Laboratory 8

Lab 8: Drosophila optogenetics and behavior
I. Introduction to optogenetics
II. Introduction to the Drosophila model system
III. Tissue specific expression
IV. Behavior experiments
A. Motor neurons
B. Escape circuit
C. Backwards walking
D. Sweet taste receptors
In the previous lab you learned how (relatively) easy it is to work with C. elegans and how genetic
screens have been used to study fundamental neuronal processes like axon guidance. Drosophila
melanogaster (a type of fruit fly) is also an important model system for studying the nervous system,
from synapse function, to neural development, sensory systems, learning and memory, and even
modeling human neural diseases. The behaviors that Drosophila show are more complex than C.
elegans, yet they are just as genetically tractable. We will investigate four different behaviors by using
optogenetics to control neuron activation with light in freely behaving fruit flies.

I. Introduction to optogenetics
A number of simple organisms respond to light using light-activated ion channels and pumps. For
example, in 2002 a light-activated cation channel was discovered in algae that helps algal cells
move towards the light (Nagel et al., 2002, Science). Researchers were quick to realize that these
channels could be cloned and introduced into neurons in animals, so they could be controlled with
light rather than with electric currents (Boyden et al., 2005, Nat. Neurosci.). This ushered in the era
of optogenetics, where researchers express a diverse set of light-activated channels and pumps to
either activate or inhibit specific neurons (or muscles) in animals. Using optogenetics, we can study
which neurons and circuits are necessary and sufficient for controlling specific behaviors.
Electrical stimulation of neurons is still a useful technique in neuroscience (see Lab 10), but optical
control has a few advantages:
1. It is potentially less invasive. Some organisms are transparent (zebrafish, C. elegans, Drosophila
larvae), so light can go straight to the neurons. In mice, a small optical fiber needs to be transplanted
into their brains, but mice can easily recover from this procedure. Electrical stimulation is often
intracellular, so an electrode is stuck into the cell. This damages and alters the cell. Light stimulation
avoids this problem. When optogenetics is coupled with calcium-sensitive fluorescent dyes or
proteins, the entire experiment (stimulation and response) can be done using optics, without
physically perturbing the cells.
2. Spatial control. The genes for the light-activated proteins are cloned into animals using standard
genetic techniques. Using cell-specific promoters, the genes can be expressed in just a subset of
cells, so light will only control those specific cells. This way you can determine exactly which cells are
controlling specific behaviors.
3. Dual control. Since the discovery of the first light-activated channel, other light-activated proteins
have been discovered or modified, so they can be activated with different wavelengths of light,
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and can either depolarize or hyperpolarize the cell. For example, Channelrhodopsin-2 is a cation
channel that opens with blue light stimulation (Fig 8.1), while Halorhodopsin is a chloride pump that is
stimulated with yellow light. These can be cloned into the same neuron, so blue light will cause action
potentials (via Channelrhodopsin) and yellow light will inhibit action potentials (via Halorhodopsin).
We will be using flies expressing two different light-activated channels, so let’s look at these in more
detail.
1. ChIEF (Channelrhodopsin variant)
The first two light-activated channels cloned were Channelrhodopsin-1 and -2 (ChR1 and ChR2)
from algae. These are both 7 transmembrane domain proteins, similar to rhodopsin. You might have
learned before that rhodopsin and other 7 transmembrane proteins are G-protein coupled receptors
and not ion channels. Channelrhodopsins are different, because they form dimers that act as cation
channels. They bind all-trans retinal, which absorbs blue light and becomes 13-cis retinal (Fig 8.1A).
This change in retinal causes the channel to open, depolarizing the cell (Fig 8.1B).

A

B

Figure 8.1 (A) All-trans retinal binds channelrhodopsin. Blue light causes it
to isomerize into 13-cis retinal. (B) When retinal changes shape, it causes
channelrhodopsin to open and allow Na+ into cell.

ChR1 is not used much for neuroscience research, because it is most permeable to H+, but cannot
depolarize a neuron under neutral pH conditions. ChR2 has been the optogenetic tool of choice,
because it can rapidly and reliably cause action potentials in neurons when it is activated by blue
light. One problem with ChR2, though, is that it inactivates when driven at high frequency stimulation
(like 30 Hz). ChR1 does not inactivate as much, so it can be reliably activated at high frequency.
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Researchers created a chimera between ChR1 and ChR2, so the pore comes from ChR2 (so not H+
permeable), but the reduced inactivation is retained from ChR1. This variant is known as ChIEF and it
has the most consistent responses to high frequency or prolonged activation. We will use larvae that
express ChIEF in their motor neurons, so you will need to use blue light to activate these neurons.
Drosophila larvae are transparent, so the blue light can penetrate through the cuticle to the nervous
system.
2. CsChrimson
Chrimson is a type of channelrhodopsin discovered in another species of algae that can be activated
by red light. It is also a light-activated cation channel that depolarizes neurons. CsChrimson is a
variant of Chrimson that has higher levels of expression in the cell membrane.
A red-shifted channelrhodopsin is useful for behavioral experiments in adult Drosophila for two
reasons: (1) Red light (but not blue light) can penetrate through the outer cuticle of the adult fly, so it
can activate neurons in the brain without having to remove the cuticle. (2) Flies do not see red light
very well, so shining red light on the fly does not cause a startle response due to the light, whereas
blue light can do this.
All the behaviors we are testing in adults will rely on CsChrimson, so you will need to use red light to
activate the neurons.

II. Introduction to the Drosophila model system
Drosophila melanogaster has been studied for over 100 years and has yielded important biological
breakthroughs such as sex-linked inheritance, understanding the genetic basis of the circadian clock
and learning and memory, cloning of the first potassium channel, discovery of the homeotic genes
that regulate development of the body plan and fundamental signaling pathways such as Notch
and Hedgehog. (Whenever you come across a weird gene name (like Hedgehog) it was likely first
discovered in a fruit fly mutant).
What makes Drosophila such a great model organism? Like C. elegans, its generation time is short
(Fig 8.2) and they are easy to maintain in small vials filled with fly food (a mix of yeast, cornmeal and
sugars). Flies start as embryos and then go through three larval stages, spending most of their time
eating. At the end of the third instar larval stage, the larvae climb out of the food onto the walls of the
vials and pupate. Inside the pupal case, the adult develops and eventually ecloses (i.e. hatches out of
the case). There are male and female adult fruit flies that mate to make the next generation.
Drosophila are also a good model organism, because their genetics is easy to manipulate. The
genome consists of 4 chromosomes (X or Y chromosome and 3 autosomes) and the genome was
sequenced in 2000. It is relatively straightforward to generate mutants in Drosophila either through
mutagenesis or using transposons (that hop into the gene and disrupt its function). It is also easy to
make transgenic fly lines, which we will be using in this lab. In addition, the community of Drosophila
researchers are happy to share fly stocks and supplies that have been published.
Fruit flies have a much more complex nervous system than C. elegans -- adults have a brain with
multiple substructures and a ventral nerve cord, which is analogous to the spinal cord. It is estimated
that the fruit fly brain contains about 135,000 neurons, which is still considerably more simple than the
human brain. Figure 8.3 shows comparisons of the Drosophila and human nervous systems. You do
not need to know details about fruit fly brain anatomy (besides the specific neurons we are expressing
the light-activated channels in).
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Figure 8.2 Drosophila life cycle. The days
are how long it takes for each transition at
25C. The total life cycle is about 12 days.

Figure 8.3 (A) Drosophila
adults have a brain in the
head, and a ventral nerve
cord in the thorax.
(B) Functional organization
of the human and fly brains.
Most of the fly brain is
devoted to sensory input and
movement.
(From https://droso4schools.
wordpress.com/organs/)
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III. Tissue specific expression
In the C. elegans lab, we used worms that expressed GFP only in GABAergic neurons. These were
made by fusing the unc-25 (GAD) promoter with the GFP gene. You can make transgenic flies
that have direct promoter-transgene fusions too, but there is an easier way of doing cell-specific
expression in fruit flies.
Researchers use the UAS/Gal4 system to express transgenes. UAS stands for Upstream Activation
Sequence and it is a DNA sequence from yeast that the transcription factor Gal4 binds to. When Gal4
binds UAS, whatever gene is downstream for UAS will be expressed. In order to get cell-specific
expression, specific promoters/enhancers drive expression of Gal4 in a subset of cells (Fig 8.4).

Figure 8.4 UAS/Gal4 system allows for specific expression of a transgene in whichever cells express
Gal4 (based on the tissue-specific promoter that drives expression of the Gal4 gene).
Why is the UAS/Gal4 system better than just directly putting the transgene behind a tissue-specific
promoter? Let’s say you want to express ChR2 only in GABAergic neurons. You could do some
molecular cloning to put the GAD promoter in front of the ChR2 gene and then inject that transgene
into flies and look for transformants. This will take some effort and time. Alternatively, you can look in
the Drosophila stock center for flies with UAS-ChR2. Then look for the GAD-Gal4 flies. Chances are
both of these fly stocks already exist. All you have to do is mate these two flies together, so all the
progeny will express ChR2 in GABAergic neurons. Using the UAS/Gal4 system, you don’t have to
reinvent the wheel every time you want to do cell-specific expression.
You can also use the UAS/Gal4 system to express RNAi lines to knock down expression of genes in
specific neurons. RNAi flies have been made for most of the genes in the genome.
In this lab we will be using flies that have UAS-ChIEF or UAS-CsChrimson. The next section
discusses the different Gal4 lines we will use and where they will express.
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A. Motor neurons
We will be using larvae that express ChIEF in motor neurons using a Gal4 called OK6-Gal4. A cross
was set up a week earlier between OK6-Gal4 x UAS-ChIEF, so all the offspring should express
ChIEF in their motor neurons. We removed the adult parents, so all the larvae you see on the sides
of the vial are the offspring. The motor neurons have their cell bodies in the ventral nerve cord and
their axons project to the body wall muscles and cause contraction (Fig 8.5). Interestingly, insects use
glutamate as the neurotransmitter at the neuromuscular junction rather than acetylcholine.

Figure 8.5 (A) Larval anatomy. Look for the mouth hooks to determine the anterior end. (B) Larval
nervous system. The green part is the brain, which is connected to a ventral nerve cord that contains
the motor neurons projecting to the body wall muscles.

B. Escape circuit
The escape circuit is a set of neurons in the adult fly that are activated when the fly is in danger.
This circuit is also known as the Giant Fiber System, because it contains two large interneurons that
connect to motor neurons driving the wing and leg muscles (Fig 8.6). We will drive expression of
CsChrimson in the giant fibers and downstream motor neurons using a Gal4 called OK307-Gal4.
Figure 8.6 shows the neurons in the escape circuit. The stimulus is a looming visual cue (like a hand
about to strike the fly) or a touch to the antenna. The sensory neurons synapse onto the giant fibers,
which have commissural interneurons, so both sides are activated. The giant fibers synapse (both
with chemical and electrical synapses) onto motor neurons that control the dorsolateral muscles
(DLM, flight muscles) and the tergotrochanteral muscles (TTM, jump muscles).
Activating the giant fibers with CsChrimson and red light should cause the fly to jump and try to fly
away (Fig 8.7).
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Figure 8.6 The Drosophila giant
fiber system
JON = sensory neurons from
antenna
ColA = sensory neurons from eye
GF = giant fibers
GCI = commissural neuron that
connected the two giant fibers
DLMn = motor neurons from DLM
flight muscles
TTMn = motor neurons for TTM
jump muscles
(From Phelan et al., 2017, Network
functions and plasticity)

Figure 8.7 A fruit fly escaping a looming visual stimulus. Note the fly is jumping and
extending its wings open to fly away.
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C. Backwards walking
Flies normally walk forwards, but they can walk backwards if they need to. Researchers have
uncovered the neural circuit for backwards walking. There are two neurons that control backwards
walking. One neuron called MDN is located in the brain and has an axon that extends into the ventral
nerve cord where motor neurons are located. The other neuron is called MAN and it is in the ventral
nerve cord with an axon that extends into the brain (Fig 8.8). Activation of MDN promotes transient
backwards walking and activation of MAN inhibits forward walking. When they are both activated, the
flies continuously walk backwards, or in other words, they do the moonwalk. Thus, MDN stands for
Moonwalker Descending Neuron, and MAN stands for Moonwalker Ascending Neuron.
We will express CsChrimson in both of these neurons using a Gal4 that drives expression in MDN
and MAN.

Figure 8.8 Flies can walk forward (green arrows) or backwards (red arrows) if stimulated on the head.
The MDN neuron causes backwards walking and sends signals from the brain to the ventral nerve
cord (light purple). MAN neuron inhibits forward walking and send signals from the ventral nerve cord
to the brain (dark purple). (From Mann, 2014, Science and Bidaye et al., 2014, Science)
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D. Sweet taste receptors
Fruit flies, of course, are attracted to the smell and taste of fruit. Drosophila have taste sensory
neurons in the hairs on their legs and head. These taste neurons are specific for certain types of
tastes, like sweet, bitter and salty. For example, one set of neurons expresses a G-protein coupled
receptor called Gr64f, which responds to sugar. These neurons signal the brain that there is
something sweet nearby that the fruit fly should try to consume.
We will be expressing CsChrimson in the Gr64f-expressing neurons using a slightly different
expression system called the LexopA/LexA system, which is originally from E. coli. It functions the
same way as the UAS/Gal4 system, so we won’t go over the details.
How will we know if the fruit fly is sensing something sweet? It sticks out its proboscis, which is like
the insect tongue. The proboscis is used to suck nutrients into the digestive system. When the fly
extends its proboscis, that is known as the proboscis extension response (PER). You can take a
look at results from Kristin Scott’s lab that did the same experiment that we will be doing (Fig 8.9).

Figure 8.9 Proboscis extension in control flies (not expressing CsChrimson, first two bars)
or in flies expressing CsChrimson in Gr64f cells (last bar). In the cartoon drawing you can
see the proboscis extending out from the head. (Modified from Kim et al., 2017 eLife)
One important note about optogenetics in flies
Look at Figure 8.9 again. At the bottom of the graph it says “Ret - +”. “Ret” refers to all-trans retinal.
Flies produce all-trans retinal (ATR) at low levels that are not sufficient for Channelrhodopsin
function, so supplementary ATR has to be fed to the flies (see Fig 8.1). This gives us a good
control, though, because you can do the exact same crosses, but grow some flies on regular food
(the negative controls) and the other flies on food with ATR (optogenetic flies). For most of our
experiments, there will be control vials available that do not have ATR in the food.
One exception to this is the moonwalker flies. Somehow they do not need extra ATR in order to be
activated by light. Because of this, we have to always keep these fly stocks in the dark, so the flies
don’t all start walking backwards, which would prevent mating. We will use wildtype flies (w1118) as
our controls for the moonwalker flies.
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IV. Behavior experiments
We will give you flies of all four types along with the no ATR controls. Observe the behaviors for each
type of fly (one at a time) and take note of the behaviors in your lab notebook. Then focus on one
behavior in particular and figure out a way to quantify the behavior along with appropriate controls.
Conduct the behavioral experiment with at least 10 experimental flies and 10 controls. You may need
to modify the way you quantify the behavior after your first experiment. Quantifying behavior can
actually be really tricky, especially in an unbiased way. You might try doing a “blind” study where the
group members conducting the experiment do not know if they are using control or optogenetic flies.
Your data and a graph of the data should be in your lab notebook.
The following experimental protocols are suggestions for how to do these experiments, but you may
discover better ways to observe the behaviors. This is the first time we have done this lab, so please
let us know if you have any suggestions!
Lab notebook
- Qualitative descriptions of all four behaviors
- Description of how you are quantifying one of the behaviors
- Table and graph for one of the behaviors (n=10 flies at least for controls and optogenetic flies)
A. Motor neurons in larvae (OK6; ChIEF)
The vials you receive for this experiment will not have adult flies in
them (we removed the adults already). Look at the wall of the vial
and you will likely see larvae crawling around. There may also be
pupae, which you can identify because they are a darker color than
the larvae and they do not move (Fig 8.10).
Using forceps, gently grab a couple of larvae from the vial and
place them in a petri dish. They will likely start to slowly crawl. Don’t
leave them unattended in the petri dish with the lid off for a long
time, because they may eventually crawl out of the dish and onto
the lab bench.
Remember that these larvae are expressing ChIEF in their motor
neurons, so you will need to use blue light to activate the channel.
We will use a blue optical fiber that is controlled by a switch on the
box that it is attached to. Try turning on/off the light to make sure
you understand how it functions.
Place the petri dish under the dissecting microscope and focus on
the larvae. Turn off the microscope light (you should still be able to
see the larvae with the ambient light). Keep your eyes on the larvae
while your lab partner shines the blue light.
Describe the behavior triggered by the blue light. Does the behavior
make sense given where ChiEF is expressed?

Figure 8.10 Typical vial of flies
with larvae and pupae on the
walls.

Repeat the experiment on controls to make sure that blue light does
not normally cause a behavior in larvae.
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Knocking out the adult flies
The rest of the experiments in this lab use adults flies which will all fly away if you open the vial, so
you will need to knock out the flies before transferring them to other containers. In researcher labs,
CO2 is usually used to temporarily knock out the flies, but we will use cold temperature to sedate the
flies.
Before you knock out the flies, discuss the experiment with your group -- which flies are you going to
test? What behavior do you expect? Make sure you have read through the procedures for those flies,
so you’re ready to go. Focus on one experiment at a time.
Put the vial of flies you are going to test in the plastic rack and then in the freezer for 2 minutes (label
the rack with a piece of tape with your names on it). Check on them after 2 minutes. If they are still
moving around, then put them back in the freezer for another minute. Repeat this until they are not
moving. Do not leave your vial in the freezer for longer than you need, because the flies will freeze to
death. You just want to temporarily knock them out, not kill them.
Get an ice pack from the freezer, wipe off any condensation, and put a kimwipe on top of the ice
pack. If the flies start to wake up while you are doing an experiment, use forceps or a paintbrush to
put the flies on the kimwipe. The cold temperature will knock out the flies again (if you put the flies
directly on the ice pack, without the kimwipe, they will die). Think of the ice pack as a back-up to
prevent flies from escaping. If at any point you’re afraid some flies are waking up and about to fly
away, transfer them to the ice pack.
Clean-up procedures
The flies need to be autoclaved before disposal, so we cannot put them in the regular trash. All flies
(including the larvae) need to be put in the white autoclave bag when you are done with them.
•

Flies still in vials: Just leave them in the vials and leave the vials on your lab bench.

•

Larvae from experiment: Either put them back in the vial or squash them in a kimwipe (which goes
in white bag).

•

Flies in petri dishes: Tape up the petri dishes and put them in the white bag.

•

Flies on slides: Transfer the flies to the ice pack to kill them, or you can squash the flies with a
kimwipe. Put the dead flies into the white bag.

•

Any other dead flies: Put them in the white bag.

B. Escape circuit (OK307; CsChrimson)
Freeze a vial of the escape flies (you can do the no ATR controls at the same time). In general,
it helps to start with control flies to see what the normal response is to light (which is probably no
response).
Transfer 5-10 flies into a petri dish. You can do this by gently tilting the vial and tapping it to pour out
a couple of flies at a time.
Put the lid on the petri dish and focus on the flies through a dissecting microscope (try just to use
ambient light). Once the flies revive and start walking and flying, focus on one fly while your lab
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partner turns on the red LED light directly on that fly.
Try this on multiple flies. Describe the behavior that is triggered by the red light. Make sure to test this
on control flies to make sure they do not respond to red light.

C. Backwards walking (MDN+MAN; CsChrimson)
Freeze a vial of the moonwalker flies. Remember the controls for these flies are the wildtype flies.
The moonwalker flies don’t need ATR, so we cannot use that as a control.
Transfer 5-10 flies into a petri dish. You can do this by gently tilting the vial and tapping it to pour out
a couple of flies at a time.
Put the lid on the petri dish and focus on the flies through a dissecting microscope (try just to use
ambient light). Once the flies revive and start walking and flying, focus on one fly while your lab
partner turns on the red LED light directly on that fly.
Try this on multiple flies. Describe the behavior that is triggered by the red light. Make sure to test
this on wildtype control flies to make sure they do not respond to red light. Also spend some time
observing how flies normally walk -- do they ever go backwards?

D. Sweet taste receptors (Gr64f; CsChrimson)
Freeze a vial of the taste receptor flies. While you wait, put double-sided tape onto a microscope
slide. Try not to touch the tape in the middle, so it stays very sticky. Put the slide under the dissecting
microscope and get it focused.
Transfer a couple of knocked out flies onto the kimwipe on the ice pack.
Then gently grab a fly using forceps and transfer it to the tape. Look through the microscope at the fly
while you position it. Place the fly dorsal side down on the tape and press each wing firmly onto the
tape. Really get both wings stuck well onto the tape.

Figure 8.11 The arrow is pointing at the proboscis. The image to the
right shows the proboscis extension response (PER).
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Look through the microscope and try to find the proboscis -- it is on the head and will be facing you
(Fig 8.11). Wait until the fly’s legs start moving, so you know that it has woken up from the freezing.
While one person looks through the microscope, another person will shine red light directly onto the
fly. Did the proboscis extend (Fig 8.11)?
Repeat this experiment with no ATR control flies. Once you get the hang of mounting flies on the
tape, you can put multiple flies on one slide.
When you are done with the experiment, put the flies back on the ice block to freeze them. Then
squish them in a kimwipe and put it in the white bag. During your experiments, if you ever see a fly
that is about to unstick itself from the tape, immediately transfer it back to the ice block to knock it out
again.

Remember to describe all four behaviors in your lab notebook and then focus on one to quantify
along with controls.
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