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EFFECTS OF ESTROGEN ON ANGIOTENSIN II RECEPTORS

by Paul Danjel Carriére

[

. ARSTRACT: The effect of estradiol treatment on ang'lotensir{ Il

4

receptors was stu)died in the anterior pituitary, adrenal corté; and

mesenteric artery of the female rat. "Estradiol treatment for 7 days

caused a marked reduction in angiotensin II receptor density in the ¥

anterior pituitigry, a moderate reductior in the adrenal cortex and no
apparent effect on receptor density in the mesenteric artery, These
effet;ts did not appear to be’mediated by alterations in circulating-
levels. of angiotensin I[I. Estrogen-induced down-regulation of

angfotensin~II receptors in the adrenal cortex was ‘also correlated in
- )

- -

vivo with the faflure of angfotensin II infus1or: to st%muolate
aldosterone release. In the anterior pituitary, down-regulation of
angiotensin II receptors by estrg‘diol was not accompanied by decreased.
prolactin’ cell responsiveness to angiotensin Il when studied both in
vivo and in vitro, - Down-reguldtion of angiotensin II re‘ceptbrs was
‘also observed 1in cultured anterior pitui,tary cells treated with
estradioll for 48 hours, This thesis suqggests that estroge;s are

important modulators of the angiotensin II! receptor and ma'x act

directly to alter target cell responsiveness to angiotensin II,
{
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EFFETS DES OESTROGENES SUR LES RECEPTEURS DE L'ANGIOTEN_SINE 11
par Paul Daniel Carriére |
RESUME: . L'effet du traitement 3 1'cestradiol sur les g‘aceptéurs. de
1'angiotensine I1 2 &té &tudié chez 12 rate au niveau de 1'hypophyse
antérieure, du cortex surrénalien et de 1'artére mésentérique. Le
traitement . & l’oestradioi durant 7 jours' produ{sit une d1m1‘nut1on
marquée de la densité des récepteurs '5 1'angiotensine II au niveau de
1'hypophyse antérieure, une di‘m‘pution modérée au niveau du cortex
surrénalfen et ne sembla avoir aucun effet sur la densité des
r:écepteu}'s de 1'artére mésentérique. Ces effets ne semb‘laient pas dus
& des chan;ements dans le taux plasmatique de I'angiofensihe II. Dans
le cortex surrénalien, 1la "doén-?egulation" des vi'écepteurs |
1'dngiotensine Il par 1'oestradiol correspondait j_r;_v_j_vg_ 3 Y'absence de
stimulation de ‘l'aldostérone par une fnfusfon d'angiotensine I1I. Dans
1'hypophyse antérieure, 1a “down-regulation” des récepteu}s 3
1‘gngioiensine Il\pi;- l'oestrﬂ_adiol n'étatt pas. accompagnée d'une
d1m1nu/t10n de la sens'*lbﬂité de§ cellules lactotropes 3 1*angiotensine
IT tel qu'observée in vivo et "in vitro. LUne dimjd&tion de la densité
des récepteurs'i 1'angiotensine Il va aussi &t& observée dans des
cultures de cellules ad&nohypophysaires traitées 3 1'oestradiol pendant
48 heures. Cette thése suggére que !es o,estrogénes sont impliqués dans

p |
la podulation des récepteurs & 1'angiotensine Il et que ces stéroTdes

pourraient agir directement afin d'altdrer la réactivité cellulaire §

1'angiotensine I1.
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PREFACE

This thesis describes the effects of estrogen treatment on ANG Il
receptors in several target tissues with particular emphasis on the
anterior pituitary gland. I have chosen the option provided in section

7 of the Guidelines Concerning Thesis Preparation of the Faculty of

Graduate §Fudies and Researcﬂ of McGill ﬁﬁivers1ty which reads as
follows: "Tﬁ; candidate ha§ the option, subject to the approval of the
Department of including as part of the thgs1s the text of an original
paper, or papers, suitable for submission to learned Jdurna]s for

'publication. In this case the thesis must still conform to all other

—~
S

requirements explained 1in -Guidelines Concerning Thesis Preparatién.-

._?;; f
Additional material (experimental and design data as well as

descriptions of equipment) must be provided in sufficient detail to
allow a clear and precise judgement to be made of the 1mhortance and
orig1ﬁa11ty of the research reported, Abstract, full introduction and
conclusion must be included, aéa where more than onej manuscript
appears, connecting texts and commoh abstracts, introduction and
conclusions are required, A mere collection of manuscripts is not
acceptable; nor can reprints of published papérs be accepted (end of
citation)". This provision allawed me to 1nc1ude; as chapters of this
thesis, the texts of two manuscripts which I wrote for publicatfon
concerning data obtained during my Ph.D. research project. In the
first manuscript (chapter 3[ minor changes in the text were performed
for uniformity and new figures were 16clhded for additional graphical

representation of the data taken from the tables, Minor editorial

changes were also performed for the second manuscript (chapter 4),

1
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Co-authorship’of these manuscripts include: Dr. André De Léan who
has taught me the principles of radio-receptor assays and has shown me
how to use his computer programs for the analysis of binding data from
radio-receptor assays (SCATFIT, ALLFIT) and radioimmunoassays (RIA)
(RIAFIT); Dr. Jolanta Gutkowska who has helped me with {odination
procedures and -RIA techniques and Dr. Jacques Genest as previous
director of the Myltidisciplinary Research Group on Hypertension. The
use of the terms "we" and “"our” in chapters 3 and Q refers to myself,
my supervisor and the co-authors mentioned above.

> Each of the following chapters consist of a separate unit wjthwitsd/
own figures, tables and refé;ences. References are grouped in
alphabetical order at the end of each chapter with the corresponding
number appearing in the text.m The onl; abbreviation &ppearing
consistently throughout this thesis is ANG II used for angiotensin II.
The two first chapters consist of a review of the literature deéling
with the general properties of ANG II receptors 1ng@1fferent target
tissues (chapter.l) and a review of the current know1edge on estrogens
and the renfn-angiotensin system (chapter 2). Chapter 5 consists of
the general discussiop and cnnclqs16n 1nc1ud1ng' a few working
hypotheses on the mechanism of actfon of estrogens on ANG Ilhreceptors
and is followed by the claims to originality., Appendix I describes the
original observations of in vivo uptake studiés which have led us to
the study of the effects of estrogen on ANG" 11 r;ceptors; Appendix 11
describes 2 preiiminary study. which may very well‘cémplément resul

described in chapter 3 on the effect of estradiol on vascular ANG |

receptors.

e



7 - GENERAL INTRODUCTION ~

The physiplogy, biochemistry and -methqds of measurements of the
renin-angiotensin system will be briefly reviewed .in .this general
introduction to familiarize the reader with this system. This will be
followed by a description of the objectives.ar;\d rationale that have
led to the 'present thesis, , k ‘

" Angiotensin Il 1s generally considered to be circulating hormone
wrﬁse peripheral;.“aétions are centered around the regu]atfon of arterial
pressure and circulating blood volume. The octapeptide ANG Il
(Aspl-Arg-\{al-‘Tyr-I'le-His-Pro-Phea-OH) is a potent vasoconstrictor and
causes renal sodium retention by stimulating aldosterone secretion from

the adrenal cortex. The effects of centrally administered ANG II (in

the brain) are complementary to the peripheral actions of the:

octapeptide. Acting directly on certain regions of the ce?ztra] nervous

system, ANG Il\causes a rise in arterial blood pressure via activation

“of the s;ympatho-adrena! axis, a stimlation of corticotr_'opin (ACTH) and

"enzymatic cleavage of ANG II precursors., The first-proteolytic enzyme .

antidiuretic hormone(ADH or vasopressin) release and volume repletion
via induction of drinking behavier and salt appet1té (106}, —

For a comprehensive review of the biochemistry of the

renin-angiotensin system, the reader is referred to preyious review

articles (106,137). The special aspect of the ;‘classical"
g .
renin-angiotensin . system is that the hormone itself ANG Il instead of
: / o
being synthesized intracellularly is generated in the blood following
in this cascade is renin which is synthesized as o prec’ursor: m.olecu‘le‘

‘prorenin” and 1is converted to the enzymatically .active ren?n inside

A
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the cell and stored 'within secretory granules. A'1though renin 1is
probably synthesized 1in many organs, it was first discovered in
mdif;ed smooth tpuscle cells of the afferent arteriole ,of the renal
glomerulus~wh1°ch 16 part of the so-called jlxtaglomerular apparatus.
Renin then acts 1in the bldod on the larger precursor protein

éngiogensinoge (also called renin substrate) to produce another

© inactive hérmone precursor, ANg I. The decapeptide ANG I is converted

to the active octapeptide ANG II by a dipeptidyl-ca_rboxyhydrolase
converting enzyme which is bound to membranes on the surface of the
vascular endo.the‘lial cells of the lung and probably also in other
capiliary 'beds. Angiotensin II has a short pla;ma_ half-1ife of less
than 1 minute and 1s metabolized by actiron "of the aminopept{dasg

angiotensinase A, to generate' the heptapeptide ANG III, which possesses

'on_ly a weak pressor actiyity but retains aldosterone stimulatory °

effects. Other angiotensinases dégrade ANG II into inactive fragments.

The tetradecapeptide angiot—ensinogen .is the natural pro'tein
substrate for renin, ft fis synthesi;ed in the 1liver and,° without
demonstrable ;torage is released into the ¢irculdtion.. Renin's only
known function is tb-catalyze the prociucti.on of ANG I. . The enzyme’

v

contrast to aci

‘actJviﬁy has a \7“ pH optimum between 5,5 and ‘7.0 which s 1in
d

roteases such as pépsin and cathepsin‘ D which have
Tower pH optima. Converting enzyme is dependent on ;hIoride or other .
halide ions ;nd can be inhibited by EDTA. Converting enzyme removes
the dipeptide His-Leu from ANG I, buf has also other functions: it

inactivates, for gxample, bradykinin, and is jdentica] with the enzyme

&

kintnase I1, ’ . , /

-



Several methods of measurements of the different components of the
renin-angiotensin system have been developed. The measurement of the
- 6 M
circulating concentrations of ANG I and II present’s special problems,

The‘ir concentration in plasma is very low (10-100 pM), and they differ

1ittle from one another and their metabolites fn amino acid s
which leads 1nva‘r1\afﬂy to cross-reactivity of ANG II antisera wixh
these products. The most widely applied dnd useful assay both in the
¢linical and investigative arees ts the measurement of plasma renin
activity. Plasma renin activity is determined by incubating diluted
plasma, at( .89 -and 37°C at an optimal pH with/ converting enzyme
inhibitors and then measuring generated ANG I levels by RIA. The
result reflects the.concentration-o-f both active renin and its
substrate angiotensinogen and does not ‘permit full dissection of
component concentration and activities. Therefore the value thai_ is
obtained is termed “renin activity", - Using a similar approach, renin
concentration can a]so be estimated 1nd1rect1y by measuring generated
ANG I in the presence & an excess of exogenous substrate.

In the early 1980's, specific binding sites for ANG. Il ‘were

‘ characterd zed pharmaco!ogicany in homogenates of anterior pituitary

glands. The first objectives o?\this Ph.D. project’ were to study the

cellular localizatfon of anterior pitoitary ANG II binding sites (by
Iigh;l: and electron microScope autorad'lograph:;') in rorder to gain. a
better n;tdersfanding of the phys1o'|ogica1 relxevan’ce of these receptors
in t\he~p1tu1tary gla’nd, As a‘ first approach, _1_n_ vivo uptake studiesf

were performed using intact cycling female rats to determine t,h’e

/

presence of specific uptake of radiolabeled ANG II. A summary of these . .-

1
[

preHminary studies s shovm 1n appendix 1.
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The most consistent finding in these uptake studies has the
demonstration of specific uptake only in the adrenal gland (75-80%
uptake 1;h1bit10n by cold harmone). In the pituitary gland and other
target tissues, specific uptake was not observed except for oécas1ona1
experipents ‘which were not reprodue1oie. The impossibility to
demonstrate specifio uptake in ANG II target tissues other than the
adrenal gland remained unexplained., Female rats’samp1gd randomly with
respect to their estrous cycle were used in these uptake studies. 'One
possibility might be* that ANG IT receptors are —régulated by Eyc]é
variat{ons An circulating sex. steroids possib\y estrogens. These
alterations in circulating levels of sex steroids ‘might prevent the .
demonstration of in vivo specific uptake“ of ['?*1] ANé I or
[*251]SARILE in ANG_II target tissues containing a low density of ANG
Il receptors...A:::;g;; this hypothesis was not venif1ed by using male
rats, 1t dfd serve as an incentive to study the effect of éstrogen
treatment on ANG Il receptors in at’ lea§r’thhgsltargqt tissues namely

the adrenal cortex, mesenteric artery and anterior pituitary gland.

The two following chaoters consfst of a review of the 11terature.

‘In chapte 1 the character1st1cs and regu1at10n of ANG 11 receptors in

the hyp thalamo-hyp0physea1 system, adrenal “gland and mesenteric artery ;e

will be reviewed, Chapter 2 consists of a review of the effects of
estrogens 'on thevrenidﬁandiotensin system with particular emphasis on

estrogeh modu1ation‘/df ANG II receptors in ,tha uterqs; brain and



CHAPTER 1°  CHARACTERIZATION OF THE RENIN-ANGIOTENSIN SYSTEM IN THE
NYPOTHALAMO-HYPOPHYSEAL ~ SYSTEM, ADRENAL . CORTEX AND
MESENTERIC ARTERY
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TABLE | inemncnnbu OF THE COMPORENTS OF YHE IENII-WIOTEISI‘I SYSTEM IN THE MEDIAN EMINENCE AND PI1TUITARY GLAND

HEDIAN PITUITARY TECHNIQUE SPECIES REFERENCE
- EMINENCE ANTERIOR INTERMERIATE POSTERIOR 5
ANGIOTENSIN + (EZ; ) ’ . IF R 68
{ANG 1) * {El + . 3 - If R 141
- <+ (12, E2) + - + (PIT) 3 1c [] 38
. + (12, EZ) : + {4 R 103
+ (Gon) - + (Few) Ic R 177,
+ {IZ. €2) . + - + R Ic, IF Jt R o
+ (12, E2Z)NPX + BAL Y - . 1c R 92
+ (Gow) - Ic R 49
+ (12, EZ) * . I . R 13
+ (12, ED ’ ' (4 R 139
+ (12, €2} . ’ - - 1t - r 111
* B BLOCH, - R . 134
RENIN - X . - ' BIOCH, MR, B 94,95
‘ . + - - ¢ N 3s o
+ - 1c RM - 98,
. ® ' . (PIT) " ic H 168
. ~ + (FEW) Ic, If . RN 69
+ (6ON) - Ie [ “ 125 .
s + I - + Ic R 92
LANGIOTENSIN | » v+ (FEW) . + ' Ic [ Y]
o+ (1zyeex - (nPX) - (nex) + (FEw, xpX) i R 92
ANGIOTENSINOGEN + + + B10CH. R 110
. € + BIOCH. ¥ 90
S - (EZ)NPX ) - . - -, ¢ (nPX) 1 R 92
CONVERTING ST + + SI0CH. R 199
ENZYHE . * . BIOCH. R 156
ACTIVITY + (ENOOTH) ) Ic o R 21
y - + + () 810CH. R - 42,43
+ + + + 8I0CH. b 3 158
+ . ' . 810CH, R 140
- €7 = External zone PIT = Pituicyte IF = Jwmunofluorescence R = Rat
I1Z = Internal zone NPX = Nephrectomized IC = Immunocytochemistry H = Human
GON = Gonadotroph cell - ENDOTH = Endothel fum BIOCH, = Biochemistry M = Mouse
, ¢ 8 = Bovine
! N . -
(*) Whole pituftary gland .
" , / A e
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%A,  HYPOTHALAMO-HYPOPHYSEAL SYSTEM =~”"TZ

o

a) Introduction [

Although the renin-angiotgnsin,system is still usually consideréd
t\o be ajircuhting blood hormone sﬁsiem, an 1ncr‘eas1ng number of
studies sGggest the existence of local angiotensin generating systems
within different tissues including the brain (66,74,92,97,113,117,
131,142), kidney (28,36,109,117,124,186), adrenal (8,72.75), te§t§s
(136), arterial wall (25,75,182,183) and anterior gituitary gland
(ref, Table I)., With the possible exception of the brain where
increasing eyidencé strongly suggests de novo synthesis of angiotensin
IT (ANG I1) it is sti11 unclear in other tissues whether all or part of"
_ the components of the renin-angiotensin system are sxnthesized Jocally.
or are picked up from the per1phéfa1 circulation via specific or
nonsﬁecific uptake mechanisms.
In the central nervodé system (CNS), 1m@unocytochemical studies
have localized peptides related to the renin-angidtensin systé@ in a
unique topographical distr1hupion in the brain, brain stem and/spina1
cord of several anihal species including man (21,35,67-69,92,98,99,103, .
111-113,156,168,195), Many"gf"these areas are situated within the
‘b100d¥bra1n barrier suggest1n§ Tocal production of ANG I1 rather than
uptake from the peripherél'cifculqtion. . Several biochemical studies
have a]sp.idéﬁ§1f1ed tg;va;}ferent compdnents of the renin-angiotensin
system in  brain tissue {40,90,93,95,110,140,144,156,158,200).
Receptors‘ for ANG TI have also been characterized by fechniques in

physiology, pharmacology and autoradiography in several different areas )

of the brain, particularly in the hypothalamus and in the

circunventricular  organs  (9,15,16,78,100,119,130,159,174,190).

Furthermore, components of the renin-angfotensin system including the
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ANG I1 receptor hayé been identified in the anterior 'pituitary gland
(Table 1, 88,100,174).
Taken together these studies showed‘ihat in the CNS, components of

the renin-angiotensin system are preferentially localized to the brain

stem and hypothalamic structures which have been implicated throughout

evolution in the control of hgmeostatic functions related to body fluid

balance. These studies strongly suggest a functional role for the

' rgnin-angiotensin system in the hypothalamo-hypophyseal axis whiéh will

nowkbe Eeviéwed in more detail,

'b) ijothalamus, median gpinence and neuro-intermediate .

pituitary lobes
1)  Hypothalamus

Many neuropeptides are synthesized by central nervous system

-

neurons and are involved in the control of body fluid homeostasis,
é

These neuropeptides are present in large numbers and fin fairly high

concentrations in alr those areas which are important in the control of

>body fluid homgostasis ,such as ®the circumventricular organs, the

primary baroreceptor centre in the medulla oblongata and certain
hypothalamic nuclei (134).
In the hypothalamus, neurons of the supraoptic and paraventricular

nuclel would appear to be the most important in body fluid

. homeostasis. Both hypothalémic nuclei possess large "magnocelluylar”

nerons which contain oxytocin or vasopre§sin (also called antidiuretic
hormone) and which project their axons th}ough the internal zone of the
median emisence ?pﬁ' route"” to the neu:ohypophysis where these
neuropeptides. are released into the éircuiation. In addition, smaller

“parvocellular" oxytocinergic and vasopressinergic neurons are also
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present in these hypothalamic nuclei and project to a wide variety of a

extra-hypothalamic areas (for review sée 201), There 1is increasing
evidence that parvocellular neurons from the_ paraventricular nucleus
are also involved 1n. anterior pituitary cell function since they
contain vasopressin (161), corticotropin-releasing facf;r (CRF)
(161,184) and ANG 11 (71,92,111,113) and project their axons to the
pituitary portal system in the external lamina of the median eminence
(201). ' ¢ )
Angfotensin immunoreactivity has thus been identified in cell
bodies and nerve terminals in paraventricular parvocellular neurons as
well as in magnoce11u1ir neurons of both hypothalamic nuclei by light
and 'e1ectron microscopy immunocytochj?ﬁstry (21,92,103,1g1,113.134,
139,195,197), Inmunocytochemical co-localization of ANG II with
vasopressin in the same perika:é; has also been demonstrated in these
two hypothdlamic nuclei (103). It was even suggested that this
co-1oca11zﬁtion could reflect staining of an ANG II sequence homology
within a pro-press?physin precursor (103). This hypothesis seems
" unTikely however since ANG Il immunostaining was found in Several
different areas of the brain 9f the vasopressin-deficient Brattleboro
rat 1nciud1ng the paraventricular parvocellular neurons whereas
décreased but nevertheless persistent stainingl was found -in the
magnocellular neurons (111), Renin-like immunocytochemical reactivity
.has also been reported in the paraventricular and supraoptic nuclei of
the rat and mouse (69,92) and’ appears to be associated with

oxytocinergic neurons (24,103) whereas ANG II appears to be restricted

to the vasopressinergii neurons.,
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fi) Median eminence

Several studies have also reported the .inmuﬁ(l)cytochemical
Jocalization of ANG II i‘n the' internal and external lamina of _the
median eminence (Table I). Experimental manipulations suggest that AN‘G
I stained fibers 1in the external and internal lamina of the median
eminence arisé from essentially separate groups of neurons. The source
of ANG II 1immunoreactivity in the internal zone is likely from the
magnocellular neurons of the paraventricular and supraoptic nuclei
whereas‘a recent study has provided . evidence that ANG Il in the’
externa; ‘zone 1is derived from the parvocellular neurons of the
parfventricular nucleus (111).

Following bilateral lesions of th;e paraventricular nucleus, ANG IT
staifing of the external zone disappeared whereas decreased but
persistent staining rem.ained in the internal zone undoubtedly arising
from ANG I sta1ned‘ magnocellular neurons in the supraoptig nucleus
(111). Adrenalectom); was also shown to specifically enhance ANG. Il

\
)

staining in the external zone of the median eminence as well a's in the
pérvocellular part of the paraven;ricular nucleus where ex’tensive
triple co-localization of 1mmunoreaqt1ve CR.F, vasopressin and’ ANG II
was also shown (111) This finding is similar to previous reports
showing that adrena1ectom_y also enhanced CRF, oxytocin and vasopressm
staining in the e;ternﬂ ‘zone of the median eminence (103,111 184)

Funz:thermore water deprivation' decreased ANG Il immunostaining in the

external lamina while at the same ‘time staining in the internal lamina

_ increased (111). This latter fiading js consistent with evidence for

increased vasopreséin synthesis- and release in the same pathway

A
(through the internal lamina) following water deprivation® (192).
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Fol oyi\ng nephrectomy, one study reports no change in the distribution
of WN6 11 immunostaining in the median eminence (111) whereas in

Al

another study, staining of the internal layer and magnocellular neurons
of the hypothalamic nuclei was observed only Vafter such treatment (92)
which is in agreement with the proposed different afferent ANG -1I
connections of the median eminence. ‘Alternatively, in the median
eminende where a blood-brain barrier is absent, ANG ‘Il as well as the
other /components of the renin-angiotensin system could possibly be
picked up from the periphe'ral circulation through specific or
nonspecific uptake mechanisms and selectively compartmentalized in the
different zones following experimé‘r'\tazl manipulations. In support oi”
the hypothesis of specific uptake of ANG 1I, receftors for A;!G 11 have
been identified ir® the median ‘eminence by autoradiography (174,190).*
Biochemical studies have also reported significant 1levels of
angiotensinogen and converting enzyme in W'Jpraoptic nucleus as well
as in the median eminence suggesting possible locall ANG 11 production
at either site (110,158). . -

i11) Neuro-intefmediate pituitary labes

In the neuro-intermeaiate piyuitary lobes, biochemical and”)
immunocytochemical investigations have identified angiotensinogen,
renin, ANG I, converting enzyme and ANG -I] even though. dive~rgent
resu]t: have been reported (Table 1). Receptors for ANG Il have never
been f;)und in the neuro-intermediate pituitary (88,100,174) except,fm‘*
one study (173). |

iv) Hypothalamic angiotensin II receptors

Specific binding sites- for ANG II Have been identified in membrane

fractions of the rat hypothalamus (15,16), In vitro autoradiography of

q
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frozen seétions of rat brain has ‘revealed the presence of a very high

density of ANG I1 receptors in the paraventricular nucleus (78,100,119)
L]

in both the magnocellular and parvocellular regions {119). Angiotensin

IT has also been shown to increase the discharge rate of supraoptic and

‘paraventricular neurosecretory cells when app‘H‘Ed jontophoretically

(9,130) or wﬁen present in the medium of in vitro preparation of the
supraoptic nucleus (159).

These studies suggest the existence of ANG II receptors in several
strategic areas of the hypothalamus and median eminence where native

ANG Il has also been identified. _,The presence of ANG 1I in these

‘ypothalamic nucled as well as in other brain areas situated within the

blood-brain barrier suggests local production of ANG 11 rather than
uptake from the peripheral circulation,
v) Endogenous brain renin-angiotensin system? -

T

More definitive direct evidence for a functional endojenous

renin-angiotensin system within the same cell - has been reported by

\ , -
several in vitro studies using culture systems of fetal rat brain cells

as well as neuroblastoma cell 1lines, Ir;mundreactive ANG II has been
identified immunocytochemically 1n.hoth, culture systems supplemented
either with serum (169,196) or defined serum-free medium (194), 1In
neuroblastoma cells, immunocytochemistry revealed the. presence of
immunoreactive renin (169)‘ whereas'radioimunoassay; (RIA) showed the,
presence of renin and “ang1otensins (181,169) and enzymatic assays
revealed that they contained angiotensinoéen and converting enzyme as
well (143,169). Large probprtions of renin, ANG II and converting
9

enzyme were found to be present in pellet- fractions and were not

released by repeated washing * without detergent suggesting their

~
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16ca11zat10n in particulate organelles or bound Ito plasma membranes
(131). Furthermore in neuroblastoma cells, renin appears to be present
in an enzymatically inactive form that can be activated by trypsin, and
renin concentration anq actfvit; have been shown:to increase with serum
withdrawal (169). ,Angiotensin Il synthesis was also shown by the
ability of primary&lﬂt'ures from fetal rat brain to dincorporate
[3H]-Isoleucine and [3H3-Valine into {immunoprecipitable ANé II (145).

Primary fetal rat brain cells cultured in serum-free medium were also

shown to incorporate [3H]-Proline 1n newly synthesized ANG II .

characterized by RIA and high performance liquid chromatography (HPLC)
and shown to be biologically active (194). Different secretory rates
of endogenous. brain ANG II have been shown by different ANG I
1;!n1qno;'e‘activ1ty levels between neuronal cultures from normotensive and
h&pertensive rats (146). . ’

Receptors for ANG Il have also been charact/gr‘lzed in both
neuroblastoma and fetal rat brai‘n cell cultures (143,147,193)
suggesting the existence of autoregulatory pre-synaptic ANG I1
receptors.,  Direct in vivd biochemical evidence comes from work
demonstrating the synthesis of ANG IT in the brain of intact and
nephrectomi zed rats as well as fhe increased turnover rate 1in
hyperteris1vg Animals (74).‘ ‘Fidaj'lx the discovery of rat brain
a}lgiotensinogen mRNA in a cell-free translation system hés d'ls's1pated
any doubts about blood contamination or peripheral uptake of the
precursor into the brain (26).

In summary several sj:udies suggest the existence of an endogenous -
ANG II-generating system in the mammalian i:r‘ain. There 1s good

evidence that in a particular cell or cell type"of the mammal fan {NS a
complete ANG II biosynthetic pathway appears to be functional. This

.

- 15.
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Figure 1 Hypothe*tlical model of an endogenous ang1ofens1n I'1-generating’
e system. in_ the [?.NS." Component localization _'and‘ possible
- an'giotensm‘ IT receptor function, T «
In this model, pro-rénin {ProR), angiotensinogen (AG) and ‘converting
enzyme (CE) are synthesized by the pre-synaptic neuron. Activatmh of
ProR to renin® (R) couid be the cascade f{nitiator which might be
| mediated by an afferent neuronal’ signal Active R would then cleave AG
to- produce angiotensin I (AI), Al could be cleaved 1ntraceﬂu1ar1y by
CE to  nduce angiotensin Ir. (AI1). ATl re]eased d1rect1y (or hy
extracellular CE. act1v1t’y on AI) would then actdvate a post-synaptic )
'_ ALL receptor (+). In additiort an ultra-short negative feedback Toop
%fting through a hypothetical pre- synaptic A1l receptor (-) my serve: ‘ J
s - -

to attenuate this system, .

~—
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ANG JI-generating system could possibly by regulateﬁ\h&@gh activation

.0of prorenin or via the intracellular release of compartmentalized

components of the renin-angiotensin cascade (Fig. 1). Auto-
regulation of these ANG 11 producing neurons could perhaps also occur
through a negative feed-back mechanism via pre synaptic ANG II
receptors {n a manner ana]ogous to that destribed for catecholaminergic
neurons. Cellular _co-localization of al—the—components of the
renin-angiotensin system does not always occur however in \t\he CNS nor
in other tissues, suggesting that local ANG II could -be generated

extracellularly in the vicinity of interacting. cells each possessing

certain components presumably synthesized or picked, up from the

s

peripheral circulation (Fig. 1). 2
Thus in several areas of the braih such as the paraventricular and

supraoptic nuc1e1 where ANG II and its receptor have been identified,
S . .

ANG II. could serve as a neurotransmitter or neiromodulator acti.n'g on

" pré- and post-synaptic ANG Il receptors. .  The presence of ANG TI in

these nuclel could represent ANG 11 synthesized intracellularly or

1ntgrna11zedefrom afferent ANG II-contafin'lng',,nerve termf'naljs. ©In

addition, ANG II in the parvocellular neurons of the parav’entricular ]

nucleus could be 1inked to vasopressin secretion or might be ‘released
as a neurohormone in the pituitary portal system in the external zone’
of the median eminence., Recent evidence supporting the existence of a
functional ren,in-angiotensin system- in the anterior pituitary g]and is
also emerg‘lng and gives further support to an Mtegrated system 1n the

~

‘hypothalamo-pituitary axis, . .

. N ’
, ‘
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. _presence of specific ANG I11.binding sites (91,100,174).

. ¢) Anterior pituitary gland )

1) Anterior-gﬁtuitary angiotensih Il receptors

Recent receptor binding studies have demonstrated the existence of
specific ANG I1 binding sites in membrane<rich particles of .anterior'
pituitary g1and§‘of several animal spe:b(ﬂo,ﬂ,sa,lﬂ). These‘\
receptof saturation studies revealed the presence :o'f 3 single class of

saturable high-affinity binding sites for [1251) ANG II in the anterior
pituitary of mature- and immature animals of both sexes with an A
equ101"ibrium dissociation constant‘ (Kp) In the nanomolar range (0.5 to 4
x 10 nM), Comparisons between the }iens1ty of ANG Il binding sites from
different target tissues' in the rat revealed that ANG Il receptor
density in the anterior p1tu1tary (300 fmol/mg protein) was less than )
\1n purified adcenal z0na glomerylosa (2000 fmol/mg) but much greater
than in uterine muscle homogenates' (135 fmo1 /mg) (88).

. + Quantitative gutoradiography studies. ‘{)erformed _1_1 vitro ,on,

. anterior pituitary tissue slices of rats an dogs ' also revealed 'the

\
 The physio'lcfgicai significance of these newly gis;covére antéﬂor
pituitary ANG IT ;'eCeptbrs was demonstrated in several in lﬁg_pr_ and in
¥itro studies.. ' 'The association of MG .II with prolactin and
a_drenbcorticotromln '(ACTP‘!) reieasg ‘has Been canfirmed bx ma,ny)authors.
In several inim;l spéqies, ANG 11 has b’éen.shoimf to affect -the re‘lea‘se

of prolactin in vivo. - In the rat, hi'gh” dose (5_ nmo1) intravenous bolus

yfnjections ~of ANG TI mcreased plasna prolact'ln leve1s while

1ntracerebroventr1cu1ar m1croinje¢tions depressed prolact‘ln release
(179,180). th the Rhesus monkey. . systemic as well . as central
tnjections of Qg doses of ANG I ‘haQe 2lso been ~shown to tncrease

‘plasma’ prolactin- levels (62). More direct ~evidence suggesting the -

"
'
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of corticosterone in viteo (170,171) as well as dexamethasone i vivo

by autoradiography (133)

19.

existence of ANG- II receptors in 1actotroph's has be‘en provfded from °

: \
severgl 1n vitro studies using nanomolar concentrations of ANG II

(5.165,166.180). Furthermore, partial puriﬂcauon of anter'lor

p1tu1£ary cell types by elutrtation .revealed a larger pro‘lactin'

}esponse to ANG 11 as well as the pre_fere’ntia'l iocation of ANG I
binding sites in lactotroph~containing fractions (5). The presence of
specific binding sites for [1251] ANG II in dispe,rsed rat lactotrobh;‘
was al so confirmed by autoradiography (133)./

Corticotrophs are the only other anter1gr pit'ultary cell type

where ANG II receptors have been demonstrated repeatedly. Angiotensin

11 has been shown to increase plasma ACTH and/cfr—gl ucocorticoid release -
‘in rats (17,45,175,176), dogs (148,154) and primates (149,164). In
vitro stugﬂés have a'lso‘con'fjrme‘d that ANG I\I~_d'1re¢_tTy.st1muJates ACTH

release (30,70,87,123,170-172,175,176). ' Physiological concentratibns

m—h—

(17) have alsp been shown to .inhibit. ANG 'Ilnmediated ACTH release,

_Direct evidence for corticotroph ANG 11 receptors has also ‘been shown

Since ACTH, B-endorptﬂn and g Hpotrppin (R<LPH): are derived from
a ‘camgn»precursor molecule and are re1eased concomitant‘ry in response

to several stimuli it is not surpr1s1ng that ANG I has a?so been shown

to stimulate the release of e-endorph'ln and B-LPH when given éither in

a vivo (12,17) or in vitro (104, 171) These studies also report

gl‘ucocort"l coid 1nh1b1tion of g-endorphin and 8-LPH release by ANG II.

* Several ﬁn_rvitro studies have failed to show a stimulatory effect.

of physiological doses of ANG 11 on the release of growth hormone (GH),
. N . . ) N ~ -
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luteipizing hormone (LH) - or . thyroid-stimulating hormone (TSH)
(5,70,88,1105,172). Modest increases 1in GH, LH and TSH were reported'
enly in one Study where hemipituitaries were incubated with
supraphysiologicﬂ micromohr concentrations of ANG I1. (180) Further

evidence against the existence ‘of ANG I1 recept,m:s 1n thyrotrophs was

‘shown in ‘twoe in . v1vo ,stud'les where {ntravenous or

intracerebroventricular injection& of ANG J1 had no effect on TSH

release 1n conscious ovariectomized rats (179, 180), In these same two

studies, it was a1so shown that ANG I 1njection tended to decrease GH

and LH re'lease in ovariettomized rats whereas an 1nverse effect on LH .

release was noticed when rats were - treated with estrogens \and/or
progesterone (178 179). Taken together, these studf es suggest that the
effect of ANG 11 on GH zmd LH re1ease may very well be indirectly

mediated via the CNS rather than acting_ through somatotropy or

gonadotroph’ ANG 11 receptors. S ) -
41) Endogenous pituitary renin-anLo&ensin _system?

" In  addition to the identificpﬁon of ANG™ II_ receptors,
angiotensinogen, renin, ANG. I, converting enzyme an& ANG IT have also

been identified “in the anterior, pituitary gland by biochemical and

immunocytochentcal techp1que§ (Table 1), Immunocytochemistry has

L]

revealed that renin (125) as well as ANG 1-like inmmunoreactfvity

(49,177) 1is found exclusively in ‘gonadotrop'hs. Interestingly,

morphological studies have revealed that. Tactotrophs and gonadotrophs

are found in close apposition (160), Since 1a;t6trop'hs possess” ANG 1]
receptors it is tempting to speculate that ANG Il possibly generated 1n
gonad\gtfrophs'could serve as a paracrine hormone to release prolecttn.

Medium 'frkm /gonadotroph-rich cell aggregates has been shown to
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stimulate prolactin release (48). This effect was not due to
follicle-stimulating hormone (FSH) or LH (48) but could" perhaps be due
to gonadotmph-derived ANG II. Furthermore, qdnadotrophs have been
shown to potentiate the pralactin response to ANG 11 whén co-cultyred
with 1at;.totrophs suggesting a yet ﬁndefined priming effect of
gonadotrophs‘on 1a.ctotroph sensitivity (47). The increasing amount: \of‘
r;ewly discovered paracrine interactions in the anterior pituitary might

also reveal an important regulatery function for the putative

renin-angiotensin system of the anterior pituitary.

Biochemical characterization of ANG II receptors in the anterior
pituitary gland revealed the presence of specific, high-affinity
binding sites, with properties generally similar to those 1in the

adreniﬂ zona glomerulosa. However, in cont'rast 'to the marked

' regulatory changes of ANG 11 receptors observed in adﬁrenal.» zona

\ - .
glomerulosa and vascular smooth muscle during changes in sodium intake

and ANG 11 1n,f'usion,' pituitary ANG II receptors were unchanged by these
manipulations (118), This’sugges‘ts tha't anterior pituitary ANG II

receptors are not sensitive to alterations in circulating ANG II. On

"'the other hand, water-deprivation has been. shown to upregiﬂa.te NG 1T

receptors in. the anterior pituitary gland (101) whereas <chronic
estradiol treatment has an opposite effect (81). Olarification of\the

significance of these alterations awaits a better understgmdiﬁg of the

’ physiolbgical— relevance of the renin-angiotensin system in the anterior "

&

pituitary. o
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B. ADRENAL CORTEX . L

L 4
a) Introduction

The ;‘o]e of ANG Il as a major regulator of aldostefone secretion
has been demonstrated by severa] early studies in man and other species
(for review 7 ). Specific binding sites for ANG II have been
identified mainly in the adrenal cortex and also in the medulla by
several studies using both tritiated and monoiodinated ANG II (for
review 7,29). ;hese studies shov;ed predominant location of ANG II

binding sites in the plasma membrane with high specificity and affinity

for ANG Il and related peptides. Contrary to other species where ANG

Il is also known to stimul ate cortdéol production, likely through:

specific binding sites identified in the zona fasciculata, in the rat

adrenal; MG II does not stimulate corticosterane secretion and

receptors. are concentrated 1in the zona g1omeruiosa of the adrenal

cortex (29). ' Ny

This brief review will focus on ANG IT receptor regulation in the
adrenal corte)gl with particular emphasis on the effect of sodium and
will provide some evidence in support of an endogenous renin-

angiofensM system in the adrenal gland.

b) Adrenal angiotensin Il receptor regulation
t) .Ang.iﬁ‘tensm 11 receptor binding-properties and

" requirements u/
Among the several target tissubs for ANG 1T, receptors in the

adrenal cortex were the best characterized in terms of their proberties
and requirements for binding of the octapeptide. When comparefd to
other target. ttssues, the adrenal cortex possesses the hi es{

eoncentra_tion_ of ANG II binding sites (57,88,118),

¢
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Binding of radiolabeled ANG Il to adrenal receptors in classical
pharmacological tissue preparations is dependent upon time, temperature
and tracer concentration and degradation, Steady-staté binding is
usually reached within 10 to 60 minutes of incubation at temperatures
¢ ranging from 20° to 37°2C (29). The addition of proteolytic enzyme
v . inhibitors such as EDTA is necessary to inhihit degradation of the free
: tracer, ,Bindi'ng of ANG II t.o the adrenal receptor is also affected by
cation concentration of the incubation mixture. Sodium and potassium
' ) significantly increase the binding of [!251] ANG II reaching\a max mum
| ét about 250 mM (81): I‘n the. presence of sodium, 1néreased uptake of
ANG Il by adrena;l receptors is dssoclated with the appearance df
high-affinity binding sites with an association ;6nstant (Kp) in the
nanomolar range (81 ).. The high affinity form of the adrenal ANG 11

1 receptor 1is agonist ‘specific and appears to -include a guanine-

nucleoti‘de bfnding"ptrotein involved in the regulation of receptor
' affinity and possibly of its function (46,82).  Although the .
lower-affinity sites are not always: apparent, the presence of two
populationsi of ANG Il binding sites o.f high and Jow affinity have often
* been reporfed using ;dreqal glands of several different animal sp;cies
(29). The physiological significance of diff;rent affinity states o‘f
the adrenal ANG 1l receptors awaits further understanding of the
- ‘ molec;.ular interactions between ANG II and its \pl‘asma membrane receptor,

i1) Effect of Sodium intake

i In the adrenal gland, several early studies have ‘demonstrated a
relationship between pepttide binding activity and biological response
as expressed by steroidogenesis (29.5. Regulation of aldosterdne

.- secretfon during altqred sodium intake is a good example of this.direcj:

N
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corre\atio_n betv{g,}gen- modulation of adrenal ’ANG 11 receptors and the.
corresponding aldosterone response, The sensitivity’of the adrer;al
respons; to ANG IT is increased dtKring sodium restricﬁor{ in several
animals species (29). Measurement 0}\\[1251] ANG II binding to adrenal
zona glomerulosa cells has shown an 1\r‘1crease in ANG I/I receptors at
early stages of sodium restriétion. Increased b1nd7r?g was detected
within 36 hours of the onset of sodium rzestriction due predominantly t':o“

an increase in receptor affinity (decrease 1in the dissociation

) conﬂstant: K‘D) with a minor increase in receptor density (4). These

acute 36-hour changes were accompanied by a correspondihg increase in
sensitivity of the aldosterone response‘ to ANG II measured both Eﬁ
.and in suspensions of collagenase- dispersed glomerulosa cells (4).
The increased 'sensitivity of isolated glomerulosa cells to ANG II
du;-fng short term sodium restriction was ba;ed on the marked reduction
of th’e ANG 1] concent,ration required to achieve a hal f-maximal’
a)dosterone: response (EDsg) and on the enhancement of’the ma;dmal,
aldosterone response to ANG II. In contrast, hig‘h ‘sod fum intake for 36
to 96 hours had an opposite effect on each of these para;neters (4,61).
Prolongation of sodium restriction from 4 days to 6 weeks has bee;\
shown to cause a more prominemation in adrenal ANG II receptor
density with maximal aldosterone responses in vivo and in vitro without
altering receptor affinity or EDsq (4,7,29). Therefore during acute
sodium restriction, rapﬁ:h’anges in receptor affinity and g)omerulosa
"sensitivity would appear to contribute to the rapid regulation of .,

aldosterone secretion. On the other hand, when sodium deficiency is

Ay



prolonged, increases in receptor density as well as enhanced activity
of the early and late steps of the aldosterone biosynthetic pathway
(2,33) would appear to be more relevant in maintaining the elevated
aldosterone secretion.

Sodium restriction fnduces similar changes " in hypophysectomized
rats although the aldosterone response to sodium aeficiency is usually
reduced in the absence of the pftuifary gland (135), This attenua;ced
-aldos}e?one‘response is probably due to the absence of ACTH which is
necessary to maintain the enzymes of the early aldosterone pathway.

iii) Effect of infused angiotensin 1]

Since circulating levels of . ANG II are elevated during sodium

. &

restriction, enhanced acjcivity of the aldosterone b1ossmthet1c pathway
as well as increases in ANG II receptor affinity and/or density coulé
" be caused by the tro’phic. effect of the octapeptide on the adrenal
glomerulosa cells. [Evidence supporting this mechanism has béen shown
in rats fed with a normal diet and infused with ANG II at 10-100 pmol
per minute for perinds ranging from 36 hours to 6 days (2,6,7,89).
Prolonged infusion of ANG II (50 pmol/minute/rat) for 6 days in
normal and hypophysectomized rats has been shown to* reproduce the
effects of sodium restﬁqtit’m on the enzymes of the aldosterone
biosynthetic pathway. Angiotensin iI infusion exerts marked
stimulating effects on the last steps of 'aidosterom; biosynthesis
(conve.rsion of c;t;rticosterone to aldosterone by 18-hydroxylase
activity) and ;:an also enhance the early biosynthetic pathw‘y by

) K ? o«
increasing the enzymes leading to corticosterone production (7).,
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Acute or chronic ANG T1 1n'fusio_n increased adrenal ANG II receptor
density witho:t affecting receptor affinity and increased the magm‘tud;
of glomerulosa cell responses to ANG [I administered both in vivo and
in isolated cells (2,6,7,89). This rate of infusion increased hlood
ANG 11 levels to those observed in rats on a low sodium diet. In
contrast, infusion lof higher doses of ANG II (> 250 pmol/minute for 36
hours) which increased circulating levels 30-fold, decreased the
density of ANG 11 receptors.in the adrenal glo[nerulosa below control
vaﬁlues (7). TThis "biphasic" action of ANG II may cont,;ibute to the
transient nature of the aldosterone responses observed during prolonged
1nfu.;.1on of the peptide‘ in some animal species (115)w Since
aldosterone infusion has been shown to decrease the density of ANG I
receptors -in the adrenal cortex (60), the biphasic effect of ANG II on
adrenal cortical ANG II recebt\ors might bé due to enhanced aldosterone
secret 3on with high infusion rates of ANG I1. '

Suppression of endogénous ANG II by converting enzyme inhibition
has provided further support for a role of circulféting ANG II in the
regulation of adreﬁ:ﬂ cortical A‘NG 11 receptors, B]ockacie of ANG ]I
formation by dinfusion of the cc;nvert'lng enzyme inhibitors (SO 14,225
and S0 20,881) has beenishovm to prevent the increase in adrenal
receptors and aldosterone secretion that normally accompany sodium
restriction (.7‘). In animals on normal sodium intake, inhibition of

o

converting enzyme activity also caused a fall in blood ANG 11, adrenal

@

‘ANG IT receptors, and plasma aldosterone, The effect 6f converting

enzyme inhibition was reversed by simultaneous infusion of ANG II,

support ing-the contention that the deé:rease in ANG I1 receptor density

‘is due mostly to suppression of ANG II and ndt to other actions of the

\

inhibitor. N
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These sf%dies clearly demonstrate the absolute dependence of
adrenal glomerulosa cell responses upon ANG II levels and indicate that
the renin-ahgiotensin system is the primary requlator of aldosterone
secretion during physiological changes in sodium intake. The fact that
tonic infusions of physiological doses of ANG II only partially
reproduce the elevation in plasma aldosterone that occurs during sodium
restriction (2) suggests that other factors may be involved or that
sustained tonic levels of the regqulator may be less effective than
intermittent elevations in stimulating target cell responsiveness. The
presence of diurnal variations and episodic secretion of renin in man
(102) could reflect the importance of pulsatile changes of ANG II on
adrenal glomerulosa functi.on and aldosterone secretjon, However, other
factors are likely involved in the regulation of aldosterone secretion
and possibly 1ntera‘¢’;‘t with ANG II to modify the action of the
octapeptide on the. adrenal glomerulosa cell. One of these factors
could be extracellular potassium “since minor 1increasés in serum
potassium are freguently seen in sodium deficiency (19) but not during
ANG IT infusion.

iv) Effect of potassium

Elevation of extracellular potassiom is known to cause a direct
and marked trophic action on the zona glomerulosa by increasing ANG I1
receptors and aldosterone secret\i'on (58). "After treatment of rats with
a high potassium diet for 3 c;ays to 6 weeks: adrena‘l receptors for ANG
[T are ;narkedLy increased while low potagsium ihtake has the opposite
effect (58,59). Potassium would appear to have a direct action upon
the zona glomerulasa singce potassium loading is characterized by a

reduction in plasma renin and ANG II levels (167). The combined effect

i
-~
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of several factors such as the increased circulating ANG Il and
slightly eTevated potassium and ACTH could possibly explain the
enhanced sensitivity of the adrenal cortex during sodium deficiency.

v) Effect of anesthesia

A number of earlier reports indicated that the rat did not respond
to infusion of renin or ANG II with an appropriate rise in a]do:§;¥one
production (for review 57). It was even suggested that the
renin-angiotensin axis did not control the release of aldosterone from

the rat adrenal cortex. This was not supported by others who have
k F

shown prominent aldosterone reSponses to infusion of low concentrations

of ANG II in conscious, unstressed rats (27,44), The erronegus
\ - ~
. conclusions of previous studies could have been due to the use of

Suprapnysiologfca1 doses of ANG II, the use of anesthetized rats, and

- surgica] or handling stress. Pentobarbital ‘anesthesia in the rat has

: ¢
been shgyn to produce marked increases ih plasma renin activity

'

(58,138) and plasma renin concentration (31) despite lowered blood

ﬁreiggre (31,138) and similar or slightly elevated aldosterone levels:

(44,58). Dur‘lng. pentobarbital anesthesia the pressor response to

1ntravenou§, ANG 11 has been shown to remain the same when compared to
]

conscipug hats whereas the aldosterone response to ANG II appears to be

b]unted durwng pentobarbital anesthesia (44). Nevertheless, acute ANG

II, 1nfusidhs .(200 pmol /kg/minute, j.v. for 20 minutes) during
pentobarbita] anesthesia was shown to reduce the density of ANG 1l
receptors in.the adrenal cortex (58). The half<life of circulating ANG
I1 has been shown to increase (39) whereas aﬁgioteqsinogen levels

remained the same (32) during barbiturate anestheéia.

)
1
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vi) Effect of ACTH

Several studies have also shown ‘that ACTH causes a “transient
1ncrease’ in .a1dosterone secretion {(57,107,122,129) followed by a
decrease when treatment is prolonged. In cultured glomerulosa cells,; )
ANG 11 receptor density has also been shown to décrease within hours of
éxposure to ACTH (11). Therefore the relatively small responses of the

‘rat adrenal to ANG II in vivo could be obscured by the overriding

effects of ACTH release jinduced by stress or by pentobarbital

anesthesia (132).

<

c¢) Endogenous adrenal renin-anafotensin system?

Analogous to the endogenous repinaangiotepsin system of the brain,
the possibility of in situ formation of ANG II in the adrenal gland has
been suggested by several studies. Renin activity has been reported in
the édrenal gland and among thé various extrarenal tissues, the adrenal
gland possesses the highest true renin activity per. unit weight of
protein (72,128).' Increased adrenal_qapsuiar renin activity has been
demonstrated in nephrectomized rats (8). Renin has also been shown to
exist in human adrenal tissue (127), The ;ack of cerrelation between X\
.plasma renin activity (PRA) and the adrenal renin, and the subcellular
distributiom of adrenal renin suggested its local or1gin rather than
contamination or uptake from plasma’ renin.Renin-11ike activity was
present in adrenal cells from zona glomerulosa and zona fasciculata
maintained in monolayer tissue cultures for several -generations” (77).
Angiotens1qog;h‘ was also present in adrenal gland homogenates . (77).
Renin mRNA has recently been jdentified in mouse adrenal glands (65).
Marked elevated specific renin levels were found mostly~{n the Sdrenal

cortex but also in the medulla 1n genetically hypertensivé rats (126).

o \
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, \ often the case in biological systems, the interactioJ of
\\\sefg:f?’::;ﬁors appears to modulate ANG II receptors in the ;drenal
c&rtex. Among these regtflating factqrs, sodfum intake appears to exet:t
its effeg:;N:?ostly via aiterations in circulating levels of ANG II,

whereas AC potassium and aldostertne appear to have a more direct

The

effect at ‘the level of the adrenal cortical
potential role of an endogenous renin-angiotendin system and its

regulation in the adrenal cortex must also be considered in future

-

investigations. . .
- !

C. MESENTERIC ARTERY - : 2 |

_a) - Introduction ) \ : . -
Angiotensin. II is the - most potent natura) , pressor substance
known . Nofmal h1rculat1ng fevels.of'ANG I1 in the rat vary between 10
. and- 100 pmo1/l1ter {(141) which is several orders of magn1tude less than
most circulating hormones (nmqlil/ter) - Injection of the octapeptide
causes an- immediate sharp increase in blood pressure which {is most
likely a result of fits dirgy£5 action on vascular smooth muscle
, contraction and its central neurogenic effect (29,56?. In vitro, ANG
I}. provokes contractfon of smooth'\mysc]e preparations from both
. vascular (a}téries) and visceral (uterus, 1{leum, ufiqary bladder)
tissues 1n a peptide specific ‘manner. Saﬁura§1e specific binding of
radiolabe]ed ANG II was' first tdentified in the aorta (13,108).
However the aff1n1ty of the receptor was found to be low (15-50 nM) and

s!nce _only a small amount -of smooth musc)%% is present - in fhe

. -fibroelastic. aorta, ANG IT . receptors have been preferentially

¢
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characterized 1in muscular resistance-type vessels such a&s the
v
mesenteric artery,

b) Vascular angiotensin II receptor regulation

i) Angiotensin Il receptor binding properties and

requirements
Specific sites of high affinity and low capacity for ['2517 ANG II

have been characterizeg in_membrane particulate fractions derived from
arterial qréades of - the rat mésénteric artery (3,83-85,86,116).
Divalent catfons kmangqnesg,~magne§1um, calcium) and sodium increase
bipdingqof ['25n] ANG lIlto mesentertc artery pbrticulqte fractions
wheféa; potassium, sﬁ1fhydry1 reducing  agents (dithiotréitol),
chelating agents (EDTA, EGTA).and guanine nucleotides inhibit receptor

bind1ng (83,85, 116) _ These: ‘alterations .in receptor binding reflect

modu1ation of the affinity of the receptor rathir than an effect on
4
receptor . dens1ty. ' It was suggested that ‘cations and quanine

nucleotides interact in ore or more receptor-associated membrane sites,

probably 1nclud1ng a guanine nuc1eot1de-r39ulatory protein, “to modulate
the effinity of the vaSCular receptor for ANG II (198) This complex

1nterp1ay may be involved in the modq1ation of physiplogical smooth

. musele résponses to ANG II, Sodium stimulates .binding to. ANG - TI

recéﬁtors in botﬁ the adrenal corték fsrﬁsg) and mesenteric artery
(116,198) suggésting‘the exﬁsténcé of a membrane mondvalent cation site
closely related to the receptor. Cation requirements for the bind1n§
of [!?517 ANG 11 vary between vascular tissues.since Mgz*'and Ca?* at

concentrations Yower than 10-20 mM enhance binding +in the mesenteric

artery and 1nh1b1t binding to the rabbit aorta (52) v,

'
A
-
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~In1t1a1 studies 1ndicated the prESence' of a sing1e ‘class' of
bfnding sites in the mesenieric artery (KD;O.b nM, receutor'density}
50 fmol per mg of protein) without any detectable degradation of [125 ]
ANG 11 (85) In contrast heterogeneity of binding sites (high and ¥5§
affintty s1tes) (116) and extreme degradation (83, 116) in tracer ANG I1
has” also - been reported in mesenteric artery particu]ate fractions.
Degradation of [szslj ANG 11 has been' prevented by warhing the
membranes with EDTA and including EGTA in the assay buffer (83). The
subcellular distribution of the specific binding of [32517 ANG IT was

shown to ‘occur in plasma membrane. enriched fractions' of rat mesenteric

arteries where enhinced receptor density was observed (420 fmol per mg

protefn) with a similar affinity (Kp;2.2 nM) (83), .

i1) Ané}oﬁensin 11 receptors and ‘their physiological.

relevance to. blood pressure response

Even though ANG 11 receptors haVe been well characterized in the
mesenter1c artery, ‘the physioiog1ca1 re1evance of these receptors‘1n'
re]at1on to pressor response to ANG II 1s much less clear, In the same
study, pressor responses of vascular tissues to exogenous ANG A1 have
been shown to vary depending upon the tissue of origin i;a). In most
vascular preparations’such as the isolated dog mesenteric ariery, ANG
11 pr;&uced a transient contraction and showed prominent

desensitization whereas the aorta showed persistent contraction and

_litt]e desensitizatjon. ‘ In the rat. & sma11 increase 1in superior

" mesenteric artery perfusjon pressure was .observed- after bolus’

*w_;injections‘fofl - 1 nmol) of ANG "II which was nuch'less than. that '

observed ‘after 1njectfon of arg1n1ne-vasopressin ‘or noradrena11ne

- +
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(96). Isolated rat mesenteric arteries have generally been shown to be "

1nsensit1ve to. ANG !I-pressor responsé (51 63)

A ssible explanation for the 1ack of consistent marked ANG
Il1-pressor responses of isolated rz;i mesenteric a}tery preparations
might be due to concomitant release of prostaglandins, Angioten;in 11
infusion in the mesenteric artery has been shown to cause the rgease

of the potent vasodﬂator prostacyclin (PGI,) or its metabolite (6

‘keto PGF,a) which 1s a potent vasodﬂator and. also to a lesser extent

the release of the. vasoconstrictor prostaglandin PGE, (51,63,64,96).
Angiotensin 11 st-imulation of PGE-product1on from cultured human
umbitical ve\‘n endothel ial ce]ls has also been reported (80). There is

evidence that in the vascu]ar beds of the mesenteric artery and other

. b]ood vesse]s, vaSDactwe MG 11 and prostaglandins may have 1local

reguhtory'fons. Conyersion of ANG JJ to ANG_II occurs 1in vascular

endothelial cells where converting élhzyme has been local{ized ('23.186).'_

“The - bipéynthetic capacity for PGI; in vascular walls s also

concentrated in the endothelium (120). Therefore exogenous br locally
T [

‘produced ANG 11 could stimulate éndotheﬂal PGI, release which would
_ serve to counteract the pressor effect of ANG 11 on vasculam smooth

. muscle receptors. In addition to a direct effect on mesenteric artery

ANG II receptors, ANG 11 may a‘lso act indirect'ly ‘since facilitation of

. adrenergic vasoconstr1ctor response. by 1bca1'ly generated ANG II has

+ been demonstrated in the rat mesenteric artery (114),

111) Effect of sodium intake

'The  pressor - activity of ANG I1 is often attenuated by the
deveIopme,nt_ of hyporesponsiveness, to the vasoconstrictor effect of ANG

I1  in  clinfical disorders associated with acti'vht'lon of the
renin-angiotensin system. This _has been shown to occur during
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pregnancy, hepatic cirfhosis, Rartter's Syndrome, adrenal insufficiency
and sodium\dep1etion; conditions;in’wh1ch high plasma-ANG Il levels are
ot accompanied by corresponqing elevations of blood pressure ?34).
Alterations 1in vascular responsiveness to ANG I during changes in
sodium and potassiom oolance (1.155,157) suggest that factors including
circuléting ANG 11 levels must oct at or beyond the ANG Il receptors of
tne smooth muscle in the control of vnscular sensitivity.

Vascular hyporesponsiveness to ANG [l during sodium restriction:
has been attributed to chhnges in affinity (22) or number {3) of ANG If
receptors and also “to prior occupancy of receptors by 1ncreased
circulat1ng ANG 11 resulting in.  fewer "free" receptors available, to
respond to ANG-I1 (188). More recent studtes have shown that sod{um
restriction decreases and sodfum loading 1n6reases smootn muscle ANG II
" receptor density of the uterus (4 53 ,54), urinary b]adder (3) and |
‘mesenteric artery (3,86). Although the properties of ANG II receptors
in the. non- vascuIar smooth muscle tissues have been shown to be
generally sim1lar (3,60), direct extrapolations with vascular smooth
muscle receptors should be applied with ceution as shown by )
discrepancies following ANG II 1nfus1oni ‘

)

. . A 3
\r/’ iv) Effect of angiotensin 11 and mineralocorticotd infusion

. Alterations in ANG 11 receptor density during ANG 11 infusion are
biphasic and dose-dependent in the mesenteric artery (163). High doses
" appear to up-regulate whéreas low dose- infusions of ANG Bes
down-regulate ANg»II recéptors in the mesenteric artery (}63)5 This’
‘biphasic effect on\smopth\nmstle ANG II receptors was not obsérved-tn
non-vascular tissue where persistent down- regulat1on of urinary b1adder'

ANG II receptors has<been reported following 1ncreased ANG I1° infusion
dose (3). A reciprocai inverse Fiphasic effect has ‘also been observed

in the adrenal cortex fol]owing high infusion rates of ANG 11 (7).
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The effect of low sodium diet in smooth muscle ANG Il receptor can
be reproduced by infusion of ANG 11 which reduces ANG 1[I receptor
densities in the urinary bladder (3}, uterus (55) and mesenteric artery
(163). However, the seﬂs.it'ivﬁcy~ of the adrenal gland and hinod vessels
to ANG II has been‘ shown to vary w1~th minor continuous elevations of
ANG I in a direction “"opposite" to that produced by sodium depletion
(14,20),  In these latter studies, the adrenal gland aldosterone
response appears tp be less sensitive to ANG II after e‘xposure fo
c}nron?c Tow dose 1hfusioﬁs of this agent whereas enhanced pressor~
- pesporses *o ANG 11 "and  hypertension develop unde'r identical
‘conditions. These effects on target tissues contrast with the enhanced

aldosteron® secretory response and blunted pressor response to ANG'
11 produced hy sodium daplefinn 1n spite of ﬂinﬂar directional changes -
Ain pTagnm ANG 11, These findings further emphas1ze that ANG 1]
receptor rpgu'latioh'by chanoes in sodium balance may not be solely
re)ated/to ANG- 11 concentration or thsat continuous infusion of AMG 1[I
may not reflect adequately the situatiop _'en;ountered during sodium

v

restriction where fluctuations in the enhanced levels of ANG 1] are

P

11kely to occur. .
Reciprocal effects on number, but not affinity, of smooth muscle

and adrenal ANG .II receptor numher without any effect on receptor

N £}

_affimty have generally been neported with .changes in sodium ha]ance

" and ANG Il infusfon, However using lower dose 1nfusions of ANG 11 for .

7 days in intact female rats, -it was shown that in addition to the

‘increase in ANG !1 receptor density, receptor affinity was slightly

S A
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decreased (kp from 1 éo 2 nM) in the adrenal cortex ﬁheregs on}x }he
affinity increased in uterine smoofh‘musc]e preparations (60), It.was
suggested that these reciprocal ti;sye changes- 1in  receptor
affinity could possibly explain the. previously reported blunted ,
a!dostgrone response of the adrenal gland and the enhanced pressor
response to ANG II following chronic infusion of ANG I1 (14,20).‘

* Insight into the complex 1nteraqtions foflowing ANG II infusion
was_ provided by the observation that alterations in vascular ANG II
receptofs are dose dependent.  Mesenteric artery ANG II receptor
density decreases during low doses (60 pmol/kg/minute i.v.) of ANG II,
but at-higher'1nfusioh raées (200 pmol/kg/minute 1.v.) when aldosterane
‘Tevels are elevated, this effect was lost, suggesting that endogénous
mineralocorticoid activity midht antajonize the down-regulatory action
~of AQG Il on vascular }ece;;ors (163). This hypothesis was supported ‘ ,
ﬁy the bbservition: thap miné}alocortipoid (DOCA or a1dosterone)l
administration in ll!é or in vitro 1increase the densitf of ANG 11
receptors in the mesenteric artery and mineralocorticoids (aldosterone)
‘ given in vivo decrease zhe density of ANG II receptors in the adrenal
cortex 560). It is interesting to note that mineralocorticoids appear
to -regulate ANG II receptors 1n‘ the mesenteric artery and adrenal- ~—
cortex in. an opposite direétion, These reciprocal alteratdions of ANG
I1 réceptors appear to be a general reguiatory phenomenon for these two

target tissues.
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Functional ANG 1! receptors have also been characterized in

cultured vasculgr smooth muscle cells of the mesenteric artery (84).
14 : '

Receptor affinity and density was similar to that reported in
particulate fractions and variable proportions of cells { 30%) elicited
rapid, reversihle and spéeif1c contractile response to nanomolar
) concentrations of ANG II, Exposure of these cells to elevated levels
of ANG ‘IT has also been shown to induce time-dependent reversible
decreases in receptor number (10). Direct up-regulation of vascular
ANG 1@ receptors by mfneré1ocorticoids has a1§o been demonstrated in
cultured mesenteric artery cells (162). , ‘

¢} Endogenous vascular renin-angioténsin system?

* Evidence supporting the existence of an endogenous renin-
angiotensin system in the arterial wall has also been reported. The

—

:présence of renin-like activity in the arterial wall tissue of several
dfff;rent animal species' has’ been' confi rmed bfochemically and by
1mﬁunoh1stochem1cal techniques (73,79;185). Concgntrat1on; of renin in
the arterial wall teﬁd to vary in the same direction as altered plaﬁﬁa
renin levels suggesting that renin in the arterial wall might be picked
up from the circulation (181,182,189}, However' renin fn mesenteric
arteries could be'stimulated in nephrectomized dogs (73) and endogenous
synthesis of renin has been demonstfated in cultured aortic smooth
- muscle cells by specific \imMUnoprecipitation of newly synthesized
protein and by h;stochemica] techniques (150,151). Renin substrate has
been 1identified in the mesenteric arterial wall of the rat and

variations in vascular subs;rgte concentrations after nephrectomy and

after adrenalectomy have also been ‘reported (50). Angiotensin I1I-like
) , €

e
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activity in kidney arteries and in resistance vessels of several organs
has also been detected in the medial smooth muscle Tlayer by
immunocytochemistry (185), Converting-enzyme activity has been
Tocalized in endothelial cells of several vascular beds (23,186) and in
the media of the aorta in rats (191). The hypotensive effect of

[y

converting-enzyme inhibitors 1in 10? renin hypertension i{s also
suggestive of a functional 1local reniﬁ-angioteps1n 7system in the
vascular wall, -

The presence of components of the rentn~angiotehskn system in the
arterial wall of several typés of resistance vessels is not all that
surprising 1f one considers the vashu]qr nature of the epithelioid

) d’cells of the media of the afferent glomeru{ar artertole where renin is
pr1nc1paf1y synthesized and coexists with ANG II (84,186,187).

Irrespective of the site 'of its gengration, the 1ntracéllu1ar
locaiizat1on of ANG [II raises the question whether ANG II has
intracellular actions as well. It has been shown in the 1iver that ANG
Il 1hcréases ,DNA’ RNA and protein synthesis (152) and specifically
binds to rat 1iver and spleen nuclei (153). It has also been repérted

\ that "ANG 11 is mitogenic for arterial smooth muscle cells in culture
(76). From ;uch obsepvatioﬁs the possibility of ANG II-induced effects
on vascular smooth muscle functions gther than vasoconstriction must

I

also be considered,
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A)  INTRODUCTION

An increasing amount of .physiological and pharmacological

1nvestjgat1065'suggest.that éstrogens'are important modulators of the
renin«angi6tensin-a1dosterone system, Estrogens ;ppear .to have
profound effects -on the complex ANG II-mediated mechanisms regulating

uterine contractility, thirst, sodium appetite, blood pressure control,

vascular reactivity sand anterfor pituitary function. Several

components of the renin-angiotensin system fluctuate during the estrous
and menstrual cycle and a1so during pregnancy. At estrys, plasma renin
substrate has been shown to increase’ in rats whereas, in several areas

of the brain renin substrate decreases (8,54)." In women, during the

. pre=ovulatory and luteal phase of the menstrual cycle the activity of

the renipsgngiotgnsin-aldosterone system 15 increased (32,73).

Evidence for a pﬁys1o1ogica1 rolé of estrogens. has been suggested
in the retention of sodiﬁm and water with occasfonai edema that occurs
during the luteal phase of the menstrual cycle (wh1ch is a period of’
increased estrogen secretion and excret1on) (3, ,65 79)

Modulation of- ANG 1l receptors in several target tissues also

occurs during the estrous cycle. When compared to diestrus, ANG I1

receptor density 1ncfeasq; in the uterus at estrus (B8) and proestrus
— (62) and decreases .at estrus in the pituitary gland (8). ‘Several
studies have 1indicated tpat female sex steroids, particularily

estrogens alter the circulating components of the renin-angiotensin

system, Increasing evidence also suggests that eStrogens may be

A\
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A
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1%?olved in j;f :modulation of ANG II receptors. Target cell ;
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1

responsiveness to ANG Il appears' to be particularly affected by
-estrogens suggesting direct or indirect dctions with the receptor for
ANG 11, ‘ o

B)  EFFECTS OF ESTROGENS AND PROGESTOGENS ON THE CIRCULATING COMPO-

L4
NENTS OF THE RENIN-ANGIOTENSIN SYSTEM

a) . Effects of estrogens

It has been known for more»than 30 years that administration of
estrogens 1in rats and in several other specieshﬁcadses a marked
su%taine& elevation of plasma ren1n3§ubstfate (previously ,calle&

(~“hyper£ens1nogeq“ and also referred to now as angiotensinogen) (25).
Several studies using ;solated perfused rat livers have established
that esfrogens Yncreasé hepatic plasma renin substrate synthesis and
release (48,49). Following estrogen treatmen£: q%; most cdnsisienf

“a1fera£10n- in th? circukpfiﬁg components of the renin-angiotensin
system in every animal species studied so far, 1qc1uding man, s a
rapid, psua11y Qithip 24 to‘48 hours, and persistent increase in plasma
renin substrqte',(25,33,34,45,46). it, has also been shown that
estrogens)induce the synthesis and fe!ease of several forms of renin
substrate gmich are,e1ectrophqret1cai1y and‘immunologically distin;t

) from the predominant form of plasma renin substrate ;(14). In gei
f11fra§16n .studies. a high. molecular weight form of plasma renin
substrate has been shown to increase in absolute quantity and relative
percent in high estrogen states §uch as pregnancy and in women treated
with estnogené (63,77). Statistically significant elevatio&s of this

. high molecular weight forp, have been asso¢ciated with estrogenic

hypertension, bormotensiye prebnancy and pregnancy—induced‘hypertension

(63,77), |
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SeveraI- investigators have suggestéh that estrogen-induced
increases in plasma renin substrate results in'an increase .4n the rate
of generation'of ANG I] within ithe body (5,39) which may be a causal
factor in certaiﬁ forms of esfrogenadnduced hypertension, Even though
conflicting results have been published (for review\ 55), it can be
generally concluded that in humans, estrogens increase plasma renin
activity (33,34) and circulating levels of ANG 11 (6) which both return
towards normal wfth’chrop1c ushge s plasma renin concentrations are
being suppressed (34). Most of these studies were perforﬁed oh women

“takihg oral contracbbt1vgs and\therefuré sgveral fa;tcrs<cou1d explafn
Ebnflict1ng results on.circuiating paréme;ers of the renin-angfotensin

* N

system. Among these factors are thlpose of estrogen, the relative
‘praportion of e;;rogen vslprbgeStogen goﬁfentlfn the pill;'the,durat{on

of contraceptive treatment and ihe‘preceding sex hormone status of the

women used 1ﬁ(d1fferent studies. . | '

_ In‘rats, where larger doses of estroggps have generally beén used,

T;)" ‘there appears to le a more rapid resetting of the renin-angiotensin
system, Estradiol treatment in this species produces a rapid increase
within 6 hours of plasma renin substrate which leads to a transient
48-hour increase fin plasma renin aetivity, which gradually returns
"below normal! levels by day 6 when the plasma renin concentratiqﬁ is
reduced 'by half (45%). These results further substantiate the
efficiency of the compensatory regulation of circulating ANG II in rats
chronically treated with estradiol., It must be emphasized however that

pharmacolog{cal doses of estrogens have been used in rats compared to

mugh smaller therapeutic doses used in women, Fu}thermore, in rats
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p
chronically treated with mg doses of estrogens to induce hyperinsion

(36,60) plasma renin activity was increased while plas renin
concentration was unchanged or slightly decreased again indicating the

importance of dose effect on these ;grameters.

In addition to effects on renin Substrate and possible inhibitors

" and attivators which tend io increase plasma renin activity, oral
contraceptives also have direct renal effects which médify renin
re1egse. Stud1e§ "in humans and anjmals. 1nd1catg that natural and
synthetic estrogens have mineralccorticoid activity leading to sodium
retention, expansion of plasma volume and subséquent suppression of.
renal renin release (29,785. Variable elevations of plasma and Jrinary
aldostérone have also been reported in- women taking oral contraceptives

"or only estrogens (12,34,82), Althoﬁéh wvariabTe dose-- and time-
dependent stimulation of the adrenai tortex by estrogens has been
reported (35,51,81,8&), the endogenous mineralocorticoid activ%ty of
estradiol has been suggested by its sodium retaining properties in
;zrenalectom1zed dogs (29).

Various estrogens differ in their qualitative and quantitative
abitity to activate the different parameters of the renin-aldosterone

axis., Plasma renin substrate 1is the most stimulated parameter

following administration of commonly used non-esterified polar steroids

such as. ethinyl estradiol, Esterified conjugated estrogens Tike
ésirad1ol benzoate have a more prolonged effect and delayed absorption
causing a §reater increase in plasma renin activity with elevations of
plasma renin concentrations preceding 1increases in plasma renin

substrate (33,34).



b} Effects of progestagens

The effects of tﬁi progestogenic component is more complex.
Natural péogesterone counteracts the effect of estrogens on aldosterone
and sodium metabolism, 'Progesterone is an aldosterone antagonist

., causing natriuresis and thus reasing renin release (38).

Progesterone causes an increase in lasma renin activity and

aldosterone ‘excretion rate but has no effect on renin substrate (11).

On the other. hand, several aof the thetic" progestins used in oral
contraceptives have a direct mineralocorticoid effect and act with the
estrogenic component to suppress renin release (52). Furthermore,
because of suppression of the pituitar{ gonadotropins, endogenous
‘brbgesterone is nbt available to exert its anti-aldosterone effecf
during the administration of the synthetic progestins o% oral
contraceptives. The net effect of esfrogens and oral contraceptives
upon the components of t;E renin-angiotensin system is p)pbably due to
the balance of stimulatory effects.of estrogens upon plasma renin
substrate and an inhibitory-effect of estrogen and synthetic progestins
due to their mineralocorticoid activity.

The classical mechanism of action of estrogens as well as (for
steroid hormones 1in general, consists of hormone binding to a speci}1c

' cytosolic }eceptorqfollowed by translocation of the receptor-estrogen
;ompTex to the fuc1eus where it binds to specific sites on the genome
(DNA)'and activates tramscription of new RNA leading to new protein
synth;sis. Im the 11ver this sequence of events appears to reflect a
more general a!teration 1n the rate of synthesis’ of several specific

proteins. During estrogen tréatment or pregnancy the 1ncréase in renin

substrate 1s accormpanied by the increase of several steroid bind1nq
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proteins such as corticosteroid-binding globulin (transcartin),

testosterone- and estradiol-binding . globulin, and also

thyroxine-binding globulin, ce'rulop]a;smin and trq\nsferrin (copper and

iron binding globulins) (47). Apart from this classical anabolic

grow effect, more recent evidence*'suggests that estrogens may also
) &

ulate peptide hormone recepi‘ors. )

C) EFFECTS OF ESTROGENS ON ANGIOTENSIN 'I1_RECEPTORS - %

a) Effects on uterine angiotenein Il receptors
It‘ has been known for quite some time that uter1ne contractiﬂty
‘ is 1ncreased by estrogen treatment . (42) and depressed by progesterone
, (37). Severa] dn yive studies have shown that estrogen treatment
'increases a-adrenergic and oxytocin receptors in rat and rabbit uterus

;

sensitivity of the estrogen-primed uterus to ‘the contractile actions of

(51,67,83 effects which 1ikely contriBute to the increased

these compoundi. Receptors - for ANG.II have been 1dent'1f1ed in uterine

~._ smooth muscle (40,59). Although the furictional significance of these
- )

";:éceptors in the uterus 1s stﬂ'l unclear, sex: steroids have been shown
td regulate ANG Il receptors in the rat.and rabbit uyterus and ANG 11
receptor density varfes during the estrous cycle (62\ Durjng the

ovarian c_yc'le‘, the dens1ty of rat uterine ANG Il receptors was about 4

times higher at ‘proestrus than at diestrus II. Ovariectomy c‘ausedla

. progressive decrease in uterine ANG“ II receptor‘density..‘ o This

regulation of uterine ANG II receptors appears to depend upon the
relative proportions of estradiol and progesterone (62). In rats, a

single injection of .unconjugated 17g-estradiol (0.1-10 ug) has been
5 " ’ .
shown ‘to cause a dose-dependent increase in uterine ANG II receptors
N N \ v ’ "'

t

o

\
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measured 24 hours after steroid treatment. This effect is transient
‘ k t
however since 48 hours after a sing{e injection (or ? consecutive dafly

injections) of 17g-estradiol, uterine -ANG Il receptors return to or

be]ow tontrol levels. Infusion . of sustéined' high doses of 178~

estradio] exerted a bmhasn effect on uterine ANG 1] receptors. Short
" term infusion caused an increase in: uter'l ne 4NG 11 reqeptors, which was
detectable after 12 hours and reached a maximum of 4- to 6«f91d ahove
control values at 36 hours. L;ng term 1nfusion for 5-R days produced
’dn. opposite effect as the density of Ans‘n r'eceptors‘ returned to'or
be]o_w .control valljes. ' The same short' term and long term effects of

,178-;estradiol infusion were observed in. immatnre, adult or

4

ovarl’ec’comtzed rats, anc* in no case )did estrogen treat nent a]«ter the'

affimty of the receptors. These obs,ervations are consistent with .

previous ‘studies showing enhanced sensitivf'ty to ANG IT1 of uteri from
rats from diestrus I to proestrus or pretreated with estrogens (4,7).
In the rat isolated uterus, contraction-sensitivi,ty to ANG 11
: appears to be mediated by prosiaghndins:‘ Indomethacin (a
pnostaqlandm synthesis 1nh1bit0r) was shown to suppress the increased
: itenine sensitivity to ANG II in diestrus and proestrus rats (4)
s’uggesti\ng that increased pros;aglandin synthesis could be the
mechanism of action of estrogéns on enhanced uterine sens1t1v1tv to ANG
1. However, uteri fr;m estrogen- treated animals have been shown to
_produce less PGE (7&} and indgmethacin did not displace the leftward

shift of ANG II dose-response curves observed <in ovariectomized rats

treated with 17g-estradiol (7).~ "The 1mplic§$ons of tissue

\ ’. 70 .4

«
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prostaglandins in ést‘nogen-induced enhancement, of uterine sensitivity

to ANG II.remains equivocal.

.
e,

| Progesterone 1,nfu§10n for up ‘ta 2'vdl§ys has been shown to have no
" ‘effect on rat -uterine ANG"II receptors wﬁéreas a chronic 7-day 1pfus1on
decreased receptor density in a dose-dependent manngr; /(62). Thes;z
results are c‘onsiste’nt—with the inhibitory effect of ﬁrogesterone on
myon;e%riél contractﬂ‘lt;r (53). Fu\rthermore, progeste}‘oﬁe ‘has been
shown to ‘block the estradiol-induced increase 1in uterine ANG II
reqepto;- gfer}sity -as 'den)onstrated by‘pers1 stent receptor down-regulation

in uteri of progesterone-treated, estrogen-pr‘igled rabbits (62).

Alterations in rat uterine ANG II_reqepfor density during pregnancy

have also been reported (61). In the implantasion drea, low binding

capacity was observed dur1ng‘ the secorid half of pregnancy until one day .-

after delivery. These changes could be due to high circulating levels

— of\ﬁrogestero)ne which may counteract the effect of elevated estrogen

1

levels or might be rélaggd to the deciduatidn process itself. _Infusion
~ .

of the converting enzymel.inhibitor (SQ 14 '225) between days 4 and 9 of

pregnancy h;ad'no effect on uteriné ANG II' receptor den‘siMsﬂng
that ihe changes observed were not related to altered piasma ANG I
levels., The significance of ute’riné ANG II receptor modulation during
pregnancy remains unclear, the extremely low level's‘.of ANG-- 11 rec ptgr
densit:y 1n. the uterus‘ at the end of pregnancy appear to exclude a &o‘r:

role for ANG II.in the process .of parturition in the rat (61).

r v )

¢
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drinking (15). Recént‘ly,'thére has heen 1n‘creas;79 evidence to suggest

1ntake. A single 1ntramuscular dose of estroqén decreases ad 1ibitum

unaffected by -steroid t.reatment. Therefore chr"onic or more acute . E

"administration ' of estrogens in the periphery or directly in brain

' suggested that estrogens could afféct the central receptors nediat‘ingb S

12.
A v

!

b) Effects on the brain mechanism of thirst

. ' a
Ingestive behaviors such as food, sal; and water intake are
affected by the estrous cycle (13,15,76), Ad libitum, ANG I1-induced

and isoproterenol (s-adrenergic 'agonist) induced water intake z;re all

decreased at estrus, (15,76). Ovariectq'my abol‘is,,hES f'luctgations in

that e1evated -estrogen - 1eve1s are responsib'l for decreased fluid

\

drinking after 24 hours (15). (‘hron1c subcutaneous treatment (8*23 P

weeks) with either cgnjugated or unconjugated estrad1ol attenuated the

. drinking responses of intact female rats to acute peripheral adminis-

tration of either isoproterenol or graded doses of ANG I or ANG il .

0/ “ ———

(17-19). The drinking éeSp’onse%f‘Eintact female rats to',1ntracerebro-’,

-

ventricular administration of. 'ANG‘}I was also attenuated by chronic: A -
perfpheral estrogen treatment (18), although .one study reports no
change (64)., Acute intracerebroventricular administration of estradiol <

benzoate to ovariectomized ratS« was  also shown to decrease ad Hbitum

" and central ANG I~ 1nduced drinking and pressor respanse after 26 hours

foﬂowed by a fu'l.l recovery by 50 .hours after gstrogen adm1nistrat\1on‘
(30). This attenuated effect was shown to be specific since water

intake and pressor response induced b_y hypertonic Nafl or carbachol was

ventricTes attenuated ad libitum as well as ANG II- and B-adrenergic- . o

s

induced thirst -in 1ntact and ovariectomized rats. . These studies
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At estrus, brain ANG 11 receptor density “tends" to decrease in

several discrete areas of the brain (8,54)., Chronic (10 weeks), and

more acute (48 hours) systemic administration of estradiol benzoate was.

_$hown to ‘decrease ANG II receptor density in discrete areas of the

brain naryely the preoptic area and the thelamus/septum (18,31).

L\ﬂtteresting',y, localized application of estrogens in the brain using

érystalline fmplants of |estradiol benzoate 1nserted in the med‘1a1

preoptic area also decrea ed central ANG" Il-induced drinking whereas

es‘t‘rogen implants in the ventromedial - hypothalamus (which 15 the
presumed $ite for the estrogen effect on decreesed'food intake) had no

-effect on NG Il-induced drinking (31), Therefore receptors- for hoth

estragen’ and ANG II are found together in several discrete areas of the

. brain, Binding studies suggest that this steroid could alter brain ‘ANG
I1 recepton density by anechamsm that r'emoing to be discovered,

The effect ' of estrogens “on ) attenuation of drinking /response
"appears to be sex ,speciftc and depends .upon sexual differenti_at'lon of
the' brain, In- intact and castrated,male rats, estrogen treatment
faﬂed to decrease ad Hbitun and AN(’ Ilw-'induced drinkinq and also
failed to elicit attenuation of ANG, 11- 1nduced pressor response (30)
-The brain of a neonatal rat can be altered by androgens or castration

- during the so-called critica] period wh1ch occurs during the first 4-5
da’ys ofAer (23), In a genet1c male endogenous testosterone becomes
aromatized to estrogen. in the‘hrain and causes differentiation to a

; '."'ma}e“ brain, A female is “n'ot normally exposed to testosterone (or

xegtrpfgen at this eérly stage) and so her brain remains undifferentiated

and “female”. Neonatal castration of a mele rat eliminates the source -

’

of androgen apd therefore the bra1n remains undifferentiated




S S A ' R
‘ ) -("fgeminizatidn")"just 1ike an intft female, ﬁimilar to females,
. “feminized® males tended to decrease drinking fonvowing e*strogen'*"
“ edministration (31). Reciprocany.' , neonatal "androgenization" of
females resulted ‘in enimais which as aduits no 1onger respond to -
estrogens with 2 decreased drinking response to ANG 1] (31)." These ,
findings cou'ld possib'l_y reflect moduiatinn of brain estrogen receptors
ocwrring in the neonatal period which might persist thrdughout aduTt

T A

t . Ty .

_In‘summar’y. ‘hign circulating ,estrogen ieyefs appea’r to act l{at the
Iev‘el'- of the brain to'attenugte th’e\' drinking;r‘esponse of severa
' dyp509enie stimu.ii\ parti"cular‘l'l,’y ANG 1§ This -effect appears to involve
down-—reguiation of’ brain ANG T1 receptors. Furthermore, glucocorticoid
. or estrogen treatment (24- 72 hours) has been shown to decrease brain
arenin substrate..'levels in the medial basal- hypothalamus as weH as . tn
several other discrete areas of the brain (54), A similar trend was
also observed’ in rats at estrus (8), Therefore the possibility that '
estrogen depletion of brain renin substrate reflects increased local
- production of ANG Il must be - considered as a possible mechanism for
down reguiation of brain ANG II receptors. ~ Whether or ot thesel
effects of estrogens in\ tne brain or elsewhere represent direct
alterations at the ANG Il recep‘tor 'leveii or is mediated by other events

! remains to be established,

c) Effects on vascular responsiveness to angiotensin 11

Normal pregnancy in women as well as in severel animal species is
associatedwith significant vascular refractoriness to the pressor
effects of infused ANG 11 (21,22,56,75). This refractoriness to -
infused ANG TI 1s lost 1in prre‘gnancies conplicated by pregnancy-induced

4
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hypertension (26,74),  In pregnant women, this refractoriness to

, 1nfused ANG 11 .1is not altered by -volume expansion with physiologic

‘saHne or dextran solutions whit:h Suppress plasma renin activity (21),

'S'lmﬂarly. ANG II ‘refractaoriness was not affected by volume expansion

+ in  the pregnant ewe’ whereas  this treatment 1increased vascular

reactivity 1n the nonpregnant animal (43). In this latter study,
p&ttems of changes in p1asma renin activity and heart rate due to

volume load were s1m1'lar between nonpregnant and pregnant animals

“suggesting that pregnancy-induced refrac;oﬂ ness to ANG 11 fs not due

to changés in circulating ANG 11 nor to a baroreceptor responsé but are

more likely the resylt of alterations at the level of the vessel wall,
This refractoriness to ANG ‘11 pressor response can be seen as

early as m1d pregnancy (22)‘ Since’ ~plasma concentrations of ~ sex

‘steroid hormones graduany 1ncrease during -pregnancy (80) {t was

suggested that estrogens and/or progesterone could be involved 1n this
attenuated pressor response, Estrogens which increase 20- to 40—f01d
during pregnancy appear to be important 1n the 1ncrease ahd maintenance

of uteroplacental blood flow as well as in  vasodilation of

nonreproductive tissues such 2s the. skin (58). Acute estrogén-

/neatment also appears to 1nduce refractoriness toﬂe systemic pressor

- effects of 1nfused ANG II.

_Attenuation of / the pressor response to grided intravenous

(i.v.’)&oses of ANG 1l has ‘been r,eporied foﬂowirng i.v. finfusion of

either high-dose or low-dose of unconjugated 17g-estradiol for 90 to

q

100 minutes into unanesthetized, ovariectomized nonpregnant sheep

[ -

(57). In that ‘study, estrogen infusion ‘was also shown to decrease

systemic vascular resistance and to increase cardiac output and plasma

t
E 4

—

-
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? . . ,
‘renip activity. The decreased vascular’ resitance ‘was 1ikely
compensated by the increased cardiac output since mean arterial
press"ure'did not fchar;ge d‘uring ‘estrogen 1nfusion.‘ Thus, acutely
'”estrdggnjzed"honpreqnapt sheep ,de\éelbp signifi cantAal(telrati‘ons ’1n_ both
tr}e 'ca:&fovascuhr' and the renin-anéjotensin systems -in addition to
_ decreased pressor responsiveness to 1n'fusét} ANG I1.

In Ja similar _study, again using nonpregnant sheep, ;;re.f;sor ;
réspons{e to‘i.v. ihfusion of ANG II was also .suppressed by a 60 minute
fafusion of 178-estradiol, whereas 1nfu_s1on‘ o,; pro;esterone or -5
\a—dihydroprogesterone g:g not affect pressor |responses (75). In this
latter study however, plasma renin activity did not change nor did
acid-base status or serum electrolytes foHowinﬂg acute adminis;‘.ration
of - estrogens suggesting that estrogens‘might have a dilrect effect on
the vascular waH'.~ &In this respect, estrogen tredtment has been slfm'wn
to affect arterial connective tissue componé_nts (10,16) and Jlter
‘vasculér tone (2). Estradiol will reduce the ‘accumulationﬁ of aortic
collagen and e\ast;in s0 that the vessel is more distensible (16),

In ovariectomized rats.) acute #ntracergbroventricular adninistrd-
tion of estradfol benzoate was shown .to reduce central ANG Il-fmiyced
pressor response’ after .“26~ hours followed by full recovery by 50 hours
after est'roge‘q administration (30), . Similar to the drinking response,
this attenuated pressor response by est'rog'ensﬁwas restricted to female
"rats. On the ot;ter hahd. in intactg female rats anesthetized <w1th
-sodium pentobarbﬂqne. acu;;e "subcutaneous administration of estradiol
sulfate for 24 hours had no effect on i.v. ANG 11 pressor response
11 (26).

' whereas progestérone treatment diminishéd the responselto A

Similarly, in unanesthetized ov'ar'lectomi’zed ,r"ats, receiving” 0.1 mg —-
. - . *® .

i x
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- of di'eth}lstﬂbestrol during sidays, there was no difference in the

pressor ’reﬂ;o'nse to § pmol bolus 1nJectitons of ANGI I1 between contro}
and treated rats (50), o -

Chrontc subcutaneous 1njections of estrapio’l for 5 to 11 days . to'
female ovariectomized rats was shown to reduce the duration but not the
Peak‘pnessor:, response to central admipistration of ANG II when
monitored (30 mjnut:es)' in the abseﬁc;e of dr}nking water (64). Chronic
subcutaneous administration of festrogens for s’evera,l weeks was ' also
shown to‘attenuafe the development of hypertension 1r; spontaneously
hypertensive rats (27,28). |

" Discrepancies in pressor response between all ofwthese studies are
difficult to 1nterpret due to differ:ences in experimental design and

the complexity of interactions occurr'lng in vivo.

d) Effects on angiotensin II- 1nduced pif,uitary hormone release

Estrogens have been shown to modu1ate the responsé of anterior
pituitary hormone release to exogenous ANG II, Intraventricular

(f.v.t.) injection and to a lesser extent i.v. injection of a high dose

»~

of ANG II (5 nmol) has been shown to increase plasma Iévelé of

lute‘io1zihg hormone (LK) in ovariectomized rats p’retreate& for 48 hoyrs

with a subcutaneous (s.c.) injection of 'estradiol -benzoate @).

Further -evidence sdbporting a permissive role for estrogens 1n'AN-§

II 1nduced LH release was shown in another in vivo study where a lower

'dose of ANG II (50 pmol) 1n:jected f.v.t. (but not when injected i.v.)

' —1ncreased plasma LH levels 4n intact rats on the morning of proestrus

ioh‘en‘en'dogen_ouls' estrogen levels are high (69).  In this latter study,

‘1.v.t. but not 1.v. adrpin'lsératjon of either the ANG II antagonist

- saralasin or. the converting enzyme inhibitor enalapril diacid,
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inhibited the proestrus LH surge and blocked ovulation. These studi'es
suggest that 'ANG II Vikely generated within the brain may play an
important role in the regulatioﬁ of LH secretion and ovulation on the
day of proestrus. /In contrast to 'estrdgen-primed rats, LH levels in
_untreated ovariectémized rats weie not sjgnfﬂcantfy af fected by acute
fovat. or 1.v. admipistration of ANG: 11 '(70‘,71). However, since LH
. re]ea;e in (;variectomized animals s pulsatile with wide fluctuations
in blbod LK level\s occurring over short time intervals it was concluded
by the same authors that previous studies (70,71) did not detect
individual hormone pulses and therefore mean ci;'culafing LH
. measurements could be misleading (68), |

The authors thérefore used a conti'nuoﬁs blood sampling bro;qcol to

fully characterize the pulsatile nature of ',L‘H secretton in .-

ovariectomized animals before and during t.v.t. Jinfusion of ANG II.

¢
0

Their results showed that i.v.t, infusion of graded low doses of ANG 1l
into untreated ovariectomized rats reduced the mean whole blood
concentration of LH, pulse freq ency, amplitude and nadir in a dose
dependent manner (68). Estradfpl treatment of these ovariectomized
animals for 48 hours prevented thel\i.v.t. ANG lI-1nduced-~suppressioh of
LK refeasgﬂ.ohsr'erved in .untrested Janimals. . On the other hand, in_
‘ovariectomi zed rats préfréqt’éd . th ‘both estradiol anﬂd’progesterone.'
infusions .of doses'c}f ANG 1 t'ha‘t depresseci LH ‘relmﬁs_lin untreated
animals, dere shown to 1ncr;ase blood LH levels in & dose dependent ;
manner. T‘herefore,'i.v{: infusion of ANG Il can suppress:‘

facilitate’ ‘the telease of LM from the anterior pituitary g1and o’f the
rat, with the d1rection of the LH response determined by the gonadal

“ steroid background of tjg animal.
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The mechanism by. which ANG Il affects LH secretion in vivo is
presently unknewn. It 1is unlikely that ANG Il affects LH relegse by a
direct action on the pituitary gland since several studies have failed

to shaow that ANG II 'modiﬁes} LH secretion when added to anterior’

‘pituitary cells in culture (1,24,66). Angiotensin I1 could. act

directly upon LHRH nelrons in the brain to release LHRH from the
eﬁdings'pf these neu’rons'{n the median emv;nence. ‘The presence of
receptors for both ANG II (8,54) and estrogens (31,44) in the preoptic
ar;ea where LHRH ‘neurons are siteated suggests that estrogens might
interact with the postulated  brain, renin.‘angi-otensin system to alter
LHRH release and subsequently Tead to a1tered LH release from the
anterior pituitary. Angtotensin II could a]so be acting via brain
cetecfnolamines to modify LHRH secretfon since the effects of .v.t,

infusion of ANG II on LH secretion -in ovariectomized rats in the

presence or absenée of estrogens are the same as those shown after’
f.v.t. admimstraﬁon of\ryepﬂephﬁne f20) ‘
‘ InJeciﬂon of h'lgh doses of ANG [I (5 nmdl) i v.t depressed both

prolactin and growth hormone levels 1in ovariectomized rats with and

without estradiol treatme_nt (70,71),  The ‘central effect of ANG II
suppression of prolactin release could” involve dopamine release since
the doﬁgm,'lne antagonist do:éper"idon'e abolished this effect (70 ). In
the presence or absence of estrogens, the suppression of GH release by

..ANG 11 does not appear to involve dopamine release and is likely

does not directly affect GH release as shown in vitro (1). -

1

fated By another central nervous system transmitter system since ANG

ama——
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ANG II receptor density of the rat anterior pituitary gland was
also shown to fluctuate during the lestrous cycle with t’he highest level
found in diestrus and the lowest found at estrus (8) This effect
could he mediated by estrogens since chronic estradiol treatment has
been ‘shown to down regulate ANG 11 receptor density in the anterior

pituitary (9).

v
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A.  PREFACE

-

-

From the preceding literature réview, it appears‘qu‘ite clear that
ANG I1 recep‘tors are widely distributed in several target tissues
throughoutﬁthe m;;vma‘lian organism, In addition to the classical
adrenal and vascular recéptors for ANG 11 there is increasing eﬁdence
“in support of a fur\ct‘iona'l role for the nev;ly discovered ANG II~
receptors in discre’te\'areas of thg brain, h;}po?ha]amo-hypophysea'l
system, myocardium, ’kidney\, liver, urinary blad;ier‘ agd wterus (for
review see 33). Binding sites for ANG II have also been foundiin
© platelets and ”le;kocytes although, their ptlysiological role in these

célls remains to be clarified.
A

In earlier studies it was believed that reqgulation of circylating
levels of ANG II was the most 1mport,ant if not thé only means by which
the renin-angiotensin system operated to pfesbrvg body fluid
.hopﬂostasis. . More recent studies suggest that ANG 11 receptor
\‘regulation is also an important means of controling target‘cgll',
responsiveness.  The: study of ‘the effect of estrogens on the
renin- angiotensin system is a good example of the evolution of this
concept. Early studies have~ shown that estrogens alter the circulating
compbnents of the renin-angiotensin system particularly by in;r’easing
renin substrate levels. More recent studies" have'shown that during the
high estrogenic phase of the estrous cycle or following estrogen
adminis_tratgon‘tto ovariectomized animals, the physiological response to
ANG 1] 1n‘ the uterine smooth muscle and, the central mechanisms:
régulating thirst, blood pressure and ANG II-induced pituitary hormone

release appear to be markedly affected by this steroid,

-
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Although-this compe'll}‘ng evidence strongly suggests that estrogens
are important modulators of the response of several target tissups to

ANG II, the mechanisms by which estrogens exert these effects are

virtually unknown. Separate studies . have shown that estrogens in

vivo can up-regulate t:eceptors for ANG II in the uterus and
down-regulate them in the anterior pituitary gland and in certain
discrete areas of the brein. It ‘has not been established however, #f
these effectg of .estrogens are 1nd1rect1‘y medi ated by.alteraiions in

the components of <the renin-angiotensin system (or any other

subst@nces)whicr;yyﬂd then act at the cellular level to modulate

A2
receptors for

explored is whether estrogens themselves act directly on target cells

to modulate ANG [I reéeptors.

Furthermore, there hds been no comprehensive study looking at the’

effect of estrogens on the well characterized ANG II receptors of the

adrenal .cortex and mesenteric artery., The understanding of the effect |

of.ggs‘t._r‘ogens on ANG Il receptors in these two target tiss'tf;es is of
partfcihar interest since ANG I] receptors in the adrenal and arterial

tissue appear to bhe regulated in an bpposite‘ direction after such

- treatments as sodiurh restriction, sodium loading or ANG II infusion.

In-several target tissué':?here ap‘pears to ‘be a“clé)se correlation
between regulation of ANG Il receptor 'density -and/or aff1n1fy with
altered physiological response. Parallel changés in receptor density
and physiologi'catl respor;se to ANG Il have been documented in studies
1ook~1‘ng‘ at the effect of estrogens on uterine contractility and thirst
mechanisms of the brain, It s not known however whether this
correlation applies only to some or all ANG Il target tissues under the

N . i
influence of estrogens.,

' 9.

II. © Another possibility which has not yet béen'




H

) To answer some of these questions the effect of chronic estradiol
treatment on ANG 1] receptof\density and af_finﬁ:y was studied in the
anterior pituitary gland, adrenal cortex and .nésénterjic artery. The_
effect of estrogen treatment was studied Eimultaneously from all three
- target tissues and plasma renin act1v1ty (PRA) and circulating ANG 11
levels were measSured in order to determine the possible 'invo]venent of,
this peptide in the observed estrogen-induced down-regulatjon of ANG I]
recebgors. In addition the'eff;ect of estrogen treatment on the -
aldosterone response to ANG Il'was also examined. These finding¢ are
described in the following \Jpaper, which has been accepted fPr

pubHi:at1on in: "Neuroendocrinology”.

v »
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[3

CHRONIC ESTRADIOL TREATMENT DECREASES ANGIOTENSIN II RECEPTOR DENSITY
IN THE ANTERIOR PITUITARY GLAND AND ADRENAL CORTEX BUT, MOT IN THE
MESENTERIC ARTERY.

*® This paper has been accepted for pubtication and will appear in:

NeurogndBcrino]ogy, 1986,
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B. ABSTRACT

Cheonic estrogen treatment has been shown to proHuce & marked
reduction 1in anterior pituitary angiotensin II (ANE/WII) receptor
density. In orcier to determine whether this effect is generalized, we
studied the effect of chronic estradiol treatment on ANG II receptor
density in the anterior pituitary glan&, ardrenal cortex and mesenteric
artery of ovariectomized (0VX) rats., Treated rats were injected daily
with 25 ug of estradiol valerate while controls received only ‘the
vehicie. Bigging affinity and density of ANG Il receptoréﬁ were
measured using the ANG Il antagpnist: [IZSI]Sa:111e° ANG' 11 ([¥251]
SARILE) . Following 7-, l4-sor 28-, day treatments, ANG Il receptor
density decreased by approximately 80% in the anterior pituitary; 30%
in the adrenal cortex and remained the same in mesenteric artery
particulate fractions. 1In all'3 target t1ssue§. dissociation constants
,fKD) for binding of ['251]SARILE were in th;'nanomolar range aqq were
the same between control and treated rats. Using conscious rats,
estradiol treatment for 7 days was also shown _to b]oék the release of
aldosterone by a Jow do§e jnfusion of ANG II (10 pmol/minute, 30
minutes). Plasma ANG II and plasma renin activity were also the saﬁe
or slightly decreased following estradiol treatments, This study
suggests that estrogens may be important ‘modulators of the ANG 1[I
receptor and may be -'directly involved in modulating target cell
responsiveness to ANG 1] as expressed through differential down-

regulation of.ANG I1 receptors.

b
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C.  INTRODUCTION ' /

There is increasing evidence that several components of the
renin-angiotensin system fluctuate during the estrous cycle. During
early estrus, ANG II receptor density increases in the uterus (9,42)
and decreases in the pituitary gland (9). At estrus,plasma renin
substrate increases whereas 1in several areas of the brain renin
substraté‘degreases (9,36). E;trogens appear to be important effectors
involved in some of these éhanges since th? most consistent alteration
in the circulating components of the renin-angiotensin system is a
rapid (usually within 7?4 to 48 hours) and persistent increase jn plasma
‘renin substrate (22325,26,31).

Chronig,estradio] treatment has also been shown to decrease ANG II:
receptor density in the anterior pituitéry gland (8), whereas acute but
not chronic estradiol treatment incéeases the density of uterine ANG 11
receptors (42). The objective of this study was to further
characterize the effect of prolonged 7-, 14- and 28- day estrogen
treatments on ANG Il receptors in the anterior pituitary gland as well
as in two physiologically important targét tissues: the adrenal cortex
and the mesenteric artery. We chose to study the binding affinity and
density of ANG II reéebtor sites with the a\ ent antagonist [lzsl]

(Sarcosine !-lsoleucine®) ANG 11 ([}2®IJSARILE) . The antagonist

[1251] SARILE was preferred over the agonist [125TJANG\II because it
identifies a single uhiform class of ANG 11 }eceptors with high
affinity, stability and a slow dissociatign rate (11), In the present
study, down-regulation of the ANG II recep;pr by estrogen was shown in
the anterior pituitary gland, aq& was also shown to occur in the

adrenal cortex byt not in the mesénteric artery. Down-regulation of
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ANG 11 receptors in the adrenal cortex was also suggested by the effect
of estradiol im blocking the release of aldosterone by infused ANG II.
These effects of estradiol did not appear to be due to alterations in

circulating -1evels of ANG II,

D.  MATERIALS AND METHODS

a) Animals

Female 200-250 g Sprague-Dawley rats (Charles River Labs,
St-Consfant, Que.) were used for this study. Rats wére kept at 22°C
and exposed to a 12 hour 1ight 12 hour dark cycle with free access t6
normal Purina rat chow (152 mmol Na per kg) and water,

b) Experimental protocol .

\

Rats were ovariectomized (0VX) under ether ‘anesthesia, 3-1 days
after acclimatization. .Two days following ovariectomy they received 25
ug of estradiol valerate (Delestrogen, Squibb Canada, Montréal, Que:)
diluted in*0.2 ml of sesame oil vehicle (0 134 Fisher Scientific,
Fairlawn, N,J.) injected subcutaneously once a day between 08.00 ang
10,00 hour for 7, 14 or 28 days. Equal numbers of OVX-control ratsl

were treated tdentically w!th the vehicle oh]y. .
- For binding studies, control and treated anima)s were sacrificed
in the morning by decapitation and 2-3 ml of trunk blood was é;ilected
within 10 seconds in EDTA-coated glass tubes '(Vacutainer No. 6452,

Becton Dickinson, Rutherford,‘ N.J.) kept on ?fce. Plasma was then

rapidly collected after centrifugation and kept at -20?6 uni1$\d§§ayed

Y

for plasma renin activity and ANG II by radioimmunoassay (RIA). h

_Thé biological response study was similar -to that previously

reported using fntact maf% rats (7). fontrol and estradiol-treated

*
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OVX-rats were anesthetized with ether and cannulated with a

polyethylene catheter (PE-50, Intramedic, Clay Adams, NyJ.) filled with

" 0.9% NaCl 4n water containing 100 U/ml of heparin (Hepalean 100 U/ml,

Harris Lab,, Toronto, Ont,) and inserted 2.5 c¢m into the right jugular
vein near its junction with the right atrium, The <catheter was then
passed under the skin and brought out at the scruff of the neck. After

24 hours, the conscious rats were studied between 09.06 and 13,00

" hours. QvX and OVX-estradiql-treated rats were studied separately

during two consecutive days. ANG II (Peninsula, Pélo Alto, Calif.) was
dissolved in 5% dextrose in water and infused in a total volume of 0.3
m over 30 minutes at a rate of 10 pmol ANG II/minute with a Sage pump
(model 220-1, Sag:e Instruments, White Plains, N.Y.). Control rats were
infused with 5% dext'rose in_water, At the end of the infusion period,

rats were decapitated and trunk blood was collected in cold

EDTA-coated glass tubes, Blood from the first 5 seconds was used for »

plasma renin activity and the rest was coliected for aldosterone

deteminat%ons. Blood was 1mmed1a‘tenly centrifuged at 4°C and plasma

was separated ao\d stored at -20°C until assayed, |
¢) lodination of SARILE

‘ — N . .
The iodination of SARILE was slightly modified from the previously

described technique (1) using 5 ug of SARILE (Pentnsula) and 1 mCi' of
car"rier-free 125y (IMS-30, Amers:\amg Toronto, Ont.) dﬂ(uted 1‘n 2})0 ul
of 0.05 M sodium phosphate .buffer, pH 7.4, kept on 1ce! at 4°C and
jncgbated for 15 minutes with one Iodo-Bead (No. 28666, Pieulce Chenm,,

Rockford, I11.F,  Separation of ['251]SARILE was performed on a ”

DEAE-A-25 Sephadex 2cc)lugnn (1.5 x 50 cm, Pharmacia, Montreal, Oﬁe)

(11).  The specific activity of [}251JSARILE was determined by

comparing SARILE with ['2SIISARILE -n receptor binding competition
curves and provided an estimated specific activity of 300-500 Gi/mmol,
' -t , . o \
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d) Tissue preparation

. . 1)  Anterior pituitary gland

A mod}f‘lca’tion of the technique used by Hauger et al.(20) was
emp]oye?,/ The anterior pituitary lobes (10 per group) were homogenized“’
i

at 4°C in 5 ml of sodium bi€arbonate washing buffer and centrifuged at

.10 ¢ for 19 minutes. The resulting supernatant was centrifuged at

40,000 g at 4°C for 10 minuies. The pellet was then washed and
recentrifuged for 15 min’;ates and finally resuspen&ed in 4 ml \of assay
buffer without BSA, The final assay buffer concentration was 50 mM
Tris-HCl, pH 7.4,at 25°C, 10 mM MgClp,. 1 /mM Na-EDTA 1in 0.2%
heat-inactivated BSA. ' . '

11). Adrenal cortex -

Thé adrenél medul 1a wa§ gently squeezed from the adrenal cortex
through a small lateral incision. Six to 20 adrenal’cortical capsules
per group were collected and stored on ice, then processeq as described
for the aﬁterior pituitary gland. "The fihal assay buffer concentration
consisted of 50 mM Tris-HCl, pH 7.4, at 25°C, 1 mM MgCl, 0.1 md
Na-EDTA, 150 'mM NaCl in 0.2% heat- 1nact1vated BSA, ’ ‘

ii1) enteric artery
A modification of the technique used by He1 et al (45) and similar

to that descr1bed'by Gunther et al (14) and Schiffrin et al (41) was

- employed. Three rats were used per group. The cleaned mesenteric

arteries were finely minced with scissors in 3.0‘ml of 0.25 M sucrose,
an;i hon;ogenized in a F;olytron (setting 8; 2X10 seconds; Kinematica,
Lucefne.\Switzern;nd) The crude homogenate was then filtered through
4 layers of cheesecloth and centrifuged at 1500 g/ for 10 minutes at

4°c,' and the,supernatant was decanted . and recentrifuged, The
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supernatant was then centr:ﬂuged at 100,000 g for 30 minutes, and the
pellet was homogenized in 5 ml of 0.25 M sucrose and centrifuged again
at 1500 g for 10 mfnutes at 4°C. The supernatani} was made up to 7 ml

with 0,25 M sucrose and was then used ?or binding: in a final
MgCl,, 0.05 mM

‘concentration of 25 mM Tris-HCl, pH 7.4, at 25°C, 0.5
Na-EDTA, 75 mM NaCl, 125 mM sucrose in 0,1% heat-inactivated "BSA. For
each time period ihe following number of experiments were penrformed: 7
days‘ n=3, 14 days n=3, 28 days n=2,

e} Binding Assay

f ’“Sa(ti:rat‘lon binding was always pert\‘—omed on fresh mesenteric artery
particulate fractions. When necessary ;ﬁterior pituitary and adrenal
cortical membranes were frozen in liquid nitrogen ‘an.d kept at -70°C in
their respective ass;g buffer to which 0.25 M sucrose was added. The
binldj'ng assay was performed in duplicate :as follows: 100 pl of
homogenized tissue membranes Wer; incubated with varying concentrations

of [1251]1SARILE 1n borosilicate glass tubes in a final volume of 200 yul

of assay buffer. ¢ Nonspecific binding was -deternined atf 4
concentratiéns by finally adding 1 pM c;f unlabeled SARILE. ,Im—:u'bqtion *
vas carried out in a sha‘lser bath for 60 minutes at 25°C, terminated by
the addition of 4 “ml/i\bf ’ccndq assay buffer without BSA and 'fil"tered .
through dlaég-fiber fﬂters (Whatman GF}B, Maidstope, UK) prewettgg , #

. with assay buffer. The incubation tubes were rinsed with an additional

4-ml of assay t_:uf‘fer followed by two rapj'd 4 mt rinses of fiiter
wells, ~ Filters were counted , in a gamma counter (LKB-Wallak 1274
Qua\tro, Ll{B. F1nland). Data were analysed by computer-assisted least

. squéres- nonlinear -regression anmalysis (11), Prateins were'measureﬂ.c
3 ' . C "

'
Vo

.according’ to the technique described by Lowry et al, (29).

‘
t ’
'
. . . ®
‘
)
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f) Plasma angiotensin II, plasma renin activity, and

aldosterone measurements .

o,
Plasma ANG II levels and plasma renin -activity were measured

directly as described (16,17). Briefly ANG II was determined by RIA
using ['251] ANG 11 prepared by the chloramine-T method (23) and
purified by partition chromatograph_y on Sephadex G-25. Plasma renin
activity was determined by incubating 1 m of dﬂuted plasma at 4°C* and
37°C for 2 hours at pH 6 5 and then measuring generated ANG I Tevels by

RIA, Plasma’ aidosterone concentration was . measured by RIA after

extraction "and chromatography (44). B

g) Statisticai analysis . ) L

" Two-way anah{sis of variance (ANOVA) ivas~per‘formed'for each of the

4 variables shown in:;%l‘es’l and 11 usin‘g as factors: (a) the-type of

,Itreatment and (b). the duration of treatment Differences of .the mean

from data of Iabies I!I and IV were ana1ysed T:y two-tailed unpaired\

Student's t test. . ’ , \

Representative receptor saturation experiments using membranes

fpom ail 3 target tissues are shown in figure 1, where each point

-

represents bound [lzsl]SARILE as a function of added increasing
concentrations of ra'dioligand ‘and the 1ines are the best fit of - the
data as analysed simultaneously by computer-assisted 1ea§t squares

nonl{inear regression analysis (11) The 2 top curves of each ,graph,

:represent total binding of radioligand from controi ‘and  treated

animals, and the 2 Tower iines represént the corresponding nonspecific'

L

¢ . . E o
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Fiﬁure T
, & .
Representative [12§I]SARILE receptor saturation experiments using

membranes from (A). anterior pituitary gland (8) adrenal cortex, and

(C) mesenteric artery (A and. B are from 14- -day OVX contrd% and

estradiol-treated rats, and C 1s from a 28-day experiment). The black -

symbols represent total binding: e = controls a = treated, whereas

open symbols (o, A) represent correspohding nonspecific binding.
(AII=ANG II).
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Table 1 "

PARAMETERS MEASURED FROM Aujzgtoa PITUITAPY MEMBRANES OF OVARIECTOMIZED RATS
(MEANS ¢ SEM) '

R KD . P
(fmol/mg)* (fmol/gland]* (nM) (ng/gland)*
7 days Control 348 ¢ 36 111 ¢ 40 0.48 £ 0.08 270+ 108 n = 4
- Treated 113 £ 33 60 £ 26 0,60 ¢ 0.34 487 + 142 n =4
14 days Control 375 ¢ 64 143°¢°30 0.55‘3'0.10 ‘-567 t 33 n=6 ’
Treated 71+ 16 - 53¢ 11 0.65 ¢ 0.12 7584 ¢ 63 n %6
28 deys Control 278t 91 102 ¢ 16 0,72+ 0,15 410 68 n =3
0.73 + 0.14. 3

Treated 49 + 16 3Bt 6 876 £ 163 n =

R = -receptor density, Kp = dissociation canstant, P = anterior pituitary
, membrane protein ’

* = ANOVA (type of treatment): »p < 0.01

450 ¢ WA ANOWA: FACTOR &1 FYPE OF TREATNENT! PCO0Y -

2 FACTOR, B DURATION OFf TREATNERT: ng
N < 400} . AxSs MIERACTION: W3
3 I " ,
i 3s0t al l
> 300} Sle
0 .
@ ] g
2 250}
l . .
8 200
& .
g 150 F L
n
T 100}
e~ .
[~] .
< % A
x
< i .
nse L ] YY)
7 " . . 28

DAYS OF ESTRADIOL TREATMENT

Fiaure 2
-h’ N
Anterfor pituitary gland ANG II receptor density following chronic
estradiol treatment, -Rars’ represent a summary of all experiments t 1 SEM,

Data are from Table I,

v _—_ ’ \
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binding established in the presence of an excess of unlabeled SARILE (1

uM). Receptor fggcentrat*lqn (nM) was estjmated at saturation of

g

specific binding (total minus nonspecific) and corrected for tissue

protein concentration (fmol/mg). The equilibrium dissoctation constant

(Kp ) 1s calculated as the concent}*ation of radioligand at which

¢

receptor binding s half-maximal.,

a)  Anterior pituitary gland

In the éntér:ior pifaitary gland, estradiol decreased (p « 0,01)
ANG II ‘receptor: density throughout treatment (table I, figs. 1A and

~'2)s There );:ya‘s 0 eéignific‘ant difference between groups with time and no

'1An\t:>eract19n' betweer the duration and type of treatment. The

estradiol-induced decrease in ANG II receptor density in the anterior

e £
".. pituitary gland was completed after 7 days of treatment (control: 348
't 36 vs treated 113 £ 33 fmol/mg protein). Deg,rease’i-n ANG LI receptor

den's1ty in the anterior plituitary gland was not an artifact' due to -

estrogen-induced increasp in tissue protein. This is demonstrat'ed in

.

table I where ANG I; receptor density 1is expressed in fmol/gland and

" indicates an ahsolute decrease after 7 days kfrom 111 = 40 to 60 % 26

fmol/gland)., Table I also indicates that the Kp for ['251]SARILE was
not significantly different between control and treated rats‘ at any
time period, Jhe measure of protein: from homo‘g;anizéd iissue expressed
in ‘ug/g1and also confirmed t}iét estradiol treatment approxifnately

~ .

doubled the amount of anterior pituitary membrane protein (table I) and

that these values significantly increased with tige (p < 0,02),
- .S v

v a

b
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~

’

(MEANS £ SEM)

7 days Control
Treated

14 days Control
Treated

28 days Control
Treated

R =

€

receptor density,

membrane protein .

* = ANOVA (type of treatment): p < 0.05

-~

\

Adrenal cortex ANG

ANGIOTENSIN I RECEPTORS (fmot/mg prot.)

Table II o
’ PARAMETERS MEASURED FROM ADF;ENAL CORTICAL MEMBRANES OF OVARIECTOMIZED RATS
-5
r 17
R ) KD P
(fmol/mg)* (fmol/gland)* (nMT (ng/gland)
, . L.
2428 + 278 596 t 85 2.40 £ 0.47 248 £ 21 n = 7
1848 + 297 404 + 77 2.13 + 0.56 218 £ 25 n = 7
1726 £ 283 396 ¢ 83 1,27 £ 0.42 225+ 33 n = 6
1111 £ 248 281 ¢ 75 1.23 ¢ 0.43 237+ 20 - n = §
2056 ¢+ 177 287 + 2 0.83 ¢+ 0.005 141 £ 13 n = 2
1247 ¢ . 80 186 t 21 0,83 ¢ 0.005 151 ¢ 26 n =2 >
| L

Kp = dissociation constant, P = adrenal cortical®

~7

3200 SWAY ANOVAI FACTOR Ar TYPE OF FREATMENT: P<O.08
FACTOR 81 DURATION OF TREATMENT: n3
2800 F 4781 IRTERACTION: N3 N
2400 ¢+
2000 |
t
1600 1
1200 [‘
800 |
400
a7 ) a8 T me2
’7 4 28
DAYS OF ESTRADIOL TREATMENT
Figure 3

II receptor density following chronic estradiol

treatment. Bars represent a summary of all experiments % 1 SEM; Data'are

from Table II.

L
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b) Adrenal cortex i .

Estradiol treatment signié%cant1y decreased (; < 0.05) ANG II
receptor density 1in- the adrenal cortex and the \eitent of
down-regulation was not statistically significant (p >0.05) between 7-,
14- or 28- day treatments (table II, figs. 1B and 3). Table II also
indicates that the Kp for [lziI]SARILE as we11‘ as tissue protein

measurements were hot significantly different between control and

.treated rats from an& time period. Decreases fn ANG 11 receptor

density in ‘the adrenél cortex was 1gss pronounced however tham in the
anterior pituitary §land when expressed eithér in fmol/mg protein‘
{~30% vs ~80% decrease) or .in fmol/gland 0»36% vs ~60% décrease)
(tables I, IT). As shown in table III, low dose' infusion of ANG II
into freely-moving conscious ovariectomiied rats . significant]y
increased (p <0.05) circulating aldosterone levels from 15 6« 1.1 to
22.9 ¢ 2.2 ng/d1 and suppressed plasma ren1n activity from 2. 23 t 0,13
to 0.67 = 0.14 ng ANG I/mil/hour. In 7-qu estradiol-treated rats

however, aldosterone levels did not significantly increase (p > 0.05)

“from 17.6 ¢ 1,8 to 19.1 ¢ 1.6.ng/dl despite a sign1f1ca3t decrease

(p <0.01) in plasma renin activity from 1.65 ¢ 0.15 to 0.19 ¢ 0.03 ng

ANG I/ml/hour. _ i

-

¢) Mesenteric-drtery ..

In the mesenteric artery, estradio] treatment produced no
significant effect on ANG 1T receptor density nor on the affinity of
[LZSI]SARILE for its receptor sites (fig. 1C) nor did it alter tissue
protein. Two-way ANOVA confirmed that there was\ no significant
difference between control and treated rat§ at any time period and no°

difference with time. The mean values for mesenteric-artery ANG 11
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Table III
EFFECT OF 7 DAY-ESTRADIOL .TREATMENT ON THE RELEASE OF ALDOSTERONF RY EXOGENOUS

ANG _II IN CONSCIOUS OVAR\X{QTOHIZED RATS (MEANS t SEM)

Aldosterone Plasma renin acti;ity
(ng/dT¥)! (ng ANG I/ml/h)

a) Control: 5% dextrose 15,6 £+ 1,1 ° 2,23 +0,13 n'=10
b) Control: ANG Il 10 ngdnin/30 min 22,9 & "2,2* IJ.67 t 0,14** n =10
¢) Estradiol:5% dextrose 17.6 + 1.8 1.65 £ 0.15 n =11
d) Estradiol:ANG II 10 ng/min/30 min 19,1 ¢ 1.6 0.19 ¢ 0.03** n‘ =9

* p £ 0.05 Two-tailed unpaired Student's t-test comparing a & b,

** p ¢ 0.01 Two-tailed unpaired Student's t-test comparing a &b, c & d

<

Tablg IV
EFFECT OF CHRONIC ESfRADIOL TREATMENT ON CIRCULATING ANG ANG 11, PRA, TOTAL RODY
WEIGHT AND ANTERIOR PITUITARY GLAND WEIGHT IN OVARIECTOMIZED RATS (MEANS + SEN)
ANG II (pg/m1)® PRA (ng ANG I/ml/h)? Bw’g AP (mg)

7 days Control 56,8+ 6.2 n = 46 2,99 %+ 0.27 n = 30 245+t 3 12.8 £ 0.6
. Treated 48.6 t 6.3 n = 43 2,46 £+.0.31 n = 29 223 &£ 3** 21,4 % 1,1**

14 days Control 59.7% 3,3 n =21 2,34+ 0.286n = 21 261 %t 4 16.9 £ 0.3
Treated 43.8¢ 6.6*n =20 1.78 £ 0.23n = 22 215 t 4** 33,1 & 1,4**

28 days Control - 1,13+ 0.20n = 8 293 ¢ 9 14.8 £ 0.4
Treated - 0.73 £ 0.21n =7 235 % 4** 25,6 ¢ 1,2**

ANG I = plasma angiotensin II, PRA = plasma renin activity, BW = total
body weight, AP = anterior pituitary gland weight.
* ** Significantly different from OVX-control at p<0.05 (*) or p < 0.01 (**)
/"‘N’wo-taﬂed unpaired Student's t test).

SI unit conversion factor (1) 3 0,36045 = pmol/dl
(2) #+ 1.3247 = pmol ANG I/ml/h
(3) +1 = pmol /1 !
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receptor density of pooled control vs treated rats were: 206 t 19" vs _ :
168 + 15 fmol/mg and Kp values of 0.6 t 0.06 vs 0.59 + 0.07 nM
respectively (means t SEM).

d) Other parameters

-

In rats used for binding studies, estradiol treatment produced. a
significant decrease in c1rc61at1ng ANG IT levels measured from
individual rats only after 2 weeks of treatment (p < 0.05, tahle 1V).
Plasma renin activity also appeared to decrease following estradiol
treatment"(tables III, IV). Estradiol treatment also significﬁnt]y
reduced (p < 0,01) total body w;'l“ghts whereas” the anterior pituiyt.ar_y
gland approximately doubled in size (table IV), These latter results
are similar to those previously reported (8).

F.  DISCUSSION
A novel. approach in this study was the 4use ‘of t;ue potent

antagonist [1251]SARILE to quantify ANG II receptor densities in the

a‘nterior pituitary gland, édrenal cortex and r;nesenteric artery. The

use of radiolabeled antagonists for hormong receptor quantifications

has been widely validated in several other receptar systems (10, 27).

Validation of the use of [}251]SARILE to characterize ANG Il receptors o )

has been recently demonstrated using adrenal zona glomerulosa membranes

(11). In that study, binding of [1251]JANG II was shown to be sensitive

to the* addition of guanine nucleotides and competition curves revéaledd A

the presence of two apparent classes of binding sites of high and low

affinity, S1m1.1ar findings have also been reported for the

g-adrenergic receptor when using radiol abeled g-adrenergi® agonists
-~
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(27). In contrast to the binding of agonists, the binding - of
[125]1)SARILE (11) was shown to be dinsensitive to the addition of
guanine nucleotides and did not discriminate between these different
affinity states of . the }eceptor. Therefore, the antagonist
[1251)SARILE measured a more uniform class of ANG Il receptors with

high affinity, specifify, stability, and a slow dissociation rate
in using [Y251JSARILE over [!251JANG IT fs

-

that the sarcosine substitution 1in position 1 - stabilizes the

(11). Another advanta

actapeptide by decreasing enzymatic degradation (19). In a recent
published abstract, another ~group has also used [IZSI]SARILE. to
¥

localize ANG I1 receptors in rat brain homogenates and in brain sl fces
by autoradiography (21).

‘Furtherjmbre' the potency ord;ar of agonists competing for
[125138AR1LE was also shown to be the same as the potenc:y ordér of
agonists on aldosterone release (l11). Alth‘ough the use of efther
[mIJSARILE }or _[msI]ANG 11 measures the same total number of adrena)
ANG Il‘receptc;rs (11), ‘the use of thé radiolabeled antagon;st should
allow for better quantitative estimations of receptor density and
affinity. In the present study, ANG 1l receptor density values were
simi_Iar to those pﬂrevious.ly r'éported for the rat anterior pituitary
gland and purified adrenal zona glomerulosa (20, 34). However, for the
meSentéric— artery, we reportl’,‘a much hjgher density than pr‘eviousyll,y

reported (14, 41) which may be due to differences in membrane

) preparation or tonic strength of the buffers or possibly to the use of

E}251SARILE, ‘ .

-
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In this study, chronic estradiol treatment has been shown for the
first time to produce different effects on ANG Il receptor density
depending upon the target tissue examined, This differential effect

does not appear to be mediated via altered circulating levels of ANG II

-

since plasma ANG II levels were not increased following sustained
administration of a large dose of estradioi ftable 1V). This finding
is in agreement with Ménard and Catt (31) who have shown that.estr§!1ol
treétment in rats produced a rapid increase within 6 hours of plasma
renin substrate~and that following a transient 48-h~our increase, plasma
- 'renin activity fell slightly below normal levels by day 6 whgn plasma
renin concentrations were reduced, by half. ~ Although conflicting
results have heen puhlished \(_ﬁnrAreview see 38 & chanter é), it can bhe
generally ‘conc1udeld that in women estrogens increase circuléting ANG 1]
(6) and plasma rénin activity (25,26). These values approach normal
Tevels with chron‘fc treatment ‘as plésna renin concer}trations are Being
suppressed (26,31,32,35). Se\;era] re})orts .(26,35) have suggested thqt
in’ rats chronically treated with estradiol, homeostatic mechanisms are
more efficient - in compensating for_ jﬁcrgased plasma rer;in subst rate
than in women taking oral contraceptives or estrogens, It must be
emphasized however, thaj‘. discrepant results may be due to the use of
p‘hprmaco‘logicﬂ doses of estrogens in rats compared to much smaller
therapeutic doses‘ used in wome\n. Furthermore,” in rats chronically
_ treated with mg doses of estrogens to induce hypertension (28,40)
b]asma renin activity was increased while, plasma -renin coni:entraﬂon
was unchanged 6r slightly decreased again indicating the- importance of -

the dose effect on these parameters,

»
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Decreased circulating levels of ANG II ~have been shown to
down-regulate ANG Il receptors in the adrenal gland and to up-regulate
them in vascular smooth muscle (5,15). Elevated ANG II Tevels produce
an opposite effect. Since estrogens exert a mineralocorticoid effect

in addition to their effect, on the renin-aldosterone system (24) it

might be argued thai: in this study a positive sodium balance may be

_responsible for the observed 'down-.regnlation of the adrenal ANG ]I

receptor via lowered‘circ\ulating ANG 11 (table Iv, ANG I1 wat 14 daysj.
This does not appear to be thg predominant mechanism of action s‘ince
up-regulation of the mesenteric artery ANG II receptor was not observed
at any time period during the present study,

In the anterior pituitary gland however, down-= re‘guhtion of the
ANG II receptor may be due. to release of ANG II into the portal
ctrculation,  Neurons which display uptake of estradiol have been

Tocalized - in; neurobhysin-contgmng magnocellular neurons of the.

parayehtrichla-r and supraoptic nuclet (37). These neurops have ‘also

been shown to contain r]atfve ANG 11 (13‘). These hypothalamic nuclef

project to & wide variety of )extrahypothalamia CNS regions-which also
contain ANG 11 {13).° Since one of these ANG 11 containing regions is
the external zone of the median eminence, It lis’possible that
tirculating estrogens mdy act directky on the paraventriwlar and
supraoptic nqc]ei to c¢ause. the release of ANG II 1into the
ﬁypotha1amo-hyp6physe_al ‘" portal system, leading to ANG II-induced
down-regulatmn' of ANG II r;ece'ptors). This hypothesis does not agree
however with the results of Mendelsohn et al. (34) who have shown that
in. contrast to a&renaT and vascular, ANG 11 receptors. thosg "in the

anterior pituitary gland were not éff;éted by changes in salt- balance .

”,
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>or ANG II infusion. In a limited number of observat1ons, we did not

see any differénce between the density of ANG II receptors in the

anierior pituitary of ovariectomized and intact female rats samp]éd
° {

A

randomly with respect to their estrous cyc]ews‘finding has also

gden reported in ‘another study where on]y a2 smal apparent decrease

(not significant) in anterior p1tu1tary ANG II recep;or density was

observed from intact cycHng females when compared to ovariectomized
controls (8). These findings suggest that significant down-regutation
of anterior pituitary ANG II receptors may occur only during the high
estrogenic phase of the cycle, and may not be detected 1n pooled

N

“pituitary glands obtained randomly from cycHng female rats, since

114.

about half of these ratsi\are in the diestrous stage (characterized 'by'

Tow circulaﬁng\estrogen levels). Estrogen treatment also.produces
several well -known alterations in nept"rde hormone, secretion” such as a

decrease 1in gonadot\ropfns and an incréase in prolactin._ To our

or other estrogen 1nduced alterat‘lons on ANG 11 receptors have not t{een -

documented , ]

oIt apoears oner'lyl that the estradiol-induced down-r‘egula,trion of
ANG H® receptors "is due’to a direct effect on the plasma membrane
1ead1ng to a]loster1c alterations of the ANG - II receptor’ or to
a]terations 1n membrane f1u1d1ty ana’logous to the effect of cholesteryl
hemisuccinate on_adrenal ANG FI receptors reported by Carroll et al.

(4). In. eéparate stud1es,"when estradiol was added into test tubes

N

\conta‘lning homogenized anterior p’rtu1tary membranes (8) or adrenal
‘corticaI membranes (3), there was no effect upon [1ZSI]ANG I binding.

. Neverthefess, stnce ‘specific estradiol binding sites "~ have been

N
|

\

'knowledge the fmssible {ndirect implications of these peptide hormones@
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identified in the.anterior pituitary gland (12), \adrenal cortex - (30)
and 1in v;scular smooth muscle (I8) 1t is possible to speculate ‘that
estradiol may act directly in vive on these target tissues and alter

ANG II receptor density and/or sensitivity to ANG II. - This study

cannot exclude that other ovarian products may also be involved in ANG

. II receptor down- regu{ation since chronic estradiol treatment has a'lso

been shown to reduce ' ANG II. receptor density in the uterus of 1ntact :

female rats (42). '
In the adrenal cortex and vascular smboth muscle, recipr'ocal
alterations in ANG II' receptor density are followed by parallel changes

in sensitivity to~ANG I (, 2). 0ur ’biological response stuay‘\\

,' confirms that estradiol- 1nduced down-regulation of adrena] cortical ANG

I1 receptor density blocks the release of aldosterone by low dose

T e

1nfusion of ANG Il It ts noteworth_y that 1n a- s1mﬂar experiment
using 1ntact male rats (7), the aldosterone response to the same dose

of 1nfused ANG TT was much more pronounced than the response observed

| in the present study‘— us1n‘g OvX-female rats. | Tbese findings may

indicate ~1mportantr sex’ d1ffe}-ences in tﬁe’élc_quterone‘response to ANG

It,

In co’ntrast with the, adre‘nhl cortex, estrogen-treated rats appear

.

’ ‘to be more sensitive to ANG II stimylation of prolactim re]ease despite T~

decreased pituitary ANG II ieceptor density (see chapter 4) This

. latter f1nd1ng suggests that the effect of estrogen as a factor

\.regu'l_ating prolact1n responsiveness \may, overcome down-regulation of



e evieep W

' - ‘116.

» -

Furthermore, contrary to the anter1or' pituitary gland, and similar

tio the adrenal cortex, estrogen treatment has been shown to induce

refractoriness to the pressor effects of 1nfused ANG 11 (39, 43). Our

results on the mesenteric artery suggest that the previously reported

* estrogen-induced refractoriness (39, 43) ‘may not be due to
, - ;

down—regqlation of vascular ANG I’ receptor deﬁsity.
The present obs‘ervatipns‘ brlng to mind at least three fundamental

questions: (1) What is the mechanism. of action of estradiol on ANG II

receptors? (2) What is the significance of differential- modulation of

ANG II receptors in differeﬁt target tissues? (3) How relevant fis

down~-regulation .of ‘ANG 11 ‘recepiors;to altered physiological response?
‘Definite answers on the mechanfsm of action of estradiol-induced

down-regulation of ANG, 11 receptors in such tissues as the: anterfor .

pituit;ry\ gland could best be-'solved by using a cell culturewsstem.\

Further- ‘investigat'ions looking -at estrogen regulation. of: xarget. ceH\

. f ' '

responsiveness to exogenous ANG II in additjon to quantif_y{ng ANG 11
receptor density may shed some light on the physiologica] significance
of differential modulation ‘of ANG fI r’ecpptdrs in “different target

tissues.

)

-
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CHAPTER 4 ESTROGENS DIRECTLY DOWN-REGULATE RECEPTORS FOR ANGIOTENSIN II
IN THE ANTERIOR PITUITARY GLAND WITHOUT DECREASING TARGET
CELL RESPONSIVENESS
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A.  PREFACE

In chapter 3, chronic estradiol treatment was shown to cause a
marked reduction in ANG II receptor density in the anterior pituitary
g1and'(w807£), a moderate reduction in the adrenal cortex (~ 30%) and
no apparent effect on receptor density in the mesenteric :artery. The
down-requlation of ANG 11 receptors in the adrenal cortex wa\sxelso
shown in a physiological experiment when a low-dose infusion of ANG II
failed to stimulate aldosterone release in ovariectomized rats treated
with estradiol for 7 days. These estrogen effects did not appear to be
mediated by alterations 1n‘c1rcu1ating levels of ANG 11, |

Despite these 19__\'_@ findings, direct evidence in support of a
role for\ estrtogens/ip thev down-regulation of ANG 1] receptor density

was still lacking{ . Yo ga}'n 3 better understanding of the mechanism of

action’ Qf estradiol it was decided to use cu]tured anterior pituitary
»

cells, since the most pronounced effect of. estrogens on ANG II receptor

density*was observed in this tissue.. In the preceding chapter. it was

. also;postulated that the effect of estrogens in the. anterior pituitary

©

g]an(il.might be 1‘nd1rect1y mediated by the release of ANG Il into the
portal cirfu'laﬂon. Hence, the use of cultured pituitary cells removed
from any’.hypothalamic influence would either support or rule out a
possible ccmtribution of the hypothalamus in the effect of estradiol on.
anterior pituitary ANG II receptors. 4

In ad_.:!j;tion to clarifying the mechanism of action of estrogens,
the study described in the following chapter questions the relationsh‘lp
between estrogen- 1nduced down-regulation of anterior pituitary ANG II
receptors .and altered' target cell res”pons1veness to. ANG I, This

question was addressed by Iooking at the effect of estradwl ‘on ANG

11-induced pro]actin re1ease both 1n vitro and in vivg.

—
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8.  ABSTRACT v

Chronic estradio] treatment in vivo has béen shown to reduce the
\/{si?y of receptors for ANG II in the anterior bitu1tary g'land'. We
studied whether estr.adio] is directly involved in the down-regulation

of ANG 11 recgptor§ uﬁng‘ anterior pf’tuitary cells in culture. Binding

affinity\\d\’}:}ensity of - ANG Il receptors were measured in disrupted
anterfor pitditary cells using tr;e radiol abeYed AN(G 1I antagonist

atment (10 °'nM) for

[2%13sar! ,'Uea-ANG IT (['?513SARILE). Estradiol t
either 48 or 96 hours caused a marked reduction (~n 70%) in the
density of receptors for ANG Il in cultured anterior pituitary cells
with no change in the diss‘ociﬁaﬂon‘ constant of [}25TISARILE (Kp, 0.5 ¢
0.1 nM).d In the anterior pituitary specific binding si.t.es for ANG II
are ﬁreSent in lactotrophs ami ANG IT has been shown to release prolac-.
tin both in gj_\_tg\a'nd _‘_l_r_t_ vitro. }vler_.therefore studiéd the effect of
- astradiol on ANG Il-induced prolattin reiease. In anterior p1tu1tary
'~cells' treated with estradiol for 48 hours, dose- response curves\
revealed that ANG II stﬂl Mased prolactin release (p< 0.01). The
average net prohctin releasqﬂ (ANG 11-stimulated ~minus basal) was
greater 1in estradiol-treated ceHs than in controls wtgereas the half
maximal stimulation dose (EDsg) of ANG LI was the same (0.07 ¢+ 0.04
nM). A greééer prolactin response to aIS‘nmtﬂ bolus inj\eét\ion of ANG
I1 wés also observed in 'ane{stheti;e;!-ovariectom1zed rats treated with
estradiol for 7 days. These resuitS’ suggést that . estrogens are
'd1rec1':1y involved in 1the modu‘lat1on of ANG I1 receptors in the anterior
pituitary causing marked receptor down-regulation githout decreasing

target cel responsiveness.
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C.  INTRODUCTION - -

In Wﬁﬁal,species, ANG I1 has been shown to stimulate the
release of prolactin’in vivo (13,32,33) and in vitro (30,33) as well as
the release of ACTH (3,16,28,31). Specific ANG Il binding sites have

been identified ‘in the - anterior pituitary gland (18,25) and are

0 Fpredominant'ly associated with lactotrophs and corticotrophs (1;27).

Pro]ac.tin appears to have an fimportant role in vertebrate
osmoreguhtion (22). In sub-ma&maﬁan vertebrates, pro1act1n s'eems'to
be a key. hormone in. the regulation of body fluid and eJectm]ytes
(14,24) whereas in mammals 1ts physio'log1ca1 1mportance in body fluid
pomeqstaﬂs rema1ns unclear, 5 During early estrus; the density of ANG

Il receptors tends to decrease in ;ei‘tﬁn areas of the brain and 1n the

‘anteﬂor pituitary gland ‘\(5) but increases )n the uterus (5,29),

Estrogens appear to be important effectors 1nvo1ved in these changes

‘since estrSdiol treatment in v1vo decreases ANG 11 densfty 1n the

4
anterior pitugtary (chap 3,6) adrenal cortex (chap 3), and 1n discrete

areas of the brain {15,19), Acute but not chronic estradiol treatment

has also been shovm to 1ncrease the density of uterine ANG lI receptors

(29). | ,
In this study, we addressed the foHovdng questions: Are estrogens
directly 1invol ved in the ~ down- -regulation of anterior pituitary)‘
recepiors for ANG 117 ‘Secondl_y' the significance "Of this
down-regulation was assessed by looking at the effect of 17g-estradiol

on ANG *I1-induced prolactin release both in vitro and 1_n vivo,

b ‘ o ,
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D.  MATERIAL AND METHODS . ° .

" a)  Animals ‘

Adult female Sprague'Da_w]ey rats (200-225 g) (Charlos Rivor Labs,
St-Constant, Que.)~ were used for tl'.his study and were s‘ampl‘ed randgmly
‘wft‘h resvpect to their estrous cycle. - Rats were kept‘at 22°C apd
exposed‘to“a 12 hour~light, 12 hour-dark cycle with free access to
normal Purina rat chow (}52 mmo] Na per kg) pnd_wa‘teo.

b) Anterior oituitar_y cell culture technique

Female rats were used for the preparation of primary cuitures as
déscribed-(l?).' For prolactin re]ease studies, 5 x 10° cells were
plafed per well in .quadruplicate (Prlimaria.,384‘/'_ Oxnard "Calif. ) 1n 1
ml‘ of medium and for binding stydies 4 to 5 x }05 cells in § m1 were

b1afedu in triplicate Petri dishes (Primarfa 3802). The medium '

., consisted of DMEM with 2.5% dextran-coated charcoa] édéor'bed

‘(Dcc-adsorbed) (12) fetal ca1f serum and 10% Dcc-adsorbed horse serum

with antibiotics (Gibco, Grand Island, N.Y.). After 3 days of
1ncubation at 37°C in 5% 'an water saturated afmosphere, media -were
rep!aoed, with fresh ‘medium 1in the presence -or a~bsen‘ce of 10 nM
17s-estradio1 (Steraloids, Hﬁton, N.H.: stock scﬁ‘luﬁon \10""!4 ir 100%
ethanol) for 48 or 96 bom:; (changing media once after 2 days).

The’ ANG I1 dose-respon;e study was performed as follows; after 48
hours, cells were washe’,t.w\\ce before 1ncubat1ng for 3% hours at 37°cC
with 1ncreasing concentrations of ANG II diluted in DMEM containing
" 0.02% lysosyme ch’loride (ngma, St- Louis, MO, ) 1n the presence .or

absence of 10 nM- estradiol.  Culture medium .was then collected,

centrifuged (100 'g, 4°C, 10 minutes) ano the supernatant stored 'at ;

+

-20°C untj1 assayed for prolactin,

-
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vfor 15 minutes'and the pellet resuspended in assay buffer. Angi
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. ¢) ['251ISARILE binding technique

Iod\ination of (Sar!,Ile®) ANG II (SARILE-)‘ was performe& using'

lodo-Beads (Pierce Chem., Rockford, I11.) and radioligand was purified
on HPLC using an ODS column with a gradient of acetonitrﬂe. Specific
activity of [IZSI]SARILE was deternined by comparing SARILE with

" [Y3S1ISARILE in receptor binding  competition curves and proyided an

est'lmated specific activity of 2000 Ci/mmole. After 48 or 96 hourgof
mcubation. triplicate Petr1 dishes were rinsed with assay buffer
consisting of 50 mM Tris-HC],_pH 7.4 at 25°C, 1 mM MgCl,, 150 mM NaCl

and 0.1 mM Na-EDTA. - The cells were then scraped with rubber

"policeman disrubted vith a glass homogenizer at 4°C, washed at 40,000 g

reaction Was stopped by. filtration through g1ass-f1ber ters

(Hhatman GF/B Maidstone, U.K.) followed by four washings with 5 ml, of

‘{ce~cold assay buffer. _Proteins were measured as described by Loyry et

ﬂ]. ‘23). ) 1 E‘ B N v

/

d)- 1In vivo angiotensin.Il-induced prolactin ‘release study

Two days followlng o’vgrilectomy. 10° rats receWed,ZS ug of

~ estradiol valerate (Delestrogen, Squibb Calna.da. Montréal, Oue,) diluted
“4n 0.2 ml of sesame of} (90-154, Fisher "Sci., Fairtawn, N.J.) and

injected subcutaneously ‘evéry day for 7 days. ,Cén_t'rol‘ OvVX-rats

rehei’\ved only the vehicle. On..day 7, rats were anesthetized with

¢
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_examined' in a JEOL 1200EX electron microscope. '

- ' ' . 130.
-

sodium pentbbarbita! (Somnqi:ol. MTC Phérm. 50 mg/kg 1.9.} and a

polyethylene tubing (PE-50, Intr‘am;dn, Clay Adams, N.J.) was inserted

through the right Jjugular vein and positioned near the junction with

the right atrium. Five nmol of ANG II (Peninsula, Palo Alto, Calif,)

were injected as a bolus in 100 ul of 0.9% NaCl and. serial blood

samples (1 m1) were collected 5 minutes prior to, ‘as well as 2, 5, 15

.and 30 minutes after ANG II 1injection. Each blood sample was

1med1atély replacgd with equal volumes of 0.9% NaCl -containing ;c'OO
U/ml of heparin. B1ooq samples were collected in tubes containing 100
U of hepariin ‘w1t_h\ 10 mM EDTA and after centrifugation plasma was stored
at ;20°c until assayed for-prou;ctm by RI‘A. "Prolactin was measured

using RIA kits from 'NIADDK, Pituftary Hormone Distribution Program

“using [}25{]-prolactin from New England Nuclear (NEX 108, specific

activity 40~uC1/u§)‘\ At the end of each experiment, anterior
pituitary glands were removed and weighed. S

. 8) Morphological technigue

" Additional. control and estradiol-treated rats were also pe‘r"fused )
with 50 ml of 6.9% NaCl injected into the left ventricle followed By.llt‘)
gn*lm{t'es}}f in toto fixation with 1% autarﬂdehyde I;uffere’d with 0.1 M -
cacodyiate pH 7.4, Anterior pituitary glands were' then removed,
sectibned, fixed for one additional hour in 1% glutaraldehyde buffered
with cacodylate}Hm rinsed in the same buffer before dehydration and

embedding in Araldite. Fine sections were cut with a Reichert OMU,

!.u‘-lt‘ramic-t"otome, stained with ‘uranyl' acetate and lead citrate and:

/7"
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Figure 1 ’

Competition binding  curve - of ['2STISARILE versus added increasing

concentrat'lons of unlabeled SARILE. Each curve represeri'ts analys;s of
binding . data from cells pooled from 3 Petri d1shes treated with or
without 10 nM estradiol for 48 hours. Estradiol treatment decreased
ANG 11 re<:eptor density from 81 = 6 to 24 3 fmol/mg protein (p<0.01)
with no effect on the Kp (0.5 t 0.1 nM). Igset represents 0 to ;90%
‘normalized data. "Prot."ein’ ;:on.gentrations are the same between control

and t‘re‘a'ted ‘cells,

-
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~ f)  Statistical analysis‘

- Dose-response curves on prolactin release &nd‘b1nding}data were

ana)yked by computer-assisted non 1linear least squares }egression

analysis and the F-test (9) (Figs.. I, 2). Two and 3-way ANOVA with

Dunnett's test were used respectively for the analysis of other
paramaters and for comparing net prolact1n're)ease {see results). For

iﬂ yiva experiments (Fig. 4), differences across time within each of

© the two froups were tested using.analysis of variance (ANQVA) with the

‘repeated measures design followed by Dunnett's test. Treatment effect

on total body wefght, antertor pituitayy weight and anterior pituitary

cell protein was analysed by two-tailed unpaired Student's t test.
. { . .

~

. RESULTS |
a)  In vitro ['251JSARILE binding study

The effect of estradiol treatment on the density and affinity of’

2 N '
anterfor pituitary ANG II. receptors: was calculated from competition
binding curves (8,20) (Fig. 1). Each point represents bound’

EIZSI]SARILE as a\ function of added fincreasing concentrations of

w

unlabeled SARILE and the lines are the hest fit of the data as .

detecpingd by computer analysis (8,20). Estradiol treatment for either

48 or 95 hoﬁrs markedly reduced the density of anterior pituitary ANG

Il receptors by approximately 70%. Values decreased from 81 : 6 to 24
t 3 fmol/mg protein (p < 0,01, n=4) after 48 hours of estradiol

treatment and from 63 + 9 to 23 + 4 fmol/mg protein (p< 0.01, n=5)

after 96 hours, Normalized data from competition curves showed no

statistical difference (p >0.05) hetween‘the binding characteristics of

control and estradiol-treated cells~(Fig.l1, inset). The equilibrium- |

4
i
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\Dose;r,eéponse curves of fncreasfng_concentrati&ns of ANG IJ- versus
p.rolacf:in release meaéurgd in tt;e ‘nedium of control and 48-hour
estradio‘l-treated anterior prtuitarglr,cells. Angiotensin Il increased
(p<_0.'01) the release of prolactin in r‘nedi'um of both control and 10 nM'

" estradiol-treated cells.

PROLACTIN RELEASED IN MEDIUM (ng/mi)

500

400

300 -
200} ' },}-j"'—--:
s -,
T
-1 _

©==—0 CONTROL
&—@ I0nM ESTRADIOL

1 L 1

1
12 -1 -0 -9 -8
' LOG ADDED ANGI (M) .

. Figurg 2

o

Values are ti\e ;{\eahs t SEM of triplicate experiments,

SI unit conversion factor\ng/rﬂ

x 43.5 = pmol/1,

3

4

EDsg values were the same at 0.07 ¢ 0,04.nM,

1%

o
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dissociation constant (Kp ) 'was calculated by computer analysis of

competition curves according to the mass action law (8,20) and showed PN

e
o~

no difference (p > 0.05) between control and treated cells with the same

Kp value of 0.5 + 0.1 nM. Mémbrane protein concentrations between

%

coﬁtrol cells (652 t 72 ug/dish) and cells treated with estradiol for
48 houn{ (680 ¢+ 59 ug/dish) or 96 hours (626 + 89 ug/dish) were not
significantly different (p > 0.05). No difference was observed when
competitioﬁ curves were performed using untreated anterior. pituitary
‘cell membranes in the presence or absente of 10 nM estradiol added
directly in the binding assay tubes (data not shown],  In a limited
number of -observations, the specificity\pé §ARILE for ANG II‘b1nd1ng'
sites was confirmed by the use of ANG .11 és the competing ligand for,
41251 ISARILE and resuTted in the measurement of the same total number
of ANG II binding sites in anterior pituitary cell cultures (data not
shown ). ~

b) In v1téo angiotensin I1-induced prolactin }efease study

lDose-respohée curves. revealed that ANG iI increased (Pﬁ'°°°1) the
release of prolactin into the medium of both control and 487hour
.estradiol treated cells (Fig; 2). The_avgrage net prolactin release
(10 nM  ANG II-stimulated minus basal Jlevels) was greéter in
estradioi-fréated cells (450 + 34 minus 260 £ 18 = 4 190 ng/m}) than in
control cells’ (197 + 14 minus 105 + 3 = A 92 ng/ml) (p < 0.01).
 However the half-maximal stimulation &ose (Enso)\of ANG II on prolactin
release was 0.07 + 0.04 nM and was not statiiﬁjcally different between
control and treated -cells (p> 0.05). Confirming a well documenfed
effect of estrogens, .Sasal prolactin levels were also significantly

increased (p <0.01) following estradiol treatment (Fig. 2). Under low

. \

’ ] -
. . . )
' - . -
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Figure 3

Morphology of anterior p?tuitary cells cultured for 5 days in the

absence of estradiol. Secretory epfthelial cells are spherical. Note

the presence of secretory granules in their cytoplasm. (X 400),
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magnification, no obvieus &ifference was observed in the morphological
appearance of cultured anterior pituitary cells in the presence or
absence of estradiol (Fig. 3).

c) In vivo angigtensin Il-induced prolactin release study

Pooled plasma prolactin values from 8 OVX-controls and 8
OVX-estradio]l treated rats are -shown in Figure 4, ‘In OVX-controls,
ma;imum oblasmp pro]aciin release appeared 5 minutes after
adminigtration‘of ANG II (1.6-fold increase from the basal level of
3.8:1.6 £o 6.121.2 ng/m1); however this increase was not §ignificant
{p. > 0.05).. In‘ estradfc]ltreated rats prolaktin levels increased
2.7-fold Yp < 0,05) from the basal level of 51:20 to 14036 ng/ml, 2

mirutes after ANG II injection, Overall prolactin values from

estradiol-treated rats were higher (p < 0.01) than in O0VX-controls.

reflecting much lower pituitary levels in the latter group. Similar to
previous reports (chapter13;6), total body weights decreased (p< 0.01)
from 218t2 g in DVX-controls ‘to 202:4 g in. estradiol-treated rats
while. angerior pituitary glands approximgtely doubled in size weighing
18.4¢1.0 mg compared to 11.1+0.6 mg in controls (p< 0.01). Figure 5 is
an electron micyograph -of a hypertrophic lactotroph taken from a
mid;section of the anterior pituitary gland of a female rat treated
with estradjol for 7 days.

F.., DISCUSSION

3.  The present stu&f demonstrates for the .first time that estrogens

act directly on anterior pituitary cells to decrease ANG Il receptor .

density, Furthermore, this estrogen-induced down-regylation is not

accompanied by decreased prolactin cell responsiveness to KNG 11,

ov %

N

L4
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Figure 4

¥
Stimulation of prolactin release in vivo by 6 nmol of ANG Il fnjected -
i,v. to OVX-control and OVX-estradiol treated rats, In OVX-controls
(n=8) the 1.6-fold increase s not statisticatly significant (p> 0,05).
In OVX-estradiol treated rats (n=R), a significant 2.7~fold 1nc;ease was
noticed after 2°m1nutes.‘ * p < 0,05, ° Values éfe the means t SEM.

(I{II-ANG I1). SI unit conversion factor ng/ml x 43,5 = pmol/l.
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- ‘ Figure.S

Represents an el;ctrqn m'lcrogéaphcof a !a‘cto‘t,robh, from.a '7-day S
N estradiol treated rét. The amoynt tof rough' endoplasmic retigul um and
the stze of the, Golgi comp!e'x._ are markedly ft)‘creased,. Typﬂ:'al
pleomoréhic secreto\\y

granules are scattered throughout the ctytoplasm,
(X 16,000), - ' '

\ -
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In 2 similar in vivo study, Steele et al. '{32) *report that in
2-day estrogen primed conscious OVX-rats,: };NG Il induced a 1.8-fold
1n€rease 1}\ plasma pfolactin after 15 minutes when compared to
saline-injgcted controls whereas in OVX-only rats they report 1in
another study (33) a 2.7-fold .increase after 5 minutes. Taken
togit)ggr, both studies from Steele et al, (32,33) did not establish
whether estrogen treatment- in vivo had any effect on the sensitivity of

response to ANG II, but merely indicated that ANG Il could still elicit

I

prolactin €elease in estrogen-treated rats., . In the present study, we

foynd that in aneéthetfzed QVX-rats previously treated with estradiol

for 7 days, plasma prolactin increased 2.7-fold after 2 minutes of ANG

11 injection whereas in OVX-only rats, the apparent 1.4 and 1.6-fold
increases at 2 and 5 -minutes respectively were rot statistically
significant (Fig. 4).We have no explanation for the discrepancies
between both studies concerning OVX-only rats other than speculation-on
ciifferences in experimental approach'such as the state of anesthesia.
We have thus observed a greater in vivo prolactin fesponse to ANG?I n
anesthetized  0VX-rats chronically: treated with esircgens than din
OVX-contrnls;‘ However',‘ interpretations of 4our dn vive exper fment ar/eJ
dif%'lcult “since we have used an,gsthetized rats | injected with
sgpradhysio‘logicﬂ doses of estradiol and ANG II. This treatment'imay
have capsed a nonspe;:iﬁc prol‘acth:‘res;onse due to the stress 'of our
'in vivo study, To overcome these difficulties we elected to do a
dose-response stuqy and to quantify ANG II “receptors in cultured)'
anéerior pituitary cells.

, The’ -use of radiolabeled antagonists for hormone receptor

"9 ~
quantifications has been widely -recognized, Validation of the use of

[1251ISARILE to characterize ANG II - receptors has been previously

)

o
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demo’nstrated (. chapter 3, 10) A para]lel study using OVX-rats treated
1dent1ca11y as 1n the present study showed that estradiol treatment for

1 days caused an 80% reduction 1in ANG" Il receptor density in the

‘anterior pituitary gland -( chapter 3}, This has also been confirmed

-~

in the present study using cultured anterior . pituitary cells and tends
to rule out the hypothesis that estrogen-induced down-regulation of
anterior pituitary ANG Il receptors might be mediated by the release of
ANG’I‘I into the portal circulation. .

N
The observed effect of estrogen may well reflect down-regulation-

of lactotroph ANG II receptor density. Lactotrophs represent a large

proporﬂon/(/;\dog)\ of the total -anterior. p!thitary cell popu]étion in
the normal female rat (7). Estrogens ﬁave been shown to 1nduce
hypertrophy and hyperplaeia ‘of profactin cells in vivo (17) whereas
zq_gens increase the synthesis of prplactin in cultured cells without
causing any - dpparent Hyperplasia of lactetmphs (2, 71) The
association of ANG II receptors wﬂ;h Iactotrophs has been suggested in
several studies (1,13,27,30,33) pcrticular'ly by Aguﬁ]era et al. (1) who
have demonstrated larger prolacun responses to ANG II as wen as the
preferential location of ANG Il binding sites in 1actotroph-enr1¢:hed
fractf’ops. Several in- vitro studies except for one (33), have “failed
to show a direct effect of ANG II “on the release of GH, FSH LH or TSH

(1.16). Corticotrophs are the only other anterior p1tu1tary cell type

'whefe ANG 1I receptors have been demonstrqted repeatedly

(3,16,28,31),. However, in normal rats, corticotrophs represent Jless
than .5% of the anterior pituitary cell population (7). Contrary to
Iactotnoph-:éontaining fractions, corticotroph.fractions did not dispuy

_ maximal binding of ANG II_(1). Several.studies therefore suggest' that

-

@ . §
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the majority of anterior pituitary ANG Il receptors are situated in
lactotrophs and that this cell type is likely to be the Farget for the
estrogen effect observed in the present study.

Th‘e significance of higher net ;rolacﬁn release byl;lNG IT in

estrogen-treated anterior pituitary ceTls remains to be clarified with

respect to down-regulation of ANG II receptors, Since 48 hour

estradiol treatment. in vitro did. not alter the EDgo of ANG Il for
prolactin-release, the observed incresse in prolactin-release ;:y ANG il
might beé due to stimulation of a greater releasable’pool of p}'olacfin
under estrogenic activition regardless of alterations in plasma
membrane receptors for AMG Il. Alternatively, estro_gens,cw]d possibly
increase ANG I1-induced prolactin release by enhancing the touplfng of
the ANG 11 receptors to its yet unresolved effector and hring about a
negative feed-back ~on ANG Il receptor density. Estrogens might
down-regulate ANG Il.'rec‘eptprs by promot;ing the 1nternaH;at10n with
sequestration ?oi- increased degradation of the recepfor or p_y
interfering with receptor fsynthesis. The accumuiat‘ion of a putative
estrogen-induced proﬂuct that mi;y fnt;ibit ANG 11 receptors should also
be considered. It appears- unltkely that estrogen-induced
down-re§u1at:ion ”could be due to.a direct allosteric effect on the

plasma membrane since estradiol added to disrupted anterior pituitary

‘cell membranes in the present study did not interfere with the binding .

of [12517SARILE. 1In 1light of the increasing evidence supporting the

existence of a paracrine endogenouS' renin-angiotensin system in the --

anterior pituitary gland (11, 26), estrogens might stimulate the release

of AMG II produced in gonadotrophs, resulting in down-regulation of .the

-



P e ST

142.

N

nea‘rby lactotroph ANG II receptor. * Prolactin i{tself may also be
fnvolved 1n the dﬁwn-reéulation of ANG I receptors. s

Eur"ther studiles ai’me‘d at" determining the mechanism of action of
ANG 1T on_lactotrophs and how estrogens might 1Jntérfere‘ with t.his
mechanism are ;ieeded to verify the hypothesis put. forward in the
present study. - This study also cautions against the. ;ssumption that

dowﬁ-regulaiion -of- hormone - receptor density always leads tp decreased ,

target ;éH responsiveness.
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From this thesis, ,it appears quite clear that estrogens exert
profoun’dAeffects on the renfn-angiotensin system, particularly at the
Teve] of the ANG ][] ;'eceptor. From our first study (?ﬁ@ 3) the
effects of est.rogen.s on ANG Il receptors were shown to be quite
different depending upon the target tissue examined. Chronic estrogen
treatment (7, 14 and 28 days) in vivo was shown to cause a marked
reduction in the density of ANG 11 receptqrsf in the anterior piiuitary
glahd, ‘a,moderate'reducti.on in the adrenal cortex and no apparent
effect in receptor \ density in the mesenteric artery, This
down-regulation of‘ ANG 11 receptors was observed after 7 days of
estrogen treatment and persisted throughQut prolonged trea;:ment.
Similarly, estrogen treatment in vivo for 48 hours ’(33) ort for severa)
weeks (25) has been shown to decrease ANG II receptor density «in
ce;'ta1n d*screte areas of the brain namely in the ‘thalamus/septum and
preoptic. areas. These brain areas-are implicated in the ANE II-induced
drinking response, Therefore it appears that chronic estrogen
treatment in vivo for periods excgedfng 48 hours could down-regulate
ANG I1 receptor in several target tissues. It is not'clear to what
extent this estrogen effect is dependent upon the duration of estrogen
treatment., Estrogen treatment in vivo for Tess tt{an 48 hours has been
shown to.up-regulate ANG\II receptor density in -uterine smooth muscle ’
whereas more prolonged treatment decreased receptor density (54).
There has been no studies to |date reporting early effects of estregen=

treatment (less than 48 hours) on ANG I1 receptors 'in -other iarg_et

tissues,
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A. EF’{ECTS OF ESTROGEN ON ANGIOTENSIN I1 REGEPTORS IN THE ADRENAL

CORTEX

The  physiolegical significance ‘o{ this estrogen-induced
down-regulation of ANG 11 recepto?s in different target tissues must be
interpreted with caution. In this thesis, chronic estrogen treatment
was shown to reduce ANG II receptor density in the- adrenal cortex “and
to attenuate the aldosterone response to a\ low dose finfusion of ANG
II. This finding fits well with the classical scheme correlating
alterations in receptor number with a1térfed‘ physiologicéT response, A
fundamental qUestion is whether or not estrogens act directly on the
adrenal cortex to cause-down-regulation of ANG Il receptors. Several
studfes have 1nd1<3ated that chronic estrogen treatment has a trophic
effect on the adrenal by increasing adrenal gland weight (4,31,65).
Female' rats normally have larger adrenal glands than males and
cqnco'mitgnt]-y produce more c?‘rticostemnf under both quiescent' and
stressful condit{nns {31). Ovariectomy is'assqciat'ed with a reduction
in p'ltuitarly and adrenal gland we}ght and a cgncomitant decrease in
ACTH, corticostergne and 11-deoxycorticosterone (DOC) Tevels (9,31).
Sex differences in adrend(:ortical .structure and function have also been
reported (40), The eXact mechanism of action of ttﬂs trophic effect of
. estrogens on the adrenal gland is-unclear. High affinity binding sites
for estradiol have been 1dent1f1ed in cytosolic soluble fractions of
the adrgna] cortex (43) which suggests that the trophic éffect of
estrogens may be mediated directly via these receptors. _Micromolar
‘conéen'trattons of estrad;lol have  been  shown to stimulate
11g-hydroxylation of DOC leading to {ncreased corticosterone p;oduction
. I rat adrenal homogenates and tissue slices (24,39). Increased

corticosterone levels have also been shown in. vivg following chronic
estradial treatment (23,31). ‘
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It was suggested that the a2oparent increase in corticosterone
production by estradiol might be due to estrogen-induced inhibition of
adrenal Sa-reductase activity, resulting in  attenuation of
corticosterone metabolism (39), ;Conflicﬂn'g data concerning the
effects of estrogen on qdrenal steroidogenesis -have also been reported
in the literature and probably relate to differences of dosage aad/or
of the type of estrogenic compound used (23,39). It would appear that
here again estradiol has a hiphasic effect; small amounts stimulate
whereas large amounts inhibit adrenal steroidogenesis (39).

Morphological studies have revealed that chronfe«_estrogen
treatment for several weeks causes regressive transformatiop (atrophy)
in the repa glomerulosa of young male rats but not in adult animals
(56). The fascn’:ulata cells of young rats only, were also shown to be
enlarged following estrogen -treatment (56). Massive fat deposits .and
cellular hypertrophy in the zona reticularis occurs following ;:hronic

estrogen treatment of both young and adult male rats (56) as well as in

adult female gerbils (47), Fluctuations 1in the number of

DNA-synthesizing cells in the adrenal cortex of female rats have been
observed during the estrous cycle “9)‘ ngﬁectomy and subsequent
treatment of rats with a single high dose \of es‘tradioj produced a
transient 48-hour increase in DNA synthesizing-cells in the zona
glomerulosa which returned to normal within 5 days (60), These
findings suggest that estrogen treatment in vivo produces divergent
effects on the different adrer{al cortilca’l zones.. The significance of
these effects remains to be clarified.

The effect of estrogens on 'the adrenal cortex might also be
mediated fndirectly through the pituitary-adrenal axis. Previocus

i
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sthdies on the effgcts \of ovariectomy and rgplacement with estradiol Jon
pituitary secretion of ACTH have s{uggested that removal of the ovaries
results fin decree;sed synthesis and release of ACTH and that this effect
could be reversed by estrogen administrétion (38). Whether estrogens
act directly on anterior pituitary certicotrophs or through the rezi:ase
of corticotropin-releasing factor (CRF) from the hyposhalamus has not
been clearly estahlished (Q\ \

From these studies it would seem erly that estrogens have a
direct and/or indirect trophic effe\t on_one or several 'zones of the
adrenal cortex to increase. DOC and corticosterone synthesis "and
release. There is no evidence “that estrogens directly stimu1ate the
- zona glomerulosa to 1ncrease aldostérdne re]éase. «In" this thesis,
‘plasma aldosterone- levels did not asiqn:lficant]y increase . in
?/ariectomized rats treated with estradiol for 7 days (chapter 3, Table
aﬁl). Perhaps estrogehs actvdirectiy on tha zona glomeru‘iosa to
decrease ANG II rec‘e'ptbr."‘ deqsity," Estrogens might also interfere wifh
the late aldost'e"rci)ne‘ ogynfhgtic pathway (conversion of cortic'dst‘erone.'
to 'aldosteron_e by lé-h_ydmxylation) (F5'2).‘ Another \plt;ssib*i'th is. that
a transient estrogen-induced increase “in .'c1rcu1at‘in'g ANG. 11 would
stimulgt‘é aldosterone release qno“ ‘thf;f inchease& aldosterone levels -
by negative feefiback wohld :'iecrgase adreha! ANC I1 receptor density
(18)." These hypothgsés could perhaps explain the blunted aldosterone
response to ;\NG I1 despite: the preéume.d increase n aﬁdosterone
" precursors (DOC and corticosterOne) that have heen rephrted in other
studies fol]owing estrogen t_reatment.‘ Iﬁternatively since AGTH has
-been shown to decrease ANG 11 recepfhr densif.y in cultured glomermosa
cells (3) bstroqendinduced down-reguution of adrena] cortica'l ANG 11

receptor might be mediated 1nd1rect1y by 1n viyg stimuhtion of. ACTH
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The exact meéha;ﬂsm of action of estrogens on ANG Il receptors in the
adrena)l cortex cannot be clearly established from the present In vive
. study and would require studying the effect of 178-estradiol -in ‘

cultured glomeruiosa cells, -

B. EFFECTS OF ESTROGEN ON ANGIOTENSIN I1 RECEPTORS IN/THE MESENTERIC

ARTERY \

‘In the mesenteric artery, chronic estradiol treatment was not

shown to affect the density of ANG Il receptors (chapter 3). A similar
effect of chronic estroJen treaiment on smooth r;mscle ANG 11 receptors
has also been rep'orted in the rat uterus. Infuﬁoﬁ of Sustainéd high
dpses of estrogens has ‘deen §hown to exert a biphasic effect on uterine
smooth‘ muscle AN(G 11 receptors (54). Short term infusion caused a
transi;u't increase 1,[1\‘1"(5\ I recebtdr density which was deﬁec&ab]g
, after 12 houes, reaching its meximum at 36 hours and declining to or
below contrlol ’ya'lues affef chronic treatment for 5 tq 8 days.
‘Fc;lllowmg» infusions of ANG; 11, dose-dependent’ up- and down-requla;ion
of ANG Ii receptors ‘was opse}'ved in the adrenal c;m:ex (1) whereas an
inverse biph‘asic ef‘fect was ohserv\edr in the mesenteric artery (S3~).

Although the significance of these biphasic effects is sti11 unknown,

these findings further emphasize the dynamic nature of ANG 11 receptor

\réjuhtion. ‘ o IR
"Interestingly, estrogens have been shown tg.have bhoth stimulafory
" and inhibitory ef\fects on uterine proteins and DNA syr'tthesis (57).
Contrary to-a single injection or séveral intermittent 1'nject\10.n'sl of
estradiol, prolonged exposdre 1;6 this estrogen for .3 cor;secutiive days
causes uterine cells to become metabolically refractor_\(y to _the‘ well

known - genomic actfons of this steroid., The estrogen receptor itself
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does not appear to be affected and the ac;cumm'ationnof an '1nh1b1tory
product has boens suggesfed as a possnﬂe explanation for this
phenomenon (57), \ '
The absence of an effect of chronic 7-day estradiol treatment on
* ANG 11 receptor density #in the mesenteric artery does not correlate
with the previously re_oorted estrogen-induced refractoriness to the‘
‘ . systemic pressor effects of infused ANG II (51,58). However,
'extrapolaqons from theSe‘sphyﬂolog‘ical studies ' to the present ANG II
receptor quantifjcation ?tudy on the mesenteric ar‘terj( are somewhat .
| .t'enuous since there are “marked .differences ~in the experimental
approach, In the phys1ologica1 studies, ovarfectomized sheep were usedA
Jthey were acu:tely infused 1.v.‘w1th gstradiol given over a period s
of 1 to.2 hours. Chromc subcutaneous injections of estradiol for 5 to —'
11 days to female ovariectomized rats was shovm to reduce the. duration
/T\ =~ bot not the peak pressor {esponse to cen;ra} administration of ANG .I1
when mon'itor'mj (30 miputes) Ar the absenc; of onﬂable water (55). In°

a preliminary study . oescribe& in appendix II, duration and peak —oressor

2

responses to infused ANG II (40 pmol /200 g/m'lnute/30 minutes) were not
. significant]y different between control ovariectomized rats and rats _.
| treated with 17s-estradiol for 7 days. Simﬂar figtﬂngs have also been |
reported: in rats "oreoted with synthetic estrogens for 5 doys ~(46).
Thoso latter findings A(Ap\pe‘ndix' 11 and %ref. 46) are in adreement with
L the absence of an effoot of chron1C‘estr3d1'ol treatment on vascular ANG
IT . receptors as observed in the _mesenteric artery ' (chapter 3).
Nevertheless it is uncertain' whether alterations in ANG Il“ rece'ptor~,
density and/or afﬂn‘lty in the mesenteric artery correspond to ehanges ‘,

" in systemic pressor response to ANG II.~ Further in vitro stud‘les using y
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arterial strips or cultured vascular smootiw muscle cells would allow a
 better assessment of the effect of estrogens on vascular responsiveness
to ANG II and ‘how these findings relate to possible alterations in

receptors for ANG II.
C. ‘EFFECTS OF ESTRﬂGEN ON ANGIOTENSIN Il RECEPTORS IN THE ANTERIOR

hoN

PITUITARY GLAND

a)’ Hypofbeses on the mechanism of action of estrogen

i) Calcium mobi'lization and inhibition of adenylate cyclase

Down-reguhtion of ANG Il receptor density fn anter1or p1tu1tary
gland following chronic estradio’l treatment is’ nost 1ntr19u1ng since
this effect is not acc_ompanied by a 'Ioss of prolact1n responsiveness to
ANG II.‘A To formolate/ a rea‘sonab]e hypotnesis\on this appareno
paraﬂoxich ‘effecf requires a better understandi’ng of the mecha'msm of
.action of ANG k - Many different 1aboratories have reported inhibition"

‘of adenylate cy?lase by ANG II 1n membranes’ from several target

't1ssues, 1nclud1ng the Tdver (32), kidney (62). adrenal glands (42),, _

smooth miscle (2) ‘and anterior pituitary gland (41) In the anterior
'p1tu1tary gland a close correlat1on between the respéctive potencies
of a series of MG Ir analogs to inhibit adenylate cytlase and the,
potehctes of these ana1ogs to eHéit pro1act1n or ACTH release has been

observed (41). nopamme and ANG II have opposite effects on prolactin

‘secreﬂon .even though they both fnhibit the same adenylate cyclase. -

Marie et al (41)' proposed a model to‘ reconcile this c‘:pparent

discrepancy 1in the mechani‘sm '\of action of dopamine and ANG ~II on

prolactin secretion, Th1s model 1mpHes that prolact'ln release can be .

elicited through either a "calcium mobﬂization pathway or a "cAMP
production pathway*. Accord1ng to this model, ’ANG I could stimulate

s
-
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prolactin release through a calcium pathway as has ‘been suggested {n

, ;o
several other ANG II target tissues such as the.adrenals (20,21),

smooth mus¢le (11) and lgver (36), Concomitantly with stimulation of

the calciim pathway, ANG !I could attenuate the cAMP pathway by‘a
direct 1nh1b1t10n of the adenylate cyc1ase., fne could .reason

teleo1ogical1y that while ANG 11 stimulates prolactin re]ease through

calcium mobjlization, ANG II might also regulate its ctimitl atory effect

- by decreasing the activity of the chHﬁ pathway, <This-wou1d render the

pituitaryﬂess sensitive to other prolay@ogues such as VIP
(vaso-intestina'l :polypeptide) and TRH' { otropin releasing hormone)

which "act’ through this cAMP ‘pathway. Prolactin regunting hormonesﬂ '

such aé\VJP. and dopamine could therefore modulate prolqctin release by .

stimulating’ or fnhibiting the CAMP pathway respectively (41) whereas -

ANG Il would act by a different mpchanism possibly hy 1ncrea51ng phos—'

- pﬁoinositol turnover (6, 3n). Although several studies 1nd1ca3:e that

intracellular calcjuﬁ’ mobilization appears ‘to ’o@ important in ANG 1I

receptor transduction (mediation of cellular response); what actually

triggers this calcium mobilization is st111. unclear. For “tnstance, 1t .

i

is not known whether calcium is brought “in from the outside of the cell
or is mo\i)Hzed intracellularly. In the anterior pituitary gland, ANG’

II-inducéd calcium mobilization might 1qvol ve the "opening” of plasma

membrane calcium chanmels giving rise to an influx of calcium into the

“cell leading to stimulatian of prolactin release, ,Such -a mechanism of

action suggests a working hypothesis to explain why prolactin release

-

is stﬂl increased by ANG II in estrogen-treated cells despite Towered

numbers of ANG I rjecegtors. Since estmggn-primgd lactotrophs

s‘yntheslize greater amounts of pré_lqctin, enhancement of prolactin °

¢ Lt —? ' ,
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release by ANG 1] might occur due to a c%icium channel gating eftect
induced by the stimulation of even :Iust ] few (20%) reinaining ANG II
receptors (chapter 3). This hypothesis would b.e compatib]e with the
apparent ahsence of an effect of estrogens on lactotroph sensitivity to
ANG II as determined hy the similarity of the ENgq for ANG 11 hetween
contr01 and ‘treated cells {chapter 3). On the -Bther hand, direct
stimulatdry effects of estrog';en‘s on basal‘ as well as TRH-induced
pro]acteln release have also been reported 4(50). This latter finding '
suggests that estrogens might aiso‘i‘nteraet‘ with the TRH-cAMP coupled
system 1ikely exerting its effect‘ at a step after cAMP formation (26).

© 1) Nucleotide-binding requ'lator_y protein

" Another possible hypnthesis is that estrogens might enhance,_~
pituitary ANG I] 'receptor sensitivity apd  that down-regulation of
"lactotrnph ANG 11 receptors is a secondary conpensatory event, This
" hypothesis inpli es that estrogens act primariiy to enhance the coupling T d
of the ANG Il receptor “to its, ,as yet unresolved effector. " Ry ‘
\l analogy, glucocorticoids have been shown to increase the responsiveness

'of rat peritoneai mast ceHs to B adrenergic agonists with,out changing. S
‘the number of g-adrenergic receptors (59). _Another stqdy has shown:
"'e'vidence for kestrogen-induc’edv "att'enuation" of a st~imulat‘ory.
nucleot 1de- bin'ding‘regulatory component (N;c‘onponent )‘ involved i'n the f
coup'ling of the LH and s«adrenergic corpora’ Tuteal receptors to the ‘ H
catalytic component of "adenylate cyclase (,37). This N-component of
adenylate cyclase systems is the '»protexi'n that serves as the interface
between hormone receptors and the cata'iytic unit of .the system (37)

This decrease in- N—component activity suggested that estrogens |in .

) addition to causing a decrease in iuteai LH receptor number, cou‘ld also




| cause a receptor-independent decrease in the resp(msiveness of the

adenylat,e c_yc1a‘se system ‘to LH (37). It 15 stﬂl an open question as

to ‘unether sinﬂar studies on "tlhe\ anterior pitnitaryﬂg]a_nd ANG II , v
're‘cepton \'would reveai- "erhanced" | r‘athér than "suppressed"

estrqgen 1nduced ”coupHng" of the ANG 11 receptor to "its yet unknown :

effector. | _ - ., © /

Severa1 studies suggest that the ANG 11 receptor may very- weH be. - . Sl
.'lvinked‘ to a'nucleotide-bindmg protein which may be regu]ating | v
ngpn1.st-1nduced’post -receptor events. [“"’JANG I b1nd1ng is decreased'
hy‘guar'nne nucleot)ides (GTP)fﬂO,Z?*.G:!)’./ High and Tow aff1n1ty_bind1ng ‘
sites for the agon1s‘f A'NG,/II' (which are sensitive to GIP) have beln‘
reported .for ANG Il receptars in’ the adrenal  (13), liver (10),

—myocardium (64) and mesenferic artery (44) uterus. (17) and brain (5)& :

Other stud1e$ have ,reported on]y a sing]e uniform c'lass ‘of ANG Il

receptors (28, 29 45,54), These . discrepancies might be due ‘ .
methodo!ogical differences 1n radio-—receptnr assays or in the analysis " L

" of Mnd'lng data,  Nevertheless, it appears that, the ANG :11, coE
hgdnist Specif'lc hi-gh afﬂnity receptor conp}ex 1nc1udes a guanine‘ h ; {
nucleot‘lde-bindhg protein which {s 1nvo1ved 1n ‘the.. regulation of i
: re;ept:or affinity and possibiy of 1ts/f{mct1on. In, adenylaﬁe cyclase -
.toupled systems sych \as t\he.a-adrenergn recepto‘r; hinn and. low
- affinity sites sensdtiva to GTP have been previously éharacter1zed
(3.5).-.\ Interestingly, the ab1ﬁ‘1ty'of p-adr‘ene’rgic/‘ agonists to'activate

. adenylate cyclase (intrinsic activity) fdrrdél‘ated'«'é‘losely'iﬂith the
amonnt ‘of‘ high aff*lnity state formed in the presence of the agonist
(35) “There 1s an . apparent 1mpa1rment of high affinity state formation

A}

1n membranes derived from “desensitized" cells which may be responsible
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"for the decreased activation of adenylate cyclase observed #fter

“
Y

desensjtization (35). ‘
. Extrapolating these findi‘ngs from the g-adrenergic receptor to the
present stud’y. it might be speculated that estrogens interact with a
" guanine nucleot ide regulatory protein which may be involved ‘1n the
‘enhanoed pituiutary cellular response to exogenous ANG\ I1. This
hypothesfs suggosts that fo]'lowing estrogen treatment less receptors
are available for st1mulat16n . however  the "transduetion
signa]"foﬂowfnq ANG IT bfnding to the receptor is enhanCed Further
studies will be needed to determine whether or not dffferent affinity ,
states of the ANG 11 receptor exist in the anterior pituitary g]and.
This cou1d be foHowed by a study on the effect of estrogen treatment '
©on these presumed different affinit_y states of pituitary ANG T1

receptors which might further substantiate this hypothes1s.

1) Endogenous renin -angiotensin system

In view of the 1ncreas1ng evidence suggest1ng the existence of
1ocal ehdogenous ANG 11 producinn systems in several target iissués,
\*one might A speculate that ‘estrogens "could a1ter the rate of
productidn of ANG™ 11 and fhat thig locally produced ANG II would act as
A paracrine hormone to stimuTate and eVentuaHy to desensitize and
down-regulate the nearby ANG II receptor. In the anterior pituitary
g¥and, all e'lements supporting such a concept are present. Estrogen
receptors renin substrate, renin, ANG I, converting enzyme and ANG <11
are all present fn the anterior pituitary (chapter 1, table 1). More
. precisely, estrogen receptors (34) and native ANG 11 (16) are found in
| bo’nadotropht' and NG TI r‘eceptons are. situated in the fnearby

Tactotrophs.~' Hedium from gonadotroph-rich cell aggregates has been“
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shown to stimulate proIact1n release (15) . This effect was not due- to
FSH or LH (15) “but might be due. to gonadotroph-derived ANG 11,

Although this hypothesis could explafn how 1ncally produced ANG Il
. could cause down-regolation of lactotroph ANG 11 :iceptors, the absence
of desensitization of lactotrophs to ANG 11 following estrogen
;reafment rems ns unexpleined. Perhaps another 1ntervening factor 1is

4 .
involved in' estrqgen sensitization of lactotrophs to ANG II, In this

respect gonadotroghs have been shown to potentiate ‘the prolactin-

response to ANG 1! when co-cultured with Tactotrophs (14) suggest1ng a

_yet .undefined priming effect of gonadotrophs on:  lactotroph

i

sensitivity, - Another poss1b111ty for lack of correspondence between

" enhanced proIactfn responsiveness to ANF Il and estrogen-induced

. down- regulation of’ pituitary ANG I1 receptors might signify that the

}actotroph ce11 is not the proper target ce11 for-the observed estrogen

effect. This possihility wnuld seem un1ikely however as previously *

L3

discussed. in chapter a,

D.' 'EFFECTS OF ESTROGEN ON_OTHER ANTERIOR PITUfTARY PEPTINE HORMONE '}\\

RECEPTORS. : o ' g .
' Analogous to the present study, 17-w$tradiol treatment in vive
has been shown to produce dissociated changes of pituitary luteinizing'
hormone releasing horoooe (Lyau) receptors and resoonsiveness to LHRH
(22).‘ In this 1n$£gnce a single 1njecoion of 178-estradiol to

ovariectomized rats caused a biphasic effect on the LH response to LHRH

v’
Lt

(from hypo- to hyperresponsiveness without any change in [12513 LHRH -

pinding, Moreover), the self-priming effect of LHRH (10-fold increase
“in the LN responsd to-a second .injection of LHRH) was accompanied.by a

‘ :40% loss of pituitary LHRH receptors (22). In anterior pituitary cell

1
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wléur‘e, the stimulatory effect ‘of estrogens or; LH responsiveness to
LHRH appeared to be due to changes in the sensitivity of t;ve release
me;;hanjsms in gonaldotqrophs, since total LH content (release plus cell
content) was not affected by 17p-estrad‘101 treatment, (19){. Therefore
3%hese fjndinés on the modulation ‘of gonadotropin secretioh also suggest
that post-receptor evehts play a predominant role in the contrel of
pitu1t\ary hormgne secretion by estrogens. On the other hand, direct
correlations between estrogen-induced effects on- ceceptor density and
cell responsiveness have also been reported in thg anterior pituitary,
Est;radioh treatment of rats for 2 days has’ been st;own to increase TRH
receptor den'sity' and- 1s accompanied by enhanced sensitivity of the TSH

response to TRH as well as a larger prolactin response to TRH (12).

This further emphasires/ the complexity of the effect of estrogens on

-‘differ‘ent receptor systems and precludes a common mechanism of action

<

for this steroid.
E. EFFE(‘:TS‘ OF OTHER SEX STEROIDS ON ANGIOTENSIN II RECEPTORS

" Sex steroids other than estrogens have also been shown to produce

marked effects on several different hormone systems. In vivo studie® ° '

have shown that estrogen treatment increases’ uterine a-adrenergic and
! i . { .
oxytocin receptors whereas progesterone appears to have an opposite

effect (48,61). . Progesterone lhas alsp been shown to block the

tr\ansiept est_;radiol-indti(-:ed fncrease in uterine ANG Il receptor density
(54).. Using collagenase-dispersed adrenal glomerulosa cells, it was

also .shown that 'andro‘gens (testosterone hemisuccinate)'increaseq the

awos'teroﬁe response to ANG Il and displayed rapid increases. within

_minutes in whole cell ANG .IT binding that was not seen when the steroid

was present during the binding assay (7).  In fact when, testosterone

2
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was added in medium during binding determinations with the dispersed
cells, binding of ANG II was 1inhibited rather ,than enhanced. This

a'pparent allosteric effect of androgen s'teroids. on adrenal ANG I

/

§

récéptors ‘was not .observed in this t‘hesis when studying the ef%‘:’cts of
estrogen “(chapter 3,8). This finding may be peculiar to the use of
éestosterone or to the study of ANG II binding in intact cells,

This thesis therefore suég;zsts that the effect of est;'ogens on ANG
11 receptors may chfer"i ‘depending upon the ta_rget tissue examined,

This may imply that there are important differences between ANG 1]

receptors in different target tissues: Although the nat‘ure of these

differences s still ' unknown, one possible locus may {nvolve the

¢

post’:-receptor transduction sy§teng (possibly a nucleotide-bfnding

regulatory p;oteinf.' How estrogens m*lght interfere with these

transduction syste;ls and how estrogen$ affect receptor turnover awaits,

Al

further investigation using ceH btology techniques. ,
The present study might contribute to a new field of 1nvestigation

oﬁ the mechanism of action of estrogen on ANG Il receptors. An -

A

increasing number of studies indicate that’ "ster_oid hormones modulate
peptide. and protein hormone receptors. In addition to its classical

anabolic mechanism of action, ~estrogen might also have other effects as

,suggesied by estradiol-induced modulation of ANG II receptors.
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- . CLAIMS TO ORIGINALITY

\

1) A novel approach in this thesis was the use of ‘the radio'labe]ed

"hangiotensin. 11 antagonist. [’”IJSARILE to quantify angiotensm ”».

receptors in several target tissues, Validation of the use of
ahgiotensin 11 'antagenists to quantify adrenal angiotensin -I1' receptors
has .thus been extended to the anterior pituitary gland and mesenteric
2) 'n{n;' ‘thesis demonstrates for the first time that estrogen

treatment modulates angiotensm II receptors differently depending upon

- the target tissue examined: -

a) In the adrenal cortex:

Chrontc estradm treatment has been ‘shown. to suppress
angiotensin II-mediated aldosterone release,‘ As shown
in chapter 3 this effect might be mediated by
estrogen-induced down-regulation of ’angdotensin I1
receptor density in theg'adrenﬂ cortex. -

b) In the mesenteric artery:

Several studies report  that . estrogens ¥nduce
refractoriness to' the pressor,’effects of angiotensin
II. . This is the first study that attempts to correlate

‘theSe 'findings with- alteration 'of angiotensin 11

t‘eceptorsvin vascular arterfal smooth muscle cells,

From this i:hesis it would appear that nuesenteric artery

’angiotensin 168 receptors are not affected’ by chrGrT’FC“//

estradiol t reatment .

’

4
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' ¢) In the anterior pituitary gland

 This {s the First report that chronic estroggn treatment.
Cfor 7, 14 or 28’ qays decreases an'giotensin 1T receptor
;deri’s'i't_yl in the a?nigrior pituitary gland. Furthefmo"rt.f
in this _tissue, dissocia‘ted chandes between- pituitary
':a‘ngiotenﬁn‘ Il receptor ‘number and target cell
responsiveness to angiotensin II have been demonstrated :
both in vivo and in cu]tured anterior pituitary cells
following estradiol treatment. Resu]ts_from the
anﬁ%or 'p1tu1ta'ry gland also caution against the
'assu’mp‘ﬂon that. receptor gown-reguhtfon necessarily

leads to atteﬁuaﬂon in hormone physiolégical response,

»

3)' " This thesis also shows for the first time that  estrogen acts

‘ directly on anterfor pituitary cells (within 48 hours) to decrease

angioténsin I1. receptor density.. This new finding opens up a new field
of -investigatfon on the mechanismyof action of estrogens on angiotensin .
IT recepf.ors and how target cell responsiveness 1s affected by At?cﬁis

ste?o1d .
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) fln vivo [125jANG 11 and [lzsllsARILE uptuke studies

~ In these uptake studies, . variable doses of [’ZSI]ANG 11. or

g [-lzsx]smn.s (ANG 11 antagdnist) were -injected ‘as ‘2 bolus intd

peﬁtobérb1tal-anesthetized ‘f‘eﬁme rats anq ‘a&loﬁéd fo circulate for a

certain period of t1me before 1ntracardiac perfusion with saline and in

toto fixation with glutaraldehyde (see morpholog1ca1 technique in

gtands, thoracic adrta, mesenteric artery, atria and ventricles from
the heart, median eminence/hypothalamus, and the whole 31tu1tary gl and
were removed after fixation, weighed, and wet tissue radioactivity.was

measured with a gamma counter (total uptake)t.” Specifit uptake was

dete_rmined using separate animals injected v)ﬁ;h a Targe excess of

different: unlabeled ANG II antagonists administered simultaneously or

prior to ‘the injection of ['2511 ANG 11 or [}251ISARILE.  Specific

uptake was calculTated as the percent of inrhibition of radioactivity

co(mts“‘for,gach target tissue 1in “cold hormone-injected® anirals

" ‘ cpmpdreq’w'fthranimals injected only with the radiol,iga‘nd‘. Variations

t * . ' .\wa
and unlabeled peptide were tested as shown in tables I and II. Table I
. %

summarizes.. experiments using [!251] ANG I1 and studies using

. [VZSIISARILE are’ shown in table I1.

173,

chapter 4y, . Se'lecteq target tissues for ANG II, namely the adrenal

“1h the dose, route of injection and circulation time of the radio]igand .

&
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TABLE 1 INVIVO [‘251]Ans I1 UPTAKE STUDIES IN INTACT chanc FEMALE RATS -

Total uptake ’ - : Uptake inhibitfion .
[lﬁleANp ;,(a) Time in - - Unlapeled ANG IT Time in circulation of 1”3 1n circulation: of
bolus dose circulation (minutes) antagonist dose unlabeled ANG .11 JaNG 11 + ANG II
. (1) or {2) . -~ ‘ an;ggonist before - antagonist together
- S 1] ANG II inje ion (minutes)"
(minutes) ﬁk } .
- i . ) -
0.09 nmol* 2' t.c. desc. bolus (b) 5 nmol .30 i.j. infusion (d) 2°-
0.09 amol* -2 i.c. desc; bolus (b) . 50 amol - 30; 1.J. infusion (d) - 2'
0.18 nmol ’ 2' i.j. bolus (c) SD:nmo} - 30' i.j. infusion (d) . T
0.04 nmol 2' i.j. bolus (c) 120 nmol  — © . 30" .. infusion (d) L
0.18 nmol §' 1.5. bolus (c) - 50 nmol o 30’ 1.4, 1nfg§19n\£§) ] 5
) o M A

(1) sarllled (SARILE) A )
52; sarlA1a® (Saralazin) S - .
[12%1] ANG II: 300-500 Ci/mmol ) 3 g

(b) t.c. desc. bolus: -5 second bolus injection {0.2-0.5 ml) into the right carotid artery ligated proximaly and R
-+ injected at counter current towards the heart.

(c) i.j. bolus: .5 second bolus injection {0.2-0.5 ml) through the non-ligated right jugular vein,

(d) 1.3, 1nfusion. left jugular wein 1nfusion (1 m1) through PE 50 pn]yethylene tubing 1nserted into the vein near
its junction with“the left—atrium,
*: 40 g female rat (all other studies were performed with 200 g rats).

//7 -



TABLE 11 ° 1u_v1vo [‘2’115AR1LE UPTAKE STUDIES IN Iuracr 'CYCLING FEMALE RATS

Total uﬁtake ; - N Uptake 1nh1bition,
SIJSARILE(a) Time in I Unlabeled SARILE . Time in circulation of ~ Tipe in circulation of
us dose circulation (minutes) dose 4 unlabeleqigARlLE [ JSARILE + SARILE
] - before ["“>T1]SARILE . 'together (minutes)
_ injection- (minutes) ' N -
18 nmol 2! {i.j. bolus} (c} " 80 nmol - o - 2
18 nmol-~ 2" (1.3. bolus) (c 80 nmol 30'.1.3. infusion (d) T 2!
04, nmol 2 (?.J. bolus) (c) -300 nimol ' - o ‘ 2'
04 nmol 2' (i.j. bolus) (c) 300 nmot 30" 1.j. infusion (d). ", 2L
03 nmol 2' (1.J. bolus) (cl 300 nmol . . 2' 1.j. Infusion (d)' r. o N 2"
.01 nmol 2' (i.c. asc. bolus) gb) ~.130 nmol ; ‘ - - - 2t
.06 nmol . 2' (i.e. asc. bolus) (b) 130 nmol - ) b 2'
.04 nmol 30' (i.3. bolus) (c) - 300 nmol - 2' 114, infusion (d) - ~ ~ . 30
.02 nmo) 30° ii.c. asc. bolus; (d) 10 nmol - 2" 1,)\ infusion 2d; - k{1 LI
.02 nmo? 30' ({.c. asc, bolus) (d) 160 nmol 2' 1.3, infusion (d : . 30"
.02 nmol 30 (f.c. asc. bolus) (d)

' 300 nmol A 2% 1.§¢ infusion (d} ’ 30

S ! e

2 -

; [}251]SARILE: 300-500 Ci/mmo)
b

i.c. asc. bolus: 5 second bolus- injection (0 2-0.5 ml) into thé’right carotid artery ligated distally and
injected towards the brain,

c) 1.J. bolus: & second bolus injection (0.2-0.5 ml1) through the non-ligated right jugular vein,” 7

(d) 1 jm infusion: left jugular vein infusion (1 ml) through PE 50 polyethylene tub1ng 1nsiifed into_the vein near
fts junction with the left atrium .

*

~
<

-5




Al

iy

APPENDIX I

Effect of 7-day estradiol treatment on the systemic pressor response of

ovariectomized rats to infused ANé 11

Objectives: |
i. 5 ”To determine whether chronic estrogen treatment affects the
pressor response to infused ANG II. .
2. To correlate these findings with the absence of an effect of
f'lch:rénic estradiol treatment on mesenteric artery ANG I
réceptor density, | | !

,"E)gvbérimentﬂ protocol:

Eight ovariectomized (OVX) rats and 8 OVX-estradiol-treated 'rats

were treated and Used as described ih chapter 3 for the in vivo

Naldosterone release study. On day=7 conf.r:oi» and treated -Pats were

'pairéd, anesthetized sequentially with ether and icaqnu]ated one grbup:
at a time'.(4 'groups of 2 controls and 2 treated), The right jdéular
vein and carotid artery were cannulated 'Idistal‘ly, rinsed withh 54
dextrqse’ -containin§ 100 U/m of‘hepa_rfin,‘and the.‘two p;l astic'. PE~_§0~tube5'
were passed under the skin and brought out at the scruff of fﬁe neck,
Rats were- aﬁowed ? hours’ to recover frc;m anesthesia before 'stséting
the experiment. Using one group at a timg, the*lcarotid arjtery of each
rat was connected to a pressure transducer N(BeH and HoweU)—' and
recorded on 5 Devices Polygraph. The Jugular veins of one co:trol-oyx -
rat and one cont‘rol' 'O\(X-estradiol treated rat were co:nected tp

syringes containingA 5% dextrose. The jugular veins of the remaining

OVX-rat and vaﬁfstrad‘lpl treated. rats’ were connected to syringes -
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containing ANG 1l diluted in 5% dextrose. After 10 minutes of arterial
pressure stabilization, infusions of ANG II (80 pmol/10 w1/ minute/rat)
and 5% dextrose (10 yl/minute/rat) with a Sage pump (model 220-1, Sage
Instruments, Hh‘lte‘P]aixns, N.Y.) were started and ‘carotid artery blood
pressure readings were recorded for 30 minutes, Data were analyzed by
two-tafled paired and‘ unpaired’Student‘s t test,

Results i ,

Basal arterial faress{xre readings werrje not significantly different
between va-ra-ts (89 ¢ 2 mmHg) and OYX-estradiol treated rats (92 t 2
mmHg). Eol]owing ANG IT infusion, pressure readings in both OVX rats
and OVX-estradiol treated rats began to rise after approximatew,a‘
minutes from the beginning of the infusion and rea"chéd a plateau after.

&

approximataly 6 minutes. When compared to pre-ipfusion basal values,

ANG I infusion significantly increased blood pressu}‘e in bc;th OVX<rats

‘and (WX-estradiol treated rats (p< 0.01 paired t-test)., Blood priessure
. was ni;t affected hy infusion~of 5% dextrose vehicle into 0VX-rats or

. OVX-estradiol rats (Figure l). PresS'ure 1ncréments (pressure réad1ng ‘

at 6 minutes riinus basal) were not significantly different between VX

rats (o 31 mmHg, ns4) dnd OVX-&stradiol treated rats {4 35 mmHg, n=4)

(p >0,05 unpaired Student's t-test). -

Discussion

}ntérpre.tations of thjs study are limited by the snall number of
expérimenta] groups {n=4). Chronic estradi;ﬂ treatment of OVX-rats for
7 daj;s doeé not- appear to inddce refractoriness to the .pressor effects
of a physioTégical infusipn dose of AMG 11, In "fact, it appeared as if

estr{gen treatment might enhance ‘the pressor response to ANG 11 {(a 35

" mmHg in treated animals versus. 4 31 mmHg in controls).- However, this

k)



difference was not found to be statistically significant, .= These
findings tend to agree with results described in chapter 3 ‘where . .

estrogen treatment was -shown not to\affect ANG MI1 receptor density in °

0

the mesenteric artery.
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D. 0OVX + Estradiol + ANG 11

Figure 1

Carotid artery hlood pressure recordings following the intravenous
infusion of 5% dextrose vehicle or ANG II (40 pmol/10 yl/minute/rat).
Vehicle infusion into ovariectomized (0VX)-only (A) or OVX-estradiol-
treated rats (C) did not affect blood pressure recordings. Angiotensin
11 infusion produced a similar rapid sustained increase- in blood
pressure in the OVX-only rat (R) (from 85 to 175 mmHg) as well as in
the OVX-estradiol treated rat (D) [(from 80 to 120 mmHg). (On the
abscissa one square represents 2 minutes and on the ordinate one square-

represents 25 mmHg).> Argw indicates the start of ANG Il infusion.




