

  

    

      

    

  




  




  

    Frontiers in Clinical Drug Research-




    Central Nervous System




    (Volume 2)




    Edited by




    Atta-ur-Rahman




    

      Honorary Life Fellow Kings College

    




    

      University of Cambridge

    




    

      Cambridge, UK

    


  




  




  




  

    


    


    


    


    


    


  




  

    

      BENTHAM SCIENCE PUBLISHERS LTD.




      

        End User License Agreement (for non-institutional, personal use)




        This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement carefully before using the ebook/echapter/ejournal (“Work”). Your use of the Work constitutes your agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms and conditions then you should not use the Work.




        Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the Work subject to and in accordance with the following terms and conditions. This License Agreement is for non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please contact: permission@benthamscience.org.


      




      

        Usage Rules:




        

          	All rights reserved: The Work is the subject of copyright and Bentham Science Publishers either owns the Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify, remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way exploit the Work or make the Work available for others to do any of the same, in any form or by any means, in whole or in part, in each case without the prior written permission of Bentham Science Publishers, unless stated otherwise in this License Agreement.




          	You may download a copy of the Work on one occasion to one personal computer (including tablet, laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it. The following DRM (Digital Rights Management) policy may also be applicable to the Work at Bentham Science Publishers’ election, acting in its sole discretion:


        




        

          	25 ‘copy’ commands can be executed every 7 days in respect of the Work. The text selected for copying cannot extend to more than a single page. Each time a text ‘copy’ command is executed, irrespective of whether the text selection is made from within one page or from separate pages, it will be considered as a separate / individual ‘copy’ command.




          	25 pages only from the Work can be printed every 7 days.


        




        3. The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject you to liability for substantial money damages. You will be liable for any damage resulting from your misuse of the Work or any violation of this License Agreement, including any infringement by you of copyrights or proprietary rights.




        

          Disclaimer:




          Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is provided "as is" without warranty of any kind, either express or implied or statutory, including, without limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of any methods, products instruction, advertisements or ideas contained in the Work.


        




        

          Limitation of Liability:




          In no event will Bentham Science Publishers, its staff, editors and/or authors, be liable for any damages, including, without limitation, special, incidental and/or consequential damages and/or damages for lost data and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work.


        


      




      

        General:




        

          	Any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims) will be governed by and construed in accordance with the laws of the U.A.E. as applied in the Emirate of Dubai. Each party agrees that the courts of the Emirate of Dubai shall have exclusive jurisdiction to settle any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims).




          	Your rights under this License Agreement will automatically terminate without notice and without the need for a court order if at any point you breach any terms of this License Agreement. In no event will any delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement constitute a waiver of any of its rights.




          	You acknowledge that you have read this License Agreement, and agree to be bound by its terms and conditions. To the extent that any other terms and conditions presented on any website of Bentham Science Publishers conflict with, or are inconsistent with, the terms and conditions set out in this License Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail.


        




        

          

            	

              Bentham Science Publishers Ltd.


              Executive Suite Y - 2


              PO Box 7917, Saif Zone


              Sharjah, U.A.E.


              Email: subscriptions@benthamscience.org


            



            	[image: ]

          


        


      


    


  




  




  




  

    

      PREFACE


    


  




  

    This eBook brings some of the most recent applications of synthetic organic molecules and research to the fore. To offer the reader a broader overview of the diversity of applications, examples carefully chosen from different categories have been included.




    The first two chapters deal with transition metal based catalysis. In the first article, Dr. Kostas reviews new developments in P,N-containing ligands for transition-metal homogeneous catalysis. Dr. Tam and his team then describe the construction of cyclobutene rings through transition metal-catalyzed [2+2] cycloaddition reactions between bicyclic alkenes and alkynes. In the next chapter Savoia and Gualandi review various techniques for the formation of ring structures ranging from nucloephilic substitutions to metal based reactions. Dr. Carmona and his coauthors focus on the glycosylation methodologies for the synthesis of oligosaccharides and related compounds. In another interesting update, Dr. Aranda and his team present research findings on the synthesis of β-Lactams. Next, Majumdar et al. review the formation of five- and six-membered heterocyclic compounds by ring-closing metathesis. In the last chapter of this eBook, Dr. Haldar describes the synthesis of amino acids and analogues for studying foldamers - oligomers that adopts a secondary structure stabilized by noncovalent interactions.




    I would like to thank all the contributing authors and personnel at Bentham Science Publishers for the time and efforts and the constructive suggestions by the external reviewers.


  




  




  




  

    

      Nucleic Acids as Drugs for Neurodegenerative Diseases


    


  




  

    

      INTRODUCTION




      Neurodegenerative diseases are a broad spectrum of central nervous system (CNS) disorders that are characterized by a chronic and progressive course, and share a common hallmark consisting of the selective death of specific neuronal populations. The clinical manifestation of each neurodegenerative disease depends on the specific type of neurons that is involved. These disorders include both inherited diseases caused by single gene mutations (e.g., Huntington’s disease and several spinocerebellar ataxias) and common diseases of more complex origin (e.g., Alzheimer’s disease and Parkinson’s disease).




      Common age-related neurodegenerative diseases, along with cerebrovascular disorders, are currently among the leading causes of death and morbidity in Western countries, and their prevalence is destinated to further rise as a consequence of average lifespan increase. This type of diseases exerts a growing impact from the societal and economic point of view, which makes the development of strategies for early detection as well as effective and safe treatments more important than ever.




      Notwithstanding the significant advance made in recent years towards the elucidation of the pathogenic mechanisms underlying these various neurological disorders, no cures currently exist and therapeutic interventions are still limited to palliative and symptomatic treatment. Therefore, much effort is being made to develop innovative therapeutic strategies, and, among these, nucleic acid-based strategies may have the potential for substantial advancements.




      Nucleic acid-based therapeutic strategies, collectively known as gene therapy, refer to the delivery of nucleic acid molecules to target cell populations in order to achieve either the over-expression of a therapeutic gene, or inhibit the expression of an endogenous harmful gene, or even restore the function of a defective gene [1].




      It was around the 1970s when the idea to deliver a therapeutic gene to treat human diseases came out [2], and the first foreseen application was the treatment of recessively inherited diseases by delivering a wild type copy of the defective gene responsible for the disease. Since then, the potential of gene therapy approach has been considerably increased by the development of novel kinds of therapeutic nucleic acids. Moreover, the range of candidate diseases for this treatment modality has expanded beyond that of inherited diseases to include more common diseases, such as cardiovascular disorders, cancer, and degenerative disorders of CNS.




      Two main nucleic acid-based approaches, “gene addition” and targeted inhibition of gene expression, are currently investigated for the treatment of neurodegenerative diseases. The earliest attempts at neurodegenerative disease gene therapy focused on the “gene addition” approach. Independent of the actual cause of neuron depletion, a therapeutic goal common to most neurodegenerative diseases is to preserve the viability and function of the residual neurons. Delivery of genes coding for neurotrophic factors as neuroprotective/neurorestorative agents is therefore an intensely investigated strategy. Further candidate therapeutic genes are chosen for each specific disease on the basis of available knowledge about the disease causing mutation or the pathogenetic mechanism underlying the disease.




      More recently, advances in gene silencing technology have led to the evaluation of strategies aimed at selectively interfering with the pathogenetic mechanisms underlying disease phenotype. These strategies are applied to the targeting of gain-of-function mutant alleles in dominantly inherited diseases as well as genes known to contribute to the phenotype of more complex diseases.




      This chapter illustrates the rationale and current status of nucleic acid-based strategies for the treatment of two neurodegenerative movement disorders, Huntington’s disease and Parkinson’s disease.


    




    

      NUCLEIC ACID-BASED THERAPEUTICS




      Several types of nucleic acid-based therapeutics have been proposed. All those therapeutics may be grouped into two main classes, i.e., protein coding nucleic acids (DNA molecules) and non-coding nucleic acids (DNA or RNA molecules) with regulatory function (regulatory nucleic acids).




      

        Protein Coding Nucleic Acids




        The use of protein coding nucleic acids (usually cDNAs, i.e., the double-stranded DNA copies derived from the gene mRNAs) is aimed at providing the relevant cells with a protein that either permits to rescue a missing function or supplies a new function able to counteract or alleviate the disease. Candidate therapeutic genes are obvious in the case of recessively inherited neurodegenerative diseases due to loss-of-function mutations, such as, for example, lysosomal storage diseases or recessively inherited forms of Parkinson’s disease. For these disorders, the strategy relies on the delivery of the wild-type copy of the disease gene in order to supply the missing or defective protein. On the other hand, the choice of candidate therapeutic genes for non-inherited as well as dominantly inherited monogenic neurodegenerative diseases relies on the available knowledge about pathogenetic mechanisms.




        A strategy that widely applies to the treatment of neurodegenerative diseases is the delivery of genes coding for neurotrophic factors (NTFs) as neuroprotective/neurorestorative agents. NTFs are secreted proteins expressed in both developing and adult nervous system. They regulate the development, maintenance, function and plasticity of the nervous system, and exert their actions through binding and activating specific cell surface receptors. A single neuronal group can respond to several NTFs and a given NTF affects many neuronal types. Neurons can derive trophic support not only from innervated cells (retrograde transport), but also from afferent neurons (anterograde transport), or even themselves (autocrine mechanism). Therefore, the trophic requirement of a neuronal population is due to a complex interaction between different NTFs that contribute to the highly specific connectivity of the nervous system. Importantly, NTFs not only promote neuron survival (survival effect), but can also protect specific neuronal populations against different types of brain insults (neuroprotective effect), and repair already damaged neurons (neurorestorative effect). In consideration of these properties, NTFs have been considered ideal candidates as neuroprotective and neurorestorative agents.




        A peculiar type of therapeutic genes are those coding for gene-engineered antibodies aimed at ablating the abnormal function of specific intracellular proteins [3, 4]. Natural antibodies can be genetically engineered to obtain the so-called “intrabodies” (iAbs), i.e., smaller molecules which are more suitable to be intracellularly expressed. Among intrabody formats, the first choice is the single chain variable fragment (scFv) which consists of the variable domains of the immunoglobulin heavy (VH) and light (VL) chains kept together by a flexible polypeptide linker. The resulting molecule is a monovalent antibody fragment which still retains the binding specificity of full-length antibody but is encoded by a single gene. Intrabodies for a specific antigen can be isolated from a naïve human repertoire by a variety of in vitro selection platforms such as phage-, yeast-, ribosome-, or bacterial-display systems. Vector-mediated delivery of the selected intrabody encoding gene allows its expression within the relevant cells, with the potential for alteration of the folding, interactions, or subcellular localization of the target protein. Based on these properties, intrabodies are emerging therapeutic molecules for neurodegenerative diseases in which misfolded and aggregated proteins are involved, including Alzheimer’s, Parkinson’s, Huntington’s and prion diseases.


      




      

        Regulatory Nucleic Acids




        Regulatory nucleic acids are used in order to counteract the harmful effects of a specific gene in the relevant cells. They include several types of molecules (Table 1 ) that allow virtually any step of gene expression to be controlled. Regulation at transcriptional and post-transcriptional levels can be achieved by the means of antisense oligonucleotides (ASOs), catalytic nucleic acids, short interfering RNAs (siRNAs), and antisense RNAs, while protein synthesis and protein function can be inhibited by siRNAs, and aptamers or decoys, respectively. DNA molecules must be exogenously administered to the target cells while RNA molecules can also be generated within the target cells upon transfer of their coding DNA sequences.




        For dominantly inherited neurodegenerative diseases, such as, for example, Huntington’s disease, knowledge of the disease-causing mutation directly indicates the candidate target gene for therapeutic silencing. Candidate target genes for non-inherited diseases are less obvious, but they may be chosen on the basis of their involvement in cellular pathways known to contribute to the disease phenotype.




        While regulatory nucleic acid therapeutics were originally developed as tools to suppress expression or function of specific disease-associated proteins, their field of application has recently been extended to novel targets. Strong evidence supporting the involvement of microRNAs in the pathogenesis of neurodegenerative diseases led to the development of strategies aimed at targeting specific disease-associated miRNAs [5 - 7].




        

          Table 1 Therapeutic non-coding nucleic acids for suppressing protein expression or function




          

            

              

                	



                	



                	Target



                	Effect

              


            



            

              

                	Antisense oligonucleotides



                	Oligodeoxyribonucleotides



                	mRNA


                gene



                	degradation of mRNA -


                inhibition of translation


                inhibition of transcription

              




              

                	Phosphorothioate oligonucleotides

              




              

                	2’-ribose modified oligonucleotides

              




              

                	Locked nucleic acids (LNAs)

              




              

                	Ethylene-bridged nucleic acids (ENAs)

              




              

                	Morpholinos (PMOs)

              




              

                	Peptide nucleic acids (PNAs)

              




              

                	Catalytic nucleic acids



                	Ribozymes



                	mRNA



                	mRNA cleavage

              




              

                	DNAzymes

              




              

                	Small regulatory RNAs



                	siRNAs



                	mRNA



                	degradation of mRNA -


                inhibition of translation

              




              

                	shRNAs

              




              

                	Artificial miRNAs

              




              

                	Protein-binding oligonucleotides



                	Decoys



                	Transcription factor



                	Competition with natural binding site

              




              

                	Aptamers



                	Protein



                	Block of protein function

              


            

          




        




        

          Antisense Oligonucleotides




          Antisense oligonucleotides (ASOs) are short, chemically synthesized, single-stranded DNA molecules that, upon cellular internalization, can selectively inhibit the expression of a target gene by interacting with its corresponding mRNA [8, 9]. The complementarity of ASO sequences to those of their target mRNAs allows the formation of DNA/RNA duplexes and, as a consequence, leads to degradation of the RNA strand of the duplexes by cellular RNase H enzyme, or inhibition of translation by steric hindrance. Synthetic oligodeoxynucleotides can also be applied to block transcription of a target gene through the formation of triple helix DNA structures in the promoter region. Further applications include modulation of pre-mRNA splicing and correction of point mutations.




          In vivo application of oligodeoxynucleotides suffers from serious limitations such as poor tissue distribution, cytotoxicity, and, mostly, low stability due to degradation by DNases. A variety of chemical modifications have been, therefore, proposed in order to overcome these limitations [8, 9]. Modified oligonucleotides include phosphorothioate oligodeoxynucleotides, 2’-ribose modified oligonucleotides (2’-O-methyl- and 2’-O-methoxyethyl-RNA), bridged nucleic acids (locked nucleic acids and ethylene-bridged nucleic acids, LNAs and ENAs, respectively), morpholinos (PMOs, phosphorodiamidate morpholino oligomers), and peptide nucleic acids (PNAs). While chemical modifications lead to significant improvements, some drawbacks still remain. For example, PNAs strongly bind to their targets and are very resistant to degradation, but their bioavailability is modest when administered in vivo.


        




        

          Catalytic Nucleic Acids




          Ribozymes are antisense RNA molecules which include a catalytic core able to cleave the target mRNA once the RNA-RNA duplex has formed, thus preventing its translation [10]. A variety of RNAs endowed with enzymatic activity have been found in lower eukaryotes, viruses and some bacteria. Among these naturally occurring ribozymes, hammerhead and hairpin ribozymes provided the basis for the development of targeted gene silencing tools. Hammerhead ribozymes cleave RNA at the nucleotide sequence U-H (where H is A, C, or U) by hydrolysis of a 3’-5’ phosphodiester bond, while hairpin ribozymes cleave at the nucleotide sequence C-U-G. Unlike ASOs that bind their targets in a stoichiometric manner, thanks to their enzymatic nature ribozymes act on multiple substrate molecules, which provides them with a higher efficiency. Ribozymes can be exogenously administered as chemically synthesized molecules or expressed intracellularly once delivered by a vector. In the first case, however, they suffer from the same limitations of ASOs, including low stability, and limited tissue distribution and cell uptake.




          Deoxyribozymes, or DNAzymes, are analogs of ribozymes in which the nucleic acid is DNA instead of RNA [10, 11]. Similar to ribozymes, they consist of a catalytic core flanked by sequences complementary to the target mRNA, but show an improved biological stability thanks to the replacement of RNA backbone by DNA.


        




        

          Small Regulatory RNAs




          RNA interference (RNAi) is a natural cellular process that regulates gene expression and provides an innate defence mechanism against invading viruses and transposable elements [12]. The idea to exploit this naturally occurring process to develop tools aimed at selectively silencing target genes of interest paved the way to a novel therapeutic strategy which potentially applies to a wide range of diseases.




          RNAi is a sequence-specific gene silencing process which is triggered by the presence, in the cytoplasm, of small, double-stranded RNA (dsRNA) molecules of ~20-25 bp. These small dsRNAs associate with the pre-RISC (precursor RNA-induced silencing complex) that, upon removal of one strand of the duplex (the sense “passenger” strand), is converted to mature RISC. This complex, which contains the antisense “guide” strand, is the final effector of RNAi. Pairing of the antisense “guide” strand to specific target mRNAs may induce gene silencing by causing transcript degradation or translational inhibition depending on the degree of complementarity. The two main types of small dsRNAs that activate RNAi are microRNAs (miRNAs), which are processed from stem-loop structures present in endogenously expressed primary transcripts, and short interfering RNAs (siRNAs) that are processed from longer dsRNAs.




          Elucidation of miRNA biogenesis [13] has enabled the development of several strategies for harnessing RNAi pathways for therapeutic purposes [14]. Briefly, miRNAs are transcribed from the genome as larger primary miRNA transcripts (pri-miRNAs), which form intramolecular stem-loop structures. These primary transcripts are processed in the nucleus by Drosha-DGCR8, the microprocessor complex, to generate precursor miRNAs (pre-miRNAs) which are ~60-70 nucleotide stem-loop structures. Pre-miRNAs are then transported to the cytoplasm where the loop region is removed by Dicer, thus generating the mature miRNA duplex.




          Based on this knowledge, the design of artificial inhibitory RNAs can be aimed at mimicking pri-miRNAs (artificial miRNAs), pre-miRNAs (shorthairpin RNAs or shRNAs), or mature miRNAs with perfect complementarity to their targets (siRNAs). Each class mediates gene silencing but enters the pathway at a different step. SiRNAs are chemically synthesized double-stranded oligoribonucleotides designed to mimic Dicer products or substrates (Dicer-ready siRNAs) which, once delivered into the cells, are loaded into the RISC, directly or following processing by Dicer, respectively [15, 16]. ShRNAs are generated within the cells upon vector-mediated delivery of their coding DNA sequences [17, 18]. They are transcribed as sense and antisense sequences connected by a loop of unpaired nucleotides, and, once exported to the cytoplasm, are converted to functional siRNAs via Dicer cleavage. Like shRNAs, artificial miRNAs are also expressed intracellularly from viral vectors but enter the RNAi pathway upstream of the Drosha-DGCR8 complex [19, 20]. It is important to note that shRNAs and artificial miRNAs differ from siRNAs not only by the mode of delivery but also by the duration of gene silencing. The use of chemically synthesized molecules allows chemical modifications to be introduced in order to increase stability and efficacy, and reduce off-target effects. However, gene silencing mediated by these molecules is transient whereas long-term silencing can be potentially achieved by intracellular expression of shRNAs or miRNAs.


        




        

          Protein-Binding Oligonucleotides: Decoys and Aptamers




          Decoys are small DNA or RNA molecules designed to provide competing binding sites for specific DNA or RNA binding proteins, respectively [21, 22]. In particular, DNA decoys are double-stranded oligodeoxynucleotides that inhibit the expression of target genes thanks to their ability to block the binding of transcriptional activators to the promoter regions of those genes. They may also be designed to provide the DNA binding site of a transcriptional repressor in order to rescue the expression of its target genes.




          Aptamers are short, single stranded (ss) oligoribo- or oligodeoxyribo-nucleotides that specifically recognize and bind their targets (protein or small organic molecules) due to their stable three-dimensional structure [23, 24]. They are selected from an initial library containing 1013-1016 random ssDNA or ssRNA sequences through an in vitro process termed SELEX (systematic evolution of ligands by exponential enrichment), which was developed in 1990 by two different groups [25, 26] (for a recent review see [27]). Due to their high specificity and binding affinity, aptamers are able to block the functions of specific target proteins, which make them therapeutic agents with a mode of action conceptually similar to that of antibodies. Compared to antibodies, however, aptamers show several advantages such as easier and faster production, non-immunogenicity, and higher stability when chemically modified.


        


      


    




    

      DELIVERY OF NUCLEIC ACIDS TO THE CENTRAL NERVOUS SYSTEM




      Two distinct approaches, known as in vivo and ex vivo gene therapy, respectively, can be used for nucleic acid delivery to the CNS. In the in vivo approach, the therapeutic nucleic acid is directly administered to the patient, while the ex vivo approach involves transplantation of cells that are engineered in culture to express a therapeutic gene.




      The ex vivo approach can only be applied to the delivery of genes encoding secretable proteins. Several types of cells have been considered to this purpose. Unfortunately, transplantation of cell lines engineered to express candidate genes entails the risk of rejection or tumor development. To overcome this problem, a polymer-encapsulated cell technology was developed [28]. Before implantation, genetically engineered cells are encapsulated in a semipermeable synthetic polymer, which allows the expressed and secreted protein to be released. The encapsulation isolates the foreign cells from the host immune cells and at the same time prevents tumor formation. Allogenic cells have also been investigated as vehicles for ex vivo gene delivery. Among these, bone marrow-derived cells are an interesting option since they are able to cross the blood-brain barrier (BBB) and can therefore be intravenously transplanted [29].




      The in vivo approach based on the use of viral vectors has become the favored strategy for gene delivery to the CNS thanks to its superior efficiency in terms of both duration of transgene expression and coverage of critical target regions. Non-viral vectors are also intensely investigated for in vivo delivery of both coding and regulatory nucleic acid therapeutics.




      

        Administration Routes




        The development of effective in vivo treatments represents a considerable challenge due to the unique environment of the CNS and mainly to the presence of the BBB which limits the brain uptake of the vast majority of neurotherapeutic agents [30, 31].




        The BBB is the specialized system that separates the brain from systemic circulation. It is formed by the endothelial cells surrounding the brain capillaries, together with perivascular elements such as basal lamina, pericytes, and astrocyte end-feet [32]. Features that distinguish cerebral endothelial cells from other endothelial cells include the luck of fenestrae, the presence of tight junctions and adherens junctions between the cells, reduced vesicular transport, and increased numbers of mitochondria. In the BBB, the endothelial cells are completely covered by a basal lamina in which pericytes are embedded and which is surrounded by the astrocyte end-feet. The role of BBB is to maintain chemical composition of the neuronal microenvironment for proper neuronal functions, supplement the brain with nutrients, and protect it from potentially harmful substances in the blood stream. The drawback of this tightly controlled barrier is that it also limits the transport of drugs into the brain. Neurotherapeutic agents are often unable to penetrate into the brain to perform their actions. Approximately 98% of the small molecule drugs, and nearly 100% of the large molecule drugs (such as peptides, proteins and nucleic acids) cannot substantially cross this barrier [33].




        As a consequence of the BBB efficiency in excluding the vast majority of gene transfer vehicles from reaching the CNS via the vasculature, most gene therapy approaches have been based on direct administration to the CNS.




        

          Direct Administration to the CNS




          When a neurodegenerative process is restricted to a defined brain region, therapeutic agents can be delivered by localized administration. Intraparenchymal direct injection consists in the introduction of nucleic acid therapeutics inside or near the population of target cells. This is the simplest method for localized nucleic acid delivery to the brain. However, it is also the most invasive one being local trauma to the brain neuropil, toxicity, inflammation, and limited therapeutic diffusion its major drawbacks. Therapeutic distribution in the brain can be improved considerably by convection-enhanced delivery (CED), a slow pressurized infusion method that exploits convective flow in the brain [34], or some variation of conventional CED, such as microfluidics-mediated CED [35]. Pressure gradients generated by CED increase interstitial flow, which in turn facilitates therapeutic distribution with little physical or functional damage. Nonetheless, therapeutic distribution after intraparenchymal injection remains mostly limited to the targeted structure.




          Direct delivery of nucleic acid therapeutics to the cerebrospinal fluid (CSF) by either intraventricular or intrathecal injection allows a more global distribution throughout the CNS to be achieved. If injected into the CSF produced in the lateral ventricles of the brain, delivered nucleic acids can distribute to cells lining the ventricular and subarachnoid space. Once expressed within these cells, their products can be released into the CSF and distributed throughout the brain [36]. The alternative option is the injection of therapeutics into the intrathecal space surrounding the spinal cord [37], which is a less painful procedure and allows a larger volume of therapeutics to be delivered.


        




        

          Peripheral Administration




          Theoretically, peripheral injection, including intramuscular and intravenous injection, is the most attractive administration mode to deliver nucleic acid therapeutics to the CNS. Besides the obvious advantage of safer and less invasive delivery, peripheral administration offers the possibility of achieving a widespread therapeutic distribution as well as administering multiple doses. However, restricted access to the CNS as well as systemic clearance of the vectors have greatly limited the application of these approaches.




          Intramuscular injection exploits retrograde transport along motor neurons which allows the BBB to be circumvented. Interesting results were obtained in proof-of-concept studies [38 - 40], but it is worth noticing that retrograde transport impairment occurs in various neurodegenerative disorders [41].




          Intravenous injection would be an ideal administration route, provided that the problem of crossing the BBB is overcome. In the recent years, a great deal of efforts to develop strategies that aid passage across the BBB have been made, mainly in the development of non-viral delivery systems. Some progress, however, has been reported for viral vectors as well. Adeno-associated virus 9 (AAV9) vectors have been shown to reach the CNS of neonatal mice and young cats after intravenous injection and to transduce large numbers of glia and motor neurons in the spinal cord [42, 43] as well as hippocampal neurons and Purkinje cells in the cerebellum [42]. Efficient gene transfer to various regions of adult mice CNS was also observed following intravenous injection of SV40 recombinant vectors combined with intraperitoneal mannitol infusion [44]. An alternative approach based on targeting gene transfer to brain microcapillary endothelial cells is currently under investigation [45]. The basic premise is that a protein of interest expressed in, and secreted from, the vascular endothelia will be endocytosed by underlying neurons and glia. Peptides able to bind the brain vascular endothelia were isolated from a phage library by in vivo panning. Presentation of these peptides on the capsid of the adeno-associated virus 2 (AAV2) was shown to expand the biodistribution of intravenously injected AAV2 to include the CNS. Interestingly, reconstitution of enzyme activity throughout the brain and improvement of disease phenotypes have been obtained in two distinct models by peripheral injection of the peptide modified AAV2 vectors expressing the enzymes lacking in lysosomal storage disease affected mice [45].


        


      




      

        Delivery Systems




        A prerequisite for the successful clinical application of nucleic acid-based therapeutics to the treatment of neurodegenerative diseases is the availability of safe and efficient systems for nucleic acid delivery to the CNS, or better to the relevant neuronal subpopulations depending on the specific disease. Clinical trials undertaken to date have employed viral vectors almost exclusively. However, viral vectors have several drawbacks, such as those resulting from a non-complete safety, that significantly limit their widespread clinical use. Consequently, a great deal of efforts to develop non-viral vectors for nucleic acid delivery to the CNS has been made in the recent years.




        

          Viral Vectors




          In vivo gene transfer using viral vectors is the most widely used approach for delivering therapeutic genes to the CNS in both pre-clinical and clinical investigations. This approach exploits the ability of viruses to deliver their genetic material to target cells. The ideal viral vector must be safe, i.e., non-virulent, non-immunogenic, non-oncogenic. It must also be efficient, i.e., able to transduce non-dividing cells and ensure long-term expression of the therapeutic gene. Furthermore, special properties (for example, axonal transport capability or ability to carry multiple genes) are, in some cases, required.




          Viral vectors are designed to be replication-defective, while maintaining the ability to infect cells and transfer their genetic material into the nucleus. This manipulation not only eliminates virus pathogenicity, but also allows uncontrolled spreading of transgene delivery to be prevented.




          Several types of viral vectors have been investigated in animal models of neurodegenerative diseases [46, 47], including those derived from herpes simplex virus type 1 (HSV-1), adenoviruses (AdVs), adeno-associated virus (AAV), and lentiviruses (LVs) (Table 2 ) but only AAV and LV vectors are currently used in clinical trials. These vectors have emerged as the vectors of choice for gene transfer to the CNS for non-oncological applications as they mediate efficient long-term gene expression with no apparent toxicity.




          

            Table 2 Viral vectors for nucleic acid delivery to the CNS




            

              

                

                  	Vector



                  	Cloning Capacity



                  	Viral Genome



                  	Chromosomal Integration



                  	Expression Onset



                  	Expression Duration

                


              



              

                

                  	AAV



                  	~ 4 kb



                  	ssDNA



                  	No



                  	1 - 2 weeks



                  	6 months - 8 years

                




                

                  	AdV



                  	8 - 35 kb



                  	dsDNA



                  	No



                  	1 week



                  	~ 6 months

                




                

                  	HSV



                  	40 - 150 kb



                  	dsDNA



                  	No



                  	1 day



                  	~ 7 months

                




                

                  	LV / NIL



                  	~ 8 kb



                  	ssRNA



                  	Yes / No



                  	1 - 2 weeks



                  	~ 3 months

                


              

            




            

              NIL: Non-Integrating LV vectors.


            




          




          Besides efficiency in gene transfer, AAV vectors [48, 49] provide several further advantages, among which the non-pathogenicity of the virus. They do not integrate into the host cell genome, but persist in an episomal form in non-dividing cells, which minimizes risk of insertional mutagenesis. Furthermore, they do not express any viral protein, thus do not elicit an immune response against transduced cells, nor cause inflammation. As a consequence, these vectors ensure long-term transgene expression. A recent study has shown that AAV-mediated transgene expression in the primate brain persists for at least eight years with no evidence of neuroinflammation or reactive gliosis [50]. A further interesting property of AAV vectors is that they can be generated at high titers, thus allowing the simultaneous expression of different genes from the same cells or tissues. This property can be very useful when the delivery of multiple neurotrophic factors or multiple proteins involved in the same metabolic pathway is needed, or when multiple shRNAs to inhibit different proteins are to be administered. Over ten AAV serotypes have been engineered into vectors but AAV2 is to date the serotype of choice for clinical trials. The overall results so far reported have shown that direct infusion of AAV2 vectors into the human brain parenchyma is well tolerated.




          Compared to AAV vectors, which accept inserts with a maximum size of just 4.5 kb, LV vectors [51, 52] can accommodate a larger transgene payload (~8 kb) which make them an attractive option for multigene treatments. Though these vectors do not naturally infect cells of the CNS, they have been pseudo-typed with envelope proteins from other viruses (e.g., vesicular stomatitis virus G). The resulting pseudo-typed vectors have a broad cell tropism including neuronal and glial cells. LV vectors integrate into the host cell genome and lead to stable transgene expression. Because integration occurs at random sites, it entails the risk for insertional mutagenesis. One strategy to improve the vector safety profile was based on the introduction of self-inactivating (SIN) mutations, which knock out promoter activity of the long terminal repeats (LTRs) of the viral genome, thus reducing the risk of insertional gene activation. A further strategy was the development of non-integrating LV (NIL) vectors which carry either mutant integrase or mutations in their LTRs that inhibit integrase binding. Integration of these vectors is greatly reduced (down to 0.35-2.30%) and can be further reduced by removal of a sequence element involved in plus-strand DNA synthesis. It is worth noticing that NIL vectors show an efficiency of transduction similar to that of integrating vectors. Though LV vectors are increasingly used for gene delivery in experimental models of neurodegenerative diseases, only one of them has progressed to clinical investigation. A tri-cistronic, self-inactivating vector derived from a non-primate lentivirus, the equine infectious anemia virus (EIAV), has been safely used in a clinical trial involving patients affected by Parkinson’s disease (see below).


        




        

          Non-viral Vectors




          Non-viral vectors offer several advantages including improved safety profiles, lower production costs, and ability to target specific neuronal subpopulations, but their delivery efficiency has to be improved in order to thoroughly realize their potential in clinical settings. Several types of nano-scale nucleic acid delivery systems (nanocarriers), including lipid- and polymer-based nanoparticles (NPs), and inorganic NPs, are currently investigated for CNS targeted nucleic acid delivery [53 - 56]. To efficiently deliver their cargo to neurons, nanocarriers must overcome a number of hurdles, i.e., internalization into the neurons, interaction with intracellular organelles such as lysosomes, and transport across the nuclear membrane in the case of DNA molecules to be transcribed [54]. Furthermore, if intravenously injected, they should both avoid systemic clearance and efficiently cross the BBB to reach the target cells in the brain.




          Efficacy of nanocarriers when administered by systemic route depends on their ability to circulate in the blood stream for a prolonged period of time. However, after intravenous administration, they often interact with the reticuloendothelial system (RES), leading to a rapid removal from systemic circulation. This process mainly depends on particle size, charge and surface properties of the nanocarrier. A proper modification of the characteristics of nanocarrier surface is therefore needed in order to increase their blood circulation time, thus favoring their uptake into non-RES organs. The interactions with the RES can be prevented by coating the particles with a hydrophilic or a flexible polymer and/or a surfactant. Several authors demonstrated that both polyethylene glycol (PEG) coating and direct chemical linking of PEG to the particle are able to increase circulation times as well as uptake into non-RES organs.




          In order to facilitate crossing of the BBB, the addition of targeting moieties is also needed. The most commonly used strategy exploits one of the physiological transport systems, the receptor-mediated endocytosis. This strategy [57] involves the modification of nanocarrier surface by coupling to ligands that specifically bind to receptors expressed on the brain endothelial cells. Natural ligands, such as insulin and transferrin, or peptides selected from a phage-displayed peptide library can be used as targeting ligands. Monoclonal antibodies (mAbs) that mimic peptide structure also undergo receptor-mediated endocytosis and may thus be considered as useful targeting moieties. For instance, Pardridge and coworkers employed mAbs which mimic either transferrin or insulin as targeting ligands to deliver liposome-encapsulated therapeutic nucleic acids (hence the name “Trojan Horse Liposomes”) to the brain. The Trojan Horse Liposome (THL) technology developed by Pardridge’s group has been recently reviewed in [58, 59].




          Receptor-mediated delivery is also exploited to achieve nanocarrier internalization into neuronal cells. It is worth noticing that an appropriate choice of targeting ligands allows a more selective neuron targeting. For example, a neurotensin (NTS) polyplex has been used for targeted delivery to dopaminergic neurons. NTS-polyplex consists of NPs resulting from the electrostatic binding of the conjugate NTS-poly-L-lysine (NTS carrier) to plasmid DNA (pDNA). The NTS carrier takes advantage of the endocytosis of NTS with its high-affinity receptor (NTSR1) to transfer the pDNA into dopaminergic neurons [60]. To accomplish targeting to selected neuron populations, neurotrophin receptors may be considered as well since they are expressed by specific neuron subtypes.


        


      


    




    

      NUCLEIC ACID-BASED STRATEGIES FOR THE TREATMENT OF NEURODEGENERATIVE MOVEMENT DISORDERS




      

        Huntington’s Disease




        Huntington’s disease (HD) is a midlife onset, progressive and fatal form of hyperkinetic disorder. It is a single gene disease with autosomal dominant inheritance pattern, which belongs to the polyglutamine (polyQ) expansion diseases [61] and its prevalence is 5-10 cases per 100,000. The majority of HD patients have inherited the disease causing mutation from one parent, whereas 1-3% of them are affected due to a de novo mutation [62]. The rare juvenile form of HD is found in 2% of the total population having the disease [63].




        Although cognitive and psychiatric domains are also involved in HD patients, the defining phenotype of HD is generally considered to be the motor one, the chorea. Chorea consists in random, spontaneous and irrepressible dance-like movements (hence the name chorea, the Greek word for ‘dance’). Furthermore, HD patients show, along with progressive weight loss, severe motor impairment such as loss of voluntary movement coordination that is later replaced by bradykinesia and rigidity, and motor impersistence, i.e., inability to maintain voluntary muscle contractions. Adult onset HD patients also display personality disorders and psychiatric symptoms such as depression, anxiety, mood swings, aggressiveness, and paranoid psychosis, followed by a progressive decline in cognitive abilities (dementia). Symptoms observed in the juvenile form of HD (onset before the age of twenty), are somewhat different. As a matter of fact, chorea can be absent and involuntary movements can take the form of tremor. Patients affected by this form of the disease show bradykinesia, rigidity and dystonia. Furthermore, epileptic seizures are often observed in affected children. HD patients are rapidly disabled by the functional decline which early follows symptom onset. As a consequence, they require increasing care until the effects of severe physical and mental deterioration cause their death (about 15-25 years later). A correlation between the age of symptom onset and the course of the disease has been observed. In most cases, the earlier the onset occurs, the faster HD progresses. Due to the persistent and increasingly intensive multidisciplinary care made necessary by the seriousness of functional decline, HD takes up conspicuous medical, social, and family resources.




        HD is caused by an unstable expansion in the number of CAG trinucleotide repeats in the exon 1 of a gene located on chromosome 4, [64, 65]. This gene, named HTT (or IT15) codes for huntingtin, a protein ubiquitously expressed through the body, whose functions are still not fully understood. Normal individuals have 35 or fewer CAG repeats in this locus, while HD patients show expansions spanning from 36 to an exceptional 240 [66]. Often, the onset and severity of disease correlate with the length of the CAG expansion in the individual patient. With over 42 repeats, penetrance is complete, but this is reduced with intermediate repeat length. The trinucleotide repeat expansion is translated into an abnormally long polyglutamine (polyQ) tract close to the N-terminus of huntingtin, which induces the protein to misfold and acquire toxic properties (gain-of-function) to specific populations of vulnerable neurons. The toxicity of mutant huntingtin is, in fact, limited almost exclusively to striatal neurons, but little is known about mechanisms underlying this selectivity [67]. Mutant huntingtin also undergoes proteolytic cleavage, thus generating cytotoxic N-terminal products that are believed to be key players in the pathogenesis of the disease. Misfolded huntingtin and N-terminal fragments accumulate and aggregate in the cytoplasm and nucleus leading to the formation of insoluble inclusions, which represent the hallmark of this pathology. These inclusions also contain several other proteins including components of the ubiquitin-proteasome pathway, chaperones, synaptic proteins, and transcription factors. Since their appearance often precedes the onset of symptoms, inclusions in diseased brains have been proposed to be involved in pathogenicity. Although the pathogenic mechanisms by which mutant huntingtin causes neuronal dysfunction and cell death are not yet fully understood, polyQ-huntingtin expression turned out to be involved in crucial cellular processes such as transcriptional regulation, cell survival, intracellular signaling, mitochondrial function, axonal transport, and others [68, 69]. Besides the toxic gain-of-function, a loss-of-function pathogenic mechanism seems to play a role [68, 69], even though such a role remains to be elucitated.




        HD is characterized by the selective neuronal loss in the striatum (caudate–putamen), being the GABAergic medium-sized spiny neurons (MSNs) projecting to the substantia nigra pars reticulata (SNpr) and globus pallidus (GP), mainly affected. In the final stages, however, cell loss in the cerebral cortex and widespread brain atrophy are also observed either by means of non-invasive brain magnetic resonance imaging or post mortem histological evaluation. Loss of striatal neurons leads to reduced inhibition of external segment of the globus pallidus (GPe). This, in turn, induces GPe neurons to become hyperactive in inhibiting the subthalamic nucleus (STN). As a consequence, an excessive motor activity occurs which results in chorea, the most characteristic motor symptom of the disease.




        There is no cure for HD, so treatment focuses on reducing symptoms, preventing complications, and helping patients and family members cope with daily challenges. On the other hand, the monogenic nature and the almost selective involvement of a specific brain area in the degenerative process make HD a potential good target for nucleic acid-based therapeutic approaches. Strategies currently under investigation in animal models of HD are mainly aimed at providing neurotrophic support or silencing the mutant allele of HD gene.




        Many animal models which replicate HD symptoms and neuropathology have been developed over the years. Among them, rodents (mouse and rat) and nonhuman primates are the most widely used models to test nucleic acid-based therapeutic strategies. Two types of HD animal models have been generated, chemically induced and genetic models.




        Since the initial demonstration that intrastriatal injection of kainic acid (KA), a non N-methyl-D-aspartate (NMDA) glutamate agonist, could mimic in rats the axon-sparing striatal lesion observed in the human HD [70], various HD animal models were generated by injecting neurotoxins into the striatum. Quinolinic acid (QA) has been one of the most commonly used agents to produce rodent and nonhuman primate models of HD. QA is an NMDA receptor agonist and an endogenous metabolite of tryptophan, and it has been shown to be the most effective agent in stimulating the neurochemical changes observed in HD [71 - 73]. Intrastriatal injection of QA induces selective degeneration of striatal projection neurons but does not affect afferent fibers and some interneuron populations [71, 74, 75].




        Intrastriatal injection of mitochondrial toxins, such as 3-nitropropionic acid (3-NP), was also shown to be able of replicating some of the behavioral aspects of HD in rats [76]. 3-NP is an irreversible inhibitor of succinate dehydrogenase and inhibits both Kreb’s cycle and Complex II of the electron transport chain in mitochondria. 3-NP also decreases ATP and increases lactate in the striatum, indicating a similar impairment in oxidative energy metabolism to that seen in HD. The chronic, systemic administration of 3-NP produces striatal lesions in both rats and primates that resemble lesions seen in HD patients [76]. It has also been demonstrated that chronic 3-NP treatment in rats and primates replicates several of the cognitive and motor deficits seen in HD, such as bradykinesia, dystonia, gait abnormalities, and frontal-type cognitive defects [76 - 80].




        Chemically induced models replicate the regional selectivity of the neuropathology observed in HD, which makes them valuable models for testing neuroprotective and neurorestorative therapeutic strategies for this disease. However, they are unable to reproduce the pathogenetic mechanisms triggered by the HD causing mutation.




        The identification of the disease-causing gene in 1993 [64] paved the way to the generation of genetic models of HD, which, compared to chemical lesion models, reproduce the molecular pathogenesis of HD more closely. Since then, several HD transgenic mouse models have been produced that differ regarding the type of mutation expressed, the portion of the protein included in the transgene, the promoter employed, and the level of expression of the mutant protein (Table 3 ).




        The R6/1 and R6/2 transgenic mice were the first transgenic mouse models of HD that were developed [81]. They both express exon 1 of the human HTT gene with around 115 and 150 CAG repeats, respectively, and the transgene expression is driven by the human HTT promoter in both of them. The phenotype and neuropathology observed in these transgenic lines replicate several features observed in humans, but these mice, and in particular the R6/2 line, show an early onset of symptoms and a fast progression of the disease. The R6 transgenic lines are widely used to evaluate new therapeutic strategies. It should be noted, however, that these transgenic lines reflect more accurately the infantile/juvenile HD cases than the adult-onset form of the disease, due to the high number of CAG repeats that is expressed in these mice.




        A different transgenic mouse model expressing an N-terminal fragment of human mutant huntingtin was developed by Schilling et al. [82]. This model, referred to as N171-82Q, expresses a cDNA encoding an N-terminal fragment (171 residues) of human huntingtin with 82 glutamine repeats, under the control of the mouse prion protein promoter. As a consequence of the lower number of glutamine repeats compared to the R6 mice, N171-82Q mice show a later onset of symptoms thus providing a better model for the evaluation of presymptomatic therapies. A limitation common to all transgenic mouse models expressing N-terminal fragments of mutant huntingtin is that they cannot be used to test therapeutic approaches that are predicted to function at the level of the full-length mutant protein.




        Several transgenic mouse models expressing full-length human mutant huntingtin with different numbers of glutamine residues have been generated. These transgenic mice include the yeast artificial chromosome (YAC) and the bacterial artificial chromosome (BAC) HD mouse models.




        Among the YAC HD mouse models, the YAC128 transgenic mice [83], which express the full-length human HD gene with 128 CAG repeats, constitute a model of particular interest since they replicate the slow and biphasic progression of behavioral deficits observed in the human condition, and show age-dependent striatal and subsequent cortical neurodegeneration [84, 85]. For these reasons, the YAC128 mice are widely used not only for the elucidation of HD pathogenesis, but also for the screening of new therapies for HD.




        BAC HD transgenic mice (BACHD mice) express a full-length human mutant huntingtin with 97 glutamine residues [86]. These mice exhibit progressive motor deficits and late-onset selective neurodegeneration in the cortex and in the striatum [86, 87], thus providing a further mouse model well suited for the evaluation of new therapeutic approaches.




        In order to obtain mouse models that more faithfully replicate the human condition, knock-in mouse models of HD have been generated (reviewed in [88]). Knock-in mouse models carry the HD-causing mutation in its appropriate genomic and protein context, since they have an expanded polyQ encoding sequence inserted into the endogenous mouse Htt gene. The early development and slow progression of pathological and behavioral abnormalities in knock-in mice make these animals valuable models to test the ability of potential therapeutics in delaying early abnormalities onset.




        

          Table 3 Transgenic mouse models of Huntington’s Disease




          

            

              

                	



                	
Transgene


                / Promoter




                	CAG



                	
Onset of symptoms


                / Survival


                (weeks)




                	Neuropathology



                	Symptoms



                	Refs.

              


            



            

              

                	R6/1



                	first 1.9 kb (exon 1)


                / human huntingtin



                	113



                	15-21


                / 32-40



                	- overall brain atrophy


                - brain weight loss by 18 wk


                - neuronal atrophy


                - aberrant synaptic plasticity


                - nuclear inclusions and neuropil aggregates throughout the brain


                - reduction in dopamine levels



                	- clasping behavior (onset 20 wk)


                - rotarod deficit


                - gait abnormalities


                - progressive weight loss



                	[81]

              




              

                	R6/2



                	144



                	5-6


                / 12-15



                	- overall brain atrophy with hyperventricular enlargement


                - brain weight loss by 4 wk and striatum volume reduction


                - neuronal atrophy and loss by 90 days


                - aberrant synaptic plasticity


                - nuclear inclusions and neuropil aggregates throughout the brain


                - reduction in dopamine levels



                	- clasping behavior (onset 8 wk)


                - rotarod deficit


                - hyperkinetic movements


                - resting tremors


                - circling behavior


                - increase in limb movements


                - decrease in grip strength


                - progressive weight loss


                - seizure


                - diabetes, cardiac dysfunction

              




              

                	N171-82Q



                	first 171 aminoacids


                / mouse prion protein



                	82



                	10


                / 10-24



                	- overall brain atrophy with hyperventricular enlargement


                - cells with degenerative morphology by 20 wk


                - striatal neuron atrophy and loss


                - nuclear inclusions in cortex, hippocampus, amygdala, striatum



                	- clasping behavior (onset 15 wk)


                - rotarod deficit


                - hypokinesis


                - resting tremors


                - tremors and gait abnormalities


                - loss of coordination


                - muscle weakness


                - progressive weight loss



                	[82]

              




              

                	YAC128



                	full length human HTT


                / human huntingtin



                	128



                	8-12


                / normal life span



                	- reduction of striatum and cortex volume by 48 wk


                - reduction of striatum and cortex neuron number by 48 wk


                - inclusions in striatal cells



                	- clasping behavior


                - rotarod deficit


                - hyperkinesis (12 wk) and hypokinesis (24 wk)


                - gait abnormalities


                - circling behavior


                - ataxia


                - weight increase



                	[83]

              




              

                	BACHD



                	97



                	12


                / normal life span



                	- brain atrophy


                - degenerating darkly stained neurons in striatum


                - inclusions in neuropil, cortex, and striatum



                	- rotarod deficit


                - weight increase



                	[86]

              


            

          




        




        Rat models of HD were initially developed by viral vector-mediated delivery of mutant huntingtin to the striatum [89, 90]. These animals exhibit the striatal MSN loss characteristic of human HD, but they show only certain motor deficits and no change in body weight or survival.




        A transgenic rat model of HD, which carries a 1,962 bp rat HD cDNA fragment with a 51 CAG repeat expansion under the control of the endogenous rat HD promoter, has been generated by Von Horsten et al. [91]. This transgenic rat displays adult-onset disease with behavioral phenotypes and histological alterations in the brain.




        More recently, the generation of the first transgenic nonhuman primate HD model has been reported by Yang et al. [92]. These authors produced transgenic monkeys (Macacus Rhesus) which express the exon 1 of the human HTT gene with 84 CAG repeats, and show relevant clinical features of human HD.




        Apart the ex vivo delivery of CNTF encoding gene (see below), none of the nucleic acid-based therapeutic strategies for HD has so far progressed towards clinical trials. In this regard, it should be noted that performing therapeutic trials in HD patients is particularly challenging. This is due to its low prevalence, which makes it difficult to recruit a sufficient number of patients, slow progression, which may lead to very long follow up periods for treatments that are hypothesized to affect disease progression, variability in the rate of progression [93], and lack of well-established biomarkers, which means that in most cases, clinical trials have to rely on subjective clinical rating scales as outcome parameters.




        

          Neuroprotection and Neurorestoration




          The neuropathology of HD patients is characterized by a wave of degeneration in the striatum, being the MSNs mainly affected, although in the final stages cortical atrophy is also observed [94, 95]. Therefore, the delivery of neurotrophic factor genes in order to protect striatal neurons against mutant huntingtin-induced toxicity is one of the major gene therapy approaches currently under investigation. Several neurotrophic factors have been tested as potential therapeutic agents for HD in pre-clinical studies, and one of them has progressed towards a Phase I clinical trial [96, 97].




          

            Brain-Derived Neurotrophic Factor (BDNF)




            In consideration of its importance for MSNs, the most affected neuronal population in HD, BDNF, a member of the neurotrophin family, represents the main candidate for neuroprotective therapeutic strategies. BDNF is produced in the cerebral cortex and anterogradely transported to the striatum [98, 99] where it supports neuron survival [100 - 103]. Wild-type huntingtin promotes the cortical expression of BDNF [104 - 106] as well as its vesicular transport along the microtubules [107].




            A reduction in BDNF levels has been described in post mortem samples from individuals affected by HD [108, 109], and in several animal models as well (reviewed in [101, 103]). Such a decrease has been shown to be due to both a reduction in BDNF gene transcription [104] and an impaired transport of BDNF vesicles along the cortico-striatal afferents [107]. The possible role of BDNF depletion in HD pathogenesis has been evaluated in animal models [100, 110, 111]. The results of these studies demonstrated that reduction in BDNF levels leads to dysfunction and loss of striatal neurons, thus supporting the conclusion that depletion of this neurotrophin is a key factor in HD onset and progression. On these basis, several efforts have been made in order to develop therapeutic strategies aimed at increasing BDNF levels.




            Both direct and cell-mediated delivery of the BDNF gene have been applied in rodent models of HD. Durable expression of BDNF protein has been obtained in either case, and interesting effects have been reported in terms of both neuroprotection and functional recovery. However, several problems need to be overcome before applying this approach in clinical practice.




            Viral delivery of BDNF gene to the striatum of rats prior to injection of QA has been shown to be significantly neuroprotective, resulting in reduction of both cell death and lesion size [112, 113]. In a first study reported in 1999 by Bemelmans et al. [112], BDNF gene was administered by means of an adenoviral vector (AdV) to the striatum of rats that were submitted to QA injection two weeks later. Compared to control rats, animals treated with AdV-BDNF showed a reduction of QA-induced lesions by one half and a significant increase of MSN survival (64% versus 46%). Protection of striatal neurons against the same excitotoxic insult was also obtained in 2004 by Kells et al. [113] who used an adeno-associated viral vector (AAV) for BDNF gene delivery. Furthermore, the same authors reported that AAV-mediated delivery of BDNF gene was able to attenuate the motor function impairment induced by QA injection [114], even though side effects such as weight loss and seizure activity following long-term high level expression of BDNF were observed.




            Gharami et al. [115] used a BDNF transgene under the control of the promoter for the alpha subunit of CaMKII (Ca2+ calmodulin dependent kinase II) to over-express BDNF in the forebrain of R6/1 mice, which express a fragment of mutant huntingtin with a 116-glutamine tract. Such over-expression increased TrkB signaling activity in the striatum, ameliorated motor dysfunction, and reversed brain weight loss. Furthermore, a reduction of mutant huntingtin intranuclear inclusions in striatal neurons was observed as well as a normalization of the expression of DARPP-32 (dopamine- and cyclic AMP-regulated phosphoprotein), a marker of healthy MSNs, and an increase of the number of enkephalinergic boutons. In a subsequent study [116], the same authors evaluated the effects of BDNF over-expression in the forebrain of YAC128 mice, a more physiological HD mouse model that expresses the whole human HTT gene with 128 CAG repeats, and exhibits age-dependent loss of striatal neurons [83]. BDNF over-expression in this mouse model prevented loss and atrophy of striatal neurons and motor dysfunction, normalized expression of dopamine receptor D2, enkephalin, and DARPP-32, and improved procedural learning. Rescue of the abnormal spine phenotype in YAC128 mice was also observed.




            An interesting therapeutic strategy based on the combination of BDNF with Noggin, a soluble inhibitor of the BMPs (bone morphogenetic proteins) encoded by NOG [117], and aimed at inducing neurogenesis has been proposed by Cho et al. [118]. Noggin over-expression suppresses astroglial differentiation by subependymal zone (SZ) progenitor cells, thus expanding the pool of SZ cells potentially responsive to neuronal instruction by BDNF [119, 120]. Concurrent Noggin and BDNF over-expression has been shown to result in a substantial increase in the number of new neurons recruited to the neostriatum of normal adult rats [120]. On the basis of these observations, Cho et al. [118] investigated the feasibility of recruiting new striatal neurons in a mouse model of HD by means of BDNF/Noggin over-expression. For this purpose, R6/2 mice were intraventricularly injected with AdV-BDNF and AdV-NOG. The results of this study demonstrated that BDNF and Noggin induced striatal neuronal regeneration, delayed motor impairment, and extended survival in R6/2 mice [118].




            Cell-mediated delivery of BDNF gene has been employed by some authors as an alternative approach to increase neurotrophin levels in the brain of HD rodent models. In the first two studies [121, 122], BDNF-secreting grafts did not prove efficient in protecting striatum in a chemically induced rat model. Transplantation of immortalized rat fibroblasts genetically engineered to express BDNF was found by Frim et al. [121] not to provide any significant protection against excitotoxic damage, and only slight effects were observed by Martinez-Serrano and Bjorklund [122] who used genetically modified neural stem cells (NSCs) in a similar experimental paradigm. However, more encouraging results have been obtained in the subsequent years. Perez-Navarro et al. [123, 124] demonstrated that BDNF-secreting fibroblasts are able to reduce the size of the lesion and to prevent the loss of striatal neurons induced by intrastriatal injection of the excitotoxin. As suggested by the authors, the absence of significant BDNF effects in previous reports could be accounted for by methodological differences, including the parameters used to assess neuronal rescue, the severity of the lesion, and/or the high doses of neurotrophin. In particular, they point out that long exposure to high doses of BDNF may reduce TrkB responsiveness to the neurotrophin.




            In a recent study, the therapeutic effects of the transplantation of bone-marrow mesenchymal stem cells (MSCs), genetically engineered to over-express BDNF, on motor deficits and neurodegeneration in YAC128 transgenic mice have been evaluated [125]. The results of this study show that genetically engineered MSCs reduce behavioral deficits and increase striatal neuron survival in this transgenic model of HD.




            Finally, a therapeutic strategy which takes advantage of reactive striatal astrogliosis, and the consequent up-regulation of GFAP (Glial Fibrillary Acidic Protein) gene expression, has been proposed in order to obtain conditional BDNF over-expression [126, 127]. In the first study by Giralt et al. [126], enhanced BDNF release and higher resistance to excitotoxic damage following intrastriatal administration of QA were observed in transgenic mice over-expressing BDNF under GFAP promoter (pGFAP-BDNF mice), compared to wild-type mice. The possible protective effect of astrocyte-derived BDNF was verified by grafting astrocytes from pGFAP-BDNF mice in wild-type mice. Following QA injection, pGFAP-BDNF-derived astrocytes showed higher levels of BDNF and larger neuroprotective effects than the wild-type ones. Furthermore, significant behavioral improvements over time after QA administration were observed in mice grafted with pGFAP-BDNF astrocytes compared to those grafted with wild-type astrocytes. In a subsequent study [127], the same authors tested whether conditional and pathology-dependent delivery of BDNF could be neuroprotective in a transgenic mouse model of HD. For this purpose, they obtained double-mutant animals, R6/2:pGFAP-BDNF, to be compared with R6/2 mice. The results of this study show that BDNF over-expression from striatal astrocytes improves HD phenotype by preventing cortico-striatal synaptic dysfunction. As pointed out by the authors, conditional BDNF delivery regulated by the GFAP promoter in astrocytes could be a therapeutic strategy not only for HD, but also for other neurodegenerative diseases that are associated with reactive astrogliosis and consequent GFAP up-regulation, such as Alzheimer’s disease [128, 129], Parkinson’s disease [130] and amyotrophic lateral sclerosis [131].


          




          

            Nerve Growth Factor (NGF)




            Nerve Growth Factor (NGF), is the prototypical member of the neurotrophin family. Besides promoting neuronal survival, it is also known to down-regulate huntingtin expression in cultured striatal neurons [132]. A strong neuroprotective effect of NGF in the striatum of chemically induced rodent models of HD was observed by several authors following implantation of ex vivo modified cells. Frim et al. [133] reported that implantation of NGF-secreting fibroblasts reduces the size of adjacent striatal 3-NP lesions by an average of 64%. Implantation of polymer-encapsulated human NGF-secreting fibroblasts was shown to attenuate the behavioral and neuropathological consequences of QA injections into rodent striatum [134]. In the same model, protection of striatal neurons against excitotoxic damage by NGF-producing, genetically modified, NSCs was demonstrated by Martınez-Serrano and Bjorklund [122]. It is worth noticing that the same results have not been obtained when NGF was directly administered by intravenous injection [135] or by intrastriatal infusion [136]. More recently, transplantation of MSCs genetically engineered to over-express NGF has been reported to reduce behavioral deficits in the YAC128 mouse model of HD, while no increase in striatal neuron number or DARPP-32 expression was observed [125].


          




          

            Glial Cell Line-Derived Neurotrophic Factor (GDNF)




            Glial Cell Line-Derived Neurotrophic Factor (GDNF) was discovered by Lin et al. [137] as a factor secreted by a rat glioma cell line (B49). Although GDNF was initially characterized as a trophic factor for mesencephalic dopaminergic neurons, its ability to protect several other neuronal populations was subsequently demonstrated.




            The potential protective effect of GDNF on striatal neurons in rodent models of HD was initially investigated using cell-mediated delivery approaches. Perez-Navarro et al. [138] demonstrated that transplantation of GDNF secreting fibroblasts into the rat striatum partially protects MSNs from QA induced damage, and reported that GDNF selectively promotes the survival and regulates the phenotype of striatonigral but not striatopallidal projection neurons [139]. More recently, NSCs and neural progenitor cells (NPCs) have been employed as vehicles for GDNF gene delivery. Transplantation of NSCs engineered to over-express GDNF into the mouse striatum protects against QA toxicity, resulting in reduced loss of striatal neurons as well as behavioral improvements [140]. In a study by Ebert et al. [141], NPCs were isolated from developing mouse striatum and genetically engineered to over-express GDNF. Transplantation of these cells into the striatum of pre-symptomatic N171-82Q mice was shown to prevent neuronal loss and to maintain motor function to a level indistinguishable from that of wild-type control mice.




            The effects of GDNF over-expression in rodent HD models have also been investigated by viral vector-mediated delivery approaches. Kells et al. [113] investigated whether over-expression of GDNF, achieved by AAV vector-mediated gene delivery, could protect striatal neurons in the QA rodent model of HD. Three weeks after AAV-GDNF intra-striatal injection, the rats were lesioned with QA. Similarly to those treated with AAV-BDNF, AAV-GDNF treated rats showed a significant reduction of striatal neuron loss. Significant protection of parvalbumin-immunopositive striatal interneurons was also observed while AAV-BDNF provided significant neurotrophic support to NOS (nitric oxyde synthase)-immunopositive striatal interneurons.




            The effects of AAV-mediated delivery of GDNF gene were also examined in a 3-NP induced rat model [142]. AAV-GDNF treatment resulted in strong protection of the striatal neurons as well as maintenance of motor function to an almost normal level. In a subsequent study [143], the same authors demonstrated that AAV-mediated delivery of GDNF to the striatum of presymptomatic N171-82Q mice delays and attenuates behavioral deficits. Behavioral neuroprotection was found to be associated with prevention of striatal neuron death and atrophy as well as reduction of neurons containing mutant huntingtin inclusions. These findings stand in contrast to those previously reported by Popovic et al. [144] who delivered GDNF via a lentiviral vector (LV) to the striatum of R6/2 transgenic mice. In this study, GDNF over-expression failed to attenuate behavioral and neuropathological changes. This difference has been attributed to the transgenic mouse model used [143]. R6/2 mice contain a human cDNA that encodes a mutant huntingtin protein with a larger number of repeats than those of N171-82Q mice, and consequently show an earlier disease onset and a more aggressive behavioral phenotype. In the study by Popovic et al. [144], R6/2 mice were treated with LV-GDNF after symptom onset (4-5 weeks of age), while McBride et al. [143] administered AAV-GDNF to presymptomatic 5 weeks old N171-82Q mice. On this basis, it has been suggested that only presymptomatic HD gene carriers might profit of this therapeutic approach.


          




          

            Neurturin (NTN)




            Neurturin (NTN), which is encoded by NRTN, is a member of the GDNF family of neurotrophic factors and shares a 42% homology with GDNF. It was found to be up-regulated in the rat striatum in response to excitotoxic insults [145], thus suggesting a role in a physiological regenerative response. Cell-mediated delivery of neurturin has been shown to protect projection neurons but not interneurons in a rat model of HD [146]. A fibroblast cell line engineered to over-express neurturin was grafted into adult rat striatum 24 h before QA injection, and grafting of neurturin-secreting cells resulted in a protective effect on striatal projection neurons much more robust than that previously observed for a GDNF-secreting cell line [123]. Neurturin reduced the lesion size and rescued 50-58% of striatal calbindin-positive neurons, whereas GDNF does not modify lesion size and protects only 30-35% of these neurons [123]. In contrast, neurturin had no effect on the survival of parvalbumin- or ChAT (choline acetyltransferase)-positive neurons, while GDNF prevented the decrease in ChAT activity induced by QA. In the same HD model, it has subsequently been demonstrated that grafting of neurturin-secreting fibroblasts selectively prevents the loss of striatopallidal neurons expressing glutamic acid decarboxylase (GAD) and preproenkephalin (PPE) [147]. Neurturin also prevented the decrease in the expression of their phenotypic markers, thus suggesting a preservation of neuronal function. On the other hand, neurturin did not exert any influence on the survival or phenotype of striatonigral, preprotachykinin A (PPTA)-positive neurons. Grafting of neurturin over-expressing fibroblasts was also shown to protect rat striatal neurons against KA excitotoxicity [148].




            More recently, viral delivery of NRTN gene has been successfully tested in both chemically induced and transgenic rodent models of HD. AAV2-NRTN (developed by Ceregene Inc., San Diego, CA, USA, and commercially known as CERE-120) was injected into the striatum of rats who received systemic injection of 3-NP four weeks later [149]. AAV2-NRTN treatment partially protected striatal neurons from cell death (27.4% loss of NeuN-ir (neuronal nuclear antigen-immunoreactive) neurons relative to non-lesioned animals, versus 49.7% neuronal loss in the AAV2-eGFP (enhanced green fluorescent protein)-3NP group and 48.4% loss in the vehicle-3NP group, respectively), and prevented ventricular enlargement as a result of reduction in striatal volume. A significant reduction of motor function deficits induced by 3-NP was also observed in AAV2-NRTN treated rats. AAV2-NRTN delivery to the striatum of presymptomatic N171-82Q mice resulted in a significant delay of behavioral deficits onset, as well as reduction of their severity [150]. Improvements in behavioral phenotypes were found to correlate with a significant protection of striatal neurons even though their atrophy was not prevented. Since AAV2-NRTN had no effect on the number or percentage of neurons containing mutant huntingtin inclusions, the authors suggest that “AAV2-NRTN induced neuroprotection does not depend on altering inclusion number within the striatum and that significant prevention of behavioral abnormalities can be achieved despite a heavy inclusion load” [150]. Interestingly, intrastriatal AAV2-NRTN administration was also shown to prevent neuron loss in layers V-VI of prefrontal cortex. Even though the underlying mechanism remains unclear, these findings raises the possibility that a neurturin-based therapy may help to prevent cognitive and personality deficits seen in animal models as well as in patients.


          




          

            Ciliary Neurotrophic Factor (CNTF)




            Ciliary neurotrophic factor (CNTF), a member of the neuropoietic cytokine family, promotes the survival of several types of neurons, including those most susceptible to mutant huntingtin-induced toxicity [151]. The first evidence indicating CNTF as a potential therapeutic agent for HD came from a study by Anderson et al. [152] in which intracerebral administration of this neurocytokine to the striatum of QA-treated rats was shown to efficiently reduce cell death. Since then, CNTF has been intensely investigated and actually it is the first and, up to now, only trophic factor to enter clinical trials in HD [96, 97].




            The effects of cell-mediated delivery of CNTF gene have been investigated in both rodent and nonhuman primate models of HD. In a first study, a baby hamster kidney fibroblast cell line (BHK) genetically engineered to over-express CNTF was used by Emerich et al. [153] in a QA rat model. Polymer-encapsulated CNTF-secreting BHK cells were transplanted into the striatum of rats that received QA injection twelve days later. CNTF-producing implants were reported to protect ChAT-ir and GAD-ir striatal neurons from excitotoxic damage, and to provide a partial (task-specific) behavioral protection. The same cells were subsequently employed to deliver the CNTF gene to the striatum of a QA nonhuman primate HD model [154]. CNTF was found to exert a neuroprotective effect on several populations of striatal cells, including GABAergic, cholinergic and diaphorase-positive neurons. Interestingly, CNTF also prevented the atrophy of layer V neurons in motor cortex and exerted a significant protective effect on the two critical GABAergic efferent projections from striatum (to the GP and to the SNpr, respectively). In a further study involving a primate model of HD, the intrastriatal implant of encapsulated CNTF-secreting BHK cells was shown to restore cognitive and motor functions [155].




            On the basis of these findings, a Phase I clinical trial has been carried out in France in order to evaluate the safety of cell-mediated, continuous and long-term intracerebral delivery of CNTF in HD patients [96, 97]. In this trial, BHK cells engineered to express CNTF encapsulated in a semipermeable polymer membrane were used as vehicle for the delivery. One capsule was implanted into the right lateral ventricle of each of six HD patients, and the capsule was removed and replaced with a new one every 6 months, over a total period of 2 years. No side effects were observed in this study, but the retrieved capsules contained variable numbers of surviving cells, and CNTF release was low in 13 out of 24 cases. Patients showed no clinical improvement, even though improvements in electrophysiological recording were observed in those patients whose capsules were shown to release the largest amount of CNTF after explantation. The absence of clinical benefits may have been due to the inadequacy of the amount of CNTF delivered to the striatum. In this respect, it is worth noticing that dose dependence of the neurochemical and functional protection provided by encapsulated CNTF-producing cells in a QA rodent model has been reported by Emerich [156]. Furthermore, the neuroprotective effects of encapsulated CNTF-producing cells have been shown, in the same animal model, to depend on the proximity of the implant to the lesion site [157]. In this study, encapsulated CNTF-producing cells were implanted into the lateral ventricle either ipsilateral or contralateral to an intrastriatal QA injection. Neurochemical and behavioral benefits were provided by implants ipsilateral to the QA injection but not by implants in contralateral ventricle, thus suggesting that the direct delivery to the striatum may be needed for clinical purposes.




            Viral vectors have been employed to deliver CNTF gene in rodent models either chemically or genetically induced [158 - 163]. Significantly different results have been reported in these studies, depending on the typology of the animal model employed. The intrastriatal injection of a CNTF-expressing LV vector was shown to partially reverse behavioral deficits and provide a neuroprotective effect in a QA rat model [158]. Compared to control animals, the extent of the striatal damage was significantly diminished in the CNTF-treated rats as indicated by the strong reduction of the lesion volume and the sparing of DARPP-32, ChAT and NADPH-d (NADPH-diaphorase) neuronal populations. Interestingly, the use of tetracycline-regulated LV vectors allowed the same authors to demonstrate the dose dependence of CNTF neuroprotective effect [159]. Beurrier et al. [160] recently confirmed that CNTF protects striatal neurons against QA-induced excitotoxicity, and reported evidence that an enhancement in glial glutamate uptake underlies CNTF-mediated neuroprotection. Promising results were also reported by Mittoux et al. [161], who investigated the effects of AdV-mediated CNTF gene delivery in a 3NP rat model. A neuroprotective efficacy of the transgene product up to 3 months after intrastriatal delivery of the viral vector was observed. Furthermore, CNTF-expressing AdV vector was shown to protect not only striatal neurons but also neurons located upstream and downstream from the striatum, and, in particular, the corticostriatopallidal pathway, a neuronal circuit severely affected in HD.




            On the other hand, no beneficial effects were observed in YAC72 mice following intrastrial injection of a CNTF-expressing LV vector [162]. In a further study, AAV-mediated intrastriatal delivery of CNTF was reported to result in earlier onset of motor impairments in R6/1 mice and to cause abnormal behavior in wild-type mice [163]. Furthermore, CNTF expression caused a significant decrease in the levels of striatal-enriched transcripts in both wild-type and R6/1 mice [163]. These adverse effects may be due to the high levels of CNTF expression provided by the expression cassette used in this study.


          


        




        

          Targeting Mutant Huntingtin




          Therapeutic strategies aimed at targeting mutant huntingtin are an attractive option for treating HD since they might represent a true etiologic therapy. The first evidence supporting the therapeutic potential of knocking down the mutant allele of HD gene was obtained in a tetracycline-regulated conditional mouse model of HD [164]. In this model, the expression of a mutated huntingtin fragment resulted in formation of neuronal inclusions and progressive motor dysfunction. Blocking the expression of the mutant protein in symptomatic mice led to the disappearance of the inclusions and motor function improvement.




          Both RNAi- and ASO-based approaches targeting mutant huntingtin mRNA are under pre-clinical investigation for HD gene silencing. Currently, an alternative strategy aimed at blocking the mutant huntingtin itself using intracellular antibodies is also under development.




          

            Targeting the Mutant mRNA




            Effective down-regulation of HD gene expression by an ASO-based approach was firstly reported in 2000 by Boado et al. [165]. In this study an oligonucleotide complementary to nt -1 to 15 surrounding the AUG initiation codon was found to inhibit huntingtin synthesis in PC12 cells genetically modified to express the exon 1 of human wild-type HTT. A further successful in vitro study was reported in the same year by Nellemann et al. [166] who used a phosphorothioate ASO (PS-ASO) to down-regulate the expression of endogenous huntingtin in postmitotic neurons (NT2-N neurons) differentiated from embryonic teratocarcinoma cells (NT2 cells). In a subsequent study by the same authors [167], a PS-ASO was shown to down-regulate the expression of mutant huntingtin and reduce aggregate formation in NT2 and NT2-N cells genetically engineered to express the exon 1 of a mutant HD gene. More recently, the ASO-based approach has been further developed in order to achieve allele-specific gene silencing (see below).




            RNAi-based strategies for mutant huntingtin mRNA targeting include both viral vector-mediated delivery of shRNAs and administration of chemically synthesized siRNAs. In a study by Harper et al. [168], AAV1 vectors expressing a shRNA directed against human mutant HTT mRNA were injected into the striatum of the N171-82Q transgenic mouse model which expresses an N-terminal fragment of human huntingtin with 82 CAG repeats [82]. As a result, transgene expression at both the mRNA and protein levels was found to be decreased. Notably, a reduction in mutant huntingtin inclusions and significant behavioral improvements were observed in the treated mice. In a parallel study, Rodriguez-Lebron et al. [169] used AAV5 to deliver two different human HTT-specific shRNAs to the striatum of R6/1 mice which express exon 1 of human HTT containing 144 CAG repeats and display a substantially more aggressive phenotype relative to N171-82Q mice [81]. One shRNA (si-Hunt1) was found to reduce both mutant huntingtin mRNA expression and inclusions, and improve hind-limb clasping, an indicator of neurological impairment in mice. Furthermore, a partial normalization of striatal proenkephalin and DARPP-32 mRNA levels (which are reduced in both murine and human HD brain) was observed in the treated mice. Together, these studies provided the first evidence of RNAi potentiality as a tool for HD therapy. Similar neuropathological and/or motor improvements were obtained in subsequent shRNA-based studies using different models, RNA sequences, and efficacy assessments [170 - 173]. In particular, delivery of huntingtin-targeting AAV-shRNAs after the onset of motor abnormalities was able to decrease neuronal aggregates and attenuate DARPP-32 down-regulation [170], thus suggesting that RNAi-based therapies could benefit HD patients even after the onset of symptoms.




            Beneficial effects of in vivo mutant HTT knockdown using chemically synthesized siRNAs were initially reported by Wang et al. in 2005 [174]. In this study, lipid-encapsulated siRNAs specific for human HTT exon 1 were injected into the lateral ventricle of two day old R6/2 mice which express the same mutant human HTT transgene as the R6/1 mice but exhibit a more aggressive disease phenotype [81]. In treated pups, the levels of mutant huntingtin mRNA were shown to be significantly reduced up to seven days after treatment, but silencing was almost completely lost one week later. Interestingly, while silencing was only transient and preceded the disease onset, beneficial effects were later observed in terms of neuropathological and behavioral improvements as well as a modest extension in life span. In a subsequent siRNA-based study [175], an acute mouse model generated by intrastriatal injection of AAV vectors carrying a fragment of human mutant HTT was used. While mice receiving only AAV-mHTT rapidly developed HD neuropathology and motor deficits, co-injection of chemically modified and cholesterol-conjugated siRNAs targeting human mutant huntingtin mRNA resulted in a significant reduction of both huntingtin monomer levels and aggregates, improved neuronal survival, and significantly delayed the onset of behavioral abnormalities.
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