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I. Introduction Angiotensin I is converted to angiotensin

IIT by an enzyme present in particularly
high concentration in the lung (116, 117).

RENIN, released from the kidney, cleaves Other organs contain renin (or a renin-like
angiotensin I from plasma a: globulins. enzyme) (114) and an enzyme capable of

A. General Comments
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converting angiotensin I to angiotensin I1
(33, 168). However, as its name implics,
renin is regarded as a renal enzyme, the
word being given by Tigerstedt and Berg-
man (164) to a saline extractable pressor
material from rabbit kidney. It is therefore
logical that the roles of renin and angio-
tensin have been studied extensively in
hypertension of renal origin. The simul-
taneous discovery of angiotensin by Page
and Helmer (124) and Braun-Menendez
et al. (21) and the subsequent availability
of pure material have cstablished the pep-
tide as the most potent endogenous vaso-
pressor substance known. However, by
itself this effect of angiotensin (or renin) is
insufficient to explain most hypertensive
states including chronic renal hypertension.

Many earlier scientists recognized this
point. For example, Dock and colleagues
(42-44), who subjccted control and renal
hypertensive rats to decercbration and
pithing, reported that the blood pressure of
both groups fell to identical levels, although
vascular smooth muscle was sensitive to
direct vasoconstriction by epinephrine or
posterior pituitary extract. Similar neuraxis
destruction in control and chronic renal
hypertensive dogs also produced immediate
equality of blood pressures. Hence, as Dock
and colleagues pointed out, ‘“‘the renal
pressor hormone does not act directly on
the arteries” (43). Similar conclusions from
experiments with chronic renal hypertensive
dogs were reached by Glenn et al. (76) and
with rats by Ogden and colleagues (120,
121). Pickering (132), who studied the
circulation of the human hand during acute
and chronic nephritis, provided early evi-
dence for a difference in mechanism between
these two stages of hypertension in man.

If the renin-angiotensin system is involved
in hypertensive states where abnormal
amounts of circulating vasoconstrictor ma-
terial are not found, then the mechanism
requires further definition. Many lines of
research have been pursued. One of these,
perhaps less well known than others, con-
cerns interactions of angiotensin with the
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central nervous system (CNS). Some high-
lights of this research are listed in table 1.
In 1961, Bickerton and Buckley (15) first
demonstrated that angiotensin could pro-
duce a centrally-mediated hypertensive re-
sponse. Subsequently, the literature con-
cerning interactions between angiotensin
and the CNS has greatly expanded. Differ-
ences of opinion exist concerning the role of
angiotensin in the brain. Two quotations,
taken from the recent literature, illustrate
this diversity of opinion. Levy and Ahlquist
(102) state: “Most workers agree that while
angiotensin exerts a potent peripheral effect
it has no effect on the central nervous
system.” On the other hand, Ferrario et al.
(56) conclude, “It appears that a significant
portion of the hypertensive effect of circu-
lating angiotensin is mediated through a
direct action on the brainstem.”

This review discusses: a) difficulties as-
sociated with the study of angiotensin in-
teraction in the brain; b) observed central
angiotensin effects; and c) their possible
significance. Although this review is con-
cerned with central angiotensin effects, our
intent is not to minimize the importance of
the many peripheral effects of the peptide.
Clearly, angiotensin has marked effects on
the smooth muscle of the blood vessels, in-
testine, and uterus as well as cardiac mus-
cle; it increases adrenal cortical and medul-
lary secretions and interacts with the
sympathetic nervous system at ganglia and
nerve terminals. The reader is referred to a
group of excellent reviews for broad coverage
of peripheral angiotensin effects (95, 111,
123, 125, 131).

B. Methodological Considerations

A prime difficulty in studying central, as
well as peripheral, angiotensin activity is
that the biochemistry of its interaction with
tissues is unclear. Angiotensin was long
thought to be an intravascular hormone,
being synthesized and degraded in blood.
However, Hodge et al. (84), with the super-
fusion technique, showed that angiotensin
was cleared rapidly from many vascular
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TABLE 1
Some highlights of the angiolensin-CNS
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field

Research Finding

l Reference(s)

First demonstration of a central effect of angiotensin: hypertensive
response in cross-circulated dogs

First suggestion that vertebral arterial infusion of angiotensin
caused a greater hypertensive response than intravenous adminis-
tration

Localization of a central site (midbrain) where angiotensin produced
a hypertensive response after administration into ventricular cere-
brospinal fluid

Evidence that a medullary site (area postrema) produces the hyper-
tensive response due to vertebral arterial angiotensin infusions

Suggestion that angiotensin may have central hypertensive effects in
man

Early demonstrations that centrally administered angiotensin

Bickerton and Buckley, 1961 (15)

Dickinson and Lawrence, 1963
(39)

Severs et al., 1966 (151)

Scroop and Lowe, 1969 (144); Joy
and Lowe, 1970 (90)

Johnsson et al., 1965 (86); Scroop
and Whelan, 1966 (146)

Booth, 1968 (19); Hendler and

causes changes in drinking behavior

Early suggestions that centrally administered angiotensin may cause

antidiuretic hormone release

First demonstrations that renin and angiotensin are endogenous to

brain
Positive correlation between blood pressure of

tensive humans and cerebrospinal fluid concentration of an angio-

tensin I-like peptide

beds, including that supplied by the carotid
artery. The disappearance of the peptide en
passant through tissue was far more rapid
than could be accounted for by blood catab-
olism. What happens to angiotensin as it
passes through a tissue phase in terms of
distribution, binding and/or accumulation,
retention and catabolism is not well estab-
lished [for a review, see (95)]. For example,
for proper interpretation, studies of the fate
of labeled angiotensin would have to involve
isolation, identification, and localization of
labeled species in pure form with high recov-
ery. Furthermore, since angiotensin is a re-
active molecule, it would be necessary to
evaluate the biological significance of prod-
ucts differing from the starting material. To
our knowledge, such a thorough analysis of
the interaction of angiotensin with any tis-
sue has not been achieved. Hence, it is diffi-
cult to determine what type of access angio-
tensin may have to the brain.

CNS studies with angiotensin are even

Blake, 1969 (82); Daniels et al.,
1969 (35); Epstein et al., 1969
(53)

Andersson et al., 1970 (7); Severs
et al., 1970 (155); Mouw et al.,
1971 (110)

Fischer-Ferraro et al., 1971 (58);
Ganten et al., 1971 (70, 71)

essential hyper- | Finkielman et al., 1972 (57)

more difficult because of the additional
problem imposed by the blood-brain barrier
(BBB). The tightly packed endothelium of
brain capillaries poses a formidable barrier
to the passage of many molecules (46). From
a purely physicochemical point of view, it
would seem unlikely that an octapeptide car-
rying a negative charge at plasma pH would
cross this barrier. However, in spite of the
above difficulties, the possibility of penetra-
tion cannot be automatically dismissed. It
is of interest in this regard that renin and
angiotensin appear to increase protein leak-
age from the vascular compartment (94).
Moreover, the BBB appears to be deficient
in several brain regions such as the neuro-
hypophysis, tuber cinereum, area postrema,
pineal body, intercolumnar tubercle (176),
and circumventricular organs (46).
Penetration of angiotensin into cerebro-
spinal fluid (CSF) must also be considered as
a mechanism which can initiate CNS effects.
Some evidence is available to suggest that
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angiotensin may cross the blood-CSF bar-
rier (172), and it is clear that exogenous pep-
tide produces marked effects when injected
into ventricular CSF. The presence of neu-
rons in the ependyma of cerebral ventricles
has been established by light and electron-
microscopy (22, 173), and neuronal processes
appear to project into the cerebral ventricles
of many vertebrates. These anatomical ob-
servations have led to the concept that intra-
ventricular nerve processes are receptors
which could monitor CSF composition or
pressure.

In addition to the problems concerned
with the access of angiotensin to the brain
and/or CSF, research concerned with the
centrally mediated cardiovascular effects of
angiotensin must deal with differentiating
central from multiple peripheral sites where
the peptide could alter the cardiovascular
system. One approach has been the utiliza-
tion of vascularly isolated, neurally intact
head perfusions. When appropriate measures
are taken to prevent blood leakage from the
head circulation to the periphery, centrally
administered angiotensin will not reach pe-
ripheral sites of action. However, cross-circu-
lated or extracorporally perfused head cir-
culation preparations have a number of
limitations. They require reasonably deep
anesthesia and rather extensive surgery.
Moreover, drugs administered into the head
circulation may produce cardiovascular ef-
fects secondary to the release of vasoactive
substances from the cranial vasculature or
by altering pressure/flow relationships that
result in cardiovascular readjustments (cf.
112 for methodological limitations).

Another approach to the demonstration of
centrally mediated cardiovascular effects of
angiotensin involves infusion of the peptide
into an artery supplying the brain. Most
studies of this type compare the magnitude
and temporal aspects of observed responses
with intravenous infusions at the same dose
rate. Although this approach has been ex-
tremely useful, it is still difficult to eliminate
the possibility that such arterial infusions
cause local CNS ischemia or redistribution
of blood flow within the cranial circulation.
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Injection or infusion of angiotensin into
CSF has also been utilized in research de-
signed to detect angiotensin-CNS-cardiovas-
cular interaction. It is necessary in this type
of experimental approach to eliminate leak-
age of the peptide into the peripheral circu-
lation as the cause of any observed effect.
This is most frequently done by making ad-
ditional injections after destruction of part
of the neuraxis. This type of control, how-
ever, does not establish a central effect of
the peptide since the lesion may simply pre-
vent an afferent neural effect caused by
peptide which leaks into the circulation. It
is also theoretically possible that nerve sec-
tions to eliminate endogenous sympathetic
tone could antagonize a peripheral effect of
peptide which leaks from the CSF to cause
a potentiation of sympathetic tone.

In addition to the problem of access of an-
giotensin to central structures and the meth-
odological problems involved in distinguish-
ing central from peripheral effects of the
peptide, it is evident that many ‘‘classical”
variables are of importance. Some of these
variables and an example of each are: a) An-
esthesia—intraventricular (IVT) injections
of angiotensin are pressor in conscious rats
(155) but not in rats anesthetized with chlo-
ralose or barbiturate (147) ; urethane inhibits
the sympathetic component of the cardio-
vascular effects of angiotensin in rats (171).
b) Sex—central pressor activity is markedly
reduced in anesthetized cats which are preg-
nant or lactating (149). ¢) Species—IVT
angiotensin is pressor in anesthetized cats
(151) but not rats (147). d) Sensitivity—sig-
nificant differences in central angiotensin
pressor effects exist between groups of cats
but not within groups (34). e) Route of ad-
ministration—intravertebral infusion of an-
giotensin, but not intracarotid, produces
hypertension (90, 161). f) Duration of con-
tact—pressor effects of ‘“subpressor” intra-
venous angiotension infusions are seen after
a time lag of 1 to 3 days (106). g) Tachyphy-
laxis—repetitive IVT injections of angio-
tensin produce diminished pressor responses
in conscious rabbits (138). h) Interaction
with other substances—prostaglandin E,; po-
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pathetic discharge to the cardiovascular sys-
tem. Further investigation (24, 81) showed
that: a) the angiotensin effect was not pro-
duced by central injection of other vasopres-
sor substances; b) denervation of the carotid
sinus-body complex did not alter angiotensin
activity; and c) the central angiotensin re-
sponse had no temporal correlation with the
response to hypoxia.

With both the donor-perfused dog cross
circulation preparation and extracorporeal
perfusion of the isolated dog head, Benetato
et al. (13) independently confirmed the ex-
istence of central angiotensin pressor activ-
ity. These investigators found that the blood
pressure response to intracarotid angiotensin
(1-4 pg/kg) was abolished or reversed by
prior reserpinization (2 mg/kg, i.p., 12 hr
prior). Since central infusion of norepineph-
rine to reserpinized animals restored the cen-
tral pressor effect of angiotensin, the peptide
may have acted by central adrenergic mecha-
nisms. Intracarotid administration of large
doses (10 mg/kg) of chlorpromazine did not
influence angiotensin activity, thereby lead-
ing Benetato et al. (13) to postulate a medul-
lary site of action for angiotensin.

Barrett et al. (9) developed a method for
the extracorporeal perfusion of the CNS in
the chloralose-anesthetized cat. The tech-
nical considerations of the methodology in-
dicate that the brain circulation was vascu-
larly isolated from the periphery while the
CNS control of the cardiovascular system
remained intact. Addition of angiotensin
(0.5 ug/ml) to the brain perfusion circuit
(with carotid arterial inflow) caused a sig-
nificant increase in peripheral blood pressure
only if the cats were deafferented by section-
ing cranial nerves IX-XII (see section III,D
for further discussion of this research).

2. Effects of administration of angiotensin
into the cranial circulation. Evidence suggests
that continuous intravenous infusions of sub-
pressor amounts of angiotensin can produce
sustained hypertension in dogs (106). Dick-
inson and colleagues (39—41) demonstrated
that vertebral arterial infusion of low doses
of angiotensin to unanesthetized rabbits pro-
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duced greater hypertensive responses than
intravenous administration of the same
doses. To our knowledge, a similar differen-
tial responsiveness has not been demon-
strated between the carotid artery and in-
travenous routes although large intracarotid
doses produce centrally mediated pressor
responses in isolated head preparations (see
above). Some details concerning administra-
tion of angiotensin into the cranial vascula-
ture are summarized in table 2. The following
points emerge from this literature.

a. The majority of investigations confirm
that intravertebral angiotensin is more effec-
tive in producing hypertension than peptide
administration by the intravenous (23, 30,
37, 55, 65, 103, 138, 143,145, 162, 163, 179,
180) or intracarotid (30, 55, 161, 163) route.
The negative reports may be associated with
anesthetic inhibition of angiotensin actions,
difficulty in analyzing central versus periph-
eral effects due to temporal factors, or other
variables. All experiments with unanesthe-
tized animals have detected hypertensive
responses to low-dose infusions of angioten-
sin into the vertebral artery.

b. Pressor responses to angiotensin admin-
istered by way of the vertebral artery have
been observed in rabbits (30, 39, 41, 138, 179,
180), cats (23, 37, 93, 165), and dogs (55, 65,
73, 74, 87, 90, 103, 143-145, 161, 163).

¢. Hypertensive responses produced by
vertebral infusions of angiotensin have been
sustained up to 7 days (65).

d. Dickinson and Lawrence (39) originally
interpreted the effects of angiotensin admin-
istered by way of the vertcbral artery as
being due to cerebral vasoconstriction lead-
ing to relative ischemia of vasomotor centers.
Most of the later literature suggests that
angiotensin exerts a CNS effect which is not
secondary to vasoconstriction or ischemia
(55, 56, 138).

e. The hypertensive response to intraver-
tebral angiotensin in mongrel dogs is due to
a sympathetically produced rise in peripheral
resistance with little or no change in cardiac
output or rate (56). The response in grey-
hound dogs (which are bred for endurance)
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tensive response to vertebral arterial angio-
tensin strongly suggest peptide interaction
with the CNS.

B. Components of the Renin- Angiotensin
System in Brain

Fischer-Ferraro et al. (58) and Ganten et
al. (71) independently reported results of
investigations showing that renin and angio-
tensin are endogenous to brain. Their data
suggest that angiotensin may be locally
formed and could thus exert effects on the
CNS. Both groups isolated an enzyme from
dog brain which, when incubated with ho-
mologous plasma substrate, formed a poly-
peptide with separation characteristics and
biological properties similar to angiotensin.
An angiotensin-like peptide fraction was also
isolated. Ganten et al. (71) were able to ex-
tract a protein fraction from brain which
would serve as renin substrate, and Fischer-
Ferraro et al. (58) identified renin and angio-
tensin in rat and in dog brain. Since both
groups reported that previous nephrectomy
did not alter their data, brain renin and an-
giotensin in these experiments were not of
renal origin.

Ganten et al. (70) studied the distribution
of renin in eight regions of dog brain and did
not detect localization. Subcellular fraction-
ation revealed that renin activity was con-
centrated in synaptosome preparations
(108). Fischer-Ferraro et al. (58), however,
reported that angiotensin in dog brain is
concentrated in the brainstem and especially
in the hypothalamus. Both groups observed
that most angiotensin in brain is angiotensin
1. Considering this, it is of interest that little,
if any, attention has been directed at the
possibility of angiotensin I entering the
brain. Crude rat brain homogenate, like
angiotensin converting enzyme in the pe-
riphery, is capable of liberating His-Leu
from benzyloxy-carbonyl-Pro-Phe-His-Leu
and Hippuryl-His-Leu (32, 140). Yang and
Neff (177) described a dipeptide hydrolase in
rat brain associated with the mitochondrial
fraction after subcellular fractionation. The
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enzyme had broad substrate specificity and
resembled converting enzyme in the periph-
ery in several respects, including a chloride
ion requirement, inhibition by synthetic Bo-
throps jararaca nonapeptide, and various
metalloenzyme inhibitors. The enzyme was
detected in most brain regions, but the stri-
atum, cerebellum, and pituitary were par-
ticularly rich sources.

The studies described above document
that brain contains renin, renin substrate,
angiotensin I, converting enzyme, and angi-
otensin II. Little is known about the regula-
tion and function of the renin-angiotensin
system in brain, but it seems plausible that
central effects of exogenous angiotensin could
mimic those of locally formed angiotensin.
Like most tissues, the brain contains en-
zymes capable of catabolizing angiotensin
(2, 105). One hydrolytic enzyme has the
characteristics of a neutral proteinase (105),
and a purified arylamidase (2) has been iso-
lated from pig brain which possesses high ac-
tivity against Ile® angiotensin II.

ITII. Experiments Demonstrating Cen-
trally Mediated Cardiovascular
Effects of Angiotensin II

A. Intravascular Administration

1. Isolated perfused head studies. Bickerton
and Buckley (15) provided the first evidence
that angiotensin could produce centrally
mediated hypertensive responses. These in-
vestigators transversely divided the circula-
tion of a recipient dog between C-2 and C-4
and perfused the isolated head with blood
from a donor dog. By use of radioisotopes
they verified that the head circulation was
completely separated from that of the trunk.
Under these conditions, intracarotid admin-
istration of angiotensin (0.2—4 ug/kg) to the
isolated recipient head produced an increase
in blood pressure of 12 to 50 % as recorded
from the peripheral circulation of the recipi-
ent. Since blockade of peripheral alpha adre-
nergic receptors by intravenous piperoxan
antagonized the pressor response, centrally
injected angiotensin probably increased sym-
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brain. The data do appear to indicate that
the brain (or cranial vasculature) accumu-
lates angiotensin and/or metabolic products.
Unfortunately, the biological significance of
these observations cannot be determined.

The distribution in mice of *C-angiotensin
5 min after intravenous injection was cxam-
ined by Volicer and Loew (172) in experi-
ments in which inulin, plasma, and angio-
tensin spaces were determined. The volume
of distribution of angiotensin was signifi-
cantly greater than plasma volume but sig-
nificantly less than the volume of distribu-
tion of inulin. These data indicate that
angiotensin was not distributed uniformly
within the extravascular space to which it
was shown to have access. Sephadex chroma-
tography of plasma and brain supernatant
after addition of carrier angiotensin showed
the radioactivity peak separating with the
carrier angiotensin, as assessed by rat blood
pressure assay. The angiotensin fraction con-
tained 83.5 and 95% of the initial radioac-
tivity of plasma and brain supernatant, re-
spectively. Radioautographic examination of
the brain demonstrated label in the lateral
and third ventricles with some label pene-
trating into the surrounding brain paren-
chyma. Interestingly, no label was located in
the fourth ventricle. The authors suggest
that angiotensin enters the CSI' after intra-
venous administration and may stimulate
structures surrounding the ventricles.

While the low specific activity of “C-angio-
tensin necessitated the use of a dose of 70
ug/kg for sufficient labeling in the above ex-
periments, mice are relatively resistant to
angiotensin, and the i.v. LD50 is approxi-
mately 40 times the dose used (172). More-
over, the plasma volume of brain in the
angiotensin-treated mice was not abnormal,
thereby suggesting that no major intracra-
nial hemorrhage occurred. The high dose of
angiotensin and the distribution data at only
one point in time (5 min) limit the interpre-
tation of the experiment in physiological
terms. However, it is noteworthy that radio-
activity from brain was associated with the
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angiotensin peak after Sephadex separation
and bioassay.

Richardson and Beaulnes (134) published
an important paper dealing with the distri-
bution of !*C-angiotensin and angiotensin
coupled to horseradish peroxidase or cyto-
chrome ¢ which can be histochemically lo-
calized. After intravenous injection of 4C-
angiotensin (10 pg/kg) and *H-inulin, mice
were killed at 0.5, 5, and 15 min for deter-
mination of the carbon/tritium ratio in var-
ious tissues. Each of the six tissues examined
had a ratio of 1:1 after 0.5 min. At 5 and 15
min, the liver accumulated angiotensin
and/or metabolites so that the ratio rose to
about 15. At 5 and 15 min, the ratio in the
brain was significantly elevated to 2.3 and
3.6, respectively. There was no evidence of
14C.accumulation by kidney, lung, heart,
or diaphragm. In studies with angiotensin
coupled to horseradish peroxidase or cyto-
chrome ¢, mice were given pressor doses of
the complex equivalent to 2 to 20 ug/kg of
angiotensin. Equipotent doses of free and
complexed angiotensin had similar onset-
duration relationships in several test sys-
tems. Although it remains unproved, the
complex was probably not split after in vivo
administration. The histochemical observa-
tions in this study relevant to the CNS in-
volved observations of the choroid plexus.
The authors stated that “Vesicles containing
the reaction product are seen in the cells of
the choroid plexus 5 min after the injection,
and some of those vesicles are seen near the
villous border but none are seen to be empty-
ing into the ventricular side. The reaction
product is also seen in the extracellular
space surrounding the blood vessels” (134).

Collectively, the available data are com-
patible with the possibility that circulating
angiotensin and/or metabolites enter and
influence the brain. Technical limitations of
the above experiments do not allow unequiv-
ocal conclusions concerning the penetration
or distribution of circulating angiotensin
within the CNS. However, studies to be dis-
cussed (section III,A) which show the hyper-
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tentiates the hypertensive response to intra-
vertebral angiotensin (79). Because of these
variables, we have generally included doses,
routes of administration and temporal fac-
tors in the description of the experiments
referred to in this review.

I1. Presence of Angiotensin
in the Brain

A. Distribution of Peripherally
Administered Angiotensin

Most tissues (except lung) remove angio-
tensin from arterial blood (16, 119, 167).
With the superfusion bioassay method,
Hodge et al. (84) demonstrated that about
50% of angiotensin infused into a carotid
artery of anesthetized dogs was removed
from the blood during one passage through
the head. Although the dose of angiotensin
used was large (2 pg/min), the experiments
clearly suggest some angiotensin-tissue inter-
action since disappearance by blood catabo-
lism would require 10 to 20 circulation times.
The fate of the angiotensin removed from
the cranial circuit remains a matter of con-
jecture since the disposition of the peptide
passing through a vascular, glial, and/or
neuronal tissue phase is largely unknown.

Ganten et al. (70, 71) studied renin activ-
ity in CSF obtained by cisternal puncture in
control dogs and in dogs with high plasma
renin activity (due to sodium restriction,
homologous renin infusion, or Goldblatt hy-
pertension). CSF was also assayed for angio-
tensin in control dogs and in dogs infused
with angiotensin (0.2 pg/kg/min, i.v., for 1
hr). Since renin and angiotensin were not
found in the CSF, the authors suggest that
renin and angiotensin do not cross the BBB.
However, the negative findings with respect
to angiotensin in cisternal CSF do not resolve
the question of angiotensin penetration into
the brain. Considering the low endogenous
level of angiotensin in brain (2.7 ng/g, sce
section II, B) it is possible that small quan-
tities of peptide may have been undetected
in CSF. It is also possible that the site of
CSF sampling (suboccipital cisternal punc-
ture) was not optimal, since radioautographs
of mouse brain after intravenously adminis-
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tered angiotensin detected label in the lateral
and third ventricle but not in the fourth ven-
tricle (172, see below).

The disposition of randomly labeled *H-
angiotensin, which was chemically and radio-
chemically homogeneous, was studied by
Bumpus et al. (25, 97). When infused into
200-g rats at a rate of 4.6 ug/min, angioten-
sin ... raised the blood pressure to very
high levels and soon produced tachyphy-
laxis.” The rats were sacrificed immediately
after infusion or 30 min later to determine
the distribution of tritium. Of the 10 tissues
cxamined, the adrenal, kidney, and uterus
accumulated much more tritium than other
tissues immediately after the infusion. The
brain had the lowest value but no data were
provided on the identity of the labeled spe-
cies. Thirty minutes after the infusion radio-
activity declined in lung, adrenal, spleen,
uterus, and salivary gland; it was unchanged
or slightly elevated (less than 2-fold) in
heart, kidney, liver, and skeletal muscle. In-
terestingly, radioactivity in the brain in-
creased 14-fold, although on electrophoresis
it was shown to have a different mobility
than the starting angiotensin.

When these experiments were repeated in
rats nephrectomized 18 to 24 hr earlier, ra-
dioactivity was distributed more randomly
in the various tissues. The liver had accumu-
lated the most label, whereas the brain had
the least label immediately after the infusion.
Thirty minutes after the infusion, radioac-
tivity declined in every tissue except the
brain, in which it had increased about 4-fold.
At this time, the brain was the most radio-
active organ with the exception of the liver.
Similar to the experiments with intact rats
the electrophoretic mobility of label in the
brain was different from the starting mate-
rial. The authors suggested that the altered
distribution pattern of tritium in nephrec-
tomized animals may be related to extensive
edema, with angiotensin being distributed in
body water. Because of the need to use a
high dose of angiotensin and the general
problems with studies utilizing labeled pep-
tides these data do not resolve the problem
of whether angiotensin penetrates into the
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is principally associated with a rise in car-
diac output and rate. Vagotomy abolishes
most of the effect of angiotensin in this breed,
and the residual activity can be eliminated
by adrenergic neuron blockade (103). Since
the human myocardium is under vagal dom-
inance, these data from greyhounds may be
of importance in man (166).

B. Angiotensin Administration into
Cerebrospinal Fluid

Administration of exogenous angiotensin
into CSF produces a centrally-mediated hy-
pertensive response in many species includ-
ing the dog (75, 150), cat (34, 38, 80, 115,
150, 151, 158), rat (154, 155), rabbit (138),
and goat (5). Some of the available data are
summarized in table 3. All experiments in-
volving administration of angiotensin into
subarachnoid CSF have produced negative
data, even though large amounts (over 10
pg) of the peptide were injected (14, 138,
150). Most experiments in which angiotensin
was injected into the cerebral ventricles did
produce pressor activity. Therefore, it ap-
pears that the active site(s) is reached from
ventricular, but not subarachnoid spaces.
The inability of large amounts of subarach-
noid angiotensin to increase blood pressure
suggests that angiotensin does not exit from
the CSF to the general circulation in appreci-
able amounts. Multiple lines of evidence in-
dicate that pressor responses after IVT
injections are not due to systemic absorption
of the peptide. As examples, the hyperten-
sive activity is abolished in anesthetized cats
(158) and dogs (150) by cervical spinal sec-
tion; IVT doses produce greater hyperten-
sive effects than the same doses given intra-
venously to unanesthetized rabbits (138) or
anesthetized cats (158); and activity is abol-
ished in unanesthetized hypophysectomized,
ganglion-blocked rats (155).

The concentration of angiotensin needed
to produce pressor activity at an active site
after IVT administration is unknown. Rates
of diffusion, penetration, and inactivation,
as well as dilution by endogenous CSF, make
such a determination formidable, if not im-
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possible. In unanesthetized rats, however,
IVT injection of 1 ng of angiotensin will ele-
vate mean blood pressure by 19 &+ 2 mm Hg
(155). Ten nanograms appear to be the
threshold dose for pressor activity after a
single injection in anesthetized cat ventricu-
locisternal perfusion experiments (158).

C. Proposed Sites of Central
Cardiovascular Effects of
Angiotensin

1. Midbrain. Studies involving injections of
angiotensin into the lateral ventricles of the
cat (being perfused from the lateral ventricle
to the cisterna magna) have identified the
midbrain as the area in which the peptide
initiates peripheral hypertensive responses.
The following data substantiate this hypoth-
esis. Cervical spinal transection, cerveau
isolé transection and electrolytic transection
of the anterior midbrain all block the pressor
response to angiotensin (150, 151). Direct
injection of the peptide (500 ng) into the pos-
terior hypothalamus (151) or topical appli-
cation of up to 50 ug of angiotensin onto the
occipital or parietal cortex (147) did not
change blood pressure. Cannulation of the
cerebral aqueduct significantly inhibits the
activity of IVT angiotensin injections (151).
Angiotensin added to the perfusate as it
emerges from the cerebral aqueduct is non-
pressor (150). Hence, the active site initi-
ating central angiotensin cardiovascular ef-
fects is reached as the peptide passes through
the cerebral aqueduct. Deuben and Buckley
(38) provided strong evidence to substanti-
ate this point. During ventriculocisternal
perfusion in cats, angiotensin was injected
IVT and at two levels within the cerebral
aqueduct. The lateral ventricle perfusion
carried the small-volume injections made in
the aqueduct caudally towards the cistern.
In one series of cats IVT injections of angio-
tensin produced pressor effects equivalent
to those obtained by injecting angiotensin
into the aqueduct at a plane 6 mm anterior
to Horsley-Clarke zero. Similar injections
into the aqueduct at a 4 mm anterior plane
produced significantly less pressor activity
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TABLE 3
" Summary of studies on effects of administration of angiotensin (ANG) into the cerebrospinal fluid
Maxi-
mum .
Species Dose %:cﬁ::; A’:\?ﬁ\:{s Comments
Blood
Pressure
mm Hg
I. Intraventricular admin-
istration
A. Cat—anesthetized*
Nashold et al. (115) | ?, 10 ug ? ? Animals anesthetized with pentobarbital

ANG evoked a marked pressor response in
all concentrations, decreased rate of res-
piration and increased body temperature

Transection of mesencephalon at level of
superior colliculus abolished pressor
response

Smookler et al. (158) | 0.005 ug 3 2 | Effects of ANG included hypertension,
0.01 g 14 5 tachycardia and contraction of the nicti-
0.05 ug 15 5 tating membrane
0.1ug 34 4 | Effects blocked by C, section of spinal cord
0.5 ug 36 3 | Suggest that physiological levels of brain
2.0 ug 36 28 norepinephrine are necessary for the
ANG effect

Reductions or increases in brain norepi-

nephrine decrease the response to ANG
Severs et al. (151) 4 pug 50-75 27 | Suggest that ANG response is sympathetic
in nature

Direct injection of ANG into posterior
hypothalamus failed to produce pressor
responses

Blockade of response by cerveau isolé sec-
tion indicated involvement of supra-
pontine structures

Lack of response when perfusion was con-
fined to the lateral and third ventricles by
cerebral aqueduct cannulation suggested
that the activity was of midbrain origin

Possibility of bulbar afferent mechanisms
noted

Severs et al. (150) 4 ug ~54 10 | Midbrain lesions reduced pressor activity
to6 mm Hg (P < .01)

Doses of 10 ug ANG applied at the termina-
tion of the cerebral aqueduct produced
pressor response of only 6 mm Hg indi-
cating that direct activation of afferent
or efferent bulbar mechanisms was not
responsible for response

Daniels and Buckley | 4 ug 54 36 | Significant differences were seen between

(34)

animals in their response to IVT ANG,
but there was no significant difference
between 4 responses obtained in each
animal

Elevated CSF calcium concentrations had
little effect on the response but perfusion
with acalcemic CSF inhibited pressor
activity
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SEVERS AND DANIELS-SEVERS

TABLE 3—Continued

Species

Dose

Maxi-
mum
Increase
in Mean
Blood
Pressure

No. of
Animals

Comments

Deuben and Buckley
(38)

Hageman et al. (80)

B. Dog—anesthetized*
Bianchi et al. (14)

Kaneko et al. (91)

Severs et al. (150)

Cuparencu et al. (31)

Gildenberg et al. (75)

C. Rabbit—unanesthe-
tized
Rosendorff et al. (138)

4 pug

0.75-3 pg

5-10 pg/kg

5-100 units

4 pg

60-120 ug/

186 ng

0.115 ug

mm Hg
~40

25-35

21

12

18

Data suggest that ANG produces its cen-
trally mediated pressor response via the
subnucleus medialis

Marked pressor effects obtained from in-
jection of ANG into the cerebral aque-
duct anterior to the subnucleus medialis;
responses were significantly lower when
ANG was given caudal to the area

Bilateral lesions in the subnucleus medialis
inhibited the pressor response

Pyr(3)Ala¢ derivative possessed 48% of
angiotensin II central pressor activity

Bradycardia, extrasystole and symptoms of
coronary impairment are produced

Only a moderate increase of heart rate
occurs in vagotomized or atropinized
animals

Animals anesthetized with morphine-pento-
barbital

Both vagus-sympathetic depressor trunks
were cut before injections were made

Heart rate was little affected, and there
was ‘‘usually no decrease of arterial
pressure’’
Carotid occlusion response was decreased
about 269, within 20 min after injection
No pressor effect obtained with doses up to
10 ug after section of spinal cord at C,
Pressure changes not interpreted to be sig-
nificant

Lag time associated with leakage into
peripheral circulation

Probable inactivation of large amounts of
ANG in CSF and nerves

No changes were seen in responses to acetyl-
choline, adrenaline, vagal stimulation,
carotid occlusion; ECG and respiration
patterns were also unchanged

Response blocked by midbrain transection
but not by area postrema ablation

Successive IVT injections caused pro-
gressively smaller responses, even when
1 hr was allowed between injection

Response to IVT injection of ANG was
greater than effects of much larger total
doses given i.v.

Response blocked by C; section of the
spinal cord
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TABLE 3—Continued

Masi- | |
. Increase | No. of '
Species Dose i:c;fc:as: ; An?m:ls . Comments
Blood |
Pressure |
mm Hg |
D. Rat—unanesthetized !
Severs el al. (155) 0.001 ug 19 12 | Pressor effect enhanced by hexamethonium
0.010 pg 24 5 . given peripherally, inhibited by hexa-
0.025 pg 27 8 methonium given centrally
0.1 ug 30 6 | Hypophysectomy reduces pressor effect by
0.5 ug 34 8 about 509, and ganglionic blockade
1.0 ug 39 8 abolishes the remaining activity
Lesions in supraoptic nuclei decrease effect
| to values obtained in hypophysectomized
rats

IVT ANG also produces a neurogenic thirst
which can be markedly inhibited by anti-
cholinergic drugs

Suggest that ANG releases antidiuretic
hormone

Severs ef al. (154) 0.5 ug 30 | >80 | Effects of adrenergic blocking drugs were
assessed

IVT phentolamine prevented ANG-in-
duced drinking, sympathetic stimulation
and vasopressin release

Variable effects with different beta blockers

Local anesthetics inhibited pressor and
drinking effect

E. Goat—unanesthe-
tized
Andersson et al. (5) | 0.8 ng/ 20 4 | Infusions into the third ventricle caused
kg/min the most pronounced hypertensive effect
when ANG was infused with hypertonic
saline (increase of 30 mm Hg)

The hypertensive response correlated in
mganitude and duration with the anti-
diuretic and natriuretic response

11. Subarachnoid adminis-
tration
A. Dog—anesthetized
Severs et al. (150) 20 pg 0 3 | No pressor response with doses up to 20 ug
Bianchi et al. (14) 7 mg/kg 0 ? | No influence on vasomotor centers on intra-
cisternal administration
B. Rabbit—unanesthe-
tized
Rosendorff et al. 115 ng 0 2 | No cardiovascular effects were detectable
(138) when ANG was injected into the sub-
| arachnoid space over the cerebral cortex

* Animals were anesthetized with chloralose unless otherwise indicated in comments.

(P < .01). Subsequent replacement of the
aqueduct cannula to the original 6 mm plane
fully restored the response to angiotensin.

Enoch and Kerr (49, 50) reviewed the

neuroanatomy of cardiovascular integration
in the midbrain. The data by Deuben and
Buckley (38) suggested that the subnucleus
medialis was a likely site of action to explain
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their observations. To test this possibility
the response to IVT angiotensin was mea-
sured before and after producing lesions in
the subnucleus medialis. Since the lesions
inhibited the pressor response to angiotensin,
this midbrain site was postulated to be the
region at which angiotensin initiates central
pressor activity. Regional injections of angio-
tensin to other midbrain cardiovascular
zones (deep tegmental nucleus of Olszewski
and Baxter) were non-pressor, indicating a
degree of specificity in the action of angio-
tensin.

2. Medulla. In investigations in which an-
giotensin has been administered intraverte-
brally to dogs, studies on the site of action
have consistently implicated the area post-
rema of the medulla as the responsive region.
Evidence for this hypothesis includes: a)
Distribution of intravertebrally adminis-
tered dye as a marker shows that the infu-
sions always reached the medulla when angi-
otensin pressor activity was seen; when
angiotensin action was absent, dye distribu-
tion did not reach appropriate medullary
regions (90). However, the distribution of
dye does not necessarily identify all sites to
which angiotensin may have penetrated. b)
The area postrema has no BBB so the likeli-
hood of angiotensin penetration at this re-
gion is presumably greater-than in regions
which do appear to have a well developed
barrier. ¢) Various ligations of cerebral vas-
culature and selective administration of an-
giotensin into the basilar artery to regulate
the distribution of angiotensin appear to doc-
ument the correlation between good medul-
lary blood distribution and angiotensin ac-
tivity (89, 90). d) Cervical spinal section
inhibits the response to intravertebrally ad-
ministered angiotensin, whereas mesence-
phalic transections do not alter peptide re-
sponsiveness (56). e) Lesions in the areas
postrema (88) abolishes pressor activity of
angiotensin after intravertebral administra-
tion; local cooling (56) of these structurescan
reversibly inhibit the peptide effects. f) Re-
gional injections of angiotensin directly into
the area postrema produce pressor activity,
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and area postrema units are activated by in-
travertebral angiotensin in anesthetized cats
(165). It is also of interest that ablation of
the area postrema reduces the pressor activ-
ity of intravenous angiotensin but not that
of norepinephrine (143). Gildenberg et al.
(75) recently demonstrated in dogs that both
the midbrain and the area postrema respond
to angiotensin depending on the route of ad-
ministration. Intravertebral pressor re-
sponses were abolished by area postrema
ablation but not by midbrain transection;
on the other hand, pressor responses to IVT
angiotensin were abolished by midbrain tran-
section but not by ablation of the area post-
rema.

3. Hypothalamus. Dutta et al. (45) have
reported that angiotensin injections (2.5-10
pg) into the ventromedial hypothalamus of
chloralose-anesthetized cats produced pres-
sor responses in 54 % of the animals. The site
of angiotensin deposition produced pressor
activity when stimulated electrically. Con-
sidering the time lag before the peak effect
occurred (mean = 6 min) and the rapidity
(<1 min) with which such a peak is reached
after IVT or intra-aqueductal injections dur-
ing ventricular perfusions (38), there is a
possibility that CSF flow in these experi-
ments may have transported angiotensin to
other periventricular regions. Data of Hend-
ler and Blake (82) provide further evidence
for a hypothalamic site. Implantation of an-
giotensin crystals into the anterior, ventro-
medial, and posterolateral hypothalamus of
pentobarbital-anesthetized rats increased
blood pressure 38, 22, and 11 mm Hg, respec-
tively. Although these data are from only
2 to 4 rats at each site and no temporal
information on the pressor response was
given, the diffusion of angiotensin was prob-
ably minimal. In experiments by Hendler
and Blake implants of angiotensin in the an-
terior hypothalamus caused altered drinking
behavior over a 1-hr period while ventro-
medial implantation did not. Since these sites
are only 1mm apart in rats, rapid diffusion of
angiotensin probably did not occur. How-
ever, injections of angiotensin in the poste-
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rior hypothalamus (0.5 ug) (151) or regional
injections at multiple hypothalamic loci (0.1-
1.0 ug) (165) were non-pressor in chloralose-
anesthetized cats. Thus, the evidence for ini-
tiation of cardiovascular effects by angioten-
sin at hypothalamic levels remains equivocal.
On the other hand, there appears to be gen-
eral agreement that some hypothalamic sites
are responsible for angiotensin-induced
changes in drinking behavior (section IV).
These findings indicate the need for further
evaluation of the potential angiotensin-hypo-
thalamic-cardiovascular mechanisms.

D. Influence of Angiotensin on Sympathetic
Nerve Activity and Its Effect on
Baroreceptor Reflexes

Systemic administration of angiotensin to
animals with a neurally intact, vascularly
isolated, vascular bed can cause neurogenic
vasoconstriction in the isolated vascular bed.
The rat hindquarter (100), cat mesenteric
(20), and femoral (9) beds may be cited as
examples. Angiotensin has also been shown
to increase electrical activity of a number
of nerves such as the renal nerve in rabbit
(1) and dog (64), and the splanchnic (64,
142) and inferior cardiac nerves in dogs
(142). Such data are compatible with the in-
terpretation that angiotensin may increase
central sympathetic outflow, thereby raising
peripheral vascular resistance.

However, recording nerve activity or the
resistance of isolated vascular beds does not
always show such an angiotensin effect (109,
181). The reasons for this inconsistency are
not fully known. At least two variables
should, however, be considered, namely the
nature of the nerves from which recordings
are made, and the influence of baroreceptor
reflex mechanisms on neural activity and
vascular resistance. As an example of inter-
pretive problems with nerve recording ex-
periments, the effects of angiotensin on su-
perior cervical sympathetic nerve (CSN)
discharge are illustrative. The following data
have been reported: intravenous angiotensin
inhibits spontaneous CSN discharge (109);
the CSN is inhibited during the central pres-
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sor response after IVT angiotensin (148);
spiking of the CSN increases after intraver-
tebral angiotensin, but reflex inhibition can
occur (93). Some investigators have inter-
preted the inhibition of spiking on the CSN
to indicate that angiotensin does not increase
central sympathetic outflow (109). However,
since the central pressor effect of angiotensin
can be produced along with CSN inhibition,
the peptide may be activating only central
cardiovascular (as opposed to non-cardiovas-
cular) sympathetic pathways (148). Aars
and Akre (1) have pointed out that vasocon-
strictor fibers form only a small part of the
CSN and that vasoconstrictor effects of an-
giotensin could be masked by electrical ac-
tivity of other fibers. However, spiking of
the CSN after intravertebral angiotensin
always preceded vasopressor responses but
could be inhibited reflexly (93). These data
leave open the possibility that sympathetic
fibers in the CSN, not associated with vaso-
constriction, are activated by angiotensin.
The influence of baroreceptor reflexes on
experiments designed to demonstrate central
cardiovascular angiotensin effects are fur-
ther illustrated by experiments of Barrett et
al. (9). As discussed in section III A, these
investigators developed a method to perfuse
extracorporeally the cat brain through the
carotid arteries and the transverse venous
sinuses. A separate system was utilized si-
multaneously to perfuse a vascularly-iso-
lated, neurally-intact hindlimb. The carotid
sinus areas were perfused by the cerebral cir-
cuit, and bilateral cervical vagotomy elimi-
nated afferent baroreceptor information as-
sociated with change in the systemic blood
pressure. Addition of angiotensin to the cer-
ebral perfusion circuit in these preparations
did not produce a centrally mediated hyper-
tensive response. However, after 15 min a
neural vasoconstriction was observed in the
hindlimb. When these experiments were re-
peated in animals in which cranial nerves
IX-XII were sectioned, the addition of an-
giotensin to the cerebral perfusion circuit
produced a clear central hypertensive re-
sponse and a more rapid and intense neural
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vasoconstriction in the isolated hindlimb.
The authors suggested that in intact animals
increased cerebral perfusion pressure acti-
vated baroreceptor mechanisms which
masked central angiotensin effects. In de-
buffered animals, however, there was no
relationship between cerebral perfusion pres-
sure and the peripheral hypertensive re-
sponse.

In addition to potential baroreceptor inhi-
bition of neurally-mediated cardiovascular
effects of angiotensin, the peptide appears to
be capable of antagonizing reflex vasodila-
tion. Sweet and Brody (161) found that in-
travertebral administration of angiotensin
to anesthetized dogs inhibited baroreceptor-
induced reflex vasodilation in the hindlimb.
These effects of angiotensin were observed at
a dose (10 ng/kg/min) which was ineffective
when given intravenously or into a carotid
artery. The authors suggest that the inhibi-
tion of reflex vasodilation is not due to alter-
ation of sympathetic tone but to inhibition
of necurally-mediated vasodilatory mecha-
nisms (possibly histaminergic) (12). The
importance of the observations by Sweet and
Brody (161) in this regard should be empha-
sized. There is general agreement that reset-
ting of cardiovascular reflex mechanisms
probably contributes to hypertensive patho-
physiology, and the data by Sweet and
Brody (161) suggest that angiotensin could
be involved in the reset mechanism. Other
investigators have speculated that central
angiotensin effects could include barorecep-
tor alterations (56, 172).

IV. Effects of Centrally Administered
Angiotensin on Hydration

A. Dipsogenic Effects

A growing body of literature indicates that
administration of angiotensin into the CNS
produces marked changes in hydration (re-
views, 59, 61). Many species respond to CNS
injections of angiotensin by increasing water
intake (61) even without an apparent initi-
ating stimulus, 7.e., hypovolemia or hyper-
osmolality (133). Such consummatory be-
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havior is generally associated with a short
latency (seconds to minutes), requires small
amounts of angiotensin (0.5 ng at some hypo-
thalamic sites or 1 ng IVT to rats), and ap-
pears to be quite specific (52, 155). In fact,
feeding behavior in hungry rats is suppressed
in favor of drinking after central administra-
tion of angiotensin (107). Furthermore, rats
will drink quinine solutions after injection
of the peptide into preoptic areas (137).
Epstein et al. (52) microinjected angio-
tensin into various regions of rat brains to
localize the site of angiotensin activity. They
observed that large doses (2—4 ug) of locally
injected angiotensin cause changes in drink-
ing behavior at the nucleus accumbens, sep-
tum, preoptic area, anterior and lateral hy-
pothalamic areas, ventromedial nucleus, and
the amygdala. Sites which were unresponsive
even to large doses of angiotensin included
the cerebellum, midbrain tegmentum, dorsal
hippocampus, posterior hypothalamus, cau-
date nucleus and the frontal cortex. Similar
regional analysis with 10% or less of the
above doses of angiotensin indicated that the
most sensitive dipsogenic sites were located
in the septum, anterior hypothalamus and
medial preoptic areas. In another study (82)
the 1-hr fluid intake was increased after crys-
talline implants of angiotensin at anterior,
but not ventromedial or posterolateral, hy-
pothalamic sites. The possibility of such an-
giotensin activity in the anterior hypothala-
mus is supported by the observation that the
peptide increases oxidative metabolism in
this brain region (54). Moreover, activity of
mitochondrial Na-K ATPase of rat hypo-
thalamus is increased by angiotensin (78).
The central origin of the drinking response
is indicated by the fact that the minimal
effective intravenous doses of angiotensin
were at least 1000 times the minimal effec-
tive intracranial dose (52). According to
Fitzsimons (59), since the subfornical body
lies outside of the BBB, circulating angioten-
sin could reach sensitive diencephalic sites
at this level of integration. This suggestion
is analogous to proposing the area postrema
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(outside the BBB) as the site mediating the
hypertensive response to intravertebral an-
giotensin.

Additional studies by Fitzsimons (60)
demonstrated that active angiotensin drink-
ing sites were not being stimulated in a non-
specific manner. Thus, kallikrein, brady-
kinin, vasopressin, oxytocin, epinephrine, or
aldosterone did not cause significant changes
in drinking behavior. Various fragments and
derivatives of angiotensin were similarly in-
effective as dipsogens. On the other hand,
renin, synthetic tetradecapeptide substrate,
and angiotensin I were all effective as thirst-
inducing substances (60). It is possible that
conversion to angiotensin II accounts for
the drinking behavior produced by these
substances, as inhibition of brain converting
enzyme (by IVT administration of synthetic
Bothrops jararaca nonapeptide, SQ 20,881)
blocks the drinking effect of angiotensin I
but not of angiotensin II (153). This possi-
bility is supported by the observation that
intracranial injections of anti-angiotensin II
serum (but not control serum) antagonize
the changes in drinking produced by intra-
cranial angiotensin II or renin substrate (51).
In contrast, other investigators found that
SQ 20,881 was inactive (160). They suggest
that angiotensin I may stimulate either an-
giotensin II, or angiotensin I receptors.

Several investigators have attempted to
identify potential neurotransmitters associ-
ated with angiotensin-induced drinking with
various drugs as pharmacological antago-
nists. Some of the available data is summa-
rized in table 4. The following conclusions
can be drawn from the literature: a) Local-
ized injections of atropine do not inhibit
drinking produced by angiotensin injected
at the same site (29, 62, 72, 77, 160). On the
other hand, drinking after IVT angiotensin
is inhibited by IV.T administration of atro-
pine and other anticholinergic substances
(155). These observations suggest that angi-
otensin does not initiate drinking by a cho-
linergic mechanism but secondary choliner-
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gic neuron(s) may participate in the overall
effect. In monkeys, there is a close anatomic
similarity between cholinergic and angio-
tensin sensitive thirst areas (113). b) Some
evidence suggests that beta adrenergic recep-
tors in the CNS participate in drinking be-
havior (101). Central beta receptors are prob-
ably not associated with angiotensin because
regional injection of d-propranolol is as ef-
fective as [-propranolol in antagonizing angi-
otensin activity (62) and IVT treatment
with some other potent beta receptor blockers
does not antagonize the effects of IVT angio-
tensin (154). ¢) The effects of centrally ad-
ministered alpha receptor blocking agents
are unclear. IVT injections of phentolamine
completely antagonize drinking responses to
IVT angiotensin in rats without producing
behavioral abnormalities (154). On the other
hand, intrahypothalamic phentolamine in-
hibited intrahypothalamic angiotensin only
at toxic doses in the same species (62). Injec-
tions of phentolamine into medial septal
areas did not inhibit drinking produced by
angiotensin at the same site (29). Since IVT
phentolamine undoubtedly was distributed
to many more anatomical loci, an adre-
nergic mechanism may exist at a site other
than the specific areas tested. d) Intra-
hypothalamic administration of 6-hydroxy-
dopamine inhibited the drinking response
to angiotensin injected at the same site (62).
The compound did not, however, antagonize
cholinergic drinking produced by carbachol.
These data suggest that an aminergic mecha-
nism is involved in the initiation of angio-
tensin drinking. Inhibition of drinking by
haloperidol is compatible with this idea (62)
and suggests a possible dopaminergic mecha-
nism. The haloperidol effect was not, how-
ever, observed by other investigators (160).
The inconsistency may be due to differences
in injection sites and/or pretreatment times.
However, since local anesthetics are also
inhibitory to drinking behavior, transmitters
deduced by drug inhibition must be regarded
as tentative rather than conclusive (154).
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Summary of studies on effects of pharmacologic antagonists on drinking induced by central
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TABLE 4

administration of angiotensin II*

Antagonist Angiotensin
Effect on Angiotensin | Ref-
Induced Drinking erence
Dose Route, time Dose Site
Atropine sulfate,
peripheral
10 mg/kg IP, 15 min prior 1.5 ug | LPO, LHA | 239 Mean re- 17
duction
20 mg/kg IP, 15 min prior 1.5 ug | LPO, LHA | 70% Mean re- 17
duction
5 mg/kg SC, 20 min prior 2 pug | LPO Inhibition 75%, | 77
P < .001
5 mg/kg IP, 15 min prior 0.5ug | IVT Inhibition, 155
P < .005
Atropine sulfate,
central
1,10 ug POR, 10-15 min prior 100 ng { POR No effect 62
100 ug POR, 10-15 min prior 100 ng | POR Inhibition, 62
P < .05
20-50 pg LPO, 5-10 min prior 2 ug LPO No effect 77
417 ng MS, MPO, 1 min prior 100 ng MS, MPO | No effect 160
2 ug MS, 30 min prior 1ug MS No effect 29
15-20 pg LSA, 10 min prior 15-20 ug | LSA No effect 72
100 ug IVT, 15 min prior 0.5ug | IVT Abolition 155
10 pg IVT, 15 min prior 0.5ug | IVT 91% Inhibition | 147t
Atropine methyl ni-
trate, peripheral
5 mg/kg SC, 5-10 min prior 2 ug LPO No effect 77
Atropine methyl ni-
trate, central
15-20 ug LSA, 10 min prior 15-20 ug | LSA No effect 72
Chlorpromazine,
peripheral
2 mg/kg SC, 5-10 min prior 2 ug LPO Inhibition 86%, 77
P < .001
Chlorpromazine,
central
10 pg LPO, 5-10 min prior 2 ug LPO Increase, 7
P < .005
Chlorpromazine methyl
iodide, peripheral
2 mg/kg SC, 5-10 min prior 2 ug LPO No effect 77
Reserpine, peripheral
3 mg/kg IP, 20 hr and 3 hr prior 0.5ug | IVT Abolition 155
Phentolamine,
peripheral
15 mg/kg IA, 15 min prior 0.5ug | IVT Inhibition, 154
P < .001
Phentolamine, central
50 ug IVT, 15 min prior 0.5ug | IVT Inhibition, 154
P < .001
10, 20, 40 ug POR, 10-15 min prior 100 ng POR No effect 62
11.3 pug MS, 60 min prior 1ug MS No effect 29
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TABLE 4—Continued
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Antagonist Angiotensin
Effect on Angiotensin | Ref-
Induced Drinking erence
Dose Route, time Dose Site
Tolazoline, peripheral
8.5 mg/kg SC, 5-10 min prior 2 ug LPO No effect 77
15 mg kg IA, 15 min prior 0.5pug | IVT Inhibition, 147
P < .05
Tolazoline, central
50 ug IVT, 15 min prior 0.5pug | IVT Inhibition, 147
P < .001
20 ug LPO, 5-10 min prior 2 ug LPO Inhibition 649, (i
P < .005
Phenoxybenzamine,
peripheral
3 mg/kg IV, 20 hr prior plus 0.5ug | IVT No effect 155
2 mg/kg IP, 3 hr prior
Haloperidol, central
2.5, 5, 10 ug POR, 10-15 min prior 100 ng POR Inhibition with 62
all 3 doses,
P < .05
5 ug MS-MPO, 1 min prior 50 ng MS-MPO No effect 160
6-Hydroxydopamine,
central
8 ug POR, 24 hr prior 100 ng POR Abolition in 10 62
out of 15
Propranolol, peripheral
6 mg/kg SC, 5-10 min prior 2 ug LPO No effect 77
7.5 mg/kg IA, 15 min prior 0.5pug | IVT Inhibition, 154
P < .01
Propranolol, central
50 ug IVT, 15 min prior 0.5ug | IVT Inhibition, 154
P < .01
10, 20 ug LPO, 10-15 min prior 100 ng POR No effect 62
40 pg LPO, 10-15 min prior 100 ng POR Inhibition, 62
P < .05 (local
anesthesia?)
20 ug LPO, 5-10 min prior 2 ug LPO No effect 77
10.4 pg MS, 60 min prior 1pg MS No effect 29
DCI, peripheral
10 mg/kg IA, 15 min prior 0.5pug | IVT Inhibition, 154
P < .01
DCI, central
50 pg IVT, 15 min prior 0.5ug | IVT Inhibition, 154
P< .01
LB-46, peripheral
10 mg/kg IA, 15 min prior 0.5ug | IVT No effect 154
LB-46, central
6.7 ng IVT, 15 min prior 0.5ug | IVT No effect 154
MJ-1999, peripheral
2 mg/kg IA, 15 min prior 0.5ug | IVT No effect 154
MJ-1999, central
50 ug IVT, 15 min prior 0.5ug | IVT Inhibition, 154
P < .01
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TABLE—4 Continued

Antagonist Angiotensin
Effect on Angiotensin | Ref-
Induced Drinking erence
Dose Route, time Dose Site
D(-) INPEA,
peripheral
5 mg/kg IA, 15 min prior 0.5ug | IVT Inhibition, 154
P < .01
10 mg/kg TA, 15 min prior 0.5ug | IVT Inhibition, 154
P < .01
D (=) INPEA, central
50 ug IVT, 15 min prior 0.5ug | IVT No effect 154
Procaine, central
50 ug IVT, 15 min prior 0.5ug | IVT Inhibition, 154
P < .05
Tetracaine, central
50 ug IVT, 15 min prior 0.5pug | IVT Inhibition, 154
P < .01
Hexamethonium,
peripheral
10 mg/kg TA, 10 min prior 0.5ug | IVT Inhibition, 155
P < .01
Hexamethonium,
central
100 pug IVT, 15 min prior 0.5ug | IVT Inhibition, 155
P < .001
Methysergide, central
10 pg MS, 10 min prior 1pg MS No effect 29

* The abbreviations used are: IA, intraarterial; IP, intraperitoneal; IV, intravenous; IVT, intra-
cerebroventricular; LHA, lateral hypothalamic area; LPO, lateral preoptic area; LSA, lateral septal
area; MPO, medial preoptic area; MS, medial septal area; POR, preoptic region; SC, subcutaneous.

t n = 6; methodology as in reference 154.

B. Pituitary Effects of Angiotensin

In addition to causing marked changes in
drinking behavior, administration of angio-
tensin into the CNS also appears to release
antidiuretic hormone (ADH) from the neu-
rohypophysis. Several lines of evidence have
been obtained for this effect of the peptide.
a) Infusion of angiotensin into the third ven-
tricle of unanesthetized goats causes changes
in drinking behavior, volume retention, and
natriuresis; similar effects are produced by
infusion of hypertonic sodium chloride.
These effects are potentiated by combining
the two stimuli and they do not occur after
production of experimental diabetes insipi-
dus (3, 4, 6, 7). Furthermore, administration
of hypertonic NaCl in the third ventricle
increases bioassayable ADH in CSF (130).
b) IVT injection of angiotensin to unanes-

thetized rats produces a pressor response and
changes in drinking behavior. Significant
inhibition of the pressor response occurs after
hypophysectomy or bilateral destruction of
the supraoptic nuclei (155). Since the supra-
optic nuclei may be primarily associated
with the production of ADH (8, 47), these
data suggest that angiotensin released ADH
after IVT injection, Furthermore, IVT in-
jection of angiotensin into hydrated rats
produced volume retention, natriuresis, and
kaliuresis (152). ¢) Microiontophoretic ap-
plication of angiotensin onto units in the
supraoptic nuclei increase their activity. This
effect is not caused by non-specific stimula-
tion since neurons elsewhere in brain are un-
responsive (118). d) Infusions of angiotensin
into the carotid artery of conscious dogs or
perfusion of the peptide through the cerebro-
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ventricles of anesthetized dogs increase
plasma ADH, as measured by bioassay (104,
110). e) Addition of angiotensin (10~'° M)
to in witro posterior pituitary incubations
increases the spontaneous release of vaso-
pressin (66).

IVT injection of angiotensin in unanesthe-
tized rats increases plasma and adrenal cor-
ticosterone within an hour. This effect is
pituitary-mediated since it is not observed
in hypophysectomized animals. Thus, angio-
tensin may release adrenocorticotrophic hor-
mone (ACTH) (36). If the steroidogenic ef-
fect was produced by ACTH, the mechanism
could have been due to a direct effect of
angiotensin or a secondary release of ACTH
associated with the pressor response and/or
ADH release, both of which release ACTH
(170, 178). Circulating angiotensin can re-
lease ACTH (141). A Boolean model of
ACTH release (67) predicted that angioten-
sin should act at a site earlier than the an-
terior pituitary, presumably at the median
eminence. Infusion of angiotensin (1-2 pg/
min) to dogs subjected to brain removal
except for a pituitary-median eminence is-
land released much more ACTH compared
to similar infusions in hypophysectomized
dogs or dogs undergoing brain removal ex-
cept for the anterior pituitary (67). These
data are compatible with the interpretation
that circulating angiotensin acts centrally to
produce ACTH release.

C. Significance of the Effect of Angiotensin
on Hydration

Thirst and vasopressin release are vital to
the maintenance of proper hydration. They
are complimentary mechanisms in that they
both increase body water. Furthermore,
both are classically regarded as being stimu-
lated by hyperosmolality or hypovolemia.
The broad topic of the regulation of body
fluids is well reviewed by Share and Clay-
baugh (156). Only data associated with
CNS-angiotensin effects are dealt with here.
Research on angiotensin-CNS-hydration in-
teractions is relatively new and no firm
conclusions on their significance can be
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drawn from the data now available. One
reason for this involves relationships be-
tween the brain and renal renin-angiotensin
systems. The brain system appears to be
independent of the renal system, yet both
are associated with hydration changes.
Under what conditions do each of these
systems operate independently, in concert,
or in opposition? Furthermore, do intra-
cerebral injections of angiotensin activate
cells responsive to brain and/or renally
derived angiotensin? Clearly, the two sys-
tems must normally be in close communica-
tion to preserve the overall well being of the
organism. As an example of the complexity
of these problems, centrally administered
angiotensin initiates thirst associated with
osmotic factors (133), whereas hypovolemic
thirst involves the kidney, and, more spe-
cifically, the renal renin-angiotensin system
(61). Since nothing is known of the relation-
ship between the brain and kidney renin-
angiotensin systems, the following discus-
sion includes viewpoints of various labora-
tories where centrally mediated effects of
angiotensin on hydration have been studied.

Severs et al. (152) injected angiotensin
IVT (0.5 pg) to rats prehydrated with water
by stomach tube. Compared with the re-
sponse in the same rats in a control experi-
ment, the peptide caused significant volume
retention for 90 min. After this interval
angiotensin-treated rats excreted more so-
dium and potassium than the control group.
Since angiotensin caused thirst, volume re-
tention, natriuresis, and kaliuresis in hy-
drated rats, it was suggested that the IVT
injection of the peptide caused the brain to
perceive a state of hyperosmolality. The
resultant effects of the peptide would then
reflect expected compensatory mechanisms.
This hypothesis was further investigated in
normally hydrated rats that received IVT
infusions (0.1 ug/min) for 5 hr (133).
Water consumption and volume retention
produced by angiotensin infusion were con-
sistently (for 5 hr) associated with 13 ml of
excess volume compared with control-
infused rats. Since solute balance of both
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groups was always equal, the retained
volume suggested a 5% dilution of body
water. If rats had both 0.9% saline and
water available for drinking, about half of
the animals preferred to drink saline when
angiotensin was infused. The saline-drinking
rats ingested and retained much more
volume than either water-drinking or con-
trol rats. Although these rats retained more
solute than control rats, it was an insuffi-
cient amount to make the excess volume
isosmotic. Whereas rats who drank only
water stopped drinking before 90 min, the
saline-preferring rats drank almost continu-
ously during the 5 hr of angiotensin infusion.
These data suggest that ingestion and reten-
tion of water satiate the initial angiotensin
stimulus since the excess water is sustained
during infusion and thirst does not reappear.
Because the very marked volume expansion
produced by saline ingestion and fluid
retention was insufficient to terminate
angiotensin-induced thirst, dilution rather
than expansion of body fluids probably cor-
rects the initial stimulus produced by the
peptide. Centrally administered angiotensin
presumably caused an osmotic, rather than
a hypovolemic, thirst drive. In an experi-
ment in which angiotensin was injected into
the hypothalamus, both saline and water
inhibited or satiated thirst within 15 min
(136). Since the thirst stimulus decayed
rapidly even without drinking, it appears
that in short-term experiments saline
inhibits, rather than satiates, angiotensin
thirst.

Andersson and colleagues (3-7) reported
that angiotensin, dissolved in slightly hypo-
tonic NaCl, infused into the third ventricle
in goats stimulates drinking behavior and
ADH release, whereas administration of the
peptide in hypertonic solutions of glucose or
sucrose had little or no effect. Infusion of
small volumes of hypertonic NaCl into the
third ventricle also produced drinking
behavior and ADH release, and this response
was noticeably augmented by addition of
angiotensin to the infusion. Since sodium
ions penetrate cells poorly, the effect of
hypertonic NaCl infusion would appear to
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be associated with water eflux from osmo-
regulator cells which, according to Verney
(169), would initiate ADH release. Based
on the ADH releasing effects of several
hypertonic solutions infused by the carotid
and ventricular routes, Andersson and
colleagues postulated that the sensitive
receptors are not activated by osmotic
factors per se but by changes in CSF [Nat].
These receptors are presumably close to the
third ventricle, regulate thirst and ADH
release, and may not be under the influence
of an effective BBB. Angiotensin may
stimulate these receptors by: a) facilitating
transependymal Nat movement from CSF
into brain tissue; b) sensitizing the receptors
to existing sodium concentration of brain
extracellular fluid; or ¢) facilitating passage
of sodium ions into receptor cells. Infusions
of iso- and hypotonic solutions of mono-
saccharides into the lateral ventricles of
goats inhibit the dipsogenic, antidiuretic
and natriuretic effects of intracarotid
infusions of hypertonic NaCl (122); this
suggests that blood-borne osmotic stimuli
may be related to these periventricular Nat
receptors since presumably the IVT infu-
sions kept CSF [Nat] low.

Considering Andersson’s hypothetical so-
dium receptors it is of interest that renin
release from incubated canine renal cortical
slices was observed to vary directly with the
[Na*] of the incubation medium. Osmotic
changes at constant [Nat] failed to affect
renin release (63).

Claybaugh and Share (27) investigated
the role of angiotensin in the ADH release
associated with non-hypotensive hemorrhage
in anesthetized dogs. The experimental de-
sign involved ligation of the right renal
vasculature and placement of a snare
around the left renal vasculature. Hemor-
rhage-induced increases in plasma ADH
and renin activity (PRA) were measured
when the snare was a) non-occlusive and b)
occlusive to the renal vessels. In the non-
occlusive state, hemorrhage increased plasma
ADH and renin activities. When the snare
occluded the vessels, increases in plasma
ADH were more marked although PRA was
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unchanged. Thus, in response to a reduction
in blood volume, the renin-angiotensin
system (of the kidney) did not appear to be
required for ADH release. Other data from
the same laboratory (28) demonstrated that
intravenous angiotensin infusions (10-60
ng/kg/min), or carotid artery infusions (10
ng/kg/min), did not change plasma ADH
in hydrated anesthetized dogs. Another
study from Share’s laboratory (157) was
designed to determine whether angiotensin
affected ADH release in response to an
osmotic stimulus. Anesthetized hydrated
dogs received an intravenous infusion of
hypertonic sodium chloride solution with
or without a simultaneous intracarotid in-
fusion of angiotensin (10 ng/kg/min) in
slightly hypotonic saline. Angiotensin in-
fusion alone had no effect on plasma ADH.
In control dogs receiving intravenous hyper-
tonic saline, a rectilinear relationship was
observed between plasma ADH and plasma
osmolality. Intracarotid angiotensin in-
creased the slope of this relationship sug-
gesting that the ADH releasing mechanism
was responsive to a lower osmotic threshold.
It was concluded that the peptide, via the
carotid artery, can potentiate the release of
ADH in response to rising plasma osmo-
lality. Experiments of Kozlowski et al. (99)
are complementary to this hypothesis. These
investigators found that intravenous angio-
tensin (50 ng/min) decreased the thirst
threshold of dogs receiving intravenous 5%
NaCl. It would be of interest to determine
if these effects of angiotensin involved CNS
sodium receptors as described by Andersson
3).

Fitzsimons (59, 61) has reviewed the role
of the kidney in extracellular (hypovolemic)
thirst. This complex thirst drive was pro-
duced in rats with many experimental
models, and all known causes of extra-
cellular thirst increased renin release. Studies
with nephrectomized rats suggest that both
renal and extrarenal factors participate in
extracellular thirst to varying degrees de-
pending on the model used. Thus, thirst
produced by intraperitoneal injections of
hyperoncotic colloids is little affected by
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nephrectomy, whereas thirst after aortic
constriction above the renal arteries, or
renal arterial constriction, is abolished by
nephrectomy. Thirst initiated by caval liga-
tion or hemorrhage is intermediately affected
by nephrectomy. According to Fitzsimon’s
model (59), extracellular hypovolemia acti-
vates afferent pathways from the low
pressure side of the circulatory system (also
arterial baroreceptors in severe cases) which
stimulate thirst centers in the CNS. Renin
is released from the kidney by a) increased
efferent sympathetic activity as a result of
the same afferent pathways, and by b)
hemodynamic factors associated with hypo-
volemia. Increased amounts of circulating
angiotensin presumably cause further drink-
ing by an effect on thirst areas of the dien-
cephalon. The peptide also assists extra-
cellular dehydration by causing sodium
retention through aldosterone release.

Because of the limitations mentioned at
the beginning of this section the physio-
logical and/or pathophysiological signifi-
cance of these observations cannot be pre-
cisely stated. A significant negative correla-
tion occurs between brain renin activity and
brain water, sodium, potassium, calcium,
and magnesium (69). Exogenous administra-
tion of angiotensin into CSF produces
thirst, ADH release, natriuresis, and kali-
uresis (3, 152). Peripheral infusion of sub-
pressor and mildly pressor doses of angio-
tensin, in general, produce a reduction both
in urine flow and sodium excretion (18).
Collectively, however, the available data
suggest that in addition to its adrenocortical,
intrarenal, and hemodynamic effects, angio-
tensin produces hydration changes by an
action on the CNS.

V. Cholinergic, Adrenergic, and Macro-
molecular Effects of Angiotensin in
the Central Nervous System

A. Cholinergic

Angiotensin has been shown to increase
acetylcholine output at cholinergic terminals
in the periphery (129, 135). Some data
indicate that the peptide also affects central
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cholinergic components. Thus, intravenous
administration of angiotensin to mice (0.3—
30 ug/kg, minimal/maximal effective doses)
elevated total brain acetylcholine (11).
Acetylcholine was measured by bioassay
with the frog rectus abdominus. The maxi-
mal effect was observed after only 10 min.
The authors suggested that angiotensin
either increased the synthesis and/or storage
of acetylcholine or inhibited its destruction.
Elie and Panisset (48) found that angiotensin
released acetylcholine into cortical cups
placed on the parietal cortex of encephale
isolé cats. The acetylcholine was measured
by bioassay in eviscerated cats. Identifica-
tion of the vasoactive substance as acetyl-
choline was based on the following: a)
physostigmine was required in the media
bathing the cortex; b) atropinization of the
assay cat antagonized the vascular response;
and c) samples were inactivated by alkalini-
zation and exposure to room temperature.
Angiotensin, applied topically (10— M), or
microinjected (1 ng/0.1 ul) 1 mm deep into
the cortex produced significant increases in
acetylcholine output. Addition of angio-
tensin to brain homogenates (10-1-10-3
g/ml) had no effect on cholinesterase ac-
tivity measured by a gazometric method.
The authors suggest that angiotensin in-
creases spontaneous acetylcholine output by
altering cholinergic release mechanisms.

B. Adrenergic

Peripheral angiotensin interaction with
the sympathetic nervous system is well
cstablished, especially at the level of post-
ganglionic terminals. At this site, there is
good evidence that the peptide increases
sympathetic activity by facilitating release
(182), inhibiting reuptake (96), and increas-
ing synthesis (139) of norepinephrine. Based
on drug inhibition data the central pressor
(13, 158) and drinking (62, 154) effects of
angiotensin may involve adrenergic mecha-
nisms. Literature suggesting adrenergic
interaction of angiotensin in the CNS is
difficult to evaluate since various authors
utilize various routes of administration,
doses, and temporal parameters, whereas
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basic information relative to the uptake,
accumulation and inactivation of the pep-
tide is incomplete or lacking. Thus, while
angiotensin interaction at adrenergic ter-
minals in peripheral test systems can be
demonstrated at levels which are probably
“physiological” (96, 182), the question of
what constitutes a ‘“physiological” experi-
ment in the CNS is unknown. Since endoge-
nous brain angiotensin seems to be dis-
tributed in a manner similar to norepineph-
rine (58), and since renin activity is localized
in synaptosomes (108), angiotensin may
affect central adrenergic terminals in a
manner similar to its effects on peripheral
adrenergic terminals.

Effects on endogenous brain norepineph-
rine. With doses of angiotensin which pro-
duced pressor responses, neither infusion
into the 7n situ cat brain preparation (9) nor
repetitive 1injections into perfused cat
ventricles (34) altered norepinephrine levels
in brain regions which contain high endoge-
nous concentrations. Other investigators
found that administration of 1 ug of angio-
tensin IVT to mice (26) or 0.5 ug/kg i.v. to
rats (92) significantly reduced whole brain
norepinephrine content. The maximal reduc-
tion (50%) in mouse brain occurred after
1 hr, and recovery was observed by 2 hr.
The reduction in rats was observed at the
three times measured (3, 10, and 20 min).
Brain dopamine levels were not changed in
the rat experiments. Regional analysis of the
rat brain showed that hypothalamic, but not
striatal, norepinephrine was decreased.

In vitro effects. Palaic and Khairallah (126)
preincubated slices of brain, thoracic aorta,
and spleen with and without angiotensin
(20 wg/ml) followed by incubation with
14C-norepinephrine. Angiotensin significantly
reduced the radioactivity accumulated by
all three tissues. Based on this and <n vivo
experiments described below, Palaic and
Khairallah suggested that angiotensin has a
general effect of inhibiting tissue norepineph-
rine uptake.

Janowsky et al. (85) added angiotensin
(10-100 pg/ml) to rat brain synaptosomes
incubated with 3H-norepinephrine and ob-
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served decreased uptake of isotope. The
peptide had no effect on the efflux of *H
from synaptosomes pre-equilibrated with
3H-norepinephrine. Analysis of synaptosome
pellets and supernatant in uptake and efflux
experiments showed that angiotensin did not
significantly change the percentage of *H-
norepinephrine in the samples. Thus, the
apparent inhibitory effect of angiotensin on
norepinephrine uptake is not likely to be
secondary to alterations in *H-norepineph-
rine metabolism. The peptide did, however,
produce small but significant changes in the
metabolites in supernatant samples. In up-
take experiments, angiotensin decreased
the amount of 3H-normetanephrine. In
efflux experiments, the peptide increased the
amount of 3H-deaminated catechols and
decreased the quantity of *H-deaminated-
O-methylated catechol metabolites. Angio-
tensin does not appear to directly affect
monoamine oxidase or catechol-O-methyl-
transferase activity in peripheral tissues
(10). Limited information is available con-
cerning peptide effects on these enzymes in
brain. In vitro addition of angiotensin to rat
brain homogenates does not alter catechol-
O-methyltransferase activity (10). One
investigator reported that intravenous an-
giotensin reduces whole brain and hypo-
thalamic monoamine oxidase activity (92).
In the experiments of Janowsky et al. (85)
with brain synaptosomes, interesting data
were obtained relative to the inactivation
of angiotensin by brain tissue. Addition of
angiotensin to 5 ml of synaptosome suspen-
sion to make a final concentration in the
media of 10~* M (100 ug/ml) resulted in an
immediate 42 % decrease in pressor material
measured by bioassay. Considering that the
5 ml of suspension represented synapto-
somes from 1/20th of a rat brain, the inacti-
vation process must have an enormous
capacity. Similarly, Barth (10) reported
that incubation of crude rat brain homog-
enate with angiotensin results in rapid dis-
appearance of the peptide. These observa-
tions typify the types of problems encoun-
tered when trying to determine dose or
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concentration factors in CNS-angiotensin
research.

In vivo effects. Palaic and Khairallah (127)
studied angiotensin interaction with central
adrenergic neurons with a ventriculo-cis-
ternal perfusion method in anesthetized
rats. The simultaneous perfusion of angio-
tensin (8-800 ng/min) and *H-norepineph-
rine, followed by a washout perfusion,
showed that the peptide decreased the
amount of isotope accumulated by the brain
and in the washout fluid. Although the
amount of tritium in the washout fluid was
decreased, the rate of washout was similar to
control values. Furthermore, supernatants
from brain homogenates prepared after the
washout perfusion showed that angiotensin
did not change the norepinephrine/metabo-
lite ratio. The data suggest that angiotensin
inhibits the norepinephrine uptake mecha-
nism. The biologically inactive angiotensin
diamide did not produce this effect. Similar
experiments in which *H-norepinephrine was
perfused through the brain and followed by
angiotensin perfusion in the washout period
indicated that the peptide did not affect
norepinephrine release. Additional perfusion
experiments with 2H-norepinephrine-equil-
ibrated brains showed that stimulation of
the central end of the cut vagus increased
norepinephrine and decreased acid metabo-
lites in the brain effluent, suggesting a shift
of catecholamines to extracellular sites (128).
This effect was potentiated when the ven-
triculo-cisternal perfusion contained angio-
tensin. Hence, angiotensin probably blocks
reuptake of norepinephrine released endoge-
nously by electrical stimulation. Palaic and
Khairallah (127) suggested that angiotensin
acts on the cell membrane amine pump,
probably by altering ion movements. Some
support for an ionic requirement is provided
by the observation that central angiotensin
pressor activity is inhibited by hypocal-
cemia (34).

C. Macromolecular Effects

Recently, data have been obtained demon-
strating that angiotensin exerts effects on
macromolecular systems of many tissues (98).
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In vivo experiments in which angiotensin
(45 ng/kg/min) was infused intravenously
to rats after an intravenous injection of *H-
thymidine showed that the peptide increased
the specific activity and content of DNA in
areas of the heart and kidney. Similar experi-
ments where *H-uridine was utilized demon-
strated that angiotensin significantly in-
creased the incorporation of uridine into
RNA of spleen, liver, brain, and regions of
heart and kidney. A significantly increased
RNA content was also found. Interestingly,
these effects were measured only 2 hr after
injection of the isotopic precursors. Angio-
tensin appears to stimulate the synthesis of
aldosterone and norepinephrine by increas-
ing protein synthesis in slices of adrenal
glands and atria, respectively (139). The
mechanism or significance of these macro-
molecular effects of angiotensin cannot be
assessed at this time. However, it is possible
that they may be partly associated with
tyrosine hydroxylase synthesis.

VI. Central Angiotensin Effects
in Man

Data suggest that the cardiovascular
effects produced by angiotensin-CNS inter-
action in animals also occur in man. No data
are yet available to determine whether the
central effects of angiotensin on salt and
water balance occur in man. However, renal
mechanisms have been implicated in human
thirst (59). Moreover, human brain contains
renin (68); in rats, brain renin activity corre-
lated with brain hydration and electrolytes
(69).

Johnsson et al. (83, 86) found that intra-
venous infusions of angiotensin (2-3 ug/
min) or norepinephrine (17-20 ug) reduced
blood flow in the human hand. Local intra-
arterial injections of phenoxybenzamine to
one hand blocked the effect of both vaso-
pressors only in the treated hand. Intra-
arterial injection of guanethidine antago-
nized the effects of angiotensin, but not
norepinephrine, on hand blood flow. These
data suggest that angiotensin produced
elevated resistance in the hand circulation
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by a sympathetic mechanism. Johnsson and
colleagues (83, 86) investigated angiotensin
activity further by infusing the peptide
intravenously in patients while recording
venous pressure in an arm occluded by a
suprasystolic cuff. Venous pressure was
increased by angiotensin in these experi-
ments. Since the peptide did not reach the
test arm because of the suprasystolic cuff,
the indirect action of angiotensin must have
occurred at a site proximal to sympathetic
postganglionic terminals. Independently,
Whelan and colleagues (146, 174, 175) made
similar observations that intravenous angio-
tensin effects on hand blood flow could be
antagonized by alpha receptor or adrenergic
neuron blockade. Furthermore, these in-
vestigators showed that angiotensin effects
on hand flow were absent after nerve block
and in patients with idiopathic autonomic
degeneration, sustained brachial plexus
avulsion, surgical sympathectomy, and, in
one patient, chronic cervical spinal damage.
The circulation of the foot was found to
respond to angiotensin in a manner similar
to the hand. However, hand and foot circu-
lations are not representative of all vascular
beds. The forearm flow, for example, appears
more sensitive to direct angiotensin effects
(146). Evaluation of the direct versus the
indirect effects of angiotensin on other
regional circulations in man has, to our
knowledge, not been clarified. Although the
data did not clearly differentiate a ganglionic
from a central site of angiotensin activity, a
central mechanism was postulated because:
a) no clinical evidence of widespread au-
tonomic stimulation was observed; b) the
sympathetic effect of angiotensin was absent
in the cord-damaged patient although
ganglia were intact; and (c) different sensi-
tivities of various vascular beds to indirect
angiotensin effects could be more precisely
integrated by the brain.

Ueda et al. (166) injected angiotensin into
the vertebral arteries of human volunteers.
Their data showed that angiotensin (1-2.5
pg) produced greater rises in systolic and
diastolic blood pressures than aortic injec-
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tion of the same doses. Whereas aortic in-
jections produced bradycardia, vertebral
administration of angiotensin generally
elevated heart rate. Finally, Finkielman
et al. (57) obtained data suggesting that
angiotensin interaction in the CNS may be
relevant to human essential hypertension.
These investigators state: “A pressor poly-
peptide was isolated from the cerebrospinal
fluid of normotensive and hypertensive
patients. Pharmacologically it behaves like
angiotensin I. A very significant correlation
(r = 0.83, P < 0.001) was found between the
concentration of this polypeptide and the
blood pressure of essential hypertensive
patients.”

Such clinical data, taken with many ani-
mal studies, suggest the possibility that
central angiotensin effects may be involved
in hypertensive pathophysiology.

VII. Summary and Conclusions

There is general agreement that the bio-
logical effects of angiotensin are complex.
Although angiotensin is often regarded as a
renal hormone and is associated with vaso-
constriction and aldosterone release, the
presence of components of the renin/angio-
tensin system in many tissues suggests a
broader role for the peptide. The brain is
one organ which contains and responds to
angiotensin. When angiotensin reaches ap-
propriate brain structures, a rise in blood
pressure, thirst, and antidiuretic hormone
release ensue. Technical problems limit
precise analysis of whether endogenous
angiotensin exerts these effects. There are
several ways in which angiotensin can inter-
act with the central nervous system. a)
Much literature suggests that circulating
angiotensin may influence brain structures
outside of the BBB. b) A smaller amount of
data suggests that circulating angiotensin
could reach ventricular cerebrospinal fluid.
¢) Angiotensin may be produced locally
and released at responsive brain sites.

It would be premature to assign any
physiological or pathophysiological role to
central angiotensin effects. On the other
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hand, it is reasonable to propose that they
may contribute to the maintenance of some
hypertensive states and disorders of fluid/
electrolyte balance. How these central effects
of angiotensin are integrated with the
peripheral effects of the peptide is unknown.
It is of interest that sodium and calcium are
frequently identified as requirements for the
activity of the peptide. Angiotensin may be
a local regulator of the movement of these
ions. Much research will be necessary to
evaluate the above possibilities.

VIII. Addendum

The following papers have come to our
attention after submission of the original
manuscript. Minnich et al. (Union Méd. Can.
102: 903-906, 1973) reported that angio-
tensin injections into the cerebroventricles
of rats increase dopamine levels in the
hypothalamus, pons-medulla, striatum and
cerebellum. Norepinephrine levels in the
hippocampus and cerebellum were also in-
creased. Goldstein et al. (J. Neurochem.
19: 2451-2452, 1972) reported on the pres-
ence and partial purification of angio-
tensinase activity in rat and dog brain.
Fukiyama (Jap. Heart J. 14: 135-139, 1973)
reported that stimulation of the carotid
sinus nerve of dogs causes less bradycardia
and hypotension when angiotensin is in-
fused through the vertebral arteries.
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