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Aging and the brain renin-angiotensin system:
Insights from studies in transgenic rats

A
ging is characterized by increased systolic
blood pressure resulting from activation of
the sympathetic nervous system, reduced
vagal activity, and reduced vascular distensi-

bility. Imbalances in sympathetic and parasympathetic
outflow to vessels, heart, kidney, and other organs con-
tribute to the increase in systolic blood pressure as well
as the associated impairment in the gain of the baro-
receptor reflex. The reduced heart rate variability
linked to increased mortality in patients with cardio-
vascular disorders could be attributed in part to
impaired reflex function. Alterations in reflex control
of autonomic outflow may also contribute to the con-
stellation of cardiovascular and metabolic changes
known to accompany hypertension, especially during
aging. Understanding the factors that regulate the
function of the brainstem areas controlling autonom-
ic outflow during aging is critical as the elderly pro-
portion of the population continues to increase.

■ PROTECTIVE EFFECTS OF RENIN-ANGIOTENSIN
SYSTEM BLOCKADE DURING AGING

One factor with a close anatomic association with
both the sympathetic and parasympathetic limbs of
the autonomic nervous system is the renin-
angiotensin system (RAS).1 Abundant evidence of
functional interactions between the RAS and the
autonomic nervous system at sites in the brain and
periphery provides a strong rationale for therapeutic
interventions involving RAS blockade during aging.
Indeed, RAS blockade extends lifespan and improves
or prevents age-related deficits in cardiovascular and
metabolic function in rats.2,3 Multiple benefits are
derived from long-term inhibition of angiotensin-
converting enzyme (ACE) or angiotensin II type 1
(AT1) receptor blockade in normotensive rats at doses

that do not lower blood pressure at the outset of treat-
ment in early adulthood: attenuation of the age-related
decline in cognitive function, the increase in body
weight gain, and the decline in mitochondrial func-
tion, as well as preservation of renal function.2–8

However, during aging there is a decrease in plasma
renin activity and circulating angiotensin (Ang) pep-
tide levels,9–11 which raises questions about whether
the beneficial actions of RAS blockade may signal a
role of excess Ang II in tissue rather than plasma Ang
II. It is well known that local tissue renin-angiotensin
systems exist in a variety of tissues and organs, includ-
ing the brain, kidney, heart, pancreas, and adrenal
gland.12,13 The brain cardiovascular nuclei influencing
many of the age-related changes in the autonomic
system exhibit high levels of AT1 receptors and other
RAS components.14–17

■ THE BRAIN RENIN-ANGIOTENSIN SYSTEM 
AND AGING IN THE RAT

To understand whether the brain RAS plays a role in
the aging process with respect to metabolic and cardio-
vascular function, our recent studies compared Sprague-
Dawley (SD) rats with transgenic rats that have a defi-
ciency in brain angiotensinogen (ASrAogen rats). The
ASrAogen transgenic rats have a glial fibrillary acidic
protein (GFAP) promoter-linked angiotensinogen anti-
sense sequence overexpressed in brain glia.18 Since glia
are the major source of angiotensinogen in the brain,
this “knockdown” reduces cerebral levels of
angiotensinogen to less than 10% of normal.18,19

ASrAogen rats have slightly lower values of resting
arterial pressure but otherwise exhibit similar circulat-
ing levels of leptin, insulin, and glucose in early adult-
hood.20 SD rats demonstrate an increase in systolic
blood pressure during aging that is associated with
increased circulating insulin and leptin levels.20 There is
also activation of the intrarenal RAS in SD rats during
aging, as demonstrated by increases in excretion of uri-
nary Ang peptides, preceding the increase in systolic
pressure in these animals.10
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Renin-angiotensin system blockade prolongs survival
That the brain RAS plays a key role in these age-
related changes is supported by the remarkable find-
ing that ASrAogen rats do not exhibit increases in
systolic pressure and maintain a lower body weight
relative to SD rats over the same time span of aging.20

Moreover, ASrAogen rats experience no increase in
insulin or leptin during the aging process20 and no
activation of the intrarenal RAS, as evidenced by
maintenance of a low level of excretion of Ang pep-
tides.10 Lifespan is also increased by approximately
30% in ASrAogen rats relative to the SD control
strain (Figure 1), to a length comparable to that seen
in rats receiving lifetime treatment with an ACE
inhibitor or an AT1 receptor blocker begun in early
adulthood.2,3 These findings⎯that selective knockout
of the glial angiotensinogen source has minimal
effects at an early age but mitigates many age-related
pathologies and mimics almost completely the effects
of long-term RAS blockade in humans and
rats⎯strongly argue that it is blockade of the brain
RAS that makes a major contribution to the benefi-
cial effects. 

Ang II and Ang-(1-7) in baroreflex regulation
Impairment in the gain of the baroreflex to levels
comparable to those seen in overt hypertension
accompanies the increase in systolic pressure in older
humans, which is similar to observations in the older
SD rats in our studies (Figure 2). At the level of the
nucleus tractus solitarius (nTS) in the dorsal medulla
oblongata, Ang II is known to provide tonic inhibi-
tion of the sensitivity of the baroreceptor reflex con-
trol of heart rate, a vagally mediated component of the
reflex control of arterial pressure.15,16 This effect of

Ang II is counteracted within the nTS, in part, by
Ang-(1-7) (Figure 3). Ang-(1-7) is another active
component of the RAS that opposes many of the
actions of Ang II in the brain and systemic circulation,
and increases in Ang-(1-7) contribute to the benefi-
cial actions of ACE inhibition and AT1 receptor
blockade.16,21–23 A deficit in endogenous Ang-(1-7) at
the level of the nTS may be one mechanism for the
impairment in the reflex in the SD rats during aging.24

Figure 4, adapted from data reported by Sakima et
al,24 demonstrates that in older SD rats, blockade of
endogenous Ang-(1-7) by the receptor antagonist D-
Ala7-Ang-(1-7) does not inhibit the sensitivity of the
baroreflex, in contrast to what is seen in younger SD
rats. These data reveal that facilitation of the reflex
by endogenous Ang-(1-7) is reduced or absent in
older animals. On the other hand, there is no differ-
ence between older and younger rats in the response
to blockade of endogenous Ang II by an AT1 receptor
antagonist (Figure 4). 

Whether these observations on blockade of Ang II
and Ang-(1-7) hold true for older ASrAogen rats is
not known, but there is a decline in reflex function in
the transgenic animals at the older age (Figure 2).
However, note in Figure 2 that the reflex sensitivity
in the older ASrAogen rats, while lower than that in
their younger counterparts, is comparable to that seen
in the younger normotensive SD rats. Therefore, the
functional impact of the decline in reflex sensitivity
in the ASrAogen rats is hard to assess at this stage of
our investigations. 

As shown above, Ang-(1-7) and Ang II initiate
opposing actions in baroreceptor reflex regulation of
heart rate at the level of the nTS. If an imbalance in
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FIGURE 1. Comparative lifespans of Hannover Sprague-Dawley
(SD) and ASrAogen transgenic (AS) rats.

0 20 40 60 80 100 120 140
0

20

40

60

80

100

Age in months

Pe
rc

en
t 

su
rv

iv
al

� � � �

� �

�

�

�

�

�
�

�

�
�

��
�

�
�

�
�

�

�

�

�
�

�
�

� �

�

SD

AS

FIGURE 2. Baroreflex sensitivity in conscious Hannover Sprague-
Dawley (SD) and ASrAogen (AS) transgenic rats at younger (~15
weeks) and older (~65 weeks) ages.
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these two peptides contributes to the changes in
reflex function seen during aging, then an under-
standing of the factors that regulate the levels of these
peptides and their receptors during aging in brainstem
areas controlling sympathetic outflow is of consider-
able importance. Little is known about the regulation
of the local RAS within each tissue during aging.
There may be overt elevation of components of the
system, as reported for Ang II in the heart during
aging,11 consistent with observations on the
intrarenal RAS.10 Preliminary studies from our labo-
ratory reveal that reductions in enzymes in the dorsal
medulla oblongata, such as neprilysin and ACE2, may
be responsible for reduced formation of Ang-(1-7) in
older animals. The mRNA for neprilysin and ACE2
is lower in older SD and ASrAogen rats, respectively,
than in younger animals of the same strains.25 This
may indicate that rather than frank elevation of the
early precursor substrate or initial enzymes of the sys-
tem, a shift in the processing favoring Ang II at the
expense of Ang-(1-7) could underlie the develop-
ment of age-related pathologies. This hypothesis is
currently under investigation.

■ A LINK WITH AGING-RELATED METABOLIC CHANGES
The above studies focused on the age-related changes
that occur in nTS pathways involved in autonomic
function directed toward baroreflex function. It must
be emphasized that these same brain areas are

involved in control of appetite and body energy
metabolism. A variety of peptide transmitters, includ-
ing those identified as part of the gut-brain connec-
tion, as well as insulin and leptin, act at receptors on
vagal sensory and motor fibers in the periphery as well
as within the nTS and other dorsal medullary sites to
influence food intake and satiety and contribute to
regulation of autonomic outflow.26–30 Of particular sig-
nificance is the report that the forms of the leptin
receptor and melanocortin receptor present in the
dorsal medulla are similar to those in the hypothala-
mic centers known for regulation of temperature,
ingestive behaviors, and energy metabolism.30,31 Our
early studies showed that the distribution of Ang II
receptors in brainstem nuclei clearly overlapped the
distribution of the entire vagal sensory and motor
pathways, and was not confined to vagal fibers associ-
ated solely with the cardiopulmonary system.16,32,33 As
reviewed previously, the anatomic distribution pat-
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FIGURE 3. Diagram of renin-angiotensin system processing path-
ways and receptors for active peptides.

Angiotensinogen

Ang = angiotensin; ACE = angiotensin-converting enzyme; NEP = neprilysin

Sartans = drugs of the AT1 receptor antagonist class (candesartan, irbesartan,
losartan, olmesartan, valsartan)

D-Val = Ang IV receptor antagonist D-valinal-Ang IV

D-Ala = Ang-(1-7) receptor antagonist (D-Ala7)-Ang-(1-7)
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FIGURE 4. Baroreflex sensitivity in anesthetized Hannover Sprague-
Dawley rats at younger (~15 weeks) and older (~70 weeks) ages
before (Base) and after microinjection of either the AT1 receptor
antagonist candesartan (CV) or the Ang-(1-7) receptor antagonist 
(D-Ala7)-Ang-(1-7) (DALA) into the nucleus tractus solitarius. Adapted
from data published by Sakima et al.24
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tern suggested a widespread influence of the RAS on
autonomic function.1,34 Thus, we propose that the
alterations in the brain RAS during the aging process,
including changes in the balance of actions between
Ang II and Ang-(1-7) in brain nuclei of the dorsal
medulla, may provide a link between impairments in
autonomic reflex function and the metabolic changes
of aging. 
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