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---------- Abstract ----------


Polymerase gamma POL G1 mutator mice (POL G) are deficient in the mitochondrial DNA proof-reading capacity leading to an accumulation of mtDNA point mutations, resulting in accelerated aging phenotype and brain atrophy. Endurance exercise training reverses the phenotypic manifestations and rescues much of the progeroid aging phenotype, including brain atrophy. Neurogenesis is mediated by neurotrophins that stimulate cell growth and survival. One of the main neurotrophins is brain-derived neurotrophic factor (BDNF), which is secreted by muscle cells and has been shown to increase with acute exercise in brain and serum. Therefore, we investigated whether continuous delivery of BDNF by in-vivo gene therapy would improve the neurogenesis on the dentate gyrus in POL G mutator mice. Wild-type controls and POL G mutator mice were given intra-peritoneal injections of capsules containing recombinant G8 myoblasts that secreted BDNF, or vehicle (veh), over five months. Cell survival analysis at the level of the dentate gyrus in the brain was measured by BrdU analysis. By nine months of age, BDNF-injected POL G mutator mice did not exhibit improvements in neurogenesis in comparison with POL G controls. Motor assessment through rotarod performance showed no differences between wild type and POL G. CLAMS assessment demonstrated impairment of locomotor activity in POL G mice as expected; and no improvement in the POL G group treated with BDNF. Unexpectedly, wild type animals treated with BDNF exhibited decreased levels of locomotor activity similar to the POL G mutator mice. In conclusion, continuous BDNF administration did not improve neurogenesis at the level of the dentate gyrus in the POL G animal model. It is likely that the prevention of brain atrophy seen with endurance exercise is mediated by additional molecular factors, including BDNF. 
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This research project focused on questions with clinical implications. The project was designed to evaluate if the continuous delivery of BDNF induces neurogenesis at the dentate gyrus in an animal model of aging using POL G mutator mice. Previously it has been described that endurance exercise prevents the brain atrophy characteristic in this animal model. BDNF is a key molecule secreted by muscle cells during exercise. We evaluated if persistent circulating levels of BDNF have a positive impact in neurogenesis, mimicking some of the benefits mediated by endurance exercise. Although no neurogenesis effects on the dentate gyrus were observed in the course of this research, our results suggest that the key factors to overcome in future research are: 1. the pulsing physiological BDNF stimulation produced by exercise; and 2. improvement of BDNF availability at the central nervous system level. 

1.  INTRODUCTION
The overall objective of this project was to evaluate the feasibility and clinical effectiveness of the continuous delivery of brain derived nerve factor (BDNF) in improving neurogenesis at the dentate gyrus (DG) in an established mouse model of mitochondrial disorders, polymerase gamma mutator (POL G)(1), based on the implantation of encapsulated cells genetically engineered to secrete BDNF (1). 

POL G mutator mice represent an important model for investigating the role of acquired mitochondrial DNA (mtDNA) mutations in neurodegeneration. This animal model is characterized by a phenotype manifested by brain atrophy, kyphosis, alopecia, loss of body fat, anemia and osteoporosis, usually developed after six months of age (2, 3). Human POL G mutations result in extremely heterogeneous phenotypes that have overlapping clinical findings, with ophthalmoplegia, ataxia, epilepsy, neuropathy, hearing loss and muscle weakness often seen (4, 6). A severe childhood form, called Alper Syndrome, manifests as severe epilepsy and hepatic failure (5). The neurological consequences of POL G mutations in mice are characterized mainly by the development of brain atrophy, as previously described by Safdar et al. (7). 

Neurogenesis functions strongly depend on efficient mitochondrial function, because this process has high energy demands. Mutations in the mitochondrial genome, defects in mitochondrial dynamics, generation and the presence of free radicals and environmental factors may alter energy metabolism resulting in neurodegenerative diseases (6). Neurodegeneration associated with mitochondrial dysfunction is likely secondary to widespread apoptosis and increased oxidative stress as seen in this model (3) and also seen in neurodegenerative disorders, such as Parkinson disease and dementias, such as the Alzheimer type (8, 9). 

Few strategies have been evaluated for the prevention of brain atrophy associated with this mutation; however, most of these strategies were unsuccessful, except for exercise (7, 10). Despite increasing knowledge of the disease manifestations associated with POL G mutations (11), much still remains to be elucidated about the functional impact of POL G dysfunction and neuronal cell death.  

Dr. Tarnopolsky and his laboratory have demonstrated the therapeutic effect of exercise in the POL G model, preventing some of the major complications associated with this disorder (7). Although there are no definitive molecular candidates explaining how exercise prevents brain atrophy, there is clear evidence of increased mitochondrial biogenesis and reduced mitochondrial mutations as a consequence of endurance exercise (12).  

Endurance physical exercise activates several pathways resulting in the induction of multiple molecules, such as AMP-activated protein kinase alpha (AMPKα), citrate synthase, peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1 α), nuclear respiratory factor 1 (NRF1), mitochondrial transcription factor A (TFAM), Lon protease, and BDNF, all of which may play a therapeutic role in mitochondrial dysfunction (53). In particular, BDNF could be one of the key molecules with therapeutic potential, since it induces mitochondrial biogenesis (54). Another potential candidate is PGC-1 alpha. This molecule is activated by endurance exercise (7), through multiple pathways, including Ca2+-dependent, nitric oxide (NO), mitogen activated protein-kinase (MAPK), and β-adrenergic pathways (β3/cAMP). In turn, PGC-1 alpha co-activates transcriptional partners, including nuclear respiratory factor 1 and 2 (NRF-1 and -2), estrogen-related receptor alpha (ERRα), and peroxisome proliferator activated-receptor alpha (PPARα), which regulate mitochondrial biogenesis and fatty acid oxidation pathways (13). 

Given the multiple interactions among different mitochondrial proteins involved in mitochondrial biogenesis and the lack of a unique candidate to prevent phenotypic manifestations associated with mitochondrial dysfunction, including aging, the development of therapeutic strategies to prevent brain atrophy is difficult and slow. Multiple studies have shown that exercise improves neurogenesis and learning, while at the same time preventing neurodegeneration (15, 16, 17). Finding a molecule that induces neurogenesis could be important in preventing the complications of neurodegeneration. Moreover, it is very important to discover a molecule or strategy that would reproduce the benefits of endurance exercise, since research shows that exercise prevents other health-related complications including aging, metabolic syndrome, cardiovascular events, cancer, etc. (14). Also, the challenge is to determine the kinetics and the interactions between these key molecules; given that there are many pathways that are up-regulated during exercise (18). 

Previously it was demonstrated that BDNF is up-regulated in response to voluntary and forced endurance exercise (19, 20). Moreover, BDNF signaling mediates adaptive responses of the central, autonomic and peripheral nervous systems through exercise (21). BDNF regulates food energy expenditure at the level of the hypothalamus. This factor facilitates the cardiovascular adaption to stress stimulation, mainly by increasing the cholinergic tone at the brain stem level (22). Similarly, mitochondrial function is improved after stimulation of cells with BDNF as demonstrated by an increase in different mitochondrial enzymes as well as ATP production (23). It appears that BDNF produces a concentration-dependent increase in the respiratory control index, which is mediated via a mitogen activator protein kinase pathway, and it is specific for oxidation of glutamate-plus malate, affecting mainly the function of complex I in the mitochondria (14). Some authors argue that BDNF is mainly produced in neurons and its effect is usually local (paracrine); however, it has been demonstrated that muscle cells can produce BDNF, and this secreted BDNF may play an endocrine role in the regulation of energy metabolism (19). More recent research shows that brain and muscle cells stimulated with BDNF increase their mitochondrial mass and mtDNA content (24). This phenomenon might be mediated by BDNF receptors, named Tyrosine kinase B (TrkB) located in the mitochondrial membrane (25). Furthermore, BDNF up-regulates the expression of PGC-1 alpha, the master regulator of mitochondrial biogenesis (26, 27). 

Because exercise can up-regulate the levels of BDNF and since it plays a main role in neurogenesis (28), we set to evaluate if BDNF could have a therapeutic potential in an animal model of mitochondrial dysfunction, the POL G mutator mice. Brain atrophy is one of the phenotypical landmarks affecting POL G mutator mice. However it is unknown if the brain atrophy in POL G mutator mice affects specifically the dentate gyrus (DG); which is an important area sustaining neurogenesis in the adult life.  Brain atrophy is characterized by synapse degeneration, which is a major pathophysiological hallmark in neurodegenerative diseases (29). Synapse loss is a reversible process, and targeting such loss may provide therapeutic benefits even at later stages of neurodegenerative diseases (30). Of all the molecules involved in synapse biology, BDNF (a member of the neurotrophin family), is by far the best studied and arguably the only one associated with synaptic regulation in humans (31, 32, 33). Preclinical studies over the past two decades have shown BDNF’s role in enhancing synaptic transmission (34), modulating synaptic plasticity (35), and in promoting synaptic growth (36). 

Therefore, synapse degeneration is an attractive therapeutic target for neurodegenerative processes with potential as a disease modifying treatment. Specifically, such treatments could improve neurogenesis and/or prevent brain atrophy. One major advantage of this type of therapeutic intervention is that it may benefit multiple neurological diseases, regardless of the type or origin of the toxic insult, because brain atrophy is a point of convergence in most complex neurological diseases (37, 38, 39). Moreover, BDNF promotes the repair of hippocampal neurons, which are heavily affected in the animal model of Alzheimer disease (40, 41). 

Multiple pre-clinical and clinical trials have evaluated recombinant BDNF as a therapeutic molecule; however, the results are discouraging. To date, the scientific literature reports five clinical trials using BDNF:  four in amyotrophic lateral sclerosis (ALS) and one in diabetic neuropathy (42). The results from these trials are inconclusive. In a Phase I/II open-label trial for ALS, BDNF was administered subcutaneously on a regular basis. It showed some benefits characterized by a delay in the percentage of forced vital capacity decline and an improvement in walking time (43). In contrast, a Phase II/III trial did not replicate these benefits (44). In another Phase I/II placebo-controlled trial, BDNF intrathecal administration showed no clinical benefits on survival or on the ALS functional rating scale (ALSFRS) score (45). 

Certainly, there are major discrepancies between benefits observed in animal studies and disappointing human studies. How can we explain these clinical failures? Such results can be partially explained by the short half-life of BDNF in vivo, lasting just a few minutes in circulation (46). Another reason could be that BDNF is cleared so fast in vivo, failing to penetrate to the brain through the blood-brain barrier. This was demonstrated in the intrathecal administration study where BDNF levels were detectable in cerebrospinal fluid, but there was no clinical evidence that BDNF reached the target site (46). In short, there are multiple factors that can preclude clinical therapeutic benefits mediated by BDNF, with most of them associated with BDNF bioavailability in target tissues, i.e., the brain. Thus, it may be premature to conclude that BDNF is ineffective as a therapy for neurodegenerative conditions. 

Our specific goal was to develop a novel strategy to overcome these obstacles by engineering a system that continuously delivers BDNF systemically in the POL G mutator mice, achieving physiological and constant levels of BDNF in plasma.  Traditional methods, like the direct administration of BDNF protein or more recent alternatives like genetic manipulation to induce endogenous BDNF protein expression in POL G mutator mice, are two potential approaches, each with their own advantages and limitations. Repetitive injection of recombinant BDNF is costly and challenging; however, alternatives, like medical devices that continuously supply recombinant proteins such as an insulin pump, also have several side effects, including skin infections, hardware malfunction and lack of physiological regulation. The transplantation of cells producing BDNF is also an attractive approach that we attempted to explore in the course of this project. Indeed, transplantation of embryonic stem cells secreting BDNF has been successful in delivering BDNF (47); yet, the use of such cells faces ethical considerations. The latter approach also has significant technical limitations, since only local tissues benefit from this delivery. An ideal system will allow therapeutic stimulation in target tissues, such as the brain, while at the same time preventing the problems associated with daily injections of a therapeutic product. Gene therapy methodologies might overcome these obstacles; however, it involves the genetic manipulation of cells, resulting in unknown long-term side effects. Here, we proposed a slight variation of this strategy.
Given our successful prior experience with the development of a safe long-term and clinically-effective treatment for human diseases based on cell transplantation (48, 49), herein, we utilized a similar approach. Specifically, we proposed the injection of adult cell myoblasts genetically engineered to produce recombinant human BDNF (rhBDNF). A concern, however, is that the injection of cells from a different individual often results in the rejection of the injected cells by the recipient’s immune system (50). Thus, in order to prevent this rejection, the engrafting cells are enclosed in biocompatible microcapsules, <0.5mm in diameter that can then be injected into the animal. The capsules protect the enclosed cells from the cell-mediated immune responses.  The pore size is too small to allow for large macromolecules, like antibodies, to enter the capsule and prevent host immune cells to have direct contact with the recombinant myoblast preventing cell-mediated destruction. At the same time, the capsule allows for a free flow of BDNF through the pores into the host blood for distribution throughout the body. The persistent delivery might result in sustained levels of BDNF, reaching therapeutic levels in different organs, including the brain. This strategy achieved therapeutic concentration of delivered proteins in various mouse models of human diseases, including those affecting the brain, such as mucopolysaccharidosis type VII (51), or systemic conditions such as hemophilia (52). 

2.  OBJECTIVE
The overall objectives of this proposal were to evaluate the feasibility and clinical effectiveness of a cell encapsulation protocol for the persistent delivery of BDNF into an established mouse model of mitochondrial dysfunction, the POL G mutator mice, and to evaluate the effect of BDNF delivery on the neurogenesis at the dentate gyrus area. 

It is known that increasing mitochondrial biogenesis by endurance exercise prevents brain atrophy (7). Endurance physical exercise induces multiple molecules, including BDNF (53, 54). Thus, our objective was to develop a novel strategy that facilitates persistent rhBDNF exposure to all tissues in the body, based on the transplantation of encapsulated genetically-engineered cells secreting BDNF. 

Here, we proposed to determine the potential therapeutic efficacy that microcapsules, containing cells that release recombinant BDNF, would have in improving neurogenesis in POL G mutator mice. 

Our aims were to:
a) Optimize BDNF delivery in healthy C57BL/6 and POL G mutator mice; b) Deliver BDNF in POL G mutator mice, an established mouse model of neurodegeneration implanted with encapsulated recombinant myoblasts; and, c) Evaluate neurogenesis and locomotor activity in wild-type and POL G mutator mice treated with persistent delivery of BDNF. 

3.  BACKGROUND
3.1 BDNF in mitochondrial disease

BDNF is described as a neurotrophin mediating nervous system regeneration and plasticity by balancing the excitatory glutaminergic and inhibitory GABAergic systems through TrkB receptor signaling (55).  These processes of cellular communication and regeneration are energy dependent; therefore, it requires metabolic coupling to run in parallel, satisfying its energy demands, creating a synaptosome–mitochondrial unit and/or metabotrophin (20). Previously, it has been demonstrated that injections of BDNF, an activity-dependent neurotrophin, increases the respiratory coupling index (RCI) of the rat brain mitochondria, through a MAP kinase mechanism via complex 1 (56). Moreover, BDNF was shown to increase oxygen utilization through the B-cell lymphoma 2 /B-cell lymphoma-extra large (Bcl-2/Bcl-x) pathway, which regulates apoptosis and plays an important role in nervous system plasticity and neurodegenerative disorders (57). To date, no one has assessed the effect of delivering BDNF by gene therapy in a mitochondrial disease animal model. Hence, we assessed the effects of the continuous delivery of BDNF directly on neurogenesis at the DG and the effects of persistent delivery in locomotor activity in the POL G mutator mice. 

The key challenge in the field of BDNF is achieving a sustained, systemic delivery of therapeutic concentrations in organs/tissues, especially those that are difficult to reach, such as the central nervous system (CNS). The nervous system along the muscle tissue is significantly affected by mitochondrial dysfunction because they are highly dependent on the energy produced by mitochondria. Since BDNF is a moderately-sized, charged protein, very limited amounts of BDNF cross the blood–brain barrier via peripheral administration. To reach the neurons of the brain or the spinal cord, BDNF is usually administered directly into the CNS. When administered intraventricularly or intrathecally, there is little penetration of the brain or spinal cord parenchyma by BDNF beyond the most superficial layers (58). Another important consideration in the design of neurogenesis therapies is the need for extended periods of treatment, potentially years, because of the long-lasting deleterious effects of neurodegenerative diseases.

Thus, the ideal system for administering potential therapeutic factors that prevent neurodegeneration, should provide effective concentrations at the precise site of the affected cells. The absence of a safe and reliable delivery system for protein therapeutics in humans has limited our ability to test whether these proteins can effectively treat neurodegeneration. Direct intravenous BDNF protein infusion and systemic gene delivery using viral vectors are two potential approaches that could be feasible for the delivery of BDNF. As previously described, chronic infusions are expensive, cumbersome and prone to mechanical failure or infection; however, they do allow for changes in dosing or discontinuation of treatment if adverse effects occur. Theoretically, in vivo gene delivery can meet the requirements for a safe and effective systemic delivery of metabotrophins; however, the issues with direct gene manipulation, such as development of malignancies, or disruption of normal gene function are well-known (59).  

3.2 BDNF, neurogenesis and the dentate gyrus. 
Neurogenesis is the process by which cells divide, migrate and subsequently differentiate into a neuronal phenotype. BDNF appears to have several effects on neurogenesis. BDNF influences the growth and survival of granule cells in primary culture (60) and the morphology of adult granule cells (61). Exposure to BDNF increases excitatory transmission, and this has been shown not only in area CA1 in the hippocampus (62), but also in the dentate gyrus (63). The hippocampus is a temporal lobe brain structure involved in various types of dementia given its important function in learning and memory; and one of its sub- regions, the dentate gyrus (DG), is one of two specific brain regions to which newly generated neurons are added during adulthood (63). Therefore, evaluating the potential therapeutic role of this type of approach might have important implications in the treatment of different dementias. The DG is part of the hippocampal memory system and special in that it generates new neurons throughout life. The number of newly added neurons depends on the rate of proliferation, i.e., cell generation, and the probability of cell survival, since most of the newly generated cells actually die again after a short period of time (apoptosis) (125). If they survive the initial phase, they can last for a long time, e.g., at least 6 months in mice (126) and 2 yr in humans (127). Cell proliferation decreases with age (128). Previously, it has been demonstrated that endurance exercise selectively increases neurogenesis in the DG (129). This observation is particularly interesting in light of studies suggesting that the DG is a hippocampal sub-region differentially vulnerable to the aging process, as shown in humans (130) and rodents (131), and that DG dysfunction contributes to cognitive aging (132). Therefore, given the significant effects of aging over the DG and the specificity of exercise inducing neurogenesis in this particular area, measuring the formation of new neurons on the DG was of critical relevance. 

Extensive scientific literature proves that BDNF is important for growing and developing the CNS (64). Moreover, there is conclusive evidence that granule cells in the hippocampus undergo neurogenesis throughout life. Several studies have confirmed that BDNF might influence neurogenesis. For example, transgene expression using adenovirus injected in the sub-ventricular zone increased the number of new neurons in several brain areas outside the hippocampus (65). Similarly, intra-ventricular injections of recombinant BDNF resulted in increased numbers of new neuron areas adjacent to the ventricles, including the striatum, septum and thalamus (66). In contrast, other studies that used recombinant adenovirus expressing BDNF, in the context of ischemia, appeared to block the increase in neurogenesis that ischemia produces (67), suggesting divergent functions mediated by the same molecule. 

3.3 Recombinant human BDNF and persistent delivery
Previous studies have proven that injections of human recombinant BDNF in rodents activate the target receptor and induce cellular changes (68). This activation effect is likely because human and rodent BDNF proteins homology reaches 95 per cent. This makes the human BDNF fully functional in rodents and prevents the induction of undesirable immune responses in the rodent model (69). Hence, we expected that the human recombinant BDNF produced by microcapsules has biological function in the POL G animal model.  We used a plasmid with a CMV promoter driving the expression of BDNF, since this is an ubiquitous promoter that guarantees persistent expression (49). While CMV promoter produces stable transgene expression; the BDNF promoter is an inducible promoter with very complicated regulation for its expression.  Analysis of the transgenic lines has confirmed the differential use of the four promoter regions of the murine gene, depending on tissues or on various exogenous stimulations. However, the portions of the BDNF gene introduced in the transgenic mice appeared not to include all the regulatory elements sufficient to exactly reflect all aspects of the spatio-temporal regulation of BDNF gene expression. BDNF regulation is human is more complicated. The whole gene includes a very large genetic segment of 145 Kb, requiring other genetic elements different than plasmids to clone such a big segment (70). 

Murine BDNF gene expression has been showing detectable levels at the hippocampus and claustrum (70); however very limited information is available for the human brain, since most of the studies have focus in BDNF expression at the level of human hippocampus (71). Regulation of BDNF gene expression in the murine model is determined by four different promoter regions (72); while the human brain has more complex mechanisms, including multiple introns that play an important role in BDNF gene expression (73). Therefore, it is plausible that exogenous administration of rhBDNF might regulate the endogenous expression of murine BDNF; however no studies were found that answer this question. Rudge et al. attempted to characterize if exogenous BDNF was able to induce the neuroprotective effects observed with endogenous protein. Their results showed that high levels of exogenous BDNF, similar to human physiological levels, might exacerbate induced injuries at the hippocampus, which suggests that our approach might not be adequate (74). 

3.4 Microencapsulated cells
Implantable devices are used in non-autologous transplantation to circumvent cell-mediated immune responses of the host by limiting the pore size of the immunoisolation device to < 0.1 mm, making the enclosed cells inaccessible to cytotoxic T lymphocytes, and thus preventing immune mediated destruction (75). The technology for implanting allogeneic and xenogeneic tissues within immunoisolation devices was first developed in the 1960s as biocompatible and degradable alginate microcapsules (76). Alginate has been used to treat diabetes, by enclosing pancreatic islet cells for up to 2 years in vivo, as well as hypoparathyroidism, liver failure, and, relevant to this proposal, neurometabolic diseases, like mucopolysaccharidosis (77). Thus, the use of implantable devices for non-autologous tissue transplantation is feasible. Immunoisolation of recombinant myoblasts, provided by the alginate microcapsule, has the potential to facilitate the implantation of allogeneic cells into patients, therefore reducing the high cost of autologous transplantation (1). This strategy is amenable to strict industrial quality control. As an added safety feature, the host’s cells are not genetically modified and, if necessary, the implanted cells can be engineered to selectively die in response to exogenous drugs. Furthermore, if deleterious effects are developed, microcapsules can be easily retrieved by peritoneal lavage. 

3.5 POL G mutator mice
The POL G deficient mice are homozygous knock-in mice with deficient function of DNA proof-reading enzyme. This catalytic subunit of mtDNA polymerase is encoded at the nuclear level.  Its deficiency results in a threefold to fivefold increase in the levels of point mutations, as well as increased amounts of deleted mtDNA. These mutations result in an accelerated aging process, manifested by brain atrophy, weight loss, reduced subcutaneous fat, alopecia (hair loss), kyphosis (curvature deformities of the spine), osteoporosis, anemia, reduced fertility and heart enlargement (78). 

4.  METHODS
4.1 Optimization of BDNF delivery to mice
Hypothesis. BDNF secreted from implanted microcapsules will reach the blood circulation.  

4.1.1 Engineering mouse G8 myoblasts to secrete BDNF. This procedure was performed as described previously (48). Briefly, approximately 1 × 105 G8 myoblasts were seeded in a 3 cm plate and 10 µg of BDNF plasmid driven by a CMV promoter were used for transfection together with lipofectamine. Cells were incubated in serum-free media (DMEM) for 24 hours. Cells were grown with additional 10% FBS, and 10% horse serum was added. After two hours of transfection at 37 °C, in 5% CO2 atmosphere, the supernatant was removed and replaced with fresh serum. The cells were grown in a fresh tissue culture medium for an additional 72 hours, before clone selection started (49). Pooled stable transfectants, resistant to neomycin, were selected and frozen for future use. BDNF secretion from engineered G8 cells was assessed by enzyme-linked immunorbent assay (ELISA) kit (courtesy Dr. M. Fahnestock). This assay was human BDNF specific. 

4.1.2 Transgene BDNF expression by encapsulated myoblast in vitro. The recombinant G8 myoblasts engineered as described in section 4.1.1 were enclosed in alginate-polylysine microcapsules according to the procedure we have previously described (54). Briefly, a mixture of cells at a concentration of 6 × 106 cells/ml in potassium alginate (Kelco, CA) was extruded through a syringe. With the aid of an airjet, minute droplets (200-300 μm in diameter) were formed and collected in a calcium chloride solution where they formed gel spheres. The negatively charged alginate-cells spheres were then cross-linked with the polycation polylysine. The pore size of the microcapsules was controlled through the concentration and molecular weight of the polylysine used (79). The bead surface was further coated with alginate, leaving a microcapsule with an alginate-polylysine-alginate membrane enclosing cells. Free diffusion of BDNF through the microcapsule was expected, since other proteins with higher molecular weight, such as factor VIII (200 KDa) can diffuse linearly (48). Once the capsules were produced, they were incubated in vitro for 72 hours in DMEM media. Capsules culture media samples were taken after 72 hours and analyzed for BDNF secretion by ELISA. 

4.1.3 Transgene BDNF expression by encapsulated myoblast in vivo. Once the engineered G8-BDNF cells were obtained, animal experimentation was initiated. Groups (n=5) of male C57B/L6 mice [25g], between 3-4 months old, were implanted intraperitoneally with G8 myoblasts secreting BDNF with 3 ml of microcapsules per mouse (~12 × 106 cells). A control group of mice was similarly implanted with the same volume of capsules with non-engineered G8 cells, not secreting BDNF. In our experiments, the treated mice had detectable levels of BDNF (<20ng/ml) in plasma for at least 14 days after implantation, as determined by ELISA.

4.1.4 Evaluation of persistent BDNF expression. Retrieval of implanted microcapsules. C57BL/6mice (n=3) were implanted with 5 × 106 microencapsulated recombinant myoblasts for 28 days. Animals were anesthetized with isofluorane and sacrificed (n=3). Then, an incision into the peritoneal space was performed and sterile saline forcibly flushed through the abdominal cavity to create a current carrying out the capsules. The retrieved capsules were then re-suspended in warm phosphate buffered saline and washed several times to eliminate peritoneal contaminants.  A volume of 1 ml of encapsulated recombinant myoblast secreting BDNF was cultured under standard tissue conditions. As a control, 1 ml of encapsulated cells not expressing BDNF was also cultured under the same conditions. Samples of the conditioned medium were collected at regular intervals up to 72 hours and assayed for BDNF by ELISA in duplicate. To evaluate cell viability after implantation, a sample of microcapsules was submitted to gentle pressure in a coverslip in order to break the capsules and release the enclosed cells. The cells were stained with trypan blue and cell viability was determined by the percentage of cells that were negative for staining.
  
4.1.5 Animal experiments. All animal protocols were approved and followed the Animal Ethics guidelines of McMaster University. Animals were housed between three to five per cage in a 12-h light/dark cycle and were fed ad libitum. The animals were implanted and housed at the McMaster University Central Animal Facilities. Blood samples were obtained by orbital bleeding at different time intervals (days 1, 7 and 14) in order to evaluate circulating levels of BDNF in wild-type animals. A BDNF ELISA was carried out in duplicate using the Human BDNF DuoSet ELISA kit (R & D, Minneapolis) according to the manufacturer’s protocols. A standard curve using recombinant BDNF protein was run on each ELISA plate. Circulating levels of BDNF confirm a consistent delivery of this molecule in blood. Circulating levels of rhBDNF were detected by day 7 and 14 post-implantation. All the details of this part of the experiment are shown in figure 1. Usually, if there is a humoral immune response against the transgene product, the antigen is not detectable by ELISA (49). 

Mice were monitored for any signs of distress, inflammation or tumors. Periodic removal of implanted capsule samples from sentinel animals was performed, and the viability of the enclosed cells (trypan blue exclusion staining) and the secretion of BDNF ex vivo from retrieved cells were determined. These studies provided valuable information on viability and BDNF secretion in vivo. 

4.2 Therapeutic delivery of BDNF in an established mouse model of neurodegeneration (POL G)
Hypothesis.  Implantation of encapsulated G8 myoblast-BDNF cells will induce neurogenesis in POL G mutator mice 

4.2.1 Prophylactic therapy. After BDNF delivery had been optimized as per Aim 4.1.1, experiments with the POL G model were started. There are at least two established models of POL G mutator mice available (2). While none of the models perfectly mimics the onset and progression of the human disease, they are nonetheless useful to developing and testing novel therapies. This project used homozygous knock-in mtDNA mutator mice (POL G; POL GAD257A/D257A) C57Bl/6 background mouse model. POL G homozygous knock-in mtDNA mutator mice (POL G; POL GAD257A/D257A) and wild-type mice were generated from a heterozygous mice derived colony maintained at McMaster University’s Central Animal Facility. Initial breeders were a kind gift of Dr. Tomas A. Prolla, University of Wisconsin–Madison (USA) (78). The presence of the POL G homozygous knock-in mutation was confirmed, as described previously (78). Briefly, genotyping was performed using an Extract-N-Amp Tissue PCR Kit (Sigma-Aldrich, St. Louis, MO) with genotyping primers. The experimental design includes several groups of this animal model, as follows:
a) POL G mutator mice (n=10) implanted with encapsulated G8 myoblasts secreting BDNF;
b) POL G mutator mice (n=10) implanted with encapsulated G8 myoblasts, wild-type, not secreting BDNF; 
c) C57Bl/6 mice (n=10) implanted with encapsulated G8 myoblast secreting BDNF; 
d) C57Bl/6 mice (n=10) untreated, as a healthy control with same genetic background as POL G mutator mice. 
Animals were implanted at twelve weeks of age, before any manifestation of the clinical phenotype is evident. Each mouse was implanted with the same volume of capsules and the engineered cells determined to yield the best evidence of detectable and physiological levels found in Aim 1. Mice were bled on day 0, 30, 60 and 180 days to survival, and serum obtained for evaluation of in vivo BDNF availability.

4.3 Locomotor assessment
4.3.1 Rotarod testing.  Therapeutic effects of persistent BDNF delivery were evaluated through periodic assessments of body condition in all treated and non-treated animals. By nine months of age, when the full clinical phenotype was manifested, assessment of motor performance (Rotarod test) was performed as previously described (80). The Rotarod apparatus (Ugo Basile Biological Research Apparatus, Varese, Italy) was used to measure balance and motor coordination. To acclimatize animals to the apparatus, mice were trained on the Rotarod accelerating from 2 to 40 rpm in 180 s (three trials per trial). The fifth day constituted the test day and the mice were tested on the same experimental paradigm. The Rotarod apparatus was interfaced with a computer that initiated the test and recorded the competency score. Motion sensors placed at the bottom of the Rotarod chamber were activated when the mouse fell off the rod and the computer concluded the recording session. Each mouse received three consecutive trials and the mean latency to fall was used in the analysis. 
4.3.2 Locomotor activity. Locomotor activity of mice was measured simultaneously using comprehensive animal metabolic monitoring system (CLAMS). This system allows automated, noninvasive data collection. Mice were housed individually and maintained at ~24°C under a 12:12-h light-dark cycle (light period 0800–2000) (81). Food and water were available ad libitum. Mice were acclimatized to monitoring cages for 48 h before recordings of physiological parameters. Consecutive photobeam breaks occurring in adjacent photobeams along the x-axis was scored as an ambulatory movement. Cumulative ambulatory activity counts were recorded throughout the light and dark cycles and documented as x-displacement (81). 

4.4 Neurogenesis survival quantification 
Immunohistochemistry for BrdU was performed as described previously (82). Briefly, mice from different groups, three weeks before sacrificing, were injected for three consecutive days with BrdU. Three weeks after the last administration of BrdU, mice were sacrificed to examine BrdU-labeled surviving cells by IHC, cell differentiation (cell fate determination of BrdU labeled surviving cells) by immunofluorescence staining on the DG area. BrdU-positive cells were counted in a one-in-six series of sections, as described previously (83). The proliferation baseline was determined with the wild-type vehicle group. The corresponding sample area of the dentate gyrus granule cell layer was outlined and determined by using image analysis software (Image-Pro software). Data were expressed as cell density (cells/mm2) per DG of BrdU-labeled cells. Similarly, all details regarding the prophylactic experiment are depicted in Figure 2. 

4.5 Statistical analysis
All data are presented as mean ± SD, unless otherwise indicated, and analyzed by one-way analysis of variance (ANOVA) or Student's t-test, using SigmaStat 2 and GraphPad Prism 5 program. A probability level of p < 0.05 was considered to be statistically significant for all statistical tests.
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Figure 1.  Pilot experiment. This diagram illustrates a time line and methods used for this experiment. 
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Figure 2.  Experimental design. Flow diagram depicting different steps used to test our hypothesis.  

5.  RESULTS
5.1 Encapsulation and secretion of BDNF by G8 myoblasts
When compared morphologically, capsule type displayed a distinctive appearance that was characteristic of its rounded shape. As shown, the surface of the capsule wall was clearly visible (Fig. 3). Quantification of human BDNF demonstrated in vitro secretion of the transgene product before and after implantation (436  14.3 pg/ml/106 cells/24 hours; 214  16.2 pg/ml/106 cells/24 hours, respectively) (Fig. 4). As expected, BDNF was undetectable in conditioned media from untransfected human primary myoblast cells (data not shown). 
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Figure 3.  Encapsulated myoblast. Microcapsules shown here (300±400 um in diameter) contain BDNF-secreting G8 myoblasts. 

5.2 BDNF delivery in vivo by encapsulated myoblast
There are multiple in vitro and in vivo factors that might prevent efficient transgene expression, once myoblasts are encapsulated. These include:  CMV promoter inactivation, death of encapsulated recombinant cells, inability of the transgene product to diffuse out of the microcapsule and antibodies elicited against foreign transgenes by implanted animals (84, 85). Therefore, the secretion of BDNF from encapsulated recombinant cells in tissue culture before and after animal implantation was determined in order to evaluate the status of the plasmid and cell protein expression. Recombinant BDNF was detected in cell culture medium from recombinant cells at 72 hours, indicating the permeability of alginate microcapsules to secreted BDNF (Fig. 4). In contrast, no BDNF was detected in the tissue culture from non-recombinant encapsulated cells. 

Our results indicated that BDNF secretion by G8 myoblast was very stable after one month of intra-peritoneal implantation in the groups implanted with G8-BDNF microcapsules. Encapsulated recombinant G8 myoblasts continued to secrete BDNF. 
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Figure 4.  BDNF transgene expression before and 28 days after implantation as measured by ELISA. The results show that BDNF secretion by G8 cells is maintained after in vivo implantation. (Columns represent the mean and bars SD).

5.3 Delivery of rhBDNF in C57BL/6 mice and POL G mutator
Plasma samples before, one and two weeks after implantation from C57BL/6 wild-type mice were analyzed to detect rhBDNF. It was detected in the plasma of all the mice implanted with recombinant BDNF encapsulated myoblasts on day three, with an average of 31.03 pg/ml. Human BDNF levels were reduced by day seven, with an average of 17.5 pg/ml and further reduced to 15.2 pg/ml by day 14 (Fig. 5). No adverse effects were noted in any of the treated mice by the staff of McMaster University’s Central Animal Facilities. On day 28 after implantation, the mice were sacrificed and no evidence of tumor formation was noted. Most capsules were floating free at the peritoneal cavity, and most of the enclosed myoblasts (average of 68%) were alive by trypan blue assay (n=3).
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Figure 5.  (A) Human BDNF antigen in the plasma of immunocompetent C57BL/6 mice. The graphic represent means values and the bars represent standard deviations. Circulating rhBDNF antigen was sustained in mice receiving encapsulated G8-BDNF. In contrast, control mice receiving non-recombinant G8 capsules had no detectable rhBDNF in their plasma (data not shown). Interestingly, detected plasma circulating levels reached concentrations similar to those found in humans (15-24 pg/ml). (B) Human BDNF in plasma at 0, 30 and 180 days in C57BL/6 and POL G mutator mice after implantation with G8-BDNF microcapsules. 

Previously, it has been shown that mice implanted with recombinant encapsulated murine myoblasts producing human factor IX, generated antibodies against the transgene product by day 14, preventing the detection of the transgene product by ELISA (86). Similar findings have been described with other transgene products, using the same approach (82). The fact that rhBDNF was detected in circulation 14 days after implantation suggests that there is no humoral immune response neutralizing the transgene product. Furthermore, we detected circulating levels of human BDNF in our principal experiment at 30 and 180 days after implantation. The fact that BDNF was not detectable at time zero or in the control groups suggests the high specificity for human BDNF and the lack of cross reactivity with the murine BDNF in the ELISA testing. Unexpectedly, when recombinant BDNF capsules were retrieved from POL G mutator mice, they were not floating free in the peritoneal cavity. These capsules were embedded in fatty tissue. 

5.4 Motor assessment
Locomotor activity was evaluated by consecutive photo-beam breaks occurring in adjacent beams using CLAMS under a 12:12 hour light:dark cycle. At 9 months of age, WT vehicle mice showed no deficits in locomotor activity. In contrast, at this age, mean activity levels of POL G mutator mice were substantially lower (reduced by approximately 50%) compared to those seen in WT-Veh. (Fig. 6A). There was no improvement in the locomotor activity of POL G mutator mice implanted for five months with recombinant BDNF capsules in comparison with POL G control group.  Unpredictably, the persistent infusion of BDNF by recombinant capsules induced impaired locomotor activity in the group of WT-BDNF mice similar to the levels seen in the POL G mutator mice as shown in figure 6A. 

ROTAROD There was no difference between treated and no treated groups. After learning and during the second trial, the mean latency to fall was not significantly different among the four groups of mice, 43.8± 19.2, 64.4 ± 18.9 and 41.2 ± 13.0 and 47.6 ± 13.0 s [Mean ± SD] in WT-V, WT-BDNF, POL G-V and POL G-BDNF, respectively (Fig 6B).
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(B)
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Figure 6. (A) Locomotor activity measured by monitoring consecutive beam breaks in CLAMS at different ages. Average locomotor activity is plotted over a 24 hour cycle. X-displacement indicates the amount of beam breaks.  T-test comparing WT-Veh with POL G, p=0.003. B. Rotarod performance. There was no difference in the latency to fall between WT and POL G mutator. (t test p=0.39). Motor learning difference between second and first trial in the rotarod testing were measured. All groups of mice improve their performance in the second trial; however, there was no significance difference between genotypes. C. Effect of BDNF treatment over collapsed groups. Control and POL G animals were divided in two groups according to BDNF status. No statistical differences were observed in the animals treated with BDNF. (WT-control + POL G-control vs. WT-BDNF + POL G-BDNF. p=0.39). One-way ANOVA was used for this analysis. 

5.5 Assessment of neurogenesis and cell survival
To examine the baseline level of cell density, we compared the volume of the dentate gyrus in wild-type control and treated mice against POLG I mutator. No significant difference was detected in the area of the dentate gyrus between genotypes (Fig 7A). 
The appearance and distribution of the BrdU positive cells did not differ among the groups either. The cell count was normalized with respect to the whole area of the dentate gyrus. Overall, constant delivery of BDNF did not improve neurogenesis in wild-type or POL G animals  (Fig. 7B). 
(A)

(B)

Figure 7.  (A) Density of cells per volume at the dentate gyrus. (B) Amount of fluorescent BrdU cells in the different groups measured in the dentate gyrus. The number of cells was normalized to the dentate gyrus area. 


6.  DISCUSSION
The POL G mouse is characterized by high levels of somatic mtDNA mutations, which results in an accelerated aging phenotype (88, 89). Based on these observations, Safdar et al. evaluated strategies, like endurance exercise, to identify a therapeutic factor that minimizes the impact of the POL G mutation (7). Previously, the benefits of endurance exercise were well characterized in correcting mitochondrial function and phenotype associated with this mutation, including prevention of brain atrophy. Potential factors that could mediate these therapeutic effects triggered by endurance exercise have been hypothesized (7). Given that brain atrophy was prevented in the POL G mice by endurance exercise (3), and that exercise is well known to induce pulsatile BDNF release (19), we hypothesized that persistent BDNF delivery can improve the neurogenesis at the dentate gyrus in the POL G mutator mice, preventing brain atrophy. Unfortunately, our results do not support this hypothesis. 
Earlier approaches confronted several difficulties to explore the biological benefits of BDNF (102). In other words, it was unclear if recombinant BDNF bioavailability was enough to reach the target tissue in the disease at therapeutic concentrations, or whether the exposure was long enough to engage the proposed target (90). Any system that makes BDNF a therapeutic agent should address three fundamental principles. These principles are: 1) that the drug reaches the target site over a desired period of time; 2) that the drug activates the target receptor at the desired level; and, 3) that the drug induces a beneficial biological effect resulting in clinical improvement (91). Microcapsule delivery technology with recombinant BDNF cells was designed as an attempt to ensure sustained and persistent BDNF availability to target the first principle. We did not measure BDNF bioavailability in the brain to evaluate that our transgene product reached the CNS compartment; because all the technical difficulties obtaining the necessary volume of cerebrospinal fluid for qunatification.  However, previous investigators demonstrated that plasma BDNF can cross the blood-brain barrier (92). There are multiple hypotheses that explain why our system failed to induce therapeutic effect including: inability of our transgene product to reach the target cells by not crossing the blood brain barrier, or lack of activation of the target in a physiological fashion or induction of the necessary modulatory steps to activate neurogenesis (93). 

6.1 Persistent BDNF delivery failed to improve neurogenesis at the dentate gyrus 
It has been demonstrated that intraventricular brain infusion of BDNF or adenovirus transgene BDNF brain delivery increased the number of neurons in the adult olfactory bulb, striatum, septum and thalamus (94, 95). Although some studies have concluded that the primary effect of BDNF is on proliferation (96), other experiments suggest an important effect of BDNF on survival (97). Based on a long-term exposure to BDNF, we evaluated cell survival at the level of the dentate gyrus. Our results do not support the hypothesis that persistent BDNF favors cell survival in wild-type or POL G mutator mice. There are at least 5 different hypotheses that might explain this result. 
1- BDNF acts only on newborn neurons and increase neurogenesis in this stage of development in the dentate gyrus as demonstrated by others (98, 99). This is because the timing of the BDNF requirement for proliferation (minutes to hours) are different from the development and incorporation of newborn cells into the circuits (weeks). 
2- Effects mediated by endurance exercise and pulsing up-regulation of BDNF expression: the effect of BDNF is an acute one (100). This option has been previously explored by other researcher focusing on episodic stimulation through injections in different compartments or by temporal induction mediated by endurance exercise (116). Unlike other neurotrophins, normal physiology teaches us that BDNF is secreted in an activity-dependent manner that allows for highly controlled release (101). Additionally, it has been demonstrated that up-regulation of BDNF expression after acute aerobic or strength exercise is a transient phenomenon. In most studies, BDNF concentration returned to baseline within 10 to 60 minutes post-exercise, showing a fast disappearance rate of circulating BDNF after cessation of an aerobic or strength exercise in healthy or persons with multiple sclerosis (109, 110). Unfortunately, a longer period of exercise will not sustain increased circulating levels of BDNF, as previously demonstrated by Schulz (111). Therefore, our results suggest that in order to obtain the benefits of endurance exercise we need to focus on short bouts of increased BDNF stimulation (as shown after acute exercise) rather than a permanently increased BDNF stimulation. 
3- Neurons might be very sensitive to BDNF levels present in the hippocampus at specific times; however, hippocampal neurons may require further and different molecular signals to stay alive. Indeed, the ablation of the TrkB–BDNF receptor-in progenitor cells has shown a significant effect on behaviour and synaptic plasticity, but it does not prevent neurogenesis, suggesting that BDNF signaling is not the only factor promoting neuronal survival (101). Other potential molecules that might interact to promote neurogenesis and are also up-regulated by exercise include: fibroblast growth factor 2 (112), nerve growth factor (113), insulin-like growth factor (114), and vascular endothelial growth factor (115).  Consequently, the effects of BDNF may require co-stimulation with one or several of the aforementioned factors. 
4- Kinetics of the interaction between BDNF-TrkB might render BDNF non-functional. Their physiological contact induces a favorable conformational change in the receptor (103). Ligand binding to TrkB leads to autophosphorylation of tyrosine residues within the intracellular domains of the receptor, creating docking sites for second messengers. The adaptor proteins Shc and FRS-2 bind to a common docking site coupling to activation of the Ras-raf-ERK cascade and the phosphatidylinositol-3-OH kinase (PI3K)/Akt pathway. Docking of phospholipase Cγ (PLCγ) to a separate site leads to the production of diacylglycerol, a transient activator of protein kinase C (PKC), and inositol trisphosphate (IP3), which mobilizes intracellular calcium (104). Regulation of gene expression through these pathways underlies the well-established role of neurotrophins in cell differentiation, survival and outgrowth during development.  However, the kinetics of this phenomenon changes and it is time dependent. For instance pulses of BDNF stimulation for four hours result in the phenomenon of long-term potentiation; whereas as once might speculate that chronic exogenous administration causes long-term depression and receptor down-regulation. Furthermore, studies addressing the effect of single pulse stimulation versus repetitive stimulation mediated by BDNF over the CNS level demonstrated significant differences supporting the benefits of intermittent pulse stimulation (116). The experiment evaluated the differences at the molecular level between a single injection versus a continuous (five days) BDNF delivery directly into the intra-ventricular compartment in the rat model. A single BDNF injection resulted in a decrease in mRNA levels for somatostatin and protein synthesis at the periventricular nucleus in the brain as well as a decrease in hypothalamic somatostatin content (116). Contrary to the findings after an acute injection, no temporal correlation between changes in periventricular mRNA levels and peptide hypothalamic contents were observed after consecutive injections (117). These data suggest that a long-term BDNF administration is probably not associated with changes in the messenger RNA turnover, losing its therapeutic capabilities (118). 

Pulse stimulation might facilitate a more efficient BDNF biological function, which could be taken more efficiently by central and peripheral tissues, inducing a therapeutic neuroprotective effect (119).

5- BDNF can activate other ligands and has a dual role in protein synthesis. BDNF regulates protein synthesis through both transcriptional and post-transcriptional mechanisms. The interaction between BDNF-TrkB can up-regulate protein synthesis by induction of PI3K. In contrast, the same reaction can down-regulate protein synthesis, when PLC is activated. This hypothesis has been previously explored from the molecular perspective. The BDNF-TrkB reaction induces coupling between TrkB and PI3K, which stimulates translation through activation of mammalian target of rapamycin (mTOR or FRAP), a multifunctional serine/threonine kinase that leads to phosphorylation of 4E-BPs and ribosomal S6 kinase (100); increasing the translation of mRNA and protein synthesis. In contrast, BDNF also down-regulates protein synthesis at the level of peptide chain elongation. Eukaryotic elongation factor-2 (eEF2) is a GTP-binding protein that mediates translocation of peptidyl-tRNAs from the A-site to the P-site on the ribosome. Phosphorylation of eEF2 on Thr56 inhibits ribosome binding and arrests mRNA transit along the ribosome (101). In vivo BDNF-induces an ERK-dependent phosphorylation of eEF2 (102). Peptide chain elongation is energy-expensive and metabolic states associated with reduced ATP levels are typically associated with EF2 phosphorylation (108). Plausibly, inhibition of eEF2 serves to conserve metabolic energy during periods of intensive protein synthesis. Therefore, the dual biological function played by BDNF might protect from energy failure by decreasing energy consumption and protein synthesis. 
Our system did not generate a therapeutic effect as anticipated. It is possible that persistent and sustained stimulation by BDNF induces protein synthesis arrest by interaction through the PLC pathway, resulting in no therapeutic benefit. As a consequence of this phenomenon, cells become insensitive to continuous stimulation (Fig. 8). 
These properties make BDNF a bidirectional modulator for cell survival. One may speculate that this interaction is a kinetic process and depends on the length of BDNF stimulation. 

Our interpretation of this phenomenon is that BDNF is usually released by neurons and sequestered by a truncated TrkB expressed in at the level of the neuropil, where unmyelinated axons, dendrites and glial cells form very dense regions; and most likely exogenous rhBDNF does not penetrate, preventing our approach to induce the expected therapeutic effect.  (120). 
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Figure 8. TrkB coupling to protein expression pathways. This is a highly simplified scheme depicting signaling pathways coupling activated TrkB receptors to phosphorylation of eIF4E and eEF2. Phosphorylation of the eIF4E is commonly associated with enhanced translation of capped mRNAs. eIF4E is released from eIF4E binding protein and phosphorylated by MNK. eEF2 promotes peptide chain elongation and phosphorylation of EF2 arrests this activity. The spatial and temporal activation of these pathways and the potentially important role of crosstalk have not been resolved. (Adapted from: Clive R; Progress in Neurobiology, Volume 76, Issue 2, 2005, 99 – 125). 

As previously demonstrated by Safdar et al, POL G mutator exhibits brain atrophy. Our results suggest that the differences in size found in POL G mutator mice might be in other parts of the brain other than DG or the sum of tiny differences difficult to quantify individually but globally significant.  

6.2 Evaluation of persistent delivery
We measured plasma levels of rhBDNF to determine transgene expression in vitro and in vivo in POL G mutator mice at different time points, up to six months after implantation. We found detectable persistent levels of recombinant human BDNF in circulation. Previously, using the same strategy delivering other recombinant products, it has been found that neutralizing antibodies might have precluded the detection of circulating transgene products (48). Furthermore, different BDNF delivery systems have failed to demonstrate therapeutic benefits because of the induction of humoral responses against the recombinant product (93). By day 14, usually there is a rise in IgG antibodies that prevents transgene detection by ELISA. Our results clearly demonstrate that there are circulating levels of rhBDNF in the experimental groups implanted with recombinant BDNF myoblast at one and six months after implantation. Furthermore, following one month and six months after implantation, we retrieved microcapsules and evaluated them for transgene expression in vitro. The encapsulated cells were alive after implantation and transgene expression was persistent. These results clearly show that plasmid expression inhibition and formation of neutralizing antibodies were not elicited in the experimental animals. As previously mentioned in the results, rhBDNF capsules retrieved from POL G mice were surrounded by fat tissue. In spite of this, there were circulating detectable levels of BDNF. These findings demonstrate that there was persistent bioavailability of the transgene product in plasma; however it does not rule out the possibility that BDNF did not reach the CNS compartment as expected. 

6.3 Persistent delivery of BDNF does not improve locomotor activity 
At 9 months of age, POL G mutator mice showed significant reduction in voluntary locomotor activity compared with WT mice. These observations are consistent with a previous report indicating a decline in motor performance of POL G mutator mice (7). The observed impairment in POL G mutator animals for CLAMS testing was not corrected or improved during the course of the experiment in animals receiving BDNF. Furthermore, our results demonstrated decreased levels of locomotor activity in WT-BDNF treated animals. Previously it has been described that ablation of the BDNF gene in mice exhibit abnormalities in locomotor activity, characterized by hyperactive behavior as compared with wild-type littermates (121). One potential explanation is that BDNF/TrkB signaling system is present in the regions of the CNS that regulate locomotor activity. The lateral hypothalamic area is one of the areas with substantial BDNF activity (122). This area controls reward, motivation, learning and locomotor activity (123). The control of locomotor activity is mediated by multiple steps, including a wide range of events that initiate movements and actions, among which are cognitive processes involving the association cortex and emotive processes involving the limbic system. The lateral hypothalamic area seems to be the key structure in functionally linking motivation and action at the interface of the limbic system with motor mechanisms (124). The underlying perturbations caused by persistent availability of BDNF in circulation leading to reduce locomotor activity in wild type animals remain unclear; however one of the potential mechanisms might be persistent stimulation of the lateral hypothalamic area, resulting in decreased locomotor activity. 

Wild type animals and POL G animals displayed no significant differences in performance with the rotarod test. Previously, Safdar et al. demonstrated that POL G mutator mice have motor impairments that were significantly different in comparison with normal WT mice (7). Unexpectedly, our motor function measured by rotarod test was no different between WT and POL G mice, suggesting two possible alternatives:  1) that greater time is required for the impact of this genotype to become apparent, since our testing shows a tendency for WT mice performing better than POL G mutator mice in the rotarod testing; 2) that the number of mice used in both experiments was different. Safdar el al (7) testing included 18 animals per group; while we used five mice per group. Certainly, the sample size determines the amount of sampling error inherent in a test result. Effects are harder to detect in smaller samples due to a greater propensity for a type II error. It was tempting to hypothesize that continuous BDNF infusion induces additional neurogenesis at the dentate gyrus, resulting in improvement in functional outcomes in a mitochondrial disease animal model. Unfortunately, our results did not support this hypothesis. Taken together, our data suggest that persistent delivery of BDNF by ex vivo gene therapy methods like encapsulation of recombinant cells does not improve motor activity in POL G mutator.  

7.  CONCLUSIONS
Multiple molecular candidates are up-regulated by endurance exercise including BDNF. The present study has begun the investigation into the potential therapeutic impact of persistent delivery of recombinant BDNF on neurogenesis in a mitochondrial model of neurodegenerative disease. Unfortunately, our results do not support our initial hypothesis regarding constant delivery of BDNF inducing dentate gyrus neuronal survival. This ex-vivo gene therapy system increases persistently the circulating levels of BDNF; however, it does not show any effect over dentate gyrus neuronal survival. It is still probable that a model of pulse delivery would demonstrate significant benefits in the same animal model; however, the ex vivo encapsulation gene therapy system is not the best approach to attain this goal, since it lacks the necessary genetic regulatory elements that can produce pulses of transgene stimulation. Furthermore, our findings suggest that persistent BDNF plasma availability might affect negatively locomotor activity. 

8.  FUTURE DIRECTIONS
When growth factors 'flood' the nervous system, potentially they can cause adverse effects or the loss of their therapeutic potential over extended periods of time. Therefore, the ideal system for using BDNF as a therapeutic product should achieve effective concentrations at precise sites of impaired cells. In addition, delivery must be performed periodically, mimicking the normal physiology. However, methods for achieving this strategy in an effective and safe way are lacking. Currently, regulatory expression elements for gene therapy vectors are in development; however, the ability to control their expression, simulating physiological bioavailability, is far from becoming a reality. There is a need for developing techniques that enable regulated expression of transgenes, resulting in enhanced safety and allowing us to regulate the timing and level of expression with a goal of precisely targeting a therapeutic level between the extremes of suboptimal and supraoptimal thresholds. Similarly, the transgene product should reach the target and activate it to induce the therapeutic goal. In order to improve this strategy and ensure therapeutic levels in the CNS reaching the target, different strategies can be implemented.  The easiest way to solve this issue is through direct administration of recombinant capsules in the intrathecal space. However, this strategy has limitations, such as only small volume of capsules can be implanted, as well as potential side effects, like blockage of cerebrospinal fluid flow. For therapeutic compounds that do not diffuse freely through the blood brain barrier and delivered in other biological spaces like the peritoneal cavity, other means of entry have to be explored. For instance, expressing the transgene product attached to a peptide ligand that accesses a specific catalyzed transport mechanism in the blood brain barrier. This is known as Trojan horse-like deception phenomenon that tricks the blood brain barrier, facilitating the transportation of the transgene into the CNS compartment (118). This approach increases the concentration of the potential therapeutic product in the brain. Thus, future studies in this area should focus on studying neurogenesis in other areas of the brain that might be more affected in the POL G mutator mice. Also, it is important to design methods for effective and accurate delivery of factors, like BDNF, to facilitate the success of animal experiments and the translation into human clinical trials. Specifically, the ongoing research should aim to address these challenges by improving gene therapy vectors to achieve safe and regulatable growth factor expression able to reproduce physiological pulses of BDNF at the desired target, or other desired molecules’ delivery resulting in improved neurogenesis. Future endeavors should focus on some of the limitations of the present study, such as using different metrics to measure brain atrophy including brain weight. Similarly, future endeavors exploring the potential therapeutic effect of BDNF in the brain should evaluate other areas of the brain that might benefit of BDNF artificial stimulation, because the same approach might be used to target neurodegenerative disorders affecting other areas of the brain.  
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