
ABSTRACT 

MORCKEL, ALLISON REBECCA. Light Activated Modulation of Protein Activity in 
Living Embryos. (Under the direction of Dr. Nanette Nascone-Yoder). 
 

Small molecule inhibitors are valuable tools for elucidating protein function during 

embryonic development and organogenesis. For example small molecule inhibitors of Rho 

kinase perturb digestive tract elongation in embryos of the frog Xenopus laevis, implicating 

Rho GTPase signaling in the morphogenesis of the primitive gut tube. Although such 

chemical tools are effective for controlling target protein activity over time, achieving spatial 

control over such compounds would be of even greater utility and would facilitate finer 

resolution of the role of target proteins in specific tissues. In this thesis, a methodology for 

achieving light-controlled inhibition of Rho kinase activity was developed. A novel 

photoactivatable derivative of the small molecule Rho kinase inhibitor “Rockout,”was found 

to disrupt signaling in a defined region of living Xenopus embryos in response to exposure to 

ultraviolet light (UV).  By varying the concentration of the caged compound to which the 

embryos are exposed prior to UV exposure, the length of time the embryos are equilibrated in 

the compound, or the length of time the region of interest is exposed to UV light, localized 

rho kinase-dependent defects can be elicited in specific regions of the developing digestive 

tract with minimal non-specific side effects to neighboring tissues. Photoactivatable small 

molecules are therefore convenient tools for light activated modulation of protein activity in 

specific tissues and organs in living embryos.         
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Introduction 

Chemical Genetics 

Chemical genetics, the use of small molecules (carbon-containing compounds of low 

molecular weight, i.e., <500) to examine biological processes, has become a vital tool in 

research. In a standard genetic screen, the phenotypes caused by random mutation of an 

organism identifies individuals with defects in a developmental process and subsequently can 

be used to identify which gene was disrupted to cause the mutant phenotype (Stockwell, 

2000; Kawasumi & Nghiem, 2007). In contrast, in chemical genetic screens exogenous small 

molecules are screened for having a desirable biological activity in biochemical assays, or 

eliciting abnormalities resembling mutant phenotypes in whole organisms, and then the 

cellular protein targets of the small molecule can be identified (Stockwell, 2000; Yeh & 

Crews, 2003; Kawasumi & Nghiem, 2007).  

Small molecules have provided valuable insight into the mechanisms, targets, and 

pathways of endogenous molecules in many organisms.  For example, a high-throughput 

kinase assay identified the organic compound PD 184352 as an inhibitor of MEK1 kinase 

activity (Sebolt-Leopold et al., 1999). The compound was specific for MEK1 in that it did 

not affect the activity of any other kinases tested. Researchers then examined the function of 

MEK1 in the behaviors of colon tumor cells. It was determined that MEK1 plays a role in 

cell cycle progression as well as cell morphology. Moving into the context of a whole 

organism, PD 184352 shrunk the size of colon tumors in mice (Sebolt-Leopold et al., 1999). 

[When researchers attempted to create Mek-1 deficient mice, embryos died early in  
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embryogenesis thus precluding the use of Mek-1 deficient adult mice for studying the role of  

MEK1 in vivo (Giroux et al., 1999)]. In this study, a novel small molecule inhibitor of MEK1 

was invaluable for examining the function of MEK1 in tumor formation in vivo.    

Thus, where classical genetic loss-of-function techniques lack conditionality, cell 

permeable small molecules can be used to study the role of their target proteins with precise 

temporal control in both tissue culture and whole organisms (Stockwell, 2000; Yeh and 

Crews., 2003; Kawasumi et al., 2007; Ouyang et al., 2010); however, even with the increased 

temporal control afforded by small molecules, methods for controlling their spatial activity 

are still limited. Spatial control would allow precise perturbation of protein activity in a 

specific organ or site of the embryo instead of the global perturbation that occurs with 

conventional genetic techniques.     

Light Control of Biologically Active Molecules 

 Light control over biologically active molecules is an excellent way to interrogate 

intracellular mechanisms with both temporal and spatial precision (Mayer and Heckel, 2006; 

Goeldner and Givens, 2005; Goard et al., 2005). Photocaging is one strategy for making 

molecules light-responsive in which a “caging” group is attached to the molecule of interest 

at a site that renders that molecule temporarily inactive. Upon UV irradiation, the caging 

group is relinquished, thus irreversibly returning the molecule of interest to its normal 

biological activity (Young and Deiters, 2007; Goard et al., 2005). A general 

decaging/photoactivation scheme is shown in Figure 1 below:  
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UV light 

decaging + 

Caged (inactive)  
    compound 

Decaged (active)          
     compound 

caging group 

Figure 1. Decaging Scheme. In a general decaging/photoactivation scheme, the “caging group” is 
irreversibly relinquished upon UV irradiation thus rendering the active compound.    

 

Another approach for making light-responsive molecules is the use of photoswitches in 

which the biologically active molecule is switched, reversibly, between active and inactive 

states (Mayer and Heckel, 2006). Upon UV irradiation the molecule is opened to its active 

form, but then returns to its inactive form in the dark or in response to visible light irradiation 

(Givens et al., 1998; Mayer and Heckel, 2006).   

Many types of molecules have been photocaged, or made “light-responsive”, for 

biological applications including small molecules, proteins, and nucleic acids. One of the 

most frequently caged small molecules used to date is ATP (adenosine triphosphate), a 

carrier of chemical energy in living organisms which is involved in many dynamic processes 

such as active transport, muscle contraction, and exocytosis (Goeldner and Givens, 2005; 

Marriott, 1998; Kaplan et al., 1978). Neurotransmitters, such as glutamate and serotonin, 

have been caged as well and used to analyze receptor kinetics and other highly spatially and 

temporally regulated processes (Mayer et al., 2006; Maier et al., 2005; Takaoka et al., 2004; 

Takaoka et al., 2003; Callaway et al., 2002; Pelliccioli et al., 2002; Dorman et al., 2000). Lee 

et al. developed a caged dopamine and used it to investigate the autoinhibitory effect of  
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dopamine concentration on endogenous dopamine synthesis (2002). The Koh lab was one of  

the first groups to use a “caged” small molecule, estradiol, in an inducible gene control 

system (Link et al., 2005; Lin et al., 2002; Cruz et al., 2000).  Dore’s lab created a caged 

variant of anisomycin to inhibit protein expression in cell culture (Goard et al., 2005). Neveu 

and colleagues (2008) have also successfully used a caged retinoic acid in the zebrafish 

embryo.  These studies illustrate that it is possible to incorporate photochemical control in 

cell culture studies and complex organisms to investigate biological processes. 

Various caging groups have been developed to facilitate photochemical control. One 

commonly used caging group, ortho-nitrobenzyl and derivatives (Young and Deiters, 2007; 

Bochet, 2002), is effective but has the disadvantage of forming a harmful byproduct, 

nitrosoaldehyde, upon photoactivation (Mayer et al., 2006; Pelliccioli et al., 2002; Corrie et 

al., 2003). An alternative group, NPP, renders a less harmful nitrostyryl species upon 

photolysis (Mayer et al., 2006; Walbert et al., 2001). Other caging compounds, like 

DMACM, which releases its active compound within nanoseconds of activation (Hagen et 

al., 2003), and pHP (ketoprofen derived caging group) (Conrad II et al., 2000; Zhang et al., 

1999; Park et al., 1997), are based on the coumarin system (Mayer et al., 2006; Takaoka et 

al., 2004; Suzuki et al., 2003; Takaoka et al., 2003; Pelliccioli et al., 2002; Furuta et al., 

1999; Furuta et al., 1998; Adams and Tsien, 1993). Although there are an increasing number 

of effective caging groups, many have not been tested in vivo.    

The photoprotecting group, 6-nitropiperonyloxymethyl (NPOM), is also a novel 

caging group (Lusic et al., 2006; Lusic et al., 2007).  This NPOM compound is useful for  
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caging nitrogen heterocycles, and does not use the carbamate linkage that is typically used in  

other photolabile groups (Berry et al, 2008; Lusic et al, 2007; Lusic et al., 2006). The bulky 

NPOM group is released quickly upon irradiation of ~365nm, a wavelength that has been  

shown to be non-damaging to tissue of  developing zebrafish embryos for minimal lengths of 

time (<12 minutes; Dong et al., 2007) and allows for precise control of activation in which 

natural lighting will not prematurely activate the compound.  

Rho Signaling     

Rho GTPases are important GTP-binding proteins, belonging to the Ras superfamily, 

that play key roles in various mechanisms and cellular processes involved in organ 

morphogenesis and embryonic development (Fritz, 2006; Etienne-Manneville et al., 2002; 

Settleman, 2001).  They are commonly referred to as molecular switches because Rho 

GTPases cycle between a GDP-bound inactive state and a GTP-bound active state (Symons 

et al., 2000). Some of the cell behaviors regulated by Rho GTPases include cell proliferation, 

apoptosis, and motility (Schlessinger et al., 2009; Raftopoulou et al., 2004; Riento et al., 

2003). In addition, Rho GTPases are known to regulate the actin cytoskeleton and 

microtubule networks in motile responses such as phagocytosis and neurite extension 

(Raftopoulou et al., 2004; Riento et al., 2003; Etienne-Manneville et al., 2002; Symons et al., 

2000).  

In the Rho signaling cascade shown below, Rho (in its active GTP bound form) binds 

to the Rho binding domain on Rho Kinase (ROCK).  This opens the kinase’s conformation, 

allowing ROCK to use its catalytic activity to phosphorylate downstream effectors (Amano  
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et al., 2000).  This leads to myosin light chain (MLC) activation, causing cellular shape 

changes, contractility, and movement. ROCKs are protein serine/threonine kinases that play 

numerous roles in development, from cell migration and wound healing to heart disease and 

cancer (Riento et al., 2003; Redowicz, 1999).  

Rho
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Rho kinase (ROCK)

                               

 

 

 

Since ROCKs are involved in the regulation of vital components of development and 

cellular motility, these proteins and inhibitors have become potential targets for novel 

anticancer drugs (Fritz, 2006; Riento et al., 2003).  Several small molecule ROCK inhibitors 

with high specificity have been synthesized and used in multiple cells and organisms to 

elucidate the key roles of Rho GTPase signaling in development and physiological events. 

These inhibitors include Y-27632, H89, fasudil hydrochloride (HA1077), and 3-(4-

pyridyl)indole (Rockout; RO).  Yarrow and colleagues (2005) discovered RO (structure  

 

ROCKOUT; RO( ) 
Rho Kinase Inhibitor 

MLC-Phosphatase

MLC-Kinase
MLC MLC P

Myosin II

Contractile forces

Figure 2. Rho Signalling Cascade. Rho (in its active GTP bound form) binds to the Rho binding 
domain on Rho Kinase (ROCK).  This opens the kinase’s conformation, allowing ROCK to use its 
catalytic activity to phosphorylate downstream effectors (Amano et al., 2000).  This leads to myosin 
light chain (MLC) activation, causing cellular shape changes, contractility, and movement. 
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own above) during a phenotypic screening for cell migration inhibitors (Soderholm et al., 

ediated cellular and molecular mechanisms that direct cell shape, 

 

mice 
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g guts 

s 

 

lecule 

sh

2005). With the known roles of Rho GTPase signaling in cell movement and contractility, 

Rho kinase inhibitors like RO can be pivotal for investigating developmental events in a 

wide range of organisms. 

Gut Morphogenesis 

 Various Rho-m

polarity, and movement are responsible for the development of the gut. The primitive gut

begins as a straight tube then morphs into an elongated and rotated form. Rho GTPase 

signaling appears to play an important role in gut morphogenesis. For example, mutant 

lacking components upstream of Rho signaling showed defects in midgut elongation 

(Cervantes et al., 2009). In another study, ROCK mutant mice exhibited a defect know

omphalocele in which fusion of the body wall fails because the midgut does not return to the

abdomen after elongation, however; difficulties in studying the role of ROCK in gut 

morphogenesis in these mice arise because the mothers inadvertently eat the protrudin

of the afflicted young with the placenta at birth (Shimizu et al., 2005; Thumkeo et al., 2005). 

 Rho/ROCK signaling is also involved in gut morphogenesis in other vertebrates.   It 

has been shown that Xenopus laevis embryos treated globally with RO lack appropriate 

endoderm cell rearrangements and the gut fails to elongate, suggesting that Rho activity i

required for the cell rearrangements that drive gut morphogenesis (Reed et al., 2009). While

genetic mutants and small molecule inhibition have provided valuable insight into the 

mechanisms and signals controlling gut development, localized control over a small mo
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hibitor like RO would help with resolving finer details of cell behaviors during gut 

ire 

 

 hypothesize that a photoactivatable (NPOM-caged) small molecule Rho Kinase Inhibitor 

xperimental Methods

in

morphogenesis. The potential roles of Rho signaling in precise positions along the ent

length of the gut, such as in the formation of concavities versus convexities, or on the left

versus right sides of the asymmetric coils of the gut tube, are unclear.  

 

 I

(cMRO) can be applied to Xenopus laevis embryos to achieve spatial control over ROCK 

activity during gut morphogenesis.   

 

E

Embryo Culture 

Xenopus laevis embryos were obtained using in vitro fertilization (IVF) procedures. Adult 

’s 

 

os 

female Xenopus laevis were injected to target the dorsal lymph sacs with 500-800 units of 

Human Chorionic Gonadotropin (Sigma-Aldrich; 10,000 I.U. per vial reconstituted in 10cc

sterile water). Full ovulation is induced and females are massaged along the sides to extract 

eggs. The eggs are then fertilized with a small piece of a testis (previously removed from a 

Xenopus male and stored in 1X MMR) that is macerated then spread along the surface of the

eggs. The eggs are covered with 0.1X MMR (Modified Marc’s Ringers; Sive et al., 1998) 

media solution and incubated at 16-23ºC until the first cell division. Upon cleavage, embry

were carefully de-jellied of their protective jelly coat using 2% (w/v) L-cysteine pH 7.8-8.0. 

Embryos were staged according to Nieuwkoop and Faber developmental stages (1994).  
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icroinjection 

ing EosFP (gift from F. Oswald, Wacker et al.,2007), was linearized with 

 blue; 

xed 

nd the NPOM-caging group were generous gifts of the 

ere 

d 

 

; 

M

A plasmid encod

Not1 and used to generate synthetic capped EosFP transcripts by in vitro transcription 

(mMESSAGE mMACHINE SP6 kit; Ambion). A fluorescent dextran (dextran, cascade

Invitrogen, D1976; 10, 000 MW; 25 mg/mL in DEPC water) was mixed with EosFP to 

facilitate visualization of the injection solution during microinjections. The RNA was mi

with dextran at a ratio of 1:0.3. To target the gastrointestinal tract tissue, ~0.4ng of EosFP 

mRNA were injected in both the left and right sides of a 2- to 4-cell stage embryo using a 

pressure microinjector (WPI). Embryos with a normal phenotype (~st.37) that expressed 

green fluorescence over the entire gut were chosen for chemical treatment. 

Photoactivation Experiments 

Rockout (RO), MRO, cMRO, a

Deiters lab, NCSU Chemistry (see Results for synthesis scheme). Stocks of compounds w

prepared in DMSO at 20mM and diluted at a range of concentrations from 1μM to 40μM for 

a range of equilibration times (see Results). Additionally, in order to obtain maximum 

solubility of cMRO, N-N-dimethylformamide (DMF) was combined with the compoun

prior to dispensing in the treatment dishes. All experiments were performed in the dark, to

prevent premature photoactivation of the reagents. The general photoactivation experiment 

involved equilibrating Xenopus embryos at a stage before overt gut morphogenesis (st.37-39

Nieuwkoop and Faber, 1994) in 0.1X MMR media containing compound (cMRO or control) 

at 18.5-23ºC. The embryos were then transferred to 0.1X MMR media containing anesthetic  
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% Tricaine methanesulfonate; MS-222; Sigma) for UV irradiation (~365nm) using a Zeiss 

istochemistry 

ched stage 42, embryos were scored, photographed, and some 

l of 

d then 

al Cutting 

d 

inase activity were measured with a Rho Kinase Assay Kit (Cat# CY-1160) 

(5

Lumar Microscope with a 1.2X lens, before being placed in fresh media to develop at 16-

23ºC until scoring at the end stages of gut development (~st.43-45; See Results for more 

details).   

Immunoh

When control embryos rea

were processed for Immunohistochemistry (IHC) using a slightly altered staining protoco

Fagotto and Gumbiner (1998) as previously described (Reed et al., 2009).  Embryos were 

fixed by taking the samples through five four-minute incubations in Dent’s fixative (80% 

methanol, 20% DMSO).  The embryos were then subjected to 3 washes of 1X PBS, 

transferred to 15% sucrose/15% gelatin, incubated at room temperature overnight, an

transferred to 15% sucrose/7.5% gelatin for another overnight incubation at room 

temperature. Embryos were then transferred to embedding medium, O.C.T. (Optim

Temperature) compound, frozen over dry ice and then stored at -80ºC until performance of 

frozen tissue sectioning on a cryostat. Primary antibodies used were anti-β-catenin (Sigma, 

C2206; 1:2,000), and anti-Smooth Muscle Actin (Sigma, A5228; 1:1,000). The Alexa-

conjugated secondary antibodies used were Alexa488 (Invitrogen, A11029; 1:2,000) an

Alexa555 (Invitrogen, A21429; 1:2,000).   

Kinase Assay 

Levels of Rho K

from Cyclex with purified human Rho Kinase II (Cyclex Cat# CY-E1160-1).  The detailed  
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rotocol accompanying the kit was followed using cMRO and RO compounds at 40μM 

 

 

 (LC/MS) 

cts were dissected out of embryos 

o dry 

e 

ic 

esults

p

(plus and minus UV irradiation), and the purified Rho Kinase II diluted 1:20. Each sample

was assayed in triplicate and the average of each group as well as standard deviation within

the group was calculated in Microsoft Excel.   

Liquid Chromatography-Mass Spectometry

Following photoactivation experiments, gastrointestinal tra

at the end stage of gut development (~stage 45-46). Excess liquid was removed before 

adding acetonitrile solvent and crushing up the gut tissue with immediate placement ont

ice. After three cycles of freeze/thaw plus vortex agitation the samples were spun in a 

centrifuge at 14,000 rpm at 4ºC for 10-15 minutes. The clear supernatant (in between th

froth and pellet) was collected and stored at -80ºC.  Samples were processed at the Genom

Sciences Lab (GSL) facility at NCSU (by Dr. Norm Glassbrook), to determine the quantities 

of RO, MRO, and cMRO present by LC-MS analysis.   

 

R

Recently, Deiters et al. (2010) showed that phototactivation of NPOM-caged reagents 

is effective in Xenopus embryos. Therefore, an NPOM-caged version of the commercially 

available Rho Kinase Inhibitor III “Rockout” (RO; Calbiochem, Cat#555553), hereafter 

referred to as “cMRO”, was synthesized (by the laboratory of Alex Deiters, NCSU 

Chemistry).  
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ynthesis of MRO  

s of 3-(pyridin-4-yl)-1H-indole (Rockout; RO; Figure 3 B) was 

accomp

   

 

ynthesis and Decaging of cMRO  

O; Figure 4 C) was synthesized by deprotonating 

with N

S

The synthesi

lished according to the method by Deubel and coworkers (1971). Benzoyl chloride 

was added to pyridine at −20 °C, to form an electrophilic intermediate with pyridine. 

Subsequent addition of indole resulted in a nucleophilic attack by the indole 2-carbon on the 

pyridine ring. The reaction afforded Rockout (RO; Figure 3 B) in 46% yield. RO was then 

transformed into [3-(pyridin-4-yl)-1H-indol-1-yl] methanol (hereafter referred to as “MRO”; 

Figure 3 C) (76% yield) by reacting it with formalin in alkaline ethanolic solution 

(Fraenkelconrat et al., 1947). 

 

formalin, KOH 
EtOH 

 

 

 

S

The caged ROCK inhibitor (cMR

aH in THF at −78 °C, followed by the addition of the caging group 5-[1-

(chloromethoxy)ethyl]-6-nitrobenzo[d][1,3]dioxole (NPOM-Cl; Figure 4 A) . The NPOM- 

 

 

A B C 

 pyridine,  
        benzoyl chloride 

  2M NaOH,
MeOH/H O 2

Figure 3. MRO Synthesis Scheme. The Deiters la nythesized MRO by first adding B oyl 
chloride to pyridine at −20 °C, in order to form an electrophilic intermediate with pyridine. Subsequent 

 was 

b sy enz

addition of indole resulted in a nucleophilic attack by the indole 2-carbon on the pyridine ring. RO
then transformed into [3-(pyridin-4-yl)-1H-indol-1-yl] methanol (hereafter referred to as “MRO”; C) 
by reacting it with formalin in alkaline ethanolic solution 
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aging group (blue structure; see Scheme 3) was installed on the heterocyclic nitrogen 

           

 

he cMRO was tested for decaging at 365 nm UV irradiation. A solution of 0.1 mM 

caged 1

gh shorter 

 

c

previously determined to be important for RO activity (Yarrow et al., 2005). The cMRO 

(Figure 4 C) was obtained in 47% yield. The low yield in formation of cMRO (Figure 4 C) 

matched previous observations in Deiter’s lab during the course of their work with caged 

heterocycles (unpublished data). Deiter’s and colleagues attributed these low yields to side-

reactions occuring at the carbons of the indole ring system (Joule and Mills, 2000; Sundberg, 

1970). However, optimization of reaction conditions for caging of indole derivatives, has not 

yet been undertaken. It is possible that the overall reaction yield could be improved by 

screening different reaction conditions (base, solvent, and temperature). 

 

 

 

T

-{[1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethoxy]methyl}-3-(pyridin-4-yl)-1H-indole 

(cMRO; Figure 5) was irradiated for 15 min using a hand-held UV-lamp (23 W; 

Spectroline). Decaging of cMRO (Figure 5) was monitored by HPLC/MS. Althou

irradiation times might be sufficient, complete decaging was observed for the caged  

 

+ NaH, DMF 

A C B 

Figure 4. cMRO Synthesis Scheme. The ers lab synthesized cMRO by deprotonatin O; B) 
with NaH in THF at −78 °C, followed by the addition of the caging group 5-[1-(chloromethoxy)ethyl]-

g (RDeit

6-nitrobenzo[d][1,3]dioxole (NPOM-Cl; A) .  
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ompound after 15 min of UV irradiation. The cMRO decaged to MRO (Figure 5). 

dditionaly, cMRO also proved stable to hydrolysis at pH 7.4.  

 

ctivity of Caged ROCK Inhibitor is UV-Dependent 

To confirm that cMRO effectively blocks ROCK activity in a light-dependent 

anner, the ability of these compounds to inhibit ROCK activity was tested in an in vitro 

d, upon treatment with RO, ROCK 

activity id not 

ly 

c

A

 

UV light, 365nm 
decaging 

NPOMace  
Caging group 

MRO (active) 

+

cMRO (inactive) 

  

 

 

 

Figure 5. cMRO Decaging Scheme. Upon 365 nm UV light irradiation ,the caging group (shown in 
blue) of cMRO (inactive) is replaced by a proton yielding MRO (active).   

A

m

assay with purified human ROCK (Figure 6). As expecte

 was reduced by ~62% in this assay. In the absence of UV irradiation, cMRO d

affect ROCK activity; however, two minutes UV exposure of the cMRO compound severe

diminished ROCK activity (decreased by 90%) in this assay. These results confirm that 

inhibition of ROCK activity can be controlled in a photoactivatable manner by NPOM 

caging.   
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equ see also Methods, 

“photoactivation experiments”).  For long term exposures (~3days), embryos were 

continu

-4 

 mock 

ing 

 
 

 

 

equ see also Methods, 

“photoactivation experiments”).  For long term exposures (~3days), embryos were 

continu

-4 

 mock 

ing 

Figure 6. ROCK activity is modulated by photoactivation of cMRO.  Solvent, RO, and cMRO were 
UV irradiated (+UV) or mock irradiated (noUV) then added to purified human ROCK at a final 
concentration of 40μM (or equivalent) and ROCK activity was measured (by ELISA) using an in vitro 
Rho-Kinase Assay Kit. Absorbance was measured at 450nm for each sample. Each sample was assayed 
in triplicate then averaged, thus error bars are representative of standard deviation.      

 

To test whether ROCK inhibition can be photoactivated in vivo, embryos were 

ilibrated in the compounds before being exposed to UV light (Figure 7; 

o test whether ROCK inhibition can be photoactivated in vivo, embryos were 

ilibr ted in the compounds before being exposed to UV light (Figure 7; 

 

T

a

ously incubated in the compounds in complete darkness from a stage prior to 

development of the gut (st.37-39) to scoring stage (st. 43-45). For short term exposures, 

embryos were exposed to the compounds in the dark for a set equilibration time (0.5
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positive control groups used were RO and MRO. Appropriate solvent controls were used in 

all experiments.    
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Figure 7: Photoactivation of a caged ROCK inhibitor (cMRO) in Xenopus embryos. For 
photoactivation, embryos were placed in dishes with pre-dispensed MRO or cMRO (or solvent) and 
allowed to equilibrate for short periods of time (or exposed long-term; ~3days). After equilibration, the 
embryos were transferred to culture media, immobilized in anesthetic and irradiated with a fluorescent 
stereomicroscope equipped with a mercury light source and UV (DAPI) filter to limit wavelengths to the 
range of 359-371nm.  Embryos were then cultured for analysis of gut development. Parameters in red were 
optimized for Xenopus.  

It is known that endogenous ROCK activity is required for the undeveloped Xenopus 

gut tube to elongate and rotate into a coiled intestine.  Long term (~72 hours) treatment of the 

entire embryo with RO beginning at stages just prior to gut morphogenesis elicits various 

concentration-dependent defects in gut tube elongation and intestinal rotation (Reed et al.,  
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2009), with the most severe defect being a straightened, non-elongated gut tube (Figure 8A).  

These phenotypes can be easily visualized through the transparent abdomen of the Xenopus 

tadpole (see Figure 8). The degree of localized gut elongation defects was therefore assessed 

as a phenotypic readout of the efficacy of MRO and cMRO in vivo.   

The highest solubility of cMRO in embryo media (0.1X MMR) was empirically 

determined to be 40 μM (data not shown). This concentration was used to assay the efficacy 

of the caged compound in living Xenopus laevis embryos. Long term exposure (~72 hours) to 

40 μM MRO (Figure 8 B) resulted in embryos with non-elongated gut tubes (100%, n= 5) 

confirming that the hydroxymethyl derivative RO that is released upon UV exposure of 

cMRO is absorbed by Xenopus tissues with a similar cell permeability and elicits the same 

phenotype as RO in vivo.  

As expected, exposure of embryos to cMRO in the absence of UV irradiation did not 

result in a gut phenotype (Figure 8E, 0%, n=5); however, exposure to cMRO with 1 minute 

UV exposure resulted in 100% of embryos exhibiting a gut elongation phenotype on the side 

of irradiation (Figure 8F).  This phenotype was not caused by the UV exposure itself since no 

embryos exposed to solvent or MRO alone exhibited a phenotype upon exposure to the same 

dose/duration of UV (Figure 8D; see also Appendix, Figure A1). Importantly, LC-MS 

analyses indicate that, although only cMRO can be detected in embryo extracts kept in the 

dark, approximately equal intraembryonal concentrations of caged (cMRO) to decaged 

(MRO) compound exist in the extracts of embryos exposed to UV, confirming that UV 

exposure releases MRO in vivo.   
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Figure 8. In vivo efficacy of photoactivatable ROCK inhibitor is UV dependent. The phenotype 
elicited upon global ROCK Inhibition is a straightened tube as seen with 40uM RO (A). Long-term 
treatment in 40µM MRO elicits a similar yet less severe straightened gut (B). Control treatments with 
solvent –UV (C) and +UV (D), and short-term treatment with cMRO –UV (E) elicited normal 
phenotypes. Upon UV irradiation, short-term treatment in cMRO (F) induces 100% non-elongated, 
straightened gut tubes. Long-term treatment was approximately 72 hours and short-term treatment was 2 
hours. (n=5 for each condition) 

To confirm that the gut elongation phenotype elicited from cMRO decaging was not due to 

toxicity of the released caging group, embryos were exposed to both the “pre-UV irradiation” 

NPOMalc (alcohol) form of the caging group and the “post-UV irradiation” NPOMace 

(nitroso-acetophenone) form of the caging group (see Figure 9 below; also see Figure 3). 

Neither exposing embryos to caging groups in the medium, nor microinjecting the caging 

groups directly into the embryo, caused abnormalities in the presence or absence of UV  
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(data not shown). Overall, these experiments illustrate that the NPOM-caged ROCK 

inhibitor, cMRO, inhibits ROCK activity in a light-controlled manner both in vitro and in 

vivo.                            

                                 

UV light 

NPOMalc NPOMace 

 

 

Figure 9. NPOM Scheme. Prior to irradiation the NPOM caging group is in its alcohol form NPOMalc 
(alcohol). Upon 365 nm UV light irradiation the caging group is transformed into its NPOMace 
(nitroso-acetophenone) form of the caging group 

 

Activity of Caged-ROCK Inhibitor is UV- and Concentration Dependent 

To determine the minimum/optimal concentration of cMRO necessary to elicit a UV-

dependent ROCK-deficient gut phenotype in vivo, the reagent was tested for short periods of 

time at different concentrations, including 1, 10, 15, and 20 μM. The frequency of gut 

elongation phenotypes increases as the concentration of cMRO increases, reaching 100% at 

15μM (Figure 10), while the solvent and MRO controls had no detectable effect on gut 

morphogenesis at any concentration (data not shown). These results suggest that 15 μM 

cMRO is the optimal concentration necessary to elicit a high frequency of phenotypes upon 

UV irradiation. A concentration of 15μM cMRO was used in all subsequent experiments.  
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 Figure 10. In vivo efficacy of photoactivated cMRO is concentration dependent. To determine the 

optimal concentration of cMRO to induce UV-dependent gut elongation phenotypes, embryos were 
exposed to solvent or 1, 10, 15, or 20 μM MRO or cMRO and either UV irradiated (+UV, 60sec) or 
mock irradiated (noUV). Phenotypes from short term (120min) exposure begin to be observed at 10μM 
while a high (100%) frequency of phenotypes occurs at both 15 and 20μM.  (n=5 for each condition) 

 

 

 

Activity of Caged-ROCK Inhibitor is Dependent on Equilibration Time 

 In order to determine the optimal equilibration time to elicit localized gut defects 

from localized ROCK inhibition, embryos were equilibrated in 15μM compound for different 

lengths of time before UV irradiation, from 60-270 minutes (Figure 11). A minimum 

equilibration time of 120 minutes was required to elicit an observable gut phenotype. At 60 

and 90 minutes of equilibration there are no abnormalities (0%, n=5). At 120 minutes of 

equilibration, 40% “mild” (some gut straightening, none to mild edema; see Figure 11B) and 

40% “severe” (extreme gut straightening, edema; see Figure 11D) gut elongation phenotypes  
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are elicited. At 150, 180, and 210 minutes of equilibration 80% of embryos exhibited severe 

phenotypes with only 10% mild phenotypes (n=5). A peak with 100% severe phenotypes was 

elicited upon 240 and 270 min. of equilibration.  These results suggest that 120-150 minutes 

of equilibration yields a high frequency of ROCK inhibition with a minimal amount of severe 

or secondary defects. An equilibration time of 120 minutes was used in all subsequent 

experiments.  
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Figure 11. In vivo efficacy of photoactivated cMRO is dependent on equilibration time. Embryos 
were equilibrated in 15μM cMRO for 60 (A), 90, 120 (B), 150, 180 (C), 210, 240 (D, E), and 270 
minutes, and then  photoactivated (right side of gastrointestinal tract, A-D) or mock-irradiated (E). (F) 
The frequency and severity of gut elongation phenotypes increases with increasing equilibration time, 
peaking above 210’ (n=5 for each condition). UV irradiation was 60 seconds for all equilibrations.  
 

 

 

 

 

 

 

21



Activity of Caged-ROCK Inhibitor is Dependent on Length of UV Exposure 

 To determine the minimal UV exposure required to elicit the ROCK inhibitory 

activity of cMRO, exposure times of 30, 60, 90, and 120 seconds were tested (Figure 12).  

Mild gut elongation phenotypes were elicited, a frequency of 20%, when irradiated 30 

seconds (Figure 12A). At 60 seconds of UV irradiation (Figure 12B), mild phenotypes 

increased to 40%, with 20% severe phenotypes. At 90 seconds (Figure 12C), 40% were mild 

phenotypes, and 40% were severe phenotypes. Then at 120 seconds of UV irradiation (Figure 

12D), 100% of embryos exhibited severe abnormalities. These results suggest that at least 60 

seconds of UV irradiation elicited an increased frequency of mild phenotypes with a minimal 

frequency of severe phenotypes, suggesting 60 seconds is the optimal time for UV 

irradiation.  A UV exposure time of at least 60 seconds was used in all subsequent 

experiments. 
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          Figure 12. In vivo efficacy of cMRO is dependent on length of UV exposure.  Embryos were 

equilibrated in 15μM cMRO (A-E), and exposed to UV (+UV) for 30 sec (A), 60 sec (B), 90 sec (C), 120 
sec (D), or were mock-irradiated (no UV; E). Between the range of 60-90 seconds UV exposure, a 
mixture of mild and severe phenotypes are elicited, whereas 120 seconds UV exposure elicits 100% 
severe phenotypes. The frequency (F) and severity of abnormal gut elongation phenotypes increases with 
increasing UV exposure time (n=5 for each condition).  

 

 

 

 

Localization of ROCK Inhibition 

 To confirm that the gut defects induced by photoactivation of cMRO correspond to 

the regions of the gut where MRO was released by UV irradiation, embryos were injected 

with a green-to-red photoconvertible fluorescent protein, EosFP, at the 2-4 cell stage 

(Wacker et al., 2007). Prior to UV exposure, this protein labels cells with green fluorescence,  
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which is photoconverted to red fluorescence only in the region exposed to UV irradiation. 

Embryos with green fluorescent cells in the gut tissue (stage 37-39) were exposed to either 

solvent or 15μM cMRO and photoactivated as above (see Methods). In embryos treated with 

solvent alone, the red-orange fluorescence highlights the cells that have rearranged along the 

length of the elongating gut tube by stage 44 (Figure 13A-A’’).  In contrast, the highest red-

orange fluorescence in embryos exposed to cMRO corresponds to the areas with the 

disrupted cell distribution and impaired gut elongation (Figure 13B-B’’and 13C- 13C’’), 

confirming that the regions in which ROCK was inhibited upon photoactivation of cMRO 

are the regions that show the phenotype. Thus, ROCK inhibition can be successfully 

localized in vivo by photoactivation of cMRO, to induce localized phenotypic defects.   
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Figure 13. Irradiated site co-localizes with abnormal cell rearrangements.  Embryos were injected at 
the 2-4 cell stage with EosFP mRNA, encoding a green fluorescent protein that converts to red 
fluorescence upon UV irradiation (~350nm). Injected embryos at stage 37-39 were equilibrated for 120-
180 minutes in solvent(A) or 15µM cMRO (B,C) and UV irradiated for 60 seconds on either the left (B) 
or right (A,C) side. Brightfield (A, B, C), green/red fluorescent overlay images (A’, B’, C’) and red 
fluorescence alone (A’’, B’’, C’’) are shown for each embryo. Red fluorescence indicates the region of 
UV exposure and therefore, the tissue with ROCK inhibited; note the decreased gut elongation and 
disrupted cell rearrangements. Arrows indicate the side of UV irradiation.  

Localized ROCK Inhibition Affects Gut Epithelial Architecture 

 Previous reports showed that ROCK inhibition by RO causes changes in gut cell 

shape and epithelial architecture (Reed et al., 2009).  To confirm that the localized 

phenotypic effect of cMRO is caused by the expected alteration of cellular properties by 

ROCK inhibition, immunohistochemistry was performed on sections of cMRO treated 

embryos with and without UV photoactivation (Figure 14A). In embryos kept in the dark,  
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and thus not subject to ROCK inhibition, the cellular architecture reflects the normal 

polarized columnar epithelium that lines the intestine. In contrast, in photoactivated embryos 

(Figure 8B-C), the side that was UV irradiated corresponds to the side in which cells are 

abnormally rounded, and the cellular architecture is non-polarized and disorganized. 

Importantly, the non-irradiated side maintains the normal polarized columnar epithelium.  

These results confirm that the expected cellular changes caused by ROCK inhibition are 

achieved in a localized manner in response to localized photoactivation of cMRO in vivo.   

     
 
 

 

 

Figure 14. Cellular architecture is locally disrupted by photoactivation of cMRO. Embryos were 
equilibrated for 120-180 min. in 15μM cMRO and mock irradiated (A) or UV irradiated for 60 seconds 
on either the right (B) or left side (C), cultured through gut morphogenesis, fixed, and cryosectioned. 
Sections were immunohistochemically stained to visualize smooth muscle actin (red), βeta-catenin 
(green), and nuclei (DAPI, blue). Arrows indicate the side that was UV irradiated. Epithelial architecture 
was locally perturbed, indicated by *, by photoactivation of cMRO. Images increase in magnification 
from left to right; 10X, 20X, 40X.  
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DISCUSSION 

 Only a limited number of genetic and chemical tools are available to investigate 

complex late stage morphogenetic processes like gut organogenesis. In order to fully 

investigate such processes in living embryos, spatially and temporally controlled loss of 

function strategies are required. While perturbation of signaling components with small 

molecule inhibitors can bypass earlier developmental processes in which the targeted 

signaling pathway is also required, the entire embryo is exposed to the compound increasing 

the risk for pleiotropic deformities or off-target effects. In this thesis, a photoactivatable 

small molecule inhibitor of ROCK activity was developed, and optimal parameters for its use 

in living Xenopus laevis embryos were determined. 

Upon UV irradiation of a NPOM-caged ROCK inhibitor (cMRO), a hydroxymethyl 

derivative (MRO) was released.  Like RO, this novel compound was found to be an effective 

inhibitor of ROCK both in vitro and in vivo. Although optimal photoactivation parameters for 

interrogating gut morphogenesis with cMRO were identified herein, each parameter 

(equilibration time, UV exposure, concentration of caged compound) can be adjusted 

independently, if necessary, for studying alternate organs or tissues at different stages of 

development. It should be noted that, although only a brief (2 hr) equilibration is required to 

elicit desired UV-dependent phenotypic effects in the developing gut tube, cMRO appears to 

be slightly unstable in the absence of irradiation, causing mild gut defects in embryos 

exposed to the caged compound at high concentrations (40μM) over long periods of time  
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(~3 days; data not shown).  Photoactivation of embryos exposed to high concentrations of 

cMRO can also cause additional developmental defects, such as edema. These effects may 

result from other processes such as angiogenesis being specifically disrupted by ROCK 

inhibition (Fischer et al., 2009), or may be the result of off-target activity. For these reasons, 

the caged compound should only be used at minimal concentrations and equilibration times 

to achieve light-dependent phenotypic outcomes. 

Although exposure to cMRO for as little as two hours is sufficient to elicit an 

obvious phenotype upon UV exposure, similar exposure to the active uncaged compound 

(MRO) itself for the same equilibration time does not induce any abnormalities (see 

Appendix, Figure A2). This seemingly paradoxical result suggests that the hydroxymethyl 

group on MRO may result in decreased cell permeability compared to RO, while the 

NPOM-caging group may actually allow the MRO to diffuse into the embryonic cells more 

easily. Upon irradiation, the now decaged MRO compound is released in vivo, and thus 

returned to its less permeable form, effectively trapping MRO-mediated ROCK inhibitory 

activity inside the irradiated cells, where it elicits severe effects.  Indeed, this hypothesis is 

supported by LC-MS data which indicates that under the same conditions almost three-fold 

more cMRO diffuses into the embryo than MRO (~45μM cMRO vs. ~14μM MRO).   

This study shows that the use of light-responsive molecules such as cMRO can be a 

powerful method of modulating and analyzing developmental processes in Xenopus embryos.  

In addition to confirming the applicability of caged compounds in living embryos, this study 

illustrates how the UV light source from a standard fluorescent stereomicroscope can be used  
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as a decaging system to make photoregulation less expensive and more widely accessible to 

the average developmental biology lab. In the future, cMRO can be used to achieve more 

precise ROCK perturbation along the length of the gut tube, in specific populations of 

gastrulating cells, or in other Rho-dependent developmental processes in Xenopus embryos.  

Of course, the use of cMRO or other photocaged inhibitors is not restricted to use in 

Xenopus species; this technique is generally applicable to other embryos and tissues, as well 

as in defined populations of cultured cells.   
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Short-term treatment with MRO 
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Objective

The objective of this experimental group was to control for effects from UV exposure and 

compound interactions.  

 

Methods

Embryos were cultured to st.37-39 then treated in 40µM MRO short-term (2 hours) before 

being UV irradiated (+UV) for 60 seconds or mock irradiated (no UV). Then embryos were 

incubated in fresh 0.1X MMR at 18.5-23ºC in the dark until scoring stage (st.43-45). 

 

Results and Discussion  

Although exposure to cMRO for 2 hrs is sufficient to elicit an obvious phenotype upon UV 

exposure, similar exposure to the active uncaged compound (MRO) itself for 2 hrs does not 

induce any abnormalities with or without exposure to UV irradiation. This is comparable to 

what is seen with short-term treatment in RO.  

 

 

 

 

 

 

 

 

 



 

 

                                   

 

 

 

                                 

 
Figure A1. Short-term equilibration with MRO does not perturb gut development in 
Xenopus embryos. As additional negative controls, embryos were also treated short-term 
(2 hours) with 40µM MRO and either mock irradiated (–UV; A) or UV irradiated (+UV; 
B). Both groups elicited all normal phenotypes (100%). (n=5 for both UV conditions) 
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Appendix 2. 

 

 

 

 

 

 

 

 

Long-term treatment with cMRO 

 

 

 

 

 

 

 

 

 

 

 

 



 40

 

Objective

The objective of this experiment was to determine the long-term effect of cMRO treatment 

on Xenopus embryos. 

 

Methods

Embryos were treated long-term (~3days) with cMRO at 1, 10, 15, 20 µM starting at a stage 

prior to gut development (st.37/38).  The compound was dispensed into 0.1X MMR prior to 

adding embryos and then incubated at 18.5-23ºC in the dark until scoring stage (st.43-45).  

 

Results and Discussion

With long-term exposure to cMRO, 20µM elicited 100% elongation defects as was seen with 

40µM treatment. Long-term exposure at lower concentrations, however, did not elicit any gut 

defects (Figure A2), nor did long-term exposure to solvent or MRO. These results indicate 

long-term instability of cMRO at concentrations of 20µM or higher.  
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Figure A2. cMRO is unstable over long periods of time. To determine the optimal concentration of 
cMRO to induce UV-dependent gut phenotypes, embryos were exposed long-term (~72 hours) to 
solvent or 1, 10, 15, or 20µM MRO or cMRO and were kept in the dark. Phenotypes from long-term 
exposure are minimal at 15µM but increase to 100% abnormal gut elongation phenotypes with an 
increase in concentration to 20µM. This suggests instability of cMRO at high concentrations 
(>15µM) and long-term exposure. (n=5 for each condition) 

 

 

 

 

 

 

 

 

 

 41


	ABSTRACT ARMThesis 04_28_11.pdf
	DEDICATION thesis 04-28-11.pdf
	Part1MAINBODYARM Thesis 04-28-11.pdf
	last bodyARM Thesis 04-29-11.pdf
	REFERENCES Thesis ARM 04-29-11.pdf
	Appendices Thesis ARM 04-29-11.pdf

