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Abstract: Delayed cerebral vasospasm is an important pathological feature of subarachnoid 

hemorrhage (SAH). The cause of vasospasm is multifactorial. Impairs nitric oxide 

availability and endothelial nitric oxide synthase (eNOS) dysfunction has been reported  

to underlie vasospasm. Memantine, a low-affinity uncompetitive N-methyl-D-aspartate 

(NMDA) blocker has been proven to reduce early brain injury after SAH. This study 

investigated the effect of memantine on attenuation of vasospasm and restoring eNOS 

functionality. Male Sprague-Dawley rats weighing 350–450 g were randomly divided into  

three weight-matched groups, sham surgery, SAH + vehicle, and SAH + memantine groups.  

The effects of memantine on SAH were evaluated by assessing the severity of vasospasm and 

the expression of eNOS. Memantine effectively ameliorated cerebral vasospasm by restoring 

eNOS functionality. Memantine can prevent vasospasm in experimental SAH. Treatment 

strategies may help combat SAH-induced vasospasm in the future. 
  

OPEN ACCESS



Int. J. Mol. Sci. 2015, 16 14172 

 

 

Keywords: memantine; nitric oxide synthase; subarachnoid hemorrhage; vasospasm 

 

1. Introduction 

Subarachnoid hemorrhage (SAH) accounts for 5%–10% of all cerebrovascular accidents and is  

a major cause of disability and death in humans [1]. Approximately 1 in every 10,000 population suffers 

aneurysm rupture every year [2]. A major complication of aneurysmal SAH is symptomatic vasospasm, 

which usually occurs 4–12 days after SAH [1]. Cerebral vasospasm is the vasoconstriction of the 

conducting arteries of the circle of Willis, leading to secondary cerebral ischemia. Its pathogenesis is 

complex and still cannot be elucidated fully. 

Nitric oxide (NO), a diffusible factors and a powerful dilator, causes a number of beneficial effects 

such as antithrombotic effects, prevention of excess platelet adhesion and aggregation, maintenance of 

vascular tone and regulation of cerebral blood flow [3,4]. It activates soluble guanylyl cyclase and  

up-regulates 3ʹ–5ʹ cGMP and dilates the arteries in response to metabolic demand and shear stress. NO 

is produced enzymatically from L-arginine by three main nitric oxide synthase (NOS) isozymes, endothelial, 

neuronal, and inducible NOS, or in a nonenzymatic fashion via nitrate–nitrite reduction–oxidation 

reactions [5]. 

Several studies report that the nitric oxide pathway is impaired after SAH, resulting in delayed 

vasospasm [6]. Oxyhemoglobin released from the subarachnoid clot scavenges NO and destroys 

neuronal NOS-containing neurons in the adventitia [7], which deprives the arteries of NO. SAH also 

causes endothelial NOS (eNOS) dysfunction as it leads to increased levels of an endogenous NOS 

inhibitor, asymmetric dimethylarginine [7]. Another possible mechanism of eNOS dysfunction is 

uncoupling of eNOS. It has been reported that SAH-induced oxidative stress correlates with eNOS 

homodimeric uncoupling, which exacerbates oxidative stress and further enhances NO depletion [8]. 

This finding is also supported by the results, which showed that eNOS knockout significantly alleviates 

vasospasm and reduces superoxide production after SAH [9]. 

Memantine, a low-affinity uncompetitive NMDA blocker, has been shown to be effective in 

preventing neuronal damage after models of neurological injury [10], including SAH [11]. It has been 

reported memantine attenuated production of reactive oxygen species after SAH by diminishing the 

impairment of neurovascular units and preserving the integrity brain-blood barrier [11]. The present 

study examined the therapeutic effects of memantine in SAH-induced endothelial dysfunction and 

delayed vasospasm. 

2. Results 

2.1. Effect of Memantine on Attenuation of Delayed Vasospasm 

Photographs of representative hematoxylin-eosin-stained cross-sections of the basilar artery demonstrated 

decreased lumen area of the basilar artery due to vasospasms in vehicle-treated SAH animals and that 

memantine treatment ameliorated the vasospasms (Figure 1). To examine the effect of memantine on 

attenuation of delayed vasospasm after SAH, the lumen area of the basilar artery was measured for each 
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group as shown in the corresponding bar graphs (Figure 2). The lumen areas of sham, SAH + vehicle 

(SAH + V) and SAH + memantine (SAH + M) group were 62,366.9 ± 2390.1, 41,586.4 ± 458.0 and 

55,261.9 ± 1099.0 μm2, respectively. Basilar arteries (BA) of rats in the sham group had significantly 

larger lumen area, while the SAH + V group exhibited prominent BA vasospasm and decreased lumen. 

Memantine recovered the lumen area (p < 0.001) (Figure 2), indicating attenuation of the vasospasm. 

 

Figure 1. Subarachnoid hemorrhage (SAH) induced delayed vasospasm. Photographs of 

representative hematoxylin-eosin-stained cross-sections of the basilar artery demonstrated 

decreased lumen area of the basilar artery in vehicle-treated SAH animals and memantine 

treatment ameliorated the vasospasms (Scale bars = 200 μm). 

 

Figure 2. Memantine attenuated the delayed vasospasm. Measurements of lumen area of the 

basilar artery were shown for each group under corresponding bar graphs. The SAH animals 

showed statistically significant reduction of area than the sham-operated group. Memantine 

significantly recovered the area, indicating attenuation of the vasospasm. All data were  

mean ± SEM (n = 8 per group). *** p < 0.001 vs. sham, # p < 0.05 vs. SAH + V. 

2.2. Memantine Attenuated Vasospasm via Mediating Endothelial Nitric Oxide Synthase  

(eNOS) Functionality 

To investigate the underlying mechanism by which memantine attenuated the vasospasm after SAH, 

the expressions of eNOS, phosphorylated eNOS (peNOS) and peNOS/eNOS were examined. The SAH 

substantially increased the expression peNOS compared to that observed in the sham group (p < 0.05). 

Memantine treatment significantly down-regulated peNOS expression in the SAH+M group compared 

to the SAH + V group (p < 0.05) (Figure 3). Thus, memantine might attenuate vasospasm after SAH via 

mediating eNOS functionality. 
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Figure 3. Memantine diminished the expression of phosphorylated endothelial nitric oxide 

synthase. (A) Representative Western blots probed for endothelial nitric oxide synthase 

(eNOS) and phosphorylated eNOS in the brain tissue; Corresponding bar graphs showed 

statistically significant up-regulation of eNOS (B) and phosphorylated eNOS (C) in  

SAH + V animals compared to the sham-operated group; and (D) Treatment with memantine 

significantly restored phosphorylated eNOS level. * p < 0.05 vs. sham, # p < 0.05 vs.  

SAH + V. 

3. Discussion 

The features of the endovascular perforation SAH model used in this study closely resemble those 

of aneurysmal SAH in humans, including the high mortality rate, decreased cerebral blood flow 

(CBF) and delayed vasospasm [12–14]. Memantine is reported as an open-channel NMDA blocker 

with a faster off-rate than many NMDA antagonists [15,16]. This favorable pharmokinetic reaction with 

NMDA receptor may be responsible for its high index of therapeutic safety [10]. Therefore, memantine 

has been used as a treatment of dementia and Parkinson’s disease for several years without serious side 

effects and it has been demonstrated that memantine could reduce SAH-induced early brain injury [11]. 

This study highlights that memantine specifically attenuates SAH-induced delayed vasospasm via 

mediating eNOS functionality. 

3.1. Memantine Prevents Neurovascular Damage and Development of Vasospasm 

SAH-induced global ischemia causes excessive production of glutamate, which can over-activate 

NMDAR [11]. Previous reports have demonstrated the presence of NMDAR in cerebral endothelial  

cells [17,18]. Therefore, the activation of NMDAR and subsequent induction of oxidative/nitrosative 
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stress lead to the damage of neurons, glias, as well as endothelial cells [11,19,20]. Neuronal and 

endothelial damage result in the disruption of neurovascular units, increased permeability, and/or  

edema formation in SAH [21], which in turn impair cerebral circulation in the acute stage. Moreover,  

blood-brain barrier impairment after SAH has been reported to correlate with the development of 

cerebral vasospasm [22–24]. These observations suggest endothelial dysfunction is one of pathological 

mechanisms in post-SAH vasospasm. 

It is well known that NMDAR antagonists may provide neuroprotection to limit secondary neuronal 

damage in different animal models of neurological disease [15]. Several reports have also proposed 

that NMDA antagonists can attenuate BBB impairment in SAH and other CNS insults [10,11,20]. 

In addition, a NMDAR antagonist, remacemide hydrochloride, appears effective against SAH-induced 

vasospasm [25]. The findings of this study also showed memantine reduced vasospasm after SAH. 

Because NMDA antagonists are not known to have anti-oxidant properties, the antagonism of NMDARs 

may be involved in the prevention of cerebral vasospasm. Memantine might reduce endothelial 

excitotoxicity and result in the improvement of endothelial dysfunction and attenuation of vasospasm. 

3.2. Memantine Ameliorates Vasospasm via Restoring eNOS Functionality 

eNOS is a homodimer that facilitates NO production, a known mediator of vascular tone [8,26]. 

Phosphorylation of eNOS at Ser1177 is associated with an increase in enzyme eNOS activity [8,26]. 

Several reports reveal that experimental SAH is associated with increased phosphorylation of Ser1177 

in eNOS [8,26,27], but this was paradoxically accompanied by the development of vasospasm. Later, 

several studies demonstrated that eNOS uncoupling under oxidative stress after SAH facilitates the 

formation of superoxide anion radical instead of NO [8,26], leading to vasospasm. The phosphorylation 

of eNOS may suggest an adaptive mechanism against eNOS uncoupling and vasospasm. Several 

compounds have been demonstrated to re-couple eNOS, restore the phosphorylation of eNOS and finally 

alleviate the vasospasm after SAH [26,27]. The present study showed that memantine could restore 

eNOS phosphorylation and attenuate vasospasm after SAH, suggesting a possible effect of memantine 

on eNOS re-coupling. Further work is required to establish this. 

3.3. The Medical Management of Delayed Vasospasm 

It has been demonstrated that nimodipine, a calcium channel blocker, is the only drug which can 

reduce the proportion of patients with delayed ischemic neurological disease and poor outcome after 

SAH [28]. Scientists are still searching for new drug for the prevention of treatment of vasospasm. It has 

been demonstrated that glutamate-based therapies are beneficial to acute stage of numerous neurological 

insults, as well as SAH [10,11,15]. The results of this study warrant use of glutamate-based therapies  

on the prevention of vasospasm. However, the pathological mechanism of delayed vasospasm is 

multifactorial. Until now, no individual agent has yet progressed beyond the experimental phase to 

prevent its occurrence [29]. Combination therapy may circumvent some limitations of single-drug 

therapy by extending the therapeutic time window, or by limiting side effects. A large number of 

studies indicate that inflammation significantly contributes to the pathogenesis of vasospasm [30]. 

Several anti-inflammatory drugs have shown promise as treatment options for vasospasm with their  

anti-inflammatory properties [31,32] and also appear effective in SAH and other neurological 
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diseases [33,34]. Therefore, it merits further examination about combinations of these drugs, which  

are evidenced efficient in their respective therapeutic categories, for possible synergic interactions in 

treating SAH and vasospasm. 

4. Experimental Section 

4.1. Experimental Paradigm 

Animal use complied with the National Cheng Kung University Animal Ethics Committee ethical 

guidelines. The care and handling of the animals were in accordance with the National Institute of Health 

guidelines for ethical animal treatment. Male Sprague-Dawley rats weighing 350–450 g were randomly 

divided into three weight-matched groups: (i) Sham (surgery without SAH insult); (ii) SAH + vehicle 

(SAH + V) group (SAH animals treated with saline); and (iii) SAH + memantine (SAH + M) group 

(SAH animals treated with memantine). 

4.2. Experimental SAH Model 

An SAH endovascular perforation model was produced as previously described, with slight 

modifications [12]. After making a 4 cm skin incision over anterior midline neck, the right external and 

internal carotid artery (ICA) was isolated. A sharpened 3–0 prolene filament (Ethicon, Inc., Taipei, 

Taiwan) was introduced into the external carotid artery stump, which was ligated and advanced through 

the cervical ICA into the intracranial ICA until the ipsilateral CBF decreased, as indicated by the Laser 

Doppler Flowmetry (AD Instruments, Colorado Springs, CO, USA). The filament was advanced 3 mm 

further to puncture the cerebral ICA at the bifurcation level. Rats in the sham surgery groups underwent 

these procedures except for the suture perforation. After surgeries, animals were returned to single, 

warmed cages for self-extubation when rats recovered from anesthesia. Then each rat was taken care of 

for 1 or 3 days depending on the protocols of experiments. 

4.3. Drug 

Memantine (Sigma Aldrich, Saint Louis, MO, USA) was given intra-peritoneally at a dose of  

20 mg/kg body weight immediately after the insult, and then twice daily at a dose of 1 mg/kg until  

the animals were euthanized. The sham group received equal volumes of saline via intra-peritoneal 

injection. All evaluations after surgeries were performed by investigators blinded to the groupings. 

4.4. Western Blotting 

The ipsilateral hemisphere brain was harvested after sham or SAH surgery. For analysis of the 

expressions of different proteins, tissue was harvested 24 h after surgery. Western blots were performed as 

described [35]. Briefly, extracts from the cerebral cortex were prepared by homogenization of the tissues 

in RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Igepal CA-630, 2 mM EDTA, 1 mM Na3VO4, 

20 g/mL pepstatin A, 20 g/mL leupeptin, 20 g/mL aprotinin, 1 mM PMSF, and 50 mM NaF). The extracts 

were then analyzed by 8%–12% SDSPAGE. After transfer to nitrocellulose membranes, the blots were 

blocked with 5% non-fat dry milk in PBST (PBS plus 0.1% Triton X-100) for 1 h followed by blot 
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hybridization with one of the following primary antibodies: anti-phosphorylated S1177-eNOS (1:1000, 

Cell Signaling, Danvers, MA, USA) and anti β-actin (1:20,000, Sigma, Gillingham, UK) overnight at  

4 °C. The membranes were washed thrice for 10 min each in PBST, and then incubated with anti-rabbit 

IgG (1:5000, Gene Tex, Irvine, CA, USA) conjugated to horseradish peroxidase for 1 h. The membranes 

were then washed thrice for 10 min each and protein expression was visualized by an enhanced  

chemi-luminescence kit (Pekin Elmer, Waltham, MA, USA) and exposure to film. The relative band 

intensities were normalized against that of actin and expressed as means ± standard error of mean (SEM). 

4.5. Hematoxylin and Eosin Staining and Measurement of Basilar Artery (BA) Cross Section Area 

Cerebral vasospasm was evaluated at 72 h after SAH. The rats were anesthetized and perfused  

trans-cardially in PBS with 4% paraformaldehyde. The brains were removed and immersed overnight in 

4% paraformaldehyde solution with 20% sucrose. The brain regions were examined via coronal section 

(12 mm thick) through the BA at the same point, about two thirds of the distance from the proximal side 

to avoid arterial branches. For each animal, 4–5 consecutive sections were selected for further staining. 

The sections then were transferred to 3,3ʹ-diaminobenzidine (DAB) incubation medium with hydrogen 

peroxide. After visualization of the reaction product, sections were washed in 0.1 M phosphate buffer, 

stained with hematoxylin, and cover-slipped with xylene-based mounting medium. The BA lumen was 

outlined using the free hand tool to obtain lumen area, which was measured by the digital image system 

and HistoQuest software provided by TissueGnostics GmbH (Vienna, Austria). The average of all 

sections from each animal represented as the value of the animal. 

4.6. Statistical Analysis 

All values were expressed as mean ± standard error of mean (SEM). All data were analyzed by means 

of one-way analysis of variance with Bonferroni post hoc test. Statistical significance was set at p < 0.05. 

5. Conclusions 

Despite more aggressive treatment strategies, there is still not effective treatment for delayed vasospasm 

after SAH. Memantine, with its clinical safety, significantly restores eNOS functionality to prevent the 

occurrence of vasospasm. These findings emphasize its potential for clinical treatment of SAH. 

Acknowledgments 

The authors thank the Editor and Reviewers for the helpful comments for the study. This study  

was supported by grants from the National Cheng Kung University Hospital Medical Center  

(Grant NCKUH-10202023, NCKUH-10407013 and NCKUH-10408012) and National Cheng Kung 

University. The authors are grateful to Ming-Tai Yu, and Ya-Chun Hsiao for their assistance with image 

acquisition and analysis from the FACS-like Tissue Cytometry in the Center of Clinical Medicine, 

National Cheng Kung University Hospital. 
  



Int. J. Mol. Sci. 2015, 16 14178 

 

 

Author Contributions 

Chih-Yuan Huang and Kuen-Jer Tsai contributed for the study design, grant and project management; 

Chih-Yuan Huang, Liang-Chao Wang, Chia-Hsin Pan and Yan-Shen Shan analyses the data and 

interpretation; Chih-Yuan Huang and Kuen-Jer Tsai drafted the manuscript; All authors have approved 

the final version of the article. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Macdonald, R.L.; Cusimano, M.D.; Etminan, N.; Hanggi, D.; Hasan, D.; Ilodigwe, D.; Jaja, B.; 

Lantigua, H.; Le Roux, P.; Lo, B.; et al. Subarachnoid hemorrhage international trialists data 

repository (SAHIT). World Neurosurg. 2013, 79, 418–422. 

2. King, J.T., Jr. Epidemiology of aneurysmal subarachnoid hemorrhage. Neuroimaging Clin. N. Am. 

1997, 7, 659–668. 

3. Forstermann, U.; Munzel, T. Endothelial nitric oxide synthase in vascular disease: From marvel to 

menace. Circulation 2006, 113, 1708–1714. 

4. Garland, C.J.; Hiley, C.R.; Dora, K.A. EDHF: Spreading the influence of the endothelium.  

Br. J. Pharmacol. 2011, 164, 839–852. 

5. Van Faassen, E.E.; Bahrami, S.; Feelisch, M.; Hogg, N.; Kelm, M.; Kim-Shapiro, D.B.;  

Kozlov, A.V.; Li, H.; Lundberg, J.O.; Mason, R.; et al. Nitrite as regulator of hypoxic signaling in 

mammalian physiology. Med. Res. Rev. 2009, 29, 683–741. 

6. Sehba, F.A.; Chereshnev, I.; Maayani, S.; Friedrich, V., Jr.; Bederson, J.B. Nitric oxide synthase in 

acute alteration of nitric oxide levels after subarachnoid hemorrhage. Neurosurgery 2004, 55,  

671–678. 

7. Pluta, R.M.; Oldfield, E.H. Analysis of nitric oxide (NO) in cerebral vasospasm after aneursymal 

bleeding. Rev. Recent Clin. Trials 2007, 2, 59–67. 

8. Sabri, M.; Ai, J.; Knight, B.; Tariq, A.; Jeon, H.; Shang, X.; Marsden, P.A.; Loch Macdonald, R. 

Uncoupling of endothelial nitric oxide synthase after experimental subarachnoid hemorrhage.  

J. Cereb. Blood Flow Metab. 2011, 31, 190–199. 

9. Sabri, M.; Ai, J.; Lass, E.; D’Abbondanza, J.; Macdonald, R.L. Genetic elimination of eNOS 

reduces secondary complications of experimental subarachnoid hemorrhage. J. Cereb. Blood  

Flow Metab. 2013, 33, 1008–1014. 

10. Lipton, S.A. Failures and successes of NMDA receptor antagonists: molecular basis for the use of 

open-channel blockers like memantine in the treatment of acute and chronic neurologic insults. 

NeuroRX 2004, 1, 101–110. 

11. Huang, C.Y.; Wang, L.C.; Wang, H.K.; Pan, C.H.; Cheng, Y.Y.; Shan, Y.S.; Chio, C.C.; Tsai, K.J. 

Memantine alleviates brain injury and neurobehavioral deficits after experimental subarachnoid 

hemorrhage. Mol. Neurobiol. 2014, 51, 1038–1052. 



Int. J. Mol. Sci. 2015, 16 14179 

 

 

12. Bederson, J.B.; Germano, I.M.; Guarino, L. Cortical blood flow and cerebral perfusion pressure in 

a new noncraniotomy model of subarachnoid hemorrhage in the rat. Stroke 1995, 26, 1086–1092. 

13. Jeon, H.; Ai, J.; Sabri, M.; Tariq, A.; Shang, X.; Chen, G.; Macdonald, R.L. Neurological and 

neurobehavioral assessment of experimental subarachnoid hemorrhage. BMC Neurosci. 2009, 10, 103. 

14. Gules, I.; Satoh, M.; Clower, B.R.; Nanda, A.; Zhang, J.H. Comparison of three rat models of 

cerebral vasospasm. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H2551–H2559. 

15. Rammes, G.; Danysz, W.; Parsons, C.G. Pharmacodynamics of memantine: An update.  

Curr. Neuropharmacol. 2008, 6, 55–78. 

16. Chen, H.S.; Wang, Y.F.; Rayudu, P.V.; Edgecomb, P.; Neill, J.C.; Segal, M.M.; Lipton, S.A.;  

Jensen, F.E. Neuroprotective concentrations of the N-methyl-D-aspartate open-channel blocker 

memantine are effective without cytoplasmic vacuolation following post-ischemic administration 

and do not block maze learning or long-term potentiation. Neuroscience 1998, 86, 1121–1132. 

17. Sharp, C.D.; Houghton, J.; Elrod, J.W.; Warren, A.; Jackson, T.H., IV; Jawahar, A.; Nanda, A.;  

Minagar, A.; Alexander, J.S. N-methyl-D-aspartate receptor activation in human cerebral 

endothelium promotes intracellular oxidant stress. Am. J. Physiol. Heart Circ. Physiol. 2005, 288, 

H1893–H1899. 

18. Sharp, C.D.; Hines, I.; Houghton, J.; Warren, A.; Jackson, T.H., IV; Jawahar, A.; Nanda, A.;  

Elrod, J.W.; Long, A.; Chi, A.; et al. Glutamate causes a loss in human cerebral endothelial barrier 

integrity through activation of NMDA receptor. Am. J. Physiol. Heart Circ. Physiol. 2003, 285, 

H2592–H2598. 

19. Schulz, M.K.; Wang, L.P.; Tange, M.; Bjerre, P. Cerebral microdialysis monitoring: Determination 

of normal and ischemic cerebral metabolisms in patients with aneurysmal subarachnoid hemorrhage. 

J. Neurosurg. 2000, 93, 808–814. 

20. Germano, A.; Caffo, M.; Angileri, F.F.; Arcadi, F.; Newcomb-Fernandez, J.; Caruso, G.; Meli, F.; 

Pineda, J.A.; Lewis, S.B.; Wang, K.K.; et al. NMDA receptor antagonist felbamate reduces 

behavioral deficits and blood-brain barrier permeability changes after experimental subarachnoid 

hemorrhage in the rat. J. Neurotrauma 2007, 24, 732–744. 

21. Germano, A.; d’Avella, D.; Imperatore, C.; Caruso, G.; Tomasello, F. Time-course of blood-brain 

barrier permeability changes after experimental subarachnoid haemorrhage. Acta Neurochir. 2000, 

142, 575–581. 

22. Park, S.; Yamaguchi, M.; Zhou, C.; Calvert, J.W.; Tang, J.; Zhang, J.H. Neurovascular protection 

reduces early brain injury after subarachnoid hemorrhage. Stroke 2004, 35, 2412–2417. 

23. Kozniewska, E.; Michalik, R.; Rafalowska, J.; Gadamski, R.; Walski, M.; Frontczak-Baniewicz, M.; 

Piotrowski, P.; Czernicki, Z. Mechanisms of vascular dysfunction after subarachnoid hemorrhage. 

J. Physiol. Pharmacol. 2006, 57, 145–160. 

24. Doczi, T.P.; Joo, F.; Balas, I. Atrial natriuretic peptide (ANP) attenuates brain oedema 

accompanying experimental subarachnoid haemorrhage. Acta Neurochir. 1995, 132, 87–91. 

25. Zuccarello, M.; Lewis, A.I.; Upputuri, S.; Farmer, J.B.; Anderson, D.K. Effect of remacemide 

hydrochloride on subarachnoid hemorrhage-induced vasospasm in rabbits. J. Neurotrauma 1994, 

11, 691–698. 

26. Sabri, M.; Ai, J.; Marsden, P.A.; Macdonald, R.L. Simvastatin re-couples dysfunctional endothelial 

nitric oxide synthase in experimental subarachnoid hemorrhage. PLoS ONE 2011, 6, e17062. 



Int. J. Mol. Sci. 2015, 16 14180 

 

 

27. Santhanam, A.V.; Smith, L.A.; Akiyama, M.; Rosales, A.G.; Bailey, K.R.; Katusic, Z.S. Role of 

endothelial NO synthase phosphorylation in cerebrovascular protective effect of recombinant 

erythropoietin during subarachnoid hemorrhage-induced cerebral vasospasm. Stroke 2005, 36, 

2731–2737. 

28. Dorhout Mees, S.M.; Rinkel, G.J.; Feigin, V.L.; Algra, A.; van den Bergh, W.M.; Vermeulen, M.; 

van Gijn, J. Calcium antagonists for aneurysmal subarachnoid haemorrhage. Cochrane Database 

Syst. Rev. 2007, doi:10.1002/14651858.CD000277.pub3. 

29. Kronvall, E.; Undren, P.; Romner, B.; Saveland, H.; Cronqvist, M.; Nilsson, O.G. Nimodipine in 

aneurysmal subarachnoid hemorrhage: A randomized study of intravenous or peroral administration. 

J. Neurosurg. 2009, 110, 58–63. 

30. Dumont, A.S.; Dumont, R.J.; Chow, M.M.; Lin, C.L.; Calisaneller, T.; Ley, K.F.; Kassell, N.F.;  

Lee, K.S. Cerebral vasospasm after subarachnoid hemorrhage: Putative role of inflammation. 

Neurosurgery 2003, 53, 123–135. 

31. Miller, B.A.; Turan, N.; Chau, M.; Pradilla, G. Inflammation, vasospasm, and brain injury after 

subarachnoid hemorrhage. BioMed Res. Int. 2014, 2014, 384342. 

32. Gatti, S.; Lonati, C.; Acerbi, F.; Sordi, A.; Leonardi, P.; Carlin, A.; Gaini, S.M.; Catania, A. 

Protective action of NDP-MSH in experimental subarachnoid hemorrhage. Exp. Neurol. 2012, 234, 

230–238. 

33. Giuliani, D.; Mioni, C.; Altavilla, D.; Leone, S.; Bazzani, C.; Minutoli, L.; Bitto, A.; Cainazzo, M.M.; 

Marini, H.; Zaffe, D.; et al. Both early and delayed treatment with melanocortin 4 receptor-stimulating 

melanocortins produces neuroprotection in cerebral ischemia. Endocrinology 2006, 147, 1126–1135. 

34. Ottani, A.; Giuliani, D.; Mioni, C.; Galantucci, M.; Minutoli, L.; Bitto, A.; Altavilla, D.; Zaffe, D.; 

Botticelli, A.R.; Squadrito, F.; et al. Vagus nerve mediates the protective effects of melanocortins 

against cerebral and systemic damage after ischemic stroke. J. Cereb. Blood Flow Metab. 2009, 29, 

512–523. 

35. Tsai, K.J.; Yang, C.H.; Fang, Y.H.; Cho, K.H.; Chien, W.L.; Wang, W.T.; Wu, T.W.; Lin, C.P.;  

Fu, W.M.; Shen, C.K. Elevated expression of TDP-43 in the forebrain of mice is sufficient to cause 

neurological and pathological phenotypes mimicking FTLD-U. J. Exp. Med. 2010, 207, 1661–1673. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


