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Abstract (English) 

The renin-angiotensin system (RAS) plays an important role in the initiation and progression 

of cardiovascular diseases. The detrimental actions of the AT1 receptor (AT1R) including 

cardiac and vascular hypertrophy, inflammation and apoptosis have been well established 

and described. Recently, several publications have suggested novel, protective actions of the 

RAS not only in the cardiovascular- but also in the nervous system. The so-called protective 

arm of the RAS includes AT2- and Mas receptors and is characterized by effects different 

from and often opposing those of the AT1R. In the current work, the neuro-protective and 

neuro-regenerative potential of AT2R stimulation was studied in detail. In an animal model of 

stroke, indirect stimulation of AT2R reduced stroke volume and promoted neuronal survival 

accompanied by improved sensomotoric functions. In animals subjected to spinal cord injury, 

AT2R stimulation ameliorated locomotor performance in a time-dependent manner 

suggesting involvement of neuro-regenerative processes.  An extensive analysis of the 

tissue samples revealed elevated numbers of regenerating axons cranially and caudally from 

the lesion area in animals treated with an AT2R agonist. The underlying mechanisms were 

elucidated using gene expression analysis and morphological assays. The results showed 

for the first time that the neuro-protective and neuro-regenerative actions of AT2R are 

mediated through a defined neurotrophic pathway. 
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Abstract (German) 

Entstehung und Progression kardiovaskulärer Erkrankungen werden maßgeblich durch das 

Renin-Angiotensin-System (RAS) beeinflusst. Viele der pathologischen Effekte des AT1-

Rezeptors (AT1R), darunter Herz- und Gefäßhypertrophie, Inflammation und Zelltod, sind 

mittlerweile weitgehend untersucht. In mehreren kürzlich erschienenen Publikationen wurde 

jedoch beschrieben, dass dem RAS auch eine protektive Seite zukommt und dies nicht nur 

auf kardiovaskulärer Ebene, sondern auch im Nervensystem. Zum "protektiven Arm" des 

RAS zählen der AT2- und der MAS-Rezeptor, welche unterschiedliche, dem AT1R teilweise 

diametral entgegengesetzte Effekte vermitteln. In der vorliegenden Arbeit wurden die 

neuroprotektiven und neuroregenerativen Effekte einer direkten AT2R-Stimulation detailliert 

untersucht. Im Schlaganfall-Tiermodell konnte gezeigt werden, dass die indirekte Stimulation 

des AT2R zu einer Reduktion des Infarktareals führt und neuronalen Zelluntergang inhibiert, 

wobei sich dies auch in einer verbesserten sensomotorischen Leistung der Versuchstiere 

bemerkbar machte. Bei Versuchstieren mit Rückenmarksverletzung zeigte eine direkte 

AT2R-Stimulation in zeitabhängiger Weise einen positiven Einfluss auf deren Lokomotor-

Funktion, was auf zu Grunde liegende neuroregenerative Prozesse schließen ließ. In 

ausführlichen Analysen von Gewebeproben konnte demonstriert werden, dass die mit einem 

AT2R-Agonisten behandelte Tiere in cranial und caudal der Läsion gelegenen Regionen eine 

vermehrte Anzahl an regenerierenden Axonen aufweisen. Zur Darstellung des 

zugrundeliegenden Mechanismus kamen Expressionsanalysen und morphologische Assays 

zum Einsatz. Die Ergebnisse zeigen zum ersten Mal, dass die neuroprotektiven und 

neuroregenerativen Effekte des AT2R durch definierte neurotrophe Signalwege vermittelt 

werden. 
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1. Introduction and aims 

One of the oldest hormone systems, the renin-angiotensin system (RAS), has been 

traditionally linked to cardiovascular diseases. The circulating components of RAS, with the 

effector molecule angiotensin II (Ang II), regulate blood pressure and salt and water 

homeostasis. Two major receptor subtypes for Ang II have been identified: the angiotensin 

AT1 receptor (AT1R) and angiotensin AT2 receptor (AT2R). While the AT1R mediates 

various detrimental cellular processes including apoptosis and inflammation, the AT2R 

subtype displays different and often opposing effects (1). 

All of the RAS components found in the central nervous system (CNS) can be synthesized 

locally and independently from peripheral precursors. In contrast to the AT1R, the AT2R is 

highly expressed during fetal development and is less abundant in adult tissue (2). 

The current work focuses on two processes, neuro-protection and neuro-regeneration that 

might be, at least partially, mediated by AT2R. Neuro-protection can be defined as a process 

that directly prevents necrotic or apoptotic neuronal cell death (primary neuro-protection) or 

affords protection of myelin, axons, and neurons by e.g. anti-inflammation (secondary neuro-

protection). Neuro-regeneration can be defined as a complex process restoring the 

interrupted neuronal connectivity and resulting in functional recovery. The underlying 

mechanisms may involve cell renewal, synaptic plasticity, regrowth of severed axons and 

sprouting of  non-damaged neurons compensating the loss of a neighboring tract (3). 

Several studies have suggested that the AT2R acts as a neuro-protective principle: The 

expression of AT2R is massively up-regulated in neuronal damage as demonstrated in 

animal models of stroke and of sciatic or optic nerve crush (4–6). Genetically modified 

animals lacking AT2R subjected to focal cerebral ischemia have larger infarcts as compared 

to the wild-type animals, mainly due to exacerbated inflammation and generation of reactive 

oxygen species (7). AT2R stimulation may prevent neuronal cell death in vivo as shown in an 

animal model of stroke (4). In addition to the anti-inflammatory and anti-apoptotic activities, 

the AT2R has been reported to have a neuro-regenerative potential. Stimulation of the AT2R 

induces axonal sprouting in vivo (5, 8) and neurite outgrowth in vitro (4). These observations 

have been made indirectly, using the natural ligand, Ang II, in combination with AT1R- or 

AT2R-blockers. However, using this strategy, it was difficult to single out the molecular 

mechanisms underlying the above described AT2R-mediated effects. 

In the last decade, research on AT2R has been limited mainly due the absence of 

appropriate pharmacological tools such as selective agonists. The only available AT2R-
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agonist, peptide CGP42112A, has impaired in vivo stability and partial antagonistic 

properties limiting its use for AT2R research (9). In 2004, the first non-peptide AT2R-

selective agonist, termed compound 21 (C21), has been introduced (10). With a reasonable 

half-life (4 h in rats) and a bioavailability of 20-30%, C21 can serve as a research tool for 

studies of AT2R function in vivo. 

The primary aim of this work was to elucidate the molecular mechanisms involved in the 

neuro-protective and neuro-regenerative actions of AT2R. It was hypothesized that both, the 

anti-inflammatory activity and neurotrophic pathways, are crucial for the beneficial effects 

mediated via AT2R. First, the anti-inflammatory action of the selective AT2R agonist C21 

was tested in vivo in rats subjected to myocardial infarction and compared with AT1R 

blockade. The relevance of these effects for the central nervous system was studied in vitro 

in CNS-derived cells. Further, in an animal model of cerebral ischemia, it was tested whether 

treatment with the AT1R blocker, telmisartan, provided sufficient anti-inflammatory and 

neuro-protective potential via unopposed stimulation of the AT2R by the endogenous Ang II. 

The detailed molecular mechanisms underlying the neuro-protective and neuro-regenerative 

effects of AT2R were investigated in vitro using C21 and AT2R antagonists in primary 

neurons and astrocytes. The expression of various neurotrophins was screened with a PCR 

array and validated using TaqMan chemistry. The impact of AT2R stimulation on neuronal 

differentiation and a potential role of neurotrophic factors were investigated using in-house-

developed in vitro differentiation assays. Finally, data obtained from the above mentioned 

experiments were validated in vivo, in an animal model of spinal cord injury treated with the 

AT2R agonist C21.  
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2. Methods 

All of the animal experimental procedures complied with the Guide for the Care and Use of 

Laboratory Animals of the State Government of Berlin, Germany and were approved by the 

State Government of Berlin. 

2.1. Myocardial infarction in rat [P1] 

In Wistar normotensive rats, myocardial infarction (MI) was induced by permanent ligation of 

the left coronary artery. Starting 24 h after MI, the animals were treated with either vehicle 

(0.9% NaCl IP), candesartan (0.1 mg/kg per day IP), C21 (0.03 mg/kg per day IP) or with a 

combination of C21 and PD123319 (0.03 mg/kg and 3.0 mg/kg per day IP, respectively). 

After seven days of treatment, the animals were sacrificed and hearts were collected for 

gene expression analysis. 

2.2. Cerebral ischemia in rat [P2] 

Starting at five days prior the induction of cerebral ischemia, the male normotensive rats 

were treated with either telmisartan (0.5 mg/kg once daily) or with vehicle (0.9% NaCl once 

daily) subcutaneously. The chosen dose of telmisartan inhibits renin-angiotensin system 

sufficiently without changing arterial pressure or cerebral blood flow. Cerebral ischemia was 

induced by middle cerebral artery occlusion (MCAO) for 90 minutes with subsequent 

reperfusion. In order to analyze the volume of cerebral ischemic tissue, T2-weighted 

magnetic resonance imaging (MRI) was performed 48 hours after MCAO. Neurological 

deficits were evaluated daily using 18-point Garcia neurological scoring system. 

2.3. Re-innervation assay [P3] 

To investigate re-innervation in vitro, slice co-culture of entorhinal cortex of a beta-actin-

EGFP mouse combined with hippocampus of wild-type animals was used. After 48 h of 

treatment with C21 (1 µM) or with vehicle, the slices were fixed and the percentage of EGFP-

positive axons growing into the hippocampus was calculated using MetaMorph software. 

2.4. Cell-culture [P3-5] 

In the current work, neuroblastoma × glioma hybrid cell-line NG108-15, primary embryonic 

neurons (E15) and postnatal astrocytes (P2) obtained from Wistar rats, wild-type C57BL-6/J 

and AT2R knock out (AT2R-KO) mouse were used. 
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For the evaluation of anti-inflammatory properties of C21 in CNS-derived cells, primary rat 

astrocytes were stimulated with lipopolysaccharide (10 µg/ml) and treated with either vehicle 

or C21 (1 µM). For the neurite outgrowth assay, NG108-15 cells were cultivated on the poly-

L-lysine-coated 96-well plates and treated daily with increasing concentration of C21, ranging 

from 0.2 to 4 µM. For other assays, primary mouse neurons and astrocytes were stimulated 

daily with either vehicle or C21 (1 µM) and co-treated with either AT2R antagonist PD123319 

(10 µM) or nonselective Trk-receptor inhibitor K252a (100 nM). The AT2R-KO derived cells 

served as negative control. 

2.5. Gene expression analysis [P1, P3, P5] 

The gene expression of pro-inflammatory cytokines IL-1β, IL-2 and IL-6 in peri-infarct zone of 

rat hearts was quantified with TaqMan real-time PCR. 

For the in vitro analysis, primary neurons and astrocytes were pharmacologically stimulated 

for 24 h and 12 h respectively, as described in paragraph 2.4. The Mouse Neurotrophin and 

Receptors RT2 Profiler PCR Array (SABiosciences/Qiagen, Germany) was used for the 

screening of AT2R-mediated expression of neurotrophins as well as genes involved in 

neuronal regeneration, survival, differentiation and cell growth. Differentially expressed 

genes were validated with TaqMan real-time PCR. Additionally, the expression of selected 

genes, including pro-inflammatory cytokines IL-6 and TNFα, neurotrophins BDNF and NGF, 

their receptors TrkA, TrkB and TrkC, anti-apoptotic Bcl-2 and neurite outgrowth and plasticity 

marker GAP43, was evaluated by SYBR Green quantitative real-time PCR (qPCR). 

2.6. Neurite outgrowth assays in vitro [P3, P4] 

AT2R-mediated neuritogenesis was evaluated in NG108-15 cell-line and in primary neurons. 

In NG108-15 cells, neurite outgrowth was evaluated microscopically 72 h after treatment with 

C21 as a percentage of cells harboring two or more neurites. The neuritogenesis was studied 

more extensively in primary neurons. After 48 h of stimulation, cells were labeled with 

monoclonal MAP-2 antibody followed by Cy3-coupled secondary antibody. The axon and 

plexus length and the number of branches were analyzed using ImageJ, a computer tool 

designed for quantification of microscopy images. 

2.7. Spinal cord injury in mice [P3] 

Spinal cord injury was induced after partial laminectomy, by the precise compression at 

thoratic level T8. Only in the first treatment strategy, a Gelfoam patch was placed on the top 

of perforated dura. Finally, the corticospinal tract tracing was performed by injection of 

biotinylated dextran amine (BDA) into the motor cortex. 
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Animals randomly assigned to the treatment groups were daily treated intraperitoneally with 

either vehicle or C21 (0.3 mg/kg bw) for four weeks. 

Locomotor performance was assessed with the Basso Mouse Scale and a footprint analysis 

and documented with video camera. 

2.8. Immunocytochemical, histological and immunohistochemical analysis [P2, 

P3, P5] 

For the immunocytochemical staining of IL-6 and TNFα, rat astrocytes were fixed and 

incubated with primary antibody followed by Cy3-labelled secondary antibody. 

For the tissue analysis, the brain and spinal cord tissues were cryopreserved and sectioned 

using cryostat. The staining of IL-6, TNFα and TrkB was performed with primary antibody 

followed by Cy3-labelled secondary antibody. Viable neurons were stained with NeuroTrace 

Fluorescent Nissl Stain. The fluorescent images were quantified by ImageJ. For the 

corticospinal tract tracing the BDA-positive nerve fibers were counted and the representative 

camera lucida drawings were made. 
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3. Results 

3.1. AT2R stimulation and AT1R blockade act anti-inflammatory in vivo and in 

vitro 

In order to prove the postulated anti-inflammatory properties of AT2R-stimulation, selective 

AT2R-specific stimulation with C21 was first tested in vivo in an animal model of myocardial 

infarction. The relevance of these effects for the central nervous system was then 

investigated in vitro, in primary rat astrocytes. Using an animal model of cerebral ischemia, it 

was tested whether the treatment with the AT1R blocker, telmisartan, provided sufficient anti-

inflammatory potential via unopposed stimulation of the AT2R by the endogenous Ang II. 

A. C21 reduces inflammation induced by myocardial infarction in rats 

As compared to the sham animals, MI strongly elevated expression of pro-inflammatory IL-

1β, IL-2 and IL-6 in peri-infarct zone of rat hearts [P1; Fig.6A-C]. Treatment with candesartan 

or with C21 reduced these cytokines to the level observed in sham-operated animals. The 

anti-inflammatory effect of C21 was absent in animals concomitantly treated with C21 and 

PD123319, revealing specificity of the AT2R-agonist. 

B. C21 reduces inflammation in CNS-derived cells 

In primary rat astrocytes, stimulation with lipopolysaccharide induced expression of IL-6 and 

TNFα as shown by real-time PCR [P5; Fig.2] and immunocytochemical staining [P5; Fig.3]. 

The production of both cytokines was significantly reduced in cells treated with C21, 

indicating strong anti-inflammatory activity also in CNS-derived cells. 

C. Telmisartan reduces inflammation in a cerebral ischemia model 

As compared to the sham-operated animals, MCAO elevated the number of IL-6- and TNFα-

positive cells in periventricular penumbra [P2; Fig.4C-D]. Treatment with telmisartan 

significantly decreased the number of TNFα-positive cells, whereas only a non-significant 

trend was observed for IL-6 staining. 

3.2. Treatment with telmisartan provides pronounced neuro-protection in an 

animal model of cerebral ischemia 

It was hypothesized that the blockade of the AT1R provided neuro-protection via, at least 

partially, unopposed stimulation of the AT2R by the endogenous Ang II. 

A. The AT1R blockade reduces neurological deficits 
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Following MCAO, impairment of sensomotoric performance was observed in vehicle-treated 

animals. The treatment with telmisartan significantly improved neurological outcome 24 h 

and 48 h after cerebral ischemia [P2; Fig.3D]. 

B. The AT1R blockade reduces infarct volume 

As estimated by small-animal MRI two days after transient cerebral ischemia, animals 

treated with telmisartan had significantly smaller infarct volume as compared to the vehicle-

treated group [P2; Fig.3C]. 

C. The AT1R blockade prevents neuronal cell loss and restores impaired expression of 

TrkB 

Since injured neurons are less reactive for Nissl stain, the number of Nissl-positive cells in 

ischemic periventricular penumbra reflects the number of surviving cells protected from 

ischemic damage. In comparison to the sham-operated animals, MCAO induced neuronal 

cell loss in ipsilateral hemisphere [P2; Fig.4A-B] and reduced the number of TrkB-positive 

cells [P2; Fig.4E]. Treatment with telmisartan partially prevented neuronal cell loss and 

completely restored impaired TrkB expression. 

3.3. Compound 21 induces neurite outgrowth in vitro via selective AT2R 

stimulation and promotes re-innervation in organotypic cultures 

It was postulated, that AT2R-stimulation possess a neuro-regenerative potential mainly via 

neuritogenesis and could re-innervate target tissue. 

A. C21, in dose-dependent manner, elevates the number of neurite-positive cells 

The neurite outgrowth was investigated in NG108-15 cell-line. Stimulation with C21 for 3 

days induced neurite outgrowth [P4; Fig.1]. As compared to the vehicle-treated cells, the 

dose of 2.0 µM significantly elevated the number of neurite-positive cells but also lower 

doses of C21 (0.4 and 1.0 µM) showed positive trends. 

A. C21 induces AT2R-specific neurite outgrowth in primary neurons  

Neurite outgrowth was determined in primary mouse neurons stimulated for 48 h with either 

vehicle or C21 (1 µM). C21 significantly induced neurite outgrowth in neuronal cultures 

obtained from wild-type animals that was absent in AT2R-KO neurons and in cells co-treated 

with the AT2R antagonist PD123319 [P3; Fig.8A-C]. This provides strong evidence for the 

specific binding of C21 to the AT2R. 

B. C21 promotes re-innervation in a co-culture of entorhinal cortex and hippocampus 

Treatment with C21 for 48 h elevated the number of EGFP-positive axons growing from the 

entorhinal cortex into the hippocampus, indicating that AT2R stimulation promotes re-

innervation of a selected target area [P3; Fig.7A-D]. 
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3.4. AT2R stimulation induces expression of neurotrophins and their receptors 

in primary neurons and astrocytes  

Neurotrophins are well-known inducers of neuronal differentiation, possessing neuro-

regenerative and neuro-protective potential. Therefore it was assumed that pronounced 

neurite outgrowth and re-innervation may be mediated by the neurotrophic factors. 

A. Screening for neurotrophins regulated by AT2R 

Using the Mouse Neurotrophin and Receptors RT2 Profiler PCR-Array, the expression of 84 

genes involved in neuronal differentiation and neuro-protection was analyzed. In primary 

neurons treated with AT2R agonist, 9 genes were upregulated more than 1.5-fold as 

compared to the vehicle treated cells. From those only two, the brain-derived neurotrophic 

factor (BDNF) and the galanin-1 receptor (Gal1R) could be confirmed with TaqMan qPCR 

[P3; Fig.9A-B]. 

B. C21 induces expression of neurotrophins and its receptors in primary neurons and 

astrocytes 

Based on the results obtained from the screening assay, the measurement of BDNF 

expression was extended to neutrophin receptors. In primary neurons or astrocytes treated 

with either vehicle or C21, the expression of BDNF, TrkA, TrkB and TrkC were analyzed with 

SYBR Green qPCR. Upon the AT2R-stimulation, all of the selected molecules, excluding 

TrkC, showed significantly increased expression as compared to the vehicle-treated cells 

[P3; Fig.10A-C and Fig.11A-C]. All of the observed effects were blocked with AT2R-

antagonist, PD 123319 confirming the AT2R-specificity. 

C. C21 induces expression of neurotrophic pathway target genes 

Since AT2R stimulation elevated the expression of neurotrophic factors, the expression of 

their target genes was investigated in primary neurons and astrocytes. In cells stimulated 

with C21, an increased expression of anti-apoptotic Bcl-2 was found [P3; Fig.10D and 

Fig.11D]. Moreover, the stimulation of AT2R led to the significant upregulation of GAP 43 

[P3; Fig.10E], a marker for neuronal differentiation and plasticity. Co-incubation with 

PD123319 completely abolished C21-mediated effects, indicating AT2R-specificity. 

3.5. Neurotrophin signaling is crucial for C21-induced neurite outgrowth 

The above described expression changes in neurotrophic pathway clearly showed that 

neurotrophins and their receptors are the target genes of the AT2R. However, the 

observation does not provide functional proof for the role of neurotrophins in C21-mediated 

neurite outgrowth. In the above described neurite outgrowth assay, a blockade of 

neurotrophin signaling with K252a should have abolished the C21-induced sprouting of 

neurites. As shown in Fig. 12 [P3], C21-induced neurite outgrowth was strongly reduced in 
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cells co-treated with K252a, indicating that the AT2R stimulation induces neurite outgrowth 

mainly via the neurotrophin pathway. 

3.6. AT2R-stimulation reduces neurological deficits, promotes axonal plasticity 

and neuronal survival in an animal model of spinal cord injury 

The data obtained from in vitro experiments elucidated the molecular mechanisms involved 

in AT2R-mediated morphological changes of neuronal cells. The spinal cord injury model 

would reveal the in vivo relevance of these effects. Animals were daily treated with either 

C21 (0.3 mg/kg BW) or vehicle over a period of 4 weeks. Another group received additional 

topical treatment with either C21 or vehicle immediately after compression of spinal cord. 

The neurological performance was scored using two different methods: Basso Mouse Scale 

(BMS) and foot-print analysis. At the end of the study, the spinal cord tissue was extensively 

analyzed using immunohistological staining. 

A. C21 improves neurological outcome after SCI in mice 

As shown with BMS, the C21-treated animals were characterized by improved neurological 

performance reaching 1.47 points difference at the end of the study as compared to the 

vehicle-treated group [P3; Fig.1C]. In the group receiving both systemic and local-treatment, 

no additional improvement was observed, however a better neurological performance in the 

first week of the study was apparent [P3; Fig.1A]. In the BMS subscore evaluating the paw 

position, animals treated with C21 showed continuous recovery over the whole study period 

that was not observed in the vehicle-treated animals [P3; Fig.1B and Fig.1D]. Another 

neurological evaluation, the foot-print analysis, was performed on day 21 [P3; Fig.2A]. There 

was no difference in base width of forelimbs and hindlimbs between treatment regimens [P3; 

Fig.2B]. However, the stride length of forelimbs and hindlimbs was significantly improved in 

C21-treated group [P3; Fig.2C-D]. 

B. C21 promotes axonal plasticity after SCI in mice 

As demonstrated in vitro, stimulation of AT2R induces neurite outgrowth in primary cell 

cultures and promotes axonal growth in entorhinal-hippocampal co-cultures. The relevance 

of this effect for the improved neurological performance after SCI was studied using 

corticospinal tract tracing. At the beginning of the study, biotinylated dextran amine (BDA) 

was injected into the motor cortex, which is known to be transported anterogradely. The 

BDA-positve corticospinal tract fibers were evaluated in tissue samples at the end of the 

study period. In animals treated with C21, more BDA-positive axons were found caudal to the 

site of injury as demonstrated by the Camera lucida-like drawings [P3; Fig.4A-B] and 

microscopy [P3; Fig.4C-E]. The statistical quantification of labeled axons at 0.5, 2.0 and 

5.0 mm caudal to the lesion center and between the end of CST and the lesion center 
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showed significantly higher numbers in C21-treated animals as compared to the vehicle-

treated ones (P3; Fig.5A). Moreover, the number of BDA-positive fibers in individual animals 

positively correlated with BMS score, suggesting functionality of these fibers [P3; Fig.5B]. 

C. C21 induces expression of neurotrophin receptor TrkB and promotes neuronal 

survival after SCI in mice 

As shown in vitro, AT2R stimulation of AT2R led to the enhanced neurite outgrowth in 

neurotrophin/neurotrophin receptor-dependent manner. To confirm this finding in vivo, TrkB 

expression in spinal cord tissue was evaluated. In animals treated with C21, significantly 

increased immunoreactivity of TrkB within the injured and in peri-lesional tissue was 

observed [P3; Fig.13A-B]. Since neurotrophins not only promote axonal growth but also 

inhibit apoptosis of injured neurons, a staining for viable neurons was performed. As 

compared to the vehicle, C21 enhanced signal intensity of NeuroTrace Fluorescent Nissl 

stain, indicating higher neuronal survival within injured area [P3; Fig.13C- D]. 
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4. Discussion 

The cardiovascular action of the renin-angiotensin system has been studied extensively in 

the last 50 years, associating RAS with a variety of physiological actions such as blood 

pressure regulation, water and ion homeostasis as well as with pathological processes 

including kidney and heart failure, cardiac hypertrophy, atherosclerosis and stroke (2). Most 

of the detrimental effects of RAS including inflammation and apoptosis were clearly linked to 

the AT1 receptor that led to the development of AT1-receptor blockers (ARBs). Together with 

other cardiovascular drugs interfering with RAS, including angiotensin-converting enzyme 

(ACE) inhibitors and direct renin inhibitors, ARBs became first-choice drugs for the treatment 

of hypertension. However, AT1R is not the only receptor of RAS, since the effector peptide, 

angiotensin II, binds with similar affinity also to another subtype of angiotensin receptor, the 

AT2 receptor (AT2R). In the late 80’s, AT2R was discovered by two independent research 

teams. It is a member of seven-transmembrane domain G-protein-coupled receptor family 

and exhibits only 33% amino acid homology to AT1R (11). The effects mediated by AT2R 

are often opposing to AT1R; they  have recently been attributed to the “protective arm of 

RAS” (9). 

The protective role of AT2R in pathophysiological conditions of central nervous system was 

postulated by several authors (summarized in: 2,11). The AT2R is widely expressed in fetal 

tissues, while after birth it is restricted to certain tissues including endothelium, adrenal 

glands, heart, uterus, retina and CNS (2,11). However, in neuronal damage, the expression 

of AT2R is massively up-regulated as demonstrated in animal models of stroke as well as 

sciatic or optic nerve crush (4–6). The protective function of AT2R in CNS may cover anti-

inflammation, neuro-protection and neuro-regeneration. 

It is well accepted that the inflammatory processes and generation of reactive oxygen 

species following cerebral ischemia or neuronal injury largely contributes to neuronal 

degeneration and apoptosis. In the present work, it could be demonstrated in cerebral 

ischemia model that the blockade of AT1R with telmisartan reduced expression of pro-

inflammatory cytokines in peri-infarct zone. However, using only AT1R-blockers, it could not 

be clarified whether the anti-inflammatory action of telmisartan is attributed to the blockade of 

AT1R or to AT2R via unopposed stimulation by the endogenous Ang II. Therefore, the anti-

inflammatory potential of AT2R was tested using the selective agonist, compound 21. In 

animals subjected to myocardial infarction, C21 reduced the expression of pro-inflammatory 

cytokines to a similar extent as the AT1R-blocker candesartan. The relevance of the anti-

inflammatory activity of C21 for the CNS was confirmed in vitro in primary rat astrocytes. This 

is in agreement with previously published in vitro study where the TNFα-induced IL-6 
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expression was investigated (12). AT2R stimulation by either C21 or Ang II under 

concomitant AT1R blockade with irbesartan reduced expression of IL-6 mainly via inhibition 

of nuclear factor NFκB. 

In addition to the anti-inflammatory activity of AT2R, neuro-protection was also attributed to 

the receptor. Neuro-protection, as a treatment option that prevents or slows down the loss of 

neurons, was demonstrated here in animal models of cerebral ischemia and spinal cord 

injury. Treatment with the AT1R blocker, telmisartan, prevented from neuronal loss in peri-

infarct zone in animals subjected to middle cerebral artery occlusion. This was in agreement 

with a previously published study involving an animal model of stroke, where in the central 

administration of AT2R-agonist CGP42112A increased neuronal survival in the infarcted 

region (13). In the current work, a more specific strategy for the evaluation of AT2R-mediated 

neuro-protection was used in a spinal cord injury model. It could be shown that C21 

promotes neuronal survival in injured spinal cords. The underlying molecular mechanisms 

can have a multiple nature including anti-inflammation but also induction of neurotrophins as 

will be discussed below. 

In the mid 90’s, neurite outgrowth was attributed to the AT2R (2) serving later as a research 

tool for pharmacological drug development but also indicating a neuro-regenerative potential. 

In 1998, it was shown for the first time that AT2R stimulation provided neurotrophic-like 

action in the CNS of adult animals (5). Rats subjected to the optic nerve lesion and treated 

locally with Ang II showed outgrowth of axon bundles within the proximal optic nerve that was 

AT2R-dependent since it could be inhibited by an AT2R-antagonist. The neuro-regenerative 

potential of AT2R was demonstrated first in vivo in a sciatic nerve crush model in rats. Ang II 

not only increased axonal diameters and promoted remyelination via AT2R but also 

improved functional recovery as shown by increased toe spread distance (parameter for 

motor-function) and improved the foot reflex withdrawal reaction (parameter of sensomotoric 

function) (8). In the present work, it could be demonstrated that specific stimulation of AT2R 

with C21 led to an elevated neurite outgrowth in vitro. Similar effects had previously been 

shown by stimulation with Ang II under concomitant blockade of AT1R (4). Using the 

favourable pharmacological properties of C21, the animals were treated systemically, and 

the impact of the direct AT2R stimulation on axonal growth was evaluated in vivo. In mice 

subjected to spinal cord injury, C21 elevated the number of regenerating axons cranially and 

caudally from the lesion area. The number of regenerating fibers positively correlated with 

improved locomotor performance indicating functionality of these fibers. To reveal the 

molecular mechanisms underlying AT2R-mediated neuro-protection and neuro-regeneration, 

an extensive analysis of published studies was performed. As a most prominent candidate, 

the neurotrophin pathway was chosen. 
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The neurotrophins are proteins involved in the development of the central nervous system, 

neuronal survival and regeneration in neurodegenerative diseases and in acute injuries 

including stroke and spinal cord injury. The family of classical neurotrophic factors contains 

nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) 

and neurotrophin-4/5 (NT-4/5) that selectively bind their receptors (14). Neurotrophin 

receptors belong to two distinct classes of receptors: tumor necrosis factor receptor 

superfamily (TNFRSF) with p75NTR and receptor tyrosine kinase family (RTK) with TrkA, TrkB 

and TrkC. The Trk and p75 receptors form homo- and heterodimers that determine the ligand 

specificity and variety of effects mediated by the neurotrophin-receptor complex (14). In 

addition to their role in embryo- and organogenesis, neurotrophins regulate synaptic function 

and plasticity, and promote neuronal survival, axon and dendrite growth and glial 

differentiation. Using the neurotrophin and receptor PCR array followed by validation with 

TaqMan PCR, elevated expression of BDNF, TrkA and TrkB could be detected in primary 

neurons stimulated with C21. The functional proof for the role of neurotrophins in C21-

mediated neurite outgrowth was provided by a neurite outgrowth assay where treatment with 

unselective Trk inhibitor completely abolished the AT2R-mediated neurite outgrowth. In the 

tissue obtained from cerebral ischemia- and spinal cord injury-study, elevated TrkB 

immunoreactivity was observed in animals treated with telmisartan or C21, respectively. To 

my knowledge, this is the first evidence clearly linking the neurotrophic pathway with AT2R in 

the context of neuro-protection and neuro-regeneration. 

In addition to the molecular mechanisms involved in neuro-regeneration, pharmacological 

stimulation of AT2R also provides an attractive approach for therapeutic intervention in CNS 

injuries. Several strategies for the delivery of BDNF to the CNS are known. In an animal 

model of stroke, intraventricular injection with BDNF fused with the collagen-binding domain 

led to reduced neurological severity scores, improved brain perfusion and reduced the 

number of apoptotic cells in the ischemic boundary zone (15). In other studies, neurotrophic 

factors were delivered to the damaged target tissue using a virus-mediated gene transfer 

strategy. All of the strategies, however interesting for the research, do not provide any 

therapeutic option for humans. The unique combination of anti-inflammatory, neuro-

protective and neuro-regenerative properties in one molecule targeting AT2R could be 

beneficial for the treatment of stroke, spinal cord- and acute brain-injury and for diseases 

characterized by BDNF deficiency including Rett syndrome. 

To summarize, the current work demonstrates clearly that selective AT2R stimulation 

provokes anti-inflammatory, neuro-protective and neuro-regenerative effects. Furthermore, 

the molecular mechanisms underlying the neuro-regenerative actions of the AT2R were 

elucidated pointing to a pivotal role of the neurotrophic pathway. Future work should address 

the molecular anti-apoptotic mechanisms mediated by AT2R. The cross-talk between AT2R 
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and other receptors of the renin-angiotensin system, including the Mas-receptor, could 

provide further information regarding signaling and clarify the complexity of the beneficial 

effects mediated by the “protective RAS”. Moreover, novel AT2R agonists with a higher 

lipophilicity enabling better penetration into the CNS might provide stronger therapeutic 

effects with a lower drug dosage. 
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