3D reconstruction of Drosophila motor neuron dendrites in vivo
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Short abstract: We present a method to visualize and detect changes in the morphology of motorneuron dendrites in vivo through confocal imaging and subsequent 3D reconstruction using an AMIRA-based platform.
Long abstract: A limiting factor in experimentally analyzing dendrite growth and plasticity is the ability to visualize changes that occur within these structures in vivo. Typically, dye filling is used to image neuronal dendrites; however, this technique is challenging and time consuming. In Drosophila neurons of the peripheral sensory system and some central neurons such as those in the olfactory circuit, have been labeled with membrane bound forms of GFP, thereby presenting a simpler genetically determined method to measure parametric changes in dendrite development. On similar lines, we have developed a strategy to generate a mosaic pattern of GFP labeled motor neurons within the larval ventral nerve chord. This method allows us to optically isolate motor neuron dendrites in an otherwise dense neuropil, and permits measurement of activity-dependent dendritic plasticity in these central neurons. Briefly, this makes use of the GAL4-UAS system of exogenous gene expression such that an ​even-skipped (eve) promoter is used to express GAL4 in all RP2 and aCC motor neurons at embryonic stage. During this time, FRT mediated somatic recombination is also induced in these cells (through the expression of the Flp recombinase) to generate an actin promoter driven GAL4. Recombination is stochastic such that only a few RP2 neurons are “converted” to actin-GAL4 expressing ones. A UAS driven membrane-bound form of GFP (mcd8::GFP) allows the visualization of all dendrites from these few RP2 neurons. To measure dendrite growth and plasticity, we utilize 3D reconstruction strategies that are best suited to neurons that grow in a multi-dimensional pattern significantly dissimilar to flat preparations of cultured neurons. Confocal image stacks are reconstructed to generate 3D models of dendrites using custom designed AMIRA-based algorithms. A volumetric Sholl analysis is then applied to these models to estimate dendritic complexity. Two additional points are of note: a) we measure dendrites in third instar RP2 neurons since this is the end point in development for these neurons, and b) our genetic strategy is based on the GAL4 system and results in strong expression of GAL4 in few RP2 neurons. Thus, this method allows us to selectively express any protein of choice in these cells. Phenotypes arising from such manipulations are, therefore, likely to be cell autonomous. Taken together, our technique achieves sufficient resolution and flexibility to measure dendritic plasticity in vivo. 
Text
I. PROTOCOL
1. Perform standard CNS dissections on third instar larvae in Ca+ free Ringer’s Solution

2. Fix the sample in a solution of PTN and 4% paraformaldehyde for half an hour.

3. Apply an anti-GFP antibody to the larval prep. Antibodies should be diluted in PTN. 
4. Incubate preparation in primary antibody overnight at 4( Celsius. 

5. Wash off excess primary antibody in PTN for 10 intervals (6X). 

6. Apply secondary antibody (green channel) and allow it to incubate for 2 hours at room temperature. 

7. Remove excess secondary by washing in PTN as described above. 
8. Final wash in 1X PBS (phosphate buffered saline) for 10 minutes

9. The larval brain is now ready to be dissected away from the larval body wall and mounted on charged slides with a drop of VectaShield mounting medium.  

10. Slides are stored at -20( Celsius until subsequent confocal imaging and reconstruction.

11. Image stacks are acquired using standard confocal imaging (with 0.03 mM spacing, such that all voxels are cubic in dimensions).

12. 3D Reconstruction of dendritic arbors with AMIRA software.
II. DISCUSSION
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The genetics of the system: We have developed a system that allows us to effectively and reproducibly measure dendritic plasticity in Drosophila motor neurons. This method takes advantage of both the GAL4-UAS and FLP:FRT system to express membrane bound GFP in only one subset of motor neuron (RP2) 1. GAL4-UAS is a powerful genetic method used to study gene expression and function within Drosophila. The system utilizes the yeast-derived transcription factor, GAL4 which recognizes yeast specific Upstream Activating Sequences (UAS) which are cloned upstream of transgenes of interest 2. FLP:FRT are also yeast-derived enzymes. FLP, or Flippase, is an enzyme which directs site-specific recombination between flippase recognition target (FRT) sites 3. We have created transgenic animals that carry the eve-GAL4 transgene whose expression is limited to two subsets of motor neurons within the larval ventral nerve chord, aCC and RP2 4. This GAL4 drives expression of Flippase (site-specific recombinase) within these motor neurons which undergo somatic recombination such that a stronger promoter (actin) will now drive expression of GAL4 within these cells. This GAL4 will drive expression of mcd8:GFP within these cells allowing them to be visualized (Figure 1A-H). To limit GAL4 expression to only one of the two neurons labeled by eve-GAL4, we have added cha-Gal80 transgene into this background 5. Gal80 is the yeast suppressor of Gal4 activity, expressed in this case from a choline-acetyl-transferase (cha) promoter. This promoter is active in aCC motor neurons, but not in RP2, which means GAL80 expression in aCC shuts down GAL4 only in this cell. As a result, GAL4 is only expressed within the RP2 motor neuron, i.e. they are the only subset expressing GFP. Our system is advantageous for the following reasons: a) the GAL4-UAS system allows us to drive expression of any desired transgene exclusively within the RP2 neuron, and b) expression of membrane-bound GFP allows for imaging of the dendrites of the RP2 neuron by confocal microscopy.
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Reconstruction: Motor neurons exhibit highly stereotypic dendritic arborization pattern (Figure 1 C-H). Given the complex architecture that these neuronal dendrites occupy, traditional methods of measuring changes within them (such as Sholl analysis, primarily used for flat, cultured neurons) would be insufficient to detect alterations in dendrite growth, branch length of complexity in vivo. To overcome this obstacle, we have developed a system utilizing the AMIRA- based platform to reconstruct dendritic architecture in 3D from stacks of confocal images. These image stacks are then reconstructed in the AMIRA program using a dedicated algorithm generated by Jan Felix Evers 6. This program allows the reconstruction of each individual dendrite by the semi-automated connection of fluorescence signal following by smoothening and investigator initiated elimination of false positives. The resulting model closely approximates the entire dendritic tree that surrounds a given neuron. A schematic of the process is shown in Figure 1I 6. After these dendrites have been reconstructed, different parameters of structural plasticity such as total dendrite length and branch order can be conveniently measured. Alterations in dendrite complexity are also estimated using volumetric Sholl analysis7. Previous studies have shown that the RP2 motor neuron responds to changes in activity by increasing dendrite growth 1 8. Specifically, expression of dominant negative forms of two potassium channels (eag and Shaker) leads to sustained reduction in the resting membrane potential in these neurons, decreased threshold for action potential firing and an increase in dendrite outgrowth 1. Using methods outlined above we have also found that silencing activity of these neurons by expression of an inward rectifying potassium channel (Kir2.1) leads to a drastic decrease in dendrite growth (see Figure 2 A-C) 4. 

Materials
1. Anti-GFP antibody (Invitrogen)

2. Anti-rabbit-A488 secondary antibody (Molecular Probes; Invitrogen)

3. Zeiss 510 LSM Confocal Miscroscope

4. AMIRA 3D reconstruction software (Visage Imaging)

5. Dell Precision Workstation
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Figure 1. Visualizing and reconstructing RP2 dendrites in vivo. (A) Schematic representation of genetic strategy used to generate actin-GAL4 expressing motor neurons in the larval CNS. (B) Example of a ventral nerve chord showing “mosaic” pattern of GAL4 expression. Note single RP2 neuron on the right. aCC neurons (D,G,H) can be differentiated from RP2 neurons (C,E,F) on the basis of their dendritic architecture and peripheral innervations pattern. (I) Three sequential steps of dendrite reconstruction using AMIRA.





Figure 2. Dendrites of RP2 motor neuron change in response to altered activity Silencing of RP2 motor neurons results in less dendrites (A-C) as compared to wild type RP2 motor neurons. (C-F) 











