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Abstract
The renin-angiotensin system in the brain acts to regulate a number of physiological processes.
Evidence suggests that angiotensin peptides may act as neurotransmitters, although their biosynthetic
pathways are poorly understood. We review evidence for neuronal production of angiotensin
peptides, and hypothesize that angiotensin may be synthesized intracellularly in neurons.

Many advances in our understanding of the renin-angiotensin system (RAS) have been made
over the last century, and the pace of discovery regarding this hormone system is ever
quickening. Within the last two decades, the discovery of a second angiotensin converting
enzyme (ACE2), a putative receptor for angiotensin-[1–7], and the (pro)renin receptor have
vastly expanded our appreciation for the complex biochemistry and physiological responses
elicited by the RAS. These discoveries have also led to many new hypotheses about the function
of the RAS and potential novel clinical interventions for the diseases that are mediated through
this humoral system.

Most textbooks and historical reviews of the RAS focus on the peripheral system as it exists
in the circulation and its role in blood pressure and renal-mediated regulation of plasma
osmolarity and volume. Indeed, plasma renin activity (PRA) is the clinical marker for systemic
RAS activity. While the systemic functions of the RAS (i.e. stimulating aldosterone synthesis,
causing peripheral vasoconstriction, and antinatriuresis) are critical, they fall short of
describing and appreciating the paracrine and autocrine functions of the RAS within individual
organs. Many organs express components of the RAS, including most notably the heart, kidney,
and brain. These organs are extremely important in the regulation of cardiovascular function,
and it is not surprising that modulation of RAS activity within these individual organs (even
without modulating the circulating, or hormone RAS) can have major consequences on
cardiovascular function.
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In 1961, Bickerton and Buckley (3) first demonstrated that Ang-II acts directly within the
central nervous system to increase blood pressure. It was further demonstrated that central
injection of purified Ang-II (specifically around the hypothalamus) resulted in a robust drinking
response (7). These reports firmly established a role for central Ang-II in the regulation of
blood pressure and hydromineral balance, and implied that Ang-II-sensitive receptors are
present within discrete regions of the brain. Other studies documented the presence of renin
within the brain, thereby providing evidence for endogenous angiotensin production within the
central nervous system (9;12). Together, these early studies established both the production
of, and receptive fields for, Ang-II within the central nervous system.

With these data now in hand, current brain-RAS researchers are left with a discrete set of
questions: Since the RAS ultimately functions by stimulating cell surface receptors which
induce intracellular signaling mechanisms, where do these signals originate, where do they act,
and how are they transduced? In other words, what portions of the brain (both regional and
cell specific) synthesize angiotensin peptides, and which portions express receptors for these
peptides? What are the functions of the RAS within the brain, in terms of behavioral and
physiological regulation? Are angiotensin peptides utilized by neurons as neurotransmitters
and/or neuromodulators?

Regulation of peripheral organ system function by the brain is mediated through either direct
synaptic contact (such as the innervation of skeletal muscle, cardiac muscle, and various
glands), or through neurohormonal signaling (such as vasopressin or ACTH release into the
circulation). In both cases, regulation of anatomically and chemically distinct neuronal
populations mediates these functions. To understand exactly how the central RAS can modulate
physiological functions, then, it should be our first goal to define the molecular and cellular
localizations and actions of the RAS within the brain. Determining, for example, whether
angiotensin peptides are used as neurotransmitters (versus neuromodulators) is key to our
understanding of how the central RAS can control neuronal function.

In their textbook, Cooper, Bloom, and Roth (4) have described a five-point definition for what
constitutes a neurotransmitter: 1) the substance must be synthesized in, and released from, the
presynaptic neuron, 2) the substance must be released from nerve terminals (into synapses), 3)
the substance must cause effects in post-synaptic neurons that reflect the signal carried by the
pre-synaptic neuron, 4) the substance’s effects on the post-synaptic neuron must be receptor-
mediated and dose-dependent, and 5) an active degradation or reuptake mechanism must exist.
Several excellent reviews (most notably (8)) have outlined how Ang-II fulfills many parts of
this classic definition, with the notable exception of the first, neuronal synthesis. We will focus
on the evidence for neuronal synthesis of Ang-II, the first criteria required to define Ang-II as
a neurotransmitter. Further, we examine how the discovery of new components of the RAS,
namely an intracellular form of the renin enzyme and the (pro)renin receptor ((P)RR), may
help provide mechanisms to achieve neuronal synthesis of Ang-II.

Angiotensin Synthesis in the Central Nervous System
All of the angiotensin peptides are produced by sequential enzymatic cleavage of
angiotensinogen, and alternate processing pathways result in the irreversible formation of
subsequent peptides (Figure 1). Thus, the minimum requirement to generate all angiotensin
peptides is the synthesis of angiotensinogen. The majority of angiotensinogen synthesized
within the brain is produced by astrocytes where it is constitutively secreted into the interstitial
space and cerebrospinal fluid (5;51). Glial angiotensinogen has been presumed to be the
substrate through which exogenous renin can cause pressor and dipsogenic responses, when
the enzyme is administered directly into the brain ventricles (15). Indeed, the importance of
glial angiotensinogen is highlighted by the consequences for blood pressure and drinking by
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the gene’s over-expression or ablation (27;38). Interestingly, recent studies suggest that glial
cells may play more than a simple passive role in the regulation of blood pressure (1), as
transduction of glial cells with a constitutively active AT1 receptor in the rostral ventrolateral
medulla (RVLM) causes a rise in arterial blood pressure.

Numerous studies have established that neurons are also capable of producing angiotensinogen.
Cultured neurons express and secrete angiotensinogen (16;53), and immunocytochemical
localization of angiotensinogen in the brain has demonstrated the presence of angiotensinogen
in neurons of the ventrolateral medulla (33), hypoglossal nuclei (52), forebrain, thalamus,
hypothalamus, and brain stem (31;54), magnocellular neurons of the paraventricular nucleus
(PVN) (2), and nucleus of the solitary tract (NTS), paraventricular nucleus, RVLM, and
subfornical organ (SFO) (56). Moreover, preliminary work by Vinsant, et al. (55) suggests that
inhibition of glial angiotensinogen has little effect on neuronal Ang II-staining in central
pathways controlling sympathetic activity.

Given the presence of abundant angiotensinogen and assuming there is a source of renin to
process angiotensinogen in neurons, is there evidence for neuronal Ang-II staining? Ang-II
stained magnocellular and parvocellular neuronal cell bodies are abundant in the PVN and
supraoptic nuclei (SON), and Ang-II has also been reported in other hypothalamic nuclei,
circumventricular organs, and the NTS (24). Ang-II immunoreactive nerve fibers have been
identified in the SFO, median preoptic nucleus (MnPO), SON, PVN, and posterior pituitary
(10;22;23). Furthermore, Ang-II has been co-localized with γ-aminobutyric acid in nerve
terminals near synapses, and some Ang-II is evident in secretory vesicles, which may be
synaptic vesicles (35).

Given the presence of the angiotensin precursor, angiotensinogen, and the effector, Ang-II, in
neurons, where is the renin? It is commonly accepted that the first, and rate-limiting step in the
production of all subsequent angiotensin peptides is the enzymatic cleavage of angiotensinogen
by renin. Therefore, by definition, a local RAS can only exist in the brain if renin is also present
or can gain access. Renin-like enzymatic activity was first demonstrated in dog and rat brain
homogenates (9;12). Further studies demonstrated that renin protein and mRNA were present
in astrocytes and neurons, in rat, mouse, and human (6;11;14;46). The localization of renin to
particular structures and cell types within the brain has proven difficult, though, as its levels
within the brain are very low. No doubt this has been a major technical hurdle toward
understanding the biosynthesis of Ang-II in the brain, thus leading some to hypothesize that
angiotensin peptides may be formed through renin-independent mechanisms. Arguing against
a renin-independent mechanism are genetic data using transgenic mouse and rat models which
take advantage of the strict species-specificity of the enzymatic reaction between human renin
and human angiotensinogen (13;26). In nearly all of those studies, double transgenic animals
exhibit robust cardiovascular and metabolic phenotypes whereas single transgenic animals
(over-expressing renin or angiotensinogen but not both) are phenotypically normal. On the
other hand, there are no data directly addressing the possibility that the interaction between
angiotensinogen and non-renin processing proteases are also species specific. Such a species-
specificity between angiotensinogen and non-renin processing enzymes could explain the lack
of a phenotype in transgenic animals expressing only human angiotensinogen. Future studies
utilizing the renin inhibitor, aliskiren, in animals overexpressing species-matched
angiotensinogen could perhaps aid in addressing this question.

Recently, we reported evidence for renin promoter activity in both astrocytes and neurons of
mice using transgenic mice expressing a sensitive reporter gene driven by the renin promoter
(18). Further, using sensitive reporter transgenes controlled by the renin- and angiotensinogen-
promoters, we have demonstrated similar distribution of renin- and angiotensinogen-
expressing cells within the SFO, PVN and RVLM (17). Finally, studies utilizing mice
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overexpressing renin, driven by a highly regulated endogenous promoter encoded in a very
large genomic transgene, have provided strong evidence for de novo renin synthesis within the
brain (30).

The use of transgenic rats and mice either over-expressing or ablating the synthesis of RAS
components in the brain has resulted in a wealth of new detailed information on the role of the
RAS in regulating blood pressure and hydromineral balance. Most commonly used rat models
include the TGR(mREN27) model expressing the mouse Ren-2 gene, TGR(ASrAogen)
expressing an antisense to angiotensinogen under the control of the glial GFAP promoter, and
double transgenics expressing both the human renin and angiotensinogen genes. The TGR
(ASrAogen) rat perhaps has the greatest potential to address issues of neuronal production of
angiotensin peptides. Indeed, Sakima et al (37) suggest that non-glial sources of Ang-II and
Ang-(1–7) in the NTS may contribute to arterial pressure responses to anesthesia in these rats,
and that in particular, Ang-(1–7) from a non-glial source may have effects on baroreflex
sensitivity. In interpreting these findings, one must not only consider that the antisense
construct causes a reduction, but not knockout of glial angiotensinogen, but also the potential
role of circulating angiotensin in the regulation of the baroreflex within the NTS (34).

Several transgenic models have also been established in mice. In these studies, cell-specific
promoters were used to drive expression of human renin, human angiotensinogen, or rat AT1
receptors specifically to either neurons or glial cells (28). Transgenic animals overexpressing
the human renin gene alone either centrally or systemically show no phenotypic alterations in
Ang-II production or blood pressure, whereas animals harboring both human renin and
angiotensinogen exhibit increased brain-specific Ang-II production and potent AT1 receptor-
dependent hypertension (27–29). Similarly, neuronal specific overexpression of AT1 receptors
causes an increase in arterial pressure in response to exogenous Ang-II (20). The next level of
sophistication came from combining the power of cell-specific over-expression (as above) with
Cre-recombinase loxP-mediated ablation. This allowed the development of robust genetic
platforms to first over-express components of the RAS, and then to ablate them in a tissue-
specific, region-specific, or cell-specific manner. We first applied this technique and gathered
proof-of-principle for its effectiveness by showing that intravenous delivery of an adenovirus
encoding Cre-recombinase (AdCre) could efficiently ablate expression of a “floxed” human
angiotensinogen transgene (hAGTloxP) in the liver of transgenic mice (49) and could lower
arterial pressure in double transgenic mice carrying human renin and floxed human
angiotensinogen (50). This study provided strong evidence that the major source of circulating
angiotensinogen is derived from the liver. We also bred the same double transgenic mice with
mice expressing Cre-recombinase under a glial-specific promoter and showed that the triple
transgenics had lower blood pressure than the hypertensive double transgenic mice, once again
illustrating the importance of glial angiotensinogen (40). Davisson then showed that
stereotactic delivery of AdCre could effectively cause regional ablation of gene expression in
the brain (44;45). They went on to report that AdCre-mediated SFO-specific ablation of
hAGTloxP attenuated the pressor response to ICV injection of human renin (43). Similarly, we
studied a double transgenic mouse model which simultaneously expresses hAGTloxP in
neurons and glia, and human renin in neurons. These mice exhibit hypertension and an increase
in water and salt intake at baseline (36). SFO-specific ablation of human angiotensinogen in
this model by AdCre significantly reduced water intake. Although we performed site-specific
injection of AdCre into the SFO, we recognize that adenoviruses can be retrogradely
transported and thus may result in the ablation of transgene expression in neurons which project
to the injection site (44). Consequently, the reduced pressor response to human renin in single
transgenic mice and the reduced water intake in the double transgenic mice may be due to loss
of human angiotensinogen in the SFO but also in neurons projecting to the SFO. Nevertheless,
both studies collectively highlight the importance of local angiotensin production within the
brain.
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Novel Players in the RAS: Intracellular Renin
The classical renin mRNA transcript contains nine exons in rodents (ten exons in humans) and
has a very short 5’ untranslated region (UTR) (Figure 2). Translation begins at the first ATG
codon in exon 1. In juxtaglomerular cells of the kidney, the primary product of renin mRNA
translation is preprorenin. The “pre” represents the signal peptide which directs the protein to
enter the endoplasmic reticulum with subsequent incorporation of the polypeptide into the
secretory pathway. After cleavage of the signal peptide, the remaining protein (prorenin) is
sorted into either the constitutive secretory pathway (and is passed directly out of the cell
without further processing), or into the regulated pathway where the protein is glycosylated,
packaged into secretory granules, and the prosegment removed. The prorenin converting
enzyme which processes inactive prorenin to active renin remains unclear. It is also unclear if
this pathway is shared in other renin-expressing cell types and tissues including the brain.

We and Lee-Kirsh, et al. reported that the structure of renin mRNA in the brain is different
from that transcribed in the kidney (21;42). Instead of transcription beginning at the classical
renin promoter and containing exon-1 (now termed exon-1a), the transcripts in the brain start
at a unique transcription start site and contain a new first exon (termed exon-1b, encoding
renin-b). Renin-b mRNA initiated at exon-1b splices directly to exon 2 and thus the remainder
of the mRNA is identical in brain and kidney Figure 2). Since there is no exon-1a, translation
cannot initiate from the “normal” ATG present in exon-1a, and importantly, there are no ATG
sequences in exon-1b. Thus, translation must initiate at the next “in frame” ATG which lies in
exon-2. Interestingly, this ATG is extremely well conserved throughout evolution, more so
than the surrounding sequences in the prosegment. Translation from the exon-2 ATG would
result in the production of a protein devoid of the signal peptide and the first ⅓ of the pro-
segment. Biochemical studies revealed that renin-b is active, suggesting that the remaining ⅔
of the prosegment is insufficient to inhibit renin activity (21). It is therefore hypothesized that
translation of the renin-b transcript produces an intracellular form of active renin. Interestingly,
mutations in the renin prosegment caused both an increase in enzymatic activity of prorenin
but also decreased secretion in transiently transfected CHO cells (25). This led the authors to
conclude that the prosegment was required for efficient expression of renin. Along these lines,
it is notable that renin levels in the brain are extremely low. We examined the hypothesis that
expression of the intracellular form of renin in the brain would result in increased arterial
pressure by comparing two double transgenic mouse models each expressing human
angiotensinogen and glial-specific expression of either intracellular renin or secreted renin.
Both models exhibited an equivalent increase in arterial pressure that was AT1 receptor-
dependent providing evidence for a physiological function of intracellular renin in the brain
(19).

Recent studies in non-neural cell types in culture suggests that intracellular levels of
angiotensinogen, renin and Ang-II can be modulated under certain conditions (41).
Consequently, this begs the question of whether the identification of this novel brain-specific
transcript encoding an intracellular active renin is the missing link in defining Ang-II as a
neurotransmitter. Clearly, there are many unresolved questions derived from this observation
(Figure 3). Are renin-b mRNA and protein localized in neurons in regions of the brain
controlling cardiovascular function? Is renin-b sorted to an intracellular compartment where
it could interact with angiotensinogen, ACE, neprilysin, ACE2 or aminopeptidases to form
Ang-II, Ang-(1–7), or other smaller angiotensin peptides? Does this intracellular processing
of angiotensinogen, if it occurs, result in the production of angiotensin peptides that are sorted
to the neurosecretory apparatus?

We have begun to take steps toward answering these questions. For example, we have recently
determined that Neuro-2a neuroblastoma cells express renin-b mRNA and we are screening
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other neuronal cell types for expression of this renin isoform. We have also embarked on an
ambitious project using gene targeting in C57BL/6 embryonic stem cells to take advantage of
the structural differences in the gene encoding the renin-a and renin-b mRNAs to generate
separate “null” and “flox” alleles of the renin-a and renin-b mRNAs derived from the mouse
Ren-1c gene. Some of these mice have already been obtained and their analysis should provide
novel tools and insights that will allow us to dissect the relative importance of these two renin
isoforms in the brain.

Novel Players in the RAS: The (Pro)Renin Receptor
In addition to the direct synthesis of intracellular active renin, the discovery of a receptor for
(pro)renin provides a possible mechanism by which neurons could either concentrate or
potentially sequester extra-neuronal sources of renin. The (pro)renin receptor, first identified
by Nguyen, et al. (32), binds both renin and prorenin, non-enzymatically activates prorenin to
increase its angiotensinogen-cleaving catalytic efficiency, and activates intracellular signaling
pathways. Of particular interest, is the observation that this receptor is expressed at high levels
within the brain. Is it possible that through binding to neuronal (pro)renin receptors, local renin
levels may be substantially increased near (or potentially within) neurons, independent of the
original source of the prorenin or renin (Figure 3)? Perhaps, this could provide a mechanism
to concentrate renin directly in the proximity of neuronal AT1 receptors and provide an
immediate highly localized source of Ang-II derived from angiotensinogen released from either
neurons or glial cells. As of now, there are few data implicating a role for this receptor in the
brain. As above, many questions would need resolution. Are (pro)renin receptors localized on
neurons in close proximity to AT1 receptors? Are they necessary for the production of Ang-II
or other angiotensin peptides in the brain? Do they increase the catalytic activity of prorenin,
or transduce a signal within neurons in response to the binding of renin as a ligand? Do they
concentrate renin and provide a mechanism for uptake of the enzyme into neurons? Recent
data from Shan, et al. (39) provide evidence for the presence of (pro)renin receptors in neurons
from neonatal rats. They further report that the addition of renin, in the presence of losartan,
to cultured neurons resulted in a potent decrease in action potential frequency that was that
was attributed to the (pro)renin receptor.

Summary and Conclusions
We have reviewed evidence for the neuronal production of the precursor and primary enzyme
responsible for angiotensin production which collectively support the hypothesis that
angiotensins may act as neurotransmitters. Further, we hypothesize that newly recognized
components of the RAS, namely renin-b and the (pro)renin receptor, may perhaps be the
missing links which are required for the local or intracellular synthesis of neuronal Ang-II.
Together, these hypotheses provide a novel theoretical framework for experiments into the
neurotransmitter and neuromodulatory roles of angiotensins within the brain.
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Figure 1. The Renin-Angiotensin System
Recent advances in understanding the complex biochemistry of the RAS have prompted new
interest in the significance of alternative peptide products. Alternate processing pathways result
in the stimulation of distinct receptor populations on target cells, and thus the presence or
absence of individual enzymes in the local environment, and receptor subtypes expressed in
target cells, can grossly alter the effects of angiotensin signaling on target cells. Although
typically assumed to function entirely in the interstitium, emerging evidence suggests possible
mechanisms of intracellular formation of the various peptides. For a more detailed review of
the known enzymatic pathways involved, see (47;48).
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Figure 2. Synthesis of Intracellular Renin
The hypothesized biosynthetic pathway for intracellular renin is shown. Classically,
preprorenin is the primary translation product of the renin-A mRNA transcribed from the
classical renin promoter and including exon-1a. Preprorenin is processed (red arrows) first by
removal of the signal peptide and then by removal of the prosegment. Active renin is
subsequently released into the systemic circulation. In the brain, a different renin mRNA
termed renin-b is transcribed from an unknown promoter within intron-1 (in mice) or 6.2 kb
upstream of the classical renin promoter (in humans) to result in a novel transcript lacking
exon-1a, and including exon-1b. There are no ATG sequences in exon-1b in rat, mouse, or
human, and thus translation begins at the highly conserved ATG present in exon-2. This product
encodes the entire active renin protein and ⅔ of the prosegment. It is unclear, if the prosegment
is removed. As the protein lacks a signal peptide, it is unlikely to be secreted. Additional studies
are needed to determine if this protein is stable, remains intracellularly, and within which
intracellular structures it resides.
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Figure 3. Neuronal RAS- A Provocative Hypothesis
The findings reviewed herein suggest the intriguing possibility for the intracellular generation
of angiotensin peptides (ANG) derived from the intracellular conversion of angiotensinogen
(AGT) by renin-b or intracellular renin (icREN). The fate of intracellular angiotensin peptides
synthesized in this way remains undefined. We hypothesize that some mechanism may exist
for these peptides to be packaged into neurosecretory bodies and perhaps transported through
axons to the synapse. Similarly, we hypothesize that the presence of the prorenin receptor [(P)
RR] on the neuronal surface may provide a mechanism for prorenin or renin in the extracellular
space to be concentrated in the proximity of angiotensinogen released from either glial cells
or neurons. This, in the presence of other angiotensin converting enzymes may lead to the
synthesis of angiotensin peptides in the proximity of neuronal angiotensin receptors (ATR).
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