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ABSTRACT

Repeated injection of arginine vasopressin (AVP) into a lateral cerebral
ventricle or into the ventral septal area (VSA) of the rat brgin causes a sensitization
process, whereby the first administration of AVP increases the motor responses
of the animal to subsequent AVP treatment. The objective of this thesis was to
investigate putative mechanism(s) underlying this sensitization process.
Behavioural data showed that AVP sensitization is dependent on the dose, and on
the interval of time between AVP expoéures. Radioligand binding studies
demonstrated the presence of AVP receptors in the VSA with properties
resembling those of the V, receptor for AVP. In AVP sensitized animals, while VSA
AVP receptor density and affinity were not altered, post-receptor response (AVP-
stimulated phosphoinositide hydrolysis) was enhanced.

These studies were contrasted with a model in which AVP is chronically
absent. In animals depleted of septal AVP by long-term castration, AVP-induced
motor disturbances, septal AVP receptor affinity and density, and AVP-stimulated
phosphoinositide hydrolysis, were not altered when compared with sham operated
animals. These results suggest that the loss of the AVP content of the VSA does
not result in a compensatory supersensitivity to AVP.

The recent observation that the central oxytocin (OT) receptor has high
affinity for both OT and AVP raised the possibility that this "OT-AVP" receptor may
be involved in AVP sensitization. The present studies, however, suggest that while

pre-exposure of the rat brain to either AVP or OT induces the sensitization



process, AVP sensitization appears to be mediated via the V1 AVP receptor
whereas OT sensitization appears to be mediated via the ‘bT-AVP receptor. The
ability of OT to modulate the responsiveness of the rat brain to subsequent AVP
injection suggests a role for this peptide in central AVP actions.

The possibility that other physiological actions of AVP could be sensitized
was also investigated. Endogenous or exogenously applied AVP within the VSA
has been shown to play a role in fever suppression. ;The data presented here
showed that pre-exposure of the rat brain to OT sensitizes the rat brain to the
antipyretic action of subsequent AVP exposure. Furthermore, fever, which is known
to evoke central AVP and OT release within the VSA, can mimic the effect of
centrally administered OT or AVP in sensitizing the rat brain to the motor
disturbances induced by exogenously administered AVP. These data indicate that
AVP may play a role in the genesis of febrile- convulsion.

In conclusion, these data document the presénce of a V,-like vasopressin
receptor in the VSA of the rat brain. The data indicate that the termporal
characteristics of repeated agonist exposure can affect the responses to the
agonist. The results also indicate that receptor binding, while critical to hormone
action, is not the sole factor for determining responsiveness; rather postreceptor

mechanism(s) appear most important in determining AVP responsiveness.
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I INTRODUCTION

A. Overview

In recent years, it has become apparent that the acute effects of
" neurotransmitters or hormones may differ considerably from their chronic
influences. In particular, following chronic exposure, the phenomena of tolerance,
addiction, withdrawal and sensitization have been observed. Because the vast
majority of neurotransmitters and hormones elicit their actions via an interaction
with specific cell surface receptors, it has been suggested that these phenomena
may result, at least in part, from changes in the éfﬁnity, number or responsiveness
of these receptors (for review, see Creese and Sibley, 1980; Klein et al.1989;
Wonnacott, 1990). |

Recéntly, direct investigation of receptors, using radioligand binding
techniques, has confirmed that the majority of receptor systems possess the
flexibility of up or down "regulation” depending on stimulus characteristics. For
example, exposure to agonist, or conditions that increase the concentration of the
natural ligand, typically result in a desensitizgtion and or downregulation of the
target receptor system (for reviews, sée Catt et al. 1979; Creese and Sibley, 1980;
Sibley and Lefkowitz, 1985; Klein et al.1989). Conversely, chronic exposure to
antagonist, or conditions thaf decrease the concentration of the natural ligand,
have been reported to result in a sensitization and/or upregulation of the target
receptor system (Creese and Sibley, 1980; Zukin and Tempel, 1986). Agonist-

induced desensitization, downregulation and tolerance phenomena or conversely
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antagonist-induced sensitization and upregulation phenomena have been
postulated to represent mechanisms for the maintenance of homeostatic regulation

of receptor function in response to varying levels of physiological activity in vivo

(Raff, 1976; Creese and Sibley, 1980; Mahan, 1987; Klein et al.1989).
Paradoxically, however, several reports have described enhanced response
to the repeated administration of agonists (Post, 1980; Post and Weiss, 1989;
Robinson and Becker, 1986; Kita and Nakashima, 1989; Wonnacott, 1990 for
reviews). Agonist-induced sensitization or upregulation phenomena have been
associated with a special kind of plésticity for positive reinforcement mechanisms
and streglgthening of synapses with use (Klein et al.1989). Frorﬁ these
observations, it appears, therefore, that an agonist may have the "choice" to
activate mechanisms involved in desensitization and downregulation or
sensitization and upregulation in a given system in part depending on stimulus
characteristics.
| Elucidation of the putative mechanisms underlying agonist-induced
sensitization, involving the neurohypophysial peptide .argin.ine vasopressin‘ (AVP),
is the main subject of this thesis. Because receptors are at a pivotal point of signal
transduction, the focus of our analysis will mainly be on possible alteration in
receptor function that may underlie AVP sensitization. Althougﬁ it is important to
realize that changes in physiological responsivéness to agonist exposure may
result from processes either proximal or distal to the receptor, such issues will not

be dealt with in detail.
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In this manuscript, desensitization and tolerance, regardless of the
mechanisms, will refer to the process whereby exposure to a ligand resuilts in
decrease in responses, while the phenomenon of receptor "downregulation" will
refer to the specific loss of cell surface receptors. Conversely, sensitization,
regardless of the mechanisms, will refer to the process whereby exposure to a
ligand results in an increase in responses, while the phenomena of receptor

‘upregulation” will refer to the specific increased number of cell surface receptors.

B. Agonist-induced sensitization
1. General background

AVP is not the only ligand that has been observed to evoke a sensitization
phenomenon in response to repeated exposure. In fact, the phenomenon of
agonist-induced sensitization was first observed in the late 1960s in experiments
in which repeated amphetamine (a drug that cause endogenous catecholamine
release and blocks its reuptake) treatments wére given (EIIinwopd, 1967;
Ellinwood, 1968; 1971; Ellinwood et al.1973). In parti;:ular, it was observed that
while repeated administration of amphetamine induced the expected development
of tolerance to the autonomic effects of amphetamine, including those on body
temperature, blood pressure, heart rate and respiration (Costa and Garattini, 1970;
Kosman and Unna, 1968 for reviews), many behaviours including stereotypy (e.g.
Klawans et al.1975), rotational behaviour (Robinson, 1984), drinking behaviour
(Rowland et al. 1981), acoustic startle behaviour (Kokkinidis, 1984), and intracranial

self-stimulation (Predy and Kokkindis, 1984) were shown to be enhanced. This
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agonist-induced enhancement of behaviour, over and above that produced by a
single injection, became referred to as agonist-induced "behavioural sensitization".

Many studies have since been conducted on the phenomenon of agonist-
induced sensitization and it has been observed with several additional agonists,
including opiates (Broekkamp et al.1979; Joyce and Iversen, 1979; Kalivas et
al.1983; Kalivas, 1985; Kalivas et al.1985; Kalivas and Duffy, 1987; Vezina et 7
al.1987), nicotine (Kita and Nakashima, 1989; Wonnacott, 1990 for reviews),
gamma amino butyric acid (GABA) receptor invérse agonists (Hirano et al.1989),
and luteinizing hormone-releasing hormone (LH-RH) (Aiyer et al.1974; Fink et
al.1976; Curtis et al.1985).

Reviewing these studies, several authors have concluded that some general
principles of agonist-induced sensitization may ex'ist. In general, it was observed
that while chronic, continuous stimuiation of receptors by agonist is often
associated with the development of desensitization, downregulation or tolerance
phenomena, chronic intermittent stimulation with the same agonist, under some
circumstances, is associated with sensitization or upfegulation phenomena (Post,
1980; Post and Weiss, 1989; Robinson and Becker, 1986; Jenner and Marsden,
1987; Mattingly et aI.198k8; Di Paolo et al.1989). It was also observed that qnly a
single injection of agonist can be sufficient to enhance the effect of subsequent
agonist injection given weeks later (e.g. Magos, 1969). It was therefore concluded
that intermittent versus continuous exposure to agonist was of primary importance

for agonist-induced sensitization.
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It was further observed that frequent treatments with high dose of agonist
may preferentially evoke tolerance, whereas treatments with low dose of agonist
may preferentially evoke sensitization (Post, 1980, 1981; Antelman and Chiodo,
"1981). Thus, it was also concluded that the dose of agonist used may, in some
case, be an additional key element in agonist-induced sensitization.

C. Agonist-induced sensitization and receptor regulation

1. General background

The idea that agonists may regulate their actions via alteration in receptors
came from the observations that agonists had been shown to regulate the
coricentration and/or properties of their own receptors. The finding that hormones
and neurotransmitter ligands could alter the number of their cell surface receptors
was first described when some hormones such as insulin (de Meyts et al., 1973;
Kahn et al.1973), growth hormone (Leshiak et al.1977) and thyrotropin-releasing
hormone (TRH) (Hinkle and Tashjian, 1975) or neurotransmitters such as a-
adrenergic agonists (Mukherjee et al.1975) were observed to bind to their
membrane receptors and induce the loss of their own surface receptor (for a
review, see Raff, 1976). It thus ,becahe apparent that receptors are at a pivotal
point for regulating cellular responses to agonist exposure. |

As will be reviewed next, agonist-induced sensitization has been associated

with a variety of receptor regulatory phenomena.



2. Agonist sensitization and receptor upregulation

In the simplest model proposed, agonist-induced sensitization has been
shown to be related to post-synaptic receptor upregulation and/or superéensitivfty.
A ﬁumber of experiments have shown that chronic noradrenergic agonist
treatments induce an increase in adrenergic receptors. For éxample, (Banerjee et
al.1979) found that chronic amphetamine treatment (which acts as an indirect
agonist by increasing the synaptic levels of catecholamine including
norepinephrine) led to an 80% increase in 3H-dihy‘/droalprenolol (a B-adrenergic
antagonist) binding. Because chronic treatment with amphetamine and cocaine
(see above) causes sensitization to stereotyped behaviour and locomotor activity,
and because norepinephrine is involved in the control of locomotor activity, it has
been suggested that B-adrenergic receptor upregulation may be related to these
alterations in behaviour (Bailey and Jackson, i978; Segal et al.1980).

Similarly, a number of experiments have shown that chronic dopamine
agonist treatments (Martres et al.1977; Schwartz et al.1978) or amphetamine
(Borison et al.1979; Klawans et al.1979; Robgrtson, 1983) indﬁce an increase in
central dopamine receptors. Because dopamine agonist or amphetamine treatment
has also been shown to induce behavioural sensitization, dopamine receptor
upregulation and/or supersensitivity has been suégested to be related to receptor
upregulation (Creese and Sibley, 1980; Robinson and Becker, 1986 for reviews).
These conclusions, however, are controversiai because other studies on dopamine

receptor binding do not support the postsynaptic dopamine receptor
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supersensitivity hypothesis in dopamine sensitized rats (Robinson and Becker,
1986).

Here again, there appear to be a number of factors that must be taken into
cohsideration when investigating a receptor hypothesis to explain behavioural
phenomena including the injection paradigm, the receptor subtype, and the region
of fhe brain investigated. For example, when elevated brain concentrations of
dopamine agonists or amphetamine are maintained for a few days (either by the
continuéus administration or by frequent repeated high dose injections), a decline
in the number of central dopamine receptors‘ has been observed (Mishra et
al.1978; é:ostall and Naylor, 1979; Howlett and Nahorski, 1979; Muller and
Seeman, 1979; Ellison and Eison, 1983). Under these conditions, it has been
proposed that it is more likely that tolerance will develop and less likely that
sensitization will occur (Scatton and Worms, 1978; Schwartz et al.1978; Post,
1980). The direction of the regulation (sensitization versus tolerance and
upregulation versus downregulation), therefore, may depend upon the magnitude,
duration and frequency of agonist treatment.

Studies with other agonists such as nicotine, have provided similar resulits -
in that following chronic nicotine exposure, an increase in receptor numbers
(Marks et al.1985; Schwartz and Kellar, 1985; Marks and Collins, 1985; Lapchak
et aI.1989; Nordberg et al.1989; Wonnacott, 1990) and an increase in behavioural
responses (Ksir et al.19§7; Clarke et a|.1988)' has been reported. These studies,

however, reveal that the increase in nicotinic receptor is sometimes correlated with
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the development of tolerance phenomenon (Marks et al. 1985). In summary, there
is some evidence to suggest that agonist-induced sensitization may in some, but
not all, cases be related to the recepto:r ubregulation phenomenon.
3. Agonist sensitization and receptor downreqgulation

Paradoxically, however, there are several studies indicating that agonist-
induced receptor downregulation may be related to the behavioural sensitization
phenomenon. For example, the effects of dopaminergic agonist exposure on
dopamine receptor regulation has been shown to be even more complex due to
the fact that both pre-synaptic (also called autoreceptor) and post-synaptic
receptors have been identified (Roth, 1979). Dopamine autoreceptors have been .
associated with negative feedback regulatory mechanisms and it has been
suggested that, in some instances, the effect of agonist administration is to
desensitize and/or downregulate presynaptic dopamine autoreceptors (Beaudry '
et al.1977; Matres et al.1977; Muller and Seeman, 1979; Antelman and Chiodo,
1981). In keeping with this idea, several studies have shown thét chronic
dopaminergic agonist treatment, while causing behavioural sensitization, results in
a decreased number of central do;;arhine binding sites (Howlett and Nahorski,
1979; Mishra et al.1978;1Muller and Seeman, 1979). Thus, in principle, if the
receptor is pre-synaptic in nature, and mediates a negative feedback loop
regulatory function, then agonist-induced sénsitization is expected to be correlated

with receptor downregulation.
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Similarly, behavioural sensitization has also been correlated with receptor
downregulation when the receptor is inhibitory in nature. The central inhibitory
neurotransmitter gamma amino butyric acid receptor (GABA receptor) is inhibitory,
and it has been suggested that removal of such an inhibitory component, by GABA
receptor downregulation, is correlated with _the enhanced seizure activity of
repeated GABA inverse agonist administration. For example, repeated
administration of a GABA inversé-agonist results in a downregulation of the GABA
receptor (Corda et al.1987; Hirano et al.1989) while producfng sensitization to its
effects in that seizure develops (Little et al.1986; Loscher and Stephens, 1988;
Corda et al.1988).

Thus, these results also points to the possibility that behavioural
sensitization may be a phenomenon associated with receptor downregulation
(and/or desensitization) if the receptor mediates inhibitory activity.

4. Agonist sensitization and gost-recepfor alteration

A variety of events following the occupancy of receptor by agonists have
been suggested to take part in the regulation of receptor %unction (for reviews, see
Raff, 1976; Catt et al.1979; Hosey et al.1990; Nathanson, 1989; Klein et al.1989;
Hollenberg, 1990; Lewis et al.1990; Spiegel, 1990; Leidenheimer, 1991). Another
possibility, therefore, is that agonist-induced sensitization is not correlated with
alteration of the receptor per se; it may, however, be correlated with alteration of
post-receptor intracellutar mechanisms. For example, the increased responsiveness

to repeated LH-RH exposure has been shown to be correlated with an increase
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in protein systhesis (Curtis et al.1985; Mobbs et al.1989; Mobbs et al.19903,

1990b) but not with an alteration of LH-RH receptor number or affinity (Mitchell et
al.1988). Thus, in some cases, alteration in receptor responsiveness may be
revealed by analyzing the activation of second messenger systems but not be
detected by ligand binding studies.

Finally, it is also possible tha’g altelled behavioural responsiveness to
repeated agonist exposure may result from processes distal to the receptor,
| requiring intact circuits for the completé expression of the response. For exarﬁple,
it has been suggestéd that scsme of the motor stimulating effects of opiates are
due to opiate-dopamine interactions. In support of this, Kalivas (1985) has shown
that daily injections of enkephalins into the ventral tegmental area (dopamine
containing cells projecting to the nucleus accumbens) of rats, while producing no
change in opioid recebtors in the ventral tegmental area, produces enhanced
dopamine turnover in the nucleus accumbens in response to a subsequent similar
challenge of enkephalin when compared to non-sensitized animals. Repeated
agonist administration, therefore, may produce some of its effects on behaviour by
altering distant receptor systems.

It is conclﬁded, therefore, that agonist-induced sensitization may be
correlated with several éspects of receptor regulation; upregulation,
downregulation, regulation of post-receptor mechaniéms as well as regulation’ of

distant receptor systems.
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Because knowledge of the mechaniéms involved in receptor regulation may
help us to understand the phenomenon of agonist-induced sensitization, the next
section will briefly review some of the best known mechanisms of agonist-induced
receptor regulation which potentially could be involved in the agonist-induced
sensitization phenomenon. Because the field of receptor regulation is very
complex, and a large number of agonist-induced receptor regulatory processes
have been described (see Creese and Sibley, 1980; Bouvier et al.1989; Chuang,
1989a, 1989b; Klein et al.1989; Nathanson, 1989; Hausdorff et al. 1990; Hollenberg,
1990; Hosey et al.1990; Lefkowitz et al.1990; Homey et al.1991 for reviews), only
one example of a mechanism that best represents each of the agonist-induced
receptor regulatory phenomena (upregulation, downregulation, and regulation of
* post-receptor méchanisms) that may underlie the sensitization phenomenon will
be presented.

D. Adqonist-induced sensitization and receptor requlation mechanisms.

1. General background

With increased understanding of signal transduction mechanismé, it has now
become clear that the amplification reactions triggerea by agonists can lead to
cellular responses as well as to feedback control of the receptor function.
Molecular analysis of several receptor molecules has revealed that, no matter
which of the superfamilies a receptor molecule belongs to [e.g. ligand-gated ion
channel; ligand-regulated enzymes; transmembrane proteins which interact in a

ligand-regulated manner with other membrane-associated proteins such as the
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guanine nucleotide binding proteins (G proteins)], all receptor molecules studied
so far have been shown to contain similar "regulatory sites" in their amino acid
sequence upon which feedback regulators act (Hollenberg, 1990). Regulation of
a receptor molecule through activation of these sites, by feedback regulators, has
been shown to include the control of activity per receptor molecule
(desensitization/sensitization) and the control of the number of receptors per cell
(down-regulation/up-regulati_on) (for a review, see Klein et aI:1989). '

Despite considerable evidence that cellular response to external signals is
- modulated not merely by quantitative changes in the extracellular "first messenger”
ligands, bijt also by qualitative and quantitative changes at the level of the receptor
and the feedback regulators, the underlying mechanisms of receptor regulation
have only recently begun to be elucidated.
2. Agonist-induced receptor downregulation mechanism

There are many examples of agonist-induced receptor downregulation in the
literature (Chuang, 1989a; Hausdorff et al.1990; Lefkowitz et al. 18990; Spiegel, 1990
for reviews). Of particular interest, however, was the recent observation that one ‘
of the factors that may govern the interaction of receptor molecules with feedback
regulators, ligand concentration, appears to be similar to a factor that governs
agonist-induced sensitization. A particularly well studied example of differential
regulation of a receptdr regulation by ligand concentration is that of the B-
adrenergic receptor coupled to the adenylate c&clase system (Hausdorff et al. 1990;

Lefkowitz et al. 1990 for reviews).
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In this system, at least two major pathways of B-adrenergic receptor
regulation have been described. Firstly, agonist activation of the B-adrenergic
receptor has been shown to lead to the production of an intracellular messenger
(cyclic AMP) which activates, among others, an intracellular enzyme (kinase A).
" Kinase A then has been shown to phosphorylate membrane receptor proteins
including the B-adrenergic receptor itself. B-adrenergic receptor phosphorylation
by -kinase A has been shown to rgsult in the desensitization of the B-adrenergic
receptor; Because kinase A can be activated by a multitude of agonists that alsor
activate the production of CAMP, B-adrenergic receptor phosphorylation by kinase
A could account for some form of heterologous receptor desensitization
(heterologous receptor regulation is refered to if the presence of a given agonist
leads to altered response to multiple agonists tﬁat bind to distinct receptors)
(Hausdorff et al.1990; Lefkowitz et al.1990).

Secondly, recent evidence (O'Dowd et al.1989; Hausdorff et al.1990;
Lefkowitz et al.1990) indicates that when an agonist binds the B-adrenergic
receptor, it is phosphorylated by a sbecific enzyme (termed B-adrenergic receptor
kinase (BARK) (although it will modify many recep'-tor ty'pes) that specifically
phosphorylates the agonist-bound form of the B-adrenergic receptor. This accounts
for some forms of homologous receptor desensitization: (homologous receptor
regulation is referred toif a given agonist leads to altered response specific only

to the cell surface receptor being activated).
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The most interesting ‘ observation regarding this dual B-adrenergic
phosphorylation, however, is that the regulation of the B-adrenergic receptor
phosphorylation by protein kinase A preferentially occurs at "low" levels of agonist
exposure, and occurs in the absence of receptor downregulation, whereas B-
adreneréio receptor phosphorylation through BARK kinase is preferentially
activated by "higher" concentrations of agonist, and involves receptor sequestration
and, depending on the conditions, receptor downregulation (O'Dowd et al.1989;
Hausdorff et al. 1990; Lefkowitz et al.1990). These results represent an example of
how, under certain conditions, an agonist can activate different moledulér
mechanisms leading to differences in réceptor regulation. This is interesting
because it demonstrates some possibilities as to how changes in agonist exposure
can result in changes in the way the receptor responds to that agonist.

3. Agonist-induced receptor upregulation mechanism |

In the above example,ﬁ it was demonstrated that alteration in agonist
exposure can activate different pathways of receptor regulation, leading to
differenceé in the magnitude rof the desensitiz_ation and/or downregulation of that
receptor. It is interesting to note, here, that the magnitude of. receptor‘
desensitization has recently been proposed to be important in initiating receptbr
upregulatory mechanisms. The best studied example of this may be the
upregulation of the acetylcholine nicotinic receptor following repeated agonist

exposure.
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There is a growing body of evidence that chronic administration of nicotinic
agonists upregulates nicotinic receptors in the central nervous system, while
downregulating nicotinic receptors at the periphery (Wonnacott, 1990 for a review).
It has been suggested that the reason central nicotinic receptors are upregulated
after chronic agonist exposure while the peripheral ones are downregulated is a
function of the magnitude of the desensitization of the receptor. Because central
nicotinic receptors undergoe a profound desensitization after chronic agonist
exposure, this desensitization may actually result in “functional blockade" of the
receptor and therefore underlie the mechanism of agonist-induced nicotinic
receptor upregulation (Ashizawa et al. 1982; Robinson and McGee, 1985; Schwartz
and Kellar, 1985; Berg et al. 1989; Wonnacott, 1990). As suggested by Wonnécott
(1990), because it was observed that a single injection of nicotine is without effect
on receptor numbers whereas repeated daily injections induce measurable
upregulation of the receptor, under low drug concentrations (single injection)
resensitization must occur to provide additional activatable receptors, while under
high agonist concentrations (repeated injeqtions), desensitization may' persist
causing a "functional blockade" which results in receptor upregulation.

How exactly “"functional blockade" of receptors can initiate receptor
upregulation or sensitization is not known, but it may be similar to the mechanisms
involved in antagonist-induced receptor upregulation. In other systems, antagonist-
induced homologous receptor upregulation has been shown to be mediated by

increased transcription of gene(s) expression responsible for receptor production.
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An example of this is the regulation of dopamine D2 receptor levels after chronic
reserpine (a drug that depletes dopamine stores) treétment. Norman et al.(1987)
have shown that dopamine receptor upregulation in response to chronic reserpine
treatment is an active process dependent on an increase in receptor production ‘
rate rather than a decrease in the degradation rate. Similarly, because the half-
maximal increase in niéotinic receptor number occurs about three days after the
start of nicotine treatment, agonist-induced nicotinic receptor upregulation is
compatible with altered protein turnover which could result from increased receptor
synthesis or assembly (e.g. Marks et al.1985). Agonist initiation of processes that
regulate receptor number may be via control of receptor mRNA levels (Hadcock
and Malbon, 1988). How control of the receptor message is linked to receptor
activity is unknown. Transcriptional regulation plays an important role in specifying
the regional and cellular expression of receptors (Schofield et al.1990), but
although probes for neuronal receptor mRNA and specific antibodies to receptors
have become available, 'theré is little infor‘mation as yet regarding regulétion of
receptor gene expression in the brain. Depen_ding on the stimulus characteristics,
however, specific expression of a recéptor gene can theorétically be induced,

maintained or repressed.

4, Agonist-induced alteration inz receptor _affinity

Alteration of receptor affinity can also indicate altered "sensitization" states

of receptor (Bevan et al.1989; Oriowo et al.1989; Bevan and Shreeve, 1989). In
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fact it has been observed that the sensitivifcy of the biological response of a tissue
to an agonist may be related not only to the number of specific receptors involved
but also to the affinity of the receptor for the agonist. For example, Oriowo et
al.(1989) demonstrated that there is a linear relationship between the contractile
response to norepinephrine for vascular «-adrenergic receptors and
norepinephrine affinity. Therefore, in some cases, one can determine whether the
ability of the receptor to transduce intracellular signal has been altered in a
"pathophysiologic" state by quantitating the percentage of receptors in the high
and low affinity states. Alteration in receptor affinity in response to agonist has
been desc;ribed for other agonists (e.g. Changepx et al.1990).

5. Agonist-induced alteration in post-receptor mechanisms

In addition to regulatory mechanisms acting at the receptor itself, regulation
of receptor function has also been shown to depend on the presence of;
intracellular factors. The best example of an association of agonist-induced
sensitization and alteration of intracellular factors is probably that of LH-RH induced -
sensitization. '

In 1976, Pickering ahd Fink suggested that the priming effect of LH-RH (ther
capacity of this neuropeptide to increase pituitary responsiveness to itself upon
repeated exposure) may be dependent upon protein synthesis as tﬁe priming
effect of LH-RH could be blocked by administration of inhibitors of protein
synthesis (Pickering and Fink, 19786, 1979). In 1 985, Curtis et al. demonstrated that

the priming effect of LH-RH involves the synthesis of a new protein as well as post-
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translational changes (possibly phosphorylation). in two other proteins. |
Subsequently, (Mobbs et al. 1989, 1990a) reported the identity of the LH-RH
induced protein to be HIP-70, and recently, HIP-70 has been found to by identical
to an isoform of phosphoinositol-specific phospholipase C-« (PLC«) (Mobbs et
al.1990b). PLC- is one of a family of enzymes that generate the'phosphoinositide-
derived messenger molecules, including inositol phosphates (which mobilizes
intracellular calcium), and diacylglycerol (which activate protein kinase C) (for
reviews see, Berridge, 1987; Chuang, 1989a; Farago and Nishizuka, 1890). In
keeping with this, Mitchell et al.(1988) previously observed that although the
priming effect of LH-RH was hot correlated with changes in LH-RH receptbr
numbers or affinity, it involved enhanced LH-RH-induced production of the second
messenger inositol 1,4,5-trisphosphate and calcium mobilization. Taken together,
these results provides strong evidence for a functional relationship between LH-RH
hormonal induction of HIP-70 (PLC«) and LH-RH sensitization of gonadotropin
secretion following repeated exposure.

This work is of particular interest with respect to AVP-induced sensitization,
because there is evidence suggesting that the phosphoinositol pathway is activated
5y stimulation of V1 AVP receptors both at the periphery and centrally (for reviews,
" see Jard et al.1983a, 1983b, 1987).

The phosphoinositide cascade, which resuits in the generation of inositol
phosphates and diacylglycerol, has been shown to be triggered by activation of

phospholipase C-coupled receptors (Berridge, 1987; Chuang, 1989a for reviews).
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Therefore, as in the case of LH-RH induced sensitization, it is possible that AVP-
induced sensitization may also be mediated by the induction of an enzyme of the
family that generate the phosphoinositide-derived second messenger molecules.

Furthermore, if such mechanisms underlie AVP-induced sensitization, one
may predict that the sensitization phenomenon rhay be heterologous in nature
because several ligand receptors have been shown to be phospholipase C-
coupled receptors (Chuang, 1989a). In keeping with this, with respect to LH-RH
actions, it is interesting to note that the sensitizatlion of lordosis behaviour induced
by LH-RH infused intb midbrain central gray in female rats (Sakuma and Pfaff,
1979) has also been induced with the administration of phorbol esters (which
mimic the action of diacylglycerol in stimulating protein kinase C) in that same
brain region (Mobbs et al.1989). It would, therefore, be interesting to test whether
the sensitization of the rat brain to AVP-induced motor disturbances could be
achieved by agents such as phorbol esters.

In summary, in this section evidence was providéd to demonstrate tﬁat
 alteration in stimulus characteristics can Ieaql to alteration in receptorrregulatory
mechanisms. In particular, evidence was provided to support the hypothesis that
repeated agonist exposure may lead to alteration in receptor number, affinity or
alteration in post-receptor mechanisms. In some cases, evidence was also
provided to suggest that agonist-induced alteration in | receptor regulatory
mechanisms may underlie, at least in part, the phenomenon of agonist-induced

sensitization. Although many more possible mechanisms could underlie the
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phenomenon of agonist-induced sensitization, it is also possible that one of these
mechanism may be involved in AVP-induced sensitization.

Because this thesis is primarily concerned with the phenomenon of AVP
sensitizatioh, the following discussionlwill review the data presently available with
respect to AVP sensitization.

E. Central actions of vasopressin and receptor regulation
1. AVP as a neurotransmitter

The neurohypophyseal hormone arginine vasopressin meets most of the
criteria which are usually applied to be assigned a role as a neurotransmitter or a
neuromodulator (Buijs, 1983; Riphagen and Pittman, 1986 for reviews). Briefly,
AVP has been shown to be synthesized at multiple sites in the brain in neurons
that have widespread ex;trahypothalamic projections in the central nervous system
(Buijs et al.1983; De Vries and Buijs, 1983; Sofroniew, 1983). A calcium-dependent
release of AVP can be evoked by potassium or veratridine in various areas of the
rat brain (Buijs and Van Heerikhuize, f982). Central AVP release has also been
shown by push-pull perfusion in several brgin areas in response to electrical
stimulation (Pittman et al.1984; Naylor et al.1988; Neumann et al.1988; Landgraf
et al.1990), or in response to physiological stimuli such as fever (Landgraf et
al.1990), haemorrhége and hypertonic saline (Demotes Mainard et al.1986;
Landgraf et al.1988). Autoradiographic and radioligand binding studies have
demonstrated the presence of putative receptors for AVP in many areas of the

brain (for a reviéw, see Jard et al.1987). Both direct application of exogenously
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applied AVP and AVP endogenously released following afferent stimulation similarly -
affects the electrical activity of several neuronal groups in the brain (Dreifuss et
al.1982; Joéls and Urban, 1982; Lawrence and Pittman, 1985; Disturnal et al. 1987).
In addition, numerous reports have suggested the involvement of central AVP jn
processes such as memory consolidation (Koob et‘al.1985; van Wimersma
Greidanus et al.1986; Dantzer et al.1987; Le Moal et al.1987; Yehuda, 1987;
Dantzer et al. 1988 for reviews), tolerance (Hoffman and Tabakoff, 1984, Ritzmann
et. al.1985; Mannix et al.1986; Speisky and Kalant, 1986; Szabo et al.1988),
temperature (Kovacs and De Wied, 1983; Ruwe et al.1983; Cooper et al.1987,;
Naylor et al.1987; Pittman et al.1988; Kasting, 1989) and blood pressure (Martin
et al. 1985; Pittman and Franklin, 1985; Brooks, 1989; Laycock and Lightman, 1988;
Perez et al.1989; Riphagen and Pittman, 1989; Ryan et al.1989) regulation, and
several behaviours including flank marking behaviour (Ferris et al. 1988, 1990}, and
motor behaviour (Kruse et al.1977; Kasting et él.1980; Burnard et al.1983, 1985,
1986, 1987; Boakes et al.1985; Naylor et al.1985a; Wurpel et al.1986a, 1986b,
1988; Balaban et al. 1988).

This latter effect of AVP is of particular interest because it involves a
"sensitization" process (see below). This thesis is ﬁrimarily concerned with the
phenomenon of AVP sensitization, thus the following section will review the data

presently available with respect to AVP sensitization.
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2. AVP-induced motor disturbances and sensitization

a. General background. Studies of the motor.effects of AVP (Kruse et al.1977;
Kasting et al.1980; Burnard et al. 1983, 1985, 1986, 1987; Yamada and Furukawa,
1984; Boakes et al.1985; Naylor et al.1985_a; Wurpel et al. 1985, 1986a, 1986b,
1988; Balaban et al.1988; Thurston et al.1988), and lysine-vasopressin (Kruse et
al.1977; Abood et al.1980) given into either the cerebral ventricles or central
neqronal striuctures have reported acute transient disequilibrium and convulsive like
activity and long-term changes in the central nervous system function. The acute
specific moto} dysfunction after a central AVP administration in rats includes
transient t;outs of head and body sway, ataxia, nystagmus, and listing of the body
in the direction of the head sway. This progresses in many animals to a
~ characteristic behaviour termed barrel rotation (Cohn and Cohn, 1975), where the
animal repeatedly rolls about its longitudinal axis. Repetitive bouts of barrel rotation
may appear intermittently for a period ranging from less than‘ 5 min to 30 min. After
bouts of symptoms of disequilibrium, some animals display symptdms of dyspnea,
apnea and clonic and/or tonic convulsivg—like behaviour. These convulsive
syndromes can lead to significant mortality, which is frequently associated with
pulmonary edema. Barrel rotation, ataxia, nystagmus and tonic/clonic convulsive-
like behaviour, in quadruped mammals, havé been reported to be similar to head
torsion, spontaneous nystagmus and loss of balance in bipeds (primates and

humans) (for a review, see Balaban et aI.1989).
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In addition to acute disequilibrium symptoms, central administration of AVP
has been shown to have long-term effects, in that a pre-exposure to the peptide
enhances (sensitizes) the likelihood of more severe motor disturbances foliowing
subsequent injections of AVP.

AVP-induced sensitization was first descriEed by Kasting et al. (1980) when
the authors observed thét an initial intracerebroventricular injection of AVP into
conscious rats evoked minor motor disturbances including pauses and prostration,
whereas a similar AVP injection repeated two days later caused enhanced motor
disturbances including swaying movements of the head and ataxia, barrel rotation,
clonic and tonic movements of the limbs and sometimes death associated with
lung edema. Sensitization to the effects of i.c.v. AVP has been observed
reproducibly by many investigators (Burnard et al. 1983, 1986, 1987, 1985; Boakes
et al.1985; Naylor et al.1985a; Wurpel et al.1986a, 1986b, 1988; Balaban et
al.1988).

b. Dose response of AVP-induced motor disturbances and sensitization. A
review of the literature shows that on a first exposure to AVP, the severe motor
disturbances {mainly barrel rotation) induced by i.c.v. AVP have been describ:ed
as an all-or-none response with a relatively flat dose-response function (Wurpel et
al.1986a). Iﬁ_ fact there are no reports of a dose of AVP that produces barrel
rotation in 100% of naive rats tested. For example, Kruse et al.(1977) reported
barrel rotation in 4 of 12 rats at an 8ng bolus dose, 4 of 12 rats at a 40ng dose,

- 6 of 12 rats at a 200ng dose, 5 of 10 ratsata 1 ug dose, and S of 10 rats at a 5
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rg dose. This indicates a faifly flat relationship over a wide dose range, since the
proportion of responsive rats did not differ significantly for doses between 8ng and
1rg.

The minimum dose of i.c.v. AVP that reportedly elicits barrel rotation ranges
from 8 to 250ng in studies employing bolus injection protocols (Kruse et al.1977;
Abood et al.1980; Boakes et al.1985; Wurpel et al.1986a); a minimum dose of
3.5ng was reported in continuous infusion experiments (Wurpel et al.1986a). A
dose of 1ng in the fourth ventricle was reported .to produce barrel rotation in one
study (Boakes et él.1985). These doses were lower that the 100 pmol ¢ 100 ng)
dose reported to produce barrel rotation after bilateral infusion into either ventral
septal area or anterior hypothalamic area in either naive or sensitized rats (Naylor
et al.1985), but were in the same rangé as the doses that produéed barrel rotation
after intracerebellar injection (Maiti et al.1986). Whatever the threshold in naive
animals,‘ it a'ppears that sensitization not only enhances the incidence of severe
motor behaviour but also decreases the threshold dose required (Kasting et
al.1980; Wurpel et al.1986a). In sensitized animals however, no dose response
relationship has been establishea.

Lysine vasopressin, oxytocin,‘ vasotocin, and oxypressin are four peptides
related to AVP that have also been reported to produce barrel rotation when
administered i.c.v. to rats (Kruse et aI.197:7; Abood et al.1980; Kordower and
Bodnar, 1984). The doses, however, are much higher that those reported for AVP.

Severe motor disturbances such as barrel rotation have been reported for Iysiné
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vasopressin over an i.c.v. dose range of 1.5 to 200 ng (Kruse et al.1977; Abood
et al.1980), for vasotocin over a 200ng to 5 pg dose (Kruse et al.1977), for
oxytocin over a 500ng to 5 pg dose range (Kruse et al. 1977; Kordower et al. 1984),
and for oxypressin at a 5 ug dose (Kruse et al.1977). Thus oxypressin and
oxytocin seemed to be the least potent, and neither ring nor tail fragments of AVP
were effective in eliciting barrel rdtation (Kruse et al.1977). The effect of these
compounds o‘n the sensitization process has not yet been tested.

C. Interactions with other transmitter systems.

Changes in physiological responsiveness to agonist exposure may result
from processes distal to the receptor. For example, there exist some anatomical
(Freund-Mercier et al.1988) and biochemical (Yamada and Furukawa, 1984)
evidence to indicate that the motor response resulting from administration of AVP
may involve dopaminergic, GABAergic or cholinergic pathways. Furthermore, there
is evidence of effects of systemic drugs on AVP-induced motor disturbances and
sensitization.

i Cholinergic agents. Atropine produced only a 50% depression in the
incidence of AVP-induced barrel rotation in naive rats (Wurpel et al.1986b), and did
not affect Iysine-vasopresgin induced barrel rotation (Kruse et al.1977). Although
a dose response relationship was not determined, a cholinergic contributi’on does
not appear to be necessary for AVP motor disturbances.

. Catecholaminergic agents. The evidence regarding catecholaminergic

involvement in AVP-induced barrel rotation is suggestive but not conclusive. Kruse
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et al.(1977) reported that pr-etreatment with haloperidol, propranolol, phentolamine
or methysergide did not affect barrel rotation incidence in response to lysine
vasopressin, but that the incidence was depressed by chlorpromazine. By contrast,
Yamada and Furukawa (1984) reported enhanced barrel rotation responses to a
subthreshold dose of a vasopressin analog (10 pg of i.c.v. aminosuberyl' ,6-
arginine’-vasopressin) after either systemic pretreatment with haloperidol,
fluphenazine, a-methyl-p-tyrosine or i.c.v. pretreatment with 6-hydroxydopamine,
suggesting that dopaminergic mechanisms inhibit the generation of barrel rotation
by this analog. Paradoxically, the incidence of AVP barrel rotation is attenuated by
bilateral destruction of substantia nigra with the neurotoxin 6-hydroxydopamine
(Wurpel et al.1985). A similar depression in incidence was obtained after bilateral
kainic acid lesions of the basal ganglia, and neither nigral nor caudate-putamen
lesions were found to affect sensitization to a subsequent dose of AVP (Wurpel et
al.1985). Given the lack of charaéterization of the properties of aminosuberyi' ,6-
arginine®-vasopressin at AVP receptors, and its low potency for eliciting barrel
rotation (30 1 g threshold), it is not possible to reconcile the discrepancy in effects.
Although these data suggest the possibility of a nigrostriatal dopaminergic
components for the trigger for AVP barrel rotaﬁon, more rigorous and complete
experimental investigations are required to characterize the role of dopaminergic
méchanisms in AVP barrel rotation and sensitization.

. GABAergic agents. Diazepam has been reported to inhibit significantly the

incidence of AVP barrel rotation (Wurpel et al.1986b). The decreased incidence in
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sensitized rats was accompanied by a significantly longer latency for barrel rotation
onset (Wurpel et al.1986b). A potential role of GABAergic circuits is consistent with
reports that barrel rotation appears after i.c.v. picrotoxin (Zainos et al.1984; Wurpel,
1986), or after multiple injections of bicuculline methiodide in substantia nigra (Kelly
et al.1977). Finally, an interaction between GABAergic and AVP mechanisms in
sensitization to AVP barrel rotation is indicated by the finding ;chat prior exposure
to i.c.v. picrotoxin (Wurpel, 1986) sensitized rats to effects of a subsequent dose
of AVP (Wurpel, 1986). Thus picrotoxin pretreatment mimicked the effects of prior
AVP exposure. These observations support the view that sensitization may be
activated By many mechanisms.

iv. Antiseizure drugs. Reports of the efficacy of antiseizure medications in

preventing neuropeptide-induced barrel rotation are limited. Phenyfcoin (100-200
mg/kg i.p.) attenuated AVP barrel rotation in either naive or sen;itized rats (Abood
et al.1980; Wurpel et al.1986b). Phenobarbital (50 mg/kg dose) reduced the
incidence of AVP barrel rotation (Wurpel et al.1986b). Valproiq acid (125 or 250
mg/kg i.p.) also reduced the incidence of AyP barrel rotation in sensitized rats
(Wurpel et al.1 é86b). Unfortunately, it is difficult to infer mechanisms or sites of
actions from these studies.

3, Locus of AVP-induced motor disturbances and sensitization.

Several distinct sites have been identified for AVP-induced motor

disturbances and sensitization.
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a. Substantia nigra and basal ganglia. Examination of the literature clearly

indicates that asymmetric pharmacological manipulations of substantia nigra can
result in horizontal circling that progresses to barrel rotation (Iwamoto and Way,
1977, Kelly ét al.1977). Injection of 100 pmol (=100 ng) AVP, however, failed to
produce motor disturbances in six rats tested (Naylor et al.1985a). This latter
finding suggests, then, that the AVP-like immunoreactive fiber plexus (Sofroniew,
1983), and AVP binding (Tribollet et al.1988b) in substantia nigra do not reflect a
primary site of action of AVP in triggering barrel rotation and/or sensitization. Other
lines of evidence, however, suggest a role of nigrostriatal circuits in generation of
the response to i.c.v. AVP. Chemical ablation of substantia nigra and the
neighbouring ventral tegméntal‘ area with 6-hydroxydopamine depressed the
incidence of barrel rotation in response to AVP, but sensitization to a second dose
of the peptide was unaffected (Wurpel et al.1985). These data indicate that an
intact nigrostriatal syétem and/or ventral tegmental area is not necessary for either
triggering AVP barrel rotation in naive animals or for the sensitization process. They
suggest, however, that these circuits are involved in complete expression of the
response.

b. Vestibular nuclear complex and cerebellar nucleus. Another possible site
for AVP-induced motor disturbances and/or sensitization appears located in the
vicinity of the medulla or cerebellum. Boakes et al.(1985) reported that the fourth
ventricle was a highly sensitive site for AVP-induced barrel rotation, eliciting a 50%

incidence after the injection of 1 ng dose. Of particular interest was the fact that
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several‘ lines of evidence implicate some nuclear groups adjacent to the fourth
ventricle, including the vestibular nuclear complex in barrel rotation (for review, see
Balaban et al.1989). Wurpel et al.(1986b) found that microinjection of AVP directly
into the' vestibular nuclear complex elicited barrel rotation.

Other nuclear groups adjacent to the fourth ventricle have been implicated
in AVP sensitization and barrel rotation. Maiti et al.(1986) presentea evidence that
AVP injection in the fourth ventricle, and 1 ul infusions of 20 to 200 pmol 20 to
200 ng) into the region of the cerebellar nodulus iﬁ rats induce barrel rotation. Prior
exposure to AVP at this site sensitized rats to subsequent application of the
peptide, and these effects were blocked by kainic acid lesions of the cerebellar site
(Maiti et al., 1986). In keeping with- this, Wurpel et al.(1986b) demonstrated that
perturbation of cerebellar afferents influences the incidence and sénsitization of rats
to AVP barrel rotation. These afferents arise in the inferior olive and after
destruction of the inferior olive by 3-acetylpyridine intoxication, the initial incidence
of barrel rotation was depressed when AVP was administered under normal
ambient illdmination (Wurpel et al.1986b). Wurpel et al.(1986b), however, observed
that a different response pattern was obtained whén 3-acetylpyridine-treated rats
were given AVP in darkness: the initial incidence of barrel rotation was identical to
control rats given the peptide in éither light or darkness and sensitization did not
oceur. Since the incidence of AVP barrel rotation is reduced and the sensitization
phenomenon abolished after chemical ablation of the inferior olive, Wurpel et

_ al.(19865) suggested that an extraolivary visual compensatory mechanism inhibits
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the incidence of barrel rotation and that both visual input via extraolivary'pathways
and intact climbing fibres projections to the cerebellum are necessary for
sensitization to AVP barrel rofation. Although, these data §uggest a role of the
cerebellum in the mediation of AVP barrel rotation, it is not the sole trigger site,
because cerebellectomy depressed but did not eliminate barrel rotation incidence

after i.c.v. AVP (Wood et al.1979).

C. Amygdaloid complex. A third site is found in the amygdaloid complex. Intra-
amygdaloid injection of 100 pmol (100 ng)/ 0.5 | AVP has recently been shown
to elicite a low incidence of motor disturbances after an initial exposure (Wilcox,
1991). Administration of the same dose after 1 day revealed a potent sensitization
to the effects of the peptide as severe motor disturbances were observed. These
AVP-induced motor disturbances and the sensitization process appear to be
mediated by the V1 AVP receptor because pre-infusion of the V1 antagonist
d(CH,); Tyr(Me)AVP) into the amygdaloid complex could block both of theser
events. Interestingly, however, the sensitization process appears more complex as
it could also be initiated'by the V2 receptor ggonist DDAVP (Wilcox, 1991). The
distribution of immunoreactive AVP like peptide in the amygdaloid complex (Urban
et al.1990) and high affinity binding sites (Dorsa et al.1984) are consistent with a
role in AVP-induced motor disturbances and sensitization.

d. Ventral septal area. A fourth site for AVP-induced motor disturbances and
sensitization is found in the basal forebrain or rostral hypothalamus. Direct

administration of 100 pmol (100 ng)/ 0.5 ul AVP into the ventral septal area (an
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area extending from the area of the diagonal bands of Broca to the anterior
hypothalamus; VSA) of the rat basal forebrain elicited a low incidence of barrel
rotation after én initial exposure (Naylor et al.1985a). Administration of the same
dose after 1 or 2 days revealed a potent sensitization to the effects of the peptide
as severe motor disturbances were observed. Inspection of their illustration
revealed that, in the rat basal forebrain, repeated administration of AVP outside the
VSA into the nucleus accumbens, the dorsal lateral septum, the dorsomedial
hypothalamus or the substantia nigra did not elicit barrel rotation..Therefore, the
VSA appears to be a.specific site for AVP barrel rotation and sensitization. The
distribution of endogenous AVP in the VSA is consistent with a role in barrel
rotation and sensitization. Immunocytochemical and transpoﬁ studies have
demonstrated that the VSA contéins fibores immunoreactive for AVP (De Vries and
Buijs, 1983). These fibres have their origins in the AVP cell bodies in the bed
nucleus of the stria terminalis (BST) (Buijs et al.1983; De Vries and Buijs, 1983;
Van Leeuwen et al.1985).

Although these results suggest that A\_/P-induced motor disturbances and
sensitization reflects specific actions of the peptides at muitiple sites, because the
action of AVP in the VSA has been best characterized, our particular interest has

focused on the VSA site.

4., AVP-induced motor disturbances and sensitization and the VSA
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- a. General background. Structure-activity studies with a variety of agonists

and antagonAists of the AVP molecule provide the best pharmacological evidence
indicating that AVP sensitization and motor disturbances in the VSA are mediated
via specific AVP receptors. AVP sensitization appears to be mediated by the V1
receptor because pretreatment with a V1 antagonist
[1-(B,B-Mercapto-B,B-cyclopentamethylenepropionic - acid),2-(O-methyl)tyrosine]AVP
[d(CH,); Tyr(Me)AVP], blocks AVP sensitization (Burnard et 51.1986). Similarly, use
of the same V1 AVP antagonist d(CH,); Tyr(Me)AVP, and the AVP antidiuretic V2
receptor agonist, 1-desamino-8-D-arginine vasopressin (DDAVP), strongly suggests
that the réceptors involved in AVP-induced motor disturbances also resemble the
V1 receptor (Burnard et al.1986). Thus, although these studiesr indicate that AVP
appears to act in the VSA on a receptor resembling the peripheral V1 receptor,
characterization of AVP receptors specificically in the VSA has not yet been done.
The next section, therefore, will describe the known characteristics of central AVP
receptor subtypes.

b. Central AVP-récegtor subtypes. Basec_j on differing ligand selectivities and
the effector mechanism involved, it has long been r'ecognized that, in the periphery,
at least two types of AVP receptors exist. One type is referred to as the V2
(antidiuretic) receptor and is coupled to cAMP dependent mechanisms, the other
type of peripheral AVP receptor is referred to as the Vi (pressor) receptor and is
coupled to phosphatidylinositol mechanism (for reviews see, Jard, 1983b, 1987;

Gubitz et al.1987).
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Direct evidence from autoradiographic and radioligand binding studies also
support the existence of vasopressin receptors in the brain. Recent
autoradiographic studies Have revealed AVP binding sites in many areas of the rat
brain (Baskin et al.1983; Dorsa et al.1983, 1984, 1988; Van Leeuwen and Wolters,
1983; Yamamura et al.1983; Biegon et al.1984; Brinton et al.1984; de Kloet et
al.1985; Junig et al. 1985; Brinton et al.1986; Kiraly et' al.1986; Petracca et al.1986;
Raggenbass et al.1987, 1989; Tribollet et al.1988b, 1990; Voorhuis et al.1988;
Dreifuss et al.1989; Fahrenholz and Gerstberger, 1989; Ko et al.1989; Snijdewint
et al.1989; Gerstberger and Fahrenholz, 1989).

In studies using membrane fractions derived from whole brain or from
anatomically defined areas, several subtypes of central *H-AVP binding sites have
been pharmacologically characterized as receptors. (1) A central AVP receptor
‘which resemble the antidiuretic V2 type present in the kidney, haé been found in
the supraoptic nucleus (Van Leeuwen, 1987) of the rat brain. (2) A central AVP
receptor which resemble in many respects the vascular V1 type present in blood
vessels and in the liver, has been found in numerous brain areas (e.g. Barberis,
1983; Dorsa et al.1984, 1988; Cornett and Dorsa, 1985; Shewey and Dorsa, 1986,
1988; Raggenbass et al.1987; Van Léeuwen et al.1987; Fahrenholz and
Gerstberger, 1989; Raggenbass et al.1989; Shewey et al. 1988). (3) A third type of
AVP receptor, that is neither V1 nor V2, has been characterized in the rat
adenohypophysis (e.g. Antoni, 1984; Antoni et al.i985; Baertschi and Friedli, 1985;

Jard et al.1986). Like the V1 receptor it is coupled to a C&" dependent,
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phosphatidylinositol mechanism but it possesses neither a vasopressor nor an
antidiuretic ligand selectivity. This receptor has been classifieéi as a V1b receptor
while the original V1 receptor is now often :referred to as Via or simply V1
receptor.” (4) A fourth putative subtype of central AVP receptor has been
uncovered in the presence of Nf*. This Nf*-dependent AVP binding site was
detectable in numerousﬁ brain areas (Pearlmutter et al.1983; Costantini and
Pearimutter, 1984). (5) A putative fifth subtype of central "AVP" receptor has
recently been described that binds both OT and AVP with high affinity in the limbic
system (Ferrier et al.1983) and in the hippocampus (Audigier and Barberis, 1985;
Elands et al. 1988a, 1988b) of the rat brain, which will be referred to as the OT-AVP
receptor. And finally, (6) there is the possibility that more subtypes of "AVP"
receptors exist in the brain since aminopeptidases located in several brain areas
have been shown to generate several biologically active fragments of AVP
(Burbach et al.1983; Burbach and Lebouille, 1983; De Wied et al.1984, 1987,
Kovacs et al.1986, 1989; Wang et al.1986). Receptors specific for these fragments
have been characterized in the rat brain and pased on their differential distribution
are apparently different from other central AVP receptors (de Kloet et al.1985;
Brinton et al.1986) .

Thus, because these studies present evidence of the possibility that the
involvement of various neurohypophyseal neuropeptide receptor types might be
more complex that originally suggested it is particularly important that the VSA AVP

receptor be characterized.
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c. Central AVP_receptors and second messengers. Another way to study

receptors is by investigating their second messenger coupled mechanisms.
Although the second messengers coupled to most of the central receptors have
not been investigated, by analogy with the data obtained on peripheral vasopressin
receptors, the possibility that central V2 receptor might be coupled to adenylate
cyclase and that central V1 receptor might be coupled to phospholipase C and
inositol phosphate hydrolysis has been investigated by several authors.

i. Adenylate cyclase. The many documented behavioural actions of

intracerebral DDAVP have provided indirect evidence for the presence of central
V2.like receptors (Beckwith et al.1984; Davis, 1984). All attempts, hdwever, to
demonstrate a vasopressin sensitive adenylate cyclase in membranes from the
nervous system were unsuccessful (Barberis, 1983; Courtney and Raskind, 1983;
Audigier and Barberis, 1985). Vasopressin, however, was found to alter dopamine
and norepinephrine -induced adenylate cyclase (Courtney and Raskind, 1983;
Hamburger Bar and Newman, 1985; Petit et al.1988; Brinton and McEwen, 1989).
As suggested by Brinton et al.(1989) the rep_orted modulation by vasopressin of
the effects of several agents active on cAMP production might reflect a
vasopressin-induced liberation of these agents. The modulation might also be
“analogous to the well documented potentiation by vasopressin of the CRF-induced
cAMP production by corticotropic cells from the adenohypophysis (Giguere and

Labrie, 1982). Together, these resuits suggest that central V2-like AVP receptors
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~ are not directly coupled to adenylate c&clase ina similaf fashion as peripheral V2
receptors. Therefore it is possible that other coupling mechanisms exist.

i Phosphoinesitide hydrolysis. Conversely, studies of phosphatidyl
inositol hydrolysis suggest that in many areas of the brain, the central V1 receptor
may be similar to peripheral V1 receptors. Vasopressin was shown to enhance the
metabolism of phosphatidyl inositol in the rat brain (Jolles et al.1979), and to
stimulate the accumulation of inositol phosphates in rat lateral septal slices
(Shewey and Dorsa, 1988; Shewey et al.1989; Lebrun et al.1990), hippocampal
slices (Stephens and Logan, 1986), in isolated rat cervical sympathetic ganglia
(Bone et al.1984; Horwitz et al.1986; Kiraly et al.1986; Horn and Lightman, 1988)
and in rat adenohypophysial Cells (Guilion et al.1987).

S;tudies on the lateral septal area indicate that the AVP effect on labelled
phosphate accumulation is mediated by AVP receptors analogous to the peripheral
V1 AVP receptdrs in that the éffect was blocked in the presence of the V1
antagoniét but not stimulated by OT or the V2 agonist (Shewey and Dorsa, 1988).
In addition, in synaptic plasma membrane frorr_l the hippocampus, AVP was shown
to alter protein F1 (also called B50) phosphorylation (Hinko et al. 1986; Hinko and
Pearlmutter, 1987). Because B50/F1 has been suggested to be a. substrate for
protein kinase C, it has been suggested that AVP may act by altering protein
kinase C activity (Hinko and Pearlmutter, 1987). Tﬁerefore, evidence indicates that
in many areas of the brain, the AVP receptor may resemble the peripheral V1

receptor.
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d. Central AVP receptor regulation

- . Brattleboro rat. As mentioned in the beginning, the absence or
presence of(a ligand at a receptor site provides a useful model to study receptor
regulation. The homozygous Brattleboro rat, which has a genetic deficit in the
ability to synthesize AVP (Sokol and Valtin, 1982), provides a useful model for the
study of receptor regulation. Membrane binding studies, conducted to examine the
effect of AVP deficiency on the pharmacological characteristics of the septal AVP
receptors, revealed an increased number of AVP receptors (Shewey and Dorsa,
1986), correlated with an increased AVP-induced stimulation of inositol phosphates
accumula.tion in septal slices (Shewey et al.1989) in homozygous Brattleboro rat.
In contrast, Burnard et al.(1985), found that the motor responses to a first injection
of AVP do not differ between the homozygous Brattleboro rats and their genetic
parént, the Long-Evans strain. Differences in sensitivity, however, were observed
after a second central AVP injection (Burnard et al.1885). The apparent need for
a priming dose of AVP in order to reveal increased sensitivity to AVP barrel rotatioh
is not presently understood (Burnard et al. 1985). Because Brattleboro rats have_
several endocrinological, morphological and metabolic abnormalities in addition to
their )\VP deficiency (Sokol and Valtin, 1982), interpretation of the increased
severity of motor disturbances to a second i.c.v. injection of AVP in these animals
as a consequence of septal AVP receptor upregulation may thus be too simple.

il Long-term castration. One of the most interesting features of the

BST-VSA AVP system is tHat the BST vasopressinergic projection to the VSA can
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be eliminated by long-term castration. Following long-term castration, both
immunoreactive AVP cell bodies in the BST, as well as immunoreactive AVP fibres
projecting to the septal area, were virtually eliminated (De Vries and Buijs, 1983;
De Vries et al.1983; De Vries et al.1984, 1986; Van Leeuwen et al.1985; De Vrjies
and al Shamma, 1990). In keeping with these findings, both immunoassayed AVP
content of the septal area (Pittman et al.1988), and perikaryal AVP mRNA content
iﬁ the BST (Miller et al.1989), were shown to be reduced in long-term castrated
rats. The reduction of the AVP content in the VSA appears to be functionally
significant in that, in the absence of AVP in the VSA, the typical antipyretic action
of endogenous AVP appears reduced in long-term castrated rats since they display
enhanced fever when challenged with a pyrogen (Pittman et al.1988). Thus, the
long-term castrated rats gives us a unique opportunity to study the effect of the
absence of AVP on the regulation of AVPrreceptor and the sensitization system.
e.  Vasopressin and endogenous antipyresis in the VSA. The VSA has an
additional interesting feature that makes it an ideal site ;to study, in that the VSA
also appears to be a major site at which AVP ig capable of causing antipyresis (for
review, see Pittman et al.1988). For example, it has been shown that perfusion of
AVP through the VSA suppresses the rise in core temperatgre evoked by
peripheral (Kastiﬁg et al. 1979; Naylor et al. 1985b), and central (Naylor et al.1985b;
Ruwe et al.1985) administration of a 'pyrogen.

Furthermore, evidence to support the hypothesis that AVP function within

the VSA as an antipyretic under physiological conditions has been obtained from

1
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release studies and from éxperiments in which the effects of endogenously
released AVP have been blocked either with the V1 AVP antagonist
[d‘(CHz)sTyr(Me)AVP‘] or specific AVP antibodies. Therefore, during fever, AVP has
been shown to be released centrally (Cooper et al.1979; Malkinson et al.1987;
Landgraf et al.1990) and injection of the AVP V1 antagonist (Cooper et al.1987),
or perfusion of specific AVP antisera (Malkinson et al.1987) within the VSA, was
. shown to enhance the febrile response to a pyrogen challenge. Similarly, injection
of the V1 antagonist prevented the antipyretic action of exogenously-administered
AVP (Kasting and Wilkinson, 1986; Naylor et al.1987), whereas a V2 agonigt did
not alter fever when injected into the braih (Naylor et al.1987). Furthermore,
recently, it has been shown that electrical stimulation of the BST suppresses fever
(Naylor et al.1988); this fever suppression appears to be brought about through
release of AVP into the VSA, because prior administration of a V1 antagonist into
the VSA will completely abolish the effects of the BST stimulation (Naylor et
al.1988).

The observations that exogenously adr'ninistered‘or endogenously released
AVP acts in the VSA to induce sensitization, motor disturbances and antipyresis,
raise the possibility that these phenomena may be related. Of particular interest is
the hypothesis, put forward by Kasting et al.(1980), that AVP may play a rolé in the
initiation or the development of febrile convulsions (Kasting et al..1980; for areview,
see Pittman et al.1988). This is a particularly interesting hypothesis because a

feature common to febrile convulsions [that an infant which has previously
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-convulised will be more.likely tc; convulse subsequently (Lennox-Buchthal, 1973)]
is similar to the feature seen in the sensitization paradigm (Kasting et al.1980).
These observations, therefore raise the possibility that AVP-induced antipyresis
“may also involve a sensitization process and that AVP released during fever may
alter subsequent AVP-induced motor. disturbances. Evidence for such a
phenomenon would provide a strong suggestion that endogenous release -of
central AVP may act as a "sensftizing stimulus" and therefore play a role in febrile
convulsions. Such "endog‘enous-sensitization" has been previously reported in that
poteht stimuli causing the release of central AVP, e.g. haemorrhage and hypertonic
saline (Demotes Mainard et al.1986; Landgraf et al.1988) have also been shown
to mimic the effect of a central injection of AVP in sensitizing the rat brain to the
motor action of centrally injected AVP (Burnard et al.1983).
In summary, evidence was provided to suggest that the VSA may contain

V1 AVP receptors which, upon activation, may" mediate sensitization, motor

disturbances and antipyresis.

F. Rationale for research

This research was undertaken in an attempt to understand the basic
mechanism(s) underlying the sensitization phenomenon evoked by. repeated
central administration of AVP. The rat was used as the experimental anirﬁal
because 1) this laboratory had previously demonstrated that rats respond to

repeated central AVP administration with severe motor disturbances involving a
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sensitization process, 2) the central vasopressinergic system of the rat is well
documented. |
To determine possible neuronal mechanisms responsible for this
sensitization process, I:
1. characterized the dose and temporal profile of the sensitization process.
2. characterized AVP receptors in the VSA of the rat brain and investigated the
hypothesis that AVP sensitization may be mediated by alteration in the
number and/or affinity of these receptors.
3. investigated the hypothesis that AVP sensitization may be mediated by
alterat.ion in the signal transduction mechanism of VSA AVP receptors

(phosphatidylinositol hydrolysis).

To further study the general aspect of AVP receptor regulation, | utilized an animal

- model (long-term castrated rats) in which septal AVP is known to be depleted. In

these experiments | tested the hypothesis that:

1. septal AVP depletion would a) alter the sensitization to exogenous AVP; b)
alter septal AVP receptor properties (number and affinity); c) alter septal

post-receptor mechanism (phosphatidylinositol hydrolysis).

To study the specificity of AVP sensitization to the V1 AVP receptor, | investigated

the possibility that the recently described central OT-AVP receptor may be involved
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in the sensitization phenomenon by using specific agonists and antagonists to the

central OT-AVP receptor.

Finally, because A\fP acts in the VSA to cause both motor disturbances and
antipyresis, | investigated whether the central antipyretic actions of AVP could also

be sensitized.
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I SUBCELLULAR LOCALIZATION AND CHARACTERIZATION OF

VASOPRESSIN BINDING SITES IN THE VENTRAL SEPTAL AREA,

LATERAL SEPTUM, AND HIPPOCAMPUS OF THE RAT BRAIN
A Introduction |

Studies with AVP analogues suggest that AVP-induced motor disturbances
result from an interaction of AVP with V, -like AVP receptors in the VSA (Naylor et
al.1985a; Burnard et al.1986). In the present study, we have used synaptic plasma
membrane (SPM) preparations for radioligand binding studies to characterize AVP
receptors in VSA tissue and compare them with those characterized in the lateral
septurﬁ (LS) and the hippocampus (HPC). These data provide the basis for future
investigations examining possible changes in receptor properties in rthe VSA
following pretreatment with AVP.
B.” Methods |

| For each expefiment, male Sprague-Dawley rats (weighing 200-250 g) were

decapitated, and the brain was rapidly removed. Three areas were dissected: (a)
the LS, delineated by the coordinates 1.2 mm anterior to and -0.3 mm posterior
to the bregma (Praxinos and Watson, 1982), laterally at this level by the lateral
ventricles and ventrally by a cut just above the anterior commissure; (b) the VSA,
defined as the area ventral to the LS sample, between the anterior commissure
and the ventral surface of the brain and within 2.0 mm of the midline; and (c)
complete HPC. All tissue samples were immersed in ice-cold 0.32 M sucrose

containing the proteolysis-inhibiting peptide bacitracin (1.0 mg/ml). Brain tissues
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were\homdgenized in a Teflon-glass homogenizer and centrifuged at 1,000 g for
10 min at 4° C. The resulting pellet was discarded, and the supernatant (S1) was
centrifuged at 12,000 g for 20 min at 4°C to prepare a crude mitochondrial-
synaptosomal pellet (P2) and 'a supernatant (S2) containing the "microsomal”
components (Whiﬁaker et al.1964). The mitochondrial-synaptosomal pellet (P2)
was subjected to an osmotic shock in distilled water for 15:min at 0° C followed
by centrifugation at 12,000 g for 20 min at 4°C. The resuiting pellet (P2),
containing mitochondria, myelin, and synaptic jl.mctions, was resuspended in 50
mM Tris-HCI buffer (pH 7.4) containing 3.0 mM MgCL,, stored at -70° C, and used
later in binding experiments. The resulting supernatant (S2')(containing SPMs and
vesicles) and the S2 (microsomal) supernatant were both centrifuged at 100,000
g for 80 min at 4° C. The resulting SPM and microsomal (M) pellet fractions were
resuspended in 50 mM Tris-HCI (pH 7.4) containing 3.0 mM MgCl, and were used
immediately for binding assays or stored at -70° C for up to 2 months. Protein
content Was determined by the method of Lowry et al.(1951) using bovine serum
albumin as the standard.
*H-AVP binding assay

Membranes (50-200 ug of protein/assay) from the P2, M, and SPM
fractions were incubated in a final volume of 300 u| of a medium composed of 50
mM Tris-HCI (pH 7.4) containing 3 mM MgCl,, bovine serum albumin (1 mg,/mi),
bacitracin (1 mg/ml), and various amounts of *H-AVP (specific activity = 64 - 70

Ci/mmol), AVP, related and unrelated peptides, or other substances. The assays,
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in triplicaté, were initiated by addition of membranes and were terminated by
addition of 5 ml of rinsing buffer [50 mM Tris-HCI (pH 7.4) pontainin'g 3 mM MgClL]
at 4° C. Unless otherwise stated, incuba’gions were done at 22 ° C for 60 min. At
the end of the incubation period, the contents of the assay tubes were filtered
immediately through Whatman GF/B glass filters that had been presoaked in
incubation medium (as this reduced by 50% the nonspecific binding of *H-AVP to
filters). Filters were washed rapidly three times with 5 ml of rihsing buffer, dried by
high vacuum, and placed in scintillation vials. Radioactivity retained on the filters
was measured by liquid scintillation spectrometry using a LKB beta counter with
a counting efficiency of 32%. Nonspecific binding was defined as the binding
occurring in the presence of 1.0 uM AVP. Binding of ®H-AVP to filters in the
absence of membrane was 0.4% of total radioactivity added and was not
displaceable by 1.0 M AVP (filter Blank). Under these conditions, depending on
the amount of radioligand used, 35-69% of the binding measured was specific
binding.
Subcellular distribution of °H-AVP binding

Various membrane fractions (P2, M, SPM) were incubated with *H-AVP (1
nM) at 22° C for 60 min with in the presence or absence of 1 1M AVP.. One
hundred micrograms of protein was used in the VSA and LS membrane fractions,
150 pg of protein was used in the HPC membrane fractions. Nonspecific binding

was defined as the amount of *H-AVP binding in the presence of 1.0 M AVP.

Heat lability of *H-AVP binding
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Membrane fractions (SPM and M) were incubatéd as described above at
either 22 or 50° C for 60 min.
Time course studies and reversibility of *H-AVP binding

Time course experiments were done using the standard conditions
described above. Synaptic plasma membranés (100 ug of profein) were incubated
at 22° C with 1.0 nM ®H-AVP in the presence or absence of 1.0 pM AVP for the
time indicated up to one hour. The reversibility of the binding was studied by
diluting (tenfold) the assay mixture with rinsing buffer [50 mM Tris-HCI (pH 7.4)
containing 3 mM MgCL], and by adding excess (final concentration = 0.1 pM)
unlabeled AVP.
Reversibility of the specifically bound *H-AVP uﬁder mild acidic conditions.

Synaptic plasma membranes (100 x g of protein) were incubated with 1.0 nM
SH-AVP at 22° C in the presence or absence of 1 oM AVP. After 40 min, the assay
mixtures were acidified to pH 4.0 by adding 30 ul of 0.01% acetic acid. After.
different intervals under acid conditions, 3H-A\A/P specific binding was measured
and reported as a percentage of control (time 0) binding. To measure the possible
degradation of receptors that mild acidification may cause, an additional set of
_ assay tubes were tested. After incubation for 20 min at pH 4.0, membranes were
centfifuged at 15,000 g for 5 min. The supernatant was discarded, and the pellets
were washed twice with rinsing buffer and resuspended in standard incubation

buffer (pH 7.4) containing 1.0 M ®H-AVP in the presence or absence of AVP.
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After an additional 40 min of incubation at pH 7.4, *H-AVP specific binding was

measured.

Ligand degradation

Degradation of *H-AVP during the binding assays was assessed by HPLC
'using the method of Gunther et al.(1980) and by, rebinding studies. Synaptic
plasma membranes from the VSA (150 1 g) were incubated in a final volume of 300
! with 1.3 nM ®H-AVP (19,500 épm) under standard conditions. After 60 min at
22° C, the samples were centrifuged at 15,000 g for 5 min. The supernatant (300
rl, containing free ligand) was removed and saved on ice; the pellets were washed
twice in cgnld assay buffer, acidified by resuspension in 200 1| of 10% trifluoroacetic
acid (TFA), and incubated on ice for 30 min. Following recer’1trifugation for 5 min,
150 pl of the acid eluate (membrane-bound radioactivity), along with 50 p! of the
original supernatant (free radioactivity), and standard *H-AVP (5 ul) were analyzed
by HPLC for the distribution of radioactivity. Fifty microliters of the supernatant
containing the free radioactivity and 25 u! of the acid eluate containing the bound
radioactivity were counted directly to estimatg the recovery from the HPLC assay
and to calculate thé percentage of bour{d radioligand. The standard *H-AVP was
analyzed by HPLC after the samples to avoid contamination of the samples by
carry-over of radioactivity. A Waters HPLC system with a C-18 Bondapak column
(Waters; pore éize - 10 pm, 30 X 0.39 cm inner diameter), a Bondapak C-
18/Corasil guard column, and a 214-nm ultraviolet detector were used. Separation

was achieved using a linear gradient of 20-40% solvent B over a 30-min period
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(flow rate = 1 mi/min). Solvent A was 0.1% aqueous TFA; solvent B was 60:40
CH,CN/H,O (containing 0.09% TFA). Fractions (0.5 min) were collected and
counted by liquid scintillation to determine the radioactivity distribution. In
rebinding studies, after 40 min at 22° C, the‘ samples were centrifuged at 15,000
g for 5 min, and the supernatant was removed. One hundred micrograms of
membranes was then incubated, for an additional 40 min, either with the
supernatant or with new incubation medium, and specific binding was measured
as described above.
Linearity of tissue binding

Tritiated AVP (1 nM) was incubated at 22° C for 60 min with increasing
amounts (50-200 g of protein) of fresh or frozen SPM fractions from the VSA, LS,
and HPC in the presence or absence of 1 uM AVP.
Equilibrium binding studies

Synaptic plasma membranes (100 1 g of protein for VSA and LS and 200 ug
of protein for HPC) were incubated at 22°C for 60 min with increasing
concentrations of *H-AVP (0.1-10 nM) in the presence or absence of 1.0 uM AVP.
Specificity of *H-AVP binding

Synaptic plasma membranes (100 ug of protein) were incubated in the
presence of a constant amount of ®H-AVP (0.5 nM) and increasing amounts of
unlabeled peptides at 22 ° C for 60 min. The amount of specific binding measured
at equilibrium in the absence of competitor was taken as 100%. Substances tested

includes AVP, oxytocin (OT), Lys-vasopressin (LVP), Arg-vasotocin (AVT), [pGiu’,



49
Cyf]-AVP 4-9 (AVP 4-9), desglycinamide AVP ([desGly’]-AVP), and

desglyciniamide deamino-AVP ([desGly’]-dAVP), [deamino' ]-D-AVP (DDAVP), [1-
(B-mercapto-B,B-cyclopentamethylene propionic acid), 2-(O-methyl)tyrosine]-AVP
- [d(CH,); Tyr(Me)AVP], presinoic acid, melanocyte-stimutating hormone-release
inhibitor factor (MIF), thyrotropin-releasing hormone (TRH), somatostatin,
angiotensin Il (human), substance P, arginine, lysine, prostaglandin-E, (PGE,),
salicylate, glutamate, and N-methyl-D-aspartate (NMDA).
Materials | |

®H-AVP (specific activity = 64 - 70.0 Ci/mmol) was obtained from New
England Nuclear Corp. AVP, OT, LVP, AVT, presinoic acid, MIF, TRH,
somatostatin, angiotensin |l (hnman), and substance P were obtained from
Bachem U.S.A. The vasopressin metébolite neuropeptide AVP 4-9, desGlyQ]-AVP,
and [desGly’]-dAVP were obtained from Peninsula Laboratories (Palo Alto, CA,
U.S.A.). Arginine, lysine, and salicylate were obtained from Sigma Chemical Co.
(St. Louis, MO, U.S.A.), NMDA from Fisher Chemical Co., and PGE, from Upjohn
(U.S.A.). DDAVP was a gift from Ferring Pha_rmaceuticals (Malmo, Sweden), and
the vasopressor antagonist [d(CH,); Tyr(Me)AVP] was a generous gift from Dr. M.
Manning (Medical College of Ohio). -
C.  Results
Subcellular distribution of *H-AVP binding

Specific *H-AVP binding was compared among the three subcellular

particulate fractions P2, M, and SPM. Specific binding was low in the P2'
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particulate fraction of the VSA (22%) and LS (16%), whereas 40% of apparent

specific binding was found in the P2' fraction of the HPC. Specific binding was
high in both the M (51% in the VSA, 61% in the LS, and 53% in the HPC) and the
SPM (59% in the VSA, :63% in the LS, and 49% in the HPC) fractions (Fig. 1, top
panel). Within the VSA, 49% of the total specific binding hweasured was found in
the SPM fraction, 39% in the M fraction, and 12% in the P2 fraction (Fig. 1, lower
panel). A similar distribution was seen in the LS, with 46% of the total specific
binding measured found in the SPM fraction, 47% in the M fraction, and 6% in the
P2' fraction. In the HPC, however, the specific binding was more widely
distributed, with 27% of the specific binding found in the P2' fraction, 37% in the
M fraction, and 36% in the SPM fraction (Fig. 1, lower panel).
Heat Lability

Previous experiments had indicated that AVP binding was temperature
dependent. In this study, the heat lability of the apparent specific binding in M and
SPM fractions was tested. At 50°.C, the amount of apparent specific binding
present in both the M and the SPM fractions was reduced to 2 and 18% in the
VSA, 18 and 22% in the LS, and 30 and 21% in the HPC, respectively (Fig. 2).
Because the specific binding in the P2' fraction of the HPC appeared to be
moderately high (40% specific binding), we tested its heat lability. At 50° C, the
amount of specific binding increased by 83% (data not shown), thereby suggesting
that a chemical reaction with the radioligand, rather than a receptor binding

interaction, may have occurred. Although ®H-AVP binding tended to be rather
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Figure 1. Upper panel: subcellular distribution of *H-AVP binding. Each bar
diagram (mean = S.E.M. from two determinations, each done in triplicate)
represents the amount of total binding; the shaded area, the amount of nonspecific
binding; and the hatched area, the calculated amount of specific binding.
Numbers represent, in percentages, the amount of specific binding (SB) contained
in each membrane fraction. Lower panel: Distribution of *H-AVP specific binding
was calculated for each region of the rat brain. Numbers represent the amount,

in percentage, of specific binding found within each fraction.
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widely distributed among the three membrane fractions (Fig. 2), the SPM fraction
was chosen for further investigations because it has a higher degree of
homogeneity than the M fraction; in the M fractions, glial and other nonsynaptic
components may be present (Burt, 1985).
Time course studies and reversibility of *H-AVP binding

The time course studies of *H-AVP binding indicated (a) that the binding of
*H-AVP to SPMs reached equilibrium within 40 min at 22° C (Fig. 3) and (b) that
the binding was stable for an additional 80 min (data not shown). Aséociation and
dissociation constants were calculated from the first-order equation In {B,, / (Bq

B)] = k, X ()T X (R)T/B,,, as described by Weiland and Molinoff (1981), where

q’
B, is the concentration of specifically bound *H-AVP at equilibrium, B, is the
concentration of specifically bound *H-AVP at time t, (L)T is the total concentration
of ligand, and (R)T is the total concentration of binding sites. Figure ‘3, inset,
represents the. pseudo-first-order plot of 1n[B,, /(Beq - B)] vs. time, where the
'sl_ope (kops) is equal to k,, X (T X (R)T/B,,. k., is equal to the association rate
constant. The observed association rate constant (k,,.) was calculated to be
0.087 miri™" for the VSA, 0.090 min™ for the LS, and 0.070 min™" for the HPC. The
kinetic constants for association are 5.38 X 10" for the VSA, 3.98 X 107 for the LS,
and 3.57 X 10’ for the HPC. No significant dissociation ofaH-AVP binding to VSA

and LS SPMs was observed after either a tenfold dilution of the incubation medium

with rinsing buffer [50 mM Tris-HCI (pH 7.4) containing 3 mM MgCL ] over a period
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Figure 2. Heat lability of®H-AVP specific binding. The results are expressed as
the amount of specific binding at 22 and 50° C for each membrane fraction. Data
are mean * S.D. (bars) values from triplicate determinations.
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of 680 min (VSA) or 20 min (LS) or after additioﬁ of excess (final concentration =

0.1 uM) of unlabeled AVP. In the HPC SPM, however, 50-60% of ®H-AVP specific
binding was consistently reversible on tenfold dilution of the assay mixture. No
additional dissociation 'was observed on further addition of an excess (final
concentration = 0.1 uM) of uniabeled AVP. The calculated dissociation coﬁstant
k, was 0.109 min". In the HPC, using the rate constants k,, and k,, we
calculated a dissociation constant (K;) of 3.05 nM, which is in good agreement
with the dissociation constant determined fromlequilibrium experiments.

'Failure to demonstrate dissociation of *H-AVP in the VSA and LS SPM or
to demonstrate complete dissociation of *H-AVP in the HPC SPM suggested the
possibility of side | reactions occurring during the course of the binding
measurements. Possible candidates include (a) the internalization or uptake of the
ligand, (b) the secondary formation 61‘ a high-affinity covalent complex, and (c) the
deéradation of the peptide ligand.during the incubation period. To evaluate the
first two possibilities, we demonstrated that the specific binding was completely
reversible under mild acidic conditions (pH 4.0) and, furthermore, that this effect
was reversed on return to pH 7.4 (Fig. 4). Thése data thus indicate that the ligand
is not internalized and that the ligand does not form a covalent cqmplex with the
binding site, because a pH of 4.0 would not be likely to disturb such a compiex.
Tp evaluate the third possibility, we démonstrated using HPLC ahalysis that the
membrane-bound or free radioactivity present in the‘incubation mixtﬁre was not

metabolized or degraded (Fig. 4).



AVP

.o - VSA ¢ < 55

120} { {
!
100 T ﬁ * *{r ?
80
1.0
60}~ .8
h[ Bea 1.
ryn Beg-8tJ.¢
2
20 248 810
0 1 { 5 ] i ] 1 1 1 1 ] J
g
2 AVP
8 120¢ LS Vv v
>
= 100¢
<
Q s8of
LG’- 1.0
= .8
oy ® "‘[83::33'8
«  sof ;
o AR
> 0 246810
<l: 2 TIME (min)
."5- 0 ) ) ) 1 ] Il 1 1 ) 3 | 1
xR
AVP TME (min)
120- PG < < 123458

Bea 7

I} me———

MWrom O

40 eq-B1). '
20 246810
TIME (min)
q § 'Y L Y 'y 1, 1 ' 1
10 20 30 40 S0 80 70 80 90 100 110 120
TIME (min)

Figure 3. Time course study of *H-AVP specific binding in SPM fractions of the
VSA, LS, and HPC. Data are mean * S.D. (bars) values from triplicate
determinations of a representative experiment. Binding reversibilty: first arrow
indicates a tenfold dilution with rinsing buffer and the second arrow indicates the
addition of uniabeled AVP (final concentration = 0.1 uM). Binding data are
expressed as percentages of *H-AVP specific binding. Data are mean = S.D.
(bars) values from triplicate determinations in a representative experiment. Inset.
The same data plotted according to the pseudo-first-order rate equation as
described in method.



56

. VSA LS
1207 oh 40 " pH 4.0

100

80
60
40

20

Y|
7 /

10 20 60 10 20 60
TIME (min) : TIME (min)

% SH-AVP SPECIFICALLY BOUND
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acidification may cause measured as described in method. Data are mean = S.D.
(bars) values from triplicate determinations. ‘
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Ligand integrity and effect of membrane storage

Figure 5 compares the HPLC migration patterns of the sténdard labeled
ligand®H-AVP not exposed to membranes, the free*H-AVP that had been exposed
to membranes, and the *H-AVP bound to the membranes, showing that all forms
of the ligand migrated in a similar pattern. The control assay showed that <10%
(3,810 cpm /379,000 cpm) of the standard *H-AVP radioactivity was found in eluted
fractions other than those associated with AVP. In the supernatant containing the
free AVP and in the supernatant containing the bound AVP, also <10% of the
radioactivity was found in fractions not associated with AVP. Thus, no significant
degradat}on of radioactive ligand (free or bound) could be detected. From this
experiment, it was calculated that 1.6% of the total radioactivity added to the
incubation mixture was bound to thé membranes (305 cpm bound/19,500 cpm
added). Although no apparent degradation of'3 H-AVP was measured using HPLC
analysis, it is not known whether or not the *H-AVP exposed to the membranes
had retained its binding ability. Thus, rebinding studies using *H-AVP preexposed
to membranes were done. These studies showed that *H-AVP preexposed to
membranes retains its binding ability, because 95 + 16% of the specific binding
was detected using preexposed 3H-AVP as compared with standard *H-AVP (data

not shown).
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Linearity of binding

- Linearity of binding, with different membranes concentrations, isr also
important in binding studies to demonstrate the absence of receptor or ligand
degradation during the incubation period. Incubating increasing amounts (50 - 200
1g) of SPMs from the VSA, LS, or HPC resulted in a linear increase in 3H-AVPA
specific binding, thus further support@ng the stability of the bound ligand and
validating the conditions of the binding assay. For study of the effect of storing
membraries frozen on the specific binding of*H-AVP in SPMs, increasing amounts
(50 - 200 ng) of both fresh and frozen SPMs from the VSA, LS, and HPC were
incubated with a constaqt amount of *H-AVP (1 nM). Figure 6 shows that both the
*H-AVP specific. binding and the tissue linearity were preserved in frozen
membranes, thereby indicating that frozen SPMs could be used in further
experiments.

Equilibrium binding studies

When SPMs were incubated with increasing concentrations (0.1-10 nM) of
*H-AVP, specific binding was shown to be gaturable in the VSA, LS, and HPC
(Fig. 7, left panel). Scatchard analysis of *H-AVP binding to VSA, LS, and HPC
SPMs yiel‘ded linear plots (Fig. 7, right panel). The data were consistent with a
single binding site model. Each linear plot could be used for estimating apparent
dissociation constants and maximal binding capacities. The calculated values for

dissociation constants (K,). and maximal binding: capacities
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Figure 6.  Linearity of *H-AVP binding to tissue. Binding of *H-AVP (1 nM) to
increasing amount (50-200 ug of protein) of fresh (top panel) or frozen (lower
panel) SPM fractions from the VSA, LS, and HPC in the presence or absence of
1 uM AVP. The results represent the amount of specific binding observed at each
membrane protein concentration. Each point represents the mean of triplicate
determinations. ‘
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(Bmax),' respectively, were 1.06 = 0.39 nM and 24.0 = 7.01 fmol/mg of prbtein
(mean * SEM; n=3) for the VSA, 0.92 = 0.13 nM and 47.0 = 4.96 fmol/mg of
protein (n=3) for the LS, and 0.91 + 0.13 nM and 25 + 5.0 fmol/mg of protein
(n=3) for the HPC. |
Specificity of *H-AVP binding
The specificity of *H-AVP binding was determined by measuring the ability
of various fragments and analogues of AVP to compgte for specific high-affinity *H-
AVP binding to VSA, LS, and HPC SPMs. Figure 8 reveals that the binding site
discriminated very poorly among AVP, AVT, and LVP(AVP > AVT > LVP), whereas
these hiéh-afﬁnity binding sites discriminated very effectively between AVP and
analogues exhibiting enhanced peripheral oxytocic or antidiuretic selectivity. Thus,
OT and dDAVP inhibited ®H-AVP binding with a low potency (AVP > OT >
dDAVP). The analogue ([desGly’]-dAVP), Which is devoid of peripheral activity but
which retains the AVP-like potency in preventing extinction of a conditioned
avoidance response (VanRee et al.1978), was found to be ‘a poo‘r competitor for
*H-AVP. With the vasopressor antagonist d((_JHz)sTyr(Me)AVP, the displacement
curve demonstrated an apparent two-component displacement. At lower
concentrations, the capacity of the antagonist to 'displace *H-AVP was similar to
that of AVP, whereas at higher concentrations, there was a tendency for the
antagonist to be less potent than AVP in displacing *H-AVP binding. In contrast,
AVP-related peptides, pressinoic acid, AVP (4-9), MIF, nonrelated peptides such

as somatostatin, substance P, TRH, and other compounds such as PGE,, salicylatg,
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glutamate, NMDA, arginine, and lysine failed to displace *H-AVP even at high

concentrations (1 X 10° M).

D. Discussion

This study demonstrates the presence of specific high-affinity binding sites
for AVP in SPMs of the VSA of the rat brain as well as of the LS and HPC. These
sites show binding characteristics that are consistent with those of high-affinity * H-
AVP binding sites reported in different areas of the rat brain (e.g. Barbaris, 1983;
Dorsa et al.1983, 1984; Audigier and Barberis, 1985; Cornett and Dorsa, 1985;
Junig et al.1985). lt appears that at least th'ree different subtypes of AVP receptors
which bind the V1 antagonist, d(CH, ), Tyr(Me)AVP, may exist in the rat brain,
namely, (a) a high-affinity site (K, = 0.44-1.5 nM) that discriminates very efficiently
‘between AVP and analogues exhibiting enhanced oxytocic or antidiuretic selectivity
on peripheral organs (e.g. Barberis, 1983; Dorsa et al.1984; Cornett and Dorsa,
1985; Audigier and Barberis, 1985; Shewey énd Dorsa, 1988), (b) a high-affinity
OT-AVP binding site that discriminates very poorly between OT and AVP (K; = 3.0
nM) (Audigier and éarberié, 1985; Di Scala;Guenot' et al.1990), and (c) a low-
affinity *H-AVP binding site (K, = 11-13 nM) (Pearlimutter et al. 1983; Costantini and
Pearimutter, 1984; Junig et a|.1985) that also discriminates very poorly between OT
and AVP but, in contrast to the two high-affinity sites, discriminates very poorly
between the behaviourally active analogues ([desGlyq ]-AVP) (VanRee et al.1978)

and AVP (4-9) (de Kloet et al.1985) and AVP (Costantini and Pearimutter, 1984).
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The high-affinity *H-AVP binding site we detected in our study discriminated well

between AVP and OT. This selectivity is consistent with that found for the receptor
responsible for AVP-induced motor disturbances (see below).

The s"pecific ®H-AVP binding in the "microsomal’ membrane fraction has
been suggested to reflect receptors that may be in the process of synthesis or
degradation (Burt, 1985) as well as receptors localized on plasma membranefs
(Pearimutter et al.1983). |t is also possible that the M membrane fraction may
contain receptors in vesicular compartments derived from receptor-mediated
endocytosis and recycling. When the subcellular localization of the specific binding
was compared among the different brain regions, an equivalent amdunt of specific
binding was observed in the M and SPM fractions. This resulf contrasts with the
distribution of the Iow—affinitysH—AVP binding site, which, in the LS and HPC, has
been shown to be present in greater proportions in the SPM fraction than in the
M fraction (Pearimutter et al.1983). Thus, the low- and high-affinitysH-AVP binding
sites may be distributed differently in the different membrane fractions. The
different distribution of high- and low-affinity sites, however, may also reflect a
different rate of synthesis and degradation of t.hese receptors and/or relative rates
of membrane recycling. |

Ligand degradation was not evident under our study conditions as tested
by HPLC analysis of free and membrane-bound ligand: (a) The free radioactivity
or that bound to the membranes comigrated with intact *H-AVP, (b) the binding of

standard *H-AVP and that of membrane pre-exposed *H-AVP to SPMs were
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similar, and (c) the binding of *H-AVP to SPMs was linear with respect to
increasing protein concentrations. These data suggest that both free and
membrane-bound ligand was intact *H-AVP.

The *H-AVP binding reached an equilibrium after 40 min at 22° C, and the
binding was stable for at least an additional 80 min (Fig. 3). The observed rate
constants (k,bs) of 0.087 min™ for the VSA, 0.090 min™" for the LS, and 0.074 min
' for the HPC are comparable to those calculated for the high-affinity *H-AVP site
in the amygdala observed by Dorsa et al.(1984). Although dissociation has
generally not been studied, in agreement with the data obtained in the amygdala
by Dorsa ;at al.(1984), ®H-AVP dissociation from the high-affinity binding sites was
only partial in HPC SPMs. 'Dissociation of *H-AVP binding from VSA and LS SPMs
was not observed after either a tenfold dilution of the incubation medium with
rinsing buffer or after addition of excess unlabeled AVP but was complete after mild
acidification of the incubation mixture. Failure to observe dissociation éxcept under
mild acidic conditions does not exclude receptor identification but does mean that
a further explanation must be sought. One possible explanation is that there is a
formation, over time, of a high-affinity complex. If so, in reversal experiments,
taking measurements at earlier time points could reveal some partial reversibility.

In all three regions of the brain studied, *H-AVP binding was saturable.
Scatchard anélyses yielded linear plots and similar dissociation constant values for
each site (Fig. 7). Scatchard analyses yielding linear plots have been observed

previously in hippocampal synaptosomes (Barberis, 1983; Audigier and Barberis,
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1985), septal crude membranes (Shewey and Dorsa, 1986), and amygdala and
dorsal hindbrain crude membranes (Dorsa et al.1983, 1984). Even under
conditions that reveal both high- and low-affinity AVP binding sites (Junig et
al.1985), the high-affinity site was shown to have a dissociation constant consistent
with linear Scatchard K, estimates of the high-affinity site reported here, and by
others (Barberis, 1983; Dorsa et al.1984; Audigier and Barberis, 1985; Cornett and
Dorsa, 1985; Shewey and Dorsa, 1986).

The bingﬂing of related and non-related AVP peptides indicated that the high-
affinity AVP binding site has fecognition properties similar to those described in
other regions of the brain (Barberis, 1983; Dorsa et al.1984; Audigier and Barberis,
1985; Cornett and Dorsa, 1985; Junig et al.1985). All indications are that it
resembles a V, site as described by Michell et al.(1979). In keeping with this
observation, the V, antagonist d(CH,),; Tyr(Me)AVP competed effectively With AVP
for the binding sité. Of particular interest, however, was the shape of the
competition curve obtained with d(CH,);Tyr(Me)AVP. As shown in Fig. 8, the
displacement curve obtained by this V, antagonist appears biphasic which
suggests that *H-AVP may bind to two siteé. In fact, one of these populations
might be the so-called high-affinity OT-AVP binding site, which was shown to have
a high affinity (K, = 3.7 nM) for AVP (Audigier and Barberis, 1985). A similar
biphasic (two-components) competition curve was observed by Audigier and
Barberis (1985) using an oxytocic receptor agonist (OH-Thy*-Gly’-OT) in displacing

*H-AVP binding from hippocampal membranes; this finding was also interpreted
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as suggesting the possibility that ®H-AVP labeled two populations of sites with

similar affinities for AVP. On the basis of ligand specificities from this study and
others, it appears that the specific high-affinity AVP binding site has similarities with
the V, peripheral receptor but is distinct from the V, peripheral receptor, from the
low-affinity CNS AVP receptor, and from the OT-AVP subtype of CNS receptor.
A more detailed analysis of the structural reqﬁirements for AVP binding to central
and peripheral AVP and OT receptors may be needed to define subclasses of
AVP-like or OT-like receptors.

Pharmacological and physiological studies support the possibility that the
high-affinity AVP binding site Ioéalized to the SPM fraction studied Vhere is a
functional AVP receptor localized in the VSA of the rat brain. Examination of the
rank order potency for AVP, dDAVP, and OT in inducing motor disturbances
(Abood et al.1980; Kasting et al.1980; Naylor et al.1985a; Burnard et al.1986),
antipyresis (Naylor et al.1987), and inhibition of glutamate-induced excitation of
VSA cells (Disturnal et al.1987) and in competitive binding studies reported here
reveals a close correlation among the four models investigated. Furthermore, the
V, antagonist d(CH,); Tyr(Me)AVP was showﬁ to block both the behavioural and
the physiological consequences of AVP applications to the VSA as well as the
specific binding.

In sufnméry, we characterized an AVP binding site located in the VSA that
probably reflects the receptor involved in mediating AVP's actions, including those

on motor control, in this region. Because the latter phenomenon displays a
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sensitization process, it will be of interest to investigate whether this sensitization
process is mediated by changes in AVP receptor number and properties in the

VSA.
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I ENHANCED BEHAVIOURAL AND CELLULAR ACTIONS OF CENTRAL AVP

A. Introduction

The neural mechanism(s) underlying agonist-induced sensitization are not
well understood. In particular, little is known with respect to AVP sensitization.
Thus, using a standard AVP sensitization’ protocol (e.g. Kgsting et al. 1980; Burnard
et al.1983; Wurpel et al.1 9865; Balaban et al. 1988) we tested the hypothesis that
AVP sensitization may result in an increase in the number of septal V1 receptors.
The unexpected results obtained in these binding experiments, however, (i.e. no
apparent changes in septal ®H-AVP binding site density or affinity, see below) led
us to further investigate the phenomenon of AVP sensitization. In particular,
because it has been observed that agonist-induced sensitization is typically
responsive to the paradigm of administration used [i.e. dose and time allowed
between agonist administration (for reviews, see Post, 1980; Robinson and Becker,
1986)] we first investigated the possibility that the development of AVP sensitization
may be altered by the dose and the temporal pattern of AVP administration.
Secondly, because several components of égonist receptor-effector interactions
have been shown.to be susceptible to modification as a result of prior agonist
exposure (Mitchell et al.1988), we have also tested the hypothesis that in sensitized
rats, the signal transduction mechanism of septal AVP V1 receptor

[phosphatidylinositol (P1) hydrolysis (Shewey and Dorsa, 1988)] may be enhanced.
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B. Methods

Adult male Sprague Dawleys rats (200-250 gm) were anaesthetized with
sodium pentobarbital (50 mg/kg) and a s’;ainless-steel 23-gauge guide cannula
was implanted stereotaxically under aseptic conditions to allow access to a lateral
cerebral ventricle. Rats were then allowed 5-7 d to reéover. The rats were housed
in groups of four per cage on a 12-hr light cycle and allowed food and water ad
libitum. Using an appropriate concentration of synthetic AVP (Bachem, USA) in
sterile, pyrogen-free, physiological saline, intracerebroventricular injections of AVP
solution were administered by gravitational flow through a 27-gauge injection
cannula ir;to awake, freely moving animals. For behavioural observations, after an
injection the animals were placed in a large plexiglass chamber and observed for
the development of motor disturbances for a 10-min period. Motor disturbances
were defined and scored at 1-min intervals on a scale modified from that
developed by Kasting et al.(1980) as follows: 0, no effect; 1, pauses as definedr
by periods (10 sec or longer) of absence of activity; 2, prostration; 3, large head
swaying and locomotor difficulties; 4, barrel rotation as indicated by the animal's
rotation along the long axis of the body; 5, myotonus or myoclonus; 6, death.
Experiments were all performed between 10:00 and 18:00 hours. Behavioura!
results are presented as the highest score each animal received during the 10-min

observation period.
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Radioligand binding studies:

In these experiments, we addressed the question of whether pretreatment
with AVP would alter the number and/or affinity of central *H-AVP binding sites.
Our attempt to identify possible AVP receptor changes in sensitized rats has
focused on the VSA AVP system because AVP-induced sensitization has been
observed after AVP injections in to the VSA of the rat basal forebrain (Naylor et
al.1§85a). We also investigated, however, possibie alterations in AVP receptors in
other brain areas known to contain AVP receptors such as the LS and the HPC
(Audigier and Barberis, 1985; Jard et al.1987; Raggenbass et-al.1987 and see
chapter 1) beqause i.c.v. administration of AVP is expected also to reach these
brain regions. Thus, in these experiments, cannulated rats received either an i.c.v.
injection of AVP (1 nmol, n=30, sensitized) or saline alone (n=30, control) and
their behaviour observed as described above. Two days later, to confirm the
enhanced motor actions of a second AVP administration, 5 animals from each
group was given a second injection of AVP (100 pmol) and their behaviour
observed as described above, while the remaining animals (n=25 controls, and
n=25 sensitized) were used for *H-AVP satﬁration binding studies using ligand
binding techniques previously described (chapter II).

Data from saturation experiments were analyzed using a computerized,
interactive curve fitting procedure to generate representative Scatchard plots. Each
linear plot could be used for estimating apparent dissociation constants (K,) and

binding sites concentration (B, ). Statistical analysis comparing Scatchard plot
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data from sensitized and control rats was performed using regression analysis
(Kleinbaum et al.1988), to consider two basic questions: 1) Are the two slopes
(1/K,) the same or different? 2) Are the two x intercepts (B ax) the same or
different? |

Behavioural observations:

Dose response relationship. The first set of experiments investigatgd the
dose response relationship of AVP-induced sensitization. In these experiments,
nine groups of animals (n=4;8) were subjected t6 a first injection of AVP (1, 10 or
100 pmol), or as control physiological saline alone. Two dayfs later, all animals
received physiological saline followed 5-min later by an injectioh of AVP (1, 10 or
50 pmol). After each injection, the behaviour of the animals was scored as
described above. Results wére statistically analyzed by the non-parametric
Wilcoxon matched-pairs signed-ranks test. The i.c.v. saline injection did not elicit
any behavioural score greater that one (data not shown). Because the above
experiment indicated that repeated doses of 10 pmol of AVP was sufficient to
induce severe motor disturbances in more than 90% of the sensitized animals, this
dose was used in subsequent experimeﬁts.

Time course study. In a second set of behavioural experiments, we studied
tl;le time course of the development and the duration'ofrAVP sensitization after a
first exposurle to AVP. In these experiments ten groups of animals were used. Each
group was given a first exposure to AVP (10 pmol) at time zero, and the behaviour

of the animals scored as described above. Then, each group of animals was given
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a second exposure to AVP (10 pmol) at a specified time following the initial AVP
exposure [1 (n=4), 3 (n=6), 6 (n=6), 9 (n=6), 16 (n=6), 24 (n=6) hours; 2 (n=8),
4 (n=5), 6 (n=4), and 8 (n=4) days] and the behaviour was scored as described
above. Results were statistically analyzed by the non-parametric Wilcoxon
matched-pairs signed-ranks test.

Time interval between injections. In a third set of experiments, we
investigated the importance of allowing 'tirhe between treatments. Three groups of
animals were giveh repeated injections of AVP (10 pmol) either once daily (n=5)
for up to 6 days, once hourly (n=4) fbr up to 16 hours, or once weekly (n=>5) for
up to 4 weeks. Aﬁer each injection, the behaviour of each animal was observed
as described above. Results were statistically analyzed' by the non-parametric
Friedman two-way analysis of variance by ranks. -

Assay' of HJinositol-1-phosphate (IP,)

In these experiments, we tested whether pretreatment with AVP would
enhance septal Pl hydrolysis in response to a second challenge with AVP.
Cannulated .rats received either an i.c.v. ihjection of AVP (10 pmol, n=24,
sensitized) or saline alone (n=24, control). bne day later, AVP-induced 3H-IP1
accumulation in septal slices was performed essentially using the method
developed by Shewey and Dorsa (1988) with slight modifications as described
below. Briefly, (250 x 250 um) slices (Sorval tissue chopper) were prepared from
sensitized or control rats septal tissue (n=5 animals per group in each

experiments) and were incubated for 30 min in a modiﬁed’Krebs-Ringer
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bicarbonate (KRB) buffer containing (mM):. 118 NaCl, 4.7 KCI. 1.3 CaCl,, 1.2

KH,PO,, 1.2 MgSO,, 5.0 MgCl, 25.0 NaHCQ;, 11.7 glucose, pH = 7.4, at 37°C
under 95% O, /5% CO, in a shaking water bath. Dispersed slices were labelled with
0.3 ©M *H-inositol (Myo-[2-3H(N)]-ino;sitoI, 20.0 Ci/mmol, New England Nuclear
Corp.) in KRB buffer under 95% O, /5% CO, for 1h at 37° C and then washed 3
times with fresh KRB buffer to remove extracellular label. Gravity packed, labelled
slices (25 u!, approximately 400-600 ug of protein/well) were then added to tissue
cuiture wells (to maximize gas exchange) containing 250 u| KRB buffer containing
10 mM LiCl under 95% O, /5% CQO, at 37° C. After 10 min, agonists were added
in the appropriate concentrétions and the incubation continued for an additionai
60 min. In some experiments, an antagonist was added 10 min prior to the agonist.
The reaction was stopped by the addition of ice cold chloroform:methanal (1:2).
The mixture was then transferred to polypropylene tubes, vortexed and separated
into two phases by centrifugation. Labelled inositol phosphates, in the water-
soluble phase, were analyzed using modifications of the method described by
Berridge et al.(1983) employing anion-exchange resin columns. Briefly, a 1 ml
aliquot of the water-rich phase of each tube was diluted to 3.2 ml with distilled
water and loaded onto a 1 ml Dowex formate column (Dowex AG1-X8, Bio-Rad
Laboratories). The columns were washed with an additional 1 ml of distilled water.
Three ml of 5 mM sodium tetraborate in 60 mM sodium formate, followed by 1 ml
distilled water, were used to elute the glycero-phosphoinositol (GPI) fraction.

Inositol monophosphate (IP,) was then eluted from the columns by the addition of
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4 mi of 0.2 M ammonium formate in 0.1 M formic acid. The remainder of the
inositol phosphates were eluted with 4 ml of 1 M ammonium formate in 0.1 M
formic acid. The radioactivity contained in aliquots of the GPI, IP, and inositol
phosphates fractions, and in the chloroform-rich phase containing the
phosphoinositides (Pl), was measured by scintillation counting after the addition
of 6 ml of Ready Gel (Beckman; Missisauga, Ontario). In order to compensate for
the variability associated with pipetting slice suspensions, the radioactivity
accumulating in the °H-IP, fraction was expfessed as a ratio of the label
incorporated in the *H-P! fraction. The remaining °H-inositol phosphates and GP!
accounteé for less than 1% of thé total radioactivity. Results were statistically
analyzed using two-way analysis of variance (two-way ANOVA) for all dose-
response curves, and where further post hoc testing was required, the Scheffé
muitiple-range test was used. Values of p < 0.05 were considered significant.
C. Results

Binding studies. In order to confirm the sensitization state of the AVP pre-
treated animals we first conducted a behavioural experiment on 5§ animals from
each group (saline or AVP pre-treated). In tﬁese experiments, we observed that
after saline injection animals displayed no sign of motor responses and after the
first exposure to AVP (1 nmol), all rats displayed minor behavioural responses
cbnsisting of pauses and prostration (behavioural score< 2; data not shown). After
a second AVP exposure (100'pmol), saline pre-treated animals displayed minor

motor responses including pauses whereas all AVP pre-treated animals showed
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significantly increased (p < 0.05, Wilcoxon matched pairs signed-ranks test) motor
responses including barrel rotation, myotonus and myoclonus and death (data not
shown). These results confirm that AVP pre-treated animals are highly sensitized
whereas saline pre-treated énimals are not. Using the rest of the animals from each
group, saturation radioligand binding experiments were performed using *H-AVP
binding to synaptic plasﬁma membranes (SPMs) prepared from the VSA, LS and
HPC. Binding ofaH-AVP to SPMs was saturable over ligand concentrations from
0.1 to 10 nM and specific binding of up to 67% was observed (data not shown).
Scatchard analysis of *H-AVP binding to VSA, LS, and HPC SPMs yielded linear
plots (Fig 9), which is consistent with a single binding site model. The calculated
Ky for *H-AVP binding from controls were not significantly different from the Ky for
®H-AVP binding from sensitized animals: 0.7 versus 0.9 nM, p > 0.37, VSA; 0.9
versus 0.8 nM, p > 0.85, LS; anq 0.45 versus 0.5 nM, p > 0.13, HPC, for controls
and sensitized animals respectively. Figure 9 also shows that the B, for *H-AVP
from controls were not significantly different from the B, for *H-AVP from
sensitized rats: 17 versus 23 fmol/mg protein, p > 0.36, VSA; 36 versus 38
fmol/mg protein, p >23, LS; and 19 versus 21 fmol/mg protein, p > 0.65, HPC,
for controls and sensitized rats respectively. These results indicate that AVP
sensitization does not appear to alter *H-AVP binding, based on valqes for
dissociation constants and density of binding sites, in any of the 3 regions of the

rat brain studied.
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Figure 9. Scatchard plot analysis of *H-AVP specific binding in SPM prepared
from the VSA, LS and the HPC of non sensitized controls (saline pretreated;n—u)
or sensitized (1 nmol AVP pretreated; o-o') rats. Each point is the mean of
triplicate determinations.
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Behavioural observations

Dose response relationship. Figure 10 shows the results of experiments
designed to investigate whether AVP sensitization is a dose dependent
phenomenon. The behavioural scores of rats receiving a first (1st exposure) and
a subsequent (2nd exposure, two days later) i.c.v. injection of AVP at several
doses are shown in Figure 10. After the first exposure to AVP (1, 10 or 100 pmol),
~all rats displayed minor behavioural responses consisting of pauses and \
prostration with no obvious dose-reéponse relationship (see Fig 10, 1st exposure).
When the animals were retested two days later (2nd exposure), however, it can be
seen that the motor responses of the animals were significantly increased (p <
0.04,‘Wilcoxon matched pairs siéned-ranks test, in all paired groups) from those
of the first exposure in a dose dependent manner.

The data obtained in Figure 10 are replotted in Figure 11 to‘illustrate the
dose-response relationship for the proportions of rats (expressed as percent)
exhibiting severe motor disturbances (including barrel rotation, myotonic/myoclonic
convulsions and death; score > 4) after an AVP injection according to the
sensitized state of the animals. This figure iII.ustrates that the potency of AVP to
induce motor disturbances depends upon the sensitization state of the animals.
The greater the sensitizing dose of AVP the gnimals réceivéd on the first AVP
exposure, the greater the number of animals dispiaying severe motor disturbances

on the second AVP exposure.
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Figure 10.  AVP-induced motor disturbances in 9 groups of animals (n=4-8) in
response to an initial (1st exposure) and a subsequent (2nd exposure) i.c.v.
injections of AVP, 2 days later, at varying doses. Each bar represents the most
severe behavioral score an individual animal received during the 10-min
observation period following the AVP injection. Each group is represented by a
unique bar pattern on the first and second AVP exposure, and asterisks indicate
significant (p < 0.05, Wilcoxon matched pairs signed-ranks test) increase in the
severity of the motor disturbances between the first and the second AVP exposure.



100

75

50

25

% number of animals undergoing
severe motor disturbances

Figure 11.

(sensitized 100pmoal)

! ’ L ————— ‘
! ,m /A
! /S /7
! '/ //
/ e s
, "’ ,"I
/; 7
/; 7
I’ ‘/'
[ /
[ /
I s
1, 4 .
I s (non sensitized)
| | |
1 : 10 100
AVP (pmol)

81

Data from figure 10 are replotted to show the proportions of rats

(expressed as percent) exhibiting severe motor disturbances (including barrel
rotation, myotonus, myoclonus and death, score > 4) in response to various doses
of AVP on the second AVP exposure as.a function of the sensitization state (dose
of AVP received as a first exposure) of the animals.
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Time course study. Figure 12 shows the results of the experiments

designed to elucidate the time course of the development and duration of the
sensitization process. After the first exposure to AVP (10 pmol), all animals
displayed minor behavioural responses (scores < 2) consisting of pauses and
prostration (data not shown). After the second exposure to AVP (10 pmol) the
behavioural scores of animals given the second AVP injection 1 or 3 hours later
were not significantly different (p > 0.6, Wilcoxon matched pairs signed-ranks test)
from the initial response. When the second AVP injection was administered at least
6 hours and up to 6 days following the initial AVP injection, a significant increase
in the behavioural score was observed (p < 0.03, Wilcoxon matched pairs signed-
ranks test). This increase in the motor responses to a second AVP exposure was
no longer observed (p > 0.46, Wilcoxon matched pairs signed-ranks test) if the
second exposure to AVP was given 8 days after the initial AVP exposure.

Time interval between AVP administrations. Figure 13 shows the results of
the experiments designed to elucidate whether allowing time between treatments
is important for the development of sensitization. Figure 13 (top panel) shows that
if AVP (10 pmol) was repeatedly adminisfered at a time interval for which
sensitization was seen (i.e. daily) for up to 6 consecutive days, the sensitization of
the rat brain could be induced and maintained for at least 5 days (p < 0.05,
Friedman two-way ANOVA). If, however, repeated AVP injections were given
hourly, (i.e. at a time interval shorter than that seen for the development of the

sensitization process to occur) or weekly (i.e. at a time interval longer than the
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Figure 12.  Time course study of AVP-inducec sensitization. Ten groups of rats
(n=4-8) were first given an i.c.v. dose of AVP (10 pmol) at time zero and their
motor behavior scored (data not shown; all scores’< 2). At different times (1, 3, 6,
9, 18, 24 hours and 2, 4, 6, and 8 days) following the initial injection, each group
was given a second i.c.v. injection of 10 pmol AVP and their motor behavior
scored. Each bar represent the maximal score each animal received following the
second AVP injection. Asterisks indicate significant (p < 0.05, Wilcoxon matched
pairs sighed-ranks test) increase in the severity of the motor disturbances between
a first (data not shown) and a second AVP exposure.
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Time interval between AVP administrations. Each bar represent the

maximal score each animal received following an AVP injection. Three groups of
rats were given repeated daily (top panel), hourly (middle panel) or weekly (bottom
panel) i.c.v. AVP (10 pmol) injections and their motor behavior scored. Asterisks
indicate significant (p < 0.05, Friedman two-way analysis of variance by ranks)
increase in the severity of the motor disturbances between the first and the

subsequent AVP expaosure.
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duration of the sensitization), AVP sensitization was not revealed (p > 0.05,
Friedman two-way ANOVA; figure 13, middie and lower panel). These results
suggest that the sensitization of the rat brain to AVP appears to be dependent on
the time interval between AVP exposures.
Assay of ®H-inositol-1-phosphate ¢H-IP,)

In order to determine the effects of central AVP pre-treatment on AVP
stimulated céllular events, we measured AVP-induced®H-IP, accumulation in septal
slice preparations of saline (control) or AVP-pretreated (sensitized; 10 pmol, 24 hrs
earlier) animals. Central pretreatment with AVP did not affect the unstimulated
phosphoinositide breakdown in the absence of AVP (18.7 + 4.4 % controls versus
15.1 + 3.2 % sensitized (n=3); 3H-IP1 accumulation was expressed as a ratio of
the total label incorporated in the 3H-PI fraction). Figure 14 shows that 3H-IP1
accumulation over basal levels in septal slices of AVP sensitized rats was
significantly higher (35.4 + 2.1% over basal; n=3, p < 0;003; two-way ANOVA,
Scheffé multiple range test) than in septal slices from saline treated animals 6.1
+ 4.2 % over basal, n=3) at an AVP concentration of 0.5 u M. Carbachol (1 mM),
used as a control for the assay procedure, res.ulted in a similar stimulation of® H-1P,
accumulation over basal of 85 + 12% in controls and 89 + 18% in sensitized rats
(p > 0.87; two-way ANOVA, Scheffé multiple rahge test, n=3; data not shown). In
order to examine the specificity of the enhanced AVP stimulated °H-IP,
accumulation in AVP sensitized rats, we tested the ability of oxytocin and the V2

receptor agonist DDAVP to stimulateaH-lP1 accumulation. Figure 14, inset, shows
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Figure 14. Daose-response relationship for AVP-stimulated 3H-IP1 accumuiation
in septal siices from non-sensitized saline pretreated controis (s—w ) and from
sensitized rats §-g pretreated, 24 hr earfier, with an i.c.v. AVP (10 pmoal) injection.
Inset: Pharmacological profile of AVP stimulation of"H-lP1 accumulation in septal
slices of sensitized animals following the addition of AVP (0.5 pM); 1 or 10 uM
oxytocin (OT) alone; or 1 or 10 xM DDAVP alone. Values are means = S.E.M. of
2 or 3 separate experiments each performed in triplicate. Data were analyzed using
two-way ANOVA in conjunction with Scheffé multiple-range test. Asterisks indicate
significant (p < 0.05) increase in 3H-IP, accumuilation over basal.
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that both oxytocin and DDAVP at concentrations of 1 and 10 © M showed virtually

no effects. To confirm that the enhanced AVP-induced *H-IP, accumulation in
septal slices of sensitized animals is mediated by the V1 receptor, we tested the
ability of the V1 antagonist d(CH,);Tyr(Me)AVP to inhibit the enhanced AVP
response. Figure 14, inset, shows that the addition of the V1 receptor antagonist
d(CH,), Tyr(Me)AVP (10 u M) caused a significant reduction of"H-lP1 accumulation
in response to AVP (b.5 xM) in sensitized rat septal slices (from 36.0 + 7.8% to
11.0 = 8.1%) (p < 0.04, Scheffé muiltiple range test). These results indicate that
a V1 receptor may be involved in mediating the enhanced AVP stimulation of® H-IP,
accumulation.
D. Discussion

In this study, we have shown that a single i.c.v. injec;tion of AVP enhances
(sensitizes) the motor response produced by a subsequent injection of AVP 6
hours to 6 days later. AVP sensitization is a dose dependent phenomenon, in that
. the greater the sens‘itizing dose of AVP the animals receive on the first AVP
exposure, the greater the number of animals djsplaying severe motor disturbancés
on a second AVP exposure. AVP sensitization is also seen after rﬁultiple
intermittent (daily) injections of AVP, but the importance of allowing time between
treatments has been denoted by the observations that sensitization is not observed
in rats that received hourly or weekly AVP administration. Although the ehhanced
motor actions of AVP in sensitized animals have been shown to be mediateq via

VSA V1 receptor (Burnard et al.1986), the phenomenon of AVP sensitization is not
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readily explained by alterations in the number or affinity of septal *H-AVP binding
sites. Rather, enhanced intracellular signal transduction (Pl hydrolysis) may, in part,
contribute to the enhanced motor response to AVP observed in sensitized rats.

Several studies have shown that in agonist-induced sensitization, the
paradigm used for agonist administration is important in that increased
responsiveness (agonist-induced sensitization) is observed following intermittent,
low dose treatment regimens, whereas diminished responsiveness (agonist-
induced tolerance) is observed after frequéntly repeated (or continuous
administration), high dose treatments (for reviews, see Post, 1980; Robinson and
Becke'r, 1986; Martin lverson et al.1988). In agreerﬁe_nt with these observations, our
results and those of others show that AVP sensitization was observed in animals
given intermittent (i.e. daily) administration of relatively low doses of AVP, whereas
no AVP sensitization has been reported in animals implanted intraventricularly with
an AVP-containing Accurel mini device which slowly and continuously released
AVP centrally for 5 days (Shewey et al.1989). In addition, it has also been shown
that a single agpnist administration is sufficient to alter subsequent agonist
responses for a .long period of time. Fér example, a single injection of
amphetamine enhanced the stereotypy (Ellison and Morris, 1981), and rotational
behaviour (Robinson et al.1982a) produced by a subsequent injection given weeks
later. Similarly, our behavioural data revealed that a single injection of AVP
produces a long-lasting (for up to 6 days) enhancement in the motor response {o

‘a subsequent challenge with AVP. Thus, our results and those of others support
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the observations that both the temporal pattern and the amount of agonist to which
a.receptor is exposed determine which regulatory mechanisms (sensitization or
tolérance) are activated.

A number of hypotheses have been entertained to explain the phenomenon
of agonist-induced sensitization (Kalivas et al. 1985; Robinson and Becker, 1986;-
Vezina et al.1987; Martin lverson et al.i988; Mitcheli et al.19878; Di Paolo et al.1989;
Karler et al.1989; Kita and Nakashima, 1989; Hurd et al.1990; Mobbs et al.1990a,
1990b; Wonnacott, 1990). In our study, We first tested the possibility that the
enhanced responsiveness to AVP may be related to an enhanced number of septal
AVP receptors. Our results indicate, however, that neither the number nor the
affinity of °H-AVP binding to septal AVP receptors were altered in AVP sensitized
animals. Because i.c.v. administration of AVP is expected to ,i'each sévera} brain
regions also known to contain central V1 receptors including the LS and HPC
(Jard et al.1987) and see chapter II), we investigated the possibility that these AVP
receptors may also be upregulated by prior AVP exposure. O}Jr results indicate
that the LS and HPC AVP receptor appear to be similar to those of the VSA AVP
receptor in that neither the number nor the affinity of *H-AVP binding to
hippocampal or lateral septal AVP receptors were altered in response to prior AVP
exposure [although the electrophysiological résponse of hippocampal cells to AVP
was previously observed to be enhanced in sensitized animals (Burnard et

al.1987)].
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This apparent lack of sebtal AVP receptor "upregulation" concomitant with
an increased responsiveness to a second AVP exposure may be explained,
however, by a potentiation of intracellular signal(s) transduction mechanisms at
some step beyond receptor occupation. Therefore, because previous AVP

sensitization studies are indicative of an action of AVP at septal (Naylor et al. 1985a)
V1-like AVP receptors (Burnard et al.1986) and because septal V1 AVP receptors
have been shown to be coupled to PI hydrolysis (Shewey and Dorsa, 1988), we
tested the hypothesis that AVP sensitization could be related to enhanced *H-IP,
accumulation in response to AVP stimulation in septal slices of sensitized animals.
In these experiments, we found that (1) AVP failed to stimulatesH-lP1 production
in septal slices of rats that were not pretreated with AVP (2), that basal 3H-IP1
production was not altered by AVP pre-tréatment and (3) that, in septal slices of
AVP sensitized rats, the stimulation of *H-IP, in response to AVP was enhanced.
Interestingly, this enhanced 3“H-IP1 production in response to AVP was observed
at an AVP concentfation (0.5 uM AVP) at which Shewey and Dorsa (1988)
previously found maximal aH-IP1 stimulation in.response to AVP in septal slices of
Long Evans rats. In addition, using similarly sensitized male Wistar rats, Lebrun et
al.(1990) found similar enhanced 3H-lP1 stimulation in response to AVP in septal
slices. Taken together, our results and those of others sugge§t that the
phenomenon of AVP sensitization is not readily explained by alterations in the

number or affinity of V1 receptors. Rather, alterations in other components and
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interabtions of the _AVP receptor effeptor complex seem to relate more closely to
the sensitization phenomenon.

While the mechanism(s) by which the enhanced intracellular signal in
response to AVP is brought about is yet unknown, if one considers the time
required to attéin sensitization (approximately 6 hours), it is tempting to suggest
that AVP may cause an alteration in synthesis of a protein whose availability may
play an important role in regulating the receptor funétion. For example, pre-
exposure to LH-RH has been shown to cause a characteristic potentiation of
subsequent secretory responses to LH-RH (Pickering and Fink, 1976, 1979) and
a potentié\tion of inositol phosphate accumulation (Mitchell et al.1988). This
enhanced response has been associated with protein synthesis which has recently
been‘identified as HIP-70; an isoform of phosphoinositol-specific phospholipase C-
a (Mobbs et al.1990a, 1990b). In this respect, it would be intere‘sting to investigate
whether AVP sensitization may utilize similar regulatory mechanisms. It would be
interesting to test if there is-a correlation between the time taken for the
sensitization of the motor disturbances and the enhancement of the intracellular
signal to develop.

Furthermore, it now becomes apparent that agonist-induced sensitization
may be important for endocrine regulation in general in that repeated intermittent
exposure to small doses of agonists may be used naturally dr experimentally to
induce a progressive enhancement in many agonist-induced responses (while

avoiding the development of tolerance). Thus it would be interesting to investigate
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whether the peripheral AVP actions may be similarly responsive' to0 prior AVP
exposure. Alteration in the availability of "factors” has already been suggested to
play a role in the reguiation of peripheral V1 receptor coupling to G-proteins in
peripheral V1 receptor function (Bielinski et al.1988).

Although at first glance agonist-induced sensitization appears to be a
phenomenon somewhat at variance with the generally accepted view that the
presence of an agonist at the receptor site induces down-regulation and/or
desensitization and/or tolerance phenomena, other agonist-induced sensitization-
like phenomena have been observed before. For example, kindling has been
described as a long-term enhancement of a response after repeated intermittent
stimulus (either chemical or electrical) exposure (for review, see McNamara, 1988).
Interestingly, similarites between the phenomenon of sensitization and the
phenomenon of kindling have been described before (Post and Weiss, 1989).
Similarly, because several lines of evidence suggest a role for AVP in kindling (Gillis
and Cain, 1986; Greenwood et al.1989), it is tempting to suggest that the
underlying mechanism(s) mediating the role ‘of AVP in sensitization and kindling
may be similar. 7

The physiological rdle of AVP-induced sensitization is not known, but the
fact that the AVP system undergoes a sensitization process is 6f particular interest
for at least two reasons: (1) Sensitization-like phenomena would be ideal for
strengthening of synaptic connections and could be involved in the well known

actions of AVP on learning and memory (Koob et al. 1985, 1989). (2) Sensitization-
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like phenomena may also play a role in other physiological actions of AVP (see
chapter VI).

In summary, this study has shown that repeated intermittent AVP
administration can induce motor disturbances ranging from mild pauses and
prostration to severe barrel rotations and myotonus and myoclonus, in part
depending on the number, duration and dose of AVP administrations. This
progressive enhancement in the motor responses to AVP is not readily explained
by alterations in the number 6r affinity of central AVP recepfors. Rather, alterations
in receptor effector coupling process(es) seem to relate more closely to the

sensitization phenomenon.
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IV.  SEPTAL AVP RECEPTOR REGULATION IN RATS DEPLETED OF SEPTAL

AVP FOLLOWING LONG-TERM CASTRATION

A.  Introduction

| Because long-term castration drastically reduces the AVP content of the
VSA (De Vries et al.1986), in the present study we tested thé possibility (1) that the
brain of long-term castrated rats could not be sensitized to AVP by stimulus
(hypertonié saline)-induced release of endogenous AVP, and (2) that the brain of
long-term castrated rats would, however, have up-regulated VSA AVP receptors
which, (a) following a central injection of AVP would result in a supersensitive
response to the motor actions of AVP; (b) would show an increase in receptor
numberé and/or affinity as measured by ®H-AVP binding studies; (c) would show
an increase in AVP-stimulated phosphoinositide hydrolysis measured in septal
slices. We also measured AVP receptor properties in the lateral septal area (LS)
and the hippocampus (HPC) because immunocytochemicél studies of Ibng-tgrm
castrated rats have demonstrated tHat immunoreactive AVP fibres are also
depleted in these regions (De Vries et gl.1986). Furthermore, as plasma
testosterone level has been shown to alter AVP gene expression (Miller et al.1989)
in the cells of the BST within 24 hours of treatment, and as steroid hormones have
been shown to significantly alter central neurohypophysial receptor expression
within 24 hours of steroid treatment (Joh‘nson et al.1989) we also measured the
characteristics of AVP receptors in short-term (24 h castrated) testosterone

depleted rats.
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B. Methods

Adult male Wistar rats (200-250 gm) were anaesthetized with sodium
pentobarbital (50 mg/kg) and, under aseptic conditions, half of the rats were
castrated. The remaining rats underwent sham surgery, in which the scrotum was
opened and then sutured closed. The rats were housed in groups of four per cage
on a 12 h light cycle and allowed food and water ad libitum.

AVP-induced motor disturbances.

Twenty weeks following castration, the animals were re-anaesthetized with
sodium pentobarbital, and a stainless steel 23 gauge guide cannula was implanted
stereotaxically to allow access to a lateral cerebral ventricle. Rats were then
allowed 5 to 7 days to recover. Prior to experimentation, synthetic AVP (Bachem,
VTorrance, California) was made up into the appropriate concentrations using
sterile, pyrogen-free physiological saline. Behavioural experiments were conducted
2 days apart in order tg examine the effect long-term castration may have not only
on the initial motor responses to a central AVP injection (1st exposure), but also
to reveal possible effects of casfration on the "sensitization" phenomenon of
AVP-induced motor disturbances (2nd exposure) previously described (see chapter
iIl). On each experimental day following each injection, the animals were placed in
a large plexiglass chamber. and observed for the development of motor
disturbances for a 10 min'period as described in chapter m.rExperiments were all
performed between 10:00 and 18:00 hours. Results are presented as the highest

score each animal received throughout a 10 min observation period. Results were
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statistically analyzed by the ﬁon-parametric Mann-Whitney U-Test and the Wilcoxon
matched-pairs signed-ranks test. |

Using the method described above two series of behavioural experiments
were conducted. In the first set of experiments we tested the possibility ;chat the
brain of long-term castrated rats would not become sensitized by a stimulus known
to release endogenous AVP. On the first experimental day (1st exposure),
castrated rats (n=6) or sham controls (n=7) were given an intrape‘ritoneal (i.p.)
injection of 1.0 ml of 1.5 M hypertonic saline to stimulate endogenous release of
AVP into the brain (Demotes Mainard et al.1986; Landgraf et al.1988), or as
control, 1‘.0 mil of physiological saline i.p. (n=4 for each group). Two days later
(2nd exposure), all animals received an i.c.v. (i.c.v.) injection of 100 pmol of AVP
in 5! saline or ‘physiological saline alone and their motor responses recorded as
described above. |

In the second set of experiments we tested the possibility that the brain of
long-term castrated rats would have up-regulated VSA AVP receptors which,
following a central injection of AVP, would result in a supersensitive motor
response to AVP. On the first experimental day (1st exposure) castrated rats
(n=18) or sham controls (n=14) were given an i.c.v. injection of AVP (10 pmol in
5 ul saline). Two days later (2nd exposure), all animals repeivéd an i.c.v. injection
of AVP [10 pmol (n=8, controls; n=9 castrated) or 1 pmol (n=86; controls; n=8,
castrated)] in 5 ul saline and the behaviour of the animals was scored as

described above. As additional controls, on each experimental day in addition to
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receiving AVP i.c.v., each animal was given a control injection of the vehicle alone
(physiological saline, 5ul i.c.v.) and the behaviour of the animals scored as
described above.

Radioligand binding studies.

Twenty weeks or 24 h following castration or sham éurgery (n = 30 per
group), rats were decapitated, and the brains rapidly removed and partially purified
SPM from the VSA, LS and HPC of rat brains were prepared. In addition, because
receptor upregulation may also be observed as an increase in the rate of receptor

_synthesis or as a decrease in receptor degradation and because the presence of
receptors in the "microsomal” membrane fraction has been suggested to reflect
receptors that may be in the process of synthésis or degradation (Burt, 1985), we
also prepared microsomal membrane fractions of the VSA and LS. Binding studies
were cqnducted as previously described in chapter Il.

Data from saturation experiments were analyzed using a computerized,
interactive curve fitting procedure to generate representative Scatchard plots.
Statistical analysis comparing Scatchard plot data from castrated rats and sham
controls was performed using regression analysis (Kleinbaum et al.1988), to
consider two basic questions: 1) Are the two slopes (1/K;,) the same or different?

2) Are the two x intercepts (B,,,,) the same or different?.

Assay of [PH]Inositol-1-phosphate (IP,)
Brain septal slices (250 x 250 um) from long-term castrated rats or sham

controls (n = 5 animals per group, in each experiments) were prepared and the
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accumulation of *H-IP, measured as described in chapter Il. Resulté were
statistically analyzed using two-way analysis of variance (two-way ANOVA) for all
dose-response curves, and where further post hoc testing was required, the
Scheffés' multiple-range test was used. Values of p < 0.05 were considered
significant.

C. Results

AVP-induced motor disturbances.

A first experiment was designed to éstablish whether long-term castrated
rats were functionally deficient (in terms of AVP-induced motor disturbances), in
AVP content of the VSA. In this first experiment, the method used was essentially
that of Burnard et al.(1983) in which a hypertonic stimulus is used to stimulate the
central release of AVP from endogenous stores.to sensitize the rat brain to the
motor effects of St;lbsequent injecfions of AVP. Figure 15 illustrates the behavioral
scores of long-term (20 weeks) castrated rats and of sham controls in response
to an injection of 100 pmol AVP i.c.v. 2 days after i.p. injection of either 1.0 mi of
hypertonic (1.5 M) saline or 1.0 ml of physiological éaline as control. As seen in
figure 15, AVP-induced motor disturbances in sham control rats that received the
hypertonic saline pre-treatment are significantly higher (p < 0.008, Mann Whitney
U-test) than the AVP-induced motor disturbances observed in sham controls that
received the control physiological saline pre-treatment. The behavioral scores show

that sham control rats which received the hypertonic saline pre-treatment displayed
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Figure 15. Endogenous release of AVP. Each bar represents the most severe
behavioral score of a sham control (filled bars) or a long-term castrated male
Wistar rat (hatched bars) in response to 100 pmol AVP i.c.v. two days after
receiving, intraperitoneally, either 1 ml of physiclogical saline (n=4, each group)
or 1 ml of 1.5 M hypertonic saline (n=6, controls; n=7, castrated). Each bar
represents the behavioral score of an individual animal. (+) indicate significant
difference (p < 0.05, Mann-Whitney U-test).
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locomotor difficulties and head swaying (n = 4), barrel rotation (n = 1), myotonus
and myoclonus (n = 1) and even death (n = 1). Motor disturbances of this
magnitude are not normally seen following a first injection of 100 pmol AVP i.c.v.
(chapter 11l). This suggests that, in sham controls, hypertonic saline pre-treatment
on day 1 mimics the previously described effect (Burnard et al.1983) of an i.c.v.
injection of AVP on day 1, in causing sensitization and hence increased
behavioural responses to the second i.c.v. injection of AVP.

In contrast, the motor responses of long-term castrated rats to the injection
of 100 pmol of AVP i.c.v., following either {he physiological saline or the hypertonic
saline pre-treatments, are not significantly different. All rats exhibited minor motor
disturbances rating scores of 1 (ataxia) and 2 (prostration) and one rat exhibited
some locomotor difficulties. These behaviours are also seen following a first
injection of 100 pmol AVP i.c.v. (chapter i) indicating that in castrated rats, no
sensitization occurred following the hypertonic saline pre-treatment. It can therefore
be seen in Fig. 15 that sham control rats displayed increased sensitivity to 100
pmol of AVP i.c.v. when compared to castrated rats (p < 0.004, Mann Whitney U-

test) following hypertonic saline i.p. pre-treatment.

A second series of behavioural experiments was conducted in order to
examine whether the prolonged lack of AVP in the VSA has rendered the AVP
receptor supersensitive to exogenous AVP administration. Figure 16 illustrates the
5ehavioural scores of long-term (20 weeks) castrated rats and sham controls

following a first (1st exposure) and a subsequent (2nd expoéure) i.c.v. injection of
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Figure 16. Lack of behavioral supersensitivity following castration. Each bar
represents the most severe behavioral score of a sham control (filled bars) or a
long-term castrated (hatched bars) male Wistar rat in response to AVP i.c.v.. In
the top panel, animals received 10 pmol AVP i.c.v. on the 1st and the 2nd
exposure. In the bottom panel, animals received 10 pmol AVP i.c.v. on the 1st
exposure and 1 pmol AVP ic.v. on the 2nd exposure. Asterix (*) indicate
significant (p < 0.05; Wilcoxon matched-pairs signed ranks test), and (+) indicate
significant differences (p < 0.05 Mann-Whitney U-test).
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AVP. As indicated in figure 16, on the first day of exposure to AVP i.c.v. (10 pmol),

both sham controls and castrated rats displayed minor behavioural responses
consisting of ataxia, prostration and some locomotor difficulties. No significant
differences were observed between sham controls and castrated rats (p > 0.5
Mann-Whitney U-test). When the animals were retested two days later (2nd
exposure), however, it éan be seen that a second injection of AVP i.c.v. induced
enhanced motor responses in a dose dependeni manner, in that; (1) at the highest
doses of AVP (10 pmol'AVP i.c.v. on the 1st exposure and 2nd exposure, figure
16, top panel), the motor responses of the animals on the 2nd exposure were
significantly increased (p < 0.001, Wilcoxon matched pairs signed-ranks test) from
those of the 1st exposure, with both groups of animals displaying severe motor
disturbances including barrel rotation, convulsions and.death. In the top panel, it
can be seen that no significant differences in the AVP-induced motor disturbances
either on the 1st exposure or on the 2nd exposure weré observed between
castfated and.sham control rats (p > 1.0 top panel; Mann-Whitney U-test). Thus
although it appears that there are no signiﬁcant differences in the motor actions of
centrally injected AVP either on the 1st exposure or on the 2nd exposure, it could
be that on the 2nd exposure too high of a dose was used since near maximal
motor disturbances was observed even in the control group. Therefore a sub-
maximal dose of AVP was used on the 2nd exposure in another group of rats. As
can be seen in Fig. 16 bottom panel, when lower doses of AVP (10 pmol AVP i.c.\_/. :

on the 1st exposure and 1 pmol AVP i.c.v. on the 2nd exposuré; bottom panel)
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Figure 17.  Scatchard plot analysis of *H-AVP specific binding in SPM prepared
from the VSA, LS and the HPC of sham controls ( s—=) or long-term (20 weeks)
castrated ( o ) male Wistar rats. Each point is the mean of triplicate determinations.



104

were used on the 2nd exposure castrated rats were shown to be somewhat less
sensitive to the motor effects of 1 pmol AVP than sham controls (p < .02; Mann-
Whitney U-test). In all cases, i.c.v. saline injectibns did not elicit any motor
disturbances rating greater than a score of 1 (data not shown). An additional
control experiment was conducted in which one group of animals was given an
i.c.v. saline injection on the 1st exposure followed by 10 pmol of i.c.v. AVP on the
2nd exposure two days later. In this experiment, the behavioural scores of animals
on the 2nd exposure to 10 pmol AVP i.c.v. did not significantly differ from
behavioural scores of animals given 10 pmol i.c.v. AVP on the 1st exposure,
indicating that an injection of saline i.c.v. on the 1st ekposure is insufficient to
sensitize the rat brain to AVP-induced motor disturbances (data not shown). It can
therefore be concluded that, when compared to sham controls, long-term
castrated rats did not develop a supersensitive response to the motor effects of
centrally injected AVP. Long-term castrated rats may even be somewhat less
sensitive to thé motor actions of centrally injected AVP.

Binding studies.

The effect long-term castration may have on AVP recéptor number and/or
affinity was measured. The binding of*H-AVP to SPMs prepared from the VSA, LS
and HPC of long-term castrated rats or sham controls was measured using
saturation experiments. In all cases, binding ofsfH-AVP to SPMs was saturable
over ligand concentrations from 0.1 to 10 nM and specific binding of tjp to 70%

was observed. Scatchard analysis of *H-AVP binding to VSA, LS, and HPC SPMs
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yielded linear plots (Figure 17 and 18) which is consistent with a single binding site
model. Each linear plot could be used for estimating apparent dissociation
constants (K,; 1/slope) and binding sites concentration (B,,,; X intercept). Figure
17 shows that the K, values of the binding site for >H-AVP in brain tissues of sham
controls were not significantly different from the Ky values obtained :from brain
tissues of long-term castrated rats. The K, values of the AVP binding sites from
sham controls and long-term castrated rats were calculated to be 3.2 vs 3.0 nM,
p > 0.94, VSA; 0.76 vs 0.82 nM, p > 0.89, LS; and 0.47 vs 0.57 nM, p > 0.49,
HPC, respectively. Figure 17 also shows that the binding sites concentration (B,,,, )
for"‘H-AV;3 from sham controls was not significantly different from the B, for‘3 H-
AVP from long-term castrated rats. The B_,, values were calculated to be 3Q vs
33 fmol/mg protein, p > 0.48, VSA; 44 vs 45 fmol/mg protein, p > 0.84, LS; and
22 vs 20 fmol/mg protein, p > 0.89, HPC, respectively. These results suggest that
long-term castration does not alter *H-AVP bihding site apparent dissociation
constant (K,) or *H-AVP binding sites concentration (B,,,) in SPMs of any regions
of the rat brain studied.

Since the presence of receptors in the "microsomal" membrane fraction has
beeﬁ suggested to reflect receptors that may be in the process of synthesis or
degradation (Burt, 1985) we also investigated AVP binding sites concentration in
the microsomal membrane fraction in the VSA and in the LS of sham-controls and
long-term castrated rats. *H-AVP binding sites cohcentration of the microsoﬁal

membrane fraction from sham controls and from long-term castrated rats were
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Figure 19.  Dose-response curves for AVP-stimulated *H-IP, accumulation in
septal slices from long-term castrated and sham control male Wistar rats. Values
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is shown at 0.001 and 1 uM AVP because the experiment was done only once).
Inset: Carbachol-induced *H-IP, accumulation in septal slices from long-term
castrated and sham control male Wistar rats.
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calculated to be 40 and 38 fmol/mg protein, VSA; 42 and 50 fmol/mg protein, LS

respectively (data not shown).

AVP receptor regulation was also measured in short-term testosterone
depleted (24 h castration) rats.. As can be seen in figure 18, the K, for *H-AVP
binding sites measured in membranes prepared from sham controls VSA SPMs is
not significantly different from the K, of ®H-AVP binding sites from short-term
castrated rats VSA SPMs (1.5 vs 1.2 nM; p > 0.64). S.imilar results were obtained
when binding studies were performed in membl;anes prepared from the LS (0.95
vs 1.4 nM; p > 0.44) or the HPC (0.49 vs 0.48 nM; p > 0.41). Taken together, the
K, values of the binding site for *H-AVP in brain tissues of sham controls were not
significantly differenf from those obtained from brain tissues of short-term castrated
rats. Figure 18 also shows that the B, for *H-AVP in VSA membranes prepared
from éham controls was not significantly different from the B, ,, for °H-AVP in VSA
membranes prepared from short-term castrated rats (38 vs 30 fmol/mg protein;
p > 0.2). Similar results were obtained when binding studies were performed in
membranes prepared from LS (38 vs 41 fmol/mg protein; p > 0.17) or HPC (23
vs 23 fmol/mg protein; p > 0.85). These results indicate that short-term hormone
depletion (castration) does not appear to alter the AVP binding site dissociation

constant or concentration in any of the regions of the rat brain studied.

Assay of [*H]Inositol-1-phosphate (IP,)
To determine the effect septal AVP depletion, caused by long-term

castration of rats, has on septal AVP post receptor mechanisms, we measured



109

AVP-induced 3H-IP1 accumulation in septal slice preparations. We have previously
shown (chapter Ill) that although PI hydrolysis induced by AVP is not detectable
in control rats, our assay procedure is sensitive enough to detect the enhanced
PI hydrolysis in sensitized rats. In keeping with these observations, figure 19
shows that AVP induced no significant (p > 0.9; two-way ANOVA) 3H-IP1
accumulation in sepial slices either from long-term castrated rats or from sham
controls over AVP concentrations of 10° to 107° M. Although carbachol (1 mM)
resulted in an increase in the stimulation of *H-IP, accumulation over basal (85%
= 10% in sharh controls and 105% + 28% in castrated rats), no significant
differences were observed between the two groups (p > 0.89; Scheffé's Multiple
range test).
D.  Discussion

The VSA has been shown to be a site in which AVP acts to cause motor
"disturbances (Naylor et al.1985a). We and others (Kasting et al.1980; Burnard et
al.1983, 1985, 1986; Wurpel et al.1986a; Balaban et-al.1988) “have previously
demonstrated that the motqr disturbances produced by central injections of AVP
involve a "sensitization" phenomenon in that é first injection of AVP increases the
severity of the motor disturbances caused by subsequent central injections of AVP.
This phenomenon was also shown following central release of endogenous AVP.
For example, Burnard et al.(1983) demonstrated that in rats, an i.p. hyp,ertbnic
saline pre-treatment can mimic the effect of a central injection of AVP in sensitizing

the brain to the motor effects of subsequent injections of AVP. These resuits were
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interpreted to suggest that hypertonic saline pre-treatment caused release of
central AVP such that the rat brain became "sensitized". In agreemeﬁt with this,
additional evidence from several laboratories has also shown that i.p. hypertonic
saline treatment causes release of central AVP (Demotes Mainard et al.1986;
Landgraf et al.1988). We report here that more than five months after castration,
in the absence of AVP in the VSA, no sensitization of the rat brain was obtained
using stimulus-induced release of endogenous AVP. We interpret our results to
suggest that i.p. hybertonic saline pretreatment in long-term castrated animals
does not sensitize the rat brain to AVP-induced motor disturbances possibly
because no AVP was released in the VSA. The lack of stimulus;induced
' sensitization of the rat brain to AVP further supports previous findings suggesting
that the reduction of the AVP content in the VSA following long-term castration
appears to be functionally significant (Pittman et al.1988). | The present study was
also designed to investigate the properties of the brain AVE’ receptor following
removal of its ligand, as removal or absence of a receptor ligand has been shown
to typically result in an up-regulation of receptors and in the development of
behavioural supersensitivity (Catt et al.1979; Klein et al.1989). Thus in view of the
fact that long-term castration of adult male rats causes a dramatic reduction in the
AVP content of the VSA where sensitive sites for the motor effects of centrally
injected AVP have been identified (Naylor et al.1985a), we hypothesized that
long-term castration of adult male rats could resuit in the animals becoming

"supersensitive" to the motor effects of centrally injected AVP and in the
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"up-regulation” of VSA AVP receptors. We_ report here that no "supersensitivity" in
~ VSA AVP receptors was found in that, (1) the motor effects of centrally injected
AVP were no greater in long-term castrated rats than in sham controls (2), neither
the number of AVP receptors nor the apparent affinity of the receptor sites, as
determined by *H-AVP binding,'was altered by long-term castration and (3), AVP
stimulation of phosphoinositide | hydrolysis in septal slices was not increased in
long-term castrated rats. In addition, since receptor up-regulation may also be
dbserved as an increase in the rate of receptor synthesis or as a decrease in
receptor degradation and since the presence of receptors in the "microsomal”
membrar;e fraction has been suggested to reflect receptors that may be in the
process of synthes%s or degradation (receptor in vesicular compartments derived
from receptor-mediated endocytosis and recycling; Burt, 1985), we also
investigated the AVP binding site concentration in the microsomal membrane
fraction in the VSA and in the LS of sham-controls and long-term castrated rats.
When ®H-AVP specific binding concentration is compared between the SPM and
the microsomal membrane fraction, equivaler_ft concentrations of *H-AVP binding
sites are observed in these membrane fractions. These results are similar to what
has previously'been shown (chapter lll) and further suggests that the rate of
synthesis and degradation of *H-AVP binding sites does not appear to differ
between sham controls and long-term castrated rats.

The VSA of long-term castrated rats contains some residual AVP (Pittman

et al.1988), although a markedly reduced amount compared to that of the control
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animals, thus it is possible that it may be sufficient to maintain AVP receptors
under normal regulation. It does not seem, however, that we can explain our'failure
to find an "up-regulation" of VSA AVP receptors by a failure of the long-term
castration fo functionally reduce the AVP content of the VSA (see above
discussion).

Our study, therefore, suggests that the septal AVP receptor system displays
potentially unidue properties in that the reduction in the concéntratioh of its ligand,
during adulthood, fails to "up-regulate” the receptor and fails to result in a
behavioural "supersensitivity" to AVP. In this respect, it resembles the V1 receptor
in the periphery which also appears to be relativelrry independent of the level of
circulating AVP (Butlen et al.1984). To explain the lack of dynamic regulation of
the V1 receptor, one might consider that receptor supersensitivity has been
proposed to be a compensatory homeostatic response to the loss of stimulation
by ligand. Thus supersensitivity to a ligand would be expected to occur in tonically
active systems. In contrast, in systems not tonically active, the removal of the
ligand may not be expected to produce a supersensitivity response because no
great loss in basal ligand stimulation would occur. As the loss of vasopressinergic
innervation of the VSA did not result in a compensatory supersensitivity response
in VSA AVP receptors, our results Would therefore suggest that the central VSA
AVP syétem may not be tonically active. This may well be true as several months

after castration are required before immunoreactive vasopressin is eliminated from
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the BST cells (De Vries et al.1986), despite an almpst immediate arrest in AVP
‘synthesis (Miller et al.1989).

Receptor "supersensitivity" has been described mainly under conditions
[including denervation, chronic treatment with antidepressants and neuroleptics (for
example, see (Jenner and Marsden, 1987)] that decrease the synaptic
concentration of transmitter in a very short period of time (days). It is therefore
possible that because the depletion of central AVP level is occurring very slowly
after castration (De Vries et al.1986), the receﬁtor system may have the time to
"adjust" to this slowly changing agonist concentration which may explain why no
alteration in receptor is observed five months following castration despite an almost
complete depletion of VSA AVP stores.

Itis élso ’poss,ible that castration hay cause a transient alteration in central
AVP receptors. Our results, however, demonstrated that AVP receptor regulation
is not affected 24 hours after castration. This is an important observation because
neurohypophysial hormone receptors expression have been shown to be directly
influenced by steroid hormones within 24 hours of steroid treatment (Johnson et
al.1989). Direct steroid influences on neurohypophysial hormone receptors have
also been observed in other systems. For example, Voorhuis et al.(1988) have
shown that testosterone increases the density of *H-AVP binding sites in certaiﬁ
brain nuclei of birds. In the rat, de Kloet et al.(1986) have shown that oestradiol
treatment increases the density of the central oxy;tocin-vasopressin receptors in

discrete brain regions. It is interesting to note that these investigators have
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suggested that the putative V1-type .of AVP receptor, located in the septal area of

the rat brain, does not appear to be responsive to this steroid treatment (de Kloet
et al.1986). A recent report by Tribollet et al.(1990) also indicates that whereas the
oxytocin receptor in the brain is regulated by steroids, the V1 receptor
concentration is unaltered by manipulating gonadal hormone levels.

While in our study the elimination of androgen hormones following castration
did not alter the affinity and/or number of central AVP receptors, nor did it affect
the post-receptor response of VSA AVP receptors, this does not argue against the
possibility that AVP receptor reguiation may, in itself, be dependent upon steroid
hormones derived from the testes. It may be that the absence of such circulating -
steroids (eg. androgens) would prevent the up-regulation of the AVP receptors
which might normally result from reduced ligand exposure. In fact, Antoni et
al.(1985) demonstrated that rat anterior pituitary AVP receptors appear to be
regulated " through a mechanism that requires the presence of the adrenal
glucocorticoid hermone, corticosterone. Although some central actions of AVP
have been shown to be altered by gonadal steroids (Albers et al.1988), the present
reéults do indicate that the induction of the "sensitization" phenomenon following
central AVP administration does not appear to be dependent upon circulating
steroids, because a secoﬁd exposure to AVP causes enhanced behavioural
responses in both sham controls and long-term castrated rats.

Using Homozygous Brattleboro rats, which are also deficient (genetically)

in AVP, Burnard et al.(1985) have shown that Brattleboro rats are "supersensitive”
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to the motor effects elicited from central AVP injections when compared to Long-
Evans. In keeping with these behavioural observations, Shewey and Dorsa (1986)
have shown that Brattleboro rats have an apparent increase in the number of
septal AVP receptors (as well as a lower affinity), when compared to their
heterozygous Iittermatés. In addition, Brattieboro rats were also shown to display
increased AVP-stimulated phosphoinositol hydrolysis (Shewey et al.1989) in septal
slices. While these results suggest that the absence of AVP may result in séptal
AVP-receptor up-regulation, it is possible that the absence of AVP during a “critical"
neonatal period in Brattleboro_ rats, but not on long-term castrated rats, results in
differences in receptor regulation. In fact, neonatal AVP exposure has been shown
to decrease the number of vasopressin binding sites in adult animals (Handelman
and Sayson, 1984).

Besides self-regulation, the regulation of central AVP receptors may depend
on other factors. For example, Antoni et al.(1985) showed that oxytocin Waé
equipotent with AVP in regulating anterior pituitary AVP r;aceptors. Interestingly,
long-?term castration has been shown to be without effect on the oxytocin content
of the VSA, LS or HPC (De Vries et él.1986; Pittman et al.1988). It is therefore
possible that this ligand is capable of maintaining normal regulation of central AVP |
receptors in long-term castrated animals. In this respect, we have obtaiﬁed
p'relirﬁinary evidence that oxytocin may indeéd be importént in the regulation of

central AVP receptor function in the rat brain (see chapter V).
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It is also possible that age may alter AVP receptor regulatory mechanisms
most particularly since it has been shown that age affects AVP levels in a number
of areas of the rat brain (Fliers et al.1985). Thus an additional consideration is that
both castrated and sham control rats used in our study were over 8 months of
age. Our results indicate that VSA AVP receptors in older animals, (both long-term
castrated or sham controls), appear to have a somewhat lower a;‘ﬁnity for AVP (3.2
and 3.0 nM, respectively) as compared to VSA AVP receptors affinity of younger
(both short-term castrated and sham controls; 1.5 and 1.2 nM, respectively)
animals.. Although it is possible that as animals age receptor regulation become
less respbnsive, such animals were, in our study., able to display the expected
"sensitization” to AVP seen in younger animals.

In conclusion, our study shows that the septal AVP receptor displays
potentially unique properties. Firstly, as has been previously shown, repeated
treatments with AVP resullts in the "sensitization" of the rat brain to AVP. Secondly,
our study further suggests that the septal AVP receptor may not behave in a
typical fashion since it is not subject to the development of the up-regulation
typically observed éfter removal of a ligand (even though the removal of the ligand

appears functionally significant).
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V. OXYTOCIN PRE-TREATMENT ENHANCES AVP-INDUCED MOTOR

DISTURBANCES AND AVP-INDUCED PHOSPHOINOSITOL HYDROLYSIS

IN RAT SEPTUM
A Introduction

Recently a ®H-oxytocin ¢H-OT) binding site which has been found to bind
both OT and AVP with high affinity has been characterized and described as an
OT-AVP receptor in the limbic system (Ferfier et al.1983) and the hippoéampus
(Audigier and Barberis, 1985; Elands et al.1988a, 1988b) of the rat brain. Studies
using the V1 antagonist, d(CH,); Tyr(Me)AVP, indicated that the V1 receptor may
be involved in AVP-induced sensitization (Burnard et al.1986). This V1 antagonist
d(CH,); Tyr(Me)AVP, however, has also r-ecently ‘been shown to lack selectivity in
that, although it dis“criminates between the V1 and the V1b or the V2 binding sites
(for review, see Jard et al.1987) it displays considerable antioxytocic activity
(Kruszynski et al.1980) and has been found to bind with high affinity the OT-AVP
receptor (Di Scala-Guenot et al.1990). The role of this OT-AVP binding site is not
. known at the present time but the unexpected high affinity of the OT-AVP receptor
for both OT and AVP raises the possibility that this OT-AVP receptor may be
involved in some of the central actions of AVP.

| This study was therefore undertaken to test the possibility that the OT-AVP

receptor may be involved in the sensitizing actions of centrally injected AVP. Thus,
we compared the ability of the speci%ic OT-AVP receptor antagonist, compound 6,

and the V1 AVP receptor ahtagonist, d(CH,); Tyr(Me)AVP, to block AVP
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sensitization. We also tested if OT and the OT-AVP receptor agonist, [Thr*,Gly’ JOT

were able to induce sensitization and to induce the enhanced motor responses.

B. Methods

Adult male Sprague Dawley rats (200-250 gm) were anaesthetized with
sodium pentobarbital (50 mg/kg) and a stainless steel 23-gauge guide cannula
was implanted stereotaxically under aseptic conditions to allow access to a lateral
cerebral ventricle. During the 5-7 days recove&, the rats were housed in groups
of four per cage on a 12 h light/dark cycle and allowed food and water ad libitum.

In this study a standard AVP sensitization protocol (see chapter IlI) was
used in which a first exposure to AVP or to a peptide solution was given to
sensitize the animals to a subsequent (24 hrs later) AVP or peptide administration.
On each experimental day (betwéen 10:00 and 18:00 hours), i.c.v. injections of
peptide solution in sterile, pyrogen free, physiological saline, were administered by
gravitatidnal flow through a 27-gauge injection cannula into awake, freely moving
animals. After each injection, the animals were placed in a large plexiglass
chamber and observed for the development of motor disturbances for a 10 min
period. Motor disturbances were defined and scored at 1 minute intervals on a
scale modified from that developed by Kasting et al.(1980) as described in chapter
[Il. Results were statistically analyzed by the non-parametric Mann-Whitney U-Test,

the Wilcoxon matched-pairs signed-ranks test.
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Behavioural observations

In the first set of experiments, we tested the ability of the V1 antagonist and
of compound 6 to block AVP-induced sensitization. In these experiments, on the
first peptide exposure, four groups of animals received either AVP (10 pmol, n=8)
alone, or the V1 antagonist (100 pmol) 2 min prior the injection of AVP (10 pmol,
n=8); AVP (10 pmol, n=6) alone, or‘compound 6 (100 pmol) 2 min prior the
injection of AVP (10 pmol, n=8). One day later, all animals received an injection of
AVP (10 pmol). After éach injection, the behaviour of the animals was observed as
described above.

In the next set of experiments, we tested the ability of OT to sensitize the
rat brain to the motor effects of a subsequent AVP exposure. On the first peptidé
exposure, two groups of animals received either AVP (10 pmol, n=>5) alone, or OT
(10 pmol, n=5) alone. One day later, all animals received AVP (10 pmol). After
each injection, the behaviour of the animals was observed as described above.

| The finding that OT was capable of sensitizing the rat brain to AVP-induced
motor disturbances led us to test the dose-response of OT-sensitization and
compare it with our previously established dose-response of AVP-sensitization. In
these experiments, six groups of animals were used. Each group was given a first
exposure to OT [either 1000 (n=5), 100 (n=5), 10 (n=8), 1 (n=4), 0.1 (n=5), or
0.01 (n=6) pmoli]. One day later, all animals were given AVP (10 pmol). After each
injection, the behaviour of the animals was observed as described above. Because

this experiment indicated that a first exposure to 1 pmol OT or 10 pmol AVP is
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sufficient to sensitize the animals such that a subsequent AVP“ (10 pmol) injection,
24 hrs later, induces severe motor disturbances in more than 90% of the animals,
these doses were used in subsequent experiments.

In the next set of experiments, we tested the ability of the V1 antagonist and
,of compound 6 to block OT-induced sensitization. In these experiments, on the first
peptide exposure, four groups of animals received either OT (10 pmol, n=5) alone,
or the V1 antagonist (100 pmol) 2 min prior the injection of AVP (10 pmol, n=7);
OT (10 pmol, n=6) alone, or compound 6 (100 pmol) 2 min prior the injection of
OT (10 pmol, n=>5). One day later, all animals received an injection of AVP (10
| pmol) After each injection, the behaviour 6f the animals was observed as
described above.w

To further evaluate the role played by the OT-AVP receptor in sensitization,
a more selective OT-AVP receptor agonist (Audigier and Barberis, 1985; Elands et '
al.1988a) was used. In pérticular we tested the possibility that the spec‘:iﬁc OT.
receptor agonist [Th*,Gly’ ]O'i‘ may induce sensitization and the ability of
compound 6 to block [Thr*,Gly’ JOT-induced sensitization. In these experiments,
on the first peptide exposure, two groups of animalé receivéd either [Thr“,G:ly7 ]OT
(10 pmol, n=8) alone, or compound 6 (100 pmol) 2 min prior the injection of
[Thi*, Gy JOT (10 pmol, n=8). One day later, all animals received an injection of
AVP (10 pmol). After each injection, the behaviour of the animals was observed as

described above.
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Because testing for sensifization involves measuring the motor response of
an animal to a challenge dose of AVP, it is possible that OT might directly influence
the motor response to AVP, rather than modulate sensitization per se. Therefore,
we tested the possibility that OT or [Thf*,Gly' ]OT may either induce motor
disturbances in their own right or may interfere with AVP-induced motor
disturbances. In the next set of experiments, four groups of animals were used.
The first group of animals was given a first exposure to |_”|‘hr‘*,GIy7 ]JOT (10 pmol,
n=8) and the rest of the animals (group 2,3) were given a first expoéure to OT (10
pmol). One day later, the [Th*,Gly’ JOT pretreated animals received a second
injection .of [Th*,Gly’ ]OT (10 pmol), one group of OT sensitized animals received
a second injection of 100 pmol OT (n=5) and the other received a second injection
of 1000 pmol OT (n=7). After each injection, the behaviour of the animals was
observed as described above.

In the next set of experiments,' three groups of animals were given a first
exposure to AVP (10 pmol). One day later, each group of animals received either
AVP (10 pmol, n=8) alone, OT (100 pmol) 2 min prior '@he AVP (10 pmol, n=8)
injection, or OT (100 pmol, n=5) alone. After each injection, the behaviour of the
animals was observed as described above.

Assay of [*H]inositol-1-phosphate (IP,)

It has previously been shown that AVP sensitization enhances the

magnitude of 3H-lP1 accumulation in response to subsequent AVP exposure in

septal slices (see chapter Ill). Thus, we tested the possibility that the magnitude
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01‘3H-IP1 accumulation in response to subsequent AVP exposure in septal slices
of OT sensitized animals would be similarly enhanced. Cannulated rats received
either an injection of OT (10 pmol, sensitized) or saline (5 ul saline, control) alone.
One day later, 3H-IP1 accumulation in septal slices in response to AVP was
performed as previously described ir"n chapter lll. Results were statistically
analyzed using two-way analysis of variance (two-way ANOVA), and where further
post hoc testing was required, the Scheffés'multiple-range test was used. Values
of p < 0.05 were considered significant.

C. Results

Behavioural observations

Fié_ure 20 compares the ability of the V1 antagonist and.compound 6, to
prevent AVP-induced sensitization. As can be seen in Fig. 20, after a first peptide
exposure to either AVP or AVP in combination with antagonists, all rats displayed.
minor motor disturbances (scores < 2). One day later, whgn AVP was
administered, the motor responses of animals that were pretreated with AVP alone
or AVP in combination with compound 6 were significantly enhanced (p < 0.05,
for all paired groups) when compared to the first peptide exposure. In contrast,
rats that were pretreated with AVP plus the V1 antagonist exhibited significantly
reduced behavioural score (p < 0.002, Mann-Whitney U-Test) following a second
exposure to AVP when compared to AVP alone or to AVP and compound 6.

The nextﬁserlies of experiments were conducted to determine whether

oxytocin would induce sensitization. Results from these experiments are shown in
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Figure 20.  Motor disturbances induced in 4 groups of animals in response to an
initial (1st exposure) i.c.v. injection of AVP alone, or in combination with the V1
antagonist or compound 6, and to a subsequent (2nd exposure) i.c.v. injection of
AVP. Each bar represents the most severe behavioral score an individual animal
received during the 10 min observation period following each injection. Asterisks
indicate significant (p < 0.05, Wilcoxon matched pairs signed-ranks test) increase
- in the severity of the motor disturbances between the first and the second peptide
exposure. + indicate significant (p < 0.05, Mann-Whitney U-test) difference
between groups on the same day of exposure.
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Fig. 21. After the first injection of AVP or OT, rats typically displayed periods of

immobility, as indicated by the low behavioural scores. One day later, when these
rats received AVP (10 pmol), however, the motor response of the animals were
significantly enhanced (p< 0.02, Wilcoxon matched pairs signed-ranks test). These
consisted of barrel rotations, myoclonic and myotonic convulsive movements and
sometimes death, with no differences between the AVP or OT sensitized animals
(p = 0.4, Mann-Whitney U-test). Thus, OT, as well as AVP, is a very powerful
sensitizing agent.

Figure 22 shows the dose-response relationships of OT sensitization. After
the first exposure to OT (0.01, 0.1, 1, 10, 100 or 1000 pmol), all rats displayed
minor behavioural responses consisting of pauses with no obvious dose-response
relationship (see Fig. 22, 1st exposure). When thé animals were retested 24 hrs
later in response to an AVP injection (10 pmol), however, it can be seen that the
motor responses of the animals were significantly increased (p < 0.05, Wilcoxon
matched pairs signed-ranks test, in all paired groups).

Dose-response data previously obtaingd for AVP sensitization (Chapter II)
and data obtained in Figure 22 for OT sensitizafion are replotted together in Figure
23 to compare and illustrate the dose-response relationship for the proportions of
rats (expressed as percent) exhibiting severe motor disturbances (including barrel
rotation, myotonic/myoclonic convulsions and death; score > 4) following an AVP
7(10 pmol) injection according to the sensitized state of the animals (either

sensitized with a first exposure to AVP (0.1, 1, 10 or 100 pmol) or to OT (0.01, 0.1,
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Figure 21.  Motor disturbances in 2 groups of animals in response to an initial
(1st exposure) i.c.v. injection of AVP or OT and a subsequent (2nd exposure) i.c.v.
injections of AVP. Each bar represents the most severe behavioral score an
individual animal received during the 10 min observation period following each
injection. Asterisks indicate significant (p < 0.05, Wilcoxon matched pairs signed-
ranks test) difference in the severity of the motor disturbances between the first
and the second peptide exposure.
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Figure 22.  Motor disturbances induced in 6 groups of animals in response to an
initial (1st exposure) i.c.v. injection of OT and to a subsequent (2nd exposure) i.c.v.
injection of AVP. Each bar represents the most severe behavioral score an
individual animal received during the 10 min observation period following each
injection. Each group is represented by a unique bar pattern on 1st and the 2nd
peptide exposure. Asterisks indicate significant (p < 0.05, Wilcoxon matched pairs
signed-ranks test) difference in the severity of the motor disturbances between the
first and the second peptide exposure.
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1, 10 of 100 pmol). As can be seen in Figure 23, a comparison of the dose
- response curves of AVP-induced motor disturbances in OT-sensitized and in AVP-
sensitized animals, shows that OT sensitization shifts the dose-response of the
motor effects of subsequent AVP to the left. |

Figure 24 compares the ability of the V1 antagonist and compound 6, to
prevent OT-induced sensitization. As can be seen in Figure 24, after a first peptide
exposure to OT alone or OT in combination with antagonists, all rats displayed
minor motor disturbances (scores < 1). One day later, when the animals were
administered AVP, the motor responses of animals that were pretreated with OT
alone were significantly enhanced (p < 0.05, Wilcoxon matched pairs signed-ranks
test, in all paired groups) when compared to the first peptide exposufe. Rats that
were pretreated with OT plus the V1 antagonist exhibited enhanced behavioural
scores following a second exposure to AVP (p < 0.02, Wilcoxon matched pairs
siéned-ranks test), and the behavioural scores of the V1 antagonist pretreated
groups were not significantly different (p > 0.06, Mann-Whitney U-Test) from the
agonist alone pretreated rats. Although the behavioural scores of the compound
6 pretreated group was slightly but not significantly (p > 0.05, Wilcoxon matched
pairs signed-ranks test) enhanced, they were significantly less that the OT
pretreated group alone (p < 0.05, Mann-Whitney U-test). Furthermore, the
compound 6 pre-treated rats had behavioural scores significantly less (p < 0.05,

Mann-Whitney U-test) that the V1 antagonist pre-treated rats.
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Figure 23. The proportions of rats (expressed as percent) exhibiting severe
motor disturbances (including barrel rotation, myotonus, myoclonus and death,
score 2 4) in response to an i.c.v. injection of AVP (10 pmal) are re-plotted
together as a function of OT (dose response, figure 3) or AVP (dose response
data of AVP sensitization obtained in chapter IlI) sensitization.
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Figure 24. - Motor disturbances induced in 4 groups of animals in response to an
initial (1st exposure) i.c.v. injection of OT alone, or in combination with the V1
antagonist or compound 6, and to a subsequent (2nd exposure) i.c.v. injection of
AVP. Each bar represents the most severe behavioral score an individual animal
received during the 10 min observation period following each injection. Asterisks
indicate significant (p < 0.05, Wilcoxon matched pairs signed-ranks test) difference
in the severity of the motor disturbances between the first and the second peptide
exposure. + indicate significant (p < 0.05, Mann-Whitney U-Test) difference
between groups on the same day of exposure.
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The ability of the specific OT receptor antagonist, compound 6, to prevent
[Th*,Gly JOT sensitization was also tested. As can be seen in Figure 25, after a
first peptide exposure, all raté displayed minor motor-disturbances (scores < 1).
One day later, when the animals were administered AVP, the motor responses of
animals that were pretreated with agonists [Thr*,Gly' JOT alone were significantly
enhanced (P < 0.02, Wilcoxon matched pairs signed-ranks test) when compared
to the first peptide exposure. Similarly, rats that were pretreated with [Thi*,GlY JOT
plus compound 6 exhibited an enhanced behavioural score following a second
exposure to AVP (p < 0.04, Wilcoxon matched pairs signed-ranks test), there were
a significant differences between the [Thr,Gly’ JOT and the [Th*,Gly’ ]JOT plus
compound 6 prétreatéd animals (P < 0.005, Mann-Whitney U-Test).

Figure 26 and 27 shows the results of experiments conducted to test
whether activation of the OT-AVP receptor could directly affect motor disturbances.
Figure 26 shows that OT does not induce severe motor disturbnces unless high
doses are used. As can be seen in Figure 26, after a first peptide exposure, all rats
displayed minor motor disturbances (scores < 1). One day later, when the animals
were administered OT, only the motor responées of animals treated with very high
dose of OT (1 nmol) displayed signiﬁcantly enhanced motor responses (p < 0.04,
Wilcoxon matched pairs signed-ranks tes?

Figure 27 shows that OT does not interfere with AVP-induced motor
disturbances. After the first injection of 10 pmol AVP, all rats typically displayed

periods of immobility, as indicated by the low behavioural scores. One day later,
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Figure 25.  Motor disturbances induced in 2 groups of animals in response to an
initial (1st exposure) i.c.v. injection of [Th*,Gly’ JOT or [Thr*,Gly’ JOT in combination
with compound 6, and to a subsequent (2nd exposure) i.c.v. injection of AVP.
Each bar represents the most severe behavioral score an individual animal
received during the 10 min observation period following each injection. Asterisks
indicate significant (p < 0.05, Wilcoxon matched pairs signed-ranks test) difference
in the severity of the motor disturbances between the first and the second peptide
exposure. + indicate significant (p < 0.05, Mann-Whitney U-test) difference
between groups on the same day of exposure.
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Figure 26.  Motor disturbances induced in 3 groups of animals in response to an
initial (1st exposure) i.c.v. injection of OT or [Thr*,Gly ]JOT, and to a subsequent
(2nd exposure) i.c.v. injection of OT or [Thr*,Gly’ JOT. Each bar represents the
most severe behavioral score an individual animal received during the 10 min
observation period following each injection. Asterisks indicate significant (p < 0.05,
Wilcoxon matched pairs signed-ranks test) difference in the severity of the motor
disturbances between the first and the second peptide exposure.
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when the animals received either 10 pmol AVP alone or 100 pmol OT 2 min prior
to receiving 10 pmol AVP, the motor responses of the animals were significantly
enhanced (p < 0.05, Wilcoxon matched pairs signed-ranks test) from the first
exposure. Animals given 100 pmol OT alone, however, exhibited only minor
behavioural anomaiies. Furthermore, on the second peptide exposure, when the
behavioural scores of AVP alone treated rats were compared to those of the AVP
and OT treated rats, no significant differences were observed (p > 0.5, Mann-
Whitney U-test). These results incidate that OT, at this dose, does not induce
severe motor disturbances even in AVP sensitized animals ana does not block
AVP induced motor disturbances.

In order to determine the effects of central OT pretreatment on AVP
stimulated cellular events, we measured AVP-induced®H-IP, accumulation in septal
slice preparations of saline (control) or OT-pretreated (sensitized; 10 pmol, 24 hrs
earlier) animals. Central pretreatment with OT did not affect the unstimulated
phosphoinositide breakdown in the absence of AVP (14.5 = 3.9, controls versus
17.1 = 3.1, sensitized (nN=3) % 3H-IP1 accumulation expressed as a ratio of the
total label incorporated in the *H-PI fraction; data not shown). Figure 28 shows
that®H-IP, accumulation over basal levels in septal slices of OT-sensitized rats was
significantly higher (35.4% * 2.1% over basal; n=3, p < 0.003; two-way ANOVA,
Scheffé multiple range test) than in septal slices from saline pretreated animals,
© 8.1% * 4.2% over basal (n=3) at an AVP concentration of 10.0 u M. Carbachol (1

mM), used as a control for the assay procedure, resulted in a similar stimulation
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i.c.v. injection of either AVP and OT alone, or in combination. Each bar represents
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disturbances between the first and the second peptide exposure. + indicate
significant (p < 0.05, Mann-Whitney U-Test) difference compared to the AVP alone
treated group on the same day.
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of *H-IP, accumulation over basal of 85% = 12% in controls and 89% + 18% in
sensitized rats (p > 0.87;two-way ANOVA;, Scheffé multiple range test, n=3; data
not shown).
D. Discussion

The recent discovery that central oxytocin binding sites have high affinity for
both OT and AVP (Audigier and Barberis, 1985) raises the possibility that some of
the central actions of AVP may be mediated via this receptor. Because pre- -
exposure of the rat brain to AVP has been shown to enhance (sensitize) the
central ag:tions of subsequent AVP administration (Kasting et al.1980; Burnard et
al. 1983, 1985, 1986, 1987; Boakes et al.1985; Naylor et al.1985a; Wurpel et
al.1986a, 1986b, 1988; Balaban et al.1988), in this study we investigated the
possibility that AVP-induced sensitization could be mediated via the OT-AVP
receptor. Our present results confirm previous findings that AVP-induced
sensitization appears to be mediated via the V1 receptor (Burnard et al.19886). In
addition, a surprising finding from this study Was the observation that OT is itself
a potent sensitizing agent. OT sensitization appears to be mediated via the OT-AVP
receptor and to enhance both AVP-induced motor disturbances and °H-IP,
accumulation in septal slices in response to subsequent AVP administration.

Several studies have shown that the V1 antagonist, d(CH,), Tyr(Me)AVP,
binds both the OT-AVP (Di Scala-Guenot et al.1990) and the V1 receptor (Dorsa
et al.1984; Cornett and Dorsa, 1985 and seé chapter Il), whereas compound 6

seleétively binds the OT-AVP receptor (Elands et al.1988b; Di Scala-Guenot et
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al.1990). Our observation that AVP-induced sensitization could be blocked by

d(CH,); Tyr(Me)AVP, but not by compound 6, strongly suggest that AVP
sensitization is not mediated via the OT-AVP receptor.

As mentioned above, a surprising observation in this study was the finding
that OT is a potent sensitizing agent, even more potent than AVP (see Figure 23).
Furthermore, our observation that OT-induced sensitization could be blocked by
the specific OT-AVP receptor antagonist, compound 6, but not by d(CH,)
Tyr(Me)AVP strongly suggests that OT sensitization is mediated via the OT-AVP
reéeptor. The findings that the specific OT-AVP receptor agonist, [Thr*,GlY' 10T,
could also act as a sensitizing agent, and that compound 6 could block
[Thr*,Gly’ |OT-induced sensitization confirms that activation of the OT-AVP receptor,
by OT-like agonist, can sensitize the rat brain to AVP-induced motor disturbances.

Even though compound 6 blocked OT sensitization, which suggests a
specific effect of OT at OT receptors, the possibility remains that OT could induce
sensitization by causing the endogenous release of AVP. The observation,
however, that the V1 antagonist d(CH, ); Tyr(Me)AVP although effective in blocking
AVP sensitization did not block OT sensitization does not favor this possibility.

Because this d(CH,); Tyr(Me)AVP is known to bind both the OT-AVP
receptor (Di Scala-Guenot et al.1990) and the V1 receptor (Dorsa et al.1984;
Cornett and Dorsa, 1985); and see chapter II), it would be expected to have
blocked OT sensitization. However, there are at least two possible explanations

why d(CH,), Tyr(Me)AVP did not block OT sensitization under the present
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experimental conditions. The first is that, although the OT-AVP receptor binds both

OT and AVP, it bindé OT with a higher affinity than it binds AVP or V1 antagonist
(Audigier and Barberis, 1985; Di Scala-Guenot et al.1990). The second .is that OT
is at least ten times more potent than AVP as a sensitizing agent (see Figure 23).
Both of these observations suggest that much higher dose of the V1 antagonist
would be required to block OT seﬁsitization.

Despite tﬁe fact that OT can sensitize the rat brain to AVP-induced motor
disturbances, OT given 5§ min prior to an acute AVP injection, does not block the
motor effects of AVP, unless very high doses are used (see Abood et al.1980).
Similarly, OT injected alone, even in sensitiz’ed animals, does not in itself induce
motor responses unless very high doses are used (see Figure 26) (a dose at
which it would be expected to act as a partial agonist). This finding‘ underlines the
fact that the motor disturbances themselves do not result from action at an OT
receptor site.

Previous studies indicate that the magnitude 01‘3H-IP1 accumulation in septal
slices in response to AVP is enhanced in AVP-sensitized animals (see chapter ii;
(Lebrun et al.1990). In this study we have found similar results in that (1) 3H-IP1
accumulation in septal slices of saline pretreated rats was not stimulated by AVP;
(2) basal 3H-IP1 accumulation was not altered by OT pre-treatment; (3) 3H-IP1
accumulation in septal slices of OT pretreated rats in response to AVP was
enhanced. Taken together, our results and those of others (Lebrun et al.1990)

suggest that AVP or OT sensitization results in enhanced AVP-induced °H-IP,
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accumulation in septal slices. The observation that OT sensitization results in an
enhanced intracellular response to subsequent AVP exposure is in line with our
previous conclusion that the phenomenon of sensitization is more closely related
to alterations in post-receptor mechanisms rather than in alteration in the V1
receptor itself. |

During the last decade, several attempts have been made to characterize '
central AVP receptors on membrane fractions derived from whole brain or from
anatomically defined areas (see intro and chapter I1). When *H-AVP binding is
determined in the presence of 10 mM Ni, high capacitysH-AVP binding sites also
bind both AVP and OT with similar ‘afﬁnities (Pearlmutter et al.1983; Costantini and
Pearimutter, 1984). Thus another possibility is that AVP- and OT-induced
sensitization may be mediated via action at this receptor. Further characterization
of this receptor will be required td invéstigate this possibility.

Whether the sensitization obtained by AVP and OT pre-exposure occurs via
similar mechanisms, however, remains unknown. There s’ some
electrophysiological evidence that AVP and OT exert a similar excitatory effect on
a small proportion of neurons located in the septal area (joéls and Urban, 1982).

Whether AVP and OT have a similar site of action in the rat brain to induce
sensitizatibn is also not known. It is interesting to note, however, that
autoradiographic studies of the rat basal forebrain, an area including the VSA, Was
recenfly-shown to contain both *H-AVP and ®H-OT binding sites (e.g. Biegon et

al.1984; de Kloet et al.1985; Raggenbass et al.1987; Freund-Mercier et al. 1988;
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Tribollet et al.1988a). This observation raises the posibility that both AVP and OT

may act in the ventral septal area via their respective receptors to induce
sensitization.

Finally, it is inferesting to note that several studies have previously indicated
the importance of endogenous neurchypophyseal peptides in processes related
to tolerance and sensitization phenomena. Although some controversies exist as
to whether AVP and/or OT facilitate (e.g. Van Ree and De Wied, 1976; Post et
al.1982) or inhibit (Kovacs et al.1985, 1987; Kovacs and Telegdy, 1987) the
development of tolerance, evidence indicates that AVP and related peptides
influence the activity of neuronal pathways that subserve central adaptive
processes involved in tolerance and/or sensitization phenomena. It is possible,
therefore, that tolerance and sensitization may be highly related phenomena, in
that, both are altered responsivities baéed on previous exposure. It would be of
interest to determine if the present observations of altered responsiveness to these

neurohypophyseal peptides had relevance to the studies on tolerance.
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VL. OT SENSITIZATION OF AVP-INDUCED ANTIPYRESIS

A Introduction

There is now considerable evidence that AVP can act as an antipyfetic
agent in the brain. Central AVP administration to a variety of species causes a
dose-dependent, receptor-mediated redugtion in the febrile response but not in
normal body temperature (for a review, see Pittman et al.1988). The VSA appears
tb be a major site at-which AVP is capable of causing antipyresis (Naylor et
- al.1988) and several lines of evidence suggest a role for endogenous AVP in
fever suppression within the VSA (for reviews, see Naylor et al.1987; Cooper et
a|.1987)..

Although both AVP and OT are released into the VSA during fever
(Landgraf et al.1990), structure activity studies suggest that the centralireceptor
mediating the antipyretic action of AVP in the brain resembles the V1 rather than
the V2 or OT-AVP receptor, in that; (1), an antagonist of the V1 receptor d(CH, ),
Tyr(Me)AVP prevents the antipyretic action of AVP in the brain (Naylor et al. 1987);
and (2) the V2 agonist DDAVP and oxytocin were shown to be inactive as
antipyretic agents (Kovacs and De Wiéd, 1983; Cooper et al.1987; Naylor et
al.1987). Thus, a role for the OT released during fever is not yet known.

As discussed in previous chapters, pre-exposure of the rat brain to AVP
(Kasting e’é ai.1980; Burnard et al.1983, 1985, 1986, 1987; Boakes et al.1985;
Naylor et al.1985a; Wurpel et al.19864a, 1986b, 1988; Balaban et al.1988 and

previous chapters) or OT (chapter V) cause a sensitization to the motor actions
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of subsequent AVP exposure. Therefore, in this section we tested the hypothesis
(1) that pre-exposure of the rat brain to OT may similarly sensitize the rat brain
to the antipyretic action of subsequent AVP exposure, and (2) that AVP or OT
released during fever, could sensitize the brain to the subsequent motor actions
of central AVP.
B. Methods

Male sprague Dawleys rats initially weighing 250g were anesthetized with
sodium pentobarbital (50 mg/Kg) and a stainless-steel 23-gauge guide cannula
was implanted stereotaxically under aseptic conditions to allow access to a lateral
cerebral ventricle. In addition, pre calibrated, paraffin-covered temperature-
sensitive radio-trénsmitters (Mini-Mitter) were inserted in the intraperitoneal cavity
for the future remote recording of body temperature. Animals were then hdused
in groups of four per cage on a 12-hr light cycle, allowed food and water ad
libitum and allowed 5-7 days to recover from surgery. |

Because interleukin-1 (IL-1) has been shown to be effective in causing
fever foilowing i.c.v. injection (Duff and Durum, 1983), we have utilized IL-1 to
induce fever. Stock solutions of IL-1, AVP and OT were diluted to the appropriate
concentrations with sterile saline immediately prior to i.c.v. injections. Injections
wére performed, in a volume of 5 ul, by gravitational flow through a 27-gauge-

injection cannula into awake, freely moving animals.
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OT sensitization, fever and antipyresis

In a first set of experiments,‘we addressed the questions of whether
pretreatment with.OT would (1)-alter the fever response to IL-1, (2) alter the
antipyretic response to an exogenous i.c.v. AVP administration. Cannulated rats
were given either an i.c.v. injection of saline as control (n ='6),-br were sensitized
with an i.c.v. injection of 0.1 pmol OT (n=5), 1.0 pmol OT (n=5), or 10 pmol OT
(n=5). One day later, each animal was placed individually in a plexiglass cage
located on an antennae designed to receive the signals emitted by the
intraperitoneally implanted transmitters. fhese signals were converted to body
temperature measurements with a Heath Computer System, and monitored at 5
min intervals for at least 60 min (baseline body temperature recording). Once a
stable baseline bbdy temperature was established, each animal was given an
i.c.v. injection of 20 Units of IL-1 and body temperature monitored for an
additional 120 min. To investigate the antipyretic potency of exogenously
administered AVP, at 120 min post IL-1 injection, 1 pmol of AVP in 5 ul saline was
administered i.c.v. and body temperature monitored for an additional 120 min.
OT sensitization and OT antipyresis

To test whether the antipyretic response induced by thei.c.v. AVP injection
~ was specific to AVP, an additional group of animals (sensitized one day earlier
with 10 pmol OT i.c.v.) were given an i.c.v. injection of 10 pmol of OT at 120 min

post IL-1 fever and the body temperature was measured as described above.
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Endogenous sensitization and AVP-induced motor responses

In a second series of experiments, we tested the possibility that fever (a
known stimulus for the release of central AVP and OT) may sensitize the rat braih
to the motor actions of subsequently administered AVP. On the first experimental
day, two groups of animals were given either a fever, induced by the i.c.v.
injection of 20 Units of IL-1 in 5 ul physiological saline (n=8) or as control, 5 ul
phys;iological saline alone (n=8). One day later all animals received an i.c.v.
injection o;‘ 100 pmol AVP (a dose previously utilized in endogenously sensitized
animals) in 5 ul physiological saline. The animals were then placed in a large
plexiglass chamber and observed for the development of motor distubances for
a 10-fnin period as described in chapter lil. Results were statistically analyzed by
the non-parametric Mann-Whitney U-Test.

Body temperature measurements-are presented as changes in body‘
temperature, obtained by subtracting the mean baseline core temperature from
each temperature measurement obtained during the various experimental
manipulations. The changes in body temperature were then subjected to an
analysis of variance (ANOVA) and Scheffé post-hoc test.

C.  Results
OT sensitization, fever and antipyresis

Figure 29, illustrates the febrile response of non-sensitized and OT

sensitized animals. Thé average baseline body temperature (data not shown) of

non-sensitized control animals (38.4 = 0.3 ° C) was not significantly different from
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Figure 23. Mean (£ S.E.M.) change in body temperature of animals pre-treated
on day 1 with i.c.v. injections of saline (n=6, m-a ); 0.1 pmol OT (n=5, + - +);
1.0 pmol OT (n=5, ¢-¢ ); 10.0 pmol OT (n=5, a-4 ). At time 0, 20 units of IL-1
was administered i.c.v... Two hours later, animals received an i.c.v. injection of 1
pmol AVP.
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~ the baseline body temperature of animals sensitized either with 0.1 pmol OT (38.0
+ 0.3 °C), 1.0 pmol OT (388.1 = 0.3 °C), or 10 pmol OT (875 = 0.3°C) (p >
0.1). Similarly, the febrile responses to IL-1 (Fig 29) were not significantly different
(p > 0.1) between control and sensitized animals. Inspection of the mean
temperature records (Fig. 29) reveals, however, that whereas the initial rise in
body temperature was almost identical in control and sensitized animals,
sensitized animals displayed evident tendencies toward greater defervescence
during the later phase of the fever response (i.e., lower body temperature
between 70 and 120 min post IL-1 injection). When the average body temperature
is calculated dUrinQ this later, stabilized phase of fever (Fig. 30), it becomes
apparent that associated with a larger sensitizing dose of OT, is a greater
tendency for lower body temperature.

In addition, Figure 29 also illustrates the effect of exogenously administered
AVP on febrile body temperature. As illustrated in Figure 29, the febrile body
temperature was attenuated by; AVP to a significantly (p < 0.f1) greater extent in
sensitized (10 pmol OT) animals than in non-sensitized controls. This becomes
more apparent on calculation of the maximal decrease in body temperature
induced by AVP as a function of the dose of OT used to sensitize the animals

(Fig. 31).
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Figure 30. Bodytemperature (Mean + S.E.M.) changes from baseline during the
defervescence phase of fever (70 - 120 min post IL-1) as a function of OT-induced
sensitization. ‘
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Figure 31.  Maximal body temperature (Mean = S.E.M.) changes from pre AVP
injection baseline (average at time 100 - 120 min) after ani.c.v injection of 1 pmoi
AVP. Asterisks indicate a significant difference in body temperature between the
saline pre-treated and sensitized animals. *p < 0.1.
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OT sensitization and OT antipyresis
When febrile sensitized (10 pmol OT) rats were given 10 pmol OT i.c.v. 120

min post IL-1 administration, no decrease in body temperature was observed
(Fig. 32).
Endogenous sensitization and AVP-induced motor responses

- Following an IL-1 fever (20 Units, i.c.v.), animals exhibited maximal rise in
body température of 2.15 + 0.25 ° C above baseline whereas saline treated rats
exhibited maximal rise in body temperature of 0.28 =+ 0.05 ° C (figure 33, top
panel). When rats received 100 pmol AVP i.c.v. one day later, the behavioural
effec‘;ts were striking. Whereas 100 pmol AVP in saline pre-treated rats evoked
minor motor responses including pauses and prostrétion, it evoked severe motor
disturbances including barrel rotation myoclonic/muoctonic convulsion and even
death in fever-pretreated animals (Fig. 33, lower panel). Thus the response of
saline pre-treated rats to an i.c.v. injection of AVP is significantly different (p <
0.05, Mann-Whitney U-test)‘ from the response of rats pre-treated with fever
(figure 33, lower panel).
D. Discussion

The resullts of the experiments reported here indicate that pre-exposure
(éensitization) of the rat brain to a single injection of OT enhances the anﬁpyretic
response to injection of AVP into a lateral ventricle in febrile animals. Although
basal body temperature and the initial rate of rise in body temperature to IL-1

were not altered in sensitized rats, there was a tendency toward lower body
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Figure 32. Mean (+ S.E.M.) change in body temperature of animals pre-treated
on day 1 with an injections of 10.0 pmol OT i.c.v. (n=6, s—= ). One day later,
at time 0, 20 units of IL-1 i.c.v. was administered. Two hours later, animals received
an i.c.v. injection of 10 pmol OT.
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temperature during \the latter phase of the fever response. This is particularly
interesting because AVP has been shown to play a role as an endogenous
antipyretic agent during the latter phase of fever. For example, rats made febrile
and given AVP antagonists develop fevers in which the initial rise in body
temperature was not altered but in which defervescence was delayed (Cooper et
al.1987). Furthermore, Brattleboro rats which are genetically deficient in AVP
(Cooper et al.1987) and long-term castrated rats which are also deficient in septal
AVP (Pittman et al.1988) develop fevers in which defervescence is delayed. The
fact that we found that exogenously applied AVP has an enhanced antipyretic
action in sensitized animals, and the fact that several reports ‘provide evidence to
support the hypothesis that ehdogenous AVP may affect fever duration by
facilitating defervescence (Cooper et al.1987; Pittman et al. 1988) suggest that the
tendency toward enhanced endogenous antipyresis in sensitized animals made
febrile, may be dee to the action of endogenous AVP being released during fever.

| Previously, we have demonstrated that. the enhanced action of AVP in
sensitized animals appears to be due to enhanced post receptor activation (see
chapter lil). Our observation fhat- exogenously applied AVP is more effective in the
OT sensitized rats supports the hypothesis that the enhanced antipyresis is
mediated at the receptor Ievel-'and is not due to increased endogenous release.
However, further studies utilizing push-pull perfusion of the VSA may be required

to determined if release of AVP is also altered in the sensitized rats.
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The observation that OT in itself does not decrease the body temperature
of febrile sensitized animals is in line with previous observations cohcerning the
ineffectiveness of this peptide in causing antipyresis (Kovacs and De Wied, 1983).
These data further support the hypothesis that the enhanced action of AVP in
sensitized animals is not mediated via the OT-AVP receptor (see chapter V).
Nontheless, the observation that centrally administered OT can sensitize the
antipyretic actions of AVP raises the possibility that endogenous OT, which is
known to be released along with AVP into thé VSA during fever (Landgraf et
al.1980), may pléy a role in modulating fever responses.

Recent studies suggest that the development of tolerance to a pyrogen-
induced fever by repeated injections of endotoxin may involve AVP mediated
endogenous antipyresis. For example, Cooper et al.(1988) observed that the
development of fever tolerance in guinea pigs was associated with changes in
central immunoreactivity for AVP. Recently, Wilkinson and Kasting (1980a) have
observed that animals made fever toler.ant by successive daily injections of
endotoxin developed enhanced fevers following application of an AVP antagonist
into the VSA and interpreted their results to s.uggest a role for centrally released
AVP during pyrogenic tolerance in the rat. The present observations raise the
possibility that sensitization of endogenéus antipyresis mechanisms may also
contribute to the pyrogenic tolerance.

Because fever can mimic the effect of a central injection of OT in

sensitizing the rat brain to the motor effects of AVP we interpret these resuits to
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suggest that fever stimuli caused the release of central OT (or possibly AVP) so
as to sensitize the brain to the motor anomalies induced by exogenously
administered AVP. However, it is also possible that some other aspect of the
responst to IL-1 (i.e. elevated body temperature or release of cytokinines etc.),
‘could also have participated in the sensitization process.

Because the VSA of the rat basal forebrain appears to be a major site at
which AVP is capable of causing both antipyresis (Kasting et al.1982) and motor
disturbances (Naylor et al. 1985a), it has been suggested previously (for a review,
Pittman et al.1988) that AVP, released during fever, could be involved in the
genesis of febrile convulsions. The present observations are the first to
demonstrate a causal link between the occurence of a pyrogen induced fever and
a subsequent enhanced susceptibility to the convulsive and motor actions of

AVP.
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VIl. GENERAL DISCUSSION AND CONCLUSIONS

There have been numerous reports in the literature of the effects of acute
central administration of a variety of neurotransmitters. For many of these
substances, however, relatively little is known about the effects produced by their
chronic or repeated administration. As discussed in the introduction, it is now
apparent, at least for some substances, that dramatic changes in their effects are
seen upon repeated administration.

The aim of the work reported in this thesis was to inveétigate putative
mechanism(s) underlying the phenomenon that repeated central administration
-of AVP causes a sensitization process, in that a first exposure to AVP increases
the responsiveness of the animals to surbsequent AVP exposure.

The behavioural data indicate that sensitization to repeated administration
of AVP is dependent on dose, and on the interval of time between exposures to
AVP. While many other variables can affect the developmen’; of sensitization, it is
suggested that both the arﬁplitude (dose) and the temporal (intermittent
eprsure) characteristics of agonist exposure are important in determining
sﬁbsequent responsiveness. This has beeﬁ observed in a number of other
systems (reviewed in the introduction), all of which appear to possess the
flexibility of up or down regulation depending on the stimulus characteristics. The
possibility exists that many other neurotransmitters or hormones may similarly

evoke enhanced responsiveness upon repeated exposure. Experiments such as
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those described in chapter Il could profitably be carried out upon other agonists
and hormones.

The fact that the temporal characteristics of a stimulus may be important
in regulating the magnitude of the response has functional significance for the
following reasons; first, enhanced responsiveness of a tissue to an agonist would
provide a mechanism whereby an optimal (enhanced) effect could be obtained
without requiring massive amounts of ligand to be synthesized, released and
degraded. Secondly, because optimal responsiveness could be achiéved without
requiring large concentrations of the ligand, this may prevent the downregulation
of receptérs which occurs in some systems upon continuous exposure to high
concentrations of agonist. Thirdly, if the system has a different responsiveness
to repeated agonist exposure as compared with a single agonist exposdre, this
suggests that the system could use frequency as well as amplitude coding. This
could increase the information handling capacity of tissues and could contribute ‘
to neural plasticity, in that response characteristics could change as a function
of previous experience.

To determine possible neuronal n;nechanisms responsible for this
sensitization process, AVP receptors in the VSA of the rat brain were first
characterized. The theoretical basis of the method used to characterize receptors
was essentially that discussed by Burt (1985), in which binding assays require the
preparation of a receptor-containing fréction of the tissue of interest, by a process

of homogenization and differential centrifugation. A radioactive form of the agonist
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of interest is incubated with the tissue fraction under appropriate conditions for
a set peripd of time. Unbound ligand is then separated from bound ligand, for
example by filtration, and bound radioactivity is quantified. Because this binding
represents binding to both rece.ptor and other non-specific sites, it is necessary
to include samples of binding in the presence of an excess of unlabelled ligand
(e.g. 100 times the K, concentration). This is assumed to displace all the specific
(receptor) bound radioligand, but none of the non-specific binding, since the latter
has an almost infinite capacity. The relationship between specific binding and
concentration of ligand(s) is then compared with a mathematical model to yield
values for the number of receptors and for the affinity of the receptor. Before the
binding sites can be assigned the term "receptor”, however, there are certain
criteria which must be satisfied. These have been discussed in detail elsewhere
(Burt, 1985) and include factors such as saturability, reversibility, high affinity,
sensitivity to temperature and tissue linearity. Furthermore, certain precautions
must be taken before results of binding assays can be deemed reliable. For
example, the stability of the labelled ligand during the incubation should be
tested. |

In this study, the results from radioligand binding studies indicate that
many of the criteria have been fulfilled for establishing as receptors the AVP
binding sites characterized in the VSA of the rat brain. Additional radioligand
binding studies have further demonstrated that this VSA AVP receptor has

properties resembling those of the V, receptor. This is in keeping with the
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pharmacological properties of AVP-induced motor-disturbances (Burnard et
al.1986), antipyresis (Nayldr et al.1987), and also of the electrophysiological '
actions of AVP on VSA cells (Disturnal et al.1987).

Having identified and described a receptor which fulfilled the criteria for a
V1 receptor, the hypothesis that AVP sensitization may be associated witr'; an
alteration in VSA AVP receptor number or affinity was investigated. Experiments
carried out in chapter lll indicated that in AVP sensitized animals, VSA AVP
receptor density and affinity are not altered. This suggests that the increased
sensitivity of the animals fo AVP's motor effects is not mediated via an increase
in recept‘or_ nﬁmber or affinity.

From studies of post receptor mechanisms, results presented in chapter
Il revealed that repeated AVP exposure alters the sensitivity of the VSA to AVP
at the cellular level. AVP-stimulated phosphoinositide hydrolysis was found to be
enhanced in septal slices of AVP sensitized animals. This is the first time that
evidence has been presented to show that repeated AVP exposure can altel: AVP
receptor effector mechanisms. Subsequent to completion of this work, it has
recently been demonstrated that repeated agénist exposure for another hormone
(LH-RH; Mitchell et al.1988; Mobbs et al.1990a, 1990b) also leads toi enhanced
receptor efficacy without apparent alteration in receptor number and affinity. This
further supports the contention that such agonist-induced regulation at the post-
receptor level may be an important form of regulatory mech'anism‘ in general. In

addition, these authors have demonstrated that the enhanced LH-RH receptor
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responsiveness due to repeated LH-RH administration is caused by an increase
- in the synthesis of an enzyme (PLC-z) involved in the generation of intracellular
messengers. Thus the possibility that AVP may similarly evoke enhanced
responsiveness by altering the synthesis of such a protein should be investigated.
The problem with this type of experiment in differentiated neuronal tissue,
however, is that the number of AVP receptors is very small. Work on peripheral
AVP receptors may help to reveal the mechanisms by which central AVP
receptors operate. In particular, because the VSA AVP V1 receptor r'esembles the
peripheral V1 type vasopressor receptor (Jard et aI.5987), it would be of interest
to determine whether similar sensitizatioﬁ occurs in peripheral systems. If so,
further research using tissues such as liver cells (Which contain high numbers of
V1 AVP receptors) may avoid some of the technical difficulties of working with
brain tissue in which the level of receptors is very low.

Pretreatment of rats with OT also sensitizes the rat brain to AVP-induced
motor disturbances (chapter V). Use of AVP and OT antagonists and analogueé
suggests that whilst pre-exposure of the rat brain to either AVP or O;I' induces the
sensitization process, AVP sensitization appears to be mediated via the V1 AVP
receptor whereas OT sensitization appears to be mediated via the OT-AVP
receptor. It is of interest that many physiological stimuli that activate central AVP
release also activate the release of OT in the same brain areas (Landgraf et

al.1990; Landgraf et al.1988). Therefore, the ability of OT to modulate the
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responsiveness of the rat brain to subsequent AVP injection suggests a role for
this peptide in central AVP actions. |

Cross-sensitization of AVP-induced motor disturbances with a synthetic
convulsant (pentylenetetrazol), or a peptide (somatostatin), has previously been
shown (Burnard, 1985), suggesting that sensitization of the rat brain to AVP is
heterologous in nature. This is in keeping with tHe observation that the
mechanism of AVP-induced sensitization may occur at a site away from the
receptor and supports the possibility that other ligands may also sensitize AVP
responses via alteration of post receptor mechanisms.

In fact, the mechanisms underlying agonist-induced sensitization may be
similar to those known for the "priming" effect of one hormone upon another. and
for which there are many examples in the literature. For example, steroid
hormones such as estradiol are well known to increase the pituitary
responsiveness to LH-RH. Interestingly, (Mobbs et al. 1989, 1990a) have recently
shown that the mechanism underlying the priming of the pituitary tissue by
estradiol is the same as the mechanism for the self-priming of the pituitary tissue
by LH-RH. Therefore, it may be a general priﬁciple that the mechanism(s) known
for the priming effects of many ligands may also be the underlie agonist induced
sensitization.

The studies on receptor regulation in sensitized animals (chapter 1) were
contrasted with studies of receptor regulation using an animal model in which

AVP is chronically absent (chapter IV). In animals depleted of septal AVP by long-
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term castration, AVP-induced motor disturbances, septal AVP receptor affinity and
density, and *VP-stimulated phosphoinositide hydrolysis were not altered when
compared with sham operated animals. These results suggest that the loss of the
AVP content of the VSA does not result in a compensatory supersensitivity to
AVP and does not alter the ability of repeated AVP exposure to activate the
sensitization process. It is interesting to compare these results with those
obtained from Brattleboro rats which also have no AVP. In contrast to the resuilts
on castrated rats presented .in this thesis, the Brattleboro rat was shown to have
an enhanced number of receptors in the septal area (Shewey and Dorsa, 1986).
However: it must be recalled that Brattleboro rats have many other physiological
and biochemical abnormalities in addition to the absence of AVP; similarly,
castrated rats exhibit hormonal and pharmacological alterations to systems other
than the BST-VSA AVP pathway. Which of the two AVP déﬁcient models
represents the best model of chronic AVP absence is not known.

The question was also asked, whether other physiological actions of AVP
could be sensitized. For example, endogeqous or exogenously applied AVP
within the VSA has beeﬁ shown to play a role in fever suppression (Naylor et
al.1987; Pittman et al.1988). The results presented ‘here showed that pre-
exposure of the rat brain to OT can sensitize the antipyretic action of subsequent
AVP exposure (chapter VI).

It has been known for some years that certain animals may undergo atime

during which they are unable to develop fever to a normal pyrogenic stimulus (for
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review, see Pittman and Wilkinson, 1991). Subséquently, it has been established
that endogenous fever suppression may be due to a;ctivity in endogenous AVP
systems (Kasting et al.1979; Kasting et al.1981; Cooper et al.1987; Merker et
al.1980). The fact that the response to AVP may be altered due to a sensitization
process raises the possibility that enhanced responsiveness to 'normal' levels of
AVP could account for some states of enhanced endogenous antipyresis. This
could be investigated by examining AVP-induced phosphatidylinositol hydrolysis
in animals exhibiting enhanced endogenous antipyresis.

In 1969, Goddard showed that the appearance of seizures in response
to repetitive subconvulsive stimulation (kindling) of sbeciﬁc brain regions coul,d be
induced not only by repeated electrical stimulations but also by repeated
microinjections of agonists. The phenomenon of chemical kindling has provided
strong evidence that convulsions can be the pathological expression of
physiological adaptation in synaptic and cellular excitability. In chapter VI, resuits
were presented indicating thét fever can induce sensitization of the brain to the
motor effects of AVP; presumably this occurs due to tﬁe release of endogenous
AVP or OT in the VSA known to occur during fever (Landgraf et al.1990). This is
the best .evidence to date that there may be a link between the AVP or OT
released during fever and the subsequent development of febrile convulsions.
It is curious however, that rats do not generally convulse during repeated
experimental fevers; this could be accounted for by the powerful inhibiting

mechanisms present in the mature brain to prevent aberrant operation. Perhaps,
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an animal model in which some of the inhibitory synapses are blocked would
increase the likelihood of rats to develop convulsions and motor abnormalities
d_uring fever. If this model could be developed it would be possible to test
whether AVP is the critical agent precipitating the phenomenon of febrile
convulsions.

In conclusion, | have used the phenomenon of AVP-induced ser}sitization
and motor disturbances as a tool to arrive at a new understanding of principles,
underlying receptor regulatién. Physiological studies reported herein
- demonstrated that the phenomenon of sensitization may be of considerable

relevance to animal physiology and/or pathophysiology.
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