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SUMMARY:  18 
The timing of exposure to ligands may impact their developmental consequences. Here we show 19 
how to image release of a Drosophila bone morphogenetic protein (BMP) called Dpp from cells 20 
of the wing disc. 21 
 22 
ABSTRACT:  23 
The transforming Growth Factor-beta (TGF-β) superfamily is essential for early embryonic 24 
patterning and development of adult structures in multicellular organisms. The TGF-β 25 
superfamily includes TGF-β, bone morphogenetic protein (BMPs), Activins, Growth and 26 
Differentiation Factors, and Nodals. It has long been known that the amount of ligand exposed 27 
to cells is important for its effects. It was thought that long-range concentration gradients set up 28 
embryonic pattern. However, recently it has become clear that the timing of exposure to these 29 
ligands is also important for their downstream transcriptional consequences. A TGF-β 30 
superfamily ligand cannot have a developmental consequence until it is released from the cell in 31 
which it was produced. Until recently, it was difficult to determine when these ligands were 32 
released from cells. Here we show how to measure the release of a Drosophila BMP called 33 
Decapentaplegic (Dpp) from the cells of the wing primordium or wing disc. This method could be 34 
modified for other systems or signaling ligands. 35 
 36 
INTRODUCTION:  37 
Bone Morphogenetic Proteins (BMPs) are essential for early embryogenesis and patterning of 38 
adult structures. BMPs are produced and secreted to affect transcription of target genes needed 39 
for growth and cell differentiation in responding cells. Decapentaplegic (Dpp) is a Drosophila 40 
homolog of BMP4 that is important for development of embryonic and adult structures like the 41 
wing1-4. Several groups have focused on the role of Dpp in patterning adult fly wings because 1) 42 
the wings are comprised of two transparent epithelia sheets with a consistent venation pattern 43 
that can be easily assessed; 2) the wing discs are also reasonably flat, can be cultured outside of 44 
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the larva, and are simple to image and quantify differences in pattern; and 3) the wing pattern 45 
development is sensitive to Dpp such that small perturbations in the pathway will impact wing 46 
venation pattern. 47 
 48 
Dpp is produced in cells located in the anterior/posterior boundary of the wing disc5-8. Dpp binds 49 
to a complex of type 1 and type 2 serine/threonine kinase receptors9,10. Upon Dpp binding, the 50 
type 2 receptor phosphorylates the type 1 receptor which then phosphorylates Mothers against 51 
Dpp (Mad), a Smad 1/5/8 homolog. Phosphorylated SMAD recruits an additional co-Smad 52 
(Medea), which enables it enter to the nucleus where it regulates target genes, leading to 53 
downstream effects such as proliferation or differentiation4,11.  54 
 55 
Recently, the Bates Lab has shown that the improper release of Dpp within the wing disc can lead 56 
to a decrease in Mad phosphorylation, reduction in target gene expression, and wing patterning 57 
defects12,13. Several ion channels impact development of the Drosophila wing and associated 58 
structures14,15. These ion channels could also be involved in Dpp release. In determining the 59 
mechanism of morphogen release, it is important that there is a method to visualize release 60 
events.  61 
 62 
Drs. Aurelio Teleman and Stephen Cohen created a Dpp-GFP fusion protein which is able to 63 
rescue loss of Dpp, meaning that it is biologically active and is released in a biologically relevant 64 
manner16. Here, we describe how we visualize Dpp release events using this Dpp-GFP. This fusion 65 
protein is particularly useful because GFP is pH sensitive such that when it is in acidic vesicles, 66 
the fluorescence is quenched17. Therefore, when a protein tagged with GFP is released from a 67 
vesicle into the more neutral extracellular environment, GFP fluorescence intensity increases17. 68 
We took advantage of the pH sensitivity of GFP to determine if Dpp-GFP resides in acidic vesicles. 69 
We imaged wing discs expressing Dpp-GFP before and after the addition of ammonium chloride, 70 
which neutralizes intracellular compartments vesicles18. We found a significant increase in 71 
fluorescence of puncta after the addition of ammonium chloride, suggesting that intracellular 72 
Dpp-GFP is quenched before the addition of ammonium chloride18. We conclude that 73 
intracellular Dpp-GFP resides in acidic membrane-bound compartments, such as vesicles, and is 74 
unquenched upon addition of ammonium chloride to neutralize the pH of intracellular 75 
compartments18. This makes live imaging of Dpp-GFP a useful technique to visualize the dynamics 76 
of Dpp in the Drosophila wing disc as it is released from acidic compartments into the 77 
extracellular environment.  78 
 79 
Here, we describe the method we use to visualize Dpp release events using Dpp-GFP.  Dpp-GFP 80 
can be expressed in its native pattern in Drosophila wing discs using the UAS-GAL4 system19. This 81 
is the method that was used to determine that Irk channels impact Dpp release18. We validated 82 
the method by live-imaging z-stacks. We do not see Dpp-GFP puncta moving within the plane of 83 
focus in time series if we acquired in one plane of focus. We also do not see movement of Dpp-84 
GFP puncta if we imaged in a z-stack. We conclude that the Dpp-GFP puncta seen using this 85 
method are release events rather than movement of vesicles intracellularly. This method of live-86 
imaging of Dpp-GFP could potentially be used to test other putative modifiers of Dpp release for 87 
their impact on Dpp dynamics or could be modified to look at the dynamics of other ligands 88 



   

 89 
PROTOCOL:  90 
1. Collecting eggs to generate larvae for dissection  91 
 92 
1.1. Cross 30-40 virgin female Dpp-GAL4/TM6 Tb Hu flies to 10-15 male Sp/CyO-GFP; UAS-Dpp-93 
GFP/TM6 Tb Hu.  94 
 95 
NOTE: Any two genotypes containing Dpp-GAL4 and UAS-Dpp-GFP may be used as long as the 96 
balancers have larval markers allowing for selection of the appropriate progeny during the larval 97 
stage. 98 
 99 
1.2. To collect eggs, flip the crossed flies into a fresh vial of food and allow them to lay for 3–4 h 100 
before removing them from the vial. To encourage egg laying, a small amount of yeast paste 101 
made of granulated yeast mixed with a small amount of water can be added to the top of the 102 
food before the flies are introduced to the vial. The same set of crossed flies can be kept and 103 
used for up to 7 days of egg collections.  104 
 105 
NOTE: Any standard Drosophila cornmeal food recipe should be acceptable. Used here is the food 106 
recipe described by Hazegh and Reis20. 107 
 108 
1.3. Keep the egg collection vials at 25 °C for approximately 144 h until larvae are at the third 109 
instar (wandering) stage.  110 
 111 
1.4. To select the appropriate larvae for dissection (those expressing both Dpp-GAL4 and UAS-112 
Dpp-GFP) first choose larvae that are non-Tb. These larvae will be normal length rather than short 113 
and fat.  114 
 115 
1.5. Among the non-Tb larvae there will be larvae expressing CyO-GFP and larvae expressing Dpp-116 
GFP. To select the Dpp-GFP expressing larvae, view them under a fluorescence stereomicroscope. 117 
While both Dpp-GFP and CyO-GFP expressing larve will have some GFP fluorescence, the Dpp-118 
GFP expressing larvae can be distinguished in that the GFP is restricted to the wing discs and the 119 
fluorescence is much less bright than the CyO-GFP expressing larvae. Select these less bright 120 
larvae for dissection.  121 
 122 
2. Preparing solution for larval imaging and dissection 123 
 124 
2.1. For live imaging of wing discs, prepare modified HL3 media21 (70 mM NaCl, 5 mM KCl, 1.5 125 
mM CaCl2 dyhydrate, 4 mM MgCl2, 10 mM NaHCO3, 5 mM trehalose dyhydrate, 115 mM sucrose, 126 
5 mM HEPES). This media allows the wing disc to be kept alive for imaging21.  127 
 128 
2.2. Adjust pH to 7.1 using HEPES and filter with a 0.22 μm filter. Use this media for both the wing 129 
disc dissections and as the mounting media for live imaging. 130 
 131 
3. Preparing slides for wing disc mounting 132 



   

 133 
3.1. Place two pieces of colorless double-sided tape widthwise across a microscope slide, leaving 134 
a space of about 5 mm between them. The pieces of tape should be long enough that the ends 135 
of the tape lie flush with the edges of the microscope slide.  136 
 137 
3.2. Use a flat edge (such as the handle end of a pair of dissecting forceps) to press the tape firmly 138 
to the slide so that no media can seep underneath it. 139 
 140 

3.3. Place 25 μL of modified HL3 media between the two pieces of tape. The wing disc will be 141 
mounted in this drop of media between pieces of tape so that the tape prevents the coverslip 142 
from crushing the disc (Figure 1A).  143 
 144 
4. Dissecting and mounting wing discs for imaging 145 
 146 
4.1. Dissect larvae in the prepared modified HL3 media27. 147 
 148 
4.2. Gently tear larvae in half using two pairs of forceps and discard the posterior half of the larva. 149 
 150 
4.3. Grasp the middle of the anterior half of the larva with one pair of forceps and use another 151 
pair of closed forceps to push the mouth hooks back into the larva until the larva is completely 152 
inverted.  153 
 154 
4.4. The wing discs can be most easily found by looking for the sharp bends in the two darker 155 
colored primary branches of the tracheae that run down both sides of the larvae. The wing discs 156 
lie directly under these bends in the tracheae in an inverted larva.  157 
 158 
4.5. Gently remove the wing discs and transfer them to the 25 μL of HL3 media on the prepared 159 
microscope slide. It is important to make sure that no pieces of trachea are left attached to the 160 
dissected wing discs as this can cause the discs to float, making imaging difficult.  161 
 162 
4.6. Arrange the wing disc so that the peripodial side of the wing pouch is facing upward away 163 
from the microscope slide with the disc lying flat (see Figure 1A,B).  164 
 165 
4.7. Cover the wing disc and tape with a coverslip and seal the coverslip using nail polish. Once 166 
the polish is dry, immediately proceed to the imaging steps below.  167 
 168 
5. Imaging Dpp release 169 
 170 
5.1. Image the mounted wing disc using a confocal laser scanning microscope with a 40x oil 171 
objective and 488 nm laser. The Dpp-GFP should appear as a stripe of GFP fluorescence down the 172 
center of the wing disc with small puncta of Dpp-GFP being released from this center stripe of 173 
cells.  174 
 175 
5.2. Collect images at a speed of 2 Hz for 2 min to visualize Dpp release. For best results, set the 176 



   

laser at a setting just strong enough to get a clear image of the Dpp-releasing cells to avoid over-177 
bleaching during image collection. The images can be collected as a time series which can then 178 
be exported as AVI files (no compression, 3 frames per second) to obtain video files of the Dpp 179 
release. 180 
 181 
REPRESENTATIVE RESULTS:  182 
Figure 2 shows representative live-imaging results of this protocol. When the protocol is 183 
successful, Dpp-GFP can be seen as a stripe down the center of the wing disc with nuclei visible 184 
as non-fluorescent circles within the Dpp-GFP region (Figure 2). Dpp-GFP release is visible as 185 
fluorescent puncta that appear and disappear. We have observed Dpp-GFP fluorescence 186 
appearing and disappearing in the cell bodies and far from the cell bodies. Dpp signaling is 187 
dependent on actin-based filopodia-like structures called cytonemes that extend far from the cell 188 
body22,23. Therefore, it is likely that Dpp-GFP puncta that are visualized far from the Dpp-189 
producing cell bodies in these presented videos are likely in cytonemes or at cytoneme 190 
“synapses”15. These puncta are most apparent close to the D/V boundary, which can be seen as 191 
the gap in the Dpp-GFP stripe.  192 
 193 
Figure 3 shows a suboptimal result. In the method described here, the wing discs are mounted 194 
so that the peripodial side faces away from the microscope slide so that the disc is imaged from 195 
the peripodial side (as shown in Figure 1B). If the wing disc is imaged from the reverse side, that 196 
is, peripodial side toward the microscope slide, the Dpp-GFP fluorescence will appear out of focus 197 
and resolution will be poor, resulting in the suboptimal result shown in Figure 3. Step 4.6 is 198 
therefore critical to ensure that the wing disc is lying flat in the correct orientation before imaging 199 
to avoid this result. 200 
 201 
Figure 4 shows a time series of images of a Dpp>GFP (dpp-GAL4; UAS-GFP) third instar larval wing 202 
disc. When GFP is not fused to Dpp, we do not observe the appearance of puncta outside of the 203 
cell bodies. This control is important for the conclusion that Dpp-GFP behaves differently than 204 
GFP alone.  205 
 206 
Figure 5 shows a time series of images of a dpp-GAL4 driver alone third instar larval wing disc. 207 
Images were taken with the same microscope acquisition settings as all of the other samples. 208 
These images show that fluorescent puncta do not appear when Dpp-GFP is not expressed. 209 
 210 
FIGURE AND TABLE LEGENDS:  211 
Figure 1. Illustration of wing disc mounting setup. To image Dpp-GFP release, the dissected wing 212 
discs should be mounted as shown. (A) Two pieces of double-sided tape are placed widthwise 213 
across the microscope slide with the wing disc mounted in modified HL3 media between the tape. 214 
(B) Side view of a correctly mounted wing disc. The disc is oriented so that the peripodial side of 215 
the wing pouch faces upward towards the coverslip. 216 
 217 
Figure 2. Representative video of Dpp-GFP release in the wing disc. Dpp-GFP was expressed in 218 
the wing disc using the UAS-GAL4 system. Shown here is a representative video of live imaging 219 
results of Dpp-GFP release. Cell nuclei can be seen as circular gaps in fluorescence. Secreted Dpp-220 



   

GFP can be seen as bright puncta. Due to the contrast, these bright puncta are easiest to observe 221 
outside of the region that includes the Dpp-producing cell bodies. Such an area is indicated by a 222 
rectangle that disappears after the first few frames. Ventral and posterior directions of the wing 223 
disc are indicated by the arrows.  224 
 225 
Figure 3. Suboptimal result of Dpp-GFP release imaging. Example of a suboptimal result which 226 
occurs if the wing disc is orientated peripodial side face-down. Due to the incorrect orientation 227 
of the wing disc pouch Dpp-GFP is not in focus, clear nuclei cannot be seen, and resolution 228 
remains poor no matter how the parameters of the microscope are adjusted. Ventral and 229 
posterior directions of the wing disc are indicated by the arrows. 230 
 231 
Figure 4: Representative video of GFP expression in Dpp-producing cells of the wing disc. GFP 232 
expression appears brightly in the cell bodies and does not appear as bright puncta released in 233 
the periphery. Ventral and posterior directions of the wing disc are indicated by the arrows. 234 
 235 
Figure 5: Representative video of dpp-Gal4 third instar wing discs without the expression of 236 
Dpp-GFP or GFP. If Gal4 cannot drive expression of GFP or Dpp-GFP due to lack of UAS-GFP or 237 
UAS-Dpp-GFP, no fluorescence is observed.  238 
 239 
DISCUSSION:  240 
BMPs such as Dpp make their significant impact when they bind a complex of membrane bound 241 
receptors to cause a cascade of intracellular signaling in neighboring or apparently distant cells. 242 
Dr. Thomas Kornberg’s lab has shown that cells that produce the Dpp signal contact cells that 243 
receive the signal using actin based thin filapodia-like structures called cytonemes15,24,25. These 244 
data suggest that developmental cell-cell communication in this context may be similar to a 245 
neuronal synapse26. In synaptic communication, the dynamics of neurotransmitter release are 246 
crucial to its effect on the postsynaptic cell. Similarly, the dynamics of Dpp release are also 247 
important for its downstream consequences 12. Therefore, it is important to be able to measure 248 
the dynamics of Dpp release in different genetic backgrounds and conditions to understand what 249 
factors impact Dpp release. 250 
 251 
Here we have presented the optimized method to image Dpp release. We have also tried using 252 
wells to culture the wing disc for imaging. Too deep of a well can result in difficulty focusing upon 253 
the Dpp release events. In addition, the wing disc can move during live imaging, which 254 
complicates analysis. Double sided tape allows enough space between the cover slip and slide to 255 
prevent crushing of the wing disc, while allowing proper focus. We have found that turning the 256 
microscope on a half an hour before imaging to allow the microscope to warm up prevents drift 257 
of the image over the duration of the video. Placement of the wing disc with the peripodial side 258 
of the wing pouch facing upward is very important for imaging Dpp release. We found that the 259 
opposite orientation does not allow us to image Dpp release events. 260 
 261 
This method could be used to look for genetic modifiers of Dpp release. We have observed that 262 
inhibition of an ion channel impacts Dpp release12. Other ion channels could also affect Dpp 263 
release dynamics. We could also test how environmental conditions such as teratogens affect 264 



   

release of Dpp. Modifiers of Dpp release may reveal the molecular mechanism that controls 265 
ligand secretion. Release dynamics may be important for the downstream consequences of 266 
several different developmental signaling ligands. While we have only described how we image 267 
Dpp release, other ligands such as Hedgehog have been observed in cytoneme mediated 268 
signaling and could be regulated by a similar mechanism.  269 
 270 
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Figure 2 Correct orientation for imaging Dpp-GFP expression in
Dpp-producing cells of wing disc
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Figure 3 Incorrect orientation for imaging Dpp-GFP in Dpp-
producing cells
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Figure 4: GFP expression in Dpp-producing cells
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Figure 5: No GFP or Dpp-GFP expression control
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Name of Material/ Equipment Company Catalog Number

Baker's yeast Red Star

CaCl2 dyhydrate Fisher Scientific C79-500

Coverslips VWR 484-457

Double-sided tape Scotch 

Drosophila Agar Type II Apex 66-104

Drosophila melanogaster : Dpp-GAL4/TM6 Tb Hu 

Drosophila melanogaster : Sp/CyO-GFP; UAS-Dpp-GFP/TM6 Tb Hu

Dumont Tweezers #5 World Precision Instruments 500233

HEPES Sigma Aldrich H3375

KCl Fisher Scientific AC193780010

Light Corn Syrup Karo

Malt Extract Breiss

MgCl2 Fisher Scientific AC223210010

Microscope slides Sigma Aldrich S8400

NaCl Fisher Scientific S271-500

NaHCO3 RPI S22060-1000.0

Nail polish Electron Micsroscopy Sciences 72180

Propionic Acid VWR U330-09

Soy Flour ADM Specialty Ingredients 062-100

Sucrose Fisher Scientific S5-3

Sucrose Fisher S512

Tegosept Genesee Scientific 20-259

Trehalose dyhydrate Chem-Impex International, Inc. 00766

Yellow Corn Meal Quaker

Zeiss LSM 780 confocal microscope Zeiss 

Zeiss SteREO Discovery.V8 microscope Zeiss 
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Comments/Description

This stock will soon be made available at Bloomington Drosophila Stock Center

This stock will soon be made available at Bloomington Drosophila Stock Center

Forceps for dissecting 

Microscope for live imaging
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course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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We would like to thank the editor and reviewers for their thoughtful comments 
and suggestions.  We have implemented the suggestions and these have 
improved the clarity of the protocol and the manuscript. Below we respond to 
each concern with text that is in red.  
 
 
Editorial comments: 
General: 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure 
that there are no spelling or grammar issues. 
We have proofread the manuscript.  
 
2. Please include at least 6 key words or phrases. 
We added one more key word.  
 
3. Please do not include citations in the abstract. 
We removed citations in the abstract. 
 
Protocol: 
1. For each protocol step, please ensure you answer the “how” question, i.e., 
how is the step performed? Alternatively, add references to published material 
specifying how to perform the protocol action. If revisions cause a step to have 
more than 2-3 actions and 4 sentences per step, please split into separate steps 
or substeps. 
 
We have modified the protocol steps to make sure that the steps are clear. 
 
Specific Protocol steps: 
1. 1.2: What food is used here? There is nothing in the Table of Materials. 
 
We reference the food that we use and make clear that commercial Drosophila 
food will also be suitable.  
 
2. 1.4: How exactly do you know which flies express dpp-gal4/UAS-Dpp-GFP, 
etc.? 
 
We clarified these steps as follows.  
1.4. To select the appropriate larvae for dissection (those expressing both Dpp-
GAL4 and UAS-Dpp-GFP) first choose larvae that are non-Tb. These larvae will 
be normal length rather than short and fat.  
 
1.5. Among the non-Tb larvae there will be larvae expressing CyO-GFP and 
larvae expressing Dpp-GFP. To select the Dpp-GFP expressing larvae view 
them under a fluorescence stereomicroscope. While both Dpp-GFP and CyO-
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GFP expressing larve will have some GFP fluorescence, the Dpp-GFP 
expressing larvae can be distinguished in that the GFP is restricted to the wing 
discs and the fluorescence much less bright than the CyO-GFP expressing 
larvae. Select these less bright larvae for dissection.  
 
 
References: 
1. Please do not abbreviate journal titles. 
We have fixed this. 
 
Table of Materials: 
1. Please ensure the Table of Materials has information on all materials and 
equipment used, especially those mentioned in the Protocol. 
 
Done. 
 
Reviewers' comments: 
Reviewer #1: 
Manuscript Summary: 
This paper describes a protocol for ex-vivo imaging of Drosophila wing imaginal 
disc to visualize GFP tagged Dpp. Although significance of Dpp signal in the wing 
imaginal disc has been established, dynamics of Dpp ligands including secretion 
of ligands is less known due to lack of proper method of live-imaging. This study 
provides a protocol for live-imaging of Dpp, which will be useful information for 
the community. The paper is well written, and the most of the protocol are clearly 
presented. I have a few concerns that should be addressed prior to publication. 
 
Major Concerns: 
The most problematic points in this paper are that the images are collected 
without proper control. I suggest the authors should include two different controls. 
First, they should image tissues with or without expressing GFP-Dpp in an 
identical condition to confirm that fluorescent puncta are only visualized in tissues 
expressing GFP-Dpp. Second, the authors should express GFP-Dpp in disc 
alleles of dpp mutants (e.g. dpp[d6]/dpp[d14]) for imaging. This is important for 
ensuring GFP tagged Dpp is physiologically functional in ex vivo system. 
 
We added the control showing that there is no fluorescence in dpp-Gal4 wing 

discs.  We also show the expression of GFP (without the fusion to Dpp) 
under the control of the Dpp-Gal4 driver (dpp-gal4; UAS-GFP) to show 
that fluorescent GFP puncta do not appear and disappear in the periphery 
when GFP is not fused to Dpp.  We were not able to generate flies that 
express Dpp-GFP in a dpp [d6]/dpp[d14] background in the time allotted 
for resubmission, but we prominently reference the paper that generated 
this Dpp-GFP fly strain and also showed that it rescues loss of Dpp 
(Teleman, A. A. & Cohen, S. M. Dpp gradient formation in the Drosophila 
wing imaginal disc. Cell. 103 (6), 971-980, (2000). 



 
Minor Concerns: 
It would be useful if the authors provide more details of how they processed the 
images to make movies in Figures 2 and 3. 
 
We added an image export step to the end of the protocol 
 5.3.	
  The	
  images	
  can	
  be	
  collected	
  as	
  a	
  time	
  series	
  which	
  can	
  then	
  be	
  exported	
  as	
  AVI	
  
files	
  (no	
  compression,	
  3	
  frames	
  per	
  second)	
  to	
  obtain	
  video	
  files	
  of	
  the	
  dpp	
  release.	
  
 
Reviewer #2: 
Manuscript Summary: 
In this manuscript, Laura Faith George and Emily Anne Bate wrote a protocol to 
visualize Dpp-GFP release in the wing imaginal disc of Drosophila. The 
manuscript is well-written and I would recommend it for publication in Jove. 
 
Major Concerns: 
My major concern deals with the videos the authors propose us. Both videos 
(Figure 2 and Figure 3) do not have the same resolution, therefore I would 
recommend to show the two videos with the same resolution. Also, I would 
suggest the authors to show a video (in Figure 2) where it is possible to follow 
(with the help of arrows) the dispersion of Dpp-GFP in puncta in through the wing 
disc epithelium. 
 
We generated new videos that are magnified to the same extent and have all of 
the same settings. Figure 3 shows a suboptimal wing disc mounting that does not 
allow focus on the release events and therefore the resolution is not as good as 
Figure 2.  
 
We do not expect to see the dispersion of Dpp-GFP through the wing disc 
epithelium because when it is intracellular, it is quenched compared to when it is 
released into a neutral environment.  We clarify this expectation and result in the 
introduction. We also change the arrow to a box that disappears after the first few 
frames. The box directs attention to where in the image to look for appearing and 
disappearing Dpp-GFP puncta. 
 
 
Minor Concerns: 
Line 32: the appropriate reference has to be written instead of "(REF)" 
 
We removed all references from the abstract including the rogue REF.  
 
Lines 177-Line 184: the orientation (antero-posterior and dorso-ventral) of both 
discs is missing in the legend of Figure 2 and Figure 3. 
 
We added the orientation to the figure legend and the orientation arrows to the 
first frames of the videos. 



 
Reviewer #3: 
This is a useful protocol explaining how to perform live imaging of Dpp-GFP in 
Drosophila wing discs. I have only minor points: 
 
Minor Concerns: 
1. There are several different UAS-Dpp-GFP lines around which were generated 
by different labs. Which one are the authors using? Or does it not matter, and 
they all work similarly? 
 
We added a paragraph that includes a description of the strain and referenced 
Teleman, A. A. & Cohen, S. M. Dpp gradient formation in the Drosophila wing 
imaginal disc. Cell. 103 (6), 971-980, (2000). 

2. The red arrow is not really at the "edge" of the Dpp expressing region, but 
several cells away. It is unclear whether the arrow is misplaced, or whether the 
wording needs fixing? 
 
We changed the wording to better describe where we most easily observe Dpp-
GFP release and we changed the arrow to a box that disappears after the first 
few frames of the videos. The text now reads: 
“We	
  observe	
  Dpp-­‐GFP	
   fluorescence	
   appearing	
   and	
   disappearing	
   in	
   the	
   cell	
   bodies	
  
and	
   far	
   from	
   the	
   cell	
   bodies.	
  Dpp	
   signaling	
   is	
  dependent	
  on	
   actin-­‐based	
   filopodia-­‐
like	
  structures	
  called	
  cytonemes	
  that	
  extend	
  far	
  from	
  the	
  cell	
  body22,23.	
  Therefore,	
  it	
  
is	
   likely	
   that	
   Dpp-­‐GFP	
   puncta	
   that	
   is	
   visualized	
   far	
   from	
   the	
   Dpp-­‐producing	
   cell	
  
bodies	
  in	
  these	
  presented	
  videos	
  is	
  likely	
  in	
  cytonemes	
  or	
  at	
  cytoneme	
  “synapses”15.	
  
These	
  puncta	
  are	
  most	
  apparent	
  close	
   to	
   the	
  D/V	
  boundary,	
  which	
  can	
  be	
  seen	
  as	
  
the	
  gap	
  in	
  the	
  Dpp-­‐GFP	
  stripe.”	
  	
  
 
 
3. I had a bunch of questions such as 
 
-Is it known that prior to release Dpp is in an acidic vesicle? I realize lysosomes 
are acidic, but I don't believe Dpp is in lysosomes prior to secretion? 
 
We	
  added	
  the	
  following	
  paragraph	
  to	
  address	
  this	
  concern:	
  
“Drs.	
  Aurelio	
  Teleman	
  and	
  Stephen	
  Cohen	
  created	
  a	
  Dpp-­‐GFP	
  fusion	
  protein	
  which	
  
is	
  able	
  to	
  rescue	
  loss	
  of	
  Dpp	
  meaning	
  that	
  it	
  is	
  biologically	
  active	
  and	
  is	
  released	
  in	
  a	
  
biologically	
  relevant	
  manner16.	
  Here,	
  we	
  describe	
  how	
  we	
  visualize	
  Dpp	
  release	
  
events	
  using	
  this	
  Dpp-­‐GFP.	
  	
  This	
  fusion	
  protein	
  is	
  particularly	
  useful	
  because	
  GFP	
  is	
  
pH	
  sensitive	
  such	
  that	
  when	
  it	
  is	
  in	
  acidic	
  vesicles,	
  the	
  fluorescence	
  is	
  quenched17.	
  
Therefore,	
  when	
  a	
  protein	
  tagged	
  with	
  GFP	
  is	
  released	
  from	
  a	
  vesicle	
  into	
  the	
  more	
  
neutral	
  extracellular	
  environment,	
  GFP	
  fluorescence	
  intensity	
  increases17.	
  We	
  took	
  
advantage	
  of	
  the	
  pH	
  sensitivity	
  of	
  GFP	
  to	
  determine	
  if	
  Dpp-­‐GFP	
  resides	
  in	
  acidic	
  
vesicles.	
  We	
  imaged	
  wing	
  discs	
  expressing	
  Dpp-­‐GFP	
  before	
  and	
  after	
  the	
  addition	
  of	
  
ammonium	
  chloride	
  which	
  neutralizes	
  intracellular	
  compartments	
  vesicles18.	
  We	
  



found	
  a	
  significant	
  increase	
  in	
  fluorescence	
  of	
  puncta	
  after	
  the	
  addition	
  of	
  
ammonium	
  chloride,	
  suggesting	
  that	
  intracellular	
  Dpp-­‐GFP	
  is	
  quenched	
  before	
  the	
  
addition	
  of	
  ammonium	
  chloride18.	
  We	
  conclude	
  that	
  intracellular	
  Dpp-­‐GFP	
  resides	
  in	
  
acidic	
  membrane-­‐bound	
  compartments,	
  such	
  as	
  vesicles,	
  and	
  is	
  unquenched	
  upon	
  
addition	
  of	
  ammonium	
  chloride	
  to	
  neutralize	
  the	
  pH	
  of	
  intracellular	
  
compartments18.	
  	
  This	
  makes	
  live	
  imaging	
  of	
  Dpp-­‐GFP	
  a	
  useful	
  technique	
  to	
  
visualize	
  the	
  dynamics	
  of	
  Dpp	
  in	
  the	
  Drosophila	
  wing	
  disc	
  as	
  it	
  is	
  released	
  from	
  
acidic	
  compartments	
  into	
  the	
  extracellular	
  environment.	
  “	
  
 
-How do the authors know that the Dpp-GFP spots that become visible and then 
disappear are not simply going in and out of the plane of focus of the confocal ? 
 
We added the following explanation: 
“We	
  do	
  not	
  see	
  Dpp-­‐GFP	
  puncta	
  moving	
  within	
  the	
  plane	
  of	
  focus	
  in	
  time	
  series	
  if	
  we	
  
acquire	
  in	
  one	
  plane	
  of	
  focus.	
  We	
  also	
  do	
  not	
  see	
  movement	
  of	
  Dpp-­‐GFP	
  puncta	
  if	
  we	
  
image	
  in	
  a	
  z-­‐stack.	
  We	
  conclude	
  that	
  the	
  Dpp-­‐GFP	
  puncta	
  we	
  see	
  using	
  this	
  method	
  
are	
  release	
  events	
  rather	
  than	
  movement	
  of	
  vesicles	
  intracellularly.”	
  
 
-What evidence is there that the spots that disappear are doing so due to 
internalization events, and likewise that the spots that appear are being 
secreted? 
We added the paragraph quoted above to show that the Dpp-GFP is quenched 
until ammonium chloride is added to neutralize it. We also referenced the Dahal 
and Pradhan 2017 paper in which these experiments were first reported.  
 
but noticed that many of these questions are answered in reference 9. They 
should probably be addressed explicitly in the introduction, otherwise the reader 
may also wonder. 
 
Thank you for these thoughtful suggestions.  


