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SUMMARY: 
Blood-brain barrier integrity is critical for nervous system function. In Drosophila melanogaster, the blood-brain barrier is formed by glial cells during late embryogenesis. This protocol describes methods to assay for blood-brain barrier formation and maintenance in D. melanogaster embryos and third instar larvae.

ABSTRACT: 
Proper nervous system development includes the formation of the blood-brain barrier, the diffusion barrier that tightly regulates access to the nervous system and protects neural tissue from toxins and pathogens. Defects in the formation of this barrier have been correlated with neuropathies, and the breakdown of this barrier has been observed in many neurodegenerative diseases. Therefore, it is critical to identify the genes that regulate the formation and maintenance of the blood-brain barrier to identify potential therapeutic targets. In order to understand the exact roles these genes play in neural development, it is necessary to assay the effects of altered gene expression on the integrity of the blood-brain barrier. Many of the molecules that function in the establishment of the blood-brain barrier have been found to be conserved across eukaryotic species, including the fruit fly, Drosophila melanogaster. Fruit flies have proven to be an excellent model system for examining the molecular mechanisms regulating nervous system development and function. This protocol describes a step-by-step procedure to assay for blood-brain barrier integrity during the embryonic and larval stages of D. melanogaster development. 

INTRODUCTION: 
During development, cell-cell communication and interactions are critical for the establishment of tissue and organ structure and function. In some cases, these cell-cell interactions seal off organs from the surrounding environment to ensure proper organ function. This is the case for the nervous system, which is insulated by the blood-brain barrier (BBB). Dysfunction of the BBB in humans has been linked to neurological disorders including epilepsy, and breakdown of the barrier has been observed in neurodegenerative diseases including multiple sclerosis and amyotrophic lateral sclerosis1. In mammals, the BBB is formed by tight junctions between endothelial cells2,3. Other animals, including the fruit fly, Drosophila melanogaster, have a BBB composed of glial cells. These glial cells form a selectively permeable barrier to control movement of nutrients, waste products, toxins, and large molecules into and out of the nervous system4. This allows for the maintenance of the electrochemical gradient necessary to fire action potentials, allowing for mobility and coordination4. In D. melanogaster, the glia protect the nervous system from the potassium-rich, blood-like hemolymph5.

[bookmark: _GoBack]In the central nervous system (CNS) and peripheral nervous system (PNS) of D. melanogaster, two outer glial layers, the subperineurial glia and the perineurial glia, as well as an outer network of extracellular matrix, the neural lamella, form the hemolymph-brain and hemolymph-nerve barrier6, referred to as the BBB throughout this article. During development subperineurial glia become polyploid and enlarge to surround the nervous system5-11. The subperineurial glia form septate junctions, which provide the main diffusion barrier between the hemolymph and the nervous system5,6,12. These junctions are molecularly similar to the septate-like junctions found at the paranodes of myelinating glia in vertebrates, and they perform the same function as tight junctions in the BBB of mammals13-17. The perineurial glia divide, grow, and wrap around the subperineurial glia to regulate the diffusion of metabolites and large molecules6,10,18,19. BBB formation is complete by 18.5 h after egg laying (AEL) at 25 °C5,8. Previous studies have identified genes that are critical regulators of BBB formation20-22. To better understand the exact roles of these genes, it is important to examine the effect of mutation of these potential regulators on BBB integrity. While previous studies have outlined approaches for assaying BBB integrity in embryos and larvae, a comprehensive protocol for this assay has yet to be described5,7. This step-by-step protocol describes methods for assaying BBB integrity during D. melanogaster embryonic and third instar larval stages.

PROTOCOL: 

1. Collection of samples

1.1. Embryo collection

1.1.1. In each embryo collection cage, use a minimum of 50 virgin females with 20−25 males for collections. Incubate these flies in a bottle with cornmeal-agar food (Table of Materials) for 1−2 days before beginning collections23.

NOTE: More flies can be used, but the female-to-male ratio should be kept at 2:1.

1.1.2. Pre-warm apple juice agar plates (Table 1) at 25 °C overnight. 

NOTE: This is required for proper staging of embryos. If plates are drying out quickly, add a bowl with water to the incubator to increase the humidity of the chamber.

1.1.3. Anesthetize flies from step 1.1.1 with CO2 and transfer flies to a collection cage. Place a pre-warmed apple juice agar plate with a small smear of yeast paste on the open end and secure to the cage with the red sleeve (Table of Materials). In order to clear older embryos, allow flies to lay embryos/eggs on an apple juice agar plate for 1 h at 25 °C. 

1.1.4. Remove the collection cage from the incubator. Invert the cage mesh side down and tap flies down to the bottom of the cage. Replace the apple juice agar with a new pre-warmed apple juice agar plate with a small smear of yeast paste. Discard the first plate. 

1.1.5. Allow flies to lay embryos/eggs on the new apple juice agar plate for 1 h at 25 °C. Discard this plate following the 1 h collection and proceed to the next step to collect embryos for injection.

1.1.6. To collect late stage 17 embryos (20−21 h AEL), allow flies of desired genotype from steps 1.1.1−1.1.5 to lay on a new pre-warmed apple juice agar plates with a small smear of yeast paste at 25 °C for 1 h. Age plate for 19 h in a 25 °C incubator, so embryos will be 20−21 h of age at the time of imaging. 

NOTE: This step can be repeated as desired for multiple rounds of sample collection, injection, and imaging.

1.1.7. Collect embryos from plates into a cell strainer with 70 μm nylon mesh by adding phosphate-buffered saline (PBS) with 0.1% nonionic surfactant (PBTx; Table 1) to cover the surface of the plate and loosen embryos from the surface using a paintbrush. 

1.1.8. Dechorionate embryos collected in the cell strainer in a 50% bleach solution (Table 1) in a 100 mm Petri dish for 5 min with occasional agitation at room temperature. Rinse embryos 3x by swirling the cell strainer in PBTx in a Petri dish, using a fresh dish of PBTx each time. 

1.1.9. If all embryos are of the correct genotype, proceed directly to step 1.1.10. If generation of embryos of the correct genotype requires a cross with heterozygous flies, select embryos of the correct genotype using the presence or absence of fluorescently marked balancer chromosomes. Use a stereomicroscope with fluorescent capabilities for genotype selection.

NOTE: Balancer chromosomes marked with deformed-yellow fluorescent protein; Kruppel-Gal4, UAS-green fluorescent protein (GFP); and twist-Gal4, UAS-GFP work well for genotype selection in late embryogenesis (Table 2)24-26. 

1.1.10. Using a glass pipette, transfer embryos in PBTx to a 2% agarose gel slab (Table 1). Remove excess liquid with filter paper. Align ~6−8 embryos on the 2% agarose gel slab with posterior to the right and dorsal side facing up (Figure 1B). 

NOTE: The micropyle, the small hole through which spermatozoa enter the egg, is located at the anterior end of the embryo. The posterior end is more rounded. The trachea appears white and is located dorsally in the embryo, allowing for the distinction of the dorsal and ventral sides of the embryo (Figure 1B).

1.1.11. Prepare a slide with one piece of double-sided tape. Firmly press the slide on top of the embryos to transfer them to the double-sided tape.

1.1.12. Desiccate embryos by incubation at room temperature for ~25 min (no desiccant is used). Following desiccation, cover embryos with halocarbon oil. 

NOTE: Desiccation periods may vary depending on the temperature, humidity, and ventilation in the room. The incubation period should be used to set up the apparatus for injection and the confocal microscope for imaging, as described in sections 2 and 3 of this protocol. 

1.2. Larval collection
 
1.2.1. Set up a cross with 5−10 virgin female flies of the desired genotype and half as many males of the desired genotype in a vial with cornmeal-agar food and incubate at 25 °C23.

1.2.2. After 5−7 days, depending on the genotype, collect wandering third instar larvae from the vial gently with forceps. Rinse larvae in 1x PBS to remove food stuck to the larvae. Transfer larvae to an apple juice agar plate for genotyping as described in step 1.1.9 if necessary.

1.2.3. Roll larvae on a tissue using a paintbrush to dry them off. Transfer 6−8 larvae to a slide prepared with double-sided tape using a paintbrush.

2. Preparation of needles and specimen injection

2.1. Pull needles on a micropipette puller prior to the initiation of this protocol. Secure capillary tubes into the needle puller and pull according to the standard needle shape and parameters for D. melanogaster injections (Table 3)27. Store needles in a Petri dish by anchoring in clay until use for injection.

2.2. Load a needle with 5 μL of 10 kDa dextran conjugated to sulforhodamine 101 acid chloride (Table of Materials) using a 20 μL gel-loading pipette tip during the 25-min desiccation period for embryos (step 1.1.12), or immediately following the transfer of larvae to the slide (step 1.2.3).

2.3. Load the needle into a needle holder and position in a micromanipulator secured to a steel base (Table of Materials).

NOTE: The needle should be nearly parallel to the microscope stage for embryo injection and angled slightly downward for larval injections.

2.4. Set the injection apparatus (Table of Materials) to 50 psi, 5−10 ms with a range of 10.

NOTE: It may be necessary to alter these settings for the particular injection apparatus being used.

2.5. Place the slide on stage and brush edge of the needle against the edge of the double-sided tape at a 45° angle to create an angled, broken tip. 

NOTE: For embryos it is only necessary to break the tip enough to allow for flow of the 10 kDa dextran. A perfect needle has a slightly angled tip and only a small drop of dye will come out with each injection. For larvae, it is necessary to break the tip more, but with an angled tip to penetrate the larval body wall. A larger drop of dye will come out. 

2.6. Pump foot pedal until the dye is at the tip of the needle.

2.7. Align the needle so that it is parallel with the embryo or angled slightly downward toward the larva.

2.8. Move the needle to puncture the posterior end of the specimen and inject the specimen by pumping the foot pedal. Inject ~2 nL of dye into embryos, and ~220 nL of dye into larvae.

NOTE: The embryo or larva should flood with dye if the injection is successful. 

2.9. Note the time of injection for incubation purposes. Incubate embryos for 10 min at room temperature. Incubate larvae for 30 min at room temperature.

2.10. Continue down the slide to inject additional specimens, noting the time of injection for each specimen.

NOTE: Depending on the speed with which subsequent dissection and imaging steps can be performed, 4−8 specimens can be injected at a time.

3. Preparation of samples for imaging 

3.1. Imaging of embryos

3.1.1. Following injection, prepare embryos for imaging. Apply petroleum jelly with a cotton-tipped applicator on the right and left sides of the samples on the slide as a spacer to prevent damage to the embryos upon placement of the coverslip. 

3.1.2. Image samples using a confocal microscope throughout the depth of the embryo with a 20x objective. Calculate the percentage of total samples with dye observed in the ventral nerve cord (VNC) using the following equation: % of samples with compromised BBB = Number of samples with dye accumulation in the VNC/total number of samples assayed.

3.2. Dissection and imaging of larvae
 
3.2.1. Prepare slides for larval samples ahead of time. Mount two coverslips spaced approximately 0.5 cm apart to the slide with nail polish.

NOTE: The coverslips function as spacers for the brain, so it is not damaged during the mounting process. 

3.2.2. Following the 30-min incubation, dissect the larvae in 1x PBS directly on the slide that will be used in imaging. First, use one pair of forceps to grab the larva halfway down the larval body, and use a second pair of forceps to separate the anterior and posterior halves of the larva.
 
3.2.3. Next, use one pair of forceps to grip the anterior region at the mouth hooks, and use a second pair of forceps to invert the body wall over the tip of the forceps gripping the mouth hooks. The brain and VNC will be exposed.

3.2.4. Separate the brain and VNC from the body wall by severing the nerves, and remove the body wall from the slide (Figure 1C,D). Remove imaginal discs if desired.

3.2.5. Cover the sample with 10 μL of 80% glycerol and place a coverslip on top of the sample for imaging.

3.2.6. Image through the depth of the nervous system tissue using a 20x objective. Calculate the percentage of total samples with dye observed in the VNC.

REPRESENTATIVE RESULTS: 
The methods described here allow for the visualization of the integrity of the BBB throughout the CNS in D. melanogaster embryos and larvae (Figure 1). Upon completion of BBB formation in late embryogenesis, the BBB functions to exclude large molecules from the brain and VNC5. This protocol takes advantage of this function to assay BBB formation. When wild-type (Oregon R) late stage 17 (20−21 h old) embryos were injected with 10 kDa dextran conjugated to sulforhodamine 101 acid chloride fluorescent dye, the large dextran molecule was excluded from the VNC, as expected (Figure 2A). In order to demonstrate the effect of genetic mutations on BBB integrity, embryos with mutations in the raw gene were utilized. Previously, the raw gene has been demonstrated to regulate germ band retraction during embryogenesis, and more recently has been shown to function in glia to regulate morphological changes in the VNC during development28. Heterozygous raw1 mutant embryos exhibited an intact BBB, similar to the results observed in wild-type control embryos (Figure 2B). In contrast, homozygous raw1 mutant embryos exhibited defects in the integrity of the BBB, with 10 kDa dextran dye flooding into the VNC, indicating that the BBB failed to form (Figure 2C). These results demonstrate the ability of this technique to assay BBB formation during embryonic stages. 

Previous studies have demonstrated that a defect in subperineurial glia polyploidization results in a disruption of the BBB that can be observed in third instar larval stages7,9. Thus, defects in BBB formation and/or maintenance could result in a compromised BBB during later stages of development, making it desirable to assay integrity of the barrier in the third instar larval stage. Therefore, the protocol utilized for assaying BBB integrity in embryonic stages has also been optimized for use in larvae. In Oregon R control samples, 10 kDa dextran fails to penetrate the BBB and is excluded from the brain and VNC (Figure 2D,E). The dye accumulates at the periphery of the BBB. 

FIGURE AND TABLE LEGENDS: 

Figure 1: The nervous system of stage 17 embryos and third instar larva. (A) Schematic of a ventral view of a stage 17 embryonic central nervous system (CNS). The CNS consists of the brain (Br) and ventral nerve cord (VNC), which has dorsoventral channels (ch). The micropyle (mp; arrowhead) at the anterior end can be used to orient the embryo. Posterior to the right. (B) Stage 17 embryo oriented with the dorsal side up and posterior to the right, as recommended in step 1.1.10. Arrows are pointing to the trachea. Arrowhead indicates the mp. Posterior to the right. (C) Schematic of the nervous system in the third instar larva. The brain (Br) and VNC compose the CNS, while the nerves extending from the VNC synapse onto body wall muscles and are part of the PNS. Posterior to the right. (D) Dissected third instar larval brain and VNC. Posterior to the right.

Figure 2: Assay for blood-brain barrier (BBB) formation. (A-C) Late stage 17 embryos (20−21 h old) injected posteriorly with 10 kDa sulforhodamine 101 acid chloride dextran. Posterior down. Scale bar = 20 μm. Dots seen in controls are dorsoventral channels that span the ventral nerve cord (VNC). (A) Oregon R control. Dye uptake in 6.25% of samples, n = 16. (B) raw1/+ sibling control. Dye uptake in 6.67% of samples, n = 15. (C) Homozygous raw1/1 mutant. Dye uptake in 100% of samples, n = 22. (D) Oregon R control third instar larval brain. Dye accumulates at the BBB, but does not penetrate into the CNS, n = 7. Scale bar = 50 μm. (E) Oregon R control third instar larval VNC. Dye accumulates at the BBB, but does not penetrate into the CNS, n = 11. Dashed line outlines the VNC. Scale bar = 50 μm.

Figure 3: Midgut morphology in late embryonic development. Transmitted light images of stage 13−17 embryos allow for visualization of gut morphology (dark grey regions in the posterior half of the embryo). Midgut morphology can be used to determine the stage of embryonic development, which is helpful when determining if embryos are being aged appropriately for injection. Scale bar = 100 μm.

Table 1: Reagents and buffers used throughout this protocol.

Table 2: Fly strains. Fly strains discussed throughout this protocol. The Bloomington Drosophila Stock Center stock number is provided where applicable.

Table 3: Micropipette puller settings. Micropipette puller settings used to generate needles for injection in this protocol.

DISCUSSION: 
This protocol provides a comprehensive description of the steps needed to assay for BBB integrity during the late embryonic and third instar larval stages of D. melanogaster development. Similar approaches have been described elsewhere to assay the integrity of the BBB during development, as well as in adult stages5,7,29,30. However, descriptions of procedures in materials and methods sections are often broad in nature and lack sufficient detail for easy implementation, necessitating significant troubleshooting on behalf of the researcher. This protocol provides a comprehensive description of the steps needed to assay for BBB integrity during embryonic and larval stages. In each stage, there are critical steps to be followed to ensure that the correct stage of development is being examined and tissue architecture is not disrupted, which could compromise the BBB. In order to achieve success in these approaches it was necessary to troubleshoot multiple steps of the protocol so as to yield accurate results. Critical steps in the embryonic and larval protocols are described below.

Previous studies have reported the establishment of the BBB by 18.5 h AEL5. To ensure accurate developmental timing, it is important to maintain samples at a constant temperature during aging. When collecting embryos, apple juice agar plates should be brought to 25 °C prior to use for collection. Using apple juice plates that have not been pre-warmed results in slower development and can yield samples that have not yet established a BBB and would therefore exhibit accumulation of 10 kDa dextran in the nervous system. As such, it is important to make sure that one is injecting samples that are older than 18.5 h. Additionally, when performing these experiments in embryos, it is necessary to consider the possibility of a developmental delay, because such a delay could simply result in the later establishment of the BBB. To account for any potential developmental delays, samples were assayed at 20−21 h AEL, slightly after reported BBB formation. Using the morphology of other tissues, in particular the developing midgut, can assist in establishing the correct stage of development of the embryo being assayed (Figure 3). Conversely, improper experimental timing can result in samples that are already motile and have begun the hatching process. To reduce the number of larvae that have already started hatching, it is important to perform a minimum of two 1-h collections to clear older embryos from females before collecting embryos for injection. If analysis of the BBB in first instar larvae is desired, a brief incubation of larvae in 1x PBS in a 9-well dish on ice can be used to reduce motility prior to injection. Slides can also be kept on an ice pack during the injection procedure to reduce motility.

In order to ensure quality images and accurate results regarding the establishment of the BBB in the embryo, additional steps must be carefully followed throughout the procedure. When lining up embryos on the agar slab, the trachea should be facing up, as this is the dorsal side of the embryo (Figure 1B). When the embryos are transferred to the slide with the double-sided tape, the ventral side of the embryo will then be facing up, allowing for optimal visualization of the nerve cord during confocal imaging later in the protocol. Embryos must also be securely adhered to the double-sided tape to inhibit movement during injection. The use of a flat 2% agarose pad allows the researcher to push the slide with the double-sided tape firmly onto the embryos during the transfer process without risk of damage to the embryos. Following transfer to the slide, desiccation is necessary to prevent the embryo from bursting upon dye injection. Injection of too much dye can also cause the embryo to burst. It is important to only insert the needle into the embryo enough to inject the dye, but not so much that the needle potentially punctures the nervous system, which would give a false positive result. Too large of a puncture wound can also result in the hemolymph and dye flooding out of the embryo, leading to a failed experiment. With these potential pitfalls in mind, injection is most successful with a needle that has a slight angle to the tip, such that there is a small point with which to carefully puncture the embryo. 

In the case of assaying larvae for BBB integrity, challenges can arise due to the motility of the sample. The use of high-quality double-sided tape is critical, as it should be effective in immobilizing larvae for injection. If the larva does become unstuck, it can be rolled back on the tape and gently pushed down to resecure it. When transporting larvae for injection, it is helpful to carry the slide in a Petri dish in case the larvae become unstuck. The steps following injection require the most care to avoid disruption of the BBB. In order to minimize potential damage to the sample, it is easiest to dissect the sample directly on the slides that will be used for imaging. If the larva is strongly adhered to the tape when transferring the sample for dissection, a drop of 1x PBS can be added to the tape to loosen adhesion and to allow for transfer to the slide for dissection. Following dissection, it is important to flatten the sample sufficiently to avoid false positive results, but not so much that sample integrity is compromised. Sandwiching the larva between the coverslip and the slide using additional coverslips as spacers prevents the brain from being damaged, yet immobilizes the sample for effective imaging. 

In order to achieve success with protocols for both embryos and larvae, it is critical to make sure the injection apparatus and confocal microscope are set up before sample processing begins. This allows for accurate timing in the imaging of samples, which is necessary for sample comparison. Other approaches have utilized more advanced injection set ups, requiring an inverted microscope set up for embryo injection. This protocol utilizes a standard dissecting microscope and micromanipulator with a pressure regulator. In this case, a zebrafish injection set up was simply adapted for injection of fly embryos and larvae. This protocol could be simplified further to utilize a micromanipulator with a syringe for injection as well. Many of these tools are readily available in Biology departments and may even be available in classroom laboratory settings, allowing for maximal ease of protocol implementation. 

During the imaging procedure, it can be helpful to label the cells of the nervous system to more easily identify the desired region for imaging. Specifically, one could use the GAL4/UAS system to express GFP in either neurons or glia, using the elav-Gal4 or repo-Gal4 strains, respectively (Table 2)31-33. Such labeling would provide a contrast with the sulforhodamine 101 acid chloride dextran to visualize the integrity of the nervous system.

While this method is focused on assaying the integrity of the BBB during development of D. melanogaster, this approach could be adapted to examine the integrity of other barriers across a variety of organisms and tissues. For example, similar protocols have been published for assaying the BBB in mice34. In addition, permeability of the blood-eye barrier and the somatic barrier surrounding the germ cells during spermatogenesis in D. melanogaster utilize a similar approach29,35. The protocol could also be adapted for use in other tissues to test permeability, including in the intestine. When adapting this protocol for use in other tissues or species, it will be necessary to consider the size of molecules that can penetrate the barrier, as it is feasible that 10 kDa dextran may be small enough to permeate some barriers. Overall, this protocol provides a step-by-step procedure to assay for BBB integrity during D. melanogaster development that can be easily adapted for use in other settings.
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