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Abstract
Characterization of global brain state dynamics in Drosophila melanogaster

Neeli Mishra

Internal states, such as arousal and hunger, elevate the probability of a set of
behaviors and persist on longer timescales than the behaviors that they predict. These
states are triggered by sensors (e.g. neurotransmitters, biogenic amines) within the animal
that detect internal homeostatic conditions and external factors. However, the sustained
nature of internal states and the diversity of behaviors associated with a singular state
suggest that state is represented not only by hormonal and modulatory signals but also by
the coordinated activity of neurons within the central brain. Additionally, recent evidence
suggests that internal states are represented throughout cortex in rodents [1, 2] and in many
neuropil regions in Drosophila [3, 4]. In this thesis, I suggest how persistent states are
represented globally in the brain by observing the activity of neurons, at the single-neuron
level, distributed throughout the brain of Drosophila melanogaster and determining on what
timescales their neural activity predicts behavior.

To do this, we first establish a strategy to rapidly capture brain-wide activity of an awake,
freely behaving Drosophila adult. We employ Swept Confocally Aligned Planar Excitation
(SCAPE) microscopy, which has been shown to be an effective tool for volumetric imaging
in a wide range of living samples, including zebrafish and Drosophila larvae. SCAPE’s
volumetric imaging speeds exceed those of point-scanning methods ten- to hundred-fold,

and offers additional advantages, such as reduced phototoxicity and high signal-to-noise. The



optical geometry of SCAPE consists of a single objective located directly above the sample.
Therefore, this single stationary objective lens allows for imaging of intact, behaving animals
like adult flies. Here, we characterize the spatial resolution of the system with respect to
in vivo imaging of neurons in the adult fly brain. We show that we can achieve single-cell
resolution, even in closely-spaced or dense neuronal populations. Additionally, we show that
high-speed imaging of calcium activity throughout the whole brain can be performed at 20 fly
brain volumes per second. These rates allow us to monitor neural dynamics occurring on the
time scale of hundreds of milliseconds, which lets us capture the dynamics of popular calcium
indicators like GCaMP. Moreover, we have demonstrated the feasibility of this approach to
optically record odor responses of individual neurons in the olfactory circuit, while the animal
freely behaves on a spherical treadmill.

Having established a system for whole-brain imaging in Drosophila, we then use this
methodology to explore the representation of two internal states: arousal, in flies freely run-
ning on a spherical treadmill, and hunger, in food-deprived flies consuming sugar. We define
internal state as neural activity that predicts behavior on long timescales. To determine the
timescale with which individual neurons best predict behavior, we define a regression model
in which the activity of each cell is proportional to behavior filtered with unique time constant
Ti. In freely running flies, we see that the neural activity exhibits a strikingly large dominant
mode- nearly all cells across the brain are correlated with locomotion. While the median
timescale is short, the distribution of timescales across all cells is broad, with some neurons
correlated with locomotion on a much longer timescale, representing arousal based on our
definition. In food-deprived flies fed sugar, no dominant mode exists; the neural activity
tracking feeding is relatively subtle at the global scale. However, by applying the regres-
sion model to determine the timescales of individual cells, we do identify some ensembles of
neurons possessing either a short timescale (Tj < 10s), likely representing reward, or a long
timescale (T; > 60s), putatively representing hunger. To investigate the populations that

make up these different timescales, we used both genetic labeling and hierarchical clustering



to determine the identity of neurons of interest. For example, in the freely running flies, we
notice that cells in a dorsomedial region called the pars intercerebralis exhibit consistently
large Tj with respect to locomotion. Similarly, by genetically labeling neurons producing the
hormone DH44, we see that in food-deprived flies consuming sugar, these neurons exhibit
large Tj with respect to feeding. Thus, we have identified dimensions of global dynamics,
including a broadly distributed behavioral state as well as subspaces supporting putative
neural correlates of the internal states of arousal and hunger. These data presented in this
thesis, and the techniques we have established, have the potential to significantly impact
our understanding of internal states at a global level in Drosophila melanogaster and can be

extended to other organisms.
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Introduction

0.1 Optical microscopy

0.1.1 Three-dimensional imaging of cellular activity in the brain

In the last 25 years, we have developed tools to express genetically encoded uorescent
proteins in speci c cell types, enabling detailed structural mapping and connectivity tracing
[5]. With the increasing availability of uorophores engineered to change uorescence in
response to calcium and other cellular signaling molecules, scientists now can access optical
readouts of cellular function [6, 7, 8, 9, 10, 11, 12]. This has heightened the need for faster
volumetric imaging speeds over larger elds of view. High speed imaging captures neural
and cellular activity at su cient temporal resolution to analyze onset timing, amplitudes
of activity and response pro les. Volumetric imaging allows for parallel recording of pop-
ulations of cells over multiple layers, or throughout the whole brains of small organisms.
This permits simultaneous evaluation of activity, spontaneous events and system-wide cor-
relations. In addition, the increasing use of awake, behaving animals in neuroscience places
stricter constraints on motion tolerance, on simple and e cient image acquisition, and in
some cases, introduces the need to track motion and monitor real-time behavior. There have

been many optical innovations that have increased imaging speeds, elds of views and have



enabled combined imaging, photomanipulation and behavior tracking in awake, behaving
animals performing complex tasks [13, 14, 15]. In the following sections, | will review these

approaches.

0.1.2 Commonly used point-scanning techniques and their limita-

tions

The rst microscopes achieved cellular resolution by imaging small specimens or thin
slices in stained tissue. By sectioning the tissue into thin slices, nearby tissue is removed
from the plane of interest, thus minimizing image distortion due to light scattering. A
monumental breakthrough in the eld of optics was optical sectioning, a technique that
allowed for high-resolution imaging of intact tissue. Optical sectioning selectively permitted
a subregion of tissue to be illuminated, while light coming from adjacent areas was either
not produced or actively blocked (see gure 1). The most commonly used method fior
vivo optical sectioning is laser point scanning, which is used in conventional confocal and
two-photon imaging [18, 19]. In laser point scanning, a small point of focused light is moved
sequentially to di erent positions in the sample and an image is formed by assigning the
signal from each point to its scanned position in 2-D or 3-D space. Confocal and two-photon
microscopy are similar in terms of their optical methodology. Two-photon microscopy was
rst described in 1990 [19]. It has become a popular tool for biological imaging because it
can image biological tissues at very high resolution, at depths up to 6Q®n. Two-photon
imaging is similar to confocal imaging, in that it requires a focused beam of laser light to be
moved through the tissue, sensing the properties of the tissue and using them to construct
a 2-D or 3-D image (see gure 2). Confocal microscopy rejects scattered light by isolating
signals that originate from the focus of the scanning beam. Confocal excitation wavelengths
are typically in the visible spectrum, where tissue scatter and absorption are high. Therefore,
when using confocal microscopy to image to depths beyond 200 to 300, the laser beam

can no longer focus and images become blurred and lack sensitivity. Additionally, while
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Figure 1: Comparison of physical sectioning and optical sectioning. (a) Physical sectioning.
(i) A donor block is created by embedding the tissue in paran. (ii) The block is then
sectioned into individual planes. (iii) The tissue is xed to preserve the cells and tissue com-
ponents. (iv) The individual tissue slices are stained to improve the contrast and highlight
select features in tissue. (v) The slices are then arranged on a glass slide in slice order. (vi)
Microscopy is used to digitize the tissue slice. Afterwards, the digital imaging slices can be
reconstructed into a volume. Adapted with modi cations from [16]. (b) Optical sectioning.
(i) A sequence of optically sectioned images of a pollen grain, imaged with structured illu-
mination microscopy. (i) A maximum-intensity projection of all the planes along thez-axis.
(i) A maximum-intensity projection of all the planes of multiple pollen grains. Adapted
with modi cations from [17].

it is assumed that the detected uorescent light originates from the focus of the scanning
beam, some of the detected signal is also generated by excitation and emission light that is
scattered within the tissue above and below the focus. Not only does this light contribute
to image blurring, it also can result in cumulative photodamage to areas of the tissue that
are not actively being imaged. Two-photon microscopy is able to overcome many of the
disadvantages of confocal microscopy. Instead of exciting uorophores in the tissue at visible

excitation wavelengths, two-photon microscopy utilizes laser light of twice the excitation

wavelength. When su cient photon ux is achieved, it is usually possible for a uorophore



to be excited by two of these lower energy photons arriving in quick succession. Once excited,
the uorophore will emit a photon at (or near) its usual emission wavelength. A high photon
ux can be achieved if a pulsed laser is used, which delivers very high energy, rapid pulses.
Even with such high peak power, the nonlinear e ect of two-photon excitation only happens
at the tight focus of the laser beam. Therefore, a two-photon microscope is able to use near-
infrared light to image the same uorophores as confocal microscopy. Since the scattering
and absorption of near-infrared light in tissue is much lower than for visible light, the laser
beam's focus can be maintained for much further depths (greater than 60, depending on
tissue type). Because the uorophore excitation only occurs at the very focus of the beam,
the surrounding tissue does not experience signi cant photodamage. Additionally, the near-
infrared excitation light is generally spectrally well-separated from the emission wavelength,
making rejection of excitation light much simpler than for confocal microscopy. Further, since
it is expected that any light emerging from the tissue at the uorescent emission wavelength
at a particular time can only have originated from the focus of the scanning beam, it is
not necessary to attempt to reject scattered light, as required in confocal microscopy. In
the case of a confocal microscope, descanning and a pinhole are needed to reject scattered
and out-of-plane light [18]. Therefore, detectors can be used to collect all of the emerging
emission light with two-photon microscopy. This signal, when reformed using the beam
scanning pattern, produces a high resolution image of the uorescent structures within the
tissue. Therefore, where traditional microscopy required tissues to be stained and physically
sectioned, two-photon microscopy allows high-resolution 3-D imaging of intact, functioning
tissue.

However, apart from the obvious challenges of physically getting optical access of the
brain, there are some additional di culties with implementing two-photon microscopy. The
rst is that the cost of the system is high, due to the costs associated with specialized laser
manufacturing and the fact that pre-built commercial systems are expensive. Second, is the

issue of slow volumetric imaging speeds. Both two-photon and confocal microscopy are un-



Figure 2: Confocal and two-photon microscopy for optical sectioning. (a) Point-scanning
confocal microscopy and (b) two-photon point scanning microscopy. Blue (a) and red (b)
indicates excitation light, and green indicates uorescence emission. Arrows indicate direc-
tion of scanning to form a 3-D image. (c) Depiction of photons of interest versus unwanted
photons in point-scanning imaging. Adapted with modi cations from [15].

able to quickly perform volumetric scanning, since these techniques are reaching fundamental
speed limits for applications requiring fast volumetric imaging. To attain higher volumetric
imaging speeds, the point of light needs to be scanned faster and faster. As point-scanning
rates increase, the integration time available to collect signal per pixel becomes shorter, re-
quiring highly sensitive detectors and brighter laser illumination to collect su cient signal

to form an image. To image a volume of 512 x 512 x 100 Ly L;) voxels at 10
volumes per second (VPS), the integration time per pixel would ready = 4 ns, which is
approxmately the uorescence lifetime of green uorescent protein [20]. The corresponding
pixel sample rate of 262 MHz is also over three times faster than the pulse rate of 80-MHz
Ti:sapphire lasers commonly used for two-photon microscopy. This con guration would also
require a scanner moving at a more than 500-kHz line rate, yet current resonant scanners
are limited to around 24-kHz line rates. Therefore, these caveats severely limit the ability of
researchers to collect information about neural dynamics using typical point-scanning con-
focal and two-photon systems, especially if they are interested in scanning over larger planes

and volumes.
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