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17 SUMMARY:
18  Mitochondrial respiration is critical for organismal survival; therefore, oxygen consumption rate
19 is an excellent indicator of mitochondrial health. In this protocol, we describe the use of a
20 commercially available respirometer to measure basal and maximal oxygen consumption rates
21  inlive, intact, and freely-motile Caenorhabditis elegans.
22
23 ABSTRACT:
24 Optimal mitochondrial function is critical for healthy cellular activity, particularly in cells that
25  have high energy demands like those in the nervous system and muscle. Consistent with this,
26  mitochondrial dysfunction has been associated with a myriad of neurodegenerative diseases and
27  agingin general. Caenorhabditis elegans have been a powerful model system for elucidating the
28 many intricacies of mitochondrial function. Mitochondrial respiration is a strong indicator of
29  mitochondrial function and recently developed respirometers offer a state-of-the-art platform
30 to measure respiration in cells. In this protocol, we provide a technique to analyze live, intact C.
31 elegans. This protocol spans a period of ~7 days and includes steps for (1) growing and
32  synchronization of C. elegans, (2) preparation and loading of compounds to be injected and
33  hydration of probes, (3) drug loading and cartridge equilibration, (4) preparation of worm assay
34  plate and assay run, and (5) post-experiment data analysis.
35
36 INTRODUCTION:
37 Adenosine triphosphate (ATP), the main source of cellular energy, is produced in the
38 mitochondria by enzymes in the electron transport chain (ETC) located in the inner mitochondrial
39 membrane. Pyruvate, a key metabolite utilized for mitochondrial ATP production, is imported
40 into the mitochondrial matrix where it is decarboxylated to produce acetyl coenzyme A (CoA).
41  Subsequently, acetyl CoA enters the citric acid cycle resulting in the generation of nicotinamide
42  adenine dinucleotide (NADH), a key electron carrier molecule. As electrons from NADH are
43  passed to oxygen via the ETC, protons build up in the mitochondrial intermembrane space, which
44  resultsin the generation of an electrochemical gradient across the membrane. These protons will
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then flow from the intermembrane space across this electrochemical gradient back into the
mitochondrial matrix through the proton pore of the ATP synthase, driving its rotation and the
synthesis of ATP! (Figure 1).

Mitochondrial function is not limited to energy production but is also crucial for calcium
homeostasis, reactive oxygen species (ROS) scavenging, and apoptosis, critically positioning their
function in organismal health?. Mitochondrial function can be assessed using a variety of assays,
including but not limited to analyses that measure mitochondrial membrane potential, ATP and
ROS levels, and mitochondrial calcium concentrations. However, these assays provide a single
snapshot of mitochondrial function and therefore might not provide a comprehensive view of
mitochondrial health. Since oxygen consumption during ATP generation is reliant on a myriad of
sequential reactions, it serves as a superior indicator of mitochondrial function. Interestingly,
variations in oxygen consumption rates have been observed as a result of mitochondrial
dysfunction®>,

Oxygen consumption rates (OCR) of living samples can be measured using techniques that can
be broadly divided into two groups: amperometric oxygen sensors and porphyrin-based
phosphors that can be quenched by oxygen®. Amperometric oxygen sensors have been used
extensively to measure OCR in cultured cells, tissues, and in model systems, such as C. elegans.
However, porphyrin-based phosphors containing respirometers possess the following
advantages: (1) they allow for a side by side comparison of two samples in triplicate, (2) they
require smaller sample size (e.g., 20 worms per well versus ~2,000-5,000 worms in the
chamber)’, and (3) the respirometer can be programmed to do four different compound
injections at desired times throughout the experimental run, eliminating the need for manual
application.

In this protocol, steps involved in using a porphyrin-based oxygen-sensing respirometer to
measure OCR in live, intact C. elegans are described. While there is a written protocol for the use
of the large format, high throughput respirometer?, this protocol has been adapted for use with
a more budget friendly, accessible, and smaller scale instrument. This protocol is particularly
useful for assessing the difference in OCR between two strains, where high-throughput screening
is not required and its use would be excessive.

PROTOCOL:

NOTE: Figure 2 provides a schematic overview of the full protocol.

1. Growth and synchronization of nematode population®°

1.1.  Transfer L4 larvae of desired genetic backgrounds (e.g., N2 [wild type] and sel-12 animals)
onto nematode growth media (NGM) plates (see Table 1 for recipe) freshly seeded lawn of
Escherichia coli (OP50)!!. Use at least two 100 mm or three 60 mm plates for each strain. Incubate

the worms at the appropriate growth temperature (between 15-25 °C) for 3—4 days or until
plates are concentrated with large number of eggs and gravid worms.
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1.2.  Wash the eggs and worms off the plates using approximately 6 mL of M9 buffer (see Table
1 for recipe) per 100 mm plate of nematodes and transfer them with glass Pasteur pipettes into
individual 15 mL centrifuge tubes for each strain. Spin these tubes down for 3 min at 6,180 x
g and aspirate out the M9 buffer, retaining just the animals and eggs pellet.

1.3. Add 3—-4 mL of bleach solution (see Table 1 for recipe) to each tube and intermittently
vortex for 6 min. Add M9 buffer to fill each tube and spin at 6,180 x g for 1 min and aspirate
supernatant. Repeat this wash with M9 three times and move the egg pellet to a fresh 15 mL
tube containing approximately 9 mL of M9 buffer.

1.4.  Synchronize the freshly hatched worms by nutating at 20 °C for 16—48 h. Spin these tubes
down at 6,180 x g for 1.5 min and put the animals down on individual NGM plates freshly seeded
lawn of OP50 (approximately 6,000—10,000 animals per 100 mm plate) and keep at 20 °C.

1.5. These animals will reach the L4 larval stage after ~42 h. At this time, move the L4 larvae
using a platinum pick to OP50 seeded NGM plates containing 0.5 mg/mL 5-fluoro-2’-deoxyuridine
(FUdR) to prevent them from producing progeny.

NOTE: Make sure that within an experiment all strains are synchronized for a similar amount of
time. FUdR treatment sterilizes the animals and prevents egg laying and progeny production,
which could influence OCR. These sterilized animals will be analyzed the next day (day 1 adult
animals at ~66 h) for the assay. FUdR has been reported to impact physiology and lifespan of
certain mutant worms. Therefore, this should be taken into consideration when the drug is used
for sterilization'?14. Worms can also be sterilized by the means of feminizing mutations such as
fem-1(hc17) or fem-3(e2006). However, these mutations might impact mitochondrial function.

2. Preparation and loading of compounds to be injected and hydration of probes

NOTE: During the assay run, both basal and maximal respiration rates of the nematodes are
measured. Maximal respiration is triggered in the animals upon the addition of carbonyl cyanide-
4 (trifluormethoxy)phenylhydrazone (FCCP), an uncoupling ionophore that disturbs the
mitochondrial membrane potential and thus ATP synthesis by transporting protons through the
mitochondrial membrane, while allowing proton pumping, electron transport, and oxygen
consumption to proceed** uncoupled from ATP synthesis (Figure 1). The final step in the assay
involves the addition of sodium azide (NaN3s), a drug that inhibits complexes IV and V in the ETC,
allowing one to determine non-mitochondrial respiration'® (Figure 1). The following steps can be
performed the day before the actual assay run.

2.1. Prepare 1 mL stock solutions of the FCCP (10 mM in dimethyl sulfoxide [DMSO]: 1000x
the final assay concentration) and NaNs3 (400 mM in dH,0: 10x final assay concentration) and
store at -20 °C.
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NOTE: Run a concentration curve to optimize the concentration of FCCP required to elicit
maximal OCR response for each instrument and laboratory setting.

2.2. Hydrate the sensor cartridge by adding 200 uL of dH,0 to each well (and the surrounding
reservoir) in the plate, ensuring that the sensor probes are submerged in the dH,0 and store
overnight at room temperature.

NOTE: The cartridge probes can be left submerged for up to 72 h but in the case of a prolonged
hydration, the plates should be wrapped in paraffin film and stored at 4 °C. If overnight hydration
is not possible, the sensor cartridge should be hydrated for at least 4 h.

2.3.  Turn off the heating element within the respirometer interface and store the machine
inside a 15 °C incubator overnight to lower core temperature within the machine to prevent the
animals from overheating during the assay run.

NOTE: The respirometer is equipped with a heating element but cannot be cooled. Within a 15
°C incubator, the respirometer will have a stable temperature between 18-22 °C, which is a
healthy temperature for C. elegans maintenance.

3. Drug loading and cartridge equilibration

3.1. Pipette out and discard the dH,O used to hydrate the sensor probes and replace it with
200 pl of the calibrant solution (pH 7.4) in each well. Dilute the FCCP stock solution to 100 uM
FCCP in dH;0 and add 20 uL of the diluted solution to the injection port A in the sensor cartridge.
Add 22 pL of 400 mM sodium azide to port B of the senor cartridge.

3.2.  Turn the respirometer on and on the home screen select Start; the templates page will
appear. On the templates page, select Blank or a previously designed template; the Groups page
will appear. On the Groups page, select the wells A and H as the background wells and assign the
remaining 6 wells into appropriate groups according to the experimental plan.

3.3. Pushthearrowon the lower right corner to go to the Protocol page. On the Protocol page,
ensure that the Equilibrate, Basal and Injections 1 and 2 buttons are selected. On this page,
adjust the number of readings of basal OCR, as well as maximal OCR (after injection 1 with FCCP)
and non-mitochondrial OCR (after injection 2 with sodium azide).

NOTE: Each measurement is preceded by a mix and wait step and the time frames for these
parameters are shown in Table 2.

3.4. Select the arrow on the lower right corner and a prompt to load the sensor cartridge plate
will appear. Ensure that the sensor cartridge plate is loaded in the right orientation, following the
instructions on the reminder prompt screen. The respirometer will now equilibrate the cartridge.
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NOTE: This equilibration provides ample time to place the animals to be assayed into appropriate
wells of the cell plate.

4, Preparation of worm plate and assay run

4.1. Add 200 pL of M9 buffer into each of the 8 wells of the cell plate and into the reservoirs
surrounding the wells.

4.2. Pick ~100 worms from each strain onto unseeded NGM plates and allow to rest for 2-3
min. Wet the end of the platinum pick with M9 buffer and pick 20 age-synchronized animals into
wells B-G, leaving the background wells A and H empty.

NOTE: After loading each well, wait approximately 2 min to allow the animals to settle into the
bottom of the wells. It is also advisable that a worm number curve be run to optimize the worm
number per well for each instrument and laboratory setting.

4.3. By now, the respirometer should be calibrated and by clicking OK on the screen, the plate
containing calibration buffer is ejected and can be removed from the respirometer, while the
sensor cartridge stays inside the instrument. Replace the calibrant plate with the plate containing
animals. Load plate and close the door by hitting Continue and allow the assay to run.

5. Post-experiment data analysis

5.1. Once the assay run is complete, follow the prompts on the screen and remove the cell
plate and sensor cartridge and insert a flash drive into the USB port to save the run data in the
.war format. Remove the sensor cartridge and allow the animals to settle to the bottom of the
wells for approximately 2 min. Place the cell plates under a stereo dissecting microscope and
count the number of animals per well.

5.2.  Open the analysis software on the computer and open the normalization tab to normalize
OCR to animal number. Apply appropriate labels for the various groups under the modify tab and
export the file as a Prism file for further analysis.

NOTE: The average of the first five measurements, before the addition of FCCP is the basal OCR,
while the average of the five measurements after FCCP addition is the maximal OCR and the
average of the last two measurements after sodium azide addition is the non-mitochondrial
respiration rate. The assay should be repeated three times to ensure reproducibility.

REPRESENTATIVE RESULTS:

Using the protocol described herein, OCR of wild type animals and three different se/-12 mutant
strains were determined. sel-12 encodes the C. elegans ortholog of presenilin'’. Mutations in
human presenilin are the most common genetic aberration associated with the development of
familial Alzheimer’s disease®. Our studies have shown elevated mitochondrial calcium levels in
sel-12 mutant animals compared to wild type animals3. Since calcium dysregulation can result in
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altered mitochondrial function®%2%, OCR in sel-12 mutant and wild type animals were measured
to examine the effect of sel-12 mutations on mitochondrial function and health. Wild type
animals consistently showed basal OCR rates below 5 pmol/min/worm, while all three strains of
sel-12 mutants showed significantly elevated OCR of ~7 pmol/min/worm (Figure 3 and Figure 4).
Upon the addition of FCCP, as expected, there was an increase in the OCR of wild type as well as
sel-12 mutants (Figure 3 and Figure 5). Wild type animals showed maximum OCR of ~7
pmol/min/worm, while sel-12 mutants had OCR of ~10 pmol/min/worm (Figure 5).

FIGURE AND TABLE LEGENDS:

Figure 1: Schematic of the major players involved in cellular respiration and the effect of FCCP
and sodium azide. Transfer of electrons from NADH to the ETC complex | results in the generation
of an electrochemical gradient across the inner mitochondrial membrane as protons get pumped
across it. Protons flowing back into the mitochondrial matrix from the intermembrane space via
complex V results in ATP synthesis. Addition of FCCP results in the uncoupling of this process by
disrupting the mitochondrial membrane potential and thereby ATP synthesis, while oxygen
consumption continues, allowing for the measurement of maximal OCR. Sodium azide (NaN3s) is
an inhibitor of complexes IV and V, thereby allowing for the measurement of non-mitochondrial
respiration.

Figure 2: Schematic of steps involved in the measurement of OCR in C. elegans. The five steps
involved in the assay setup and run (left) and a timeframe for each step (right).

Figure 3: Characteristic OCR profile in C. elegans respirometry. The five initial readings show the
basal respiration, followed by five readings of maximal and five readings of non-mitochondrial
respiration after FCCP and sodium azide injections, respectively. Error bars represent the
standard error of measurement (SEM).

Figure 4: Basal respiration in wild type and various sel-12 mutants. Average basal respiration in
Day 1 adult age-matched wild type and sel-12 mutant animals. Data compiled from three assay
repeats. Error bars represent SEM and **** indicates p <0.0001. p values were calculated using
a two-tailed t-test.

Figure 5: Maximal respiration in wild type and various sel-12 mutants. Average maximal
respiration in Day 1 adult age-matched wild type and se/-12 mutant animals after FCCP injection.
Data compiled from three assay repeats. Error bars represent SEM and **** indicates p <0.0001.
p values were calculated using a two-tailed t-test.

Table 1: Recipes for NGM plates, M9 buffer, and bleach solution.
Table 2: Characteristic assay parameters in C. elegans respirometry.
DISCUSSION:

Mitochondrial respiration is an insightful indicator of mitochondrial function; therefore, being
able to measure the oxygen consumption rates in a biological system, whether in vitro or in vivo
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is highly valuable. Respirometers sense oxygen levels using porphyrin-based phosphors that get
guenched by oxygen or via amperometric oxygen sensors that rely on the generation of an
electric current proportional to oxygen pressure. Clark electrode falls into the latter category and
has been used extensively in literature, especially while analyzing respiration in C. elegans.
However, the need for a large sample size and the inability to assess more than one sample at a
time makes amperometric oxygen sensors inefficient.

This protocol provides a simple guide to measure OCR in live, intact C. elegans without isolating
mitochondria, a process that could potentially impact the mitochondrial membrane potential
and, therefore, the OCR. Given that animals exhibit different OCR through various life stages,
animals used in this protocol should be age synchronized. Younger animals have lower OCR
compared to adult animals and the OCR levels can drop again as animals age further3. C. elegans
are also sterilized by the use of FUdR to ensure that OCR are not confounded by the presence of
progeny. Nevertheless, if animals of varying sizes are to be examined, strategies for normalization
need to be addressed.

This protocol utilizes a platinum pick to transfer animals to the assay plate. In contrast to liquid
transfer of animals, this manipulation enables the researcher to carefully examine and determine
the health of the animals before and during the transfer. Also, it allows for better control of worm
number and prevents the introduction of eggs and carcasses. Since the animals are alive and
active during the assay run, variability is likely to arise from probe positioning. Assays should
therefore be done in triplicate and should be repeated a minimum of three times. Also, double
checking animal count post analysis is important for normalizing to animal number. A major
drawback of this protocol is the inability to compare more than two samples at once, without
compromising the number of replicates within a single assay. Despite this limitation, this protocol
can be a very powerful research tool in analyzing OCR when comparing two genotypes or
conditions. Moreover, this protocol could be easily adapted to examine the OCR of animals grown
on different food sources, supplements, or drug treatments.
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Table 1

M9 buffer (1 L)

Click here to access/download;Table;59277_JoVE Table 1

new.xlsx

dH,0 1,000 mL

NacCl 5g

KH,PO, 3g

Na,HPO, 6g

1 M MgSO, 1 mL *add after autoclaving

Split between 2 bottles: 500 mL each. Autoclave on liquid cycle (15 min exposure)

Bleach solution (50 mL)

dH,0 36 mL
Bleach 14 mL
10 N NaOH 800 pL
Standard Nematode Growth Media
(NGM) plates

1L 05L 0.25L
NacCl 3g 15¢g 0.75¢g
Bacto-agar 17 g 85¢g 425¢g
Bacto-peptone 25¢g 1.25¢g 0.625¢g
a. Autoclave on liquid cycle (45 min
exposure), allow to cool to ~60 °C and
then use sterile technique and add
the following:

1L 05L 0.25L
1 M CaCl, 1mL 0.5mL |0.25mL
1 M MgSO, 1mL 0.5mL |0.25mL
1 M KPO, 25 mL 12.5mL [6.25mL
5 mg/mL cholesterol 1mL 0.5mL ]0.25mL

b. Swirl to mix thoroughly after each
addition. After all additions are made,
pour plates
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Table 2
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Calibration Basal FCCP Sodium Azide
Port(s): A Port(s): B
Equilibration: Yes Mix: 00:02:00 Mix: 00:02:00 Mix: 00:02:00
Wait: 00:00:30 Wait: 00:00:30 Wait: 00:00:30
Measure: 00:02:00 Measure: 00:02:00 Measure: 00:02:00
Cycles: 5 Cycles: at least 5 Cycles: 2-5

Duration: 00:22:30

Duration: 00:22:30

Duration: 00:09:00
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Table of Materials

Name of Material/ Equipment

100 mm, 60 mm Petri dishes

1.5 mL centrifuge tubes

15 mL conical tubes

22 x 22 mm coverslip

50 mL conical tubes

Agar

Bacto peptone

Bacto tryptone

Bacto yeast extract

Bleach

Calcium chloride dihydrate (CaCl2:2H,0)
Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
Cholesterol

Deionized water (dH,0)

Dimethyl sulfoxide (DMSO)

Glass Pasteur pipettes

Magnesium sulfate heptahydrate (MgS04-7H20)
Potassium phosphate dibasic (K2HPO4)
Potassium phosphate monobasic (KH2PO4)
Sodium chloride

Sodium hydroxide (NaOH)

Sodium phosphate dibasic anhydrous (Na2HPO4)
Seahorse XFp Analyzer

Seahorse XFp FluxPak

Sodium Azide

Click here to access/download;Table of Materials;59277_JoVE_Materials New.xls

Company

Kord-Valmark Labware Products

Globe Scientific
Corning

Globe Scientific
Corning

Fisher Scientific
BD, Bacto

BD, Bacto

BD, Bacto
Generic

Fisher Scientific
Abcam

Fisher Scientific

Thomas Scientific

Krackeler Scientific

Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Agilent

Agilent
Sigma-Aldrich

Catalog Number
2900, 2901
6285

430791

1404-10

430829
BP1423-2
211677

211705

212705

C79-500
ab120081
C314-500

C987Y85
6-72050-900
BP213-1
BP363-1
P285-500
BP358-10
BP359-500
BP332-1

103022-100
$2002

*


http://www.editorialmanager.com/jove/download.aspx?id=940696&guid=da0db963-adad-460e-a14b-0be51bafa38e&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=940696&guid=da0db963-adad-460e-a14b-0be51bafa38e&scheme=1

Comments/Description



Author License Agreement (ALA)

1 Alewite Cen

jove

VISUALIZED CPERMENTS

www.jove.com

Click here to access/download;Author License Agreement
(ALA);Jove-Article & Video Agreement-Sarasija-Norman.pdf

ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article: | Measurement of oxygen consumption in intact Caenorhabditis elegans.

Author(s):

Shaarika Sarasija, Kenneth R Norman

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:
Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.

DThe 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.

DThe 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 Mylove 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.

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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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.

y 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

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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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 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.

CORRESPONDING AUTHOR
Name: Kenneth R Norman
Department:  |pogenerative and Cancer Cell Biology
Institution: | Albany Medical College
Title: Associate Professor
2T )
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Signature: L// Date: 11/5/2018

N

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Dear JOVE editorial staff and handling editor,

| am submitting a revised manuscript JOVE59277 entitled “Measurement of oxygen consumption
rates in intact Caenorhabditis elegans” for evaluation. The submission has been modified to
address the editorial concerns we received on our manuscript. In a separate rebuttal letter, we
have addressed each concern individually. | greatly appreciate your consideration of our
manuscript. Please do not hesitate to contact me if you require further information.

All the best

Kenneth Norman

Editorial comments:

1. Please sign the Author License Agreement (ALA). Please then scan and upload the signed
ALA with the manuscript files to your Editorial Manager account.

Done

2. Table 1: Please abbreviate liters to L to avoid confusion. Please use subscripts in chemical
formulae to indicate the number of atoms, e.g., H20, KH2PO4, etc.

Done

3. Table of Materials: Please remove trademark (™) and registered (®) symbols.
Done

4. Please reference all figures in the manuscript.

Done

5. Please address specific comments marked in the attached manuscript.

Done (see manuscript).
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