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Introduction

Drosophila melanogaster is a genetically tractable model organ-
ism that has been used to elucidate many basic tenets and path-
ways that control development. In the fly, mutational analyses 
have been critical for identifying novel factors required for vari-
ous cellular and developmental processes. However, mutations 
in proteins that are fundamental to general cellular function 
often result in early embryonic lethality, making it difficult 
to study their roles in later stages of embryonic development. 
Temperature-sensitive alleles marginally alleviate this problem by 
permitting some temporal control of protein activity. However, 
the sensitivity of these alleles to temperature stress is ill-defined 
and there are many genes for which no such alleles exist. Tissue-
specific depletion of proteins via RNA interference under the 
control of the temporally and spatially restricted GAL4/UAS 
system provides a more fine-tuned disruption of protein function, 
but this technique is not rapid or reversible and, for many genes, 
may not provide sufficient depletion of protein levels to cause a 
phenotype.1-3 Thus, the prime approaches to studying cell and 
developmental biology in Drosophila limit the study of many late-
developing embryonic tissues. Therefore, to better understand 
biological mechanisms, we must develop a tool to more precisely 
manipulate protein function in vivo without permanently inhib-
iting cellular function.

Drosophila melanogaster is a powerful model organism to elucidate basic cellular mechanisms of development. Indeed, 
much of our understanding of genetic pathways comes from work in Drosophila. However, mutations in many critical genes 
cause early embryonic lethality; thus, it is difficult to study the role of proteins that are required for early fundamental 
processes during later embryonic stages. We have therefore developed a method to reversibly deliver drugs to internal 
tissues of stage 15–16 Drosophila embryos using a 1:1 combination of D-limonene and heptane (LH). Specifically, delivery 
of Nocodazole was shown to be effective as evidenced by the significant decrease in microtubule density seen in muscle 
cells. Following complete depolymerization of the microtubule cytoskeleton, removing the Nocodazole and washing 
for 10 min was sufficient for the microtubule network to be re-established, indicating that drug delivery is reversible. 
Additionally, the morphology of LH-treated embryos resembled that of untreated controls, and embryo viability post-
treatment with LH was significantly increased compared with previously reported permeabilization techniques. These 
advances in embryo permeabilization provide a means to disrupt protein function in vivo with high temporally specificity, 
bypassing the complications associated with genetic disruptions as they relate to the study of late-stage developmental 
mechanisms.
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Acute and reversible manipulation of cellular function is 
commonly achieved in tissue culture. Drugs can be delivered 
to cultured cells by simply bathing the cells in a solution con-
taining the drug(s) of interest. These drugs can then be subse-
quently removed by exchanging the drug-containing media for 
media lacking the drug. Such approaches have been utilized to 
describe the physical organization of the mitotic spindle and the 
cell migration machinery among other basic cell biological pro-
cesses.4,5 However, while there is much to be gained from these 
studies, cell culture systems cannot recapitulate 3-dimensional 
biological tissues, nor can they simulate the environment gener-
ated by neighboring tissues.

The primary hindrance to using drugs to disrupt protein 
function in Drosophila embryos has been the impermeability 
of the protective eggshell. The eggshell consists of 5 layers: the 
exochorion, the endochorion, the inner chorionic layer, the waxy 
layer, and the innermost vitelline membrane.6 The 3 outer cho-
rionic layers can be easily removed with minimal adverse side 
effects by submerging embryos in 3% sodium hypochlorite (50% 
bleach). However, penetrating both the waxy layer and the vitel-
line membrane without affecting embryo viability is difficult. 
Microinjection techniques can deliver drugs through the vitel-
line membrane without deleterious effects on viability, but these 
methods are time-consuming, require individual manipulation 
of each embryo, only deliver the drug locally, and are irreversible.7 
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protocol, we targeted the microtubule cytoskeleton and assessed 
the effects on microtubules in muscles. Muscle is a well-char-
acterized, mesodermally-derived tissue that undergoes several 
distinct cellular and morphological changes late in embryogen-
esis. Thus, it is an ideal tissue in which to evaluate the delivery 
of drugs to older embryos. Microtubules are an ideal target for 
our assay as they are abundant, easily imaged, and a common 
pharmacological target. To specifically target microtubules, we 
used Nocodazole, an inhibitor of microtubule polymerization, to 
reduce the number of microtubules present. The effectiveness of 
drug delivery was then assessed by fluorescence imaging of both 
microtubules and growing microtubule plus-ends in fixed and 
live embryos, respectively.

Embryo handling
Functional myofibers are formed during late embryonic stages 

14–17 (11–20 h AEL). As such, stage 15–16 embryos (13–16 h 
AEL) were collected using timed lays. Embryos were then sub-
merged in 3% sodium hypochlorite (50% bleach) to remove the 
outer 3 chorionic layers, and subsequently washed with water for 
5 min. Batches of embryos were then incubated with permeabi-
lization solution supplemented with either 66 nM Nocodazole 
in dimethyl sulfoxide (DMSO) or DMSO alone and placed on 
a shaker to remove the waxy layer and penetrate the vitelline 
membrane. After removing the drug and rinsing in phosphate-
buffered saline (PBS) to prevent desiccation, the embryos were 
examined in 1 of 3 ways. First, the total that survived to each 
developmental stage was quantified to assess viability post-
treatment. Second, embryos from each treatment condition were 
used for fixed tissue analysis. Embryos fixed immediately fol-
lowing treatment (0 min after initial rinsing) were examined 
to determine if Nocodazole could be delivered to the embryo. 
Embryos that endured further washes in PBS for 2, 5, 10, or 30 
min after manual drug removal prior to fixation were analyzed 
to determine if, and how quickly, Nocodazole could be removed 
from internal tissues of the embryo. All fixed embryos were 
immunostained with Tropomyosin and α-Tubulin antibodies to 
identify the muscles and determine whether microtubules were 
present in each of the different conditions. Immediately follow-
ing drug treatment, the presence of microtubules indicated that 
Nocodazole was not effectively delivered to the muscles whereas 
the absence of microtubules indicated effective delivery of 
Nocodazole. Finally, a third set of embryos from each treatment 
condition were rinsed in PBS and mounted in halocarbon oil 
on a gas-permeable membrane for time-lapse analysis of ongoing 
microtubule polymerization (Fig. 1; refer to the Materials and 
Methods section for a more detailed description of procedures).

EPS is not sufficient to permeabilize late-stage embryos 
An Embryo Permeabilization Solution (EPS) was recently 

reported that effectively permeabilized early Drosophila embryos.14 
EPS consists of the monoterpene oil, D-limonene, which removes 
the waxy coat around the exterior of the vitelline membrane, and 
two surfactants, Biosoft® and Ninol®. EPS permeabilized early 
embryos up to stage 12 (0–8 h AEL), as evidenced by the uptake 
of dyes in the epidermis.14 However, the ability of EPS to permea-
bilize embryos beyond stage 12 of embryonic development was 
not assessed.

Even with automated injection of multiple embryos simultane-
ously, microinjection methods continue to be labor-intensive and 
insufficient for rapid screening, and they still lack reversibility.8

To overcome these challenges, a method of rendering the 
Drosophila embryo permeable to drug exchange is necessary. 
Such a technique must be optimized to meet several criteria. 
First, the procedure should prepare numerous embryos simulta-
neously to decrease workload and enable rapid screening of novel 
small molecule compounds in vivo. Second, the method must 
deliver drugs to internal tissues. The epithelial cell layer that cov-
ers the Drosophila embryo has a depth of 30 μm that must be 
traversed to reach endodermally- and mesodermally-derived tis-
sues.9 Third, drug delivery must be reversible to facilitate study 
of the mechanisms associated with restoring and maintaining tis-
sue integrity. Finally, to study late-developing tissues, permeabi-
lization techniques must be applicable to older embryos without 
affecting viability, such that both tissue formation in the embryo 
and subsequent physiology at larval and/or adult stages can be 
assessed.

Existing embryo permeabilization protocols address some 
but not all of these criteria. Non-polar organic solvents, such 
as hexane, heptane, and octane have been used to permeabilize 
the vitelline membrane.10-13 However, treatment with these sol-
vents decreased viability, particularly for young embryos.10,12,13 
Alternatively, a combination of D-limonene with added surfac-
tants, referred to as Embryo Permeabilization Solution (EPS), 
was used to permeabilize early embryos (up to stage 12, 0–8 h 
After Egg Laying, AEL) in the absence of alkanes.14 However, 
EPS only permitted the delivery of small molecules to the epi-
dermis. Moreover, embryos between stages 9–12 (4–8 h AEL) 
treated with EPS were less viable than younger embryos treated 
with EPS.14 The minimal depth of penetration and the effects on 
embryo viability render this treatment ineffective for studying 
the development and function of internal tissues at later embry-
onic stages.

Therefore, we have developed a new protocol for deliver-
ing drugs to internal tissues of late-stage Drosophila embryos. 
A solution consisting of equal parts D-limonene and heptane 
(LH) effectively delivers drugs to the developing muscles of 
stage 15–16 embryos (13–16 h AEL) with improved viability 
over previously reported protocols. Furthermore, we can prepare 
embryos in batches, permitting both the analysis of large num-
bers of embryos simultaneously as well as rapid screening of novel 
compounds without the labor-intensive pitfalls of microinjection 
techniques. Finally, we demonstrate that we cannot only deliver 
drugs, but also remove these drugs. Altogether, our protocol 
combines important components of the previously documented 
techniques yet meets the necessary criteria for studying both tis-
sue morphogenesis in late embryogenesis and behavioral function 
during larval and adult stages of development.12,14

Results

Assay design. We aimed to develop a method of delivering drugs 
to internal tissues of late-stage Drosophila embryos to better eluci-
date cellular mechanisms of development in vivo. To develop this 
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network in the muscles (n ≥ 300; Fig. 2C, and E–G). Together, 
these data indicate that the previously described EPS solution is 
not an effective means by which to deliver drugs to the muscles 
of late-stage embryos.

EPS disrupts normal development and compromises viability 
Ideally, the means of drug delivery itself would be benign 

to embryonic development. However, 1:5::EPS:PBS treat-
ment on its own reduces viability to 48% compared with 82% 
for untreated counterparts, suggesting that EPS disrupts nor-
mal development (Fig. 2A). Furthermore, 21% of the embryos 
treated with 1:5::EPS:PBS alone displayed disruptions of the 
stereotypic pattern of repeated hemisegments seen in the muscu-
lature of Drosophila embryos (n ≥ 300; Fig. 2H, compare with 
Fig. 2B). These data suggest that EPS itself causes deleterious 
effects on overall tissue organization. Finally, the larvae that 
hatched post-treatment with 1:5::EPS:PBS were all significantly 
smaller (Fig. 2I) and exhibited reduced motility compared with 
controls by gross examination. Together, these data suggest that 
EPS-mediated drug delivery is limited by both its poor ability to 
deliver drugs to internal tissues and its dramatic effects on organ-
ismal development.

D-limonene is not detrimental to developing embryos but is 
insufficient for embryo permeabilization 

We deconstructed the EPS solution to determine whether 
D-limonene or the surfactants caused the observed develop-
mental defects. We treated embryos with D-limonene alone 
and found that 74% of treated embryos survived to adulthood 
compared with 82% of untreated controls (n ≥ 300; Fig. 3A). 
Additionally, larvae that hatched from embryos treated with 
D-limonene alone resembled controls in both size and gross 

To deliver Nocodazole to stage 15–16 embryos (13–16 h AEL), 
we used a 1:5::EPS:PBS solution for 5 min, conditions previously 
reported to deliver small molecules to Drosophila embryos.14 This 
solution was supplemented with either 66 nM Nocodazole in 
DMSO or DMSO vehicle control for our experiments. As a first 
measure of efficient delivery of Nocodazole to the muscles, we 
assessed viability post-treatment. After applying and removing 
Nocodazole, only 25% of embryos treated with 1:5::EPS:PBS 
for 5 min developed to adulthood compared with 48% of DMSO 
vehicle controls (n ≥ 300; Fig. 2A). Furthermore, a 5 min treat-
ment achieved maximal effects on viability, as 20 and 60 min 
treatments produced similar results. The decline in viability sug-
gested that 1:5::EPS:PBS might be capable of delivering drugs to 
internal tissues of the embryo.

To determine whether Nocodazole was successfully deliv-
ered to the muscle cells in embryos treated with 1:5::EPS:PBS, 
the embryos were fixed and immunostained for α-Tubulin and 
Tropomyosin, and the presence/absence of microtubules in the 
muscle cells was assessed. There was no difference in microtu-
bule density between drug treatments or vehicle controls, indi-
cating that a 5 min treatment of embryos with Nocodazole in 
1:5::EPS:PBS is not sufficient to deliver Nocodazole to the mus-
culature of stage 15–16 embryos (n ≥ 300; Fig. 2B–D, and G).

The Drosophila eggshell becomes sturdier over time.15-17 
Consistent with this notion, embryos between stages 9–11  
(4–6 h AEL) required longer treatments with 1:5::EPS:PBS than 
embryos between stages 4–8 (2–4 h AEL) to achieve comparable 
degrees of permeabilization.14 However, increasing the duration 
of drug treatments in 1:5::EPS:PBS for stage 15–16 embryos 
(13–16 h AEL) up to 60 min did not affect the microtubule 

Figure 1. Embryo treatment procedures. (A) Embryos were harvested in laying pots containing adult flies of the appropriate genotype. (B) Embryos 
were dechorionated in 50% bleach for 4 min. (C) Embryos were then transferred to 1.7 ml eppendorf tubes containing permeabilization solution and 
drug or vehicle, adhered to a platform, and vigorously rotated at 250 rpm for defined lengths of time. (D) Post-treatment, embryos were rinsed in PBS 
before being analyzed in 1 of 3 ways (E–H). (E) After rinsing in PBS, embryos were assessed for viability. The total number that progressed to each 
stage of development was quantified. (F) Alternatively, embryos were further washed in PBS for defined durations prior to fixing the embryos and 
immunostaining for Tropomyosin and α-Tubulin. (G) Immunostained embryos were mounted on glass slides with coverslips and analyzed by confocal 
microscopy. (H) Alternatively, after rinsing with PBS, live embryos were prepared for time-lapse confocal microscopy.
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A combination of D-limonene and heptane maintains sig-
nificant embryo viability post-treatment

We next explored additional D-limonene-based chemi-
cal combinations as a means to deliver drugs to Drosophila 
embryos, focusing on the addition of alkanes because they are 
known to permeabilize the vitelline membrane.10-13,18 Heptane 
was examined because it is less deleterious than other alkanes 
in embryos stage 12 and older (> 8 h AEL).12 Of note, while 
heptane effectively permeabilizes embryos, treatment with hep-
tane alone resulted in embryonic lethality (100%, n ≥ 300). 

motility (data not shown). The improvements in viability 
and larval health indicate that D-limonene does not perturb 
development.

We next tested whether D-limonene was sufficient to 
deliver drugs to the embryonic musculature. Treatment with  
66 nM Nocodazole in D-limonene for up to 20 min did 
not affect the microtubules in the muscle cells (n ≥ 300;  
Fig. 3D and F). These data indicate that D-limonene is not suf-
ficient to deliver drugs to the muscles of late-stage Drosophila 
embryos.

Figure 2. EPS is not sufficient to permeabilize late-stage embryos and is detrimental to normal Drosophila development. (A) Graph of viability of 
1:5::EPS:PBS-treated embryos following washout of either drug or vehicle control (unless otherwise noted). (B, left) Wild-type stage 16 (16 h AEL) 
Drosophila embryo oriented with anterior to the left and dorsal up, immunostained for Tropomyosin to show muscles. Scale bar, 50 μm. (Right) Higher 
magnification of white dashed box outlining 1 hemisegment. Yellow dashed box highlights the 4 Lateral Transverse (LT) muscles within a hemiseg-
ment. Scale bar, 10 μm. (C–F) Stage 16 embryos treated for the indicated length of time with 1:5::EPS:PBS and either DMSO vehicle control or 66 nM 
Nocodazole in DMSO, removed from drug/EPS solution without further washout, immediately fixed, and immunostained with α-Tubulin and Tropo-
myosin antibodies to label the microtubules and the muscle cells, respectively. Arrows indicate selected microtubules near the dorsal poles of the LT 
muscles. Scale bar, 10 μm. (C) Sixty minute treatment with 1:5::EPS:PBS and DMSO vehicle control. (D) Five minute treatment with 1:5::EPS:PBS and 66 
nM Nocodazole in DMSO. (E) Twenty minute treatment with 1:5::EPS:PBS and 66 nM Nocodazole in DMSO. (F) Sixty minute treatment with 1:5::EPS:PBS 
and 66 nM Nocodazole in DMSO. (G) Quantification of immunofluorescence intensity of α-Tubulin detected in each treatment condition shown in (C–
F) over time after the removal of Nocodazole (Note: all 4 data sets fall on top of one another). (H) Stage 16 embryo treated with DMSO vehicle control 
in 1:5::EPS:PBS for 20 min immunostained for Tropomyosin (compare with [B]). Scale bar, 50 μm. (I) Comparison of larval size in L3 wandering larvae.



www.landesbioscience.com	 Fly	 197

using either a 20 or 60 min incubation with LH and Nocodazole 
(data not shown).

Not only is LH-based drug delivery effective, it is also revers-
ible. Following release from Nocodazole inhibition, microtubule 
density gradually increased over time and the microtubule net-
work was completely restored by 10 min after the removal of 
Nocodazole (n ≥ 300; Fig. 3D, E, and H). Specifically, micro-
tubule abundance increased at both 2 and 5 min after removing 
the embryos from Nocodazole. However, at both time points, 
there were still significantly fewer microtubules compared 
with controls. Conversely, at 10 and 30 min after removing 
Nocodazole, the embryos displayed a microtubule network sta-
tistically similar to controls, indicating that the embryos had 
been released from Nocodazole-mediated inhibition of microtu-
bule polymerization. Collectively, these data show that a 20 min 
LH treatment followed by a 10 min wash in PBS is an effective 
means to deliver and remove drugs from batches of late-stage 
Drosophila embryos.

We next assessed whether the effects of Nocodazole and the 
rescue of microtubule polymerization could be observed with 
time-lapse imaging approaches. To identify growing microtu-
bules in vivo, fluorescently tagged EB1 was expressed specifically 
in muscle tissue using the GAL4/UAS system.1 EB1 is a micro-
tubule plus-end tracking protein that preferentially binds to the 
growing ends of microtubules and, therefore, identifies sites of 
microtubule polymerization.20 Thus, embryos carrying the meso-
dermal/muscle driver, twist-Gal4, and UAS-EB1-eYFP trans-
genes were used to address whether microtubule growth could be 
observed in live embryos.21,22

Embryos expressing both Twist-Gal4 and EB1-eYFP were 
treated with 66 nM Nocodazole in LH for 20 min. The LH/
drug solution was subsequently removed, and the embryos were 
prepared for time-lapse imaging. In contrast to fixed analysis, 
our current time-lapse imaging set-up is not amenable to buf-
fer exchange after initial LH/drug removal, thereby slowing the 
speed at which the embryos recover from Nocodazole treatment. 
Thus, longer periods of time elapsed before the release from 
Nocodazole inhibition could be detected via the emergence of 
newly formed microtubules in drug-treated embryos. Therefore, 
differences in microtubule growth were assessed at 30, 50, and 
70 min post-treatment by a number of measures, including EB1 
comet abundance, run length, and speed.

First, we quantified the number of EB1 comets present in each 
treatment condition as a proxy for the number of growing micro-
tubules. At both 30 and 50 min after LH/drug removal, there 
were fewer EB1 comets in Nocodazole-treated embryos compared 
with DMSO vehicle controls (Fig. 4A–C; Vids. S1 and S2). Of 
note, the few EB1 comets detected in drug-treated embryos at 30 
min post-treatment were detected later in the imaging sequence 
compared with control movies. Consistent with recovery of 
microtubule polymerization, at 50 min post Nocodazole treat-
ment, there were more EB1 comets than at 30 min post-treatment 
with Nocodazole. However, there were still fewer comets than in 
control embryos. Furthermore, these comets appeared earlier in 
the imaging sequence and persist throughout the duration of the 
imaging sequence. Finally, no differences were observed between 

Interestingly, many heptane-treated embryos exhibited extreme 
desiccation, which was not observed with D-limonene alone, 
despite that both heptane and D-limonene are organic solvents. 
Hypothesizing that heptane could provide the desired permeabil-
ity while D-limonene could simultaneously prevent dehydration 
and enhance permeability, we tested whether a combination of 
the 2 solvents could deliver drugs to the musculature without 
perturbing development.

We found that 72% of embryos treated with a solution consist-
ing of equal parts D-limonene and heptane (hereafter referred to 
as LH) survived to adulthood compared with 82% of untreated 
embryos (n ≥ 300; Fig. 3A). Importantly, viability of LH-treated 
embryos was similar to D-limonene-treated embryos (74%), 
but much greater than both heptane-treated embryos (0%) and 
1:5::EPS:PBS-treated embryos (48%). Furthermore, 100% of 
LH-treated embryos displayed the stereotypic organization of 
hemisegments in the muscle pattern as seen in untreated embryos 
(n ≥ 300; Fig. 3B, compare with Fig. 2B). Additionally, all the 
larvae that hatched from LH-treated embryos were similar in size 
and motility to untreated controls by gross examination (Fig. 3C). 
Together, these data suggest that LH, like D-limonene alone, is 
not detrimental to organism development and therefore might 
provide a better means of drug delivery over EPS-based methods.

As a first measure of potential drug delivery, we assessed via-
bility post-treatment with Nocodazole in LH. After applying and 
removing Nocodazole, 43% of LH/drug-treated embryos sur-
vived to adulthood compared with 72% of LH/DMSO-treated 
vehicle controls (n ≥ 300; Fig. 3A). These data suggest that, 
although LH is benign to development, it might be sufficient to 
deliver drugs to late-stage embryos.

LH effectively permeabilizes late-stage embryos for drug 
delivery

We next tested whether LH was facilitating the delivery of 
Nocodazole by examining microtubules in the abdominal mus-
culature. Following drug treatment, a decrease in microtubule 
density indicated that Nocodazole was delivered, whereas a dense 
microtubule network indicated that Nocodazole was not deliv-
ered to the muscle cells. To quantify this analysis, we measured 
the immunofluorescence intensity of α-Tubulin immunostain-
ing relative to Tropomyosin immunostaining in each treatment 
condition as previously described.19 Treatment of embryos with 
66 nM Nocodazole in LH for 20 min significantly reduced the 
density of microtubules seen in the muscles in 50–60% of the 
treated batch of embryos, indicating that LH enables effective 
delivery of Nocodazole to the muscles (n ≥ 300; Fig. 3D, E, and 
H). This is a difference that was not observed with any length 
of treatment using EPS-based methods (n ≥ 300; Fig. 2G). 
Importantly, shorter treatment durations previously shown to 
be sufficient to permeabilize younger embryos with other solu-
tions were not effective for late-stage embryos, as we found no 
difference in microtubule density with a 5 min treatment of 
Nocodazole in LH compared with controls (n ≥ 300; Fig. 3G 
and H).14 Furthermore, 20 min incubation of embryos with LH 
and Nocodazole was sufficient to achieve maximal disruption of 
the microtubule network. There was no measurable difference 
between the microtubule density observed post drug treatment 
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Second, we examined EB1 comet run length as a proxy for 
microtubule growth persistence (Fig. 4D). The run length of 
each EB1 comet was decreased relative to controls at both 30 and 
50 min post-treatment in drug-treated embryos; however, longer 

drug-treated and vehicle control embryos at 70 min after treat-
ment, which was indicative of restored microtubule polymeriza-
tion (Fig. 4A–C) and confirmed that LH-based drug delivery is 
reversible.

Figure 3. For figure legend, see page 199.
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provide the framework necessary to support many cellular pro-
cesses in mature cells, yet these same filaments are also required 
to support cell division and cell function early in development. 
Flies carrying null alleles of tubulin are early embryonic lethal 
and, thus, not useful for studying late-stage embryonic develop-
ment.28 To assess the contribution of such proteins with early 
embryonic lethality at later stages of embryonic development, 
the early requirements for these proteins must be fulfilled prior 
to inhibiting their functions. An in vivo permeabilization tech-
nique to deliver drugs to internal tissues to chemically disrupt 
protein function can overcome this difficulty.

We have developed a method of delivering drugs to internal 
tissues, specifically the muscles, in batches of late-stage Drosophila 
embryos. Our approach is a modification of that developed by 
Rand and colleagues, which previously demonstrated a simi-
lar permeabilization strategy for early-stage embryos (up to 8 h 
AEL).14 For late-stage embryos (13–16 h AEL) however, we have 
determined that a 1:1 combination of D-limonene and heptane 
(LH) effectively delivers Nocodazole to the musculature and pre-
vents microtubule polymerization in the muscles in batches of 
stage 15–16 embryos (13–16 h AEL).

Furthermore, this method of drug delivery is reversible. A 
number of measures demonstrate that microtubules regrow 
when embryos are removed from Nocodazole, and reversibility 
is evident in both fixed and time-lapse imaging. Fixed analysis 
shows recovery of the microtubule network by 10 min post-treat-
ment with Nocodazole. Similarly, analysis of EB1 comets in live 
embryos highlights that microtubule polymerization resumes 
after release from Nocodazole inhibition with our method. 
Both the number and run length of EB1 comets increase fol-
lowing treatment until they reach control values. Notably, the 
number of EB1 comets increases more rapidly than run length, 
which is evident both numerically and pictorially with track-
ing software. These data agree with reports that microtubule 
nucleation can occur in the presence of low concentrations of 
Nocodazole, but complete escape from Nocodazole inhibition 
is necessary for sustained microtubule growth to be observed.29 
Importantly, despite differences in EB1 comet abundance and 
persistence, the speed of the comets was indistinguishable from 
controls at any experimental time point. Together, these data 
suggest that microtubule polymerization is not adversely com-
promised by our drug delivery method and provide further evi-
dence that the experimental system can be restored to control 
levels following the application and removal of drugs via our 
protocol.

run lengths were recorded at 50 min compared with 30 min  
post-treatment with Nocodazole. By 70 min post-treatment, 
run length was similar to controls (Fig. 4A, B, and D). These 
data further indicate that treated embryos trend toward recovery 
following the removal of Nocodazole using our LH-based drug 
delivery method.

Third, we measured EB1 comet speed as a proxy for micro-
tubule growth rate (Fig. 4E). Unlike the number of comets and 
comet run length, there was no difference in the speed of travel-
ing EB1 comets at any time point in either treatment condition. 
These data suggest that the processes governing microtubule 
growth are not grossly compromised following Nocodazole treat-
ment and washout. Moreover, these data provide further evidence 
that LH-based drug delivery and removal does not adversely 
affect embryo health.

Finally, we measured the width of the center portion of the 
Lateral Transverse (LT) muscles because this region of the mus-
cles appeared to be compromised in Nocodazole-treated embryos 
(Fig. 4F). In vehicle control embryos, the muscles were robust 
and uniformly shaped at each time point assessed. Conversely, 
Nocodazole-treated embryos at 30 min post-treatment resembled 
a barbell shape, whereby the cell membrane appeared to collapse 
in the center portion of the LT muscles that is devoid of nuclei. 
Over time, the width of the center portion of the LT muscles 
in drug-treated embryos expanded, resembling the more robust 
nature of vehicle control-treated embryos. The initial collapse 
in Nocodazole-treated embryos and subsequent expansion seen 
in those embryos released from Nocodazole inhibition reinforce 
that an intact microtubule network is required to maintain over-
all muscle cell shape, as shown to be true for many other cell 
types.23-27 While this is an intriguing aspect of muscle biology to 
address in future work, this observation taken together with all 
the data presented herein highlight that LH-based drug delivery 
is both effective and reversible.

Discussion

Drosophila melanogaster have been used to study the genetics gov-
erning growth, development, behavior, and homeostasis for over 
100 years, and much of what we know regarding mammalian 
development was first described in the fly. However, it is difficult 
to study late embryonic processes by traditional methods, as null 
or hypomorphic mutations in genes that encode proteins that are 
fundamental to cell function result in early embryonic lethal-
ity. For example, cytoskeletal filaments such as microtubules 

Figure 3 (see previous page_. LH treatment efficiently delivers drugs to the mesoderm and does not adversely affect normal Drosophila develop-
ment. (A) Graph of viability of D-limonene- or LH-treated embryos following washout of either drug or vehicle control (unless otherwise noted). (B) 
Stage 16 (16 h AEL) embryo treated with DMSO vehicle control in LH for 20 min immunostained for Tropomyosin (compare with Fig. 2B). Scale bar, 50 
μm. (C) Comparison of larval size in L3 wandering larvae. (D–G) Embryos treated with LH or D-limonene and either DMSO vehicle control or 66 nM 
Nocodazole in DMSO, washed for the indicated length of time after drug/vehicle removal, fixed, and immunostained with α-Tubulin and Tropomyosin 
antibodies to label the microtubules and the muscle cells, respectively. Arrows indicate selected microtubules near the dorsal poles of LT muscles. 
Scale bar, 10 μm. (D) Twenty minute treatment with LH and DMSO vehicle control. (E) Twenty minute treatment with LH and 66 nM Nocodazole in 
DMSO. (F) Twenty minute treatment with D-limonene and 66 nM Nocodazole in DMSO. (G) Five minute treatment with LH and 66 nM Nocodazole in 
DMSO. (H) Quantification of immunofluorescence intensity of α-Tubulin detected in each treatment condition shown in (D–G) over time after removal 
of Nocodazole. n.s., not significant. ** indicates p < 0.01 (Note: the LH 20 min + DMSO, D-limonene 20 min + Nocod, and LH 5 min + Nocod data sets 
largely fall on top of one another).
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observations suggest that an intact microtubule network is 
required to maintain the overall morphology of the muscle cells 
at this point in development, as seen in many other cell types.23-27 
Taken together, our data emphasize the utility of this protocol 
to study the cellular mechanisms underlying the morphogenesis 

Additionally, this method allows us to further investigate 
aspects of muscle cell biology. Elimination of the microtubules 
with drug treatments led to reductions in LT muscle width. This 
reduction was ameliorated upon removal of Nocodazole and 
correlated with the return of the microtubule network. These 

Figure 4. For figure legend, see page 201.
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lay. Embryos were then aged for an additional 14 h, and subse-
quently dechorionated in 3% sodium hypochlorite (50% bleach) 
for 4 min. Dechorionated embryos were washed with copious 
amounts water to remove excess bleach remnants. Embryos were 
then transferred to 1.7 mL eppendorf tubes containing 1.3 mL of 
permeabilization solution with either 2.6 μl dimethyl sulfoxide 
(DMSO) vehicle only (control) or 2.6 μl of 33 μM Nocodazole 
(Sigma, M1404, 31430–18–9) diluted in DMSO, bringing 
the total treatment concentration to 66 nM Nocodazole in a 
0.2% DMSO solution. In the present study, 2 different per-
meabilization solutions were tested: a 1:5 dilution of Embryo 
Permeabilization Solution (EPS) in PBS (Roche, 11666789001) 
as described previously,14 and a 1:1 solution of LH, consisting 
of equal parts D-limonene (Histoclear®, National Diagnostics, 
HS-200, 95–100% pure D-limonene) and heptane. Embryos 
submerged in permeabilization solution with and without drug 
were placed on a rotating platform and shaken at 250 rpm for the 
indicated lengths of time at room temperature. Post-treatment, 
permeabilization solution and drug mixtures were removed 
from the embryos, and the embryos were rinsed 3 times in PBS 
(Roche, 11666789001) with vigorous shaking by hand.

Immunohistochemistry and fixed analysis
Treated and rinsed embryos were either fixed immediately 

without rinsing in PBS (time point 0 min post-treatment), or 
washed in PBS for defined lengths of time post-treatment (2, 5, 
10, or 30 min, as indicated) prior to fixing. In all cases, embryos 
were fixed with 4% EM-grade paraformaldehyde (Polysciences, 
00380) diluted in PBS (Roche, 11666789001) and an equal 
volume of heptane. In all cases, embryos were devitellinized by 
vortexing in a 1:1 solution of methanol and heptane. Embryos 
were mounted in ProLong Gold (Invitrogen) for fluorescent 
immunostainings. Antibodies with high levels of non-specific 
background staining (either noted from previous experience in 
the laboratory setting or by the company’s product sheet) were 
preabsorbed before use: OregonR embryos were incubated with 
the antibody to absorb any particulates in the antibody solution 
that may contribute to non-specific binding. These OregonR 
embryos were then discarded and the antibody solutions used 
on those embryos were saved, said to be “preabsorbed,” and later 
used again in experiments, in which less non-specific background 
staining was often observed. Antibodies were preabsorbed 
where noted (PA) and used at the following final dilutions: rat 

and maturation of tissues in the late embryo that are difficult to 
study with traditional Drosophila genetics.

Embryo viability post-treatment was also a major consider-
ation. Embryos treated with LH achieve a stereotypic tissue 
organization as seen in wild-type controls, develop into larvae 
of comparable size and motility of untreated counterparts, and 
have similar viability to adulthood compared with untreated 
controls. These features of LH-based drug delivery methods per-
mit the study of both embryonic tissue formation as well as the 
physiological impact of embryonic drug treatments at later larval, 
pupal, or adult stages of development.

In sum, our drug delivery protocol circumvents the challenges 
that maternal and zygotic nulls present for studies of late-stage 
embryonic development. This protocol extends recent advances 
in batch-based permeabilization approaches and stands as a 
significant improvement over the time-consuming and techni-
cally challenging methods of microinjection previously used to 
deliver drugs to internal tissues. Unlike irreversible microinjec-
tion techniques, which require individual manipulation of single 
embryos, we deliver drugs to numerous embryos simultaneously 
in a reversible manner. These advances drastically increase sam-
ple size as well as provide much-needed temporal control over the 
experimental system. Furthermore, this technically straightfor-
ward approach will facilitate the routine use of drug treatments 
in the developing Drosophila embryo. Future studies will focus 
on both the use of this protocol in embryos at different stages of 
development and the effective delivery of other small molecules. 
Overall, our protocol provides a practical means for chemical dis-
ruption of many aspects of late embryonic development thereby 
permitting the study of cell and developmental processes in vivo.

Materials and Methods

Drosophila genetics. Stocks were grown under standard condi-
tions. Stocks used were apME-NLS::dsRed,30 twist-Gal4,21 and 
UAS-EB1-eYFP.22 apME-NLS::dsRed flies were used to evalu-
ate drug treatments using fixed imaging. Twist-Gal4 flies were 
crossed to flies carrying UAS-EB1-eYFP to detect growing micro-
tubule plus-ends in time-lapse imaging analysis.

Drug treatments
Embryos were collected at 25°C on lightly yeasted apple 

juice agar plates using timed lays: 1 h pre-lay, followed by a 2 h 

Figure 4 (see previous page). Restoration of the microtubule network can be observed in LH-treated embryos using time-lapse imaging. (A and B, 
left panel of each triplet) Still frames from Z-projections of 5 min movies taken of live embryos expressing EB1-eYFP at each of 3 time points: 30, 50, and 
70 min post-treatment with LH for 20 min. Arrows highlight selected EB1 comets. Scale bar, 10 μm. Yellow boxes denote the region of muscle used to 
follow single EB1 comets over time, pseudocolored in the adjacent image. Red boxes indicate the region of the muscle used to monitor multiple EB1 
comets traveling over time through a single Z-plane from within the LT muscle only, generating the adjoining image to the right. (Middle panel of each 
triplet) High magnification image sequences of traveling EB1 comets summed, pseudocolored according to time, and merged into one image. Red 
highlights the location of EB1-eYFP in frames 1–3 of the movie, green corresponds to frames 4–6, and blue identifies frames 7–9. Solid arrows denote 
the beginning of a comet, and open carets follow the path of the comet. Asterisks identify regions where all three colors are present in the same loca-
tion, indicating the absence of EB1 comets. Scale bar, 1 μm. (Right panel of each triplet) Paths of traveling EB1 comets followed over time with Imaris 
tracking software. Purple tracks were recorded near the beginning of each movie. Yellow-white tracks were recorded toward the end of each movie. (A) 
DMSO vehicle controls in LH with defined EB1 comets. (B) LH supplemented with 66 nM Nocodazole in DMSO, showing little evidence of EB1 comets 
until 50–70 min post-treatment. (C) Quantification of the number of EB1 comets detected within the muscles in each treatment condition, indicating 
the number of growing microtubules. (D) Quantification of the run length of EB1 comets in each treatment condition, indicating the persistence of 
individual growing microtubules. (E) Quantification of EB1 comet speed in each treatment condition, indicating the rate of microtubule polymerization. 
(F) Quantification of the width of the center portion of the LT muscles in each treatment condition. For (C–F): n.s., not significant; ** indicates p < 0.01.
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that passed through a 100 μm3 defined volume per minute. For 
each time point and treatment, 3 volumes (1 at each of the dor-
sal and ventral poles of the LT muscle, and one centrally located 
in the middle of the dorsal-ventral axis of the LT muscle) within 
all 4 LT muscles in 2 hemisegments in each of 3 embryos were 
assessed. EB1 comet run length was determined by measuring 
the distance between the start and end points of a comet’s path 
using the Line Function in ImageJ software (NIH). At least 
10 comets were assessed in each defined volume, and a total of 
at least 200 comets were analyzed for each time point in each 
treatment. EB1 comet speed was determined by considering the 
comet run length over the length of time the comet persisted. 
Muscle width was determined by using the Line Function in 
ImageJ (NIH) to measure the distance from 1 edge of the 
myofiber to the other along the anterior-posterior axis of the 
middle region of the myofiber along the dorsal-ventral axis. For 
muscle width, all 4 LT muscles in two hemisegments in each of 
3 embryos were measured. The Student t-test was used to com-
pare each experimental condition to control. Statistical analysis 
was performed with Prism 6.0.

Viability assays
Embryos were collected at 25°C on yeasted apple juice agar 

plates using timed lays: 1 h pre-lay period, followed by a 2 h 
lay. Embryos were then aged for an additional 14 h. Stage 15–16 
embryos (13–16 h AEL) were selected and dechorionated in 3% 
sodium hypochlorite (50% bleach) for 4 min. Dechorionated 
embryos were rinsed with water to remove excess bleach rem-
nants. Embryos were then subjected to drug or vehicle treatment 
with the permeabilization solution of interest and placed on 
lightly yeasted apple juice agar plates. A small amount of halocar-
bon oil (just enough to cover the embryos) was added to prevent 
desiccation. Embryos were quantified and raised at 22 °C over-
night. The following day, L1 larvae were counted and transferred 
to vials of standard fly food at 22 °C. Eight to twelve days later, 
the number of pupal cases and adults present in the vials were 
counted. For each viability assay, at least 100 embryos were ana-
lyzed in 3 independent experiments per treatment condition. All 
values were normalized to 100%.
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anti-Tropomyosin (PA, 1:500, Abcam, ab50567), and mouse 
anti-α-Tubulin (1:500, Sigma, T9026). We also used Alexa Fluor 
488-, Alexa Fluor 555-, and Alexa Fluor 647-conjugated fluores-
cent secondary antibodies (1:200) for fluorescent immunostains 
(all Invitrogen). Fluorescence images were acquired on a Leica 
SP5 laser-scanning confocal microscope equipped with a 63X 1.4 
NA HCX PL Apochromat oil objective and LAS AF 2.2 software. 
Images were processed using Adobe Photoshop CS4. Maximum 
intensity projections of confocal z-stacks were rendered using 
Volocity Visualization 5.4 software (Improvision). To determine 
the average immunofluorescence intensity, the Measure Average 
Intensity Function in ImageJ (NIH) was performed on the distal 
3 μm at both the dorsal and ventral poles of the Lateral Transverse 
(LT) myofibers. The intensity of α-Tubulin immunostaining was 
standardized against the intensity of Tropomyosin immunostain-
ing to control for sample variation. For each treatment condition, 
all 4 LT muscles were measured in 3 hemisegments from each of  
5 embryos. The Student t-test was used to compare each experi-
mental condition to control. Statistical analysis was performed 
with Prism 6.0.

Time-lapse imaging and analysis
Treated and rinsed embryos were mounted on a gas perme-

able membrane in halocarbon oil (Halocarbon Oil Products 
Corp., Series 700, 9002-83-9) and imaged on a Zeiss LSM 
700 laser-scanning confocal microscope equipped with 40X 1.4 
NA Plan-Apochromat oil DIC M27 objective and ZEN soft-
ware. EB1 comets were imaged within relatively flat portions 
of the LT muscles such that z-stacks through the entire depth 
of the muscle could be acquired at a rate of 5 sec. EB1-eYFP 
was imaged over 5 min at each of 3 time points: 30, 50, and 
70 min post-treatment. For each time point and treatment con-
dition, 20 frames between 0–2 min of the imaging series are 
displayed in Videos S1 and S2. Trajectory images of traveling 
EB1 comets were made by summing three consecutive frames 
and then overlaying those resultant images in a red-green-blue 
pseudocolored sequence using the Merge Function in ImageJ 
(NIH). Depictions of traveling EB1 comets (“EB1 Tracks”) 
were generated using the Dragontail/“Track Spots” Function 
of Imaris 7.4.2 visualization software using a spot size of 0.5 
μm to detect comets, which were then validated manually. For 
this analysis, a 50 μm2 rectangular area from a single Z-slice 
of 0.25 μm step-size only within the LT muscle was examined 
over time to eliminate interference from EB1 comets traveling 
through underlying longitudinal muscles. EB1 comet quanti-
fications were assessed by counting the number of EB1 comets 
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