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SUMMARY:  21 
Proliferation is a critical part of cellular function, and a common readout used to assess potential 22 
toxicity of new drugs. Measuring proliferation is, therefore, a frequently used assay in cell 23 
biology. Here we present a simple, versatile method of measuring proliferation that can be used 24 
in adherent and non-adherent cells. 25 
 26 
ABSTRACT:  27 
The ability of a cell to proliferate is integral to the normal function of most cells, and dysregulation 28 
of proliferation is at the heart of many disease processes. For these reasons, measuring 29 
proliferation is a common tool used to assess cell function. Cell proliferation can be measured 30 
simply by counting; however, this is an indirect means of measuring proliferation. One common 31 
means of directly detecting cells preparing to divide is by incorporation of labeled nucleoside 32 
analogs. These include the radioactive nucleoside analog 3H-thymidine plus non-radioactive 33 
nucleoside analogs such as 5-bromo-2’ deoxyuridine (BrdU) and 5-ethynyl-2′-deoxyuridine (EdU). 34 
Incorporation of EdU is detected by click chemistry, which has several advantages when 35 
compared to BrdU. In this report, we provide a protocol for measuring proliferation by the 36 
incorporation of EdU. This protocol includes options for various readouts, along with the 37 
advantages and disadvantages of each. We also discuss places where the protocol can be 38 
optimized or altered to meet the specific needs of the experiment planned. Finally, we touch on 39 
the ways that this basic protocol can be modified for measuring other cell metabolites.  40 
 41 
INTRODUCTION:  42 
Proliferation is a critical part of cellular function1,2. Control of proliferation influences normal 43 
processes such as development, and pathologic processes such as cancer and cardiovascular 44 
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disease. Hyperplastic growth of vascular smooth muscle cells, for example, is thought to be a 45 
precursor to atherosclerosis3. Changes in cell proliferation are also used to assess potential 46 
toxicity of new drugs. Given its widespread impact, measuring proliferation is a mainstay of many 47 
cell biology-based laboratories. 48 
 49 
Cell proliferation can be measured by simply counting cells if the cell population of interest 50 
divides fairly rapidly. For slower growing cells, cell counts may be less sensitive. Proliferation is 51 
often measured by incorporation of labeled nucleoside analogs. Although the gold standard is 52 
3H-thymidine incorporation, many laboratories are getting away from this method given the 53 
availability of newer, non-radioactive alternatives. These include cytoplasmic fluorescent dyes, 54 
detection of cell cycle associated proteins, and incorporation of non-radioactive nucleoside 55 
analogs such as 5-bromo-2’ deoxyuridine (BrdU) and 5-ethynyl-2′-deoxyuridine (EdU)4. 56 
 57 
Cytoplasmic dyes, such as carboxyfluorescein diacetate succinimidyl ester (CFSE), detect 58 
proliferation because the intensity of the dye halves each time the cell divides5. This technique is 59 
commonly used in flow cytometry for non-adherent cells. It has not been used much for adherent 60 
cells, but with the new generation of imaging plate readers this may change. Detection of cell 61 
cycle associated proteins through antibody-based techniques (flow cytometry, 62 
immunohistochemistry, etc.) is often used for tissues or non-adherent cells. These cells/tissues 63 
must be fixed and permeabilized prior to staining. Nucleoside analogs BrdU and EdU are similar 64 
in approach to 3H-thymidine, but without the inconvenience of radioactivity. Incorporation of 65 
BrdU is detected by anti-BrdU antibodies, and therefore cells must be fixed and permeabilized 66 
prior to staining. In addition, cells must be treated with DNase to expose the BrdU epitope. 67 
 68 
Incorporation of EdU is detected by click chemistry, in which alkyne and azide groups “click” 69 
together in the presence of catalytic copper. Either group can serve as the biosynthetically 70 
incorporated molecule or detection molecule4. Commercially available nucleoside analogs have 71 
the alkyne group attached. For proliferation assays, therefore, the alkyne functionalized 72 
nucleoside analog is detected by an azide conjugated to a fluorescent dye or other marker. 73 
Incorporation of EdU has several advantages over BrdU. First, because alkyne and azide groups 74 
are not found in mammalian cells, this interaction is highly specific with a low background6. 75 
Because both groups are small, cells do not need to undergo DNA denaturation to expose the 76 
nucleoside analog as required for BrdU7. Finally, click chemistry is highly versatile, and can be 77 
used for the metabolic labeling of DNA, RNA, protein, fatty acids, and carbohydrates8,9,10,11. If the 78 
metabolically labeled target of interest is on the cell surface, live cells can be labeled12. In 79 
addition, cells can be further processed for immunofluorescent staining with antibodies. 80 
 81 
The following protocol describes the use of EdU incorporation and click chemistry to measure 82 
proliferation in human vascular smooth muscle cells (Figure 1). We show three different ways 83 
incorporation of EdU can be measured, representative results from each, and their advantages 84 
and disadvantages. Measuring proliferation via click chemistry is particularly useful for adherent, 85 
slower growing cells. In addition, the morphology of the cell is well maintained and antibody-86 
based staining can also be performed. 87 
 88 



   

PROTOCOL: 89 
 90 
1. Detection of EdU using fluorescent label 91 
 92 
1.1. Stock solutions 93 
 94 
1.1.1. Prepare a 5 mM EdU stock solution by adding 12.5 mg of EdU to 10 mL of double distilled 95 
H2O. 96 
 97 
1.1.2. Prepare the labeling solution components: 200 mM tris(3-98 
hydroxypropyltriazolylmethyl)amine (THPTA) (100 mg in 1.15 mL H2O), 100 mM CuSO4 (15.95 mg 99 
in 1 mL H2O; make fresh), 10 mM Cy3 picolyl-azide (1 mg in 95.3 mL H2O, stored in 5 µL aliquots 100 
at -20 °C), and 1 M sodium ascorbate (200 mg in 1 mL H2O; make fresh). 101 
 102 
1.1.3. Prepare resazurin stock solution at a concentration of 0.15 mg/mL. Filter sterilize and store 103 
1 mL aliquots at 4 °C. 104 
 105 
NOTE: Picolyl azide is available conjugated to several different fluors, biotin, and horseradish 106 
peroxidase (HRP).  107 
 108 
1.2. Label vascular smooth muscle cells (VSMC) with EdU. 109 
 110 
NOTE: Human VSMCs were isolated from iliac arteries via outgrowth from explanted pieces of 111 
tissue. When grown in serum free media with insulin, transferrin, selenium these cells express 112 
VSMC markers smoothelin, smooth muscle myosin heavy chain (SM-MHC) and SMC αactin13. 113 
 114 
1.2.1. Plate vascular smooth muscle cells at 2 x 104/mL in Dulbecco’s modified Eagle’s medium 115 
(DMEM) in a 96 well plate.  116 
 117 
NOTE: Cells are grown at 37 °C in smooth muscle cell media with 2% fetal bovine serum. 118 
 119 
1.2.2. (Optional) Allow several hours to overnight for adherence. Add 20 µL resazurin stock to 120 
each well. Incubate at 37 °C for 3 h. Read the fluorescence signal in a plate reader (560ex, 594em). 121 
Replace media with fresh DMEM. 122 
 123 
NOTE: This step is optional. Resazurin is used to normalize cell numbers and account for well-to-124 
well variability in plating14. 125 
 126 
1.2.3. Add phosphate buffered saline (PBS) or platelet derived growth factor (PDGF) 30 ng/mL to 127 
3−6 wells per treatment at the beginning of the culture period and incubate for 72 h. 128 
 129 
1.2.4. Dilute 5 mM EdU stock to 1 mM. Add 2 µL to each well (final concentration 20 µM) for the 130 
last 24 h of the 72 h culture period. Do not add EdU to one set of replicates. These wells will be 131 
used to determine background fluorescence/luminescence. 132 



   

 133 
NOTE: The duration of culture and labeling with EdU is optimized for smooth muscle cells but 134 
may need to be modified per cell type.  135 
 136 
1.3. Fix cells in paraformaldehyde (PFA). 137 
 138 
1.3.1. Remove media and add 150 µL of 4% PFA (in PBS) per well for 10 min at room temperature. 139 
 140 
1.3.2. Remove PFA and add 150 µL of 1% polyethylene glycol tert-octylphenyl ether (TX-100) (in 141 
water) per well for 30 min at room temperature. 142 
 143 
1.3.3. Remove TX-100 by washing three times with PBS.  144 
 145 
CAUTION: PFA is toxic, handle with care. 146 
 147 
NOTE: The protocol can be paused here. Fixed cells can be stored in PBS at 4 °C. 148 
 149 
1.4. Detect incorporated EdU. 150 
 151 
1.4.1. Make labeling solution (10 mL per 96 well plate, using inner 60 wells) just prior to use by 152 
adding reagents from stock solutions in the following order: THPTA 20 µL, CuSO4 20 µL, Cy3 picolyl 153 
azide 5 µL, Na ascorbate 100 µL to PBS for a total volume of 10 mL.  154 
 155 
1.4.2. Remove PBS from wells and add 150 µL of labeling solution to each well. Incubate 30 min 156 
at 37 °C. To detect all nuclei, add 4′,6-diamidino-2-phenylindole (DAPI) to each well. Read on a 157 
fluorescence plate reader (Cy3 550ex, 570em; DAPI 350ex, 470em) or image on a microscope. 158 
 159 
NOTE: The protocol can be paused here. Fixed and stained cells can be stored in PBS at 4 °C and 160 
imaged at a later time. 161 
 162 
2. Detection of EdU using luminescence 163 
 164 
2.1. Complete sections 1.1–1.3. 165 
 166 
2.2. Prepare Tris-buffered saline with 0.1% polysorbate 20 (TBST).  167 
 168 
2.3. Block wells. 169 
 170 
2.3.1. Add 150 µL of blocking buffer (Table of Materials) to each well and incubate for 90 min at 171 
room temperature. 172 
 173 
2.3.2. Remove blocking buffer and wash three times with 200 µL of PBS. 174 
 175 
2.4. Detect incorporated EdU. 176 



   

 177 
2.4.1. Make labeling solution as directed in step 1.4.1, substituting biotin picolyl azide for Cy3 178 
picolyl azide. 179 
 180 
2.4.2. Wash wells five times with 200 µL of TBST, with shaking, 3 min per wash. 181 
 182 
2.4.3. Quench endogenous peroxidases with 150 µL of 0.3% H2O2 for 20 min at room 183 
temperature. 184 
 185 
2.4.4. Remove H2O2 and wash five times with 200 µL of TBST, with shaking 3 min per wash. 186 
 187 
2.4.5. Dilute streptavidin-horseradish peroxidase (SA-HRP; 1:200) in TBST and add 50 µL to each 188 
well. Incubate 1 h at room temperature. 189 
 190 
2.4.6. Wash five times with 200 µL of TBST, with shaking, 3 min per wash. 191 
 192 
2.4.7. Add 50 µL of chemiluminescent enzyme-linked immunosorbent assay (ELISA) substrate 193 
(Table of Materials) to each well. 194 
 195 
2.4.8. Read immediately in plate reader capable of detecting luminescence. 196 
 197 
REPRESENTATIVE RESULTS:  198 
In Figure 2, we demonstrate the outcomes of three different experiments measuring 199 
proliferation of VSMC in response to PDGF. After growing the cells in media formulated for SMCs, 200 
we carried out the experiment in serum free DMEM, to eliminate any potential effects of serum 201 
or growth factors on proliferation. In Figure 2A we compare results, from the same experiment, 202 
using a fluorescent vs luminescent readout. To read these plates, we used a multimode 203 
microplate reader that can read absorbance, fluorescence, and luminescence (see Table of 204 
Materials).  205 
 206 
Using the plate reader in scanning well mode, fluorescent readings are averaged over the entire 207 
well. This mode alleviates potential inaccuracies due to differences between the center and 208 
edges of the well. However, if very few nuclei are positive, reading results in this way likely 209 
underestimates the “number” of positive cells when only a few are positive. Number, with this 210 
readout, means fluorescence relative to that of another well, and not exact cell numbers. In 211 
addition, if there is a fiber or a clump of dead cells that picks up fluorescence, this will be included 212 
in the area scan. However, the advantage of using the plate reader is time. While reading in 213 
scanning mode takes 15−20 seconds per well, it is automated as opposed to the personal time-214 
intensive method of taking pictures and analyzing them using imaging software. 215 
 216 
To correct potential underestimates from the above method, we converted the fluorescent scan 217 
to a homogenous, liquid readout in which cells taking up EdU are detected with an azide-biotin 218 
moiety, which is in turn detected with streptavidin-horseradish peroxidase (see Figure 1). The 219 
amount of horseradish peroxidase is then quantified using a standard substrate formatted for 220 



   

ELISA. The advantage of this technique is a more homogenous readout, and Figure 2A,B shows 221 
examples of experiments where this method was employed. In addition, the plate can be read in 222 
seconds. There are disadvantages to this method, however. First, the background with this 223 
method is higher than with fluorescence. To decrease the background, we incorporated a 224 
blocking step and multiple washes. As a reflection of this background, negative controls 225 
(untreated cells) tend to be higher, and the fold increase in proliferation is lower. Second, as with 226 
the fluorescence readout, any fibers or dead cells that pick up the detection reagents will add to 227 
the total luminescence. 228 
  229 
In an attempt to decrease variability in the above experiments, we normalized our results to 230 
initial cell counts. For proliferation assays, normalization has to be done on live cells at the 231 
beginning of the assay before the cells divide. In addition, the assay cannot affect cell function or 232 
incorporation of EdU. Given these constraints, we chose to use metabolism as a reflection of cell 233 
number via resazurin14. Results with and without normalization are shown in Figure 2B. However, 234 
in a separate set of experiments we found that this method is not sensitive enough to detect 235 
small differences in cell numbers. In addition, any error in this readout introduces more error in 236 
the entire experiment. For these reasons, we have elected to take extraordinary care to plate 237 
cells as evenly as possible, and not perform a normalization step. 238 
 239 
To be sure we were getting the most accurate results possible, we reverted to fluorescent 240 
staining (section 1) and counting cells using an inverted fluorescence microscope. The advantage 241 
of this method is that one can physically see and count the positive cells, ensuring the most 242 
accuracy (Figure 3). Any fluorescent debris can be excluded from the count. Background counts 243 
without EdU are 0 as there is no visible fluorescence, and therefore no background to subtract. 244 
The main disadvantage of this method is time. To count nuclei in cells plated in a 96 well plate, 245 
we take 3 pictures per well of both EdU positive cells and total cells (DAPI), requiring 6 images 246 
per well. We take pictures vertically from the midsection of the top to the bottom of the well, 247 
taking care not to overlap and count cells twice. Counting total cells gives us a second piece of 248 
data that confirms our proliferation results. However, in light of the relatively slow doubling time 249 
of VSMC (36−48 h), the fold increase in total cells stimulated with PDGF vs controls is much lower 250 
than the fold increase of EdU positive cells, which is why we measure incorporation of EdU 251 
(Figure 2C). 252 
 253 
The most efficient and accurate way to count EdU positive and total cells is by using an imaging 254 
plate reader. This method combines the accuracy of counting with the speed of automation. The 255 
main drawback is that this piece of equipment is not available at every institution. In comparing 256 
automated vs manual counts, the EdU positive manual count was essentially identical to the 257 
automated count (Figure 2C, left), as were the total unstimulated counts (Figure 2C, right). 258 
However, the total manual cell count was lower in the PDGF-stimulated cells. Because the cells 259 
tend to grow in the center of the well, with smaller numbers the automated and manual counts 260 
were nearly identical. However, with high numbers of cells we missed more cells at the edges, 261 
and manual counting was less accurate. 262 
 263 
FIGURE LEGENDS:  264 



   

 265 
Figure 1: Overview of EdU detection by fluorescence or luminescence. VSMC or other adherent 266 
cells are treated under conditions of interest. EdU is added for the last 24 h of the culture period 267 
and incorporated into the DNA of dividing cells. Incorporated EdU is then detected using 268 
fluorescence (protocol section 1) or luminescence (protocol section 2).  269 
 270 
Figure 2: Measuring proliferation with different readouts using incorporation of EdU and click 271 
chemistry. (A) VSMCs were cultured in the presence or absence of PDGF. EdU was added the last 272 
24 h of culture, and incorporation was detected by either fluorescence (protocol section 1) or 273 
luminescence (protocol section 2). (B) VSMCs were treated as described in panel A, and 274 
incorporation of EdU was measured by luminescence. Results were normalized to initial cell 275 
counts using resazurin viability assay. (C) VSMCs were treated as in panel A, and incorporation of 276 
EdU was measured by fluorescence. EdU positive cells were counted automatically, using an 277 
imaging plate reader, or manually by imaging and then counting using imaging software. Results 278 
shown are the average ± standard deviation of 3–6 replicates per treatment. 279 
 280 
Figure 3: Visualization of EdU positive cells following click fluorescence protocol. VSMC were 281 
treated as described in Figure 2, and incorporated EdU was detected using fluorescence (protocol 282 
section 1). Each image is a single well of a 96 well plate. Total nuclei are shown in blue (DAPI) and 283 
EdU positive nuclei are green. Scale bar = 50 µm. 284 
 285 
DISCUSSION:  286 
Incorporation of EdU is a simple, straightforward way to measure cell proliferation; it is 287 
particularly useful for adherent cells13. Our protocol uses smooth muscle cells, but it is applicable 288 
to any adherent cell (epithelial, endothelial, etc.). Although the protocol is not complicated, the 289 
one critical step is making the labeling solution — the ingredients must be added in the order 290 
listed. In addition, like chemiluminescent Western blots, if using the luminescence readout the 291 
plate must be read immediately.  292 
 293 
Several parts of the protocol can be modified or optimized as needed. One part is the duration 294 
of incubation with EdU. Because our goal was to detect as many proliferating cells as possible, 295 
we added EdU for a full 24 h prior to fixing and staining. However, this timing likely measures 296 
cells in both S and G2/M phases. To label only cells in S phase, Cecchini et al. advise that even 297 
slowly dividing cells be incubated with EdU for no longer than 6 hours7. Another part of the 298 
protocol that can be optimized is the amount of chelator. Alkyne-azide reactions require a copper 299 
catalyst (CuSO4). THPTA is a copper chelator that maintains copper in the necessary oxidation 300 
state. The ratio of chelator to copper can be varied, to increase alkyne-azide binding. We observe 301 
bright staining with a chelator:copper ratio of 2:1, in the context of also using picolyl azide. The 302 
picolyl moiety adds chelating activity which decreases the concentration of copper needed and 303 
increases the efficiency of the reaction15. Chelator:copper ratios can be increased, usually up to 304 
5:1, to optimize per investigator needs. A better chelator, 2-[4-({bis[(1-tert-butyl-1H-1,2,3-triazol-305 
4-yl)methyl]amino}methyl)-1H-1,2,3-triazol-1-yl]acetic acid (BTTAA), is now commercially 306 
available16. This chelator was not commercially available when we first derived this protocol. 307 
Finally, although we use paraformaldehyde as a fixative in this protocol, cells can be fixed with 308 



   

methanol, which also obviates the permeabilization step. Fixing with methanol can be helpful if 309 
one wants to combine immunofluorescent staining of specific cellular proteins with 310 
incorporation of EdU. 311 
 312 
One drawback of this method is the potential cytotoxicity of EdU, particularly when continuously 313 
labeling with EdU for days as opposed to a pulse label of hours. Depending on the cells used, EdU 314 
has been found to cause cell cycle arrest or even apoptosis17. This toxicity is thought to be due to 315 
defective DNA replication from the addition of artificial nucleosides18. Studies have shown this 316 
toxicity to be cell line dependent and concentration dependent17. We did not observe any 317 
problems with toxicity in our studies. 318 
 319 
In summary, measuring proliferation via EdU and click chemistry has several advantages over 320 
other commonly used methods such as BrdU or 3H-thymidine incorporation. These include 321 
avoiding radioactivity, high specificity with low background, and no need for harsh denaturation 322 
steps. Once established, click chemistry is highly versatile, and can be easily modified for the 323 
metabolic labeling of RNA, protein, fatty acids, and carbohydrates. 324 
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Name of Material/ Equipment Company
Catalog 

Number
Comments/Description

5-Ethynyl-2'-deoxyuridine Carbosynth NE08701

biotin picolyl azide

Click Chemistry 

Tools 1167-5

CuSO4 Fisher Scientific C1297-100G

Cy3 picolyl azide

Click Chemistry 

Tools 1178-1

Cytation Plate Reader Biotek

EVOS Microscope

Thermo Fisher 

Scientific

Hydrogen peroxide solution Sigma-Aldrich 216763

Na ascorbate Sigma-Aldrich 11140-250G

NucBlue Fixed Cell Stain Ready Probes Invitrogen R37606 DAPI nuclear stain

Odyssey Blocking Buffer Li-Cor 927-40000 blocking buffer

Paraformaldehyde

Electron Microscopy 

Services 15710

PBS Fisher Scientific SH3002802

Sodium Chloride Sigma Life Science S3014-5kg

Streptavidin Horseradish Peroxidase ConjugateLife Technologies S911

Super Signal ELISA Femto Thermo Scientific PI137075 ELISA substrate

Synergy Plate Reader Biotek

THPTA

Click Chemistry 

Tools 1010-100
Tris Hydroxymethyl Aminomethane 

Hydrochloride (Tris-HCl) Fisher Scientific BP153-500

Triton X 100 Bio-Rad 1610407

Tween 20 Fisher Scientific BP337-100
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

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

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

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

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.

 
A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 
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Dear JoVE reviewers, 
 
Thank you for the opportunity to revise our manuscript "	Measuring Proliferation of Vascular Smooth 
Muscle Cells Using Click Chemistry". We appreciate the suggestions of the reviewers and believe their 
feedback has significantly improved the quality of the manuscript. Please find attached a point-by-
point response to reviewer’s concerns. Our responses to the reviewers’ comments are in italics. 
We hope that you find our responses satisfactory and that the manuscript is now acceptable for 
publication.  
 
Sincerely, 
 

 
Lucile E. Wrenshall, M.D., Ph.D., FACS 
Professor of Surgery and Neuroscience, Cell Biology, and Physiology 
Wright State University 
	
	
Reviewer 1 Major Concerns: 
1. The first two paragraphs have no citations. Please include citations for historic/data-
evident statements.  
References have been added to the first 2 paragraphs. 
 
2. Where were the vascular smooth muscle cells derived from (what species)? Include 
source (vendor, cat#), also state if they were a cell line or generated from other 
technology.  
We use human vascular smooth muscle cells (VSMC) isolated from iliac arteries using an 
explant method. This information has been added to the protocol as a note under item 2.1, 
“Label vascular smooth muscle cells with EdU”. 
 
3. Were the VSMCs differentiated and characterized? What kind of VMSCs were used 
here? Was there any form of injury or intoxication besides PDGF? if yes, the responses 
could be altered. 
The smooth muscle cells are propagated in media using serum and are therefore by 
definition proliferative or synthetic rather than differentiated or contractile. No other 
treatment was added prior to PDGF. The VSMC are characterized by the smooth muscle 
cell markers smooth muscle cell alpha actin and smoothelin. This information has been 
added to the text. 
 
4. Have you performed experiments with shear stress in the 2 D/cell culture model? 

Rebuttal Letter Click here to access/download;Rebuttal Letter;JoVE rebuttal.pdf
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We have not performed these experiments. In addition, because we are using VSMC as a 
means to demonstrate the use of click chemistry to measure proliferation in adherent cells 
we are focusing on this assay. 
 
 5.What particular disease indication are you working on? Details of that are also missing. 
Don't need elaborate details but it will justify use of this methodology for categorized 
disease functional areas. 
Proliferation of VSMC contributes to intimal hyperplasia and atherosclerosis. This 
indication has been added to the introduction. 
 
6. Section 2.2 Cite literature. 
I am assuming that the reviewer wants the resazurin to be cited. A reference was added to 
the note below section 2.1 and to the results section where resazurin is mentioned. 
 
7. Section 3-provide excitation emission wavelengths for fluorescence read outs. 
Cy3 excitation and emission wavelengths have been added to item 4.1 number 2 in the 
protocol. 
 
Minor Concerns: 
8. Include photographs of fluorescence imaging. It is good to see quantified data but 
pictures of the staining also have value. Can be an added as a separate figure or together 
with quantified data. 
An image of EdU positive cells has been added (new Figure 3). 
 
9. Since this is a methods journal, it is extremely helpful if a flow-chart or pictorial guide is 
provided for the steps. Do this for all the proposed protocols. 
A pictorial guide has been added (new Figure 1). 
 
10. A little more detail on click chemistry can be provided. 
More detail on click chemistry has been added to the introduction.	
	
Reviewer #2: 
Manuscript Summary: 
The topic is very interesting and novel. The paper is well organized in general. 
 
Minor Concerns: 
As the author mentioned: "...we touch on the ways that this basic protocol can be 
modified for measuring other cell metabolites.", we hope to see more details in this 
aspect, especially the application in other types of cells.  
This information has been added to the beginning of the discussion. 
 


