon) showing the two
immunoreactive bands at 30 kD and 60
kD. (B) MOR (guinea pig anti-MOR,
Chemicon) 70 kD band with 20 pg and
40 pg of protein, respectively. A 50 kD
MOR band was also seen (data not
presented). Note the increased band
density with increasing protein
concentrations.

Figure 6.2

DOR and MOR Labelling of SH-SY5Y Cell Lysates
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30 kD

DOR B

(A) DOR-labelled SH-SYS5Y protein lysate showing both
the 30 kD and the 60 kD bands (rabbit anti-DOR,
Chemicon) (40 pg/protein/lane). (B) MOR-labelled SH-
SY5Y protein sample showing both the 70 kD and the 50
kD bands (guinea pig anti-MOR, Chemicon) (40 pg
protein/lane).
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Figure 6.3

Western Blot Comparisons of Two MOR Antibodies

In one pilot study Western blots were performed using different MOR antibodies.
(A) The the rabbit anti-MOR antibody (Chemicon), and (B) the guinea pig (GF)
anti-MOR antibody (Chemicon) gave the same size immunoreactive bands and the
same staining intensity differences during development. The 50 kD band gave
similar results to those described for 70 kD MOR band (Figure 6.6).
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6.4.3 MOR AND DOR PROTEIN EXPRESSION DURING BRAINSTEM
DEVELOPMENT IN VIVO

All experiments using brainstem lysates were performed on at least three animals each ‘rom
the adult and P6 age groups and three preparations of pooled foetal brainstem tissue.
Experiments using brain sections were performed at least 3 times. In the adult and P6 anirnals,
serial sections were taken and alternate sections were stained for MOR and DOR, respectively.
In E16 animals, due to the small size of the brainstem, different animals were used for MOR

and DOR staining, respectively.

Brainstem preparations from the same animal in each age group were run in duplicate gels
(same samples were run at different times) for MOR (Figure 6.4) and DOR (Figure 6.7). Both
gels showed similar staining intensity differences between developmental age-matched
samples (shown as error bars in Figure 6.4 and 6.7). The average values of these duplicate
gels were combined with similar results from two other sets of age-matched developmental
samples (also run in duplicate) (Figure 6.4B & C and 6.7B & C). These results were then

pooled giving an experimental sample of (n=3 preparations) for each developmental age.

As seen in SH-SY5Y cells (Figure 6.2) there are two main MOR immunoreactive bands in
samples of the rat brainstem, one at 50 kD and one at 70 kD (Figure 6.5). These findings are
consistent with the findings of Abbadie et al. (2000) who report two MOR immunoreactive
bands at 46 and 66 kD (Abbadie et al.. 2000a). The intensity of both bands changed during
development. The 50 kD band was present in both late foetal (E16) and early postnatal
development, but was present in the adult at very low levels (approx 3% of total) (Fizure
6.6A). The 70 kD band was not usually present in the youngest foetal age tested (E16) but
appeared during early postnatal development from P6 (depending on the level of

chemiluminescent exposure) and was greatest in the adult (approx 97% of total) (Figure 6.6B).
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Figure 6.4

MOR Protein Expression During Development in Aged-Matched
Samples

Total brainstem MOR protein levels (guinea pig anti-MOR, Chemicon) from
Western blots from three separate sets of age-matched protein samples, each
performed in duplicate (+ SEM). Band intensities have been normalised to the
P3 sample. Results show a small variation between the same lysate run on
different gels (error bars) with a larger variation between different age-
matched protein samples (A, B, & C). All aged-matched samples show the
highest MOR staining in the adult.
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MOR Western Blot
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Figure 6.5

Western Blot Showing Developmental Expression of MOR

Western blot showing MOR expression during development using a MOR specific
antibody (guinea pig anti-MOR, Chemicon). There are 2 immunoreactive bands
present, one at 50 kD and the other at 70 kD. The 70 kD band increases in intensity
with developmental age: whereas the 50 kD band decreases in intensity with
developmental developmental age. 20 g of protein was added to each lane.
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Figure 6.6

Combined Sample Data of MOR Expression During Development

There are 2 main MOR immunoreactive bands one at 50 kD (A) and another at 70 kD (3)
(guinea pig anti-MOR, Chemicon). Band density results showed that the 50 kD band was
present at higher levels in early development, whereas the 70 kD band was present at
higher levels in late postnatal development and in adult brainstems. (C) Total band
intensity for MOR (50 kD + 70 kD) showed an increase in total MOR protein levels
during development of the brainstem from late foetal through to adult.
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Combined 50 kD and 70 kD band intensity measurements from 3 separate age-matched
sample preparations showed the total MOR protein levels increased with increusing

developmental age (Figure 6.6C). MOR protein expression was highest in the adult.

The same age-matched protein samples used for MOR protein expression studies were also
used for DOR studies (Figure 6.7). Samples were run on duplicate gels and processed as
described for MOR above. There was some variation between duplicate gels (shown as zrror
bars in Figure 6.7), with a larger difference seen between similar lysates from diffzrent
populations (Figure 6.7A, B, & (). All samples showed an overall decrease in DOR

expression during development.

Two DOR immunoreactive bands were seen in Western blots of brainstem homogenates. one
at 30 kD and another at 60 kD (Figure 6.1 and Figure 6.8). The presence of two
immunoreactive bands in the present study is consistent with the studies of Carr et al. (1987)
who found two DOR immunoreactive bands, one at 30 kD and another at 58 kD (Carr et al.,
1987). Both the 30 kD and 60 kD protein bands seen in the present study were more intensely
stained at the younger developmental ages (E16-P6) (Figure 6.8 and Figure 6.9A & B). Total
DOR protein levels progressively decreased with increased developmental age through to the
adult. This decrease in total DOR expression can be clearly seen when the 30 kD and 60 kD

band intensities are combined (Figure 6.9C).

6.4.4 MOR AND DOR EXPRESSION IN CULTURED BRAINSTEM CELLS FROM
LATE FOETAL AND EARLY POSTNATAL ANIMALS

MOR and DOR immunolabelling was performed by Western blotting of lysates from cul:ured
rat brainstem cells established from foetal E16 and postnatal P1, P3, and P6 developmental
ages. MOR and DOR intensity of expression in cell culture lysates reflected what was
observed in brainstem lysates. The same two MOR and DOR immunoreactive bands were
seen. No difference in MOR and DOR immunoreactivities was seen between cells after < and

7 days in culture at any developmental age tested.




MOR staining of cell culture lysates from E16 rats after 4 and 7 days in culture showed a
single band at 50 kD (Figure 6.10A). All postnatal cultures showed two immunoreactive
bands, one at 50 kD and another at 70 kD. These were the same molecular weights as the
bands observed in SH-SYSY cells (Figure 6.2B) and postnatal and adult brainstem tssue
lysates (Figure 6.5). Foetal (E16) cell culture lysates and foetal (E16) tissue lysates showed
one MOR immunoreactive band at 50 kD (Figure 6.10A and Figure 6.5). The postnatal cell
culture lysates and tissue lysates showed two immunoreactive bands at 50 kD and 70 kD

(Figure 6.10A and Figure 6.5).

DOR expression in brainstem cell cultures from E16, P1, P3, and P6 animals showed two
immunoreactive bands at 30 kD and 60 kD (Figure 6.10B). These proteins were the same
molecular weights as seen in SH-SYSY cells (Figure 6.2A) and brainstem tissue lysates
(Figure 6.1A). DOR expression was higher in foetal and early postnatal (P1) cell culture
lysates than in lysates of cultured postnatal (P3 and P6) cells. The expression level observed
in cultured cells was similar to that seen in brainstem tissue lysate samples, in which foetal

tissue had greater DOR expression than postnatal tissue (Figure 6.10B and Figure 6.8).

Although trends in MOR and DOR expression could be observed in samples prepared from
cell culture lysates, a large amount of variation between samples collected from different cell
culture preparations was seen. For these reasons results were difficult to interpret, ard no
statistically significant differences were observed, due to the small sample size used (1 = 3

preparations at each developmental age).



>

DOR Sample 1

=y
w
=
fo
i
E16 P1 P3 P6 Pi5 P36 A
Age
B DOR Sample 2

Intensity

A

Intensity

Figure 6.7
DOR Expression During Development in Aged-Matched Samples

Combined DOR band intensity (30 kD + 60 kD) results (A, B, & C) from 3 separate
brainstem samples, performed in duplicate. There was a very small variation
between duplicate experiments (error bars) but a larger variation between sample
preparations collected from different animals (A, B & C). Data are presented as
Intensity + SEM
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DOR Western Blot

b 30

Figure 6.8

Western Blot Showing Developmental Expression of DOR

Western blots showing that DOR (rabbit anti-DOR, Chemicon) expression levels are highest
in foetal tissue (E16) and progressively decrease with increased age. There are two DOR
immunoreactive bands, one at 30 kD and the other at 60 kD. 20 pg of protein was loaded
into each lane. Western blot is from sample 3.
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Figure 6.9

Combined Sample Data of DOR Expression During Development

DOR Western blot staining intensity pattern during development, using pooled results from
3 separate preparations for the (A) 30 kD band and the (B) 60 kD band. Results are
presented as intensity + SEM. (C) Total DOR protein expression levels in the rat brainsten:
during development showing higher DOR protein expression in the late foetal and early
postnatal developmental periods. This figure represents the sum of the 30 kD and 60 kD
immunoreactive bands + SEM (n-=3 separate brainstem preparations with individual
preparation values averaged from duplicate gels).
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Figure 6.10

MOR and DOR Expression in Cells Cultured from the Rat Brainstem

(A) MOR (guinea pig anti-MOR, Chemicon) and (B) DOR (rabbit anti-DOR, Chemicon)
protein expression in rat brainstem cells cultured from P6, P3, P1 and E16 developmental
ages, after 4 (C4) and 7 (C7) days in culture. (A) MOR labelling of E16 cells cultured for 4
and 7 days (lane 9 and 8 respectively) shows a 50 kD band, whereas postnatal cultures show
both 50 kD and 70 kD bands. similar to the band staining seen in tissue lysates (Figure 6.5).
Staining intensity is highest in 16 and P6 cultures. (B) DOR- labelled (rabbit anti-DOR,
Chemicon) bands from cell cultures at all developmental ages show two immunoreactive
bands at 30 kD and 60 kD. Note the higher intensity of band staining in the cultures isolated
from younger brainstems, similar to the intensity seen in brain tissue lysates (Figure 6.8).
There are no changes in band sizes or staining intensities of bands between 4 and 7 days in
culture in any MOR or DOR labelled samples. (40 ug of protein per lane).
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6.4.5 MOR AND DOR DISTRIBUTION DURING DEVELOPMENT OF RAT
BRAINSTEM IN VIVO

The regions of adult brainstem coronal sections taken for immunostaining are shown in Figure
6.11. Staining patterns were very similar for both MOR and DOR (Figure 6.12). The regions
showing the most intense staining for MOR and DOR included the nucleus of the solitary (ract
(NTS). nucleus ambiguus (NA), inferior olive (I0), the spinal trigeminal nuclei and tracts
(STT), area postrema (AP), hypoglossal nuclei (10), and the dorsal motor nucleus of the vagus
(12). Other areas that also showed staining included the raphe nuclei and VRG surrounding

the NA. High power images show staining of these regions in more detail (Figure 6.13).

Figure 6.11
Regions of brainstem used for immunolabelling of MOR and DOR in Figure 6.12

C&D
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Figure 6.12 DOR and MOR Distribution in the Adult Rat Brainstem
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Figure 6.12

Distribution of DOR and MOR immunoreactivity in the Adult Rat Brainstem

Distribution of DOR (A, C, E, & G) (rabbit anti-DOR, Chemicon) and MOR (B, D,
F, & H) (guinea pig anti-MOR, Chemicon) immunoreactivity in matched sections of
the adult rat brainstem. Specific brainstem regions and nuclei are highlighted in the
MOR sections. Note the identical staining patterns for both MOR and DOR in the
NTS, NA, IO and spinal STT. Scale bar = 3.5 mm. Abbreviations: nucleus of the
solitary tract (NTS); nucleus ambiguus (NA): inferior olive (I0): spinal trigeminal
tract and nucleus (STT): medial longitudinal fasciculus (mlf); rostro ventrolateral
reticular nucleus (RVL); gracile nucleus (Gr); lateral reticular nucleus (LR);
hypoglossal nucleus(12)= dorsal motor nucleus of the vagus (10); external cuneate
nucleus (ECu); medial vestibular nucleus (MVe); raphe nuclei (R); area postrema
(AP): linear nucleus (Li).
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ADULT BRAINSTEM

DOR MOR

Fig 6.13

High Power Images of Adult DOR and MOR Immunoreactivity in the Brainstem

High-power images of DOR ( A. C. E. & G) (rabbit anti-DOR. Chemicon) and MOR (B, D, F, & H)
(guinea pig anti-MOR, Chemicon) immunoreactive regions of the brainstem including the infer.or
olive (10). nucleus ambiguus (NA). nucleus of the solitary tract (NTS). area postrema (AP),
dorsalmotor nucleus of the vagus (10). and hypoglossal nucleus (12) . Scale bar = 100 um.



In P6 rat pups, the distributions of MOR and DOR in brainstem areas (Figure 6.14) were very
similar to the expression patterns seen in the adult (Figure 6.12). Intense staining was seen in
the NA, 10, STT, and the NTS. High power images of these areas (Figure 6.15) show this

staining in more detail.

In E16 foetal animals, MOR and DOR labelling gave a much more diffuse staining paitern
compared with P6 or adult animals (Figure 6.16). Staining could be seen in the dorsal motor
nucleus of the vagus (10) and hypoglossal nucleus (12), as well as the areas of the NTS, 5TT,
and NA. Higher power images show clearer staining of these regions, particularly the MOR

and DOR staining seen in the NA (Figure 6.17).




POSTNATAL BRAINSTEM (P6)
DOR MOR

Figure 6.14

DOR and MOR Labelling in the Postnatal Rat Brainstem

DOR (A, C. E, G) (rabbit anti-DOR. Chemicon) and MOR (B, D, F, H) (guinea pig anti-MOR, Chemicon)
labelled P6 rat brainstem sections showing staining of the NTS. NA, 10, mlf, and STT. The regions taken

for sectioning are similar to those shown for the adult (Figure 6.12) and are displayed from rostral (A & B) to
caudal (G & H). Scale bar = 2.5 mm.
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Figure 6.15

High Power Images of Postnatal DOR and MOR labelled Brainstem Regions

High power magnification of DOR (A. C & E) (rabbit anti-DOR, Chemicon) and MOR (B. D, & F)
(guinea pig anti-MOR, Chemicon) labelling of P6 rat brainstem showing staining of the NA (/A & B).
STT (C & D), nucleus 10, 12, and the NTS (E & F). Scale bar = 100 um.
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FOETAL BRAINSTEM (E16)

DOR MOR

Figure 6.16

DOR and MOR Immunoreactivity in the Foetal Brainstem

Diffuse DOR (A & C) (rabbit anti-DOR, Chemicon) and MOR (B & D) (guinea pig anti-MOR,
Chemicon) immunoreactivity in the nucleus of the solitary tract (NTS), nucleus ambiguus (NA) .
inferior olive (10), spinal trigeminal trigeminal tract (STT), medial longitudinal fasciculus (mlf),
dorsalmotor nucleus of the vagus (10), and hypoglossal nucleus (12). Sections are presented in rostral
(A & B) and caudal (C & D) brainstem regions. Scale bar = 1 mm
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FOETAL BRAINSTEM (E16)

DOR MOR

Figure 6.17

High Power Images of of DOR and MOR Labelled Brainstem Regions

High power pictures of E16 brainstem stained for DOR (A & C) (rabbit anti-DOR, Chemicon)
and MOR (B & D) (guinea pig anti-MOR, Chemicon). Staining is seen in the region of the
nucleus of the solitary tract (NTS) (A & B), dorsalmotor nucleus of the vagus (10), hypoglossal
nucleus (12), and nucleus ambiguus (NA) (C & D). Scale bars = 100 um.
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6.5 DISCUSSION
6.5.1 METHODOLOGY
6.5.1.1 Western Blotting

Both MOR and DOR antibody staining were shown to be quantitative on Western-transferred
whole brain, brainstem, and spinal cord lysates. Increased protein loading on the gel caused
the predicted increase in band intensity. Negative controls included the use of LLC-PK1 cell
lysates, which showed no immunoreactivity for either MOR or DOR antibodies, as expected.
Positive controls included SH-SYSY cell lysates, which showed immunostained protein bands
of the expected sizes for MOR and DOR that were identical in size to those seen in whole
brain and brainstem lysates. From these control experiments, it is reasonable to conclude that
MOR- and DOR-specific antibodies were binding to their respective receptors and not binding

non-specifically to other proteins.

Several lysis buffer solutions were used in preliminary studies. The lysis buffer (Western
Sample Buffer) described in the Methods (Section: 6.3.1.1) was chosen because the buffer was
highly reducing and helped prevent the action of proteases from degrading proteins within the
samples. This enabled the samples to be stored at -20°C for several months and allowed
samples of different developmental ages to be collected and electrophoresed on the same SDS-
PAGE gel. Brainstem lysates had a higher concentration of proteins (1ug/uL to 10pg/pL)
compared to cultured cell lysates (0.5 pg/pL to 1 pg/pL). Thus, cultured cell lysates needed
proportionally more lysis buffer to lyse the sample. This caused several problems when large
volumes of sample were loaded on the gel because salts in the lysis buffer interfered with the
running of the SDS-PAGE gel. This was overcome by precipitation of the proteins with
acetone and reconstitution in a small volume in order to remove the salts. This concentration
and de-salting procedure was carried out immediately prior to electrophoresis of the samples

on a gel.

In preliminary experiments, brainstem lysates from different developmental ages were dot-
blotted onto PVDF membrane at increasing protein concentrations and immunolabelled using
antibodies specific for MOR and DOR. Although these experiments provided some general

trends, the protein samples tended to wash off the membrane when the membrane was
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6.5.2 OPIOID RECEPTOR EXPRESSION DURING BRAINSTEM DEVELOPMENT
6.5.2.1 MOR Expression During Development

Two MOR antibodies specific for the MOR-1 protein were used in the pilot experiments
(guinea pig anti-MOR and rabbit anti-MOR, both from Chemicon). Both gave the same
MOR-positive bands at 50 kD and 70 kD. Both antibodies also gave the same staining
intensity patterns during development, suggesting that the staining patterns reflected true
MOR expression in the tissues. The presence of two immunoreactive bands of different MW
is not due to non-specific antibody binding. All samples analysed in this chapter were
performed using the guinea pig anti-MOR antibody (Chemicon). The presence of two
immunoreactive bands for MOR in the present study (50 kD and 70 kD) is consistent with the
literature findings. For example, Abbadie et al. (2000), have described two MOR bands at (46
kD and 66 kD) (Abbadie et al., 2000a). MOR-1 cDNA predicts a protein with a mass of 45
kD. Other reports in the literature describe a MOR protein band between 67-72 kD
(Arvidsson et al., 1995b). Studies by Kaneko et al. (1995) showed MOR proteins bands at 50
kD, 65 kD and 94 kD (Kaneko et al., 1995). Further evidence suggests that the difference in
size of MOR protein bands is a result of post-transcriptional modification of the receptor by
glycosylation (Eppler et al., 1993; Garzén et al., 1995; Kaneko et al., 1995; Abbadie et al.,
2000a). The N-terminal of MOR has 5 potential sites for N-linked glycosylation (Chapter 1:
Figure 1.1) (Minami and M., 1995). Some deglycosylation experiments of brainstem lysates
were performed using the method of Garzon et al. (1995) who reported deglycosylation of the
MOR protein from mouse brain homogenates (Garzén et al., 1995). In the present study,
endoglycosydase F enzyme (Sigma) was used to treat SH-SYSY cell lysates and rat brain
homogenates, but deglycosylation was not observed, even when higher concentrations of
enzyme were used (data not presented). It is possible that the deglycosylation enzyme used

was inactive. These experiments were not pursued further due to the high cost of the enzyme.

In the present study, MOR protein expression during development of rat brainstem showed
that there was a progressive decline in the amount of the 50 kD MOR protein with increasing
age; whereas, there was a progressive increase in the amount of the 70 kD MOR protein. The
functional implications of differences in MOR glycosylation during development remain to be

elucidated. It is possible that the different states of MOR glycosylation reflect different
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binding properties for opioid ligands. If this is true, the OpR glycosylation state may explain
differences in binding affinity of opioid ligands to receptors that occurs during development
(Spain et al., 1985). These possibilities, along with alterations in OpR expression levels that
have been shown to occur during development (Coyle and Pert, 1976; Pasternak et al., 1980;
Leslie et al., 1982; Tsang et al., 1982; Wohltmann et al., 1982; Spain et al., 1985; Tavani et al.,
1985; Kornblum et al., 1987; Petrillo et al., 1987; Attali et al., 1990; Bem et al., 1991; Xia and
Haddad, 1991; Barg et al., 1992; Murphey and Olsen, 1995; Zhu et al., 1998; Tong et al.,
2000; Beland and Fitzgerald, 2001) provide possible mechanisms for the differences seen in
opioid sensitivities during development (Grunstein and Grunstein, 1982; Moss et al., 1993a;
Murphey and Olsen, 1994; Greer et al., 1995; Colman and Miller, 2001). This information
will be useful when considering the link between opioids and developmentally-related
diseases such as SIDS (Chavez et al., 1979; McMillen, 1986; Coqueral et al., 1992; Storm et
al., 1994).

Total MOR protein expression levels increased in the present study approximately 5-fold with
developmental age from E16 to P6. The increase in total MOR expression during development
has also been described in the literature, based on binding studies in whole brain and spinal
cord lysates (Coyle and Pert, 1976; Pasternak et al., 1980; Leslie et al., 1982; Tsang et al.,
1982; Wohltmann et al., 1982; Spain et al., 1985; Tavani et al., 1985; Kornblum et al., 1987;
Petrillo et al., 1987; Attali et al., 1990; Kitchen et al., 1990; Bem et al., 1991; Barg et al.,
1992), as well as in the brainstem of several species (Xia and Haddad, 1991; Murphey and
Olsen, 1995). In guinea pig brainstem, there was a 42 % increase in MOR binding between
the P3 and P7 age groups (Murphey and Olsen, 1995); however, results from other species
such as guinea pig need to be interpreted with caution. For example, the guinea pig is more
developmentally advanced than the rat at birth. In the present study of the rat brainstem, an
approximate 30% increase was seen between P3 and P6, with a 50% increase between P3 and
P15 (Figure 6.6), and these results support the studies in guinea pig brainstem. Other studies
have shown that MOR expression increases in different brain regions at different
developmental ages. For example, MOR in the brainstem appears at an earlier age than MOR
expression in the cortex (Xia and Haddad, 1991). In some brain regions, for example, the

olfactory bulb, MOR expression increases during late foetal and early postnatal development,
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and then decreases to adult levels (Kent et al., 1982). In the brainstem, however, MOR
expression remains highest in the adult, especially in the brainstem regions involved in
cardiorespiratory function (Xia and Haddad, 1991). The present study, is the first to describe

developmental OpR expression in the rat lower brainstem using antibody labelling.

6.5.2.2 DOR Expression During Development

DOR immunoreactive proteins on Western-transferred SDS-PAGE gels consisted of two
bands, one at 30 kD and the other at 60 kD. This pattern is consistent with the findings of Carr
et al. (1987) who showed DOR bands at 58 kD and 30 kD in rat brain lysates (Carr et al.,
1987). Other studies have reported a single 29 kD band (Harada et al., 1992). DOR-
transfected Cos-7 cells gave bands between 110 to 135 kD and between 65 to 80 kD (Cabhill et
al., 2001b), whereas spinal cord preparations from the rat gave three bands of 65 kD, 52 kD
and 125 kD, corresponding to different forms of DOR (Cahill et al., 2001b). The 125 kD
DOR band was most likely a result of dimer formation (George et al., 2000; Ramsay et al.,
2002) and could be seen in the samples of the present study if the X-ray film was exposed for
longer periods. DOR protein sizes differed in various studies depending on the types of cell
sample and the methods used, including the lysis buffers, the species, percentage acrylamide,
and electrophoretic running conditions. The predicted size of DOR based on its amino acid
content is 39 kD, although it is known to exist in multiple glycosylation states (Petdjd-Repo et
al., 2001). DOR is synthesized as a core-glycosylated 45 kD precursor that is converted to the
fully mature 55 kD glycosylated receptor within the golgi apparatus (Petija-Repo et al., 2000).

The low molecular weight form of DOR reported in the present study (30 kD) is consistent
with the findings of Belcheva et al (1996), who reported a 26 kD DOR band that proved to be
a truncated, internalised form of DOR associated with the nuclear matrix (Belcheva et al.,
1996). The existence of a truncated, internalised DOR may explain why high levels of DOR
were found in early development in the present study. Others, however, report little DOR
ligand binding during development. Perhaps the differences between these studies can be
attributed to the differences between total DOR detection (including functional and non-
functional receptors) and detection of functional receptors only. The decrease in total DOR

protein levels during development in the present study is supported by a study on rat dorsal
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root ganglion (Beland and Fitzgerald, 2001). In this study, greater DOR immunoreactivity
was found at PO than at P21. A down-regulation with age was found mainly in the non-
nociceptive neurofilament-200 positive, large diameter sensory neurons. Most other studies
using binding in whole brain lysates report an increase of DOR during the late foetal and early
postnatal period that rises to maximum levels in the adult (Kent et al., 1982; Petrillo et al.,
1987; Attali et al., 1990). Others report little change in expression of DOR during
development in hindbrain lysates when DADL, in the presence of DAMGO, was used to
specifically label DOR (Spain et al., 1985).

6.5.2.3 MOR And DOR Expression In Cells Cultured From The Rat Brainstem During
Development

There were no differences observed in the staining intensity of MOR and DOR protein bands
in lysates prepared from cells cultured from rat brainstems with increased time in culture.
This suggests that OpR levels are maintained in culture and that the developmental changes
that occur in vivo do not occur in vitro. This is probably due to the absence of cell signalling
(neurotransmitter or trophic support) that is required for developmentally programmed
changes in receptor expression. This property of cell culture suggests that the developmental
stage the cells were isolated at is maintained when cells are cultured for up to 7 days. The
present study, thus, provides a stable culture system with which to study factors affecting OpR
expression. Unfortunately, a large amount of variation was seen between cultures prepared
from animals of the same developmental stage in different experiments. This variation made
analysis difficult, given the small sample size used in this study (n = 3 preparations from each
developmental age). Interpretation of the data was also complicated due to the heterogeneity
of cells present in primary cultures. For example, neuron survival decreases with increased
developmental age from which cultures are established, and certain populations of cells

present at E16 may not be present in P6 cultures.

6.5.2.4 Comparisons With Literature Findings

Total OpR binding increases with increasing developmental age (Clendeninn et al., 1976;
Coyle and Pert, 1976), and differences between MOR, DOR and KOR expression levels
during development have been reported (Leslie et al., 1982; Tsang et al., 1982; Tavani et al.,
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1985). These studies looked at whole brain preparations (usually with the cerebellum
removed) and often used non-specific, or poorly selective, opioid receptor ligands such as
naloxone or enkephalin (Kent et al., 1982). Other studies have shown that binding affinity of
the receptor for certain ligands also changes during development. For example, DOR binding
by DADL decreases 14 fold from P1 to adult (Spain et al., 1985). For these reasons, the
results from these experiments cannot be accurately extrapolated to the present findings for the
lower brainstem, using antibodies that specifically label MOR and DOR proteins. Binding
studies often use tissue lysates, usually of membrane fractions, that do not take into account
the internalised OpRs present in endosomes. In binding studies, only functional protein
expression is being assessed, and ligand binding or cAMP responses to agonist may be
affected by a number of factors, including post-translational modifications and the state of
receptor phosphorylation. These factors play a major role in regulating opioid receptor
activity (Law et al., 1983; Haynes, 1988; Kieffer et al., 1992; Chan et al., 1995; Monteillet-
Agius et al., 1996; Lefkowitz, 1998; Law and Loh, 1999; Liu et al., 1999; Belcheva et al.,
2000; Kraus et al., 2001; Tsao et al., 2001; Sun, 2002). Ligand binding studies during
development were also investigated before different splice-variants of the opioid receptors
were discovered. In the present study, the MOR-1 receptor was specifically labelled by an
antibody; whereas, the studies described in the literature looked at binding to all MOR
proteins, including the splice variants that have the same binding site as MOR-1. In addition,
differences have been shown to occur in the binding studies described, depending on whether
binding is expressed as a measure of binding per brain, or per mg of protein. When results are
expressed as a measure of total protein, the differences that occur during development are
much less obvious (Barg et al., 1992). This is probably due to changes in protein
concentration during development and changes in functional OpR densities at the cell surface.
A study by Petrillo et al. (1987) showed that there was an increase in protein concentration in
the brain from 25 mg/g brain at P3 to 56 mg/g brain at P21 (Petrillo et al., 1987). These
findings complicate data interpretation because a decrease in specific content (OpR/mg
protein) may not reflect a decrease in the total amount of OpR present (OpR/g brain).
Comparisons between different studies that present their data in different ways must be taken

into account.
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6.5.2.5 Implications of Developmental Changes in Opioid Receptor Expression

Differences in opioid receptor levels during development have implications for the use of
opioids as labour analgesics during childbirth (Mardirosoff et al., 2002) and for analgesia in
newborns. In the rat spinal cord, binding studies have shown that there is little DOR binding
at birth and that DOR analgesia is not functional at birth (Rahman et al., 1998). Changes in
the distribution of opioid receptors during early postnatal development have implications for
respiration control. Timing of developmentally-related OpR expression may play a role in
sudden infant death syndrome, since abnormal opioid function has been implicated in this
disease (Chavez et al., 1979; McMillen, 1986; Storm et al., 1994). The role of opioids in
SIDS has been described in detail in Chapter 1(Section 1.4.1.1).

6.5.3 MOR AND DOR DISTRIBUTION IN THE ADULT RAT BRAIN

Earlier studies into opioid receptor distributions in the late 1970's and 1980's used ligand-
binding techniques, which have several limitations, including the non-specificity of the ligands
and poor sensitivity. Mansour et al. (1988) used autoradiographic ligand binding techniques
to compare the distribution of MOR and DOR in the rat. Results of their study showed no
DOR binding in the STT or lateral reticular nucleus (LR), areas shown by others to have DOR
(Arvidsson et al., 1995a; Cahill et al., 2001b). Mansour et al. (1988) also showed low DOR
staining levels in the NTS (Mansour et al., 1988), an area that has high levels of MOR and
DOR binding (Delay-Goyet, 1990; Arvidsson et al., 1995a). These differences have been

attributed to differences in sensitivity between the methods

A breakthrough in opioid receptor distribution in the brain came in 1993 with the cloning of
the OpR. It then became possible to make specific antibodies to each receptor and to look at
the mRNA expression patterns by ISH. A review in 1995 on OpR expression in the rat using
mRNA probes showed that DOR mRNA was present in the STT, LR and NA but was absent
in the NTS, IO, and hypoglossal nuclei (10) (Mansour et al., 1994). These results differ from
the present study and the study of Arvidson et al. (1995) who found that the DOR was present
in the IO and NTS (Arvidsson et al., 1995a). Most ISH studies use radioactive mRNA probes
that do not label axons and dendrites where the opioid receptor proteins reside; therefore, their

distribution patterns are expected to be slightly different from protein localisation studies. The
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discovery of multiple isoforms of MOR has also made it possible to subdividle MOR
expression into unique isoform distributions within the brain (Schulz et al., 1998; Pan et al.,
1999; Abbadie et al., 2000b; Abbadie et al., 2000a). For example, MOR-IN, M, and L are
only present in the spinal cord, but not other brain regions. MOR-1 is present in the mouse
brainstem; however, the splice-variant isoforms MOR-1-G, H, 1, J, K, L, M, and N were not
(Pan et al., 1999). MOR-1 and MOR-1C were present in the same brainstem regions in the
rat, but MOR-1C was absent in several brain regions, including most thalamic nuclei and the
dendate gyrus, areas expressing high levels of MOR-1 (Abbadie et al., 2000a). Because
ligands and antibodies may bind to several splice variants of MOR, the significance of the

distributions described is not clear.

6.5.3.1 DOR Distribution in the Adult Rat Brainstem

DOR distribution patterns in lower brainstem nuclei have been determined by ICC by
Arvidsson et al. (1995), who reported staining in the locus coeruleus, NA, NTS, pontine
reticular nucleus, gigantocellular nucleus, facial motor nucleus, raphe nuclei, STT,
hypoglossal nuclei (12), vagal nuclei (10), IO, and the medial and lateral reticular nuclei
(Arvidsson et al., 1995a). Another study showed DOR localised to the brainstem regions of
the spinal trigeminal nucleus (STT), the reticular nuclei (LR), RVLM, and olivary nuclei
(Cahill et al., 2001b); however, the lower brainstem areas, including the NTS and NA, were
not mentioned in this study. The staining of these other brainstem regions is consistent with

the staining patterns described in the present study.

6.5.3.2 MOR Distribution in the Adult Rat Brainstem

The MOR distribution found in the adult rat brain in the present study closely resembles the
distribution pattern reported in the literature using MOR-1 antibodies (Ding et al., 1996b) and
includes positive MOR immunoreactivity in the NA, NTS, 10, and STT of the brainstem.
Studies using mRNA probes in the rat brain have found some differences in MOR distribution
in the rat brain, including an absence of signal in the IO, area postrema, and external cuneate
nucleus (Delfs et al., 1994), regions that were positively labelled for MOR protein. The
external cuneate nucleus also stained positive for MOR-1 receptor in an IHC study by Abbadie
et al. (2000) (Abbadie et al., 2000b). All other regions labelled by mRNA probes were also
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stained in the present study. As previously stated, differences in staining that were observed
were probably due to differences in sensitivity between the techniques, as well as differences

between mRNA and protein distributions at the cellular level.

6.5.4 DEVELOPMENTAL DISTRIBUTION OF MOR AND DOR RECEPTORS IN
THE RAT BRAINSTEM

Few differences were seen between MOR and DOR staining in the rat brainstem between late
foetal (E16), postnatal (P6), and adult. In the adult brainstem there was intense staining in the
dorsal respiratory areas of the NTS, and the ventral respiratory areas in and around the NA, as
well as the hypoglossal nuclei (10), the dorsal motor nucleus of the vagus (12), IO, and STT.
These same areas were also stained in the P6 rat brainstem. The brainstem regions of P6 rats
were anatomically similar to the adult rat, although proportionally smaller; however, in foetal
(E16) brainstem, the nuclei were not fully developed, and staining was much more diffuse.
This may be due to the immaturity of the boundaries between brainstem nuclei at this early
developmental age (Lidov and Molliver, 1982). The brainstem nuclei of interest (NA, NTS,
STT, and nuclei 10 and 12) were proportionally larger in the foetal (E16) brainstem than the
older postnatal and adult brainstems (Paxinos and Watson, 1986; Paxinos et al., 1994).
Similar MOR protein patterns were found in the present study to mRNA distributions during
development reported in other brain areas. For example, in foetal (E17.5) mouse embryos, the
MOR expression pattern was characteristic of the adult brain, although the pattern was more
homogeneous and the nuclei were less discretely labelled. In the striatum, the characteristic
patch-like patterns seen in the adult appeared diffuse in the foetus (Zhu et al., 1998). This
difference was attributed to the absence of cellular differentiation within the striatum at this

early stage of development.

Few studies have looked at or commented on the intracellular distribution of opioid receptors
during development (Kornblum et al., 1987; Zhu et al., 1998; Tong et al., 2000), and only one
study investigated the lower brainstem region in the rat (Xia and Haddad, 1991). Some

developmental studies on opioid receptor distributions in the brainstem have been carried out
on other species (Murphey and Olsen, 1995; Zhu et al., 1998; Moss and Laferriere, 2002). For

example, in the piglet, the distribution patterns are linked to acquisition of respiratory function
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during development, including the attenuated response to hypoxia caused by an increase in
MOR levels in respiratory-related brainstem areas during development (Moss and Laferriére,
2002). In the present study MOR and DOR immunoreactivities were usually colocalised
within the same brainstem nuclei at all stages of development, although the relative density of
staining could not be compared in tissue sections when different antibodies were used. In
some individual sections, if signal amplification was low, some poorly expressing MOR and
DOR nuclei were not always co-labelled. Others have also reported colocalisation for MOR

and DOR in the adult rat brainstem (Goodman et al., 1980).

6.6 SUMMARY AND CONCLUSIONS
The expression levels of MOR and DOR change during development. MOR is expressed at

low levels during foetal (E16) development and progressively increases during postnatal
development to reach adult expression levels. These findings are supported by the findings of
others (Zhu et al., 1998; Laferriére et al., 1999). DOR is expressed at high levels in early
development (E16) and progressively decreases during postnatal development to reach adult
levels. In previous studies of whole brain homogenates from the rat (Spain et al., 1985;
Petrillo et al., 1987) and mouse (Tavani et al., 1985) DOR was found to increase, although
another study on the brainstem of piglets showed that DOR levels did not change in postnatal
development (P2 to P21) (Laferriére et al., 1999). Both MOR and DOR are colocalised in
specific brainstem regions during embryonic, postnatal, and adult development. The areas of
highest expression were in the NTS, NA, STT, and IO, a distribution pattern consistent with
FISH experiments on mRNA expression (Eli Mrkusich and Dr Darren Day, personal

communication).

The presence of two immunoreactive bands for MOR and DOR is consistent with what others
have found for MOR (Abbadie et al., 2000a) and DOR (Carr et al., 1987). The difference in
size of the bands is probably a result of receptor glycosylation and, in some cases, homodimer
(or heterodimer) formation. The present study is the first to investigate developmental changes
in expression levels of these individual protein bands. The results suggest that MOR and DOR
are colocalised to the same brainstem regions but are regulated differently during

development.
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Chapter 7

7 Discussion

7.1 General Discussion and Conclusions

One aim of the present study was to develop a primary culture system in which opioid
receptor expression could be monitored in isolated cells from late foetal and early postnatal
animals. It is well known that opioids play an important role in many physiological
processes within the body (Olson et al., 1997; Vaccarino et al., 1999; Vaccarino and
Kastin, 2001). Opioid receptors are particularly important in the brainstem where they are
involved in the control of pain (Fields and Heinricher, 1985; Gutstein et al., 1998;
Commons et al., 2001) and in the modulation of respiratory activity (Pfeiffer et al., 1984;
Punnen and Sapuru, 1986; Yeadon and Kitchen, 1989; Shook et al., 1990; Pokela, 1993;
Rutherfurd and Gundlach, 1993; Kato, 1998; Colman and Miller, 2001; Morin-Surun et al.,
2001; Sarton et al., 2001) and cardiovascular function (Hassen et al., 1982; Pfeiffer et al.,
1984; Punnen and Sapuru, 1986; Schultz and Gross, 2001). Previous studies have reported
high densities of OpRs in the brainstem regions of the nucleus of the solitary tract (NTS),
nucleus ambiguus (NA), spinal trigeminal nuclei and tract (STT), dorsal motor nuclei of
the vagus, and hypoglossal nuclei (Mansour et al., 1988; Delfs et al., 1994; Mansour et al.,
1994; Arvidsson et al., 1995a; Bausch et al., 1995a; Ding et al., 1996b; Moriwaki et al.,
1996; Diaz et al., 2000). These staining patterns were confirmed in the present study.
Each different study, however, has presented slightly different levels of expression,
primarily due to differences in sensitivity between experimental techniques. The present
investigation, using highly specific MOR and DOR antibodies and a TSA amplification
method, is the first to show MOR and DOR distributions specifically in the rat brainstem
during development. It is also the first study to show DOR immunoreactivity in the rat
foetus. One interesting result was that MOR and DOR during late foetal (E16), postnatal
(P6), and adult development are generally colocalised within the same brainstem nuclei.
Most previous studies have looked at OpR expression within the whole brain, often using
non-selective ligands in receptor binding assays (Coyle and Pert, 1976; Pasternak et al.,
1980; Leslie et al., 1982; Tsang et al., 1982; Wohltmann et al., 1982; Spain et al., 1985;
Kornblum et al., 1987; Petrillo et al., 1987; Attali et al., 1990; Kitchen et al., 1990; Bem et
al., 1991). The expression of OpRs within the brain is developmentally regulated as shown

by the results of this study and also the work of others. Both MOR and DOR expression
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levels change during development in a consistent way (Liu et al., 1999; Beland and
Fitzgerald, 2001; Ko et al., 2002). The role opioids play during development, however, is
not clearly understood. A primary culture method developed in the present study allows
brainstem cells to be investigated later in postnatal developmental than has previously been
possible. This method uses a defined, serum-free culture medium that would be ideal for
studying the effects of growth factors on neuronal development and differentiation (Kivell
et al., 2000, 2001). OpR expression was determined in cells cultured from different
developmental ages, and expression levels in culture were compared to normal
development in vivo. MOR, in primary culture, down-regulates from the membrane to
lysosomes on exposure to DAMGO, a MOR agonist. This down-regulation occurs in a
similar way to cloned MOR when it is expressed in cell lines, suggesting that cultured
neurons from the rat brainstem retain OpR functions. Thus, the culture system provides a

valuable in vitro model for determining brainstem OpR function.

Detailed aspects of this study have been discussed previously in each chapter. This chapter
aims to explore some of the remaining issues that were not discussed earlier, and to draw

some conclusions based on the overall results of the study.

7.1.1 PRIMARY CELL CULTURE

OpR expression was investigated using a unique serum-free primary culture method that
allows brainstem cells to be cultured from late foetal to early postnatal development, up to
six days postpartum (Kivell et al., 2000, 2001). The types of cells present in culture were
monitored over time and in cultures from different developmental ages and the cell types at
each developmental age compared. More bipolar neurons were present in developmentally
younger cultures; whereas, older postnatal cultures had proportionally more multipolar
neurons (Chapter 2 Section 2.4.4). Cultured cells seemed to retain their differentiated
characteristics over time in culture. For example, the proportion of glial cells, bipolar, and
multipolar neurons was the same between 4, 7, and 9 days in culture for each
developmental age. Lysates from cells cultured from the rat brainstem also showed the
same amounts of MOR and DOR protein at 4 and 7 days in culture from each
developmental age tested (Chapter 6: Section 6.4.4). MOR and DOR expression in culture
was also measured by immunocytochemistry. No changes in intensity of staining were

seen when foetal (E16) and postnatal (P6) brainstems were cultured for 4, 7, and 12 days.



This finding suggests that brainstem cells in culture remain in the developmental state in
which they were isolated. No up- or down-regulation of OpR expression was seen with
time in culture. One advantage of this stability of the culture system would be to allow
more flexible experimental timing in which to study OpR regulation. If expression rapidly
changed with time in culture, experiments would need to be carried out immediately after

isolation and attachment of the cells.

Cell culture provides a simplified system for studying cellular functions. OpR regulation
has been extensively examined in neural cell lines and in cells transfected with the OpR
(Prathert et al., 1994; Capeyrou et al., 1997; Gaudriault et al., 1997; Gies et al., 1997,
Yabaluri and Medzihradsky, 1997; Koch et al., 1998; Kramer and Simon, 1999;
Arttamangkul et al., 2000; Remmers et al., 2000; Tsao and von Zastro, 2000; Gray et al.,
2001; Levac et al., 2001; Shapira et al., 2001; Jenab and Inturrisi, 2002; Wallington et al.,
2002). OpR regulation, however, has not been studied during brainstem development.
The present study shows for the first time in cultured brainstem cells internalisation of
MOR on exposure to the OpR agonist DAMGO. This result indicates that the process of
down-regulation occurs in the same way as seen in transfected cells and non-transfected
SH-SYSY cells, with rapid (within 1 hr) internalisation of receptors. It remains to be
determined, however, if the same pathways of internalisation are occurring in these
different cellular systems. It is possible that OpR regulation may be modified by the
developmental expression of other proteins involved in down-regulation, for example [3-
arrestin and various isoforms of G-proteins and adenylyl cyclase. Immunocytochemistry
and Western blotting of cell lysates with antibodies against regulatory proteins could be
used if this proves to be the case. In vitro culture also provides a method for examining the
interaction between neurons and glial cells and the effects of their interactions on OpR

expression.

In some brain regions MOR is reported to be colocalised with K channels (Bausch et al.,
1995b) where it acts on postsynaptic sites to inhibit neuronal firing by opening the K*
channels; however, the brainstem was not reported on in these studies. Primary cultures of
brainstem neurons could be doubled-labelled with an antibody specific for the K™ channel
to help determine if OpRs and K" channels are colocalised within the brainstem. If this is

the case, properties of OpR inhibition of neuronal firing could be monitored. Membrane
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potentials with and without opioids, changes in potassium permeability, and K*-channel

blockers could be used to study OpR regulation specifically in cultured brainstem neurons.

MOR is also colocalised with glutamate receptors in the NTS where it may be involved in
the decrease in arterial blood pressure and heart rate seen on exposure to opioid ligands
(Miyawaki et al., 2002). MOR acts as a general brake on numerous systems by inhibiting
adenylyl cyclase, decreasing cAMP levels, increasing potassium conductance, and
decreasing the conductance of voltage-gated calcium channels, as described in detail in
Chapter 1 (Section 1.2.3). The specific localisation of opioid receptors to particular
neurons helps elucidate their diverse functions in distinct brain regions. In the preB6tC
and NTS brainstem regions involved in respiratory modulation, MOR is colocalised with
neurokinin 1 receptors (NK1r) (Gray et al., 1999; Laferriere et al., 2003). In the preBotC,
rhythmogenic typel neurons are depolarised by substance P (acting on the NK1r) a peptide
that increases respiratory frequency and hyperpolarised by MOR agonist DAMGO, a
peptide that causes respiratory depression (Gray et al., 1999). Both NK1r and OpRs are G-
protein coupled receptors, although NKlr is excitatory and MOR inhibitory. In the dorsal
horn of the spinal cord, substance P, acting on the NKIr is involved in pain transmission
(Marvisén et al., 1997); whereas, activation of MOR by opioids inhibits the transmission of
pain (Fields and Heinricher, 1985; Tershner and Helmstetter, 2000). Substance P and
opioids are involved in the control of breathing, with opioids having inhibitory (Shook et
al., 1990; Yeadon and Kitchen, 1990; Freye et al., 1992; Greer et al., 1995; Takita et al.,
1997; Gray et al., 1999; Colman and Miller, 2001) and substance P excitatory effects
(Chen et al., 1990; Gray et al., 1999). In a recent paper by Laferriere et al. (2003) NK1r in
the adult rat NTS showed receptor down-regulation after short-term intermittent (6x 5 min
interval) exposure to hypoxia (depleted oxygen); whereas MOR receptors remained the
same (Laferriére et al., 2003). Results suggest that down-regulation of the NKIr on
exposure to short-term intermittent hypoxia results in relatively more available MORs to
opioid peptides resulting in attenuated respiratory depression. The culture system
described, if shown to express NK1 receptors, could be used to study the function of these
specialised cells, which have been suggested to be the preBotC neurons responsible for

generating respiratory rhythm.

The process of internalisation of opioid receptors on exposure to opioid ligands has been

linked to the ability of opioid drugs to induce tolerance (Keith et al., 1998). This
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association is supported by the fact that different opioid drugs cause different
internalisation kinetics and responses. For example, methadone and morphine differ in
their abilities to induce both internalisation and addiction (Zhang et al., 1998; Whistler et
al., 1999), and mice lacking [-arrestin, a protein required for receptor internalisation, show
a reduced tolerance to morphine (Bohn et al., 2000). It remains a mystery why morphine
does not lead to OpR internalisation. One possibility is that morphine does not induce the
conformational change in the receptor required for phosphorylation, and phosphorylation
of the C-terminal of MOR and DOR is a requirement for endocytosis (Dohlman, 1991;
Koch et al., 1998; El Kouhen et al., 1999; El Kouhen et al., 2000; El Kouhen et al., 2001).

The study of OpR regulation in primary culture is a new field, and the present study is the
first to measure MOR regulation in brainstem neurons at the single cell level. A recent
study by Lee et al. (2002) has described OpR regulation in primary cultures of rat cortex.
This study used the OpR ligands dermorphin and deltorphin to label MOR and DOR,
respectively. Although these ligands have high affinities for their targeted receptors,
binding to other receptors is still possible. In addition, this technique does not take into
account different splice variants of the OpRs that have been shown to be regulated
differently (Koch et al., 1998; Koch et al., 2001). This study by Lee et al. (2002) is unique
in that it uses confocal microscopy to examine OpR expression at high levels of resolution

similar to that used in the present study.

Primary cell culture models may provide simplified systems in which to study cell function
and regulation in a manner that more closely resembles the in vivo state compared to use of
established cell lines. Cell culture models are helpful for identifying individual
components involved in OpR regulation in vitro system before more complex OpR
regulatory pathways can be elucidated in vivo. Primary cultures however, have
disadvantages and limitations, as described previously in Chapter 2. Briefly, cultured
brainstem cells do not necessarily function in the same way as the same cells in vivo.
Alterations in gene expression and differential cell survival in different brainstem nuclei
may occur once the cells are dissociated for culture. It is possible that some neuronal
populations within the brainstem do not survive in culture at all the developmental ages
tested. Therefore, if this primary culture system is to be used to study receptors in vitro, it

may be necessary to first determine if the population of cells has been substantially
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modified from the in vivo population at each developmental age. Despite these limiting
factors, primary cell culture provides a useful approach in the process of understanding
complex cellular functions, despite the fact that extrapolation of findings to the in VIivo

situation must be made with caution.

7.1.2 OPIOID RECEPTOR DISTRIBUTION AND EXPRESSION DURING
BRAINSTEM DEVELOPMENT

Immunohistochemical labelling of OpRs by specific antibodies and TSA amplification
techniques was used to determine OpR distributions in coronal and sagittal sections of rat
brainstem during development. In the foetal brainstem, DOR was found in the same
brainstem regions as in postnatal (P6) and adult animals. Earlier studies of DOR
expression in the developing brainstem used radioligand binding, which was unable to
detect significant levels of DOR in P1 rats, and the labelling that was seen at this age was
very diffuse (Xia and Haddad, 1991). Earlier studies of MOR expression also showed
binding of MOR ligand in the brainstem nuclei of the NTS, NA and STT (Xia and Haddad,

1991). Similar distributions were found in the present study (Chapter 6: Section 6.4.5).

Autoradiographic techniques have been used to measure OpR expression and to localise
the expression to particular brainstem regions. One study used DALDE to label DOR;
however, this OpR ligand has only slight selectivity for DOR over other OpRs (Gacel et
al., 1980). Autoradiography also does not have the resolution or the sensitivity
characteristic of highly selective antibody techniques and cannot take into account the
changes in OpR binding affinity that occur during development (Spain et al., 1985).
Ligand binding in whole brain homogenates of the rat (Spain et al., 1985; Tavani et al.,
1985; Petrillo et al., 1987) and mouse (Zhu et al., 1998) indicate that DOR is expressed at
low levels during late foetal and early postnatal development. The present study, however,
found that DOR was expressed at its highest levels in brainstem lysates of foetal rats, with
a subsequent decrease in expression to adult levels (Chapter 6: Section 6.4.3). This finding
has several possible implications. One is that DORs are expressed early in development;
however, their binding properties are different in the foetus, not binding to the ligand, and
change later in development to a form that does interact with the ligand. This possibility is
supported by reports that there is an increase in binding affinity of DOR ligands during
postnatal development (Spain et al., 1985). Another possibility is that the brainstem region

has different expression levels during development compared to other brain regions.
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Therefore, when whole brain lysates are measured for OpR binding, the lower expression
levels in other brain regions dilute out the high expression levels found in the brainstem.
IHC results from the present study, however, provided a different picture to the brainstem
lysate immunoblot results. There was no difference in DOR expression in cells cultured
from foetal (E16) and postnatal (P6) brainstems (Chapter 3: Section 3.4.4). It is
conceivable that changes in expression occurred that were not statistically significant due
to the small sample size used and the minimum level of change required for detection

using this technique.

The significance of different molecular weight forms of DOR seen in Western blots is
unknown. The 30 kD band is believed to be a truncated form of DOR that is unlikely to
reside in the plasma membrane and is therefore likely to be non-functional, although OpR
binding experiments will need to be undertaken to determine this. The detection of this
protein along with the complete 70 kD form may explain why higher expression of DOR
was seen during early development using THC than that reported from ligand binding
studies that only measure complete protein with functional binding sites. It is also possible
that the 30 kD DOR protein is a splice variant. DOR splice variants have been described
(Gavériaux-Ruff et al., 1997), and one of these splice variants encodes a truncated DOR
protein with a single transmembrane domain. The DOR antibody used in the present study
was specific for the N-terminal region of DOR, and therefore is likely to recognise the N-
terminal of the truncated DOR receptor; whereas, an antibody specific for the C-terminal
region would not. In future, development of antibodies and mRNA probes specific for
each subtype of OpR will be able to determine if the truncated DOR is specifically found
in a particular cell type or if both molecular weight forms are present in all DOR-positive
cells. Opioid receptor splice variants are known to have different spatial distributions in
the brain (Pan et al., 1999; Abbadie et al., 2000b; Abbadie et al., 2000a), and their
regulatory properties differ (Abbadie and Pasternak, 2001; Koch et al., 2001). In one study
of mouse splice variants in transfected cells showed MOR-1 and MOR-1C exhibit
phosphorylation and internalisation in response to DAMGO but not morphine exposure.
MOR-1D and MOR-1E, however, exhibit phosphorylation and internalisation in response
to both morphine and DAMGO (Koch et al., 2001). In another study of the mouse splice
variants in vivo MOR-1C showed internalisation with morphine exposure; whereas, MOR-
1 did not (Abbadie and Pasternak, 2001). Splice variants are also likely to bind OpR

ligands with varying affinities, and this may account for some of the different
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pharmacological opioid receptor subtypes described in the literature (Lutz and Pfister,

1992; Satoh and Minami, 1995; Dhawan et al., 1996).

The expression of MOR during late foetal and early postnatal development resembled the
expression levels described by others in vivo. MOR is expressed at low levels in the
brainstem during early development, and expression levels increase through later stages to
adult levels (Spain et al., 1985; Petrillo et al., 1987; Zhu et al., 1998). Several molecular
weight MOR protein bands have been described and the size differences attributed to
different glycosylation states of MOR (Garzén et al., 1995). The MOR-1 cDNA predicts a
protein with a mass of 45 kD, so it is likely that both MOR bands seen in the present study

have some glycosylation.

The present study is the first to describe changes in the expression level of different forms
of MOR during brainstem development (Chapter 6: Section 6.4.3). The 70 kD band is
found predominantly in the adult, with decreasing levels seen earlier in brainstem
development. The 50 kD band, however, is present at its highest levels in the foetal (E16)
brainstem, with decreasing levels seen at later ages. The two bands were also seen in
Western blots of lysates prepared from primary brainstem cell cultures, and the same
developmental trends for the two bands were seen. The functional significance of these
developmental changes in the glycosylation state of MOR remains to be determined.
Glycosylation may change ligand binding properties or the mechanisms of receptor
regulation, thus, like DOR, contributing to the multiple pharmacological receptor subtypes

that have been described.

MOR agonists appear to cause a reduction in respiratory frequency via mu; receptors and a
decrease in tidal volume via mu, receptors (Colman and Miller, 2001; Colman and Miller,
2002). Different MOR agonists also cause respiratory depression via either mu; or mu,
activation (Ling et al., 1985; Paakkari et al., 1990; Chen et al., 1996). One theory that
could be put forward is that the pharmacological and physiological uniqueness of different
MOR agonists could be due to the glycosylated receptors having different binding
affinities for their ligands. For example, mu; may be glycosylated at one site or sites and
mu, at another or other sites. These different glycosylation forms of MOR may have
unique spatial distributions within the brain, which would also cause different

physiological responses to agonist exposure. Changes in expression of the glycosylated
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receptors during development may therefore account for the variation in sensitivity
reported for young neonates to opioid agonists and antagonists compared to older neonates
and adult animals. For example, in a study of neonatal piglets, administration of OpR
agonist naloxone raised respiratory output, an effect that decreased with age (Long and
Lawson, 1983). Administration of the MOR agonists dermorphin and fentanyl caused a
decrease in respiratory output in neonatal and adult rats. This decrease in respiratory

output was greater in younger pups (Colman and Miller, 2001).

MOR and DOR were found to be distributed in the same brainstem regions. In addition,
cultured cells from brainstem showed MOR and DOR colocalisation in the same neurons,
suggesting that MOR and DOR have closely related or overlapping functions or that they
interact with each other, possibly by formation of heterodimers with unique binding
properties and signal transduction pathways. The extent of colocalisation of MOR and
DOR in cultured brain cells is only beginning to be investigated. A recent study in
cultured cortical neurons by Lee et al. (2002) reported binding of fluorescent ligands to
MOR and DOR in the same cells, although the exact proportions were not determined in
their study (Lee et al., 2002). This recent study by Lee et al. is the first to show fluorescent
OpR localisation in primary brain cultures. The present study shows colocalisation of
MOR and DOR in cultures of brainstem cells and within brainstem nuclei indicating that
MOR and DOR colocalisation may be more prevalent than anticipated. It remains to be

determined if MOR and DOR form heterodimers in vivo.

7.2 FUTURE EXPERIMENTS

7.2.1 CELL CULTURE

A significant advance would be to establish cell cultures from more defined regions of the
brainstem. For example, a specific brainstem region, such as the NTS or NA, could be
micropunched from thick coronal sections and cultured in microplates. The disadvantage
of using this technique is the small number of cells available for further analysis; however,
it would be ideal for studying the properties of single neuronal cells during development

using ICC or electrophysiology.

The use of primary cultures of individual brain regions would be essential for

understanding OpR regulation in those regions. Different neuronal populations have
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different neurotransmitters, receptors, and isoforms of regulatory proteins such G-proteins
(Harrison et al., 1998; Connor and Christie, 1999) or adenylyl cyclase isoforms (Standifer
and Pasternak, 1997). A review by Law and Loh (1999) suggested a model for OpR
regulation that involves the receptor complex changing conformation upon agonist
binding, with each opioid agonist inducing a different conformational change in the OpR
and thereby altering the receptor’s other regulatory properties (Law and Loh, 1999). A
model involving a static OpR does not account for all the known effects of the receptors
and their ligands. If this is the case, the interaction of the OpR complex with other proteins
such as P-arrestin, calmodulin and different isoforms of adenylyl cyclase is an important

area for future research.

7.2.1.1 Molecular Biology

Another interesting area of research is to study the ability of different OpR splice variants
to be phosphorylated (Koch et al., 1998), an important feature of agonist-induced
desensitisation. Spatial localisation of splice variants (Pan et al., 1998; Abbadie et al.,
2000b; Abbadie et al., 2000a), along with differences in their ability to be phosphorylated
(Koch et al., 1998), are interesting areas that may help investigators design splice variant-
specific opioid peptides. Splice variants that are resistant to desensitisation offer the
opportunity to provide pain relief without the need for increasing the doses of opiates. It is

also possible that opioid drugs without unwanted side effects could be developed.

Opioid receptor down-regulation involves phosphorylation of the opioid receptor.
Antibodies could be made against phosphorylated MOR or DOR, and Western blots could
be used to directly determine receptor phosphorylation on exposure to opioid agonists,
such as DAMGO (MOR) and DPDPE (DOR) or antagonists such -FNA (MOR) and
natrindole (DOR). Immunogold electron microscopy could help determine if internalised
OpRs are actually in endosomes. Double-labelling of cells in culture could also help
determine if MOR and DOR share the same endocytotic pathways, or whether they are in

separate endocytotic vesicles, as has been previously studied in OpR transfected cells
(Gaudriault et al., 1997).
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7.2.1.2 Electrophysiology

The cell culture model described in this study (Chapter 2) provides an ideal system to
study firing of brainstem neurons. Previous studies by Rigatto et al. (1992 and 1994) using
a cell culture method described by Fitzgerald et al. (1992) (Fitzgerald et al., 1992) have
described spontaneous neuronal firing in foetal rat neurons cultured from the brainstem
regions of the NTS and NA (Rigatto et al., 1992; Rigatto et al., 1994). These spontaneous
action potentials may originate from the preBotC neurons that are postulated to be
responsible for generating respiratory rhythm in vivo (Smith et al., 1991; Rekling and
Feldman, 1998). Some of the cultured neurons in the study by Rigatto et al. (1994) acted
like pacemaker cells with regular or single bursting activities. These neurons also had
chemosensitive properties. For example, when these cells were exposed to pulses of CO;
or low pH, an increase in frequency and a decrease in amplitude of action potentials were
seen. Irregularly firing cells and silent cells showed no response to CO; or low pH
(Rigatto et al., 1994). The firing properties of these cells, however, have not been studied
during postnatal developmental because of the limitations of culture methods for older
postnatal brainstem cells. The culture method described in this thesis opens the door to
further investigation of CO,- and pH-responsive brainstem neurons in postnatal animals.
Cell culture is an ideal method to study the electrical activity and receptor properties of
individual neurons. It may be possible to study the effects of opioid agonists and
antagonists on the electrophysiological properties of these neurons, and the same cells
could then be isolated and their OpR expression profiles determined. Novel methods have
been developed for examining mRNA expression in single cells using PCR techniques

(Phillips and Lipski, 2000).

7.2.1.3 MOR and DOR Colocalisation

MOR and DOR colocalisation was often seen in primary culture of brainstem cells
(Chapter 3: Section 3.4.6), although not all regions of individual cells expressing one or
other receptor showed colocalisation. MOR and DOR were also colocalised within
brainstem nuclei in vivo, although the localisation of MOR and DOR to the same cell was
not determined. Future experiments using double-labelling techniques or immunogold
electron microscopy would be able to assess whether MOR and DOR are colocalised in the
same cells in vivo. Labelling of mRNA by fluorescence in situ hybridisation (FISH) could

also be used to determine if the message and protein are found within the same cells.
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Preliminary FISH studies carried out by Eli Mrkusich and Dr Darren Day (Victoria
University of Wellington, personal communication) show similar staining patterns to IHC
antibody labelling presented in this study. A preliminary experiment using double FISH
labelling of MOR and DOR mRNA showed that MOR and DOR mRNA are present in the
same cells in most brainstem regions. Labelling with FISH and IHC, however, is yet to be
performed on the same sections cut from the same rat brain. It seems likely that at least
some MOR and DOR protein will be colocalised to the same neurons in vivo. Quantitative
FISH techniques currently being developed make it possible to determine the relative

distributions in brain regions.

It is unknown if MOR and DOR form heterodimers in vivo in the same way as have been
found in cotransfected cells. Heterodimer formation could be assessed through the use of
time resolved fluorescence resonance energy transfer (FRET), bioluminescence resonance
energy transfer (BRET), or immunoprecipitation. Immunoprecipitation experiments have
already been carried out on MOR- and DOR-transfected cells by George et al. (2000)
(George et al., 2000), and homodimer formation has been examined by McVey (2001) in
DOR transfected cells (McVey et al., 2001).

Knockout models of OpRs have been generated and studied (Matthes et al., 1996; Kieffer,
1999: Chen et al., 2000; Kieffer and Gavériaux-Ruff, 2002); however, the development of
conditional knockout mice in which OpR or peptide genes are inactivated in a regional-
specific manner may help elucidate opioid function in specific brain regions during
development. The effects of opioids on respiration have also not been determined in all
OpR knockout mice. Studies on respiratory function in the triple MOR, DOR, and KOR
knockout mouse may help investigators further elucidate the role played by opioids in

respiration.

7.2.1.4 Opioids and Cerebellar function

The present study is the first to demonstrate MOR localisation in Purkinje cells in the rat
cerebellum (ChapterS). A clear determination of the roles played by opioids in cerebellar
development and function would help determine the significance of the receptor

distributions described in the present study. Quantitative assessment of the differences in
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expression levels between species, using both functional activation of opioid receptors and

protein expression by Western blotting, would be helpful in this regard.

7.3 OVERALL CONCLUSIONS

Primary cultures of brainstem cells of the rat can be established up to postnatal day 6.
Cells in brainstem cultures of late foetal and early postnatal development express both
MOR and DOR, with some colocalisation of receptors seen. MOR in cultured cells is
functionally down-regulated on exposure to the MOR agonist DAMGO in a similar way as
has been described for SH-SYSY cells and MOR-transfected cells (Arden et al., 1995; Law
and Loh, 1999; Law et al., 2000c; Afify, 2002); thus, providing a suitable model to study
OpR regulation in culture. Brainstem cultures have advantages over use of established cell
lines in that the cell populations express receptors at endogenous expression levels, unlike
the over-expression seen in transfected cells. Thus, cells in primary culture are more likely

to resemble the in vivo cell population in which the cells were isolated from.

Opioid receptor expression is developmentally and spatially regulated. MOR and DOR
were found in the same brainstem regions in foetal, postnatal and adult rats with DOR seen
for the first time in foetal rat brainstem coronal sections. Several different molecular
weight forms of both MOR and DOR were seen in Western blots. This study shows for the
first time developmental changes in the molecular weight forms of MOR and DOR. The
developmental changes are likely to be due to differences in receptor glycosylation and/or

splice-variant expression.
Changes in the developmental expression and distribution of opioid receptors is likely to

play a key role in the growth, differentiation and physiological activity of brainstem

neurons involved in respiration and cardiovascular function
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Appendix 1 Hibernate Medium Composition

The only difference between Hibernate E and Hibernate A medium is the NaCl

concentration which alters osmolality.

Hybernate E | Hybernate A
mg/L mg/L

INORGANIC SALTS
CaCl, 200.000 200.000
Fe (NO3) 5.9H,0 0.100 0.100
KClI 400.000 400.000
MgCl, 77.300 77.300
NaCl 3000.000 4000.000
NaH,P0,.H,O 125.000 125.000
NaHCO3 74.000 74.000
ZnS0,4.7H,0 0.190 0.190
AMINO ACIDS
L-Alanine 2.000 2.000
L-Arginine HCI 84.000 84.000
L- Asparagine.H,O 0.830 0.830
L-Cysteine 31.500 31.500
Glycine 30.000 30.000
L-Histeine HCI H,O 42.000 42.000
L-Isoleucine 105.000 105.000
L-Leucine 105.000 105.000
L-Lysine 146.000 146.000
L-Methionine 30.000 30.000
L-Phenylalanine 66.000 66.000
L-Proline 7.760 7.760
L-Serine 42.000 42.000
L-Threonine 95.000 95.000
L-Tryptophan 16.000 16.000
L-Tyrosine 72.000 72.000
L-Valine 94.000 94.000
OTHER COMPONENTS
D-Glucose 4500.000 4500.000
MOPS 209.000 209.000
Phenol Red Solution 8.100 8.1.000
Sodium Pyruvate 25.000 25.000
VITAMINS
Choline Chloride 4.000 4.000
D-Ca-Pantothenate 4.000 4.000
Folic Acid 4.000 4.000
I-Inositol 7.200 7.200
Niacinamide 4.000 4.000
Pyrodoxal HCI 4.000 4.000
Riboflavin 0.400 0.400
Thiamine HCI 4.000 4.000 231
Vitamin B12 Solution 0.007 0.007




Appendix 2

Solutions, Buffers and Miscellaneous Methods

1 BALANCED SALT SOLUTION (BSS)

NaCl 148.0 mM
KCl 5.0 mM
CaCl2 1.3 mM
NaHCO3 4.2 mM
MgSO4 0.9 mM
Na2HPO4 0.3 mM
KH2PO4. 0.4 mM

2 PHOSPHATE BUFFERED SALINE (PBS) 0.15M PH 7.4

g/L
NaCl 080 ¢g
KCl 020 g
Na,HPO, 1.15¢g
KHPO4 020¢g

PBS was made by dissolving the salts in ddH20. The pH was adjusted to 7.4 using
concentrated HCL or NaOH.

3 REMOVAL OF PEROXIDASE ACTIVITY

Samples are incubated in hydrogen peroxide solution for 15 minutes

Hyvdrogen Peroxide Solution

Methanol 5.000 mL
30% H,0, 0.333 uL
dH,O 4.660 mL
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4 DAB SOLUTION

DAB 12.50 mg
dH,0 18.75 mL
0.4M PO; buffer 6.25 mL
1% H,0, 9.00 puL

DAB was dissolved in dH,O and the phosphate buffer added. Immediately prior to use
H,0, was added and the samples incubated for 1-20 min until the desired brown colour
was reached. For increased staining 1 mL of 1% Nickel sulphate was added to the mixture

above to produce intense black staining.

5 0.4 M PHOSPHATE BUFFER

g/L
Na,HPO412H,0 111.3 g
NaH2PO4 9.1 g

Salts were dissolved in ddH,O, and the pH adjusted to pH 7.4 before making to the final

volume.

6 GLYCERIN JELLY

Gelatin 5.00¢g
dH,0 60.00 mL
Pure glycerin 70.00 mL
Phenol Crystals 025¢

Gelatin was dissolved in dH,O in a beaker, in a waterbath. When gelatin was dissolved

glycerin and phenol were added and melted in a hot waterbath or oven.

7 ANTIFADE MOUNTING MEDIUM
Antifade reagent, 0.2 g of 1,4-diazabicyclo[2.2.2]octane (DABCO) was added to 9 mL

glycerol and heated to 50°C until dissolved. When dissolved, 1 mL of 0.2 M Tris buffer

containing 0.02% sodium azide was added.
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8 DEPC TREATED WATER
One mL of diethyl-pyro carbonate (DEPC) was added to 1 L of d HO and shaken
vigously. The treated water is placed in a fume hood overnight. The next day the DEPC

treated water is autoclaved for 30 min.

9 LB MEDIUM
To make 1 L
The following reagents are mixed together until they have dissolved. The pH adjusted to

pH 7 with NaOH and made up to the final volume of 1 L, then the mixture sterilised by

autoclaving.

Bacto-tryptone 10g
Bacto-yeast extract 5g
NaCl 10g
dH20 950 mL
10 LB-AGAR

LB agar plates were made by adding agar (15 g/L) to LB medium before pH adjustment.
After autoclaving the media was cooled and antibiotics added. For LB-amp plates 50
pg/mL of ampicillin, and for LB-kan plates 50pg/mL of kanamycin was added. The LB

Agar is then poured into 10 cm diameter petri dishes and stored at 4° until required.

11 SOC MEDIUM

950 ml dH,O
bacto-tryptone 200¢g
bacto-yeast extract 50¢g
NaCl 05¢g

The reagents listed above are added together and shaken until all the solutes were
dissolved. Ten mL of KCI (250 mM) was added and the pH adjusted to pH 7 with NaOH.
The solution is made up to 975 mL with dH,O, and the mixture sterilised by autoclaving.
Following sterilisation 5 mL of sterile MgCl (2M) and 20 mL of 1 M, filter sterilised

glucose solution was added.
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12 SEQUENCING PURIFICATION SPIN COLUMN

G50 Stock: Ten g of Sephadex-G50 (Pharmacia, Uppsala, Sweden) was added to 100 mL
of sterile dH20 and allowed to hydrate for 30 min. Water was decanted from the beads,
them more water was added. This step was repeated 3 times and the beads stored at 4°C

until required.

Spin column preparation: Clean reusable microfuge tube columns were washed 5 times in

dH20 and once in 70% ethanol and the column allowed to air dry. To the bottom of the
column 0.75 mL of G50 stock was added and centrifuged (2000 rpm for 1 min). After
centrifugation 200 puL of d H,O was added to the middle of the column centrifuged as
above. Prepared columns were sealed and stored at 4 °C for up to 1 week. Before use, the
column was washed by addition of 50 pL of sterile dH,O to the centre of the column and

centrifuged.

13 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS
Gel plates and combs were cleaned with 70% ethanol, allowed to dry, and assembled onto

gel casting apparatus (BioRad).

Stock Solutions

1.5 M Tris pH 8.9 (18.2 g Tris/ 100 ml dH,O, pH with HCL)
0.5 M Tris pH 6.8 (6 g Tris base/100 ml dH,O, pH with HCL)
10% SDS (10 g SDS/ 100 ml dH,0)

Water saturated butanol

8% Separating Gel
(2 gels 1.5 mm thick)
Acrylamide/bis (30% stock) 5.32 mL

1.5 M Tris pH 8.8 5.00 mL
ddH,0 9.38 mL
10% SDS in H,0 200.00 pL
TEMED 10.00 pL

10% ammonium persulfate 100.00 pLL
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The solutions were added in the order shown. TEMED and 10% ammonium persulphate
were added last to initiate polymerisation. The gel solution was added to the casting
apparatus and overlayed with water-saturated butanol. The gel was left to polymerise for
30 min. The butanol was removed from the gel and the gel rinsed with ddH,O. The

stacking gel was then made and cast on top of the washed separating gel.

4% Stacking Gel
Acrylamide/bis (30% stock) 1.33 mL

0.5 M Tris pH 6.8 2.50 mL
10% SDS 0.10 mL
ddH,0 6.10 mL
TEMED 10.00 pL

10% Ammonium persulfate 50.00 pL.
(Stored frozen)

Total 10 00 mL

The stacking gel reagents were combined, mixed and overlayed on top of the separating
gel. A comb was added to form well for the samples and the gel was allowed to
polymerise for approximately 15 min. The comb was removed and the gel placed in the
electrophoresis tank with running buffer. Samples were added to the wells and

electrophoresed at 150V for lhour.

14 5X RUNNING BUFFER (TRIS-GLYCINE PH 8.3)

600 mL

Tris base 90¢g
Glycine 432 ¢
SDS 30¢g

The reagents listed above were added together with 500 mL of ddH,0, mixed, and made

up to 600 mL and stored at 4°C until required.

15 PROTEIN GEL LOADING BUFFER 5 X (10 ML)
glycerol 5.62 mL
SDS 1.15¢g
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bromophenol blue 5 mg
0.5 M Tris-HCI pH 6.8 4.38 mL
The following reagents were added, mixed and stored at —20 until use. Immediately before

e use 10 pL of 2-mercaptoethanol per 0.1 mL gel loading buffer was added.

16 WESTERN TRANSFER BUFFER (3 L)

Tris 9.09 g
glycine 432¢
SDS 3g
methanol 600 mL

The following reagents are combined and the volume made up to 3 L with ddH>0.

17 TABLE 1: ARRANGEMENT OF WESTERN TRANSFER APPARATUS

Table Appendix 2 Arrangement of western transfer apparatus

Bottom Grey Side of Cassette
Fibre Pad

3MM Paper
Electrophoresed Gel
PVDF Membrane
3MM Paper

Fibre Pad

Top Clear Side of Cassette
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Appendix 3

Statistical Analysis

MULTIPLE COMPARISONS (BASED OF KRUSKAL-WALLIS TEST)

The statistical significance of differences between pairs of values was determined using
Mann Whitney (2 groups) or Kruskal-Wallis (3 or more groups) for each developmental

age group or treatment, followed by Multiple comparisons test (Hollander and Wollfe,

1973a) (Hollander and Wolfe, 1973a))

For unequal sample sizes a significant difference was analysed using the following

equation.

Results are significant when

NN+ 7 % 1+ 1
Ry - Ry) u Z(a/[k(k- [ 12 ] ( T\I— E )
1)] u v

Ra, Ry = Mean ranks of samples u, v

N

= Upper quartile of normal distribution N(0, 1)(statistical table)
= Acceptable experimental error rate (0.001)

= Mean rank

o

N

k = Number of groups

Ny, Ny = Total number in group u, v
N

=Total number of samples

238



Appendix 4 Cloning and Sequencing of MOR

Vector properties

pGEM-T

Xmn ! 1984

Scal 1875

pGEM®-T od
.f ‘ Vector e T
(3000bp)

orl

L

Apal
Aatll
Sph
BstZ
Nce |
Sacll

Spe |
Noi |
BstZ |
Pst)
Sal
Nde |
Sacl
BsiX |
Nsil

T sps

1 start
14
20
26

~

31
37

46

56
62
62
73
75
82
94

103

112

126
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Hhel 4416

pDONR 201 o T8 | H
Bsom | 4298 Apal 22
Nspl AT co0108 1 22
Rspl U111 416!
AR 4161
Dt 4083
£35S | 3988 Xma i 507
3

BspM | 620

Bsal 741
8=t | 757
Mam | 860
Srl| 874
Smal8?s

pDONR201

4470 bp Bst1107 11211

BssH 111250
8BamH 11291

Vse | 3188
' ° Scal1329
Osal 1443
Neo | 1443
Sty | 1443
Gsul 1843

EccR | 1744

Koriz 1 1748

P | 2887
Sqi| 245¢€

FcoN 12895

N | 2645
BsaA | 2053

pDEST 12.2 Bsol U1 | 7150 SnaSlZ?;bSl -

Ssi1i 623

‘ 55e8387 1773

Not | 855
SPE promoter
CMV promoter aftR1

Fam 1051 6257

EceR I 176

[ N A

Miul 1823
B511107 |1 1708

Xmn | E588

pDEST12.2

7278 bp
Sl 2044
Smal 2045
Ava | 2045
Sarl 2304

nalyA SVa) polyatenyiation

signal

attRe
T7 promates

!
nRel svaton &
eariy promoter

Nsp W 4967

Fsr 11 4801
17 inlerge e

H_:gn_nn

Nhe | 2532

Bell ZR09
Mo | 2802
Hpal 29138

T 17 1 4401
Nar| 428&

AR 1 4140

Hinc 1 41068

fseR | 2073\

Sil 4038

Sexh | 3858

Ora lll 3404
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