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ABSTRACT
N europeptide Y was first discovered in 1982 and found to be a member of the
pancreatic polypeptide family. It is one of the most abundant peptides found
in the m am m alian brain, where it often acts as a co-transmitter m odulating the
effects of a variety of other transmitters. Its effects are m ediated by specific
neuropeptide Y receptors of which at present there are thought to be at least
three subtypes.

Possible sites of action of neuropeptide Y with respect to its putative anxiolytic
effects were investigated using neuropeptide Y receptor autoradiography to
visualise its receptor binding sites in the rat brain. Areas rich in receptor
binding sites include the hippocampus, claustrum, amygdala, septum, stria
terminalis and cerebral cortex. Receptor subtypes were also visualised showing
the Yj receptor subtype to be prom inent in the cortex and claustrum whereas
the Yz receptor subtype was found in the hippocampus, septum, amygdala and
stria terminalis.

N euronal activity following central administration of neuropeptide Y was also
investigated using the expression of Fos-like immunoreactivity as a m arker of
this activity. Areas expressing Fos-like immunoreactivity were the entorhinal
cortex, amygdalopiriform transitional area, nucleus accumbens, ventral
hippocam pus, paraventricular thalamic nucleus and the dorsal endopiriform
nucleus. Regions showing activity and receptor binding sites were considered
strong candidates for further investigation.

Evidence is presented for an anxiolytic-like action of neuropeptide Y in rats as
detected in the elevated x-maze and Vogel's conflict models of anxiety. The
neuropeptide Y receptor subtypes responsible for this action were investigated
using various selective neuropeptide Y receptor subtype agonists. The
anxiolytic-like effects of neuropeptide Y m ight be mediated by the Y^ receptor
subtype.

Finally, evidence is presented showing the hippocam pus to be a site of action
of neuropeptide Y in producing anxiolytic-like effects.
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CHAPTER 1
INTRODUCTION

18

1.1

Discovery of neuropeptide Y

The story of neuropeptide Y (NPY) began w ith the isolation of insulin from the
chicken pancreas (Kimmel et al., 1975). During this process (avian) pancreatic
polypeptide (PP) was discovered as a by product. PP was subsequently
isolated from m any other species. Soon after, antibodies raised against avian
PP were developed and PP-like immunoreactivity detected in the central
nervous system (CNS) of various species (Loren et al., 1979). As all attempts
to extract PP from mammalian brain failed, it was soon concluded that the PPlike immunoreactivity present in the brain was due to the existence of a PP-like
peptide w ith a related, but different structure. The missing peptide was later
isolated by Tatemoto and M utt (1978) using a novel chemical assay for
detecting C-terminal amide structures. A C-terminal a-am ide group is a
characteristic feature of m any biologically active peptide hormones, and so the
chances were quite high that such a technique might reveal undiscovered
peptides. Using this technique they had already isolated peptide YY (PYY)
from porcine intestine, and it was at first thought that PYY m ight also occur
in the brain (Tatemoto and Mutt, 1980). They soon found upon isolation from
the brain of a peptide amide that was thought to be PYY, and despite it having
distinct structural and biological similarities to both PYY and PP, that it was
a previously uncharacterised peptide. They nam ed this peptide neuropeptide
Y (NPY) (Tatemoto et al., 1982).
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1.2

Structure

NPY is a member of the pancreatic polypeptide family. This group is so called
because PP was the first member to be discovered. Other members of the
group include PYY and the non-mammalian (fish) pancreatic peptide Y (PY)
(Figure 1.1).

NPY shows a high degree of conservation between species, w ith the peptide
sequences being known for several mammals (human, pig, cow, sheep, rat,
rabbit, and guinea pig), chickens, goldfish, and the ray Torpedo m arm orata
(Figure 1.1). On comparison of the sequences of these species it is clear that
NPY is one of the most highly conserved neuroendocrine peptides (Wahlestedt
and Reis, 1993). This high degree of conservation of NPY sequence between
species may be suggestive of an important functional role.

The sequences of porcine NPY and PYY exhibit a 69% sequence homology and
both of these peptides activate most NPY-responsive receptors w ith similar
potencies. The sequence of PP however, shows a larger variation between the
various species, and also from NPY and PYY.

NPY itself is a 36 amino acid peptide, 5 of which are tyrosine residues. Two
of these tyrosine residues are located one each at the N and C-termini, hence
the name neuropeptide Y (Y being the single letter amino acid code for
tyrosine). A distinct tertiary structure has been proposed for the PP family of

20

NPY Amino Acid Sequences

NPY human

YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY

NPY rat

YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY

NPY pig

YPSKPDNPGEDAPAEDURYYSALRHYINLITRQRY

97%

NPY sheep

YPSKPDNPGDDAPAEDURYYSALRHYINLITRQRY

94%

NPY goldfish

YPTKPDNPGEGAPAEEUmSALRHYINLITRQRY

86%

NPY torpedo

TPSKPDNPGEGAPAEDUmSALRHYINLITRQRY

92%

NPY Lampetra

FPNKPDSPGEDAPAEDURYLSAVRHYINLITRQRY

83%

PYY Amino Acid S equences

PYY rat

YPAKPEAPGEDASPEELSRYYASLRHYLNLVTRQRY

(67%)

PYY pig

YPAKPEAPGEDASPEELSRYYASLRHYLNLVTRQRY

(69%)

PYY human

YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY

94%

(67%)

PP Amino Acid Sequences

PP pig

APLEPVYPGDDATPEQU/IAQYAAELRRYINMLTRPRY

PP human

APLEPVYPGDNATPEQMAQYAADLRRYINMLTRPRY

94%

(50%)

P P ra t

APLEPMYPGDYATHEQRAQYETQLRRYINTLTRPRY

78%

(47%)

(50%)

Figure 1.1 A comparison of several species differences in the amino acid sequences of NPY, PYY and PP
(exam ples taken from W ahlestedt and Reis, 1993). Any variations from the top sequence are shown as being double
underlined. The % figure following several of the peptide sequences show s the percentage sequence homology
com pared to the top peptide of the group. The percentage figure in the brackets following the sequences shows the
percentage sequence homology compared to NPY in the corresponding species.

21

peptides (Glover et al., 1983; 1985). This is based on the high resolution X-ray
analysis of crystalline avian PP, and is refered to as the PP fold. The PP fold
is a globular structure comprising a left-handed polyproline Il-like helix
(residues 1-8) which is closely packed against an amphiphilic a-helix (residues
13-32) through hydrophobic interactions. These two antiparallel helices are
linked by a 6-tum (residues 9-12). This confers a hairpin-like structure to the
molecule where the tyrosine residue in position 1 and amino acid residues 3036 are located in close proximity to one another. The C-terminal region
(residues 33-36) has no regular structure, and extends away from the molecule.
Com puter prediction suggests that because sequence homology between NPY
and avian PP conserves the residues that are most im portant to m aintain the
integrity of the PP fold, NPY also maintains a compact folded conformation
characterised by intramolecular hydrophobic interactions (Allen et al., 1987),
(Figure 1.2).

1.3

Structure-activitv relationships

A large num ber of structure-activity relationship studies have been undertaken
w ith regards to NPY, and the majority of these support the model for NPY
forming a hairpin-like structure, with N- and C-terminals in close proximity.
Deletion of the tyrosine residue in position 1 of the molecule m arkedly
decreases its affinity for its receptor binding sites (Cadieux et al., 1990; Martel
et al., 1990; Quirion et al., 1990). It is suggested that this tyrosine

22
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Fig. 1.2 The tertiary structure of neuropeptide Y as predicted by com puter using a m odel
obtained from X-ray analysis of crystalline avian pancreatic polypeptide (Allen et al.,1987).
Im portant areas are A a left-handed polyproline H-hke heHx (residues 1-8), B an amphiphilic
a-helix (residues 13-32), here represented on a helical net diagram, which is closely packed
against A by hydrophobic interactions, C a P-tum (residues 9-12) which links the two
antiparallel helices and D the C-terminal region (residues 33-36) which adopt no regular
structure. Charged residues are marked and hydrophobic residues are circled.
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m ay help in stabilising the hairpin structure of NPY (MacKerrel et al., 1989),
a n d /o r directly participates in the interaction w ith the receptors. The
importance of the N-terminal end of the polyproline helix has been further
highlighted by the fact that the potency of analogues comprised of the m ost
essential C-terminal residues is enhanced by the addition of one or more
residues from the N-terminal end, attached via a flexible linking structure
(Beck-Sickinger et al., 1990). Fuhlendorff et al. (1990b) have also show n that
both the N- and C-terminal portions are im portant for adequate binding
affinity to receptors. They suggest that a folded conformation in which the Nand C-terminals are in close proximity is im portant for receptor recognition
and activation. In studies where certain residues from the polyproline region
w ere replaced, such as to increase interactions between the N- and C-terminal
a-helix and to stabilise the hairpin-like structure of NPY, an increase in the
affinity of these analogues was obtained (Minakata and Iwashita, 1990).
Bouvier and Taylor (1992) introduced a lactam bridge between a lysine and
aspartic acid residue which were then substituted into positions 18 and 22 of
NPY or an analogue where the polyproline portion has been replaced by a
spacer molecule. Both the substituted residues were part of the proposed ahelical section of the molecule and so by linking them together, this should
stabilise the helix. Using this technique they were able to demonstrate that the
proline rich sequence 1-9 stabilises the a-helical structure in the C-terminal half
of the molecule. These results suggest that the PP fold is im portant for receptor
binding, and that stabilisation of the amphiphilic a-helix may prom ote receptor
activation.
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There has been some suggestion that the biological effects of NPY may not be
totally due to receptor interactions. McLean et al. (1990) suggest that at low
micromolar concentrations of peptide, some of the effects may be due to the
amphiphilic a-helix of NPY altering the membrane bilipid layer structure.

1.4

Distribution of neuropeptide Y

1.4.1

Peripherally

NPY is widely distributed throughout the peripheral nervous system. A large
component of this is in the sympathetic nervous system where it coexists w ith
noradrenaline. Within the sympathetic nervous system large num bers of NPY
immunoreactive neurones, and high concentrations of NPY have been shown
in the superior cervical, stellate and coeliac ganglia. NPY containing
sympathetic

neurones

have

been

shown

which

innervate

vascular

smooth muscle, the heart, the pineal gland, the eye, the m iddle ear, thyroid
gland, respiratory tract, gut, biliary tract, juxtaglomerular apparatus and uro
genital tract. The adrenal medulla also contains num erous NPY containing cells
(see O'Donohue et al., 1985).

NPY is not only found in the peripheral sympathetic nervous system. It has
also been show n in non-sympathetic neurones in the myenteric plexus and the
submucosal ganglia.
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1.4.2 Centrally

NPY has been identified in abundance within the CNS of both rat and m an
(Allen et al.,1983; A drian et al., 1983). It is one of the most abundant
neuropeptides yet discovered. It has been shown to be widely distributed
throughout the CNS w ithin discrete areas. In the rat, the highest levels of NPY
are found in the hypothalamic areas, the nucleus accumbens, periaqueductal
gray m atter and the septum. M oderate/high levels are found in the cortical
regions including the hippocampus, in the thalam us and in the basal ganglia.
The pons and the cerebellum show very low levels, or even an absence of NPY
immunoreactivity.

A similar distribution has been demonstrated for NPY in the hum an brain with
the highest levels in the nucleus accumbens, the hypothalam us, the basal
ganglia and the amygdala. Moderate levels are seen in certain cortical areas
such as the hippocampus, in the septum and in the periaqueductal gray
matter. The thalamus, substantia nigra, globus pallidus, pons and cerebellum
show the lowest levels of NPY.

Both the rat and the hum an spinal cord have been shown to contain m oderate
levels of NPY (Gibson et al, 1984; Allen et al, 1984).
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1.4.3

Co-localization of neuropeptide Y

1.4.3a Co-localization in the peripheral nervous system

NPY has been found to coexist w ith other transmitters in the peripheral
nervous system. It is found to be closely associated with catecholamines in the
adrenal m edulla and in the autonomic nervous system (Emson and Dequidt,
1984). Many of the endocrine cells of the m edulla have been found to exhibit
the coexistence of NPY and catecholamines (Allen et al., 1983; Vamdell et al.,
1984). Enkephalin has also been shown to be present in m any of these cells
(Vamdell et al., 1984).

Sympathetic ganglia also contain high concentrations of NPY (Allen et al.,
1983). In hum ans the NPY-immunoreactive cells of the sympathetic ganglia
also contain dopamine-fi-hydroxylase and tyrosine hydroxylase (Lundberg et
al., 1983). Also the NPY concentrations in these areas are often depleted after
6-hydroxydopam ine treatm ent in rats (O'Donahue et al., 1985). This suggests
that NPY coexists with noradrenaline in these cells.

1.4.3b Co-localization in the central nervous system

As in the peripheral nervous system, the CNS also exhibits m any instances of
coexistence of NPY with other transmitters and neuropeptides (Everitt et
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al.,1984; Hôkfelt et al.,1983a; 1983b; H unt et al.,1981; Jacobowitz and
01schowka,1982; Lundberg et al.,1980). NPY has been found to coexist w ith
catecholamines in some central neurones. Coexistence w ith noradrenaline
occurs in the A1 cell group of the ventral lateral medulla, the A2 group of the
dorsal m edulla oblongata and the A4 and A6 (locus coeruleus) group of the
pons. Coexistence also occurs with adrenaline in the C l and C2 cell groups in
the ventral and dorsal medulla.

A num ber of amino acid and neuropeptide transmitters have also been found
to coexist w ith NPY in the CNS. In the cerebral cortex, NPY is co-localized
w ith G ABA and with somatostatin (Vincent et al.,1982; Chronwall et al.,1984).
Coexistence w ith somatostatin also occurs in the striatum, hippocampus, lateral
septum, nucleus accumbens and olfactory tubercle, and a few neurones of the
periventricular nucleus of the hypothalam us (Vincent et al.,1982; Chronwall et
al.,1984; H endry et al.,1984). In the noradrenergic A 1/A 2, the adrenergic
C 1/C 2 cell groups and also the hypothalamic arcuate nucleus, FMRFamide
coexists w ith NPY and the catecholamines (Hôkfelt et al.,1983b; Chronwall et
al.,1985). Finally, NPY may coexist with enkephalin in the ventral region of the
spinal cord (H unt et al.,1981) and w ith vasoactive intestinal polypeptide (VIP)
in the dorsal m otor nucleus of the vagal nerve (Dai et al.,1986).
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1.5

N europeptide Y receptors

NPY has been shown to be involved in m any physiological processes in both
the peripheral and central nervous systems (see section 1.6). It seems that it
exerts its effects via specific receptors, as generally these effects are not blocked
by known antagonists for other neurotransm itter receptor sites. The only other
known endogenous ligand that acts upon the same receptors is FYY, which
itself shows considerable sequence homology w ith NPY (see section 1.2).

1.5.1

Receptor distribution in the central nervous system

A large num ber of studies have reported on the distribution of NPY receptor
binding sites in the rat brain (Ohkubo et al.,1990; Martel et al., 1986; Lynch et
al., 1989; W alker and Miller, 1988; Dumont et al.,1990). Martel et al. (1986) used
Bolton H unter labelled NPY ([^^I]-BH NPY) in an autoradiographic study
of the rat brain in order to map the distribution of NPY receptors. They
reported high densities of NPY receptor binding sites in the olfactory bulb,
superficial layers of the cortex, ventral hippocampus, lateral septum , various
thalamic nuclei and the area postrema. Low to m oderate levels were seen in
the striatum , paraventricular nucleus of the hypothalam us, amygdala and the
dorsal horn of the spinal cord. Low densities were observed in the globus
pallidus, superior colliculus, the central gray and the cerebellum. All white
m atter areas showed an absence of specific receptor binding sites.
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The distribution of NPY receptors can be seen to bear some resemblance to the
distribution of NPY-like immunoreactivity. In some areas however, there seems
to be a mismatch between the areas with high affinity receptors for NPY and
those containing NPY itself (Agnati et al., 1989). There is a high degree of such
a mismatch w ithin the thalamic and hypothalamic regions of the brain. In most
thalamic midline nuclei and lateral thalamic nuclei there are high am ounts of
high affinity NPY binding sites, but very few NPY immunoreactive nerve
term inal networks. In the hypothalam us however, the opposite seems to be the
case. There are high amounts of NPY immunoreactive nerve terminals, but
very few high affinity NPY receptor binding sites. The existence of mismatches
such as these can be explained by the idea of volume transmission, the
presence of low affinity binding sites and the existence of NPY receptor
subtypes. The theory p u t forward by Agnati et al. (1989) is that NPY neuronal
systems m ay not only operate via classical synaptic (or wiring) transmission
alone, but also via the mechanism of volume transmission. Volume
transmission m ight be seen in areas with relatively low levels of low affinity
NPY binding sites linked to the synapse and high amounts of high affinity
binding sites in the surrounding areas. In this situation, NPY may induce its
effects by diffusing in the extracellular fluid to surrounding high affinity
binding sites. The classical synaptic transmission may occur in areas where a
low level of high affinity binding sites and a high level of low affinity binding
sites linked to the synapse exists.

30

1.5.2

Receptor subtypes

1.5.2a Sympathetic neuroeffector junction

The NPY receptor seems to exist as several subtypes. The existence of two
subtypes was first proposed by W ahlestedt et al. (1986). They studied the
effects of NPY, PYY, desamido-NPY and several C-terminal fragments of NPY
and PYY on sm ooth muscle preparations in vivo. The C-terminal fragments
used were NPY (19-36), NPY (24-36), PYY (13-36), PYY (24-36) and PYY (27-36).
They found that NPY and PYY had three distinct effects on the sympathetic
neuroeffector junction in this preparation (see Figure 1.3). NPY and PYY were
show n to: a) have a direct post-junctional effect, leading in this case to the
constriction of the guinea-pig iliac vein; b) potentiate the postjunctional
vasoconstrictor effects of noradrenaline and histamine in the rabbit femoral
artery and vein respectively; and c) have a prejunctional effect by suppressing
the stimulated release of noradrenaline from sympathetic nerve terminals in
the rat vas deferens. In all of these actions NPY and PYY were
approximately equipotent, but the fragments varied in their effects. In the
guinea-pig iliac vein, the preparation showing a direct postjunctional effect of
NPY, neither desamido-NPY nor the fragments had any effect. Neither did
they show any effect in potentiating the effects of noradrenaline and histamine
in the rabbit femoral artery and brain preparations. In the rat vas deferens
preparation however, in which NPY and PYY suppressed the release of
noradrenaline prejunctionally, the C-terminal fragment PYY (13-36) did show

31

an effect. The latter effect was not emulated by the remaining shorter
fragments nor by desamido-NPY. These results suggested that there was a
difference between the pre- and postjunctional receptors. The C-terminal amide
was neccessary for both sites to be activated. Whilst the postjunctional effects
required the complete sequences of NPY and PYY, the C-terminal fragment
NPY (13-36) was sufficient for the prejunctional effects to be seen. On the basis
of this and subsequent studies, W ahlestedt et al. (1987a) proposed the existence
of two NPY receptor subtypes. The postjunctional receptor which required the
complete sequence of NPY or PYY for activation was term ed the Yj subtype,
and the prejunctional receptor, requiring only the 13-36 C-terminal fragment
was term ed the Y2 subtype. Later studies suggested that although the Yj
receptor was the predom inant postjunctional subtype on vascular smooth
muscle, Y2 receptors could also exist postjunctionally in this tissue (Wahlestedt
et al.,1990b).
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NPY

A.

NA

EFFECT

Fig. 1.3 Simplified schematic diagram of the three types of synaptic actions and interactions
of neuropeptide Y (NPY) and noradrenaline (NA). Model based on studies at various
neuroeffector junctions (Wahlestedt et al,1986). A direct postsynaptic actions of the two
trcinsmitters. B Presynaptic negative feedback control of itself and NA release. C Postsynaptic
enhancem ent of NA effects.
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1.5.2b Brain receptor heterogeneity

The brain also displays subtypes of NPY receptor, as shown by the work of
Lynch et al. (1989). They used a combination of receptor autoradiography and
mem brane binding studies to compare

NPY (lOpM) and [^^^^I-PYY

(lOpM) binding to NPY receptors in the rat brain. In the membrane binding
study they found that [^^^I]-BH NPY and [^^^I]-PYY binding was inhibited by
both NPY and PYY. [^^^I]-BH NPY (lOpM) binding to membranes was
displaced by unlabelled NPY w ith a Hill slope of 0.81, indicating some
heterogeneity in the binding sites. NPY could only discriminate this weakly
however and the data fit a one site model w ith an IC50 of 0.37nM (r^ = 0.96).
Using the data supplied by the authors, the Cheng-Prussof equation gives a
Ki value of 0.36nM. W hen PYY was used to displace [^^^I]-BH NPY binding a
Hill slope of 0.59 was obtained and the data fitted a two site model w ith IC50
values of 0.048 and 5.3 nM (r^ = 0.96). The Ki values calculated as above are
0.04 and 5.24nM respectively. Fitting of the latter data to a one site model was
very poor (r^ = 0.65) and gave a Ki value (calculated from the supplied data)
of 0.13nM. This suggests that NPY may occupy both high and m oderately high
affinity binding sites that are more clearly distinguished by PYY than NPY.

W hen [^^^I]-PYY (lOpM) was used as the radioligand, NPY displaced binding
w ith a Hill slope of 0.94. The data fit a one site model w ith an IC50 of 0.5nM
(r^ = 0.96). The Ki value calculated from this data is 0.35nM. PYY displaced the
[125i]_pyy binding to give a Hill slope of 0.84, which again fits a one site model
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(ICso of O.lnM,

= 0.95). From published data, this gives a Ki of 0.09nM.

Taken altogether, these results suggest that whereas lOpM

NPY may

label both high and moderately high affinity binding sites, lOpM [^^^I]-PYY
selectively labels high affinity sites.

Lynch et al. (1989) then examined the regional distribution of both
NPY and [^^^I]-PYY receptor binding sites in the rat brain using receptor
autoradiography. They found that the distribution of binding sites for both of
these radioligands was very similar, although the level of [^^^I]-PYY binding
was greater than that for [^^^I]-BH NPY in all regions. They found that the ratio
of [^^^I]-BH NPY to [^^^I]-PYY binding was not consistent throughout all the
brain regions, suggesting differences in the sites labelled by these two
radioligands.

1.5.2c Yi receptors

As already mentioned (see section 1.5.2a), the Yj receptor was first proposed
as a postjunctional receptor at the sympathetic neuroeffector junction in
vascular sm ooth muscle preparations (Wahlestedt et al., 1986; W ahlestedt et
al., 1987a). The receptor at this site was later show n to be of the Yj receptor
type as the binding of radiolabelled PYY was displaced by both NPY and the
Yi receptor agonist [Pro^] NPY (Grundemar et al., 1992). This Y^ receptor site
causes vasoconstriction in some vessels via two mechanisms. It has a direct
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postjunctional effect and it can also potentiate the vasoconstrictor effects of
noradrenaline (Wahlestedt et al., 1986).

There is also m uch evidence to suggest the presence of NPY

receptors in the

brain. Feeding behaviour in rats can be stimulated by the central
adm inistration of NPY, an effect which is also seen w ith the Y^ agonist
[Leu^\Pro^] NPY, but m uch less so with the Yg agonist NPY (13-36) (Flood and
Morley, 1989). NPY-induced reduction in spontaneous locomotor activity and
anxiety also seem to involve the Yj receptor, although this has not been shown
by the direct use of a Yj receptor agonist ( Heilig et al., 1988b; Heilig et al.,
1989).

(i)

Structural requirements of Yi receptor ligands

A num ber of structure-activity relationships have been studied in order to
distinguish the Yj receptor from the other subtypes in terms of which part of
the NPY molecule is required for Y^ receptor activation. Several studies have
dem onstrated that, following deletion of the first N-terminal Tyr^ residue, the
resultant com pound NPY (2-36) showed a decrease in activity. Rioux et al,
studying the effects of NPY as a coronary vasoconstrictor, showed a 12-fold
reduction in potency following N-terminal TyP deletion (Rioux et al., 1986).
Furthermore, subsequent shortening of the molecule by deleting N-terminal
residues Tyr^ to Glu^^ or Tyr^ to Ala^® caused major losses of potency.
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Similar effects have also been demonstrated at vascular NPY receptors
(Grundem ar et al., 1992) and at an expressed hum an NPY Yj-like receptor
(Larhammer et al., 1992). Boublik et al. introduced D-amino acid substitutions
into different positions of the NPY molecule and found that substitution of any
of the first five residues caused a marked reduction in potency (Boublik et al.,
1990). Finally, the importance of the intact N-terminus of NPY for full Yj
receptor activation is demonstrated by a loss in affinity of the Yj receptor
agonist [Pro^] NPY to the Yj receptor following the substitution of a Lys^ in
place of the Glu^ residue (Schwartz et al., 1990).

The importance of the C-terminus has also been studied. Fuhlendorff et al.
(1990a) m ade substitutions of two residues in the C-terminal end of the
molecule. They effectively combined the C-terminal hexapeptide of PP with the
PP-fold of NPY to create the novel compound [Leu^\Pro^] NPY. This
com pound was found to be a specific high-affinity agonist for Y^ receptors
(Fuhlendorff et al.,1990a). So the exact sequence of residues in the C-terminal
portion of NPY seems to be of less importance than for the N-terminal region.

The importance of both N- and C-terminals for Yj receptor activation indicates
that there m ay be some structural requirements of the central section of the
molecule in order to ensure the correct configuration of both terminals upon
presentation to the receptor site. The central portion of the NPY molecule is
proposed to form a hairpin-like structure (discussed in section 1.2) which may
be of importance for Y^ receptor activation. Substitution of a proline residue
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into the NPY molecule to make [Pro^°] NPY breaks the hairpin loop structure,
w ith a loss of Yj receptor affinity (Fuhlendorff et al., 1990b). Experiments
where the central turn region and various amounts of the helical region were
removed and replaced by a spacer molecule to retain the N- and C-terminals
in a similar spacial orientation demonstrated the resultant analogues to be
active at Yj receptors (Krstenansky et al., 1989).

(ii)

Yi receptor clones

In 1990, Eva et al reported on the molecular cloning of a novel rat guanine
nucleotide-binding protein-coupled receptor, FC5 (Eva et al.,1990). Its prim ary
structure resembled that of the superfamily of neuropeptide receptors.
However, it was not until 1992, after seeing similarities between expression
patterns of the receptor-encoding mRNA and localization of NPY Yj receptor
subtype in rat brain, that they were able to show the receptor to be of the Y^
subtype (Krause et al., 1992). Two groups have also reported the cloning of
hum an Yj receptors (Herzog et al.,1992; Larhammar et al.,1992). These
receptors like the rat receptor, are members of the G protein-coupled receptor
superfamily. The cloned receptor has 384 amino acids and, like other members
of this superfamily, has seven putative transmembrane domains (see Fig.
1.4).
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Fig. 1.4 Amino acid sequence and proposed structure of the human NPY YI receptor
(Larhammar et al,1992) showing the seven membrane spanning domains (shaded areas) and
possible N-linked glycosylation.
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1.5.2d Yo receptors

The NPY Y2 receptor subtype was first proposed as being the presynaptic NPY
receptor at the sympathetic neuroeffector junction (Wahlestedt et al.,1986;
W ahlestedt et al.,1987a). It is thought to have a m odulatory presynaptic role,
attenuating the release of transmitters. As well as being present on
noradrenergic neurones, Y2 receptors have also been reported in cholinergic
m otor neurones in the rat uterine cervix where they inhibit the cholinergic
m otor response (Stjernquist and Owman,1990). G rundem ar et al. (1990) have
also dem onstrated the presence of NPY Y2 receptors in non-adrenergic, noncholinergic nerve fibres. They found NPY and NPY (13-36) to suppress
capsaicin-sensitive sensory nerve-mediated contraction in the guinea-pig
airway. They suggest that the fibres involved may be of the C-fibre type.

(i)

Structural requirements for Y-, receptor ligands

The requirem ents for Y2 receptor activation are a lot less stringent w ith respect
to the N-term inal region of its ligands compared to the Y^ receptor subtype
requirements. Thus C-terminal fragments of NPY can exhibit high affinity for
the Y2 receptor (Wahlestedt et al., 1986). Using the suppression of electricallyevoked contractions of the rat vas deferens as a m easure of ligand activity, it
was found that the shortest C-terminal fragment length required for Y2
receptor activation was the 12 residues from NPY (25-36) (Grundemar and
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Hâkanson, 1990).

An intact C-terminal region of NPY is required for Yg receptor activation.
W hen a proline residue is substituted at residue 34, a n d /o r leucine at residue
31, there is a loss of affinity for the Y2 receptor subtype (Fuhlendorff et al.,
1990a). M inakata et al. (1989) studied the importance of the C-terminus by
systematic substitutions of amino acids. They suggest that His^^ is
im portant for Yg receptor recognition. The C-terminal amine group is essential
for receptor activation as desamide NPY is inactive at the Yg receptor
(Wahlestedt et al.,1986).

The hairpin loop structure does not seem essential for Y2 receptor recognition.
NPY analogues w ith the first 4 N-terminal residues joined to the last 12 Cterminal residues, thus deleting the hairpin loop, were almost as potent at Y2
receptors as NPY itself (Beck-Sickinger et al.,1992). Upon substitution of a
proline residue at position 20 in the NPY amino acid sequence, an effect that
breaks the hairpin loop, Fuhlendorff et al found that the resultant analogue
[Pro^®] NPY was still active at the Y2 receptor (Fuhlendorff et al.,1990b).
Substitution of PP (1-30) (the PP-fold) for NPY (1-30) showed a high affinity
for the Y2 receptor subtype.
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(ii)

Yo receptor structure?

Unlike the NPY Y^ receptor subtype, the Y2 subtype has not as yet been cloned.
However to try and characterize the structure of this receptor. Sheikh and
Williams covalently cross-linked [^^I-Tyr^^]PYY to this receptor (Sheikh and
Williams.,1990). They affinity labelled Y2 receptors in rat hippocam pus and
rabbit kidney membranes using different cross-linking reagents. Sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and autoradiography
analysis show ed a major labeled protein band of

= 50,000. This was

unaffected by reducing agents and thus the Y2 receptor subtype is a
structurally distinct glycoprotein which is not disulphide-linked to other
subunits. A

= 50,000 protein band has also been reported following cross-

linking [^^^I]-PPY to porcine hippocampal receptors (Inui et al.,1989).

1.5.2e Yg receptors

In most m odel systems PYY mimicks the effects of NPY w ith a potency similar
to or slightly greater than NPY. This is also the case in model systems used for
defining Yj and Y2-like receptors. Recently it has been observed that PYY in
some cases is unable to mimic the actions of NPY, or even has the opposite
effect. This has led to the proposal for the existence of a third receptor
subtype term ed the Y3 receptor. These receptors are suggested to exist in both
the brain and the periphery.
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Autoradiographic analysis of

NPY binding in the rat brain stem has

show n that although the binding is displaceable by NPY, PYY does not
displace NPY from this region (Nakajima et al., 1986). H àrfstrand et al. (1989)
dem onstrated that unlike NPY, which shows interactions with Œz-adrenoceptors
in the nucleus of the tractus solitarius (NTS), PYY shows no such interactions.
U pon injection of NPY and its related peptides into the NTS, Grundem ar et al.
(1991a;1991b) found a discrepancy in the characteristics of the receptors
m ediating the cardiovascular effects in this region. Whilst NPY, the Yj receptor
agonist [Pro^] NPY, and the Yg receptor agonist NPY (13-36) all produced a
similar dose dependent decrease in arterial blood pressure in anaesthetised rat,
PYY was inactive despite being both a Yj and Y2 receptor agonist. The NTS
therefore seems to contain an NPY receptor subtype, distinct from the Yj and
Y2 classification, and term ed the Y^-like receptor.

In the periphery, Higuchi et al. (1988) found that PYY was of a very m uch
lower potency than NPY in inhibiting nicotine-stimulated noradrenaline and
adrenaline release in bovine adrenal chromaffin cells. These findings were
confirmed by W ahlestedt et al. (1992) who found that

NPY binding

to bovine adrenal chromaffin cells was displaced by NPY, [Pro^] NPY and
NPY (13-36), but [^^^I]-PYY showed no specific binding in these cells.
Similar binding characteristics are seen in the rat intestine and cardiac
ventricular membranes. [^^^I]-BH NPY binding to both these tissues was
displaceable by NPY, but PYY was far less potent in its ability to displace the
bound radioligand (Nguyen et al., 1990; Balasubramaniam et al., 1990).
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Tepperm an and Whittle (1991) assessed the effects of both NPY and PYY rat
gastric mucosal blood flow and found that although NPY decreased the blood
flow, PYY did so in an inconsistent manner. Finally, opposite effects of NPY
and PYY were seen in a study of their effects on plasma immunoreactive atrial
natriuretic factor (IR-ANF) in rats (Baranowska et al., 1987). NPY injection
increased IR-ANF, whereas PYY decreased it.

The evidence is therefore very strong for the existence of another NPY receptor
subtype, the Y3 NPY receptor, which is insensitive to the effects of PYY. There
m ay also be further subtypes which are at present indistinguishable using the
presently available agonists and antagonists.

1.5.3

Signal transduction mechanisms for neuropeptide Y

Several studies have shown a link between the NPY receptor and a Gprotein and so NPY is proposed to belong to the G protein-coupled receptor
family. NPY inhibits adenylate cyclase activity in rat atrial cells and atrial
membranes. This inhibitory action is blocked by prior treatm ent with
pertussis toxin (Kassis et al.,1987). Pertussis toxin is known to specifically ADPribosylate the a-subunits of two GTP-binding proteins, G^ and G^. In this way
it uncouples the receptor from the G-protein, blocking the effects on the
adenylate cyclase (Ui,1984). Feth et al. (1991) dem onstrated that, in the
presence of GTP7S, [^^^I]-NPY binding to permeabilized SK-N-MC cells (a Yj-
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like receptor system) was inhibited in a dose dependent m anner. This
inhibition was abolished by pretreatm ent w ith pertussis toxin (Feth et al.,1991).
GTP7S is a stable form of GXP which binds to the G-protein and converts it to
the low affinity state, therefore decreasing the am ount of ligand bound. Finally
the uncoupling effect of pertussis toxin on NPY receptors in sensory neurones
is reversed by the perfusion of GXP and the purified a-subunit of G^ (Ewald
et al.,1988). These results demonstrate that the NPY signal transduction is via
G-proteins, probably G^ or G^.

All three of the presently defined receptor subtypes have been dem onstrated
to inhibit adenylate cyclase activity upon activation. Krause et al. (1992), using
a recombinantly expressed NPY Yj receptor, showed that Y^ receptor agonists
were able to inhibit adenylate cyclase. NPY has also been show n to inhibit
adenylate cyclase in SK-N-BE2 cell, a Yz-like model system (W ahlestedt et
al.,1990b). Balasubramaniam and Sheriff (1990) showed that the NPY fragm ent
NPY (18-36) blocked the inhibitory effects of NPY on adenylate cyclase activity
in rat cardiac ventricular membranes, a Y^-like receptor system. It w ould
appear, therefore, that inhibition of adenylate cyclase is a universal signalling
mechanism associated w ith NPY receptor activation.

Finally, it seems that in many systems NPY receptor activation alters the
concentration of free intracellular Ca^% and that this occurs via several
mechanisms. NPY may cause a Ca^^ influx through L-type channels, as the
dihydropyridine-type Ca^^ entry blockers, nifedipine and felodipine, attenuate
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the splenic vasoconstrictor response to NPY in vivo (Lundberg et al.,1988).
NPY may also inhibit Ca^^ influx through N-type channels, a possible
mechanism for pre-synaptic inhibition of transm itter release. H im ing et al.
(1990) showed that Ca^^ currents via N-type channels were inhibited by NPY.
NPY also inhibited N-type Ca^^ currents in acutely dissociated rat vagal
afferent (nodose) neurones (Wiley et al.,1990). The latter effect was blocked by
pretreatm ent w ith pertussis toxin, suggesting the involvement of a G-protein.
The mobilization of Ca^^ from intracellular stores has also been dem onstrated
following NPY administration. This can occur following phospholipase C
activation as dem onstrated by Perney et al. (1989) who found that NPY can
stim ulate the synthesis of inositol triphosphate (IP3) and increase cytosolic free
calcium in cultured rat sensory neurones. The mobilization of Ca^^ can also
occur independently of IP3. Mihara et al. (1989) found that although NPY
caused transient rises in intracellular free Ca^^, it was unable to significantly
increase IP3 generation in smooth muscle cells cultured from porcine aorta.

It is apparent from the study of second messenger systems associated w ith
NPY receptors that it is not possible to distinguish between the receptor
subtypes on this basis. It m ay be that the second messanger systems involved
w ith NPY receptor subtypes are not subtype specific, but rather are dependent
on the cell-type. This is clearly shown in a study of a cloned NPY Yj
receptor subtype (Herzog et al.,1992). These authors expressed the Yj receptor
clone in two types of cell. W hen expressed in hum an embryonic kidney (293)
cells, the receptor coupled to a pertussis toxin-sensitive G protein that
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mediates the inhibition of cAMP accumulation. In Chinese hamster ovary cells
however, the expressed receptor is not coupled to the inhibition of adenylate
cyclase, but instead causes the elevation of intracellular Ca^^.

1.5.3a Fos: a possible third messenger for neuropeptide Y receptor signalling?

The signal transduction mechanisms discussed above all represent relatively
short-lived biochemical events causing mainly rapid responses in neurones.
However, stimulation also elicits slower, long term responses, that are linked
to alterations in gene expression (for reviews see Morgan and Curran, 1989;
Sheng and Greenberg, 1990). This type of response is likely to play a role in
the developm ent and adaptive plasticity of the nervous system. There are two
classes of gene that are responsive to synaptic stimulation and membrane
electrical activity. These are genes whose transcription is rapidly and
transiently stimulated, the immediate-early genes (lEGs), and those whose
expression is induced much more slowly, the late response genes. It has been
proposed that the lEG expression results in proteins that regulate the
expression of late response genes, which in turn have specific effector functions
(Morgan and Curran, 1988).

One of the first lEGs to be identified was the c-fos proto-oncogene (Greenberg
and Ziff, 1984). Following an extracellular stimulus, the second messenger
systems of the cell are activated. Some of these lead to an induction of the c-fos
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lEG, and another lEG, c-jun (Curran, 1988). Ca^"^ is thought to be an im portant
second m essenger in regulating the expression of these lEGs (Greenberg and
Ziff, 1986; M organ and Curran, 1986; 1988). The resultant protein products, Fos
and Jun, form a heterodimeric protein complex in the nucleus that binds to the
DNA regulatory element, the AP-1 binding site (Curran and Franza, 1988;
Rauscher et al, 1988). In this way, it can regulate nearby prom oters,
thereby either stimulating or repressing transcription of the late response
genes, depending upon which member of the Jun family it complexes with
(Chiu et al., 1989; Schutte et al., 1989).

As already m entioned (see above, section 1.5.3), NPY receptor activation alters
the concentration of free intracellular Ca^^. In so doing it could possibly induce
c-fos expression, and stimulate these 'third messenger' systems. Earnest et al.

(1992), have studied Fos expression in the suprachiasmatic nucleus (SCN) of
rodents as a result of constant retinal light stimulation, in order to study its
rhythmic variations during the circadian cycle. Neuropeptide Y has been
show n to affect the circadian rhythm when injected into the SCN of hamsters
(Albers et al., 1984). Earnest et al. (1992) found that in discrete areas of the
SCN, the density of Fos-immunoreactivity was doubled during the subjective
night compared to the subjective day. Furthermore, the Fos-immunoreactivity
was confined to an area of SCN that was coextensive w ith NPYimmunopositive fibres. It therefore seems likely that NPY may have long term
effects in the central nervous system via induction of IFG expression.
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1.5.4

N europeptide Y receptor agonists

All NPY receptor agonists thus far are peptides based on the NPY sequence
of amino acids (see Figure 1.5.4). The three currently defined receptor subtypes
all share NPY as a common agonist. However PYY, despite being
approxim ately equipotent with NPY at the Yj and Y2 receptor subtypes, does
not seem to recognise the Y3 receptor (see section 1.5.2e for references). Cterm inal fragments of NPY retain agonist activity at the Y2 receptor, but fail
to activate the Yj receptor subtype. The reverse is seen w ith the substituted
analogues [Pro^] NPY and [Leu^\Pro^] NPY. These analogues show agonist
activity at the Yj receptor whilst failing to show any activity at the Y2 receptor
(Fuhlendorff et al.,1990a).

1.5.5

N europeptide Y receptor antagonists?

Research into NPY and its receptor subtypes has been largely ham pered by the
absence so far of any high affinity and specific antagonists. These would be
im portant for the absolute pharmacological definition of receptor subtypes, as
well as to assist in determining the physiological roles of NPY. Several groups
have reported antagonistic effects of compounds, but as yet these have had
little influence on NPY research.
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NPY (pig)

YPSKPDNPGEDAPAEDLARYYSALRHYINLITRQRY

PYY (pig)

YPAKPEAPGEDASPEELSRYYASLRHYLNLVTRQRY

NPY (13-36)

............................ PAEDLARYYSALRHYINLITRQRY

NPY (18-36)

........................................ARYYSALRHYINLITRQRY

[Pro''] NPY

YPSKPDNPGEDAPAEDLARYYSALRHYINLITRPRY

[Leu'\Pro"] NPY

YPSKPDNPGEDAPAEDLARYYSALRHYINLLTRPRY

Fig 1.5a

Receptor
Subtype

Agonist order of potency

Y,

PYY > NPY > [Pro^] NPY > NPY (13-36)

Y:

PYY > NPY > NPY (13-36) > [Pro“ ] NPY

Y,

NPY > [Pro^'] NPY > NPY (13-36) > PYY

Fig 1.5b

Fig 1.5 NPY receptor agonists, a Amino acid sequences of various NPY receptor agonists.
Variations from the parent molecule (NPY) are shown as underlined, b The general order of
potency of several NPY receptor agonists at specific receptor subtypes. The assay systems in
which the agonist potencies were determined were:
- cloned Y^ receptor (Herzog et al., 1992),
human SK-N-MC neuroblastoma cells (Fuhlendorff et al., 1990a; Wahlestedt et al., 1992): Yj human SK-N-BE(2) neuroblastoma cells (Wahlestedt et al., 1992), rat vas deferens (Wahlestedt
et al., 1987a): Yg - rat gastric mucosa (Tepperman and Wittle, 1991), adrenal chromaffin cells
(Wahlestedt et al., 1992; Higuchi et al., 1988), and nucleus of the tractus solitarius (Grundemar
et al., 1991a; 1991b).
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1.5.5a He90481

In 1990, Michel and Motulsky showed a competitive antagonist effect of the
H 2 receptor agonist He90481. NPY is able to increase the free intracellular Ca^^
concentrations in HEL cells, a Yj-like model system. He90481 was able to shift
the dose-response curve for NPY to the right, leaving the same maximal NPYstimulated Ca^^ increase. Linear Schild plots were obtained w ith a slope not
significantly different from unity. A pAg value of 4.43 (affinity = 37.5pM) was
obtained from these data. Two factors however limit the usefulness of this
com pound as an antagonist. Firstly, it has a low affinity for NPY receptors, and
secondly, it is not specific for NPY receptors. It also competes for 02adrenoceptors and is an agonist at H 2 histamine receptors in guinea-pig heart
w ith a potency about 1000 times greater than for NPY receptors.

1.5.5b PP56

Edvinsson et al. (1990) demonstrated that preincubation of guinea-pig basilar
artery w ith D-myo-inositol 1,2,6-triphosphate (PP56), significantly attenuated
NPY-induced contractions. Significant attenuation of these NPY-induced
contractions was seen at O.lpM PP56. Schild plot analysis revealed a straight
line with a slope that differed from unity. The antagonism thus produced was
not competitive nor reversible. The effect of this com pound on endothelin 1,
histamine, bradykinin, noradrenaline, 5-hydroxytryptamine and prostaglandin
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p2a receptors was also evaluated, but it did not significantly attenuate the
contractions produced by any of these compounds. Tests were conducted on
the effects of PP56 on the NPY potentiation of NA-induced vasoconstriction
in rabbit femoral artery (Adamsson and Edvinsson, 1991). PP56 was show n to
inhibit this potentiating effect of NPY at a much lower concentration than for
the effect on the direct NPY induced vasoconstriction. This m ay reflect the
involvem ent of different receptor subtypes. The antagonistic effects of PP56
have also been dem onstrated in other systems. PP56 was found to antagonise
NPY induced inhibition of relaxation induced by acetylcholine, substance P
and VIP in guinea-pig cerebral, coronary and uterine arteries (Edvinsson et
al.,1992). In vivo, using the pithed rat, PP56 significantly inhibited the pressor
response to NPY at a dose which did not itself influence the pressor actions
of preganglionic nerve stimulation or bolus injections of phenylephrine or
vasopressin (Sun et al., 1991). In an attem pt to study the pre- and postsynaptic
antagonistic effects of PP56 in vivo. Potter et al. (1992) used an anaesthetised
dog experim ent where both pre- and postsynaptic actions of exogenous NPY
or NPY released from the cardiac sympathetic nerve can be recorded in the
same preparation. PP56 was seen to antagonise NPY in both the presynaptic
effect, as m easured by the inhibitory effect of NPY on cardiac vagal action, and
postsynaptic effect, as m easured by recording arterial blood pressure. Centrally
adm inistered PP56, given as a pretreatm ent before NPY administration, has
been show n to cause a significant decrease in NPY-induced hyperphagia,
however, a similar effect was also seen w ith galanin (Heilig et al., 1991). In the
same study PP56 had no effect on NPY induced hypoactivity. It also failed to
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displace any

NPY bound to membranes or to cells displaying either

Yj or Y2 receptor subtypes alone. This latter finding suggests that PP56 is not
a competitive receptor antagonist.

PP56 is an isomer of inositol 1,4/5-trisphosphate (IP3). Inositol phosphates occur
naturally in the body within membrane phospholipids. They are utilised by
cells as second messengers involved in the intracellular release of stored
calcium and also to stimulate calcium entry. IP3 is considered responsible for
this very specific action, but it differs from PP56. Therefore it is not known
w hether PP56 or a degradation product of PP56 interacts w ith the turnover or
influences the second messanger role of IP3. It is possible that PP56 m ay exert
its NPY antagonistic effects on some part of the second messenger system, as
NPY has been shown to increase IP3 accumulation in certain cell systems
(Haggblad and Fredholm, 1987).

1.5.5c N europeptide Y (18-36)

The NPY C-terminal fragment NPY (18-36) is a Yg receptor agonist, but it has
also been show n to inhibit [^^^I]-BH NPY binding in rat cardiac ventricular
membranes (Balasubramanium and Sheriff, 1990). It was also found to inhibit
NPY stim ulated adenylate cyclase activity in the same tissue, which is a PYY
insensitive, or Y^-like receptor system. As already mentioned in section 1.5.4,
NPY (18-36) is a partial agonist at Y^-like NPY receptors in HEL cells for the
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inhibition of cyclic AMP accumulation and for intracellular Ca^^ mobilisation.
It is also a full agonist at Yz-like NPY receptors in various tissues (Michel et
al., 1990).

1.5.5d Benextramine

Benextramine is an irreversible a-adrenoceptor antagonist, but it has also been
reported to inhibit the NPY-induced increase in diastolic pressure in pithed
rats and NPY binding to rat brain membranes (Doughty et al., 1990). These
authors subsequently examined analogues of benextramine to look for
structure activity relationships and found that the benzene moiety (see Figure
1.6) was im portant for its NPY antagonist activity. They noticed some
similarities between the non-peptide benextramine molecule and the C-terminal
region of NPY (Doughty et al., 1993). Both have an extended, poly cationic
structure containing an aromatic ring. This aromatic ring is a methoxybenzyl
m oiety in benextramine and a phenolic moiety of Tyr^^ in the case of NPY. The
distance between the phenyl and the positively charged inner N-atom of
benextram ine has the same num ber of atoms as that between the phenolic
m oiety of Tyr^^ and the positively charged guanidinium group of Arg^^ in NPY,
indicating the possibility of common hydrophobic and ionic interactions at the
NPY receptor.
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A. He 90481

OH
HO

HO

O
B.PP56

(p)= - o - p - o x
OX
X =5No,lH

C. NPY (18-36)

Ala-Arg-Tyr-Tyr-Ser-AIa-Leu-Arg-His-Tyr2»
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Ile-Asn-Leu-IIe-Thr-Arg-GIn-Arg-Tyr-NH,

OCHs

H

. a HCI
D.

E.

Benextramine
(A,A’-bis-[6-[(2-methoxybenzyl)amino]hex-l-yl]cystamine

PYX-1 & PYX-2

PYX-1 : Ac-[3-(2,6-dichIorobenzyl)-Tyr^^,D-Thr^^] NPY (27-36)
PYX-2 : Ac-[3-(2,6-dichlorobenzy!)-Tyr^’’^^D-Thr^^] NPY (27-36)

Fig. 1.6 NPY receptor antagonists.
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The usefulness of benextramine as an antagonist is dam pened by the high
concentrations needed to inhibit NPY binding to rat brain membranes. An IC50
of lOOpM was required, a level considerably higher than that required in its
interactions with a-adrenoceptor binding sites (2pM). This NPY antagonist m ay
therefore have nonspecific effects in addition to those involving the NPY
system w hen used in vivo.

1.5.5e PYX-1 and PYX-2

In 1990, Tatemoto introduced two peptides which he claimed had NPY
antagonistic properties (Tatemoto, 1990). They are based on the C-terminal
structure of NPY itself from residue 27 to 36. They are Ac-[3-(2,6dichlorobenzyl)-Tyr^^, D-Thr^^]NPY (27-36) and Ac-[3-(2,6-dichlorobenzyl)Tyr27'36^ D-lhr32]NPY (27-36), PYX-1 and PYX-2, respectively (Figure 1.6). Their
antagonistic properties were tested against NPY-stmulated Ca^^ mobilization
in hum an erythroleukemia (HEL) cells, which represent a selective Yj-like
receptor model system. PYX-2 displayed a higher affinity than PYX-1, PYX-2
being active in the lO-lOOnM range as opposed to the lOO-lOOOnM range for
PYX-1. Their selectivity for the NPY receptor subtypes has not as yet been
shown.
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1.5.5f Antisense oligodeoxvnucleotides

Due to the lack of any useful NPY receptor antagonist for studying the role of
specific NPY receptor subtypes in CNS physiology, W ahlestedt et al. (1993)
used a different approach to antagonise the effects of NPY at the Yj
receptor subtype. They constructed an antisense oligodeoxynucleotide
corresponding to the NHz-terminus of the rat Y^ receptor. W hen this was
added to rat cortical neurones they found a selective decrease in Y^ receptor
density and an attenuation of the decrease in adenosine 3',5'-monophosphate
(cAMP) seen after Yj receptor activation. Upon repeated injection of this
oligodeoxynucleotide into the lateral cerebral ventricle of rats a similar
selective decrease in cortical Yj receptor density was seen. Animals treated in
this w ay displayed anxiety-like behaviour suggesting that NPY m ay have an
im portant behavioural role in mammalian physiology.

1.6

Central nervous svstem phvsiologv of neuropeptide Y

1.6.1

Feeding behaviour

In 1984, Clark et al. found that i.c.v. injection of NPY produced an increase in
feeding behaviour in rats. The exact site of action of NPY in the brain was then
unknown, but later work by Stanley and Leibowitz (1984) showed that it may
exert its effects in the hypothalamic paraventricular nucleus (PVN) as direct
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injection into this site produced dose-dependent increases in both feeding and
drinking behaviour (Stanley and Leibowitz, 1984). In this study they found that
the effects of NPY on drinking behaviour also took place in the absence of
food, thus suggesting that it was a prim ary effect, and not an indirect effect
due to increased eating. However, in some studies drinking is only effected
secondary to eating or even not at all (Morley et al.,1987; Parrott et al.,1986).
Of the three basic macronutrients, it seems that carbohydrate intake is
stim ulated preferentially by NPY (Stanley et al.,1985; Morley et al.,1987). The
physiological role of NPY in feeding behaviour is highlighted by the finding
that hypothalamic PVN NPY concentrations increase w ith time after starvation,
and then return quickly to norm al following food ingestion (Sahu et al., 1988).

1.6.2

Sedation

The i.c.v. injection of NPY (0.4-4.0nmol/5pl saline given over Im in) into rats
has been show n to reduce open field and home cage activity in a dose
dependent m anner (Heilig and Murison,1987a). Since Fuxe et al. (1983) have
reported NPY to produce both PEG changes and behavioural signs of sedation,
w ith increased syncronized and reduced desyncronized activity, it is possible
that the decreases in locomotor activity are a result of a sedative effect of NPY.
This theory was further supported by the finding that NPY (2nm ol/5pl saline
given over Im in) protects against the development of stress-induced gastric
erosions in the rat, an effect which is often associated w ith sedatives (Heilig
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and Murison,1987b).

1.6.3

Endocrine

NPY plays an im portant role in central endocrine regulation. Firstly NPY has
an effect on the secretion of luteinizing horm one (LH) from the pituitary. This
effect is different depending on the hormonal state of the animal. In norm al
male rats for example, i.c.v. injection of NPY (10pg/3pl saline) stimulated LH
release (Allen et al.,1985). In contrast to this, i.c.v. NPY (0.02-5.0pg/2pl saline)
adm inistration in ovariectomized rats caused a reduction in plasma LH relative
to pretreatm ent levels (McDonald et al.,1985). The pretreatm ent levels were
how ever higher than for normal rats. In the latter study a decrease in the
plasm a concentration of growth hormone (GH) w as also seen following central
NPY treatment.

Secondly, NPY has been shown to have an activating effect on the pituitaryadrenocortical axis (Wahlestedt et al.,1987b). Injection of NPY (50pmol/0.5pl
saline given over 30s) into the area of the hypothalamic PVN produced
increases

in

circulating

adrenocorticotropic

hormone

(ACTH)

and

corticosterone levels. This effect of NPY m ay be mediated by corticotropinreleasing factor (CRF) as an increase in CRF-immunorectivity has been shown
in the hypothalam us following NPY treatm ent (Haas and George,1987). This
latter finding is of interest as both NPY and CRF are highly concentrated in the
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hypothalam us, and NPY neurones may project to the PVN, the major site of
CRF synthesis (Bai et al.,1985).

There is also evidence to suggest that NPY may play a role in m odulating the
central horm onal control of plasma volume and electrolyte control. W illoughby
and Blessing (1987) dem onstrated that NPY could cause the secretion of
vasopressin w hen injected into the supraoptic nucleus of rats.

Finally, NPY has been found to inhibit thyroid-stimulating horm one (TSH)
secretion (Harfstrand et al.,1987) and to increase plasma insulin levels (Moltz
and McDonald,1985) following i.c.v. administration.

1.6.4

Circadian rhvthms

A large num ber of physiological and behavioural mechanisms follow daily
patterns of activity which are known as circadian rhythms. In higher animals,
the circadian pacemaker follows an approximate 24 hour cycle. This is
norm ally synchronized w ith the external 24 hour light-dark cycle which we all
encounter daily. The suprachiasmatic nucleus (SCN) of the hypothalam us has
been show n to be a putative circadian pacemaker as its destruction eliminates
the circadian cycle of a large num ber of functions (Rusak and Zucker,1979 ;
Takahashi and Zatz,1982). Since NPY immunoreactivity localization studies
have shown a dense innervation of the SCN (Allen et al.,1983), it seemed that
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NPY m ay play a role in the control of circadian rhythms. Albers et al.(1984)
dem onstrated that injection of PP (0.2pg/0.2pl saline), and also NPY, into the
SCN of hamsters caused a shift in the animals' circadian rhythm s of locomotor
activity. W hen the peptides were administered w ithin a 10 hour interval prior
to the onset of wheelrunning (a measure of locomotor activity), they caused
an advancem ent of the phase of activity. When given between 6 and 14 hours
after the onset of wheelrunning, the peptides produced phase delays in the
rhythm s of activity.

1.6.5

Memory

High densities of NPY receptor binding sites are found in the hippocam pus
and amygdaloid hippocampal areas of the brain (Martel et al.,1986) as are
NPY-like-immunoreactive perikarya and fibre terminals (Allen et al.,1983). As
this region is involved in learning and memory processes. Flood et al. (1987)
examined the effects of NPY on memory retention in mice. They found that
i.c.v. adm inistration of NPY given after training of the mice led to an
im provem ent in memory retention. They also dem onstrated the ability of NPY
to reverse the amnesia induced by the cholinergic muscarinic antagonist
scopolamine or by the protein synthesis inhibitor anisomycin.
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1.6.6

Central control of blood pressure

The central adm inistration of NPY in order to study its effects on blood
pressure has produced inconsistent results. Vallejo and Lightman (1986)
adm inistered NPY (470pmol/10pl i.c.v given over 2min) to anaesthetized rats
and found increases in both blood pressure and heart rate. H arfstrand (1986),
however, using a higher dose range than in the previous study (7501250pmol as opposed to 0.9-470pmol) found that NPY (dissolved in 30pl mock
CSF and given over 3min) lowered both blood pressure and heart rate.

Microinjection of NPY into the posterior hypothalam us produced dose-related
increases in blood pressure (Martin et al.,1988). Varying effects are seen upon
the microinjection of the peptide into the nucleus of the solitary tract. In this
region, a biphasic response is produced w ith low doses producing
hypertension and higher doses giving hypotension (Carter et al.,1985).

Maccarrone and Jarrot (1985) have m easured the regional brain concentrations
of NPY immunoreactivity in age matched Wistar-Kyoto (WKY) and
spontaneously hypertensive (SH) rats. They found lower levels in the cortex,
cervical and thoracic spinal cord, the m idbrain and m edulla oblongata-pons
of the SH rats. In subsequent studies they also found elevated levels of NPY
in selected hypothalamic nuclei of SH rats (Maccarrone and Jarrot,1986).

Finally, in norm al rats NPY has been shown to increase the num ber of
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adrenoceptor binding sites in m edulla oblongata membranes in vitro, and to
increase their affinity in vivo (Agnati et al.,1983). In the spontaneously
hypertensive rats however, this receptor interaction seems to be abolished as
NPY is unable to up regulate the num ber of Œz-adrenergic binding sites
(Agnati et al.,1983).

1.6.7 Central nervous system pathophvsiologv

There

is evidence to

suggest the involvement of NPY in several

pathophysiological disorders of the CNS. It may be involved in schizophrenia
as NPY concentrations in the temporal cortex were found to be reduced in
schizophrenic patients (Widerlov et al.,1988a). There also seems to be an
involvement in Alzheimer's-type dementia. A reduction in cortical and
hippocam pal NPY-immunoreactivity has been shown in Alzheimer's patients
(Beal et al.,1986a; Beal et al.,1987). Furthermore those regions w ith the most
severe loss of NPY-immunoractive neurones and axons, mainly the C A l region
of the hippocam pus and the entorhinal cortex, are also those areas m ost
affected by the Alzheimer's disease process (Chan-Palay et al.,1986).

A link between NPY and H untington's disease has also been dem onstrated. In
post m ortem H untington's disease brains, an increase in both somatostatin and
NPY-like immunoreactivity has been found in the caudate nucleus and the
putam en compared to control brains (Dawbam et al.,1985). It was also
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observed that upon immunohistochemical staining of the caudate and
putam en of control and H untington's disease brains, the num ber of NPYpositive neurones was increased compared to controls. Also in this region NPY
was show n to induce increases in dopamine turnover (Beal et al.,1986b).
Dopamine is known to aggravate chorea in H untington's disease (Martin,1984),
and so it m ay be that NPY is involved in this process.

1.6.7a Depression and anxiety

There is a large am ount of evidence suggesting the possibility of NPY being
involved in both depression and anxiety. The anatomical distribution of NPY
in the CNS shows high amounts in several limbic areas such as the nucleus
accumbens, septum, amygdala as well as the cerebral cortex and the
hypothalam us, all regions believed to be involved w ith emotions. NPY has
been show n to coexist w ith noradrenaline in several brain areas (Everitt et
al.,1984) which, together w ith the fact that noradrenergic pathw ays of the brain
are suggested to regulate affective and anxiety states (Siever and Davies,1985;
Redmond and Huang,1979), points to a possible role for NPY in depression
and anxiety. NPY has also been demonstrated to have effects on functions such
as circadian rhythm s (Albers et al.,1984), feeding behaviour (Clark et al.,1984;
Stanley and Leibowitz,1984) and on the hypothalamic pituitary-adrenocortical
axis (Wahlestedt et al.,1987b) which are often affected in major depressive
disorders.
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NPY levels in the CSF have been shown to be decreased in patients w ith major
depression (Widerlov et al.,1988b), although in previous studies increased
levels had been found (Ekman et al.,1984). Other studies have show n no
change in the CSF concentrations of NPY in depressive patients (Berrettini et
al.,1987) which has lead to the hypothesis that it may not be decreased levels
of NPY, but an alteration in the processing or metabolism of NPY that occurs
in depressed patients.

Chronic antidepressant treatm ent in rats has been found to increase NPY-likeimm unoreactivity in the rat brain (Heilig et al.,1988a). Heilig et al. (1988a)
adm inistered both imipramine and zimeldine over a three week period and
found increases in the frontal cortex of 40 and 60%, respectively. Im ipramine
increased hypothalamic NPY-like-immunoreactivity by 65% whereas zimeldine
had

no effect in this region. Another treatm ent for depression is

electroconvulsive treatm ent (ECT). Several studies have found that repeated
ECT increased the concentrations of NPY in several areas of the rat brain,
whereas a single treatm ent of ECT was w ithout effect (Stenfors et al.,1989;
W ahlestedt et al.,1990a). The effect on peptide concentrations was highly
specific for NPY as no effect on substance P (SP), neurokinin A (NKA),
neurotensin (NT), vasoactive intestinal polypeptide (VIP) or galanin (GAL)
concentrations were found following treatm ent (Stenfors et al.,1989). It is
possible therefore that imipramine, zimeldine and ECT are producing their
antidepressant effects via interactions with NPY systems of the brain.
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A useful m odel for evaluating antidepressant activity of com pounds is
olfactory bulbectomy-induced muricide (mouse killing behaviour) (Ueki, 1982).
Using this m odel of depression, Katoaka et al (1987) were unable to show a
direct effect of NPY (5 and lOpg/pl) w hen injected into the medial amygdala,
an area involved in the regulation of muricide, in suppressing muricide. They
were, however, able to demonstrate an 80% supression of muricide w hen NPY
(lO pg/pl) was administered into the medial amygdala in combination w ith the
maximal-ineffective dose of noradrenaline. This study provides direct evidence
that NPY m ay be involved in depression, although probably not primarily,
through its interactions w ith the noradrenergic system.

Anxiety is often seen as part of the depressive syndrome, and so hum an
studies of depression may also be providing results relevant to anxiety itself.
In a study of CSF NPY concentrations in depressed patients, W iderlov et al
(1988b) found a negative correlation between NPY concentrations and anxiety
level scores. Tricyclic antidepressants are also used as a treatm ent for anxiety
(Modigh,1987). These findings, plus the fact that NPY has been show n to have
sedative effects in rats (Heilig and Murison,1987a; Fuxe et al.,1983) prom pted
Heilig et al. (1989) to study the effects of NPY in several animal models of
anxiety.

Heilig et al. (1989) studied the effects of i.c.v. NPY (0.2 - 5.0 nm ol/5pl,
5pl/m in) and the NPY Y2 receptor agonist NPY (13-36) (0.4 - 2.0 nm ol/5pl,
5pl/m in) in the elevated x-maze, and in the Vogel's drinking conflict test. They
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found that both 1 and 5 nmol NPY showed anxiolytic-like effects in the xmaze, w ith 0.2 and 1 nmol NPY showing anxiolytic-like activity in the Vogel
conflict test. In the x-maze test, 5 nmol NPY showed possible sedative activity
by reducing the total num ber of entries into either open or closed arms (see
sections 2.4.5a and 5.1 for explanation of terms). NPY (13-36) showed no
significant anxiolytic-like effect in either model. Since the NPY Yg receptor
agonist showed no anxiolytic-like activity at the doses used, they suggest that
the anxiolytic effects of NPY m ight be m ediated by the Yj receptor. Inspection
of their graphical data shows that, although not significant, NPY (13-36) does
show a small, dose-dependent tendency tow ards an increase of % time spent
in the open arms. It is possible, therefore, that higher doses than those tested
by Heilig et al. (1989) m ight induce significant anxiolytic-like effects.
Considering that NPY (13-36) is less potent than NPY in m ost model systems
(see figure 1.5), it would have been wise to test this selective agonist over at
least the same dose range as that used for NPY.

Heilig et al. (1989) also suggest that NPY m ight exert its anxiolytic-like activity
via an interaction with ocz-adrenoceptors. (For review of possible 02adrenoceptor interactions see section 6.1). The authors try to test this
hypothesis by attem pting to block the effects of NPY using a subthreshold
dose of the Og-selective antagonist, idazoxan, which at suprathreshold levels
w ould itself show anxiogenic activity. Unfortunately they were unable to find
a dose of idazoxan which would block the anxiolytic-like effects of NPY
w ithout having a behavioural effect itself. In the Vogel conflict model,
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idazoxan (2m g/kg, i.p.) seemingly blocked the effects of Inm ol NPY w ithout
having an effect in itself, suggesting to the authors an interaction between NPY
and ocg-adrenoceptors. However, the dose of idazoxan used in this study as
'subthreshold', m ay have been unable to show any anxiogenic effects itself
because the behavioural responses of the saline control animals were already
very suppressed. Thus it is possible that 2m g/kg was not a subthreshold dose
of idazoxan and therefore it blocked the anxiolytic-like effects of NPY by
inducing anxiogenesis.

This study has therefore raised several questions which rem ain unanswered.
Firstly, is the NPY Yj receptor subtype responsible for the anxiolytic-like
activity of NPY, and secondly, is this effect m ediated by an interaction
between the NPY receptor and Og-adrenoceptors?

1.6.7b Anxiety and the hippocampus: the behavioural inhibition system

In his book, "The neuropsychology of anxiety'. Gray (1982) describes the
possible interaction between several brain regions that mediate behavioural
responses to the enviroment. One of these integrated brain pathw ays is the
'behavioural inhibition system', which mediates behaviour responses to novelty
and conditioned stimuli for punishm ent and non-reward, resulting in passive
avoidance and extinction. The conditioned stimuli affecting this system, ie
punishm ent and non-reward, are the equivalent of the emotions 'fear' and
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'conditioned frustration'. These emotions, as well as those generated by novel
stimuli, are part of the general emotion, 'anxiety'. The 'behavioural inhibition
system ' has the functions of inhibiting all ongoing behaviour, and perform ing
the m axim um possible analysis of current enviromental stimuli, especially
novel ones.

Based on a review of animal studies. Gray (1982) suggested that the brain
regions comprising the 'behavioural inhibition system' were the septal and
hippocampal areas, otherwise known as the septo-hippocampal system. Lesions
of the septal area, or of the hippocampus, caused behaviour similar to that
seen after giving anxiolytic drugs. Stimulation of the septal areas has the
opposite effect. He proposes that the septo-hippocampal system, along w ith
several other areas, acts as a comparator, predicting the expected state of the
anim als' world in the next instant of time (about 0.1 sec), and comparing this
w ith the actual state of the world (as supplied to the septo-hippocampal
system by the sensory analysis systems via the entorhinal cortex). If the actual
event matches the predicted event, the system continues w ith the next
prediction, and so on. If however, the actual event does not match the
predicted one, or if the predicted one is aversive, then the system takes control
of behaviour causing behavioural inhibition, increased arousal, and increased
attention (Gray, 1982; 1988).
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1.7

Aims of this study

The suggestion that NPY may be involved in the anxiety process, and
specifically in the reduction of anxiety levels, makes it an exciting target for
research. The psychobiology of anxiety seems to be very complicated w ith not
one, b u t m any neurotransm itter systems interacting to produce an overall
effect. The findings that NPY is often co-localised w ith other neurotransm itters,
m any of which are already associated with anxiety disorders, increase the
interest in the involvement of NPY, as does its ability to m odulate the effects
of other transmitters.

In the present study the distribution of NPY receptors has been determ ined
and the areas of the brain activated by central NPY administration assessed to
characterise the possible sites of action of the peptide. This was firstly
achieved by using autoradiography to map the distribution of receptor binding
sites, and then by using the expression of the c-fos immediate early gene as a
m arker of neuronal activity following central NPY administration.

Finally, the effects of NPY and several analogues were tested in three different
behavioural models of anxiety. The effects of drugs administered both i.c.v.
and directly into the specific brain regions suggested by the autoradiography
and c-fos work were examined to determine the site of action of NPY and the
receptor subtype involved.
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CHAPTER 2
METHODS
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Part I : RECEPTOR AUTORADIOGRAPHY

2.1.

N europeptide Y receptor autoradiography

Several groups of workers have reported on the localization of NPY receptors
in the rat brain (Martel et al., 1986; Ohkubo et al., 1990), but all used vastly
different param eters in their assays. In order to carry out autoradiographic
studies as p art of the present study, it was necessary to vary the param eters
in order to obtain the optim um experimental conditions.

2.1.1

Preparation of rat brains for autoradiography

Male W istar rats (250-310g) were killed by decapitation. The brains were
quickly rem oved and frozen by immersion in isopentane cooled to about -30°C
in liquid nitrogen. 20pm thick sections were then cut on a cryostat at -20°C,
thaw m ounted onto gelatin-coated slides, and stored at -20°C until use.

2.1.2

Optimising conditions

The conditions described by Martel et al. (1986) were used as a starting point
for the assay, and the following protocol was devised.
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Sections were pre-incubated for 60 m in at room tem perature in Krebs-Ringers
buffer (NaCl (118mM), KH^PO^ (1.18mM), KCl (4.7mM), NaHCOg (25mM),
MgSO^ (4.7mM), CaClz (2.5mM) and glucose (5.55mM)) at pH 7.4 in order to
wash out any endogenous ligands from the section, and then allowed to dry.
They were then incubated for 120 min with lOOpl/section of the same buffer
solution containing 0.1% bovine serum albumin, 0.05% bacitracin and O.lnM
['""I] Bolton H unter NPY ([^""I]-BH NPY -2200Ci/mmol, NEN). Specifically
bound [^^^I]-BH NPY was determined by the difference in binding seen in the
absence and presence of IpM NPY in the incubation solution. At the end of
the incubation period, excess buffer was removed and the sections washed by
sequential transfer through 4 rinses (4 min each) of buffer, and finally dipped
in distilled w ater to remove ions. Incubated sections were then dried under a
stream of cold air.

For the purposes of optimising conditions, the brain sections were w iped off
the slide using dam p filter papers, and placed in vials. The am ount of
radioactivity bound to the section was then m easured by a gamma radiation
counter.

The param eters varied to achieve optim um conditions were w ash time, w ash
tem perature, displacer concentration, incubation time and pre-incubation time.
Only one variable was changed in each experiment, and the newly found
optim um condition of that variable was included in the subsequent
experiment.
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2.1.3

O ptim um conditions

The optim um conditions as determined by the described experiments were
then used for m apping out the NPY receptor localization throughout the brain.

Pre-incubation was reduced to 30 min in Krebs-Ringer buffer w ith GXP
(200pM) followed by a 5 min wash in Krebs-Ringer buffer alone. The
incubation time was reduced to 60 m in with IpM NPY as the displacer for the
non-specific sections. The sections were washed for a 3x5 m in period in KrebsRinger buffer at room tem perature before drying under a stream of cold air
(see Figures 3.1.1-3.1.6).

2.1.4

Visualising receptor binding sites

After drying, the sections were juxtaposed against radiation sensitive film
(Ultrafilm, Amersham), along with a

microscale standard (Amersham).

Following a 3 day exposure period, the film was developed using Kodak D-19
at room tem perature for 4 min, and after a 1 m in wash was fixed for 5 min.
The resultant films were then analysed quantitatively for receptor density
using a Quantim et 970 image analyser (Cambridge Instruments).
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Part II : Receptor subtype autoradiography

2.2

Ligands used for receptor subtype autoradiography

For the purpose of this study, the parameters for the assay were similar to
those used in the previous study (Chapter 2, Part I). However, the
NPY w as replaced by [^^^I]-PYY (2200 C i/mmol; NEN). The same concentration
of labelled PYY was used as it mimicks the effects of NPY in m ost model
systems with a similar potency to NPY. Walker and Miller (1988) used rat
brain m em branes to determine the Kd values for both [^^^I]-NPY and [^^^I]-PYY.
For each ligand they found both high and moderately high affinity binding
sites. At the high affinity binding sites, the Kd values for [^^^I]-NPY and
PYY were 54.0 ± 32.6pM and 23.5 ± 6.5pM respectively. At the m oderately
high affinity binding sites, the Kd values were 0.92 ± 0.34pM and 1.9 ± 0.66pM
respectively. It is, however, difficult to draw any definitive conclusions from
this data. This is because all the Kd values have a large standard error of the
m ean and the sample sizes are small (n=3). PYY binds to Yj and Y2 receptor
subtypes, but not to Y3 receptors (Nakajima et al.,1986; Harfstrand et al.,1989;
Grundem ar et al.,1991a;1991b). The Ki values for the displacement of
NPY and [^^I]-PYY by unlabelled NPY are approximately 0.36nM and 0.35nM
respectively (calculated from data supplied by Lynch et al. (1989) using the
Cheng-Prussof equation). Thus IpM NPY was also used in this study to
determine the non-specific binding of [^^^I]-PYY. This also allowed the
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displacement to be achieved using a different ligand to that used for the label,
a far better m ethod of obtaining non-specific binding.

Yj and ¥3 receptor binding sites were highlighted by displacement w ith IpM
NPY (13-36) and [Leu^^Pro^] NPY, respectively. NPY (13-36) is a Yg receptor
ligand (Wahlestedt et al.,1986;1987a), and so it will displace labelled ligand
from Y2 receptors leaving label bound to Y^ receptors. [Leu^^Pro^] NPY does
the reverse, displacing ligand from the Y^ receptor subtype and thus leaving
label bound to Yg receptors. The rem ainder of the protocol was the same as for
Chapter 2, Part I.
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Part III: Localization of neuronal activity mediated by NPY in rat brain: the
use of Fos-like immunoreactivitv as an anatomical marker of peptide
receptor activation.

2.3.1

M ethod of anaesthesia

Because we were investigating the effects of NPY in the brain, and it is unable
to cross the blood brain barrier, it was necessary to administer the drug
directly into the brain by injecting into the right lateral ventricle. This m ethod
of drug administration required the implantation of cannulae into rat brains
using a surgical technique. Anaesthesia was brought about by the i.p.
adm inistration of chloral hydrate (400m g/kg in distilled HgO vehicle).

2.3.2

Surgery

Male Wistar rats (Harlan Olac) in the weight range of 250-310g were
anaesthetised and their heads shaved. The animals were then placed in a Kopf
stereotaxic frame with the tooth bar adjusted for the flat skull position. An
incision was m ade in the skin of the head, and the tissue surrounding the skull
w as scraped away using a scalpel. The stereotaxic position for the placement
of a guide cannula was determined in relation to the relevant skull
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Brain Region
Injected

Coordinates
P/ L/ V

Injection
Depth

Volume
Injected

Pnetœatment
Time

0.8/-1.5/2.6

3.6mm

1^1

3h#

Intracerebroventricular (i.c.v.)

0.8/-1.5/2.6

3.6mm

ip i

1h#

Ventral
H ippocam pus

5.87-5.4/5.5

6.5mm

0.5pl

30min

Fos studies:
Intracerebroventricular (i.c.v.)

Behavioural studies:

Table 2.1 The stereotaxic coordinates used for each brain area studied, the
injection

dynam ics

involved

and

the

pretreatm ent

tim es

allowed.

Stereotaxic coordinates were based on the Paxinos and W atson rat brain atlas
(1986). All coordinates relate to the position relative to the skull reference point
bregma. P: posterior to bregma, L: lateral to bregma, V: ventral to the dura.
# and

for an explanation of these pretreatm ent times refer to sections 2.3.3

and 2.4.3 respectively.
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bregm a and a dot of ink used to m ark this position on the skull surface (Table
2.1). Three holes were drilled with a dental drill for the attachment of screws
to the skull surface. Another hole was drilled at the position m arked for the
guide cannula. A chronic guide cannula (22 gauge:Plastics One Inc.) was then
attached to the arm of the stereotaxic frame and lowered slowly to the correct
depth in the brain. The guide cannula was cemented in place using dental
acrylic (Sevriton:De Trey), which was allowed to dry before the surrounding
skin was secured w ith stitches. The animals were then removed from the frame
and placed under a lamp to keep them warm whilst they recovered. The guide
cannula was closed to prevent infection by inserting a dum m y cannula
(Plastics One Inc.). W hen the animals were fully conscious they were
transferred to individual, single size cages and allowed à free supply of food
and water.

D uring the week following surgery, animals were handled daily to reduce the
stress associated w ith the handling procedure.

2.3.3

Intracerebral drug administration

Approximately 7 days following surgery, animals were injected with
physiological saline (Ipl), w ith or without Inm ol NPY (Sigma). This was
adm inistered via an internal cannula (28 gaugeiPlastics One Inc.) inserted into
the guide cannula. The internal cannula was 1mm longer than the guide
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a

A

B

C

->

D
U % 1mm

Figure 2.1 The various com ponents of the injection system. A Guide cannula.
B Injection cannula. C Dum m y cannula. D Diagram showing the operating of
the injection system. The internal injection cannula is inserted into and extends
1mm beyond the tip of the chronically im planted guide cannula. This is
connected to the syringe via a connecting tube. E3 represents solution
containing d ru g ,0 rep re se n ts sterile H2O. The two solutions are separated by
a small air bubble which also aids in visualising the injection process. W hen
not injecting, the guide cannula is closed by inserting the dum m y cannula.
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cannula (Figure 2.1). The internal cannula was attached to a 50|il Hamilton
syringe via a 40cm length of connecting tubing (Plastics One Inc.). The syringe
and connecting tube were filled w ith saline and a small air bubble was then
introduced into the internal cannula by draw ing air in w ith the syringe. This
was to detect whether the injection was successfully entering the brain. The
correct volume of solution to be injected was draw n up into the internal
cannula, and inserted into the guide cannula. The injection was then
adm inistered under the control of a microinjection pum p (C M A /100, Carnegie
Medicin), program m ed to give the dose over a 5 min period. Animals were
unrestrained and in their home cages during the injection process, and during
the subsequent 3 h of pretreatm ent time. The 3 h pretreatm ent time was
selected for two reasons. Firstly, Fos-like immunoreactivity (FLI) reaches a
m axim um in rat brain sections approximately 2 h following stimulation
(conditions optimised in the laboratory of R.A. Leslie, Oxford), and secondly,
Heilig et al. (1989) suggest that the anxiolytic-like effects of NPY are maximal
1 h after pretreatment. Thus, combining these two factors suggests that, in
looking for FLI resulting from the anxiolytic-like effects of NPY, a 3 h
pretreatm ent time w ould be optimal.

2.3.4

Preparation of rat brains for Fos immunohistochemistrv

Three hours later the rats were re-anaesthetised w ith sodium pentobarbitone
(EuthetalrRhome Merrieux) and perfused transcardially, firstly w ith 100ml
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saline, followed by 100ml 4% paraform aldehyde in O.IM sodium phosphate
buffer . The brains were then removed and post-fixed in the same fixative for
at least another 24h at 4°C.

100pm brain sections were cut on a vibratome and collected into an
Tmmunobuffer'(pH7.4), containing NaCl (O.IM), KCl (5mM), NazHPO^ (8mM),
NaHzPO^ (15mM), Tris-HCl (lOmM), Triton-X 100 (0.3%) and merthiolate
(0.04%). All chemicals were purchased from BDH except merthiolate which
w as purchased from Sigma. Fos-like immunoreactivity (FLI) was detected in
these brain sections using immunohistochemistry.

2.3.5

Fos immunohistochemistrv

All solutions were m ade up in Tmmunobuffer'(pH 7.4) unless otherwise stated.
All incubations and washes took place at room tem perature (20-22°C). Sections
were pre-incubated in 1% H 2O2 for 30 min, washed 3 times in buffer and left
for a further 30 m in in 2% normal rabbit serum (Vector labs). Sections were
then incubated for 3 days in a polyclonal prim ary antiserum (dilution 1:2000),
raised in sheep against residues 2-16 of the N-terminal region of the Fos
molecule (Cambridge Research Biochemicals). After a further 3 washes the
sections were incubated in biotinylated rabbit anti-sheep secondary antiserum
(1:200,Vector labs) for 24h. Sections were then washed a further three times
and incubated in avidin-biotin complex (Vector labs) for 2h. After a final 3
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w ashes in 50mM Tris buffer (pH 7.4) the sections were incubated in
diam inobenzidine (0.05% in O.IM phosphate buffer pH 7.4) for 10 min. HgOz
(0.1%) was then added to the diaminobenzidine and once a colour change had
occurred (approximately lOmin), the sections were washed three times in
50mM Tris-buffer (pH 7.4), m ounted on microscope slides and allowed to dry.
Once dry they were dehydrated in absolute alcohol and defatted in Histoclear
(lOmin each). They were then m ounted w ith Styrolite m ounting m edium and
covered w ith a coverslip ready for investigation.

2.3.6

Quantification of results

Quantification of cells showing FLI was performed by counting the num ber of
immunoreactive cells seen in a light microscope (Leitz) equipped w ith a
circular grid patterned ocular and a lOX bright field objective. Any cell
containing an am ount of brow n immunoreactive staining was counted if it was
on or near the plane of focus. The size of the circular brain section area
surveyed was approximately O.OSmm^. One field was viewed per section, w ith
one section being viewed per animal. Differences in FLI levels between peptide
treated and control brains were analyzed using the M ann-W hitney Test.
Results were considered significant at p<0.05.
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Part IV: Behavioural Studies

2.4.1

Anaesthesia and surgery

Male W istar rats in the weight range of 250-310g were anaesthetised using
medetom idine (0.03ml/100g,i.m.; Domital, FKB animal health), followed by
fentanyl (0.6ml/100g,i.p.; Sublimaze, Janssen Pharmaceuticals, Belgium).
Surgery was perform ed as in section 2.3.2. After surgery was completed and
the animal removed from the frame, the anaesthesia was reversed using a
mixture of atipamezole (0.02ml/100g; Antisedan, FKB animal health) and
nalbuphine (0.02ml/lOOg; Dupont) i.m.. This m ethod of anaesthesia was
considered of m uch greater benefit to both the animal and experimenter.
W ithin five m in of the reversal being administered the animals were awake
and walking around. Animals were then transferred to individual, single size
cages and allowed free access to food and water. Animals were additionally
given a mixture of soft food pellets (pellets soaked in water) and sliced fresh
fruit to aid recovery.

During the week following surgery, animals were handled, and weighed daily.
Only animals which had regained their initial body weight by the time of the
first experiment were used.
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2.4.2

Protocol for animal re-use

Animals were re-used for three different models testing for anxiety. The
animals were first tested in the elevated x-maze, 6-8 days after surgery. On
days 11-13 after surgery the animals were tested in the social interaction
model. Finally, on days 22-24 the animals were tested in the Vogel apparatus.

2.4.3

M ethod of intracerebral injection

The m ethod for administrating the intracerebral microinjections was as for
section 2.3.3. For volumes of injections used see Table 2.1. The volume of
injection was administered over a 1 m in period, the injection cannula being left
in place for a further 1 min to ensure that the drug had diffused away. A 1 h
pretreatm ent time was allowed for drugs administered i.c.v.. This was in line
w ith the suggested time course of action for NPY (Heilig et al., 1989).
Microinjection into the hippocam pus was given 0.5 h prior to behavioural
testing to take into account that the effects of the drug should develop m uch
quicker w hen given directly into a discrete brain region.

2.4.4

Drug usage

All drugs used were peptides specific for all or different subtypes of NPY
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receptors. All peptides were dissolved in a sterile distilled w ater before being
m ade up to the correct volume w ith sterile saline. This was necessary to
prevent the peptides from denaturing due to the formation of salts w ith saline.
The solutions were then frozen in aliquots until used. NPY, PYY, NPY (13-36)
and [Leu^\Pro^] NPY were obtained from Bachem UK.

2.4.5

Elevated x-maze

2.4.5a Apparatus

The x-maze (also known as the -f-maze) consisted of two open, and two
enclosed arms (with an open roof), arranged so that the two open arm s were
opposite each other (Fig.2.2). The arms were 45cm long and 15 cm wide, the
walls of the closed arms being 15cm high. Two lines were marked on the floor
of each arm, one at the entrance to the arm and end at the m idpoint of each
arm. The maze was elevated to a height of 70 cm (see Fig 2.2). A video camera
was placed in the same room as the maze so that the anim als' activity on the
m aze could be seen by the observer in an adjacent room.

2.4.5b Procedure

Following pretreatm ent w ith the appropriate agent (for pretreatm ent times and
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volum es see Table 2.1), animals were placed on the centre of the maze facing
a closed arm. The num ber of entries into either open or closed arms was
m easured as was the time spent in each of these arms. Entry into an arm was
taken as having all four feet crossing the line at the entrance to the arm. As
well as these m easurements, the num ber of entries and time spent in the end
of the open arms, taken as all four feet crossing the line at the m idw ay point
of the open arms, was measured. Finally, the overall activity of the animals
w as m easured as the total num ber of line crossings to give some indication of
a d ru g 's sedative or stim ulant effects. Animals were tested over a 5min period
after w hich time they were returned to their home cages and the maze cleaned
to remove any scent that may be on the maze, and which in turn m ight
influence other animals.

2.4.5c Validation of x-maze

In order to validate the test, the effects of the anxiolytic compound,
chlordiazepoxide hydrochloride (CDP; 2.5m g/kg p.o. dissolved in water), was
tested in the model. Oral administration was used for validation as the oral
doses that are required to exhibit an effect were already established in this
laboratory. Also, the pretreatm ent times were identical to those to be used for
i.c.v. adm inistration of NPY. Ideally, however, the model should have been
validated by i.c.v. administration of CDP.
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Figure 2.2

Photograph showing the layout of an elevated x-maze. Open arms

and closed arms are marked A and B respectively, each arm being 45cm in
length and 15cm in width. The walls are clearly seen around the closed arms
of the maze and are 15cm in height. The entire maze is elevated 70cm above
the ground.

88

2.4.6

Social interaction test

2.4.6a General test proceedure

It is norm al practice to house all animals to be used in the social interaction
test individually for at least 3 days prior to the test. The rats used in this
experim ent had been housed individually since surgery, a period of 11-13 days.
The animals were housed in dimly lit conditions.

The animals were weighed and allocated into weight-matched pairs (±20g).
Rats were not allocated to a test pair if they had been housed adjacent to one
another. Each animal of a test pair received the same drug treatm ent at the
specified pretreatm ent time.

The test was started by placing each member of a pair of rats in opposite
corners of the test arena and then leaving them for 15 m in whilst recording
their behaviour on videotape, and scoring their social interactions. The total
time spent in social interaction was scored for each rat by m easuring the social
behaviours outlined in Table 2.2. Locomotor activity was m easured by line
crossings of a matrix draw n on the floor of the test arena.
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N am e of interaction

Description of interaction

1: Participation of single rat (A) required only.
ALLOGROOM

A grooms B

CLIMB OVER/
CRAWL UNDER

A crawls under or climbs over B which displays no
response to this behaviour

FOLLOW

A follows B in close attendence

SNIFFING

A investigates by sniffing in any region of B other
than the anogenital or skull cap regions of B

2: Participation of both rats required.
BOXING

Both A and B stand on their hind legs facing each
other with their forelimbs extended.

WRESTLING

Both rats involved in a variety of behaviours
including crawling under/over, tum bling and
various posturing.

Table 2.2

The types of behaviour classed as social interaction for the

purposes of the social interaction m odel of anxiety. A and B refers to each
of a pair of animals in the test arena.
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2.4.6b Validation of test procedure

In order to validate this model for the detection of anxiolytic-like activity,
social interaction was scored in animals, previously im planted w ith an
intraventricular cannula, 1 h following administration of CDP (2.5m g/kg p.o.,
dissolved in water). Behaviour was scored in exactly the same w ay as
described in paragraph 2.4.6a. For comment on route of adm inistration see
section 2.4.5c.

2.4.7

VogePs drinking conflict test

2.4.7a A pparatus

The apparatus and procedure used for this model were based on previous
studies by Vogel et al. (1971). The test chamber was a metal box, w ith a floor
consisting of metal bars. A drinking spout protruded from one wall, and the
chamber was illuminated by a small bulb in the roof. The complete apparatus
w as enclosed in a sound attenuated chamber.

2.4.7b General test procedure

Two days before the Vogel test, animals were water deprived for 18 h
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overnight in order to allow the animals to be familiarised to the test
cham ber on the day before the actual test. The day before the test, the animals
were placed individually in the test chambers and allowed to drink,
unpunished. After having drunk for a continuous three sec, the animals were
allowed to drink for a further 3 m in before being placed back into their home
cages. They were then allowed to drink freely in their home cages for about
4 h before being water deprived again overnight. On the day of the test,
animals were pretreated w ith the various treatments at the specified time
before testing. To test for anxiolytic effects, animals were placed in the test
chambers and allowed to drink continually for 3 sec, after which time an
electric shock (2.5mA, 0.2s) was applied between the w ater spout and the cage
floor. Thereafter the animals were shocked every further 5 sec of cumulative
drinking time for a 3 m in period. The total num ber of shocks accepted during
the test was recorded automatically.

2.4.7c Validation of test procedure

In order to validate this test for its use as a model of anxiety, animals,
previously im planted w ith an intraventricular cannula were tested 1 h
following adm inistration of CDP (2.5m g/kg p.o., dissolved in water). For
discussion on route of administration see section 2.4.5c.
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2.4.7d Effects on thirst

This test relies on the animals thirst to drive them into a conflict between
drinking and a noxious electrical stimulus. It is im portant therefore to test for
any effect of NPY on thirst in this apparatus. This was studied as for the
complete Vogels' test, except that the stimulators were switched off, and the
time spent drinking during a 10 m in period was measured.

2.4.7e Effects on shock threshold

In order to test for any effects of NPY on the sensitivity of the animals to the
electrical stimulus, the animals were treated as before, but instead of being
tested on in the normal Vogel model, an alternative protocol was devised to
find the shock threshold of each animal. The animals were placed in the Vogel
apparatus and the shockers were set to manual control. Whilst drinking, the
electrical stimulus was applied through the water spout in increments
(commencing 0.2mA; 0.2s pulse duration; 0.1mA step, 10s between subsequent
stimuli) and the shock threshold for several stages of response determined. The
stages used were the stimulus required to stop the animal drinking, to cause
a head movement away from the spout, or to cause a body m ovem ent away
from the spout. To confirm each shock threshold, the stimulus strength was
brought down below the threshold in a step-wise manner, and then increased
again.
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2.4.8

Validation of cannula placement

In order to check that an animal had received the intracerebral injection at the
correct site w ithin the brain, animals were injected as for the experiments, but
w ith diluted china ink. They were then sacrificed (after a time period
corresponding to the pretreatm ent for that area) and their brain removed. For
animals who had received i.c.v. injections, the brains were then cut w ith a
razor to check for the spread of dye throughout the ventricular system. The
brains of animals that were injected elsewhere were cut into a smaller
thickness segment surrounding the cannula wound, and placed in a 4%
paraform aldehyde solution. This was left to fix for at least 48 h at 5°C. Brains
were then frozen by immersion in isopentane at -30°C and cut at 20pm
sections. These were thaw m ounted on gelatin coated slides and the sections
stained w ith cresyl violet. The placement of the cannula could then be seen by
the injection site of the dye w hen viewed under a microscope.

2.4.9

Statistical analvsis of data

W hen data which were to be compared consisted of only the control and a
treatm ent group, a Student's t-test was used. W hen data for multiple
treatm ents were compared, standard parametric ANOVA was performed.
W hen ANOVA showed the data to be significant, multiple comparisons of the
treatm ent groups versus control group were carried out using D unnet's test.
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CHAPTER 3
RESULTS PART I & II
NPY RECEPTOR AUTORADIOGRAPHY
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3.1

Part I: N europeptide Y receptor autoradiography

W hen looking at the role of an endogenous ligand on CNS function, it is
im portant to have some knowledge of w here the ligand m ay be having its
effects in the brain. One way of obtaining some idea of this is by m apping out
the regions of the brain which contain receptor binding sites for the ligand in
question. The technique used for this purpose is known as receptor
autoradiography, and is widely used w ith all sorts of ligands. The overall
picture of binding sites is obtained by incubating brain sections w ith
radioligand and then, after washing, placing the sections against a film that is
sensitive to the radiation given off by the ligand which is bound to the
receptor binding sites. Non-specific binding to the section is determ ined by
displacing the radioligand from the binding sites w ith a 'cold' (unlabelled)
ligand for the same receptors. In this way, it is possible to obtain an accurate
picture of exactly where the receptors for the ligand are situated in the brain,
and therefore where it may be having its effects.

3.1.1

Optimising conditions

All the optimisation experiments show the results of single experiments
conducted in triplicates.

The concentration of

NPY used for these studies (O.lnM) was taken
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from previous studies by Martel et al. (1986) and Aicher et al. (1991).

(i)

Final w ash time.

Experiments where the duration of the final wash was varied showed that at
room tem perature the highest specific binding was obtained after the 8 and 12
m in w ash duration (Figure 3.1.1a). The greatest percentage specific binding
w as obtained after the 12 m in and this was considered the optim um w ash time
at room tem perature (Figure 3.1.1b). When the wash was perform ed at 0°C (the
incubation being at room temperature) the level of specific binding rem ained
fairly constant over 60 m in (Figure 3.1.2a). This suggests that the dissociation
of the specific binding is tem perature dependent, a feature of receptor binding.
How ever w hen compared to the total binding, the resultant percentage specific
binding increased throughout the experiment and had not peaked even after
60 min.(Figure 3.1.2b) although continuation past 60 m in w ould probably have
show n that the dissociation of the bound ligand at 0°C was a slowed dow n
version of the dissociation curve at room temperature. This is probably due to
the dissociation of the non-specific binding not being tem perature dependent.
Since the percentage specific binding would determine the clarity of an
autoradiograph, the 0°C w ash tem perature at 60 m in gives the same results as
12 m in at room tem perature, and on comparing the autoradiographs of
sections washed in this w ay (not shown), the longer w ash period at 0°C caused
dam age to these sections and thus the optim um conditions for w ashing were
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taken as 12 m in at room temperature.

(ii)

Displacing concentration

The effect of varying the concentration of NPY used to displace the specifically
bound

NPY from the sections (Figure 3.1.3) showed that the optimal

specific binding was obtained with a displacing concentration of IpM NPY.
Incubation time experiments showed that the optimal incubation time to obtain
the greatest specific binding levels was 60 m in (Figure 3.1.4).

(iii)

Effects of GXP

Finally the effects of GTP(200pM) in both the pre-incubation m edium and
incubation m edium were studied. GXP added to the pre-incubation wash
caused an increase in total and specific but a net decrease in non-specific
binding (Figure 3.1.5). This may be due to a G-protein mechanism, where
binding of GXP m ight cause the receptor to enter a low affinity state. This
m ight in turn cause the receptors to release any bound endogenous ligand, and
thus leaving m ore receptor binding sites unoccupied and therefore 'available'
to bind

NPY at the later incubation stage.

GXP added to the incubation m edium had the opposite effects with m uch less
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specific binding resulting (Figure 3.1.6). Again, if a G-protein binds the GTP,
it may be changed to its low affinity state and therefore will bind m uch less
NPY.

Thus using these experiments the optimal conditions were obtained as being
a pre-incubation of 30min in Krebs-Ringers buffer containing GTP(200pM) and
a 5min w ash in Krebs-Ringers buffer. These sections were then dipped into
distilled w ater to remove any ions. A 60 min incubation time was then used
followed by 3x4min washes in Krebs-Ringer buffer at room tem perature.
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Fig.3.1.1 a,b. The effects of wash time at room tem perature on the binding of
NPY (O.lnM) to rat brain sections. Sections were transferred through
the appropriate num ber of 4min washes in Krebs-Ringers buffer to obtain the
total w ash times shown, a Mean radioactivity counts obtained from whole rat
brain sections (representative set of data. n= l, m easured in triplicate). Total
binding (□) represents binding in the absence of a displacing agent. Non
specific binding ( a ) represents binding in the presence of NPY (IpM) to
displace
NPY from specific binding sites (o). b The percentage specific
binding showing specifically bound radioactivity as a percentage of the total
radioactivity bound.
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Fig.3.1.2 a,b. The effects of wash time at 0°C on the binding of
NPY
(O.lnM) to rat brain sections. Sections were transferred through the appropriate
num ber of 4min washes in Krebs-Ringers buffer to obtain the total wash times
shown, a Mean radioactivity counts obtained from whole rat brain sections
(representative set of data. n= l, measured in triplicate). Total binding (□)
represents binding in the absence of a displacing agent. Non-specific binding
( a ) represents binding in the presence of NPY (IpM) to displace
NPY
from specific binding sites (o). b The percentage specific binding showing
specifically bound radioactivity as a percentage of the total radioactivity
bound.
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NPY (O.lnM) from rat brain sections. Values
represent the m ean radioactivity counts obtained from whole brain sections
incubated w ith the displacing agent (O.l-SOpM) (representative set of data. n = l,
m easured in triplicate).
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NPY (O.lnM). GTP was added to the same Krebs-Ringers buffer
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105

3.1.2

N europeptide Y receptor distribution

The distribution of

NPY binding sites, as determ ined from analysis

of serial brain sections by autoradiography, are shown in Figures 3.1.7-3.1.8.
The receptor binding site densities in several brain regions are quantified in
Figures 3.1.9-3.1.12. Very high densities of NPY binding sites were present in
the ventral hippocam pus, mainly localised in the stratum oriens and the
stratum radiatum (Figure 3.1.7). Other regions which showed very high
densities of NPY binding

sites are the stria terminalis, claustrum,

posterom edial cortical amygdaloid nucleus, the lateral anterior olfactory
nucleus (Figure 3.1.7) and the dorsal and intermediate lateral septal nuclei
(Figure 3.1.8). High densities of NPY binding sites were found in the dorsal
hippocam pus, again localised mainly in the oriens layer and the stratum
radiatum , in the amygdalohippocampal area (Figure 3.1.7), the substantia nigra
pars compacta, the dorsal anterior olfactory nucleus and the ventral lateral
septal nucleus (Figure 3.1.8). Moderate levels of NPY binding were seen in the
dentate gyrus, the dorsal and ventral medial geniculate nucleus, the anterior
cortical amygdaloid nucleus (Figure 3.1.7), the olfactory tubercle, the
laterodorsal and lateral posterior thalamic nuclei and, the posterior thalamic
nucleus, the zonal layer of the superior colliculus, the ventral anterior olfactory
nucleus, the septohypothalamic nucleus (Figure 3.1.8) and layers I and II of
several cortical areas (OclB and OclM) (Figures 3.1.7 & 3.1.8). Low levels of
NPY binding sites were found in the subiculum, the dorsal lateral geniculate
nucleus, the caudate putam en, the entorhinal and piriform cortex (Figure 3.1.7),
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the nucleus accumbens, the central amygdaloid nucleus, the lateral olfactory
tract (Figure 3.1.8), several thalamic nuclei including the anteroventral,
anterodorsal and laterodorsal thalamic nuclei, the substantia nigra pars
reticularis, the optic tract, the dorsal cortex of the inferior colliculus and layers
I and n of several cortical regions (frontal cortex areas 1 and 2, and the
occipital cortex area 2MM) (Figure 3.1.7). Very low densities were found in the
optic tract, reticular and ventrolateral thalamic nuclei, globus pallidus, the
cerebellum, inner layers of the cerebrocortex, external cortex and central
nucleus of the inferior colliculus and the pontine nucleus.
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aca
AcbC
AcbSh
ACo
AHiPM
AOB
AOD
AOE
AOL
AOP
AOV
AV
BM
CA1-3
CeL
CeM
CIC
Cl
CL
cp
CPU
DCIC
DG
DIG
EClC
ent
Fr1
Fr2
GP
Gu
HDB
InG
InWh
LC
LD
LH
LMol
lo
LOT
LP
LPO

anterior commissure
accum bens nu, core
accum bens nu, shell
anterior corticai amygdaioid nu
amygdaiohip area, posteromed
accessory olfactory bulb
anterior olfactory nu, dorsal
anterior oifactory nu, external
anterior oifactory nu, lateral
anterior olfactory nu, posterior
anterior olfactory nu, ventral
anteroventral thalamic nu
basomedial amygdaioid nu
fieid CA1-3 of Ammon’s horn
central amygdaloid nu, lateral
central amygdaloid nu, medial
central nu inferior coliiculus
claustrum
centrolateral thalamic nu
cerebral peduncle, basal
caudate putamen
dorsal cortex inf colliculus
dentate gyrus
dorsal lateral geniculate nu
external cortex inf coiiiculus
entorhinai cortex
frontal cortex, area 1
frontal cortex, area 2
globus pallidus
gustatory thalamic nu
nu horizontal limb diagonal band
intermediate gray iayer sup col
intermediate white iayer sup coi
locus coeruleus
laterodorsal thalamic nu
iaterai hypothalamic area
lacunosum moleculare layer hip
lateral olfactory tract
nu lateral olfactory tract
lateral posterior thalamic nu
lateral preoptic area

Table 3.1

LSD
LSI
LSV
LV
Me
MGD
MGV
Mol
Oc1B
Oc1M
Oc2MM
Op
opt
Or
OT
PF
PIL
Pir
PLCo
PMCo
PN
Po
Rad
Rt
S
SHy
SNC
SNL
SNR
SO
St

SuG
IT
Tu
VL
VM
VP
VPL
VPM
Zl
Zo

lateral septal nu, dorsal
lateral septal nu, intermediate
Iaterai septai nu, ventrai
lareai ventricie
medial amygdaloid nu
medial geniculate nu, dorsal
medial geniculate nu, ventral
molecular layer dentate gyrus
occipital cortex, area 1, binocular
occipital cortex, area 1, monocular
occipital cortex, area 2, mediomedial
optic nerve layer sup col
optic tract
oriens layer hippocampus
nu optic tract
parafascicuiar thaiamic nu
posterior intralaminar thalamic nu
piriform cortex
posterolaterai cortical amygdaloid nu
posteromedial cortical amygdaloid nu
pontine nuclei
posterior thalamic nuciear group
stratum radiatum hippocampus
reticular thalamic nu
subicuium
septohypothaiamic nu
substantia nigra, compact
substantia nigra, lateral
substantia nigra, reticuiar
supraoptic nu
stria terminaiis
superficiai gray layer sup col
tenia tecta
olfactory tubercle
ventrolateral thalamic nu
ventromedial thalamic nu
ventral pallidum
ventral posterolateral thalamic nu
ventral posteromedial thalamic nu
zona incerta
zonal layer superior collicuius

Abbreviations used for brain regions in all Chapter 3 figures
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Legend for figure 3.1.7(i),(ii) & 3.1.8(i),(ii). A utoradiographs illustrating NPY
receptor distribution in the rat brain. Photographs show a parasagittal brain
section 3.9mm (fig.3.1.7(i)), 2.9mm (fig.3.1.7(ii)), 1.9mm (fig.3.1.8(i)) and 1.4mm
(fig.3.1.8(ii)) lateral to bregma. The dark areas indicate bound

NPY in

the absence (a) or presence (b) of IpM NPY displacing ligand, c Schematic
diagram of the above sections showing the position of several brain regions
(adapted from The rat brain in stereotaxic coordinates (1986)^ second edition
Paxinos and Watson). Abbreviations for brain regions are found in Table 3.1.
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(i)

C*l\

C

(ii)

Figure 3.1.7(i) & (ii). (Legend pl09)
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(i)

(ii)

C

Figure 3.1.8Ü) & (ii). (Legend pl09)
111

cerebellum
opt
lo
OclB ( I - I I )
Fri ( I - I I )
Fr2 ( I - I I )
Pir
Rt
DLG
MGV
MGD
GP
Cl

h-;::

l-

i
I—

m

H hi
h-E

HE
HE

m

lh:::;:::::
"E::: ÎLii:
H #
fc J

H:

o>

se

ce

sc oc

si

oi

so

CPU
Ce
PLCo
BM
AHi
PMCo
st
Ent
CA3rad
CA3or
CA2rad
CA2or
CAlrad
CAlor
S
DG
Mol
LMol
CA3rad
CA3or
CA2rad
CA2or
CAlrad
CAlor

I/)
U
CL
E

(9
0UQ .
01
le
2
"c
(U

in

uCL
E

S
o
Q.
CL

00

(a n s s i; 6 u i/io u ii) punoq ;,dN H G -E lss,]

Figure 3.1.9. NPY receptor distribution in a parasagittal section 3.9mm lateral
to bregma. Values are the mean ± s.e.m. receptor density (fm ol/m g tissue)
calculated from the specific binding of

NPY (O.lnM) to the section.

Specific binding w as determined as the difference betw een the am ount of
BH NPY bound to the section in the absence and presence of IpM NPY. For
abbreviations see Table 3.1.
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Figure 3.1.10. NPY receptor distribution in a parasagittal section 2.9nun
lateral to bregm a. Values are the m ean ± s.e.m. receptor density (fm ol/m g
tissue) calculated from the specific binding of

NPY (O.lnM) to the

section. Specific binding was determined as the difference between the am ount
of

NPY bound to the section in the absence and presence of IpM

NPY. For abbreviations see Table 3.1
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Figure 3.1.11. NPY receptor distribution in a parasagittal section 1.9mm
lateral to bregm a. Values are the mean ± s.e.m. receptor density (fm ol/m g
tissue) calculated from the specific binding of

NPY (O.lnM) to the

section. Specific binding was determined as the difference between the am ount
of

NPY bound to the section in the absence and presence of IpM

NPY. For abbreviations see Table 3.2.
114

OclM ( I - I I )
ÜC2MM ( I - I I )
Frl

(I-II)

Fr2

(I-II)

CIC
DCIC
LP
LD
AD
AV
ADD
ACV
AcbC

CPU
LSI
LSV
LSD
LS
SH
DG
CA3rad
CA3or
CA lrad
CAlor

oe

SO
( s n s s i ; 6ui/|ouJi) punoq xdN H 8 - [ l s s J
OT

GO

Figure 3.1.12. NPY receptor distribution in a parasagittal section 1.4nun
lateral to bregm a. Values are the m ean ± s.e.m. receptor density (fm ol/m g
tissue) calculated from the specific binding of

NPY (O.lnM) to the

section. Specific binding was determined as the difference between the am ount
of

NPY bound to the section in the absence and presence of IpM

NPY. For abbreviations see Table 3.1.
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3.2

Part II: receptor subtype autoradiography

H aving obtained an overall m ap of the general distribution of NPY receptor
binding sites throughout the rat brain, it was considered desirable to try and
differentiate between any specific receptor subtypes that m ight exist in the rat
brain. This was achieved by using the basic assay optimised in Chapter 2 part
I, b ut by using a different selection of ligands to probe for the various
subtypes. The concentrations of displacing ligands used were based on those
used by Dum ont et al. (1990).

3.2.1

N europeptide Y receptor subtype distribution

The effects of the specific agonists used to displace [^^^I]-PYY binding from rat
brain sections are illustrated for Yj and Yg receptor subtypes in Figure 3.2.1.
The quantification of the binding site densities are shown in Table 3.2. Using
a cloned hum an NPY-Yj receptor, [^^^I]-PYY binding has been show n to be
maximally displaced w ith IpM [Leu^\Pro^^]NPY (Herzog et al.,1992). In the
hum an neuroblastoma cell line SK-N-MC, which display Yj receptor subtypes,
O.lpM [Leu^\Pro^]NPY only displaced approximately 85% of [^^^I]-BH NPY
binding and had not appeared to have reached a maximum (Fuhlendorff et
al.,1990a). Thus to maximally inhibit PYY binding to Yj receptor sites, the
concentration of [Leu^\Pro^]NPY required should be IpM . In the SMS-KAN
hum an neuroblastoma cell lines, which have Y2 receptor subtypes, labelled
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NPY binding was only displaced by about 85% w ith O.lnM NPY (1336), which again had not reached a maximum, suggesting that at least IpM
NPY m ight be required to maximally displace binding. With the Yg receptor
agonist NPY (13-36) present, only the Yj receptors should be labelled by the
[125i ]-p y y . W ith the Yj receptor agonist [Leu^^Pro^] NPY present, only Yg
receptors should be labelled. In extrapolating binding data from cloned hum an
Yj receptors (Herzog et al., 1992) to binding in rat brain sections, I am
assum ing that the Yj receptors have the same affinity for the ligands used in
both systems. The same assum ption is m ade for the receptors expressed in
hum an neuroblastoma cells (Fuhlendorf et al., 1990a) and rat brain sections.
However, it is possible that they may be different. Therefore, it w ould have
been preferable to study the displacement of [^^^I]-PYY by NPY (13-36) and
[Leu^\Pro^] NPY in rat brain sections prior to carrying out further binding
studies in this thesis.

U nder the conditions used in this study, the m ain brain regions containing the
Yj receptor subtype are the outer layers (I and II) of the cerebrocortical regions.
Here they exist at a m uch greater density than the Y2 receptors (see Figure
3.2.1). Other regions where the Yj receptor subtype exists in a greater density
than the Y2receptors are the claustrum, the anteroventral thalamic nucleus and
the dorsal cortex of the inferior colliculus. Regions where they exist in
approximately equal density are the caudate putam en and the entorhinal
cortex. However, in all other brain regions examined, the Yj receptor densities
were less than those of the Y2 receptors. The highest densities of Y2 receptor
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binding sites were found in the ventral hippocampus, the lateral septum , the
stria terminalis and the posteromedial cortical amygdaloid nucleus. High
densities were also found in the dorsal hippocam pus and the rem aining areas
of the amygdala. Moderate levels of binding to the Y2 site were dem onstrated
in the anterior olfactory nucleus and the piriform cortex. M oderate/low levels
were observed in the cerebellum and the nucleus accumbens. Very low levels
were found in the caudate putam en, the entorhinal cortex and the
cerebrocortical areas. Quantitative analysis of binding to
binding sites is presented in Table 3.2.
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and Yg receptor

Legend for figure 3.2.1 A utoradiographic distribution of NPY receptor
subtypes in the rat brain. Photographs show [^^^I]-PYY binding to parasagittal
rat brain sections 3.9mm (i) and 1.9mm (ii) lateral to bregma, a Total [^^^I]-PYY
binding, b binding in the presence of IpM Yg receptor agonist NPY (13-36), c
binding in the presence of IpM Y^ receptor agonist [Leu^\Pro^]NPY and d
non-specific binding in the presence of IpM NPY. For schematic diagrams
illustrating several regions from these sections see Figures 3.1.7 and 3.1.8. For
abbreviations of brain regions see Table 3.1.
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(i)
a) Total

b) + l] i M NPY (13-36)

c) + l^iM [Leu"\Pro^]NPY

d) Non-specific (+ IpM NPY)

(ii)
a) Total

b) + IpM NPY (13-36)

c) + IpM [Leu^\Pro^]NPY

d) Non-specific (+ IpM NPY)

Figure 3.2.1. (legend pll9)
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Figure 3.2.2 G raph show ing the densities of NPY receptor subtypes in the
rat brain.

and Y2 receptor densities were determ ined from the differences

in [^^^I]-PYY bound to sections m the presence and absence of the Y^ receptor
agonist [Leu^^Pro^JNPY and the Y2 receptor agonist NPY (13-36) respectively.
For abbreviations of brain regions see Table 3.1.
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Figure 3.2.3 G raph show ing the densities of NPY receptor subtypes in the
rat brain.

and Yg receptor densities were determined from the differences

in [^^^I]-PYY bound to sections in the presence and absence of the Yj receptor
agonist [Leu^\Pro^]NPY and the Y2 receptor agonist NPY (13-36) respectively.
For abbreviations of brain regions see Table 3.1.
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Table 3.2 Quantitative autoradiographic distribution of f^^i]-PYY binding sites in rat brain.

p25|i-pYY binding (fmol/mg tissue)

Brain region
Specific
binding

Yi binding

Yj binding

Percentage of
specific
binding
%Y,
%Yg

Dorsal Hippocampus
Oriens layer
CA1
CA2
CA3

S.24 ± 0.42
S.79 ± 0.6S
S.40 ± 0.46

0.1S ± O.OS
0.17 ± 0 .0 2
0.16 ± 0 .0 2

1.52 ± 0 .1 4
1.80 ± 0 .1 5
1.60 ± 0 .1 5

4.0
4.5
4.7

47
48
47

Stratum radiatum
CA1
CA2
CAS

S.79 ± 0.50
S.75 + 0.51
S.69 ± 0.40

0.21 ± 0.04
0.18 ± 0 .0 4
0.17 ±0.01

1.76 ± 0 .1 7
1.75 ± 0 .0 2
1.90 ± 0 .1 5

5.5
4.7
4.7

46
47
52

Ventral hippocampus
Oriens layer
CA1
CA2
CAS

4.05 ± 0.64
4.S8 ± 0.60
4.51 ± 0.49

0.28 ± 0.04
0.28 ± 0.02
O.SS ± 0.05

2.10 ± 0 .2 0
2 .S 8 ± 0 .1 6
2.96 ± 0.41

6.9
6.S
7.4

52
54
66

Stratum radiatum
CA1
GA2
CAS

4.89 ± 0.61
4.9S ± 0.61
4.76 ± 0.69

0.45 ± 0.09
0.56 ± 0.07
0.47 ± 0 .0 7

2.98 ± 0.22
S.2S ± 0.S2
S.07 ± 0.S4

9.2
11
9.9

61
66
64

Lateral septum

4.71 ± 0.75

0.22 ± 0.07

2.84 ± O.SS

4.6

60

Stria terminaiis

4.11 ± 0 .6 5

0.15 ± O.OS

2.49 ± 0.S2

S.6

61

Amygdaloid complex
PMCo
AHi
Bm
Ce
PLCo

5.18 ± 0 .5 4
S.S7 ± 0.50
2.60 ± 0.44
1 .8 9 ± 0 .S 4
S.85 ± 0.69

O.SS ± 0.04
0.21 ± 0.04
0.12 ± 0 .0 2
0.08 ± 0.02
0.26 ± 0.08

2.60 ± 0.21
1 .9 7 ± 0 .S 0
1 .1 6 ± 0 .1 2
0.98 ± 0 .1 0
1 .7 8 ± 0 .S 2

6.4
6.4
4.7
4.2
6.9

50
59
44
52
46

Basal ganglia
CPU
Cl
Acb

0.29 ± 0.06
1 .S S ± 0 .2 0
0.85 ± 0.22

O.OS ± 0.01
O.SS ±0.11
0.06 ± O.OS

0.05 ± 0.02
0.21 ± 0.04
0.41 ± 0 .1 S

11
25
7.5

19
16
48

continued over
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Table 3.2 (continued)
r^^ll-PYY blndinq (fmol/ma tissue)

Specific
binding

Y, binding

Yg binding

Percentage of
specific
binding
Yi
Y,

0.58 ±0.11
0.68 ± 0 .1 0

0.33 ±0.11
0.35 ± 0.09

0.10 ± 0 .0 4
0.15 ± 0 .0 8

57
51

17
23

Occipital cortex
Area 1B layers I-II
Area 1M layers I-II
Area 2MM layers I-II

1.10 ± 0 .2 3
0.47 ± 0.05
0.48 ± 0 .1 0

0.40 ± 0.08
0.31 ± 0.03
0.21 ± 0.05

0.16 ± 0 .0 4
0.11 ± 0 .0 2
0.09 ± 0.03

36
65
44

14
23
18

Piriform cortex
Entorhinal cortex

2.37 ± 0.68
0.58 ± 0.09

0.16 ± 0 .0 7
0.09 ± 0.01

0.85 ± 0.24
0.10 ± 0 .0 2

6.9
16

36
18

Olfactory areas
Anterior olfactory nucleus
dorsal
ventral

2.26 ± 0.40
1.58 ± 0 .4 2

0.44 ± 0 .1 0
0.41 ± 0 .1 8

0.72 ± 0 .1 4
0.82 ± 0 .1 5

19
26

32
52

AV
Zo
DCIC
Cerebellum, granular layer

1.11 ± 0 .1 0
1.07 ± 0 .2 0
0.90 ± 0 .1 0
0.85 ± 0.11

0.33 ± 0.08
0.15 ± 0 .0 5
0.24 ± 0.05
0.03 ± 0.02

0.20 ± 0.08
0.32 ± 0.07
0.22 ± 0.06
0.45 ± 0 .1 0

30
14
26
3.7

18
30
24
52

Brain region

Cortical areas
Frontal cortex
Area 1 layers I-II
Area 2 layers I-II

Values represent the m ean ± SEM of four to five determinations (except for when marked with a # where n=3) using
a concentration of O.lnM [^^®i]-PYY. Nonspecific iabeiiing in the presence of 1p.M NPY was subtracted from aii
readings. The values for binding at the Y, site represent label bound in the presence of the Yg receptor agonist NPY
(13-36) (1|iM). Values for binding at the Yg site represent label bound in the presence of the Y^ receptor agonist
[Leu^\Pro^]NPY (1|iM). For explanation of abbreviations se e Table 3.1
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3.3

Discussion

The general distribution of both [^^^I]-PYY and

NPY binding sites in

this study seem to be similar although there are regional differences in relative
densities between the two ligands (see Figure 3.2.4). The results of this study
are in general agreement with those of other studies (Martel et al.,1986;
Ohkubo et al.,1990). The m ain differences between the distribution of
NPY and [^^^I]-PYY binding sites in this study were in the cerebellum. The
density of [^^^I]-PYY binding in the cerebellum was approximately five times
greater than that for [^^^I]-BH NPY binding in a separate experiment despite
similar levels of binding in the other regions. Several groups (Lynch et al.,1989;
Okhubo et al.,1990) have suggested that the differences in regional levels of
PYY and NPY binding could be due to receptor heterogeneity.

As w ith other studies of total NPY receptor distribution, there are similarities
betw een the NPY receptor binding sites and the distribution of NPY-like
imm unoreactivity shown in other studies (see Gray and Morley,1986). Areas
showing high density of [^^^I]-BH NPY binding sites and high levels of NPYlike immunoreactivity include the nucleus accumbens, septum, amygdala,
olfactory nucleus, the cerebral cortex, caudate putam en, claustrum and the
hippocampus.

The presence of both NPY immunoreactivity and binding sites in several brain
areas suggests some physiological roles. The very high and m oderate densities
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of NPY receptors in the hippocampus and cerebral cortex, respectively, are
suggestive of a role in higher cognitive functions. Also the high densities of
NPY receptors and NPY immunoreactivity in the septum and hippocam pus
suggest a role for NPY in the limbic system and hence emotions.

Based on the above conditions optimised in other laboratories, the present
study demonstrates different distributions of the Yj and Yg NPY receptor
subtypes in the rat brain. The results generally confirm the findings of Dum ont
et al. (1990). However, the latter study only reported on a limited num ber of
brain regions, i.e. general cortical areas, the anterior olfactory nucleus, the
hippocam pal formation, and certain un-nam ed 'brain stem regions'. In the
present study, a more detailed report of brain regions showing the two
PYY-labelled receptor subtypes is presented, to enable the subsequent studies
of this thesis. From the autoradiographs of Yj receptor binding, the Yj sites
were generally distributed at very low densities, but were especially
concentrated in the superficial layers of cortical areas and the claustrum. The
Y2 receptors however were especially concentrated in hippocampal, septal,
olfactory, amygdaloid and cerebellar areas. The Yg receptor seems to be the
dom inant subtype in the brain as overall densities are m uch higher than those
for the Yi receptor. Many areas exhibit both receptor subtypes, although the
Yi receptor tends to be present at lower densities. However, it is im portant to
note that the total Y^ and Yg binding taken together does not reach that of the
specific PYY binding. This could have several explanations, the first of which
is that the concentration of displacing ligands used are not optimally displacing
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[125i ]_p y y binding from their selective receptor subtypes. The concentrations
of the ligands used should, based on previous studies in other laboratories (see
section 3.2.1) be sufficient to displace [^^I]-PYY from their receptor subtypes.
However, it is possible that the receptor ligands used are not as specific for
their receptors as previously thought. Herzog et al (1992) found that at a
concentration of IpM , the Yg 'specific' agonist PYY (13-36) displaced 20%
PYY binding from cloned hum an NPY Yj receptors. Similarly, Fuhlendorff et
al. (1990a) found NPY (13-36) to displace about 20% of [^^^I]-BH NPY binding
to the Y I expressing cells, SK-N-MC. They also showed the Yj 'specific' ligand
[Leu^\Pro^]NPY, at a concentration which displaced about 85% binding from
Yi sites (O.lpM), to displace about 30% of [^^^I]-PYY binding to the Yg
expressing cells, SMS-KAN. Thus it seems that at the concentrations required
to maximally inhibit [^^^I]-PYY binding from their 'specific' receptors, these
ligands displace binding at the 'other' receptor subtypes. Therefore, we can
only refer to these ligands as being 'relatively specific' at the concentrations
required to maximally displace [^^^I]-PYY from its binding sites. Despite this,
in the area IM of the occipital cortex, the addition of the binding to the two
?
receptor subtypes acounyfor 88% of the total specific PYY binding in that area.
Finally there is also the possibility of the existence of further NPY receptor
subtypes which are, as yet, undiscovered. It w ould seem however that further
ligands are required before it is possible to quantify accurately NPY receptor
subtype distribution in the rat brain.
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3.4

Conclusion

The distribution of

NPY and [^^^I]-PYY binding sites were found to be

similar, both also resembling the distribution of NPY immunoreactivity in the
rat brain. Several brain areas of importance for emotional and cognitive
functions were found to have m oderate/high receptor densities. These
included the cortex, hippocampus, septum and amygdala. Yj and Yg receptor
subtypes were identified and found to show differential distributions
throughout the rat brain. The Y^ receptor was prom inent in the cortex and the
claustrum, whereas the Yg receptor was more widely distributed, but found
mainly in the hippocampus, septum and amygdaloid areas. These areas are
possible sites of action for NPY w ith regards to the m odulation of anxiety.
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CHAPTER 4
RESULTS PART IE
NPY-INDUCED EOS-LIKE
IMMUNOREACTIVITY
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Part ni: Localization of neuronal activity m ediated by NPY in rat brain: the use
of Fos-like immunoreactivity as an anatomical m arker of peptide receptor
activation.

4.1

Introduction

W hen studying the effects of a centrally active substance, a regional m arker of
neuronal activation would be useful in order to visualize where the com pound
exerts its effects. It has recently been suggested that the generation of Fos
protein in nerve cells provides such a marker, so that w hen cells are activated
an increase in Fos protein is observed (Hunt et al., 1987). The Fos protein is a
nuclear phosphoprotein that binds to DNA. It is thought to function as a
nuclear "third messenger" molecule that couples transient extracellular signals
to long term changes in cell function by regulating specific gene expression.
Fos is the protein produced upon the expression of the c-fos immediate-early
gene (lEG), also known as a nuclear proto-oncogene, the m am m alian
homologue of the v-fos oncogene found in two m urine osteogenic
sarcoma viruses (for review see Doucet et al., 1990). Histochemical studies in
the rat CNS suggest that the expression of the c-fos lEG, m easured by Fos
protein immunocytochemistry, is a marker of neuronal activity (Sagar et al.,
1988). In this respect it may be possible to map functional neuronal pathways.

The objective of the present study is to determine the functional pathw ays
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involved in the actions of NPY, specifically related to the possible anxiolytic
effects, and to see if there is any correlation w ith the autoradiographic
locations of the NPY receptor binding sites.

4.2

Results

4.2.1

Effect of central neuropeptide Y administration

Initial studies were carried out to determine the dose of NPY to use in the
subsequent studies. Brain slices from rats treated w ith either 1 and Snmol NPY
were visually compared and no obvious differences in ELI were apparent
betw een the two doses. ELI was visualised as dark brow n dots showing the
imm unopositive cells against a light brow n non-specific background.

Both NPY-treated and control brains showed regions containing ELI (see Table
4.1a). There were significant increases in ELI in NPY treated animals w hen
com pared to saline treated controls in the C A l region of the ventral
hippocam pus, the dorsal endopiriform cortex, the amygdalopiriform transition
area, the entorhinal cortex, the nucleus accumbens, and the posterior
paraventricular thalamic nucleus (see Figures 4.1 and 4.2). An animal which
had a cannula surgically implanted, but received no injection, showed similar
levels of ELI as the saline control animals (see Table 4.1a).
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Several areas which are known to contain NPY receptor binding sites in
autoradiographic studies failed to exhibit a significant increase in FLI following
i.c.v. NPY administration. The CA l region of the dorsal hippocam pus w as one
such area as was the CA2 region of the hippocam pus and occipital cortex
(Table 4.1b).
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Brain region

NPY( In m o l/Ip l)

Saline (Ipl)

Sham
injected*

entorhinal cortex

6.80 ±2.69 (5)

0.40 ±0.24 (5)

1

am ygdalopiriform transition
area

8.80 ±3.22 (5)

0.80 ±0.49 (5)

4

nucleus accumbens

19.00 ±2.55 (4)

6.75 ±2.28 (4)

14

ventral hippocam pus CAl
area

14.00 ±2.55 (5)

5.20 ± 1.46 (5)

9

paraventricular thalamic
nucleus

21.40 ±3.50 (5)

10.00 ± 1.34 (5)

16

dorsal endopiriform nucleus

10.60 ± 1.66 (5)

5.40 ±0.51 (5)

6

N P Y (lnm ol/lpl)

Saline (Ipl)

Sham
injected*

hippocam pus CA2

2.40 ± 1.17 (5)

1.60 ±0.75 (5)

2

occipital cortex

12.20 ±4.21 (5)

4.80 ±1.66 (5)

5

Table 4.1a.

Brain region

Table 4.1b.

Table 4.1a & 4.1b. FLI in several brain regions 3 hours following i.c.v.
adm inistration of saline either alone or containing NPY (Inmol). Values are the
m ean ± standard error of the mean num ber of cell bodies exhibiting FLI in an
area approx. O.OSmm^. Figures in brackets are the num ber of animals in the
group. 4.1a. Regions showing significant increases in FLI after treatm ent with
NPY. All regions compared to saline controls using Mann-W hitney U test and
considered significant at p<0.05. 4.1b. Regions which despite having NPY
receptor binding sites show no significant increases in FLI. # The sham
injected anim al (n=l) had identical surgery and procedure (i.e. the injection
cannula w as inserted), but was not injected. Values represent the num ber of
cell bodies exhibiting FLI in an area approx. 0.03mm^ for a single animal.
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Figure 4.1a,b. Photographs showing Fos-like immunoreactivity (FLI) in the
region of the rat brain highlighted above (coronal section 5.8mm caudal to
bregma). FLI can be seen as a darkening of the cells. The number of cells
exhibiting FLI are significantly increased in the CAl region of the ventral
hippocampus (CAl), the dorsal endopiriform nucleus (Den) and the
amygdalopiriform transition area (APir) of the NPY treated (a) compared to
the saline treated (b) animals. Also shown is the alveus hippocampus (alv).
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Figure 4.2a,b. Photographs showing Fos-like immunoreactivity (FLI) in the
region of the rat brain highlighted above (coronal section 1mm rostral to
bregma). FLI can be seen as a darkening of the cells. The number of cells
exhibiting FLI are significantly increased in the accumbens nucleus (Acb) of
the NPY treated (a) compared to the saline treated (b) animals. Also shown are
the caudate putamen (CPu), anterior commissure anterior (aca), and a lateral
ventricle (LV).
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4.3

Discussion

The purpose of this study was to attem pt to visualise those regions of the brain
that m ay be responsible for the reported anxiolytic-like effects of NPY. Heilig
et al. (1989) dem onstrated NPY (Inmol) to produce such an effect, but at a
higher dose (Snmol) also produced sedation. The dose of the peptide used in
this study was therefore Inm ol to show those areas of neurones activated in
response to any possible anxiolytic-like effects, and to minimise any
activation due to the sedative or any other effects. A simple visual comparison
of brain slices taken from rats treated with either 1 or Snmol NPY show ed no
obvious differences in FLI between the two doses, adding further w eight to the
choice of dose. There is a possibility that when administering a sedative dose
of NPY, the sedative effect on neuronal activity m ight decrease c-fos expression
and thus m ight hide any effects we are trying to see due to anxiety.

The use of FLI to map active neurones is an extremely sensitive technique. It
is im portant that the conditions are carefully controlled as c-fos can be
activated by m any stimuli. Such stimuli include stress, to which these animals
are prone due to the nature of the techniques employed in this study, and
mechanical stimuli such as an intracerebroventricular (i.c.v.) injection
procedure which can evoke the synthesis of large am ounts of FLI in rat brains
(Ceccatelli et al., 1989). The surgery involved in this study, and the presence
of a chronically implanted cannula, m ight therefore be expected to stimulate
the brain, and hence increase c-fos expression. The sham animal im planted w ith
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a cannula, b ut which received no injection on the day of the experiment,
showed FLI of a similar m agnitude to that of control animals. This suggests
that surgery, handling and cannula implantation can influence FLI due to their
inherent excitatory nature with respect to central neuronal activity. As well as
the possibility of false positives, false negatives should also be considered. The
work of H unt et al. (1987) has shown that sometimes FLI fails to adequately
m ap functional pathways.

There appears to be a fairly good agreement between those brain regions
showing significant increases in FLI and those containing NPY receptors or
NPY-immunoreactivity. The nucleus accumbens, endopiriform nucleus,
hippocam pus, paraventricular thalamic nucleus and most amygdaloid areas
have all been show n to possess NPY immunoreactivity (for review see Gray
and Morley,1986). The presence of NPY receptor binding sites has been
dem onstrated in the CA l region of the ventral hippocampus, entorhinal cortex
and the amygdalopiriform transition area (see section 3). It is im portant to note
however that m any regions shown to contain NPY or its receptors failed to
show any increase in FLI. The CA2 region of the hippocam pus and the
superficial layers of the occipital cortex both show NPY receptor binding but
no significant increases in FLI were evident in either case. The presence of both
FLI and NPY receptors in the hippocampus are suggestive of a role in higher
cognitive function and in the limbic system. This makes the hippocam pus an
interesting site of study w ith respect to the behavioural models of anxiety.

137

A limitation of this study is that it only shows those cells activated and not
those inhibited by NPY. NPY is thought to have an anxiolytic action in rats if
given i.c.v. at the dose employed in this study. It is possible therefore, that the
anxiolytic effects of NPY could be due to an inhibition of neuronal activity,
which m ay not be apparent using the present technique. The neuronal
pathw ays relating to the present observations may include those associated
with anxiolysis, but not exclusively. NPY is believed to be involved in
num erous central activities. These include the control of circadian rhythm , the
control of brain electrical activity, central control of blood pressure,
thermoregulation, sedation, locomotion, stimulation of feeding, insulin
secretion, m elatonin biosynthesis, inhibition of libido and LH secretion and
enhancement of memory. Thus, an area showing increases in FLI w hen
challenged w ith NPY could be involved in any one of these processes. It is
possible that the regions shown to be activated could be other neurones in a
functional pathw ay or GABA intemeurones. It is also possible that the cells
exhibiting FLI are not neuronal, but are glial cells. Experiments to stain the
immunopositive cells with a neurone specific antibody and stain were
unsuccessful. The sections were m uch too thick to see where the neurone
specific stain was bound. The possibility thus remains that we m ay be seeing
glial cell activity and not viewing functional neuronal pathways. Thinner
sections (50pm or less) would be needed for this verification.

As already pointed out, Fos is a nuclear protein. This limits the staining of the
protein to activated cell bodies. Other techniques could be used to try to obtain
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similar information about functional pathways, each with their advantages and
disadvantages. 2-Deoxyglucose autoradiography shows glucose utilization
throughout the cell, and thus also shows alterations in functional activity in the
terminals. These two techniques could ideally be used side by side or even on
the same brain using alternate sections. This would create a m uch more
complete picture of cellular activity. Other possible techniques that could be
used are electrophysiology and microdialysis of transmitter release. These latter
two techniques w ould not be useful in this study as they only give information
about a localised brain region and not, as in the case of this study, the entire
brain. They could be used however as a more detailed study of regions show n
to be activated in the c-fos or 2-deoxyglucose studies.

In conclusion, it would seem that FLI appears to provide a useful m arker of
NPY-induced cellular activity in mammalian brain. Further studies, concerning
the time course of the response and the background levels of FLI produced
due to the procedures used, may prove this technique to be useful for studying
those areas of the brain which are im portant in the function of NPY. Increased
FLI was found in several brain areas, including the ventral hippocam pus,
following NPY administration. As this area has also been shown to display a
high density of NPY receptor binding sites (see section 3.2), and is part of the
limbic system, it warrants further investigation as a possible site of action for
the anxiolytic-like effects of NPY.
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CHAPTER 5
RESULTS PART IV
BEHAVIOURAL STUDIES
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5.

Behavioural studies of anxiety

It is im portant w hen investigating the role of a ligand in CNS physiology to
try and link any biochemical and immunohistochemical findings to the in vivo
situation. No m atter how much in vitro work is done, until this work is
applied to the whole animal situation it will be unclear as to the physiological
relevance of any findings. In this study, the role of NPY in the m odulation of
anxiety has been investigated in vivo by examining its effects in behavioural
m odels of anxiety.

Behavioural m odels of anxiety are an im portant aspect of research in this field,
and m any different models exist. The problem with using these models is that
in the whole animal situation, with the type of tests used, it is impossible to
be certain that any one test is showing direct effects on anxiety, or if the
activity seen is an indirect result of the effect of the ligand on some other
system, eg. sight or smell. For this reason it is im portant to use several models
of anxiety, and to compare the results between them. In this particular study
w e have used three such models, the elevated x-maze, social interaction and
VogeTs drinking conflict tests. All three of these models are very different in
their approach, and so represent a comprehensive study into the effects of NPY
on anxiety.
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5.1

Elevated x-maze

The elevated x-maze model of anxiety is derived from procedures used by
Montgomery (1955). He showed that exposure to an elevated open m aze alley
evoked an approach-avoidance conflict that was stronger than that evoked by
exposure to an enclosed maze alley. Rats placed in a living cage and allowed
access to an enclosed alley explored a lot more than those allowed access to
an elevated open alley and furthermore, the latter animals showed more
retreats away from the alley to the back of their living cage. He then used a
Y-maze in which he was able to vary the ratio of open to enclosed arms, and
found that animals preferred the enclosed arms in all cases. He interpreted the
anim als' responses as an approach-avoidance conflict, in which the anim als'
exposure to a novel stimulus evokes both an exploratory drive and a fear
drive. Thus, elevated open maze alleys seem to evoke fear to a greater extent,
and therefore cause more avoidance behaviour.

The Y-maze concept was extended by Handley and Mithani (1984) w ho added
an extra arm to the maze to produce w hat they called the elevated 4—maze.
This comprised two open and two enclosed arms, and they described the
extent to which drugs effect the ratio of open to closed arm activity as a
m easure of anxiety. This behavioural model was further validated by Fellow
et al. (1985) using clinically effective anxiolytics and anxiogenic agents. They
were able to show that neither antidepressants nor major tranquillisers had any
specific effects in this model, demonstrating the selectivity of this m odel for
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anxiolytic/anxiogenic agents.

5.1.1

Validation of test procedure

Animals treated with chlordiazepoxide (2.5mg/kg,p.o. dissolved in water)
show ed significant increases in the % time spent in the open arms, % entries
into the open arms, time spent in the end of the open arms, and the num ber
of entries into the end of the open arms (Figure 5.1.1) compared to vehicle
treated control animals.

5.1.2

Effects of i.c.v. neuropeptide Y administration

Animals tested on the elevated x-maze 1 h after treatm ent w ith NPY showed
a decreased preference for the closed arms of the maze. This was indicated by
dose dependent increases in the % time spent in the open arms, % entries into
open arms and time spent in the end of the open arms (Figure 5.1.2). The
increases in % time spent in the open arm and the time spent in the end of the
open arm were significant at both the 1 and 5nmol levels of treatment, whereas
the increase in % entries into the open arms only reached significance at the
5nmol level. A small increase in num ber of entries into the end of the open
arms was insignificant at either dose.
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A dose-dependent decrease in both the total num ber of entries and the num ber
of line crossings was observed. This only reached significance however after
5nmol NPY (Figure 5.1.3).

5.1.3

Effects of various neuropeptide Y agonists

Animals treated w ith NPY (5nmol) showed significant increases in the time
spent in the open arms (Figure 5.1.4). No significant differences were seen in
any other param eter measured. There did appear to be a tendency tow ards an
increase w ith both [Leu^\Pro^] NPY and PYY (44% and 60% increase in % time
spent in the end of the open arms respectively), although neither was
significant.

There were no significant effects w ith any of the agonists on either the total
num ber of entries or the num ber of line crossings (Figure 5.1.6).

5.1.4

Effects of neuropeptide Y in the ventral hippocam pus

At the lower of the two doses tested, NPY (0.5nmol) showed a trend toward
a decreased preference for the closed arms of the maze. The only significant
increase however was for the % time spent in the open arms. At the higher
dose, NPY (Inmol) caused significant increases in all four of the param eters

144

X

Vehicle

COP
2.5mg/kg

20

Vehicle

COP
2.5mg/kg

(12)

( 12)

Vehicle

CDP
2.5mg/kg

lOOi

I

I
I

Vehicle

CDP
2.5mg/kg

D

Fig. 5.1.1 A,B,C,D. Behaviour during a 5min elevated x-maze test 1 h after p.o. treatm ent w ith
either water alone or containing CDP (2.5mg/kg). Error bars represent standard error of the
mean. Figures in brackets denote the num ber of animals in the group. A Percentage time spent
in open arms of the maze. B Percentage entries into the open arm of the maze. C The time
spent in the end of the open arms. D Num ber of entries into end of open arms.
* &
indicate differences verses water treated controls at 5% & 1% significance levels
(Students t-test).
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Fig. 5.1.2 A,B,C,D. Behaviour during a 5mm elevated x-maze test 1 h after i.c.v injection of
l|il saline either alone or containing NPY (1.0 & 5.0 nmol). Error bars represent standard error
of the mean. Figures in brackets denote the num ber of animals in the group. A Percentage
time spent in open arms of the maze. F(23,2)=22.99, P<0.0001. ** indicates a difference verses
the saline treated control at a significance level of 1% on Durmet's test. B Percentage entries
into the open arm of the maze. F(23,2)=4.41, P<0.05. * indicates a difference verses saline
control at a significance level of 5% on Durmet's test. C The time spent in the end of the open
arms. F(23,2)=11.98, P<0.01. * & indicate differences verses the saline controls at significance
level of 5% & 1% respectively. D N um ber of entries into end of open arms was not significant,
F(23,2)=0.025.
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Fig. 5.1.3 A,B. Behaviour during a 5min elevated x-maze test 1 h after i.c.v. adm inistration of
l|il saline either alone or containing NPY (1.0 & S.Onmol). Error bars represent standard error
of the mean. Figures in brackets denote the num ber of animals in the group. A Total num ber
of entries into any arms of the maze. F(22,2)=4.287, P<0.05. * indicates a difference verses the
saline treated control at a significance level of 5% on Durmet's test. B Num ber of line crossings
made. F(22,2)=3.92, P<0.05. * indicates a difference verses saline control at a significance level
of 5% on Durmet's test.
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m easuring anxiety-like behaviour (Figure 5.1.6).

NPY (Inmol) also produced significant increases in both the total num ber of
entries and the num ber of line crossings, whereas NPY (0.5nmol) had no effect
(Figure 5.1.7).

5.2

Social interaction test

The social interaction test (File and Hyde, 1978; 1979; File, 1980) is based on
the envirom ental suppression (unfamiliarity of the test arena and rat partner,
and high illumination) of normal social behaviours displayed by rats w hen
paired together. Anxiolytic drugs should release the suppressed behaviour and
therefore increase the time spent in social interaction between rats.

5.2.1

Validation of test procedure

Chlordiazepoxide (5mg/kg,p.o. dissolved in water) increased time spent in
social interaction for both the 5 and 15min test by 110% and 108% respectively
(Figure 5.2.1a). No significant changes in locomotor activity, as m easured by
the num ber of line crossings made, were seen (Figure 5.2.1b).

152

5.2.2

Effect of i.c.v. neuropeptide Y administration

The i.c.v. adm inistration of Inm ol or 5nmol NPY to animals 1 h prior to testing
caused small, but insignificant increases in social interaction of 45% and 41%
respectively over the first 5min of the test period. During the full 15min test
a similar result was seen with 50% and 27% increases, respectively (Figure
5.2.2a).

A large decrease in locomotor activity was also seen during these tests. NPY
(Inmol) had no significant effect on the num ber of line crossings over the first
5min of the test period, whereas over 15min a significant decrease of 41% was
seen. NPY (5nmol) showed significant decreases of 42% and 58% over the first
5min and 15min tests respectively (Figure 5.2.2b).

5.2.3

Effects of various neuropeptide Y agonists

There were no significant increases in the time spent in social interaction
during either the 5 or 15min test periods following i.c.v. adm inistration of
various NPY agonists (Figure 5.2.3). However, both NPY and [Leu^\Pro^] NPY
showed consistent but insignificant increases in social interaction over both
time periods.
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The locomotor activity was significantly decreased by PYY (28%) and NPY
(44%) over the first 5min of the test, and by both [Leu^^Pro^] NPY (36%) and
NPY (41%) over 15 min. NPY (13-36) was found to increase locomotor activity
during the 5min test (Figure 5.2.4).

5.2.4

Effect of microinjection of neuropeptide Y in the ventral hippocam pus

The time spent in social interaction following microinjections of NPY (0.5 and
Inmol) into the ventral hippocam pus showed a tendency to increase over both
test periods. Locomotor activity was decreased with NPY (Inmol) at both 5
and 15min (Figure 5.2.5).

5.3

VogeTs drinking conflict test

The Vogel test (Vogel et al., 1971) is based on the conflict between rew ard and
punishm ent. The test uses w ater deprived rats which are punished for
drinking. The aversive stimulus in this test is an electrical stimulus
accompanying the acceptance of a water reward. The animal quickly associates
the two conflicting stimuli and adjusts its behaviour accordingly. Thus their
water intake will be low, even after a considerable period of w ater deprivation.
Anxiolytic agents will decrease the conflict which exists in this situation and
the animal will drink more, and thus receive more electric shocks than a
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control animal. As this model also involves the behaviour of drinking and
shock perception, it is im portant that the agent used is tested for effects on
these param eters, and these effects considered w hen interpreting the effects of
this test.

5.3.1

Validation of test procedure

The anxiolytic com pound chlordiazepoxide caused a dose dependent increase
in the num ber of shocks accepted by the animals, which reached significance
at 5 m g /k g (p.o. dissolved in water). This demonstrates the validity of the
VogeTs test for the detection of anxiolytic-like effects (Figure 5.3.1).

5.3.2

Effects of i.c.v. neuropeptide Y administration

Animals receiving i.c.v. administration of NPY (1 and 5nmol) accepted more
shocks than control animals (Figure 5.3.2). The increases in the num ber of
shocks accepted were very large being 240% and 308% for 1 and 5nmol NPY,
respectively.

These results were shown to be independent of any possible effects of NPY on
thirst as no significant difference was seen during a lOmin free drinking test
(Figure 5.3.3). There was also no effect of NPY in a perceived shock threshold
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experim ent (see Figure 5.3.6).

5.3.3 Effect of various neuropeptide Y agonists

There were large, significant increases in the num ber of shocks accepted
following i.c.v. adm inistration of [Leu^\Pro^] NPY (132%), PYY (249%) and
NPY (211%). NPY (13-36) showed a small, but insignificant increase (Figure
5.3.4). None of the agonists had any effects in a lOmin free drinking
experim ent (Figure 5.3.5) or a perceived shock threshold experiment (Figure
5.3.6) indicating the increase in num ber of shocks accepted to be a genuine
effect of anxiolysis and not an effect on thirst or pain perception.

5.3.4 Effect of neuropeptide Y in the ventral hippocam pus

NPY (0.5 and Inmol) increased the num ber of shocks accepted 0.5 h after
microinjection into the hippocam pus by 105% and 56% respectively (Figure
5.3.7).
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5.4

Discussion

5.4.1

Effects of i.c.v. neuropeptide Y administration in anxiolytic tests

It is clear from the initial experiments that NPY has a strong anxiolytic-like
effect in both the x-maze and the VogePs drinking conflict test at both 1 and
5nmol dose levels. In these models, an effect that mimicks that of an anxiolytic
com pound is term ed an anxiolytic-like effect. This is due to the possibility that
the drug m ight be acting on some other system which in turn produces an
effect in the models. The results of several tests, each w ith different stimuli, is
therefore desirable to ensure a 'real' anxiolytic effect is being seen. The fact
that in this study NPY showed anxiolytic-like effects in two different models
is strong evidence for an "anxiolytic" effect of NPY.

In the x-maze, NPY (5nmol) produced a sedative effect as shown by the
decrease in overall activity (total entries and line crossings). These findings are
in agreement w ith Heilig et al. (1989) who also administered the same doses
of NPY to produce anxiolytic-like effects in the elevated x-maze and Vogel's
conflict models. They also found a sedative effect of NPY at 5nmol, as
observed in the present study. Previous work by Heilig and M urison (1987a)
on open field and home cage activity had also found NPY to suppress
activity which they interpreted to be due to sedation.

It is possible that the sedative effects of NPY may be m asking any anxiolytic
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like effects in the social interaction test. This test failed to detect any anxiolytic
like activity following NPY treatment. Taken in isolation this w ould suggest
that NPY was not anxiolytic, but after examining the potency of its effects in
the other m odels this does not seem to be the case. Social interaction was
actually increased by 50% during the 15min test following Inm ol NPY. After
5nmol NPY, however, this increase was reduced to just 27%. The sedative
effects of NPY in this model are manifested more than in the x-maze, w ith a
58% decrease in locomotor activity after 5nmol NPY. If animals are not
norm ally m oving around the test arena then social interaction is less likely.
This theory is re-enforced by observation of the animals in the test arena. After
an initial walk around the perimeter of the test arena NPY treated animals
tended to lie dow n and just occasionally get up and walk around. This
suggests that the social interaction test may be unsuitable for the detection of
any anxiolytic-like actions of NPY at the doses used in this study. However,
it m ay be possible that the doses of NPY used in this model were too high. If
NPY was administered at a lower dose than would cause significant sedative
effect, an anxiolytic-like effect m ight become apparent.

5.4.2

Effects of neuropeptide Y receptor agonist adm inistration in anxiolvtic
tests

Having ascertained that NPY shows anxiolytic-like activity in two of the
behavioural models used, it remained to try and elucidate the receptor
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subtypes responsible for this effect. This was examined using several NPY
analogues and fragments which are agonists at specific NPY receptor subtypes.
Yj receptor activity was detected using the Y^ receptor agonist [Leu^\Pro^]
NPY and Yg receptor activity using the C-terminal fragment NPY (13-36). PYY
was used to determine if the Y3 receptor was involved as it is ineffective at this
receptor subtype. To allow for these compounds being less potent than NPY,
they were adm inistered at Snmol dose levels (5 times greater than NPY needed
to have an effect). NPY (Snmol) was also included in the tests as a positive
control to ensure that the tests were detecting an effect. It is possible that
problems m ight occur as a result of using this dose level to study the ligands'
effects. As already shown (see section S.4.1), Snmol NPY produces significant
sedative-like effects, which, in the case of the social interaction test, probably
resulted in the test's failure to detect any anxioytic-like effects. Thus by using
this dose for all the ligands, we risk the possible confusion of the data due to
a sedative effect. It w ould therefore, have been of benefit to include a lower
dose of each ligand. The results of the x-maze were disappointing w ith the
positive control (NPY) failing to cause any significant increases in any of the
param eters except % time spent in the open arms. It is not surprising,
therefore, that none of the other agonists caused significant changes in any of
the parameters. Despite this, there was still a trend which emerged on
examining the data (Figure 5.1.4a,b). There were trends tow ard increases in %
time spent in the open arms for [Leu^^Pro^] NPY (44%), PYY (60%) and NPY
(88%), and in % entries into open arms for [Leu^\Pro^] NPY (21%), PYY (20%)
and NPY (22%). The Y2 receptor agonist NPY (13-36) showed no changes at all
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in either of these parameters.

Despite the failure of the social interaction test to detect any effects in the
previous experiment it was used again as a specific receptor agonist m ight
display anxiolysis without sedation. Although no significant changes in social
interaction were observed, increases were apparent for [Leu^^Pro^] NPY (38%
and 31%) and NPY (26% and 22%) over both the first 5min and the full 15 m in
test. Interestingly the Yg receptor agonist NPY (13-36) caused an increase in
locomotor activity during the social interaction test whereas the Y^ receptor
agonist [Leu^\Pro^] NPY, PYY and NPY itself caused sedative effects. Also of
interest is that, whereas NPY shows significant decreases in locomotor activity
over both the first 5 min and the full 15 min test, the decreases seen w ith PYY
only reach significance over the first 5 min. Possible reasons for this are firstly
that the two ligands m ight diffuse to, and away from, their sites of action at
different rates, thus causing a time difference for their effects. Another
possibility is that they might be metabolised differently in situ. If one were
metabolised more quickly than the other, then it could explain these results.
Also, if the metabolism of one results in active peptide fragments, then its
effects m ight be seen to be more long lasting.

Vogel's drinking conflict test was the most interesting of the three models used
in this study. [Leu^\Pro^] NPY, PYY and NPY all increased the num ber of
shocks accepted (figure 5.3.4). NPY (13-36) also produced a small but
insignificant increase in the num ber of shocks accepted. It is possible that if
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NPY (13-36) is having a stimulant effect on the animals they m ight be more
active in trying to drink, thus increasing the num ber of shocks accepted.
Alternatively it m ight in itself be having a small anxiolytic effect either at the
Y2 receptor, or possibly via a small interaction at the Yj receptor. It is
impossible to say from this study exactly which receptor subtypes are involved
in the anxiolytic-like effects of NPY. This study does however strongly
implicate the Yj receptor as the principle NPY receptor subtype responsible.
There is also the possibility, shown by the VogeTs test, that the Yg receptor
m ay have a small effect w ith regard to anxiolysis. Heilig et al (1989) showed
that, over the dose range tested (0.2-2.0nmol), the Y2 agonist had no significant
effects on the x-maze, and a small but insignificant effect in the VogeTs test at
2nmol. This accords with the results of the present study. Heilig et al. (1989)
inferred from this that the anxiolytic actions of NPY were mediated via the Yj
receptor subtype. However, the dose range of NPY (13-36) used in the latter
study were rather limited, not being as extensive as that used for NPY itself.
In this study, therefore, a higher dose of Y2 receptor agonist was used in order
to assess more fully the effects found by Heilig et al. (1989). The study by
Heilig et al. (1989) also failed to address the possibilty that the anxiolytic-like
effects of NPY might be mediated by the NPY Y3 receptor subtype. This was
presum ably because at the time of this study, the evidence for a third receptor
subtype was still in its infancy (see section 1.5.2e). For this reason, PYY was
also used to look for any Y3 receptor effects. As PYY (Snmol) was effective in
increasing the num ber of shocks accepted it seems unlikely that the Y3 receptor
is involved as it is insensitive to PYY.
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The findings of this study that the Yj receptor is involved in m ediating
anxiolysis are in line with the finding that decreasing the num ber of Yj
receptors, by repeated injection of an antisense oligodeoxynucleotide to inhibit
the receptor expression, caused an anxiety-like state in rats (Wahlestedt et
al.,1993).

Data from the social interaction test demonstrated that the sedative effects of
NPY are probably mediated by the Yj receptor as well, w ith the Yg receptor
producing a stim ulant effect.

5.4.3

Ventral hippocam pus

One of the aims of this study was to try and find the regions of the brain
involved in the m odulation of anxiety by NPY. One of the highest density of
receptor binding sites found in the rat brain as a result of

NPY

autoradiography was the ventral hippocam pus (CAl) (see section 3.1.1). This
region also showed neuronal activity following central NPY adm inistration as
detected by FLI immunohistochemistry (see section 2.3). This m ade the ventral
hippocam pus a possible location for behavioural studies using microinjection
of NPY. W hen given O.Snmol NPY, a dose dependency emerged w ith all
param eters of the x-maze showing a tendency to increase. The % time spent
in the open arm showed a significant increase. Inm ol NPY caused significant
increases in all the param eters including those relating to locomotor activity.
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The stim ulant effect on locomotor activity was very interesting as only the Y2
receptor agonist given i.c.v. caused similar effects. In the ventral hippocam pus
the Y2 receptor predom inates over the Yj receptor (see section 3.2) and this
therefore m ay explain the stimulant effect of NPY w hen injected into this area.
It is possible that the anxiolytic-like effect of NPY in this area is due to the
increase in locomotor activity itself, causing the rat to make more entries into
the arms. The opposite may also be possible, w ith the rat less 'anxious' due to
the drug, the open arms no longer pose a threat, and so the animal now has
unrestricted movements throughout the maze. This in itself might allow for a
greater total num ber of entries and line crossings to be m ade causing an
apparent increase in activity.

During the social interaction test, in contradiction to the x-maze test,
microinjection of NPY into the hippocam pus was found to cause a reduction
in locomotor activity. This reduction was small in comparison w ith the increase
of activity seen in the x-maze, the decrease being by 22% (15min test)
compared to an increase of 71% (mean of % change in total num ber of entries
and line crossings). It is unclear w hy this discrepancy occurred between the
two models. Following i.c.v. NPY administration the reduction of activity seen
in the social interaction test was m uch greater than that for the x-maze.
Therefore it is possible that as the hippocampus has both Y^ and Y2 receptor
subtypes, a conflict might occur w ith each producing opposing effects on
activity. The level of sedation during the social interaction test is greater and
therefore may be harder to overcome than that of the x-maze. This m ight be
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because of the differences in stimuli present in the two tests. The x-maze could
be perceived as being more 'interesting' for the rats than the social interaction
test arena, w ith several arms to explore. This could mean that the animals are
stim ulated for longer before they succumb to the sedative effects of the
peptide. Other possibilities are that there are different types of anxiety being
m easured between the two tests, that there are different motivational aspects
of the tests, or even that the animals in the social interaction had previous
exposure to both the x-maze, and in some cases NPY administration.

The result of the Vogel's conflict test confirm that of the x-maze that localised
adm inistration of NPY in the ventral hippocampus produces strong anxiolytic
like effects.

5.4.4

Conclusion

In conclusion, this study has clearly demonstrated an anxiolytic-like effect of
centrally administered NPY, an effect which seems to be mediated mainly by
the Yj receptor subtype. A sedative effect of the peptide was also
dem onstrated, again mediated by the Y^ receptor subtype. A stimulatory effect
was seen however following Y2 receptor agonist administration. This
stim ulatory effect was also demonstrated in one of the models following direct
microinjection of NPY into the ventral hippocampus, possibly a result of a
predom inantly Yg receptor density in this area. Thus, the ventral hippocam pus
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m ay be a region which is involved in the m odulation of the anxiolytic-like
effects of NPY.
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CHAPTER 6
GENERAL DISCUSSION
AND
FUTURE WORK
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6

General discussion

The autoradiographic analysis of NPY receptor binding sites in this study
shows them to be distributed widely throughout the brain. Areas particularly
rich in these receptor binding sites include the hippocampus, claustrum,
amygdala, septum , stria terminalis and cerebral cortex. Further study using
selective agonists for NPY receptor subtypes dem onstrated that NPY Yj
receptor binding sites are prom inent in the cortex and

claustrum,

whereas the Yg receptor binding sites are prom inent in the hippocam pus,
septum , amygdala and stria terminalis. These regions are of importance for
emotional and cognitive function, and could therefore be possible sites of
action for the anxiolytic-like effects of NPY.

Using the expression of FLI to m ap neuronal activity, several areas of the rat
brain were found to be activated following i.c.v. NPY administration. These
areas are the entorhinal cortex, amygdalopiriform transition area, nucleus
accumbens, ventral hippocampus, paraventricular thalamic nucleus, and the
dorsal endopiriform nucleus. Since NPY immunoreactivity has been identified
in these areas (see Gray and Morley, 1986), and NPY receptor binding sites
have been show n to be present in the ventral hippocampus, entorhinal cortex,
and various amygdaloid areas (see section 3), these brain regions w ould appear
to be prom ising areas for further study w ith respect to the physiology of NPY.
Since the theme of this thesis is the possible anxiolytic-like effects of NPY
receptor ligands, and one region suggested to be involved in anxiety is the
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hippocam pus (see section 1.6.7b), it was decided to study the effect of NPY
microinjection into this site in behavioural models of anxiety.

In two behavioural models of anxiety, the x-maze and VogePs conflict tests,
i.c.v. NPY was shown to induce anxiolytic-like effects. In a third model, the
social interaction test, NPY showed a small, but insignificant increase in social
interaction, this activity possibly being reduced by the strong sedative-like
effects show n by NPY itself in this model. Using NPY receptor subtype
selective ligands, it was found that the anxiolytic-like activity of NPY m ight
be m ediated by the Yj receptor subtype. W hen injected directly into the ventral
hippocam pus, NPY showed anxiolytic-like activity in both the x-maze and the
Vogel's conflict test (see section 5.4.3). Evidence from all three results chapters
in this thesis has therefore shown the hippocam pus to be an area of the brain
where NPY, acting on its receptors, may play an im portant role, and that one
of these roles m ight be in the m odulation of anxiety.

6.1

Possible g^-adrenoceptor interaction

There seems to be an interaction between NPY and noradrenergic
systems in the brain. This is not surprising as NPY and NA coexist in m any
neurones. An interaction was first characterised by W ahlestedt et al. (1986) on
the bases of pre- and post-junctional effects. They found that at various
neuroeffector junctions, three different actions or interactions could be
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dem onstrated (see fig 1.3). There were the separate postjunctional effects of the
two transmitters, a pre-junctional negative feedback interaction, and a post
junctional potentiation of the other transm itters' effects. Agnati et al. (1983)
dem onstrated

an

interaction between NPY and

Œg-adrenoceptors

in

m em branes of medulla oblongata of the rat. They found the num ber of Œzadrenergic binding sites to be increased following NPY pretreatment. Also in
vivo, NPY was found to increase the affinity of (%2-adrenoceptors (Fuxe et
al.,1986).

The ability of NPY to increase the num ber of Oj-adrenoceptor binding sites in
the medulla oblongata of rats is absent in one particular strain called the
spontaneously hypertensive (SH) rats (Agnati et al.,1983). This is interesting
because of three other findings. Firstly, Maccarrone and Jarrott (1985) showed
there to be a difference in the regional brain concentrations of NPY in SH rats
compared w ith their controls (Wistar-Kyoto (WKY) rats). Secondly, an increase
in NPY receptor binding has been found in the hippocam pus and cortex of SH
rats (Chang et al.,1986). Finally NPY was found to increase locomotor activity
in SH rats, unlike in control WKY rats, where a decrease was seen (Heilig et
al.,1989). These differences between SH and WKY rats demonstrate an
interaction between NPY and Oj-adrenoceptors, and suggest that any
disruption to this interaction could have an effect on NPY action.

The possibility that the anxiolytic actions of NPY might be bought about by
an interaction w ith (%2-adrenoceptors was suggested by Heilig et al., (1989).
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They used w hat they considered to be a subthreshold dose of the 02adrenoceptor antagonist idazoxan, to block the effects of NPY in the
M ontgom ery's x-maze test and thus they concluded that such an interaction
m ay be responsible for this effect. Close inspection of their data however
reveals two problems. Firstly they were unable to find a dose of idazoxan
which blocked the effects of NPY in the x-maze w ithout having an anxiogenic
effect w hen used alone. Secondly, in the VogeTs conflict test where such a dose
w as 'found', the baseline levels of drinking were so suppressed in the control
rats that any anxiogenic actions of idazoxan alone m ight not even have been
detected. Thus the dose they used as 'ineffective' w hen given alone, might
actually have been anxiogenic and therefore have opposed NPY's anxiolytic
like effects producing an apparent block of the action of NPY. Therefore more
studies are required to determine w hat interactions, if any, m ay occur to
produce the anxiolytic-like effects of NPY. One such study could be the
behavioural effects of NPY on SH rats. As discussed above, there seems to be
a disrupted NPY-oCg-adrenoceptor interaction in these rats, so any lack of NPY
anxiolytic-like activity in these animals could therefore imply that in normal
rats NPY anxiolysis occurs as a result of ocz-adrenoceptor upregulation.

One of the principle noradrenergic nuclei of the brain is the locus coeruleus
(LC). NPY has been found to lower action potentials in the LC, an effect which
is m uch less m arked in the presence of Œz-adrenoceptor antagonists (Illes and
Regenold,1990). otg-Adrenoceptors on the LC cell bodies have been show n to
lower the firing rate of these neurones upon activation (Svensson et al.,1975).
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Since there is a lot of evidence to support a LC-anxiety involvement, with
decreased LC activity producing anxiolysis and increased activity producing
anxiety (Redmond and Huang,1979), it is possible therefore that NPY m ay
have effects at this site.

6.2

Future work

This study has provided general information about the anxiolytic-like effects
of NPY, but more detailed analysis is required to elucidate these effects. The
lack of any significant effect of NPY in the social interaction test could be
studied at lower doses than used in this study. If lower doses were not
sedative, it is possible that the 'unsedated' animal might exhibit the
anxiolytic-like effects of NPY. Another im portant area for more work would
be to study the dose-response relationships of the various NPY receptor
subtype ligands in these models. This is required for absolute evidence of
which receptor subtypes m ediate these effects. It would also be interesting to
study the effects of the receptor subtype selective ligands in the hippocam pus
itself.

As already mentioned (see section 6.1), the NPY receptor is suggested to
interact w ith Og-adrenoceptors. Since «z-adrenoceptor agonists are anxiolytic
like in their effect (Handley and Mithani, 1984), it is possible that NPY may
exert its anxiolytic-like effects by interacting w ith the Œg-adrenoceptors. It
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w ould therefore be interesting to study this interaction in more detail w ith
respect to anxiety. A possible means of achieving this w ould be to study the
anxiolytic-like effects of NPY in spontaneously hypertensive (SH) rats, which
show a disrupted NPY-Œz-adrenoceptor interaction (see section 6.1).

It would be of interest to study other brain regions which could possibly be
involved in the anxiolytic-like effects of NPY. The locus coeruleus (LC) is one
of the principle noradrenergic nuclei of the brain, in which NPY has been
found to lower action potentials (Illes and Regenold, 1990). This area should
therefore be studied as a possible site for NPY's actions. Unfortunately,
microinjections of NPY into the LC were attem pted in the present study with
prom ising results, but subsequent dye injection showed that the solution
w ould have spread into the 4th ventricle and thus the effects could be from
anywhere via the ventricular system. A possible alternative w ould be to study
the behavioural effects of NPY following lesion of the LC.

Finally, this study has identified the probable subtype responsible for the main
anxiolytic-like effects of NPY as the Yj receptor. It is clear from
autoradiographic studies (see section 2.2) that Y^ receptor distribution in the
brain is very localised compared to Y2 receptor distribution. The m ain region
where the Y^ receptors dominate are in the outer layers of the cortical regions.
In the cortex NPY exists in intem eurons (Fuxe et al.,1986), and it is possible
that it interacts w ith NA afferents from the brain stem (eg. the LC). It w ould
therefore be useful to study the behavioural effects of NPY either microinjected
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into these areas, or i.c.v. following lesioning of these areas.

185

REFERENCES

186

Adamsson, M. and Edvinsson, L. (1991) Blockade of neuropeptide Y-induced
potentiation of noradrenaline-evoked vasoconstriction by D-myoinositol-1.2.6-triphosphate

(PP56)

in

rabbit

femoral

arteries.

N europeptides 19: 13-16

Adrian, T.E., Allen, J.M., Bloom, S.R., Ghatei, M.A., Rossor, M.N., Roberts,
G.W., Crow, T.J., Tatemoto, K. and Polak, J.M. (1983) Neuropeptide Y
in the hum an brain. N ature 306: 584-586

Agnati, L.F., Fuxe, K., Benfenati, F., Battistini, N., Harfstrand, A., Tatemoto, K.,
Hokfelt, T. and Mutt, V. (1983) Neuropeptide Y in vitro selectively
increases the num ber of 02-adrenergic binding sites in membranes of the
m edulla oblongata of the rat. Acta. Physiol. Scand. 118: 293-295

Agnati, F., Zoli, M., Merlo Pich, F., Benfenati, F., Grimaldi, R., Zini, I., Toffano,
G. and Fuxe, K. (1989) NPY receptors and their interactions w ith other
transm itter systems, in N europeptide Y. Edited by Victor M utt et al.
Raven Press, New York. pp.103-114

Aicher, S.A., Springston, M., Berger, S.B., Reis, D.J. and W ahlestedt, C. (1991)
Receptor-selective analogs demonstrate NPY/PYY receptor heterogeneity
in rat brain. Neurosci. Lett. 130: 32-36

Albers, H.F., Ferris, C.F., Leeman, S.F. and Goldman, B.D. (1984) Avian

187

pancreatic polypeptide phase shifts ham ster circadian rhythm s w hen
microinjected into the suprachiasmatic region. Science 223: 833-834

Allen, Y.S., Adrian, T.E., Allen, J.M., Tatemoto, K., Crow, T.J., Bloom, S.R. and
Polak, J.M. (1983) Neuropeptide Y distribution in the rat brain. Science
221: 877-879

Allen, J.M., Gibson, S.J., Adrian, T.E., Polak, J.M., Bloom, S.R. (1984)
N europeptide Y in hum an spinal cord. Brain Res. 308: 145-148

Allen, L.G., Kalra, P.S., Crowley, W.R. and Kalra, S.P. (1985) Comparison of the
effects of neuropeptide Y and adrenergic transmitters on LH release and
food intake in male rats. Life Sci. 37: 617-623

Allen, J., Novotny, J., Martin, J., Heinrich, G. (1987) Molecular structure of
m am m alian Neuropeptide Y : Analysis by molecular cloning and
com putor-aided comparison w ith crystal structure of avian homologue.
Proc. Natl. Acad. Sci. U.S.A. 84: 2532-2536

Bai, F.L., Yamano, M., Shiotani, Y., Emson, P.C., Smith, A.D., Powell, J.F. and
Tohyama, M, (1985) An arcuato-paraventricular and -dorsomedial
hypothalam ic

neuropeptide

Y-containing

system

noradrenaline in the rat. Brain Res. 331: 172-175

188

which

lacks

Balasubramaniam, A. and Sheriff, S. (1990) N europeptide Y (18-36) is a
competative antagonist of neuropeptide Y in rat cardiac ventricular
membranes. J. Biol. Chem. 265: 14724-14727

Balasubramaniam, A., Sheriff, S., Rigel, D.F. and Fischer, J.E. (1990)
Characterization of neuropeptide Y binding sites in rat cardiac
ventricular membranes. Peptides 11: 545-550

Baranowska, B., Guthowska, J., Lemire, A., Cantin, M. and Genest, J. (1987)
Opposite effects of neuropeptide Y (NPY) and polypeptide Y (PYY) on
plasm a immunoreactive atrial natriuretic factor (IR-ANF) in rats.
Biochem. Biophys. Res. Commun. 145: 680-685

Beal, M.F., Mazurek, M.F., Chattha, G.K., Svendsen, C.N., Bird, E.D. and
Martin, J.B. (1986a) Neuropeptide Y immunoreactivity is reduced in
cerebral cortex in Alzheimer's disease. Ann. Neurol. 20: 282-288

Beal, M.F., Frank, R.C., Ellison, D.W. and Martin, J.B. (1986b) The effect of
neuropeptide Y on striatal catecholamines. Neurosci. Letts. 71: 118-123

Beal, M.F., Mazurek, M.F. and McKee, M.A. (1987) The regional distribution
of somatostatin and neuropeptide Y in control and Alzheimer's disease
striatum. Neurosci. Letts. 79: 201-206

189

Beck-Sickinger, A.G., Jung, G., Gaida, W., Kôppen, H., Schnorrenberg, G., Lang,
R. (1990) Structure/ activity relationships of C-terminal neuropeptide
Y peptide segments and analogues composed of sequence 1-4 linked to
25-36. Eur. J. Biochem. 194: 449-456

Beck-Sickinger, A.G., Grouzmann, E., Hoffmann, E., Gaida, W., Van Meir, E.G.,
Waeber, B. and Jung, G. (1992) A novel cyclic analogue of neuropeptide
Y specific for Yg receptors. Eur. J. Biochem. 206: 957-964

Berrettini, W.H., Doran, A.R., Kelsoe, J., Roy, A. and Pickar, D. (1987)
Cerebrospinal fluid neuropeptide Y in depression and schizophrenia.
Neuropsychopharmacol. 1: 81-83

Boublik, J.H., Spicer, M.A., Scott, N.A., Brown, M.R. and Rivier, J.E. (1990)
Biologically active neuropeptide Y analogues. Ann. NY Acad. Sci. 611:
27-34

Bouvier, M. and Taylor, J.W. (1992) Probing the functional conformation of
neuropeptide Y through the design and study of cyclic analogues. J.
Med. Chem. 35: 1145-1155

Cadieux, A., Bencheckroun, M.T., Fournier, A. and St-Pierre, S. (1990)
Investigations of the structure activity relationships of neuropeptide Y.
Ann. NY Acad. Sci. 611: 369-371

190

Carter, D.A., Vallejo, M. and Lightman, S.L. (1985) Cardiovascular effects of
neuropeptide Y in the nucleus tractus solitarius of rats : relationship
w ith noradrenaline and vasopressin. Peptides 6: 421-425

Ceccatelli, S., Villar, M.J., Goldstein, M. and Hokfelt, T. (1989) Expression of
c-fos immunoreactivity in transmitter characterized neurones after stress.
Proc. Natl. Acad. Sci. USA 86: 9569-9573

Chan-Palay, V., Lang, W., Haesler, U., Kohler, C. and Yasargil, G. (1986)
Distribution of altered hippocampal neurones axons immunoreactive
w ith antisera against neuropeptide Y in Alzheimers'-type dementia. J.
Comp. Neurol. 248: 376-394

Chang, R.S., Lotti, V.J. and Chen, T.B. (1986) Increased neuropeptide Y (NPY)
receptor binding in hippocampus and cortex of spontaneously
hypertensive (SH) rats compared to the normotensive (WKY) rats.
Neurosci. Letts. 67: 275-278

Chiu, R., Angel, P. and Karin, M. (1989) Jun-B differs in its biological
properties from, and is a negative regulator of, c-jun. Cell 59: 979-986

Chronwall, B.M., Chase, T.N. and O'Donohue, T.L. (1984) Coexistence of
neuropeptide Y and somatostatin in rat and hum an cortical and rat
hypothalam ic neurones. Neurosci. Letts. 52: 213-217

191

Chronwall, B.M. (1985) Anatomy and physiology of the neuroendocrine arcuate
nucleus. Peptides 6: Suppl 2: 1-11

Clark, J.T., Kalra, F.S., Crowley,W.R. and Kalra, S.P. (1984) N europeptide Y
and hum an pancreatic polypeptide stimulate feeding behaviour in rats.
Endocrinology 115: 427-429

Curran, T. (1988) in The Oncogene Handbook. Edited by Reddy, E.P., Skalka,
A.M. and Curran, T. Elsevier. p307-325

Curran, T. and Franza, B.R., Jr (1988) Eos and Jun: the AP-1 connection. Cell
55: 395-397

Dai, X.L., Triepel, J. and Heym, C. (1986) Immunohistochemical localization of
neuropeptide Y in the guinea pig medulla oblongata. Correlation w ith
VIP and DBH. Histochemistry 85: 327-334

Dawbarn, D., Quidt, M.E. and Emson, P.C. (1985) Survival of basal ganglia
neuropeptide Y-somatostatin neurones in H untington's disease. Brain
Res. 340: 251-260

Doucet, J., Squinto, S.P. and Bazan, N.G. (1990) Fos-Jun and the prim ary
genomic response in the nervous system. Possible physiological role and
pathophysiological significance. Mol. Neurobiol. 4: 27-55

192

Doughty, M.B., Chu, S.S., Miller, D.W., Li, K. and Tessel, R.E. (1990)
Benextramine : a long lasting neuropeptide Y receptor antagonist. Eur.
J. Pharmacol. 185: 113-114

Doughty, M.B., Chaurasia, C.S. and Li, K. (1993) Benextramine-neuropeptide
Y receptor interactions : contribution of the benzylic moieties to [^H]
neuropeptide Y displacement activity. J. Med. Chem. 36: 272-279

Dum ont, Y., Fournier, A., St-Pierre, S., Schwartz, T.W. and Quirion, R. (1990)
Differential distribution of neuropeptide Yj and Yg receptors in the rat
brain. Eur. J. Pharmacol. 191: 501-3

Earnest, D.J., Ouyang, S. and Olschowka, J.A. (1992) Rhythmic expression of
Eos-related proteins with the rat suprachiasmatic nucleus during
constant retinal illumination. Neurosci. Lett. 140: 19-24

Ekman, R., W iderlov, E., Walléus, H. and Lindstrom, L.H. (1984) Elevated
levels of NPY-like material in CSF in depression. Proc. XVth ISPNE
International Congress, Vienna, July 15-19: p.73. (cited from W iderlov
et al, 1988b)

Edvinsson, L., Adamsson, M. and Jansen, I. (1990) N europeptide Y antagonistic
properties of D-myo-inositol-l,2,6-triphosphate in guinea pig basilar
arteries. N europeptides 17: 99-105

193

Edvinsson, L. and Adamson, M. (1992) Neuropeptide Y inhibits relaxation of
guinea pig cerebral, coronary, and uterine arteries: blockade by D-myoinositol-l,2,6-triphosphate. J. Cardiovasc. Pharmacol. 20: 466-72

Emson, P.C. and de Quidt, M.E. (1984) NPY is a new m em ber of the pancreatic
polypeptide family. Trends in Neurosci. 7: 31-35

Eva, C., Keinànen, K., Monyer, H., Seeburg, P. and Sprengel, R. (1990)
Molecular cloning of a novel G protein-coupled receptor that m ay
belong to the neuropeptide receptor family. FEES Lett. 271: 81-84

Everitt, B.J., Hokfelt, T., Terenius, L., Tatemoto, K., Mutt, V. and Goldstein, M.
(1984)

Differential

co-existence

of

neuropeptide

Y

(NPY)-like

imm unoreactivity w ith catecholamines in the central nervous system of
the rat. Neuroscience 11: 443-462

Ewald, D.A., Sternweis, P.C. and Miller, R.J. (1988) Guanine nucleotide-binding
protein Go-induced coupling of neuropeptide Y receptors to Ca^^
channels in sensory neurones. Proc. Natl. Acad. Sci. USA 85: 3633-3637

Feth, P., Rascher, W. and Michel, M.C. (1991) G-protein coupling and signalling
of Yj-like neuropeptide Y receptors in SK-N-MC cells. NaunynSchmied. Arch. Pharmacol. 344: 1-7

194

File, S.E. and Hyde, J.R.G. (1978) Can social interaction be used to m easure
anxiety? Br. J. Pharmacol. 62: 19-24

File, S.E. and Hyde, J.R.G. (1979) A test of anxiety that distinguishes between
the action of benzodiazepine and those of other m inor tranquilisers and
stimulants. Pharmacol. Biochem. Behav. 11: 65-69

File, S.E. (1980) The use of social interaction as a m ethod for detecting
anxiolytic activity of chlordiazepoxide-like drugs. J. Neurosci. Meth. 2:
219-238

Flood, J.F., Hernandez, E.N. and Morley, J.E. (1987) M odulation of m em ory
processing by neuropeptide Y. Brain Res. 421: 280-290

Flood, J.F. and Morley, J.E. (1989) Dissociation of the effects of neuropeptide
Y on feeding and memory : evidence for pre- and post- synaptic
mediation. Peptides 10: 963-966

Fuhlendorff, J., Gether, U., Aakerlund, L., Johansen, N.L., Thogersen, H.,
Melberg, S.G., Olsen, U.B., Thastrup, O. and Schwartz, T.W. (1990a)
[Leu^\Pro^] neuropeptide Y : a specific Yj receptor agonist. Proc. Natl.
Acad. Sci. USA 87: 182-186

Fuhlendorff, J., Johanson, N.L., Melberg, S.G., Thogersen, H. and Schwartz,

195

L.R. (1990b) The antiparallel pancreatic polypeptide fold in the binding
of neuropeptide Y to Yj and Yg receptors. J. Biol. Chem. 265:11706-11712

Fuxe, K., Agnati, L.F., Harfstrand, A., Zini, I., Tatemoto, K., Pich, E.M., Hokfelt,
T., Mutt, V. and Terenius, L. (1983) Central adm inistration of
neuropeptide

Y

induces

hypotension,

bradyapnea

and

EEC

synchronization in the rat. Acta Physiol. Scand. 118: 189-192

Fuxe, K., Agnati, L.F., Harfstrand, A., Janson, A.M., Neumeyer, A., Andersson,
K., Ruggeri, M., Zoli, M. and Goldstein, M. (1986) M orphofunctional
studies on the neuropeptide Y / adrenaline costoring terminal systems
in the dorsal cardiovascular region of the medulla oblongata. Focus on
receptor-receptor interactions in cotransmission. Prog. Brain Res. 68:303320

Gibson, S.J., Polak, J.M., Allen, J.M., Adrian, T.E., Kelly, J.S., Bloom, S.R. (1984)
The distribution and origin of a novel brain peptide, neuropeptide Y,
in the spinal cord of several mammals. J. Comp. Neurol. 227: 78-91

Glover, I., Haneef, I., Pitts, J., Wood, S., Moss, D., Tickle, I., Blundell, T. (1983)
Conformational flexibility in a small globular horm one : X-ray analysis
of avian pancreatic polypeptide at 0.98 A resolution. Biopolymers 22:
293-304

196

Glover, I. D., Barlow, D.J., Pitts, J.E., Wood, S.P., Tickle, I.J., Blundell, T.L.,
Tatemoto, K., Kimmel, J.R., Wollmer, A., Strassberger, W., Zhang, Y.S.
(1985) Conformational studies on the pancreatic polypeptide hormone
family. Eur. J. Biochem. 142: 379-385

Gray, J.A. (1982) The neuropsychology of anxiety: an enquiry into the functions
of the septo-hippocampal system. Edited by Broadbent, D.E. et al.
Oxford University Press.

Gray, J.A. (1988) Behavioural and neuronal-system analysis of the actions of
anxiolytic drugs. Pharmacol. Biochem. Behav. 29: 767-769

Gray, T.S. and Morley, J.E. (1986) Neuropeptide Y : Anatomical distribution
and possible function in mammalian nervous system. Life Sci. 38: 389401

Greenberg, M.E. and Ziff, E.B. (1984) Stimulation of 3t3 cells induces
transcription of the c-fos proto-oncogene. N ature 311: 433-438

Greenberg, M.E. and Ziff, E.B. (1986) Stimulation of neuronal acetylcholine
receptors induces rapid gene transcription. Science 234: 80-83

Grundem ar, L., G rundstrom , N., Johansson, I.G.M., Andersson, R.G.G. and
Hâkanson, R. (1990) Suppression by neuropeptide Y of capsaicin-

197

sensitive sensory nerve-mediated contraction in guinea-pig airways. Br.
J. Pharmacol. 99: 473-476

G rundem ar, L. and Hâkanson, R. (1990) Effects of various neuropeptide Y /
peptide YY fragments in electrically-evoked contractions of the rat vas
deferens. Br. J. Pharmacol. 100: 190-193

G rundem ar, L., W ahlwstedt, C. and Reis, D.J. (1991a) Long-lasting inhibition
of the cardiovascular responses to glutamate and the baroreceptor reflex
elicited by neuropeptide Y injected into the nucleus tractus solitarius.
Neurosci. Letts. 122: 135-139

G rundem ar, L. W ahlestedt, C. and Reis, D.J. (1991b) Neuropeptide Y acts at
an atypical receptor to evoke cardiovascular depression and to inhibit
glutam ate responsiveness in the brainstem. J. Pharmacol. Exp. Ther. 258:
633-638

Grundem ar, L., Jonas, S.E., Morner, N., Hogestratt, E.D., W ahlestedt, C. and
Hâkanson, R. (1992) Characterization of vascular neuropeptide Y
receptors. Br. J. Pharmacol. 105: 45-50

Haas, D.A and George, S.R. (1987) Neuropeptide Y adm inistration acutely
increases hypothalamic corticotropin-releasing factor immunoreactivity
: lack of effect in other rat brain regions. Life Sci. 41: 2725-2731

198

Hàggblad, J. and Fredholm, B.B. (1987) Adenosine and neuropeptide Y
enhance

aj-adrenoceptor-induced

accum ulation

of

inositol

phosphates and attenuate forskolin-induced accumulation of cyclic AMP
in rat vas deferens. Neurosci. Letts. 82: 211-16

H andley, S.L. and Mithani, S. (1984) Effects of alpha-adrenoceptor agonists and
antagonists in a maze-exploration model of 'fear'-m otivated behaviour.
Naunyn-Schmied. Arch. Pharmacol. 327: 1-5

H arfstrand, A. (1986) Intraventricular administration of neuropeptide Y (NPY)
induces hypotension, bradycardia and bradypnoea in the awake
unrestrained

male rat. Counteraction by NPY-induced

feeding

behaviour. Acta Physiol. Scand. 128: 121-123

H arfstrand, A., Eneroth, P., Agnati, L. and Fuxe, K. (1987) Further studies on
the

effects

of

central

administration

of

neuropeptide

Y

on

neuroendocrine function in the male rat : relationship to hypothalamic
catecholamines. Regul. Pept. 17: 167-179. Erratum: Regul. Pept. 17: 300

H arfstrand, A., Fuxe, K., Agnati, L. and Fredholm, B. (1989) Reciprocal
interactions between Oj-adrenoceptor agonist and neuropeptide Y
binding sites in the nucleus tractus solitarius of the rat. J. Neural
Transm. 75: 83-99

199

Heilig, M and Murison, R. (1987a) Intracerebroventricular neuropeptide Y
suppresses open field and home cage activity in the rat. Regul. Peptides.
19: 221-231

Heilig, M. and Murison, R. (1987b) Intracerebroventricular neuropeptide Y
protects against stress-induced gastric erosion in the rat. Eur. J.
Pharmacol. 137: 127-129

Heilig, M., W ahlestedt, C., Ekman, R. and Widerlov, E. (1988a) Antidepressant
drugs increase the concentration of neuropeptide Y (NPY)-like
immunoreactivity in the rat brain. Eur. J. Pharmacol. 147: 465-467

Heilig, M., W ahlestedt, C. and Widerlov, E. (1988b) Neuropeptide Y (NPY)induced suppression of activity in the rat : evidence for NPY receptor
heterogeneity and for interactions w ith a-adrenoceptors. Eur. J.
Pharmacol. 157: 205-213

Heilig, M., Soderpalm, B., Engel, J.A. and Widerlov, E. (1989) Centrally
administered neuropeptide Y (NPY) produces anxiolytic-like effects in
animal anxiety models. Psychopharmacology 98: 524-529

Heilig,

M,.

Edvinsson,

L.

and

Wahlestedt,

C.

(1991)

Effects

of

intracerebroventricular D-myo-inositol 1,2,6-triphosphate (PP56), a
proposed neuropeptide Y (NPY) antagonist, on locomotor activity, food

200

intake, central effects of NPY and NPY-receptor binding. Eur. J.
Pharmacol. 209: 1-2

H endry, S.H., Jones, E.G. and Emson, P.C. (1984) Morphology, distribution,
and

synaptic

relations

of somatostatin-

and

neuropeptide

Y-

imm unoreactive neurones in rat and monkey neocortex. J. Neurosci. 4:
2497-2517

Herzog, H., Hort, Y.J., Ball, H.J., Hayes, G., Shine, J. and Selbie, L.A. (1992)
Cloned hum an neuropeptide Y receptor couples to two different second
m essenger systems. Proc. Natl. Acad. Sci. USA 89: 5794-5798

Higuchi, H., Costra, E. and Yang, H.-Y.T. (1988) Neuropeptide Y inhibits the
nicotine-mediated release of catecholamines from bovine adrenal
chromaffin cells. J. Pharmacol. Exp. Ther. 244: 468-474

H im ing, L.D., Fox, A.P. and Miller, R.J. (1990) Inhibition of calcium currents
in cultured myenteric neurones by neuropeptide Y : evidence for direct
receptor/channel coupling. Brain Res. 532: 120-130

Hokfelt, T., Lundberg, J.M., Lagercrantz, H., Tatemoto, K., Mutt, V., Lindberg,
J., Terenius, L. Everitt, B.J., Fuxe, K., Agnati, L. and Goldstein, M.
(1983a) Occurence of neuropeptide Y (NPY)-like imm unoreactivity in
catecholamine neurones in the hum an medulla oblongata. Neurosci.

201

Letts. 29: 217-222

Hokfelt, T., Lundberg, J.M., Tatemoto, K., Mutt, V., Terenius, L. Polak, J.,
Bloom, S., Sasek, C., Elde, R. and Goldstein, M. (1983b) N europeptide
Y (NPY)-like and FMRFamide-like immunoreactivities in catecholamine
neurones of the rat m edulla oblongata. Acta Physiol. Scand. 117:315-318

H unt, S.P., Emson, P.C., Gibert, R., Goldstein, M. and Kimmel, J.R. (1981)
Presence of avian pancreatic polypeptide-like immunoreactivity in
catecholamine methionine enkephalin containing neurones w ithin the
central nervous system. Neurosci. Letts. 21: 125-130

H unt, S.P., Pini, A. and Evans, G. (1987) Induction of c-fos-like protein in
spinal cord neurones following sensory stimulation. Nature 328:632-634

Illes, P. and Regenold, J.T. (1990) Interaction between neuropeptide Y and
noradrenaline on central catecholamine neurones. Nature 344: 62-63

Inui, A., Okita, M., Inoue, T., Sakatani, N., Oya, M., Morioka, H., Shii, K.,
Yokono, K., Mizuno, N. and Baba, S. (1989) Characterization of peptide
YY receptors in the brain. Endocrinology 124: 402-409

Jacobowitz, D.M. and Olschowka, J.A. (1982) Bovine pancreatic polypeptide
like immunoreactivity in brain and peripheral nervous systems.

202

Coexistence w ith catecholaminergic nerves. Peptides 3: 569-590

Kassis, S., Olasmaa, M., Terenius, L. and Fishman, P.H. (1987) N europeptide
Y inhibits cardiac adenylate cyclase through a pertussis toxin-sensitive
G protein. J. Biol. Chem. 262: 3429-3431

Kataoka, Y., Sakutai, Y., Mine, K., Yamashita, K., Fujiwara, M., Niwa, M. and
Veki, S. (1987) The involvement of neuropeptide Y in the anti m uricide
action of noradrenaline injected into the medial amygdala of the
olfactory bulbectomized rats. Pharmacol. Biochem. Behav. 28: 101-103

Kimmel, J.R., Hayden, L.J., Pollock, H.G. (1975) Isolation and characterisation
of a new pancreatic polypeptide hormone. J. Biol. Chem. 250: 9369-9376

Krause, J., Eva, C., Seeburg, P.H. and Sprengel, R. (1992) N europeptide Yj
subtype pharmacology of a recombinantly expressed neuropeptide
receptor. Mol. Pharmacol. 41: 817-821

Krstenansky, J.L., Owen, T.J. Buck, S.H., Hagaman, K.A. and Mclean, L.R.
(1989) Centrally truncated and stabilised porcine neuropeptide Y
analogues : design, synthesis, and mouse brain receptor binding. Proc.
Natl. Acad. Sci. USA 86: 4377-4381

Larhamm ar, D., Blomqvist, A.G., Yee, F., Jazin, E., Yoo, H. and W ahlestedt, C.

203

(1992) Cloning and functional expression of a hum an neuropeptide Y
/ peptide YY receptor of the Yj type. J. Biol. Chem. 267: 10935-10938

Loren, I., Alumets, J., Hâkanson, R. and Sundler, F. (1979) Immunoreactive
pancreatic polypeptide (PP) occurs in the central and peripheral nervous
system : preliminary immunocytochemical observations. Cell Tissue Res.
200, 179-186

Lundberg, J.M., Hokfelt, T., Anggard, A., Kimmel, J., Goldstein, M. and
Markey, K. (1980) Coexistence of an avian pancreatic polypeptide (APP)
immunoreactive substance and catecholamines in some peripheral and
central neurones. Acta Physiol. Scand. 110: 107-109

Lundberg, J.M., Terenius, L., Hokfelt, T. and Goldstein, M. (1983) High levels
of neuropeptide Y in peripheral noradrenergic neurones in various
m ammals including man. Neurosci. Letts. 42: 167-172

Lundberg, J.M., Hemsen, A., Larsson, O., Rudehill, A., Saria, A. and Fredholm,
B.B. (1988) Neuropeptide Y receptor in pig spleen : binding
characteristics, reduction of cyclic AMP formation and calcium
antagonist inhibition of vasoconstriction. Eur. J. Pharmacol. 145: 21-29

Lynch, D.R., Walker, M.W., Miller, R.J., Snyder, S.H. (1989) N europeptide Y
receptor binding sites in rat brain : Differential autoradiographic

204

locations w ith ^^^I-Peptide YY and ^^I-Neuropeptide Y imply receptor
heterogeneity. Neuroscience 9: 2607-2619

Maccarrone, C.

and Jarrot, B. (1985) Differences in regional brain

concentrations of neuropeptide Y in spontaneously hypertensive (SH)
and Wistar-Kyoto (WKY) rats. Brain Res. 345: 165-169

Maccarrone, C. and Jarrot, B. (1986) Age related changes in neuropeptide Y
imm unoreactivity

(NPY-ir)

in

the

cortex

and

spinal

cord

of

spontaneously hypertensive (SHR) and normotensive Wistar-Kyoto
(WKY) rats. J. Hypertens. 4: 471-475

MacKerell, A.D., Hemson, A., Lacroix, J.S. and Lundberg, J.M. (1989) Analysis
of structure-function relationships of neuropeptide Y using molecular
dynamic simulations and pharmacological activity and binding
m easurements. Regul. Pept. 25: 295-313

Martel, J.-C., St-Pierre, S. and Quirion, R. (1986) N europeptide Y receptors in
rat brain : Autoradiographic localization. Peptides 7: 55-60

Martel, J.C., Fournier, A., St-Pierre, S., Dumont, Y., Forest, M. and Quirion, R.
(1990) Comparative structural requirements of brain neuropeptide Y
binding sites and vas deferens neuropeptide Y receptors. Mol.
Pharmacol. 38: 494-502

205

Martin, J.B. (1984) H untington's disease : new approaches to an old problem.
N eurology 34: 1059-1072

M artin, J.R., Beinfeld, M.C. and Westfall, T.C. (1988) Blood pressure increases
after injection of neuropeptide Y into posterior hypothalamic nucleus.
Am. J. Physiol. 254: H879-H888

McDonald, J.K., Lumpkin, M.D., Samson, W.K. and McCann, S.M. (1985)
N europeptide Y affects secretion of luteinizing horm one and grow th
horm one in ovariectomised rats. Proc. Natl. Acad. Sci. USA. 82: 561-564

McLean, L.R., Baron, B.M., Buck, V.H. and Krstenansky, J.L. (1990) Lipid and
m em brane interactions of neuropeptide Y. Biochem. Biophys. Acta 1024,
1-4

Michel,

M.C.

and

Motulsky,

H.J.

(1990)

He90481

: a

competitive

nonpeptidergic antagonist at neuropeptide Y receptors. Ann. NY Acad.
Sci. 611: 392-394

Michel, M.C., Schlicker, E., Fink, K., Boublik, J.H., Gothert, M., Willette, R.N.,
Daly, R.N., Hieble, J.P., Rivier, J.E., Motulsky, H.J. (1990) Distinction of
NPY receptors in vitro and in vivo. I. NPY-(18-36) discriminates NPY
receptor subtypes in vitro. Am. J. Physiol. 259: E131-E139

206

M ihara, S-L, Shigeri, Y. and Fujimoto, M. (1989) Neuropeptide Y-induced
intracellular Ca^^ increases in vascular smooth muscle cells. FEES Lett.
259: 79-82

M inakata, H., Taylor, J.W., Walker, M.W., Miller, R.J. and Kaiser, E.T. (1989)
Characterization of amphiphilic secondary structures in neuropeptide
Y through the design, synthesis and study of m odel peptides. J. Biol.
Chem. 264: 7907-7913

M inakata, H. and Iwashita, T. (1990) Synthesis of analogues of peptide YY w ith
m odified N-terminal regions : Relationships of amphiphilic secondary
structures and activity in rat vas deferens. Biopolymers 29: 61-67

M odigh, K. (1987) Antidepressant drugs in anxiety disorders. Acta Physiol.
Scand. 76: 61-71

Moltz, J.H. and McDonald, J.K. (1985) Neuropeptide Y : direct and indirect
action on insulin secretion in the rat. Peptides 6: 1155-1159

M ontgomery, K.C. (1955) The relation between fear induced by novel
stimulation and exploratory behaviour. J. Comp. Physiol. Psychol. 48:
254-260

Morgan, J.L and Curran, T. (1986) Role of ion flux in the control of c-fos

207

expression. N ature 322: 552-555

Morgan, J.L and Curran, T. (1988) Calcium as a m odulator of the immediateearly gene cascade in neurons. Cell Calcium 9: 303-311

Morgan, J.I. and Curran, T. (1989) Stimulus-transcription coupling in neurons:
role of cellular immediate-early genes. Trends Neurosci. 12: 459-462

Morley, J.E., Levine, A.S., Gosnell, B.A., Kneip, J. and Grace, M. (1987) Effect
of neuropeptide Y on ingestive behaviors in the rat. Am. J. Physiol. 252:
R599-R609

Nakajima, T., Yashima, Y., Nakamura, K. (1986) Quantitive autoradiographic
localization of neuropeptide Y receptors in the rat lower brain stem.
Brain Res. 380: 144-150

Nguyen, T.D., Heintz, G.G. Kaiser, L.M., Stanley, C.A. and Taylor, I.E. (1990)
N europeptide Y differential binding to rat intestinal

laterobasal

membranes. J. Biol. Chem. 265: 6416-6422

O'Donohue, T.L., Chronwall, B.M., Pruss, R.M., Mezey, E., Kiss, J.Z., Eiden,
L.E., Massari, V.J., Tessel, R.E., Pickel, V.M., DiMaggio, D.A., Hotchkiss,
A.J., Crowley, W.R. and Zukowwska-Grojec, Z. (1985) N europeptide Y
and peptide YY neuronal endocrine systems. Peptides 6: 755-768

208

Ohkubo, T., Niwa, M., Yamashita, K., Kataoha, Y. and Shigematsu, K. (1990)
N europeptide Y (NPY) and Peptide YY (PYY) receptors in rat brain.
Cell. Mol. Neurobiol. 10: 539-552

Parrott, R.F., Heavens, R.P. and Baldwin, B.A. (1986) Stimulation of feeding in
the satiated pig by intracerebroventricular injection of neuropeptide Y.
Physiol. Behav. 36: 523-525

Paxinos, G. and Watson, C. (1986) The rat brain in stereotaxic coordinates. 2nd
Edition; Sydney, Australia, Acadamic Press

Pellow, S., Chopin, P., File, S.E. and Briley, M. (1985) Validation of open:closed
arm entries in an elevated plus-maze as a measure of anxiety in the rat.
J. Neurosci. Methods 14: 149-167

Pem ey, T.M. and Miller, R.J. (1989) Two different G-proteins mediate
neuropeptide Y and bradykinin-stimulated phospholipid breakdow n in
cultured rat sensory neurons. J. Biol. Chem. 264: 7317-7327

Potter, E.K., Edvinsson, L. and Gustafsson, T. (1992) Agonism of pre- and
postjunctional responses to neuropeptide Y and sympathetic stimulation
by D-myo-inositol-l,2,6-triphosphate in the anaesthetised dog. Eur. J.
Pharmacol. 221: 307-314

209

Quirion, R., Martel, J.C., Dumont, Y., Cadieux, A., Jolicoeur, F., St-Pierre, S. and
Foum ier, A. (1990) Neuropeptide Y receptors : Autoradiographic
distribution in brain and structure-activity relationships. Ann. NY Acad.
Sci. 611: 58-72

Rauscher, F.J. 3d, Voulalas, P.J., Franza, B.R., Jr and Curran, T. (1988) Fos and
Jim bind cooperatively to the AP-1 site: reconstruction in vitro. Genes
Dev. 2: 1687-1699

Redmond, D.E.Jr. and H uang, Y.H. (1979) New evidence for a locus-coeruleusnorepinephrine connection w ith anxiety. Life Sci. 25: 2149-2162

Rioux, F., Bachelard, H., Martel, J.-C. and St-Pierre, S. (1986) The
vasoconstrictor effect of neuropeptide Y and related peptides in the
guinea pig isolated heart. Peptides 7: 27-31

Rusak, B. and Zucker, I. (1979) Neural regulation of circadian rhythms. Physiol.
Rev. 59: 449-526

Sagar, S.M., Sharp, F.R. and Curran, T. (1988) Expression of c-fos protein in
brain: metabolic m apping at the cellular level. Science 240: 1328-1331

Sahu, A., Kalra, P.S. and Kalra, S.P. (1988) Food deprivation and ingestion
induce reciprocal changes in neuropeptide Y concentrations in the

210

paraventricular nucleus. Peptides 9: 83-86

Schutte, J., Viallet, J. Nau, M., Segal, S., Fedorko, J. and Minna, J. (1989) jun-B
inhibits and c-fos stimulates the transforming and trans-activating
activities of c-jun. Cell 59: 987-997

Schwartz, T.W., Fuhlendorff, J., Kjems, L.L., Kristensen, M.S., Vervelde, M. et
al. (1990) Signal epitopes in the three-dimentional structure of NPY
interaction w ith Y^, Yg and PP receptors. Ann. NY Acad. Sci. 611: 35-47

Seiver, L.J. and Davies, K.L. (1985) Overveiw : tow ard a dysregulation
hypothesis of depression. Am. J. Psychiat. 142: 1017-1031

Sheikh, S.P. and Williams, J.A. (1990) Structural characterization of Yj and Yg
receptors for neuropeptide Y and peptide YY by affinity cross-linking.
J. Biol. Chem. 265: 8304-8310

Sheng, M. and Greenberg, M.E. (1990) The regulation and function of c-fos and
other immediate-early genes in the nervous system. N euron 4: 477-485

Stanley, B.C. and Leibowitz, S.F. (1984) N europeptide Y : Stimulation of
feeding and drinking by injection into the paraventricular nucleus. Life
Sci. 35: 2635-2642

211

Stanley, B.G., Daniel, D.R., Chin, A.S. and Leibowitz, S.F. (1985) Paraventricular
nucleus injections of peptide YY and neuropeptide Y preferentially
enhance carbohydrate ingestion. Peptides 6: 1205-1211

Stenfors, C., Theodorsson, E. and Mathé, A.A. (1989) Effect of repeated
electroconvulsive treatm ent on regional concentrations of tachykinins,
neurotensin, vasoactive intestinal polypeptide, neuropeptide Y, and
galanin in rat brain. J. Neurosci. Res. 24: 445-450

Stjernquist, M. and Owman, CH. (1990) Further evidence for a prejunctional
action of neuropeptide Y on cholinergic m otor neurones in the rat
uterine cervix. Acta Physiol. Scand. 138: 95-96

Sun, X., Dahlof, C., Hedner, T. and Edvinsson, L. (1991) D-myo-inositol-1,2,6triphosphate is a selective antagonist of neuropeptide Y-induced pressor
responses in the pithed rat. Eur. J. Pharmacol. 204: 281-286

Svensson, T.H., Bunney, B.S. and Aghajanan, G.K. (1975) Inhibition of both
noradrenergic and serotonergic neurones in the brain by the alpha
adrenergic agonist clonidine. Brain Res. 92: 291-306

Takahashi, J.S. and Zatz, M. (1982) Regulation of circadian rhythmicity. Science
217: 1104-1111

212

Tatemoto, K. and Mutt, V. (1978) Chemical determ ination of polypeptide
hormones. Proc. Natl. Acad. Sci. USA 75, 4115-4119

Tatemoto, K. and Mutt, V. (1980) Isolation of two novel candidate horm ones
using a chemical m ethod of finding naturally occuring polypeptides.
Nature 285, 417-418

Tatemoto, K., Carlquist, M. and Mutt, V. (1982) N europeptide Y - a novel brain
peptide w ith structural similarities to peptide YY and pancreatic
polypeptide. Nature 296, 659-660

Tatemoto, K. (1990) N europeptide Y and its receptor antagonists : use of an
analogue mixture screening strategy. Ann. NY Acad. Sci. 611: 1-6

Tepperman, B.L. and Whittle, B.J.R. (1991) Comparison of the effects of
neuropeptide Y and noradrenaline on rat gastric mucosal blood flow
and integrity. Br. J. Pharmacol. 102: 95-100

Ueki, S. (1982) Mouse-killing behaviour (muricide) in the rat and the effects of
antidepressants, in: New Vistas in Depression, ed. S.Z. Langer, R.
Takahaswhi, T. Segaiva and M. Briley. Oxford: Pergam on Press, p p .187194

Ui, M. (1984) Islet-activating protein, pertussis toxin: a probe for functions of

213

the inhibitory guanine nucleotide regulatory component of adenylate
cyclase. Trends in Pharmacol. Sci. 5: 277-279

Vallejo, M. and Lightman, S.L. (1986) Pressor effect of centrally adm inistered
neuropeptide Y in rats : role of sympathetic nervous system and
vasopressin. Life Sci. 38: 1859-1866

Varndell, I.M., Polak, J.M., alien, J.M., Terenghi, G. and Bloom, S.R. (1984)
N europeptide tyrosine (NPY) immunoreactivity

in norepinephrine

containing cells and nerves of the mam m alian adrenal gland.
Endocrinology 114: 1460-1462

Vincent, S.R., Johansson, O., Hokfelt, T., Meyerson, B., Sachs, C., Elde, R.P.,
Terenius, L. and Kimmel, J. (1982) N europeptide coexistence in hum an
cortical neurones. Nature 298: 65-67

Vogel, J.R., Beer, B. and Clody, D.E. (1971) A simple and reliable conflict
procedure for testing antianxiety agents. Psychopharmacologia 21: 1-7

W ahlestedt, C., Yanaihara, N. and Hâkanson, R. (1986) Evidence for different
pre- and post-junctional receptors for neuropeptide Y and related
peptides. Regul. Pept. 13: 307-318

W ahlestedt, C., Edvinsson, L., Ekblad, E. and Hâkanson, R. (1987a) Effects of

214

N europeptide Y at sympathetic neuroeffector junctions : existence of Y^and Y2 receptors, in Neuronal messengers in vascular function (Nobin,
A., Owman, C. and Ameklo-Nobin, B., eds), pp.231-241. Amsterdam:
Elsevier.

W ahlestedt, C., Skagerberg, G., Ekman, R., Heilig, M., Sundler, F. and
Hâkanson, R. (1987b) Neuropeptide Y (NPY) in the area of the
hypothalamic

paraventricular

nucleus

activates

the

pituitary-

adrenocortical axis in the rat. Brain Res. 417: 33-38

W ahlestedt, C., Blendy, J.A., Kellar, K.J., Heilig, M., Widerlov, E. and Ekman,
R. (1990a) Electroconvulsive shocks increase the concentration of
neocortical

and

hippocam pal

n e u ro p ep tid e

Y

(NPY)-like

immunoreactivity in the rat. Brain Res. 507: 65-68

W ahlestedt, C., Grundem ar, L., Hâkanson, R., Heilig, M., Shen, G.H., et al
(1990b) N europeptide Y receptor subtypes, Yj and Y2. Ann. NY Acad.
Sci. 611: 7-26

W ahlestedt, C., Regunathan, S. and Reis, D, (1992) Identification of cultured
cells selectively

expressing Y^-, Y2-, or Y^-type receptors

for

neuropeptide Y / peptide YY. Life Sci. 50: 7-12

W ahlestedt, C., Pich, E.M., Koob, F., Yee, F. and Heilig, M. (1993) M odulation

215

of

anxiety

and

neuropeptide

Y-Yj

receptors

by

antisense

oligodeoxynucleotides. Science 259: 528-531

W ahlestedt, C. and Reis, D J. (1993) N europeptide Y-related peptides and their
receptors - are the receptors potential therapeutic drug targets? Annu.
Rev. Pharmacol. Toxicol. 32: 309-52

Walker, M.W. and Miller, R.J. (1988) ^^^I-Neuropeptide Y and ^^^I-Peptide YY
bind to m ultiple receptor sites in rat brain. Mol. Pharmacol. 34: 779-792

W iderlov, E., Gottfries, C.G., Lindstrom, L. and Ekman, R. (1988a) Brain and
CSF neuropeptide alterations in schizophrenia. Neurochem. Int.
13(suppl. 1): 66

W iderlov, E., Lindstrom, L.H., W ahlestedt, C. and Ekman, R. (1988b)
N europeptide Y and peptide YY as possible cerebrospinal m arkers for
major depression and schizophrenia respectively. J. Psychiatr. Res. 22:
69-79

Wiley, J.W., Gross, R.A., Lu, Y. and MacDonald, R.L. (1990) N europeptide Y
reduces calcium current and inhibits acetylcholine release in nodose
neurones via a pertussis toxin-sensitive mechanism. J. Neurophysiol. 63:
1499-1507

216

Willoughby, J.O., and Blessing, W.W. (1987) N europeptide Y injected into the
supra-optic

nucleus

causes

secretion

unanesthetized rat. Neurosci. Letts. 75:17-22

217

of

vasopressin

in

the

