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STUDIES ON THE HYPERTENSIVE ACTION OF
ADRENAL STEROIDS

Aesie 1 hnowrron, M D, 4 Professor of Med
Department of Medicine, Columbia University College of Physicians
and Surgeons, and the Presbyterian Hospital, Nheto Yorh, M Y

For a number of years Dr Emly N Loeb Dr Herbert C Stoerk and
mysell have bren interested 1n the relationship between the adrenal teroids
and hypertension and we have all hared in the work that I hall report In
earlier studies Dr Beatrice C Seegal joined u  2nd along the way we have
had considerable a.s: tance from medical students who pent the electine
peniod of their third year in our laboratery and who made many valuable
contributions to our work

T hall not attempt to summarize the literature on the ubject of the adrenals
and hypertension for you are perhaps better acquaimted with this than I am
1 shall confine myself to reviewing our own tudies

A basic question which remains in con idening this problem 1s whether
hypertension of any type can exist in the ab ence of the adrenal glands or its
hormones This question has been answered variously in the hiterature but
1 our expenience the answer 1> Ye at least in the rat(1) Such a hyper
tensne ammal 15 shown 1n Figure 1 This rat, repre entatrve of a series de
veloped a significant rise n tension after renal damage had been produced
by the intravenous injectron of an anurat kidney erum In the upper por
tion of the chart the weekly blood pressure readings on this ammal are
plotted In the e and earher studies the plethy mographc apparatn de
scribed by Willlams Harrison and Grollmin(2) was u ed mn makmg the
determinations  After Friedman and Freed(3) de cribed their method n
volving the use of the microphonic manometer we hifted to this techmque
but did not curarze the animals In the lower part of the chart 1s plotied
the weight of the rat from week to week The antihidnev erum was n
jected 18 days after bilateral adrenalectomy and & high sodium regimen was
wnstituted 1e  a diet made up of 17 per cent odium chloride and normal
saline provided 1n place of tap water Following the mmjection of the renal
damaging agent, hyperten 10n developed In order to confirm the complete
ness of the adrenalectomy the animal was subsequently at the point indicated
by the arrow placed upon a sodsm restricted resimen  The rapid weight
loss dramati fall in blood pre< ure and death which en ved afforded con
vincing evidence f a lack of re 1dual adrenal i ue
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It would eem therefore that hyperten 1on at lea t of certain types can
develop mn the adrenalectomized rat ginen no teroid replacement therapy

A econd and quite eparate question 1s whether the individual adrenal
steroids may under certamn conditton be hyperten 1ve agents The answer
to this 1s agamn Yes This was first demon trated for the terowd desoxycorts
costerone (DCA) by Rublmann et al (1) Subsequently Selye (5) powted
out that an experimental animal could be en itized to the hypertensive
action of this compound if the renal ma s were reduced if the kidneys were
damaged or if a high sodium intake were furm hed

The relationship between the odium 10n and DCA 1 a particularly mtere t
ing one since the o called DCA hypertension can develop only when sufficient
quantities of this 10n are available In other word  this form of hypertension
can be wholly prevented by rgid re triction of the intake of this electrolyte
even m ammals sen itized by renal damage(6)

Figure 2 hows graphically ome data wheh 1llu trate this pomt This
expertment was de 1gned so that the odwum mtake which con tituted 15 per
cent of the diet as odum chlonde did not igmficantly alter the blood
pre sure either by itself (see the fourth group on the upper Line} or in com
bination with DCA 1 a dosage of 25 mg dmly { econd group on upper line)
or with the renal damaging agent which was a rabbit antirat kidney serum
(la t group in lower line) However a combination of the e three factors
as antieipated led to a striking i1 e 1 artensal ten 1on ( econd group on lower
Iine) Of particular interest 15 the fir t group on the lower line m which the
om sion of sodium entirely prevented the hyperten ton which marked the
group provided with hiberal quantiie of this cation In addition to averting
the appearance of hyperten 1on the rat on this low odium intake failed to
develop other charactenstic signs of exce s DCA action 1¢ they showed no
renal or cardiac hypertrophy and esen the histological evidences of DCA
activity were mmimzed

The group shown third from the left 1n the upper line and akso the group
1n a similar pe 1hion 1n the lower Iine were mcluded in this experiment to
determine whether the addition of a potassium chloride upplement would
preyent the appearance of DCA hyperten 1on This po 1bihty was considered

ince 1t was known that uch a upplement could prevent the abnormal increa e
i Leletal mu cle odium noted 1n DCA dogs It eemed po sible that DCA
hyperten 10n was 1n ome way related to the accompanying electrolyte hufts
However the data here indicate that the additton of pota 1um n no way
mimmmzed the 11 e 1n blood pres ure although the erum electrolytes in the
pota 1um treated group were le s abnormal than in the DCA groups receiv
ing only odum chloride Sub equently Ro enman Freed and Friedman(7)
have reported that a liberal intake of pota sium permuts the prolonged main
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tenance of DCA hypertenston whereas a ngh sodium diet alone may not due
to the development 1n the latter wmstance of potassium deficiency

Certamn other steroids behave stmilarly to DCA n that their hypertensive
properties are accentuated by sen itizing the experimental animal through
a reduction of renal mass 1n the presence of high sodium intake  Within the
past year Friedman Friedman and Nakashima(8) and al o Selye(9) have
reported that 9 « chlorohydrocortisone re embles DCA mn this regard As
with DCA 1t 1s also possible to prevent the development of hypertension with
this halogenated hydrocortr one by the restriction of odwm chlonide provided
that a relatively low dosage of the compound 1s elected(10) Figure 3 sets
forth data on this pont All these amimaly were ensitized at the beginning
of the expersment by p half were d on a diet
re tricted to 002 per cent or le  of odwm and half were offered a high
sodium diet, 06 per cent and gnen phy tological saline to drink m place of
tap water One mg of DCA was 1njected subcutaneou ly for 1x davs weekly
this being a known pressor dose of the terosd To prowvide a comparable
degree of sodium retention the dosage of 9 o chlerohydrocort: one acetate was
set at 0.2 mg Additional experimental groups were imnjected with 1 mg DCA
and 06 mg of hydrocortisone acetate the latter caleulated to upply a degree
of actnity as measured 1n Iiver glycogen a savs equal to the 02 mg of
9 a chlorohydrocort: one acetate  From Figure 3 1t 1s evident that evere and
equal degrees of hypertension developed 1n all three experimental groups
mamtamed on 2 high sodium regimen That this blood pressure effect was
wirtually dependent upon the hberal odwm provided 1 proven by the absence
of hyperten 1on 1 the simlarly mjected groups in which odmm was

1 1 nenh

restricted
Although we have had no expenience with aldo terone 1t mught be men
tioned that this compound also exhibits a DCA like effect upon the blood
pressure  Imitrallv Gross Loustalot and Meier(11) were unable to evoke
hvpertension with thi mo t potent natural adrenal sterond but Rumar
Ander on and Gornall(12) have more recently reported the induction of
hyperten ton cardiac and renal hypertrophy with prolonged admm tration
of the compound
The next question to be an wered 15 whether those adrenal steroid with a
relatively shight capacity to retain odwm are al.o hyperten.cve agents and
if 5o under what conditions In our experience and mn that of the Fniedmans
and Nakashima(13) the answer to the first part of this que tion 15 Yes The
d under which hyp occur however are le s hmted than s
seen with DCA in that 1t 1s wholly 1ndependent of the odium content of the
diet(14)
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Fiure 4 sBustrates thy fact In this expenment the effects of cortison
were sompared to those of DCA in normal rats mantancd esther on odiom
restriction or on a high sedwum intahe  Two groupe of urtreated control
ammals were sho ob ened on the expenmental diels one of the ¢ eating
ad lib and the other offcred & humited food intake so that the ensuing wesght
to 5 resulted m body wuights approximating that of the corh one injected rats
In the groups gven libessl quantin  of sodwm both the steroid myected
roups behaved wmilarly and developed <t.mbeant 11 es 1n blood pressure 1
contra 1 to hoth unsnjected group  The diffevence Letnern the two steraids
fiecame apparent i the groups on odum re Inchen Here the cortysone
tre.ted antmals were as hyperten ive as sumitar rats on » high odium mtake
Mthou b the DCA rats undir the e condition hoved 5o more 51 ¢ in tension
than dud the umngected control A group of adrenalectomized anymals wa
wncluded and m thy m tance st appeared that the effect of orts one was even
mare marked in the absence of the adrenal gland  This has siot howerer

roven 1 a subsequent tudy m 1 ueh the hvpertensive achivity of the
omp und ha leen of equal degree with and without the adrenals tn situ
Pesides rorts one Friedman Fricdman and Naka hima(13) have rijorted
that hvdrocortt ot 1+ a Bypertea ne aeent and thi has feen our experience
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Within the last few years a number of synthetic sterords have been pre
pared all pos essing remarkable phvsiological actnaty with respect to lever
ghyeagen a says although sith widely sarying degrees of aetnaty with re pect
to odium retamang capacits We have secently explored the effect of a
aunmber of these compounds upon the blood pressure . compart on with
hydrocortisone corts one and DCA(IS)  Adrenalectomized rats were em
ployed and 2 sodium poor diet was selected in order to mvord any faaiation
of a DCAlke hypertenion such as was demonstrated above with 9o
chlorohydrocort one  Table I ets forth the woidence of hypertension the
numerator gnng the number of rats with readings 1 exee s of 165 mm Hg
and the denominator the number of ammals m whuh blood pressures were
obtamed at the tated dosage The data pertaimny to cortr one and hydracor
usone being mndistngur hable hatve been combined g0 the tables and figures
for sumilar res ons the data on 1 dehdro hydrocortisane and 1 dehsdrocor
ts ane have been presented jomtly

As bad been previously noted the hyperten ne action of hsdrocortisone
and of corusone was agam evident 1n the higher dosages and at the 2% and
3 mg dosage krels an overwhelming percentage of the rats were hiypestensive
At appropriate do age Jevels each of the several suathetic compounds tudied
resulted 1n the appearance of elesated readings sn a sigmsficant percentage of
the aniruals but it 1 exrdent from the averages shawn in Table IT that none
fed to as <evere a dogree of hypertension cons: tenth as did hydrorartsone or
corusone  In the capaery te mduce hyperten son under the e sodum

d 4 all these ds hehave hke bndrocorti one rather
than Iike DCA since this latter steroid even indo s 33 ligh a3 3 mg darh
on the salt free diet emploved did nat resalt ia hyperten son n a simgle
ammal  Qur snstsal thought had been that the hyperten ne property of cortt
sone under these soduum restascted conditions was hinhed 17 ome manner to
that actiity whch v mea ured w Iver glyengen 2s 2vs This wauld be con

sstent wath the failure of DCA 1o yroduce hyperten son with the regimen
as this sterod 15 1mactane w thas particular type of assay

A1 Dr Stoerk s uggestion fog do e cunves of Hlood prescure were computed
for hydrocorts one BCA and for each of the analogues shown evoept
1 dehydro hyd and 1delyd Here the do age range
which pernutted survaval was too narsow to provide the nece sary data to

compute o hine ®

F ttst ol alice 1 these anshyses we a ¢ mielt 119 D JFohn § Ferng and
Mis B B oqu fthe Slo 1 of Pulle Halth and Adm nstrat ae Mad cne of the
Facolty of Med n (olumba Un erssy New dorh b
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Figure 5 pre ents the e log do ¢ curves and the lope of 73 8 for the hydro
cortt ane and corltcone hne s stombeantly didferent tatistically fram the
slope of 319 for DOC  Were it true that the Mlood pre ure elevating actinity
of the several analo.u 5 varted direaly with iner glycogen achiaty then the
hme of ea h honH parallcd the hydrocort: one hine white if the blood pres ure
elevating zetvity vared 3 ath the eapaaty to retatn odwm each  hould
parallel the DOC hne Nerther hypothes fits the ob erved findings that the

lopes of the lines for 9 o fluorohydrocorti one and 1dehydro 9 a fluore
hydrocorti one do not differ ignuficantly from that of the hvdrocorti one
line while the slope of 9-a thlaruh)drocomsom- resembles that of DOC It
wall be recalled that the b o B ds differ Trom the chl 4
compoun i in that the ratio of the acmm a measured by the Liver glycogen
as ay to the actrty with regard to odiem retention 13 relatively higher { e
Table [ 1 v hi b data relating the actinaty Of the eieral termd as com
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pared to hydrocorlt one and de oxycortico terone has been gathered from the
literature)  This gave 11 e to the hypothe 1s that the blaod pressure elcrating
the effect of the e teroid was dependent on neither of the e two adrenal
activiie alone but in tead was dependent on the ratio of the two present
m the compound

This po sibility was pursued with an attem]t to reproduce the lope of
9 a chlorchydrocorts one by a combination of 1 dehydro hydrocort: one and
DOC in which the relative proportions of Iner glycogen to odium retainmng
activities duplicated tho e exs ting 1n the chloro compound Examtnation of
Figure 6 reveals that the attempt wa highly succe ful the lope of the two
hines being indi tingut hable although each howed a ugge tion of a lack
of Lineanity

The e ob enations bl leave unknown the mechanisms by which the
adrenal steroids evoke a 11 e i blood pre sure although one may conclude
that different mecharu ms operate 1n the ca e of DCA and of cort1 one Inan

200 T T T T T T LI S o A NN —

:’|60 L d
€ o
1
w
ml40r
=
2]
8 DEHYDRO-F+D0C
7-DEHYDRO-F#
g 20 176SE23
o
o
Swo
L]
80 |
s s )
00l o1} 10

DAILY DOSE IN MG

Fieuns 6 Lot lose ¢ pone 9aCIE s ldelvloF + DOC Irn hn wlon
AT Loet E.N and “toerk H C  Effect of synthet ¢ analogues of liyd ocort sone
onth blodp ssueof Irialectmu lratson olumr ticn Tolep b
1eted i Endocninology

23



mEp poy 1j [ndupy

O0==d san[Es [ruioy,, wotj uasayyy Kjiuvay ud s
NN 13w deipawy
Mk paup 2oy,

s faug
_—
50¢ o1t tu 612 0z 1SE | g6 a1 il oyeiul

paiuit] uo sjrurzoy

szg zot t6 «l 1z ISt | 611 | ggo w3l 201 -+ \uav

997 66 901 9¢g 611 11 | 9g9 21 091 vaa + \uav

e €1t 801 (4 8¢l ot | ooz «13 oF11 \Hay

£0¢ 801 | zot __osz {3 102 | 199 il 091 Sjeuttoy

uy wy 21Q4d Wy o1/ byw Ma 4| e, wy v w) dnoin
MNI%  n1a4d W ) ¥ PN vy By ansad e
__ __N - . | poojq Apoy

sis{eu ssearny

Yvjup wnipog Parrisoy fo syaa g ORL Lfy swy fo .E::.EEQU FS02407) pup dumssaiy poog wyda g (poy
Al 318v],




attempt to characterize further the difference between DCA and cortisone
hypertension we hav undertaken 1t sue analys < of electrolyte content on
pooled 1 ue of groups of ra  Currently thi  tudy has been repeated ana
lyzing cach rat indnidually (16) Many tudics are avarlable indicating that
DCA re ults 1n marked alterations 1n the compositton of keletal mu cle an
increa e n the intracellular content of sodir1 and a decrease 1n pota 1m
heing characters tically found(17) Other 11 sues have shown changes le s
consistently A few tudies are available for corti one the changes in dogs
bemg le s consi tent but i the ame direction as tho e seen with DCA(18)
Rather than analyze indivsdual tis ues we el cted to determine the electrolyte
content of the total carca « althoug1 we recognized that this approach mght
uot detect ubtle changes limted to a ingle b1 sue such as increaces mn the
artenial 11 suc a reported by Tobuan(19) and that even significant changes
tn one U sue i ht be ma ked by oppo tng changes m another However if a
major difference in the effect of the two steroids ext ted 1t seemed con
cewvable that 1t might be reflected in the total body composition

The carcasses analyzed were tho ¢ of adrenalectomized rats which had been
njected with 25 mg of DCA or corts one daly for a two to three neek
period The effects of the e compounds on odium re tricted regimen  as well
as under conditions of high odium intake were explored and appropnate
control group 1included At acrifice he ammal were ex anguinated and the
gastromtestinal tract was removed along with the heart kidneys right femur
and gastrocnermus and a 12 em  of kin On the remaining carcass water
content was calculated from the wesght loss of 20 Gm aliquots of ground
t ue after a twowcek period of de iccation n an electne oven at 90 to
105 C The dried 1 ue from t o to four individual ammals was pooled and
the [at content determined by ether extraction in a Soxhlets apparatus The
defatted 11 sue was then finely ground by hand n a mortar and triphcate
determmnations of odium potas um and chloride were carrred ou on
05Gm amples and of nitrogen on 10 Cm samples

Table IV pre ents the data obtained 1n the rats maintained on a odium
restricted intake under which circumstances the cortisone but not the DCA
injected rats became hypertensine In the fir t two columns terminal bodv
weights and blood pre uees are gnen Tutial weight and bood pres ure in
all groups had Feen ¢ oing 129131 Cm Ad
without steroid replacement therapy led to rapld weight lo s and fall in blood
pre sure and nece sitated the acnfice of this group after four to six days
because of their morit und condition  The Fody weight of this group has been
marhed with an aster1 k and throughout thi and the succeeding two table
determinations varying agnificantly from the normal have been o indicated *

Fo stat tical alvice in the e analy  we are 1 dett d v Apn I Brgera d
Miss E DBerquo of the S h lof I blc He th a d :\dm |!rr|lne M tc eof th
Faculty of Med cane Col mba U ty New Yok N Y
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The two adrenalectomized groups injected with teroid <urvived the expen
mental period of two weeks tho e on DCA growing as well as the normals
The termunal weights of the corti one treated rat> empha iz the mpre 1e
wrouth uppre 1on which this compound exerts n the rat at the do age level
of 25 my daily The final group were included to examune the effects of a
milar degree of weight lo s per se

Of 1ntere t 1n the carcass analyses were the findings in the hypesten ne
cortt one injected rats  The water content of this group was significantly less
than that of normal amimals tarved to a milar weight and the pota wm
content was trikingly reduced The remaimng determinations in thys group
did not differ from normal The DCA mjected rat which on the odum
re tricted regimen remaimed normotensive  howed no vanation from normal
m the compo 1tion of carca es

Turning to the groups maintained on a high odium regimen {Table V)
it 1s evident that on this regimen the adrenalectomized rat 1s able to grow
normally without sterord supplements However the weight loss of the cortr
one injected amimals remained as striking as on the low odium regimen
Both DCA injected proups as well as the corti one group exhibited blood
pre sures gmficantly hi her than those of the adrenalectomized control
although not higher than those of the normals which m this series were
shightly elevated

Also of ntere t in the carcass analyscs were the findings an the two groups
of DCA ngected hypertensive rats Here the impressive changes from normal
were the increases m body water 1n the rats given 3 potas 1um supplement
and 1n carcass sodm 1 the other DCA group Since equally 1mpre 1ve
ncrea es 1n body water occurred 1n the normoten ne adrenalectomized con
trols and since the addition of a pota sium supplement prevented the accumy
lation of exce s amounts of sodum without dimimi hing the blood pressure
1t 1s difficult to be certawn of the relation hip of the ¢ changes 10 the DCA
hypertension In contrast to the DCA mjected group the rats recei g cortt
sone did not how anv 1nerease 1 body water orin sodwm The reduction 1n
potas sum noted 1 the fow sodium groups was not impre we w these
anmals on a ngh odium regumen

The e ti ue analysis studies demon trate differences between the effects of
BCA and corts one n the xat DCA when accompaned by Iiberal sodium
lead to an al normal increa e 1nt the total body content of this 1on Wauth
corts one nesther of the expenmental Tegimens 14 to an mcrea ¢ m total
body oditm De pute this lowentg of the pats sium did occur and most
markedly in the sodium restricted ammals which thig particular  tudy
were relatnvely more hypestensite than the group on ligh sodium  One might
hypothe 17e that with DCA the prumary actiof of the compound 13 to merea
odium retenlion while with cortt one Jt1s the pota sum decrease which 1s

the primary one



wiep pay tqadup

Q0= SN[FS  ouiion Wosf 1uRLPHP Apusageus

R RTINS S
0 paup 29up1my

s
<10 € 901 86 [:3+4 091 SSI | 829 202 8l wiejn
|pua1 4 By woy
8¢ P11 SOl 192 191 80 LS9 91 €81 §{onuoa vy Mo ]
162 001 | 4631 012 «L 61 9% | .00 #1638 91 Wisjur
{Tun 4 sy ydig
jt4% (R L0OT 897 2901 018 899 91 ol §onues B\ Yy
wy wo L w bgw o 8 wauns,
ia%  waiae| oot OV ogel % Mwa o ug i
N — poolq poq
pory o

ss{[suns vy

2Fpwunq pousy yun sy fo uomsodwoy ssvaivy puo aunssosg poojy

TA 3%

g Apogy



What relation the ¢ electrolyte changes bear to hypertension 1f any s not
knowr In order to determine whether the e changes were an essintial
accompaniment of hypertension in general or were seen only 1n the hyper
tension anduced by steroid  a simylar eries of analy es was undertaken in
tats made hypertensne by means of renal damage Dr bernt Hokfelt of
the Rarofinska In titutet 1n Stockholm 1 as good enough to prepare for us
2 enes of ammals umlaterally nephrectomized and with an artenal 1nfarct m
the remawring kidney a technique first described by Dr Dorothy Loomis
of the Long Island College of Medicime To make the data more comparable
to these described abose the rats were placed on simifar high and low odium
Tegimens

Table VI <hous the data obtaned 1n these snimals along with control rats
observed at the same time  Body weights were comparable 1n all four groups
Blood pressure in the grotps with renal damage was markedly elevated in all
of the 11 amimals 1n the high odium grour  and less consistently so in the
sodum re tricted rats in which only four out of 10 became perststently hyper
tenste The animals hsted in Table VI in the low codim group were the
four mo t hypertensive members of their group As compared to the normals
on gh <alt the rats with yenal damage showed sigmficant merea es 1
carcass water and odium similar to the DCA impected arumals  In additron
these renally damaged rats extubited an el 1 chlonide and a reduction
n potassium  Although sodium restriction did not alter the increa ed water
content 3t did prevent the electrolyte change It would seem that this renal
hypertension was similar 1o DCA hyp in that 1t was d b
a high odium regimen and tmilar al o 1n the character of the electrolyte
changes which descloped on this diet It differed from DCA 1n that sodum
restniction although 1t decreased the hyperten ise action of the renal damage
4:d not prevent 1t entirely This however may Le a quanutative rather than
2 qualitative difference and the over all sumilaraty between the two 1s stuking
On the contrary corti one hyperten ron 1s di unguished from the above by
1ts independence of sodium mtake and by the fact that st may occur without

overt evidence of rena) damage
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STUDIES ON THE PATHOGENESIS OF THE

HYPERTENSIVE VASCULAR DISEASL WHICH

OCCURS IN RATS BLARING REGENLRATING
ADRENAL CORTICAL TISSUE*

Frovo R Sxetron, MD, PhD Director of Research, the Urban
Maes Research Foundation, and Associate Professor of Pathology
Lowsstana State Unicersity Medrcal School, New Orleans, La +

Whether or not some functional abnormality of the adtenal cortex. plays &
role 1 the pathogenesss of hypertension and hypertenste cardiova cular
renal di cace still remains one of the major problems confronting 1 esugators
m this fi }d The lack of unammty of opinion an this que ton s well alfus
trated by statements from two well known mvestigators one of whom(1) has
2d that the e glinds probably play an important part m the pathogenesis
of hyperten 1on  while the other(2) has stated that 1t 15 equally unju ts
fiable to conclude that the adrenal cortex  plays an important role in the
pathogene 15 of the di order

Much of the evidence upporting adrenal cortical participation 1 the gene
s of hypertensive vascular di ez e has been derived from observations on
the hypetten 1ve and anmotoxic properues of vanous steroud (3 4 5) ante
Tor pituitary substances(4 6) and chromic expo ure to cold(t 7) On the
basis of the e tudie 1t was postulated(8) that under suitable conditions both
hypertsnsion and certan 1 pes of cardiovascular di ea e might be the result
of an nten e response of the anterior pituitary adrenil cortical system to
non peaific tres  The original con ept that the ¢ changes were mply the
Tesult of increased anterior pitustary ecretion of adrenocorhicotrophic hor
mone (ACTH) 1s tenalle no fonver siuce non peerfic tre s with the ngle
exception of cold(7) ind the admim tration of Iarpe do es of adrenorortico
trophic hormone have been notably unsucces ful 1n producing exther hyper
ten 1on or vascular lesions(1) Neverthele « recent ob ervations have gener
ally upheld the hypothe 15 that this gland does play an important yet poorly
understood part 1 thesr pathogene 1 For example 1t has been hown that

*This 1n est gahon was supf rted by a vesea ch grant (Il 00%) from the National
Hoart I tiute and a recearch grant (A 796) from the National In t tutes of Arthru
and Metabol ¢ D eases of it N tonal In titutes of Health Publ ¢ H aith Senice

¥ Th s work was done while th a tho w s A sita t Profe sor of Path logy % d af
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growth hormone to <alt treated rats re ults
i elevated blood pressure and \udespread va cular changes when the ad
renals are intact(9) but not when these gland are ah ent{10) Furthermore
1t has been demon trated that the most potent naturally occurring mmneralo
corticord  aldosterone 1s excreted n increased amounts by patients with
essential hypertension(11 12) and produces moderate hypertension when
admini tered to ntact rats(13 11) Addwonal evidence implicating the
adrenal cortex 1n the pathogenesis of hypertensne va cular di ense 1s the
observation that hypertension and necrotizing va cular le 1ons oceur during
regeneration of the adrenal cortex in umnephrectomtzed immature rats given
1 per cent sodium chloride to drink{15) Since the only dillerence between
the rats which become hyperten 1ne and the control amimal which do not 13
the presence of the regenerating adrenal gland this new form of experimental
hypertension has been termed adrenal regeneration hypertension (16)

This new techmque for the prod of ex; I hypertensne va
cular di case has afforded an excellent opportunity to study the interplay
betneen the endocrine elecirolyte and metabohe factors which contribute to
the pathogenests of both the hypertension and the vascular lesions For
example recent imestigations(17) have hown that regenerating adrenal
cortical 4 sue 15 e ental for the development of the e change wce s
hibstion of regeneration by either hypophy ectomy or the pre ence of the
contralateral adrenal gland completely prevents them from taking place
Turthermore reduction in renal mass by unmilateral nephrectomy and provi
ston of 1 per cent odium chloride to drink are al o neces ary for the hyper
tension and va cular changes to occur(17)  The devilopment of this form of
«yperimental hypertensive va cular d ea e 15 al o nfluenced by age for 1t has
been hown to occur 1n immature rather than m mature rats(18) Studtes now
in progre s have demonstrated that it 15 mhibited by thyroidectomy (19)

The results of the pre ent experiment contribute additional information on
the role of regenerating adrenal cortical tis ue not only 1n the genesis of this
form of experimental hyperten e va cular diea e but in sts maintenaned
as well

EXPERIMENTAL PROCEDURE

Sixty female Sprague Dawley rats weighing 1256 Cm were umnephrecte
mized and mamtained on Purina Taloratory Chow and 1 pur cont odim
(hlonde dnnking olution ad Itbttum  Ten rats recened no further treatment
and enved as controls (Group 1} The remamning 50 rats had the night
adrenal completely removed and the left adrcnal enucleated according to the
method de cribed by Ingle and Higeins{20) In this procedure the adrenal
cap ule 18 inc1 ed and the medulla and as much as po wble of the cortex



]“""ded by the gentle apphication of pre sure with cursed forceps thus
easing only a few cells of the zona glomerulosa attached to the capsule which
remains in siu
m’l)'enAzf”llhe n:iirenal enucleated rats recersed no further treatment (Group
s e end of six weeks an additronal 10 rats were subjected to re enu
leation of the regenerated adrenal by the same procedure as that oniginally
';"PI")!d (Group IV) and the remaming 30 had the regenerated gland com
Pletely removed  Five of the re enucleated rats and five of the adrenalec
t;mlzrd ammals died within 18 hours as a result of hemorrhage from esther
:1 tdre inciced adrenal capsule or severed adrenal arteries  Since these ammals
ad severe hypertension and many had shown signs of cercbral lesions they
have been considered together (Group II) with a view to ohtaining informa
Hon as to why some rats rapidly develop hypertension and vascular changes
Tollowing adrenal enucleation while others do not Twenty two rats survived
exeision of the regenerated adrenal until the end of the experiment and of
the e animaly 19 exhibited con 1stent changes in blood pressure and saline
pi that differed derably from the three other rats Thus the
19 rats have been considered together as Group V and the remaming three
ammals make up Group VI
Body weight and systolic blood pressure the latter by the microphemc
manometer method of Friedman and Freed(21) were determined mnially
and weekly thereafter throughout the exy The ption of 1 per
cent sodium chlornide dnnking flid was measured daily and the average
24 hour intake per rat was calculated weekly for each group The organs from
the animals which died after six weeks were removed weighed fresh on a
Cramatic balance and fixed 1n Bowns olution At the end of 12 weeks all
rats were killed by decapitation and their organs handled simlarly Paraffin
ections were prepared from the t1 sues to be studied and stained with he

matoxylin and eosin
RESULTS

The average weekly body weight saline consumption and systobe blood
pressure of Groups I 11 III and IV are shownn Figure 1 and of Groups I
III V and VI in Figure 2 The organ weights are pre ented in Table T
Before considering this data however 1t should be noted that one control rat
dicd and that only five rats 1n Group 1T and four rats 1n Group IV _urvived
the 12 weeks of the experiment The animals which died Group HI all had
hypertension and va cular lesions and their death was the zesult of cerebral
infarction econdary to the e changes The deaths in Group IV were due to
Po toperatine hemorrhage at ix weeks hence these rats became part of

Group 11
33
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The rats which died po toperatunely at the <ixth week of the experiment
(Group 1) showed sigmificant growth retardation while the rats « f the ather
Etoups grew at es entrally the same rate (Figure 1) The ammals of Croup 11
ako developed the highe t blood pre ure and drank significantly more I jer
cent sodm chlonde solution than did the control Although the rats of
Group HI slowly became hyperten ¢ thesr blood pre sure was 1gmficantly
lower than the sy tolic Mlood pre sure of the rats m ¢ roup Il at r¢ seeks and
never reached the level attained by the latter ammdl It 1s al o noteworthy
that the <aline con umplion of the rats 1n Croup Il wa «ignificantly lower
than in Croup 11 at six weeks and indeed did not differ 1gmificantly from the
intake of control rats (Croup I} throughout the experiment The s1line intake
2nd blood pressute values of the re enucleated rats (Group IV ) werc between
those of Groups IT and 111 at the sith weck and did not duffer signtficantly
from them  After adrenal re enucleation the saline ntake and systohe blood
Pressure of these ammal decreased <hghtly lut not sigmificantly for two
weeks followed by a i e to levels above tho ¢ which had et ted before the
regenerated adrenal was re enucleated and higher than tho e which were
attained by the rats of Group IIT

There were no cignificant dfferences between the growth curves of any of
the groups hown in Figure 2 The Blood pressure and aline consumption
were virtually 1dentical 1n Groups I1I and V for the first six wecks of the ex
Periment but following removal of the regenerated adrenal gland in the rat
of Group V. the blood pre sure decrea ed to a level approximately that of the
controls (Croup I) while the saline intake dropped below that of either
Groups 1 or IIl The changes oh erved m the identically treated animals of
Group VI were con iderably diffcrent Both blood pre sure and aline con
sumplion of these rats decrea ed for two weeks after exer 1on of the regen
erated adrenal hut increa ed thereafter to approuimatly the same levds
which had ex1 ted Fefore the operation and similar to tho e 1n Group 11T

In Table I 1t can be een that the hearts of all hyperten e animals

(Croups I 1II TV and VI)} were sigmficantly hypertrophied as compared
1o controls (Group I) The ab ence of cardiac hypertrophy i rats in which
the regenerated adrenal had been removed after 1x weehs and the blood
Pressure had returned to normal lesels (Group V) contra ts marhedly with
the cardiac hypertrophy 1n simlarly treated rats (Group VI) m 3 nch the
Ryperten ton persisted The changes in renal weight es entially paralfeled
the changes 1n cardiac wereht hypertrophy being pre ent 1n all groups ex
lubiting Jy pertension and b ent 1n rats with normal blood pre wres The
weight of the brain v as shhtly increa ed an all groups as compared to con
trol values but the mncrea o wa  sgmficant only n Group [ IV § and VI
The lner was gmficantly enlareed 1n the rat of Croup Il TIT I\ and VI
while no enlargement wa present i the nonhypertensne rats of Group V
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The weight of the regenerated adrenal gland i Groups 11 11T and IV was
stmificantly Jess than the weight of both adrenals m Group I Furthermore
uo ignificant difference existed between the weight of the regenerated adrenal
at 1< and 12 wecks (compare Groups 11 and I11) and no greater adrenal
regeneration was produced by ¢ enucleation (compare Groups IIL and 1V)
The pleen was enlarged in all expermmental proups The weight of the
thymus 1 the rats of Groups I and 11l was not sigmficantly different from
the thymus we 1ght 1n control rats (Group 1) but in the re enucleated ammals
[Croup IV) this gland was sigmficantly maller On the other hand the
thymus was sigmficantly enlarged 1n both groups in which the regenerated
adrenal had been removed (Groups V and VI) despite the difference
blood pre surc 1n the ¢ rats

lIan’YnDIogm:I Studies Since a detatled presentation of the morphological
changes which develop n rat with this type of experimental hypertension
has Leen publy hed el ewhere(16) they will not be deseribed here other than
10 the brief outlme contained 1 Table 11 In gencral the le 1ons are sirtu
ally the same as those which accompany experimental hypertension produced
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1 this species by a2 wide vanety of procedures and except for peniarteritis
nodo a they closely resemble the changes of mahgnant hypertension n the
human being The everty of the lesions has been evaluated grossly and
microscopically on a scale of 0 to +++ and the figures for each group <hown
m Table 11 represent the p oportion of the possible maximum

The most severe and widespread lesions occurred mn the rats which died
after six weeks (Group II) The hemorrhage causing the death of the e
arumals probably was the re ult of the severe va cular clerosis and fibrinoid
necrosis of the adrenal arterioles which prevented the e vessels from con
tracting after being evered The lesions in the rats which underwent adrenal
re enucleation {Group IV) were more severe than in the adrenal enucleated
rats of Group III but less severe than n the rats of Group 11 Except for
Light renal arteriolar hyperplasia no lesions were ob erved mn the animals of
Group V. On the other hand the similarly treated ammals of Group VI
howed changes 1dentical with those observed in the other hypertensive rats
I epresenta i1ve lesions from one of the animals in this group are illustrated
n Figures 36

Ficuar 4 Perartenius nodo 2 of pancreatic rtery from rat with perstent hyper
tension nix weeks alter complete removal of the regenersted a frenal gland {Croup
1) MNote aneurysmal dilatstion largely fille1 with orgamzing thromlus
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DISCUSSION

The present obsersations substantiate the 1mportant role of regenerating
adrenal cortical tis ue in the pathogenesis of the hyperten 1on and va cular
lesions which develop 1n rats following adrenal enucleation  Thus re enuclea
tion of the regenerated gland in rats already hyperten ne from adrenal enu
cleation six weeks before produced only a shght and tran 1ent dechne 1n
blood pressure which subsequently ro e above the pre existung level 1s the
cortex again regenerated Furthermore complete removal of the regenerated
adrenal at s1¢ weeks in simularly hypertensive rats produced a fall i blood
pressure to normoten e levels i 19 out of 22 amumal  On the other hand
three such adrenalectonuzed rats remained hypertensive  Whle the e result
hould be constdered preltminary becau e of the small number of rats which
remained hypertensive they nevertheless suggest that adrenal regeneration
hyperten 10n 13 1mitially dependent upon the presence of regenerating adrenal
cortical tis ne but that 1t can become 1ndependent of adrenal cortical func
tion The persistence of hy pertension after removal of the regenerated adrenal
cortex 1n some rats is remint cent of the hypertension ( meta corticord hy per
tension ) which remains n rats after cessation of prolonged de oxycortico
terone acetate admuni tration(22 23 21) The mechamt m re pon ible for
the matntenance of meta corticord hypertension  or that hyperten 1on which
pers1 ted after remoral of the Tegencrated adrenal in three rats m the pre<ent
expeniment 1s not hnown However renal arteriole clero s 13 e pecially
prominent(24) in animal with meta corticord hypertension  and hilateral
nephrectomy n uch anmmals 15 followed by a reduction i blood pres ure
toward or to normal limits(21 25) Hence the pre ence of eiere renal le 1ons
tn the three rats with perastent hypertension and their virtual absence m
«imlarly treated ammnls who e blood pre ure rcturned lo normal following
removal of the regenerated adrenal ugge ts that ome renal mechani m may
be mvolved in the of the po t adrenalectomy hypertencion in
the former rats

The 10 rats that died within 48 hours alter the econd operation {Group I1)
pomt up the etolozical significance of odwum chlorde m the geness of

adrenal regeneration hypertension  and vascular diea e The ¢ rats devel
oped the lughest blood pres ure and mo t evere va cular lesion and al o
drank the mo t aline olution On the othcr hand the rats of Croup I11 be
came hyperten ne more lowly and generally showed I s «iere va cular

changes than the rats of Group II they never drank sigmificantly more aline

\han control ammals In hort 1t has now been demon trated that wih onhy

water to dnnk  advenal reguneration hyperten 1on  does not deselop(17)

witha alne con umption no greater than uninephrectomzed controls 1t does

12



develop while with a consumption of <aline greater than the controls the great
est hypertension and mo t severe va cular lesions have oceurred

A further correlation between hlood pressure and aline ntake was ob
ened 1 therr trihingly parallel changes following re enucleation and ex
ession of the regenerated adrenal W hether the changes ob erved i the sodium
chlonde consumption under the e conditions reflect altered adrenal or renal
function 15 not known  However the fact that after remoral of the regener
ated adrenal the hyperten ne rats with renal lesions drank more aline than
the normoten e rats without renal lesions uggests that under these condi
tions at lea t the polydip 1a was on a renal rather than an adrenal basis

As tated presiou Iy (16) the mechamsm by which regenerating adrenal
cortical tissue participates in the genesis of adrenal regeneration hyperten
s1on remains unknown Nesertheless 1t has been con 1dered of sigmficance
that hypertension and cardiovascular renal le 1ons result from conditions 1n
which altered adrenocortical function presumably ext ts and 1n which non
specific tress appears to play no part(15) It was orgmally suggested that
the regenerating adrenal cortex mught be ecreting increased quantities of
gluco corticoxd  muneralo corticord  or bath 1n respon e to the mcreased an
terior pituttary secretion of ACTH induced by the sudden fall m erreulating
blood rorticoids econdary to the adrenal enucleation Of the e suggestions
perhaps the most rea onable 1 that an imbalance ex: ts between the produc
tion of gluco corticoad and mineralo corticord as a result of the enucleation
procedure  This would be quite compatible with the fact that enucleation re
moves those zones of the cortex which are felt to be assocated with gluco
corticoid secretion but leaves at least part of the zona glomerulosa which 15
considered the site of muneralo corticoid seeretion and from which the
adrenal cortex largely regenerates The sugge ted imbalance might be ex
pected therefore to be n favor of mmeralo corticord seeretion  This possy
bility remains to be tested under in uto conditions sumlar to those of the
pre ent experiment although in turo studies(26) have hown that the
prmaipal terord ecreted by the zona glomerulosa of enucleated rat adrenal
glands 15 aldo terone

SUMMARY

Severe hypertension and vascular lesions are produced in ats as the cortex
regenerates following adrenal enucleation  Previous experiments are referred
to and discus ed The e demon trate that thi new type of expertmental hyper
tensive vascutar disea e develops in young growing female rats that have the
renal mas reduced by umnephrectomy and are given 1 per cent sodium
tion to drnk  Although 1t 15 not necessary for rats bearing regen
ue to drnk greater quantuties of ahne than con
p hypertension and vascular lesions 1t has been

chlonde solul
erating adrenal cortical b s
trol rats 1n order to develo]



shown that excess sodium chloride must be avalable since replacement of
the saline drinking olution with tap wa er prevents the hypertenston and
vascular changes The precent exp riment further implicates sodium chlonide
i the pathogenesis of adrenal regeneration hypertension and vascular dis
ease <ince rats which duieloped the most fulminant hypertension and vascular
lesions also consume=d the greatest quantitzes of saline

The pre «nt group of related cxsertments al o shows the effects of (a) a
second enucleation and (b) remosal of the regenerated adrenal six weeks
after the fir t enucleation when hypertension was pre ent Re enucleation of
the regenerated adrenal mn four rats produced a transient decrea e in blood
| rescure and saltne consumption followed by a rise to above the pre exist
ing hypertensne levels Complete remoral of the regenerated adrenal cau ed
a fall 1n blood pre sure from hyp to non levels
by a drop 1n <aline con umption to below normal hmits 1n 19 rats while three
simlarly treated hyperten 1ne ammals showed only a transitory fall in blood
pre sure and saline intake which returned to preoperative lesels The presence
of moderate to «vere arteriolar lesions ¢ pecially of the kidney 1n the three
rats which remamed hypertensive and the finding of only light thickening
of the renal arterioles 1n 12 of the 19 rats which became normotenaive sug
ge that the hyperten 10n 1n the former an mals had become mdcpendent of
th~ regenerated adrenal and was d by ome renal
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STUDIES ON THE REVASCULARIZED KIDMNEY*

YALE ] Katz, D, Ph D, Assoctate Professor of Medicine
Department of Medicine, University of Southern Califorma
Los Angeles, Calif

The 1dea of nereasing the Jadney s blood supply 1n order to smprove its
Tunchion or lower 1lood Pres ure 1s not a new one According to Siter(1)
the fir ¢ attempt at renal reva cularization was made by Tuffier of Panis 1n
1890 In 1901 Fdebohis (2) of New York decap ulated the kidneys of a
number of paents with chrome nephritis He beheved that the heneficial
effects of this procedure re ulted from the growth of new blood vessels nto
the kidney from the urrounding tructures A few others(1) shared this
enthusiasm for renal reva culanzation but n general hittle attention was
paid to the ubject until Paunz(3 4) 1n Cermany and Mac\ider and Don
nelly(S) 1n the United States grafted omentum into the incsed cortex of the
Lidney Paunz oceluded the renal artery of several doos after thes procedure

Following Goldblatt s(6) of ervation that some of ks hypertenane dogs
became normoten ne 1f they developed spontaneou ly an aeccssory renal
blood upply nterest in the dehiberate revasculanzation of the kidney was
renewed In addition to omentumt7 8) mu cle(f 9 10) and splecn(11 12)
came mto u e as blood ve el donor 11 ues There were a few observa
tions(11 12) of 1 of hyp n dogs foll g ome of these
procedures but re ults in human hyperten 1on and renal insufficiency were
disappornting(9 13)

1t appears 1o be not generally app d that for the factory revas
culanization of any organ the blood ves el donor mu t te endowed with a
nich blood supply and 1n the ca e of renal revascularization the blood reach
g the hidney mu t be at a cufficient head of pre ure to upport glomerular
function

Baronofskv  Sprafka and Noble(14) u ed 1 loop of intestine for the re
va culanzanon of the heart Becau e of ats rich blood supply and the rela
trvels small drop in arterial blood pre sure between the aorta and the intes
tine a egment of intestine seemed 1deal as a donor of blood ves el for the
Ladnev

These studies for the mo t part have been described el ewhere(15 16)
They show that va cular communication between the intestine and the kidney
can be developed and that kidney function can he supported by such a blood

upply

the
* orted hy grants from the Un ted States Publ ¢ H alth Service t]
Lo e Toart Ascaciat on and the T1fc Tn urance M dic 1 Re s ch Fund
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Tasre II1

Amimal Suriiral and Plasma Nitrogen After Renal Artery Transection

Pla ma urea nitrogen
Dog mﬁ“&;{fm After tran ect on Sunnal
(Average) |(Maximum) | (Average)
I 13 29 22 Sacrificed after 2% months
I 19 27 17 17 months stll living
m 18 32 11 22 months still ining
v 21 25 12 18 months stll Ining
v 11 2 12 17/ months sull lving
VI 12 27 23 6 months dead
Av 167 289 162

artery transection on blood urea mitrogen and ammal survival and includes
follow up studies on dogs previously reported(1o) Table IV i 15 the renal
function 1n dogs who e renal arteries have been tran ected or occluded

TasLe IV

Effect of Interruption of Renal Artery on Renal Function in
Revasculart ed Kidneys

B etanechon

Renal Gl merul
blood Gt t n
flow rate
Dog | (ml/mn) | (ml/mn)
1 200 45
v 2.0 56
VI 227 51
Vil| 283 19

F Itration

41
28
41
3a

Aftertr n et on

R nal Gl me ular
blo d filtrat on F ltrat on

t o A w rate ctio
(percent) | (ml/min) | (ml/mi ) | (percent)

Penal a tens s tot lly aceluded but not tran  ted

174 T 43 38
299 57 37
171 41 42
122 25 32
~
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DISCUSSION

It appears from the e studies that the kidney of the dog can do well with
a blood upply which 15 entirely penpheral

Cook and Pear ont17) report a ca e of a 28 vear old man wuth brlaterally
thrombo ed renal arterie The ource of the kidues s blood supply was from
dilated capsular ve els Prior to death the urea clearance was 75 per cent
of normal

One miht que ion the wi dom of introducing additional blood in the
kidnes of pauents uffering from renal arteriosclero 15 or chronic glomery
lonephritt when such kidneys d not lack for blood at their portal Yet once
the blood enters the kidney 1t 1s up again t an increa ed re 1stance to sts flow
out to the cortex becau e of carning and contractton  Therefore 1t 1s pos
sible that brmging additional blood to the nephrons by a pernpheral type of
acce ory blood upply would improve the hidney » function

One po 1ble method of achievng this purpo e has been de eribed  There
15 nothing to sugge t that the procedurc harm the kidney and studies to be
reparted later _ugge t that under ome ctrcum tances renal blood flow i dogs
15 ncrea od

fcknonledgem: nt
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author 1s grateful to Dr Iian D baronof ky sn who « laboratory at the
Ancher Ho prtal St Paul VMinne ota the e imve bigations were imitiated and
to Dr Donald Hannon John Alden Chark Turback and Jo ¢ph Sprafka
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THE ELECTRON MICROSCOPY OF THE KIDNLY*

Summary of a Review Presented to the High Blood Pressure
Research Couneil Meeting, 1956

Danier. C Pease, Pu D, Professor of Anatomy, Department of
Anatomy School of Medicine Unirersity of Califorma,
Los Angeles, Calif

INTRODUCTION AND \ETHOD

Our present understanding of the complex structure of the kidney has been
developed during three b torical periods When ectioming techniques swit
able for clectron microscopy were first being devised the kidney was studied
in Bethesda 1n Pans and in my laboratory in Lo Angele By current
standard the work was crude As methods improved Dr B Vincent Hall at
the Unuver ity of Illinors (1) devoted us efforts to 2 study of the glomerulus
and added greatly to our knowledge of tht important part of the hidney
In the third hi terical pha e currently acceptable methods were employed to
obtain lugh re olution electron micrographs of adequately presersed material
The Rarolinska Institutet Iaboratory i Sweden (2 3) and my laboratory
(1 5) have heen particularly concerned with this work

O mic acid carefully buffered 15 the fixatne of choice for almo t all elec
tron microscopy that deals with lissue ections In our laboratory the most

atisfactory results were ohtained when an ice cold olution of fixatine was
dripped on the expo ed surfaces of kidneys of lning antmal  after removal
of the capsule The fixative penetrates e tablishing a concentration gradient
Just below the urface 15 a zone particularly well pre erved Obviou Iy this
technuque 13 imited to the cortex when the medulla 15 to be tudied excision
tcchmques are required  The pre ervation an that ca e 1 not as good
Human material of course cannot be handled 1o this manner and this
mnpo es a defimte hntation on the work that may sub cquently be done

Glomerular Capillartes Flection micro copy has demon trated that glomcr
ular capillaries have a surpriinJy complex and unexpected tructur
Fpathehal cells are su jended 1o th unnary pace and make contact with the
capillary + all only by myriads of timy terminal proce s or feet The terminal
proce es from different cells or from different arm of the ame cell form
sy tems which interdigitate with one another exerywhere over the urface of

*S pported by gr t from the U 1ted States Putl 1 alth S v ce



the captllartes There are slots between adjacent feet so that this layer does
nol constitute a barrrer to diffusion processes On the endothehial 1de of the
capillary perikarya abruptly transform into excessnely thin sheets of cyto
pla m that extend long ditances constituting the great proportion of the
capillary hining  The attenuated endothelium 1s perforated by large numbers
of pores These usually measure 2 httle over onctenth of a micron n
diameter and are closely <paced one beside another They are ecn particu
larly well 1n tangential <ectrons of the capillary wall Obviously such a fenes
trated endothelium cannot be regarded as an tmportant diffusion barrier

The only continuous barrter between the blood stream and the urinary
spaces 15 the basement membrane Three extracdlular layers constitute this
structure  In the center 15 a laser of dense materdal that 1s probably the
prmeipal structural component  On either side of thts den e lamina arc zones
of low density  On the outer surface the eprtheltal fcet penctrate shightly into
one of these zones and on the other side the endothehal heet rests upon a
simtlar zone  One mught wish to call such layers cement layer<  and they
apparently serve to bind the cellular components to the structural part of the
ba ement membrane In tangential section the e layers of the basement
membrane can be viewed in the horizontal plane In the author s experience
they are homogeneous in character even when viewed with great resolution
although other mve higators have claimed that they obcerved suggestions of
fibrous components 1t <eems necessary to regard this basement membrane
as the only important fitratton barrer between blood and urimary space
but 1t daes not <cem po 1ble that 1t could protide any regulation of the urine
output Po «ibly regulation might be provided by changes in the arze of the
endothelial pores or by swelling of the epathelial fect so that the gaps between
them would be more or Jess obliteratcd We have howeser no physologieal
eudence to upport uch hypothe es

Peruubular ¥ ascular Bed The pentubular capillartes also hasve a notably
thin endothelim In witable preparations 1t ean be een that this attenoated
sheet 1s al o perforated by a system of pares The pores are marhedly smaller
than tn the ca o of the glomerular capillaries heing approuimately 6/100 ¢
1n diameter Al o they are paced [urther apart In the medulla the system
15 not as well developed as 1n the cortex and there one find only patches of
fene trated endothelum Once agamn we are forced to conclude that the
fene<trated endothelial heet ref a peaal faeshtating diffu ron
proces es rather than con ttuting a diffu ion harner

The endothelium of the perttubular eapillarses rests upon a ba ement mem
beane The den e tructural portion of this membranc 1« extremely thin and
15 m <tphing coatra t to the thick tructural membrane of adjacent tubules
A thin cement layer les betwecn the dcn e porton of the bt ement mem

bran and the endothelium
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The Tubules Basal Infolding Probably the mo t ymportant contribution
of electron microscopy to tubular morphology 15 the discovery of the extra
ordinary infolding or ity u ception of the pla ma membrane demon trable
1n the basal regions of tubular cell By this mean the basal surface area
presumably 1s va tly increa ed  The infolding 1s most elab
1 the distal tubule where the osnuophilic line representing the plasma mem
brane folds deeply into the cytopla m and then reflects back to reach the
surface once more This repeats over and over again to form deep scallops
These folds anastomo e freely with one another laterally so that i honzontal
section one ees a veritable honeycomb of membranes The Swedi h in
vestigators (3) who first saw this well pre erved emphastzed that ths system
of double membranes divided the ba al cytoplasm into open ended compart
ments which tended to contain mitochondria corre pondingly oriented We
have physiological evidence that these membranes are 1n fact the effective
physiological urface of the cells and thu truly the plasma membrane of the
basal end

The proximal tubule shows a considerable deselopment of this system of 1n
folded basal membranes which are al 0 a ociated with the mitochondrial
zone The collecting tubule hows this system as well although the folds do
not penetrate deeply into the cell Nonethele they ramufy greatly in a
lateral direction In the collecting tubule the mitochendria are 1n a totally
separate zone o that relation between the e two systems may be entirely for
tuttous

In our laboratory we wondered whether this specialization would be
found 1n other t1 ues noted for thetr water transport mecham m  We have
examned the choro:d plexus of the brain ventricles and the epithelia of the
cihary body of the eye and of salnary gland  In all of the e ca es we have
found analogous 1nfoldings of the ba al urface of the cells Folding of this
sort 1s not known to occur mn other epithelia which are not mvolved 1n v ater
transport  There would eem to be legttimate reason for po tulating that
there 15 cau e and effect relationship between the infolded ba al urface and
water tran port It 15 | larly g that the coll duct of the
Kidney shows something of this y tem and therefore presumably would
have some phy wological activity Furthermore 1t 15 tempting to think of
the infolded membranes as bemg dynamucally active and a degree of regu
Tation might be accomph hed by alteration in the total surface area Again
we must emphasize that this 15 2 hypothest unsupported by 1 hystolo.ical evt

dence

Proumal Tubule Apical Regron The brush border of the prouimal
tubule may be demon trated very beautifully by electron micro copy There
15 no doubt but that 1t repre ents a simple extension of the apical cytoplasm
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Here and there between bru h proce e tiny ducts may be en penetrat
ing mnto the apical cytopla m  These ometimes open nto vacules of con
«derable size  This sy tem can be sdentified as a specrahization of the o
called endopla mic reticulum  This may he defined as a <y tem of mem
branes delimiing cisterns The membranes are peeuliar n that they have
an affinity for RNA granules Inve tigators at the Rochefeller Institute have
been tudying this v tem in many different el types In certarn 1 tance
the sy tem communicates with ccll surface  and 1s ometimes myvohed 1o pick
ing up material 1n other in tance st 1s known to be imolved 1 the elinmna
tion of matenal  Thus in relabion to the proximal tubule we cannot be ccr
tamn whether we are ob erving an acce sory excretory sy tem or whether 1t
s a means for piching up maternal from the tubular lumens and thus in
corporating them within the cull

Both Rhodin (2) and Pua ¢ (54 have reported un uccessful efforts to cor
relate changes 1n the proximal tubule with different phystological load upon
the kidney  Small differences in the w1y kidney amples are prepared produce
large varations in the obscrved morphology of the proximal cell These
terminal change as fixatne 15 applied probably overwhelm any ongmal
patterns  The terminal changes are such as to indicate that the apical end of
these cell 15 very labile and can quickly pick up or loe water

Thin Segment Flectron micrographs of the thin egment postion of the
nephron reveal one interesting  pecialtzation  The cell have folded edges so
that neighboring cells interdigitate with one another 1n a remarkably com
plex manner It would scem that these interdigitations greatly mcrea e the
available ero s ection area of intercellular pace that might be a route for
1onic exchange as Chambers sugge ted many years ago in regard to capillary
endothelium

Mitochondria  Rhodin (2) bas followed by electron micro copy the muto
chondrial changes een during the resorption of albumuin He reports an appar
ent fu ton of mutochondria a an early respon e to protein resorption followed
by a lo s of their charactert tic internal tructure as they combine with the re
sorbed protein  This re ults sn the production of very large granules without
internal structure other than a fine granulation Exventually the large granules

cem to reconyert hack mto typical mitechondria  Both the provimal and
&t tal tubules are unu ually nch m mitachondria  El ewhere mitochondnia
are of only moderate size tnd abundance

RNA Granules Tt 1s now po ible to characterize RNA granules with the
electron micro cope It may be noted that the cytoplasm of the proximal
tubule cell 15 notably rich n the e organelles This gives 1t the pronounced
basophilia well known to the light micro copi t  Although some of these
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granules are found m other portions of the nephron they are not notably
concentrated elsewhere

CONCLUDING REMARKS

An effort has been made to dwscuss the newly discovered cytological pecial
1zations of the hidney In general these morphological details could not have
been revealed by conventional micro copy they demanded the resolution
made possible by electron microscopy It 15 surprising how complex this
organ now appears to be yet no doubt we will find in this complexity new
ways i which the kidney can perform its precise regulatory function Un
douhled]y the [ulure will see this new morphology coupled with physiological
and path ledge This will the fourth and most 1mpor
tant epoch 1 our tudy of the kidney by electron micrascopy
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SOME TACTORS INFLUENCING THE RLNAL
LXCRETION OF SODIUM AND WATER

N ¥ Wurre, M D, Prajessar of Physiology, Department of
Pliyswlogy, W ashington Uniersity School of Medicme
St Lows, Mo

The rate of excretion of <odsum and water represent the differences be
tween the rates at which they are Altered and at which they are reabsorbed
by the tubules Our present ta k 1s 1o con 1der the factors y hach an effect
i normal or abnermal state  alterations mn these difference  If ncrease
s reab orption equals tcrea o in filtered Joad there is no change n excre
tton  Retention means merely that output has fallen below intake and this 1s
because tubular reabsorption 1s excessive for the current filtered load We
da not know why this occurs an for example congestive falure but we
mey ronsider briefh <ome of the po sibiliites

FILTRATION RATE

It 15 well establs hed that in the case of normal hidney an acumely pro
duced mall percentage fall m glomeruhyr filtration vate {GFR) as for
stance by mechanical compre sion of the renal artery by s fall 1 53 temue
artenal pressure or by postural changes brings about Jarge percentage acute
falls 1 rate of codiwura and v ater excretton That 1« reabsorption 1s temporar
iy exce styve for the reduced filtered Joad If howerer the falf in GFR 15 mam
tamned output ries to rormal 1e retbsorption falls unul output agam
equals intake As examples the chronw Geldblatt de,, does not show edema
nor does the hypoph d dag with cb My reduced GFR We
may postulate that the transitory retention praduced by the temporary per
st tence of reab orption which 1s I h relative to the reduced filtered load
eventually stonals the tubule  directly or indirecth that a <urplus exst
and reth arption falls unbil output again equals mtake We can only specu
tate as to whether thrs adaptation m tubtlar behmior 15 brought about {at
by a hight and not ea iy detectable micrea e in plasma odim concentration
winch signals the tubules either directly or via a reduction mn output of sakt
retammg adrenal teroids  fb) by solume receptor which Irng about
alteration 30 tubular actiuty 1n some unknown way (as by reflex suppression
of ADH or aldo terone eereton?) or fr) by ome other unidentified process
or combination of proce es
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We do have expenimental evidence that of such tomp orary retention 1s pre
vented the exce sine tubular activaty relatine to the reduced filtered load per
st and the <odtum and water outputs of the afTected hidney remain low 2
long as ste CFR e low  This 15 shown as follows (1) With trawned un
ane thetizad dogs previou ly operated upon to permit epara ¢ unine collee
tions from the tho kidney  the outputs of odium and water on the two 1des
are ¢« entially equal a<are (R and renal pla ma flow (RPF) W ath chronic
con tricion of onc renal artery sufficient to produce permanent small per
centage falls in GER and REF in that kidney the outputs of odium and
waler by that hidney show permanent large percentage falls per 1sting as long

as the con triction 15 d This as bls becau ¢ has
Feen limited by the undt turbed companion hidney in which output of odium
and water 1 es until the combined outputs of the two hidncys equal the nor
mal for the two hidnev  1e  until output cquals intake  If hypertonic saltne
1s given intravenou b both kidneys how a great and equal percentage rise 1n
odim output the output of the hidner with the constricted artery rematns
the same mall fraction of that of its companion If the con tnicting liga
ture 15 removed the output of the previou Iy con tricted kidney 11 es and that
of 1ts companion falls until they are agan equal their um continuing to
equal the ntake  This cycle may be repeated

A numerical example with no preten ¢ of quantitative accuracy may 1l
lu trate ths viewpoint A ume a steady tate with GFR of 100 ml /min
sodium concentration wn filtrate of 11 mEq /100 m! and odium excretion
of 011 mbq /min With each kidney excreing 007 the tubules of each
kidney are <et to reab orb 693 mEq /mmn which they will continue to do
until omething happens to change therr behavior Con triction of one renal
artery drops the CFR on that side to 45 ml /mun  with no immedrate change
on the other 1de With 63 mEq /min now filtered on the con tricted side
and the tubules (since there has been no change in pla ma compo ition) stll
set to reab orb 693 none would be excreted 1f reabsorption continued at 1ts
former rate Since removal of the last traces of odium 1s difficult reab orp
tien fall a lttle hort of being complete with 6293 reab orbed and 0007
excreted With GFR 90 per cent of its precon triction value sodium excre
bion on that side 1s only 10 per cent Becau e of diminished total excretion
sodium develops ded intake 1s ] The surplus of
odium 1gnals the tubules to cut down on reabsorption As this signal de
velops the output from the unconstricted side nises until balance 15 re estab
I hed This 1gnal al o operates on the con tricted side but produces only a
small absolute rise 1n excretion from that «ide since the reabsorptive set
can be reduced considerably and still exceed the amount filtered

64



With moderate constriction the sodium and water outputs from the con
tucted 1de may be only 10 per cent of tho e of the companion while GFR
and RPF are 80 to 90 per cent 1f now the compamon kidney 1s removed the
remaiming kidney s artery  tll being con tricted 1ts odwm and water out
puts quickly 11 e from ay 10 per cent of the intake to equal the mntake At
the same time 11s CFR and RPF r1se to a level omewhat hugher than that of
one normal kidney but considerably lower than that of the two normal kad
neys Here agmn we ee normal output of sodium and water with chrom
cally reduced total GFR We thus ee that bilateral reduction in the GFR
produces only lemporary reduction in the output of odum and water and
untlateral reduction 1n the CFR produces perst tent reduction in the output
on that s:ide o long as the companton hidney 15 pre ent  But after removal
of the companion the output of the remaiming con tricted kidney 1 es to
normal even though 1ts CFR {sin pite of a n e above that seen while the
companion was present} 3 till below the normal for the animal

We can po further and apply a constriction so evere that the kidney be
comes completcly anuric although blood flow persists as shown by x ray ex

(nephrogram) after intravenous Urokon mjection(2)  If now the
companion kidney 15 removed unine flow from the everely con tracted hidney
18 re-e tabl; hed and the ammal suriies without odium or water retention
With the (FR at zero or very low mn the anunc or near anuric constricted
kidney Lefore removal of its companion the GFR m es to about that nor
mal for one kidney but fails to rise as high as 1t does after unilateral neph
rectomy with the remaning kidney not con tnected  The e dogs howed ar
tenal hyperten 1on 1n the postcon triction prenephrectomy stage (r e from
control mean of 112 to mean of 150 mm H,) with no further 11 e after
removal of the uncon tricted kidney Thus the resumption of filtration and
urine flow 13 not explamed by a further nise m perfusing pressure but mu t
be due 1o a fall 1n preglomerular renal va cular re 1stance Striking elevation
of plasma urea after remoral of the companion kidney was only temporary
We thus ec that when one renal artery 1 con trcted so everely thit unne
flow from that kidney completely or almo t campletely cez es urme flow
from that kidney adequate to maimtain odium and water balance and an
hed after removal of the com
peak

almost normal pla ma urea level 1s re ¢ tablt
penion kidney without further ncrea e in artenal pre ure Th
again t the view that hyperten 10n 13 2 compensatory proce s to ensure ade
fMuate kidnev perfusion The mecham m by which 1a cular resi tance 1 2
remaining con tacted kadney fall after remorval of 1ts uncoustricted com
tanon i presumably the ame as after umlateral nephrectomy where the re

maning kadney 18 not con tricted  the respon ible factors are unknown



These experiments  peak against the siow that sodm and water reten
tion mn congestive fmlure can be reforred to 2 lowered GFR - Wath bilateral
chronie reduction i GIRt normal tubules re pond by dimmishing their re
ab orption of odium and water untii output agam equal intake The ability
of the tubules to alter thar reab orptive actnaty toward odium and water
o that output cqual intake fon a day to day or weeh to week although not
nuee anly on & minute to mmute or hour to hour hasic) may indecd be
tahen as the definttion of rormal tubular behavior <o far as odium and
water arc concerned  The retention of odium and water 1n conge tise falure
13 then by defimtion the re ult of an abnormal Iehavior of the tubule 1e
real orption from the filtercd load of uch an imount that the quantity s
e, rcab orption 1s le than the mtake

Tins dov ot mcan that we mu t con ider congestne fatlure to be due to

primary divea ¢ of the tubules  The tubules may be quite normal but re
ponding with unde rably fugh reab orptine actnaty to exaggerated factor
tmulating reab orption Before we can di cu  thes matter with any degre
of ati faction we mu t hnow more about the ¢ factors than 1s now known
Four of the e may be mentioned here change in pla ma odwm lel an
GFR and m extracellular flnd volume and finally hormonal influcnces

An tmportant recent ob trvation demon trating 1nerea ed tubular reab orp
tion of odium in congestine fature 15 reported by Barger etal (3) Ina dog
with two bladder pouches permiting urine collection from the eparate hid
ney  a mall catheter s chronscally tmplanted i 2 renal artery  Infu 10n
of small amount of a hypertome ahine olution into one artery of a normal
dog produces a fivefold to tenfold increa e in- odium exeretion by the injected
kidney sathout a detectable change m the GFR or the RPF and with no
signtficant change in excretion on the other ide  This means drminished
tubular reab orption not dependent on (Fh ehanges or sy temie hormonal
mnfluence  Pre umably the tubular cells here change their behavior w direct
respon e to the locally increa ed altine s of the pla ma and filtrate It may
De that this normal acate e pon e 15 imply an unchanged rate of reab orp
tion 1in mM per unit ume in the pre ence of an increaced filtered load of
sodium n any event the end re ult ) the rejection and cxcrelion of more o

diunt per urut me m rc pon e to the local wcrea e i concentration The
ame experiment 1n 2 dog 1n conge tine fallure however hows no increa e1n
sodium excretron on the Jnjected side 1e  the tubules reab orb all the ex
ce s salt presented to them i the filtrate The e failure dogs honed a normal
GFL but a low RPF This convineing proof of increa ed tubular reabsorp
twe getnaty for sodium n failure nill leaves the mecham m unexplained

Le s expected 13 the authors finding that anjection of cardiac glyeo 1des anto

one renal artery m amounts insufficient to produce systemic effects also 1n

crea es sodium excretton from that side 1n dogs m failure
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FACTORS INFLUENCING TUBULAR REABSORPTION OF
SODIUM AND WATER

Plasma Na Level If the pla ma sodium level 15 raised within physiology
cal limits by oral mge tion or 1ntravenous injection of hypertomic alne
tubular reabsarption of sodum may dummih 1e excretion 1s mcrea ed
even though the GFR may be unchanged Even though the GFR and the
ab olute amount of sodium reab orbed per unit ime may be increased when
plasma level 1s rased one can at least av that a smaller percentage of the
filtered sodium 1s reabsorbed This tubular response 1 more prompt 1n the
do,, than in man It mav be due to a direct sensing by the tubules of the
ncreased saltine s of the pla ma or indirectly to a dimm hed output of salt
retamning steroid  or to both Evidence for the second mechani m 1s seen
i the hr tochemical and cytological changes in the zona glomerulosa of the
adrenal cortex following merca ed salt intake Conver ely 1f the plasma
odium level 1 lowered even Mrghtly a by salt deprnation or by dilution
with water dninking tubular reab orption of sodium becomes more nearly
complete 1¢ output falls even without a di cermble fall 1n filtered Joad
There 15 no evidence however that the increa ed avidity of the tubules for
soditm 1n congestne failure 15 due to a lowered plasma odium lesel The
above ciied observations of Barger et al ndeed show that uch increased
avidity perst ts even when the plasma sodium level 1s locally increased This
1s n keeping with the previous finding that the failure patent fails to excrete
a salt load 1n the normal fashion

Changes in GFR  Some a pects of the effects of changes ;n GFR on tubular
reabsorption of odium and water have been discussed above but 1t may be
appropriate to constder here the question of Tm'y The uggestion(4) that
dustal reabsorption of sodium 1s imited by a maxamal rate 15 recogmized to be
an ov )} If during abundant sodium (di tal odwm
reab orptive mechamsm presumably aturated) GFR 1s reduced 1t 15 true
that odium excretion will how a large fall perhaps almo t to zero If Tm®,
were con tant  odium excretion hould remam low untl the distally pre ented
load of odwm 1t es (through a 11 e in pla ma level with continued ntake)
to the control value But sodum excretion will 1t e long before the pla ma
level shows such a r1 ¢ indicating that T9. dees not operate at a con tant
and maximal rate  Smuth accepts the po sthility that Tm® 15 subject to 1n
rea e or decrea ¢ m re pon e to one or everal physiological factors (5)
Anoth r po 1bility as considered 1n the next paragraph 1s that with a de
creae m CER an merea ed percentage of the filtered load 1 reabrorbed
proximally lowerin_ the di tallv pre ented load below Tm If this low
ered percentage of §roximal reab orjnon hegins 1o return toward normal
before pla ma odium kel hows a certainly demon.trable rce (we do not




know whether or not this occurs) the distal foad may again 11 ¢ ahote Tmd,
with increase 1n output

Dr Surt lun and 1(6) recently inve ugated postural effects on tubular
reabsorptive actaty i normal human subjects m maximal water diare 1s
The as umplions are made that (a) prosimal reab orption 1s 150 mohic and
(h) distal water reab orption has ceased Creatmmne clearance was shghily
lower on standing  Since the percentage fall 1 water excretion on chang
g from lyng to standing was constderably greater than the percentage fall
i GFh 1t follows that the percentage of filtered water reabsorbed provimalls
was ncreased on standing  Since proximal realsorption 1s con idered as
1o motic the percentage of filtered sodium reabsorbed proumally was albo
merea ed on tanding  Since free water clearance howed a greater per
centage fall on stinding than did the GFR i 1al reab orption of olutes
largely odium alt  <howed a greater percentage fall than the GFR  Thy
we conclude that on changing from fying to standing 1 maximum water
duwrests the percentage of filtered water and odiwm reabsorhed proximalhy
15 increased s hule the percentage (and ab olute amount per unit time) of
odium reabsorbcd distally 1s deerea ed  The <ame conclusions hould fol
low from amv combmation of circum tances leading 1 maximum water
diuresis to a greater percentage fall in urine flow and free water clearance
than mm GFR Winle mauimum water dwiresis 1s u ed here as a tool to de
termune proximal water and sedtum reabsorption and dr 1al sodium reab
orption we ee no rea on why the ame considerations should not apply
at other rates of urine flow If these interpretations are valid it 1s <een that
considerable vanations m the proporhons of odium reab orbed provimally
and dustally can occur phystologically

Changes 1 ECF J olume o evidence 1> known for any type of tretch
or baroreceptor 1n the mter tiial spaces but they are known to evs t n blood
vessel walls 1 various regions If one 1s to postulate extracellular flnd vol
regulating excretion of water and sodium 1t therefore seems most
to postulate such stretch i in vessel walls  Evidence that
such stretch receptors operate 1n ves els of the head has been reported (7 8}
while others have failed to obtain these results (9 10) Evidence for mntra
thoracic receptors presumably on the venous side of the pulmonary errcuit
affecting renal excretion of water without effect on sodium excretton or the
GFR 15 reported by Gauer et al (11 12) We were unable to find any
difference between the normal and the denervated kidneys respon es to such
sumulanon(13)  Since the merea ed urine flow occurs without a change 1n
the GFR or the rate of sodum excretion and 1s unaflected by renal denenva
ton a reflex ihibition of ADH formation eems the mo t Likely mechamsm
¢ 1nclined to discount the importance of such stretch receptors in regu

ume effects
bl
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laung blood and inter tiial flurd volume ince the increa ed water output 15
not accompanted by odium

Humoral Influences We will mention here only the well known effect of
ADH 1n increasing di tal reab orption of water v ithout olute and the n
crea ed reab orption of odum under the nfluence of variou adrenal ter
oid  particularly aldosterone TFhe important but unan wered question of
how the output of aldo terone 1> regilated can only be touched on here 1t
may well prove of 1mportance 1n the edemay of conge tive failure and of the
nephrotic syndrome

Dogs with demon trated complete ab ence of neurohypophysis and median
eminence can stll form a hypertonic urine on water deprnatien but the
que tion must remain open as 1o whether the tubules 1n everely dehydrated
subjects can hll reabsorhb ome water in excess of olutes without ADH or
whether the effect 15 due to residual formation of ADH 1n the hypothalamus

Peflex stimulation of ADH formation n re pon e to painful stmul or to
Inight has been demon trated beyoud a reasonable doubt{14) Various work
ers have reported hypnotically induced water direst mn man presumably
resuling from erebral anhibition of ADH formation There are al o reports
that i dogs ¢ ure 1s will occur without water admim tration even when the
kidney 15 denervated 1f a conditioned stimulus has been e tabli hed by re
petted apphications with water The e finding are cons: tent with the view
of reflex mhibition of ADH formation but Bykow s finding(15) that cond1
tioned mitration or inlibition of water dwresis persists after hypophy sectomy
but not after renal denervation plus hypophy ectomy 1s interpreted as indi
cating cortical control of water excrehion at the renal level independently
of varations 1n ADH formation  Whether this direct renal effect 15 va cular
or tubular remains unan wered even 1if one grants that itext 1 It may well
be that Bykow s remoual of ADH forming tis wes was imcomplete although
this would not evplain the lack of effect after renal denervation since the
infiuence of ADH 1s still seen in the denervated hidney The entire matter of
central nervou effects on water and sodwm everetion remains tn an un atis
factory state although my per onal view 1s that the evidence for direct nerv
ou nfluences on tubular activity 15 quite nconelu 1ve (15 16)

We may briefly con ider ome chinical evidence for eentral nervous sys
tem regulztion of odium and 1 ater excretion  Salt wa ting I ading to severe
hyponatremia and dehydration 1n the pre ence of apparently normal an
terior pitwatary and adrenal cortical function bhas been de erabed {17 18)
Th abulity of the tubule to con erve sodrum 15 impaired even though plasma
odtum level 1 Jow While no certain conclu 1on can b drawn as to 1ts
mechani m the ccndition apparently differs from the altlosing yndrom=
attnibutable to an inherent tubular defect in that it di appears on recavery
{rom the ceniral nervou le 1on
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In closing we may be permtted a few speculations although we are able
only to restate questions without answering them We hall start from the
1dea which of cour e 15 not original that the renal role n edema formation
18 an exces e twbular reabeorption of sodwm {with accompanying waler)
in relation to the filtered load Taking congestive Jailure as an example we
may conclude that there 1s not prsimary abcrration of tubular funelion since
thus Function rcturns to normal as cardiac function improves The que tion
15 What 1s 1c pon bl for this merea od tubular actnaty?  We may po tu
late some humoral sub tanec produced m excess n conge tive failure and
deficient in the cercbral ealtlo i, <yndrome Can this be aldo terone?
Aldesterone production 1s hnown to be but hitle reduced after hypophy
sectomy although the output of other adrenal steroid 13 greatly reduced(19)
This 15 const tent with the finding that hypophy ectomized dogs can man
tain normal or almo t normal sodum balance (20 21)  While the prnct
pal factor immediately responsible for the regulition of aldo terone produc
tion remarns unhnown apparently st 1s not the anterior pitwitary

Aldosterone excretion and pre umably production 1s inerea ¢d i alt
deprnatton and in edematous patients while expan ron of body fluds by
water plus pitre <in i <odium depleted <ubjects deerea ¢o the previously high
aldo terone excretion and nerea es odium excretion de pite hyponatremrs
suggesting a role of fluid volume change(22) When putre<sin 1s stopped the
retained water 1s chminated aldo terene excretion nices and salt excretion
drops the subject has bad 2 net loss of alt There 1s mcrea «d excretron
of a sodwm retainng substance probably alde teront in nephrosrs and 1n
heart faure when sodium excretion 1s low  Fxcretion of the presumed
aldosterone dumin: hes during diure 1s when odium excretion increase It
1s not found n Addions disea ¢ or aflter bilateral adrenalectomy It ex
cretion 1s ncrea ed on salt deprnation and dumni hed on high salt n
take(23) The unexpectedly high output in <odium losing nephritis may
simply mean that in this conditton the tubules are 1n ensitive to its actron

It sppears justifiable to entertain the hy pothews that the reduction of alt
excretion at least in salt deprivation 1 the normal subject 19 the re ult and
not the cau e of mcreased aldosterone production On depriving a normal
subject of salt or on extrarenal lo s of alt output exceeds ntake and the
resultant fall 1 plasma level or Mind volume or both call forth increa ed
aldosterone production with resultant Jow urinary (and sweat) output of alt
0On the other hand if the kidneys are unable to conserie alt in a normsl
faslion perhaps becau e of 1 ensitnaty to aldo terone negatne sodium
balance may persist even with hugh hormone production  That fluid volume

may be a more important factor than plasma sodium level 1s cugge ted by
the finding that aldosterone excretion increased reatly within a few hours

1 2 diabetes 1 1pidus subject deprived of water although a nise m plasma
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odwm level 1 not excluded hese Nommal men re pond te relatnely small
tnereases sn sodium Joad with a great decrea & i unnary aldosterone but
heart failure and portal esrsho 18 subjects ave much less re ponsne  Aldo
terane secretton was decrea ed on sncrease m ECF yvolume and werea ed on
decrea.e of ECF volume regardle s of whether ECF o molabty ro e feli or
was unchanged{23)  Normal dogs exerete only traces of aldosterone winle
heart failute or caval con triction dogs excrete large amounts(25)

Speculation that hyperaldosteromsm may be an mmportant factor 1n the
pathogenesis of cardiac or nephrotic edema must be tempered by Conns
finding (26} of primary hyperaldo tesont m due to adrersocortical tumor
EY Hy relieved by admnny tration  cured by operanon
:md charactenized by hypetten 1on transitory paraly es polyuria re s tant to
pitressin ab ence of edema high sodwm and low pota wm pla ma fesels
and hugh sodam with low potas wm tn mu cle  Kydney biopsy shoued the
mbular vacuolization and necrosis character: ic of evere pota twm deple
tion  This 1s far from the picture of conge tne fadure It may well repre
senf however an extreme iuatien where the deletenious effects of pata sum
depletion are the prneipal mamiedtation  The hidney tubules have suffered
uch a derangement of function that the reab orption of odim and water
cannot wnerea ¢ in the expected way i re pon e to hagh aldo terone level

Perhaps 0o one wauld mantan that hyperaldosterom m 19 2 primary factor
m cardise or nephratic edema  Some of us at Jea t behieve that the accumy
lation of these edemss depend  primcipally on phy scal faciors  duning such
actumulation output of alt and water necessanly falls below intake or tated
Differently the &ff rence between filtered and reab orbed sodism and water
fall below the mntake We mu t admit that we do not know why reabsorp
ton during this persod ss exce ive relatsie to the filtered load so @t may
still be permi ible to wonder whether a humoral factor le s marked than
that een in ca ey such as Conn 15 operaing Dunpg teady tate edema
the ubject 15 agamn an halence 1t 1> not known why the relation between
filtratzon and reab orption has agam chaned o that output now equals m
take and the ame considerations apply n the clearing of edema Pro
sumably a balance 1 aclieved between the retammng effect of aldo terone and
the various factors tending to promote excreion We are comunced that
mere reduction of fltration is not re ponsible for retentson  nce wath ex
perimental chrome bilateral reduction of GER wn otherwi e mormal hidneys
talance 1 ree tabl hed before any demon trable edema has developed

It ha teen postulated that the hyperalda teroms m of the edema 1 2 ec

ondary develcp ment  Nat onfy s the mecham m triegenng the increased
harmone ¢ duction unbnot n but the effect 1o oppo e to that expected
Experimentally indu vd scute sncrea ¢ of fusd sofume lead to chominy hed
aldo terone and mcereased sodsum excrenon the reser ¢ of the findings 1




clinteal edema  If there 1s any cau al rcation the fluid volume changes m
chintcal edema mu t be the result and not the cause of the merease n aldo
sterone For additional refcrence  relanng to the last five paragraphs <e
(27 28 29)  Refiranec mu t al o be madc to Selkurt s excellent review (30)
of the general topue of adium and waser excrehon

To summanzc deprnnation of alt and water i normal <ul jects nerea es
aldosterone productron while alt and water loads decriase ot The primary
event 1s a fall or 11 ¢ 1n FCF solume or odim level or hoth wath the result
ing nise or fall m aldostcrone production helping the tubules to bring about
a return to the normal tatus In heart fmlure on the other hand excess of
FCF volume and of body <odium load appearing s« edema 15 accompansed
not by a fall asin the normal but by a rt e 1n aldo terone production  And
with the natriwre is of dearing edema aldo tetone production fall  In such
condition the ¢hanges in aldo terone production are not the re ult but one
of the cau ¢ of the flnd chanye  of amy cau b relation et 1 The cau e of
such increa ed aldo terone production in spute of an exee < water and odtum
load remains unexplained
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