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Abstract

Metabolic disorders are a frequent problem affecting human health. Therefore, understanding the mechanisms that regulate metabolism is
a crucial scientific task. Many disease causing genes in humans have a fly homologue, making Drosophila a good model to study signaling
pathways involved in the development of different disorders. Additionally, the tractability of Drosophila simplifies genetic screens to aid in
identifying novel therapeutic targets that may regulate metabolism.  In order to perform such a screen a simple and fast method to identify
changes in the metabolic state of flies is necessary. In general, carbon dioxide production is a good indicator of substrate oxidation and energy
expenditure providing information about metabolic state. In this protocol we introduce a simple method to measure CO2 output from flies. This
technique can potentially aid in the identification of genetic perturbations affecting metabolic rate.

Video Link

The video component of this article can be found at http://www.jove.com/video/51681/

Introduction

The biochemical Kreb's cycle generates ATP through the oxidation of acetate derived from carbohydrates, fats, and proteins producing CO2.
In Drosophila, O2 input is directly correlated with CO2 output and reflects the level of metabolism1. Thus, measurement of CO2 output has
successfully been used in studies related to aging and metabolism2-5. Here our laboratory has modified previously designed experimental setups,
allowing measurement of CO2 production in up to eighteen samples without requiring any specialized equipment. Others and we have previously
used this method to show differences in metabolic rates in flies that are deficient in the muscular dystrophy associated protein, Dystroglycan
(Dg)6-8.

O2 used for oxidative metabolism is converted into CO2, which is expelled as respiratory waste. The construction of hand-made respirometers
is described that allows for the determination of the rate of O2 consumed. Flies are placed in a sealed container with a substance that
absorbs expelled CO2, efficiently eliminating it from the gaseous phase. The change in gas volume (decreased pressure) is measured by the
displacement of fluid in a glass capillary attached to the closed respirometer.

The main advantage of this technique over others is the cost. Previous studies have measured CO2 production by Drosophila using gas
analyzers and technically advanced respirometry systems1,9. Despite the more complex equipment, the sensitivity of the method described here
is similar to reported values (Table 1). Additionally, several other groups have used variations of this technique to determine relative metabolic
rates in Drosophila4-6. Therefore, this assay can be used to generate reliable, reproducible data relevant to Drosophila metabolism without the
purchase of specialized equipment which can be setup in any lab and can be used for educational purposes.

In general, the accepted techniques to determine the metabolism of an organism is to measure the CO2 produced, the O2 consumed, or both3,4,9.
Though, it can be assumed that one equivalent of O2 generates one equivalent of CO2, the precise ratio of CO2 generated is dependent on the
metabolic substrate utilized10. Thus, to accurately determine the metabolic rate in energy units it is necessary to measure both O2 consumed and
CO2 produced. Due to this, the method described here is specifically relevant to comparing differences in CO2 production between animals and
not the absolute value. Our technique integrates multiple animal CO2 production over a period of time (1-2 hr) and therefore returns an average
of the animals' activity. If there is reason to believe that the experimental animals are less active than the control animals the measurement could
reflect different levels of activity and not necessarily metabolism.

Protocol

1. Preparation of Respirometers

1. Cut the 1,000 μl pipette tip with a razor blade to allow insertion of the 50 μl capillary micropipette, try to get the pipette tip as straight as
possible.

2. Place a piece of foam into the pipette and push it down in the pipette tip.
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3. Add a small amount of CO2 absorbent and contain it by a second piece of foam.
4. Apply glue at the place where the micropipette is inserted into the pipette tip.
5. Leave the respirometer overnight to allow the glue to dry.

 

A schematic of a respirometer is shown in Figure 1A.

2. Preparation of the Measurement Chamber

1. Prepare the chamber solution by mixing water with eosin in a ratio that will result in visible colorization.
2. Pour the eosin/water solution into the chamber.
3. Label one of the sides of the chamber with a centimeter scale.

3. Placing Flies into Respirometers

1. Label the individual respirometers with a marker.
2. Anesthetize flies using an alternative method to CO2 and place 3-5 flies of the desired genotype inside each respirometer.
3. Seal the respirometers tightly at the top using plasticine putty.
4. Allow flies to recover from anesthetization for approximately 15 min.
5. Prepare one respirometer without flies, which will be used as the atmospheric control.

4. Performing the Experiment

1. Hang the respirometers in the chamber by attaching a 1.5 ml Eppendorf tube holder that is open on the top and the bottom at the top of the
chamber.

2. Insert respirometers with the micropipette tip down into the chamber allowing the tip to submerge into the colored solution.
3. Add Vaseline between the lid cover and the chamber to provide stronger isolation from temperature and pressure fluctuations.
4. Close the lid and allow the system to equilibrate for 15 min.
5. Take a photograph of the chamber making sure that the level of liquid within each micropipette is visible and so is the scale (see example

shown in Figure 1B).
6. After 1-2 hr, take another picture.
7. When experiment is finished, remove the flies from respirometers and weigh if desired or transfer them back to the vial if needed further.

5. Analysis of Results

1. Open acquired images using ImageJ software11.
2. Using the scale in each picture, set the pixel scaling in the software.
3. Measure the distance (Δd) that the liquid traveled from a determined reference spot in images taken at the beginning (d1) and end of

experiment (d2). A schematic example is shown in Figure 1C.
4. Calculate the amount of produced CO2 (µl/hr/fly) with the formula:

R= radius of micropipette tube in centimeters
 

Δd= distance the liquid has moved up in the micropipette of test samples measured in centimeters
 

Δc= distance the liquid has moved up in the micropipette of the negative control sample (without flies)
 

n = number of flies used
 

h= hours

Representative Results

In order to show that the method is sensitive we measured CO2 production from wild type (Oregon R) male flies at 18, 25, and 29 °C and flies
mutant for Dg. Flies were raised at 25 °C and then shifted to the experimental temperature for 5 days prior to measurement. As expected for
this ectothermic species, the amount of CO2 produced increased with temperature (Figure 2). We have in the past shown that a sugar free diet
reduces the metabolic rate of both wild type and Dg mutant flies7. The loss of Dg leads to increased metabolic levels (Figure 2).
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Figure 1. Setup for measuring of CO2 production in flies. A. Schematic showing the construction of the individual respirometer. B.
Photograph of the chamber during the CO2 measurement. Letters mark the position of respirometers. Vertical numbers indicate scale in
centimeters. C. Schematic showing the changes during the experiment. Green line indicates reference spot (d1), blue indicates the final position
of the liquid after 2 hours (d2). Δd is the distance the liquid has traveled in the micropipette.
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Figure 2. CO2 production in flies at different temperatures and in Dg mutants. Housing temperature positively correlates with CO2
production in Drosophila and is significantly increased in Dg mutants. Error bars indicate SEM from four individual experiments, ***p≤0.01.

(μl /fly x hour) Equipment used Reference

2-3 CO2 CO2 gas analyzer (Van Voorhies, Khazaeli et al. 2004)

4.68 ± 1.04 CO2 CO2 respirometry system (Khazaeli, Van Voorhies et al. 2005)

2.9-6.2 O2 Similarly designed respirometers (Hulbert, Clancy et al. 2004)

2.20 ± 0.15 O2 Described here handmade respirometers (Kucherenko, Marrone et al. 2011)

* table values are from studies that report
numerical values of flies measured at 25 °C

Table 1. Comparison of different techniques used to measure CO2 production by Drosophila.

Discussion

In this protocol, we describe an inexpensive and reliable method for measuring CO2 production in flies. We found that this experiment is easy,
quick to conduct and generates reproducible data that is in agreement with other studies1,6,9. The protocol outlined here can be easily modified
to fit any laboratory's budget and available materials. The construction of each individual respirometer can be adapted as long as the chamber
remains airtight. However, the longer, thinner micropipettes offer more precision over shorter ones. The use of the outer chamber can be optional
as long as there are no significant ambient temperature and pressure changes to compromise the experiment. This can be determined by
analysis of the negative control and a large variability within biological sample measurements. Additionally, the CO2 absorbent can be of any
variety as long as it is not toxic to the flies (e.g., potassium hydroxide). It is of utmost importance to have a negative control to ensure that
the technique is working properly. The most common problem is for the respirometer to not be sealed completely. If this is the case, then the
measurement will be comparable to that of the negative control. Additional problems could arise due to flies that have not had time to recover
from anesthetization or have perished.

The most critical step in this protocol is the construction of the respirometer. As noted above, the respirometer must be airtight. The attachment
of the micropipette to the larger pipette chamber must be done with the correct glue. A more rubber-like adhesive has worked best. It is
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recommended to inspect the respirometers under a microscope to observe any compromises in the glued structure after completion. Additionally,
the sealing of the respirometer after flies have been placed inside is very important. The use of putty has been found to work best and fails
infrequently. Paraffin has been found to work very poorly and should be avoided. The liquid that is used to measure gas volume is also very
important and should be manometric. Water is therefore the best choice. The use of ink is not recommended because it can harden in the
capillary making the respirometer useless. It is also critical to not use reproducing females, as we noticed that their CO2 production can be highly
variable. In addition the age of flies is important, therefore the flies that are compared should be of the same age. In our test we used 5 days
old males. The genetic background of the flies is also important. The control flies should be of the same genetic background when compared
to mutants. The data can also be presented as (µl/hr/mg) by measuring the mass of the flies after performing the assay if there are significant
differences in size of flies. In our hands, one wild type fly weighs 0.80 ± 0.11 mg (n = 180). It should also be pointed out that during timing of the
experiment, the values of the average metabolic rate are obtained. We have also found that it is possible to measure an individual fly, but we
achieved the highest precision using 3-5 flies. The space available in respirometer for flies is enough that they do not feel overcrowded but at the
same time they do not have space to walk intensively: therefore defective geotaxis should not have any effect on the level of CO2 production.

Flies have long been established as one of the major model organisms to study human diseases that are related to developmental biology, cell
biology, and neurobiology. A number of recent studies have shown that flies can easily be used to study energy homeostasis as well (reviewed
in 12,13). The method presented here can easily be used in genetic screens to identify new molecular components possibly involved in controlling
the metabolic state prior to purchasing more accurate and expensive equipment. Thus far the majority of such screens were done only in cell
culture indicating that more advanced studies are warranted.
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