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Highlights
- Methods are described for in vivo recording of FRET biosensors using fiber photometry
- Technical considerations are discussed for biosensor expression and recording in freely
moving animals

- Example of detecting GPCR-dependent signaling events in the rat striatum is presented



Abstract

Genetically encoded fluorescent biosensors allow intracellular signaling dynamics to be tracked
in live cells and tissues using optical detection. Many such biosensors are based on the principle
of Forster resonance energy transfer (FRET), and we have recently developed a simple approach
for in vivo detection of FRET-based biosensor signals using fiber photometry. By combining fiber
photometry with FRET-based biosensors, we were able to track GPCR-dependent signaling
pathways over time, and in response to drug treatments in freely-moving adult rats. Recording
from specific neuronal populations, we can quantify intracellular signaling while simultaneously
measuring behavioral responses. Our approach, described in detail here, uses adeno-associated
viruses infused intracerebrally in order to express genetically-encoded FRET-based biosensors.
After several weeks to allow biosensor expression, fiber photometry is used in order to record
drug responses in real time from freely-moving adult rats. This methodology would be
compatible with other mammalian species and with many biosensors. Hence, it has wide
applicability across a spectrum of neuroscience research, ranging from the study of neural circuits

and behavior, to preclinical drug development and screening.



1. Introduction

A longstanding obstacle in neuroscience research has been the inability to observe cellular and
molecular processes in the brain from subjects that are awake, and hence able to interact with
the environment. Over the last decade, fluorescent indicators and advanced imaging modalities
have been developed that allow such cellular and molecular processes to be measured in real
time from awake animals. The suite of available biosensors now includes indicators of calcium
concentration, voltage, second messenger production, enzyme activities, and neurotransmitter
or neuromodulator release, and new sensors are being generated routinely. Many such
biosensors are constructed by exploiting Forster resonance energy transfer (FRET), which occurs
between two fluorescent proteins as a function of their proximity, and is detectable as a change
in relative fluorescence intensity or fluorescence lifetime (reviewed in [1-3]). Imaging or
recording of such fluorescent biosensors in living animals can be accomplished using several
techniques, each with specific advantages (reviewed in [4, 5]). In this article we will outline one

such technology, fiber photometry, and its application to FRET-based biosensors.

Fiber photometry refers to an optogenetic technique in which a fiberoptic probe (sometimes
referred to as an optic cannula) is chronically implanted in order to record the fluorescence
emissions of a biosensor from a target tissue, such as the brain [6-10]. While specific apparati can
vary, most fiber photometry systems do not employ cameras for detecting fluorescence and thus
do not produce images. Instead, fiber photometry measures “bulk fluorescence”, or the averaged
signal obtained local to the fiberoptic tip, including the contributions of hundreds or thousands

of biosensor-expressing cells. Fiber photometry was originally developed for recording neuronal



activity using fluorescent calcium indicators [10-12], and its subsequent popularity has led to the
development of commercially available “plug and play” systems for this purpose. In particular
the capacity to pair photometric recording with behavioral measures has made it a particularly
useful tool to study the neural circuits underlying behavior [5, 13]. Compared to imaging
technologies such as head-mounted mini-scopes or head-fixed microscopy, fiber photometry is
also less invasive, allows access to structures deep in the brain without tissue resection, and

permits the simultaneous recording of multiple brain sites, or multiple animals [14].

We have recently described the application of a two-color fiber photometry system to record G
protein-coupled receptor (GPCR) dependent signaling pathways in vivo using FRET-based
biosensors [8]. Using this technique, we measured drug-evoked intracellular signaling in the
striatum of Parkinsonian rats to reveal changes in dopamine receptor signaling that occur during
chronic treatment with L-DOPA. This approach leverages the existing suite of FRET-based
biosensors and represents a powerful tool for studying intracellular signaling, circuit function and
pharmacology. In the present article we will describe the general approach and technical

considerations for performing fiber photometry with FRET biosensors.

2. Overview of Methods
2.1 Selecting a biosensor
Selecting an appropriate biosensor is a critical first step towards designing an in vivo recording
experiment. The majority of contemporary fluorescent biosensors can be categorized as either

intensity-based or ratiometric [15]. Intensity-based biosensors rely on changes in the brightness



of a single fluorophore, and common examples include the GCaMP series of calcium indicators
[16] and neurotransmitter sensors such as dLight [17] and GRABDA [18]. On the other hand,
ratiometric sensors rely on relative changes in fluorescence intensity between two fluorophores,

most often via FRET [19], and dozens of such biosensors have now been generated [2, 3].

The most common fluorescent protein (FP) pairs used in FRET are variants of cyan (CFP) with
yellow (YFP), or variants of green (GFP) with red (RFP). Each pairing offers advantages and
disadvantages, relating to their brightness, efficiency of energy transfer or photostability [20].
Red-shifted fluorescent proteins which are excited and fluoresce at longer wavelengths (i.e. GFP-
RFP pairs) offer several advantages for in vivo application. Notably, long wavelength light sources
are less phototoxic and less prone to cause tissue heating or to produce auto-fluorescence from
tissue [21], which can contribute to higher background signal in photometry. Furthermore, short
wavelength light is more prone to be absorbed and scattered by biological tissues. This means
that red light can travel more efficiently through a greater depth of tissue, increasing the
collection volume below an implanted fiberoptic probe. Many FRET biosensors are available in
either CFP/YFP or GFP/RFP format. Despite the potential advantages of red-shifted FPs, in our
experience FRET reporters based on CFP/YFP have been brighter and have a larger dynamic range
than analogous sensors based on GFP/RFP. High dynamic range implies both that there is a
resistance to saturation, and that a small change in biological signal is translated into a larger
change in FRET ratio, allowing for better detection of small signaling events above background,
and is a paramount consideration when selecting a biosensor. Looking to the future, optimized

sensors based on GFP/RFP FRET may ultimately outperform those based on CFP/YFP in all



respects, but at the time of this writing we have found that the benefits of greater dynamic range

outweigh the associated drawbacks of CFP/YFP FRET.

When selecting a biosensor, initial characterization may be performed in cell culture to assess
the functionality, or to compare the brightness and dynamic range when multiple biosensors are
to be used. If possible, biosensors should be tested in cells derived from the target tissue, as the
dynamic range of the signaling processes to be measured may be cell-type dependent and it
useful to understand the cellular context to optimize biosensor measurements. The application
discussed below utilizes the PKA biosensor AKAR3-EV (Fig. 1A) [22]. In order to validate AKAR-
3EV for in vivo application in the rat striatum, we first expressed it in primary rat striatal neurons
(Fig. 1C) and used fluorescence microscopy to measure FRET responses to stimulation with the
dopamine D1 receptor agonist SKF 81297 (Fig. 1B). Detailed descriptions of our in vitro validation
were previously reported [8] and in-depth protocols for performing FRET microscopy are

available [23].

2.2 In vivo expression of FRET biosensors using adeno-associated viral vectors (AAVs)

Due to their flexibility, simplicity and safety, adeno-associated viruses (AAV) are the most widely
used vectors for targeted expression of biosensors in the brain [reviewed in [24]]. AAVs have a
packaging size limit of approximately 4500 base-pairs, which can accommodate most FRET-based
biosensors together with a compact promoter. Many AAV “backbones” are available through
online resources such as Addgene. When selecting an AAV expression vector, the choice of

promoter is a critical decision in order to ensure optimal expression of the viral cargo in the cell



population of interest. There are often trade-offs between the size (number of base-pairs), cell-
type specificity, and strength of a given promoter. Thus, short promoters that drive high level
expression (e.g. CMV, CAG and EF1), tend not to be cell-type specific. Promoters that express
specifically in neurons (e.g. Syn) are commonly used, providing a middle ground of cell-type
specificity with acceptable expression levels (reviewed in [25]). In order to target more specific,
molecularly defined cell types, recombinase-dependent expression vectors can be used in
combination with a Cre or Flp recombinase that is expressed either using a second virus or in a
transgenic Cre driver line [26]. AAV serotype is another factor that can influence the efficiency

and specificity of biosensor expression in various tissues and cell types [27].

In the example presented here, we cloned AKAR3-EV into an AAV backbone with a neuron-
specific promotor [8, 28] and used AAV serotype 1 to transduce neurons in the dorsal striatum
(Fig. 2A). We then confirmed that the biosensor expression was localized to neurons in the
intended brain region by performing immunofluorescence with the neuronal marker NeuN (Fig.

2B).

2.3 Photometry systems for ratiometric FRET

A number of photometry systems have been described by different labs over the past decade,
and several are now commercially available. The majority of commercially available systems are
designed with excitation sources and filter-sets specified for application with intensity-based
indicators such as GCaMP. However, many photometry systems are modular, such that excitation

sources and filters can be exchanged. In principle, any photometry system capable of two-color



recording could be suitable for application with FRET biosensors. Generally these systems share

a common core design, typically consisting of the following elements:

light source for fluorescence excitation (LED or laser diode)

- fluorescence detection unit (most often photomultiplier tubes, i.e. PMTs)
- optical filters for both excitation and emission channels

- dichroic mirrors used to separate excitation and emission wavelengths

- data acquisition and control unit

- purpose-built software for different applications

The FRET photometry acquisition system used in our labs (Fig. 3A) was designed and built by
Labeo Technologies (Montréal, QC, Canada). The light source for excitation of CFP is a laser diode
centered at 450 nm with an optical filter at 438 £ 12 nm (Thor Labs). A dichroic mirror with a cut-
off wavelength of 458 nm (Thor Labs) separates the excitation and emission channels. For
fluorescence detection, another dichroic mirror (cut-off wavelength of 520 nm) is used to split
the emissions into CFP and YFP channels. Each detection channel is coupled with an emission
filter (483 + 16 nm for CFP and 547 + 27 nm for YFP, Thor Labs) and two PMTs (Hamamatsu
Photonics) are used to measure fluorescence. PMT signals are amplified with trans-impedance
amplifiers and acquired with a data acquisition device (National Instruments) at up to 1 kHz. The
acquisition electronics are connected to a computer through a USB port. Both excitation and
emission optical pathways are co-aligned and connected to a 400 um optical fiber which is

connected to a 400 um fiberoptic patch cable (Doric Lens), which can be connected to the animal



directly, or with an intervening rotary joint (Doric Lens). The acquisition user interface provides
real-time visualization of the signal and is used to control laser power, acquisition frequency and

program the duration and frequency for periodic recordings.

3. Experimental Procedures

The following sections will describe an overview of the surgical procedures, photometry
recording, data analysis, and post-mortem histology for an experiment in which biosensors were
targeted to the dorsal striatum of adult rats. The required materials along with the suppliers we

used will also be listed. General supplies, such as consumables required for surgery, are not listed.

3.1 Stereotaxic surgery: virus injection and probe placement
For further information, detailed protocols for rodent stereotaxic surgery, virus injection and
fiberoptic probe implantation have been previously published, including in the following

references [6, 29].

Materials:
1) High titer adeno-associated virus (Canadian Neurophotonics Platform — Viral Vector Core)
2) 400 um diameter fiberoptic probes, 5 mm long for implantation in dorsal striatum (Doric
Lens MFC_400/430-0.48 5mm_MF2.5 FLT, 0.4 mm external diameter)
3) Stereotaxic frame (Stoelting)
4) Hand-held micro drill with 0.6mm bit (NeuroStar)

5) Surgical screws (Stoelting)



6) Hamilton syringe with 26-gauge flat tip needle (Hamilton)
7) Stereotaxic microinjection system (NeuroStar)

8) Dental Cement

Procedures:

All procedures were approved by the McGill University Animal Care Committee, in accordance
with Canadian Council on Animal Care Guidelines. Male Sprague-Dawley rats (Charles River)
weighing 275-300 g were anesthetized and mounted in a stereotaxic frame. Anesthesia was
achieved with isoflurane (3% induction, 1% maintenance) mixed with oxygen, and breathing was
monitored throughout the duration of surgery. An initial dose of carprofen analgesic (10 mg/kg
s.c.) was also provided at the start of surgery. An incision was made along the midline of the scalp
and skin was clipped using bulldog clamps in order to expose the skull. The surface of the skull
was cleaned in order to visualize bregma and lambda and the angle of the head was adjusted so
that the skull was flat and bregma and lambda were at the same height. Stereotaxic arms were
zeroed at bregma, and the location of intended virus injection was marked using permanent
marker on the surface of the skull by measuring the distance from bregma. Using a hand-held
micro drill with a 0.6 mm diameter drill bit, a hole was made in the cranium for viral injection and
probe placement. Additional holes were drilled in order to secure 5 stainless steel surgical screws.

These holes were at least 5 mm away from the hole intended for probe placement.

Adeno-associated virus (~5x10*? viral genomes/ml, kept on ice) was loaded into a Hamilton

syringe with 26-gauge needle connected to the stereotaxic side-arms (i.e. micromanipulators).



The syringe was centered above the cranial hole, and slowly lowered to the target depth in the
brain. For expression in the dorsal striatum, the tip was located at the following coordinates
relative to bregma: +1.2 AP, 2.7 ML and -5.5 DV. AAV was injected at a volume of 1 ul and a rate
of 0.2 pl/min. After completion of the injection, the syringe was left in place for 10 min and then
slowly removed. A 5 mm long optic probe (see materials) with metal ferrule was then fastened
to a stereotaxic side-arm and slowly lowered along the same path to target coordinates 0.5 mm
dorsal to the virus injection site (+1.2 AP, £2.7 ML and -5.0 DV). This placement ensures that the
light-collection area of the probe includes the center of viral expression. Once the probe is in
place, the base of the metal ferrule should be flush with the skull, so it is important to have optic
probes of the correct length to target the brain region of interest. Once the optical probe was in
place, the skull, together with the inserted surgical screws, were gently cleaned, and dental
cement was used to secure the probe and to cover the screws. The dental cement was
smoothened at its margins, so as to eliminate any sharp ridges that could irritate the animal. Rats
received postoperative monitoring and were administered additional doses of carprofen

analgesic (10 mg/kg s.c.) every 24 hours for 3 days after surgery.

3.2 Photometry recording and data analysis

Materials:

1) Fiber photometry recording system with appropriate excitation source and filter set

(Labeo Technologies)



2) Rats implanted with an optic probe and expressing a FRET biosensor in the desired brain
region (AKAR3-EV expressed in dorsal striatum)

3) Rats implanted with an optic probe and expressing a negative control FRET biosensor in
the desired brain region (AKARctl expressed in dorsal striatum)

4) Rats implanted with an optic probe without biosensor expression in the desired brain
region (probe only in dorsal striatum)

5) Drug and vehicle control (SKF 81297 HBr [Toronto Research Chemicals], 0.9% saline)

6) Testing chamber or arena

7) Fiberoptic patch cord (Doric Lens - MFP_400/430/LWMJ-0.48 0.5m_FCM-FCM)

8) Ceramic mating sleeve (Doric Lens)

9) Fiberoptic rotary joint (optional, depending on setup — Doric Lens)

10) Testing arena (Square plexiglass chamber, 60 x 60 x 60 cm, with a hole in the lid for the

patch cord to pass through)

Procedures:

Following recovery from surgery, rats were left undisturbed in their home cages for 3 weeks in
order to allow for virus expression. This timeframe was determined both by
immunohistochemistry and by monitoring fluorescence signal detected by photometry (Fig. 3B).
While timing may vary depending on the specific viral construct, we have found that a significant
fluorescence signal is detectable between 2-3 weeks after surgery, and we have performed

experiments in rats lasting up to 12 weeks with stable fluorescent signal.



Prior to performing the first photometric recording, rats were handled for 5 days and connected
to a “dummy” cable in the test cage, in order to acclimatize them to the sensation of being
connected to a fiberoptic patch cord. For testing rats in particular, the use of a reinforced optic
patch cord with metal jacket is recommended (e.g. Doric LWMJ protective jacket), as unprotected
opticfiber can easily be damaged by chewing or grabbing. Experiments described here also utilize
a fiberoptic rotary joint (Doric Lens) to allow animals to freely rotate. More generally, a rotary
joint will tend to attenuate the signal and is not always needed, depending on the experimental

setup and duration of testing.

At the time of recording, rats were placed in the test chamber and the photometry system patch
cable was connected to the surgically implanted optic probe using a ceramic mating sleeve (Doric
Lens). The excitation source was then turned on and baseline recordings of at least 10 min were
acquired prior to drug administration. All photometry recording was performed using laser power
of 20 pW and with PMT gain set to 70% for both the CFP and YFP channels. Note that the
excitation power level and gain required to generate a robust signal may need to be
experimentally determined. Excitation power should be kept as low as possible in order to
minimize sensor bleaching, background autofluorescence and tissue heating. Increasing the PMT
gain will increase the detection sensitivity, but it is important to avoid saturation. The signal
strength from individual animals can vary depending on the accuracy of probe placement, so it is
recommended that gain be set such that animals with the largest signal are not saturating, and
to leave this value constant across all animals. In order to determine whether a robust signal is

detected, the fluorescence intensity should be compared to control rats which have not been



injected with virus. In our experience, signal from sensor-expressing animals should be at least

3-fold greater than control animals.

An example of raw fluorescent signals of CFP and YFP acquired at 1 Hz is shown in Fig. 3C,
together with the corresponding FRET ratio values. To minimize potential bleaching or photo-
toxicity in long-lasting recordings, the laser was turned on for only 30 out of every 60 seconds
(i.e. 50% duty cycle), creating a time-resolved series of 30-second 1Hz recordings (Fig. 3D). In this
example, a single rat expressing the AKAR3-EV biosensor in the dorsal striatum received a
systemic injection of either saline or the dopamine D1 receptor agonist SKF 81297 (5 mg/kg), in
test sessions one day apart. Note that the choice of drug concentration, vehicle and injection
volume will need to be determined based on the solubility of the compound being tested. While
many drugs (including SKF 81297) are more soluble in DMSO-containing vehicle than aqueous
solution, metabolism of DMSO (which is itself essentially odorless) produces a notable odor that
can be detected by rodents; hence, DMSO should be avoided when possible for in vivo
experiments. More generally, if solvents such as DMSO are required, the concentration should
be minimized in order to avoid potential pharmacological actions, or even toxic effects at higher
concentrations. For rats, best practices are to limit systemic injection volume to 1 ml of injectate
per kg body weight. SKF 81297 is soluble in physiological saline at 5 mg/ml, and thus no added
solvent was required. Drugs should be prepared fresh whenever possible. Otherwise, drug
solutions should be stored in frozen aliquots at -20 2C (or colder) and thawed before use, with

care taken to ensure that the drug has completely re-dissolved. At the start of testing, a 15-



minute baseline recording was performed and drug was then injected subcutaneously without
disconnecting the rat from the photometry system.
Injections were performed during a 30 second “laser off” period, as indicated. An increase in FRET
ratio can be observed following agonist injection, indicating an increase in PKA activity in the

dorsal striatum.

Controls:

For best practice, two types of control recordings are also recommended. The first is to use a
control biosensor. This typically consists of a modified version of the FRET biosensor which has
been mutated to become unresponsive to cellular signaling. In the case of the PKA sensor AKAR3-
EV, the threonine residue phosphorylated by PKA has been mutated to an alanine, locking the
control biosensor permanently in the “low FRET” open conformation, unresponsive to agonist
stimulation (see Fig. 1A). The second type of control is to record from rats that have been
implanted with optic probes but do not express any virus. These rats are used to estimate
background autofluorescence, which can then be subtracted from FRET recordings during data
processing. Recordings from these controls should always be performed in parallel using identical

recording parameters as those used in the experimental FRET recordings.

Data processing and analysis:
Data processing for photometry FRET analysis proceeds through the steps outlined in Figure 4A.
For each recording, we first averaged the CFP and YFP signals from each discrete time bin. In the

present example where the laser is turned on for 30 in every 60 seconds, this results in one mean



intensity value per minute. If control recordings from virus-free rats have been performed to
measure autofluorescence, these can be used to estimate the autofluorescent contribution to
both the CFP and YFP channels at each recording time point. Autofluorescence declines over
many minutes, and in our experience this decay can be fitted with a linear equation. In the above
example, two control rats were used to calculate the mean background for CFP and YFP channels
(Fig. 4B). These CFP and YFP mean values were plotted as a function of time and fit to a linear
equation which was then used to subtract CFP and YFP background at each time-point from the
biosensor recordings. After background subtraction, the FRET ratio was calculated as CFP/YFP.
Baseline FRET was calculated as the mean FRET for the pre-injection period and all measurements
were subsequently expressed as the percentage AFRET relative to baseline FRET [i.e. %AF/F =
100*(FRET - FRETbaseline)/ FRETbaseline]. The %AF/F values for a rat expressing AKAR-EV in the dorsal
striatum and treated with either vehicle or D1 dopamine receptor agonist are shown (Fig. 4C).
While the AKAR-EV expressing rat exhibited a clear drug response, a rat treated in an identical
manner expressing a control AKAR-EV biosensor exhibited no response to drug (Fig. 4D). These
%AF/F values can then be averaged across all subjects and subjected to further analysis. In order
to perform statistical comparisons on these time-course data we have previously used area-
under the curve (AUC) analysis, using the formula shown below, where C is the %AF/F value

corresponding to each timepoint (T), and B is defined as the mean %AF/F of the baseline period

[8].

AUC =0.5i = In-1(Ti+l+Ti)(Ci+l+Ci-2B)



3.3 Histology to assess virus expression, probe placement and overall tissue integrity

At the completion of all experiments, immunohistochemistry is performed in order to confirm
appropriate anatomical location of virus expression and probe insertion, correct cell-type
expression of the virus, and assess general integrity of the target tissue (Fig 2). Detailed protocols
for tissue fixation, immunohistochemistry and imaging are not provided here. In the examples
shown, fixation, sectioning and staining were performed as previously described [8]. Briefly, rats
were perfused with 4% paraformaldehyde solution, brains were extracted and sectioned using a
Vibratome™ (TPl series 1000, Leica Biosystems). Free-floating sections were then permeabilized,
blocked and probed with a primary antibody to detect the neuronal marker NeuN (Millipore,
MAB377, 1:1000 dilution). A secondary antibody tagged with Alexa fluor-647 (Invitrogen,
A21245, 1:500 dilution) and Hoechst 33342 (Thermo Fisher Scientific, H3570, 1:10000 dilution)
were then used for fluorescent visualization of NeuN and nuclear DNA, respectively. Sections
were then mounted in Fluoromount™ mounting medium (E126367, Invitrogen) and imaged using
the Opera Phenix™ High Content microscope (Perkin Elmer) using either a 5x (Fig. 2A) or 40x (Fig.

2B) objective.

3.6 Troubleshooting

Heterologous expression of transgenes in neurons can in some cases produce toxic effects,
especially at very high expression levels. Commercially-produced AAVs often reach viral titers as
high as 5x10*3 viral genomes/ml (vg/ml). In our experience, a titer of 1-5 x 1012 vg/ml is sufficient
for robust biosensor expression in striatal neurons without causing toxicity. However, this may

depend on the specific construct, and on the promoter used to drive expression. Viral expression



should be titrated in order to achieve sufficient fluorescence signals, while avoiding potential
toxicity. Depending on the size of the region targeted, the extent of viral spread around the
injection site must also be considered when determining the titer and volume of injection. Viral
injection and transgene expression can disrupt tissue function, even in the absence of cell death.
Immunofluorescent staining for cellular markers, as well as behavioral assays sensitive to
disruption of the target tissue, can provide reassurance that biosensor expression has not unduly

disrupted tissue function.

A potential confounding factor in fiber photometry is the distortion of fluorescence signals by
hemodynamic artefacts. Hemoglobin can absorb light in the spectral range used for fluorescent
imaging, and this can produce distortions in the fluorescent signal [30]. In our experience we
have seen that in a small number of animals, administration of D1R agonists produce a rapid
decline in total biosensor fluorescence, which we speculate is due to the ability of D1R
stimulation to increase cerebral blood flow [8]. Some computational approaches have been
proposed to address the contribution of hemodynamics [30-32], and this is an important
consideration in particular when using drugs that alter cerebral blood flow, or when targeting

brain regions adjacent to major blood vessels.

Discussion
Here we have described a simple approach for performing in vivo optical recording of FRET-based
biosensors using fiber photometry. This technique allows intracellular signaling to be recorded in

real time from genetically or spatially defined cell populations in the brain and offers a powerful



way to study how intracellular signaling shapes behavior, and how drugs act on signaling

pathways in the living brain.

There is now a substantial library of FRET-based fluorescent biosensors. These biosensors, which
collectively target dozens of signaling pathways, are generally available to the research
community through individual labs or online resources such as Addgene. Recently, these
biosensors have seen use in in vivo settings, shedding light on how intracellular signaling
processes affect behavior and pharmacology [8, 9, 33-38]. While the fiber photometry approach
described here represents one approach for measuring FRET in vivo, many others have been
described, and the choice of technique should be guided by experimental goals. Some examples
of alternative approaches include 2-photon intravital imaging [38, 39], or micro-endoscopy with
fibered or head-mounted microscopes [33]. These imaging-based techniques offer the advantage
of spatial resolution, but are typically much more invasive and costly, and may require physical
restraint of the animal. Further, while we have used AAVs to drive biosensor expression in our
studies, an alternative approach is the generation of transgenic animals that constitutively or
conditionally express a specific biosensor. In fact, several transgenic mouse lines have recently
been generated expressing FRET-based reporters including biosensors of PKA and ERK1/2 [33,

35], cAMP [40], and RhoA [38]; these mouse lines can all be used for in vivo studies.

Alternative fiber photometry methods for recording the same signaling processes described in
this article have also been described. For example, while we have measured FRET as a change in

relative fluorescence intensity between the donor and acceptor fluorophores, it can also be



measured by the change in fluorescence lifetime of the donor fluorophore [41]. The latter
approach was recently exploited to generate a fiber photometry system for fluorescence lifetime
measurement which allowed for sensitive measurement of PKA activity in vivo using a FRET-
based biosensor [9]. Intensity-based PKA biosensors composed of a single fluorophore have also
been generated and can be used in in vivo [42]. Such intensity-based sensors are generally
compatible with fiber photometry systems already used for GCaMP recording. An advantage of
these lifetime or single-fluorophore approaches is that they require detection of only a single

wavelength, offering the potential for multiplexed recording with multiple biosensors [15].

In this article, we have described methodological details and technical considerations for
ratiometric fiber photometry for monitoring intracellular signaling in freely moving animals using
FRET-based biosensors. The system described here can in principle be paired with any FRET-
based biosensor, opening the door to in vivo detection of dozens of signaling pathways. Due to
its simplicity and flexibility, we believe this technique has the potential for application across a
broad spectrum of neuroscience research, ranging from the study of neural circuits and behavior,

to preclinical drug development and screening.
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Figure Legends:

Fig. 1. Detecting PKA activation in primary neurons using a FRET biosensor. A) Schematic
depiction of the PKA biosensor AKAR-EV. Phosphorylation of the biosensor by PKA results in a
conformational change that increases energy transfer, and can be detected as an increase in FRET
ratio. B) Time course of PKA activation in primary striatal neurons following stimulation with the
D1 dopamine receptor agonist SKF 81297 (1 uM), measured using AKAR-EV. C) Representative
images of primary striatal neurons expressing AKAR-EV. Images were acquired by exciting the
donor CFP, and imaging the emission of both CFP and YFP, demonstrating energy transfer from

the donor to acceptor.

Fig. 2. Neuron-specific expression of AKAR-EV in rat dorsal striatum. A) Representative images
of AKAR expressed in dorsal striatum under the control of the synapsin promotor. The tract of an
optic probe implanted into the virus-expressing region of the dorsal striatum is also visible. B)
Representative images of individual AKAR expressing neurons in the dorsal striatum. AKAR-EV
was detected by YFP fluorescence (green), while neuronal cell bodies were labelled with NeuN

(purple) and total nuclei were labelled with Hoechst (blue).

Fig. 3. In vivo detection of FRET using fiber photometry. A) Schematic diagram of the fiber
photometry system used. B) Time-course of biosensor expression, measured by the fluorescent
signal detected by fiber photometry. X-axis indicates the time elapsed following stereotaxic

injection of AAV and probe implantation into dorsal striatum. C) Sample CFP, YFP and FRET signals



recorded at 1 Hz from a rat expressing AKAR in dorsal striatum. D) FRET ratio recorded in 30-
second intervals from a rat expressing AKAR in dorsal striatum and injected subcutaneously with
either saline or SKF 81297 (5 mg/kg). The trace shows the FRET ratio at a 1 Hz sampling rate, with

adjacent 30-second “Laser On” intervals joined by a connecting line.

Fig. 4. Data analysis of fiber photometry FRET signals. A) Overview of the steps used in data
processing. B) Autofluorescence measured over time from control rats that do not express the
biosensor. C) Processed FRET signals for a single rat expressing AKAR in dorsal striatum and
injected subcutaneously with saline or SKF 81297 (5 mg/kg) on different occasions. D) Processed
FRET signal for a rat expressing the control AKAR-EV, i.e. with substrate threonine mutated to
alanine (T/A), in dorsal striatum; this animal was also injected subcutaneously with saline or SKF

81297 (5 mg/kg).
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