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Parathyroid hormone (PTH)-like peptides and mRNA have recently been detected
in neural tissues but it is uncertain if this reflects the transcription of the PTH gene or a
closely related gene. This possibility has therefore been investigated.

PTH-like cDNA moieties of predicted size were readily gencrated from reverse
transcribed (RT) brain (hypothalamic and extra-hypothalamic tissuc) and pituitary RNA,
using PCR with 3 sets of overlapping oligonucleotide primers designed to amplify Tl
cDNA fragments of 285 bp, 372 bp and 459 bp. PCR re-amplification of the largest
hypothalamic moiety with an internal set of primers aiso generated a cDNA fragment of
predicted size (372 bp). Restriction endonuclease digestion with BstN! cleaved the largest
hypothalamic cDNA moietics into smaller fragments of 217 bp and 242 bp, idenitical to the
cleavage of parathyroidal PTH ¢cDNA. RACE amplification of the 3’ flanking ¢cDNA
sequences also produced hypothalamic and extra-hypothalamic cDNA moieties identical in
size (499 bps) to parathyroidal PTH cDNA. Southern analysis of these PCR and RACL
¢DNA fragments further indicated homology with- PTH cDNA. This homology was
subsequently confirmed by nucleotide sequencing, which demonstrated complete homology
between the neural and parathyroidal cDNA fragments. This homology extended over 673
bp (spanning nucleotides 31 to 709 of PTH cDNA), encompassing 95% of the entire
parathyroidal gene. The mRNA for this gene, determined by Northern blotting with a
riboprobe for PTH mRNA, was of identicle size to the parathyroidal PTH but its abundance
in brain was < 0.01% of that expressed in the parathyroid glands. This transcript was not

however detected in liver. The translation of this moiety in hypothalamic tissues was



indicated by the presence of a protein in the rat hypothalamus that was immunoreactive
with PTH, 4, antisera and of comparable size to that in parathyroidal tissue. The abundance
of this protein in hypothalamic tissue was approximately 0.25% of that in the parathyroid

glands, suggesting tissue-specific differences in its rate of synthesis, processing or

degradation.
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1.1. GENERAL OVERVIEW

Parathyroid hormone (PTH) is a basic single-chain peptide of 84 amino acids
synthesized and secreted by the parathyroid glands. PTH has a critical role in the normal
physiologic processes of calcium homeostasis. It protects the organism f{rom
hypocalcemia and is responsible for the minute-to-minute fine regulation of calcium
levels in extracellular fluid within the narrow limits required for the normal functioning,
of the heart and other muscles, nerves, clotting factors of blood coagulation, and
numerous enzymes. PTH-regulated Ca™ is responsible for the secretion and expression of
biologic activity of numerous other hormones that use calcium as a "second messenger”
(Broadus 1981). Removal of the parathyroid glands in humans has been shown to lead to
tetany, seizure, and even death within hours. The effects of PTH on calcium metabolism
result from its direct action on bone in stimulating bone resorption and the release of
calcium salts into the blood and extracelluar fluid. It has a direct action on the kidney
promoting calcium reabsorption and phosphate excretion, and an indirect action on the
gut is in promoting calcium absorbtion from dietary intake (Goltzman 1979; Broadus
1981; Potts et al. 1982). Most classical PTH effects seem to be linked to the stimulation
of adenylate cyclase by parathyroid hormone and the generation of cyclic AMF
(Goltzman 1979; Broadus 1981; Potts ef al. 1982). There exists an ever growing number
of "non-classical” actions of PTH which have also been described. For example, PTH is
known to be important in specific vasodilatory effects in smooth muscle (Pang et al.
1980). More recently however, the possibility of neural PTH having a role in the brain

(Harvey et al. 1993a) has been examined.



1.2. EMBRYOLOGY AND ANATOMY

1.2.1. Development

Once the embryo has attained 8-10 mm in size, the parathyroids will begin to
develope from the third and fourth branchial pouches. The third branchial pouch gives
rise to the thymus and the parathyroid complex. The parathyroids then migrate to and
remain at the lower poles of the thyroid. The inferior parathyroids migrate with the
thymus and come to rest below the parathyroids derived from branchial pouch four.The
fourth branchia! pouch, or the fourth-fifth pharyngeal complex, gives rise to the superior

parathyroid glands (Gilmour et al. 1937).

1.2.2. Gross Anatomy

The parathyroid gland is a redish brown, gelatinous, encapsulated structure
usually found on the surface of each of the two lobes of the thyroid gland. In humans, the
parathyroid glands measure between 2 and 7 mm in length, between 2 and 4 mm in
width, and between 0.5 and 2 mm in thickness (Akerstrom ef al. 1984). In mammals, one
to twelve parathyroid glands can be found. In rats the inferior glands may be absent or too

small to be seen even with the aid of a dissecting microscope.

1.2.3. Chief Cells

Chief cells are epithelially-derived polyhedrally shaped cells of the parathyroid
gland that secrete PTH. Chief cells, oxyphil cells and clear cells reflect different

morphologic/functional expressions of the same parenchymal cell. Clear cells represent



chief cells in which there is an excessive amount of glycogen in the cytoplasm
(Akerstrom et al. 1984). Oxyphils initially are found in the glards at puberty. apparently
increase with age, and may form small microscopic nodules. These cells can be observed
in any one of four different phases. The chief cells respond to low serum calcium levels
by recruiting neighbouring cells into active synthesis and secretion phases, as can be

suggested by a reduction in the size of their intracellular lipid vacuoles.

1.3. CLASSICAL PTH ACTIONS
1.3.1. Calcium and Phosphate Metabolism

Most calcium and phosphate in the body occurs in the form of hydroxyapatite
(Ca;o(PO4)¢OH,), the main component of bone. It is also crucial that calcium and
phosphate concentrations remain relatively constant in the circulation at all times. Even
slight deviations from the plasma concentrations of these ions can have drastic effects on
regulatory and metabolic functions at both the cellular and the organ level.

Both extracellular calcium and phosphate concentrations are maintained under
homeostatic control by means of regulating molecular mechanisms within the cell. Thesc
mechanisms maintain an almost 10,000 fold Ca'" concentration gradient between the
intra- and extracellular region of the cell. This concentration gradient is maintained by a
Na'/Ca™ exchanger which is driven by the sodium gradient as well as Ca"'/H" ATPase
(Rasmussen and Barnett, 1984). The intracellular fluid concentration is actually relatively
low as most of the calcium is stored within the confines of the mitochondria, endoplasmic
reticulum (RER), and the cell nucleolus. The bulk of calcium entry into most cells is the

result of agonist/receptor mediated diffusion; facilitated diffusion and voltage-dependent



channels, although Na'/Ca’™ exchangers also play an important role in the transport of
calcium into the intracellular space (Bringhurst, 1989).

Despite the seeming invariance of the extracellular Ca’ concentration, it too, like
intracellular Ca™ (Cay), is intimately involved in its own regulation through its role as an
extracellular messenger, directly regulating a variety of cell types via cell-surface Ca’
receptors (Brown ef al. 1991). These include cells involved in the control of extracellular
calcium homeostasis, such as parathyroid, bone, and kidney cells, but calcium also has
effects on other cell types such as platlets (Brown e al. 1991).

The regulation of phosphates is more simple as the intra- and extracellular
concentrations vary only minutely. Due to the lack of a concentration gradient, inward

movement of phosphate is thought to occur by means of enzymes and/or a Na'/phosphate

antiporter (Quamme et al. 1989).

1.3.2. PTH Effects on the Kidney

Even slight reductions in the extracellular ionized calcium concentration (of
approximately 1-2% or less) elicit prompt increases in the rate of PTH secretion (Brent et
al. 1988). The most rapid changes in calcium handling by the target tissues for PTH take
place in the kidneys and skeleton. Alterations in renal tubular reabsorption of Ca’ occur
within minutes in vitro (Agus et al. 1971). In the kidney, PTH is known to modulate the
reabsorption of calcium and phosphates within the renal tubules of the nephron
(Rosenblatt ef al. 1989). PTH acts on receptor mediated calcium transporters to increase

the amount of calcium uptake from the lumen (Rosenblatt ef al. 1989). Conversly, PTH



inhibits the Na'/phosphate antiporter resulting in a reduction of plasma phosphate levels.
PTH also stimulates 25(OH)-vitamin D-1-hydroxylase in the proximal tubule. which in
turn catalyses formation of more active forms of vitamin D. The net effect in the kidney
is the reabsorption of calcium and the excretion of phosphate. In the coliceting tubule of
the rabbit nephron, as in the distal tubule of other species, PTH produces a prominent
increase in the reabsorption of calcium ions. This effect persists when the electrochemical
forces premoting passive reabsorption of Ca*" are removed, suggesting an active,

transcellular mechanism for Ca’" reabsorption.

1.3.3. PTH Effects on the Intestine

PTH acts indirectly on the intestine via the synthesis of renal 1,25 (OH), vitamin
D. Renal 1,25 (OH), vitamin D is synthesised in the proximal tubules of the kidney as a
result of PTH binding to specific receptors on these cells. The effect of vitamin D is the
enhancement of calcium binding within the intestine which is thought to increase the

absorbtion of calcium from the intestinal lumen (Bronner ef al. 1986).

1.3.4. PTH Effects on Bone

Short-term maintenance of calcium and phosphate homeostasis is achieved
through the inhibition of hydroxyapatite production as well as the resorption of insoluble
calcium and phosphate into circulation. Three different levels and/or cell types
corresponding to distinct time periods in which PTH has its actions have been

demonstrated (Rosenblatt et al. 1983).



1.4. NON-CLASSICAL ACTIONS OF PTH

As well as the above described "classical" actions for PTH there are also many
novel PTH actions unrelated to calcium and phosphate homeostasis. Some of these could
be indicative of autocrine or paracrine roles of locally produced PTH, by analogy to the

local production of PTH-related peptide and its widespread roles (Fraser ef al. 1993).

1.4.1. Bone

PTH stimulates bone remodelling via specific growth factors which act on surface
osteoclasts to promote bone resorption and remodelling. The phenomenon of bone
remodelling is described by the fact that bone is constantly being resorbed and reformed
(Linkhart and Mohan 1989). This is achieved by surface osteoblasts which respond to
specific growth factors such as bone derived growth factors, insulin-like growth factor-I

(IGF-1) and IGF-II (Linkhart and Mohan 1989). These growth factors are stimulated to

release in response to PTH.

1.4.2. Adipose Tissue

Wermer and Low (1973) were the first to recognize that a highly active
parathyroid gland such as is found in the disease state hyperparathyroidism, results in a
significant increase in the amount of serum triglycerides. Since this discovery researchers
have demonstrated in controlled in vitro conditions that exogenously applied PTH caused

a marked increase in glycerol and free fatty acids (Druek et al. 1987).



1.4.3. Adrenal Gland
The ability of PTH to stimulate cortisone synthesis and release has been
extensively documented (Marotta 1971). Parsons (1975) explained this by the close

homology between a region of the PTH peptide and that of ACTH.

1.4.4. Vascular Smooth Muscle

The first evidence that PTH exhibited hypotensive properties in mammals (dogs)
was provided by Collipp and Clark (1925). Similar studies in other vertebrates (Pang
1980) suggested that the hypotensive effects were the result of PTH having specific
vasodilatory effects (Pang et al. 1980; Crass and Pang 1980). These vascular actions of
PTH seemed to be associated with a local increase in adenylate cyclase activity (Nickols
et al. 1986). In more recent studies, specific PTH receptors have been located on vascular
smooth muscle cell membranes (Nickols et al. 1990) where by these receptors have been

demonstrated to promote adenylate cyclase activity (Nikols ef al. 1986; 1990).

1.4.5. Non-Vascular Smooth Muscle

PTH-induced smooth muscle relaxation has also been found in many non-vascular
tissues. Although the effects of PTH in these tissues is significant, the physiological

significance of these actions is still controversial.



1.4.6. Striated Muscle

The contractile effects of PTH on striated muscle has been demonstrated through
both direct and indirect means. For example, elevated PTH in hyperparathyroidism is
associated with a weakening in skeletal muscle contractility, as PTH increases serum
calcium levels, and induces atrophy of the innervating afferent nerves (Betroni 1987). A
direct positive chronotrophic and inotropic effect of PTH is found in cardiac muscle in
both dogs (Crass et al. 1982) and rats (Tenner ef al. 1983), which is thought to be

mediated through endogenous myocardial noradrenaline (Katoh ef al. 1981).

1.4.7. Miscellaneous Effects

A number of PTH-related effects are listed in Table 1.1. Although the structural
requirements of the PTH molecule for these biological activities have been partially
established, a better understanding of the second messenger systeins involved may lead to
a better understanding of the importance of these effects.

Additional PTH-related effects include an influence on the proliferation and
activity of immuncompetent cells (Perris et al. 1970). Specific PTH receptors have also
been described on circulating lymphocytes (Yamamoto et al. 1983), which when bound

to PTH cause a release of calcium stores (Atkinson et al. 1987).



1.5. BIOSYNTHESIS OF PARATHYROID HORMONE
1.5.1. PTH TRANSCRIPTION

The gene for human PTH is located on the short arm of chromosome 11 near the
end of the chromosome (Zabel er al. 1985). This gene contains two introns: onc
intervening sequeice of 3400 base pairs (bp) following a noncoding region at the §' end
and a second smaller intron of 103 bps bisecting the two coding regions (Heinrich er al.
1984). The cell-specific parathyroid hormone gene expression is thought to result from
specific DNA sequences associated with the PTH gene which respond to the enviroment
of the chief cell to activate gene expression. Once expressed, there exist a number of

important factors which act to regulate PTH gene transcription.

1.5.2. Factors Regulating PTH Gene Expression
PTH gene regulation occurs in a matter of hours to days post stimulation,
constituting the long-term response to parathyroid regulatory factors. There are both

positive and negative regulatory elements in the 5' flanking region (Okazaki ef al. 1991;

Reis et al. 1990).

1.5.2.1. Calcium

At the transcriptional level, calcium seems to be important in the regulation of
PTH biosynthesis (Russel ef al. 1983; Silver et al. 1985). Plasma PTH concentration was
initially suggested to be regulated by the negative effect of calcium on PTH secretion and

degradation (Habner et al. 1975). It was later demonstrated that pre-pro-PTH mRNA



(resulting in the precursor peptide) was directly regulated by calcium although the exact
mechanism is not known (Russell ef al. 1983). It has been suggested that the parathyroid
gland synthesizes PTH, at normal concentrations of extracellular calcium, at almost a
maximal rate (Russell ef al. 1983; Macgregor et al. 1988; Yamamoto ef al. 1989; Lui er
al. 1994).

Okazaki ef al. (1991) have defined two cis-acting negative transciptional elements
between 2.4 and 3.6 kb upstream of the hPTH gene. These negative regulatory elements
have been suggested to have a number of possible functions. One possibility is that they
may be active in all cells; tissue specificity might be conferred only in the presence of
other unidentified cis-acting elements in the hPTH gene. In addition, they may play
important roles in some regulatory function in parathyroid cells. The negative regulatory
clements in the hPTH gene may be responsible for modulation of transcriptional

suppression of the hPTH gene by extracellualr calcium (Yamamoto et al. 1989).

1.5.2.2. Vitamin D

Vitamin D is also important in the regulation of PTH gene transcription. Vitamin
1> modulates expression of the PTH gene (Silver er al. 1985) through the presence in
parathyroid cells of a vitamin D receptor (VDR). Following binding of 1,25-(OH)D, the
1.25-(OH),D-VDR complex binds to specific DNA sequences usually in the upstream
region of the human PTH genes. A sequence motif upstream of the human PTH gene has
recently been identified that binds the VDR and likely mediates transcriptional inhibition

due to 1.25-(OH),D (DeMay er al. 1992). Vitamin D down-regulation of PTH has been
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demonstrated to regulate gene transcription independent of protein synthesis (Okazaki ef

al. 1988).

1.5.2.3. Other Factors Effecting PTH Expression

There has been limited research into determining other possible factors which
may regulate the expression of the PTH gene. Recent work suggests the existence of a
functional cAMP response element (CRE) in the human PTH gene which confers cAMP
responsiveness to a heterologous promoter when transfected into ROS 17/2.8 cells (Rupp
1990). It is still unknown however whether or not this CRE functionally regulates the
response to cCAMP in the parathyroid cell. In addition, glucocorticoids have been shown
to increase PTH mRNA in dispersed, hyperplastic human parathyroid cells (Peraldy ef al.
1990) and to abolish the decrease in PTH mRNA in response to 1,25-(OH)D in dispersed
bovine parathyroid cells (Karmali er al. 1989). Furthermore, in ovariectomized rats,
estradiol administration led within 24 hr to a four-fold increase in PTH mRNA (Naveh-
Many ef al. 1992), which is consistant with the occurance of estrogen receptors within the
parathyroids. Although functionally the PTH gene is similar to many others, the negative
secretory response to increasing calcium concentration is thought to most likely be

brought about though alterations in the signal transduction pathways.
1.6. POST-TRANSCRIPTIONAL REGULATION OF PTH

Post-transcriptional control of protein synthesis has been demonstrated for many

genes including ferritin (Mattia et al. 1989), insulin (Itoh and Okamoto, 1980) and
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growth hormone (Diamond and Goodman, 1985). Hawa ef al. (1993) showed that low
calcium increases membrane-bound polysomal pre-pro-PTH mRNA content by two fold
in the absence of a change in steady-state mRNA levels. This amount is comparable with
the rise in secretion induced by low extracellular calcium concentrations in bovine cells
(Brookman ef al. 1986). The increase in polysomal mRNA also persisted in the presence
of actinomycin D at a concentration which inhibited pre-pro-PTH gene transcription,
indicating a post-transcriptional site of regulation of PTH synthesis (Hawa et al. 1993).
These results may be explained by the possible existence of an "untranslatable"
compartment of preproPTH mRNA within the cells which may be bound to a protein
inhibiting translation, similar to the mechanism which suppresses translation of ferritin
(Aziz & Muro, 1986; Liebold & Munro, 1988; Walden et al. 1988 and Rouault et al.
1990). Furthermore, Lui et al. (1994) demonstrated that incubation of human parathyroid
adenoma cells with cycloheximide resulted in the reduction of PTH mRNA suggesting
that protein synthesis is needed for the the maintenance of PTH mRNA levels.
Cycloheximide may inhibit the synthesis of a liable protein mediator required in PTH

mRNA synthesis, or the synthesis of a PTH mRNA stabilizing protein.

1.6.1. PTH Translation

PTH mRNA translation yields a basic, single chain peptide, with no intrachain
disulphide bonds (Habener et al.1985). There is a striking conservation of primary PTH
structure across species, particularly at the amino-terminus (Fig. 1.1.). While PTH (1-84)

appears to represent the major secreted and circulating form of bioactive PTH, (Segre et
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al. 1972; Goltsman et al.1980) most biological activity is generally belicved to be
completely contained within the N-terminal 34 amino acids (Potts et al. 1971; Tregear et
al. 1973). Although midregion and carboxyl fragments of the hormone circulate at higher
concentrations than the parent molecule, a definite biological role has not yet been

discovered (Sergre et al. 1972; Amaud et al. 1974; Goltzman ¢! al. 1984).

1.6.2. Pre-Pro-PTH

PTH is synthesised as a precursor peptide comprised of 115 amino acids (Fig.
1.2.). The hydrophobic leader sequence {residues -31 to -7) contains 25 amino acids and
is thought to be essential for translocation of the maturing peptide through the
endoplasmic reticulum (RER) and subsequent insertion into the RER membrane (Fig.
1.3.). The membrane-inserted leader sequence (Pre-sequence) is cleaved off and
destroyed upon delivery through the membrane into the cisternal space. The PTH-specific
Pro-sequence of six amino acids (residues -6 to-1) are deleted prior to packaging of the
final 1-84 amino acid secretion product within the golgi apparatus (Habener ef al 1985).
The Pre-Pro-PTH or the Pro-PTH have not been detected in any significant amount in the
peripheral circulation. These two PTH precursor peptides have been shown to have

limited (3-5%) biological activity when administered in vivo or in vitro (Parsons ef al.

1975).
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1.7. SECRETION OF PARATHYROID HORMONE

1.7.1 Factors Regulating PTH Secretion

PTH is present in secretory vesicles within the parathyroid cell and is thought to
be released by exocytosis. Exocytosis in a variety of cell types is regulated by several
different types of mechanisms. Constitutive secretion (.., continual secretion of
proteins) shows little minute to minute variation and presumably involves continuous
packaging and secretion of secretory vesicles (Bennett e/ al. 1993 and Sollner et al.
1993). In addition, regulated secretion of PTH hormone probably involves additional
regulating mechanisms (Burgoyne er al. 1991).These additional factors may include
cAMP, diacylglycerol, and other lipid mediators, Ca®" itself, as well as others; and likely
act by modulating the activity of cellular kinases, with resultant changes in the

phosphorylation of appropriate cellular targets (Brown 1991).

1.7.1.1. Calcium

Changing extracellular calcium concentration has little effect on PTH mRNA
short term expression as the parathyroid gland is synthesising PTH at near maximal
capacity (Russell ef al. 1983; Macgregor et al.1988; Farrow et al. 1988). It was therefore
suggested that bioavailability control may be regulated through the effects of extracellular
calcium concentration on the secretion and degradation of PTH in the parathyroid gland.

The secretory rate of PTH by the parathyroid gland is significantly decreased with
an increase in extracellular calcium concentration (Sherwood et al. 1968; Habener and

Potts, 1976; Brown et al, 1978; Brown and Gardner, 1979; Mayer and Hurst, 1978;
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Brown ef al. 1981; Brown 1982; Brown 1983; Tanguay et al. 1991 and Lui ¢f al. 1994).
The parathyroid gland can therefore swiftly regulate the release of PTH in response to the
changing calcium concentration without the necessity of drastic changes in gene
expression or protein synthesis (Russell ef al. 1983; Habner er al. 1975). Recent studies
confirm this close link between PTH degradation and regulation of PTH relcase from the

cell (Tanguay et al. 1991).

1.7.1.2. Vitamin D

Since PTH is released from the parathyroid gland and acts on the kidney to
produce 1,25-D the question arises as to the ; bssibility of a negative feedback mechanism
of 1,25-D on the release of PTH from the parathyroid gland. Brumbaugh et al. (1975)
first discovered receptors for vitamin D on the nucleus of chick, and later porcine (Cloix
et al. 1976) and human parathyroid cells. PTH suppression from vitamin D metabolites,
has been repeatedly demonstrated in bovine and rat parathyroid cultures (Au ef al. 1984;
Cantley et al. 1985; Sugimoto et al. 1989). This seems however, to be a minor role for

1,25-D as it and its metabolites have demonstrated a greater importance at the level of

PTH gene expression.

1.7.2. Role of G-Protein-Coupled Ca®* Receptor
Guanine nucleotide regulatory proteins (G-proteins) link the cell surface proteins
to the intracellular effector systems, transducing the signal generated from the binding of

a hormone to its specific receptor (Spiegel 1987). This family of proteins are functionally
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related heterotrimers comprised of , alpha, beta and gamma subunits. Accumulating
evidence implicates a cell surface, receptor-like mechanism as a key component in the
regulation of parathyroid function by extracellular Ca®" (Brown et el. 1991). The putative
Ca®* receptor is linked to several intracellular second messenger systems via one or more
guanine nucleotide regulator (G) proteins (Fig. 1.4.). While it is possible that a single
form of Ca”" receptor couples to several second messenger systems in parathyroid cells, it

is also possible that there are distinct forms of the receptor that couple to changes in

cAMP and phosphoinositide turnover.

1.7.3. PTH Intracellular Degradation

Another potentially important factor regulating PTH is the effect of Ca’* on
cellular stores of this peptide. Both in vivo (D’ Amour ef al. 1992) and in vitro (Morrissay
et al. 1980) studies have shown that there is more intracellular degradation of PTH at
high than at low extracellular Ca*" concentrations, with a sigmoidal relationship between

the extracellular Ca?* concentration and the proportion of secreted PTH fragments.

1.8. PTH Receptor mRNA Distribution

The wide distribution of PTH receptor mRNAs suggest that the functions of the
PTH receptor are not restricted to tissues involved in homeostatic calcium and
phosphorous metabolism. Urena et al. (1993) examined the distribution of the cloned
PTH receptor mRNA in several rat tissues. The results from this work are shown in Table

1.2. which lists the organs expressing the PTH receptor mRNA and its relative intensity.
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1.8.1. Neural PTH Receptors

Although neural effects of PTH in the brain have been well documented, the exact
mechanism for which PTH acts through the receptor remains opsen to some debate. Earlier
data supports the fact that PTH acts through the increase in intracellular cAMP as primary
cultured brain cells treated with PTH demonstrated a marked increase in cAMP (Loftler
er al. 1982). This response was thought to be specific as it could be blocked by the
application of PTH antagonists (Loffler ef al. 1982). Conversely, Fraser and Arieff (1988)
and Fraser er al. (1988) demonstrated that the response to PTH within the rat brain
synaptosomes were not associated with an increase in cAMP activity. In addition,
calcium currents in snail neurones are increased by PTH independent of angmented
cAMP concentration (Kostyuk et al. 1992). PTH receptors have been suggested to oceur
in peripheral nerves (Pang ef al. 1990) as saturable binding sites for radiolabelled PTH
have been observed in nsuroblastoma cells (N1E-115) of mouse. The binding, affinities
and capacities of these binding sites are similar to those found in target tissues such as
bone, kidney and intestine.

Rat and snail (Helix pometia) brain have also been shown, although not in detail,
to bind radiolabled PTH (Khudaverdyan et al. 1993). More specifically, radiolabled PTH
has been demonstrated to bind to receptor sites on rat hypothalamic plasma membranes

(Harvey & Hayer,1993), and to a lesser extent cerebellum and cerebrum, but were absent

in the brain stem.
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1.9. EVIDENCE FOR PTH IN THE BRAIN

In addition to its classical role, acting directly on the kidneys, bone and the
intestines to increase and maintain serum calcium concentrations and rid the body of
excess phosphates, PTH may also be involved in a non-classical neuroendocrine role. The
suggestion that PTH may have a role in the brain is supported not only by the occurrence

of its synthesis and secretion, but also by its effects on other hormones and

neurotransmitters in ceiebral tissue.

1.9.1. Immunocytochemical Evidence

Immunoreactive PTH is now known to be located in many neural tissues of
vertebrates including the brain, hypothalami and pituitary glands of fish, amphibian,
reptilian, avian and mammals (Balabanova et al. 1985, 1986: Harvey et al. 1987; Pang et
al. 1988ab: Fraser et al. 1991) and in sensory ganglia of invertebrate gastropods
(Wendellar Bonga et al. 1989). It was demonstrated that this PTH-like immunoreactivity
was the result of a heat-stable non-dialysable peptide which co-eluted with human PTH
(1-84) (Pang et al. 1988a). It has also been demonstrated that immunoreactive cell bodies
in the preoptic area of gold fish brain possess axons which terminate in the neuropars-
intermedia adjacent adenohypophysial membranes (Pang ef al. 1988b). Immunoreactive
PTH cell bodies were also found in brains of hagfish, bullfrogs and mice exhibiting fibre
tracts traced to the neurohypophysis in the hagfish species (Pang et al. 1988b). Also of
interest in this study was the fact that the axon terminals of the bullfrogs and mice

demonstrated a close proximity to the portal blood vessels.
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These results demonstrate a clear conservation of a hypothalamic PTH peptidergic

system throughout vertebrate evolution.

1.9.2. Genomic Evidence

A PTH mRNA probe has been demonstrated to hybridize to mRNA from the
hypothalamus of the rat, suggesting the existence of a hypothalamic PTH peptidergic
system in the vertebrate brain (Fraser et al. 1990). Furthermore, expression of PTH
mRNA in the hypothalamus of rat by two rounds of Polymerase Chain Reaction (PCR) o {
cDNA reverse-transcribed from RNA proved to be the same size as that in the
parathyroid (Fraser ef al. 1990). Site specific in-situ hybridization of rPTH-like mRNA in
the paraventricular and supraoptic nuclei of rat hypothalamus would suggest that these

may be central localized sites for the synthesis of PTH (Fraser e/. al. 1990).

1.9.3. Effects of Calcium on Neural PTH

Balabanova ef al. (1986) demonstrated that immunoreactive PTH release from
sheep brain is stimulated in vitro by depletion of extracellular calcium and suppressed by
1,25-(OH), vitamin D; which is the same response observed in the regulation of
parathyroidal PTH (Rosenblatt ef al. 1989; Pocotte et al. 1991). In vivo, rat brain
immunoreactive PTH release is independent of supplementation or depletion of dictary

calcium (Pang et al. 1988a).
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1.9.4. Neural PTH Degradation

Non-specific microsomal enzymes have been shown to degrade PTH in a
temperature dependent manner within the gyrus, brain stem, basal ganglia and cerebellum
of sheep brain (Balabanova and Helmer, 1992). This is further evidence in support of the

occurrence of PTH synthesis and release within the brain.

1.9.5. Action of PTH in the Brain

1.9.5.1. Neural Actions

To date PTH is known to have a variety of central actions. For example, PTH
adrenergic-like effects are blocked by PTH antagonists but not by beta-adrenergic
antagonists such as propanol (Pang ef al. 1986) suggesting possible neurocrine actions of
this peptide. Chronic renal failure (CRF), which secondarily leads to hyper-
parathyroidism, is also supportive evidence for PTH having neural actions. Patients with
this disease are known to experience mild sensorial clouding, delirium, coma and even
during post dialysis therapy, many of these patients have been known to have continued
impaired mentation. These include electroencephalograph (EEG) abnormalities and
peripheral neuropathy (Cooper et al. 1978; Akmal et al. 1984). Neural dysfunctions with
which uraemic patients present, can be reproduced experimentally with exogenous PTH
in the absence of any renal disfunction or hypercalcaemia (Guisado ef al. 1975).
Furthermore, it has been demonstrated that parathyroidectomy results in the
normalization of brain EEG patterns in the uraemic subjects and in patients with both

primary or secondary hyperparathyroidism, which is also associated with neuro-
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psychiatric illness (Allen e al. 1970; Cogan et al. 1978: Goldstien et al. 1980).
Hypersecretion of PTH has also been associated with other diseases such as Alzheimers
and senile dementia (Morimoto et al. 1988).

Intracerebroventricular (i.c.v.) injections of PTH result in an enhancement
of learning and memory processes suggesting the existence of central sites of PTH action
(Clementi er al. 1984, 1985). PTH also demonstrates central action by inducing a
hyperalgesic state (Gennari, 1988; Gennari et al. 1991) which may model the abdominal,
joint or bone pain that typically occurs in 50% of patients with primary

hyperparathyroidism.

1.9.5.2. Mechanisms of Central PTH Action

Central actions of PTH are thought to be mediated through the increase in calcium
uptake which in turn leads to an increase of neurotransmitter release (Dubovsky and
Franks, 1983). By using patch clamp techniques, on snail buccal ganglion, Wang ef al.
(1993) demonstrated that bovine PTH increased the N-like calcium channel currents in
isolated BS neurons in a concentration-dependent manner. This effect of PTH on the N-
like calcium channel currents depended on the activation of a G protein insensitive to
pertussis toxin, but was unlikely to be mediated by the cyclic AMP dependent protein
kinase.

Noradrenaliie released from rat brain synaptosomes is suppressed in uraemia by

exogenous PTH. This may be due to the accompanying reduction in synaptosomal
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phosphatidylserine which is important in the aggregation of neurosecretory vesicles
within the membrane of the neuron.

Harvey et al. (1993a) have shown similar inhibitory effects of PTH on the uptake
and release of dopamine from in vitro hypothalamic slices of rats. In addition to reduction
in the dopamine content these researchers observed that exogeneous PTH also increased
dihydroxyphenyl-acetic acid (DOPAC, a dopamine metabolite), as well as the
DOPAC:dopamine ratio. Hypothalamic DOPAC and the DOPAC:dopamine ratio are
increased by i.c.v. injections of PTH or PTH-rp (1-34) but not after the prior
administration of agonist PTH(7-34) or monoamine oxidase (Harvey et al. 1993b).

Concentrations of DOPAC also increase in the hypothalamic extracellular fluid after PTH

perfusion (Harvey et al. 1993b).

1.9.6. Possible Roles for PTH in the Brain

Although PTH has only been rarely considered as a neurohumeral agent limited
evidence suggests PTH may have a role in the regulation of prolactin (PRL). Some
evidence also suggests that PTH may play a limited role in learning and behavior

modification.

1.9.6.1. Prolactin Regulation
Evidence suggests that hyperparathyroidism may be a cause of
hyperprolactinaemia (Fioretti er al. 1986).  This is supported by the fact that

parathyroidectomy restores circulating prolactin concentrations to normal in some
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hyperprolactinaemic patients (Raymond ef al. 1982). Additional evidence for the role of
PTH in the regulation of prolactin stems from the fact that the disease
pseudohypoparathyroidism (characterized by defective PTH receptors) is demonstrated
by isolated prolactin deficiency (Kruse ef al. 1981).

Exogenous (i.v.) PTH or parathyroid extracts increase circulating prolactin levels
in normal subjects and in patients with primary hypoparathyroidism (Issac ef al. 1978;
Castro et al. 1980; Kruse ef al. 1981). Although it is known that calcium entry into the
cell regulates hormone release from the pituitary the prolactin response observed here is
independent of plasma calcium levels (Castro ef al. 1980) and differs from the inhibitory
effect of hypercalcaemia on prolactin secretion (Rodjmark et al. 1984).

Additional evidence for PTH regulation of prolactin stems from the observation
that hypothalamic immunoreactive PTH nerve fibres terminate in areas of the fish
pituitary responsible for the secretion of prolactin (Kaneko & Pang, 1987). Harvey et al.
(1993c) were unable to demonstrate a significant change in the circulating prolactin levels
in rats in response to peripheral (i.v.) injection of bPTH. In addition, a prolactin response
to this same peptide could not be detected from monolayers of rat pituitary cells or GH;
cells in vitro. Plasma prolactin concentrations are elevated by i.c.v. injections of bPTH
(Clementi et al. 1984) suggesting that PTH regulation of PRL is indirect.

The effects of PTH on the regulation of prolactin may be mediated through
dopamine as its increase in metabolism along with its inhibition from release may remove

its known tonic inhibitory effects on the release of prolactin (Harvey et al. 1993a,b).
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1.9.6.2. Cicadian PTH Effects on Prolactin

Circadian PTH (1-84) secretion in normal humans is characterized by a late
afternoon/early evening rise and a surge through the night (Logue e al. 1989; Calvo et al.
1990; Logue ef al. 1990 and Calvo ef al. 1991). Although the mechanism for PTH (1-84)
rhythmic release has not yet been elucidated, many studies support the fact that its thythm
is not based solely on serum calcium or phosphate concentrations. This suggests that the
nervous system may play a direct, or indirect, role in PTH modulation of PRL secretion
(Logue ef al. 1989; Calvo et al. 1990; Logue et al. 1990 and Calvo et al. 1991).

PRL secretion follows a similar pattern to PTH (1-84) measured over a 24h period
in normal males with an early evening rise and a major night time elevation shortly after
the beginning of sleep (Desir et al. 1982). Comparison of the PTH (1-84) and PRL
secretion profiles over a 24h period demonstrated a strong correlation between the two
where it is shown that PRL release occurs approximately 2h after PTH release (Calvo et
al. 1990). This again suggests a neuroendocrine control common to PTH (1-84) and PRL
secretion. This theory has been challenged by Logue et al. (1992). Male subjects were
divided into two groups (Group A-sleep, 0100-0800h; Group B-sleep, 0800-1400h)
where blood samplcs were drawn at 30 minute intervals. The results showed that the
sleep shift caused a shift in the PRL secretion to the new time of sleep. The overall timing
of the PTH (1-84) nocturnal peak (0200-0600h) was not altered by the sleep shift. These

results therefore, contradict the suggestior: of a direct neuroendocrine link between PTH

(1-84) and PRL (Logue et al. 1992).



1.9.6.3. Effects on Aquisition of Active Avoidance Behavior

Clementi et al. (1984) demonstrated that ic.v. injection of pico-molar
concentrations of bPTH hormone facilitated the aquisition of active avoidance behavior
in the rat. This effects was mimicked by the C-terminal fragment PTHes gy, While the N-
terminal fragment PTH, 3, and PTH,y. inhibited the acquistion of active avoidance
behavoir in the rat. These findings suggest that PTH molecule possesses specific
sequences that oppositely affect avoidance acquisition. As the whole molecule seemed to
facilitate the acquisition of active avoidance behavior it appears as though the C-terminal
fragment PTHg;.g4, is responsible for this effect. However, this study showed that PTHs.
g4 is even more potent than the whole molecule in facilitating avoidance acquisition. It
has therefore, been suggested that this may be due to the inhibiting action exerted, within
the PTH molecule, by the other fragments PTH, 34 and PTHyq.5. It is possible that PTH,
by causing hypercalcemia, may increase the release of a neurotransmitter such as
acetylcholine (Boustein et al. 1972) as this neuropeptide plays a role in learning an

memory porcessess (Bartus e al. 1982).

1.9.6.4. Physiological of Pharmacological Effects

Although there exists much evidence demonstrating the effects of PTH within the
brain, the possibility that these effects may be pharmacological should be considered
(Pang,1988c; Orloff et al. 1989). During primary or secondary hyperparathyroidism the
concentrations of PTH may be greater than 100-1000 times that of a normal subject

(Mallette et al. 1982). Furthermore, nanomolar or micromolar amounts of PTH are
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required to ilicit a neurological response in vitro where between pico- to nanomolar
concentrations of PTH normally exist in serum although the levels may be higher in the
CNS (Harvey et al. 1993c). However, Clementi ef al. ’1984) was able to demonstrated

avoidence behavior from rats injected with PTH (i.c.v.) at concentrations well within

physiological limits.

1.9.7. Hypothalamo-Pituitary Actions of PTH

Although it is certain that PTH hormones act within the brain it is uncertain as to
whether these actions are caused by PTH produced locally in the brain or by endocrine
actions of PTH from the parathyroid glands. Although the role of PTH within the brain
has not yet been determined, the fact that parathyroidectomy fails to decrease PTH
dependent (Fraser & Arieff, 1988) synaptosomal calcium uptake in uraemic rats (Fraser
& Sarnaki, 1988; Massry et al. 1988), suggests there may exist a possible role for

hypothalamic PTH within the CNS.

1.9.8. Transfer of PTH Through the Blood-Brain Barrier

Currently, there exists much conflicting data as to whether or not PTH crosses the
blood-brain barrier during physiological conditions. Gennari (1988) was unable to detect
a change in CSF calcium or phosphorus with either an excess or deficiency of plasma
PTH concentrations. In addition, Balabanova et al. (1984) were unable to determine a
significantly higher CSF concentration of PTH within hyperparathyroid patients as

compared to a normal control population, despite a marked increase in plasma PTH
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levels. Additional support for the blood-brain barriers impermeability to PTH arises from
observations that (i.v.) injection or artificial parathyroid stimulation did not result in a
corresponding increase of PTH in the CSF (Akmal ez al. 1983).

Contradicting results were later published for a similar experiment in sheep which
demonstrated (i.v.) injections of PTH did result in significant increases of PTH within the
CSF (Care & Bell, 1986). Furthermore, human experiments showed that C-terminal PTH
in the CSF of ten subjects, one of whom had primary hyperparathroidism, varied relative
to the concentration of PTH in the plasma (Care & Bell, 1986). A correlation has also
been shown between the levels of N-terminal and mid-molecule PTH in the serum as
compared to CSF in patients suffering from bone or joint pain with unrclated
concentrations of serum or CSF calcium (Jaborn ef al. 1991). Parathyroidectomy also
alleviates neurological disorders resulting primarily from the pathophysiological
conditions of hyperparathyroidism and uraemia (Allen ef al. 1970; Goldstein et al. 1980;
Genari, 1988) suggesting that PTH may penetrate the blood-brain barrier from the
peripheral side. It is important to note that the blood-brain barrier can become "leaky" to
many compounds during certain disease states (Ford 1976) and that hyperparathyroidism
may represent such a state.

The question as to whether PTH synthesized in the brain may pass into the
peripheral circulation has also been examined. It has been suggested that hypothalamic
PTH may enter the systemic circulation by way of nerve terminal release from the median

eminence of neurohypophysis as immunoreactive PTH nerve terminals have been
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discovered in the median eminence close to hypophysial blood vessels in rats (Pang ef
al.1988b).

More recently it has been demonstrated that the movement of PTH from the brain
to the peripheral circulation readily occurs (Yao et dl. 1993). Allotransplantation of
parathyroid tissue into the cerebroventricle of parathyroidectomized rats resulted in the
maintenance of the serum concentrations of both calcium and PTH at levels comparable
to those before the parathyroidectomy. These results suggest that the allografts could
exert their full function of secreting hormone and as well that the hormone can easily pass

through the blood brain barrier into the general circulation.

1.10. HYPOTHESIS

The specific hypothesis tested in this thesis are:
1.) the PTH gene is expressed in the rat brain, specifically in the hypothalamus
2.) the neural PTH gene is very similar to that found in the parathyroid gland and,

3.) the neural PTH gene is transcribed to an immunoreative protein in the CNS
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1.11. TABLES

" REFERENCE

BIOLOGICAL RESPONSE

Hypotensive Activity in Pang et al. (1981)
Dogs and Rats Pang et al. (1983)
Vasodilation in Dogs Crass and Pang (1981)
Increased Adenylate Helwig et al. (1987)
Cyclase Activity in Renal

Microvessels

Increased Adenylate Helwig et al. (1987)
Cyclase Activity in Renal

Tubules

Increased Glucose-6- Sakaguchi et al. (1987)

Phosphate Dehydrogenase
Activity in Renal Tubules

Inotropic and Chronotrophic Bogin et al. (1981)
Effects on Heart Cells
Binding of PTH to Yamamoto ef al. (1983)

Lymphocytes and Adenylate
Cyclase Stimulation

Increased Mitotic Activity of Atkinson et al. (1987)
Thymic Lymphocytes
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Figure 1.1. Primary structures of human, bovine and porcine PTH. Note the high degree
of sequence homology between the three forms and the fact that most substitutions are
conservative (e.g. isoleucine (I) for leucine (L)) (Watson and Hanley, 1993).
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Figure 1.2. Primary structure of Pre-Pro-Parathyroid Hormone (Habener and Potts,

1978)
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Figure 1.3. Biosynthesis of PTH (Habner and Potts1978).
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Figure 1.4. Model of the possible coupling of cell surface Ca®" receptors to intracellular
mediators and PTH (Brown, 1990).
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2.1. INTRODUCTION

Parathyroid hormone (PTH)-like immunoreactivity is present in extracts of the rat
hypothalamus (Pang ef al. 1988) and sheep brain (Balabanova et al. 1985, Balabanova et al.
1986). The immunoreactivity in these tissues is associated with a heat-stable, non-dialazable
peptide that co-elutes with authentic PTH, . g, after HPLC fractionation (Pang et al. 1988). The
blood-brain barrier has been considered to be impermeable to PTH in systemic circulation
(Akmal et al. 1984, Balabanova et al. 1984) and the brain may therefore be an extra-
parathyroidal site of PTH production. This possibility is supported by the localisation of PTH-
immunoreactivity within perikarya in discrete rat hypothalamic nuclei (Pang et al. 1988), in
which PTH-like mRNA was detected by in situ hybridization (Fraser er al. 1990). It is,
however, siill uncertain if the PTH-like immunoreactivity and PTH-like mRNA in the brain
reflects the extra-parathyroidal transcription of the PTH gene or the expression of a ~i- ~ly
related gene.

The PTH-like mRNA in the rat hypothalamus was found, by Northern blotting with a
PTH riboprobe, to be of comparable size to the RNA moiety in parathyroidal tissue (Fraser et

al. 1990). Some sequence homology with the parathyroidal transcript was also indicated by the

Foot Note. A versior: of this chapter, Sequence Analysis of Hypothalamic Parathyroid
Hormone Messenger Ribonucleic Acid, was submitted to Endocrinology for publication. Dr

Parimi gave advice on the clening of the PCR fragments.
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generation of a 384 bp RT-PCR (reverse transcriptase-polymerase chain reaction) cDNA
moiety of predicted size, identical to parathyroidal PTH cDNA (Fraser ef al. 1990). This PTH-
like transcript was, however, of low abundance and the cDNA fragment generated by RT-PCR
was only distinguishable after a “booster” PCR re-amplification. It is therefore possible that
this cDNA moiety was a PCR artefact reflecting the “illegitimate transcription™ of a
constitutively expressed gene (Cally et al. 1989). It may also be possible that the “sticky end”
PCR primers chosen for this study (Fraser et al. 1990) simply lacked sufficient homology to
the PTH gere, thus reducing the efficiency of PCR amplification. The abundance of PTH-like
mRNA in the rat brain and its sequence homology with parathyroidal PTH mRNA has

therefore been determined in the present study.

2.2. MATERIALS AND METHODS
2.2.1 Tissue preparation

Parathyroid glands, hypothalami, extra-hypothalamic brain, pituitury glands and liver
tissues were rapidly dissected from 3 week old (200 - 250g), male Sprague Dawley rats and
immediately frozen in liquid nitrogen and stored at -80°C prior to analysis. The hypothalami
were excised from the rest of the brain through four perpendicular cuts in the shape of a

diamond, each approximately 2.4 mm lateral and 3.5 mm dorsal of the midline (Paxinos ct al.

1986).
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2.2.2. RNA preparation

Total cellular RNA was isolated from tissue extracts using RNA Now™ (Bio/Can
Scientific, Mississzuga, ON, Canada). Briefly, following homogenisation in RNA NOW™,
0.2ml chloroform was added to each sample and then shaken for 20 seconds. After resting on
ice for 5 min the samples were centrifuged (10,000 x g for 10 min at 4C°) and the RNA
precipitates were washed twice with (1ml) 75% (v/v) ethanol and centrifuged (5000 x g for 5
min at 4°C) prior to resuspension in diethylpyrocarbonate (DEPC) treated watei. The purity
and amount of RNA extracted was assessed spectrophotometricly at 260 nm after
electrophoresis in ethidium bromide stained 1% (w/v) agarose minigels (Maniatis). Total RNA

was used to prepare poly A" mRNA using the polyATtract® mRNA isolation system

(Promega, Madison, WI, USA).

2.2.3. RT-PCR

The ¢cDNA sequence of the neural PTH transcripts was determined by RT-PCR
(¥.wasaki et al. 1990). Total (0.2 - 1.0 ug) or poly A" RNA (lug) from extracted tissue was
reverse transcribed with Superscript (100U; BRL, Burlington, ON, Canada) in the presence of
a 50pmol 3'-oligomer rPTH antisense primer (MTN; 5-GCACGGTCTAGAATACGT
CAGCATTTA-3"). based on the known sequence of rat PTH ¢cDNA (12,13), or a 100pmol
oligodeoxythymine  primer  (Boehringer Mannheim, Montreal, Canada), excess
deoxynucleotides (10mM each of dATP, dCTP, dGTP, dTTP; Boehringer Mannheim) and 5X

RT buffer (BRL). The reactions were diluted with double distilled water (50:1 v/v) and an
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aliquot of each (0.5% of total volume) was added to a PCR mixture containing one of three
overlapping oligonucleotide primers (¥TN1: 5>AAGAGAGTCAGTGAAATACAGCTT<3"
MTN3: 5>AGTCCAGTTCATCAGCTGTCTGGCTTA<3: MTN2: S5>ATGATGTC
TGCAAGCACCATGGCTAAG<3, Nucleotide Synthesis Laboratory, University of” Alberta,
“dmonton, Alberta, Canada). These primer sets were based on the nucleotide sequence of the
iat PTH gene and were designed to generate fragments of 459 base pairs (bp) (MTNS3;
spaaning nucleotides 36 - 2082 and cDNA residues 36 - 494, from the first, second and third
exons), 372 bp (MTNZ; spanning nucleotides 1600 - 2082 of the PTH gene and ¢cDNA
residues 123 - 494, from the second and third exons) and 285 bp (MTNI: spanning nucleotides
1797 - 2082 of the gene and cDNA residues 210 - 494, from the third exon) (Fig. la). A
common 3'-oligomer rat PTH antisense primer (MTN) was used in each primer set. The PCR
mixtures contained 15 pmol of each oligonucleotide primer set, excess deoxynucleotides
(200pmol of each) 1X PCR buffer (80mM KCl; 16mM Tris-Cl, pH 8.4; 1.5mM MgCly; and
0.1% Triton X-100), and Thermus Aquaticus (Tag) DNA polymerase (5U, Promega). The
mixtures were overlaid with mineral oil (2 drops), and denatured at 94°C for 2 min prior to 35
cycles of denaturing (92°C for 1 min), annealing (50°C fo¢ 1.5 min) and extension (72°C for 2
min), ending with a final extension (72°C for 10 min) in a genetic thermal cycler (MJ
Research, Watertown, MA, USA). Reaction products were analysed by clectrophoresis in
ethidium bromide stained 1.5% (w/v) agarose gels and compared with DNA molecular weight

markers $X174 RF DNA/Hinf I (Promega).
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2.2.4. Nested PCR

The large PCR fragment, generated by the MTN3 primer set, was excised from the
agarose gel and purified using a cDNA gel purification kit, Gene Clean II (Bio/Can Scientific).
according to manufacturers instructions. cDNA aliquots weic then overlaid with equal volumes
of mineral oil and re-amplified by heating to 94°C for 2 min before 30 cycles of annealing
(50°C for 1 min), extznsion (72°C for 30 sec) and denaturation (94°C for 30 sec), followed by

a final extension (72°C for 10 min) with the internal (MTN2) oligonucleotide primer set.

2.2.5. Restriction endonuclease digestien

Sequence homology with the PCR generated ¢cDNA moietizs (MTN3/MTN) was
determined by restriction endonuclease digestion (1 h at 37° C) with BstNI (5U/ug DNA.
Bochringer Mannheim), which would result in PTH cDNA residues of 217 bp and 242 bp (13).

Digestion products were identified after electrophoresis in ethidium hromide stained 1.5%

(w/v) agarose gels.

2.2.6. YRACE

3'RACE (14) was utilised to examine the untranslated 3’ region of the neural PTH
gene. Total RNA (Sug) was denatured for 10 min at 92°C and then reverse transcribed with
200 units of MMLV reverse transcriptase, in the presence of 4 ul of 5X reverse transcription

buffer. 1.3 ul of dNTPs (from 15 mM stocks of each dNTP), 0.25 ul (10 units) of RNasin, and

0.5 ul of Qy primer (5">GACTCGAGTCGACATCGITTITITITTITITLHI r<3"; 100 ng/ul).
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After 2 h at 37°C the reaction was terminated by dilution to 1 ml with T (10 mM Tris-HCl;
pH 7.5). 1 mM ethylenediaminetetraacetic acid (EDTA) and the cDNA was stored at 4°C until
use.

The cDNA was subsequently amplified by semi-nested PCR. since a single round of
PCR rested in the production of numerous non-specific fragments (data not shown). First, an
all -+ of the cDNA 130" of the tetal reaction) was amplified in the presence of
olignnucieotide prir..... « TN2 and Qo (5">GACTCGAGTCGACATCG<3"; 25 pmc! of
each). &NTP’s (1.7 mM of each), | x Taq Polymerase buffer (Promega) and 10% DMSO. Taq
polymerase (2.5U, romega) was added after an initial 5 min denaturation, as described by
Frohman (14). The mixture was subsequent}y overlaid with 30 ul mincial oil (Life Brand,
Shoppers Drug Mart, Edmontor:, Canada) and subjected to init'al annealing (52°C, 2 min) und
extension (72°C, 40 min) steps prior lo 35 amplification cycles (94°C, 1 min: 52-60°C, 1 min;
72°7. 3 min), and a final extension (72°C, 15 min}. An aliquot (1 ul) of the amplification
reaction was diluted in TE (1:20) and amplified under identical conditions, ii & presence of
Q, and an internal primer, MTN1. 3'RACE products and ¢X174 RF DNA/Hinf I (Promega)
markers were then subjected to electrophoresis thiough 1.5% agarosc gels. stained with

ethidiuni bromide ard viewed under uitraviolet light.

2.2.7. Southern blot analysis
Sequence homology between hypothalamic and parathyroidal PTH c¢DNA’s was

further assessed by Southern bloiting, using a complementary [321’] radiolabelled PTI cDNA
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probe (corresponding to the cDNA region flanked by primer set MTN1). After electrophoresis
in 1.5% (w/v) agarose, ehidium bromide stained gels, cDNA moieties were transferred by
capillarity to nyion meralxories, where they were rinsed in 6 x SSC (1 x SSC: 0.15 mol NaCl/l;
0.015 mol sodium citrate/l, pH 7.2), and baked at 80 C° for 2 houis. The membranes were
prehybridised for 2 h at 42°C in 30% (v/v) formamide containing 6 x SSC, 5 x Denhardts
(0.1% (w/v) Ficoll, 0.1% (w/v) BSA, 0.2% {w/v) SDS and 0.1% (w/v) polyvinylpyrrolidone),
10% (w/v) dextran sulfate and saimon sperm DNA (50 ug/ml) (Sigma). The membraiies were
then hybridised under th. same conitions for 18 h ir the presence of a [32P] odCTP labelled
(200 uCi/mmol; New Engiand Nuclear, Mississauga, Ontario, Canada) random primer (BRL)
generated (Maniatis et al. 1982) cDNA pr.'be, hamelogous te the region of the PTH gene
spanned by primer set MTN1 and MTN. The jnoo. 08 Zenerated by cloning a PTH RT-
cDNA PCR product into a TA vector (pCR3 ™M) as described below. Once this plasmid was
sequenced. the cDNA region spanned by the MINIMIN fragment was cut from the plasmid
with EcoRl and electrophoresed in 1.5% (w/v) agarose ethidium bromide stained minigels
(Maniatis et al. 1982). The c?NA probe was excised from the gel and purified from agarose
using Gene Clean II (BioCan Scientific). The cDNA probe was then resuspended in doubl::
distiiled water prior to random primer labeliing. Fcii~ ving a brief rinse in 2X SSC, the nylon
membranes were - shed at room temperature (15 mir) in 0.1% (w/v) SDS containing 2X SSC
and subsequently washed twice (15 min each) at 55°C in 1% (w/v) SDS containing 0.1X SSC.

lots were then exposed to Kodak (X-OMAT AR) X-ray film for 20-40 min.
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2.2.8. Nucleotide cloning and sequencing

The identity of the hypothalamic PTH c¢DNA was determined by nucleotide
sequencing. cDNA moieties were electrophoresed in 1.5% (w/v) agarose, cthidium tromide
stained minigels (Maniatis et al. 1982). The visualised cDNA bands from PCR (459. 372 and
285 bp) and 3’'RACE 499 bps) were excised from the gel and purified from excess nucleotides
and agarose usin> Gene Clean II (BioCan Scientific) and *.c fragments were then resuspended
in double distilled water prior to cloning inio a TA vector (pCR3TM), using a Eukaryotic TA
Cloning Kit (Invitrogen, San Diego, CA, USA), according to manufactures instructions. Ten
colonies were selected for plasmid isolation and restriction analysis (EcoRl) for the presence of
the insert. Selected colonies were grown ovemight in LB broth (50 ug/ml kanamycin) prior to
plasmid purification, using a Mini Prep kit (Quiagen, Chatsworth, CA, USA) and resuspended
in 60 ul of TE buffer. Automated sequencing (Biochemistry Sequencing Lab, University of
Alberta) of plasmids containing PCR and 3’RACE fragiments was performed from both 5° and

3’ directions.

2.2.9. Neiwthern blot analysis

The relative abundance of PTH mRNA in rat neural tissues was determined by
Northern blotting. Total RNA from rat hypothalamus (20ug), extra-hypothalamic brain (20ug),
liver (20ug) and parathyroid glands (0.25 ng to 0.0625 ng) was quantified using a fluorimeter
and subjected to electrophoresis in a 1% (w/v) agarose and 3.1% (w/v) formaldehyde gel,
stained with ethidium bromide, and transferred to a nylon membrane by capillarity. A 258 bp
rat PTH cRNA probe was constructed from the same plasmid used to produce the cDNA probe
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for Southern blotting. The plasmid pCR?»TM (Invitrogen) containing the probe was linerized by
Hind 111 digestion and transcribed by Sp6 polymerase, using a riboprobe kit (Promega), in the
presence of [32P]aCTP (800 uCi/mmol; New England Nuclear, Mississauga, Ontario, Canada).
The cRNA probe was then hybridised with the immobilised RNA in 60% (w/v) formamide
containing 6x SSC. 0.2% (wt/vol) SDS,and 1X Denhart’s Reagent (0.1% (w/v) ficoll, 0.1%
(w/v) BSA, 0.1% (w/v) polyvinylpyrrolidine, 100ug denatured salmon sperm DNA/, pH 6.8)
for 12 h at 53°C, following a 3 h incubation in the absence of the probe. After a brief rinse in
2X SSC, the nylon membranes weie washed at room temperature (15 min) in 0.1% (w/v) SDS
contairing 2X $SC and subsequently washed twice (15 min each) at 65°C in 1% (w/v) SDS
containing 0.1X SSC. Membranes were then pi#ced between intensifying screens and exposed
to Kodak X-OMAT-AR film (Kodak, Rochester, New York, USA) for 1-7 days. The sizes of
the hybridizing RNA moieties were determined by comparison to the 18S and the 28S
sihesoiial bands, visualised on ethidium bromic.- stained agrose gels using ultraviolet light.
Laser densitometry was used to determine the relative abundance of the hybridising bands. For
comparative purposes similar blots were also probed with a sense cRNA probe generated by

transcription of the pCR3TM plasmid (Invitrogen) with T7 polymerase.

2.2.10. Western blot analysis

Since cDNA sequences coding for PTH; g, were found in the brain, the presence and
relative abundance of this peptide in the hypothalamus were dctermined by Western blotting.

Frozen tissues (hypothalamus and parathyroid) were homogenised (1 g/10 ml) in 1% (W/v)
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SDS, 1 mmol phenylmethyl-sulphonylfluoride (PMSF)/L and 10 ug/ml aprotinin, using a
Polytron homogeniser (Brinkman Instruments, IL, USA). Homogenates were centrifuged at
2000 x for 5 min at 4°C and 20 ug of hypothalamic and 0.lug of parathyroidal protein
(determined by the Bradford method (Bradford 1976)) was diluted 1:1 with loading buffer
(0.06 mol Tris HCI/L, pH 6.8 (v/v) glycerol; 2% (w/v) SDS; 5% (v/v) 2-B-mercaptoethanol;
0.001% bromophenol blue) and heated to 55°C for 15 min prior to loading. Proteins were then
separated by electrophoresis through a 15% SDS-polyacrylamide gel and transferred
electrophoretically (30V, 4h at 4°C) to an Immobilon PVDF membrane (Millipore, Bedford,
MA, USA). Non-specific binding sites on the membrane were blocked (1 h af room
temperature) by incubation in 5% non fat dried milk, dissolved in Tris buffered salinc (TBS:
25 mmol Tris. HCI1 , pH 7.5; 0.5 mol NaCl/l). PTH-immunoreactivity was detected using a
polyclonal bovinz antibody (Cooper et al. 1978). The antibody, specific for the carboxy! region
of rPTH, g, was diluted 1:400 in TBS/5% non fat dried milk and incubated with the membranc
for Gh at room temperature. Memhrines were then incubated with a horscradish peroxidase
(HRP) conjugated anti-guinea pig 1gG (Amersham. Misscs-aga , Onitario) diluted 1:1000 in
TBS/5% non fat dried milk. Membranes were exposed to Kodak X-OMAT-AR film (Kodak,
Rochester, NY, USA) and visualisation was achieved using an enhanced chemiluminesence
detection system (ECL kit, Amersham). Antibody specificity was determined using bPTH 4
(Peninsula Laboratories, California, USA) as a standard and by the preabsorbtion of the

antibody with excess (> 10 ug/ml) bPTH, and by the substitution of the antibody with
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immune serum. Laser densitometry was used to determine the relative abundance of the

immunoreactive proteins.

2.3. RESULTS

2.3.1. PCR amplification

PCR amplification of reverse transcribed hypothalamic RNA in the presence of the
oligonucleotide primer MTN and the oligonucleotides MTNI1, MTN2 or MTN3 readily
generated cDNA moieties of expected size (285 bp, 372 bp and 459 bp, respectively), identical
to those renerated from reverse transcribed parathyroidal total RNA (Figure 2). Similar
moieties were also generated from reverse transcribed pituitary total RNA and from total RNA
and polyA" mRNA from extra-hypothalamic brain and hypothalamic tissues (Figure 3a).
These moieties were not, however, generated when reverse transcribed liver RNA was

-d by 35 cycles of PCR (data not showr:) or wien hypothalamic RNA or polyA”

anVA was not transcribed by reverse transcriptase (Figure 2 and 3a, respectively).

2.3.2. Nested PCR

Re-amplification of the 459 bp hypothalamic cDNA (MTN3/MTN) fragment with the
nested oligonucleotide primers MTN2/MTN produced a sma:er moiety of predicted size (372

bp), identical to that generated from the corresponding parathyroidal template cDNA (Figure

4a).
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2.3.3. Endonuclease digestion
Restriction endonuclease digestion of the 459 bp hypothalamic cDNA (MTN3/MTN)
frogment generated smaller moieties of 217 bp and 242 bp (Figure 4b). Fragments of identica?

size were also produced after BstN1 digestion of amplified parathyroidal cDNA (Figure 4b).

2.3.4. ’RACE

Amplification of reverse transcribed brain tissue RNA with the oligonucleotide primers
MTN?2 and Q, generated a 586 bp moiety (data not shown), which was identical in size to that
generated from reverse transcribed parathyroidal RNA. Multiple weakly staining larger and
smaller cDNA moieties were also generated. In the absence of reverse transcriptase, a c¢DNA
fragment could not be generated from extra-hypothalamic RNA (data not shown).

Under similar conditions, re-amplification of the RACE mixturc from primer set
MTN2/Q, with the oligonucleotide primer MTNI1 and Q, generated a cDNA moiety of 499 bp,
identical to that generated from 1h: RACE amplification of the corresponding parathyroidal

template cDNA (Figure 5a).

2.3.5. Southern blot analysis

Hybridisation to the 32p radiclabelled 285 bp hypothalamic ¢cDNA (MTN1/MTN)
probe was observed with the 372 bp cDNA PCR fragments derived from reversc transcribed
pituitary, hypothalamic and extra-hypothalamic brain total RNA and from hypothalamic and
extra-hypothalamic brain polyA” mRNA. Hybridization to the 372 bp parathyroidal cDNA
was similarily observed (Figure 3b). Hybridisation of the probe to the 499 bp cDNA fragments

73



generated by 3’RACE amoplification of the same samples was also demonstrated (Figure 5b).

Hybridisation was not observed from reverse transcribed cDNA amplified in the absence of

reverse transcriptase (data not shown).

2.3.6. Nucleotide Cloning and Sequencing

The PCR and 3’RACE fragments sequenced encompased 95% of the parathyroidal
PTH cDNA (13) between residues 36 and 704, corresponding to nucleotides 36 to 2293 of the
PTH gene. The nucleotide sequences of these products were all identical (100% homology) to
those of parathyroidal PTH cDNA. This homology extended over 87 bp of the 5’ noncoding

region, through all of the coding region (345 bp) and through 239 bp of the 3’ non-codirig

region (Figure 6).

2.3.7. Northern Blot Analysis

Hybridization of the [32P] radiolabelled cRNA probe occured to a hypothalamic RNA
moiety of approximately 800 bp, identical in size to a hybridising moiety in parathyroidal
RNA (Figure 7). The relative abundance of this hypothalamic moiety was, however, < 0.01%
of that in the parathyroid gland. Hybridization to a moiety of similar size was also detected in
RNA derived from extra-hypothalamic brain tissue (data not shown). This probe did not
however, hybridise to liver RNA (data not shown). Mereover, in contrast with the antisense

probe, the PTH sense cRNA probe did not hybridise to hypothalamic or parathyroidal RNA

(data not shown).
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2.3.8. Western blot analysis

A single hypothalamic protein of approximately 10 kDa cross-reacted with antibodies
directed against bPTHl_84. (Figure 8), identical in size to that detected in the parathyroid gland.
and comparable in size to bovine PTHi; . These proteins wie not visualised when the
primz; aniitody was replaced by preimmune serum (data n¢ shown) or when it was
prssusorved with excess bovine PTH) .. The relative abundance of the immunoreactive

protein in the hypothalamus was approximately 0.25% of that in the parathyroid gland.

2.4. Discussion

These results clearly demonstrate the presence of PTH ¢cDNA, coding for PTHg,
within the brain. The brain is thus likely to be an extra-parathyroidal site of PTH gene
expression, especially as neural PTH cDNA is at least 95% homologous to parathyroidal PTH
<DNA and as neural PTH is of comparable size and antigenicity to parathyroidal PTH, 4. The
PTH gene in the brain is therefore likely to be the same as that expressed in the parathyroid
gland, rather than a closely related gene. The -anral PTH ge: . as, however, yet to be fully
cloned and the possibility that it may differ froic the sarathyroidal PTH sequence in the 57
untranslated region remains.

The results of this study confirm and extend the preliminary findings renorted by
Fraser et al. (Fraser et al. 1990) and demonstrate the presence of a single PTH mRNA in
hypothalamic and extra-hypothalamic brain tissue identical in size to parathyroidal mRNA. In
contrast, Rubin ef al. (Rubin et al. 1992) reported that human placental cells express a PTH-
like mRNA that codes for a protein with homology to the carboxy-terminal residues of PTH,
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but this transcrint was found to be 200-250 nucleotides smaller than human parathyroid
adenoma PTH mRNA.

In recent studies, ectopic transcription of the PTH gene has also been demonstrated in
hepatocytes, &y mphocytes and lymphoblastoid cells (Handt et al. 1992). However, as the
detection of i H gene transcripts in these tissues was dependent upon ‘booster’ PCR, Handt et
al. (Handt et al. 1992) considered this reflected the phenomenon of “illegitimate’ transcription,
especially as the abundance of these transcripts was not regulated by vitamin D; or phorbol
esters. The occurrence of PTH gene transcripts in the brain is, however, unlikely to be due to
illegitimate transcription (Chally ef al. 1989). Althiough these transcripts were only detected
by Fraser et al. (1990) after booster PCR, cDNA fragments were not similarly generated when
reverse transcribed liver RNA was amplified by two cycles of PCR under identical conditions
(Fraser et. al. 1990). Indeed we were similarly unable to generate any PCR fragments from
reverse-transcribed liver RNA in the present study, even after 45 cycis:s of PCR (data not
shown). Moreover, when the oligonucleotide primers used by Fraser ¢t al. (Fraser et. al. 1990)
were subsequently used in the present study w.thout the EcoRI/Hingii! irier sequences,
cDNA moieties of predicted size and sequence were readily generated in &2¢ a single round
(35 cycles) of PCR (Figures 2 and 3). Expression of the PTH gene in the brain, unlike in
hepatocytes and immune cells (Handt er al. 1992), would thus appear to be phv . ‘ogical rather
than a methodological artefact, even though PTH mRNA is a rare ne:ral transcript.

The abundance of PTH mRNA in the hypothalamus was far less than that in the
parathyroid gland, although the level of PTH gene expression in discreté nuclei was not
determined. Indeed, Fraser ef al. (Traser et. al. 1990) were only able to localize, by in situ
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hybridization, PTH mRNA in the supraoptic and paraventricular nuc™ - - t
hypothalamus. The transcription of the PTH geue in the brain may, the.. - e confined to a
relatively small number of neural cells. These cells may not, however, bc confined to the
hypothalamus, since PTH mRNA was also detected in the present study in extrahypothalamic
brain tissue. This finding contrasts with the in sifu hybridization data of Fraser et al. (1990),
but is consistent with the widespread distribution of PTH immunoreactivity in the mammalian
brain (Balabanova et al. 1985, Pang et al. 1988).

The presence of PTH immunoreactivity in the brain suggests the translation of the
neural PTH message. This immunoreactivity is primarily associated with a protein identical in
size to PTH, g, as demonstrated by Western blotting (F igure 8) and by HPLC fractionation
(Pang et al. 1988). Thus, although PTH-degrading enzymes are present in neural tissues
(Balabanova et al. 1992) the relative rate of PTH degradation into amino- and carboxy-terminal
fragments may be far less than that in peripheral tissues. Moreover, as the relative abundance
of brain PTH (approximately 0.25% of that in the parathyroid gland) was found to be greater
than the relative abundance of brain PTH mRNA (approximaicly 0.01%), the relative rate of
PTH degradation in the brain may be less than that in the parathyroid glands. The rate of PTH
mRNA turnover may, alternatively, differ in hypothalamic tissue.

The low abundance of PTH immunoreactivity in the brain suggests it is unlikely to
contribute to the pool of PTH in the systemic circulation, especially as some authors (Akmal et
al. 1984, Balabanova et al. 1984, Rastad et al. 1991) consider the blood-brain barricr to be
impermeable to PTH. The permeability of this barrier is, however, uncertain. Indeed the PTH
concentration in cerebrospinal fluid (CSF) (Balabanova et al. 1984, Rastad et al. 1991) is
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higher than that likely to rc;ult from local production (20-70% of the plasma concentration)
and in some studies CSF PTH levels correlate with plasma PTH concentrations (Joborn et al.
1991, Gennari 1988, Care et al. 1986). The possibility that PTH of neural origin may,
conversely, enter systemic circulation therefore exists, especially as the implantation of
parathyroid glands in the brains of parathyrcidectomized rats is able to maintain periperal
plasma PTH levels within the normal range (Yao et al. 1993). It is therefore of interest that
immunoreactive PTH (albeit at very low concentrations) has frequently been measured in the
peripheral plasma of hypoparathyroid and parathyroidectomized patients (Manning et al. 1981,
Mallette et al. 1982, Roos et al. 1981) and is measurable in the peripheral plasma of fish and
amphibians that lack parathyroid glands but have PTH immunoreactivity in their central
nervous system (Harvey et al. 1987). Undc physiological conditions it is, however, unlikely
that newral PTH would be present in the peripheral plasma of mammals at concentrations
sufficient (o induce biological effects in the traditional target sites of parathyroidal PTH (eg. in
renal and osseous tissue). It is, therefore, possible that PTH produced withi= the brain has
autocrine ot paracrine actions to modulate neural function.

It: .ow well-established that PTH has neurological actions (Harvey and Fraser 1993,
for review), modulating Ca™ flux (Harvey et a!. 1988, Wang et al. 1994), phosphoinositol
metabolism (Islam et al. 1989) and the synthesis, release and metabolism of neurotransmitters
(Smogorzewski et al. 1989, Harvey etal. 1993). Indeed, actions of PTH within the brain may
~.«duce neurological dysfunction (Harvey et al. 1993) affect central behaviour (Clementi et al.
1984.). A central actionri of PTH within the rat brain has also recently been considered to
participate in the regulation of peripheral Ca'" homeostasis (Maisui et al. 1995).
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Intracerebroventricular injzctions of PTH have been shown to inhibit neuronal activity in the
ventromedial nucleus (VMN) of the hypothalamus and to inhibit urethane-induced
hypocalcemia (Matsui et al. 1995).

The neural actions of PTH are likely to be receptor-mediated, especiaily as membrane-
binding sites for PTH and/or PTH-related protein (PTHrP) have been found in the cerebrum
and cerebellum and par:icularly in the hypothalamus (Harvey et al. 1993). The demonstration
of PTH/PTHIP receptor mRNA in the rat cerebral cortex and cerebellum (! 'rena et al. 1993)
also suggests the brain is a target site for PTH action.

Within the brain, PTH would appear to affect both neuronal and glial cells. PTH, in
vitro, has direct effects on isolated neurons (Wang et al 1994, Kostyuk et al. 1992) and in brain
cell cultures that do not coiain neurons (Loffleret al. 1982, Hashimoto et al. 1994), in which
PTH/PTHIP receptor mRNA is expressed in astrocytes (Hashimoto et al. 1994). These neural
receptors riay, however, no....uty mediate actions of PTHrP rather than PTH since its
expression in neura} nssue 1s greater than the expression of PTH (Weir et al. 1990,). The
recent discovery of PTH-specific (PTH2) receptors within the brain (Usdin et al. 1995)
nevertheless suggests that PTH has physiological roles in neural regulation. Indced, PT1 12
receptors are more abundant in the brain than in kidney or osscous tissues ( Usdin et al. 1995),
suggesting the brain is a major target site for PTH action. Furthermore, these P'TH-specific
receptors may be responsible for the demonstrated effects of PTH on the firing of VMN
neurons (Matsui et al. 1995), since both PTHrP and PTH/PTHIP receptor mRNA are not
present within this nucleus (Weaver et al. 1994). Similarly. while PTH/PTHrP receptor
mRNA levels are relatively low in the paraventricular and supraoptic nuclei (Weaver ct al.
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1994), these are areas of the rat brain in which PTH mRNA is most clearly demonstrated
(Fraser et al. 1990). These results therefore suggest that PTH may have autocrine or paractine
effects within the brain, particularly within the hypothalamus.

In summary, these results demonstrate the presence of PTH ¢DNA, coding for PTH,.

o4, Within neural tissues and suggest local roles for PTH within the central nervous system.
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2.5. Figures
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Figure 2.1. PCR and 3°’RACE primer map demonstrating the sites of primer annealing and
endonuclease digestion on the PTH gene. Primer sets were based on the nucleotidesequence of
rPTH gene (12). Three overlapping PCR primers (panel a) generate fragments of 459 base pairs
(bp) (MTN3; spanning 35 - 2082 bp, Ist, 2nd and 3rd exons) 372 bps(MTN2; spanning
1600 - 2082 bp, 2nd and 3rd exons) and 285 bp (MTN1; spanning 1803 - 2082 bp, 3rd exon only).
All primer sets use a common 3"-oligomer rPTH antisense primer (MTN). 3’'RACE primers (panel
b) generate fragments of 586 bps(MTN2 + Qr; spanning 1600 - 2082 bp, 2nd and 3rd exons) and
499 bp (MTNI + Q,; spanning 1803 - 2082 bp, 3rd exon only).
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Figure 2.2. Analysis of neural PTH transcripts by the polymerase chain reaction (PCR) in
the presence of PTH primer sets MTNI/MTN, MTN2/MTN, and MTN3/MTN. RNA from
rat parathyroid gland, (P) and hypothalamus, (H) was reversc transcribed and amplified in
the presence of each oligonucleotide primer set. The amplified ¢cDNA was visualised by
electrophoresis in cthidium bromide-stained 1.5 % minigels, and the size of the fragments
was determined by $X174RF DNA/Haelll size markers. Lane C shows hypothalamic
RNA in the absence of reverse transcriptase.
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Figure 2.3. (a.) Analysis of neural PTH transcripts by PCR in the presence of PTH primer
set MTN2/MTN. Poly A" mRNA from exira-hypothalamic, (B,,) and hypothalamic, (H,,)
tissue and total RNA from extra-hypothalamic, (B); hypothalamic, (H); pituitary, (PT) and
parathyroidal, (P) tissue was transcribed and amplified in the presence of oligonucleotide
primer set MTN2/MTN. The amplified cDNA was visualised by electrophoresis in 1.5 %
cthidium bromide-stained minigels, and the size of the fragments was determined by ¢X174
RF DNA/Haelll size markers. Lane C is a ncgative control containing hypothalamic RNA
in the absence of reve-se transcriptase. (b.) Southern analysis of the RT-PCR transcripts (a.)
with a ['ul’] radiolabelled rPTH cDNA fragment.
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Figure 2.4. (a.) Semi-Nested PCR ¢DNA fragments generated from parathyroidal, (P) and
hypothalamic, (H) RNA by RT-PCR using primer set MTN3/MTN were excised from the
agarose gel and re-amplified with the internal primer set MTN2/MTN, generating
hypothalamic and parathyroidal cDNA fragments (H) and (P) respectively. A positive
control, using RT-cDNA from parathyroidal RNA (N) was also amplified using primer sct
MTN2/MTN and compared in size to the reamplified fragments. Negative controls (C) of
hypothalamic cDNA lacked reverse transcriptase. (b.) BstNI digestion of hypothalamic, (H)
and parathyroidal, (P) MTN2/MTN1 cDNA fragments. The amplified cDNA was
visualised by electrophoresis in 1.5 % ethidium bromide-stained minigels, and the size of
the fragments was determined by ¢X1 74RF DNA%I;IaeIlI size markers.



Figure 2.5. Analysis of 3’ neural PTH transcripts by the Rapid Amplification of cDNA
Ends (3’RACE) in the presence of primer set MTN2 + Q, followed by a second round of
3’RACE amplification with internal primer set MTN2 +Qo. RNA from rat whole brain,
(W) hypothalamus, (H) and parathyroid gland, (P) was reverse transcribed with
oligonucleotide primer Qy and amplified with two subsequent RACE oligonucleotide
primer sets. The amplified cDNA was visualised by electrophoresis in 1.5 % ethidium
bromide-stained minigels, and the size of the fragments was determined by $X174RF
DNA/Haelll size markers. Hypothalamic RNA in the absence of reverse transcriptase acted
as negative control (C). (& ) Southern analysis of the 3’RACE transcripts (a.} with a [3 2P]
radiolabelled rPTH cDNA fragment.
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36)
AGTCCAGTTC ATCAGCTGTC TGGCTTACTC CAGCTTAATA CAGGGTCACT

CCTGAAGGAT CCTCTCTGAG AGTCATTGTA TGTGAAGATG ATGTCTGCAA
GCACCATGGC TAAGGTGATG ATCCTCATGC TGGCAGTTTG TCTCCTTACC
CAGGCAGATG GGAAACCCGT TAAGAAGAGA GCTGTCAGTG AAATACAGCT

TGAGAAAAAA GCTGCAAGAT GTACACAATT TTGTTAGTCT TGGAGTCCAA

ATGGCTGCCA GAGAAGGCAG TTACCAGAGG CCCACCAAGA AGGAGGAAAA

TGTCCTTGTT GATGGCAATT CAAAAAGTCT TGGCGAGGGG GACAAAGCTG

ATGTGGATGT ATTAGTTAAG GCTAAATCTC AGTAAATGCT GACGTATICT

AGACCGTGCT GAGCAATAAC ATATGCTGCT ATCCTTTCAA GCTCCACGAA

GATCACCAGT GCTAATTCTT CTACTGTAAT AAAAGTTTGA AATTTGATTC
CACTTTTGCT CTTTAAGGTC TCTTCCAATG ATTCCATTTC AATATATTCT

TCTTTTTAAA GTATTACACA TTTCCACTTC TCTCCTTAAA TATAAATAAA
(709)
GTTTAATGAT CATGAACCAA A

Figure 2.6. Automated nucleotide sequencing of the cloned PCR and 3° RACE products
between cDNA residues 36 to 704 (corresponding to nucleotides 36 to 2293 of the PTHgene)
(12)(13) were identical (100% homology) to those of parathyroidal PTH cDNA. The
homology of these sequenced 673 nucleotides extended over 87 bp of the 5” noncoding region,
throughout all of the coding region (372 bp) and through 214 bp of the 3’ non-coding region.
Underline () represents amino acid coding region.
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Figure 2.7. Northern analysis of PTH mRNA in neural tissues. Total cellular RNA

extracted from hypothalamic, (H) and parathyroidal, (P) tissue was subjected to
electrophoresis and immobilised on nylon membranes. PTH mRNA-like species were

visualised by hybridisation with a [*?PJCTP-labelled rPTH cDNA probe and
autoradiography. 87



Figure 2.8. Immunoblot detection of PTH in rat neural tissue. Crude tissue homogenates
(parathyroid gland, P; hypothalamus, H) and bPTH, g4, (C) were subjected to reducing
SDS-PAGE electrophoresis, transferred to PVDF membranes and incubated with rat P'TI
antiserum (orPTH) (panel a). Identical blots were also incubated with arPTH preabsorbed
with excess bPTH (panel b). Immunoreactive proteins were visualised using HRP-labelled

anti- guinea pig IgG and enhanced chemiluminescence.
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CHAPTER 3, GENERAL DISCUSSION
3.1 SUMMARY

Parathyroid hormone (PTH) is a peptide hormone released from the parathyroid
gland in response to varying se. .. calcium and phosphate concentrations. The possibility
that PTH may have neural actions was first demonstrated by Collipp and Clark (1925),
who showed that PTH had a dose-related neuromuscular effect on vascular smooth
muscle. Since then, PTH has been shown to have central effects, such as acquisition of
learning and behavoiral modification (Clementi ef al. 1984). Furthermore, the suggestion
of a role for PTH in the brain has been supported by the wide distribution of PTH
receptors throughout the central nervous system (CNS) of the rat (Urena et al. 1993).

The objective of this thesis was to examine the expression and the translation of
neural PTH in the CNS of the rat. It was hypothesized that: 1.) the PTH gene is expressed
in the rat brain, specifically in the hypothalamus 2.) the neural PTH gene is very similar
to that found in the parathyroid gland, and, 3.) the neural PTH gene is transcribed to an
immunoreactive protein in the CNS.

In the second chapter, the expression of the neural PTH gene and its possible
translation was examined in pituitary, hypothalamic and extra-hypothalamic rat brain.
Although previous studies have suggested the expression of a PTH-like gene and the
presence of PTH-like immunoreactivity in mammalian brain (Fraser et al. 1991), this
thesis has clearly demonstrated that the region of the gene encoding the neural PTH
peptide is identical to that found in the parathyroid gland. Therefore, in addition to its

similarity in size and immunoreactivity to authentic PTH, it is likely that the PTH peptide
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sequence resulting from the neural PTH gene is identical to that found in the parathyroid
gland.

This work also demonstrated that in addition to the coding region, the entire 3°
non-coding region of neural PTH mRNA is also identical to that of authentic PTH
mRNA. Most of the nucleotide sequence of the non-coding 5° region of the neural PTH
gene (80 bps) is however, still undetermined, although at least 27 bps are identical to

parathyroidal PTH cDNA.

3.2 EVOLUTIONARY IMPLICATIONS

Although the parathyroid gland phylogentically appeared in tetrapods in respensce
to the transition from aquatic to terrestrial environment, PTH-like peptides cxist in more
primitive vertebrates and invertebrates (Fraser et al. 1991). Even though these primitive
species lack parathyroid glands, PTH-like peptides are found in both their central and
peripheral nervous systems. It has been suggested, therefore, that parathyroidal PTH may
have evolved from an ancestral neuropeptide. Sequencing data presented in this thesis
provides additional support for this evolutionary theory.

PTH has been demonstrated to have a number of Ca"" dependent neurological
actions in vertebrate and invertebrate species (Fraser and Arieff, 1988; Fraser et al. 1988,
1991; Kostyuk et al. 1990; 1992; Wang ef al. 1993). Therefore, the function of PTH
ancestrally may have been to regulate neural Ca'" rather than systemic Ca''
concentration. Embryological evidence supporting the prospect of PTH having a

neurological origin comes from the fact that the frog parathyroid gland develops from the
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same layer of neural ectoderm as that giving rise to the hypothalamo-hypophyseal axis. It
has also been suggested that the mammalian parathyroid gland is derived from
necuroectoderm (Pearse and Takor, 1976).

The occurrence of PTH-like peptides in the CNS has now been well established in
mammalian, avian, reptilian and amphibian brains and pituitary glands (Pang ef al. 1988;
Harvey et al. 1993) which are similar in immunoreactivity to that found within the brain
of fish (Balabanova et al. 1985) and snails (Wendellar Bonga et al. 1989). It is therefore
possible that PTH gene expression in the parathyroid gland may reflect the ectopic

transcription of the neural PTH gene.

3.3 LIMITATIONS OF PCR

The reliability of PCR as a technique has been criticised for the occurrence of what
has been described as the phenomenon of "illegitimate" (Chelley et al. 1988) or "ectopic"
transcription (Sarkar and Sommer, 1989). This theory suggests that the sensitivity of PCR
is such that it amplifies rare transcripts in tissues where previously it was thought the gene
sequences were not expressed. No physiological role has been attributed to the illegitimate
transcription, but it has been suggested that it may be due to a permanent basal level of
transcription of "any gene in any cell" (Chelley et al. 1989). This phenomenon however,
requires the use of a technique called "Booster PCR" (Ruano ef al. 1989). This process
requires an initial PCR of 30-35 cycles which is then followed by an additional round of 30-
35 cycles of PCR. This was therefore a major criticism brought against preliminary neural

PTH expression data by Fraser er al. (1990) where re-amplification of PTH cDNA by a
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second round of PCR was necessary as a result of suboptimal PCR primer selection. In this
study, PCR amplified cDNA was easily visualised after a single round of PCR
amplification of 35 cycles suggesting the occurrence of a physiologically significant amount
of PTH-like mRNA in these tissues.

During this project, cloning and sequencing of a number of additional PCR and
RACE moieties illustrated the limitations of these cDNA amplification techniques.
Sequencing of a number of cDNAs from PCR and 3’RACE moieties revealed that the
primers used were amplifying, in addition to neural PTH, other gene sequences found in
high abundance (e.g. pyruvate dehydrogenase kinase and glyceraldehyde-3-phosphate) in
neural tissues . Amplification of these genes occurred despite low primer homology (<
60%), and highly stringent primer annealing conditions. The problem of generating non-
specific cDNA products was most apparent with the 3’'RACE protocol, as only one of the
two primers is specific for the PTH gene sequence. This problem was, however,
circumvented by reamplification of the initial RACE ¢cDNA products with nested primers.
A cDNA band of smaller size (~400 bp) was still observed on ethidium bromide gels. This
band may be of some interest, as it also hybridised to a radiolabelled PTH probe suggesting
some level of homology to authentic PTH. Unfortunately, due to limiting time constraints,
this fragment was never isolated for sequencing.

Elucidation of the neural PTH nucleotide sequence would seem to be best achieved
by screening a DNA library. This approach was not considered, due to the low copy number
of neural PTH mRNA. The low copy number would make detection of positive neural PTH

clones difficult and time consuming.
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3.4 NEURAL PTH mRNA: RELATIVE ABUNDANCE

The discrepancy between the relative amounts of immunoreactive PTH and PTH
mRNA detected in the parathyroid gland were not reflected by a corresponding relationship
in the rat hypothalamus. This suggests, therefore, that the turnover of neural PTH differs
from that in the parathyroid gland. One explanation for this discrepancey may be that neural
PTH differs from peripheral PTH in its stability within neural tissues. Since neural
immunoreactive PTH is readily detectable in the brain, neural PTH mRNA may undergo
more rapid turnover in the brain. This could occur if the neural PTH mRNA had a shorter 3’
poly A tail than PTH mRNA from the parathyroid gland, thus making neural PTH mRNA
less resistant to RNase enzymatic degradation. Another explanation for this discrepancy is
the suggestion that the PTH peptide may penetrate the blood-brain barrier from systemic

circulation (Akmal et al. 1983; Care and Bell 1986). This would account for the greater that

expected amounit of PTH peptide in the brain.

3.5. CONCLUSION

In this thesis, characterization of neural PTH RNA was established by PCR,
3’RACE, endonuclease digestion, Northern blotting, Southern blotting, Western blotting
and nucleotide sequencing. Results demonstrate that the PTH gene expressed in neural
tissues has an identical peptide coding region to that of the parathyroid gland PTH gene.
The neural PTH gene is therefore unlikely to be a variant or a closely related PTH-like
gene, although its 5° flanking DNA sequence may differ from the parathyroidal gene in a

tissue specific manner. This data may also have evolutionary significance, since PTH-like
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peptides are present in the brains of primitive invertebrate gastropods (Wendellar Bonga et
al. 1989) and vertebrates lacking parathyroid glands (Balabanova et al. 1985 and Pang ¢t al.
1988), implicating the brain an the ancestral site of PTH production. Although a definitive
role for neural PTH has yet to be determined, these results suggest that PTH may be

involved in a non-classical autocrine or paracrine neuroendocrine role.
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A.1.1 INTRODUCTION

Although parathyroid hormone (PTH) was first isolated from parathyroid glands
and thought to be only synthesized in this tissue (Selvanayagan ef al. 1991), the PTH
gene is also ectopically expressed in human placental cells (Rubin ef al. 1989) and in
lympocytes, lymphoblastiod cells and tumor tissue (Handt er al. 1992). PTH-like
peptides, mRNA and degradative enzymes are also present in the brain, even in primary
vericbrates lacking encapsulated parathyroid glands (Harvey and Fraser 1993). The
central nervous system (CNS) may therefore be an ancestral site of PTH production,
especially as PTH-like peptides are also found in the sensory ganglia of invertebrates
(Wendellar Bonga ef al. 1989). Thus, in addition to its traditional role in whole-body
calcium homeostasis, PTH may have roles in neural or neuroendocrine function (Harvey
and Fraser 1993). In this brief review the possibility that PTH participates in

hypothalamo-pituitary regulation is discussed.

A.1.2. PTH IN THE HYPOTHALAMO-PITUITARY AXIS
Expression of the PTH gene occurs in hypophysiotropic regions of the rat
hypothalamus, particularly in the supraoptic and paraventricular nuclei (Fraser et al.

1990). The perikarya in these nuclei also possess PTH immunoreactivity (Pang er al.

Foot note. A version of this chapter was published in Mineral Electrolyte Metabolism by
S. Harvey and M.T. Nutley 21:40-44, 1995.
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1988). Fiber tracts from these cell bodies terminate in the external zone of the rat median
eminence, close to hypophysial portal blood vessels (Pang ¢r al. 1988), and, in teleosts, in
the neuropars intermedia, close to adenohypophyseal cell membranes (Kaneko ef dl.
1987). Axons with PTH immunoreactivity (PTH-IR) do not, however. appear to
terminate in the tetrapod pituitary gland, which lacks immunoreactive cells (Pang et al.
1988). This may, however, merely reflect the poor sensitivity of immunocytochemistry
(Kaneko e al. 1987), since the pituitary glands of amphibian, reptilian, avian and
mammalian species do contain radicimmunoassayable PTH-like peptides that co-clute
with authentic PTH (1-84) following reverse-phase high pressure liquid chromatography
(Pang et al. 1988; Fraser ef al. 1991). The possibility that the pituitary is a site of PTH
synthesis is also indicated by the presence of PTH-like mRNA in extracts of the rat
pituitary gland (Fig. 4.1.). The expression of the PTH gene in the pituitary gland may,
however, be tissue-specific. A 372-bp cDNA fragment is generated by the polymerase
chain reaction using oligonucleotide primers for rat parathyroid cDNA (Heinrich ¢/ al.
1984) and reverse-transcribed parathyroidal RNA, whereas a 440 bp fragment is
generated from reverse-transcribed pituitary RNA by the same oligonucleotide primers.
Translation of pituitary PTH mRNA may thus produce a peptide that differs from

parathyroidal PTH and be of larger molecular size.

A.1.3. HYPOPHYSIOTROPIC ACTIONS OF PTH

The possibility that PTH may regulate pituitary function has rarely becn

considered, although PTH may modulate prolactin release. Hyperparathyroidism has
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been cited as a possible cause of hyperprolactinaemia (Fioretti e al. 1986), since
parathyroidectomy may restore circulating prolactin concentrations in some
hyperprolactinaemic patients (Raymond ef al. 1982). Pseudohypoparathyroidism, a
disease characterized by defective PTH receptors, is conversely characterized by isolated
prolactin deficiency (Kruse ef al. 1981; Marx et al. 1977, Furlong et al. 1986). Plasma
prolactin levels are also elevated in normal subjects and in patients with primary
hypoparathyroidism following systemic injections of PTH of parathyroidal extracts
(Kruse et al. 1981; Furlong et al. 1986; Isaac et al. 1978; Castro et al. 1980; Brickman et
al. 1981). A physiological role for PTH in prolactin release is also suggested by its
blockade by dopamine (Isaac et al. 1978), an acknowledged inhibitor of prolactin
secretion. PTH may also induce prolactin secretion in fish (Srivaster ef al. 1987), in
which hypothalamic PTH-IR nerve fibers terminate near prolactin-secreting cells
(Kaneko ef al. 1987). Circulating prolactin concentrations in conscious and anaesthetized
rats are not, however, elevated by intravenous injections of PTH (Wendellar Bonga et al.
1989). Prolactin release from monolayers of rat pituitary cells is also unaffected by
exposure to bovine (b) PTH (1-84) (at 0.1 or 1.0 pmol/l for 60 min) (Harvey and Fraser
1993), even though these cells release prolactin in response to other secretagogues
(vasoactive intestinal peptide and thyrotropin-releasing hormone) (unpubl. data). The
basal release of growth hormone, thyrotropin, adrenocorticotropin, luteinizing hormone
and follicle-stimulating hormone from these cells (Table 4.1.) and the stimulated release
induced by GH-releasing factor, thyrotropin-releasing hormone, corticotropin-releasing

factor and gonadotropin-releasing factor, respectively, are also unaffected by 1 pmol/l
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bPTH (1-34). However, while plasma levels of growth hormone, thyrotropin,
adrenocorticotropin, luteinizing hormone and follicle-stimulating hormone are also
unaffected by intracerebroventricular injections of 1 or 10 pg bPTH (1-34), prolactin

concentrations are elevated within 30 min (Harvey and Fraser 1993).

A.1.4. MECHANISMS OF PTH-INDUCED PROLACTIN SECRETION

Although PTH stimulates prolactin secretion in man and in rats, this is unlikely
due to direct pituitary action (Table 4.1.). This conclusion is also supported by the
absence of binding sites for radioiodinated PTH on pituitary plasma membranes (unpubl.
observations). Indeed, in recent studies Urena et al. (1993) demonstrated that the
PTH/PTH-related peptide receptor gene was not expressed in the rat pituitary gland
(Urena et al. 1993). A hypophysiotropic action of hypothalamic PTH is also unlikely
since the concentration of PTH-IR in hypophysial portal blood is no higher than that in
peripheral concentration (Harvey and Fraser 1993). The inability of PTH to enhance
prolactin secretion in rats when systematically administered (unpublished observations)
also suggests the prolactin response induced by intracerebraventricular injection is not
mediated by increased vitamin D production nor by changes in the plasma calcium
concentration. The prolactin response to PTH in man is, furthermore, independent of
plasma calcium levels (Isaac et al. 1978) and contrasts with the inhibitory effect of
hypercalcaemia on prolactin secretion (Rodjmark ef al. 1984). The prolactin-releasing
effect of PTH is thus likely to be mediated at CNS sites, in which PTH/PTH-related

peptide receptor gene expression and PTH-binding sites have been detected (Urena et dl.
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1993; Harvey and Hayer 1993). PTH may therefore stimulate the release of a
hypothalamic prolactin-releasing factor and/or inhibit the release of a prolactin-inhibiting
factor. The increased in vivo metabolism of hypothalamic dopamine and in vitro
suppression of hypothalamic dopamine release following PTH stimulation (Harvey et al.
1993a; Harvey et al. 1993b) suggests the prolactin-releasing effect of PTH results from
dopamine disinhibition.

The presence of PTH in the median eminence may therefore reflect a
neuromodulatory role that results in reduced dopamine secretion into hypophyseal
circulation, rather than indicating a hypophysiotropic role in pituitary regulation. A
similar role has also been described for many other neuropeptides that have recently been
found in the median eminence (Clarke ef al. 1993). Such a role is also indicated by the
ability of radiolabelled PTH to bind to synaptosomes prepared from the rat medial basal
hypothalamus (Fig. 4.2.). Actions of PTH on brain synaptosome function are well
established and include an inhibition of norepinephrine release, mediated by a cyclic
AMP-independent mechanism triggered by increased Ca® flux (Smogorzewski et al.
1989; Massry et al. 1988; Fraser et al. 1988). Moreover, while the blood-brain barrier
may restrict the access of peripheral PTH to CNS target sites (Balabanova et al. 1984;
Akmal et al. 1983), the median eminence lies outside this barrier. The increased
prolactin secretion in hyperparathyroid patients and in patients given systemic PTH
injections may thus reflect PTH actions within this circumventricular organ. Indeed, the
ability of systemic PTH to modify dopamine metabolism within the rat medial basal

hypothalamus is indicated by the increased DOPAC:dopamine ratio 60 minutes after PTH
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administration (Fig. 4.3). It is, therefore, surprising that prolactin secretion in these rats is
not elevated at this time, although this may indicate that the prolactin response is less
sensitive than dopamine turnover to PTH stimulation or has a different time course of

action.

Al.5. CONCLUSION

PTH is synthesized in hypothalamic nuclei and has CNS receptors and actions on
hypothalamic dopamine turnover. Dopamine disinhibition may thus account for PTH-
induced prolactin secretion, since PTH has no direct effects on pituitary function. These
conclusions are shown schematically in Figure 4.4 Since PTH is produced in the
pituitary gland, which lacks PTH receptors, the pituitary is unlikely to be an endocrine,
paracrine or autocrine target site of PTH action. The pituitary gland may thus be an
extraparathyroidal source of plasma PTH, especially as low levels of immunoreactive

PTH have been observed in some parathyroidectomized patients (Mallet ef al. 1982;

Manning ef al. 1981).
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A.1.6. TABLES

Table 4.1. Infiuence of PTH on adenohypophyseal hormone release
in vitro and in vivo

Hormone Pituitary effect! CNS effect®

Growth hormone 0 0
Luteinizing hormone 0 0
Follicle-stimulating hormone 0 0
Thyrotropin 0 0
Adrenocorticotropin 0 0
Prolactin 0 T

0= Noeffect; T = increase.
' Release of radioimmunoassayable hormones from monolayers of
rat pituitary cells incubated for 60 min with bPTH(1-34) (at concen-
trations of 0.1-1.0 pmol/1); in comparison with controls.
2 Concentrations of pituitary hormones in peripheral plasma
10-60 min after an intracerebroventricular injection of 1.0 or 10.0 pg
of bPTH(1-34) in 0.4 pl 0.9% NaCl, in comparison with controls.
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A.1.7. FIGURES

Figure 4.1. Pituitary expression of the PTH
gene. The upper panel shows an ethidium
bromide-stained 1.4% agarose gel through
which ¢cDNA was electrophoresed. The
¢DNA was reverse-transcribed from total
RNA extracted from the pituitary gland (Pit)
and the parathyroid gland (Pt) and amplified
over 35 cycles by the polymerase chain reac-
tion (PCR) in the presence of oligonucleotide
primers MN1 and MN2. An amplified frag-
ment was not observed using reverse-tran-
scribed hepatic or ovarian mRNA (data not
shown). Pretreatment of pituitary mRNA
with DNase prior to reverse transcription did
not eliminate the PCR fragment generated.
PCR fragment size was determined by com-
parison with the migration of Haelll-digested
pUC18 and EcoRl/BamHI-digested lambda
size markers. In the absence (-) of reverse
transcriptase (rt) pituitary mRNA did not pro-
duce a PCR fragment. Lane C is a negative
control, lacking cDNA and mRNA.

-372 bp
Fit Pt {-)n c
PCR: primers -~ MN2 ¥
PTH NHz- - COOH
MN1 & —

¢DNA 5 / x 3

Primers

MN1: 5’ -ATG ATG TCT GCA AGC ACC ATG GCT AAG
MN2: 3’ -ATT TAC GAC TGC ATA AGA TCT GGC ACG
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Fig. 4. 2. PTH binding sites in hypothala-
mic synaptosomes. Synaplosonies were pre-
pared from rat medial basal hypothalamic
nuclei and aliquots were incubated for 4 h
with [Nle® ', Tvr™] PTH(1-34) in the pres-
ence or absence of 3 pmol/l bPTH(1-34). to
determine non-specific binding (N). Bound
and free tracer were separated by centrifuga-
tion [25]. Specific binding (&) accounted for
approximately 30% of total binding (H).
Means £ SEM (n=4). Groups with different
letters are significantly different (p <0.01
analysis of variance).
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Figure 4.3. PTH-induced dopamine tumover
in the rat medial basal hypothalamus follow-
ing an intravenous (IV) injection of bovinc
PTH(1-34) (10 pg/kg M); in comparasion
with controls (OJ) injected with saline (0.5
ml/kg). Means + SEM (n=50r6). Dopamine
turnover is expressed as the tissue ratio of
dihydroxyphenylacetic acid (DOPAC) to
dopamine (DA). *Significantly different
from controls, p < 0.05 (students 7 test).
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Hypothalamus

Figure 4.4, Schematic illustration of the participation of PTH in
hypothalamo-pituitary regulation. PTH is expressed in paraventricu-
lar nuclei with axon terminals in the median eminence (ME). It is sug-
gested that PTH inhibits the release of dopamine (DA) into hypophy-
seal blood vessels, and thereby removes pituitary lactotrophs from
inhibitory dopaminergic control. elevating prolactin (PRL) concentra-
tions in peripheral plasma. PTH does not appear to be released into
portal circulation nor to act directly at pituitary sites. PTH is also
expressed in the pituitary gland and may be released into systemec

circulation.
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