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Abstract

Neuronal activity in the central nervous system (CNS) evokes a high demand on cellular energy provided by the breakdown of adenosine
triphosphate (ATP). A large share of ATP is needed to re-install ion gradients across plasma membranes degraded by electrical signaling of
neurons. There is evidence that astrocytes - while not generating fast electrical signals themselves - undergo increased production of ATP
in response to neuronal activity and support active neurons by providing energy metabolites to them. The recent development of genetically
encoded sensors for different metabolites now enables the study of such metabolic interactions between neurons and astrocytes. Here,
we describe a protocol for cell-type specific expression of the ATP-sensitive Fluorescence Resonance Energy Transfer- (FRET-) sensor
ATeam1.03YEMK in organotypic tissue slice cultures of the mouse hippocampus and cortex using adeno-associated viral vectors (AAV).
Furthermore, we demonstrate how this sensor can be employed for dynamic measurement of changes in cellular ATP levels in neurons
and astrocytes upon increases in extracellular potassium and following induction of chemical ischemia (i.e., an inhibition of cellular energy
metabolism).

Video Link

The video component of this article can be found at https://www.jove.com/video/60294/

Introduction

Excitatory electrical activity of neurons is largely based on the flux of cations such as sodium (Na+) and potassium (K+) across their plasma
membranes. Maintenance of the electrochemical gradients of these two ions is thus required for signaling. This is accomplished by the cellular
Na+/K+-ATPase (NKA), an ubiquitously expressed electrogenic transmembrane pump, which extrudes 3 Na+ out of the cell in exchange for 2 K+

from the extracellular space, requiring the consumption of one molecule of ATP per transport cycle1. In addition to the NKA, there are several
other ATP-consuming ion transporters including the plasma membrane Ca2+-ATPase, which is vital for intracellular Ca2+ homeostasis and its
export following activity-induced influx2. In presynaptic vesicles, a vacuolar-type H+-ATPase (v-ATPase) creates the proton gradient necessary for
neurotransmitter uptake into this compartment3.

While activity of neurons thus requires a substantial amount of ATP4, they do not exhibit a significant capacity for storage of energy. Instead, they
seem to rely on metabolic interactions with neighboring astrocytes, the major glycogen stores in the brain5. It has been suggested that astrocytic
glycogen indeed plays an important role in supporting neuronal energy needs; and a key phenomenon in this proposed neuro-metabolic coupling
between the two cell types is the capacity of astrocytes to increase their ATP production in response to neuronal activity6,7,8. This hypothesis,
known as astrocyte-neuron lactate shuttle (ANLS), is still under debate, because other work has provided evidence that neurons may also
increase their own rate of glycolysis in response to stimulation9,10, reflecting the necessity of further methods and approaches to study neuro-glia
interaction.

Investigation of cellular energy metabolism and ATP levels in neurons and astrocytes to elucidate neuro-glia metabolic interactions has long
been hampered by the lack of suitable probes for the detection of changes in metabolite concentrations in living cells in brain tissue. The
last decade, however, has provided a surge in the development of new tools and new genetically encoded fluorescent probes for different
metabolites, including sensors for ATP, lactate, pyruvate and others11,12. Using these tools, it is now possible to directly address questions related
to cellular ATP consumption and changes in cellular energy levels at the single cell level and in a cell-type specific manner in intact brain tissue13.

In the present work, we describe a procedure to visualize cytosolic ATP dynamics on neurons and astrocytes of cultured organotypic brain slices.
We show how to employ adeno-associated viral vectors (AAV) for cell-type specific expression of the genetically encoded ATP-nanosensor
ATeam1.03YEMK (14) in neurons and astrocytes of slices of mouse brain that can be maintained in cell culture for several weeks15. A procedure
of how to remove the glial scar that covers cultured tissue slices is described, which improves optical accessibility and imaging of cells in the
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organotypic tissue layers underneath. Finally, we show how ATeam1.03YEMK can be used to perform FRET-based imaging of changes in cellular
ATP levels in this preparation. This method hosts the major advantages that it does not require surgical brain procedures, provides high levels
of expression of the sensor and cell type specificity in cultured brain slices, reducing invasiveness or stress in the cells as compared with other
methods, like transfection by electroporation or transduction with other viral vectors10,16,17. In addition, this protocol can be applied to other FRET
based nanosensors, among them variants of ATeam1.03 that provide lower binding affinity for ATP14.

Protocol

The present study was carried out in strict accordance with the institutional guidelines of the Heinrich Heine University Düsseldorf as well as
the European Community Council Directive (2010/63/EU). All experiments using organotypic brain slice cultures were communicated to and
approved by the Animal Welfare Office at the Animal Care and Use Facility of the Heinrich Heine University Düsseldorf (institutional act number:
O50/05). In accordance with the recommendations of the European Commission18, animals up to 10 days old were killed by decapitation.

1. Preparation of Organotypic Brain Slice Cultures (OTCs)

1. The day before or at least 30 min prior to the procedure
1. Prepare the Petri dish (under sterile conditions). Remove the lid of the 6 well plate and place 800-850 µL of OTC medium into each

well. Keep the plate in the incubator (37 °C, 5% CO2/95% O2) until required.
2. Prepare the washing Petri dishes (under sterile conditions). Add 3 mL of HBSS to each 30 mm Petri dish. A total of 5 dishes per

procedure is required. Place them in the incubator (37 °C, 5% CO2/95% O2) for at least 30 min — overnight until required.
3. Prepare the ACSF (Table 1). Keep the saline without glucose at 4 °C until the next day.
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Salines and Media -
Formulation

Name Abbreviation Composition Concentration [mM] Comments

Artificial Cerebrospinal Fluid
Solution

ACSF NaCl 125 Bubbled with 5% CO2/95%
O2, pH 7.4

KCl 2.5 Always add glucose right
before usage.

CaCl2 2 Do not store for more than
one day with glucose

MgCl2 1 ~310 mOsm/L

NaH2PO4 1.25

NaHCO3 26

Glucose 20

Experimental ACSF E-ACSF NaCl 136 Bubbled with 5% CO2/95%
O2, pH 7.4

KCl 3 Always add glucose right
before usage.

CaCl2 2 Do not store for more than
one day with glucose

MgCl2 1 ~320 mOsm/L

NaH2PO4 1.25

NaHCO3 24

Glucose 5

Lactate 1

Chemical Ischemia Solution CIS NaCl 136 Bubbled with 5% CO2/95%
O2, pH 7.4

KCl 3 ~318 mOsm/L

CaCl2 2

MgCl2 1

NaH2PO4 1.25

NaHCO3 24

2, 2-Deoxyglucose 2

NaN3 5

8 mM potassium ACSF 8 mM K+ ACSF NaCl 128 Bubbled with 5% CO2/95%
O2, pH 7.4

KCl 8 ~320 mOsm/L

CaCl2 2

MgCl2 1

NaH2PO4 1.25

NaHCO3 24

Glucose 5

Lactate 1

Hepes-buffered ACSF H-ACSF NaCl 125 Adjusted to pH 7.4 with
NaOH

KCl 3 Always add glucose right
before use

CaCl2 2 Do not store for more than
one day with glucose
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MgSO4 2 ~310 mOsm/L (adjusted
with sucrose)

NaH2PO4 125

Hepes 25

Glucose 10

Hanks' Balanced Salt
Solution

HBSS Sigma (catalog number
H9394).

Dulbecco's Phosphate-
Buffered Saline

DPBS Gibco (catalog number
14287-080)

Organotypic Culture
Medium

OTC medium heat-inactivated horse
serum

20% 34°C, 5 % CO2, pH 7.4,
under culturing condition

MEM 79% ~320 mOsm/L

L-glutamine 1

Insulin 0.01 mg/mL

NaCl 14.5

MgSO4 2

CaCl2 1.44

Ascorbic acid 0.00125 %

D-glucose 13

Table 1: Solution composition.

2. On the day of preparation, add the glucose to the ACSF, place it on ice and start bubbling with 95% O2/5% CO2 for at least 30 min to result in
a pH of 7.4.

3. Dissection and slicing
1. Sacrifice the mouse (BalbC, both sexes) at postnatal days 6 to 8 by rapid decapitation and place the head in a glass Petri dish

containing ice-cold ACSF.
2. Expose the skull by cutting the skin from the back until the posterior tip of the nasal bone. Then, carefully cut the skull from the foramen

magnum using a surgical scissor and expose the brain.
 

NOTE: Verify that the procedure is in accordance with the guidelines of the institution.
3. Remove the brain and place it on a filter membrane in an ice-cold Petri dish filled with ACSF.
4. Separate the hemispheres and perform a parasagittal cut at an angle of 45°. Fix one hemisphere at the vibratome tissue stage with

superglue. Immediately transfer the tissue block to the vibratome bath containing ice-cold ACSF (bubbled with 5% CO2/95% O2).
Finally align the tissue. Keep the second hemisphere in ice-cold ACSF until slicing.

5. Adjust the vibratome to cut slices at 250-400 µm. Slicing at 250 µm will yield approximately 12 slices per animal (400 µm: ~7 slices).
6. After cutting the slice (Figure 1A), identify the hippocampal formation based on its typical morphological appearance (Figure 1) and

isolate it using hypodermic needles (23 gauge, 1"), keeping the part of the cerebral cortex adjacent to the hippocampus.
 

NOTE: Preserving the neocortex while culturing helps to preserve the integrity of the hippocampus. However, the hippocampus can be
isolated and cultured without cortex if required.

7. Place the slice on a mesh in warmed, ACSF (34 °C, bubbled with 5% CO2/95% O2) until all the slices are collected.
8. Transfer the slices to the laminar flow cabinet to continue under sterile conditions.

 

Figure 1: Representative transmission images of acute and organotypic brain slice preparations. Comparison of an acutely isolated
parasagittal brain slice (A) and a parasagittal organotypic brain slice maintained in culture for 12 days (B) using wide-field translumination
microscopy. DG = dentate gyrus; CA1/3 = CA1/CA3-region of the hippocampus; E-CTX = Entorhinal cortex; CTX = (neo-) cortex. Please click
here to view a larger version of this figure.
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2. Culturing the Slices

1. Gently transfer the slices from the ACSF into one of the pre-warmed Petri dishes filled with sterile Hank's salt solution using an inverted
sterile glass Pasteur pipette.
 

NOTE: Sterilization of the tissue is achieved by dilution (step 3.2). Transfer as little ACSF as possible to the Petri dish.
2. Change the pipette and transfer the slices to the second Petri dish. Repeat the process 5 times overall. Transfer as little HBSS as possible to

the following Petri dishes.
3. Gently place one slice at a time on the top of the culture insert. Repeat the process for each slice. Avoid turbulences in the pipette and wait

until the slice descents to the tip of the Pasteur pipette. One may place up to 4 slices onto a single membrane.
4. Carefully remove any excess Hank's solution from the top of the insert by using a fine tip.
5. Keep the cultures (Figure 2) in an incubator at the interface between gas (carbogen, 95% O2 /5% CO2) and the liquid at 37 °C until the day of

experiment. Replace the medium every 2-3 days.

 

Figure 2: Principle of FRET-based ATP imaging in cultured organotypic brain slices using the genetically encoded sensor
ATeam1.03YEMK. Schematic representation of the protocol presented in this work. Briefly, parasagittal organotypic slices, cultured for 1-3 days,
are transduced with an adeno-associated viral vector containing either, the astrocyte-specific hGFAP- or the neuron-specific hSyn-promoter and
the sequence for the expression of ATeam1.03YEMK. Diluted aliquots of these vectors (1:2-1:4) are directly applied on the top of a slice, which is
maintained under culturing conditions for at least 6 more days. Changes in intracellular ATP levels can then be visualized in cells expressing the
sensor by exciting it at 434 nm and by acquiring fluorescence emission simultaneously at 527 (acceptor) and 475 (donor) nm. Please click here
to view a larger version of this figure.

3. Expression of ATP Sensors with an Aadeno-associated Viral Vector (Figure 2)

NOTE: Make sure to meet all requirements for handling of genetically modified organisms!

1. To handle the viral vector, aliquot adeno-associated viral vectors (AAV2/5) at 1-2 µL to avoid repeated freezing and thawing. Store the
aliquots at -80 °C.

2. Place a flask containing 10% bleach onto the sterile bench to discard all used residual material that was in contact with the vector.
3. For transduction, prepare a dilution of 1 µL of the vector with 2-3 µL of DPBS. Stock solutions normally exhibit a physical titer in the

magnitude of 1012 viral genomes per mL (vg/mL).
4. Transfer an insert containing a cultured slice into the sterile hood.
5. Without touching the tissue, apply 0.5 µL of the diluted vector directly to the top of each slice.

 

NOTE: Better expression in the deeper layers of the tissue is obtained by transducing cultured slices at 1-3 days in vitro (DIV). Transduction
of older cultures might result in a predominant expression of cells in the surrounding glial scar or a low expression in neurons, respectively.
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6. Finally, place the slices back into the incubator and maintain them for at least 6 more days. Do not change the medium on the day of
transduction.

4. Removal of the Glial Scar (Figure 3)

1. Just before starting an experiment, transfer an insert containing cultured slices into the sterile hood and place it into a 30 mm dish, containing
1 mL of OCT medium or MEM.

2. Place the dish under the stereoscope and focus onto the surface of the slice.
3. Use two sterile hypodermic needles (23 G, 1") to make a short cross-cut right on the narrow edges of a chosen slice (Figure 3). This

procedure will release the tension in the surface created by the glial scar causing it to retract, thereby exposing the underlying layers (see
Figure 5).
 

NOTE: The first tissue layer (glial scar) is mainly formed by reactive astrocytes. In wide-field imaging, this dense tissue layer will result in
additional scattering of the light, resulting in blurry images. Removing the scar is thus advantageous to obtain better visibility of the deeper
layers, which contain the proper organotypic tissue. Thus, be careful to perform this cut exclusively at the edge and in the upper layer of the
slice preparation only and not to damage the tissue underneath. We did not observe differences between data obtained in OTCs with glial
scar with those from scar-free OTCs (data not shown).

4. Remove the prepared slice from the insert. To this end, use a sterile scalpel and excise it by making straight parallel cuts to the membrane,
forming a square or a triangle with the slice in the center, while holding the edges of the membrane with tweezers. If the insert hosts
additional slices, transfer it back to the original plate and into the incubator. The surface tension of the medium will prevent its leakage onto
the surface of the membrane.

 

Figure 3: Schematic illustration of the mechanical removal of the glial scar. The figure shows a hippocampal slice culture which is covered
by a glial scar (blueish ellipsoid). By one time shearing the tips of two syringe needles at the smallest pole of the culture and at the edge of the
glial scar (blue dashed line), the scar will flip aside. Please click here to view a larger version of this figure.

5. FRET-based ATP Imaging (Figure 4)

1. Before the experiment, prepare E-ACSF and bubble it with 95% O2/5% CO2 for at least 30 min to obtain a pH of 7.4. Switch on the
fluorescent light source (Xenon lamp) of the monochromator (Figure 4). Start the perfusion just before taking out the slice from the incubator.
 

NOTE: Keep the saline bubbled with 95% O2 and 5% CO2 during the entire experiment.
2. Transfer the slice into an experimental chamber that is constantly perfused with freshly carbogenated E-ACSF using a peristaltic pump

(Figure 4). Then, fix the slice with a grid. Place the chamber onto the microscope stage and connect the perfusion system. Gas-proof
laboratory tubing is recommended for perfusion.
 

NOTE: Experiments can be performed at room temperature or near physiological temperature, depending on the experimental design. Check
the stability and reliability of the perfusion flow to avoid changes of focus induced by movement of the tissue and/or changes in shear stress.
Standard perfusion velocities for slice work, used by us and many other laboratories, are 1.5-2.5 mL/min.
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Figure 4: Configuration of the FRET imaging setup. (A) Schematic illustration of the different components and their spatial arrangement
required for the FRET imaging setup. The arrangement consists of a monochromator with a xenon lamp as a light source, an upright fixed-stage
microscope (1), an image-splitter system (2), a digital CCD or CMOS camera for time-lapse recording (3), and an experimental bath adapted
for stable constant perfusion (4). The bath perfusion is realized by a peristaltic pump with adjustable flow rate. (B) Image of the experimental
workspace. The FRET imaging setup is mounted on a vibration-damped table carrying a x/y-translational stage, into which the experimental bath
is embedded. Numbers: see (A). (C) Schematic view of the light pathway from the monochromator to the digital camera. Indicated is the position
of the different filters and the dichroic mirror. Numbers: see (A). Please click here to view a larger version of this figure.

3. Bring the cultured slice into focus using transmission light. Identify the area where experiments shall be performed (example: CA1 region
of the hippocampus). Before starting imaging experiments, wait at least 15 min to allow slices to adapt to the saline conditions. For the
configuration of the experimental setup, see Figure 4.

4. Switch on the camera and the imaging software. Then, select the proper filter cube.
5. Excite the donor fluorescent protein (eCFP) at 435/17 nm (~435 nm). Set the exposure time between 40 to 90 ms.

 

NOTE: Strong exposure of slices to the fluorescent light may result in phototoxic effects.
6. Excitation at 435 nm results in emission at both 475 nm (eCFP; donor) and 527 nm (Venus; acceptor). Split the fluorescence emission at 500

nm with an emission image splitter and employ band pass filters at 483/32 and 542/27 to further isolate donor and acceptor fluorescence.
Strong expression might result in saturation of the detectors. In this case, you might use a neutral density filter to reduce intensity of
excitation.

7. Select a region of interest (ROI) apparently devoid of cellular fluorescence for background subtraction. Then, create ROIs delineating cell
bodies.

8. Set the frequency of image acquisition and the overall recording time. For long (>30 min) experiments, an acquisition frequency of 0.2-0.5 Hz
is recommended to prevent phototoxicity.

9. Start the recording. It is recommended to record at least 5 min under baseline conditions to ensure the stability of the preparation.
 

NOTE: Adjust focus of the cell during the recording if needed.
10. To induce changes in intracellular ATP, transfer the perfusion tube from standard ACSF to a saline containing metabolic inhibitors (e.g. CIS,

see Table 1 and below). Alternatively, use a saline with elevated potassium concentration to mimic release of potassium from active neurons.
 

NOTE: Application by bath perfusion is a relatively slow process, which globally acts on the entire preparation. Take note of the time at which
the new solution actually started to enter the experimental bath. Depending on the distance between the chamber and the saline's reservoir,
as well as on the speed of the perfusion, a delay time must be considered.

6. High Resolution Documentation of Cellular ATeam Fluorescence

1. Directly after the recordings, transfer the recording chamber containing the slice culture to the confocal laser scan microscope.
 

NOTE: Take special care. Because of potential photodamage, perform this step only after experiments. For documentation purposes, one
may exchange the E-ACSF with H-ACSF. Therefore, a perfusion system is not necessarily required.

2. Take z-stacks at the highest z resolution possible at the given optical configuration.
3. Apply a deconvolution algorithm to increase image resolution.

Representative Results

AAV vectors are a reliable tool to selectively express foreign genes in cells within living tissue16. Direct application of AAVs containing the
sequence cassette of ATeam1.03YEMK and a specific promoter results in a high expression of the sensor in the chosen cell type. At DIV 14 (~10
days after a transduction), neurons expressing ATeam under the human synapsin promoter are found at high density in the neocortex of cultured
tissue slices at depths of up to 50 µm below the slice surface (Figure 5A). Comparable results can be achieved in the hippocampus (Figure 5B).
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Figure 5: Visualization of neurons expressing ATeam1.03YEMK in cultured parasagittal organotypic brain slices. Images on the left
correspond to extended focus projections of 43 optical sections (1.05 µm each) of cortical tissue (A) and (B) of 70 optical sections (0.6 µm each)
of hippocampal tissue. Images on the right represent the volume view of the same projection. Cells are color-coded according to their depth
relative to the slice surface as indicated by the color scale on the right. Please click here to view a larger version of this figure.

For the measurement of ATP levels in astrocytes, ATeam1.03YEMK is expressed under the control of the human glial fibrillary acidic protein
(GFAP) promoter. This results in efficient transduction of cells in both neocortex and hippocampus of cultured tissue slices (Figure 6). Notably,
two different morphological phenotypes can be distinguished, depending on the depth relative to the surface of slice preparations. In the first,
superficial layer, cells are characterized by thick primary processes that are predominately arranged in parallel to the surface. These cells exhibit
strongly overlapping domains, creating a dense meshwork of apparently reactive astrocytes (Figure 6). In deeper layers (30-60 µm from the
surface), transduced astrocytes exhibit fine cellular processes that form largely spherical domains and their morphology resembles that of
astrocytes in situ as reported earlier19,20,21 (Figure 6). To obtain better transduction of deeper-layer astrocytes as well as better optical access to
these deeper layers, the glial scar tissue can be removed as described in Step 4.

 

Figure 6: Visualization of astrocytes expressing ATeam1.03YEMK in cultured parasagittal organotypic brain slices. The image on the left
corresponds to an extended focus projection of 191 optical sections (0.45 µm each). For illustration purposes, the glial scar was excluded from
the projection of astrocytes. Images on the right represent the volume view of the same projection before and after removal of the glial scar. Cells
are color-coded according to their depth relative to the slice surface as indicated by the color scales on the right. Please click here to view a
larger version of this figure.
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Successful expression of ATeam1.03YEMK allows the dynamic measurement of changes in ATP levels in neurons or astrocytes, depending on the
promoter used (see above). Experiments were performed in an experimental bath constantly perfused with E-ACSF (bubbled with 95% O2/5%
CO2). In organotypic slices expressing ATeam1.03YEMK in hippocampal neurons, regions of interest (ROIs) were selected before starting the
recording, representing the somata of pyramidal cells (Figure 7A). Moreover, a region for background subtraction was chosen (Figure 7A).
Emission of Venus as well as eCFP fluorescence was then collected for each of these ROIs separately and depicted as fluorescence emission
level over time (Figure 7B). After recording fluorescence under control conditions for several minutes to ensure a stable baseline, cellular
metabolism was inhibited by exposing the slice preparation to a glucose-free saline, to which 5 mM sodium azide (NaN3) was added for one
minute (Figure 7B). This manipulation induced opposite changes in the emission intensity of the FRET pair (Figure 7B, left panels), with a
decrease of Venus (527 nm) and an increase of eCFP (475 nm) emission. Calculating the FRET ratio by dividing the fluorescence emission of
Venus by that of eCFP (FVenus/FeCFP) resulted in signals that reflect the relative changes in the intracellular ATP levels, the so-called "ATeam
FRET ratio" (Figure 7B, right panel). In all recorded neurons (n = 70 cells in N = 5 slices), NaN3 caused a reversible decrease in the ATeam
FRET ratio, indicating a reversible decrease in intracellular ATP levels upon inhibition of cellular metabolism.

 

Figure 7: Demonstration of time lapse ATeam FRET ratio imaging. (A) Top left: Wide-field fluorescence image of the pyramidal layer and
stratum radiatum of the CA1 region of a cultured organotypic hippocampal slice expressing ATeam1.03YEMK in neurons. Top right: Enlarged view
of boxed section as indicated on the left. White lines delineate regions of interest (ROIs) 1-3 representing cell bodies of CA1 pyramidal neurons
chosen for analysis in (B). BG represents the ROI chosen for background correction. Bottom: Pseudo-colored images representing fluorescence
emission of Venus (green), eCFP (purple) and the ratio of Venus/eCFP. (B) Time lapse recording in ROIs 1-3, representing neuronal cell
bodies (see A). Traces on the left show normalized fluorescence emission of Venus (green) and eCFP (magenta). Traces on the right show the
corresponding ATeam FRET ratio. Note that perfusion with 5 mM NaN3 in the absence of extracellular glucose for 1 minute (grey bar) induces a
reversible decrease in the ATeam FRET ratio, indicating a decrease in intracellular ATP concentration. Please click here to view a larger version
of this figure.

To ensure the stability of the preparation and the sensor under long-term experiment conditions, slices expressing ATeam in neurons or
astrocytes were constantly perfused with ACSF for prolonged periods (>50 min; n = 12 cells each, N = 3 OTCs from 3 brains). Under these
conditions, the ATeam FRET ratio did not change (Figure 8). Exposing the preparations to CIS containing metabolic inhibitors ("Chemical
ischemia", see Table 1), in contrast, again resulted in the expected drop in the ATeam FRET ratio as observed above.
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Figure 8: Baseline experiments employing ATeam. Long-term ATeam FRET ratio imaging in 14 different cells under baseline conditions
in neurons (top) and astrocytes (bottom). Data were taken under comparable conditions as other experimental data. At the end of each
measurement, chemical ischemia was elicited by perfusion with CIS as indicated by the arrow. NOTE: Baseline ATeam FRET ratios are stable
over time under baseline conditions. Please click here to view a larger version of this figure.

Next, we analyzed the responses of neurons and astrocytes expressing ATeam1.03YEMK to an increase in the extracellular potassium
concentration. After establishing a stable baseline, neurons were perfused with a saline in which the potassium concentration was increased
from 3 to 8 mM for 3 minutes (Figure 9A). This manipulation did, however, not result in a detectable change in the ATeam FRET ratio (n = 56
cells in N = 5 slices). To ensure that the sensor reacted to a change in ATP levels, slices were then again exposed to a sustained period of
chemical ischemia elicited by replacing E-ACSF by CIS. Chemical ischemia resulted in a rapid decrease in the ATeam FRET ratio to a new,
stable level, indicating nominal depletion of ATP after 2-3 min (Figure 9A).
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Figure 9: Representative experiments illustrating changes in ATP levels in neurons and astrocytes. (A,B): Images on the left show
ATeam fluorescence from neurons and astrocytes located in the hippocampal CA1 region of organotypic slices. Traces on the right represent
time lapse recordings of the ATeam FRET ratio obtained from a ROI positioned over a single cell body. In both experiments, slices were first
subjected to an increase in the extracellular potassium concentration for 3 minutes (see bar), followed by a final exposure to chemical ischemia.
Note that while neurons do not respond to the elevation of extracellular potassium (A), astrocytes react with an increase in ATP (B). Please click
here to view a larger version of this figure.

The same experimental protocol was performed with slices, in which ATeam1.03YEMK was expressed in astrocytes. In contrast to what was
observed in neurons, astrocytes reacted to the increase in extracellular potassium by a reversible increase in the ATeam FRET ratio, indicating
an increase in intracellular ATP levels (n = 70 cells in N = 5 slices) (Figure 9B). Subsequent exposure to chemical ischemia resulted, as
expected, in a large drop in the ATeam FRET ratio, indicative of nominal depletion of intracellular ATP (Figure 9B).

Discussion

Here, we demonstrate a procedure for the cell-type specific expression of ATeam1.03YEMK, a FRET-based, genetically encoded nanosensor14,
for measurement of changes in ATP levels in astrocytes or neurons in organotypic tissue slice cultures of the mouse brain15. In exemplary
recordings, we show that an increase in the extracellular potassium concentration does not result in a change in ATP concentrations in neurons,
while astrocytic ATP levels rise in response to this manipulation. Moreover, our results demonstrate that upon inhibition of cellular metabolism,
ATeam1.03YEMK FRET ratio rapidly drops in both cell types, indicating a rapid decrease in intracellular ATP.

Expression of ATeam1.03YEMK in organotypic slice cultures requires maintenance of the tissue in culture under controlled conditions for at least
7-10 days. Alternatively, ATeam1.03YEMK can also be employed for measurement of ATP in acutely isolated brain tissue slices and in optic nerves
of mice13,15. Measurements in acutely isolated tissue, however, necessitate the generation of transgenic animals or a stereotactic application
of viral vectors into the brain, involving animal experimentation and strict animal care protocols. In this regard, ATeam1.03YEMK expression in
organotypic tissue slice cultures represents a useful and valuable alternative22,23. For many years now, organotypic tissue slice cultures serve
as an established model system to study neural properties, connectivity and development24,25,26. They not only maintain the general tissue
architecture and lamination (Figure 1), but also host the preferential properties of cell cultures such as superior accessibility and direct control of
experimental conditions. Organotypic tissue slice cultures are also routinely employed to express foreign genes by using viral vectors27. Several
types of viral vectors have been reported to deliver transgenes into brain tissue16,28. Adenoviral vectors induce high expression in glial cells, but
not hippocampal neurons16, and might generate glial reactivity17. Adeno-associated viral vectors as used here emerge as a good alternative15,
and their effectiveness has also been shown in vivo29.

While mainly being used for the study of neuronal properties, recent studies have established that organotypic tissue slice cultures can also
be employed for the analysis of astrocytes. Cultured slices are usually covered by a layer of reactive astrocytes19,30 (Figure 5), but astrocytes
exhibit a more native, non-reactive morphology and cytoarchitecture in deeper layers19,30 (Figure 5). In the present study, we describe a
procedure for the mechanical removal of the outer glial scar, which results in a better experimental and optical accessibility of native astrocytes
within the proper organotypic tissue layers. Moreover, its removal improves the expression efficacy in deeper layers of the organotypic slices; if
the glial scar is not removed, transduction by AAVs might tend to be restricted to the superficial cell layers.

Several external mechanical factors need to be considered when performing experiments in tissue slices. A variation in bath perfusion velocity
can induce movements of the entire preparation and/or induce changes in focus, resulting in artificial transient changes of the sensor signal.
Moreover, both astrocytes and neurons have been reported to respond to mechanical deformation such as imposed by high perfusion rates32,33.
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In our hands, using a reliable peristaltic pump, together with maintaining small and stable volumes of saline between the tissue and the objective
(meniscus) results in a stable FRET-signal under baseline conditions at the perfusion velocity used here (1.5-2.5 mL/min; Figure 8).

In the present study, we also demonstrate that FRET-based imaging with ATeam1.03YEMK can be employed to monitor ATP levels in neurons
and astrocytes. An alternative means introduced earlier for measurement of cellular ATP is the so-called luciferin-luciferase assay34,35,36,37.
This approach, however, is based on imaging of bioluminescence and only provides a rather low temporal and spatial resolution partly due to
high background noise levels. Another method routinely employed in recent years was the imaging of changes in the intracellular magnesium
concentration using the ion-sensitive fluorophore magnesium green38,39,40. This approach relates to the observation that a consumption of ATP
results in the release of its co-factor magnesium. Imaging with magnesium green thereby only provides a secondary estimate of changes in ATP
levels. Moreover, magnesium green is also sensitive to changes in intracellular calcium, introducing another difficulty when interpreting results
obtained with this method.

The recent development of genetically-encoded nanosensors for direct imaging of cellular metabolites, therefore, represented a big step
forward11,12. Several different sensors were generated that can be employed for measurement of intracellular ATP36,41,42,43. Among those are the
ratiometric fluorescent ATP indicator "QUEEN"41 as well as PercevalHR, which senses the ATP:ADP ratio42. While the latter probe is a valuable
tool for the study of the energy status of cells, it requires simultaneous measurement of changes in pH42.

ATeam is a nanosensor of which several variants exist, which — among others — differ in their binding affinity for ATP14. In vitro, ATeam1.03YEMK

exhibits a Kd of 1.2 mM at 37 °C, which is close to cellular ATP levels determined in different neuronal cell types, ranging from hypothalamus
and cerebellum34 to hippocampus37,44,45. In cuvette measurements, lowering the temperature by 10 °C resulted in a significant decrease in the
binding affinity of ATeam1.03YEMK to ATP, suggesting that it might not be ideal for cellular imaging at room temperature14. Our earlier study15,
however, demonstrated that the behavior and response of ATeam1.03YEMK expressed in neurons and astrocytes to different manipulations is
similar at near physiological and at room temperature, indicating that the sensor allows reliable determination of intracellular ATP levels under
both conditions. In addition, our previous experiments addressed the pH-sensitivity of ATeam1.03YEMK expressed inside cells15, showing that it is
insensitive to changes in intracellular pH by about 0.1-0.2 pH units. If the Kd in the low mM range is a concern, alternative ATeam variants might
be used14, among them red-shifted variants of ATeam ("GO-ATeam")43.

Our experiments using ATeam1.03YEMK demonstrate that an increase in the extracellular potassium concentration by a few mM only (from 3
to 8 mM) results in a transient increase in the ATeam1.03YEMK ratio in astrocytes in organotypic slice culture. This observation confirms earlier
studies15,46 and clearly indicates that astrocytes respond to the release of potassium by active neurons with an increase in their ATP production,
mostly likely as a consequence of a stimulation of the Na+/K+-ATPase and the Na+/HCO3

- cotransporter, respectively47,48. In contrast to this,
neurons did not show a response, which is in line with previous work as well15. Both cell types, however, rapidly and strongly reacted to inhibition
of cellular glycolysis and mitochondrial respiration as shown before15. Under conditions of chemical ischemia, ATeam FRET ratios fell to a new
stable level, indicating a nominal depletion of cellular ATP. The latter result suggests that both neurons as well as astrocytes exhibit a relevant
consumption of ATP also under steady-state conditions without additional stimulation by synaptic activation or application of neurotransmitters.
Taken together, we conclude that FRET-based imaging with genetically encoded nanosensors, among them ATeam1.03YEMK, will provide a
valuable approach to elucidate the cellular processes that are responsible for changes in intracellular ATP levels and cellular ATP consumption
under different conditions.
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