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. Abstract

The alterations in renal vascular structure and function, and
their role in the dJdevelopment and maintenance of hypertension were
examined in Kyoto Wistar spontaneously hypertensive rats (SHR) and
Wistar Kyoto normotensive controls (WKY). A study of the renal vascular
bed in SHR with established hypertension and age matched normotensive
WKY indicated that when the isolated kidney was perfused at a variety of
flow rates, under maximally relaxed conditions, the renal vascular
resistance (RVR) was similar between SHR and WKY. Consistent with the
above f;ndiﬁh, morphometric measurements of light and electron
micrograﬁﬁé indicated that the lumen diameter of relaxgd main renal,
interlobar, arcuate and interlobular arteries, as "'well as the
preglomerular arﬁerioles was similar in SHR and WKY. The
cross—-sdctional areas of total intima, endothelium, subendothelial

space, internay elastic lamina and total adventitia, as well as the

volume fraction of axons, nerve sheath cells, fibroblasta, collagen and
fluid filled space within the adventitia were only modestly altered in
SHR. However, with the excepticn of the preglomerular artericles, the

media of all the renal arterlal classes of SHR exhibited an increase in

"smooth muscle cell (SMC) cross-sectional area and volume that was

produced by SMC hypertrophy and/or hyperplasla, while the extracellular
spaqézzpurrounding the SMCs was 1ncreased in Dboth arteriolar énd
pre-arteriolar vessels,

Based on these structural alterations, 1t was hypothesized that.'
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if the mass of the arterial media ;s increased, contraction from the
adventitial side would tend to push the media of thé thicker walled
hypertensive vessel into the lumen to a greater degree than the thinner
walled WKY vessel, Under relaxed conditions, the RVR would be expected
to be similér between 3SHR and WKY; however, during contraction BRVR
should be elevated to a greater degree in SHR than WKY. To test the
above hypothesis, pharmacological studies were undertaken., Consistent
with the mogel. at maximal relaxation the RVR was similar in SHR and
WKY, while contraction of the renal vascular bed’ with infused
ngrepinephrine (NE), BaClE, angiotensin II, or by stimulating ‘the
periarteriaf nerves produced a3 larger elevation of RVR in SHR. Aside
from a modest increase in NE sensitivity within the renal vasculature of
WKY, the contractile sensitivity to the various agents was not altered
when SHR and WKY were compared. These studies indicated that the nerve
mediated contractile responses ﬁithin the renal vasculature were
mediated by alpha1 and dopamine receptors, and the broportion of the
maximal response attributed to each receptor was similar in SHR and WKY.

Similar alterations, but of lesser magnitude, as those present
‘in SHR with established hypertension were found tB ococcur in
prehypertensive SHR. The RVR at maximal.relaxatioﬁ was similar to that
present in WKY, while the lumen diameter of the main renal, interlobar
and cortical arteries was not modified between the two groups. All
renal arteries of prehypertensive SHR that were studied exhibited an
inerease in the crdss—sectional area ratio of arterial wall (inﬁima +
media) in relation to the lumen, and an increased number of 3SMC layers

within the media., Consistent with the proposed model, when the renal
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vasculature of prehypertensive SHR was maximally contracted by infusing
NE or by stimgulating the periarterial nerves (under conditions where %he
presynaptic uptake of NE was blocked) the amplitude of RVR change was
higher 1in prehypertensive SHR than WXY, As in SHR with estéblished
hypertension, the contractile sensitivity of the renal vasculature to NE
was modestly increased in WXY.

To further test If such alterations cccur independently of high
blood pressure, hydralazine (an antihypertensive drug that crosses the
placental barrier) was fed to female SHR prior to; and during,
pregnancy, and subsequently to newborn rats from birth to 21 weeks of
age. These animals were compared to similarly treated WKY and
nontreated SHR and WKY controls. Treated SHR maintained normal blood
pressure throughout the treatment period. The in utero and post-natal
normalization of. blood pressure in SHR had virtually ﬁo effect in
altering thelrenal vascular wall thickness, With;n most of the arteries
studied, SHR with normalized. blood pressure had similar cross-sectional
quantities oflmedia and SMC layers as were present in untreated SHR, and
greater quantities than that present in either control or treated WKY.
The withdrawal Qf hydralaz@ne from 26 week old in utero and post-natally
treated SHR resulted in the re-establishment of hypertension within two
days of withdrawal to the levels that were present in control S3HR.

These result; suggest that the thickening of the renal vascular
wail in SHR c¢ould be of etiologicél importance in the initiation and
maintenance of high blood pressure in SHR, and that such changes are not

a secondary modification produced by the elevation of blood pressure,
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Chapter 1
The mechanisms initiating and maintaiﬁing,hypertension Kyoto

Wistar Spontanecusly hypertensive rats - a review of the literature

A. Introduction .

1. Development of the Kyoto Wistar spontaneously hypeftensive

rat (SHR)

SHR and Kyoto Wistar normotensive control rats (ﬁﬁ?;ﬁhwere
bred by Okaﬁoto and Aori (1963). The SHR colony was initiated by
mating a male Wistar rat exhibitiné sustalned hypertension (a systolfc
blood pressure (BP) > 150 mm Hg) to a normotensive female Wistar rat

with an above average BP. By selective b}other and sister matings, an
F3 generation was produced where a 100% incidence of hypertension
occurred without experimental intervention within 15 weeks of age.
Subsequent inbreeding lowered the age at which the onset of hypertension
. occurred, The F,g generation typified the gverage SHR colony in use
today. A 100% incidence of hyperpension was found to occur by T weeks
of age, while after 11 weeks of age systolic BP was established at
between 180-210 mm Hg (Qkamoto et al., 1972). WKY derived from thg same
stock of Wistar rats typically have BPs bgtween 115=140 mm Hg from 10
weeks of age to death (Okamoto et al., 1972).

One of the observations made by Okamoto et al (1974) was that
SHR suffered a high incidence of ‘death by cerebral infarction and/or
aneurysms (stroke). Furthermore, offspriﬁg of SHR that died from stroke

extiibited a higher 1incidence of stroke than offspring of SHR that had
| 1



died from other causes, By selectively breeding SHR from the qu and

F25 generation who were progeny of SHR in which one or bpth parents of
the mating pair sufferéd stroke, a F27 generation was obtained where the
incidence of death by stroke was increased from 32 to 77% in male SHR
and from 15 to 58% in fémale SHR. Okamoto named this subpopulation of"
SHR stroke prone SHR (spSHR). spSHR were found to exhibit hypertension
at an earlier age than SHR and attained higher maximal systolic BPs (240
vs 180-200 mﬁ<%§). spSHR also had shorter life'sﬁﬁﬁngd were highly
susceptible to stroke when placed on a high salt diet (Sadoshima et al.,
1981).

2. (a) A comparison of SHR to essential hypertension in humans

It has been suggested by Okamoto (Okamoto, 1969; Okamoto et al,,
1972), as well as others (for a review see McGiff and Quilley, 1981:
Folkow, 1982), that SHR regresents the best animal model of essential .
hypertension in humans, Essential hypertension is defined as hyperten ~
sion without a known organic cause. SHR meet this criterion. ~The blood .
pressure of SHR {is above normal. and the mé‘hanisms maintainiﬁg
hypertension in SHR are ﬁot agree& upon. Hoﬁfver, essential
hypertension %1 probably a mosaic of diseases with a common outcome,
high blood pressure (Birkenhager and DeLeeuw, 1979). 1In view of this,
the mechanisms 1nvolvgd in the etiology of hypertension 1in SHR (a colony
started by one mating p;ir) are no more a global representation of all
essential hypertension than the mechanisms producing hypertension in an
individual essential hypertensive patient, Likely, SHR best represent a

subdivision of essential hypertension.



As in most essential hypertensive subjects, SHR have a normal

cardiac output and an elevated vascular resistance to flow (Folkow et
al., 1973; Iriuchyima, 1983). A great deal of emphasis has been placed
on the'f;ct that the pathological observations made in SHR are Similar
to those observed in essential hypertension (Okamoto, 1969). For
example, Erinoda et al (1972) stressed that the dinﬁse narrowing of the
retinal arteriocles observed in essential hypertensive patients is also
observed in SHR. However, this 1latter alteration, as lwell as other
pathological modifications, are also present in experimental forms of
renal hypegkension (Byrom, 1969) and are not spécific to either
essential or spontaneous hypertension.
// Essential hypertensive patients h;;e been divided ;nto low and
high plasma renin activity groups, normal and high plasma prolactin
groups and groups that are and are not responsive to antihypertensive
treatment by bromocryptine (Stumpe et al., 1977). . In established
hypertensive SHR, most resegrchers have observed a decreased plasma and
kidney renin activity (Sen et al., 1972; Shiono and Sokabe, 1976:
Antonaccio et al., 1979). :tonsistent with the latter finding, isolated
blood perfused kidneys from SHR secrete less renin (Tobian; 1975) and
exhibit a reduced juxtaglomerular granulation (Okamoto, 1969) over
normotensive controls. Plasma prolactin levels are increased in SHR
(Sowers et al., 1979) and bromocryptine treatment does reduce blood
pressure in SHR with established hypertension (McMurtry et 51., 1979},

Studies performed on essential hypertensive sub jects have

indicated the presence of hyperactive, normal (Birkenhager'and PelLeeuw,

1979) and: hypoactive (DeQuattro et al,, 1976) sympathetfc nervous



system. In young SHR at a stage where blood pressure is initially
rising, the sympathetic nervous activity appears to be increased
(Grobecker et al,, 19755 Nakamura and Nakamura, 1977; Nagatso et al.,
1978). Adult 3SHR, on the other hand, exhibit on average a normal
sympathetic activity as measured using plasma dopamine beta hydroxylase

determinations (Axelrod, 1976: Yamori, 1976: Nagatsu et al., 1977).

However, select individual vaacular beds, i.e., renal vasculature, may-

be subjected to abgve normal sympathetic activity in SHR (Judy et al.,
1976). Essential hypertensive patients have been further divided as to
the degree of sympathetic nerve activation present when such patients
undergo a ﬁosture changé (DeQuattro et al., 1976). In this regard, SHR
have been shown to exhibit an €xaggerated sympathetic nerve activity in

response.to environmental stimuli (Folkow et al., 1973).

A wide variety of drugs have been tested on essential

hypertensive patients (for a review, see Secriabine, 1980). 1In virtually .

all hypertensive subjects one or some combination of drugs can be found
that control hypertension. However, tests on individual drugs always
produce a subpopulation qf essential hypertensive subjects that either
do not respond or are marginally affected by a particular
antihypertensive therapy. In faci, it migh§ be argued that the
effectiveness rati? for various antihypertensive drugs could be used to
characterize aﬁ iéaividuai essential hypertensive subject, not unlike

agonist potency ratios are used to characterize membrane receptors

(Furchgott, 1972).

Table 1a outlines various antihypertensive treatments that have

been carried.out on SHR where the animals have been gfeabed orally from
R .

w2



. mApipro

(9¢61) urfcy puw (135 ¥ ¥N oAcuun 06 N4t 4 08 ] L Ta LIl suTzRITIPAR
-1-.-ﬂ

(I881) “t¥ 13 yryeapprng N L] 4l 1131 oz 9 h1/%e ¢ supzepmapiyrg

YAUIRTjpOSRy
“-.-D

(1861) 1% 12 111837pIng . 4 sty 061 (9] 9 /e o ulsozesy

11430 [F )=
p%o

(6(61) ‘v 12 9 [ it 00z 1] .8 /8w g2 1qTraeqey
. ‘pr¥o

(6£61) *17 12 wpaye 3 ] ost 002 I3 H /M 1xc1 roousadixg
pYo

(6161) *1v 18 wpaxey yAsUyun ogl oot 3] < /% 7xgy totopusd
-ﬂ--°

(1861} “1® 12 1q1asyprng o1 t 1414 002 (114 9 /8w pot T010puL 4
-v-ﬂvﬂ

(1861) “1¢ 12 yyreagpyng ] 4 sor 4,424 ot 9 LLPE B | TetoInqIsay
wp Cop

(CLL61) “Te 12 waawy AN I® BaTEuIIadhy ot oIz zt < Ty/%m ¢ ToTouradoryg
*p%0

(61613 ‘17 10 wpayep . [} I 01 Sut F3i 4 Ty /0w 7xgq totoavidoayg
. p-to

(1861} “17 22 jypasgping & t sit 00z 0z 9 Ty/3= 901 toroursdoag

. * prTeo .

(6£61) "1v 13 epayuy Gnouyun oLt 002z t 1 Tu/¥w pxgy Tofouayy
pr2o

CI861) “1¥ 9 11a31pyng 0z-91 ¢ os1 onz o0z 9 Yx/% ooz Totouayy

Sraydolg &

- ! nptipro sprzegy)

(9£61) uefey pur wepay unouyun oSt 061 ot ] B9 g -e107y)
.ﬂvdno

(1861) “1® 23 prrazppgng Fi ] ol 4i14 £l 9 Ty fe ¢ apiwedoyy

. ‘p¥o sprIRTI]

(861 “1e 32 graagpyng L { 3] <oz €] 9 By /3m ¢z -0lotyr01piy

’ S)1eanig
paaiwai} fciive)y palvai] 1033uD) Ysrurd amyg
auslaray jasuo u3wfiadxa Jo pua 3w PIYSTUT] pue patiwys Jemraag ¥n1g
(%4 om g5 uorsualzadiy WHS U7 uawIeal)

“{Atrrie paiaysjug

T 31vn a¥nap riw) siw

1o (syn) Iy

(I =) gy Azfoieds

veY27ya 17 23y

Funod v wo1j pajesny ¥HS ‘uo JuawIwaa; aaysuRIIediytaiur Jo s308) 8 ayp ‘W] WIqrl



Arrwp vaapd Fnap jo L3pavenk - -p taajea Tupnuyap wya pazeysjureps - Ap

vhep)iyjom oot
“eysen uy alw

telrard Lq paisissuywpe - -3 tpeisasiuywpe L[[wa0 - "0

“ap
(6£61) sndung puw uasg uaownqun okl 161 11 y /¥ g2 wdopmpismw

- ‘Ap
{6£61) "1v 3@ yauwwo] . unouqun Tt et 91 ¥ /3 g-¢ .--...%auq..u
- s1syootg
) St{¥isusapy
-ﬂnuullmﬁ

cAppro
(9261) urfry puw mayag uncuyun 061 061 [ 13 ] Le VALY A ] supdansay

.ﬂu-o

‘ ®e/ta gy waya

‘Ty/te gy
(ZB&1) 1% 12 #97 . 114 ) 111 z61 (14 4 XA 7 I8 suypIgIsUEn)
IR
3% isuaipy
Teisydyang

) prio
(18613 1% 12 pr(e25pINg L L 051 10z 4 9 /% 001 supdypasopy
IsjuoiTioy
2+

‘Ap-peo
(6261) °I22vuoyIvuy puw suoiaay ¥R t (1141 $61 91 Y /%8 g0t 131daide)
(1961) *1v 1% ji1e33pyng L ¢t ot o1z (114 9 anownfun Ty2doadey

p'3-o
(Zg61) *I® 39 asyopyg i 9 orl 1414 gt y L VAL 1 1Ty B
rasydoig amlaug
uunuun:cou
vysumIoTduy

pzirail  [osvog paival]  (o1jv0) yYsjurd  Aivag
a3uazrajay Jasuo Wwaeliades jo pus 1w P3YsIul} puR paiirye -u:vlu-Uuk nag
{9 wu 0c1) unysuatliadiy NHS ug Juawran

10 (sgn) ady

(In wa) 4g ar1o20ds

vel27yn 37 a3y

i

T(A[Iri0 prisasyujmpy s1sa s¥nap [1®) #¥¢ Bunod w woi) pajwazy YHS U0 Jusdledl] IATeusNIadiyTIiue jJo wI28})® syl  ‘vy u—a-h



siep = ukwp ‘p*Bo
(cee1) 'T¥ 23 aeqopy L2141 H91 o+ g+ LETEL R 14 Tradeyvag
skvp  sdep ‘pr30
{ces1) "Tv 3» 1ayayy (14] {91 8+ 13 Iyte 001 t1adordn)
(@061) "1 1% wuoazay Ll ALl T+ T11doadm
[FTTELI]
smizug *
Tuyi1ieaus)
UTsusIoyUY
“ap
(1861 "T¥ 32 sagay 1zt 73] 97 [ 14 /e pp suysvvIphy
. “np ‘
(Zgs1) T#juvg pwe uwny ost AIA 61 St /T ot supzwywapin
uuo-q—-wmmn>
Kep 20 ‘secp |
(6261) *T® 12 Jaog-wiasje] oyl 01z I+ Ty /T uysorniy
wivp ‘pio |
(0861) "Tv a» 1wypwq 4]} 691 (22 [ 44 /g0 uysozvly
. FEC e )
rhwp co'p Yu zogs
{y£61) molfoq pum usmioy 711 $91 [ L 7 ] ‘w'p Im gy Torouradory
-v.ﬂ.o
' (1967) Yasquaaip (34 901 114 i §4 LLTEL N ] Totouradoly
-‘--0
(19a1) Bxequasi) L] LT L[4 1 - Tftw gy Tojouwadoag
"ApTpUo spIIEIUY
(Te41) *1v 38 soyag Tl 9t a2 A 14 Iy /I gy -2o73%yIay
R ELELD {]
paiesi} 1013u0) ysjuyy aw M
U1 Jey Juamyiadxa jo pua Iv PRYSTuUL ) puv pelirls JuamIRRl] dnaq
¥HS Ul uIWITRAY ¥

(8 we) 4y 2710845

yagya v sfy

.nvouuunucﬂﬁv- A1iwao s¥nap 11v) vorsusiaeddly
payer1quIne 20 Bujdojeasp 12YI13 YITA WIS UO JuIMITII] sapaualzadiyraue Jo 310331)% syl  *q| wqr}l

-



‘sjvawiiadxa ajeaedas 7 gy

uaat® ¥nup jo Lafauenb - cp taajem Fupnurap wia pazaisjuiepe - -np !afvard Aq pazaisjuiepe - %

TITI0ISCIP-27101948 o ueaw ) myusssidas Jg g

"paIoU IFTAIIYIO BeStUN ‘sxpam uj )

L2
chriep
HASLET- BN I

-nvvn.o
(1861} F1aquaaig 801 LET el 12 $1/8= (g0 aujpIUo)
P aep .
(6{61) *1¥ 213 epiruey 161 414 61 ¥l 8x/%m (9 suIpyuoY)
P "ieip
(1g61) o1tes 081 S0z §+ unownqun LE TA L A autpivord
¢ -np 1
(0BST) *1v 1» yoadg 091-0%1 tel 9+ 6T-£1 Y g rdoprAyasuw
-ﬂ.-.e
(1861} ¥asquasain 91 981 L 11 ¥4 38w ¢z vdoprdyisuse
’ p'3e
(1961) Y1equasap €1 991 114 1 1/%= o1 wdopriyirsmmw
*Ap au\ﬂl
(1861} opavizag pur 1awyaz .oin 007 91 4] 0°¢-5°2 rdoprigismw
s1ayd0]q
S ¥iavaapy
. TsE-nn
np .
-.A_um_. ‘1% 3% avolrey 1141 1741 14 [ 14 1/Tw 7¢ supdinsay
np
4 1960) 17 22 suciray Ll 73] 114 (2 T/t 20 surdiasay
. (305z) *p %o
(0861) "1¥ 18 suoiaey o £91 T+ uaomqun By/Me gy supppqIsueny
-H-‘.o .
. (ZRE1) *T1r 2w #0q. L1 061t {0 Tt /8w o9 suypryIenEng
8laxaolq
Sy¥iavaapy
. q-unam-uvnu
LEIT ST 1wy radxe Jo pua e PRYSTUY ] puw palle3s Juamyeaay dnag
v

' ¥HS oF

(%0 o) 4g Sp1cIndg
*(paassqurlbe Lyqeao
PAyRI1qeIna 10 Tujdolaasp Iay31)1d YITA ¥HS Uo JUIWITIIY wayEDA]

1uamiesr]

Qitya 1e a3y
s3nip [1¥) woysualediy Pives
Jad4iyrioe jo 1583)2 »yy

“q1 *1qwy

-



a very young, usually prehypertensive stage up to an age where blood
’ . 1

pressure might be expected to be at maximal levels. Table 1b cutlines

studies where antihypertensive therapy has been initiated in SHR with

established hypertension. Fries (Fries and Ragan, 1976; Fries et al.,

1981) in his experiencé ﬁiqh essential hypertensive patients states that -

- diuretics such as chlorothiazide and peéipheral adrenergic blocking
agents such as reserpine are usually equally, if not more, effectgyg in
controlling blood pressure - than hydralazine. 1In SHR, on the other hand,
the oral anfihypertensgye treatment of young and adult SHR indicates
that diuretics such :s hydrochlorothiazide; chlorothiazide ,
methychleorothiazide and clopamide, as well as the adrenergic blocker
reserpine, are marginally effective in controlling blood pressure
(Filezewski and Bogucka, 1979; Fries et al.,, 1981; Guidicelli et al,,
1981). Fries and Ragan (1976) in a long term study did manage to reduce
blooed pressure in SﬁR with .chlorothiaiide; however, it required an
extremely long treatment period (62 weeks) to do so. During this
period, many SHR died from old age without achieving normal blood
pressure. The survivors did however exhibit a mean blood pressure that
bofdered on hypertension (BP of 150 mm Hg). (Unlike the above drugs,
hydralazin; is extremely effecﬁive ‘in preventing ‘hypertension
development when treataent is started in young SHR and is capable of
quickly lowering blood pressure in SHR with develcoping and established
hypertension (Fries and Ragan, 1976; Fries et al., 1981; Guidicelll et
al., 1981; Kwan and Daniel, 1982).  Other drugs that are particularly

f
effective /&n preventing and lowering blood pressure in SHR are

angiotensin I to II converting enzyme‘inh;bitors such ‘a K 421 and

-
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captopril (Ferrone and Antonaccio, 1979; Ferrone et al., 1980:
Guidicelli’et al., 1981; Richer et al., 1982). |
Bellin et 31‘(1980) complled a study involving &he effectiveness
of various drugs on human hypertension.. Of 370 previously :ntreated
patients having mild, moderate and severe hypertension, 198 were placed
on diuretics, 97 on beta blockers, 58 on-wmethyldop;. 17 on- one of
guanethidine, bethanidine or debrisoquine. The ability of diuretics,
methadopa and beta blockers to control each of a variety of severities
of hypertension was équal and somewhat better than treatment with
guanethid%ne, bethaniqine or debrisoquine. In SHR the above drugs
eiﬁibit a mixed effeétiveneas or an.inability to control blood pressure
(see Tables 1 a and b). Jﬁ the case of beta blockers, in a study
performed by Guidicelli et al (1981) atenolol treatment of SHR from 6 to
20 wéeks of age retarded hypertegsion development, At the end 6f_§gg,ﬁ
study, SHR exhibited threshold hypertensive 1levels (150 mm Hgl.
However, in other studies Qf similar design involving . atenolol,
propranolol, actebutolol, pindolsl, oxyprenolol and labetalol, these
drugs were marginally or totally ineffective 1in ﬁontrolling blood
pressure in SHR. In studies involving the oral admini;tration of
propranclel to SHR withlestablished.hypertension; some researchers have
‘reported a further elevation of blood ‘preasure after 15 days of
treatment - (Lefeure-Borg et -al., 1979), while others, for examble
| Greenberg (1981), report a sharp drop in blood pressure after 21 days of
treatment. Central nervous system adrenergic blocking agents such as
amethyldopa also exhibit a mixed effectiveness, Tomanek! et al (1979)

.

treated 4 week old SHﬁ for 12 weeks by placingnmethylngL(S-B g/1) in

-



‘ ll‘
) e
the drinking water and found the‘_drug marginally effective in
controlling blood pressure.  Sen and Bumpus (1979), on the other hand,
treated 4 week old SHR for 20 weeks withwmethyldopa (2,55 g/1l) and
achieved normotension. Studies involving the treatment of adult SHR
with the o;al administration ofemethyldopa have also met with moderate
(Spech et al,, 1980) to good (Greenberg, 1981; Erhart and Ferrario,
1981) success, The treatment of adult SHR for 5 weeks by. placing
clonidine - in the s0lid diet has proven marginally effective in
controlling blood pressure (Yomaida et al., 1979; Saita, 1981),.:mile
Greenberg (1981) has shown that the administration of clonidine via oral-
gavage for 3 weeks is capable of producing normoteqsion.. The treatment
of young (neonatal SHR) with- guanethidine, a peribheral sympathetie
nervous ayatem biocking agent, _pro;uces an incomplete sympéthectomy
(Johnson and Macia, 1979). Such ‘an antihypertensive treatment of SﬁR
from 2 to 29 weeks of age by Lee et al (1983 d) delayed the onset of
hypertension but did not prevent it from occurring. In young adult SHR,
guanethidine ﬁreatment was found to be virtually ineffective in the case
of a 5 week study performed by Lee et al (1983 d) and modestly.effective
in the case of another study carried out by Ferrone et al (1980). Other _
experiments involving the treatment of 6 week old SHR for 7 weeks with
PPQZOS#H- an alpha, receptor blécking agent thought to inhibit the
poat-synaptic‘contractile responses of norepinephriné (Scriabine, 1980),
produced a marginal effect on blood preasﬁre (Guidicelll et al., 1981),
On the other hand, acute studies involving the oral administration of
prazosin ‘up to 4 days (Sﬁdkar et al., 1980) "have demonstrated the

)
presence of a hypotensive effect.



a -
& .
' \ 12
e ~
2. (b) Coneclusion : , \ 3

SHR best define a sdbdivision of essential hypertensive patients
that exhibit (1) a family history of hypertension, (2 hypertensio;
asa;giaged with low or \dormal plasma ren;p, high;plasma pro{actin and'am

~ acute hypotensive respopse to bromoeryptine, (3) a normal or perhaps a
hyperactive basal sympathetic nervous system that exhibits
hyperereactiﬁgty to environmental stimuli, (U) hypertension that is
résponSive_to antihypertensive therapy by hydralazine and angiotensin,
converting enzyme inhibitors and relatively udresponsive to diureties,
reserpine, guanetﬁldihe and mbdestly responsive or unresponsive to beta
blocking agents.

.

o

[

“ﬁ: 3. The focus of research on SHR

-

There are a lihited number of mechanisms that can produce an’

L 4 _——7 . -
increase in the systemic blood pressure in an animal, Potentially, an

Fad )

elevation in blood pressure can” be produced by an increased cardiac

output, a decreased blood * viscosity or an _increase in the systemic ¥

resistance to. flow. There is no convincing évidence that equgzo;Ttxb

of blood is altered in SHR. Studies performed on SHR ranging in age

from prehypertensive to adult animals indic te that cardiac output is'

"-
“either unaltered or slightly decreas when compared to controls

‘ﬂH‘

(Albéecht. 197“). Other studies of SHR demonstrate that although the
mean arterial blood pressure of SHR 1is elevated -~ the venous bloog;’-
pressure at-a number of sites i1s low and not alte#éd,(Greenberg, 19813},

_ In view of this, a representation of the total peripheral resistance to

blood flow can be determiged ’S?W dividing the mean arterial blood

~
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pressure by the cardiac output.. Studies by Albrecht (1974) indicate
that an increase in total peripheral resistance _slightly precedes and
cit?sely parallels the in'crease in blood%&ssure observed in SHR. The
total 4 peripheral resigfance is determined by all the parallel coupled
regional vascular resistances. Experiments c:-ar'ried out on SHR ranging
in age from 8 to 25 weeks sh?u tl:at the proportional resistance
contribution by the renai, mesenteric and hindlimb vésculatures. as well
as' a nqmber of émal_ler systemié vascular beds, is not diff‘er'ént between
"SHR and WKY (Gobia et al., 1974; Nishiyama et al., 1976; Ferrorfe et al.,
1979).  Iriuchiyima (1983), on the other hanf, contends that the
hindlirﬁb vasculature exhibits proportionally‘_\a slightly higher
resistance alteration in SHR than other systemic vascular_beds. |

Many factors thought to. contribute to the cause of hypertension
have been studied. Much of this résearch has cgntered around the
possibility ~th‘at vascular tissue hypeér-responds in hypertension, either
by virtue of" neurdgenic or my‘ogenié alteratiéns. Such a change could
decrease lumen diameter and raise va;scular resistance. Under in vive
conditions vascular resistance can be goverfuad at a number of ievels:
(1) Thdc;mpatheti'c\{wnervous system may be 'overactive. Such aﬂn'
alberationﬂ could de;osit greater quantities of the neurotransmitter .
norepinephrine (NE) within thg'_ s¥naptic cleft and therefore produce a
greater degree of vascular smooth muscle (VSM) contractien. m
alteration could result from a defect in the @Qentral nervous system, or

) »
alternatively, the quantity of  transmitter released per unit stimulus

'could\be increased by a change in the release and reuptake mechanisms,

modifications in the inner\;ation der%sit'y of VSM, or a change in the

. A N a ) -

—
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neuromuscular synaptic .anatomy. (2) Increased vascular resistance could
be produced by an incréase in the contracti]:e reactivity of the tissue.
In such insta.nces structural elements withing the blood vessel wall
t‘:quld be modified to produce a thicl::er vascular walli and/or one that is
less distensible. A thickened vascular wall could cause a structural

obstructiqn of  the lumen which could raise the vascular resistance to
blood.flzjr\‘Fﬁfthermore. if bload vessels of equal lumen diameters, but
different wall thicknesses (under relaxed con&itions). are compared the
degree .of luminal obstrUcéion Pper degree of smooth muscle cell (SMC)
shortening during contraction will be 1ncreasg§ in the~thicket,wa11ed
vessel, A decrease in vessel wall distensibility would tend td produce
a smaller‘vessel lumen in response to a given transmural pressure., Both
the above éltéfggions could produce an increase in vascular resistance, -
An 1ncrease'in the contractile reactivity of VSM could also be produced
by vsﬁ hypersensitivity to the neurotransmitter NE. Sucp a modification
could reau}t from alterations in the excitation contraction coupling
mechanisms. In this 'regar modifications in (a) the density of
receptors sﬁimulated b& NE, C:L—tne efficiencf of receptor action, (e¢)
in fhe mechanisms governing the }embfane potential, (d) ‘the cellular"

handling of Ca*?, a

(e) the MC adenylate cyclase — cAMP - protein
kinase system could alg the NE contractile sensitivity, Furthermore,
even in the absence of netrve stimulation, a decregae in the membrane
potential or an increase in the unbound levels of Ca+2 could increase
the basal leveis of SMC tone and raise vascular resistﬁnce. The

possibility—that these and other ggﬁﬂanisms contribute to the

maintenance of hypertensién will be discusaed‘ in the balance of the

- > el



literature review.

B. Alterations in the peripheral sympathetic nerve activity (SNA)

1. (2) Measurements of sympathetic nerve activity (SNA) in SHR

The activity of the sympathetic nervous system in SHR has been
assessed by measuring plasma dopamine beta hydrﬁxylase (DBH)l and NE
levels aﬁd by Aireét measurements éf nerve firing frequencies of
sympathetic nerves. ‘

DBH 1is én enzyme thati is present in sympathetic synaptic
vesicles and 1is released uiﬁh NE into the adventitia along with NE in
response to sympathetic nerve stimulation (Axeirdd, 19763 Yamori, 19756).
%glike NE, preayﬁaptic uptake mechanisms do not remove DBH.
Furthermore, the presence or absence of adrenal glands does not affect
plasma DBH levels in respbnse to stress, indicating that-plasma levels
of this enzyme primarilx represent vascular SNA (Weinshilboum_ and
Axelrbd. 1971; Weinsh%lboum et al,.,, 1971). At approximately the age
that hypertension develops young SHR and spSHR exhibit high plasma DBH
levels ;heh coépared té coqtrol animals (Grobecker et al., 1975; Naéatsu
et al,, 3976}'Nakamura and hakamura, 1977; Nagatsu et al., 1978). The
elevated p;apma DBH levels in young SHR can be_pgrtially normalized by
cutting the préganglionic fibres 1leading to the coeliac ganglia
(Nakamura and Nakamura, 1977), suggesting that the elevated plasma DBH
levels are in fact representative of an elevated SNA, Unlike young
animgis, adult SHR and spSHR exhibit either unaltergd ;E a slightly
re&ﬁced plasma DBH "activity co@pared to WKY (Axelrod, 1976; Yamori,

1976; Hagatsu et al., 1978). In conclusion, plg;m; DBH measurements

b S

”»



16

Suggest that during a period of 4 to 10 weeks of age, SHR exhibit an
elevated SNA which in adult animals is reduced to near normal levels.
Plasma levels of NE are not altered in SHR when compared to HKY_
(Grobecker et al., 1975; Nakamura and Nakamura, 1977). However, studies
performed by Shomig et al (1978) indicate that plasma levels of NE but
not adrenalin or dopamine, are increased in spSHR over WKY at the ages
of 5, 12 and 28 weeks. The above finding has been interpreted as
indicating that both young and adult spSHR have an overactive
sympathetic pervous system. However, it ‘should be pointed out that
alterations in the reuptake and degradation of NE, modifications in the
synaptic cleft width anatomy, as well as changes in the adrenal
secretion of NE, could modify the plasma leveis of NE. Therefore, the
ﬁ}esence or absence of alterations in pPlasma NE may not reflect altéred
sympathetic nerve activity. )
Direct recordings from postganglionie splanchic and/or renal
nerve: bundles of anaesthetized SHR indicate* that during established
hypertension, SHR exhibit 2 to 3 times the firing activity present in
WKY (Judy et al,, 1976; Thoren and Ricksten, 1979)1 The increased SNA
“ePpears to be generalized, since the cervical sympathetic, greater and
. lesser spyanéhnié. splenic and renal nerves of SHR all exhib;t at least
a two fold elevation in nerve activity over WKY (Judy et al., 1976).
| In studies performed by Judy and his colleagues direct
measurements of renal nerve activity 1ndieated that nerve 'firing is
inereased in' SHR ofer WKY starting at 5 weeks of age, being
approximately 3 times greater in SHR than WKY at 24 weeks of age. Such

activity coincided with the maintenance of hypertension in SHR. In
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studies where the blood pressure was lowered by the intravenous (i.v.)
injection of the ganglionic blocking agent hexamethonium, or the central
acting adrenergic blocker smethyldopa, the decrease in blood pressure
achieved was directly related to the degree of inhibition of renal nerve
firing activity (Judy et al.,, 1976; Judy et, al., 1978}, The above
studies suggest that SNA 1is elevated 1in young and also adult SHR,
contrary to the findings inéolving the measurements of plasma DBH. .
Studies performed by Judy et al (1976) demonstrate that an
expérimentally induced increase\\or decrease in the mean arterial
pressure (by aortic clamping or hemorrhage) respectively, decreased and
increased the renal nerve firing activity in SHR and HKY.. When 12, 24
and 52 week old SHR were compared to age matched WKY, "SHR always
exhibited an elevated renal nerve firing activiiy over HKY, under
conditions where the arterial pressure of th two groups was
experimeﬁtally made equal. In 2% and 52 week old SHR, but not. 12 Qeek
old animals, the rate of decrease ié renal nerve activity per increase
k&“ arterial pressure was lower in SHR than 1q WKY. 1In WKY, irrespective
‘ of age, renal'nerve activity could be totally‘inhibited by increasing
the mean arterial pressdre to 165 mm Hg. A'to€;1 inhibition pf‘renal

A
nerve firing activity could not be achieved in SHR by elevating blood

pressure,

v

?he mechanisms responsible for the above alterations in the SNA
with respect to modifications.in arter1£1 blood pressure are unknown.
However, structural alterations in' the arterial tissue surrounding the

carotid body secondary to hypertension could dampen the pressure signal

perceived by the baroreceptors. In this regard, experiments by Andersen

- &



and Brown (1980) and Andersen et al (1980) iédicaté that aging in both
SHR and WKY is associated with a reduced aortic wall distensibility
coupled to an increése in baroreceptor sensitivity. In WKY, the latter
two vériables are matched so that . the bressure threshold for
baroreceptor function remains unaltered. However, in older SHR, the
decrease in wall distensibility exceeds the 1ncéease“in baroreceptor
sensitivity, resulting in a reduced ability of baroreceptors to initiate
vasodilation in response to elevated pressure. In view of this, ‘the
resetting of the baroreceptorS could contribute to the maintenance of
advanced hypertension in SHR by playing a permissive role, allowing the
occurrence of hypertension despite the presence of high blood pressure,
Howevgr, the SNA i3 also increased in SHR o#er WKY under experimental
condi££0n3 where blood pressures of 'the two groups are equal, an&
therefore alternative mechanisms that increase SNA must alsc be present.

These will be discussed in a later section (section C).

1. (b) The effect of sympathectomy on blood pressure development

in SHR

Various studies have used chemical, 1mmun§lpgical or surgical
sympathectomy to.study the role of EEF sympathetic nervous system ingg;;q
development of high blood pressure in SHR., Sinaiko et al (1980) used
peribheral injections of 6-hydf6xydopaﬁine (6-0HDA) into SHR, at days 1,
4 and 7 of neonatal life, followed by biweekiy'injgctions up to 6 weeks
of age and weekly injections up to 12 weeks of age. Such treatment
reduced heart and kidney levels of NE by 80 to 99%, while brain NE
levels remained only slightly altered, Treated SHR exhibited a 50 mm Hg

drop in mean arterial blood pressure. However, such treatment did not



produce normotension; male SHR still exhibited a mean ‘arterial pressure
of 155 mm Hg. 1Ikeda et al (1979) obtained comparable results in spSHR,
Neonatal 6-OHDA treatment reduced blood pressure on average by 75 mm Hg,
although sp SHR still maintained a hyperténsive state (150-175 mm Hg)
between the ages of 10 to 23 weeks. Mulvany et al (1981b),on the other
hand, injected SHR bidaily from birth up to 3 weeks of éke. Such
treatment prevented the development of hypertension; at 24 weeks of . age,
SHR maintained a mean arterial pressure of 122 mm Hg.

In other experiments, neonatal SHR have been.treated with ne;ve
growtﬁ factor antisera (NGFA) 'to achieve sympathectomy. As with
neonatal 6-OHDA treatment . of SHR, such experiments have produced
differing degrees of success in controlling blocd pressure, In
‘experiments perfosg;s by Oparilland her colleagues (Page and Oparil,

1978; Oparil and Cutilletta, 1980), immunosympathectomized SHR exhibited
mean arterial blood pressures between 20 and QD mm Hg below conérol SHR
at ages ranging between 6 to 43 weeks. df§£;¥er, NGFA treated SHR still
developed hypertension, exhibiting a mean -8ystolic blood pressure
between 155 to 168 mm Hg during the established phase of hypertension,

@
Folkow et al (1972 ), on the other hand, did produce normotension in

SHR through the use of immunos mpathectomy. SHR treated neonatally with
NGFA exhibited a mean systolI%TBTBEH*pressure of 139 mm Hg at 32 weeks
of age, while sham treated SHR had blood pressures in excess of 200 mm
Hg. NGFA treated Wistar rats exhibited only a marginal decrease in
blood pressure when compared to nontreated controls (113 vs 139 mm Hg).

The differing degrees of hypotendion produced by the various

techniques could be due to differing degrees of sympathectomy. 1In the

o
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case of sympatheétomy produced by 6-0HDA, recovery of the nerves can be
guite rapid. For example, in pithed rats sympathetic nerve evoked
pressor responses to tyramine injection are Eompletely abolished by the

I.V. injection of 6-0HDA. However, complete recovery can occur in U

days (Finch et alz. 1972 ). Furthermore, large decreasi:/;n tissue NE

content do not necessarily signify a complete sympathectomy, For

example, the neonatal treatment of SHR with guanethidine partially

destroys the sympatheti& nervous system, The NE contengésf the heart
and spleen of 10 to 13 week old SHR decreases by 76 to 80% compared to
control wvalues, Yet surprisingly, such animals still exhibit
substantial pressor responses when the vasomotor centers of the brain
are stimulated‘(Johnson and Macié; 1979).

Experiments pefformed by Johnson and Macia (1979) indicate that
the presence of even a partially intact sympathet}c nervous system may
be sufficient to-initiate a full complement of hypertension. In these

experiments it was shown that neonatal sympathectomy produced by eihher'

—
i

guanethidine or NGFA resulted in only 10 to 12 mm Hg decr;ase in Epe
blood pressure of adult animals. Sueh a -marginal chang; in blood
preesure occurred in spite of the fact that symbathetic nerve pressor
responses were reduced by 50% in each of the two treatments., However,
when both treatments were combined a total abolition of nerve responses
was achieved in adult animals. Such treatment reduced the mean arterial
blood pressure of SHR from 179 to 129 mm Hg. These experiments suggest
that the sympathetic nervous system may act as a triggerlin initiating
hypertensi;n; i.e., partial sympatheétomy, instead of proportionally

decreasing blood pressure could act as a trigger and initiate a fyll
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commplement of hygertension uhile only a severe total sympathectom} is
capable of eliminating high blood pressure, .

Brody and his colleagues (Lals et al., 1975:; Touw et al., 1980)
have argued that the sympathetic nervous system is not involved in
maintaining hyperiension in SHR. These researchers did not observe a
difference in the electrical firing activity of the lumbar ganglia when
6 to 7 wmonth old anaesthetized SHR were compared to WKY. Surgical
sympathectomy of these ganglia reduced the hindlimb vascular resistance
. of WKY to a greater extent than SHR, suggesting that the hindlimb
vasculature of the former group of animals is under gré;£er sympathetic
tone. In other experiments, Doppler probes were implanted in 2 to 3
-month old SHR and WKY. Subsequently, based .on the determination of
hgnal, meseqteri; and hindlimb blood flow, as well as the mean arterial
blood pres;ure, a representation of th¢ change in vascular resistance in
response to:various treatments ‘could b determinéd in conscious animals.

The injection of hexamethonium, a drug which has been shown to decrease

peripheral sympathetic activity (Judy et ai,, 1976), produced a

prOporﬁionally similar decrease in-the ressure in SHR as in WKY.
Similarly, the proportional decreale of the vascular resistance in
response to treatment was similar\in SHR and WKY in all the above
vascular beds. In view of this, it was concluded that the incpeased
_ej'ﬁascular resistance observed in SHR is not the result of an ovéﬁictive
sympathetic nervous system, but rather {s an intrinsic property. of the
‘SﬁR vasculéture.

However, the above experiments may not be accurate enough to

measure the difference in vascular resistance resulting from an
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alteration in the SNA. This can bé demonstrated by the use of a-»
hypothetical situation. In the' above ‘experiments, hexamethonium
treatment produced a 20 to 40% drop in the maximal vascular resistance-
in the different vascular beds. If, for the sake of argqment, the bésal-
vascular resistance in the absence of nerve stimulgtioﬁ is set at 50« B
units for SHR and WKY, and it is hypothesized that an elevation in
vascular resistance resuiting from the presence of an aétive éympathetic
nervous system ‘is 3d'units'in SHR and 20 units in WKY, the proportional
drop in the total vaicular resistance that would result from a total
inhibition of the sympathetic pefvous system,would.translate to on;y 37%
in SHR (i.e., 30/80) and 28% in WKY (i.e., 20/70). The experimental
| error present 1n-the experiments performégf;;\Touw et al (1980) is such
that this magnitude of alteration would not be significantly different
if SHR and WKY were comp- ed. ‘For ‘example, after hexamethonium
tfeatment. the' decrease in r nal vascular re;istance in SHR was 1.8
times that present in WKY (about 2.5 times th; magnit_udé of change
presen&fz;-the above dh!mple), yet such a large change was still not
significant at P < 0.05,. Further@ore, the magnitude of alteration in
vascular resistance under conditions where the SNA is decreaaeq may ﬁot
be correlated to the decrease in SNA. Local autoregulatory- responses,

as well as other cardiovascular adaptations, codld act to readjust’

vascular resistancel. view of this, experimental results,obtained by

Lais et al ()975) and

et al (1980) should be viewed with
skepticism.

1. (6) Conecluadon

Experiments involving the measurements of plasma DBH activity
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indicate that young but nat adnlt SHR and spSHR exhibit an overactive
sympathetic nervous system. Generally, measurements of plasma levels of
NE have produced ambiguous -results. However, some studiee involving
young and édulﬁ spSHR indicate that plasma levels of NE are elevated
from tne onset of hypertension, suggesting that the SNA i{s elevated even
in adult spSHR. Direct measurements of SNA prinarily from renal nerves

indicates the presence of hyperactivity in both young and adult SHR.

In hexamethonium, amethyldopa treated and untreated SﬁR. the‘l

level of bleod preosure present is directly related to the frequency of .

renal nerve activity. These latfer experiments suggest that the
- sympathetic nervous system in general or alternatively, the elevation
in the renal nerve activity specifically may play an important role in

elevating blood pressure in SHR._ In. adult SHR, a resetting of
“‘\_a_-
baroreceptor function in a manner where an increase in arterial pressure

-

produces a reduced deactivation of the sympathetic nervous system could

also help to maintain hypertension in SHR.

r

Studies involving the use of aympathectomy to study the role of

the sympathetic nervous system in maintaining hypertension hav

ambiguous results, In view of the fact th arsh neonatal

sympathectomy :can prevent the subsequent development of hypertension in

SHR (Folko et al,, 1972 b; Johnaon and Macia, 1979; Mulvany et al,

1981) uhile such\treatment produees only a modest drop in blood pressure

in HKY (Folkow et Jal., 1972; Mulvany et al., 1981b), it appears that an.

intact sympathetic hervous system is essential for_the development of
hypertension in SHR. However, it is not clear from these studies

whether an elevation in SNA in SHR 1s responsible for maintaining an

-\\(’t/’
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elevated vascular resistance.” Several inconsistencies exi:st; For
example,r various sympathectomy treatments that produce a substantial
decrease in parameters th'ought to be a measure of peripherai sympathetic
activity, produce.only marginal decreases in the blood pressure of SHR.
The above studies suggest that the aympathepic nervous system may
provide s;me factor that is essential in promoting the development of
meehaniams;that initiate hypertension without direétly being involved in
the maintenance of hypertension. It' could be possible that the total
absence of the sympathetic nervous system may alter vas;:ular develbpment
in a manner where a defect 1in vascular smooth musele t‘uriction
responsible for the elevation in vascular resistance is not expressed.
An example of how this might occur .will bé discussed in a later section.

\

C. The role of the central nervous system inﬁt;ﬁ?/gstablishment

and maintentance of hypertension in SHR"

1. Background _ '
Zackground «

There are a number of areas within the brain that jare thought to

play an important role in the control of biood pressure, One of these
areas is the nucleus tractus solit'arius (NTS) in ﬁhe medulla oblongata.
Experiments by Doba and Reis (1974) emphasize the importance of the NTS
in this respect. Electrolytic lesions that obliterate the-NTS raise the
systolie, -diaat;olic- blocod pressure of anaesthetwa from 125/97 to
201/151 mm }!é. In such a <l:ond1tion the rats die of eongestive heart
failure and ‘excessive pulmonary edema, secondary to hypertension,

Afferent fibers from the faecial (VII), trigeminal (V),

glossopharyngeal (IX)\~and vaﬁl (X) nerves terminate at the NTS. Of

1
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particular importance in blqéd pressure control, baroreceptor fibgg; ‘

that extend from the carotid sinus and the aorta as well as

cardicpu}mcnary receptcrg which travel via the glossopharyngeal and

vagal afferents synapse ct the NTS (Zanbéré\gt al., 1978; Abboud, 1982). 4

Ergcreceptors and renal afferents have the ability to modulate NTS

activity' and. the 'S also receives input from the supraoptic and

paraventricular hypcthalamic nulcel (Abboud, 1982) -

Both catecthamine and serotonin containing pathways are thought

[:;“to act as connections between the NTS and nerve cell bodies in the

spinal .cord that make contact with the sympathetic - g 4. Chalmers

(1975, 1978) states that the spinal serotonin tricts originate from the

31. 52 and/g3 groups of nuclei in the brain, while the catecholamine

tracts orfE;;;te from the A, and A, regions of the brainstem. A short
inhibitory catecholamine tract 1is thought to connect the NTS to the

spinal catecholamine and serotonin tracts which are facilitory in

nature,

»”
connections thought to be involved in the Uaroreflex responsesé From

Fig. 1 outlines a simpiified .and hypothetical model of the rs*’j::)
the model presented, it can be seen that the destruction of the NTS or
the surgical interruption of the baroreceptor afferents would eliminate
the inhibitory influence on the apinal catecholamine and serotonin
.tracta. and in this manner raise peripheral sympathetic activit? and
blood pressure, An .increase in barorq;gg\or nerve actiuity' would
stimulate NTS activity, stimulate vagal nerve firing and inhtbit spinaly

'~ catecholamine and serotonin nerve activity. Houever, even. in this

simple rcflex, the NTS, vagal complex;‘g% well as the vasomotor spinal ~
. ca
?
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Fig. 1. 44 hypotﬁetical modél‘éf‘the néuronal connections ?hat
_ ~ are involved in ihefbaroreflex_response.

\% - The‘destruc;ion of the nucleus tractus
solitarii (NTS) or the sufgiéaltihterruption of the

. .

baroreceptor afferents would eliminate the
inhibitory '1nf1uencé on the spinal catechola&ine
and serotonin tracts, and in this'pmanner raise

periph®ral sympathetic activity and bloed pressure -

(from Chalmers, 1975),
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serotonin and catecholamine tracts, can be further modulated by various
other nerves arriving from more rostral regions of the brain (Chalmers,
1975, 1978; Abboud, '1982). y \ _ ‘

“ Attempts have been made to study the various régions of the
brain and to ;séertaiﬁ their involvement in hypertension. Often the
results of these studies have produced contradictions. Thi§ is largely
due'to the fact that the tools involved in these studies fre Vimited in
their specificity tq pinpoint either the area or the echanism of
neuronal alteration ﬁresent. |

The'iqpo;tance of the CNS in maintain;ng.hxpertension in SHR was
first demonstrated by Okamoto and his colieagues (Okamoto, 1969) The
destruction of the spinal cord by pithing or by transecting the cord in
the upper cervical area of 8 and 24 week old SHR and WKY produced a very
large drop in blood pressure'in SHR and a more modest reduction in WKY.
.After such treatment SHR and WKY exhibited similar blood .bressures;
Lesiﬁns of the posterior hypothalamus produced a more moderate drop in
blood pressure that was greater in SHR than WKY.. On the other hand,
traniection of the midbrain did not alter hypertensfon in SHR. These

experiments suggested that the 1ntegrity of an area of the brain between

the regions of the upper cervical cord and the midbrain was essential

for the maintenance of hypertension.

2. (a) Alterations in the central catecholamine tracts in SHR

Brain catecholamine tracts appear td play a critical role in the
establishment of hypertension in gﬂ!. The injection of 6-OHDA into the
ventricles of the brain of 6, 7 and 7.5 week old SHR depletes the brain

and Spinal cord of catecholamines (Kubo and Hashimoto, 1978) SHR
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treated in such a manner maintain biood pressure  in the upper.
normotensive range (140=150 mm tg) for the 1length of the period of
study,-which has ranged between 5 to 12 weeks post treatment (Finch et
al., 1972 a; Hauslér et al., 1972; Kubo and Hashimotq, 1978). Although
in ihe above studies WKY were not treated H;Lh 5-0HDA, studies by Kubo
eétal (1978) indicate that the intraventricular treatment of 5 week old
normotensive Sprague Dawley rats with 6-OHDA did not alter their blood

pressure, In Qiew of this, it could be possible that the

_intraventricular treatment of rats® with 6-0HDA does not produce a

general hypotensive effectthut rather acts on the mechanism initiating

" hypertension in‘SHR.

Spinal injections of 6-OHDA into SHR deplete the spinal cord but

not the brain of catecholamines (Kubo and Hashimoto, 1978)., The above

tréatment of young and adult SHR or the "intraventricular injecéion of
6-OHDA into SHR with established hypertension does not affect ‘thé
progress or malntenance of hypertension (Finch et al., 1972; Kubo et
al., 1978). This suggests that the upper ‘brain but not the spiﬁal
catecholamine tracts are essential for the development  of hyperténsion'
in SHR. Howevef, once hypertension is established even the uppér brain
catecholamine tracts are not nqcéssary in the maintenance of
hyperteﬁsion. '

‘The specific catecholamine tracts thought ‘to. contfibute to
hypertension development in" SHR are unknown and studies. that have
attempted to ascertain, the particular areas involved have yielded
conflicting results, Conaistenflwi£h the rind;né that the

intraventricular injection of 6-OHDA prevents hypertension development



" coeruleus 1in <cats increases blood pressure, while both the A
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. in SHR, certain rei?archers have observed that the pressor areas of the

" bralnstem and certain areas of the hypothalamus have increased NE

content and an elevated activity of enzymes involved in NE synthesis in
young but not old SHR.

Nakamura and Nakamura (HQ?B a, b) observed that 5 week old
prehypertensive SHR have increased DBH activities (an enzyme involved‘in
NE synthesis) in the locus coeruleus, the A, region of the brain and the
intermediolateral.area of the spinal cord when compargd to WKY., These
alterations were no longer significantly different when 25 week old SHR
and WKY were compared. S3ince the electrical st;ﬁdiation of the locus
2 and
intermediolateral catecholamine tracts have been implicated in the
contfcl of sympathetic activity, the authors suggested that the above
areas may be involved in promoting altered sympathetic activity in young
SHR. | ’ .

Nagacka and Lovenberg (1977) found that DBH activity in the pons
medulla region and hypothalamus was increased in 5 and 9 week old SHR,
uhile‘3 and 15 week old animals had decreask& activity levels of this
enzyme when compared to WKY. A similar pattern was observed for
tyrosine ﬁydroxylase {a key enzyme involved in ﬁE aynthesié) activity in
the corpus striatum and hypothalamus. Versteeg et al {1976) sampled 27
brain nuclei; the mos£ predominant alteration observed was an increase
in the NE content in 11 w;ek' old SHR over WKY. Of . particular

impgrtance. the .locus coeruleus, NTS, A1 and A, brain regions all

exhibited higher NE and dopamine contents. Henk et al (1978) observed

that 2 and 4 week old but not adult SHR had elevated'adrenaliﬁ levels in
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the A, region of the brainstem.

Palermo et al (1981) used. ' the radioligands
H3:dihydro-alprenclol, H3—clonidine .and H3WB101 to determine,
respectively, ‘the receptor densities of beta, alpha2 and alpha1

receptors in hypothalamic and brainstem homogenates. Eleven week old

SHR exhibited a higher alpha, receptor &ensity in brainstem ejdtracts and

a higher alph32 receptor density in hypothalamic extragts when compared
to WKY. The binding affinity of each of(‘the -radioligands was not
altered in hypertension. The interpretation of this results in terms of

altered nerve function is difficult since postsynaptic alpha receptors

jould be involved 1in the transmission of nerve impulses, while

-presynaptié alpha receptors could inhibit catecholamine release.

Using another approach to study nerve function, Hayashi and
Hakamura (1981) studiea the rate of in vive 'wc-glucose utilization
within 100 different cerebral nuclei of 4 and 20 week old SHR and WKY.
Of the 100 nuclei studied which inecluded catechoclamine containing cell

bodies, glucose utilization was either increased or unaltered, but never

" decreased in SHR when compared to WKY. ‘ !

The above experiments as a whole suggest that hypertension
delelopment In SHR i3 associated with an overactivity of the

catecholamine containing nerves. However, all the evidence in favour of

.this phenomenon 1s indireet. Increases in the activity of enzymes

involved in the synthesis of catecholamines or the catecholamine content
of various brain cells may not be related to increased nerve activity.
In- fact, certain contradictions do exist., For example, Wijnen - et al

(1980) observed that the uptake of-H3-tyr651ne, a substrate required in-



the synthe;is of NE, was increased in the medulla and hypothalamus of 3
week old SHR, This implied that the synthesis and release of.NE may be .
increased in young SHR. To test this hypothesis, the 3ynthesis of NE
was blocked and the rate of depletion of NE fﬁom,various brain areas was
measurgd and used as an indicator of the neuronal release of NE,and the
formation of HB—NE from H3—tyrosine was used to measure NE synthesis. The
uptake of NE withig}the brain was found to be unaltered in SHR, as well,

the depletion of NE after NE synthesis was blocked was similar wﬁen the

51, Aé and NTS regions of the brain were compared. Furthermore, certain

hypothalamic nuclei of 3 week old SHR exhibited a reduced rate of NE
depletion in spite of the fact .that in other experiments this ‘area was

shown to exhibit 1ncreaaed tyrosine uptake.

2. (b) Altenations in the central serotonergic tracts in SHR

Buckingham et :al (1976) found that the 1ntrévéﬁtrieu1ar
injection of 5, 6 dihydroxytryptamine (5, 6 DHT) into 6 week old SHR
.depleted the brain and spinal cord of serotonin, and retarded the
hevelopment.of bloed pressure of SHR for the 6 week period of 5fudy (at
12 weeks of age control SHR had a mean arterial BP of 160 mm Hg, while
treated SHR had a BP of 140 mm Hg). The above treatment was ineffective
'in, lowering blood pressure in SHR with established hypertension. Thesé
experiments suggested thaﬁ spinal serotonin contalining herves are
important in the dev!ﬁopment but not the maintenance of hypertension in
SHR, ‘ -

In experiments performed by Smith et al (1979). SHR and WKY were

injected with an inhibitor of : the enzyme aromatic L amino acid

decarboxylase (Ro4-U4602). The inhibitor used was capable of crossing
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the blood-brain barrier and prevented the formation of serdtbnin within
serotonergic nerves., Such treatment produced an accumulation of &
hydroxytryptophan (5 HTP), a precursor of serotonin. Assays of 5 HTP
thirty minutes after ikjection of Ro#-4602 into the rats was thought to
give a representatian of the serotonin synthesizing capability of
serotonergic nerves., Using this assay, 4 week old prehypertensive SHR
exhibited sigﬂificantly increased 5 HTP levels over WKY in the pons
medulla and spinal cord. However, at 8 weeks of age, when the systolic
BP was 80 mm Hg abovg normal, these CNS -areas were found ,66 have
unaltered serotonin synthesizing'capabilities. fhe above study suggests
that serotonin synthesis is increased in the CNS at a time when blood
presﬁur; is starting to eleyate in SHR. |

Some researchers have argued éhat the action of serotonergié
nerves is increased due to a reduced serotonin uptake (Prina et al.,

1981). This argument primarily stems from the fact that the platelets

of SHR and some essential hypertensive subjects exhibit a reduced

ability to take up serotonin (Bhargawa et al,, 1979; Prina et al.,
19815. Prina et al (1981) have sugg?gted that this alteration could
represent a gené?ic defect in the uptake system alsc present in
serotonergic nerves. Howéver, to‘my knowledge, no direct experimehtél

evidence of such an alteratioa being present in the brain of SHR exists.

2. (&) ExperimentsJinvolving the electrical stimulation of pressor

areas in SHR and WKY

Various researchers have attempted to electrically stimulate
various areas . of the brain in an attempt to ascertain whether the

pressor responses observed in SHR differ from those present in WKY. A
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consistent observation is that electrical stimulatio; of the posterior
hypothalamus evokes a greater increase in blood pressure in SHR than
WKY. Such experiment$ have been performed in both young (Bunag and’
Taked;, i979) and old (Bunag et al., 1976; Juskevich et al., 1978) SHR
and WXY, under anaesthetized (Bunag et al,, 1§75: Juskevich et ai.,
1978; Takeda and Bunag, 1978; Bunag and Takeda, 1979) and awake
conditions (Bunag et al., 1976), and under conditions where the blood

pressure of SHR has been normalized by antinypertensive therapy

(Juskevich et al., 1978).

The pressor effects produced by hypothalamic Siimulation appear
to be mediated througﬁrthe sympathetic nervous system. Such stimulation
produqés and exaggerated sympathetic firing activity as indicateﬁ by

direct recordings taken from the splanchnic and abdominal sympathetiec
nerves (Juskevich et al., 1978 Takea and Bunag, 1978: Bunag and Takeda,
1979). Furthermore, the injection of ganglionic blocking agents
prevents the hypothalam%c stimulation .evoked pressor responses from
oceurring (Takeda and Bunag, f978; Bunag and Takeda, 1979). 1In view of
the above reauits it has been suggested that SHR haye an altergd nefvohs
.qystem where 1qcreasés are mediated in part by nerve tracts that run in
tﬁe area of the posterior hypothalamus.

Attempts to locate the particular nerve tracts involved have
Beén unsuccessful. In cats, some nerve tracts present in théjposterior
hypothalamﬁg _appear to originate from cell bodies within the 1locus
coeruleus. Within these animals electrical stimulation of the 1locus

coeruleus produces pressor responses which are diminished by lesions of

the posterior hypothalamus _(Przuntek and Philippu, 1973). However,
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Kawamura et al (1978) found that although WKY exhibited frequency
related pressor responses when the locus coeruleHiJ,waé stimulated,
‘similar levels of stimulation in SHR produced either a small depressiog
in" blood pressure or, at high levels of stimulat;on, a rise in blood
pressure that w%s less than that present in WKY. Further research 1is
required to determine whether the nerve tracts of the locus coeruleus or
other as yet unknown pressor connections are responsible in producing
the hypothalamic evoked pressor responses.
2. (c) Conclusion

Central nervous system adrenergic and serotonergic nerves appear
to play an important role 1in initiating hypertension in SHR. The
injection of 6-0HDA or 5, 6 DHT into the brain ventricles of
prehypertensive SHR depletes the brain and spinal cord ;f, respectively,
catecholamines and serotonin and prevents the subsequent development of
hyéertension.y The ventricular treatment of young normotensive Sprague
Dawley rats with 6-0HDA does not alter blood pressure suggesting that
6=0HDA treatment does not produce a general hypotensive response.

Injection of 6—OHDA into the spinal eord of young and adult SHR
or the 1ntraventricular injection of 6-OHDA or 5, 6 DHT into the brain
ventricles of SHRﬂ;ith established hypertension does not alter blood
pressure. This suggests that (1) spinal catechoiamine tracts are not
required to initiate hypertension and (2) once Qypertension is
established,: neither catecholamine or serotonin coqtaining nerves are‘.
required to ﬁ;intain hypertension., However, even at this stage of

hypertension deveiopment. the central nervous system is stil?l important

in maintaining hype tension, since lesions of the cervical spinal cord
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or spinal cord destruction by pithihg does reduce the blood pressure of

SHR to that present in similarly treated WKY.

The specific areas of the brain thought to be sponsible for
the initiation of hypertension are upknown. Furthermor » the techniques
available to answer such questions are limited. 1In generail, at a time

when blood pressure first starts to elevate certain vasopressor areas of
the brain of SHR exhibit an increased content of NE, and an increase in
the activity of enzymes responsible for NE and sgrotonin synthesis,

Certain brain areas of young adult animals also exhibit an inerease in

alpha, or alpha, receptor densities and an increase in glucose
utilization. All the above experiments suggest that the initiation of
hypertension may be associated with an overactivity of adrenergic and

serotonergic nerves, However, this point is still controversial,

There is experimental evidence that suggests that lesions of the
posterior hypothalémus produce a hypotensive effect that is greater iq

SHR than WKY, while the electrical stimulation of this area produces a
greater sympathetic nerve evoked pressor resporse in SHR than WKY.. The

mechanisms involved in this response or its importance in hypertension

are unknown. :

D. Hormonai and neurochormonal zterations in SHR

" B

1. Background S

The initiation and-:the in;tial ﬁainténénce'of hypertension in
SHR cannot be',explained by hormonal alteration. Ebihara (1972)
performed e}periments where 4 week old préhyperténsive SHR and

normoténsive rats were parabioticallyrJoinedwfor a 12‘heek period. Such
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a.procedure involves the suturing of the scapular muscles and skih of an
'SHR to WKY producing a common peritoneél cavity and allowingN“fﬁe-
exchange of extracellular body fluid. It was observed that hypertension
de#elopment in the SHR individual of the parabiotic pair did not alter
the blood pressure of the normotenéive control partner., On the other
hand, other studies involving 2 kidney Goldblatt hypertensive rats,
hypertension produced by partial renal ischemia (Schaectelin et al.,
1963; Ebihara, 1972) and Dahl salt sensitive and resistant rats {Dahl et
al., 1969) indicate that pargbiotic cotbinations can either transfér
hxﬁ;rtension to a normotensive partner or, in the case of Dahl salt
sensitive réts, transfer a susceptibility factor to salt resistant rats
permitting hypertension development upon 3alt loading. Studies
involving SHR do, . however, indicate that during advanc q phases of

hypertension CNS alterations in dopamine and/or peripheral \alteration in

prolactin and/or vasopressin could help maintain hypertension. //‘\\\

2. (a) Alterations in dopamine and prolactin in SHR
Alterations 1in central dopamine function, metabolism or the
hypothalamic release of dopaﬂ}he could play an important role in °
contributing to the 1ni?ratt6h or .maintenance of hypertension, Thé
action of dopamine can be exerted thrngEﬂ,ESPtral pathways wheré
- dopamine 1is thought to decrease sympathetic oupflow and peripheral
resistance. Alﬁernatively, a decreased release of dopamine from the

»
* ‘hypothalamus could promote a hyper-secretion of prolactin from the «

pituitary,. The /lat) hormone haS\\tﬁi)/ability to potentiate NE

contraction and act as an antidiuretic.

. The injection of dopamine (10 pg) into the third ventricle of

-
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rats produces a neurally mediated hypotensive response which.reduces
peripheral sympathetic activity by 35%, heart rate by'géz and produces a’
.30% drop in blood pressure (Baum and Shopshire, "T9F3). A similar
reponse has been "found in cats; Dutta et al (1975} observed 'a dose
dependent decrease in blood presgﬁre when dopamine or apomorphine (a
dopamine receptor agonist) was injected into the brain 'ventricles.
These é?fegts were inhibited by the intraventricular injection _of
haloperidol (a2 dopamine recepton*antagohiet). atrOpiﬁe or ecolopamine
(muscarinic receptor. blocking agents). The latter: resul s suggest that
the hypotensive effects exerted by the intraventricular injection of

v dopamine are mediated through cholinergic connections.
\ .

Horrobin and his colleagues have investigated the role of

prolactin in controlling blood pressure. - It was observed that the

infusion of SO‘ug/kg/hr prolactin into decerebrated rabbits for § hours
L)

increased . the mean arterial “blood pressure from 100 to 140 mm HE?

'\\JIEBRrobin et al,, 1973). In other experiments involving isolated

perfused rat mesenteric vascular beds, it was found that the presence of
50 ug/ml prolactin increased the maximal vascular resistance responses.
to NE and angiotensin II, respectiyely, by 60-and 40%. A comparable
result was obtained in i;omeiric tension studies of rat aortic strips.
In the above studies the effects of prolactin couig be inhibited by the
presence of indomethacin, suggesting that the potentiation of'
contraction by prolactin is being mediated through prostaglendins (Manku
et al., 1973; Mtabajei et al., 1976). It {3 unclear, however, whether
the effects of prolactin discussed above are of. physioclogical

importance. The quantities of prolactin required to demonstrate NE

I
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potentiation are much higher than the physiological quantities present

.

~

‘in the eirculation. S

Prolactin is also thought to act at the level of. the kidney to

decrease the excretion of sodium and water. Burstyn (1976) found that

~

the *administration of 200 I.U. prolactin per day to rabbits for a 5 dg{d,
period produced, respectively, a 45 and 414 reduction in sodium and
urine excretion., Clinical studies by Horrobin (197'1) also indicate that

the dailly injection of ﬁnolactin into humans produces sodium amd water

retention.

+

The importance ~of dopamine or prolactin }alterations in
hypertension is emphasized by t.he\.-jfact that bromocryp,ti{le, a dopamine |
receptor agonist, can produce normotension in a~ subpopulation of‘
‘essential hypertensive patients with hi'g.h prol’actin levels '(Stumpe'gé
ai‘..‘ 1977). Other.:. studies have shown that there is ria significant
correlation between the levels of plasma pr.olactin and the risé of
diastolic blood pressure during pregnancy (Jenkins nd Perry, 1978).

The role of dopamine 'and/ér prolactin 1in -the initiation and .
maintenance of-“ hypertension in SHR has not 'been. fully investi'gat.:ed.
However,; Sﬁw&r ;E:;al (1979) found that plasma prolactin levels were
elevated in 18 week ©old- SHR over WKY. Within t\sﬁstudyf it was
observed that -the pituitary prol’actin responses to dopat;x ke agonists and |
antagonists: as well as TRH, were normal when SHR were compared £% HKY.&‘
This suggested that the hyperprolactinemia observed was pr'o‘d'uced by a.
decreased ‘release o_f'dopamine from the hypothalamus in SHR. 1In .atudies
-perfor;ned by McMirtry et a]: (1979') bron?ocryptine treatmeni’of._‘lﬁ ;:o 24

mo}th old SHR reduced plasma prolactin and the mean arterial. blood

A}
-

- L4
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preasure o? the animals from 178 'to 129 mnm Hg: However, 1in other
. ’ =
experiments involving 13 to 17 week old SHR, bromocryptine treatment ™

ﬂLf’r:duced plaapa prolactin 1levels but did not alter blood pressure. )

‘ Further experimentation is necessary to. determine the ‘role of/dopamine
-and prolactin 1n elevating blood  pressure in SHB Based on .ne limited
amount of’ expermental evidence available, it oould be possible that long
term hypertension alters the SHR physiology in .a manner' where blood
pressure ~of old malignant hypertenaive SHR but not younger SHR is .
susceptible to decreases in brain dopamine or increases in plasma
prolactin However, at.preaent, this relationship is not clear,

N a

2. (b) Alterations in vasopressin in SHR ~

. Vasopressin is a neurchormone secreted from nerves present in,
the posterior pituitary. The plasma levels and the urinary excretion of
vasopressin 1is modestly increased in 5 week ‘0ld SHR with mild
hypertension uhen compared to WKY. “The onset of hypertension and aging

| is associated uith a further increase in plasma vaaopresain, while at

) malignant stagea of advanced hypertenaion, SHR have approximately four
timea the plasma levels of vasopressin present in WKY (Crafton et al,
1978' Mohring. 1978 Mohring et al., 1978), During’the beginning of
eatablished phases of hypertension,, the' injection of vaaopressin
antiseng into SHR produces a modest 15 to 20 mm Hg drop in &lood

. preasure. However, during malignant hypertension, such treatment can
reduce blood pressure by up to 100 mm Hg (Mohring, 1978). The
hypotensive ‘effects produced by tne injection of vaaopresain antisera

are tranaient lasting approximately 100 minutes. The re-establishment

of hypertension is thought to reflect the replacement of antisera bound B

A
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vasopressin by freshly secreted hormone (Mohring, 1978).

Alterations in plasma vasopressin and the susceptibility of
hypertension to vasopressi ntisera are not limited to SHR. Mohring
(1978) hagzz;;;;;irated the " esence of elevated plasma vasopressin in
malignanﬁ stages of,both~DOCA/sa t and one kidney Goldblatt hypertension
1; rats, As in SHR, ,vasopressin antisera is also capable of normalizing
blood pressure in fhese hypertensive models during malignant
hypertension. Mohring has suggested that 1increases in Riiiff,.—*’
vasopre;éin are the result of nndificat£ons secondar§ to high blood

pressure,

AlhhoLgh vasopreasih'appears to play a role in maintaining high «\J
blood pressure 'during advanced hypertehsign in SHR, the mode of
vasopressin action 1is- not well  understood. .Alihough- vasopresSin is
capable of directly contracting blood vessels in normal rats, the plasma b
levels of vasopressin are insufficient to produce vasoconstriction.
Under normal phys}ological conditions, vasopressin is thought to act an
an antidiuretic (1i increasing the. water permeability within the s
collecting ducts and distal tubules of the kidﬁey and (2)-stimulating
active” ssdium transport within the tubular epithelial cells, thus
pr&moting sodium and water retengién (Bisset and Jones, 1975). However,
in the case of malignant hypertensive SHR, the 1ﬁjection.of vasopressin a
antisera lowers blood pressure within S minutes, faster thaﬁ the time
predicted if va;apreasin was acting only as an antidiuretic, .

Mohring (1978) has suggested tHat Gasopressin acts as a
vasocong}rictor. In SHR with malignant hypertension, the plasma levels

of vasopressin range between 3 to > 100 pg/ml. Since in normal rats the .
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threshold plasma levels of vasopressin required to_produce‘vasopressor
effects are in the range 25-30 pé/ml, a portion but not all of the SHR
pﬁpulation has suffic;ent vasopressin to directly constrict arteries
(Mohring, 1978). - Hoﬁ;ing (1978), however, contends that during
malignant hypertension in SHR there is up to a 1000 fold 1n;réase 1n'the

sensitivity to vasopressin contraction. The experimental evidence

-

‘supporting this coniéﬁtion 1s indirect and is based on the fact that

plasma vaiﬁpressin vS blood pressure dose response curves obtained by

lowering plasma vasopressin levels in SHR (through the use of antisera)
are shifted to the left of those obtained by elevating blood pressure
via infusion of vasopressin into normotensive rats. Such a comparison

can be criticized. Since two different methods were used to alter
P '

‘plasma vasopressin in WKY and'SHR, a true'comparison of" alterations in

\ e
sensitivity cannot be made,

Vasopressin could also. act to ﬁotentiate. sympathetic ;;rve

evoked contraction. 1In this regard, ;ubpressor doses of vagbpqgssin

ave been shouq tc potentiate NE contraét;on of mesoappendix arteéries

and aortic Stripa (Altura et al,, 1965; Altura and Hersy, 1967) and to
potentiate sympathetic nerve evoked presaor responses (Cowley eE al.

197"). In view of this, elevated levels of vasopressin during malignant

hypertension, possibly in combination with other pre and postsynaptic

‘'modifications in the vasculature of hypertensive SHR, could produce'an'

increase in vascular tone'ahﬂ resistance,
2. (c¢) Conclusion

. -~ . .
In general, therg‘is little evidence available that

-neurohormonal or hormonal alterations are involved in the initiation of

N

/
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hypeftension in SHR. Experiments_involving the parabiotic combination
of prehypertensive SHR and age matched Wistar controls indicate that the
subsequent elevatién of blood pressure in SHR does not affect the
normotensive partner, Howe#er, studies by McMurtry eﬁ ral (1979)
indicate " that. plasma prolactin. levgls are ‘elevated in SHR with
éstablished hypertension and bromocryptipe treatment decreases both the
plasma prolactin and the‘blood pressure of SHR. During advanced.atages
of hypertension, Sﬂg\:iso exhibit elevated lével: of plasma vaSOpressin;
During this stage of hypertensizn development, blood' pressure ca‘ be
lowered by injecting -SHR with vasopressin antisera. This suggests that
during .late stages of" hypertension alterations in central dopamine
and/or peripheral prolactin _;k;rvasopreasin may play a role ip

malntaining hypertension. N EEB

E. Alterations in the/reaction of SHR to-external stimuli ¢

There are mahy reports in the literature that suggest that SHR

may have a CNS that 1is altered in a manner where experimental stimﬁli

are perceived or reacted-to in an exaggerated manner in terms of pressor

‘responses. Nakamura and Nakamura (1978 b) noted that when subjected to

a 30 second immobilization stress[‘20 to 30 wgek q}d SHR responded by
elevating plasmh DBH, ‘HE 'and~ adrenalin to a greater degree than WKY
controls. Both prehypértenaive and adult SHR exhibit a higher degree of
vagal suppression and increased heart rates over normotensive controls
during defense responses to a variety of stressfuls stimuli (Folkow et
al., 1973; Hallback and Folkow, 1974), J

Many researchers believe that exaggerated pressor responses

could help‘ initiate or aggravate: hypertension development in SHR.
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Okamoto - (1969) states that both prehypertensive (40 day) and young
established hypertensive SHR (80 day) deveiop higher Dblood pressures
when subjecﬁed to chronic visual, audiﬁory,-eleotrical or immobilization
stresses. Folkow and hia_oolleagues'(Folyow-et al., 1973; Hallback and
Folkow. 1974) have ‘argued .that :6he-ehfﬁer;resoonsiveness ‘of the
sympathetic nervous system to 3tress is produced by genetic alterations
since such alterations are present 1n ‘prehypertensive SHR. It was
suggested that the’ elevations in blood pressure observed doring such
episodes could produce arterial structural adaptations that could
permanently maintain hypertension. This theory wiii be discussed

further in later sections.

F. Presynaptic Alterations in the Peripheral Sympathetic

Nervous System 1n'SHR

1. Background : . ) ‘ ) ' -

Sympathetic axons‘ innervating blood vessels contain . many

-varicosities® The passage of an action potential results in an inward

movement of C:a"'2 at the varicosity which causes the migration of NE
containing vesicles to the. presynaptic junction where they fuse and
release NE and other proteins.. Once released into the sfnaptic oleft..
the disposition of MNE occurs in two manners. Presynaptically an active
amine- pump {3 present which can take up NE ano_ internalize the
transmitter, Once 1nternaI12ed; NE is either degraded or taken up into
synaptic vesicles by another amine pump, permitting it to be re{eaaed
again during exocytosis, Alternately, NE can be taken up by vascular
smoo“ muscle and deactivated. The de novo syr"athesi,s of NE takes place

at the sympathetic terminal varicosity and ﬁithin the sympathekio
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ganglion ?ells. The quantity of NE containing vesicles in the
varicosity is feed back controlled. A decrease in the vesicles within
the varicosity accelerates vesicle formation in the neural cell body.
The newly formed vesicles are subsequently transported down to the
variéosity qf‘active axonal transport (Vanhoutte, 1978).

Tﬁere are a number of presynaptic factors that govern the
magnitude of. nerve evoked responses. Bevan (1977) has shown that there
is a diréct correlation between the density of 1nnervation[ and the
magnitude of cont}actile response in veins. The rélease of NE from the
sympathetic varicosity 1is alsc controlled by a number of different

.- -

presynaptic receptors = (Westfall, 1977). Evidence is avallable

indicating that alphaz, dopamine, H,-histamine, serotonin, adenosine and

muscarinic receptors are present presynaptically. Stimulation of these

receptors with agonists as wgqll as the presence of prostaglandins E1 aﬁé“

E, inhibit the ‘synaptic releasg/ f NE, while alphal; anglotensin II and
nicotinic receptors’ fqgiliQégg the release of NE (Westfall, 1977;

~

McGrath and Shepherd, 1978; Shepherd et al., 1978; Verhoeghe et al.,
1978; Zimmerman, 1978; Kawasaki et al., 1982; Ekas et al., 1983).
The distance between the presynaptic surface and the vascular’

smooth muscle is also an important determinant of response. Generally a

narrow synaptic cleft will favog the accumulation of higher maximal NE

. foncentrations within the cleft during nerve stimulation. Such an

alteration also permits a greater presynaptic recovery of released NE

and 1increases the effectiveness of presynaptic feedback inhiﬁition'of

-/
~ transmitter release (Bevan, 1977).

- In view of _the _above discussion, it could be possible that

"
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hypertension is associated with (1) alteratiochs in the density of

innervation, (2) alterations in the anatomy of the synaptic cleft, (3)

alterations in the presynaptic control of NE release and uptake, These

-
(a3

aspects will now be discussed,

“
-t

2. {a) Alterations-in nerve density and synaptic cleft anatomy

There is evidence in the literature ouggesting that both young

- *

and ' adult SHR have blood vessels ~with -increased nerve densities.

] B
results) indicate that larger muscular mesenteric arteries

Morphometric studies by Dr. Lee (pe}sonal communication, unpublist;i
n
prehypertensive (3-4 week) SHR and am;iler premucosal arteries of 10 to
12‘ Wweek old SHR (Lee et al,, 1983b) with estaolished hypertension
exhibit greater oross-sectional quantities of_nerves (nerve sheath «
axons) than age matched WKY. However; in each of the above age groups,
arteries larger rand smaller than those mentioned had "an unaltered
: innervation density when SHR and WKY were compared. - Fluorescent
| microscopy studies perfo;med Dy Scott and Pang (1983a2) indicate that
from 2 weeks of age.onward SHR' exhibit an increase in the number of
catecholamine fluorescent profiles around Jejunal arteries when compaoed.
to WKY. 1In other .studies performed by Saito and Lee (1982), the density
of catecholamine fiuoresoegce was increased in the cerebral vasculature
of 24 week old SHR over WKY. Consistent with the above observation the
incidence of granular vesiole containing nerve endings and the NE
-content of the blood vessels was elevated in SHR.
Scott and Pang (1983) studied the neural junction of jejunal
arteries of SHR and WKY between the ages of 2 to 12 weeks., It was

stated that the minimum cleft width between the nerve and MCs was
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unaltered in hypertension. However, data supporting this contention was

}éETE?EQented.

2. (bl$ Alterations in the release and uptake of NE. by

sympathetic nerves of SHR

. Physiologieal and_pharmacological investigatibns involving the

release and uptake of NE in the renal vasculature of SHR have produced:

)

conflicting results, Work by Vanhoutte and his colleagues (Coliis et
al., 1980; Vanhoutte, 1981) involving 6 week old incipiént hypertensive
SHR indicates that the renal vascular reactivity and sensitivity to NE
is not different than that' presentl'in WKY (discussed in a 1later
section). Howéver. stimulation of the renal nerves at frequencies up to
12 Hz evoke& a much greater renal vascular resistance response in the
isolated perfused kidneys of SHR than WKY. The increased respods; to
nerve ati&ulation in SHR was associated with an elevated NE overflow
(Vanhoutte, 1981), The inhibition of both the pre and postsynaptic NE
uptake m?dhanism; did not alter the hyper-responsiveness observed in_SHR
during nerve stimulation. In view of this it was suggested that young
SHR -exhibit hyper-responsiveness during néfve stimulation due to an
increase in the release of transmitter {(Vanhoutte, 1981). |

Vanhoutte and his colleagues (Collis and Vanhoutte, 1977:
Vanhoutte, 1981) found that the renal vasculature of adult SHR exhibited
an increased reactivity and sensitivity in response to the infusion of
NE. Howe;er. in spite of 'the gbove alterations which favoured vascular
hyper-responsiveness, periarterial nerve .stimulation at frequencies up

to 10 Hz produced aimilar vascular responses in SHR as in WKY. When the

renal nerves were preloaded with H3-NE, electrical stimulation was found

S/ —

Sl
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to produce both a smaller H3_NE and total overflow in SHR than WKY '

(Vanhoutte,\ 1981). When the neuronal uptake of NE was blocked by

cocaine such “\ treatment potentiated nerve stimulated contractile

responses in the SHR kidney to a much greater degree than WKY (Collis

and Vanhoutte, 1977), It was concluded that although the adult renal
vasculature oq‘ SHR is hyper-responsive to NE .contraction, such a
response ié notﬁ exhibited‘ during . nerve evoked contraction due to a
smaller release and a greater neuronal uptake of this aﬁine (Vanhoutte;
1981). |

Not all Eese;Féhers agree with the above conclusion., FEkas et al
- (1983a, b) observed that the upt;ke of H3_NE by the renal vasculature of
isolated perfused kidneys of adult SHR and WKY was not differeﬁt.
However, the H3_yE overflow duriné nerve stimulation (0.25 to 32 Hz) was

1.5 to 2.5 times that present in WKY. Nerve stimulation also produced a

. greater change in renal vascular resistance in SHR than WKY. In this

study, it_ua: concluded that the nerves of the renal vasculature of SHR
have an unaltered uptake and exhibit an increased release of NE.

The isolated perfused mesenteric vasculature of SHR ranging in
age from 14 to 21 weeks has baen shown to exhistt ﬁyper-responsiveness
to both NE and periarterial nerve stimulation by twe Iindependent
research groups (Kam;kawé et al., 1980; Ekas and Lockhanﬁwala, 19813
" Kawasaki et al., 198233 Ekas et al., 1983b). Both Ekas et al (1981,
.1933b) and Kawasaki et al (1982a) have shown that periarterial nerve
stimulation dan evoke a greater overflow of preloaded H3_NE in SHR.
Work by Ekas et al (1981) has shown that_ the total uptake of H3_NE by

the mesenteric bed is equal in SHR over WKY. The elevated H3-E

y

-
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overflow observed during nerve stimulation was present even under
condiéions where the presynaptic and postsynaptic NE reuptake‘systems
‘were blocked by respectively cocaine and metanephrine. Both the above
uptake blockers: exhibited a proportionally similar inhibition- of H3_N5
ovefflow in SHR and WKY. The above experiments indicate that the
mesenteric arterial bed of SHR exhibits 2 similar pre and postsynaptié
‘'uptake of NE as that of WKY, althoggh SHR are capable of neuronally
releasing greater quantitites of NE in response to equal degrees of
nerve stimulation,

Other researchers have argued that the neuronal uptake of HE in
the mesenteric arteries is increased in SHR compared to WKY. Whall et
al> (1980) found the total wall, pre and postsynaptic uptake of H3-NE was
‘increased in intermediate sized mesenteric arteries (lumen diameter (LD)
épproximatel& 200 um) of adult SHR over age matched WKY, Other §%udies
by- Webb and Vanhoutte (1981) indicate that helical strips of tail
arieries taken from SHR, exhibited an incre?sed total and cocaine
sensitive H3.Ng uptake when compared to WKY.- Consistent with the above
observation, the inhibition of priesynaptic uptake by cocaine, produced a
greater potentiation of nerve evoked contraction in SHR than WKY.

2. (e) ' Altered presynaptic control of NE release

),

VaﬁiouS'reSéaycherS have attempﬁed to test the possibility that
" the elevated release of NE froﬁ the sympathetic nerve terminalé of SHR
could be proddced by an alteration 4in the presynaptic control of
transmitter release. _ /G\

In studies performed by Ekas et al (198353 it wasAobserved that

the release of H3_yNg during renal nerve stimulation was inhibited in a

.~

\, .
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dose dependent manner by tramazoline (2 x 10-9 to 2 & 10~7M) an alpha,

agonist and adenosine (0.3 to 10 pg/ml) in SHR and WKY. However, the

studies indicated that in spite'of the presence of an augmented release
.

of HINE in SHR and WKY, the threshold dosés of tramazoline and
adenosine 1nhibit1ng the release of H3—NE were smaller, and the
proportion of the‘total inhibition greater in SHR than WKY. In other

experiments, the stimulatlon of beta2 presynaptic receptors by

salbutamol produced a propoftionateiysimilar increase in H3-NE release
during nerve stimulation in SHR and WKY. It was concluded that the
augmented reléase of NE from the renal sympathetic nerves of SHR was not
due to a decrease in\sensitivity or reactivity of presynaptic ‘alpha2 aﬁd
adenosine (inhibitor) receptors, or an increase in the efficiency of .
beta, (f;cilifory) ;eceptors.

In'studies involving the isolated perfused mesenteric

vasculature of adult SHR and WKY, Ekas et al (1981) also observed that
{

the overflow of preloaded H3_NE was elevated in SHR ;ver WKY. However,
in spite of this, the proportional inhibition ‘of H3_NE release by
antagohiat.phentolamine was not éltered when SHR and WKY were compared,
These experiments were performed under conditio'ns wh;are the pre and oL

the postsynaptic uptake of NE was blocked respectively by cocaine and

metanephrine. Studies performed by Kawasaki et al (1982a) indicate that

the presynaptic beta, racilitation of NE release is augmented in the
2

perfused mesenteric vasculature of adult SHR when compared to WKY. 1In

these studies, it was observed that isoproterenol, a general beta

' !

agonist and salbutamol, a selective beta, agonist, potentiated pressor

responses producgd by periarterial nerve stimulation to a greater degree

<



i;rgﬂn than WKY. .It was obServed that release of preloaded H3-NE was
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augmented in SHR during nerve stimulation and that isopr nol

proportionately imcre ed_the release of H3_NE in SHR t5 a greater

than WKY. However, 2:ese alterations appear to be éf pharmacologi as

oppo#ed to physiological importance in al ering nerve stimulated

responses. e presence of ﬁropranolol (gp to 5/x ?0'7H) a general beta
b

gonist or practolol {5 x- 1 '5H) a beta.

receptor 2 Selective

antagonist did not alter nerve evoked contractile responses in either
SHR or WKY. This indicates th 'although the presence of potent Beta
agonists such as isoproter 6 r salbutamol increased nerve responses,
the potentiation of transmitter\release by the feedback ;timulation of
presynaptic . beta receptors by NE is of marginal consequence in
determining response. However,.Kawasaki et al (1982a) speculated that a
situation could exist where, for example, elevated circulatory leyels of
epinephrine (a finding observed by some but not all researchers) in SHR
could produce the hyper-release of NE from the synaptic terminal

In other expariments involving the isolated perfused mesenteric
vasculature, Kawasaki et al (1982b) found that subpressor doses of AII
-potentigted nerve contractile responses obtained. for adult SHR two-fold
over those obtained ?or WKY. Similar reSults were obtained Under
conditiqns where the presynaptic uptake of NE was blocked. In these

experiments, thev‘)ortion of response obtained in the presence and

absence of A
ng/ml). Dose response curves obtained for SHR were shifted to the left
of those obtained ror WKY Since the AII concentrations used could not

potentiate NE contraction of the wmesenteric vasculature, it was

I] was plotted as a function of AII concentration (1 to 20 .



suggested é;Zt the action of A
\ .
receptors and facilitate NE release. This function was augmented in the

II was to stimulate presynéptic At

mesenteric vasculature of SHR compared to WKY.

Ingexperiments of analagous design t; those.of Kawasaki et al
(1982b), Kémikawa et al, (1980) observed that the proﬁortional inhibition
of nerve evoked contractile responses by adenosine (0.01 to 3 pg/ml) and

~
ATP (0.1 to 10 kg/ml) were decreased in the mesenteric vasculature of

- .
adult SHR over WKY. These experiments were also performed in the

. ' . * =
1ﬁesence and absence of neurordal: NE uptake  blockade. Since the
- nucleotide doses used had no effect on either basal vascular resistance

or on NE induced' contraction, it was concluded . that the presynaptiec

Rnhibition of NE release by adenosine hucleotides was decreased in SHR
over WKY. 7

.,
.__/

2. (d) Conclusion ' }\

Experiments performed o cerebral .and megenterie
vasculature indicate that, at least som; Ei;sses-of mugcg}ar'arteries
exhibit an incfe;se in adrenergic innervation in SHR. 1In the mesenterie
arQ&:ies of SHﬁ'this alferation is present in aniplals 2 weeks of age and
older suggesting that such a modification may importan‘s}n initiating
hypertensi;n. The limited amounq' of information available ﬁdicates

that the Synaptic cleft width is not altéred in the mesenteri arteries
of SHR.

Perfusion studies of the uhole'mesenterid vascular bed of adult
SHR and the renal vasculature of 6 week old SHR indicate that Uthe
neuronal release of NE 'duriﬁg nerve stimulation is augmented in SHR

while the re&btake of nofepinephrine is unaltered. However, in studies
[~

)
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invelving the renal vasculature -of adult,SHR. both a hyper-release and
an unaltered neuronal uptake of NE ,and a decreased rglease and aa
1né}eased uptake ef NE ﬁave been proposed to ocecur in SHR. Studies of
isolat@l segments of mesenteric and caudal arteries indicate that the
neuronal uptake of NE is increased in adult SHR over WKY. In the
studies -involving mesenteric arteries. it is not clear whether the
difference in results observed between isolated arterial segments and
r

perfasion_ stuJiesA are -the result of different lstudy techniques ‘or
alternatively the result of differencés in the properties of a
paﬁticular arterial segment as opbosed to an entire vascular bed.

) Studies of the presynaptic control of transmitter release in SHR
iﬂdicate that in the renal vasculature alpha2 receptor stimulated
inhibition and beta2 stimulated facilitation of NE release is unaltered,
while ‘adenosine inhibition of NE release is augmented in SHR over. WKY.
In view of this, alterations in the feedback 1nhibition of NE reiease by
NE or adepG%ine (of which the latter could be co-released with NE)
cannot explain the augmented NE release observed in some experiments
involving the renal :asculature of SHR, ‘_}n the mesenteric vasculature,
the presynaptic inhibition, of NE release by a;pha‘ receptors is
.unaltered in adult SHR. On tﬂb other hand, beta2 and App Stimulation of

NE release is increased and the in ibit of NE release by adenosine
nucleotiaes- is decreased in adult § Rii};Zr WKY, ' Potentially, the
feedback stimulation of preSynaptic eta2 receptors by reieased NE could
facilitate the further release of NE. Howeeer, experiments have shown

that the blockade of presynaptic (aﬂ(ﬂpostsyndptic) beta receptors with

beta antagonists does not alter nerve evoked responses. The
et ' ' .o b

-
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physiological role of a decreas adenosine receptor efficiency in the

mesenteric arteries of SHR is unknown.! Howeﬁer, such an alteration

-

could augment NE release-within this vascular bed.

G. Postsynaptic Alterations in the Vascular Smooth Muscle

Cells (VSMCs) of SHR 4

1. (a) - Background .

-

Norepinephrine (NE) released from sympathetic nerve varicosities
binds to alpha and beta receptors on the vascular SMC su}face (Bevan et

al., 1980). It might be expected that such action would produce
_opposing effects since the . occupation of alpha and beta receptors can
respectively contract and relax the vasculature' however, " with the
xceptidn of the rabbit facial vein (Pergram et al., 1976) and the
ronary arteries (Bevan et al., 1280). such ‘action virtually always

~ produces alpha receptot mediéted contractions Very little is known of-
’ the molecular structugé of the adreﬁergic réceptors and the receptors

\ "have been characterized by the nature of the agonists and antagonists

tﬁbﬁpd to them.

The alpha and beta re;epﬁor concept ‘was first propo:E%;fy_
t

Alquist (1948). It wvas found that smooth musole (SMC) of the .

vasculature and genitourinary tract . contracted when a !%umber of
)

catecholamines and related drugs were applied. The potency of L

¢ |

'contraction being epinephrine (E) > NE » isoproteregol (ISO). '

-

'Ralaxation of tNmooth cle, e _other hand was c}:aracterized by ,- .
the fﬂllau{g{ potency series: ISp » E > NE. Fqgfhermore, \ergot
a1ka1§I and- ‘haloalkylamines were capable .of blockins the fbrmer but .

" . not ‘th reéﬁ%a!n‘\\On"he bfiij;gi,iuch obaer¥ations, Alquist '
S ( -
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(1948) hypothesized that t.wo‘types of receptors were present in the
tissue; an alpha receptor uhich produced SMC contraction and a beta
receptor which relaxed the muscle (Alquist, 1938), Since that; timé, the
' a:[.pha and beta receptor theory has been rei'nt‘orced by the synthesis of
aéents_that selectively act at one receptor and not the other. For
example, phenylephrine acts as a selective alpha agonist while
phentolamine selectively antagonizes alpha responses (Steer, 1977). At
the beta receptor, ISO is a selective agonist while propranolol and
dighloroisopr;:terenol are seléctive antagonists (Steer, 1977). In view
of the diacovery of such agents, Furchgott (1972) redefined the alpha
and beta receptor. A beta receptor is one which mediates a response
pharmacologically characterized py (1) “(a) ISO >E > NE > phenylephrine‘
or (b) ISO > NE > E > phenylephrine and (2) has a susceptibility to
specific bl_é';ac_l}uxalither propranolol or prone'.'tt'alalrol- at lower
concentrations. M‘l pha receptor is or_:é ul:lich mediates a response’
pharmacologically characterized )by (1) a relative‘ potency series in
which B > NE > phenyle:inﬁ\e > 50, (2) 1is susceptible to specific

blockade by phentolamine, ?enamine 'or phenoxybenzamine at 'relatively

. . . *
low eoncentrat.ions (Furchgott, 1972).- More recent , work involving the
’,--
1 synthesis of sﬁll mere specif“? agonists and antagonists for the alpha

0 subdivide them . into

\/:lpha1 dhd , (Jones and Michell, 1978; Lefkowiti.and Hoffaan, 1980;
‘_ X einer, 1980) and bet:a1 and 2 (Heiner, 1980)

Many researchers have.attempted to find a seco f

- }3 and beta receptors has enabled re*earchers

messenger that

\

13 coupled to NE at.im?.ation of the alpha~receptor in VsM. {solated

' experiments have \.-.g ggeated /Eat decreaae@'{; cAMP

,S:I.Mses P may “
..-_ ‘ N . N\_ 1 ' ' 7
‘ . ' - =} = .

- \‘, . §
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mediate the contractile responses of NE (see Steer, 1977: Jones and
Michell, 1978 for review). However, mremevidence indicates that
many SMC prepar;,éti;ms, including arteries fail to show alterations in
cAMP _;n response to alpha stimulation (Jones and Mitchell, 1978), and
increésea in <GMP !‘ol_low the contractile response and appear to be
-produced by an eievation in intracellular Ca*2 (Andersson et al., 1975; _
%Goldberg.et al., 1975; Stéer. 1977 . : ' In view of the
above contradictions, none of the above agents can uniquivocally be
considered the second messenger for the alpha receptor, Alpha receptor
stimulation in VSM does lead t.o two undisputed cellular actions. .(1)

With, the exception of a ority of tissues which exhibit

pharmaco-mhanical coupling (Somlyo d Somlyo, 1968), alpha receptor
- stimulation produces a change in the membrane potential. (2) There is
an slevation in free intracellular Ca"’2

of all excitable tisfies, SMCs edhibit the most variable

electrica ! ses to transmitter stimulati n., Hicroelectrode probes

in phys olégical saline usually, but| not always, 1nd1cate an

f electrically ential near -60mV. NE

stimulation bf '_e cells evokes different responses in different fypes

of séular SMCs. To rkze these, activation can produce
contraction with (1) no ch nge iu’memzrjé poten ial of the VSM, 1i.e.,
phamo—mechanical coupling (Somlyo, 1968' Droogmans et al., 1977). (2) a
graded depolarizat.ion of fhe. VSM without the production of an. actign'
potential (AP) (Von Loh and Bohr, 1973:; Somlyo. 19753 Bulbring. 1979),
(3) one or {two APs followed by a depolarization of the membrane or (4) a

train ot‘ ,spontaneous APs cog:led to contraction (Droogmans et al.lu

. J _ » .
. i . .
f v
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1977). Veins, on the other hand, are not electriéally quiesceﬁt but in
physiologicallsaline undergo ;pontaneoué APs (Golenhofen, 1975; Somlyo,
1975}). The addition of NE increases the frequency of APs and contracts‘
the tissue (Golenhofen, 1975; Somlyo, 1975). The variable electrical
‘activity is IUréher complicated by the fact that certain arteries sucg‘
as the sheeh carotid exhibit regional differences in their passive
electrical properties (Mekata and Keatinge 1975 * Keatinge, 1980). .

Many vessels have the ability to exéabit multiple types of
responses. The type of electrical response produced is determined by
the membrane characteristics of the VSMC. For example, the rabbit ear
artery has been shown to exhibit pharmaco-mechanicél cdupling; howevef.
the addition of tetraethylamonium, -a K+ conductance blocker into ﬁhe
bathing media transforms this eiectrigally quiescentJarterQ to cne that
exhibits spontaneous action potentials {Droogmans et al., 1977). The
application of NE (10'7H) speeds up the rate of action potential
preduction and produces a decrease in the baseline depolarizgfion
(Droogman al., 1977). Essentially Thiﬂl'éréatmenp converts © a

pharmaco~mechanically coupled artery ih?o_ oﬂe that /is
electro-mechanically coupled. In view of this,‘lt :;uld be péssible-
that pathological-modificaéion in membrane composition could alter the
type of electrical response préduced by NE.

jAlterations in memblane potentials in response tolNE qtimulation
serve two important functions in Qhe excitation-coqtraction coupling
process, (1)41bmbraﬁe Qegglarizatioh by‘.itseif can open potential
sensitive Ca*2 chanﬁe;a which can admitﬁhxtracpllular Cp*z, réising the .

intracellular levels of this ion (Ffeeqan and Daniel, 1973; Van Bréeman
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et al., 1980). (2) If action potentials are present in response to NE,

these have been shown .to be produced by an inward mov;mént. Ca+2 into VSM

(Droégmaris et al., 1977; Golenhofen, 1975). Thus, this provides 3

second route by which Ca-*'2 can enter the SMC. 1In addition to the above
mechanisms there is evig\ené’e that indicates that NE can open receptor‘
operated Ca*? channels. (Van Breeman et al., 1980)and most importantly
release Caaf"2 from intracellular source (Freeman and Daniell, 1973; Deth

and Van Breemgn, 1977; Van Breeman et al., 1980). In this regard, both
the plasma membrape and the sarcoplasmic reticulum have been

hypothesized to be s"ources for the internal Ca*? store (Daniel et al.,

1979; Somlyo et al., 1979).

'In MC, actin, mwmyosin and tropomyosin structurally resemble
thar})}ounter-pgrts in striated muscle (Hartshorne .and Gorecka, 1980),
Howeyer, important differences between the two muscle types éxists. (1)
TrOpoﬁin and Ca*2 bindi; rotein ‘that acts to regulate actinomyosin
ATPase activitny muscle is absent in SHC; (Sobieszek and
_Bremei. 1975;“ Sobleszek and Small, 1976). (2) The regula’toryg appardtus
thraeugh Hhicfl ca*e acts to initiate-‘conf;raction is most likely myosin
linked in 3MCs (Lehman et al., ;972;"Sobieszek and Small, 1976) and 13.
actin linked in striated muscle. (3) ;lhen actin + myosin from SMCs is
" combined it exhibits very low ATPase activity (0.3-3%) when compared -.
with actinomyosin complexes from st'riated muscle (Barany, 1967). In
striated .muscle Ehe h_igh actinomyosin ATPase activity is inhibitgd by
‘the addition ol!' t;roﬁomyosin '+ troponin. The'f_urfhér addition of Ca*2

returns the ATPase act.j.vity_ to hig}\ lev ¢ SMC actin‘% nyosin-
. , _' - .
combinations exhibit minimal ATPase ’activity, the addition of Ca"'2 in

o g 2



the absence of troponin + tropomyosin elevates the actinomyosin activity,
to maximal levels (Hartshorne, 1980). -

In summary, any regulatory laystem proposed for SHC; must be
mjosin linked and capable in some manner of utilizing Ca*? to activate

an inactive ac.r.inpmyqsin. In this regard, the conh'ol of contraction in

SMCs has not [been fully elucidated. However, two theories on how

~ |

;:contraction takes place exist.

The myosin phosphorylation theory _ .

This theory has recently been reviewed by Hartshorne (1980). On

exciﬁation of the SMC, intracellular ;a*z increases and a ca"'z
calmodulin complex is formed (4 Ca*2/1 calmodulin). This complex then
interacts with another 105 K protein to !‘cirm a tert‘iary complex which
exhibits myosin 1light chain kinase abiliﬁy ( Dobrowska et al., 1978).
This latter complex phosphorylates the light. chains of myosin which

enables myosin to form an actinomyosin complex that can undergo rapid

- cycles of cross bridging as long as ca*? 1s present (Hartshorne, 1980).

When C:a"2 is removed intracellularly by

equestration or active
traansport through the membrane the myosin light chain kir;ase complex
separatess to' free calmodulin ‘(Har horne, 1980),  Subsequently,
ph_o,sphatt.;ases present a; cbnstant' 1‘::1615 intracellularly are thought to
dephosphorylate myosin allowlr;g the éeparation of actin and“myosin,
(Hartshorne, 1980; Frearson et al,, 1976). of additionai,.intérest. cAMP
which increases during beta receptor med‘iated VSMC Felaxation.
stimulates myosin 1igﬁt chain kinase phosphorlation, deactivating the
enzyme, pc;ventipg it from phosphorylatling myosin (Adelsteip et al.,

s
1978).

¥,
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The leiotonin theory

Leiotonin ‘is a protein composed ofﬂtwo subunits with a MW of 80K
and 18K (named leiotonin A and leiotonin- C). The 1latter subunit
exhibits properties quite similar to calmodulin and binds Qa*z.
Leiotonin in the presence of Ca*a, t}opomyosin and ATP cause “a
Superpercipitation of actin + myosin from chicken glzzard and aorta
(Mikawa et al., 1978; Hirata et al,, 1980), Such a combinat?on also
exhibits Mg *2 écﬁinémyosin ATPase activity. However, unlike the

3

phosphérylation theory, leiotonin acticn is (1) actin not myosin 1ipked.

(2} has an absolute requirement for tropomyosin, (3) although some of

the leiotonin preparations exhibit myosin phosphorylation the degree of
ATPase activity and or percipitation is related to leiotonin
concentrationstnot the degree of myosin phosphorylation (Ebashi.et al.,
1977; Hirata et al., 1977, 1580;-Hikawa. 1979).

In summary, many of the results presented :5 ‘the lei?tonin
theory are 1in direct conflict with ‘the phosphorylation theory. A
vari;ty of researchers substantiate the myosin phosphorylation theory.

However, only Ebashi and or his assoclates (Ebashi et al., 1977; Hirata

et al., 1977; Mikaua,‘1979; Hiraté et ai., 1980) find wresults consistent

- with the lelotonin theory. = The phoaphorylation theory provides a

mechanism through which cAMP can . produee relaxation while the lejiotonin
theory does not. In favour of the myosin phosphorylation theory ileum

muscle skinned with staphylococecal -alpha toxin increases tensien and

~simultaneously ‘exhibits ~myosin phosphorylation {? response to 10'”H

) Ca+2

. This indicates that myosin phoaphorylation ‘takes place in a.

‘relatively intact cell system (Cassidy et ‘al., 1979).

’

-
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1. (b) Conclusicn

A number of alterations at the- level of the SMC could be present
that could alter both the passive and active tonal‘_qualities of VSM.
Hypertension coule be associated with an increase 1in ‘the density of
posteynaptic- alpha. ::eceptors or a decrease in the density of _beta
receptérs. Such alterations could increase VSMC sensitivity -and
reactivit} to NE contraction. Post receptor alterations in the
excitation.contraction apparatus could also exist that are conducive to
the maintenance of ‘h;pertension.' In this regard, the mechanisms

P
coupling recgptor stimulation to an elevation in intracellular Ca*2

could be altered. In hypertensive vesaels, NE ;}gn;.llation could be
assoclated with a larger depolarization response which could admit
greater -then normal levii's of ca*? through membrane potehtial-' and
receptor operated channela. “‘As well, the -release of Ca"2 'from an
intracelﬁalar source in response to NE stimulation could be altered by
_virtue of either an increased quantity of Ca* +2 3to§'age sites, 1i.e,
increased quantities. [+] sacroplasmic reticulum and or plaﬁ;a memb;-ane,
'or alternatively by a more efficient couﬂ.ing of the alpha receptor to
“the mechanisms initiating the release of Ca*2.

Alterations in the VSMC plasma membrane could effect both the
ietive as well as the passive properties of VSMC. The resting membrane
'potentia;I could be alt;Fq to. a more .depolarized &tate. Suchl an

alteration could increase the influx of Ca"'2 -and ralse MC tone. This

could be produced by an altered permeﬂlity to electrolytes ‘and on an.¢

altered electrogenic pump activity. The acti;\_ve)f%ux of (;}-0-2 from the
VSHC could be altered which as well "Emy alter 'the level 940 tone

- . R . -t : . N
. ‘ . N .
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present,

Altefations in (1) the quantity of contractile proteins (2)Ithe
ability of actin and myosin to interact (3) the ability of Ca*2 to
interactl with calmodulin’ and/or 1leiotonin ¢ (Hﬁ_ the abilit& of
calmodulin and other proteins to form myosin light chain kinase or the

ability of lelotonin to interact with actin could alter the

L] .
responsiveness of VSN to NE. Unfortunately, all the above possibilities

have not been tested In SHR. What is known about such alterations will

now be reviewed.

2. Alterations in the arterial contractile sensitivity and

reactivity to NE and variousvotﬁer agonists in SHR

2. (a) Background

) !arious researchers have hypothesized that the excitation
contraction coupling mechanisms of VSMC are altered in a mhnner
conducive to the maintenance of hypertension. A greéat deal of research

effort has been undertaken to answer two fundamental questions: (1) Do

afté?ies from SHR initiate contraction at lower doses of contractile-

.agonistp?— 2) Are arteries from SHR capable of generating greater

e Q .

tensions than normal arteries? If VSMC from SHR initiated contraction

- .

.at lower doses of NE and are capable of greater tension development to a

given ddSe of NE, such élterations-wbpld increase vascular resistance.

To Janswer the above questions, E::rmacological ~exﬁeriménts involving

tension. studies of isolated arterial segments and pérfusion studies -
. * ' : . -

. " :
invblving 1aolated-yascu1ar beds have been undertaken.

. In tension 3studies, a.helical strip of arterial tissue or an

arterial ring is cut from a segment of artery and conmected to a tension

B
N ‘ S
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monitoring device. Using such a system a simple relationship between
stimulus and‘response_can be obtained, Tension development within the
tissue, in response'to an agonist is measured under ccnditions where the
length or the lumen size Qf.the tissue is stretchedlto produce optimal
(maximal) responses to the agonist. 1In perfusion studies, a vascular
bed is isolated and perfused with either blood or physiological saline
under constant flow conditions. The infusion pressure of the perfusate
: 1s monitored and is used as an indicator of vascular resistance to flow.
hsing both the above methods agonist dose vs response curves can be made
for various agonists... From these curves the arterial ccntractile

sensitivity and reactivity of a agonist can be determined.

2. (b) The measurement of vascular contractile sensitivity -~

-
to agonists

Sensitivity is determined by measuring the rightward or. leftward

shift of a dose response curve, Typically the agonist dcse producing

threshold responses (which is usually taken%'as meaning the dose

producing 10% or 20% of the maximal response) or the ED50 value, (the

~agonist dose producing 50% maximal contraction) are~used'as indicators .

of contractile sensitivity. A decrease in the threshold or ED50 value

indicates that thé dose- response curve has shifted to the left

suggesting}that an increase in sensitivity has taken place.

L}

-Decreases in the EDSO values obtained from NE dose vs
-

contractiie response curves have been interpreted as an indication that

an alteration conducive to. the maintenance of hypertension has taken

place. Such™ an interpretation can be misleading. For example, an

artery may xhibit greater NE sensitivity il.e. 2 lower ED50 value, when'

7
.
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compared to another artery, however the magnitude of contraction at the

EDSO dose hay be greater in the less seﬁaitive artery. This is because

the EDSO value represents an agonist dose producing a proportion of the -
maximal response and is independang‘of the magnitude of, change. It is
'impqrtant to note that it is Phe megnitude of the contractile response
produce_d by an artery at a given agonist dose that Hill‘ultin_!ately
determine vascular resistance, . ' >

- (

2. (c)_The measurement of vascular contractile reactivity to

agonists . ' ) ‘

Typically, in arterial strip and ring studies, the degree of

maximalltension develeped in response to an agoniaﬁ per
width helical strips or equal vessel length arterial rings.have been
used. as a measurement of ‘reec;{vity. In perfusion studies, the
amplitude of the vaacularz resistance chanée .in response ‘maximal'
contraction has bedq used as an ;ndieation of vascular reectivity.

The degree of reactivitz,ﬁ?esent in an artery will depend on the

_blood vessel geometry as well as -postsynapfic alterStions

excitatioﬁ-contréc%}on.~ For exa‘.&e, a helical_ trip fyrom a

hypertensive artery may exhibit a greater cross-sectional area

arterigl ring segments from hypertensive animals may have a thicken d -
arterial media. Both such alterationa could produee hyper-reactivity
even in the absence of al:frations in postsynaptic vsMé function. .To
' coqpensa?e for reactivity aleerations due to diffen;neee in glood vessel
geometry some'reaeafcheralhave e;preesed max imal teqs n alterdtions as
a ptfportion of \t helical sﬁfip cross-sectional area. Injarteriak
ring-stugiea,'Hulvany\and his cclleagues (for example,_see'Hulvany et

V.
~
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al., 1978) have combined tension stadies with -morphometric analysis.
.Hence the degree of eoatractile tension developed per unit blood vessel
length can be expressed per medial wall thickness, total wall thickness
and in some c¢ases SMC cross-sectional area, such compensations will
reflect contractile reactivity alterations at the level of the VSMC as
apposed to reactivity alterations due to the presence of éreater amounts

»of VSMC. In the case of perfusion studies, a thickened vascular wall
will occlude tﬁe 1amen. therefore raise the vascular- resistance a
gfeater degree'in response to contraction. Using the above method of
study, reactivity alterations could be caused by (1) modifi/;tions fh
blood vessel geometry, (2) changes in the number -of open vascular
pathways during contraction, (3) alterations in excitation-contraction
coupling. It is not poasible to differentiate between the above

‘\‘

possible causes of reactivity alterations using the perfusion technique-

alone, : ‘ : f
. N\

2. (d) The limitations of eontractile studies involving the use of

isolated arterial strips of tissue and thg perfusion of

™ 1isolated vascular beds

Tension studies involving isolated arterial strips of tissue

Advantages . ~

f

1.) In studies involving helical strips (but not arterial rings), the
tissue. can ‘be dissected in a manner where the longitudinal axis of the
SMCs are oriented parallel to the axis of force generation.

2.) The helical strip length or the I;men diameter of arterial ‘Segments
can be adjusted., This permits contraction to be studied at various

_ _ /
tenaion ioada. -
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. F . . .
3.) Both the active and passiVj waYl mechanies of a descrete arterial /J

segment can be analyzed (this aspect will be discussed in detail thin
a later section). V4

. <\, .
B,) The r\'elations.hip of tension development and relaxation?&respect

to time can be studied. . ) & -

5.) Tension development can be normalized to the cro;i;seci:ional area—

of a helical strip or the length and wall dimensions of an arterial

segment,

6.) The medium surrounding the arterial segment can be controlled and

manipulated> ) s .‘\.l

7.) The properties of ar%ggi:l segments at discrete énts'along the
vascular bed ;an be studied aﬁd—compared. : M ”W~M;\
Disadvanﬁages - : ..

v

T.) Studies invqlving helical strips are limited‘ to larggr eiastic
arteries' since it is difficult to‘ dis;ect such strips from small
.arteries. The properties of large elastic arteries could differ from
small 5rteries which are thought to be involved in maintaining vascular
féaistance. Arterial ring segments of small arteries (LD=150 um) have
been studied (i.e. Milvany et al., 1978, 1980, 1981a, b). However,
neither arterial ring nor ‘helical strip studies can pfedict how an
entire vaséular bed will react to a stimulus. ¢

«) The diaaec&}on of arterial segmenﬁa could damage the tissue
producing an alterat{?n in its function. For example, in arteries with
endothelial damage sﬁbqﬁance‘ P will produce contraction responses as

apposed - to producing relaxation in intact arterial segments (Vanhoutte

and Rimele, 1982),

L

. ~

-



s

R T

. 3.) The d,issection apd isolation of vascular strips will eliminate

‘neural and hormonal controls which may be important in det ermining
\ . . - .
'y

responses to ag'on?st_s such as NE under’ Lrl/vao/conditions.

[}
. / + . £ . )
/'—/ . 4.) I?*. multilayered arteries ‘having two orientations of SMCs, it 1is

-impossible to dissect out helical strips in which the smooth muscle

P,
cells are all parallel to the axis of force. generation.

Pert‘usion studies of entire vascular beds \’/ . a
- N . )
[}
Advantages ' - T 3
ccyantages . , . .
1.} Thef global’ ef?‘éct of a stimulus on an entire vascular"bed can be
. - C_/ , L)
_ detef‘mined » ot p .

- . . . .
«+ 2,) Many of the neuronal' and hormonal c'ontrol ‘mechanisms can be

maintained in: a "more intact condition than in studies involving isolated

-

3.) 'dhen structural and func ional alterations within a/iﬂ!rm
/

. a;e being assessed in terms of‘ their importance in detemining blood\

pressure, the measurement of vascular resistance provides a. parameter

‘arterial segments C o -7

i
that is a phylf logically realistic detemﬁ%nt of blood pressure.

4,) A number of variables (i.e8 erf‘usate compositidn, flow, pressure

eté ) can be manipulated or_ controlled in experiments.

. - -
-

Disadvantages ' .‘. ‘ .,
A} E- U T ,
1.)  The exact site at which thc atimulus is actin‘;{:s unknown.

2.) The site of action of the stiﬂulus may change th time. :

>3)The ot

relaticnship between stimulus and respcnse is complex.
Alterations in blood vessel wall - components'\ vascular MC function. the

number of open blood flow: pathways. as well - ‘as the degre,e of ahastamosis

between blood vessels uithin a vascular bed will all- contribute -in

S Y



determining the response.

4.) In most perfusion‘studies the vascular resistance of the arterial +
venous vascular bed i{s measured. The degree and direction (i.e.
contraction vs relaxation) of the response may be different in various
arterial segments or between the arterial and verous vasculature. A
Sithaﬁion could rEsult uﬁere two apposing effects to a s¥imulus could
cancel each other and produce little change in vascular resistance.

5.) The concentrations of an agonist could be different in areas
proximal to the point of perfusate entry as aPposed to more distal areas
due to the uptake and degradation of the agonist or the presence of

closed flow pathways.

2. (e) Alterations in the arterial contractile sensitivity and

reactivity in SHR as deiermined by tension studies involving

isclated arterial Segments and perfusion studies of entire

vascular beds

~Table 2 a to ¢ summarizes a .random cross-section of the
literature pertaining to sensitivity and reactivity alterat;ons in
response to (in most cases) NE contraction. - ‘These have been divided in
terms of the type of preparation ufed (1.e. helical strip, arterial rigg
tension studies and perfusion studies) and the class of artery studied.

(1) Helical strip tension studies

Most helical strip studies (Table 2a) have involved the use of
large arteries (with a lumen diameter > 500 um). Studies performed on
. the aorta (Hallback et al., 1971; Shibata et al., 1973; Suttef and
Ljug, 1977; Chaturvedi et al., 1978; Pang and Sutter, 1980; Asano et

al., 1982) iliac (Swamy and Triggle, 1980a) and carotid {(Swamy and
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Triggle, 1980b) artery indicate that the arterial sensitivity and

reactivity to NE and X* contraction is either unchanged or reduced when

SHR in a prehypertensive, developing or.estab%ished phase of

hypertension are compared to either WKY or normoteniive Wistar rat (NCR)

controls, Experiments invélving the tail artery of SHR (Webb and

Vanhoutte, 1981) in an established phase of hyperte?sion indicate NE

sensitivity is increased in the absence of cocaine but unaltered in its

presence MﬂEle reactivity o{ this artery to NE is reduced in SHR over

both WKY ahd NCR econtrols. Both young and established hypertensive SHR

have mesenteric arteries with a reduced contrgctile sensitivity to NE.
under normal conditicons, and as well, under conditions where the beta

receptor is blocked with propranclol (Asapo et al., 1982). Within this
labtqr study, no change ‘NE reactivity'“was' observed in SHR uith)
established hypertension,’powever young hypertensive animalsrdid_ex?ibit

an increased reactivity to NE contraction.

Studies involving the femoral artery of SHR in an established |
(Holloway aﬁd Bohr, 1973; Asano et al., 1982) and young hyperfensive
stage (Asano et al.,, 198é) indicate that in young SHR, NE sensitivity is
unaltered when compared to WKY while in old SHR NE Sensitivity is
increased in thé absence but not the presence of beta receptor blockade,
Work by Holloway and Bohr (1973)'has 1nd1cated that the femoral artery
of adult SHR is slightly more sensitive to K+ depolarization while
epinephrine sensitivity is unaltered when these animals are compared to
Spraéue Dawley controls. The reactivity.of the femoral artery to NE
‘contraction is 1increased in SHR with established hypertension and in

young hypertensive SHR in the absence but not the presence of
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‘oropranolol (Asano et al., 1982).
(i1) Summary

Studies involving helical strips of large arteries from SHR in a
prehypértensive, develoﬁing and established phase of hypertension
development have in general failed to support the contention that SHR
vasculature is either hypersensitive or h&ﬁérreactive to NE contraction.
Although there is some evidence of supersensitivity in arteries such as
the tail and femoral artery of SHR (Webb and Vanhoutte, 1981;'Asano'et
;l.. 1982) this alteration 1is present only at a certain age and under
certain conditions. Most other studies indicate either no change or a
decrease in NE contractile sensitivity exists (Spector et al., 1969:
Hallback et al., 1977:; Shibata et al:. 1973; Sutter and Ljung, 1977;
Lhaturvedi et al,, 1978; Pang and Sutter, 1950; Swamy and Triggle,
1980a, b; Asano et al,, 1982). As well, the hypothesis that
hypertension 1is associated with hyper-reactivity of the blgod vesse]
helical strips is equally weak. Some evidence of hyper-reactivity is
present in the mesenteric arteries of young SHR and the femoral artery
of .young and old SHR (Asano et al., 1982) however more often than not,
studies involving other arteries indicate a decreased reactivity
(Sﬁector et al., 1969; Shibata et al,, 1973: Sutter and Ljung, 1977:
Chaturvedi et al,, 1978; Swamy ana Triggle, 1980b; Webb and Vanhoutte,
1981),

(i11) Arterial ring segment tension studies

Tension studies involving arterial rings are summarized in Table
2b. As in the helical strip studies, aortic rings from SHR in an

established phase of  hypertension exhibit no alteration’ {in NE

2



77

contractile sensitivity (Shibata et al,, 1973) and either a decreased

(Shibata e 1973) or unaltered (Arner and Urelius, 1982)
contractile reactivity to both NE and K* when compared to WKY or NCR.:
The femoral and tail arteried of SHR in established hypertension exhibit
either unchanged or decreased NE sensitivity in SHR over WKY (Mulvany et

al., 1982). .- N

Smaller mesenteric arteries with lumen diameters that average
between 150 to 200 um appear to be altered in a different manner than
the larger arteries discussed above. Arterial ring studies of the above
tissues indicate that in the absence of cocaine, innervated segments
exhibit a marginal altered contractile sensitivity to NE when SHR and‘
WKY are compared (Mulvany et al., 1978: Whall et al., 1980). However,
if neuronal uptake is blocked with 3 uM cocaine (Mulvahy énd Nyborg,
1980; Mulvany et al., 1981a) or alternatively if the arteries are
denervated with 6-0HDA'(Hhal} et al., 1980), NE contractile sensitivity
is increasedli; SHR over WKY.

It has been suggested by Mulvany and his colleagues that NE
uptake by the adrenergic nerves in the adventitia of smaller mesenteric
arteries is increased in SHR. The higher neuronal uptake of NE at the
adrenergic synapse in SHR could decrease the effective NE concentration

in the synaptic area and therefore decrease the degreg of postsynaptic

receptor stimulation. However, there is controversy as to whether the

neuronal uptake of H3_NE is {increased in the mesenteric bed of SHR.

Ekas and Lokhandwala {1981) have obtained results consistent with an
/

unaltered neuronal uptake of ﬁE. while Whall et al (1980) have observed.

an increased neuronal uptake 1n\mesenteric arterial segments when SHR
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and WKY were compared. Furthermore, the presence of cocaine does not
potentiate NE sensitivity in all arteries. Both helical strip (Webb and
Vanhoutté. 1981) and arterial ring (Mulvany et al,, 1982) studies
involving the tail artery of SHR and WKY have indicated that in the
presence of cocaine, the NE sensitivity 'of this tissue 1s decreased in
SHR as cbmpéred to WKY. Likeuisé, cocaine does not potentiate NE
sensitivity in studies involving femoral artery rings (Mulvany et al.,
1980).

When maximal tension development in response to NE stimulation
is expressed per vessel length or qual length arterial segments are
compared, small mesentericrarterial rings from SHR exhibit an incregsed
reactivity over those obtained from HK&l(Whall et al., 1980; Mulvany et
al., 1981b; Whall et al., 1983), Likewise studies involving the same
procedure and tissue hgve indicated tpe presence of hyper-reactivity to
maximal K* (Warshaw et al., 1980; Hﬁall et al., 83) and NE plus X*
(Mulvany and Lyborg, 1980) contraction in SHR.<ul;3bever. in these
studies when the tension development per unit vessel length was further
normalized to compensate for differences in medial thickness or
alternatively if the response was normalized to SMC content, the
reactivity observed in SHR was similar to that present in WKY (Mulvany
et al., 1978; Warshaw et al., 1979; Mulvany and Nyborg, 1980; Warshaw et
al., 1980). This strbngly sugges;s that in small mesenteric arteries
the incfeaaed reactivity observed in SHR is due to quantitative
structural alteration; such as 1dcreases in medial thickness and/or
medial SHC‘content as ;bposed to fﬁnctional post synaptic alteration at

the level of the VSMC.

i
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(iv) Summary

Arterial ring studies involving 1large arteries such as the
aorta, femoral and tail artery indicate that in general NE sensitivi;y
and reactivity is either unaltered or decreased in SHR over WKY.
Although, small mesenteric arteries exhibit marginal differences in XNE
sensitivity_uhen SHR and WKY are compared; the presence of cocaing (3
uM) or arterial denervation with 6-OHDA increases the NE sensitivity in
SHR to a greater degree than WKY. In view of this, it has been
suggested that the neuronal uptake of NE is increased in SHR over WKY
and that the altered neuronal uptake decreases the effective NE levels
coming in contact with the posésynaptic receptors to a greater degree in
SHR than WKY. Such an alteration could hide the presence of an elevated
NE aensitiZity in SHR. However, there is controversy as to whether the
neuronal ﬁptake of NE 1is 1increased 1in the mesenteric arteries,
Furthermore, in other tissues ~such as the tail artery, studies have
indicated an elevated neuronal H3-Hé uptake in SHR, however here cocaine
decreases NE sensitivity in SHR. This suggests that the action. of
cocaine 1; not the same in all arterial tissues and may be more complex
than simply the inhibition of presynaptic N; uptake.

Maximal tension development per blood vessel length in reqponsé

. P .

to NE, K* and NE + K* contraction is higher in the smaller mesenteric
arteries of SHR when compared to controia. Houever‘if the SHR and WKY
arteries are compensated for differing wall ;nd mpdialith£cknesses or
are normalized to SMC content, reactivity is similar in SHR and WKY;'

This suggests that the elevated reactivity in SHR is being produced by

structural alterations as apposed to altered excitation contraction
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mechanisms at the level of the VSMC.

(v) Perfusion Studies

Perfusion studies (Table 2¢) involving the hindlimb and
mesenteric vasculature indicate that NE sensitivity is either unaltered
(Folkow :et ai., 1970; Hausler and Finch, 1972: H;m;lton, 1975) or
increa;ed (Haeusler and Haefely, 1970; Lais and Brody, 1975; Lais and
Brody, 1978; Schomig et al., 1978) 1in SHR over WKY. In the renal
vasculature most studies indicate that NE sensitivity is unaltered
(Folkow et al., 1971; Collis et al., 1980; Fonteles and Jeske, 1980:
Ekas ot al., 19835) while a minority of studies iﬁdicate that NE
‘sensiti¥ity ik increased (Collis and Vanhoutte, 1977) in SHR and spSHR
(Eere k et al., 1980). In virtually all perfusion studies invol;ing
the Hindlimb, mesenteric and renal vasculature, SHR are found to exhibit
an elevated vascular rectivity to NE and a wide variety of other
contractile agents (McGregor and ‘Smirk, 1968; Hausler and Haefely, 19?0;
Folkow et al., \1,970; Folkow et al., 1971; Hausler and Finch, 1972;
Collis and Vanhutte, 1977; Deitz et al., 1978; Lais and Brody, 1978;
Berecek et al,, 1980; Cheng and Shibota, 1980; Ekas et al., 1.983b5;;
Unfortunately, using this experimental system, it is impossible ;o
determine whether 'the increased reactivity is being produced by
structural alterations and or alterations in ﬁonstrucﬁhral postaynaptic

contractile mechanisms,

(vi) General discussion of tension and perfusion studies

A number of reasons can be postulated as td why helical strip
studies in particular should yield differing results from studies

involvihg arterial rings and perfusion. Heliceal strip studies typiéally

\
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involve large arteries (i.e. aorta, femoral, carotid and tail
artery). Such blood vessels in general exhibit modest sensitivity and
r?activity alterations in SHR as 1indicated Ey arterial ring tension
studies. Furthermore, the orientation of the SMCs in relation to the
axis of contgactlon is a Btrong determinant as to the degree of‘tension‘
a helical strip.is capable of developing. Helical strips could be cut
in a manner where the longitudinal gxis of the SMCs are priented at
r;ight angles to the axis of which tensio.n is being monitored. The
" improper ‘orientation of the SMCs could dampen th; degree of tension
development and ﬁask the présence of altered reactivity when arterial
strips from SHR and WKY are compared,

' Another aspect of experimental protocol that.could modify SMC
sensitivity and reactivity to agonists is the sequence #nd number of
agonists being tested on a particular tissue. Studies performed bY
Rapppbrt and Bevan (1983) involving histamine, KCI! NE, aerotonin:and
papaveriné indicate that the pretreatment of rabbit ear arteries with
one contractile or vasodilator agent strongly effects both the
© sensitivity ansﬁmaximal contractility of other agents. Such effects can
last for as long as 5-6 nrs, In view of this, one can_questionlpohh,thi\\
EDSO and ‘reactivity. values from experiments wheres for example NE,
serotonin, angiotenain II, vasopressin and or BaCl2 coritraction are
testedgyon the same tissue (Collis and Vanhoutte, 1977; Berecek et al.,
1980).,

Perfusion studies within our laboratory. (unpublished results)

involving the infusioﬁ of NE into the mesenteric vasculature as well as

'studies by Ichijima (1969) on the in vivo abdominal vasculature of SHR
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and WKY indicate that vascular beds'do not contract evenly. Areas of
hypercontraction and dilated segments exist. It could be possible that
-the variation in response between the various experiments previouély
discussed could be due to the testing of arterial segments of inherently

different contractility.

3. {(a) Alterations in receptor densities in SHR

There is some evidence to suggest that hypertension in SHR may

be associated with‘alterations in the numbers of alpha1, alphaa and beta

receptors wi;hin tiasues, Pettinger et al '(1982) studied plasma
membrane prepared from the entire kidney of SHR in an established phase
of hypertension and of age matched WKY. Alpha1 and alph32 receptor
densities were determined by binding respectively, radioactive aipha1
and alpha, antagonists H3-prazosin and H3-yohimbine to the membrane.
Analysis of the ¢pecific binding through the use of Scatchard plots was
lused to determine the maximal numbers- of receptors bound by the

radioligands. It was observed 'that the density of alpha, d

garticularly alpha2 rzjfptors was increased in SHR ovér WKY. When SHR

and WKY were placed on a high salt diet, a treatment that enhanced blood

pressure deve;opmgnt. alpha, receptor densities were found to increase
in proportion rto the level of blood pressure developed. If the
alterations in receptor densities of the entire kidney of SHR are
representative of the type of alterations present on the renal
-vasculature this could have the potential to produc; NE contractile

hyper-responsiveness in SHR kidneys.

In studies performed by Weiss et al (1983) aipha2 receptor

densities of the microsomal fraction of the tail artery, hypothalamus
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and brain stem were determined by binding the alpha
H3

> agonist
-clonidine to the membrane. SHR in established hypertension were
found to exhibit greater alpha, receptor densities in the plasma
. membrane fractions from the tail artery but not the hypothalamus or
brainstem, Consistent with phia observation EC50 values for alpha,
agonists were lower in the tall arteries of SHR than WKY. Other studies

byAgarawal and Daniel (1983) indicate that alpha1 receptor densities and
the binding affinities of both alpha.I and alph32 receptors, determined
by }eSpectively ‘binding H3-prazosin and H3-yohimbine to purified

mesenteric artery membranes were not altered when adult SHR were
compared to WKY. Alpha, receptor densities on the other hand were
increased in SHR'over WKY,
Work performed by Limas and Limas (1979) suggests that the
density of beta receptors present in the aorta and inferior vena cava is
decreased by approximately H40% in SHR over WKY atithe aées of 5, 10 and
25 weeks, In . this preparation, H3-d1hydroa1prenolol binding to
microsomal fractions was used to determine beta_receptpr density. The
binding affinity,: és measured by the dissoéiation constant for

H3-hydroalprenolol binding, was not altered between SHR and WKY at any

of the above ages.

Most ( Bhalla et al., 1980; Roberecht et al., 1981; Blﬁmenthal
et al., 1982) but not all (Limﬁs and Limas, 1978) studies 1qvolving
cardiac microsomal fractions indicate that SHR and WKY have similar beta
receptor densities, fhe:e studies have involved rats sampled shortly
after birth (Blumenthal et 'al., 1982) up to an age.of 36 weeks (Bhalla

et al., 1980). Of particular interest, in the three studies indicatihg
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unaltered beta receptor densities, isoproterenol stimulation of the beta

receptors of cardiac cell homogenates was found to produce a lesser
‘activation of adenylate cyclase In SHR than WKY. The beta receptor is
thought to be linked to adenylate cyclase via a GTP binding nucleoctide
regulatory protein (Rodbell, 1980; to be discussed in a later section).
It could be possible that the nature of beta receptor coupling to
adenylate cyclase qnd/or the properties of the regulatory proteip are
altered in SHR heart tissue and perhaps as well, arterial tissue. Such
an alteration could lead to reduced cAMP levels during beta receptor
stimulation in SHR which in turn might increase VSMC tone.
3. (b) Conclusion

There is evidence from a limited number of studies that plasma
membrane fractions obtained from some arterial tissue of SHR contain

\

unaltered alpha1 increased alpha, and decreased beta receptor densities.

If all the alpha, and beta receptors are coupled to respectively
.mechanisms of contraction and relaxation; increased alpha2 and decreased
beta receptor densities could have the potential to produce an elévation
in ™ contractile response and é decrease in relaxation response to NE.
However caution should be taken when making this interpretation. In the
case of alpha, receptors, not all-vascular beds exhibit alpha, mediated
contractile responses (Schmitz et al., 1982). Furthermore, in the tail
artery of SHR where an increase in alpha2 receptor densities has been
noted, theré 13 an elevation in the contractile sensitivity to alpha2
agonists when compared_ to WKY, however, SHR tail arteries exhibit

reduced tension development 1in respo to NE (Webb and Vanhoutte,

1981), In the case of the beta receptor, st\dies have shown that in SHR



and WKY beta blockade by the antagonist propranolol has very little
effect on the contractile response produced by NE or for that matter
nerve stimulation (Ekas et al., 1983b). In view of the above
discussion, the _physiological role of a decrease in postsynaptic

arterial beta receptors or an increase in arterial @lpha2 receptors can

be questionéd.

4. (a) Alterations in Na*, K* conductance in the VSMCs of SHR

Various researchers have attempted to determine whether water
and eiectrolyte balance between the vascular smooth - muscle and
extracellular space are altered in SHR. Jones (1973, 197%a, b) failed

to observe any alterations in the intracellular water (% wet wt and g

‘-

Hzolg dry wt) Ma*, K*, Ca+2. Mg+2 and Cl~ concentrations (mM) in the
aorta, Na¥ and K* concentrations in the superior mesenteric and femoral
arteries, and K*, Na®* and C1™ concentrations in the ﬁlasma when SHR with
established hypertension were compared té Wistar rats (NCR). In these
experiments, the total 1eveis of tissue electrolytes were determined
using _atomie abhorption spectrophotometry. ' The 1ntr;ce11ular
electrolyte levels (mmoles/l cell H,0) were calculated by determining
the total tissue H20 and electrolyte content and subtracting the H20 and
electrolyte levels contributed by the extracellular space, Hermsmeyer
and his-colieagues (Hermsmeyer et al,, 1980; Hermsmeyer, 1981), us;ng
electron probe analysiq. observed a lower intracellular Na®*
concentration (mM), but no change iq the K* concentration when the
caudal arteries of SHR were compared to WKY. Friedman and Friequn

(1976) observed that ;pgpﬁtail'"afteries of SHR, equilibrated in

physiological saline at 379C, - exhibited a decreased Na* cantent
v 4
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(mmoles/kg dry wt) and an unaltered K* content when compared to
Carnsworth Farm normotansive controls., In these latter experiments, no
mention i3 made as to whether the tissue electrolytes determined were

compensated for the level of electrolytes prescnt in the extracellular
space,

In spite of the modest alterctions in the‘steady state contents
of electrolytes in the VSMCs of SHR, there 1s evidcncc available that
suggests that defects in tﬁc membrane electrclytelpcrmeatility. as well
as pumping activity, do exist. In thc case of Na* and K*, the
prevailing hypothesis is that an increaced permeability (promoting Na*
influx and K% efflux dowm a concentration gradient) is counterbalanced
by an elevated Na*/K* pump activity (promoting ‘Na+' efflux and XK*
icflux). The experimental evidence suggesting that such an alteration
exists will now be discussed. \ )

Studies performed by Jones (1973.-197u) indicated thpt..although
the levels of aortic K* were unaltered in freshly excised tissue
obtained from SHR when compared to NCR, the-accumclation of internal K*

(IK*)1) in response to elevations 1in the external K* ([K*]o) was higher
in SHR than NCR when aortic tissues were incubated in organ baths, This
suggested that the VSCMs of SHR have an increased ability to accumulate
K*, Using another approach, Hermsmeyer (1976 a) indicated that the
level of [K*1o required to reduce the membrane potential to 0 mV (under
conditions where the Na*/x* pump is inactive) in caudal arteries was
less in SHR than WKY. Since, at O V¥ membrane potential, the K*'

activity outside the cell. should approximate that present inside, it was

hypothesized that a lower K* activity existed in the caudal VSMCs.
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In other experiments, Jones (1973, 19T48a, b) observed that when
the aorta, superior mesenteric and femoral arteries were preloaded with
K32 and the efflux of K* studied, the loss of K* from the tissue with
time was greater in SHR than NCR. The increased permeability appeared

to be a general phenomenon. The efflux of Nazu

at 2°¢ {temperature
condition at which the Na*/K* pump is inactive) and® the efflux of ¢13°
at 37°C from the preloaded éorta was also increased in SHR., The above
gtudies predicted a reduced internal accumulation of X* and an increased
accumulation of Na* (and C17) in SHR VSMCs. However, since Jones failed
to observe any alteration in the steady ”3tate cellular Na* and Kk*
levels, it was hypothesized that an elevated Na*t/x* pump activity
existed in the aorta,

Experiments performed- by Friedman and Friedman (1976) also
suggest that the permeability of Na* and k* 1s altered.in the VSMCs of
SHR. The tail arteries of adult SHR were placed in physiological saline
with Li* substituted for" Na* at 2°C (Na*/k* pump deactivation), | The
loss of internal Na® and K* and the gain of Li* was found to be
lncreased in SHR over NCR. In other experiments microelectrodes, were
used to méasure K* efflux from the‘tail arteries, Under condifions

where the Na*/x* pump was inhibited (transfer t& K'-free physiological
| saline), the appearance of K+‘in the perfusate with time was increased
in SHR. Since it was observed that the K* content of the SHR tail
artery maintained in physiological saline at 37°C was normal while the.
Na* content was reduced, it was hypothesized that the increased Na* apd
K* permeability observed was counter-balanced by an enhanced Na*/Xx* pump

activity, ] ”
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4, (b) Alteration in the Na+£§f pump activity in SHR

Experiments performed by Jones (1973a, b), Friedman and Friedman
{1976), Webb and Bohr (1979) and Hermsmeyer (1976 a) provide indirect
evidence for the presence of an enhanced VSM& Na*/K* pump activity in
SHR. Jones (1973) preloaded aocrtas with Na2l at 37°C and subsequently
placed the arteries in Na*-free saline at 2°C. After'an initial fas;
efflux of Na2u very little further Nazu loss occurred Ebr' ﬁp to 40
minutes. After 40 minutes at 2°C the Na*/x* pump was reactivated by
elevating the tempgrature to<QZ?C. An exponential loss of Na2 occurred-
over the next 20 minutes. The latter efflux was attributed to the
active pumping of Naal4 out of the aorta and was found to be greater in
SHR than WKY. Friedman and Friedman (1976) obtained results consistent
with those of Jones (1973). 1In these experiments the Na*/K* pump was
inhibited by placing tail arteries in K*-free saline at 10°C for. 10 hrs.
quer these conditions the arteries became loaded with Na* and lost
{nternal K*. Reincubating the arteries in normal physiological saline
at 37°% produced a rapid efflux of Na* that Jas thought to represent
Na*/x* pump activity., Using this protocol SHR tail arteries depleted
their intracellular Na* to a much greater extent than NCR over a 3 hr
incubation period at 37°C.

Webb and Bohr (1978, 1979) and Hermsmeyer (1976 a) studied what
has been termed the K* rela}aﬁion phenomenan attributed to the Naf"/K+
pump. If an artery 1s placed in K'-free physiological saline, the
;d*/K+ pump is inhibitéﬁ presumably due to a lack of external K*., This

produces an accumulation of Na* within the cell. If normal or slightly

above normal levels of K' are then reintroduced intec the medium, the
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Na*/x* pump 1is reactivated and is further stimulated by the high
internal Na*. The large efflux of Na® (in relation to X* influx)
promoted by the activation of the pump hyperpolarizes the VSMCs and

produces a relaxation response, The relaxation rESpodse can be evoked

in the

esence of contractile agents such as NE or serotonin, or by
g the external K* from 0 to 30 mM in the absence of
vasoconstrictora, Ouabain 1inhibits _Such responses, It has. been‘t
suggested that the degree of relaxation produced under the abgve"
protocol can be used as an Indicator of Na*x* pump activity in VSMCs
(Hermsmeyer, 1976; Webb and Bohr, 1978, 1979). Experiments by Webb and
Bohr (1979) on helical strips of tail arteries indicate that the
magnitude and duration of the relaxation -response produced by the
Introduction of 15 mM K* into K*-free medium in the presence of 1077
'ug/dl NE was increased in adult SHR. Hermsmeyer (1976 a) found that the
maximal degree éf tranSient hyperpolarization- produced 1in the tail
" artery by introducing 30 mM K* into K*-free medium was larger in SHR
than WKY. _ ’ S

The above results have been interpreted as being consistent with
the presence of a hyperactive Na*/x* pump. However, it should be noted
that such hyperactiviﬁy could also be produced by an increased Influx gf
 Na* during 1incubation in K*-free saline or by an 1increased pump

’

sensitivity to internal Na* in SHR, and therefore provides only indirect
proof of an altered Na*/K* pump. .-

In studies performed by Pamnani et al (1981), Rp 86 uptake 1in
intact tail arterles of SHR was used as an indicator of Na*/K* pump

. activity., Using this technique, the tail arteries were preloaded with
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0°C.  Subsequently, the arterids were divided in half and the Rb5S

Na* by incubating the tissueé\;: K*'-free physiological saline at nesar
uptake was measured in the presence and absence of ouabain. Since Rb86
is thought to substitute for KV .in the Natx* pump, the ouabain

-sensitive uptake was used to represent pump activity. It was observed
that the tail .arteries exhibited a greater ouabaln sensitive and
insensitive uptake of Rb8% tnan normotensive céntrols. Although this
finding is consistent with the presence of an overactive‘Na+/K+ pump, an
increase in‘Na+ permeability or ;n increase in the sensitivity of the
pump to internal Na* in SHR could also pr?duce a hyperactive Na*/K™*
pump.

4, (e) Conclusion

Experiments involving primarily the aorta and tail arteries of
SHR indicate thgt the arterial VSMCs of SHR are more permeable to Na®*,
K*, €17, and Li*. 1In the case of Na® and K*, this increased
permeability might be expected to produce Na* gain and K* loss from the
V3MC. There is indirect gvidence that suggests that the Na*/k* pump in
VSMCs is hyperactive and either co;pensates.or overcompensates for the
-increased passive Na* and.K+ permeabilities observed. The net result is
either no change in the steady state electrolyte levels or,-as some
researchers have suggested, a modestly decreased Na*‘ content.

The above findings, however, should be viewed with caution, Iﬁ
efflux experiments involving ua??,ﬂx“a and 0136 it is important that the
efflux rates of the‘particﬁlar electrolfte being studied éré measured
under conditions where the 'intracellular levels of diffusable

electrolyte are equal in the VSMCs of SHR and control animals. 1In
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experiments performed by Jones (1973a, b,.1§7u) the concentration of
virtually all the cellular electrolyﬁes {mmole/1 cell. HZO) Wwere
unaltered in the VSMCs of SHR when compared to NCR. However, within the
;ell, the levels of free electrolytes capable of diffusing could be
different in SHR than NCR, thus altering the intra to extracellular
electrolyte gradient and modifying the efflux rate of the electrolytes.
In experiments where the activity of the Na*x* pump has been
assessed indirectly (i.e., K* relaxation phenomenon, Hermsmeyer, 1976;
Webb and Bohr, 1978, 1979) and directly (i.e., Rb86 uptake, Pamnani et
al., 1981), a hyperactivity of the Na*/x* pump, such as that observed in
the tail arteries of SHR, could be produced by the presence of higher
levels of unbound intracellular Na* in SHR as compared to control
vessels. The experimental protocols uséﬁ could produce a situation
where the levels of intracellular Na* are increased in SHR. For
e;ample. if the VSMCs of SHR are in fact more permeable to Na‘* than
controls as has been suggested by Jopgs (1973a, b, 1974), 'then the
preincubation of arterlal tissues of: SHR under conditions where the
Na*/Kk* pump is 1naé§}ve (prior to the measurement of K% relaxation

86 uptake} cou}d result Iin a hyperloading of Na* into SHR

responses

as compared to WY vedsels. If such a situation occurred, the presence

of an increased X7/ relaxation response or an elevated.Rb86 uptake in the

tail arteries of SHR would reflect the conditions of the experimental

protocol as opposed to the true presence of an hyperactive Na*/x* pump

in the VSMCs of SHR,

5. (a) Alterations in the membrane potential of the arterial SMCs of

SHR
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At physiological temperatures the resting membrane potentials
{Em) -of the caudal (Hermsmeyer, 1976 _a,b) and pulmonary artery
(Kuriyama and Suzuki, H978), as’ well as the mesenteric (Harder et al.,
1981) and hepatic portal vein (Hermsmeyer, 1976 b), of SHR are similar
to that present in WKY. Work by Kuriyama and Suzuki (1978) indicates
that the passive electrical properties of the pulmonary arteﬂy and
portal vein are also unaltered when SHR were compared to WKY. For
example, the space constant (the distance at which an evoked
electrotonic potential decays to 1/e, measpred using a partitioned
stimulation bath, Abe and Tomita (1968)), timéyconstant (the time taken
for an electrotonic potentigl_to decay to 1/e),{Fhe maximum slope of the
membrane potential change in response to K* ind&ged depolarization, the
change in membrane potential from normal (5.0 QM) to low (0.6 mM) K*
werﬁ all unaltered in both types of blood vessels ﬁhen SHR were compared
to WKY. In the case of the portal vein which exhib%ts spontaneous spike
activity, the frequency of action pqtential firing 55 well as the Slope
of depolarization-for each action potential was similar in SHR and HKY
In spite of the lack of alteration in passive membrane properties within
both blood vessels, the application of NE to both thesg tissues or PGE2
to the portal vein produced a’'larger degree of membrane depolarization
in SHR than WKY. Very little speculation was made as to the importance
of such alteration in relation to hfpertension.

In other experiments Hermsmeyer (1976 a, b) obse;ved that the Em
of SHR tail arteries was not different from that of WKY when the tisﬁues

were in physiological saline at 379C. Consistent with the observation

of Kuriyama and “Suzuki (1978), NE (> 3 ng/ml) was found |to produce a
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greater c!epc:vlar‘ization"r in 'tail arteries of SHR thaﬁ WKY. Other
experiments performed by Hermsmeyer indicated that if the Na*/K* pump is
inactivated by performing the experiments at 16°C, the Em was less
negative in SHh than in WKY.J'Expériments indicated that the proportion
of the Em being maintained by the electrogenic pump activity was
elevated in SHR over WKY (i.e., =12 mV vs -8 mV, respectively)
indicating that the ratio of Na* extrusion to K* influx is- increased in
SHR. It was hypothesized that at 37°C the Em was maintained normal in
SHR due to two opposiﬁg defects, An elevated electrogénic transpert of

. - +
L) * N -
Na* cut of the VSMCs (favoring-hyperpolarization) counterbalanced a less

negative membréné potential that was present under conditions where the
Na*/k* pump was inactive, It.was suggested that dgring NE stimulation'
the increased membrane permeability would be such that the electroéenic
pump would no 1longer play an important role in maintaining the Enm,
allowing the establishment of a less negative‘membrané ;otential. In

turn, such an alteration would increase the degree of contraction

achieved by the artery.

) were undertaken to

7

determine the importance of humoral facters in determining an increased

Other studies by Abel and-Hermsmeyer (1981

sensitivity and decreased Em {(at 16°C) in the tail arteries of SHR. The
tail arterles from 2 week old éHR and WKY were transplanéed into the
anterior eye chamber of 12 to 14 Qeek old SHR and WKY host animals, The
eye chamber of rats is 1mmuno-unreactivg, allowing the transplants to
remain viable for a 7 week period. After 7 weeks, the transplanted tail

arteries were removed from the eye chamber. Microelectrode measurements

of the“Em at 16°C and pharmacological tension studies indicated that the
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transplanted tail arteries took’ up the Em and NE sensitivity
characteristics present in the tail arteriessof the host animals. Both

SHR and WKY transplants {in the SHR hosts) had Em and EC50 values that

Were comparable to those present in the tail artery of the SHR host and
lo;er than similar transplants in the WKY hosts. _

. When the eye chamber ofl the host ﬁnimal was sympathetically
denervated by-perfo}ming a superior cervical ganglionectomy prior te
transplant, the host eye chamber was unable to confer the host animals
Em (at’ 169C) and ECgy characteristics to the transplant, The authors
suggested that a trophic effect of the sympathetic nervous system. is
responsiblé for the e}tered membrane prOpefties of VSMCs in SHR.

5. (b) Conclusion )

Most analyses of electrolyte content of a variety of dlfferent

arteries indicate that SHR arteries have either a normallelectrblyte
content Oi'a slightly decreased content of Na*t, . Surpri;ingiy' a near
normal electrolyte content is maintained in spite of the fact that the
passive membrane permeability to Na*, K* and a varieﬁf of other lons are
increased in_the VSMCs of SHR. It appears that Na* and K* levels are
maintained at near normal levels i? SHR by a hyperactive Naf{K* pump
which counterbalances the increased Na* and K* fluxes. Evidence
supporting the. presence of a hyperactive Na*/K* pump in th VSMCs of SHR
comes from a varlety of sources. 1) Under cgrtain ;xperimental -
protocols an active Na* efflux from VSMCs can be demonstrated. Such an.
efflux 1is greater 1in SHR ove; normotensive coﬂtrols. 2)
Ouabain-sensitive Rb80 Jystake (thought to represent Na*/K* pump

activity) is increaged in arteries taken from SHR. 3) When arteries are



incubated in K'-free media, the MNa*/K* pump is inhibited and Na*

accumulate n the VSMCs. The reintroduction of K* reactivates the

pump which a

ansporys Na* out of the VSMCs., & va;{;ty of

researchers ave eypothesized that the degree of hyperpolarization
and/or relaxa 105 obserfed in an artery after the reintroduction of X*
is relatee to the activity of the -Na*/K* pump. In this regard, the
‘degree of relaxation and hyperpolarization observed upon the
reintroduction of K% 1is greater in SHR - than normotensive .controls.
:uggesting the presence of a hyperreactive Na*/K* pump in SHR. 4) The
degree of membrane potential supported by the Na*'/K+ pump is greater in
SHR over WKY, again suggesting the presance of a‘hyperactiVe pump.'\
Hermemeyer and Lis colleagues (Hermsmeyer, 1976 a, b; Apel and

" 7
Hermsmeyer, 1981) have shown that the tail arteries of SHR exhibit a

/ﬂgecreased membrane potential at 16°C under conditions where the b&*/K*

[

13 inactive <37 3 is counterbalanced by an increased active

Ha{iz;rlux favoring hypée larization which results in the presence of
an unaltered membrane potential when the gail arteries of SHR and WKY

are‘ compaggg. During NE contréction, the 1increases 1n\\ffTBPéG2

perme it e su the Na*/K* pump is no longer an important

determinant of the membrane potential Thus, the tail arteries of SHR
aghieve a greater degree of depolarization during HE stimulation which

in theory should increase contraction. Abel and Hermsmeyer (1981)

syggest that the membrane defects observed in the tail arteries of SHR

are conferred on the VSHCs through the sympathetic nervous system of

\\_
SHR. p

S

Hermsﬁeyer (1976 a) has hypothesized that  vascular hyper-
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reactivity to NE observed in many vascular beds within SHR could, in
fact, be due to an increased ability of NE to depolarize (and contract)
the VSHCs as opposed to structural alterations. However, it should be

pointed out that this view can be contested. Ironically, the tail

artery of SHR, although being more sensitive to NE contraction (i.e.,

maximal Rontractility in response to NE in some-experiments (Webb and
Vanhoutte, 1981 a; Webb et‘;l., 1981 b). Interestingly, the tail artery
of SHR in an established phase of hypertension hés been shown by Cox' '
(1981) not to develop a tﬁickene¢ vascular wall, Hence, at least within
this case, 4t can be argued that the absende of reactivity is associated
with the absence oflstructural alterations and it is possible that it is
the 1atte; alterétion that 1is a primary determinant of vessel

reactivity.’

Recent work (Dr. D. Cheuﬁé, unpublished observations) indicates

‘that the tail arteries of SHR have VSMCs with a decreased membrane

poten@"a.l and .a decreased Na*/K*-ATPase activity. These alterations are

consistent with the presence of an underactive Na*/K* pumb. Such an
alteration is in fact more conducive to the maintenance of hypertension,

/
since basal as well as <ctivwe SMC tone would be increased by virtue of

an increased depolarization. Furthermore, if the efflux of ca*2 is
iinked tofthe influx of Na* in SMCs, as suggested by Blaustein (1977), a

decrease in the Na‘* .gradient would inhibit the transport of ca*? from

the cell which would increase VSMC tone in SHR.

6. Alterations in the cable properties of VSMCs of SHR

The possibility that the spread of depolarization between VSMCs



i8 increased in aéteriés from §HR during NE contraction has not beeﬁ
extensively studied., Xuriyama and Suzuki (1978) provided evidence that
£he space constant (the distanze at which an evoked electrotonic
membrane potential decays to 1/e) and the time constant (the time takeh
for an electrotonic potential to decay to 1/e) were not different when
" the pulmqnary artery and the portal vein of adult SHR and WXY were
compared.

Studies by Hbllowéy and Bohr (1973) have shown that the femoral
artery of SHR (10 rats) in as established phase of hypertension exhibit
spontanedus rythmic contractions which, are virtually absent in the
arterles of WKY (present in 2 out of 10 rats). The increased presence
of spéhtapeous rythmic.cdntractions in the femoral artery has also been
shéwn to be present in DOCA/salt and 1 and 2 kidney Goldblatt forms of
hypertension in rats (Bandick; and Sparks, 19?0; Hoiloway and Bohr,
1973). In SHR and the above hypertensive models the spontanéous
contractions can be blocked by Ca+2 antagonists, sﬁggesting that such
phasic activity may be produced b} Spontaneous Ca*z-evoked action
potentials (Holloway and Bohr, 1973). It is of interest to note that
the treatment of normally electrically quiescent carotid and tracheal
tisaﬁe with K* conductance blockers pfoduces spdnténeous contractile
activity (Mekata, 1971; Kroegher and Stephens, 1975; Kannan and Daniel,
1978). In the above experimeqts, the occurrerdce of spontaneocus activity

has been sﬁown to be associated with an increase in the membrane
" resisitance (Mekata, 1971; Kroegher and Stephens, 1975), and’ gap

Junction formation between smooth muscles (Kannan and Daniel, 1978)., In

experiments performed by Kroegher and Stephens (1975) an increase in the
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. .
length constant, a measure of the electrical conducting property of the

tissue, was observed.

Although it still ;%nss to- be proven, .if‘ hypertension in SHR
1s associated with increases in VSMC gap Jjunctions aq% inereases
length constant, these alterations could produce a situation where a
contractile impulse is propagated over a greater number of VSMCs., Since
VSMCs are helically oriented around the long axis of vessels, such an
alteration could promote a greater vessel contraetton, in response to

nerve stimulation.

7. (a) Alterations in VSMC Ca*2 handling in SHR

Altgrations in the mechanisms that govern the levels of unbound
intracellular Ca*2 can play an important role in determining the levél
of 3MC tone. In this regard, an increased SMC permeability to Ca*2, a
decrease in the rate of Ca*d efflux from the SMC, or a decreased ability
of the SMC to sequester Ca*2 internally could ti) elevate basal level
of MC tone, (ii) have the potential to increase maximal tens;on

#
responses during contraction, and (iii) djﬁrease the ability of the

artery to relax once the contractile stimulus has been removed.

Ca*2 binding to the plasma membrane  also exerts an important
membrane stabilization effect, Qualitative or quantitative alterations
in such binding could effect ﬁermeability of the membrane tq”;arious
electrolytes, which could alter VSMC function.

In :studies performed by Webb and Bhalla (1976),l differential
ultracentrifugation was used to separate out a microscmal fraction

(plasma membrane and sarcoplasmic reticulum) from the aorta of SHR in
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established hypertens?on and WKY. Subsequently, this fraction was
suspended in a manner that would form vesicles. The total accumulation
of Ca*? (uithin inside-out membrane vesicles) in the presence of ATP at
vafying concentrations of external Ca*€ was measured; however, no
gttempt was made to determine ATP-independent ca*? binding. If‘ waé
observed that the amount of Ca*? accumulated by the vesicles was less in
SHR than in WKY. On the other hand, Ca*2.dependant ATPase activity of ('
the microscmal fraction, tﬁought to represent the ATP cleaving portion
of the Ca*e pump, was Iincreased in SHR. It was concluded that
microsomal vesicles were either less leaky to ca*2 and/or had a reduced
active Ca*2 pump activity. It .uas sugge?ted that thé increased

Ca*z-dependant ATPase activity observed could be an attempt by the cell

to compensate for the above defects.

¢ Moore et al (1975) also observed a’ decrease in active Ca*2
uptake in aorti; microsomal fractions. In this instance SHR were
compared to Sprague-bawley normotensive controls, The ATP-independant
Ca"’z'(Ca+2 binding) uptake by the microsomal vesicles w;s shown to be
negligible. A sample of the: preparation was subjected to sucrose
density gradient separatioh; it was observed that the subfraction
exhibiting maximal éctive ca*2 uptake also .éxhibited maximai NADH
oxidase activity, an enzyme thought to be present in the endoplasmic
réticulum. Cn the other hand, microsomal subfractions demonstrating
maximal &' nucleotida;e aétivity “had a very. low Ca‘+2 accumulating
ability. 1In view of this, it was suggested that the active Ca*e pump,

whose activity is decreased in SHR, 1is present in the endoplasmic

reticulum, and a decrease in pump activity in SHR may reflect a
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decreased ability of the endoplasmic reticulum to sequester Ca*z. Such
‘an alteration could lead to an elevation in cellular Ca*z.
Studies performed by Kwan and his colleagues (Kwan et al,, 1979;

Kwan and Daniel, 1981 a) are ecritical of previcus findings that suggest

that the Ca*? pump is 1ocatea within the sarcoplasmic reticulum. lAs

discussed by Kwan and Daniel (1981 a) (i) the improper trimming of
arterial tissue to remove non-muscle components, (ii) the use of
non-spec;{ic and insufficient plasma membrane and en plasmic reticglum
;nzyme markers and (iil) the ommision- of sucpose density gradient

centrifugation to separate piésma membrane from sarcoﬁlasmic reticulum
can lead to misleading results. Through the use of meti;ulous

separation of non-arterial tissues" from thef mesenteric artéries in

combination with differential centrifugation and sucrose densiéy
gradient separation, a plasma membrane fraction"wés isolated from
mesenteric arteries by Kwan et al (1979). This fraction was

characterized by the use of five enzyme markers and was estimated to be

at least 75% pure plasma membrane (Kwan et al., 1979; Xwan and Daniel,

1981 a). Vesicles made from the fraction were_found to exhibit a verf
high ability to.accumulate Ca*2 in the ﬁresence of ATP. Kwan and his

colleagues (Kwan et al., 1979; Kwan and Daniel, 1981 a) suggested that
the actiQe-accumulation of Ca*+2 by the microsomal fraction previously
thought to be representative of the SMC sarcoplasmic reticulum was, in

fact, due to contamination by plasma membrane. Consistent with this

hypothesis, other'fractionﬁ obtained from the sucrosefgradient exhibit

.an ATP-dependant Ca*? accumulating ability that 1is prﬁportional to the

activity of plasma membrane markers (5'-nucleotidase and alkaline
' '
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phosphatase) within the fraction (Kwan et ;l.. 1979; Kwan et al., 1680
c).

The new plasma membrane isolation technique was subsequently
applied to mesenteric arteries obtained from SHR and WKY (Xwan et al.,
1980 a, c¢; Kwan and JDaniel, 1981 a, b). Not only was a reduced
ATP—dependant Ca*2 accumulating ability observed in SHR in a developing
and established phase of hypertension, but also 1in SHR prior to
hypertension development (Kwan et al.,, 1980 a). It was sugéested that
if the vesicles formed from the plasma membranes of SHR and WKY had an
equal 'outside In' - 'inside out! distribution, then the reduced Ca+2
accumulating ability of the SHR plasma membrane could be of functional
significance in maintaining an elevated level of Ca*? within VSMCs.
Furthermore, since such alterations were present prior to high blood
pressure development they could be. of etiological importance iﬁ
establishing hypertension in SHR (Kwar\, et al,., 1980 a).

Work by Kwan and his colleagues (Kwan et al., 1980 a, b, ¢)
suggests that the binding of Ca*2 t; the plasma membrane of mesenteric
arteries is unaltered.in SHR over WKY, It was shown repeatedly that
arterial vesicle preparations from mesenteric arteries exhibited similar
degrees of Ca+e accumulation in the absence of ATP, In other
experiments (Kwan et al., 1980 c) ca*2 binding to the membrane of
‘mesenteric arteries was studied in the presence of ATP and the Ca*+2
ionophores X5374 and A23187. Ca*2 accumulation by membrane vesicles was
unaltered in the presence of the two ionophores suggesting the the
abllity of the plasma membrane to bind Pa*z in the presence of ATP is

-similar in both SHR and WKY. Unlike arteries, plasma membrane vesicles
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prepared from veins of SHR were found to exhibit an elevated
ATP-independant Ca*2 accumulation when cbmpared to WKY (X4an and Daniel,.
1981 b),

To determine if a defect in the active Ca+2'pump {such as that
observed in SHR) was ;mportan£ in‘maintaining other forms of
hypertension, 1 and 2 kidney Goldblatt and DOCA/salt hypertensive rats
were.studi;d (Kwan et al., 1980 a, b, é). A decreased ability of plasma
membrane vesicles to éctively accumulate Ca*2 was observed in 1 kidney
and 2 kidney Goldblatt hypertensive. rats and in rats with DOCAfsalt
hypertension (Kwan et al., 1980 a, b), In 2 kidney Goldblatt
hypertensive rats, the level of decreased Ca*2 pump activity was
proportion;l to the level of blood pressure present (Kwan et al., 1980
b}. In DOCA/salt hypertensive rats, the 'hit:i:i:i} of treatment
produced a situation where U40% of the treatdd animals developed
normotension while the balance maintained hypertension. It was observed
that membrane vesicles obtained from the mesenteric arteries of the
latter, but not the former, group demonstrated a redgced ablility to
actively acéumulate Ca*2 (Kwan et al,, 1980 a). ,The above findings
suggest that a deéect in the VSﬁC ca*2 pump may be of common etiological
impoftance in in the maintainence of various forms of hypertension.

Various researchers have noted tﬁat the presence of ca*? alters
non-Ca*2 i?B}c permeability as well as functions attributed to the
Na*/K* pump. Furthermore, the effects of Ca*2 appear to be different in
the arteries of SHR as opposed to HKf. Jones (1974 a).noted that in the
presence of Ca*? (2.5 mM), the efflux of K'2 from the preloaded aorta of

SHR and WKY was very slow. The reﬁoval of Ca"'2 from' ' the incubation
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media accelerated the initial efflux of k42 from 3HR aortas to a greater
degree than those of WKY. It was suggested the ca*e exerts a membrane
stabilization effect and the removal of Ca*2 destabilizes the membr ane
of SHR aortas to a greater degree than WKY.

ca*? also has the ability to alter tension responses produced by
K+ cont;action of arteries. For example, Holloway and Bohr (1973)
observed that the contractile response of femoral arte?ies produced by
increasing external K* from 4.7 to 40 mM was highly susceptible to the
presence of Ca*z. Femoral arteries from SHR exhibited a biphasie
response. When éompared to Sprague-Dawley controls, low ievels of Ca*2
(1.6 to 4,1 mM) modestly inhibited K* contraction in SHR arteries to a
greater extent than contrpls;‘ high levels of ca*d (6.1 to 11.6 mM)
inhibited éontrdls to a greater oxtent than SHR, Webb and Bohr (1980)
obtained comparable results in the tail arteries of SHR and WKY. Ca*2
levels greater than 4 niM produced a greater inhibition of K* contraction
in WKY than in SHR. Within this study, it was shown that the presence
of ouabain reversed the effects of Ca*2, High levels of ca*? no longer
inhibited but rather potentiated X* contraction. Furthermore the
magnitude of potentiation present was greater in SHR than in WKY.

‘The physiological significance of the presence of an altered
Ca*2_influenced inhibition of K* contraction within SHR is unknown.
However, such studies as well as others whicH® for example, indicate
that SHR but not WKY arteries contract in the presence of La*3 (2.5 mM},
Sf*a (5 mM), ions which can block Ca*? channels (Holloway and Bohr,

©1973) suggest that a membrane defect in the handling of Ca*zvexists.

T. (b) Conclusion .
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Membrane vesicles prepared from microsomal or plasma membrane
‘fractions exhibit 3 decreased’acfiye Ca*2 efflux, whilé ca*e binding and
permeability are unaltered. A decrease in the active (Ca+2 transport,
regardless of whether it was present in the plasma‘ membrane and/or
sarcoplasmic reticulum, wogld increase the passive and active levéis of
intracellular Ca*2,  Such an alteration could i) increase basal tone,
1i) increaser contractile responses or 1ii) decrease relaxation
responses': all of which could increase vascular resistance and help
maintain hype;tension. Work by Kwan et al (1980 -a) has shown that a
decrease 1n the Ca+2 pump activity of VSMCs is present befoée
hypertension development, and also occurs in a_varlety of other forms'af .
hypertension. This suggests that such an alteration méy be of primary
importance iﬁ éstablishing hypertension in SHR and perhaps other forms
of hypertension.

Various studies alsc suggest the presence of a ﬁembrane defect
in SHR that . involves Ca+2 handling. For example, X* contraction is
inhibited by Ca*? to a lesser degree in SHR than WKY. 1In part, this
phenomenon is dependant on Na*/K* pump activity. SHR arteries also
contract in the preSence of La*3 and Sr*a, while WKY arteries do nor.
Furthermore, Ca+2 remov;l increases k* permeabllity in SHR arteries
to a greafer degree than those of normotensive rats. The phySiological
significance of these 1latter télteratious is unknoﬁn. The above
experiments do, however, suggest that alterations in Ca*2 handling are

present in the VSMCs of SHR.

8. Alterations in adenylate cyclase, cAMP and protein kinases in SHR

8. (a) Background o
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Increases in cellular 3*,5' cAMP have the potential to relax
VSMCs, There 13 a vast amount of literature available that has
"implicated cAMP with SMC relaxation. In arterial tissues, beta
receptor- stimulated relaxation, as well as relaxation produced by
isoflurane, halothane, dipyridamole, PGE1, PGE,, diazoxide

hydralazine, has in different arteries been associated with a rise in

and

cellular cAMP (Kramer and Hardman, 1980). In the case of beta receptor
stimulation by 1soproterenol, the increases in cAMP are dose dependent
and are inhibited by propranolol, a beta receptor antagonist (Triner et
al., 1972). 1In the rabbit anterior mesenteric portal vein, there is a
direct correlation' between the increase in tissue cAMP and the
percentage rela;ation of NE contractidns produced by the
phosphodiesterase inhibitors RA 233, SC 2964 and papaverine (Collins aﬁh
Sutter, 1975). Many other studies have ~indicated that the external .
application of dibutyryl cAMP, an analogue of 3', 5' cAMP, is capable of
relaxing ;rterial tissues pre#iously.contractéd with a variety of agents
(Kramer and Hardman, 1980). Finally, cardiac membrane (Bhalla et al,
1980; Robberecht et al., 1981) énd broken cell vascular muscié (Amer et
al..7197u; Klenerova et al,, 1975; Murthy et.al.. 1976) preparations
exh;bit an isoproterenol (beta agoniat)-stimgz;ted.'propranolol'(heta
antagonist) blocked _increase in adenylate cylcase activity. These
latter results suggest a positive 1ink between beta receptor stimulation
and the aﬁtivity of the enzyme responsible f&r cAMP formatiqﬁ.

| This area of study is not without controversy. In many vascular

tissues there is a discrepancy between the degree of cAMP elevation and

the degree of vascular relaxation. For example, in rabbit portal veins,
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the phosphodiesterase inhibitor 3C 2964 produces over % 7 fold increase
in tissue ¢AMP levels agd is capable of only modest relaxation of NE
contraction. On the other hand, in the same tissue RA 233, another
phosphodiesterase inhibitor, produces only.a modest increase in cellular
cAMP, yet can fully iﬁhibit a maximal NE contractilg—response (Collins
-and Sutter, 1975). 1In some instances contraction gs agsociated with an
increase in arterial‘ievels of cAMP (Kramer and Hardman, 1980). In the
case of histamine contraction of bovine mesenteric arteriles, the role of
cAMP 1is particularly confusing. In this tissue, initially there is a
small decrease 1in arterial cAMP 15 seconds after ppe application of
histamine, followed by an increase in tension and c&HP. " At maximal
tension the arterial strips have dramatically elavated levels of cﬁﬂ?.
fet in spite of this, the external application of cAMP to the tissue
produces a relaxation response (Anderason, 1973).

In conclusion, although there i; a vast amount of evidenee which
'suggests that, particularly in the case of beta receptor Stimulation.
elevations in arterial cAMP levels are implicated in the relaxation of
VSMCS: art increase in arterial cAMP levelis does not always dictate a

relaxation response, T

A model of the membrane oriented events that are thought to
occur during hormone stimulation and inhibition of adenylate cyclase
have been outlined by Rodbell (1980). In the ;pactivated form, the
receptor is thought to be bound to a nUbleotfde regulatory protein. in
this complex, the receptor inhibits GTP binding to the regulatory

protein. Hormone binding to the receptor triggers the release of

inhibitory - constraints on the regulat protein, allowing Iits

R - !

-
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inte;action with GTP, This coéplex is thought to be capable of esither

stimuiating or inhibiting the basal levels of 37, 5} cAMP formation from

Mg*z ATP by-;hé catalytic unit, It was hypothesized that the type of
action produced was governed by the type of receptor-regulatory coﬁplex
formed. For example, beta receptors could be coupled to a'stimulatory
regulatory protein, while, on the other hand, hormones that decrease
cellular levels of <¢AMP could act ﬁhrough iahibitory regulatory
proteins. Both could share a common catalytic unit,

In addition to being controlled by the activation ard
deactivation of adenylate cyclase, cellular levels of cAMP are also
controlled by phosphodiesterases. In VSMCs, 3', 5' cAMP is thought to
be broken down to 5.' AMP b& two ph03pho&iesterase enzymes. One of these
is characterized by a very low Km value and hés a high affinity and
specificity for cAMP. The other phosphodiesterase can _breakdown both
cAMP and <CMP, has a higher Km value (for cAMP ‘breakdown), and exhibits

an increased activity in-the presencﬁ of Ca+2_b1nding activator protein

(Kramer and Hardman, 1980). o /

’
i

The actions of cAMP e'/;xerted through the activation of
protein kinasés, which in e \presence of ATP are capable of
phosphorylating various substrates. - In | this regard, numerous
;esearchers ﬁave demonstrated the prééence of cAMP and cGMP-activatgd
prdtnin kinases 1in vascular smooth muscle (Sands\i: al., 1976; Allen,
1977‘ Kramer and Hardman, '1980). However, the suhsequent action o}
bhosphorylated substrates and the mechanisma Z;rougﬂ‘Lhich they azﬁlgye

arterial relaxation are not well understood.

»

Experiments have indicated that microsomal preparations from
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canine and rat aortas (Bhalla et al., 1976; Allen, 1977), and rat
mesenteric arteries (Kattenberg, 1981) are capable of incorporating P32

from ATP32 in the presence of cAMP and/or prdtein kinase. In some

(Baudouin-Legros and Meyers, 1973; Bhalla et al., 1976; Webb and Bhalla,,

1976; Fitzpatrick and Szentwanii. 1977; Kattenserg, 1981), but not all
instances (Allén, 1977); microsomal preparations from aorta have also
exhibited an increase in Ca*? binding and/or -ATP-dependent Ca*2
accumulafion wheﬁ protein kKinases and cAMP are added.‘ In view of this,
cAMP could effect relaxation by (i) stimulating gﬁe intracellular
binding of ca*2, (li) increasing the active transport of Ca*2 out of
VSMCs or Eiiil\flevati;g the acéive sequestration of Ca*2 within' the
VSM. Alternativgi?”\the presence of cAMP has been shown to- stimulate
ther pﬁOSphorylation af .myosin light chain kinase (Adelstein et al.,
1978). Such action l};éaétivates the kinase and prevents it from
phosphorylating myosin,\an action thought to be a prerequisite for SMC
contraction (Harpshorne.\ﬁgﬁa&.'

In view of the potential importance of cAMP in deterimining SMC
tone, various researcherg} have attempted _to détermine whether
hypertension in SHR was aéeociated with a defect in VSMC mechanisms
involved 1in the synthesis,‘\b(eakdoun- and action of ¢AMP., 1In tﬂis

‘ ~ .
regard, virtually all the work perfofmed {E/Zhis area has used the aorta
-

as. the test blood vessel.

8. (b) Alterations in VSMC cAMP levels in SHR
Y

‘\W:‘§§ggies involving the ‘use of radioimmunclogical protein kinase

binding assays to measure the blood bessel levels of cAMP predominantly

indicate that the level of this nucleotide is reduced in a variety of
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blood vessels freshly excised from SHR (Amer et al., 1974; Ramanathan

1

and Shibata, 1974; Amer, 1979). | Studies performed by Amer and hia
collaagues {SAqer et al., 19T74; Amer, 1979) indicate that- in SHR with
established hypertension, the 1levels of aortlc cAMP (ber wet tissua
welght) are twice that found in Wistar rats (NCR). In stadies performed

by Sands et al (1976), it was observed that young adult SHR obtained
4

from different distributors had differing degrees of hypertension. " When
SHR with modestly elevated blood pressure (150-160 nang) and high blood

presslire (> 180 mm Hg) were compared to WKY' (120 130 m Hg), the aortic
H
levels of cAMP were decreased in proportion to the level of blood

pressure preseht. I : L

In studies performed by Ramanathan.and Shibata (197&) the levels
;of cAMP present in the aorta, renal artery and portal vein .were reduced
'1n both prehyperteﬁ’ive (4 week) and eatablished hypertensive 3 mont
SHR when compared to either NCR or _WKY controls. The presence. of a

reduced level of cAMP in the arteries of prehypertensive SH# suggested

* that such alterations ard not. secondary to high blood pressure
£

development. This latter point is furtheﬁrzgg;irmed by the_ fact that

cultured adrtic SMCs from SHR %xhibit dramatically decreased levels of
LY

cRHQ_uben compared to similar Qsltures 1nitiated from WKY tissues (Sands

et . al., 1976). These lat!er- résults sﬁggest that the mechanisms

contributing to the decreased levels of pAHP observed {n SHR"cOuld be of

; , é
genetic origin. . 4 L
. J - . ’
8. (c) Alterations in VSMC adenylate cyclase
—

v riqus researchers have attempted to determine whether arterial

-

homogen es* of SHR ﬂgbe reduced basal and/or hormone stimulate

-
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adenylate cyclase activity. <§ffanathan and Shipata (1974) observed that
the basal adenylate cyclashe activity in SHR wigh.established
hypertensygp was elevated over that ﬁresent in either WKY or NCR.
However, most studies involving  both fcung adult and, éstabliéﬁed
" hypertensive SHR indicate*-that both the speecific and toéal tissue
activity of;this enzyme are unaltered ﬁhen-SHR are compared to either
W or NCR. Such studies have been carried out uSing the aorta (Amer et
al., 1974' Triner et al.. 1975; Amer, 1979; Bhalla and Sharma, 1982),
mesenteric (Amer et al., 1974) and tg?l arteries (Triner et al., 1975)
as test tissues. . ~

Experiments where the eatalytié subunit of adenylaﬁe cyclase "has
been stimulated by NaF have provided. inconclusive results indicating a
decreased (Amer et al., 1974; Amer, 1979; Bhalla and Sharma, 1482),

[

“increased (Triner et al., 1975) or unalteri (Ramanathan and Shibata,
‘ .

-

1974) activity when the aortas of SHR were c mpared to WKY or NCR. 1In

studies involving' the tail. artery (Bhalla and Sharma, 1982) NaF was

found to produce a decreased stimulation'of adenylate cyclase in SHR |

) . L
over WKY. ' ' )

\ . .
Most  studies performed on mesenteric artery and aortie

homogenates indicate (¢hat the ability of isoproterenol (a beta receptor

agonist) to stimulate adenylate ‘cyclase is reduced i ver WKY or

NCR (Amer et al., 1974; Triner et al.,,1975; Amer, 1979). However, in a

study ‘performed by Bhalla and Sharma (1982) 1isoprotérenol, {in the
presence of GIP, stimulated adenylate cyclage equally in aortic
homogenates obtél?ed from SHR and 'WKY, while the same agonist exhibited

a reduced ability ﬁo stimulate adenylage cyclase in the taIT'EF%bries 6f.
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SHR. Other. studies 1involving glucagon, épinephrine {Ramanathan and
Shiﬁata, 1974) and GTP (Bhalla and Shgrma, 1982) stimulation of aortic
homogenates have failed éﬁ show any difference in the level of hormone
stimulated-adenylate cyclase activity when SHR were compared to WKY.

8. (d) Alterations in VSMC phosphodiesterase activity

. t
Other studies have looked at the possibility that cAMP d ependent

phosphodiesterase activity may be -increased in SHR. Using crude
homogenates pr;bared from the aorta of developing hypertensive SHR,
" Triner et al (1975) observed no difference‘ip phe specific
phosphodiesterase activity (activity/mg protein) when SHR were compared
to WKY. Ramanathan and Shibata (1974), on the other hand, found that

—— '
the, specific activity of phosphodiesterase present in aorta, portal vein
3

and renal artery homogenates was reduced in established hypertensive SHR

over WKY and MNCR.

. In experiments performed by Amer and his colleagues (Amer et
_al., 1974; * Amer, 1979), 1t was observed that the maximal aortic
'rbhosphbdiesterase activity (per tissue weight) was increased in SHR over

NCR. Using DEAE celluiose chromatography the aortic phosphodiesterases

ated' into low and high Km forms-of the enzyme (Amer, 1979).
It was'seen hat . in SHR a greater proportion of the t;tal activity was
éonpributéd by the low Km form of ﬁhe enzyme. This latter form of the
enzyme is thought to play a particulary important physiological role in

the .breakdoun of cAMP, Asince it is cAMP specific-and is adapted to
\;v;“Tunction at low cAMP levels (Sands et al., 1976). In view of this, Amer
e

(1979) suggesﬁed that the low cAMP levels observed in aortavcould be the

5esulh of an 1increase 1in tﬁe activity levels of 1low Km
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phosphodiesterase.

Donnelly (1978) using DEAE Eéllulose chromatography separated
cut three phosphodiesterases from the aorpa.of adult SHR and WKY. The
individual enzymes were found to hydrolyée specifically cAMP, oGMP and
both nucleotides, Contrary to the findings of Amer (1979),. the
phosphodiesterase activity levels were not different between SAR and
WKY. - Within this study, a non protein pﬁosphodiesterase acfivator was
also isolated from the aorta of SHR and WKY, The quantitative amounts
of this activator as weLl as its ability to stimulate'phosphodie:téfase
were not altered between SHR and WKY. It. was concluded that the
decreased levels of cAMP present in the aorta was not due to altered
phosphodiesterase activity.

Kramer and Hardman (1980) h%ve' hypothesized that
phosphodieate;ase activity may bé under altered hormonal control -in” SHR,
In this regard, insulin aﬁﬁ certain plasma subfractions are capable of
increasing phosphvdiesterase activity, while thyroid hormones and
aldosterone decrease ac£iv1ty (Wells ana Hardman, 19?7). However, it
remains to be ﬁroven as to whether such mechanisms alter
phosphodiesterase activity differently in the VSMCs of SHR as apposed to
‘-WKy_ .

8. (e) Alterations in VSMC protein kinase in SHR

Other research has explored the -possibility that a defect in

vascular cAMP activated protein kinase could exist in  SHR. A
. . . . .

qualitative or quantitative change in this enzyme could decrease 1ts

ability to Dbe activated by cAMP and/or its ability to phosphorylate

substrates, Such an alteration could inhibit VSMC relaxation and

o
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potentially increase the vascular resistance.

Sands et al (1976) studied SHR with high (> 180 mm Hg) and
moderate (150-160 mm Hg) hypertension. Homogenates of aortic segments
from the former group exhibited an elevated basal protein kinase
activity when the phosphorylation of endogenous substrate and added
histone were measured in SHR. However, in this grou:)i of experiments,
the protein kinase activity could not be elevated by the addition of
cAMP to the hoinogenates. In SHR with moderate hypertension (150-160 mm
Hg) both the basal and the cAMP dependent activat n of protein kinase
activity in aortic segments uasA similar in SHR and WKY. Homogenates of
. cultured aortic SMCs obtai'ned from SHR, exhibited an increased basal
protein kinase activity, while the cAMP ‘dependent activation of this
enzyﬁ:e was similar when cultures from SHR and WKY were compared.

Coquil and Hamet (1980) falled to observe any alteration in the -
basal protein kinase ac.tivity when aortic homogenates from S ue.ek old

prelhypertensive and 18 week old adult, SHR were compar.ed to WKY. In
'this_ study the cAMP a_ctivation of protein kinase was reduced in adult
but not young SHR., On tt;e cther hand, Bhalla et al (1976) fouﬁd a
decrease in both.the basal and cAMP dependent pl;oteip kinase activi‘ty
when extracts obtained from adult SHR .uere compared to WKY, |

‘Gupta et al (1982) also observed a decr‘eﬁse in the cAMP

dependent specific proteir; kinase activity presen§ in the aortic cytosol

fr:action when SHR with established hypertension were compared to WKY.

-

When aort!c homogenates were subjected to DEAE cellulose chromatography,
two 1sozymes. of protein kinase were eluted, Both isozymes had similar

Km values in response to alterations in ATP, Hg"’a and cAMP., However,



- 114

Vmax {(maximal activity, p32 transferred to histone per min per mg
protein) was elevated in the isozyme firsf eluted from the column (IS0Z
1) over the following isozyme (ISOZ 2). It was found that the reduced
¢AMP dependent protein kinase‘activity of SHR aortas was due to‘1) a
slightly reduced Vmax in both ISOZ 1 and 2 and ;) a lower proportion of
highly act;ve fSOZ 1 to ISOZ 2.

8. (f) Conelusion
zomesssion -~

Studies performed on SHR with developing and established '
hypertension predominantly indicate that the basal ievels of arterial
cAMP are reduced in SHR over nofmotensive éontrols. .fhe lgvels of
aortic"cAHP appear to‘lbe inversely relatéﬁ‘ to the severity of

hypertension ‘present in a&ult SHR. - ?urthermore. decreased levels of
cAMP have alsoc been observed in arteries sampled from prehyperten§¥ye
SHR and i cultured aortic SMCs from SHR These latter findings syggest v
that if decreases in cAMP are in fact important in increasing SMC tone
and that the mechanisms producing suéh alterations.aré likely of genetic
origin and ﬁot a aecondary. a&aptatioﬁ to high blopd pressure.
Furthermore, since these alterations occur n;ar the onset of
hypertension in- SHR, they could play an etiologic;i role.in elevating
blood pressure. ' )

Attempts to elucidate the mechanisms reaponsiﬁlé for the
decreased levels ?f cAMP that have been observed in SHR have produced
confusing résulti. Most studies fail to observe a decrease in the basal
(unstimulated) adenylate . cyclase activity between SHR and AKY .

Stimulation of” the catalytic subunit of-aqgnylate cyclase with NaF has

produced res&ts indicating . an  increased, decreased or wunaltered

nJ
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adenylate cyclase activity in SHR. Studies involving glucagen,
epinephrine and GIP stimulation of aortic homogenates have also
indicated similar activation in SHR as WKY. Most studies do, however,
indicate that isoproterenol, a beta receptor agonist, exhibits a reduced
ability to activate adenyiate cyclase in aortie and mésenteric artery
cell homogenates of SHR when compared to HKY; Such an alteration couid
be due to reduction in beta receptor density, as observed in SHR aortic
membrane preparations (Limas and Limas, 1979) (discussed in the previous
section). Altefnatively. some as yet undiscovered alteration in the GTP

~,

binding regulatory protein could also exist., Although a defect in tge
mechanisﬁs involved in t e_?;;a receptor mediated increases ;} arterial
;qAMP could explain why .SHR prterieS'exhibit a decrease in the relaxation
response to isoproterencl, it cannot adequately explain why basal levels
of cAMP are decreased 1n‘SHR._

Other research has centered around the possi&ility _ that
phosphodiesterase activity -13 increased in: SHR arteries. Ho;ever.
experiments involving aortic homogenates obﬁgined from SHR havg
demonstrated increased, decreased 5#& unaltered fphOSphodiesterase
activity when compared t& controls. (ﬁ

: Most, but pot all, studies involving the me;surement of cAMP
dependent protein kinases indicate that éortas obtained froﬁ SHR exhibit
a reduced ability to phosphorylateAadded histone substrate. ‘This could

- be due to a decrease in Vmax activity and the proportional quantities of
-

highly active ISOZ 1 within the aorta of SHR.

H. Alteration in the Structure of Blood Vessels ip SHR

1. Background ‘ {J

\\/



Structural alterations can play an important role in inereasing
th; vascular resistance to blood flow. The lumen diameter of blood
vessels could be reduced in hypertension. Sueh an alteration could be
produced by a number of mechanisms. The blood vessel wall could be
thickened. If the vessel wall thickened inward towards the lumen, Such
encroachment qould elevate vascuiar resistance even under conditions
where the vasculatﬁre is relaxed. Alternatively, blood vessel wall
thickeﬁing could occur- towards the adventitia, leaving the 1lumen
unaltered under relaxed conditions. In this instance, if the volume of
the arterial media 1is conserved (as has been shown to be the case in
mesenteric arteries, Lee et alf, 1983 <¢), equal degrees of VSMC
shortening would occlude the 1lumen of the thick walled vessel to a
greater degree than that of a thin walled vessel under relaxed
conditions. This feature of wall thickening 1is schematically
illustrated in‘rfig. 38, and will be discussed later. Structural
alterations in hypertension could also reduce the distensibility of the
blood vessel wall, Under equal degrees of transmural pressure, a blood
vessel with a reduced distensibility would maintain a fbnctionally
s;afler lumen. The development of hypertension could also be éssociated
with a reduction in the nuﬁber of blbod vessels within various véscular
beds, thus reducing the number of pathwﬁys through which blood can flow.

2. (a) Alterations in the lumen diameter (LD) of blood vessels in SHR

Perfusion studies involving the entire systemic vasculature
(Folkow et al., 1969), as well as the hindlimb vasculature (Folkow et
al., 1970 a, b; Shomig et alr.-1978). indicate that these vascular beds

exhibit an elevated vascular resistance in SHR over WKY or NCR when they

3
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ﬁ?e perfused with physiological saline at a constant flow, under relaxed
conditions. Such an-alteration takes place at‘an early age. Perfusion
studies performed by lais and Brody (197§\ have shown that the hindlimb
vascular resistance is elevated in 3 weex old prehypertensive SHR. The
increese in vascular resistance under m;;imally relaxed conditions is
most easily explained by a decrease in theﬁé&an LD and/or a reduction in
the number of blood vessels within a vascular bed.
The- LD 1is. not decreased in all the vascular beds of SHR.
Studies performed by Lee et al (1983 a) and Hausler and Finch (1972)
indicate that the mesenteric vascular resistance is unaltered between
SHR and WKY when the isolated vascular béd is herfused with Krebs
solution at moderate or low constant flow rates. In the case of Lee et
al (1983 a), this finding was substantiated by the fact that
morphometric analysis of the superior mesenteric artery, as well as the
large and small mesenteric arteries sampled in areas prior to their
entry into the Intestine ' (premucosal) indicated that the lumen
cro fsecﬁional areés_(mgximally reléxed and co;pensateg‘for sectioning
) le) wére similar in SHR and WKY.
ther studies'involving the measurement of LD of SHR mesentefic
arteries have produced mixed results. Mulvany and his colleagues used a

H&ograph to stretch the lﬁmen at a tension that would equate to a 100 mm

Hg ‘arterial pressure (LD.o5), 1In similar aged SHR, the LDjgg- of

premucosal mesenteric arteries was found to be either unaltered (Mulvany
and Halpern, 1977; Warshaw et al., 1979; Warshaw et al,, 1980) or
reduced (Mulvany et el., 1978; Aalkjaer and Mulvaney, 1979). Hertel et

al (1978) observed the mesenteric arteries using in vivo microscopy and
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3
found that the small mesenteric arterioles of adult SHR exhibited a

larger LD than those of WKY. In the latter study, it was suggested that
the LD was expanded in SHR as a result of the presence of high blood

pressure. ) . : : ’ R

Every perfusion study performed on the isclated kidneys -of SHR ~

has indicated that the kidneys of both young (Collis et ai.. 1980) and
adult cFol'kqu_ et al., 1971 a; Collis and Vanhoutte, 1977; Nagaoka at
al., 1978; Fonteles and Jeske, 1980) SHR and WKY exhibit §1milar renal
vascular resistance when they are perfused with physiological saline
under relaxed conditions. However, Vin other experiments where the
isolated renal vasculature of adult SHR was perfused with rat blood at
constant flow rates above and below those present physiologically,adult
SHR exhibited a higher renal vaacularlresiatance than WKY (Tobian et
al;, 1975; Fink and Brody, 1979). In these instances it is impossible
to ascertain whether \the renal vasculature is relaxed. Even small
degrees of vascular tone {produced by blood-born vasoconstrictor agents)
when cohpled to a thickened vascular wall could produce an'elevatign in

vascular resistance, _In the above studies, papavarine was used

to relax the renal vascpdlar bed (Tobian et al., 1975). -SHR uerg‘still

‘qbserved to malntain higher renal vascular resistance over WKY:
however, the absolute difference was small,

Morphometric studies perform?d by Pang and/ééott (1981) on the
relax;d main renal arterles of SHR, compensatéﬁ for se;tion angle,
indicated that at 2 to 18 weeks of age SHR and HkY have similar LDs,

Haeuslef and Finch (1972) studied the vascular resistance of relaxed

main renal artery segments., SHR with established hypertension and WKY
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were found\ta_display similar vascular resistances when perfused with
. y ,

)
Krebs at a constant flow.

In studies operformed by Hsu et al '(198%). a microqg?ere
entrapment method was used to determine the LD of the prég;omerular
arterioles. It was found that under in vivo condi;ions SHR ét 8 and 12
weeks of ége had smaller afferent arteri&lar.diameters than WKY. It was
suggested‘ that the elevated renal vascular resistanﬁé obaérved in
intact, anaesthetized SHR could be due in part to a reduction in
arteriola} diaﬁeter. However, the infusion of hydralazine-_into ‘SHR
reduced thé renal vascular resistance to normal, but did not alper the
artepiélar diameﬁer. Thiaﬁ suggests that the reduced arteriolar

\/‘\

diameters observed 'in the above study were not responsible for the-

-f*ﬂzz:}ation in vascular resistance that was observed.

Studies involving lqrge elastic arteries, such as the aorta in
SHR aged H‘to 18 weeks (Pang and Scott! 1981) and the femoral artery of
Y,..L-SHR with established hypertension (Hansen et al., 1974), indicate that
the LD 1s nat different when R and WKY are compared. In vivo
microscopy studies of the cremaster (Hutchins and barnell. 1974; Bohlen
et al., 1977; Bohlen and Lobach, 1978; Bohlen, 1979; Chen et al.,{ 1981)
and gracilis (Prewitt et al,, 1982) muscles, and abdominal (Haack et

al., 1980) vasculature of anaesthetized SHR and WKY indicated that the

=~-iate'to small resistance vessels (LD between 120 to 7

um) As not decreas SHR. In the . above studies, the LD of the
vascular. beds was under conditions where the vasculatures were
actively innervated. ({(cremaster, graéilis. abdominal), denervated

(cremaster, gracilis) and in the case of the gracilislmuscle

3
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vaﬁculature, under conditions where the vascular bed was relaxed with
sodium nitroprusside.
2. (b) Conclusion

Under maximally relaxed conditions, the total sysieqic
vasculature of SHR exhibits an increase in vascular resistance when
perfused ui;h physiological saline under constant flow conditions. The
increase in total systemic resistance .could be produced by a decrease in
LD or blobB -vessel numbers within the hindlimb vasculature of SHR.
Studies performed on other vascular beds. such as the renal mesenteric.
cremaster ani gracilis muscle, and abdominal vasculature, do not support

the contention that the LD is decreased in relaxed blood vessels of SHR.

3. {a) Alterations in the vascular wall of SHR

~

Folkow and hisf‘qglleagues (Folkow- et al.,, 1970 a, b; 1973)
suggested that wall thickening may play an important role in the
maintenance of hiéh blood pressure.‘ It was hypothesized tha£ such~?n
alteration could exert two effects. A thickened yaséular ‘wall could
encroach’ upon the 1lumen, blocking flow, and cause the artery to
‘hyperreact to contraction. To test this hypothesis, Folkow and ‘his
colleagues, and sdbsequently other researchers, performed perfusion
studies on isoiated vascuiar beds, Iﬁitially., the yascular bed was
relaxed with physiological saline and then contracted to maximal liJ/,s
with NE or NE in combination with BaCl, plus vasopressin or - serotdnin.
Such studies indicated that when the hindquarters (Folkow et al,, 1970
a; Lais and Brody, 1978; Shomig et al., 1978), mesenteric Qascular bed
(Hausler and Finch, 1972) and renal vasculature (Eolkou vt al, 197 a{

Collis and‘Vanhoutte; 1977; Nagaoka et al,, 1978) wife contracted, dose
. _

6' r/.
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response curves for SHR diverge from those .of WKY. The amplitude -of
response was higher in SHR than WKY or NCR at maximal contraction. This
observation was used by Folkow et al (1973) and others as an indication
that,” on average, vascular .wall thickening had taken place.

It should be bointed out. that the above evidence provides
indirect proof of -"the presence of a thickened vascular wall. Other
researchers, such as Qermsmeyer (1976 a), have suggested tha@ an
increase in vascular-reactivity in SHR, such as that obgerved by Folkow
and his colleagues (Folkow et al., 1§73), could be ﬁue to the presence
of a decreased membrane poteﬂtial during NE contraction of the VSMCs

{(discussed in a previous section). Daniel (1981) has _suggested that a

decredbe‘iﬁ' th{\:fjiiiJefflux of Ca*2 from VSMCs could also produce
hypercontfactility. Finally, maximal contractile responses of VSMCs to
n‘%gonist can be modified by the prior treatment of the tis;ue either
with a vasodilant or by pre-contracting the tissue with other aﬁents
;(Rapoport'and Bevan, 1983), 1In view of th ,-other researchers have
attempted to directly measure uall thickneds by using histological or
in vivo microscopy measurements. .
Consistent with the results obtained from bhafgg;;g ogical

studies, morphometric measurements on fixed, relaxed arteries and optic

measu;ementa of arterial tissue within live’ anaesthetized animaLs has

indicated that during established h;;;;:lqgion the arterial blood vessel.

wall .is thickened. Howevqr, such alterations are not uniformly

distributed among all vascular- beds. ‘Furthermore; different i;zed'
) / .

arteries appear to be affected to different degrees.

“farger elastic arteries, such as the superior mesenteric (Lee et
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al., 1983 a), main renal (Pang and Scott, 1981), femcra:l/‘ag-;.ery [(Hansen
~

Fa

et al., 197&), and in some cases the aorta (Pang and Scot't. 198-1). do

not exhibit a thickened vascular wall in early established phases of

hypertension. Vital microsco‘;}_studies performed on the cr‘emajster

(BZlen and Lobach, 1978; Bohlen, 1979: Chen et al., 1981} and gracilis

(Prewitt et al., 1982) muscle vasculature, measur'ed under innervated,

denervated (cremaster and gracilis) and maximally relaxed ccnditions.

(gracilis), indicate that .the intermediate and small blood vessels of

young (6~7 week) and old (16-18 ueek) SHR have wall thickness similar tb

that present in WKY.

Studies performed on the pr sal mesenteric arteries indicate

that the vascular wall is thickened i SHR. Mulvany and his cclleagﬁes

/—\ (Hulvany and Halpern. 197T; Mulvany et-al., "1978; Warshaw et al., 1979,

1980' Aalkjaer and Hulvany. 1979) have carried out optical and
histological measurements of both small and large mesenteric arteries

stretched at a tension that is equiyalent to an interluminal pressure of

~100 mm Hg  (LD,,,). Studies performed on SHR’_}I? established

r .
hypertension have ylelded similar results. Vessels: having a Lliiw0 of

. N c
approximately 160 to 200 pm exhibited a thickened total vessel wall

- . . . .
produced primarily be increased amounts of media. Within the media, the

cross-sectional ' content of SMCs ‘was increased in SHR.: Morphometric

measurements indicated thai: the 1ncrease in medial, SMC content was
+ produced by a greater number of SMCs per unit arterial length. In one

study, houever, smaller mesenteric blood vessels wit% an, LD of

approximately 150 um at LD,5g did not display a thickened vascular wall

in SHR (Mulvany and Halpern$?1977). sugaeating that a thickened vascular

TRPLPEST WF T A VN
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wall may not be a consistent occurrence in smaller arteries.

In studigg performed by Lee et al (1983 a, b), relaxed .
mesenteric arteries, .that were perfusion fixed- and compensated for

histoldgical sectioning angle, were compared betweed SHR and WKY aﬁ 28

and 12 weeks of age.. It was observed that small anﬁ iﬁtermediate

.

" premucosal mesenteric arteries of SHR exhibited ~an increased wall

4 thickness in both sge groups. In 127 week old SHR, the wall was

thickened in intermediate sized arteries as a result of an-lncrease in
the quantities of .arterial intima, internal elastié"lamina and Swi
content. :The'arterial media was characte?ized ﬁy 1ncre$sed nﬁmbers of
1afger sized SH;s. in the case of' aﬁailer .premuco;al_ mgﬁenteric
arteries, wall thickening was prbdﬁced by an increase in Fhe qﬁantities
of Intima, internal elastic 1aq;néy greaﬁef quantities.oT'si@ilar sized
SMCs® and greater amouﬁts of adventi;ia (Lee et al.,, 1983 b). In as yet
unpubli;hed data, Dr. teg has shown that when the small mesenteric
arteries of 12 week old SHR and WKY are subdivided , arteries less thén.
. '
69 um in diametér féil‘éo display any indicat{pn of a thickene& va;cular
ﬁgzzain SHR -over HKY_(persénaltggmmunication}. )

Inlother studies.;ﬂenfich et al (1978), using in vivo
microscopy, found that the.mesoappendix vgsculaturel(a-sdbdiviéion of
the mesenterﬂs bed) of young adult S:la_exh!:bits 911 ﬁf.ckening, only in
iﬁtermédiate. ;iz;;~ﬁ2}§eriés. The wall 'thickneSS ¢f terminal aﬁd

[ . .
preterminal arterioles (LD < 30 um) was not altered in SHR when compared

to WKY.

Unlike'intqrmedidEE and small muscular arteries, the wall of the
- . L. .
superior mesenteric artery is not thickened in 12 week old S:fx(Lee et

-
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al., 1983 a, b). On the other hand, the vascular wall of the superior
’mesenteric artéry was thickened in 28 week old SHR when the animals had
experienced long term hypertension. ' ¢

The cerebral vasculér bed of; 30 week old SHR exhibits a

thickened vascular wall primariiy in smaller blood vessels with a LD <
80 um (Nofborg and Johansson, 1980). In this studf.the arteries wer
instillation fixed. The cross-sectional area of the media of contracted
arteries was subseqpently determined after which the length of the
convoluted internal elastic laminae was measured. Subsequently, the
radius and medial thickness was cqlculated in a manner where the artery
ua# relaxed mathematically. Unfortunately, when ;ﬁch ;Stechnique is
used to.compensate for contractidn, the radiud/is typlcally
underestimated, This 1s due to the fact that the 1nterna1 elaatic lamina
is shortened during contraction., Furthermore, the degree of shortening
is less in SHR than WKY vessels (Lee et al., 1983 c). The apove form of
compensation would therefore tend to reduce the differences in the media
po. lumen ratios between SHR and WKY, susgesting that perhéps cerebral
qrterie;'ujth a LD larger than B0 pym could also displa} a tgickgned
vascular wall in SHR. _
L;mas et al (1980) ébserved the presence/?f a thickened vascular

|
wall in intrarenal vessels with a LD > 30 pm, and in the aorta of SHR.

These al;érations appeared to be a secondary aiteration in hypertension
occurring in SHR older than 10 weeks of age, Howeveﬁ% in this study the
arteries were  contrafted and no histometric method was used to try to
relax the arteries, Furthermore, the arteries were not compensated for

histological sectioning angles. In view of this, the above measurements

4
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should be viewed with scepticism,
, Yarious researchers feel that the arterial intima plays an

important role in maintaining hypertension.._Boyd (1980) has proposed

that hypertension could cause endothelial damage. Arteries mechanically

denuded g;wendothelium exhibit the ihtimal pholiferation of SMCs, an
increased deposition of sﬁbendothelial connective tissue and the
-subagquent regrowth of new endothelium, The. newly formed intima is
" usually ihicker than the original 1aye§ (Richardson et al., 1980). Such
“an él;eratioﬁ could increase vascular resistance.

‘Consistent with the ‘above view, Lee et al (1983 b) observed that

?

small and . intermediate mesenteric arteries- of SYR * had elevated

cros;-séCtidnal ,amounts of subendothelial space, .while intermediate

sized arteries alsc exhibited increased cross-sectional quantities of
endothelium,’

In studies ﬁerformed'on the aorta, subendothelial thiékening has
been reported 1in SHR ranging in age from S5 to 21 weeks (Stills, 1979;
Haudenschild et al.; 1980; Limas et al., 1980). .The subendothelial
space in the above studies was characterized by an increased
';ccuMulat on of mucopolysaccharides (Limas eﬁ al., .1980), precipitated

plasma proteins, collagen, elastin, monocytes, red blood cell fragments,

_SMCs (Haudenschild et al., 1980) and flocculent material reacting to

fibrinogen antibodies (Stills, 1979). In other studies, Limas et 2l

(1980) observed an increased accumulation of horseradish peroxidase in
the subendothelial .space of aortas excised from SHR, suggesting an
increased endothelial permeability to the tracer. Haudenschild et al

.(1980) described SHR aortic endothelial cells as exhibiting a distorted

v
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appearance and having an increased thickness. Unfortunately, in ali the
above studies the characteristics of. both the endothelium and
subendothelial space were visually assessed, and no true quantitative
measurements were made, Thereforé. th; éccuracy of such aé assessment
i3 strongly dependent on the ability of the various researchers to make
an unbiased judgement . _

| The above alterations in the arterial intima of S;; have been\x‘
assessed in terms of tﬁe ability of the intima to physically obstrucf
the lumen. Alternatively, the enéoﬁhelium is very vascactive. A wide
variety of vaaodilatbra. such as substance P, acetylcholine, bradykinin,
histaminé, hydralazine and thromﬁin exert their vasodilatory effects in
part, or totaliy, through the endothelium (Vanhoutte et al,, 1982). It
could be possié;e- that aiterat;ons associated with hypertensiqn that
damage the endothelium or alter it; function could, in turn, reduce'the
vasod{latory action of blood sorn or nerve emitted vasodilators such as
substance P, This, in turn, could increase SMC tone and vascular
resistance.
3. (b) Conclusion

Perfusion 5£udies performed by different researchers indicate

that contradfion of a variety of isolated vasculaf beda‘ produces a
greater amplitude of resistance change in SHR .than in WKY or NCR. In
some studies both receptor and non-recepto} forﬁs of contraction produce
qualitativgiy the same type of reactiQity alterations in SHR. It has
been suggested that thé.'elevation in vascuiar reactivity observed in

perfusion studies involving SHR ’are caused by the presence of a

thickened vascular wall uhicﬁr;;oduces a hyperocclusion of the lumen
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puring contraction. However, the above forms of gxperiments_provide
only indirect proof of the presence of a thickened vascular wall. Other
researchers have proposed.that such hyper-reactivity can be produced by
alterations in the membrane potential, Na*/K* pump or by élterations in
S

In view of the above criticism, morphometric and in vivo

the Ca*2 efflux from VSMCs in SHR.

microscopy studies have been performed in an attempt to provide direct
evidence supporting the hypothgsis' that ‘blood vessel wall thickening
occurs in SHR. Such studies indicate sthat not all vascular beds are
altered equally in SHR., For example, vital microscopy studies carried
out on the graciiis and cremaster muscle vasculature demonstrate that
blood vessel wall thickness 1is not increased in a variety of arterial
classes when adult SHR are compared to WKY. In vascular beds that do
display blood vessel wall thickeniné in SHR, all arterial classes are
not altered. equally. Although there are exceptions, generally larger
elastic arteries, such;as the superior mesentet£9\ main ren femoral
and in some but not all studies, the aorta, exhibi? eit;zt\:;xzbtal
absence or a marginal degree of vascular wall thickening in SHR., 1In
addition, contrary to the belief of many researchers (i.e., Folkow ?t
al., 1973), small blood vessels of SHR do not always displéy vessel wall
. hypertrophy. The arterial .classes that are partiﬁularly affeqted are
intermediate sized‘pefarteriolar muscular arteries with an LD_ranging
betwéen 200 to 60 um. Wall thickening appears to be produced primarily
by an increase in the cross-sectional quantities of medial, and in somé

cases, intimal components. Increased quantities of media are produced

predominantly by an increase in the numbers of VSMCs. In some cases

-
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these alterations are coupled to an.increase in the size of the VSMCs.
Intimal thickening, when it occurs, is associated with an accumulation

of material within the subendothelial space. Various researchers have
suggested that subena;thelial ;hickening could be a secondary response
due to endothelial .cell injury as a result of high blood pressure,
Quantitative studies have indicated that }he cross=-sectional quantities
and the thickness of endothelial cells ‘are increased in SHﬁ. Such
alterations could alter endothelgélr cell function. Since various
vasodilators exert their action through endoﬁhelial cells,_such changes

could alter SMC tone and raise vascular resistance.-

4. (a) Alterations in blood vessel connective tissues of SHR

Aside from contributing in a minor way to production of wall
phickening,’ increases in vessel wall connective tissue content could

decrease the distensibility of hypertensive arteries. Such alterations

-

would favor a decreased LD under in vivo conditions.
Morphometric and biochemical studies have been undertaken to
dete}ming whe£her connective tissue metébolism is altered in SHR.
Mﬁrphbmetric measu;eménts performed b& Lee et al (1933 b)
indicate that the cross-sectignal quantities of elastin present within

the internal elastic la and the arterial adventitia are increased in

the large‘and small premucosal mesenter arteries of 12 week old SHR

‘over WKY. The smaller blood vessels of SHR were also characterized by

an elevation in the adventitial quantities of fibroblasts but
adventitial collagen remained unazltered, On the other hand, larger
superior mesenteric arteries’ of 12 week old SHQ\ and WKY exhibited

similar cross-sectional quantities of medial and adventitial collagen

..(



and elastin,

Pang and Scott (1981) morphometrically measured the volume
fraction of collage'n. and elastin.of both the abdominal aorta and main
.renal artery of SHR and WKY between the ages of 2 to 18 weeks. These
- Jparameters were not altered when SHR and WKY vessels were compared,
Ho'\}ever, .the volume fraction represents only'the proportion o.f' the
arteril.:l wall occupied by a component and not the‘ absolute quantity of
rthat co;nponent. A situation ct:;uld cccur where the ‘véscular wall is
thickeﬁed in SHR, while the proportion of elastin and collagen remain
unchanged, In this instanée. the absclute amount of collagen a'nd
elastin could be iﬁcreased in SHR, even though the volume f‘raction_ of
the® two components remains‘the same. However, 1in ng and Secott's
(1981} study, the thickness of the media plus intima were unaltered in
the main renél a_rtery and acorta of SHR, In vie;f of this, it is uhlikely
) that the absolute amounts of collaéen or elastin were changed in SHR,

ﬁigcgemical analysis' of arterial wall connective tissue conﬂents
and the enzymes involved in the synthesis of these c;)mponents 1nd1‘cat.e
that éollagen biosynthesis is 1ncfeased !.n~ SHR. Erhart »an'd. T-‘er't:ario
(1981) studied both the collagen content and synthesis of the aortic
intiaa and media excised between the subclavian and celiac branch

points, Collagen synthesis as .measured by the incorporation of

Cw-proline into collagen per unit time was increased in adult SHR
aortas, Within these experiments, the amounts of media ‘present within
the aofta was increased i'n SHR.: Collageh content increased.

proportionally, producing an increase fn_the total aniount. of collagen

. present (mg collagen/vessel length), while the collagen concentration

~ _— e
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(mg .collagen/mg vessel wet wt) remained unalteréd in the aorta of SHR.
In experiments performed by Iwatsuki et al (1977), collagen
synthesis was increased in the aorta and mesenteric. arteries of 5 month
old SHR. In this study, the collagen concentration (g collagen per g
tissue) was increased in both classes of arteries sampled from SHR, In
the above experiments ‘no mention was made as to whether the arterial
adventitia was removed from the arteries. Therefore, it. cannot be
determined whether ‘the increase in collagen synthesis observed takes
place within the media plus intima, as opposed//to the adventitia.
Increases in the connective tissue content within the media and/or
intima would exert a more dramatic effect in terms ‘of decreasing
;;terial disten;ibility than similar alterations in the adventitia.
Studies by Sheridah et al (1979) 1nd1c§te that the specific
activity of lysyl oxidase is increased in the aorta.of 12 week old SHR.
This énzyme is involved in forming crosslinks between collagén or
elastin, Such crossiinks are though to stiffen the collagen network and
cpuld'potentially reduce arterial distenstibility. Furthermore, siéce
extracellular collagen has been shown to have discrete attachment points
to arterial SMCs at areas where myofilaments attach (Kimani, 1981), the
increased cro;slinkage of ccllagen may facilitate the transmission of

\ .
the contractile force between the SMCs of arteries.

Alterations in collagen synthesis .3ppear to take place at an

 early age in SHR., Oshima et al (1979) studied SHR between the ages of 7

and 34 weeks. Prolyl hydroxylase specific activity .was' found to be

1npreased in the intima plus media of-the aorta ét T weeks of age, a

time when blood pressure was starting to elevate., On the‘other hand, in

—

-
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the mesenteric and heart tis§ue of SHR, the specific activity of this
enzyme was increased only in SHR older than 17 weeks, long after
hypertension was established.

" Experiments performed by Ogawa and Ozaki (1978)) emphasize the
importance . of collagen metabolism in hypertension,.
beta-aminopropropionitrile (BAPN), an inhibitor of lysyl oxidase. was
found to prevent the development of hypertension in yqu‘g SHR and to
lower the blood pressure in older animals with established hypertension.
- Within these expériments, the exact meghanisﬁs of BAPN action aré\__,/
unknown. _ In,inhibiting collagen crossiinking. BAPN could increase the
distensibility of the arterial vasculature allowing the maintenance gf a
larger lumen diameter. However, BAPN is also cytotoxic (Oakes, 1930)
and'is capable of reducing collagen levels in arteries (éheridan et al.,
‘1979). In -view of this, it could be possible that BAPN exerts itg
acﬁion by éecreasing collagen synthesis, as opposed to altering collagen
croSslinking. Alternaﬁively. the cytotoxic effects éf BAPN could alter
3pome other celiﬁlar fungtion.important in the maintenance of
‘ hypertension. |

y; (b5 Alterations in the passive and active blood vessel wall

mechanics of SHR‘

Aéte;ial distensibility has been meaqpred in a number of
different manners. - When two arteries of equal dimensions are compared
‘the more distensible artery will have a greater LD per any given
transmyral pressure. However, hypertensive and normal blood vessels are
rarelythe same diﬁension§. Alterations in the‘géométry of Phe blood

vessel (i.e., lumen radius, wall thickness, etc.f, even in the absence

- :..\/\
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‘of any alteratlons in the distensibility of the materials nomoosing ,ho
artery, will have a significant effect opjthe way a blood vessel will
expand (Burton, 1962). For example, if two arteries of similar material
and wall thickness are compared, one having‘a smaller radius than the
other, a similar transmural pressure will exert a greater tangzential
forg?'per uﬁit area in the larger artery, causing it to expand to a
greaterrdggree. With this in mind, various'ther'calculations have been
used to define the distensibility of the materials composing the artery.

The tangential wall stress (S) for a given transmural pressure P
can be determined for an artery (Cox, 1979, 1981).

S=(a/(b-a))P (1)

In the above formula a andt;g) are, respectively, the interna@ and

ext%t?él radii. S represents the tangential applied force per unit wall

area. —_
The incremental strain modulus (Esm) has also been used to
define the distensibility of arteries. Berry et al (1975) have defined
rEsm as the ratio of th | ncrease in radius (AR) to fﬁe average radius
ddring a pressure change (AP); AP is usually standardised at 20 mm Hg .
When tWo arteries of equal dimensions are compared, the more distensible
a%tery will exhibit a much greater change in radius in response to AP;
Esm will therefore be increased,.

The incremental elastic modulus {Einc) of a vessel is a
representation of the incremental stres# (applied force per unit area
dué to a pressure cﬁange, AP) to incremental strain ('tllxe degree of

vessel deformity due to &aP). A more distensible artery will exhibit a

larger degree of deformity in response to an alteration'in stress, hence
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Eine will be low (Bergel, 1961). Einc can be determined from a radius

vs pressure curve, for an artery (Cox, 1979, 1480).
Einc=(2a2b2/ (bz-az))(AP /oY) (2)
For a point {x, y) along ghe radius vs pressure curve, the internal and
2xternal vessel wall radii are determined’ {a and b, respectively),
Using the points above and below (x;‘y). the slope of the curve at x, y
is calculated. In the above fbrmula, the slope at- x, y equalsaP/Ab;
:hence. the Einc at x, y can be determined.

When two arteries are compared, typically Einc is caiqulated for
each arterial radius of the radius vs pressure éurve. Suﬁsequently, a
plot of Einc vs R/Ro is made. R/Ro is the radius used to calculate Eine
divided by the radius present at ‘0 transmdral pressure, Thus,'.the Einc
of two arteries can be compared under standardized.conditions.

In summary, a less distensible artery will exhibit a lower Esm
and a higher Eine than a more distensiple counterpart under standardized
condit}ons. Under conditions of equal 3 ktangential applied force per
unit wall area), a less distensible artery will exhibiﬁ a smaller LD,
However, when tWwo arteries are compared .under equal transmural
preSsures. the presence of_a distended lumen 'in one over the other, is

_suggestive, but not necesséfily, indicative of the presence of increased
arterial distensibility. | | |

£y Greenwald ‘and Berry. (197§)°;studied the passive mechanical
properties of the thoracic aorta of 6 week (incipient hypertensive) and
20 week old SHR and age matched WKY. Plots of the iumen diameter vs
transluminal pressure indicated that onﬁg SHR exhibited a constantly

smaller lumen sdiameter than WKY at any transmural pressure. The
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characteristics of the radius vs pressure curves -were such that Lhe
decrease in lumen radius in SHR was reflective of a structurally smaller
artery, as opposed to an artery that is less distensible. At transmural
pressures less than 150 mm Hg, Esm was higher in SHR aortas than those
of WKY, suggesting that'distensibility is larger in the aortas of young
SHR than WKY. In the case of adult SHR, only the Einc of the aqstas
was measured. Einc was decreased in SHR over HKY‘ at transmural
pressures between 75-300 mm Hg, again suggesting thg presence of an
;ievated _distensibility in the aorta of SHR over WKY ‘even during
established hyperténsion.

Consistent with the passivée wall chafacteristiés_ that were
observed, Berry et al (1978) found that SHR aortas exhibited ; decreasé
in conngctive tissue content, Itlshould. hgﬁe ri be mentionéd that the
above alteration is atypical; most studies per o;med on the aorta of‘SHR.
indicate that the content and, {n some cases\ the 3pﬁggﬁ§ration of
éolfagen are increased (e.g., Iwatsuki et al., 1977; Erhart and
Ferrarid, 1981). If the distensibility of the aorta is determined by
the connecfive tisijj content (which it may not be), such a result would
indicate tha%qucbic distensibility is more typically reduced in;SHB.

Andersen et al (1980)_studied the aorta.from six group? of SHR
ranging in age from 5 to 30 weeks. E; was obs;rved that the aortas of
SHR older than 6 weeks of age maintained a smallér lumen {(measured as
the' ratio of the LD to the LD presénL at 0 mm Hg, LD/LD;) than WKY when
aubjes;gQ;ggt a- transmural pressure of 100 mm Hg. However, the
tangential. stress being ‘:;Erfgz/j:; the vessel wall was less in the

aortas of SHR than WKY, in spite of the fact that both groups cof
. * *

-
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arteries were subjected to an equal transmural pressure (100 mm Hg).
This was primarily Jue to the presence of a smaller lumen ‘and a
- -~
thickened vascular wall in the aorta of Sﬂh. In other experiments the
'~aorta3‘_of SHR and WKY were subject:;ﬁ\bo a transmural pressure
correﬁpohding to the fzptolic blood pressure of the rat from which thé
‘artery was é;ciﬁed. Since the systolic blood pressure was elevated in
SHR older than 6 weeks of .age. the aortas of these animals were
" subjected to higher tr;nsiuminal pressures and pangential wall stfess

than the aortas of age matched WKY. It was observgd that the value of

LD/L?giwas always smaller in SHR than WKY, in spite of the presence of

an elevated transmural pr?ssure in SHR aortas./ Furthermore, the eléstic

-

modulus of the SHR aortas was elevated over that present in WKY at' ages
greater than 8 weeks. The above results suggested that tﬁd
distensibility of the éorta-was decreased in SHR older than 8 weeks of
3ge. .

Cox;(197q.h1981) undertook an extensive study of f;L passive (0
mM Ca*2, 2 mM EGTA) and active (K* contraction, 145 mM K*) wall
mechanics of the cargtid and tail artery of Shﬂ in an established phase
of hypertension. Each of the above arteries exhibited different
properties. At 3nfransdurai.pressure of 0 me Hg, the ext;rna; diameter
of the carotid arterieslwas greater in SHR than WKY ., while the tail
arteries had similar external diameters. Under passive conditions at
transmural pressures greater than 50 mm Hg apd under active conditioqiuﬂ
at preasures qtjjfer than‘100 om Hg, SHR éérotid arteries maintained a

smaller lumen diameter than WKY. In the case of the tail arteries, the

passive distention of  the arteries préduced by 1ncreasing the
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transluminal pressure was similar in SHR aﬁa WKY. However, . .under active

conditions, at transmural pressures greater than 200 mm Hg, the external

diameter' of the SHR vessels was smaller than that of WKY. The active

tension studies involving both the carotiq and tail artery indicated

~

that in SHR these arteries were capable of contracting}&,f‘ﬂ??ater
degree at higher pressures and maintaining a smaller lumen diameter than

those of WKY.

The above experiments suggest that both carotid and tail

-

arteriey of SHR display a reduced distensibility under active
conditions, while under passive conditions distens{bility iz reduced

}. .
only in e carotid E?teries of SHR. However, the above measurements

are governed by the geometric properties\;s well as the proqerties of
the material composing the arfery. " When Cox (1979, Qﬁﬁl) replotted the

changes in external diamétgr as a function of tangential wall stress ,

-

as opposed to transluminai pressure, both the carotid and tail artery be;__,

SHR under active or passive conditions exhibited a smaller external

diameter per any given degree of wall stress. Thus, when equal degrees
. . .

-

of langential force per unit area are‘applied, even the tail arteries of
SHR dhjir passive conditions display a decreased distensibility.

An attempt was made by. Cox -C 9) to expiain the mechanical

properties ‘of the ‘carotid arteries of S‘ in terms of collagen and

elastin characterisgécs of the arteries, Earlier work on normal canine

S N
arteries indicated that the mechanical properties.of the arteries can be . .

described on the basis of a.model in which the elastic modulus of a

vessel (Einc) 1is deEecmingd by the. elastic moduli of elastin and

collagen (Ee and Ec), the relative amount of—éollagen and elastin (We

Y
-

'/]‘ .
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-given strain or pressure (fc). ] , 'Y
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and H—e)/and the fraction of collagen fibres supporting wall stmess at a ,

-~ . b

L

Einc = Ee We + .fc Ec We. - .

-

When the above mode‘l ‘was applied to the -ca.rc;.tid a/r"gei'ies’of SHR and WKY
tht; niogel did not-f‘i{: the data. .Fo'rf- ex'arr':ple, :&/experimental values of
Einc, We, ﬁc under conditicns of known fc were used to compute Ee and
subséqueritly Ec, the Ee values'oﬁtained for both SHR and ﬁKY-were ab;ve
those normally though ‘to be acceéptable, while ;;e Ee values obtained
were within no?mal limits for SHR and below normal values ,1n WKY.
Furthermore., the decreasedk“dtstensibility cbserved in the darotid and
tail arteries of SHR could not b; explained by alterations 1nlcollagen
and/or elastin mqmsition. In both arter:ial classes, the percentage

composition of collagen and/or elastin_was'either iormal or below normal

.in SHR (Cox, 1979. 1981). Within the carotid artery (Cox, 1979) of SHR,

-the collagen cbntent (mg per arterial length) was increased alight‘.ly
over ‘WKY; however, this value was below that present in NCR which had a
carotid a}tery of .greater distensibility than that present in either WKY

or -SHR, -In- view of * the above anomaIies. Cox (1979) suggested that

qualitative, as opposed to quantitative, differences in the type of

S

collagesi and elastin prqseht or ‘alterations in the crosslinkage of these
L. . R . N . ~
proteins may account for the ‘altered distensibility observed in SHR

érterie;. In this regard, BAPN, a collagen or elastin crosslink

. formation inhibitor, can prevent hypertension fbrmabion in young SHR

(Ogawa and Ozaki, 1978). _ However,- analysis of the amino acid

-composition of arterial collagen from SHR and WKY’ indicates that no

Y

remggkable differences ‘exist between the two groups (Yamori and Ohta.
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In other studie erformed by Mulvany and his c¢plleagues

1979).

’\ar‘shaw et al.._ 1975, Mu‘vany et al.,, 1577; Mulvany et al.,, 1978;
Aalkjder and Mulvany, 1979), almyograph was used to streteh premucosal
‘small mesenteric arteries at varying tension. By measuring the internal

circumference of the artery under these conditions, the LD and the"

.eircumferential wall fqroe per unit arterial\ length were calculated.

The above studies have been'performed on mesenter arteries with an

effective lumen diameter (lumen diameter present at 100 mm Hg, LD100

‘ranging from 130 to 250 um, and have involved SHR ranging from 5 weeks-
(incipient hypertensive) to 50 weeks (established hypertensive)‘\}age.
All the above 5tudies inqicate'that‘the change in the mesenteric artery

LD (as a ratio of LDyy, or 0.8 LD1g0) in response to increases in

ciroumferential tension (per arterial length) are similar in SHR and WKY

under passive conditions. ‘Other measurements of wall stiffness indicate\\
that the Young's modulus {a relation of wall stress to deformity) under ( ]
both ‘active (K+ contraction) and " passive conditions. and the active
half—time response (time taken to reach half=-tension as a result of a.
decrease in circumference) are similar when mesenteric Mteries from‘;id

(50. week) and young (6 week) SHR-. were compared to age matched WKY

(Warshaw et al., 1979).

a Other researchers have used- perfuaion.'stuEEea of 1isolated
vascular beds to determine whether an altered distensibility exists,
Using this technique, vascular resistance, or some representation of it,

; .

has been measured at a varlety of infusion pressures produced by

elevating perfusion flow. Typically, vascular resistance decreases at
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higher infusion pressures due to, in pér_t.. an expansion of the average
'lumen size of the vasculature. The change in vascular resistance per
change in-'perfusion pressure or flow has been. used as an indicator of
vaséular distensibility. This method has its 1im‘itation3_ in that at low
perfusion pressures part of the wvascular bed could close down,
decreasing the number of functionally open vessel:; present.

Studies involving total systemic and renal vasculature of adult
SHR (Folkow et al.,, 1969; Folkow et al,, 1971 a: Folkow, 1979), as well
as t‘;he hindlimb .vasculat.ure of both adult and 3 week old pnehypefte;mive
SHR (Lais and Brody, 1978; Folkow, 1979), all indicate. that vascular
resistance de.cr'ease:;‘"to a lesser extent in the-fac;a of higher perfusion

.~
/;:'essures In SHR "than WKY or NCR, In a. recent study carrie& out by
Folkow (1979), the relationship of /vé:cular resistance to perfusion
pressure was 'detei‘mined'at diff‘erent_ lsvels c;r NE contraction. At
maximal relaxation up to crontractio.n producec] by' b.i& ug/ml, the decreasé:
in vascular resistance in relation to increased transmural pressure was
1e$s in SHR than in Nle. The . abové studies suggest that the vascular -
L. . o

beds of SHR exhibit éither a decreased distensibﬂity or‘a reduce&.
ability to open in the féce of elevated perfusion préssure when 'éompared
to WKY or NCR. N
4. (e) Conclusion

There . 1s experimental evidence supporting the hypothesis that
the connepgve tissue content of SHR: arteries is increased over that
present in WKY. Such evidence resides primarily in biochemical analyses

which hav measured the activity of the enzymes involved in the

synthesis of collagen, the rate -of collagen synthesis, the collagen
.8
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content and, in some studies. the collagen concengrations.of arteries.
Most studies involving the aorta and some studies 'involving the
mesenteric_ arteries ' indicate that‘ parameters of collagen synthesis,'
content ?nd. in some cases, concentration afe increased in SHR over WKY.
Hoﬁever, morphometrié investigations of the volume fraction and
cross-sectianal area content of the connective tissue composition of the
aorta, mesenteric and main renal arteries, and biochemﬁcal analyses of
tail and carotid arteries indicaté ‘that only modest alterations in
collagen.and élast;n composition exigt Set;eeH\SHR and %KY.

Other researchers have argued that the connective tissues of SHR

arteries are alte:;} in a qualitative, rather than a quantitative,

manner, - There . {

somér évidenée' supporting the above arguement.
Decreases in arteriai\ﬁistensibility h?ve been observed in spite of the
. N .
absence fof any‘ large quantitative alterations in arteriél connective
tissue. compo;ition. Furthérmore,: the specific activity of lysyl
oxidase, an enzyﬁe which crosslinks collaéen ‘and elast}n (increasing
stiffness) ié increasea in the éorta of SHR, while the inhibition of thev
enzyme with BAP;I can‘prevent hypertension development in _young SHR or
lower blood pressuyre ih a&ult'animals. However, amino,aéld aﬁalysis of
.SHR and WKY arterial collagen ?aq failed _to show the presence of any
remarkable differences in composition between SHR and WKY. " >
Various investigators have atéempted ip détgrhine -whether"
artérialldistensibility is altered in SHR. At a given luminal pressure,
‘the dehree of grterial di;tension preéent will depend on the geometric

. properties of~ the blood vessel as well as the properties of the

materials composing the vaspular wall., - In view of this, analyses which



141

normalize arterial expaneion:to the degree of tangential (or
Vcircumferential) wall streesl and measurements of the incremental strain
modulus or. the incremental stress modulus have heen used to more
accurately define alteratiops in arterial distensibility &4nat result
from a change in-the ptoperties ef the vascular wall. In this regard,
studies performee' on - the .thgi and caretid arteries and some studies
carried ‘out on the aorta. indicate . decreased arterial distensibility in
_SHR, while 1nvestigations involving mesenteric arteries indicate that
arterial distensibility is unaltered when SHR and WKY are compared.

An alternative approach used by other researc?ers to measure
arterialldistensibility has been to perfuse various isolated, relaxed
vascular beds at different flow-infusiohApressure conditions. 1In these

¢ ,

experi@ents, a higher'perfusion pressure should expand the'lumen and
'thenefore_redUce vaseuler resisﬁaece. Such studies caeried eut on a
number of different vascular beds indicate that the rate of decrease in
vescular resistance'in relation to increaees in perfusion pressure are
less in the vascular beds of SHﬁ than WKY. Although sueh an alteration
is coﬁsistenp with .the presence of a reduced érperial dietensibility in
SHR, an inereasee vascular closure at_lower perfusion pressures 15 SHR
could also pfoduce the same‘type of perfusion eharacteriseics.

S. (a) Alteratlons in blood vessel density in SHR . Y.

A decrease in the number of blood vessels through which blood
can flow can eletate systemic vascular resistance, In vivo m;ceoscopy
.investigatiops (vital microscopy)'éf the vascular beds of anaesthetized
SHR "and WKY have been undertaken to determine whether the number of

functional and/or anatomical blood flow pathways are altered in SHR.
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Using the aSbve-technique, Hutchins and Darnell (1974) made photographic
cﬁllages of the cremaster muscle vascular bed of 5 to 6 week old
anaesthetized prehypertensive SHR and age matched WKY. -The individual,
arteries were categorized by their order of division extending from the
;apillaries. SHR were found to have S50% fewer precapillar& arterioles
gLD. < 50 um), and a 50% ;ncreaselin the postcapillary venules, The
length of the afteries was not significantly altered.

Cheﬁ et al (1981) used in vivo microscopy in conjunction with
stereological techniques to determine the length and surface area per
unit volume of the blood vessels present in “the _cremaster muscle.
These parameters were used as a monitqr'of vascular.déﬁsity.. It was
found that a large proportion of the SHR vasculature could not be
observed due to the fact that it was functionally clos;; ko.blood‘flow.
Denervation. or vasédilation (Na nitroprusside) increased the densitylof
observable blood vessels: Hhen‘the vascular bed.was dilated, it was
observed that 4§ ﬁo f week o0ld, inecipient hypertensive SHR .had
-anatgmically fewer preéapillar;es (LD -< 25 ym). Unéer “actively
innervated conditions and in_the:absence of vasodilation, the percentage
of blood vessels closed to blood flow was three times greaﬁer in SHR
than.'h1 WKY. Othi: 1nve§tigatiéns of similar de#ign carried out by
Bohleﬁ and his colleagues have also substantiated the presence of an
anatomical and/or functional decrease in the precapillary blood flow

. .

pathways in .the cremaster muscle of 6 to 7 week, and 16 to 18 week old

SHR (Bohlen and Lobach, 1978; Bohlen, 1979).

Alterations -in blood vessel densities are not limited to the

N

cremaster muscle vasculature. Prewitt et al (1982), using in vivo
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'microscopy and stereological techniques similar to those of Chen et al
(1981), studied the gracilis vasculature of SHR and WKY that were 6 to:/’“\
18 weeks of age. The e{Periments were performed under innervated,

, denervated or maximally Eelaxe; conditions. SHR 6 weeks of age and
older were found to have a decreased density of capillérf?s; SHR older

than 12 weeks qf age exhibited a greatgr functional closure of the
yascular Sed, while an anatomical decrease in arteriolar vessel density

N

was observed only in 16 to 18 week old SHR. |

Henrich et al (1978) studied the mesenteric vascular bed of the
mesoappendix. The entire mesoapbend;x vascular bed of young adult SHR
and WKY was photographed. The quéntity'and length of preterminal and
terminal arterioles, two ordé;s of p;stcapillary venules, postarteriole,
mid and‘pr;yenule-capillaries were determined. In addition, a distinect
arteriovenocus ’shunt qoﬁsiating of very large capillaries was also
quantitatedz; SHR dispiayed a 50 to T0% decrease in the number of
terminal arterioles, first obderlvenulea'Snd true capiilaries. However,
the nuMber'of arterial to venous shunt capillaries increased in SHR.
All the various arteries, and capillaries and first order venules Ead
decreased a length in SHR.J In moil‘cases SHR blood vessels exhibited a
larger lumen than the corresbohding WKY vessels, Vasodilatioﬁ of the'
Qaacular bed increased the 1lumen diameter of SHR' and WKY vessels
equally, suggesting that the degree of vasoconstriction present'in'the
mesoaﬁpendix vasculature is similar in SHR‘and:HKI. To measure the
overail effects of the above alterations, a hydraulic hindrance factor,
thought to represent vascular resistanc; to flow, was calculated for

- .
capillary vessels, This calcglatign was based on- the diameter, vessel

AN
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numbers and the length of vessels., It was found that in the true

'////;apillaries (non-shunt) the increase in capillary diameter in SHR more

than compensated for the decrease 1in capillary numbers,- and the
hydraulic hinderance to flow was similar between SHR and WKY. On the
other hand, arterial to venous shunt cabillaries in SHR exhibited a
reduced hydraulic hinderance, due to the fact that stsel numbers and
the lumen diameters of the vessels were increased in SﬁR. J
Consistent with the above observations, Hgack et al (1980).found
that SHR (5 to 10 weeks of age) had between 30 to 40 % fewer te;minal

. _
arterioles in the peripheral abdominal vascular bed than either WKY or
-

NCR. However, when a representation of vascular resistance was

calculated, the values obtéined for SHR we;e approximately one half that.
;} HKY.-_This s due to the fact that the arterioles of SHR exhibit a
larger lumen diameter, which again more- than compgnsated for the
decreased numbers'qf arteriolar vesaelg. |
5. (b) Conclusion

Microscopy studies peffbrmed on the cremaster, gracilis,
mesenteric and ~ abdominal vaacuiar beds of-.iive,' anaesthetized SHR,
indicate the presence of boﬁh an increased functional closure pf the
vasculature, and an anatomicalldecrease in the numbers of smller blood

veaselé in SHR over WKY. In the cremaster muscle, both the above

alterations occur in prehypertensive and adult animals, The éracilis

. muscle of SHR, on the other hand, exhibits a decreased capillary density

. . Al -
in prehypertensive 'SHR, while a decrease in anatomical numbers of

I'd

arterioles and an increase in functional closure of the .Vasculature

occur after the elevation of blood pressure, A dgcrease in capillary

-
v
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and arteriolar denéities has the potential to elevaté blood ﬁressure by
restrieting the number of patﬁways through which blood can flow.
Furthermore, since both these alterétions can take place prior to Blood
preésure elevation in SHR, such changes could be of potential.importance
in the etiology of hypertension development. However, studies involving
_the-@esenteric_and abdominal vasculatures indicate that the potential
increase in the vascular resistance produced by a decrease in the
density of arterioles or capillaries is often more than compensated for
by an in%:sase in the in vivo blood ve;sel lumen diameter within_thes;
vessels, -Henge,-uithin these regions, vascular resistance to blood flow

may remain unaltered, or even decrease in SHR as compared to WKY.

I, Are Alterations in the Vascular Wall a Primary or Secondary

Alteration in SHR

1. Background

Until recently, it has been a general conclusion thég‘structural
alterations, such as the presénce of a thickened vascular wall in SHR as
well as other forms of hypertension; wés a consequence of high blood
pressure., In Folkow's view (Folkow, et al,, 1973), hyperperception or
reaction to environmental stimuli pr:>uces neuronal and hormonal induced
elevations in blood pressur;. Subseqdently, the vascular wall was
thodght to adapt to the increased wall tension, produciné a thickened
vaséular .wall, "It was suggested  that wall thickening eventually
'.encroached on the lumen and caused the artery to hyper-contract, leadiné
to the presence .of a permanently elevated blood pressure. There is
experimental evidence that sUpports the above view, | In experiments'

performed by Folkow et al (1971 b), a clamp was placed around the aorta
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distal to the maln renal arteries of 3 week old SHR. Such treatment
permitted the maintenance of normotension in the hindquarters, but not
in tEe vascular areas proximal to the clamp: After 6 to 16 weeks of
such_treatme&t. the isolated hindquaéters were perfuseﬁ with Tyrode's
solution énd compared to untreated SHR and NCR. The presence of an
elevated vascular reéc;iyity to maximal contraction was used as evidence
. for the-preaenee.of a thickened vascular wal;. It was obéérved that
aortic clamping prevented the_ occurrence of an elevated contractile’
reéctivity in ﬁhe hindlimb vasculature of SHR. Furthermore, the
magnitude of reactivity present in the hindlimbs was proportional to the
level of arterial blood pressure observed in the_hindquarters,

The above observations are consistent with the fact that in
Goldblatt*fﬁrm: of hypertension, the clamped hypoteﬁsive kidney dﬁes not
exhibit vascular wall hypertrophy as is present in other hypertensive
" vascular beds (Byrom, 1969)., Furthermore, in renal hypertensive rats
structural alterations in the hindquarters occur after blood pfessure
elevation (Lundgren and Weiss, 1979), suggesting that they are secondary
medifications in hypqrtension.. Orgén bath experiments involving rabpit
ear arteries have demonstrated that DNA synthesis is increased in the
VSMC: of the artery in proportion to the transluminal tension of the
artgry,(Hume,;980): ) All the above studies are cgﬁgistent with thé

hypothesis that an €levation in blood pressure can produce vascular wall
thickening. | |

fo further test the above hypothesis two types of experiments
have been carried out to determine.tﬁe‘etiological role of vessel wall

hypertrophy in hypertension developﬁent. SHR have been studied in a

A
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prehypertensive stage of blood pressure development to determine the
types of structural alterations present. Alternatively; hypertension
has been prevented bf antihypertensive treatment and the vasculature has

s
been subsequently measured and compared to control animals.

2. tudies performed on prehypertensive and incipient hypertensive

2. (a} Large arEeries of SHR

Andersen et al (1980) found that SHR developed a thickened

A

vascular wall and a decreased lumen over WKY between the ages of 8 and
14 weeks, Blood pressure, on the other hand, was significantly elevated
1h SHR at 6 Wweeks, Within this study, wall thickness ;as measured in
viable arteries under a distending pressure of 100 mm Hg. It was also
sﬁoun tﬁat the aortic wall exhibits a decreased distensibility aé 8
Wweeks of -age. In view of th}s, the thicker vascular wall and decreased
lumen observed at 160 mm Hg in SHR could b? due to a decrease in the
degree of vessel wall stretch ‘as opposed éo geo;etric alterations in the
blood gessel. Pang and Secott (1981), on the other hana, did not observe
a thickened intimai plus éedial ﬁall‘in the acrta o? main renal artery
at ages 2 to 18 ueeks,'hhen SHR we;e‘compéred to WKY. -

In morpﬁﬁmeﬁric Studiés. involving the carotid arterj. Gray
(1982) has found that 12 to 24 hour old SHR exhibit a thickened carotid
vascuI;; wall, with an unaltered lumen diameter. It was suggested that
bloéﬁ vessel lwall hypertrophy may be genetically determined in SHR.
However, even at _this early,'age. Gray's SHR already 'displayed aﬁ

elevated blood pressure over WKY.  Therefore, the pessibility that -such

alterations are, in fact, an adaptation to high blood pfessure cannot be
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excluded. P ,
- In morphometric studies of the superior mesenteric artery of-,L

SHR, <Lee . and his colleagues | failed tqa cbserve i_g.r:lificanf.
'alteratioé in lumen diameter or cross—-sectional qua of wall
components in 3 to 5 week old prehy erten.sive (Lee. et ‘al.. unpublished
" ohservatidns) and 10 .to 12 weel? old ial’l.ished hypertensive SHR (Lee ot
b 4

exhibit an elevated media to. lumen ratio and an elevation 1in the
cross-sectional area adventit;ial,and intimal pl‘u.s met".‘lia compdnents

-when compared tol7ag atched WKY (Lee et al., 1983 a).

2. (b) Intermediate 4pnd small arteries of SHR

Unlike larger elastic arteries, intermediate and small muscular
arteries of SHR do show some evidence of altered structure prior to
-hyp‘ertehsioﬁ development. Quantitative morphologigal studies performe‘d
-by Karr-Dullien et al (1981) indicate that arteries within the tail

having an external diameter between 20 and 60 pm (but not smaller or

-
o

larger arteries) ex‘hi.bited an elevated media. to lumen” ratio in both
newborn and 2 week old SHR placed on a normal or high salt dieti:.
Unfortunately, in this investigation.the blood pressure data for the
animals 1-:a.'.s‘Qm:n:. shown. However, in-én artic_lé directl‘y preceding .the
above study, but dealing with another subject, the abo;e authors
indicated that blood pressure was elevated in 2 week old, but not
newbbrn;. SliR when ‘compared to age matc}l_ed-WKY.

‘In studies performed by Lee et al (unpublished observations)

involvir_ag '3 to 5 week old prehypertensive S5SHR, intermediate sized -

mesenteric arteries (LD approx. 130 um) were found to have an unaltered'

I

» 1983 a). However, as mentionked prAviously, 28 week old SHR did . -

s
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lumen diameter and an’ increased total cross~sectional wall area. In -

this instance, vessel wall thickening was produced by ‘increased.

" eross-sectional area quantities- of endothelium, “internal elasth

laminae, SMCs, medial extracellular space and adventltia. Within the =

- media, increased numbers of similar sized SMCs were present. Aside from
%
a modest increase in subendothelial space, smaller premucosal arteries
~
(LD approx. 55 pum) failed to exhibit any alterations in the

cross-sectional area quantities of wall components.

In two studies carried out by Huivany and his colleagues, one

study involving 4 week old prehypertensive SHR, premucosal mesenteric

-

arteries were found td’have'a wall thickness that was similar to that

present in WKY (

lvany and Nyborg, +1980). In another experimenﬁ

_ (Harshau et aV¥,, 1979), 6 week old SHR with incipient hypertension Wwere
L

foua%a.to exhibit 1\§ened vascular wall., In. studies performed ry

Scott and Pang ( ‘ ). a thickening of the vascular wall in premucosal

jejunal mesentéric\ arteries of SHR occurred between 4 and B weeks' of
MRS

age, between pre- and developing stages of hypertension.

9

Quantitative morphological studies by HNordborg and Johanssogx‘

(1979) demonstrate that 15 day\;fghgi;)exhibited an elevated mgdia to
lumen radius ratic in muscular arteries from the mesenteric, renal and
- cerebral vascular bed., Henals and mesenteric arteries with an LD > 100
um, and cerebral vascular arterieQ. with an LD > 160 uq _gggred an
elevation in the quantities of media-to-iumen. Very large cereﬁral.
.renal and mesenteric arteries were not alter@d when SHR were compared to
WKY. Unfortunateiy, in the above study, 15 ,day old SHR already

éxhibited an elevated bldod pressure, therefore it is impossible to say
<

R )
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whether such alteéation preceeded hypertension. A peculiar observation
made by Nbrdborg and Johansson (1979) was that after .long term
hypertension -(200 days) only cerebral arterié; with an LD < 40 um-
exhibited an increased media to lumeén radius. while‘in the mesenteric
arteries, vessel wall thickening spread to both larger and smaller
artéries. In the ﬁaSe of the renal arteries, adult SHR did not exhibit
a thickened vascular wall wﬁen compared to WKY. No explanation was
éiven as to "2? the structural changes present in 15 day oid SHR were s0

different from the types of alterations present in the adults,

2. (e) Perfusion studies of the SHR vasculature

’ Various researchers gave .used -isolated organ perfusion
techniques to determine whether reactivity alterations ithought to
reflect structural adaptation are présent in preﬁypertensivé SHR. Lais
and.Brod& (1978) observed that the isolated hindlimbd of 3 week old SHR

hyper-reacts to NE contraction. when compare?,to WKY. Since

‘f,qualitati¥ely the -same response could bse produced by BaClz, - a

non=receptor mediated form of contraction, it is Luhlikely that the —

hyper-reactivity observed was due to an altered adrenergic receptor

g V.
efriciency. In other studies by Touw et al (1980), Ehe ‘Ksnatﬁ

¥

vasculatwfe, but q?t the meseﬁ%erie or hindlimb vasculature, was found

-

to react in an exagge ted manner in response to NE in 8 week old -

_,z=ﬁincipient hyperte:i:ve SHR -:é:lompared to HKY On the other hand,

Collis et al (1980) Tai)ed to observe any reactivity alterations to

*

infused NE when the Tenal vasculatures of "6 week old incipient.

I

hypertensive SHR and age matched WKY were compared.

3. . The effect of anti pertensive treatment on structural adaptation
. . . .

-

-
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3. (a) Large arteries of SHR L

“ =

In studies performed by Andersen and Brown (1980), hypertension
_ ; o

was prevented from occurring by treating SHR with, a combination of

AN
" . hydrochlorothiazide, reserp_ine and hydralazine from 5 to 30 weeks of

age. Such treétment lowereld the blood pressure of SHR to r;:hat present

in untre’ateq WKY. Houevef, treated WKY had a slightly lower blpod

o pressures tha;n that‘;_present in the abéve groups. fi‘nen wall thickness

was measufed, treated SHR and untreated WKY exhibited similar wall.
‘thickness, while treated WKY had thinner walls than the above groups.

Data showing the wall ‘thlclmlass. of untreated SHR was not presented._r
HRowever, other work by Andersen -et al (1980) has shown that wall
thickening occurs after B weeks of age in incipient hypertensive SHR.

In view of this. it appears that. t'.he presence of a thickened vascular

" wall in the’ aorta of SHR .could be .arn alteration aeeondary t.o‘
<

hypertepsion.
P ) 1

3. (b) Intermediate and small arteries of SHR

-

SN

In a study carried out by Mulvanyﬁt al (19 ), 6—0HDA Was used

‘to chwaically sympathectomize both SHR and from birth. This was

M
achieved by injecting 6-0HDA into the animals every second day t‘rom_-.
e o -4

birth to 3 weeks of age. At 24 weeks of age, SHR were normotens_iveT
"(HAL'\1D3 mm Hg), but had a small, 5ut significahtly, elevated blood
presaure over HKY (HAPl 95 mm Hg). Both sympathectomized and control -
3 R had approximahely a 21% thicker vascular wall than..respectively,

t;.reate&"Mtrol‘!KY It was concluded that wall hypertrophy was due
to 1ntr1nai.c diffgrences 1In the ropert))g of,&{k vessels and was not 'a .
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secondary alteration with respect to blood.pressure.
Scott and Pang (1983 b} injected 2 day old SHR and WKY with
capsalein, Such treatment reduced the mean blood pressure of both 12

week old SHR and WKY to a similar degree ( 35 mm Hg and 29 mm Hg,

respectively) over untreated SHR and WKY controls. In spite of

exhibiting a lower blood pressure, both treated SHR and WKY displayed a

thicker premucosal jejunal vascular wall than their untreated control

vascular wall of tfeated;SHR was still 55% thicker than that present in
untreated WKY. It was‘congluded that vessel wall hypertrophy in the
Jejunal afterieq of SHR is being produced by some faéior other than high
o

* Qther stqdiés involving thelefféct of anhihypertensivp treatment
on structural aiapgation pr;Qide. a'zléss clear picﬁure as to tﬁe
importaécé of high blood pressure in SHR., Mulvany et 4l (198la) used

- _

. . ~
felodipine to reduce the blood pressure of SHR from § to 12 weeks of

age. I this:}%stance. treated SHR and WKY had similar wall

, : L . :
_thicknesSes, However, examination of the data indicates that

L 4

. v .
antihypertensive treatgent did not decrease wall thickness.in HR, but

rather the wall thicknessqaas increased in WKY,. Furgpermore. noptreated
. N _ . :

control éHR’used in this eiperimént

mm Hg) at 12 weeks of ékg: In addition, ‘felodipine produced only a

marginal decline in blood pressure (i.e.,
-

O mm Hg), and the difference
1n‘blood\pré;sure between t?qejéd SHR -and

. -\ F . R
- 1 , oo . .

R . T

‘counterparts. Furthermore, treated SHR and -untreated WKY had similar

‘blood pressures (101 # 5.v$ 91 £ 5 mm Hg, respectively); howe#er,'the

in fact, normotensive (MAP 121

, as opposed to control SHR
. L2 L) - . .
. . . i ‘
and W&, was not particularly differgat ( rm Hg vs 26 mm Hgp

(

X

*
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respectively).

3. (e) Perfusion studies of the SHR vasculature -

Folkou et a3l (1972) 1mmunosympathectomized both SHR and NCR from
birth uith nerve growth factor antisera. At 32 weeks of age;
sympathectomized SHR and NCR and eontrol SHR-and NCR had, respectively,
the following average blood pressures, 139, 113, 210 and 139 mm Hg.
Sympathectomy reduced the BP of SHR %o normal, ﬁowever.'treated SHR
still had significantly higher blood pressures than treated WKY.

Experiments involving the isolated perfused hindlimb vasculature

*+  .indicated that pathectomized SHR with normal blood pressure still

exhibited a higher leve ‘of maximal contractile reactivity than either
normal or sympathe tomized . However,. the reactivity observed was
lower than that prjkint in no anSHR. Thus it appeared that a severe

lduering of blood pressure did rtially, but not.tcﬁally. att.enuate the

thought to be produced by -structural adaptatio&s of the

A

tredted’ from weaning to

(\\/ hydraiazine,

combination.

b . L '
months of .age with one of metroprolol, .
. "~ ¥ . \/-I

-anolol and - hydralazine plus guanethidine 1in

t?f Q\AEL*dPUSS dﬂintained the . blood pressure at
normal levels th t were slightly higher than . those of untreated WKY.

Using a perfus on syatem analagous to that of Folkou’ et al (1972),

treatment wa found to lower the maximal contractile reactivity of the >

g 1solated berfuaed'hindlimb of SHR. However, treated SHR still exhibited

a higher' vascdlar reacé}Vity ‘than untreated WKY, more so than would be
[ ] u +
expected based o&th dif‘t‘erences "in blood ,pressure between the two

v
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groups,

Both Folkow et al (1972) . and Weiss. and Lundgren f1978) have
suggested that Sﬁresistance. vessels may, for genetic reasons; be more
prone to— adapt‘ to elevated pressure loé&s than normotensy{ve animals:
i.e., a very small elevation in blood pressure may produce a large
structural alteration. However, 1in Folkow ;Ef/ﬁls (1972) atudy,
immuncsympathectomized SHﬁ had exactly the same MAP 53 untreated WKY,
yet hindlimb reactivity was 3till higher in the former group. :

4, Conclusion

There is no doudbt that high‘ blood pressuré is capable of

produciﬁg vessel wall hypertrOppy.- The hindlimbs of SHR can be
protected from struﬁtural adaptation by clamping the terminal aorta and
producing regional hypotension. Furthermore, under ;g_élgg ébﬁditions,
parameters that suggest an elevation in blooed pressure are elevated in

* proportion of the degree of wall tension. In addition, in 1large

arteries of SHR, such as the aorté,-if wall thickening is observed, it

occurs after the elevation of blood‘pressuré and can be‘ré;ersed by
antihypertensive treatment., There 1:" h&ﬁever. experimental evidence
that hypertrophy of the vessel wall, particularly in intermediate size&
muscular arteries of SHR. can occur 1ndependent1y of hypertension,
, , -
Morphometric studies of #aacular beds from SHR indicate that vascular
wall hypertrophy is present prior to the elevaﬁiod of blood pressuré. or
alEE:?atLvely occurs at the first sign of high blood pressure

develgphent. Similarly. neonatal antihypertensive treatment -of SHR?by

. sympathectomizing the animals Hith nerve growth factor antiaera or by

#

treating SHR neonatally with capsaicin lowers blood pressure, but does

. . . o
LY , . . 1 '
.

.

P h. !‘7."

-
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not prevent the oecurrence of vesséf wall hypertrophy in the méﬁenterfc
arteries., All the above studies suggest that some-factor other than
high blood pressure is capable of inducing vessel wall hypertroph&.

Data obtained from perfusion studies involving isolated vascuiar

beds is in part consistent with the above observations obtained from

morphometrié studies. In some instances, such as experiments by Lais

" and Brody (1978), an increase in vascular coﬁi?actile reactivity has

been observed in 3. week old prehypertensive SHR, Other perquion
studiesllnvolving'the hindlimb vascylatuxe of SHR tr(ﬁied from weaning
to ;;alt-—sfggi; with antihypertensive drugs, or alternativély.
imnsiunosympathectomized .SHE. have indicated that the normalization of
blodd pressure partially, but not tptally. reduces the elevated maximal
cb#iractile'reactivjty observed in SHR., However, in all these studies

’

it has been: assumed that‘ the differences in Feacti#ity observed in
re;pcng:_:ﬁb/éahtraction are totally produced_by structural alteration.
This may not bg the casé. Functional alterations in SHR arteries could
result ‘from the tr;atment. Eor example, denervation of arteries could -
alter sensitivity of the vascular bed to NE coﬁﬁraction. While long term
treatment with antihyperﬁénsive drugs <could lead to the accumulation of
the drug in the,tissue, which, in turn, could alter SH& contraction.
Furthermore, as diacussed previously, there are reaearcheri'thaf.ha&e
suggested that the presence of mechanisms other than wall thizégning

L

o .
could. produce

-

hyper-reactivity in SHR vasculature (e.g.,- Hermsmeyer,

1976 a; Daniel, 1981). T erefore, the morphometric ‘evidence

. 4 To. I v PR
substantiating tire presence of. a thicE:ped vascular wal{_ is more -
o .

+ substantial than the iAd¥frect f:}ﬂqggi obééined froq_perfusion stuq1es..

A
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J. Overall Summary and Conclusions s

' SHR best define a subdivision of essential hypertensive pntients
"that exhibit 1) a family history Qf hypertension 2) hypnrtension
as;ociated uith low or normal plnsma renin levels 3) a normal or
hyperantive basal sympathetic nervous system that hyper-reacts to
envirqnﬁental stimuli and &) hypernension that 1s responsive to
antihypertensive therapy 'by hydralazine ' and angioten;in converting
enzyme blockers and relatively unrgsponsive to diuretics, reserpine or
guanethidine. nypertension in SHR {s initiated and'maintéined by anl
elevation in total peripheral resistance within the animals. Research
) -

in this area has centered around the possibility that the elevation in
: Y

vascular resistance is produced by neurogenic and/or vascular myogenic

élterations.

4

1.) Hhat is the role of the sympathetic nervous system (SNS) in

initiating and maintaining hypertension in SHR°

The SNS is important n .the initiation~of nypertension in SHR.

o Studie; involving the meafurement of plasma dopamine beta hydroxylase
(DBH) an 1indicator  of “sympathetiec nenve activit? (SNA) and direct
recordings from renal nerve bundles indicate that SNA begins to eievateﬁ
in SHR when blood pressure starts to rise, yhiIe_neonatal sfmpathectomy*
(6-hydroxynopamine (6-0HDA) groutn factorJ antisera + guanethidine
treatment) can prevent nypertension development. ' ,é;,/ |
There is controv?nsy as to whethen ;n overactive SNS maintains

hypertension in adult -SHR.. Adult SHR and HKY'have:Jiqilar_levels of béh‘

in the “plasma. Fuéthermofe. ‘severe chemical . nr _inmunological

b}
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perturbations' of the SNS produce only a modest drop in the blood
pressure of SHR during the established phase of hypertension. However,
direct ﬁea:irementa of renal and abdominal SNA have indicated that the
firing frequenéy is increased in SHR. Studies performed by Judy et al
;(1976. 1978) have shown that the le;el of renal nerve a;tivity present .
in SHR and WKY is directly related to the blood pressure present within
the anigals. Inl these experiments, manipulatiops which réised‘ and
1oue;ed ihe blood pressure of the animals were associated with,
respectively, an 1ncrease and decrease in renal nerve activity. N
A possible explanation of the above conflicting results could be
———that the overall (average) SNA in adult SHR and WKY is similar; however,
the éNA may be selectively elevated in the-reﬁalAvasculature. Such a
focused change could facilitate the maintenance of hypefteﬁsioﬁ;

Consistent with this view, renal denerva&ion rétards hypertension

development in SHR, p
| The SNS could exert a trophic influence on the vasculature of
.SHR. Bevan (1975) has shown that sympathectomy can retard smooth muscie
_cell (SMC) replic;tion in.blood vessels. An overactive SNS in young SHR
could acceierate MC repiication. eausiﬁg the vascular wall to thicken
-, and permaneptly maintain:hypertenﬁion in SHR. On the other hand, Abel
| u.aﬁd Hermsmeyer (1981) have provided evidenc; that an intact SNS is.
essentiai for'cerpgin membrane defects to develop in the vascular SMCs
of SHR (discussed later). Hermsmeyer (1976a) has suggested that when
5uch alterations are present khey promote 1ncreased resSZﬁ:1veﬂ!as to

norepinephrine (NE) which .coulb elevate the va;cular' resistance.

Although bot.h the above theories can be critisized, they do suggest

i '
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mechanisms that could e*pla@n how the 3N3 could iﬁitiate hysertension in
SHR without being involved in'hypertensiog mainteﬁance.

v Other work ‘has centered around the possibility that the quantity
of vascular sympathet.ic innervation and the presynaptic control of NE
release~are altered in the SNS of SHR. Studies involving the cerebral
and mesenteric vasculature indicate tha- certain classes'of arteries in
SHR exhibit hyperinnervation when compared uitﬁ WKY. Perfusion studies

performed on the mesenteric vasculature have indicated that the release

—

of NE in response to nerve stim ien ncreased while the reuptake
) : L]

of”'NE is decreased in SHR. 1In these studies it was shoun that the
inhibition of NE release mediated by pre ynaptic adenosine receptors is

decreased in SHR while the presyqaptic facilitation of NE release by

petaz and AII rgceptors is increased in SHR The augménted release of
) NE 1in responqé t;' nerve. stimulation, and 'the deéreaaed presynap£1c
q}nnibition of QE release by adenosine (which could be co-released with
NE) ‘could e véte the mesenterie vascuiar fesistance in SHR. Howe#ér,
it i3 not clear whether such alterations are pfgsent 1% other .vascular
beds, For_efﬁmple. 16 thé réepl vasculature of SHR; both an augmented
and decreased neu?onal‘ release of NE has been ‘observed while :the
pre;ynaptic control of NE release favors a decrease in NE levels within

-

the synapse in SHR, - '. e

2.) What is ;;b :olﬁfof the central nervqgg system (CHS) in the
Ao

initiation and maintenance of hypertension in SHR° ; . d

The presence of ag.ﬁntact CNS is essentfal for hyp¥rtensionn

\

development in Sﬂh The injectio HDA or ? 6 dihydroxytryptamine

- . 4+
- *

(5, 6 DHT) 1nto the brain ventricles of young) SHR depletes the brain and‘ )
' \



159

epinal cord of, respectively, cateéholamines and serotonin and preven‘ts
the subsequent development of hypertension. Houever, the injection nf‘
6-OHDA into the spinal cord or the injection of 6-OHDA or. 5, 6 DHT into
the third ventricle of adult SHR doesn't significantly alter blood
pneasure. The resnlts indicate. that intact brain catecholamine and
serotonin tracts, but not spinal catecholamine tracts, are essential for/
hypertension = to develop. However, ' once hypertension has been
-established central catecholaminergic and serot‘.onergic nerves aren'tlz
required to maintain hypertension. In adult SHR, experiments have
1nd1cated that lesione qi‘- the posterior hypothalamus produce a
hypotensive effect t.ha.r. is greater in SHR than WKY while electricEI
field stimulation of this area increases the blood pressure in SHR to a

greater "degree than WKY.

A number of questions remain as to the role of the CNS in
ini;iating. and maintaining hypertension‘. The specifice neuronal tracts
thought to be 1nvolved in the initiation of hyp_er"tension are nnknown.
Furthenmore. at preaent. it is nnlfmown_ whether alterations in CN3
'Qac':.ivit.y play a primary rolel in initiating' hypertension or alternatively
. act a‘a.e‘ssentia_l ‘cnnnections between other mechanisms that are primarily

alt.ered and in turn responsible for the establishment of hypef‘tenaion.

3.) What role do hormonal' alterations play in-the initiation and

maintenance of hﬁertension in SHR? . .
\ L
Thore wlS no eviaence that hormonal alterations play a role in

eithen initiating or maintaining hypertenston during the early
established phases in SHR. However, during later phases-of established

hypertension, SHR do exhibit elevqted plasma levels of nrolactin and
AN

v
- .

<
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vasopressin.. During this stage of ypertension development

bfoﬁocryptiné treatment (which 1owgfs pla-.a prolactin) or the injection
of vasdpfesain antisera lowers‘the blood présgure of SHR., It has been
hypothesized that prolactin could act as an antidiuretic and as well
potentiate NE contractile responses of vascular SMCs, while vasopressin
in #ddition to acting as an antidiuretic could directly contract the
vasculature. If the above actions of prolactin and vasopressih oceurred
.in vivo in SHR, they could promote salt and water retention and increase

vascular tone, thu® aggrevating hypertension.’

4.) What role do post synaptic alterations in vascular SMCs play

in the initiation and maintenance of hypertension?

a.) Is the arterial Sensitivity and reactivity in response to NE

contraction altered in SHR?

A great deal of research has been performed'to detefmine whether
arteries frﬁm SHR 1) initiate contraction at louer doses ‘of ' NE
(increased NE sensitivity) and/or Azft'are capable of generaging hgreater _
maximal tensions that ;b;mal'}rterigs (inéreise¢ NE reactivity). ‘I@e .
results obtained depend oh the type Tf System‘ uséd ts ;study the
arteries, thq £ype of artery aﬁudied, the way the.data was expresseq Qnd
the .conditions, under. which the ‘experiments- were performed, Studies

E involving dosé;teqsion‘relationshipi using gqual length heliEAI strips

\

: pf arteries have been perfarmed using large elastic arteries (1.e;.

:‘ aorta, femoral ana_ cafbtid artery). Most of these studies have
) ihdicated that NE contractile sensitivity an& reactivity is either)

unchanged or decreaséd {i.e,, higher EDSO values and. lower maximal

tension develobmgnt) in SHR compared to WKY. Tension S;Ldies involving

L
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ecual length arterial rings of small muscular mesenteric arteries have
indicated that-maximal tension nevelopment (reactivity) in response tc
NE is greaten in SHR than WKY. The increased reactiuity observed in SHR
in tnese experiments,amgeared to be produced primarily by the presence
of a thickened vasScular 'wall.. In these studies; NE sedsitivity was
increased 1in the arterial ‘segments "sampled frok SHRt but only under
conditions where the neuronél uptake of NE was>blocked with cocaine.

Perfusion studies involving entire vascular beds indicate that at

constant perfusion. maximal NE contraction almost always proauces a

larger plitude of vascular resistance change in SHR than WKY, while NE

sensitiv ty is either unaltered or increased in SHR compared to WKY.
In conclusion. there {s evidence that vascular reactivity is
increased the blood vessels of SHR; on the other hand, NE sensitivity is

most often ither unaltered or increased in SHR., In instances where the

_NE contractile sensitivity is increased such'an alteration could (in

conjunctign with an elevated reactivity) increasc vascular resistance:
such a finding is not con iste

Yy Ybserved\in the arteries of
. SHR- B ' N .‘
) : c

b.)  Are the densities of arterial a&?energic recepto altered

however,

- -~

in SHR? . o . g

There 1s evidence from a limited number of studiey that plasma

membrane or microsomal fractions obtained frdm the arterisl tissues of
" SHR contain unaltered alpha1, increqsed alpha2 and decreased eta

receptor“densities. At present the phy‘39%25£931 significance of such
alterét&qgs are unknown. Under conditions of maximal nerve stimulation
many - vascular beds do not exhibit an alp_na2 receptor mediated

[
.
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contractile response.- Furthermore, the presence of beta receptor

antagonists ‘does not alter nerve mediated responses,

c.) Is the membrane potential altered in the vascular SMCs

of SHR?
Experiments performed by Hermsmeyer (1976%) have indicated that :2

. . .
under resting conditions at 37°C the membrane potential of vascular SMCs
of the tail artery is equal in SHR and WKY. Howevef, in SHR two
apposing ‘defects were found to maiﬁtairl a normal memﬁrane potential;
The Ha*/g* pump ua; hyperactive résulting in the electrogenic portion of
the memérané potential to Dbe greater in SHR than WKY, while under
conditions where the Na*/K* pump was inhibited/:the non electrogenic
portion of the membrane poiential was more depolarized in SHR than WKY.
Hermsmeyer (197635 hypothesized th;t éuring Ng cdntraction membrane.
Permeability was increased in vascular 'SMCs to thé{'extenp ‘where thew
Na*/K* pump is no longer an 1mportanf - determinant of the memg:;;z -
potential., Under such congéiions coptraétion was governed' by the

oo . : - :
nonelectrogenic portion of the membrane potential, Since this was less

»
. negative in SHR than WKY such an alteration would lead;to an increase in
NE contractile response 1in the vascular SMCs of SHR. _ .;

Other éxperiments performed By Abel and Hermsmeyer (1981)
indicate';hat the membr;ne defects discussed above can be transmitted.;o
normal HKf arteries by incubating them in the'anterio;'efé'chamber of
SHR. However, if the éye chamber is sjmpathectémized, SHR loose their
ability to alter the arﬁg;ies transpianted from WKY., These experimeqts'
suggest that the SNS of SHR exertAs a trophic in.t'liuence altel_'irl.g the

membrane properties of VSMSS. /
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d.) Is the Ca +2 pump altered in the vascular SMCs of SHR?

N

Lo Studies haﬂ% indicated that the activity of the ATP Gep/endent

ca*2 pump responsible for lowering intraoellul a*< levels in vascular

SMCs 1s reduced .in SHR. Such an alteration N 1) increase the basal

vascular tone _of the VSMCs 2) inerease(;e,ontraction in response to

agonists or 3) decrease relaxation responses, Kuan et al (19803) have
P—
shown that such alterations present prior t§ hypertension development. in-

SHR and are present in a variety of other forms of hypertension. This

‘ T
suggests that a decrease in the Ca*? efflux from the vascuYar SMCs Eﬁ-a ’

r

'SHR may be of primary import‘.ance in the establishment. of hypertension in:
/

3 [ )
SHR and other forms of hypertension.

-

e.) Is the adenylate cyclase system. altered in SHR?

~e

Studies performed on the arteries of SHR in a prehypertensive.
developing or established phase of hypertension deve‘lopmentl indioote .
‘that. ‘the basal levels of vascular SMC cAMP are red.ueed in SHR _over"
normotensive controls. Such alterations are likely of genetic origin‘
since they also occur in cultured aortic SMCs of S}[R." -'l‘wo.‘.'ot.her. key+~
alterations in the adenylate cj&lase‘ syatem exist in the vascular MCs
of SHR., Isoproterenol (but not NaFl orl glucagon) stimula}',i:dn of
. arterial homogenates stimulates adenrlat.e cyoiase to a lesser degree in
SHR than WKY. This alteration could be due to a reduction in t.he beta
'receptor densities observed 131 the vasoular SMC membranes of SHR,
Finady, cAMP dependent protein kinases i.solated from SHR exhibit._'a‘
reduced ability bo phosphorylate added histones. Since in most arteries

/ ‘ . . L
increases in - inttacellular cAMP relax vascular. SMCs, a decrease. 1n.

cellular cAMP in, oonjunot:lon_ Qith a reduced abllity of cAMP to aoﬁivate

. .
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protein kinases_ﬁould increase SMC tone and raise vascular resistance.

f ) What role do structural alterations play in the maintenance

gf high blood pressure ig,Sﬁng

;A*variety of structural alterations have‘been'observed in the
» ‘ .
vascular beds of SHR Perfusion studies performed by Folkow ‘and his

- .colleagues tFolkow et al. 1969.*R970a, 1970b, 1973) have indicated that

-

under relaxed conditions the ESEEE//ﬁystemic ‘&Qd hindlimb  vascular

resistance are increased in SHR over normotensive rats. This suggegg:;

- .

that the average lumen diameter’ of the vaseuilbure and/or the density of

N
the blood vessels is deereﬁ:ed in SHR. Howevér, not all vascular beds
‘ .

are, altered in the same manner. * For example, ‘morphometricf and/or

perfusion studies performed on the relaxed renal and mesenteric

°

vaseulature indicate that the: lumen diameter and vascular resistance are

4 -

simil in SHR and WKY while measurements made. under in vivo conditions'

‘ - e Srati y
indicate thatftp :lumen diameter of cremaster” and gracilis' muscle blood

Y

vessels are increased in SHR. = : . . ‘ -~

]
Ji}' Studies performed on. the eremaster and grﬁﬁglis muscle as well
»,
t

he abdomdnal and mesoappendix vasculature have ‘indicated that the

anatomiecal number of preeapillary arterioles is deereased fn - SHR

compared to HKY ’ addition in vivo - both the eremaster and gracilis

Y

muscle vasoulqture of SHR exhibit an increaaed EUnction elosure of the
i

Both the above Expes of changes have been
observed in prehyper;gmaive as- well as adult SHR auggesting that these "

1 1

vasculaturo to blood flow.

, alterationa are not a seeondary modification resulting from the presénce -

4 , o
of high blood pressure. - -y _ . o -

~

3

. e . ‘ ] ﬁ ' '- ] . e
A variety,oflissearehers have ohserved that the vascular wall is

-

» .
'Y
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thickened in SHR. The major site of alteration appears to¢ be withié tizﬁijj
media of ,the blood vessels ﬁhich in SHR exhibit a greater
cross-sectidnal area of SMCs. Studies involving mesenteric arteries
have indicated that the number of medial SMCs are increased in SHR., On ‘
the other hand, work .by Owens et al (1981) involving the aorta has shown
that in this bloqd vessel, the size but not the number of SMCs is

'increased in SHR. ) . ‘ )

e

The majority of evidence indicates that wall thickeﬂiﬁg in large
‘elastic. arteries’ such as the aorta and superior mesenteric artery oceurs
’ after ‘hypertension development in SHR. Furthermore, studies involving
the aorta have. shown that this alteration . can be prevented by
antihypertensive.tﬁerapy started from an early age. " In small mesenteric
arteries the thiqkentng of the vascular wall occufs prior to
hypertension and i; net prevented from occurring when the blood pressure
of SHR' is normalized by neonatal s&mpathectqmy or capsaiein treatmegt.
Some classes of arteries do not exhibit a thickened vascular
wall in SHR. The vascular walls of the arteriolar and pre-arterioclar
' blood vessel; of the cremaster and gracilis muscle vasculature are not
thickened in SHR. 1In the‘mesenteric and mesoappendix vasculature, the
presence of a thickened vascular wall disappears as the vasculature is
traced towards the capillary.
The consequence of a thickened véscular wall i; two fold, 1If
the vaacular‘uall is thickened' towards the lumen (a situation which may
”occur in the hindlimdb vascular be@) this could increase the vascular

resistance. Secondly, a thickened vascular wall could cause an artery

to hyper-react to contractile stimuli ang-~Thus further increasé the
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vascular resistance, Since in certain arteries such alterations take

piace just prior to hypertension deveiopment they could pl%y a primary |
role in the initiatio; of hypertension. o

Biochemical analysis pefformed predominantly on large elastic
arteries have indicated that the synthesis and crosslinking of collagen
as well as the collagen content (mg collagen/arterial léngth) but not
usually the collagen concentration (mg collagen/dry weight) are
increased in arteries sampled from SHR compared to WKY. Such
a&terations could decrease the distensibility of an artery causing it to
maintain a smaller lumen diameter at a given transmural pressure and
uoulg\i?cilitate the presence of an elevated vascular resistance. In
this regard, mechanical studies performed on the aorta, tall and carotid
grteries have shown that arterial distensibility is reduced in adult SHR
compared to WKY. However, studies involving smaller mesenteric arteries
have indicated that the ‘alterations in lumen circumference in, relation:

. v
to tangential wall stress are similar in SHR and WKY.

The alterapions in collagen content and/or synthesis ;n the
arteries occurs after the elevation of blood pressure in SHR and the
alteration in aortic distensibility present in SHR can be prevented by
antihypertensive therapy. These results suggest that such alterations

are a secondary modification that develop in SHR as a consequence of

‘high blood pressure,



Chapter 2

Structural and functional alterations in the :;:;I)vasculatuﬁe during

the development of hypertension In Kyoto Wistar spontaneously

hypertensive rats

Introduction

In view of the 1mpor§ancel of the kidney in renal forms of
hypertension many .researchers have argued that 1in all fbrms‘ of
hypertension renal function must be reset in order for hypertension to
develop (Tobian, 1974; Cowley, 1980; Guyton et al., 1981). According to
Tobian (1974), hypertension will not develop unless 'renovascular
resistance is increased, regardless of changes in resistance in other
vascular beds, since a natriuretic response by the kidA;y will normalize
blood pressure, Consistent with this view, renal vascular resistance
{RVR) 1in SHR 1is increased (DiBona and Rios, 1978; Arendshorst and
Belerwaltes, 1979; Hsu et al., 1982), and occurs at a very early age: at
8 weeks of'age th9 RVR of conscious SHR is twice that of WKY (Hsu et
al., 1982). This suggests that resetting of the reﬁal.vasculatﬁre may
be of primary importance in establishing high blood pressure, |

Although psere is agreement that RVR is 1qcre;aed in SHR, the
mechanisms producing such an alteration are 1in dispute, Some
researchers have argued that there i3 an intrinsic defect in the kidney.
In this regaéd, Kawabe et al (1978) found that bloocd pressure is

dramatically elevated when the kidneys of SHR are transplanted into the
167
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F1 generation of a WKY-SHR cross (SHR x WKY). On the other hand, when
the kidneys of either WKY or WKY x SHR were transplanted into the WKY x
SHR, the blood pressure was not altered. Work by Folkow and his
colleagues indicates that the isolated kidneys of SHR require a much
highe; perfusion pressure to maintain the same glomerular filtration
raﬁe as WKY under conditions where the vasculature is maximally relaxed
(Folkow et al., 1977). 'Furthermore. during contraction by
norepinephrine, the vascular resistance increases in SHR kidneys to a
greater degree than in WKY (Folkow et al., 1971 a). All the above
experiments suggest that the kidney of SHR has either a structural
and/or a functional defect that could restrict blood flow through, and
glomerular filtration in, the kidney, not unlike a clamp in Goldblatt
forms of hypertension (Coleman et al., 1974).

Work by Vanhoutte and his colleagues (Collis and Vanhoutt;.
1977; Vanhoutte, 1981) disputes the importance of intrinsic renal
defects in the maintenance of hypertension in-SHR. Although the renal
vasculature of adult SHR exhibited an 1increased sensitivity and
reactivity to norepi;ephrine contraétion over WKY, when contraction was
produced by stimulating the renal nerves, both SHR and WKY produced
similar RVR responses (Collis and Vanhoutte, 1977). It was hypéthesized
that an increase in the rate of discharge of renal nerves in SHR or some
external humoral influence, but not an intrinsic defect i; the kidney,
Wwas responsible for elevating RVR. On the other hand, Ekas and hiQ
colleagues found that in isolated kidneys, the RVR responses were

greater in SHR than WKY during equal degrees of nerve stimulation (Ekas

et al., 1983 b).
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Another point of view has been presented by ‘Arendshorsi and
Beirewaltes {(1973). 1In anaesthetized intact SHR, the site of increased
RYR was found to be in preglomerular arteries. Clamping the acrta
proximal to the renal arteries and thus reducing the renal arterial
pLessure to normal, reduced the RVR to values present in WKY. It was
suggested that the elevated RVR in SHR was not produced by a fixed
defect in the kidney, humoral factor, or a constant alteration in renal
nerve activity or function, but rather, SHR e;hibited an exaggerated
autoregulatory response to an elevated mean arterial pressure, At high
bload pressures the. SHR kidney maintained a normal blood flow by
elevating RVR., However, DiBona and Rios (1978), wusing similar
techniques, found that normalizing the renal arterial blood pressﬁre did

not alter the elevated RVR in SHR.
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Objectives, Raticnale and Approach of the Present Study

¢
\

\

Overdll Objective

Therprincipal aim of the present study was %o investigate the

intrinsic alteratidbpns in renal vascular structure and function in SHR,
\ .

and to assess the role that these alterations play in the development

-~

and maintenance of hyperterdsion.
Background
Folkow and his colleagues {Folkow et al., 1973) have suggested

that vascular resistance in SHR increases because the vascular wall 1is-
thickened and encroaches upon the lugen. This hypothesis was based on
indirect evidence obtained from perfusion studies of the isolated
vascular beds 6f'SHR. Such an alteration could elevate the vascular
resistance Even when the b%%od vessels are'maximally relaxed, and cause
. @ hyperocclusion of the lumen with a marked increase in resistance
during contraction. |

Various morphological studies have been undertaken to determine

the nature of the structural alterations involved in producing a

thickened vascular wall. Boyd (1980) suggested that during hypertension
the endothelial cells of arteries were damaged and the replacement of
new endothelium was associated with a thickening of the subendothelial
space which encroached upon the lumen. Biéchemical (Iwatsuki et al.,
1977; Erhart and Ferrario, 1981) and morphometric (Lee et al., 1983 b)
studies have indicated that collagea and|/or elastin synthesis and
content are increased {n arteries sampled from SHR. Such alterations

have the potential to 1) decrease the distensibility of an artery and

(_"\’ ) s
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therefore cause the artery to maintain a smaller lumen at a given
transmural pressure and or 2) thicken the vascular wall by increasing
the cross-sectional ares occupled by the internal and external elastic
laminae and the medial ex%tracellular space. QOther researchers have
argued that alterations in the intimal and medial extracellular space
play a minor role in promoting blcood vessel wall thickening in the
arteries of SHR and have suggested that the primary change is in the
quantity of smooth muscle cells (SMCs) within the arteries (Lee et 3al,,
1983 b). 1In this regard, Owens and his colleagues (Owéns et al., 1981},
-based on their studies éf the aorta, have argued that the size but not
the number of SMCs is increased in SHR. Lee et al (1983 b), on the
other hand, have shown that increase in SMC number but not size is the
predominant change which occurs in the mesenteric arteries of SHR.

Other research has focused on the adventitia of blood vessels,
Saito and Lee (1982), Scott and Pang (1982) and Lee et al (1983 b) have
shown that the quantity of sympathetic innervation within the adventitia
1s increased in both the cerebral and mesenteric vasculature of SHR,
Increased innervation of arteries could 1ncre;3e the contractile’
responase obtainéd during nerve stimulation and therefore maintain
hypertension,

The structural studies that have been perfofmed on the renal
vasculature of SHR are limited in terms of the information that was
obtained concerning the intrinsic structural defect; present in the
kidney. Mandal et al (1977) and Limas et al (1980, 1983) studied the
intrarenal vessels of SHR. In these studies, instillation fixation was

used to prepare the arteries for light and or electron microscopy. This



method of fixation contracts the renal arteries. Furthermore. in these
studies compensation for section angle of arteries was not done.
Although both studies concluded that vascular walls of the renal vessels
were thickened and the lumen diameter was reducéd.-the results did not
adequately support these conclusions. For example, in an extensive
study performed by Limas et al (1983), the ratio of the blood vessel
external to internal diameter (E/L) was measured in renal arteries
having a lumen diameter of 30 to 50 um and 50 to 100 pm. Since the
arteries were in various states.of contraction the range of overlap in
E/L ratios between arteries sampled f}om SHR and WKY was 3o great that
there was no statistically significant dirference.(P<0.05) between the
groups. Their conclusion tha; the vascular wall was thickened in the
renal vessels of SHR Qas based on the fact that SHR appeared to have
more renal arteries with a larger E/L ratio than WKY. Studies performed
by Handal‘et al ::;;;i:mrovide even more limited information since no
measurements of arterial dimensions were made and their conclusions wdre
based only on viSual assessment. . . -
In a study performed by Nordborg and Johansson (1979) an attempt
was made to compensate for the degree of contraction present in the
renal vasculature. The length of the intérnal elastic laminae (IEL) of
contracted intrarenal vessels were measured and the dimensions of the
renal arteries were calculated under a condition where the wall of the
arteries was evenly distributed (mathematicaliy) around a maximally
expanded IEL. \Using this form of compensation, the vascular wall of
renal arteries having a lumen diameter between 100 and 150 um was

thickened in 15 day old, but not 200 day old SHR when compared to age
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mztched WwXY. However, recent studies by Lee at 3] (1683 2) Have
criticised the histometric technique used by Nordborg and Johansson
{1579) to <zompensate for contraction.- In these studies, it was shown
that the IEL of arteries shortens during contraction and does so to a
greater degree in blood vessels sampled from SHR than those fr;m WKY.
Therefore, the method of correction used by Nordborg and Johansson

(1979) underestimates the lumen diameter, and does so to a greater

degree in contracted blood vessels of SHR than WKY.

"

.

In studies carried out by Pang and Scott (1981), the main renal
artery of a variety of age groups of SHR and WKY was perfusion fixed
under relaxed conditions., No differences in wall thickness or lumen
diameter were observed when SHR and WKY were compared. Unfortunately,
none of the intrarenal blood ;essels were studied. The main renal
artery which was studied is a large elastic artery that differs both in
physiclogical function and morphological characteristics from the small
muscular arteries‘ thought to be important in the control of blood
pressure. Therefore, the lack of alteration in this large vessel during

[
*\//ﬁ>hypertenaion may not be representative of other more distal portions of .

l

the renal vascular tree,

A. A morphometric study of the renal vasculature of SHR in an

established phase of hypertension

In view of the inadequacy of information on thg structural
alterations in the renal vasculature éssociated with hypertension in
SHR, the following study was undertaken. .

The renal vasculature of SHR in an established phase of

hypertension was perfusion fixed at maximal relaxation and processed for

L



light and electron microscopic examination. Morphometric measurements
were performed on the renal vasculature extending from the main renal
artery to the preglomerular arterioles and compared +o similar
measurements obtained from the kidneys of age matzhed WXY, Ehe diameter
of vessel lumen, the cross-sectional area of the arterial intima, media,
adventitia an& the major subcomponents of these fractiéns {endothelium.
subendothelial space, IEL, SMCs, medial extracellular space, éollagen.
nerve axons, nerve sheath cells, fibroblasta aAd fluid filled space)
Wwere determined. The céoss-sectional area of each ~of .the major
subcémponents was compensated for sectloning angle., The aims of this

aspect of the study are outlined below.

General objective

To determine if structural alterations conducive £0 the
maintenance of high blood pressure are present in the renal vasculature
of SHR in an established phase of hypertension.

Specific questions

a) Are the lumen diameters of the relaxed;renal arteries
decreased in SHR?

b) Is the vascular wall thickened in the renal arteries of SHR?

¢} If the blood vessel wall is thickened ih SHR, what arterial
components are responsible for producing such alterations?

d) Are all the arteries of SHR affected in a similar manner, or
do structural alterations occur only in arteries of a certain
3ize and or location?

e) Is there increased innervation of the renal arteries of SHR 7
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B. A morphometric studv of the renal vascularure of prehvpertensive
st i
The morphometric analysis from the above study (A) indicated

that the prearteriolar blood vessels of SHR in an eﬁtabl%shed phase of
hypertension were thickened primarily as a result of an increase in the
cross-sectional area of medial extracellular space and the presence of
SMC hypertrophy aqd or hyperplasia. The lumen diameter of the renal
arteries was not altered when SHR and WKY were compared. This led %o
the questibn as to whether such changes are a secondary alteration
resulting from the elevation of blood pressure or, alternatively, if
such changes could be important in the initiation of hypertension in
SHR. If the latter case is true, then wall thickening of the renal
vasculature could precedg the elevatién in Dblood pressure observed in
SH&. In view of this, morphometric analysis at the light microscopié
level was performed on the renal vasculature of 4 to 5 week old
prehypertensive SHR (one to two weeks .prior to hypertension develophent)
and age matched WKY. The aims of this study are outlined below.

General abjective

To determine if blood vessel wall thickening precedes
hypertension development in SHR.

Specific questions

- a) If fenal blood vessel wall thickening does occur prior to

high blood pressure development in SHR, what layers are

altered? :
]
b} Are all classes of arteries affected equally, or is wall

-

thickening initiated in a particular category of renal artery?
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C. A phvsiological and pharmacological studv of the isolated kidnev

of SHR in established and prehypertensive phases of hxpertensidn

development

Prehypertensive SHR (study B) were found to have similar
-+

at

alterations in the renal vasculature as those present in SHR with
established hypertension. The lumen diameter of the renal arteries was
not different when SHR and WKY were compared. However, the wall (intima
+ IEL + media) to lumen ratio was increased in ev;ry class of renal
artery sampied from SHR. Further, nearly all the‘renal arteries sampled
from prehypertensive SHR had greater numbers of SMC layers within the
medié. Quantitatively, the magnitude of wall thickening was smaller in
prehypertensive SHR than in SHR with established ﬁypertenaion. However,
the fact thét this alteration was present '‘one to two weeks prior to
hypertension development suggests that such changes could be important
in the initiatfion of high blood pressure developmenp. Based on'ﬁhe
structural alterations observed in the morphometric studies, a model is
presented hypothesizing that Such changes would produce a situation
where, at maximal relaxation, the RVR would be similar in SHR and WKY;
however, equal degrees of SMC contraction would occlude the lumen of the
SHR vessels, and therefore raise the RVR, to a greater degree than in
WKY.

Subseqpently, pharmacological and physiological experiments uere‘
carried out to see if the renal vasculature responded -in"a manner
,consistent with the proposed model, Alterations in RVR in response to
norepinephrine (NE) contraction were determined, If structural changes
aré important in altering RVR response, then various types of infused

vasoconstrictors as well as contraction by nerve stimulation “should
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raise the RVR to a greater _degree.'in SHR - than WKY (i.e., hyper-=
reactivity). Thus, alterations in RVR response to contraction by BaClZ;
KCl, angictensin II (AII) in adult SHR, and renal nerve stimulation in
the presence a;d absence of blocked neuronal uptake system in old and
young SHR were heﬁermingg. Finally, receptor antagonists were usad to
determine the type of queptors involved in producing nerve stimulated
contractile responsés and the proportion of the response attribqted_to
each receptor type. The aims of this aspéct of the study are outlined

below.

General obiective’

To determine if the isolated left kidney of establishéd aﬁq
prehypertensive SHR exhibits an unaltered RVR;uhder maximally relaxed
conditions andfhyper;Feactivity in response to contractioq as predicted
by the strucﬁural alterations observed in the morphometric study.

Specific quéstions

a) Under maximally relaxed conditions, are the RVRs of the
isolated left kidneys of established:
and.prehypertensive SHR similar to those‘of age
matched HﬁY?

b) Does the renal vasculature of prehypertensive . 3“
and established hyperf;;sive SHR exhibit
hyper-reactivity in response to infused NE? _

c) If hyper-reactivity ﬁo NE is present, is {t produced by
geometric alterations in the vascular Qall of SHR, or
alternativeiy. are such alterations specific only to NE

“contraction?
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d) Does the renal vasculature of established and prehypertensive
SHR hyper-react in response to periarterial nerve stimulation?
e} What receptors are involved in mediating nerve stimulated

contracﬁgbn of the renal vascui}tﬁ?g; Is the proporticnal
[

response attributed to each receptor subtype different in SHR

when compared to WKY?

f) Are the threshold or ED50 values for NE contraction of the

renal vasculature altered in SHR when compared to WKY?™

D. The effect of in utero and post natal normalization of blood

pressure on the renal vascular structural changes in SHR

Until recently, it has been a general conclusion that blood

vessel wall thickening in hypertension is a pathological alteration

produced by high blood pressure (Folkow et al., 1973; Lundgren 1974;
Weiss, }974). The .findings of the morphometric studies on the Yenal
vdsculature of prehypertensive SHR and age matched WKY in the preMent
thesis are ;nconsistent with this view, Blood vessel wall thickening
was found to take place in the renal arteries prior to inecrease in blood
pressure,- suggesting that lsuch alterations are not secondary' during
development of hypertension, However, arguments have been made that
there is in fact no prehyp;rtensive phase in SHR, and that SHR ar®k born
with an elevated blobd‘pressure which in some cases required special
techniques to detect (Gray, 1982). It 'coeiffFGE argued that such
episodesd of high blood pressure could- estéglish renal vascular
structural chariges even before high blood pressure is detected.

To test this hypothesis, female SHR were treated with hydralazine

and maintained normotensive prior to and during pregnancy. Since

-~
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hydralazine passes the placental barrier and is‘present in the fetal and
maternal circulation in similar quantities (Liedholm et al., 1982), in
utero the fetus should experience the same hypotensive effect as the
mother. .After birth, until sampling at 21 weeks, SHR were Sreated daily
with quantities of hydralazine requ;red to produce normotension in SHR
witp . established hypertension. Tail cuf{ blood pressure measurements
from 3 weeks of age to the time of sampling indicated that the treated

rats were in-fact normotensive. Subsequently, the renal vasculature

perfusion'fixed and processed for studies involving light microsc Y.

The renal vascular dimensions of treated SHR and WKY were compared with

those present in untreated control groups. The aims of this study are

outline below.

General objective
To determine if renal blood vessel wall thickening can be
prevented in SHR by the in utero and postnatal normalization of blood

pressure through antihypertensive therapy.

Specfic guestions (

a) What structural alterations within the renal vasculatgre
of SHR are pressure dependenfnand pressure independent?

b) Do certain size classes of renal arteries in SHR exhibit
;ressure dependent wall thickening?

c) What effect does hydralazine treatment have on the renal
vasculature of WKY?
dY Can the in utero and postnatal normalization

of blocd pressure in SHR, by hydralazine treatment,

permanently lower blood pressure in SHR?

e



Material and Hethodé

4. Animals Used

SHR were taken from a colony that _is maintained at McMaster
University, This colony was originally started by breeding animals
obtained from Ayerst Laboratories (Montreal). WKY were either bought
directly from Canadian Breeding Farm (Montreal) or tagen frod?'a WKY
colony at HcHaater_yniversity that was derivednfrom Canadian Breeding
Farm animals. To avoid complications produced by hormonal fluctuations
during the ‘cestrus cycle, only male animals Qere studied.

Two age groups were studied; SHR in an established phase of
hypertension, most of which were 21 weeks of age, and prehypertensive
SHR 4 to 6 weeks of age. Both these Frouﬁs were compared to age matched
control WKY, ' : i

B. Method of Blood Pressure surement

A tail cuff compression method was used to measure awake blood
'preasure of virtually all the animals studied. The rap was warmed in a
special rat restrainer (Rat Holder Temperature Control Unit, Mark IV).
Subsequently, an inflatable cuff was placed around the base of the tail
while distal to this . point the sensor of a pneumatic pulse transducer
was place over the dorsa} tail artery. The puise and heart rate were
record‘i using a physiograph (DMP-4A). A sphygmomanometer (Programmed
Electrosphygmomanometer,.éEBOO) was used to inflate the cuff until the

pulse disappeared. Upon deflating the cuff, the pressure at which the
180
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minimu f three readings were recorded for each rat. All components of
the slood pressure measuring device are manufactured by Narco Biosfstems
Inec., Houston, Texas.

A direct method of blood pressure measurement was used on a
group of 4-5 week old prehypertensive SHR (n=10) and age matched
controls (n=10). This was done to confirm that in this age group SHR
were prehypertensive, as suggested by the tail cuff measurements. The
rats were anaesthetized with sadium pentobarbitol (1.p. 60 mg/kg).
Subsequently, the aorta at the Junction of the femoral artery was
catheterized (0.021 4in I.D. X 0.036 in O0.D. catheter tubing). The
systolic and diastolic pulse pressures were recorded via a Statham P23Db

pressure transducer connected to a Hewlett Packard 7702B recorder.

C. Perfusion System

The same perfusion system was used to measure perfusion pressure
and flow and to calculate renal vascular resistance (RVR) and to
construct dose response curves and perform electricgl atimulation
studies,

Rats were anaesthetized with sodium pentobarbitol (i.p. 50
mg/ké) and the abdominal cavity opened. The adrenal and spermatic
artery of the left kidney, and the main renal artery of the right kidney
and the me;enteric arteries were tied. 1In the case of adult and young
rats, a catheter (0.,036" I.D. X 0,050" 0.D. and 0.0&1" I.D. X 0.036"
0.D., respectively) was inserted into the aorta caudad t the
renal-aortic juncgion of Lhe left kidney, in a manner that Eﬁsured

continuous blood flow through the kidney. The segment of the aorta

pulse ;Ippeared was taken as the systolic blood pressure ¥ thJ rat, A

wY



proximal to the left renal artery was clamped and the left kidney
perfused by a syrinme pump (Harvard) with modified Krebs solutions (143
mM Na*, 127 mM C17, 5.3 mM K*, 2.25 oM Ca*2, 0.892 mM Mg*2, 25 my HCO -,
1.16 mM PO, +2, 58.7 mM glucose, 1.5% dextran) maae isotonic to rat
plasma (340 mOsm) and oxygenated with 5% 602 in 02_ The renal vein was
then severed allowing a free cutflow of the pérfusate. “This enabled the
perfusate to flow only through the left kidney. A “Second catheter was
connected to a pressure transducer (Statham P23Db) from a T-junction
about 4 cm upstream on the perfusate catheter., This allowed the
perfudion‘pressure to be recorded on a Hewlett Packard 770 2B recorder.

Since the outflow pressure from the renal vein was zero, the renal

vascular resistance (RVR) could be calculated using the following

formula:
RVR=(TP-CP}F
TP = total infusion pressure of catheter + kidney (mm Hg)
CP = infusion pressure exerted by the catheter when not connected
to kidney (mm Hg)
F = flow rate (ml/min).

D. Renal Vascular ﬁesiatance vs Flow Measurements

The RVR at various perfusion rates was studied under conditions
wherg the vascular bed was maximqlly relaxed., Initial experiments were
done where the left kidney was perfused with Krebs solution containing
1) sodium nitroprusside (10 mg/L), 2) isoproterenol (10 mg/L), or 3)
EGTA (5 mM). In adult SHR and WKY none of these vasodilating agents
produced further relaxation as indicated by the presence of a drop in

RVR. Likewise, prehypeﬂf%nsive SHR and WKY also exhibited similar RVR



-

- 183

in the presence and absence of sodium nitropfusside (10 mg/L). In ali
subsequent experiments RVR was determined at flow rates of 0.41, ©.82,
2.04 and 4.10 ml/min in adult rats, and 0.041, 0,082, 0.204, 0.4, 0.82,
2.04 and 4.10 ml/min in young rats.

E. Preparation of Kidney Tissues for Light and Electron Microscopy

Krebs solution (23°C) was perfused through the left kidney at a
flow rate of 0.82 ml/min in older rats and 0.082 ml/min in young rats
for 15 minutes after which the vascular resistance of the kidney was
calculated. The kidney ~was then processed for 1light and electron
microscopy using the protocol outlined beloﬁ (Lee et al., 1980,
procedure IV), . ’ "

1. The kidney was perfusion fixed for 40.min at a flow rate of 0.82
ml/min (adult rats) or 0.082 ml/min (young rats) with a solution of 2.5%
glutaraldehyde, 1.86% sucrose, 0.063 M KPO]4 buffer, pH 7.4, 400 mOsm,
2. The renal vessels were then perfused for 20 min with 0.200 M- KPO),
buffer (pH 7.4, 400 mOsm).

3. The‘main renal and dorsal central interlobar arteries, as well as
cortical - tissue containing arcuate, interlobular arteries and
ﬁ}eglomerular arteriéles were dissected out.of the kidney.

4, The tissues were poséfixed for 45 min by immersion in bufﬁered
glutaraldehyde, then washed four times with wash buffer, uSing the
solutions described in 1 and 2.res§ective1y. -

S. The specimens were further fixed for 2 h?ura wi 1% 030u in 0.05 M
Na cacodylate, 0.?85 NaCl, (pH 7.4, 400 mOsm);

6. Subsequently, the tissues were ;ta;ned for 2 hours in 0.5% uranyl

acetate dissolved in distilled water. During the 2 hour period the



solﬁtion was changed once,
7. Following staining, the arteries were dehydrated successively in
70%, B0%, 95% and 5 times ip 100% concentrations of etﬁanol, for 20 min
at each step. |
8. After dehydration, the tissues were infiltrated with Spurr's resin
)

for three days, the resin being changed once every day.
9. Finally, the specimens were embedded in Spurr'; resin and hardened
for 24 hours at,73°c. |

This method of tissue 'pgpcessing has - been sho;n to prcdu;e
ginimal volume alterations in fat aortic vascular smooth muscle cells
{(Lee et 1al., 1980). Morphometrically determined cell volumes obtained
from-ﬁtransmission electron micrographs indicate that the mean cell
volume decreases only 1.86% over prefixation cell volumes as determined
using a Coulter counting method. Furthermore, the buffered
glutaraidehyde fixative (used in step 1) does not alter SMC tone when
aortic strips attached to _an isotonic tension monitoring device are
fixed (Lee et al., 1981),

‘ For 1ight microscope measurements, 1 pm thick sections of the
renal arteries were cut in cross-section, stained with 1% azure II-
methylene blue dye {n 1% Na borate and mounted on glass slides, Thin
sections (600-800 R) of each artery were cut using a glass knife in the
same plane of section and then mounted on 200 mesh, 3 mm diameter grids,
The sections were then stained with a solution containing 0.080 M lead
nitrate, 0.120'11 sodium citrate, 0,160 M NqOH Eg C02-free distilled
water, pH 12. The stained sections were examiqe‘ in a Phillips EM 301

electron microscope. Examination of the microgfaphs indicated a lack of
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convolution of the internal elastic lamin§ confirming that the vessels

were fixed under relaxed conditions.

F.. HorEhometrx
T.Photograghx

Using a light microscope each artery was photographed on 35 mm
film at 25x, 100x, 200x or 400x magnification,_deﬁ;nding on the size of
the vessel, In the case of the main renal artery additional photographs
‘Wwere taken of the vessel wali at 400x magnification. 35 m transmission
electron micrographs of the entir arteriél intima + media sy or a
maximum of 10 random ;}ames per artery, Were taken at 550x magnification
for interlobar arteries, and at 720x and 1000x magnification for
cortical arteries. The adventitia of all arteries was photographed at
2000x magnification, ten random frames being taken for each artery. 1In
tﬂe case of the maln renal artery, due to the large wall thickness, the
intima and media were photographed sepaéately at 1300x and 550x,
respectively, ten frames of each layer being taken. Electron
micrographs of arterioles were photographed at 550x, 720x or 1000x
magnification depending on the size of the arteriole. All 35 mm
photographs taken using the light and electron microscobea were printed
on 8" x 10" paper after a further 9 times enlargement. Micrographs of a
slide micrometer and an etched carbon coated grid were used to determine
the final magnification of, respectively, light and electron
micrographs.

2.Morphometric measurements

-

The true cross-sectional area of the lumen, intima + media and

adventitia were determéﬁfd'from low magnification light micrographs of
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the entire artery using a mﬁltipurpose grid. Fig. 2 shows the type of
grid used, superimposed on a light micrograph of an artery, and the same
artery with the long kRL) and short (Rg) radii of the axes labelled.

The following‘formula was used to calculate the cross-sectionai
area of the iatima + media, adventitia and lumen from light micrographs
and to compensate these dimensions for section angle,

Ac = ((P1 x A5 /-Pm) x (Rg / Rp) (1)

Ac = cross-sectional area of an arterial component

Pi number of points hitting the arterial compone

PTG= total number of test points on the grid
Rg = shart radius of lumen
RL = long radius of lumen

total area covered by grid.

v—i:.

Fig. 3a is an electron micrograph showing a cross-section of an
arterial wall. The various subcomponents thatpﬂgfe were méésuredv@re
labelled. A multipurpose grid was used to calculate the cross-sectional
.area of the subcomponents of the intima, media and adventitia. . Flg. 3b
shows the type of—;r;d used superimposed on an electron micrograph of
arterial intima + media (upper figure) and adventitia (lower figure),
In the case of the intima + media two lines ;ere drawn across the artery
perpendicular to the internal elastic lamina. The volume fraction of
the endothelium, subendothelial space, internal elastic lamina, medial .
exﬁracellular space, SMCs and the external elastic 1lamina were
calculated. Within the adventitia, the volume fraction of adventitial

collagen, fibroblasts, axons, nerve sheaths and fluid filled space were

calculated, The following formula was used to calculate the volume

L



Fig.

J
The morphometric protocol used to determine the
arterial dimensions from light micrographs.

.Shown 13 a reduced light micrograph of a main
renal artery sampled from a 21 week old SHR. A
multipoint grid uﬁs superimposed on the micrograph.
In the case of the main renal artery, the points
(cqrners of squares) falling on the 1lumen and
non-adventitial portions of the vascular wall, and
in smaller arteries, the points falling on the
adventitia, were determined. The average point
counts per arterial componéht,‘as well as the long
(RL) and short (RS) radial axes of the 1umgn
(between the internal elastic lamina) were used to
calculate the true Eross-sectional -area of an

arterial component as described in the Methods.
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Fig. 3a,.

Transmission electron micrograph of a small inter-—
lobar artery from WKY.

The micrograph shows -the various layers of
the arterial wall and the major subcomponents
within each 1layer that werel morphometrically
ﬁéasured. Thé micrograph is at approximatély 9000
¥ magnification; the calibration bar within the
blood vessel lumen = 1 Um. FS, fluid filled space;
F, fibroblast; C, collagen; NS, nerve sheath; N,
nerve axén; SMC, smooth muscle cell; I._ internai
elastic lamina; SE, subendothelial space; E,

endothelium; L, lumen.
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Fig. 3b.

The mdrphometric protocol used to determine the
cross-sectional area of the subcomponents of the
arterial wall. -

A  multipurpose ' grid was superimposed on
elactr micrographs of non-adventitial (upper) aﬁd

adventity (lower) wall. The two figures shown

- are reductions of 8" x 10" electron micrographs,.

the actual grid size being 19 x 19.2 cm. The

points (ends of 1lines) falling on individual

adventitial and non-adventitial wall componenta
were determined. In the case of the arterial
media, .the line intersects with arterial smooth
muscle cells were also determined, Ihe grid was

then rotated 90° and the above measarements ‘Were

again repeated for each micrograph. The point

-~

- counts were used to determine the volume fraction

of adventitia or non-adventitial yall\‘that a

particular compoheﬁt occuples. as outlined in the

Methods section. Since the total crcss~sectioé§i

wall area could be determined from light

micrographs of the same artery (see Fig. 2), the
crosa-aectional .area of an arterial aubcomponent
could be calculated from the volume fractions, The

point and intersect counts falling on smooth muscle

‘were used to determing the volume to surface area.
ratio of MCs, using the method described by Weibel

and Bollender (1973). .07

[ R
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fraction of each medial and adventitial component.

v =Pi / Pg (2)

v
wﬂlhhere VV = volume fraction of a subcomponent

"
Pi points hitting an arterial subcomponent, i.e., SMC, IEL

total number of points hitting all the subcomponents

-y
"

of the adventfitial or nonadyentitial arterial wall.

e

The true cross-sectional areal of the intima and media and the
subcomponents of these areas can be calculated by multiplying the volume
fraction of the nonadventitial wall occupied by these layers by the true

cross;sectional area of the wall (Au) obtained from formula 1;
e.8uy V. media * A, = cross-sectional area of the media,

The mean volume to surface area ratio (V/S) was used to
determine whether SMC hypertrophy had taken place within medial
eross-sections, If individual SMC volume increases within the media,
V/S should also increase. TFor this calculation, a multipurpose grid was
used on electron micrographs of the media (Fig..3b), the number of grid
‘péints and surface intersects with the medial SMCs were recorded. Thé
grid was Ehen rotated 90° and the count was repeated a second time, The
following formula was used to calculate V/S.

V/S = (2 x Plg) / (4 x Tig,) 3)
where z = the line length of the test grid at each ﬁagnification

PiSHC

the points hitting SMCs in micrograph.
- e

If SMC hyperplasia occurs within the media, the number of SMC

the line intersects with the surface of SMCs

layers within the media would increase, To test for this alteration,

the SMC 1éyers were counted in four quadrants spaced equally along the
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arterial wall using phase contrast light microscopy. Hence, increases
in medial SMC cross-sectional area were able to be distinguished -in

terms of MC hypertrophy, hyperplasia, or both ﬁiﬁj:fﬁ)OhS.

3.Accuracy of the Morphometric Measurements

-

The accuracy of the determination of a subfractien depends on

the volume fraction (V,) occupied by the fraction and the total number
of boints (?I) used to determine Vv. Weibel and Bollender (1973) define
the relative error in the determination of Vv (Evv) by the following

-

formula:
EVV = 0,.6745 1=V, 7/ Pr x V,

From the ab;ve formula it can be observed that the least accurate

.méasur will involve fractions with a small Vv determined using the
lowest\nuhéer of é . In the present study the rarest component observed

was "the nerve axon. The fewest d;terminations were perfqrmed on the

dorsal-central interlobar artery (one per kidney) from 5 SHR vs 5 WKY.

For these arteries the mean Vv of the axons was 0.027 (SHR) and 0.030

(WKY). Each individual artery was determined using a PT of 3'360'. The
relative error of the mean for the determination of an individual artery
with a2 V_ of 0.027 would be 6.9%, while the error for the mean
determinaéion for 5 arteries frpm 5 SHR would be 3.1%. Th?
determination of all other components had much lower errors since the
Vv of the components is greater. e measureﬁents made on all other
classes of arteries would have a smdller error since a larger number of

arteries (cortical arteries) from a greater number of rats (main renal

arteries) were s3

G. Dose Response Curves
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All the dose response curves involving contractile agents were
performed using the perfusion system outlined above (section C). The
temperature of the kidney and the perfusate were kept at 37% by
performing the experiment witﬁin a temperature controlied plexiglass
case. All experiments were carried out at a constant flow rate of 0.82
ml/min, This flow rate was chosen siﬁce it produced maximal infusion
pressures that could be accurately recorded by the Statham 23 Db
pressure transducer in response to the infusion of maximal levels of NE
or BaCl,, Oedema formation was monitored by comparing the wet weight of

the perfused left kidney with that’ of the unperfused right kidney,

1.Norepinephrine (NE) concentration vs renal vascular resistance

(RVR) dose response experiments

Experiments invélving SHR with established hypertension and age -
matched WKY were performed in the presence of 10=2 M cocaine to block
the neuronal uptake of NE, Cumulative dose response curves were
obtained by infusing 0; 1078, 2 x 1078, 5 x 1078, 1077, 2 x 1077, u «

1077, 1075 =6

s 3 x 1077, and 10'5 M NE‘poncentrations in Krebs solution,

through the renal vasculature of.ihe left kidney. Oxidation of NE in
stock solutions was prevented by the presence of 0.1% ascorbic acf&. An
identical protocol was followed for the prehypertensive’ SHR and ége
matched WKY, except that the experiment was performed in the presence of

6

10'6 M cocaine and the 3 x 107" M dose of NE was omitted.

2.K* concentration vs RVR dose response experiments ~

K* induced depolarization occurs by (a) the release of NE from
" perlarterial nerve terminals and (b) the depolarization of the vascular

smooth muscle directly. In the present experiment, the effect of nerve
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transmitter release was blocked postsynaptically by performing the
experiment in the presence of 10'8 M prazosin + 10'6 M spiroperidol.
.These tWwo agents, an alphaT and dopamine receptor antagonist,
respectivaly, y@en used in combination, totally abolished the
contractile response produced by maximal nerve stimulation (discussed in
a later sectiod). . Dose response curves ware obtained by infusing 5.3,
30, 40, 50, 60, 80 and 100 mM doses of KCl dissolved in Krebs solution
containing these antagonists. The infusates were made.iso-oamotic (340
mOsm) by decreasing the NaCl concentration in proportion to the

eleva%}on of KCl.

3.&3312 concentration vs RVR, dose response curves

These experiments were performed in the presence of 10'8 M
prazosin + 10'6 M spiroperidol. Cumulated dose response curves were
produced by 1nfusing 0, 1.46, 2.43, 4.87, 7.50. 9.73, 19.5, 34,1 and
48.7 mM concentrations of BaCl2 mixed in a modifi