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ABSTRACT.

Food restriction has preofound effects on varicus endoerine

axes and—on anine metabolism. In the preseng study, the effect of
‘réduced food availability cn pineal and serum indole was determined
in adult male Niétar rats. Under a lighting regimen of " 14 h light
and 10 n dark, 3 weeks o% 50% food restrictiozségg to a reduction in
24 h mean serunm tryptophan and serum serotonin'lévels but an increase
in serum melatonin levels. The duration of t&z night-time melatonin
rise was incréZsed secondary to z2n earlier rise of both pineal and
serum melatonin. Such changes in cireulating melatonin may accdunt
for the gonadal -regression observed _in underfed animals. This
pineal-gonacdal inteéaction was further investigated after animals
were subjected to shortened photoperiod or after ﬁineaiectomy.
Shortened photcpefiod failed to influence either the serum melatonin

>

profile or the undernutrition-related gonadal regression.
Pinealectomy, however, was able to reverse thouéh inconpletely “the
gonadal regression in underfed animals. When the pineal-
responsiveness to beta-adrenergic stimulation was determined In food
restricted animals, both the time course and the dose responses were
altered, The <¢hanges in pineal and serum melatonin

post-stimulation, however, were atypical of either a sub- or

supersensitive pineal gland.
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Based on the present study, food availability proves to be

another factor that can influence pineal;asPivity. ts effect on the
pineal, hc‘ever, depends on the curation of food restriction and the

environmental light/dark cycle.
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1.1 Perspectives of the present study

.Food availability has profound infliences on many metabolic

processes. - The response of the endoerine system to dietary
restriction 1is not uniform. Any step of hormone action can be
affected. Indeed, changes in hormone synthesis, degradation or

tissue reéponsiveness have all been described {Becker, 19833).
Dependent on the particular hormone axis in question, it may be
suppressed, remain unchanged or be hypeéactive. Such diversified
responses are thought to represent adaptive mechanisms. Cne axis
that 1is suppressed during dietary restriction 1is the
hypothalamic-piﬁuitary—gonadal axis (Howland, 1975). The suppression
is believed to be at the hypothalamie level since the pituitary gland
retains 1its ability to respond to gonadotropin—réleasing hormone
(Campbell et al, 1977). However, this may be simplistic since the
regulation of the reproductive axis is complex. One orgaﬁ that is
affected by food restricsian*gﬂa that can influence the reproductive
axis is the pineal gland. The regulating role of the pineal on the
reproductive axis is linked to ghotopericdism (Goldman and Darrow,
1983). In view of this connecticn, it is of interest to investigate
the effect of food restriction on the pineal gland and its interaction
with the gonadal axis under different photoperiods.

In seasonal breeding species such as hamsters and sheep, the
importance of the pineal gland on the reprocductive axis has been well

defined (Reiter, 1980; Lincoln and Short, 1980). By contrast, the



rat reproductive-axis is relatively unrésponsive'to the iﬁhibitory
action of the pineal and its hormone melatonin (MT). This axis,
however, can be sensitized tp the inhibitory action of the pineal by
manipulations such as undérfeediﬁg, olfactory tulbectomy or neonatal
steroid administration (Reiter, 1974). The focus_cf many previcus
studies has been on changes in sensitivity to the action of the pineal
or ¥T in fodd‘restricted states. Fewlstudies have determined the
effect of food restrietion on the activity of the pinezl gland. ﬁhen
adult rats are sdbjectéd to chronic food restriction, pineal activity
‘increased as determined by oxygen consumption and morphelogie ¢riteria
(Walker et al, 1978). When MT is determined; short term starvation
has no effect on urinary MT excretion (Lynch et al, 1975). On the
other hand, when prepubertal rats are subjected to 5 weeks of protein
calorie malnutrition, determination of pineal MT content reveals lower
daytime and night-time ievels (Herbert and Reiter, 1981). | Zven
though Hf‘has been accepted as the pineal hormone, the effect of food
restriction on circulating MT levels has never been determined. The
preseﬁ£ study, therefore, investigated the effect'of varying duratién
of dietary restriction on the circadian rhythm of cireulating MT.-
Changes in pineal activity were correlated with changes in gonadal
parameters. This pineal-gonadal interaction was further investigated
by subjecting the animals to shortened photoperiod and pineazlectomy.
Food restriction also has a profound influence on
neurotransmitters - which are key regulators of many hormonal axes.
For instance,'many aspects of the adrenergic systems are influenced by
food availability. Changes in norepinephrine turnover, adrenoceptor

density and tissue responsiveness have all been described (Katovich
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and 3Barney, 1983; Landsberg and Young, 1978; Stone, 1983). Since
pineal activity is intimately\linked to sympathetic activity (Zatz,
1978), the effect of dietary restriction on pineal responsiveness to a'
beté—adrenergic agonist was éetermined.

Food availability also leads To changes in indole metabolism.
Aqimals subjected Lo acute food deprivation have increased synthesisA
and turnover of cerebral serotonin (Xantak, 1977, 19?8%, 1978b,
1978e). The effect of chrenic ' food restriction, however, -has not
been defined. In the last section of the present study, the effect
of food restriction on two circulating indeoles, <tryptophan and
serotonin, was determined.

Since the major part cof the present study is on the effect of
feod restriction on pineal-gonadal int:eract;.on, tﬁe subsequent section-

is an overview of aspects of pineal physiology.

1.2 The pineal gland and melatonin ’

The history of the pineal gland dates back to 325-280 BC when
Herophiles of Alexandria suggested that the pineal might function as a
valve contrelling the "stream of thoughts" from the lateral ventricle
of the brain (reviewed by Kappers, 1965; Kitay and Altschute, 1954).
By contrast, Galen of Pergaﬁon (130-200 AD) believed that the pineal
organ was merely a lymph gland. In the 17th century, the rencwned
French philosopher Rene Descartes designated the pineal as the "seat
of the soul". He also suggested that the pineél receives photic
information from the eyes and thereby exercises an influence on the
-body which proves to be prophetic. The first endocrine effect of the

pineal was described in 1898 when Heubner reported the association of

-~
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precocious puberty with 2 pinealoma in a {our year old boy. This was
followed by Marburg's hypotﬁesis théé the pineal secretes a2 substance
that regulates the onset of puberty. This is of particular interest
fo the present stud? since dietary restriction czn delay the onset of
puberty. In 1918, Holmgren observed similarities between the sensory
type cells in the pinezl region and the cone cells of the retina in
amphibia and fish. Taken together with the observation that
calcification of the human pinesl occurs with advancing age, this
evidence led to the hypothesis that the mammazlian pineal is just a

vestigial remnant left behind by evolutionary progress. Of interest,

in 1617, MeCord and Allen found that the bovine pineal glands produced
a substance that lightened the skin of frogs. The responsible
compound was eventually 1isolated and identified a3

N—acefyI-S—methoxytryptamine by Lerner et al (1958, 1959). t was

given the name "melatonin (MT)" because of its indole nature and itsA
ability'to lighten pignent cells.

Today, the pineal gland 1is -recognized as an actively
functioning neurcendocrine corgan that responds primarily to photic
stimili. It exhibits circadian rhythms and influences the metabolic
activity of a2 host of endocrine glands. The possible mediator is the

pineal hormone melatonin.

1.3 Biochemistry of melatonin synthesis

By the use of enzyme assays (Weissbach et al, 1960; Axelreod
and Weissbach, 1960) and pineal cell culture (Shein et al, 1967; Klein
et al, 1970), the biosynthetic pathway of MT (Fig. 1) and its

regulation in the pineal has been established.
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The biosynthetic pathway of melatonin
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Piniealocytes possess all the enzymes that are required for MT
synthesis. 'ﬁ'le indole amino acid tryptophan is the common precursor
of the pineal and brain indoleamines. ‘'Jptake cf tryptephan from the
blood stream by pinealocytes is followed by hydroxylation at the 5-
position by tryptophan hydroxylase teo S-hydroxytryptophan (SHTP)
(Lovenberg et al, 1967). The SHTP thus formed is decarboxylated to
S-hydroxytryptamine (ser'otoni:'x. SHT} by arcmatic-L-amino-acid
decarboxylase. Compared to other btrain =zreags. the pineal has one of
the highest concentraticns and turnover rates for SHT (Falck- et-al,
1966). Serotonin in t;ze pineal nas a complex fate: (a) oxidative
deamination by monoamine oxidase o S-nydrexyindoleacetic aeid or
S-nydroxytryptophol (Hakanson and Owman. 1965,1356); (b) release to

the extracellular space and uptaxke by sympathetic nerve terminals

(Owman, 1965; Hakanson and. Osman. 1966); or (e} N-acetylation to

" N-acetylserotonin (NAS) by serotonin iN-acetyltransferase (NATase) with

acetyicoenzyme-A serving as the acetyl daonor (Tni‘eissbach et al, 1960).
NAS is then O-methylated by hydrexyvindele-O-methyltransferase (HIOMT)
to form MT ﬁth S~adenosylmethicnine providing the methyl group (Shein
etJal, 1967). In addition to NAS, HIOMT can alse O-methylate
S-hydroxyindoleacetice acid and S-hydroxyt_ryptophc]\,t\o form
S-methoxyindoleacetic acid and - S-methoxytryptophol respectively, both
of whirch have been identified in the pineal (Lerner et al, 1960;
MeIssac et al, 1965). Although NATase is widely distributed in
various tissues, in the pineal it is the key enzyme in the control of
the circadian rhyttm of MI synthesis (Ellison et al, 1970; Deguchi,
1975). . In contrast to the widespread distribution of NATase, HIOMT

is almost completely localized in the pineal gland. Cutside of the

e cm—



pineal, HIMT has only been identified iﬁ the retina and the harderian
gland (Cardinali and Wurtman, 1972). Using immunohistochemical
techni;ues, MT has been localized in the same tissues, retina and
harderian glands as well as the intestine (Bubenik et al, 1977, 1978).
Nevertheless, the extrapineal contribution to the circulating pool o%
MT is.small since pinealectomy in rats result in undetectable MT
levgls by gas’chromatography mass spectrometry (Lewy et al, 1980). MT
synthesized in the pineal appears to be secreted into the blood stream
by simple diffusion.’ ‘Whether MT is:primarily secreted iﬁ@p the blocd
stream or the cerebrospinal fluid remains ccntroversial. In the rat,
the blcod comparthment is likely the primary site of secretion since MT
Eon;éntration in the plasma f{rom the confluence sinuum is about 8§
times higher than that of trunk blood (Withyachumnarnkul and Xnigge,

:H9SO)- In any case, MT crosses the blood brain barrier with ease
(Anton-Tay and Wurtman, 1969).

Thé'major metabelic pathway of circulating MT is conversion to
6-hyd;Q§ymelatonin in the liver by microsomal enzymes {Kopin et‘il,
1960) (Fig. 2). Tﬁis is followed by conjugatien with sulphate or
glucuronic acid and excretion mainly in the urine (Xveder and McIsaac,
f961). Another route of metabolism is via a brain enzyme,
indoleamine 2,3 dioxygenase, which cleaves the pyrrole ring of various
indoleamines (Fujiwara et al, 1978). The plasma half life of MT has
been estimated to be between 15-20 minutes in rats kGibbs and Vriend,
1683). Possible changes in the production rate or metabolic clearance

of MT in food restricted animals have never been determined.
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T.8 Regulation of melatonin synthesis

A remarkable feature of <the pineal is the existence of
biochemical circadian.rhythms and their relationship te environpental
lighting (Fig. 3). The first rhythm demonstrated in the pineal was
that of S5HT (Quay, 1963). Under diurnal lighting conditions, SET
levelﬁgin the rat pineal glend are elevated during the light peried

and with the onset ofdarkness, the SHT concentration falls gradually:

Y
~

This rhythm proves to be endogencus and is s§5§proniied with
environmental lighting (Syndér et al, 1964, 1965, 1947).
Furthermore, the SHT rhythm is 180° out of phase with the MT and NAS
rhythms in the pineél (Lynch et al, 1971; Brownstein et al, 1973).
The MT rhythm persists in darkness but is suppressed by continucus
illumination (Ralph et al, 1971). In 1970, Kléin and Weller showed
that NATase activity exhibited a markediZN hour rhythm in the rat

pineal gland. In adult rats, "the daytime NATase—activity is just

p : .

‘q§tectabie but with the onset of darkness, there is marked induction
of enzyme activity. , The peak ni t~time NATase activity is 30-100
fold higher than the day;ime level (Moore znd Tréynor, 19763 Illnqrova
and Skopou, 1976). It is 180° out of phase with the pineal SHT rhythm
but in phase yith the pineal MT rhythm. By contrast, the HICMT
ac;iviéy- has at best a small daily fluctuation .(about 50%) (Quay,
196%; Klein and Lines, 1969; Lynch and Ralph, 1970). The integrity of
the circadian rhythm depends upon neural impulses reaching the pineal

gland via the noradrenergic post-ganglicnic sympathetic fibre (pathway

as shown in Fig. &4).
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Figure 4
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A schematic representation of the retinal-pineal axis
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The retinal perception of darkness stimulates the sympathetic fibres
innervating the pineal gland to release norepinephrine (NE) which acts
upon beta-adrenergic receptors on the pinealocytes. This is of
relevance to the present study since changes in sympathetic activity
have been dccumented in the food restricted state (Katovich and

Barney. 1983; Landsberg and Young, 1978).

1.5 Factors that influence pineal NATase rhythm

Other than the neural regulation of NATase activity. there are
several factors endogencus to the pinealeeytes whith mogiify the
ability of néural activity and enwironmental lighting in the control
of pineal cyeles. The maintenance of a hig.h level of NATase activity
at night required continuous stimulation of‘_{the s-receptor by NE
(Deguchi and Axelrod, 1972b). A one minute light pulse at night
leads to a rapid decline in NATase activity (Illnerova and Vanecek,
1979).  The light induced decrease of NATase in darkness can be
prevented by injection of catecholamine prior to light exposure.
Postsynaptic stimulation of B3<adrenoceptors either throuzh neuronal
release of NE or injection of isoprotercncl (ISO) leads te an
immediate surge in the concentration of cAMP (Deguchi, 1973). This
is followed by an increase in NATase activity one hour later (Stfada
et al, 1972). Both inecrease in cAMP and NATase activity can be
blocked by the &-blocker propranolol. Increase of the second
messenger, c¢AMP initiates a sequence of events ineluding de nove
pr'otei-n synthesis culminating in higher NATase activity, the rate
limiting step in MI synthesis (Deguchi, 1972). The increased cAMP

contents also serve to maintain the enzyme in an active form. This
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activation of NATase activity leads to a parallel increase in the NAS

and MT contentsdéifjgg;;ﬁneal gland as well as an elevation of MT
level in the serdm (Ho et al, 1984).

The response of NATase activity to neural inputs depends on
the Sensitivity of the s-adrenoceptors. Pricr treatment with ISO can
render the gland subsensitive to repeated IS0 stimulation (Romero and
Axelrod, 197%). Decreased stimulation either by denervation or
treatment with 6-hwdroxydopamine or reéerpine leads to increased
pineal gz-responsiveness (Deguchi and Axeirod, 1973a, 1973b). This
supersensitivity can be reversed by ISO. administration. Such changes
in sensitivity are rapid and can occur within 2 normal 24 h;ur
day-night cycle. Pineals from rats kept in diurnal lighting
condition are relatively subsensitive at the beginning of the light
period but beccme supersensitive at the beginning of the dark period.
The changes in the number of g—adrencceptor sites undoubtedl&
contribute to this change in}sensitivity of NATase induction in the
pineal. The maximal number of specific g-adrenergic binding sites
occurs at the-end of the light pericd while during the night, the
number of binding sites decreases and reaches 2 minimum by the end‘of
the dark period (Romero et al, 1975). This self regulatory mechanism
in the pinealoecytes suggests that even though the existence of the
indoleamine cycle depends on the sympathetic innervation, the degree
of responsiveness is centrolled within the gland itself. In dietary
restricted state, changes in circulating catechclanines, adrenergic
receptors and peripheral responsiveness to adrenergic stimuiation have
all been described (Katovich and Barney, 1983; Landsberg and Young,

1978; Stone, 1983). These in turn may influence the generation of
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pineal NATase rhythm.

L]

1.6 Hormonal regulation of melatonin synthesis

: . In addition to newral input, circuléting hormones also
influence pineal activity. This is ofjparticular Jinterest to fc.'ne
present' stud;?: In food restricﬁéd_‘animals_, gonadotropins and sex
ster‘oids‘ é.r'e reduced . while serum corticosterone 1is increased
(Fromweiler et al,.1968; Grewal et al, 1971; ‘Howland, 1975). Pineal

‘.' HIOMT activity in mature cyeling female. rats is 2 fold higher during

..e':'ga..’és\trus as compared to estrﬁs (Cardinali and Vacas, 1978).
'lNig'nt-time urinary MI excretion has also been found to be lowest
during proestrus (Ozaki et al, 1978). Similarly, the response of
agenylate' cyclase to NE as well as the NE;induced increase of cAMP
levels in incubated pineal glands ‘are also lowest on- the da§r of
proestn;s (Davis, 1978). These changes in pineal activity likely
reflect ' changes in - gonadal steroids and other. hormone levels
‘t'l.hroughbut' ‘the reproductive cyele.  Estradicl treatment in
.phz;m;cologic .-doses affect SHT and NE turnover rates (Vacas and
Cardinali, 1979a), the NE-induced increase of adenylate c¢yclase and
cAMP contents (Davis, 1578} as well as MT synthesis and release
(Wurtman et al, 1965; Cardinali and Vacas, 1978; Ozaki et al, 1978).
Progesterone treatment 'éi;presses M¥ synthesis and release (Ozaki et
al, 1978). FSH, LH and PRL a2lso increase HIOMT activity. In male
rats, testosterone accelerates pineal SHT and NE turnover rates ‘and MT
synthésis. Testosterone t'reatment in castrated rats ?.ouers pineal

. g-receptor concentration (Vacas and (Cardinali, 1982). " Indeed,

binding sites for estradiol, testosterone, S5-g-dihydrotestosterone,



pr‘ogester'oEe and PRL have been detec;ted in the subeellular ﬁ"actions
prepared from rat pineal glands (Cardinali 1975, 1977;_Vacas et al,
1979). Tnese\- _l:zomone binding sites in the pineal remain operati‘ve
even in the absence of an intact sympathetic input as demonstrated in
pineal glands in culture (Cardinali et al, ~1981). Howaver, the
maintenance of this hormone responsiveness depends on the activity of
the afferent sympathetic neuron (Cardinali 1975,1977). " In
chronically ganglionectomized rats, there is rr;arked reduction in
estradiol and S-x-dihydrotestosterone receptor complexes (Cardinali,
1975; 1977). These reduction in 'normon;e receptors, however, can be
reinduced by NE interaction with pineal g-receptors. Other hormones
that have been reported to affect pineal activiéy inelude adrenal
corticoids and endogenous opioids (Geffard 1981; Yuwiler,.% 1985).
Increased serum corticosterone and chax:zges in brain opioid ;&ﬁ:ents
hs;ve been cbserved in food restricted animals (Fromweiler et al, 1998;
Knuth and Friesé'n, 1883). The physiological role of these hormones on

pineal MT synthesis, however, remains to be determined.

1.7 Metheds in studving pineal funeticn

In studying the reproductive and other physiclogical function
of the pineal gland, researchers have relied on classical metheds,
either 'by eliminating pineal secretion from the eirculation through
.pinealectomy or immunization against MT; or by administering exogenous
MT either as replacement therapy post-pinealectomy or as a drug to
intact animals. Alternatively, one can study conditions associated
with altered pineal function. Through these. methods, an extensive

amount of information about pineal function has been cbtained,
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Pinealectomy

Marmalian pineals are median compact organs. They lie close
to their _ﬁoint ‘of origin between the habenular and the posterior
commissures (Quay, 1974#). In laboratory rats, the pineal body is
drawn out‘from the roof of the diencephalon during development. The
detached and relatively superficial pﬁfition of this organ iq rats
makes pinealectomy 2 simple operation. Pinealectomy can be
perfo%ﬁed in rats with minimal damage to the surrounding neural
structures. In some rodent species, an appreciable amount of pineal
tissue remains at the basal intercommissural position (Quay. 1966).
In these animals, deep struétures need to be removed in order to
achieve complete pinealectomy. Pinealectomy removes indoles - and
peptides prbduggg in the pineal. Various indples synthesized in the
pineal have bgen discussed earlier. Several physiolegically active
peptides have also been identified In the pineal. These include
arginine vasotocin (Pavel, 1973), vasepressin, TRH, LHRH and &iRH
(wh;te et al, 1674; Pelletier et al, 1975).

Pinealectomy not only removes hormones produced by tne pineal,
the neural connection.is also severed. This may be of significance
since the antigonadotrophic action of MT adminisération may require an
intéct anq sympathetically innervated pineal gland (Tamarkin et al,
1976). Moreover, the effect of MT administration on the thyroid gland
is more pronounced in intact animals as compared to pinealectomized
animals (Vriend and Reiter, 1977). .The effect of pinealectomy on
hormeonzal secreticn, however, may hoﬁ‘be permanent . ‘The~increase of
adrenal =zldosterone secretion post-pinealectomy returns to normal

after G0 days (Kinson et al, 1968).

i
ry.
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The efficacy of pinealectomy -aj:,s a method of removing MT
comp;etely from the, circulati_on remains controversiai. Earlier
reports indicated tha.t MT rhythm §ersists post—pinea]_._ectomy (Ozaki and
Lynch, 1976; Yu et al, 1981). This finding suggests contribution from
extrapineal sources to the circulating p’ogjof MI. Recently, using
gas chromatography-mass spectrometry, circulating MT was reported to
be comp}etf.z‘e_ly abolished post-pinealectomy in rats and numans (Lewy et
al, 1980; Neuwelt énd L.éwy,- 1983). The effect of piriealectomy on
laboratory rats will be discussed under the section npineal effects on
thé reproductive system'. ' .

Immunization against melatcnin

et
-

Another method used for the removal of circulating MT is by
“{mmunizing animals against endogenously produced MT (Brown et al,

-

1976). Variable cha;xges'in endocrine parameters have been reported
post immunization. Immmnization against MI and N—acetylseroton;n
causes a significant reduction in diurnal levels of corticosterone,
PRL. and testosterone and elevation of TSH levels (Niles et al, 1977a,
1977b, 1977¢. 1979). Plasna GH is not altered.  However, in
seasonal breeding animals such as hamsters, immunization against T
fails to prevent short photoperiod induced reproductive involution.
(Knigge and Sheridan, 1976). Conceivably, bound M in the circulaticn
is still physiclogically active. Alternat'ively, pinealectomy may
remove biclogically active substances other than MI. These may

account for the differences between MT remcval by pinealectomy VErsus

v neutralization of MI by immunization.

——
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Melatonin administration

Exogenously administered MT has prodﬁced a wide variety of
responées and reversed some effects of pinealectomy (Reiter, 1974).
However, in testing the ant;gonadctrophi; action of the compound in
rats, tEg doses employed ranged from 1.6 pg to 5 mg per day (Rollag et
al, 1980). Such a dose range is clearly supraphysiological. Serum
MT response in malé hamsters after a single dose of 25 ug MT (the most
commonly used dosé) resulfs in serum ﬁT over IOOO'pg/ml (16 Eiﬁes peak
nighttime lévels) and remains above the highest basal levels du&ing
most of the 24 hour cycle (Brown et al, 1985). Based on 2 single
injeétioq given daily, the minimal amount of MT required to induce
gonadal regression in female haﬁsters is 50 - 100 times greater than
© that sx?thesized in situ by the pineal gland (Reiter et al, 1977).
The daily amount of MT synthesized in the hamster pineal gland has
been estimated to be 1% ng/day (Rollag et al, 1980). The response of
the reproductive axis to exogenous MI also depends on the time of
administration and the route of administration. In male and female
hamsters kept under diurnal cycles, MT is antigonadrotrophic only when
injected late during the 1light phase (Tamarkin et al, 1976).
Injection administered in the morning fails to inhibit sexual
funection. Continuous release of MI in a subcutaneous depot prevents
gonadal regression. due to dark exposure - a-‘counterantigonadotrophic
action (Hoffman, 1974; Reiter et al, 1974). To better understand the

physiclogical significdnce of the pattern of MT secretion, Goldman and

s administer MI by programmed subcutaneous infusion on a daily
to juvenile male hamsters (Goldman and Darrow, 1983). By usin

infugions, they could systemically vary (a) the circadian phasg of MT
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administration, (b) the daily duréiion of MT exposure, {(e¢) the
amplitude "of the artificial MT peak. and (d) the total amount of MT
administered. Based on these infusion studies, the duration of
nocturnal pineal MI secretion has. been established as the critical
ﬁaraneter in driving photopgriodic.responses in that species (Carter

and Goldman, 1583).

1.8 Pineal effects on the reproductive system -

The physiological effects of the pineal on the reproductive
system have been intensively investigated. In mammals, the pineal
—gland appears to fuaction as a neuroendocrine . transducer wnich
converts a neurél signal to & hormonal sigﬁal (Wurtman and Anton-Tay,
1969). The most investigated hormone have been 2$latonin. Other
indoles and peptides found in the pineal such as S-methoxytryptophol
and arginine vasotocin have also been proved to be biologically active
(Vaughan, 1981). Such compounds appear to pqrticipate in both neural
and neuroendocrine mechanisms, among which are the control of gonadal,
adrenal and thyroid function, sleep and various biological rhythms
(Cardinali, 1981; Presloek, 1984). Since the present study deals
mainly with the interaction between the pineal gland and the
hypothalanic—pituitary-gonadal axis in rats, only the effect of the
pineal on the reproductive axis will be reviewed. The relationship.
between the pineal and the reproductive system has attracted mueh
attention since pineal tumors are ass;ciated with precocious puberty
or delaved puberty (Kitay, 1954%). The pineal seems to be an essential

component -of the neuroendoerine system in the regulation of

photoperiodic responses. Changes in photoperiod acting via the
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nervous system alte\r' the temporal pattern \of MT secretion. The
changes in secr'et:ory pattern convey information about daylength from
neural” components of the circadian system to the reproductive system
and possibly other physiological systems. Hence, hamsters subjected
to constant darkness, blindir;_gﬁ__or less_ than 12.S-hours of light per
day undergo gonadal regressiori":within 8:-10 weeks (reviewed by Reiter: ,

1980; Cardinali, 1981). This photoperiod related gonadal regression

is associated with suppressed LH, F3H and PRL levels and is_not

observed in pinealectemized "hamsters. The main pineal
gonad-inhibiting “factor is MI. MT administration late in the
afternoon is capable of inducing gonadal regression. Similar

injection administered in the morning is without-effect. Hence, the
gonadal axis appears to exhibit a diurnal variation in its sensitivity’
to MT action. The precise mechanism by which MT mediates its gonadal
effects rema‘ins to be determined.

In nonseasonal breeding species such as the laboratory rats,
the role of the pineal and its hormone is less well defined.
Maintenance of animals in constant darkness leads to delay of vaginal
opening in female (Fiske, 1939, 1941) and slight decrease in the
weights of the testes and accessory sex organs in male rats (Itoh et
al, 1962). Such changes in reproductive organs are prevented by
pinealectomy. Similarly, the delayed growth of the testes, seminal
vesicles and coagulating glands in blinded male rats is negated by
pineal ablation (Kinson and Robinson, 1970). The blinding of females
at the age of weaning usually slows the growth rate of the ovaries and
uteri in intact but not in pinealectomized rats (Reiter and Ellison,

1970). In adult rats, bilateral orbital enucleation partially blocks
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compensatory ovarian enlargement and the associated rise in plasma FSH.
after unilateral ovariectomy unless the operatios is coupled with
pinealectomy (Dickson et al, 1971; Sorrentino and Benson, 1970).
'_Even though light restriction consistently impairs the deﬁglopnent of
the gonadal axis, the consequences in the rat are so insignificént
that their gonadal “axis remains reproductively competent (Reiter,
1972). Hence, this axis in rats has been considered to be relatively.
insensitive té the stimulated pineal gland. Moreover, the
responsiveness of the gonadal system to pineal substances also appears
to be age dependent. Typieally, the reaction is more pronéunced in
prepubertal 7 animals. Tnis increa:::ed responsiveness has been
attributed to the enhanced sensitivity of the hypothalamic feedback
centers in the immature rats. As of yet, differences in the MT
secretory profile‘h;ve not been docunented between immature and mature
animals. In rats kept under standard 1abqratory conditions with 12 -
18 hour light per 24 hour period, the effect of pinealectomy on the.
réproducﬁiﬁe axis‘ has been- subtle. In immature female rats,
pinealectomy advances pubértal enset  (Wurtman eﬁ al, 1939) without
accelerating mammary gland development (Mishkinsky et al, 1966) or
awgmenting the compensatory ovarian growth after unilateral
ovariectomy {(Pites et \al, 1969, 1970). In immature male rats,
pinealectomy leads to premature growth of the ventral prostate zand
seminal vesicles (Roth, 1965). In adult female rats, pinealectomy
may increase the percentage of cornified vaginal éagai.(Gittes and
Chu, 1965) but the weight of the ovaries or uteri is not altered (Bick
et;;l, 1969). Surprisingly, in adult male rats, one stﬁay indicated a

pronounced hypertrophy of the accesory sex glands 12 days
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post-pinealectomy (Motta et al, 1967). The testosterone concentration
in ‘testicular vein blood has also been found to be‘ three times higher
.than that in sham operated control animals (Kinson and Peat, 1971).
Even though pinealectomy stimulates testosterone sec?etion, such
animals only have slightly heavier prostatic weights. As stated by
Reiter (1974), the seemingly lack of effect of_.;,pj:nealect':omy may relate
to the chronieally Suppressed pineal gland of laboratory rats. Rats
.kept in the breeding colonies are usually exposed o long photoperiod
daily with at least 12 hour light per 24 hour period. Compared to
their natural environment where they are only subjected to a few hours
per 'day, these animals have already beeﬁ physiologically
pinealectomized. Hence,_ pinealectéomy in rats kept under regular
lighting condition has resulted only in transient endocrine changes.,
Melatonin treatment counteracts many _ of the
pinealectomy—indxuced changes’ in gonadal f‘uncﬁion. Wartman and
coworkers first demonstrated that MT injection into female rats
Supresses growth and f‘unction’al activity of the ovary (1963).
Subsequently, MT treatment has been shown to delay vaginal opening
(Collu et al, 1971), and depress the proportion of vaginal smears
showing estrus smears (Chu et al,” 1964). Wnen administered during
proestrus, Iit inhibits LH release and §vulation (Yigg and Greep,
1973).  When given to immature female rats, Eit inhibits gonadotropin
induced owulation (angenecker ‘and Gallo, 1971). In male rats, MT
treatment decreases testis weight, spermatogeneﬁis, and plasma
téstosterone levels (Kinson and Peat, 1971; Konig and Rega, 1978; Mas
.'ét al, 1979). It also inhibits testicular Steroidogenesis in vitro

(Ellis, 1972). These changes are accompanied by depression of FSH
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and LH release and variable changes in the release of PRL (Mas et al,
1979; Vaughan et al, 1978; Hanew et al, 1980). 1In the-neﬁnatal rat,
MT administration inhibits pituitary LH and FSH-requnses.tb LHRH
(Martin et a1, 1977). ' ) ' ‘

1.9 - Mechanisms of action of Pineal melatonin
Infor&étion about the sites of action and subcellular
ﬁecﬁanisms triggered by the hormone has been fragmentary. The major
site of MT action is still controversial. Most investigators agree
that the brain is prebably a main target site of MT activity.
Injecti;n ‘p?._[3HJ-MT is concentrated in several brain regions
particularl& the hypothalamus and the mid-?rain (Cardinali et al,
1973; dnton-Tay and w;rtméh, 1969). Melatonin administration c¢an
affect various brain metabolic functions and constituents (reviewed by
Cardinali, 1981). These inelude protein_ syn;hesis, serotonin and
Y—aﬁinobutyric acid content, neurotransmitter uptake and néiease,.
axcnal pransporﬁ, tubulin levels and prostaglandin and'hpurohormone
releasé. fypothalamic LHRH content increased post MT administration
(Leonardelli et al, 1978). This is consistent with a hypothalamic
rather than a pituitary site of MT action. However, in necnatal
rats, a pituitary site of action is likely since MT treatment
suppresses LH and FSH responseg to LERE (Martin et al, 1977, 1980).
Furthermore, there are alse data- supportive of a peripheral action of
MT at the level of the endocrine glands or hormone target tissues.
MT can preveht LH frem binding to its receptors within the ovary
Trentini et al, 1976). Melatonin also can act directly at the gonadal

level to affect steroidogenesis (Ellis, 1972).
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In order to understand the mechanism of action of MT, sevéral

investigators have attemted to identify MT receptors. " High affinity

binding sites have been identified in the membranous fraction of

. bovine medial basal hypothalamus (Cardinali et 2l, 1979). Specific MT

binding sites also occur in‘memb}anes 6f ocecipital and cerebellar
cortiqes and pineal glands (Cardinali et al, 1979). Additignally, -
cytopiasmic MT binding sites have been identif;ed in rat hypothalamus,
hippocampus, striatum and midbrain (Niles et al, 1979). Indeeﬁ, 
cytosel binding sites have also beeé‘found in peripheral tissues such
as the ovary, uterus, testes,wliver and eyes (Cohen et .al, 1978).
Nhether’fﬁgse binding sites for MT reflect trueFHT receptor sites
remain controversial. The Sinding characteristics are compatible
with those expected for a réceptori; Circumstgnfial evidence.con the
receptor nature of membrane MT Sinding~sites in the brain has been

provided by studies cn the cprrglation of such binding sites with the

neurcendocrine response to the hormone. The number o(\\?otal MT

—
-binding sites in hamster and rat brains is 34-55% higher at 2800 h

(time of enhanced sensitivity to MT acticn) than at 0700 h (Vacas and
Cardinali, 1979b).

The pest-binding eyents of MT action remain ill defined.
There is evidence that MT may affect contractile protein-dependeht
processes (Banerjee et al, 1972, 1973). Melatonin has been‘éhown to
inhibit the effect of colchicide on the movement of pignent granules
in amphibian melanocytés (Malawista, 1973). The hypothesis that MT
binds to tubulin to mediate its action remains to _be proven.

Melatonin has also been shown to influence cyclic nucleotide levels.
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Intraperitoneal administration of melatonin increases e4MP levels in
the rat cerebella, while levels areu'lowered in the midbrain and
unchanged in the cerebral cortex (Anton-Tay, 1974). Injection of MT
into the cisterna magna causes a significant increase iIn the
concentratibn;of cGMP in the CSF of the rabbit (Rudman, 1976). The
mechanisno inﬁolved in producing .MI's effects on -ecentral coyelie
-,
nucleotide levels remains unknown. Melatonin may affect either the
adenylate cyclase responsible for cAMP synthesis or shosphediesterase,
the enzyme that breaks down cﬁMP. The latter is unlikely since
effects on adenylate c&élase persist in the presence of theophylline
~(Nile§, 1985). . Alternatively, MT may exert its effect'via the action
of same other hormone or neurotransmitter.. MT adminisﬁration has
been shown to alter Eréin serotonih and'catecholamiqe leveis:(Pagel et
al, 1976; Cardinali, 1975). Since specific aden}igte cyclases are
coupled with sérqtonin, dopamine and noradrenaline féceptors in\;he

-brain, MT may. exert its effect via any of these cyclases.

«1.10  Potentiating factors

As discuséed _previously, tﬁe }eproductive} axis of the
laboratory rat is reiatively unresponsive to the action_of the pineal.
However, under certain éxperimental perturbaticns such as neonatai
steroid treatﬁént, olfacto}y bulbectomy or.uhderfeedidg, the gonadal
) . system of Both prepubertal and mature rats can Se sensitized to the
inhibitory action of the pineal (Reiter, 1974). These treatments
ﬁaﬁe been referred tc as potentiating factors. Their méchanisms of

action are not well understood. It has been postulated that they act .

either by altering the MT secretory profile or by erhancing the target
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tissue responsiveness to MT. action. Animals subjecéed to food
restriction are of particular interest since changes in the gquantity
and quality of food availability occur normally in animals kept in
their natural habitat. Thg existing evidence for pineal-gonadal
interaction in underfed animais will be summarized in the introductory

section of Chapter 2.
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A
- The purpcse of the present study, therefore, is to critically
examine the pineal-gonadal interaction in calorie-restricted rats.

Four specific issues have been investigated.

Experiment 1

Effect of duration of food restriction on the 24 hour

serum and pineal melatonin rhythms.

Experiment 2: Effect of shortened photoperied and plnealectomy on the
v‘er::f'oduct:.ve axls of food restrICued animals.

Ixperiment 3: Pineal beta-adrenergic responsiveness to iscproterencl
stimulation in food restricted animals.

Experiment L4: Effect of food restriction on the 2% h rhythims of

circulating tryptophan and serctonin.



~ 7 CHAPTER TWO
FFFECT OF FOOD RESTRICTION O THE 24 H RHYTHM OF

SERUM AND PINEAL MELATONIN

i
N



30

2.1 | AAbstract ﬁ! R
Foed restrict;onbis known to sensitize the reproductive axis

of rats to the inhibitpry action of the pineal and its hormene,
melatoﬁin‘(MT). l‘The presént_sﬁudy i;vestigated the effect of food
" restriction on the.zu h rhythm of serum and pineal MI. Yéung adult
. halé Wistar rété were subjected to either 1 or 3 weeks of 30% fbod
restrietion under a lighting regimen of 14 h iight and 10 h dark.
Body weight, testicular weight, accessory organ weights, serum LH;
serun testosterone and 24 h rhythm of serum and pineal melatonin were
determined. Both 1 and 3 weeks. of food restriction resuited in a
reduction of bdbdy weight, accéssdfy organ weights and serum LH.
Serum testosterone levels were only suppressed afﬁer 3 weeks of food
restriction. When the 2k h‘ profile of serum and pineal MI was.
vdetermined, 1 week of food restriction had no effect on serum or
pineal MT profile. By contrast, 3‘yeeks of food restriction led to
an earlier rise iﬁ-serum and pinéél~MT after the onéet of darkness.
Peék and mean night-time serun MI levels were also significantly
ipcreased. .Hence, underfed animals were exposed to a prolonged
duration of higher ciréulating melatonin levels. Such changes in the
24 h rhythm of serum MT in the underfed rats may explain why food
regtriction can sensitize the reproductive axis of rats to the

inhibitory action of the pineal.

o
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2.2 Introduction

In seasonal breeding animals such asrhaﬁsters and sheep, the

) pineal gland and its hormone, melatonin (M4T), appear to regulate

_qhéhges in reproductive function (Reiter, 1980; Lincoln and Short,

1980; Goldman and Darrow, 1983). By contrast, its role in nonseascnal
breeding spécies such as the laboratory rat has not been well defined.
&he reproductive axis of rats is relatively unresponsive to the action
of the pineal (Reiter, 1680; Goldman et al, 1981) except when this

axis is sensitized by menipulations such as underfeeding, olfactory

bulbectomy or neonatal steroid administration (Reiter, 1974). The

mechanisz of this sensitization has not peen defined. Adult E;ats
subjected to food restriction have a reduction in serum LH, TSH, GH
and PRL levels (Campbell et al, 1677). This appears to be secondary
to a lack of bypotﬁalamic st?mulation rather thap an inability of the
pituitary gland to secrete hormones (Campbell et al, 1977). A
previous study by piacsek and Meites indicated that the low
gonadotropins in ‘underfed rats can be stimulated by constant
illumination suggesting that tﬁe pineal gland may be involved (1967).
Sorrentino et al (1971) subsequently demonstrated that underfed rats
are more sensitive to the antigonadai effects of the pineal gland by
showing an ameliorétive effect of pinealectomy on gonadal regression
in blinded-underfed ;ats. Further studies by Walker et al have
provided additional support for elther enhanced sensitivity to the
piqeal gland or increased pineal activity in underfed animals (19%2?,
1977b, 1878). Tndeed, underfeeding acts in a synergistic fashién

with excgenously administered MI on the reproductive axis of-

prepubertal rats (Blask et al, 1980). Despite this known
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pineal—ganadal interaction during underfeeding, the effect of food
restriction on the 24 h rhythm of circulating MT has never been
determinea. Limited studies have shown that short term séarvation
has no effect on urinary MT excreﬁion fLynch et al, 19735) and
prepubertal rats Subjected to protein calo}ie malnutrition haﬁe lower
daytime and night-time: pineal MI content (Herbert and Reiter, 1981).
These findings do not necessarily reflect changes iﬁ cireculating MT.
Lévels of circulating MT can be influenced by rate of Synthesis:
volume of distribution, as weli as rate of metabolism, 211 of which
may be altered in the underfed animal. Furthermore, 24 h rhythm
studies give 2 bétter indication of changes in the underfed animal's
duration and timing of MT exposure, parameter; wnich nave been showﬁ
to be critical in mediating the inhibitory action of MT on the gonads
in Djungarian hamsters (Carter and Goldman, 1983). In order tc
understand the mechanism thfough which dﬁderfeeding sensitizes the rét

L ™Y N
reproductive axis to the action of the pineal, the objective of the

present study is to assess thé effect of varying duration of food

restriction on the 24 h rhythms of -serum and pineal-MT'conteﬁt.

2.3 Material and Methods

Male Wistar rats weighing 160-18Q g on arrival frem Woodlyn
Laboratories, Guelph, - Ontarioc were housed indiviﬁuaily, in a
temperature (22 1.2°C) and humidity (46 + 4%) controlled room with 14
h of light (0600—200b h) per day. Metabolic cages with wire meshed

bottom were used. Animals were divided into two groups of comparable

weight, ad libitum fed controls {(C) and 50% underfed (U). During the

two week adjustment period, all rats received Purina rat chow (Ralston

>
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Purina Canada, Longueuil, Quebee) and water ad libitum. The daily
food intake of the rats was determined. Animals were weighed every
3-4 days. After the ad justment period, U animals were given half

the food consumed daily by C animals. The experiment was divided into

three parts.

A

Part 1: Acute effect of food restriction

Underfed anlmals were subjected to one week of food
restriction. At the end of the study peried, both C. and U animals
were killed by decapitation at 1300, 1700, 2100, 2300, 0130, 0500,
0600 and 0300 h (n = 6 per time point). Trumk blood sms collested

for the determinations of MI, LH and testosterone (T). Ihe.glood
| samples were allowed uO clot overnight at &° C, centrifuged at 4000 x g
fer 20 nunutes and the serum collected was stored at -20° T. ' The
pineal glapds were dissected immediately, frozen on dry ice and stored
at -20°%¢ until assayed for MT. Testes, seminal vesicles and ventral
prosﬁates were dissectéd blotted dry and weighed using a Mettler
balance (Zurich, Switzerland). A dim red light (40 watts) was used

for animals killed at night since rats have no perceptlon of red light

(Cardinali et al, 1972),

‘Part 2: Prolonged effect of food restriction

Experiment i - Prelimi;ary study

Underfed rats were sugjected to, 50% food restriction for 3
‘wWeeks while control rats continued with food ad libitum. At the end
of the study period, animals were killed by decapitation at 2200,.

2500, 0200, 0400 angD700 h (n = 6. per time point).  Serum, pineal,
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testes and accessory glands were processed as before.

Experiment ii ~ Extended study

Based on the result of the preliminary study, an extended
stud‘y was carried out. After 3 weeks of food restriction, both C and
U rats were killed by decapitation at 1400, 1890; 2030, 2130, 2230,
2330, 0200, 0430, 0530 and 9900 h (n = 6 per time point).’ Serum,

pineal, testes and accessory glands were processed as before.

- Bormone determinations

All stanéards were obtained from Sigm Chemice;l Co. (St.
Louis, MO) unless otherwise specified. Solvents were obtainec} from
Fisher- Scientific Co. (Waltham, r-m): Serum ‘anéi pineal MT were
assayed by RIA as previously described (Ho et al, 1984). The intra-
and interassay variations using a serum sam_ple of 43.9 pg/ml were 6.9%
and 13.4%.  Rat LH was assayed with a kit supplied by the rat hormone
distribution program of NIADDX. ‘Todination standard, NIADDK-~I-g,
antibody anti riH-S7 and reference preparation rlH-RP-2 were used.
The intra~ and interassay var‘iations for LH using a serum sample of
650 pg/ml were 7.4% and 12.8% re;pﬁfi;}ely. Samples from the same
experiment were assayed together.  Serum T was detemingd by RIA
without chromatography using [3H} testostercne from New England
Nuclear Corp. {Bosten, MA)- and antibody to testosterone-3-BSA which
recognized 100% of 5 a-dihydrotestosterone (Bubenik et al, 1975).
Testosterone standard was obtained from Steraloids Inc. (Hilton, NH).
Recovery was found to be 80 + 4%. Using a serum sample of 2.5 ng/ml,

intra- and interassay variations were 3% and 6.8% respectively.

Statistical analyses were perfoermed by Student's t-test for
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group comparisons and by analysis of variance for the interaction

between food availability and changes in pineal and serum MT levels.

.‘\‘,,/"*’/
2.9 , Results

' Initial body weights for both C and U animals were not
significantly different for the three experiments (Table 1). After
one week of food restriction, the difference in.body‘weights between C
and U animals was 18% (p < 0.001) (Tabie ). While there was no
change in absolute testicular weight, both absolute seminal vesicle
and préstate 'weights were significantly reduced by 18% and 19%
‘respectively (p < 0.05) (Fig. 5). Thisureéuction in organ weights
'was accompanied by a 50% reduction in 24 h mean LH levels (p < 0.001)
(Fig. 6) but no change in meam T levels. One week of food restriction
also had no effect on either serum™or pineal MT contents (Fig. 7).
The 24 h rhythms of serum and pineal MT for both C and U animals Qere
virtually superimposable,

For the 3 week experiments, similar weight reduttion was
achieved in the preliminary and the extended studies (35% and 36%)
(Fig. 5). Since neither thec ¢hanges in organ weights nor the
reduction in LH and T differed significantly between the two studies,
the data were pooled togethgr. ' Af£er 3 weeks éf'food restriction,
absolute testicular weight was essentially unchanged. The reduction
in absolute seminal vesicle and prostate weights were similar at 40%
and 39% (p < 0.001) (Fig. 5). Unlike the 1 week study, 24 h mean T
levels were significantly redﬁced {p < 0.001) (Fig. 6) after 3 weeks
of food restriction and the 2% h mean LH levels showed a reduction of

68% (p < 0.001) (Fig. 6).
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Even though the preliminary study was limited to five time
peints with mainly nién;—time sampling, U animals had elevated pineal
and serum MT levels 2 h after the onset of darkness (Fig. 8);’T*In U
animals, peak pineal MT levels were low;r (1706 + 202 vs ?526f1 228
pg/gland, p ~< 0.05) but mean night-time pineal MT levels remain
unchanged (1795 + 191 vs 1544 + 148 pg/gland). By contrast, both
peak serum MTJ(QO‘: 7 vs 60 + 6 pg/ml, p < 0.055 and mean night-time
serum MI (78 + 8 vs sﬁo +-4 pg/ml, p < 0.005) were significantly
higher. This pattern of changes in pineal and serum MT profiles were
again observed in the extended study. Underfed animals demonstraé%d
an,‘__Earlier rise in both serum and pineal ‘M, which occurred only 90
minutes after the onset of darkness (Fig._s). As in the preliminary
study, peak pineal Mf levels weFe.lower but mean night-time pineal MT
levels remained unchanged. By contrast, both ﬁéak serum MT (98 + 4 vs
76 + 6 pg/ml, p < 0.05) and mean night-time serun MT levels (62 +7 vs

b1 + 4 p.g/ml, p < 0.005) were significantly higher in U animals. The

e e

interaction between ava'ilability of food and time of sampli/ng/?‘gr

pineal MT (F = 2.80, p < 0.01) and serum MT (F = 3.18, p €£0.01) were
- . ;&_ -

also significant.



Table 1: Body weight after 1 and 3 weeks of 50% food

‘Expt.

2(1)

2(ii)

Group

Ad 1lib

50%

ad 1ib

50%

Ad 1ib

Body Weight (g)

Initial

280 + &

280 + 4

275 + 5

275 + 57

284 + 4
264 + &

8

1 _week

326 + 10

268 + 5*

316 _-4;.10

262 + 5%

325 + 10
269 + 5%

restriction

3 weeks

380 + 10

250 + 5%

393 + 10
254 + 5*

Values are means + . SE, 1 = 48,

respectively.

30, 60 for Expt

¥ p < 0.001, 50% underfed vs ad lib control

1, 2(i) and 2(iP

3T
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Fizure 5  Effect of 1 and 3 weeks 50% food restriction on absolute
and relative testicular weight, ventral prostate weight

and-seminal vesiclie welight
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r'-es_pectively, ¥ p < 0.01 and ** p < 0.001, 50% underfed

vs zd 1ib control
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Figure 6 Effect of 1 and 3 weeks 50% food restriction on serum

LH zad serum ';testosterone levels
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Figere 7
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Effect of 1 week 50% -food restriction on2l h serum

and pineal melatonin
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Figure 8 ~—Effect of 3 weeks 50% food restriction o1 serum and

PINEAL MELATONIN (pafaland) -

pineal melatonin (Preliminary study)
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2.5 Dlscu531on '

In the present study, rats .were subjected to either 1 or 3
weeks of 50% food restriction. Based on preliminary studies, the
‘duration of 3 weeks was chosen for the prolonged study since this-was
the perlod required ‘or the body weight reduction to reach a plateau.
One week was.chosen for the acute study since the most dramatic welggt
lqss occurred within 1 week of food restriction. The amount of food

restriction was set at 50% based on the observation that when animals

were given to T75% of .food consumed by control fed animals, changes in

)

absoiute accgﬁsory organ weights were only modest and LH levels were )

not suppressed. By contrast, wnen animals were subjectg§ to 25% of
focd ;estricticn, underfed animals developed hair loss and were very
lethargic. Furthermdre, numerous previ;us studies have investigated
the effect of SO’ food restriction on the reproductive axis of rats
(Grewal et al, 1971; Howland, 1975; Sorrentinc et al, 1971).

After 1 week of food restriction, U animals had smaller
seminal ve51cles and ventral prostates as compared to C animals.
Th§se differences were further accentuated after 3 heeks of food
resérfction. The reductlon in accessory organ we1ghts however, was
éore a reflection of a further 1ncrement of organ sizes-in C animals

since the organ szzes in U anlmals were: merely maintained at a lower

level. This was confirmed by the' changes in relative we:ghts of the

| acaessory organs. Control.animals have increased relative weights

whereas the relative weights of U animals remains unchanged. By'

contrast, similar changes were not observed in testicular weights.

Neither food restriction schedule resulted in a reduction in absolute

oy

testicular size. The Felative testicular weight which was already
. ~—

- "~

A
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increased after 1 week of :ood restriction showed a further increment
after 3 weeks.  Such changes ’in orggn weights are in agreement with
previcusly published data (Grewal et al, 1971; Howland, 1975). The
chaﬁges'in serum LE and T after 1 and 3 weeks of food restrietion also

\ .
confirmed the data previously reported by Howland {1975). While one

week of food restriction had already resulted in LH suppression, T
" suppression required a longer period of restriction and was only
observed after 3. weeks.

The effect of varying duration in food availability on pineal

" activity was of particular interest.. After 1 week of food

LI ,

restriction;’ the 24 h rhythm “of serum andé pineal HMT was not
significantly different. Neither the amplitude nor thé duraticn of
the night-time MT peak was influencéd by food restriction. This ié
consistent with thg obsqrvatioﬁ'b? Lyneh et 2 (1975) that urinary T
remains unchanged after a short. period 6f starvation in raté. Yet
this brief périod' of food res;riction. nas already resulted in the -
suppression of- LH and smaller accessory glanﬁs. Taken together,
these rﬁsulﬁs are not supportive of circulating MT'being responsible
for the early changes observéd above. Nevertheless, it is still
possible that MT ;an nediaté such changes at the tissue level sinée
Cardinali and Vacas (1981) have previously demonstrated that
malnourished raés- have increased binding for MT sites in brain
membranes after 15 days of protein restrieticn.

| In. contrast to the 1- week study, both the 24 h serum and
pineal MT rhythms were significantly different when food restriction

was prolenged for 3 weeks. Even though food restricted animals

continued to demonstrate a nocturnal rise in both serum and pineal MT,

[ - ®,
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the amplitude and doratlon were 31gn1f1cantly altered as compared to
the ad libitum fed control. The'duratlon was prolonged secondary to-
an earlier rise in both serum and plneal MT. In the pineal, this
earlier rise was accompanied by an eventual lower peak which oceurred
4 h after tne ohset of darkness. This earller rlse of plneal MT may

reflect inereased glandular activity which has orev1ously been

reooroed in chronically underfed rats (walker et al 1978). The

maegnitude of increase in pinea1 MT (five. fold for U anlmaIS'vs-two‘

fold for C animals) 90 min after the onset of darkness is also
consistent with a hyperactive gland. With increased plneal ac»1v1ty,
tne turnover }ate of olneal MT may also be increased resultﬂng in
lower pineal MT levels as observed in the present study. However, the
changes in pineal activity maf also %elate to the chronic stiress
associated with food restrictio%. Reduced olnea MT has previously
been desoribed for aoimals subjected to chronic immobilization (Yocea
and Friedman. .1984). A previous.study'onfprotein calorie
malnourished rats by. Herbert and Reiter (1981) also oemonstrated
pineal MT that was.of lower amplitude. In that study, the rising
phase of night-time pineal MT was delayed by 2 h, hence the dufation
of the night-time rise was shortened. The observed variation 1in
duratlon may have arisen frem dlf erences in age, strain and method of

food restriction (protein vs calorle)

-

As .in pineal MT, the n:ght—tlme rise in c1rculat1ng MT was
also. pralonged in under®ed animals. .This is not unexpected since in
rats, the 24 h rhythms of serum and‘pineal MT are normally highly
correlated .(Ho et al, . 1984). However, of interest is that, in

contrast to the lower amplitude of pireal MT, both peak and mean
4 .

-



night—timé circulating MT %gvels were  significantly higher in .U
animafs. There gré-sevefal possible explanations for this oppﬁsite
trend. If the pineal gland is truly hyperactive with é' higher
turnover rate for MI, serun MT levels woﬁld be expected-to be higher
provided that there was no change 1n metabolic clearance.
Alternatlvely, since the volume of distribution for MT is lower in the
underfed anlmals with a 36% reduction in body weight, the sllghtly-
lbwer‘mead night-time-MT could still account for higher circulating
lévels. ~ Furthermore, the metabolic clearahce.;f HT‘hay be reduced
during food restriction since other hormones such as corticosterone
have been found to have a lower clearance rate (Fromweiler et_al,
:1968). The possiﬁility of contribution to the circulating pool of ML
by ext?a—pineal §qurcés such as the retina and the Harderian gland
a2lso cannot be excluded (Ralph, 1981). Thus under this conditich,
simple measurenent of "pineal MT content cannoi be used to represént
the level of ~circulating MT which in any case is moﬁé relevant L& its
physiological function. Whether tﬁe changes in serum MT aré-related
to the reduced quantity of food or the stress of food restriction
remains to be determined.

Baged on the present data, one cannot establish a causal

-

relationship Dbetween the changes in pineal activity and the observed
changes in LH, T, seminal vesicle and prostate sizes. Never;heless,
such changes in circulating night-time MT are consistent with an
antl-gonadal action of MT. The enhanced amplitude of the nocturnal MT
" peak in the serum and "the lengthening of the night-time ML rise may

contribute to the lower LH "and smaller accessory glands 'in the

underfed animals. tarved rats have lower LH while the LHRH content
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is incpeased in the median eminence (Pirke.;nd Spyra, 1981); MT has
. bgeﬁ reported, to inhibit the normal LH rise that is associated with
ovulatioﬁ'(ﬂeiter.and Sorrentino, 1971; Longenecker andrcallo, 1971)
and to increase the LHRH content in the rat hypothalamus (Leonarde111
et al, ‘1978). * In ‘neonatal rats, Martin et ‘al (1977, T980) has
documented an acute inhibitory effect of MT on pituitary LH and F3H
‘responses- to LHRH, Tékgn fogether;_this higﬁgr cirggiating MT may
contribute to id suppression in the underfed animals. =~ Furthermore,
in Djungarian hamsters, Carter and Coldman have demonstrated that
duration of MT éxposure is the critical pérame@er mediating the
inhiﬁitqry action of MT on the gonads (1983). thanges in the duration
of Hf infusion from 7 to 8'h {just 1 h difference) can account for a
dramatic diffetence'in testicular size inﬁthe hamsﬁér. ‘In rats, T
administration to prepubertal animéls whereby both amplitude and
duration of'the night-timé MT rise are increased, can delay maturation
of the gonads (Lang et al, 1983). Previously, Blésk et ai 21980) had
also demonstrated enhanced sen31t1vmty of the gonads of the underred
rat to MT administration in the evenlng and a protecblve effect of
pinealectomy (Blask et al, 1981). Indeed, in our present s»udy,’rats
subjéctéd to 3 weeks of food regtriction demonstrated ‘an earlié;
actlvatlon of the plneal indicating that underfed animals were exposed
to higher c1rculat1ng MT levels of prolonged duration during periods
of increased sensitivity.

In surmary, while 1 week of-food restriction had no‘effect on
the 24 h serum and pineal.MT rhythmsc 3 weeks of food restriction
resulted in an earlier pineal activation and highgr night-time

circulating MT levels. These findings suggest that in addition to

-
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the environmental light/dark - cycle, food availability is another
'f‘éétor that can influence the rhythm of circulating MT. Such changes
in the circulating MT rhythm to'gether with the previdusli; demonstrated
~changes in MT _sensitivity in malnourished rats may explain why

underfeeding sensitizes the rat reproductive axis to the inhibitery

action of the pineal. ' ' . ’
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CHAPTER THREE

3

EFFECT OF SHORTENED 'PHOTOPERIOD AND PINEALECTQMY

ON UNDERFED RATS

49
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3.1 Abstract v

Foed restriction is known to senﬁiﬁize the repreductive axis
of rats to the inhibitorjy a.ction of the pineal gland and its normone,
melatonin; The .present study investigated the ef‘f‘ec_:t of shor-tenedr
photopericd ax;:d pinealectomy on the undernutrition-related genadal
regression. In the first part of the'study, adult male rats were
sSubjected to 3 weeks of 50% restrietion under a lighting régime; of 4
h light and 20 h dark. Body weight, testicular weight, accessory
organ weights, éérum.L.H, serum testostercne and the 24 h rhythm of
serunm melatonin (Mll‘). were determined. Under shortened photoperiod, 3
weeks of 50% food festricticn resulted in a reduction of body weight,
accessory organ wei-ghts,‘ serum LH arid serum testosterone levels, By
.contra.sst, this treatment regimen had no significant effect on the 24 h
semm MT profile based on sampling at 10 .time points. Inv the second
part of the experiment, the effect of pinealectomy was evaluated on
animals subjected to 3 weeks of 50% food restriction under a lighting
regimen of 14 h light and 10 h dark. Pinealectomy_was found to
partially reverse the gonadal inactivation observed in underfed
animals. Underfed pinealectomized animals have larger accessory
organs and higher serum testosterone 1e#éi$ as compared to underfed
and underfed sham‘ pinealectomized animals. The protective effect of
pinealectomy suggests that the pineal gland is in part respon-sible for
the undernutrition-related gonadal regression. The lack of effect of

shortened photoperiod on the serum MT profile in underfed animals
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-

indicates - that the effect of food restriction on circulating MT

depends on the environmental light/dark cyele.
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3.2  Introduction

_ The reprodﬁctive axis of rats can be sensftized- to the
inhibitory action of the pineal and its hormone melatonin (MT) by
underfeeding (Reiter, 1974). Previous studies have demonstrated that
the gonadal regression and growth suppression which results from
dietary restriction mey in part be dependent upon the pineal gland
(Sorrentino, 1971; Walker 1977a, 1977b). In the first experiment, it
was found that,in addition to the envirommental light/dark cycle,.food
avéilability is another factor that can influence pineal activity.
Animals subgected to 3 weeks of 50% food restriction were found to be
exposed to an increased duration of hlgher nlght—tlme circulating MT
levels. Sueh an increased duration has previously been shown to be
critically important in the photoperiod-related gonaqal changes' seen
in seasonally breeding animals (Carter and Goldman, 1983): To further
evaluate the role of ‘the pineal_during underfeeding, the effect of

- \
pinealectomy and shortened photoperiod on the undernutrition induced

gonadal changes was determined. Pinealectomy is an effective way of

) removing cirtulating MT in rats (Lewy et al, 1980). In male rats,
‘”\

pinealectomy leads to oremature growch of the ventral prostate and
s;mlnal—ave51c1es in prepubertal animals (Roth, 1665) and enlarged
accessory organs in adult animals (Motta et al, 1967). Under
shortened photoperiod, the peried with inereased N—acatyitransferase
activity lengthens (Illnerova and Vanecek, 1980} which  in turn may

account for the slight decrease of reproductive organ weights

(Sorrentino and ‘Benson, 1970}.

#I
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3.3 Material and Methods

Part 1: Effect of photoperiod .

~

Male Wistar rats weighing éround 160 g on agival from Woodlyn .
Laboratories, Guelph, Ont_:ar'io were housed "'individually in a
termperature (22 + °C ) and humidity (46 + 4%) controlled room with 4
h of light (0800 — 1200 h) per day. Animals were divided inte two
groups of ccmparable weights, ad 1ibitum fed coﬁtrols (C) and 50%
underfed (U). During the two week adjustment pério;i, all rats
received standard rat chow (Ralston Purina Canad'a, Longueil, Quebec)
énd water ad libitum. The daily food intake was determined. After
the adjustment period, while the C animals cohtinued to have food ad
libitum, the U animals were given half the food consumed by tk;é ad
libitum fed animals. Underfed animals' were subjected to 3 weeks of
food Irestr'iction. At the end of 3 weeks, the .C and U animals were
alternately killed by deéap‘itation_at 1000, 1400, 1800, 2000, 2130,
2300, 0030, 0300, 0530 and 0730h (n = 7 per time point). Trunk blcod
was collected for the determinations of MI, LH gﬁd testosterone (T):_-
The blocd s.amplesj h'e.r;_e allowed to clot overnight at & <'.>C, centrifi.:ged

1*

at 4000 X g for 20 minutes and the serum collected was stored at - 20
Oc. Testes, seminal vesicles and ventral prostates were dissected
out and weighed using a Mettler balance.. A dim red light (40 Watt)

was used for animals killed at nignht.

Part 2: Effect of pin€alectomy

Three groups of male Wistar rats weighing around 200 g
(control, pinealectomized, and sham pinealectcmized) were obtained

from Charles River Preeding Laboratories, Kingston, NY. 3urgery was
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-

- . ) s . .
performed one week prior to'delivefy. The.animals were indi@idually
housed in a‘tempefature and humiditf thtfolled room with -1% h of
light (0600 - 2000 h). Animals were divided intoiS groups. Group I,
contro;, fed; Group II, pinealectomized, fed; Group III, control,
underfed; -Grou§ IV, pinealectomized,. unde%féd; and Group V, -sham
pinealectomized, ;ﬁdenfed. After 2 weeks of adjustment, while fed
animals continue to have food ad ;ibiﬁum, underfed animals were given
half the food consumed by the ad libitum animals. At the end of 3‘
weegs, animals. were killed by decapitation between }200 and 1400 h.

The following were determined: body weight, testes weight, ventral

" - prostate weight, seminal vesicle weight, serum LH and serum T.

Hormone determinations - §

-

-

All standards were obtained from Sigma Chemical Co. éSt:
Louils, MO) unless ‘*otherwise specified. .Sblvents.were obtained from
Fisher Scientifiec Co.'(Waitham, MA).,  Serum MT was assayed by RIA as
previously described (Ho et al, 1984). The intra- and interassay
variations using a serum sample of 43.9 pg/ml were 6.9% and 13.4%.
Serum LH and T were.;ssayed by RIA as described in the method section
of Chapter 2. The intra; and interassay variaticns for L[4 using a
serun sample of 650 pg/ml were 7.4% and 12.8% respectively. Samples
from the same experiment were assayed together. For T, using a serum
sample of 2.5 ng/ml, intra- and interassay variations were 3§H§hd 6.8%
respectively.

Statistical analysis was performed by Student's t-test for
group comparisons and by analysis of variance for the interaction

between food availability and time of sampling for serum MT.



3.4 Results

Part 1: Effect of Phogoperiod
. . N

i After-?i. weeks of food restriction. the difference in bedy. .
weight bet:.ween C. and U animals was 35% (377 + 5 vs 285 + 3 g, p £
0.0013._ hh-ile.there Jas no c‘nénge in absolute testizular weight,
bb-th ab_soiute‘ ventral' prostaﬁe and seminal vgsi:tle-ueights were
redu;:ed by 38% in U animals (Table 2).- By contrast, the relative
testicular weight was increased but relative ventral prostate ._:—md*
seminal vesicle weights remained'uﬁc'hanged;' Such cnanges in.organ
welights h-ére acccfnpanied by suppressed serum L[H an;-i serun T levels
(Table 3). V

Under 'shor_tened. photoperiad with ‘4 h light and 20 h dark,
serum M‘l‘ﬁ‘.ncreaéed' 9 1/2 - 11 h after the onset of darkaess with peak
" levels oéserved at 0300 h in C animals (Fig 10). As ia C animals,
serun MT alsd inereased- 9 1/2 n - 11 n after t.'r{e onéet of dari-:r_{ess
with peak levels observed at 2300 h in U animals. 3y analysis of
variance, there was no difference in serum MT profile betwszen C and U
animals. Peak MT (64.8 :"18.11 VS 148.1-: 8.5 pg /ml, » < 0.1) and
mean serum MT lvfevels of the night-time rise (49.2 + 4.9 vs 39.0 + 4.1

pg/ml, p < 0.2) were also not significantly different.

Part 2: Effect of pinealectomy

After 3 weeks of food restriction, there was no difference in
body weights between Group- I and II (3%6 + 11 vs 3§8 + 8 g) or Groups
III -V (262 + 2, 262 + 3, 260 + 3 g). The difference in body weight
between fed and underfed animals was 34% (p < 0.001). =~

-

In the ad libitun fed animals, pinealectomy resulted in
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In the ad libitum fed énima}s; pinealectomy résulted in
significant increases in bgth absolute and relaé;ve seminal vesicle
weigh;s (Fig. 11) but had nskeffect on serum LH (Table 4), In food
restricted .animals, sham pinealectomy resulted in the greatest
reduction in absolute testicular and accéssory;otgan wgights (Fig- 11 -
3. By co;£ra$t; pinealectomized underfed-éﬁimals had- significantly
higher absolute semina}‘vesicle weight (p £ 0:65) and ventral prostate
weight (p < 0.01) but these‘organ weights were still lower than the ad
libitum fed animals. The underfed lpineqlectomized rats also had_
‘si;nificantly higher serum T levels Eﬁ < 0.05) whereas LH rgmained

suppressed. * ’ -
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Table 2: Effect of 3 weeks 50% food restriction on organ

L ¥

weights under a lighting regimen of 4 h light

and 20 h dark

Control - Underfed
Testicular weight (TW,g) 3.02 + .04 2.92 + .07
Prostatic weight «(PW.mg) 351 + 13 219 + 13%% 7
Seminal Vesicle weight (SW.,mg) 756 + u& 475 + 30%*
Rel Tw -(mg/100g BW) 304 + 14 1181 + 29%*
Rel P4 {(mg/100g BW) . @3 +5 39 +5
Rel SW (mg/100g BW) 199 « 11 134 + 12

Each value represents mean + SM, n = 2§;

%% 5 ¢ 0.001, control vs underfed ;:>

i
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Table 3: Effect of 3 weeks 50% fodd restric;ion on gerum

LH and serum testosterone levels under a lighting

regimen of 4 h light and 20 h dar

Control Underfed
L4 (pg/ml) . -~ L1063 +-192° 79T + WX
Testosterone (ng/ml) 295+ .35 1.71 + .22%%*

o

Each value represents mean + SEM, n = 73;

* 5 < 0.05, *¥ p < 0.005. control vs underfed
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Figure 10 Effect of 3 weeks 504 food restriction on serum

~and pineal melatonin wder a lighting régimen of 4 h

light ‘and 20 h dark
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Figure 11

SEMINAL VESICLE WEIGHT (mg)[]

Effect of pinealectomy on absolute and relative

seminal vesicle weight after 3 weeks of 50% food

restriction
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3

Figure 12 . Effect of pinealectomy on absolute and relative
. ‘ \
testicular weight after 3 weeks of 50% food

restriction
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. Figure 13

VENTRAL PROSTATE WEI

Effect of pineélectomy on absolute and relative

ventral prostate weight after 3 weeks of 50% food

restriction
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Table 4: Effect of pinealectomy (Px) on serum LH and testosterone

levels after 3 weeks of 50% food restriction

Groups LH Testosterone
(pg/ml) (ng/ml)} .
I Control 885 + 145 2.03 + .30 °
II  Control. Px ' 308 + 171 3.48 » 58 %
III Underfed 425 + 138 1.32 + .52
Ty Underfed, PX 372 + 34 3.33 + .58 ®

i

v Underfed, sham PXx 312 + 113 1.48 + .83

Fach value represents medT + SBM. 1 = 5
* 5 < 0,05, II vs I

% 5 € 0,05, IV vs III and IV vs V - &

-,



64

3.5 Discussion. - .

In the first part of the present study, rats were subjected to
3 weeks of 50% food restriction under 2 lighting regimen of 4 h iight
and 20 h dark (4/20). Under this treatment regimen, a 3% % red.u'ction )
in body weight was accompanied by a 38% reductlorz in both absolute
ventral prostate and seminal vesmle welght. 'I‘ne _severity of the
gonadal regrecsmn observed in U animals in this study was similar to
animals subjected to 3 weeks of 50% food r'eqtrlc...lon under a llghtmg
regimen of 14 h light and 10 h dark (14710, Chapter 2). As in the
14/10 study, the gonadal regression was also accompanied by suppressed
serun LH and serum testos_terone levels. However, unlike the 14/10
study, there was no difference in serun MT profile betwee:s’—‘.c and U
animals. Both groups of airimals demonstrated increased MI levels
begiming 9 1/2 - 11 h after the onset of darkness.: In C aniﬁals.
peak MT levels were observed 15 h after t'nelonset, of da.rlcxess followed
by a decline over the next 4 hours. The total duration of the
night-time rise was approximately 10 hours. In U animals, serum MT
levels increased sharply to a peak 9 172 - 11 h aftér the onset of
dariness followed by a decline over the next 38 hours. As\in c
animals, the duration of the night'-t‘ime rise was approximately 10
hours. Therefore, wunder shortened phot:.operiod, both C and U animals
were subjected to a longer duration of night-time MI rise. This
lengthening is similar to the previously rfeported inarease in duration
of pineal N-acetyltransferase activity under shortened pnotoperiod
(Illnerova and Vanecek, 1980). Peak MI levels also_lwer:e. not

significantly different between C and U animals. Hence, based on the

present sampling frequency, 1o major differences in either amplitude
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-or duration of the night—time cifculating MT profile were detected
between C and U animals. However, since a 90 - 120 min sampling
interval was used for ﬁhe‘rise and decline phases of the night-time
MT, it ié possible that a subtle change in the duration of the
night-time peak\would be overlooked using this protoccl. Moreover,
the effect of varying length of food réétfiction was not assessed in
this experiment. Therefore, it is still possible that by increasing
the frequency of saﬁﬁling‘or varying the'duration of food restrietion,
shortened photoperied may have an influence on the serum MT profile.
Alternatively, it is possible that the changes in the serum MT profile
secgndary te shortened photOpe;iod and food restriction mighﬁ be
similar in nature but not be additive. Under a iighting regimen of
14 h light and 10 h dark (Chapter 2), food restrictisn led to aa’
increase in duration of night-time serum MT rise by 1 hour
(approximately from 3 to 9 hours). However, under the shortened
photoperiod, control fed animals are exposed te a longer duration of
the night-time rise of serum MT (épproximately 12 hours). Therefore,
it is possible that the increase in duration of serum M secondary to
food restriction which occurs under 14/10 may be negated by the effgct
of shortened photoperiod on serum MT profile.. This hypothesis could
be tested by investigating further the effect of food restriction on

-serun MT profile under variocus lighting regimens.

In the second part of the study, the effect of pinealectcmy on
undernutrition-related gonadal regression was assessed. In control
fed animals, pinealectomy had no effect on body weight, absolute

testicular weight or serum LH levels. By contrast, absolute seminal

vesicle weight and serun testosterone levels were significantly



increased (p < 2.01 and p < 0.05 respectively) .  Such changes in
accessory organ weights and'serun testosterone levels are coﬁsistent
.with ~reviously reported data (Motta et al, 1967; Kinson and Peat,
1971). In underfed animals, the reduction in body weight, absclute
accessory organ weights, serum LH and serum testosterone levels were
not significantly different between underfed and underfed sham
pinealectomized animals. By contrast, ‘underfed pinealectomized
animals had significantly larger accessory organs'and nigher , serum
testosterone levels though there was no difference in the reduction in
body weight and serum.[H levels. Since serum testosterone increased
in the absence of any changes iﬁ the suppfesseg U4 levels, the
protective ef f‘ ect of pinealectomy.o.n ggn_ada], regression may reside at
the testicular level especidlly in view of the previously demonsﬁ:ated
innibitory effect of MT on steroidogenesis by Ellis (1972). However,
pinealectomy {ailed to reverse cempletely the éonadal regression in
underfed animals. These findings éuggest that if the p;neal is solely
responsible for the gonadal régfessio? observed in underfeeding,
compounds with progonadail activities have been removed by
pinealectomy.

In summary, under a shortene& photoperiod with 4 h light and
20 h dark, 3 weeks of 50% food restriction had no influence on serun
Mg profile. The undernutrition-related gonadal regression, however,
depends in part on the pineal gland since pindalectomy resulted in
larger accessory organs and higher serum testostefone levéls in food

restricted animals.
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CHAPTER FOUR

ALTERED PINEAL BETA-ADRENERGIC RESPONSIVENESS TO

ISOPROTERENOL
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4.1 Abstract

‘ Adult male rats  were subjected to 4 weeks\ of 50.'5 faed
restriction under a lighting regimen ot: 14 h ligh;: and /A0 h dark. The
pineal response to isoproterencl (ISO) was deterdfined in order to
assess g-adrenoceptor-responsiveness. In a time course study, animals
were injected with 0.5 mg/Kg ISO subcutaneously (SC) z21d killed -at
different times up to 180 min post injection. In 3 dose response
study, various doées of IS0 (0.2 my/Xg to 5.0 mg/Kg) ».ve?ﬁnjected
intraperir:oneally (IP) and animals were killed 120 min POst injection.
Body weight, testicular -weig'nt. accessory orga:i ueigi;zts_. pineal
N-acetyltransferase (NATase), pineal and serum melato.nin (MT) were
determined. After 4 weeks of r‘esﬁricted feeding. a 407 reduction in
body weight was accompanied by a 503 :-ea::ction in absolute accessory
organ weights.‘ The pineal response to IS0 stimulation was altered.
In the time course study, -peak pineal NATase occurred 120 min post
injection in the ad libitum :‘ed‘ énimals. By contrast, the food
restricted animals showed a gradual increase in pineal NATase up to
180 min post injection. In the dose response study, the ad libitum
fed zninmals dencnst:,r'ated a dose dependent increase in pineal NATase up

to 5 mg/Xg dose. The food restricted animals, however, achieved

- their meximal pineal NATase at 1 mg/Xg dose with no further increment

at 5 mg/Kg dose. These differences in responsiveness were also
reflected in pineal and serum MT levels. The mechanisn of this

altered pineal s-responsiveness to ISO remains to be determined.

-
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§.2 . | Introduction

| In the: pineal gland, serotbnin is N-acetylated by
serotonin-N-acetyltransférase‘(NATase) (Neissbach'e\t al, 1960).. f_Ihe'
bf—acetylserotonin (NAS) thus formed is O-methylated by
hydroxymdole-O-methyltraanera':e to form melatonm L(MT) (Axelrod and
Weissbach, 1560). Tne ‘;ormatmn of MT depends cn the synthesis and
activity of the enzyme NATase (Kleiq and_ weller, 1970) wnlcn‘ in turn
isl regulated by the sympathetic neuronal input acting on t.hé pj::{eal
S—adrenocept".ors (Deguchi -and Axelrod, 1972b).  Activation of the
sir'eceptor's either through neuronal release Qf. néarepinephrine' or
injection of the s-agonist, isogaroterenol (Is0) will init.-iate'-a
sequence of events qu_.minating in the ir;ductioh ‘of NATase. 3uch
induction leads to the production of pineal NAS and \TI' {Axelred et al,
1669; Browastein et al, 1973). Since the pineal &glan_d is, the major.
source of circulating MT (Lewy et al. 1580), increase in pineal T
leads to higher circulating MT. Recent evidence has indicated that
food availabililty ecan influence sympathetic “nervous activity,
g-adrenoceptor groperties and ps-receptor mediated responsiveness
(Avakian and Horvath, 1981; 3urns et al, 1979; Katovich and Barney,
1983; Landsberg and Young, 1978; Stone, 1983). This, together with
the known sensitizing effect of food restriction on the ral
reproductive axis to the inhibitory action of the pineal gland and its-
hormene, MT (Reiter, 1974) indicates a possible interaction between
food restriction and pineal 3-receptor activity. The effect of 4
weeks 50% food restriction on pineal NATase, pineal and serum MI to

| ISO stimulation was therefore investigated in the present study ..

[«
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4.2 - Material and methods

Animalsl

Male Wistar rats weighing 160 - 180 g on a_u-rival from Woodlyn
Laboratorie§, Guelph, Ontario were housed individually ) in a
Atemperature (22 + 2°C) and huridity rcontrolled room with 14-h of light
(0700 - 2100 h) per day. Animals were divided into two groups of
camparable weight, ad iibitun fed controls (C) and 50% underfed. (:U).
During the two week adjustn}ent period, .all Vrats rec_eived standard rat
chow (Ralston Purina Canada, Longueuil, Quebec) and water ad libitum.
The daily intake of the; rats was determined. Animals were weighed
every 3 - 4 days. .After the adjustment period, U animals were given
half the quad consumed by C animals. At the end of U4 weeks, a
dosewresponse and a time-course study to ISO -were carried out. To
maximize the response of the pineal to ISO, all the injections in the
following experiments were administered at the onset of darkness (i.e.
2100 hY. This time was chosen for its maximal pineal Ss-adrenoceptor
concentration (Romero et al, 1973) as weil as maximal responsi\.;eness
in the synthesis of MT to ISO stimulation (Romero and Axelrod, 1974).
After ISO stimulation, the anim&ls were kept under continuous lighting
until time for decapitation so as to eliminate the dark induced

activation of pinezl MT synthesis.

-

Part l: Time-cowrse study

Both C and U animals were given either subcutaneous (SC)
injections of saline_as control or 0.5 mg/Kg dose of ISO dissolved in

saline. Saline treated animalé_ were Iﬁlled by decapitation at 0, &0

A Y



71

and 180 miﬁ after the injection (n = 5 for each time). The ISO‘
treated animals wére killed at 30, 60, 120 and 180 min after the
injectiéns. The pineél glands were'dissected, frozen on dry ice and
. - stored at -70°C until assayed for MT and MATase activity. Trunk blood .
was collected for uT -dete;'mi::ations. Tne blood samples were all'owed
to clot overmight at u°c; centrifuged at 4,000 X g for 20 minutes and
the serum collected was stored at - 20°C untii assayedAfor MT. - The
effects of food restriction on testicular welight, vgntral prostate and

seminal vesicle weights from time 0 and 180 min were determined.

Part 2: Dose—res'oonseitudy . : .
- . .-

-

- . G-r'oups of animals (n = 5 per group) were injécted
'ﬁ.traperitoneally (IP) with either saline or different doses of IS0
(0.2mg, 0.5mg, 1.0mg and 5.0mg/Xg). - ‘I‘h_é method of injection was
changed‘ to IP since more an'imals can be injec;ted in a shorter time
period using this route & administration’i The animals were idlled

120 min afterwards. The collection 1;a;z:zcl storage of pineal glands and

" serum samples were as described in the time course study.

Determination of serum aid pineal MT

All standards were obtained from Sigma Chemiecal Co. (St.
. Louis, MO) and solvents from Fisher Scientific Oo (Waltham, MA).

Serun and 4pmeal MT were assayed by RIA-as deqcrlb@. prevmuﬂy (Ho et

: al, 1984). -The intra- and interassay variations using a serun sample
{

{ . of 43.9 pg/ml wer'ea6.9%'and 13.4%. ‘ \
K

a0 . Y ] ) ]

" Determination of pineal NATase®activity O

5
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The NiTase activity of the pineal gland was determined by a
modification {Parfitt et al, 1975) of the method of Deguchi and
Axelrod (1672¢) within 24 h of decapitation.”.

catistical anal?sis was ‘perfonﬁed by' Student's t-tesﬁ  for

group comparison. &

4.4 Results

"

After 4 weeks of 50% food re#triction, body weight was reduced
by 40% (Q < 0.00L) (Table 3). Tnis was accompanied %y a 50%
reduction En both absclute prostate and seminal wvesicle weights (p <
0.001). The aosoiute testicular weight was not influenced by this
duration of food restriction while relative testitular weight was
inereased (p < 0.001). Such changes in organ weights are -in
agreement with previously reported studies (Grewal et al.- 19715

Howland, 1975).

Part 1: Time-course study

h 4

The results of the time course study of saline and ISQ_treated
C and U animals are shown in Fig. 14 = 16. The saline treated C and U
énimais did not demonstrate -‘the normal nocturnal rise in pineél
NATase, pineal and serun MI since they were suppressed by continuous

illunination post injection. Post 0.5mg/Kg SC ISO stimulatidn, the ad

libitum fed animals demonstrated parallel inereases in pineal NATase .

and pineal MT which began at 60 min pqst injection, peaked at 120 min
arld declined by 180 min. Serun MT responded simiiarly to IS0

injection with the exception that increased serum MT (p < 0.01) was

obzerved 30 min .post ISO stimulation. In U animals, two major

Y



differences in response to ISO stimulation were observed. Pineal

NATase and pineal MT were both significantly lower 120 min post ISO

injection (p < 0.05, as compared to the ad libitum fed animals).

Instead of showing a decline at 130 min, pineal NATase was further
. N

increased at 180 min post ISO injeetison (p < 0.05). Tais higher g
pineal NATase zctivity was accompanied by persistent elevation of bath

pineal and serum MT in U animals.

Part 2: Bose-response study

In C enimals, pinead NATase, pineal and serum T responded
in a dose dependent .;n._anner frem 0.2 to 5.0 mg/Kg IS0 (Fig. 17 - 19)
However, in U animals, pineal NATase, pineal and serun MT responded

maximally at 1.Jmg/Kg and showed no further increase with 5.0mg/Kg.

.,



Table :

n

Effect of U weeks 50% food restriction on organ
welghts under a lighting regimen of 14 h light

and 10 tt dark

- Control Underfed

Body weight (BW,g) 530 + 10 .260 + 10%%
Testicular Weight (TW,g) 3.0+ .06 2.96 + .05
Prostatic weight (PW,mg) 835 + 20 220 + 10%*
Seminal Vesicle Weight (SWJng)‘ 960 + 34 483 + Uixx
Pel T (mg/100g BwW) 700 + 40 ‘ 1150 + 30%* &
Rel PW (mg/100g EW) 100 + 6 8 + 5
Rel S¥ (mg/100g BW) - 216+ 5 167 + 14

Each value represents mean + SEM, n = 15;

** p < 0.001, control vs underfed



Figure 15 Time course response of pineal N-acetyltransferase
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Figure 15 Time course response of pineal melatonin to 0.5

mg/Lg isop?oterenol
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Figure 16 Time course response of serum melatonin to 0.5
: )

mg/Kg isoproferencl
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Figure 17 Dose response of pineal N-acetyltransferase 2 h
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Figure 18 Dose response of pineal melatonin 2 h post

-

"isoproterencl stimulation " )
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Figure 19 Dose response of serum melatonin 2 h post

isoproterenol stimulation
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4.5 Discussion
Pineal MT response to ISO stimulation resides in the
mechanisns regulating the various steps involved in the synthésis of
MT.-(Zatz et al, .1-9‘?;8). Hence, changés in the properties of .the
s.-adrenoceptors. coupling of the réceptor to adenylate cyclase or
adenylate cyclase act:iviéy and other post-receptor events can lead to
abnormal NATase induction. Furthermore, factors regulating HIOMT

activity can also influence the ultimate pineal MI response to

Z

stimulation. The present study indicates that after 4 weeks of 50%
food restristion, underfed animals have an altered time—;:ourse aﬁd
dgse—resgonse to IS0 stimulatisn., The ooserved chénges are, however,
atypical for either a sup- or sup_ersensitive pineal gland.

For C animals, both time-course and dose-responses are in

agreement with previously published data (Illnerova and Vanecek, _1983;
Klein et.al, 1983; Romero and ixelred,, 1975; Zatz et al, 1978). A
parallel relétions‘nip between pineal NATase and pineal MI was
observed. This is not unexpected since these determinations are
normally closely related (Ho et al, 1984). Serum MT also responded
similarly with the exception that increased levels were observed 30

-

min post ISO stimulation in the absence of detectable increases in

pineal MI content and enzyme activity. Both pineal NATase and pineal

M‘I“ only inecreased 60 min post ISO stimulation. A simila;' elevation
of serun MI was also evident in underfed animals 30 min post ISO
injection._' This inereased serum MT in the absence of inereased pineal
NATase activity is wusual sir_;ce, in rats, the pineal gland is the
major source ‘of circulating MT (Lewy et al, 1980). However, under the

widespread stimulatiors of g-receptors by ISO, it is possiBle that
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other tissues which contain MT and/or MT synthesizing capacity (Ralph,
198‘&) and are regulated similarly may respond by releasing a
substantial amcunt of MT to the circulation. ' .
In the time course study, pineal NATase, pineal and éerlm MT
peaked at 120 min and deelined by. 180 min.post IS0 stimulation. By
cor;grast. underfed animals ~ demonstrated progressive increases‘ in
pineal NATase, pineal and serum MT and high levels were maintained 180
min post IS0 stimulation. Tﬁi;{\pattern of response in underfed
animals is ccgsistent'with delayed synthesis of the enzyme, NATase and
a delayed Jnigl:lt-time peak of pineal MI has also been reported by .
Herbert and Reiter (1981) in prepubertal rats subjectt_ed to protein
restriction. This delayed response may relate to changes in the
sénsitivity of the pineal gland to g-adrenergic agonist. The
sensitivity of the pineal gland to 'Ithe stimulating effects of
S-adrenergic agonists changes as a funetion of the prior exposure of
the gland t; endogenous or exogenous stimulation (Romero and Axelrod,
9751}, Since food restriction leads to changes in norepinephrine
turnover and " brain g~receptor density (Landsberg and Young, 1978;
Stone, 1983), it is possible that similar changes may also ccour in
the pineal gland and lead to changes in sensitivity to IS0
stimulation. °~ Although the observed delay in MATase post ISO
stimulatioz_q is :consistent with a hypersensiti\.re gland with increased
B-receptor activity, this may not be th-e explanation as discussec_i in
the next section. ]
In the dose~response study, both the tendency towards a

rightward shift and decreased peak pineal NATase activity iri underfed,

animals are consistent with decreased S-receptor activity. This is
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supportive of the previously described reduced cor‘ticl:al 8 -receptors
(Stone, 1983) and reduced peripheral re;ponsivéries.s to ISO in underfed
animals (Katovich dand Sarney, 1983).  However, reduced 3-receptor
actix-zity is usuall.y associated‘-.;with 'a subséx;zgi-tive. gland and this is
- not supported by the finding of the time-course study. Therefore, it
appears unlikely that the observed changes in pinéal 8=-responsiveness
t':o IS0 are related to changes in pineal 8 -receptor activity aleone.
Perhaps thié is not unexpected sinece post-receptor events that ére
iﬁvolved -in NATase induction may also be affected by food déprivation )
although this has never Eeen investigated. Furthermor_'e; pineal MT
synthesis 1is under both .neural and hormonal regulation (Cardinali,
1681; Preslock, 1984).

Various _changes' in hormenal parameters occur with . :‘ood-
restrié:tion. Reducec;l thyroid hnormones, increased corticosterone,
reduced gonadot)/opins nd Zzeonadal st.e:*oi:is- nave been reported _in
underfed rats (Burger et ‘al, 1980; Chowers et al, 1969; SFromweiler et
al, 1968; Howland, 1975). The subnormal ;chy:roid'honnones can lead to
decreased 3-receptor concentration énd'decreased receptor coupling
(Bilezikian and Loeb, 1983). Higher circulating corticosterone
observed in the wnderfed animals can contribute to the reduced .peak
pineal- NATase (Kendall et al, 1982; Yuwiler, 1982). The effect of
gonadal steroids on g-receptor activity and pineal MT synthesis have
been well descrided (Cardinali, 1981; Preslock, 1984; Stiles et al,
1984). Conceivably, suppre#s;:—m of gonadal steroids in the underfed
animals can influence pineal g&-receptor properties, reduce pineal
HIOMT and possibly pineal NATase activities.  Furthermore, ' rats

subjected to a -similar degree of food restriction have altered

A
\



i

] 84

s—endorphin eoncentration in different hypothalamic areas (Xauth and

Friesen, 1983).  Such ¢hanges in endogenous opioid together with the

known .modulating effect of opioid on pineal MT synthesis (Geffard,

1982; Zatz, 1979) provide yet another ﬁ;ssible mechanism that can
influence the pineal response to ISO.

Even though the present study demonstrated altéred pineal
responsiveness” to IS0 stimulation, = there were several obvious

linitations to the study. The time of 120 rin was chosen for the

dese-response study since this was the time chosen for numercus -

previous reports (Illnerova and Vanecek, 1983; Klein et al, 1983).
As demonstrated in the time course study, peak pineal yATase. pineal

and serum MT oceurred at 120 min post ISO stimulation in eontrdl fed

-

aniﬁals. " By contrast, in underfed animals, pineal NATase, pineal and
serum MT .increased further at 180 min post ISO injection. T order
to determine the peak pineal response post ISO stimulation, the time

be extended to beyond 180 min pést stimulation in

course study shou

order to chafacterize the temporal profile. . This should be follcwed

by a

study. A comparative study between the two routes of administration

(SC vs IP) may also characterize further the atypical responses to

- IS0, ’

In summary, 4 weeks of 50% food restriction resulted in marked

reduction in both body weight and absolute accessory organ weights .
whiqﬁ was accompanied by altered pineal responsiveness to IS0

Stimulation. Although the changes in g-~receptor activity and

hormonal parameters associated with underfeeding can influence the

response to ISO, the relative importance of fhe,various mechanisms

I0se response at the optimal time demonstrated by the time course,

ot



remains to be determined.
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CEAPTER FIVE

EFFECT CF FOOD RESTRICTION ON SZRUM TRYPTOPHAN

AND SEROTONTIN

.
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Adult male rats, 'képt under a lighting regimen of 14 h light
and 10 h dark were subjected t0 either ad libitum f‘ge}ng or 50%
caloric restrietion. At the end of 3 weéks. “body weight,. serum
tryptophan (TRP) and serotonin (SHT) were determined over a 24 n
period. It was found that the 403 reduction ian body weight was

accompanied by a 10% aid a 39% reduction in 24 h mean serun TRP and
—

SHT respectively. The timing of peak TRP and peak “HT levels 'appear'ed
to be influenced by the timing of food presentation. Reduced food
consumption led to lower peak and treugh SHT levels but nad4no effect

-

on peak or trough TRP levels.
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5.2 Introduction
The réIationship between nutritional factors and
neurotransnitter metabelisn has long been recognized (La'ndsberg and

Toung, '1982'; Wirtman and Fernstrom, 1576). Several studies have

¥ - -
indicated” that indole metabolism in the central rnervous system is.

.abnoi-._ﬁé'l in animals subjected ‘tc a short period of starvation (Curzon
- et al, 1972; Fuenmayor and Garcia, 1§84; Kantak et al, 1977, 1978a,
1978b; Lloullis et 21, 1979; Perez.-{:ruet et al, 1872). However, the
ef‘féct of food restriction on circulating levels of tryptophan {TRP)
and serotonin (5HT) has not been studied in detail. This may be
important s_ﬁ.‘nce patients m':th anorexia nervosa have reguced plasma TRP
(Coppen et al, 19?6)‘ an‘d urinary S-hydroxyindoleacetic acid levels
(Riederer et al, 1382). Recently, we have found that the timing of
‘feeding has a; significanﬁ influence on the circadian rh,;fthms of serum
TRP and 54T (do et al, 1985). To further investigate the influence
of feeding on circulating indoles, the effect of calorie restriction
on sér-un TRP and S5HT levels over a 2% h period was determi;ed/in the
present study. Mnimals wer€ subjected to a 3 week period \01‘15‘0% food

restriction since this was the duration required for the weight

reduction to reach a plateau.

5.3 Material and Methods

One hundred and twenty male Wistar rats with body weights
between 160-180 £ were obtained from Woodlyn Laboratories (Guelph,
Cntario) . All animals were housed individually in metabolic cages

with wire meshed bottoms. The room was temperature (22 + 2 °C).and

hunidity (46 + 4%) controlled with 14 h of light (0800 - 2000 h) per

y
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day. Animals were divided into two groups of comparable weight, ad
libitum fedl contrals (C) and 50% wnderfed (U). During the two week
ad justment period, all rats received ﬁ_standard rat chow (Ralstsn Purina .
Canada, Llongueil, Quebec) and wat:ar ad libitum¢s The daily foo'd::r
intake of each animal waé determined and minimal 'variathion between
animals was obser'vec_i.' Ah.imals were weighed every 3-4 days. After
the adjustment period, U animals.were fed daily as a group half the
food consumed by.C ani;'nals. In order to avc;i& the possible cueing
r_ef‘feét of feeding, time of food éreseritation_ for U animals was
determined by generating a random number between 1 to 24. During the
3 week of food restriction, the interval between time of food
presentation varied frem 12 to 32 h. After food 'presentation. the
entire amount of food was consumed within 3 h. At the end of 3 weeks,
C and U animals were alterhately killed by decapitation at 1400, 1800,
2030, 2i30, 2230, 2330, 0200, 0430, 0530 and 0900 h (n = 6 per time
point). n the day of experiment, ( animals continued with ad
libitun feeding while U animals were all fed at 70300 h. For the
group of U animals that was killed at 0900 h, they were fed again at
0600 n. Trunk blood was collected for the determinations of TRP and
SHT. The blood samples were allo;ed o clo‘t‘}overnight at HOC,
centrifuged at 4000 x g for 20 minutes and, the serum collected was

stored at -20°C. Assays were performed wi"?.hin ten days of sample
rd

collection.

Determination of serum tryptophan and serotonin *

All standards were obtained from Sigma Chemical (o. g#St.

Louis, MO) and solvents from Fisher Scientific Co. (Waltham, MA).

¢
o
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Serum TRP and 5HT were. determined by high performance liquid
chromatograpny (HPLC) with an electrochemical d,etec‘gor‘. The system
consisted of an Altex 210 injector with a 20,1 sample loop, 2 Beckman
512 pump and a Regls Hi-chrom reversed phase Spherisorb 0DS column
(250mm x 4.6mn ID, 5 um particle sue). The detection was by a model.-
LC-4A electrochemical detector wz.th a glassy-carbon workmg electrode
ﬁ'om Bicanalytical Systems-(West Lafayette, Ind). The potential of
the \-:orking electrode was set at +0.9 V against an Ag/AgCl_reference
elect.rede. The mebile phase was 12 % metha‘nol in 0.05 M sodium
acetate buffer (pH 4.0}, delivered at a flow rate of 1.5 ml/mi.n.
'To'prepare'the se:nples for analysis, 50 ul of 0.3 M perchleric
acid was ad-ded %o 100 pl of serur'n, vortex-mixed for 15 sec and
centrifuged at 13,000 x g for 5min. The supernatant was trensferred
into a second tube and centr;‘.ffxged once more before‘ loading into the
20 1 sample loop. A typical chromatogran: of a serum sample is shown
in Fig. 20. Only SHT end TRP were deteeted in the serum under the
above conditions. ° They were assayed in:the linear portion.of the
standard curves as quantified by peak heights. The asséy
sensitivities for SHT and TRP were 0.2 ng and 0.4 ng respectively.
Tryptophan determined by this method was the total serum TRP contentc.

Student's t-test and analyszs of variance were conducted as’

appropriate. A probability of 0.05% was taken as the point of

significance.



Figure 20  Chrematograms of (A) reference standards and

(8) 2 serum sample
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5.4 Results

Aftef tu;o weeks of. adjustment, initial body weights for both C
and U aninals were 284 + 4 g, At the end of the study period, the
difference in body weight between C and U animals were 36% (393 + 10 g
vs 254 + 5 g, p < 0.001).

Circadian variations of serum TRP and SHT were demonstrated in
both groups of animals (p < 0.01 in all cases by analysis of variance)
(Figs. 21,22). In C animals, TRP levels were lowest during the light
‘period and Just before the onset of darkness. Tryptoghan levels
showed an abrupt increase after the onset of darkuess. Elevated TRP
levels were observed throughout the dark per;iod and at the beginning
T of the-light period. iz conipared to C animals, U animals
demecastrated only a small iacrease of TRP after the onset of darkiess.
However, z sharp increase in serum TRP was ocbserved 3 h after food
presentation a.r. 0000 n and the levels achieved were similar to peak
levels ¢f - C animals. Hean IRP levels, however, were slightly reduced
in U animals (21.5 + 0.5 vs 23.3 + 0.5 uls/ml, p < 0.001, paired
t-test) .

As for serun S5HT, there was a slight decline during the dark '
period in C animals. Peak ST levels were observed 3 h after the
onset of light. In U animals, %‘I‘ levels also declined after the
onset of -darkness and increased. before the onset of light. However, .
the most interesting finding is the marked reduction of the 24 h mean
level of serum SHT in U animals (0.49 + 0.03 vs 0.79 +-0.03 pg/ml, p <
0.001). This reduction was reflected by lower peak SHT (0.66 + 0.07
vs 1.12 + 0.11 ug/ml, p < 0.05) and trough SHT levels (0.31 + 0.05 vs
0.59 + 0.06 pg/ml, p < 0.05).



Figure 21  Zffect of 3 weeks 50% food restriction on serum tryptophan
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Figure 22  Effect of 3 weeks 503 food restriction on serum serotonin
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5.5 Discussion

The diurnal rhytim of serum TRP is a reflection'of the pattern
of food gonsumptign (Fernstrom et al, 1975). Ian a nocturnal species
such as the rat, moét ;f the food is consumed in the early part of the
dark period under ad libitum corditions (Suttie, 1968), ~“Therefore,
seruﬁ TRP levéls are expec£ed to increase after~food ingestion at
night. Indeed, in the present study, serum TRP levels increased
shortly after the oﬁset of darkness in ad libitum fed animals. The
observed circaqian variation of sermm TRP in C animals are in
agreement with previous reports (Fernstrom et al, 1971; Hery et al,
1977).

In U animals, serum IRP levels before feeding (at 1&@0 h and
1800 h) and after feeding at 0900 h did not differ from C animals.
In the intervening pericd, TRP levels_were generally increased in C
animals under ad libitum feeding while TRP levels remained low in U
animals until after food ingestion at 0600 h. These findings suggest
that the variations in serum TRP profile between C and U animals most
likely are related to the differences in the feeding regimen. This
is further supported by the observation that afte} foed presentation,
peak serunm TRP levels achieved in U animals were similar to those of C
animals. ' |

As for B5HT, circulating levels did not inerease until 0900 h
(13 h after the onset of darkness). Tnis increase in serum SHT may
relate either to the food-relateq release of S5HT from the
gastrointestinal tract (Rulbring and Crema, 1959; Jaffe et al, 1978)
or increased peripheral SHT synthesis after fdod ingestion (Nomura et

-

al, 1977). Since rats consume most of their food in the early part of

>
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the dark period (Suttie, 1968), the food-related relezse of SHT which

- occurs within minutes (Kellym and Jaffe, 1976) is an unlikely

explanation of the increased SHT levels observed at 0900 h. By
contrast, .incr'ea'sed éynthesis of SHT after TRP administration only
leads to elevated blood SHT levels 6 1/2 h later (Colmenares énd
WUr‘tman_, 1979). Moreover, in animals subjected to a restricted
feeding schedule, serum S5HT does not .increase until -10 ~ 13 h after
feeding (Ho et al, 1985). Therefore, it is likely that the observed
increase_ in .serum SHT at 0900 n is secondary to increased peripheral
SHT synthesis after food ingéstion. However, the timing~of the peak
serum SHT level in the present study, —though similar tc our previous

finding (d0 et al, 1985), occurred .earlier than that reported by

Scheving et al (1972). e explanation for this difference is not
‘clear. It is possible that this variation may be due to the

different lighting regimen employed in the two studies (14 h light and
10 h dark in the preSent study as compared to 12 h light and 12 h
dark) . ‘ |

In U animals, highest serum 54T levels were observed at 1400 h
with lowest SHT levels occurring 10 - 12 h later. As U animals were

fed at 0300 h the previous day (see metnods). the higher SHT levels

“that occurred at 1400 h (i.e. 11 h after feeding) may also relate to

increased SHT synthesis after food ingestion. Therefore, the changes

in the timing of the serum SHT peak between U and C #nimals may be due

“te an acute effeet of the differences in the timing of feeding between

the 2 groups. thever, this difference in the timing of feeding
cannot explain the reduction in mean 24 h serum SHT levels in U

animals. Apart from the general reduction of T levels, regardless
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of the time of sampling over the 24 h peried, botn peali and 'jcrough
serun 50T levels were also significantly reduced. Whether this
general reduction in serum SHT was due to a chronic or an acute .effect
of food deprivation canmnot be concluded from this study. In our
previous study (Ho et al, 1985) when serum SHT levels were determined
using the . identical methodology up to 30 h after food presentation,
peak and trough SHT levels are similar to the respective SHT levels
observed in ad lidbitum controls of the present stt,;dy but significantly
higher than those of U animals. Taken these two studies together,
the ;'eduétion in serum 3HT levels observed in U animals appears to be
a consequence of c¢chronic rather than acute food restriction.

The mechanisn underlying the reduced circulating 54T levels in
U animals remains to be determined. Serum SHT as determined in the
present study represents the am.ount c;‘f‘ SHT released from platelets
during elotting (Essman, 1978). Since-platélet S3HT is-not synthesized
locally, the observed reduction iﬁ serun SHT could have arisen from
reduced uptake or sﬁorage. increased release, or increased degradation
of platelet SHT.  Alternatively, synthesis of 3T may be reduced
since food restricted animals have reduced. sertm TRP as observed in
this study.

The findings of the present study suppport the concept that
nutritional factors can influerice indole metabolism. khether the
observed food restriction-related changes in circulating TRP and SHT
alsc occur centrally remains to be determined. Nevertheless, the
changes in peripheral indoles are ¢onsistent with several previous
reports in humans. Patients with anorexia nervosa have either

reduced (Coppen et al, 1976) or normal plasma TRP levels (Kaye et al,
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1984; Russel, 1976) and their CSF and urinary 5-hydroxyindoleacetic

‘a2cid levels are reduced (Kaye et al, 1984; Riederer et al, 1982).

et
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Such changes il

ndoles in turn may accownt for the neurocendocrine
aces 4

ébnonnalitiesr'?bbserved in food restricted states since SHT is a kiown
neuroregulator §f Pifuitary hormenes (Campbell et al, 1977; Weiner and
Ganong, 1978). I
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GENERAL DISCUSSION
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General Discussion

In the present study, the effects of food restrietion 6n
pineal and cireculating indoles were examnined. The effects of food
restriction on the gonadal' axis have long been recognized. The
involution of the gonadal ergans is assocliated with suppressed
gonadotropins (Howland, -1975). Since the Suppression of gonadotropins
can be reversed by constant illumination (Piacsek and Meites, 1967).
it nas been postulated that the Dineal éland mnay t;e involved,
Specifically, 'melatenin (MT) may be an important mediator since the
nogturnal rise of MT is suppressed by coanstant illumination (Ralph et
al, 1971). Further supportive evidgnce comes from studies using
pinealectomy or HMT administration. Pinealectomy can ameliorate the
gonadal regression in prepube'rtal rats sudbjected to both blinding and
dietary restriction (Sor-rentino et al, 1971). In underfed
ovariectomized rats, LH levels are suppressed (Walker and Frawley,
1977).  When such animals are pinealectomized, LH levels increase
indiecating that the pineal has a definite influence on the changes of
the reproductive axis - (Walker and Frawiey, 1977). Fellowing MT
administration, underfeeding can potentiate the inhibitory effect of
MT on the reproductive axis as determined by én"gan weights (Blask et
al, 1980). Though such data are not conclusive, the ameliorative
effect of Pinealectomy and the potentiatingr effect of MT
administration on gonadal regressi®n are suggestive of a pivotal role

for the pineal.
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Not only does food restriction sensitize the re*:ponﬂe of the
gonadal ‘axis. to the mhlbl;.ory action of MT, food reqtrlctlon also has
a direct effect on pineal activity. This effect, nowever, depends on
the duration of food restriction. Short term-_food restriction has no
effect -on pineal activity as determined by oxygen consumption,
mor‘pholdgic eriteria or urinary MT (Lynch et al, 19?5;A'l1~blker et al,
1978). However, when the duration of food restriction is prélonged,
changes in pineal activity éccur. Adult rats subjected to chronie
food restriction 'n;ve increased pineal activity as assessed by oxygen
-consunption_ and morphologic changes (Walker et al, 1978). ‘when
prepudertal rats a;—e subjected o 3 weeks of reétricted protein
feeding, both daytime and night-time pineal MT contents are reduced
(Herbert and Reiter, 1981). This reduction in pineal MT is .not
consistent with inereased pineal activity unless the reduced content
is secondary to g higher turnover rate. UndeA sueh cond:.tlons. -1mple
measurement of glandular contem. canno‘., be used to repreqent the level
of circulating ‘1T which in any event may be more relevant to its
physiclogical funetion. Yet the effect of food restricpion on the
. ‘. qerun pr‘oflle of circulating YT has never been détermined.

In order to examine this 1issue, in the first experiment

(Chapter 2), two specific Questions were asked.

T. Did changes in circulating MT depend on the duration of food
restriction?

2. Could changes in pineal MT predict changes in serum MT in food
r'estri_cted animals? -

Based on preliminary studies, 1 week of 50% food restrietion

-wWas choqen for the acute study and 3 weeks of 50% food restriction was
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chosen for the chronie study since by 3 weeks, the- reduction in body
weight has stabilizif in most animals. Unlike previcus studies where
prepubertal animals were useé (Sorrentino et 21, 1971; Herbert and
Reiter, 1981}, the present study investigated the effect of food
restriction on young adult rats. Adult animals were used since during
puberty, the feedback sensitivity of the reproduétive axis is altered.
During puberty, there are changes in circulating gonadotropins and sex
steroids and changes in the MI secretory profile may also occur.
These alterations in turn may interact with the effect of food
restrietion on the pineal-gonadal axis and complicate the
interpretation of the data. The finding of experiment 1 indicated

that under the lighting condition of 14 h light and i0 h dark, 1 week

-
<

of food restriction had no effect on the 24 n profile of serum or
pineal M.  This is consistent giﬁh the finding of Lynch et al (1975)
and Walker et al (1978) that acute food restriction fails to alter
pineal activity. dowever, when f{ood restriction was prolonged for 3
weeks, changes in the MT profile were observed. The duration of the
night-time rise was inereased secondgry to an earlier rise of pineal
and serun MT. The a@blitude.of the night-time rise ih serum MT was
also higher. °The§e are several possible” explanations for the
increase in amplitude. ‘They may refléct changef in rate of synthesis,
volune.of distribution or rate of metabolic clearance. However, the
concamitant reduetion in peak pineal content of MT, sugéests either a
'reducéd rate of MT synthesis or increased glandular turnover of MT.
A reduction in night-time pineal MT also occurs in prepubertal rats
subjected to 5 weeks of protein restriction (Herbert and Reiter, 1981)

and in anﬁhals subjected to chronic immobilization stress (Yocea and
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_ Friedmanz 1984). Whether the reduced pineal MT was related to
changes in synthesis or turnover was not assessed in the oresent
_study.  Moreover, regardless of the possible cﬁanges in synthesis or
turnover, a reduction in the volume of distribution sécondary to the
36% reductlon in body welght might account for the discrepancy between
ﬁight-ulme serum and pineal MT level. Furthermore, the metabolic
clearance of MT may also be reduced. r However, this pessibility
cannot be concluded from the present study. To what degree the
changes in pineal activity are related to the chronic stress of food

-

deprivation rather than the reduced quantity of food also reﬁaﬁif Lo

be determined.

Based on the results of experiment 1, it appears that in
addition to the environmental lighting, changes in food avallablllty
is anofher factor that can influence pineal activity. Changes Ain
pineal activity, however, depend on the duration of socd restriction.
The observed changes in eireulating MT are especially of interest
since they are consistent with an anti-gonadal action of the pineal.
Based on the recent find;ng of Carter and GColdman (1983}, the
demonstrated modest increasé in duration of nighﬁ-time seruﬁ UT rise
may be of significance to the antigonadal action of Mf. In the study
of Carter and Goldman, changes in the duration of MT infusion to
Djungarian hamsters by only 1 h leads to a éistinctly different
respohse in the testes. Hence, the prolonged duration of the
night-time rise of MT in the present study may account for the changes

in the gonads. Furthermore, in rats, MT administration to prepubertal

rats whereby'both the amplitude and duration of .the night-time MT rise

are increased lead to delayed nmturétion of the gonad %Lang et al,

Y]
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1983). In the present study, food restricted animals demonstrated an
earlier rise of serum MT with increased amplitude.

* To further investigate this pineal-gonadal\interéctioq during
underfeeding, in the second experiment (Chapter 3), the effect of
pinealectomy and shortened photoperiod were determined.
Pinealectomized underfed animals were found to have larger accessory
organs and inCﬁgésed basal testo teroné levels. These findings may

relate to the removal of MT from the circulation since in rats, the

pineal gland is the major scurce of cireculating MT (Lewy et al, 1980).

However, pinealectomy failed to reverse , completely the gonadal
changes. These findings suggest that the pineal is only partly
respensible for the undernutrition-induced gonadal regression.
Alternatively, progonadal compounds are also removed by pinealectomy.
The orotective effeect of pineélectomy may reside at the testicular
level since serum testosterone levgls increase without any changes in
the suppressed LHE levels. An inhibitory'effect of MT on
steroidogenesis has previcusly been reported by Ellis (1972).

When animals were subjected to a shortened photoperiod of 4 h
light and 20 h dark, the same dietary_rgstriction failed to augment
the gonadal sﬁpprgssion observed under a lighting regimen of 14 h
" light and 10 h da?k. Under this shortened photoperiod, restricted
food availability had no effect on thg}serum MT profile. This lack
of obsefved'effectrmay relate in part to the frequency of sampling.
Changes in duration of less than 90 min would not be detected using
this protocol. Furthermore,'the effect of varying lengtﬁ of food

restriction was not assessed in this experiment. It is possible that
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under a different duration of food restriction, shortened photoperiod

- may havg an influence on serum MT profile. Alternatively, since

shortened photoperiod and food restriction usually occur at the same

.time in the wild, the information transduced by them may be similar.

Indeed, both shortened photopericd and food restriction lead to
changes in duration of .the night-time rise of serum 'T-TI'-_ ~ The
interaction between shc_:rt—ened photoperiod and food restriction could
be further investigat\ed by evaluating the effect of food restricticn

under various lighting regimens.

» The last section of the present study investizated food
restrict:&"o_n effects on two aspects of Dbiogenic amines, The
relationship between food availability and neurotransmitter metaboiisn
has long been recognized (Landsberg | and Young, 1978; Wurtman and
Fernstrom, , 1976). Food restriction leads to reduced synpathetic
activi_t_y as determined by c¢irculating levels of catecholamnine or
norepinephrine turnover rate in various tissues such as neart cel&s

(L.andsberg and Young, 1982). Chronic food restriction leads to

‘reduced beta-receptor density in cortical cells and reduced peripheral

responsiveness to isoproterencl as determined by heart rate, blood
pressure and oxygen 'conSLm;tion (Katovich and Barney, 1983; Stone,
1983). In the pineal gland, MT synthesis depends on the synthesis
and activity of the enzyme NATase which is regulated by the
sympathetic input acting on pineal beta-receptors (Zatz, -1978).
Results of experiment 1 indicated that 3 weeks of 505 food restriction
led to altered pineal MI secretory profile. This was characterized by

an earlier rise in both pineal and serum MT accompanied by higher

-
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night-time serun MT levels. Since the darkness induced activation of
the pineal is under sympathetic control (Deguchi and Axelrod, 1972b),
food restriction related\changes in sympathetic activity could account.
_ | _

for the alterations in MI profile.

i

To test this hypothesis. the pineal NATase, pineal and serum

MT response to isoproterenol (ISO) uas.determined in experiment 3
(Chapter 4). The findings :of experiment 3 indicated that pineal
beta—agrenerg;c res;onsiveness to IS0 in food restricted animals was
altered. Tﬁe alterations, however Were atypical of‘eitﬁer g sub- or
supersensitive pineal gland. In the dose response study, ;eak pineal
NATase, pineal and serun MT occurred at a lower dose cf ISO in
underfed animals. Peak levels of pineal NATase and pineal MT (but not
serun MI), hnowever, were of reduced magnitude.‘ Oqe‘méchanisn for
this altered patterﬁ of responsiveness to ISQ stimulation is reduced
beta-adrenergic receptor activity (Deguchi and Axelrcd, 15730} . This
is ;a*ﬁgreement w@ﬁ;.the previously reported reduction in
beté—féceptor density of coétical tissues {(Stone, 1983) and reduced
. peripheral responsiveness to I30 (Katovich and Barney, 1983). Peak -
night—tﬁﬁe pine;l MI was alsc reduced in prepubertal rats subjected to
lprotein restriction (Herbert and Reiter, 1981) and Vadui} rats
subjected to calorie restriction (Chapter 2). As in exper; ent 1,
iﬁ ’

ISO stimulation. In underfed animals, peak pineal MT levelsd post

there is a discrepancy between peak serum and pineal MT respons

stimulation were reduced while peak serun MT levels rggéiqu
unchanged. This diserepancy again may reflect changes in glandulék
turnover, or volume of distribution, or changes in peripheral

metabolismn of MT as discussed previously.
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In the time course study, underfed animals demonstrated delayed
response to ISO which is consistent with a hypersensitive gland
(Romero and Axelrod, 1975). This delayed response, however, was in
contrast to the earlier rise in serun and pineal MI observed in
underfed animals under a lighting regimen of 14 h lig_ht and 10 h dark.
This difference ﬁuay have arisen because the neurctransmitter mediating
the darkness induced actlvatlon of pineal NATase is norepmephr-lne -
(Axelrod et al, 1969) \whlch could stimulate both alpna and beta
adrenoceptors. P_ost-synagtlc alpha r'eceptors have recently been
reported- to potentiate the beta-adrenergic stimulation of pineal
NATase (Klein et al. 1983). Tnis.possibility can be investigated by
studying the pineal responses to norepinephrine in underfed animals.
Furthermore, other intermediate steps mvolved in NATase mduchmn may
also be mfluenced by nutritional deprivation and account for the
- changes in pineal beta-adrenergic responsiveness. ternatively, this
gﬁypical response may relate £o changes in hormonal parameters sinces
pineal MI' synthesis is under both neural and hormonal regulation
(Cardinali, 1981; Preslock, 1984). Potential éandidates include
gonada.l steroids, gonadotropins, thyr‘oi::l hormones, corticosterone and
beta-endorphin. Food restriction leads to reduction in gonadal
steroids, gonadotropins, thyroid hormones and“elevation of
corticoster;ne and beta-endorphin {(Burger —_et al, 1980; Fromweile‘r et
al, 1968; Howland, 13975; Knuth and Friesen, 1983). These hormones in
turn have a modulating effect on the adrenergic syste_m and pineal MT
synthesis (Bile‘zikian and Loeb, 1§83; Cardinali, 1981; Geffard et al,
1981; Preslock, 1984; Yuwiler, 1§82; Zatz and Brownstein, 197?). To

fully understand the underlying mechanism for the altered pineal
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responsiveness to ISO in food restricted animals, the interaction
betweernt neural and horménal factors that are involved in pineal MT

synthesis need to be determined. . .

In chapter 5, the effect of food restrictioﬁ on two precursofs
of MT, tryﬁtophan.and serotonin is reported. Prévious studies have
jndicated that short term starvation led tq/dncreaééd syéthesis and
turnover of cerebral serotonin (Kantak, 1?77. 1978a. 1973b). By
contrast; studies on patients with anorexiénnervosa have indicated
reduced serum tryptophan, ‘reduced cereb?bspinal and -~ urinary
S-nydroxyindoleacetic acid levels (Coppen et al, 1976; Kaye et al,
1984; Riederer et al, 1982). Hence, changes in indcle metabolism
secondary.te chronic nutritipnél deprivation as observed in anorexic
hunans may not be the séme as those observed after acute starvation.
In the present sﬁudy, after 3 weeks of 50% foocd restriction, there was
only a modest reduction in serum tryptophan but a marked reduction in -
serun serotonin. Tne lower mean serun tryptophan levels observed may
refiect the reduced amount of foqd consumed by underfed .animals.
However, peak serum tryptophan levels that oceurred aftér food
ingestion were not reduced in underfed animals. Therefore, degendent
on the time of sampling and the temporal relationship to feeding,
serun tryptophan levels between underfed animals and adrlibitun_fed :
controls may or may not show a difference. Indeed, reduced serum
tryptophan levels were only cbserved in 3 of 10 sampling points. This
finding may account for the variable serum tryptophan levels Ereduced

or unchanged) observed in anorexic humans (Coppen et al, 1575;

Riederer et al, 1982; Russel et al, 1976).
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83; contrast, both peak and mean serotonin levels were reduced
in mderf‘ed animals. Regardless of time of sampling, most underfed
animals demonstrated lower serum se.rotonin l%vels. Whether similer
reduction in serotor-xin also oceurs in the central nervous system
remains to be determined. This finding, however, is consistent with
Wrtad reduced L;rinarg} S5-hydroxyindoleacetic acid levels in.
patients with anorexia nervosa (Riederer; et al, 1982). Furthermore,
such changes in serotonin, a known neurcregulator of several pituitary
hormones, may account in part for the observed neurcendccrine changes
in underfed animals (Weiner and Génong, 1578). The mechanisn of this

reduction remains to be determined. The observed reduction in means.
tryptophan levels may sug'éest réduced synthesi:s. Rowever, chahges in

uptake, release and degradation cannot be ruled bdut.

In summary, the present study provided ﬂlr.ther information on
the. effect of food restriction on pineal activity, pineal response to
IS0 and eirculating tryptophan and serotonin levels. Wnereas 3 weeks
of food restriction under a lighting resimen. of 14 h light and 10 h

“dark led to a r‘e&uetion in serum tryptophan and serum serotonin, serum
melatonin was increased. Since the focus of the present study was on
circuléting le\}els, the underlying mechanism of these observed changes
remained to be determined. To unravel these mechanisms would require
'sti;dies at the cellular and molecular Jlevels. Even though the
present study f‘ailed_ k‘to define the role of pineal in
undernutrition-related gonadal regression, it has established that
food availability is another factor that influences pineal activity.

Q
Its effect on pineal activity, however, depends on the duration of

= <
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food restriction and the envirommental light/dark cycle. ne
conclusion that can be drawn from the present study is that in future
studies on pineal and serum indoles, it is important to control for

food consumption.
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