Biophysical Journal, Volume 7119

Supplemental Information

Infrared Excitation Induces Heating and Calcium Microdomain Hyper-

activity in Cortical Astrocytes

Elke Schmidt and Martin Oheim



Supplementary Information

Pulse-length effects in 2P-micoscopy. l. Infrared excitation
induces brain heating and calcium microdomain hyper-activity

in cortical astrocytes

Elke Schmidt® and Martin Oheim? ™™

*Université de Paris, SPPIN — Saints Péres Paris Institute for the Neurosciences, CNRS,
Paris, F-75006 France.

*ORCID 1id: orcid.org/0000-0001-8139-167X

* martin.oheim@parisdescartes.fr

This PDF file includes:

Supplementary text

Figs. S1to S6

Table S1

Captions for movies S1 to S2
References for SI reference citations

Other supplementary materials for this manuscript include the following:

Movies S1 to S2


mailto:martin.oheim@parisdescartes.fr

SUPPLEMENTARY TEXT

List of abbreviations

2P
4-OH
ACSF
AOM
a.u.
Ca**
CNRS
DAPI
EU
GDD
ip.
IPsR2
GUI
KO
OCT
OD
PBS
PCR
PFA
ROI
SD
SEM

two-photon

4-hydroxy (-tamoxifen)

artificial cerebrospinal fluid

acousto-optical modulator

arbitrary units

calcium

Centre National de la Recherche Scientifique
4'.6-Diamidine-2'-phenylindole dihydrochloride
European Union

group delay dispersion

intraperitoneally

inositol 1,4,5-trisphosphate receptor subtype2
graphical user interface

knock-out

optimal cutting temperature

optical density

phosphate buffered saline

polymerase chain reaction

paraformaldehyde

region of interest

standard deviation

standard error of the mean



SUPPLEMENTAL ONLINE METHODS

Drugs and reagents

Unless otherwise stated, reagents were purchased from Sigma Aldrich (Deisenhofen,

Germany).

Immunofluorescence

Mice were anesthetized with pentobarbital, injected ip. (150 mg/kg body weight),
perfused with 4% paraformaldehyde (PFA) in 0.02M phosphate buffered saline (PBS)
and their brains were removed, postfixed in PFA (2h, 4%) and cryoprotected in 20%
sucrose in 0.02 M PBS overnight. Tissue was frozen in Optimal Cutting Temperature
(OCT) compound (Sakura Finetek Europe, Leiden, Netherlands) at -30° for cutting 16-
um sections with a cryostat. Sections were stored at -80°C prior to use. For
immunofluorescence, slides were defrosted, washed 2x 15 min in 0.02 M PBS, and
incubated overnight with primary antibodies (see Table S1) diluted in 0.02 M PBS,
0.02% Na-azide, 0.3 M Triton X-100 at room temperature (RT, 20-23°C) in a humid
chamber. The day after, slides were washed 4x 15 min in 0.02M PBS, and incubated 2h
with the secondary antibody diluted in 0.02 M PBS, 0.02% Na-azide, 0.3M Triton X-100
(see Table S1). Finally, slides were washed 2% in PBS (15 min, 0.02 M), mounted with
Vectashield (containing DAPI, Vector Laboratories, Burlingame CA, USA), and sealed
with coverslips. Slices incubated with secondary antibodies only were used as negative
controls to set parameters for antibody-specific fluorescence image acquisition in each
experiment. Images were acquired in epifluorescence (Axio Observer Z1, ZEISS,
Oberkochen, Germany) fitted with a PlanNeoFluar x20/0.5-NA objective, a COLIBRI-2
4-LED light-source (365 nm, 470 nm, 590 nm, 625 nm) and matched ZEISS filter cubes
(see details in Table S1). Identical acquisition settings were used for the negative controls

and experimental slides.
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Fig. S1. GLAST-driven GCaMP6f expression is astrocyte-specific.

Immunofluorescence imaging of slices from GLAST-CreER™::GCaMP6f mice. (4) Throughout layers
I-VI of the somatosensory cortex of 4-OH tamoxifen-injected mice, the genetically encoded Ca**
indicator GCaMPO6f (top, leff) was selectively expressed in S100B-positive astrocytes (fop, middle).
Some 42% of S100B™ astrocytes expressed GCaMP6f and 99% of GCaMP6f™ cells expressed S100p.
(B) Pseudo-color red-green overlap (right) at the single-cell level (arrows mark astrocyte cell bodies)
when zooming in on the boxed region in (A). GCaMP6f is neither expressed in Ibal-positive
microglia (C, arrowheads) nor in NG2-expressing oligodendrocyte precursor cells (D), and only

marginal expression is detected in NeuN-positive neurons (<0.05%, panel E). Scale bars: 200 and 20

um, respectively, as shown on the rightmost panel.
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Fig.S2 ImageJ and IGOR routine for ROI- and event-detection. Steps of semi-auto-mated
detection of Ca®" transients in astrocyte processes. (4) Time-average of an 2P-fluorescence image

series (0.5 Hz, 120 frames) recorded in a GLAST-creER™:ROSA-CAG-LSL-GCaMP6f mouse. Scale
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bar, 10 um. Right, zoomed view of the boxed region. Scale bar, 5 um. Grey-values are photomultiplier
counts. We systematically used such projections along the temporal axis to better appreciate the fine
cell morphology. For the region shown, a localized, spontaneous Ca*>* transient occurred on frame 87.
The fluorescence on the top right corner of the zoomed image corresponds to the baseline fluorescence
of the soma. (B) shows the Ca®" event detected on frame 87 and its zoom on a ‘fire’ LUT, illustrating

the difficulty to outline regions of interest by simpler procedures. The asterisk shows an artifacts in the

form bright and almost stationary auto-fluorescent spots resulting from lipofuscin-rich granules (10).
(O) After baseline and outlier removal (see Methods for details), all pixels > 255 were set to 1 to
prepare for the Gaussian filtering (see Methods for explanations). (D) In the next step, the image
stack was filtered with a Gaussian filter (6=2 pixel). Note the high baseline fluorescence of the soma
(solid arrowhead). (E) As next step, the difference in baseline fluorescence, which makes it difficult to
distinguish between Ca®" events and structures with higher baseline fluorescence, was removed by
subtracting the average of the first 10 frames. Note that the baseline fluorescence of the soma in the
right upper corner of the zoom image (open arrowhead) disappears. (F) Then, a binary image was
created by setting as a threshold the mean intensity of all pixels >0 of the first 10 frames plus 3 times
its SD. The ROIs are delineated (area > 3 um>). (G) If the Ca*" event extents over several frames, only
the ROI outline on the frame where the signal has its biggest area is retained (for details see online
methods). In this example the Ca®" signal is detectable from frame 83-89 and the ROI detected on
frame 87 has the biggest area. (H) The mean intensity over time is extracted from the original stack
(that had been processed for background and outlier removal) and normalized. The corresponding AF/
Fo(f) trace (shown in blue) shows two Ca*" peaks. However, only the 1% peak (black arrowhead)
corresponds to the Ca*" event detected on frame 87. The 2™ peak on the blue trace corresponds to a
2™, spatially overlapping, Ca** event the ROI of which (shown in green) was detected on frame 102.
(1) The AF/F(?) trace of the second, overlapping ROI (shown in green) also shows both Ca*" peaks. If
we would show the full-length of all AF/F(¢) traces as independent traces, we would therefore count
the same Ca®" peak two times (or even multiple times if more than two ROIs are overlapping).
Therefore, the AF/F, trace was cut before and after the Ca® peak corresponding to the ROI. (J) When
looking at the extracted the AF/F) traces of an ROI, the information of the spatial extent of the Ca*
event is lost. Therefore, all AF/F, traces were weighed with their respective ROI’s area size. For

display, the AF/F(f) peaks were ordered by their (increasing) distance to the soma.
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Fig. §3. Summed activity built from cumulating the weighted individually
detected ROIs is equivalent to the integrated activity measured from a single
large region encompassing the entire neuropil. (A) Top, all detected ROIs during
a 500-frame recording, superimposed on the morphological overview (as in Fig. 1A)
of the same cell as shown in Fig. 1 and Fig. 2. The summed activity trace is the sum
of the AF/F(t) transients detected in the area of the processes (excluding the soma),
multiplied, for each event, with the ROI size. Note that even if the entire cell is

covered by overlaying ROIs, each ROI represents one peak at a given time, and that
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asynchronous activity has been added up on the ‘summed activity trace’. (c.f,, Fig.1,
Fig.S2 and Methods). Bottom, the summed activity of the cell shown above (cell 1),
as well as of the other seven cells from this data set. (B) Top, the alternative, much
simpler ‘center-versus-surround’ analysis lumps the entire process region together
to one big ROI (blue). Bottom, the thus generated AF/F, traces for the same cells as
in (A) are very similar to the summed activity traces built from detected events
scaled with their respective ROI size. Thus, the summed activity traces are a valid
way for quantifying the overall Ca®*-activity (and activation). On the other hand, at
least at the signal-to-noise ratio and low background in our experiments, the much
simpler centre-vs.-surround analysis is a good proxy for the ROI-based analysis,

when only cumulative effects shall be studied. Scale bar, 10pm



A n.s. B n.s.
-

n.s. n.s

KKk * n.s. n.s.
| P | i 0 | | P
307 : 1001 (O
259 801 F R ¢
5 20 °
2 w 60-
© 157 < el
° 10 © 401
o 10 - @ " @ £ @ -
L L i u"_’ Y ‘se Y
1 B B 20 B B
0- © = = = o o3} - & —
90 fs 172 fs 90 fs 172 fs
imaging  imaging imaging  imaging
n=8 cells n=7 cells n=8 cells n=7 cells

Fig. $4. Shorter pulses allow lowering the average power. (A) Laser powers used
for 2P imaging, scaled with the imaging depth, for all cells shown in Fig. 3. Prior to
imaging cells with either 90- or 172-fs pulses, we recorded ‘ministacks’ of ten

frames with each pulse length and the average laser power was adjusted for

constant 2P fluorescence (i.e., P 2/T= const.). The power required for achieving an
equal signal with 172-fs pulses was significantly higher (two sided nonparametric
Wilcoxon-Mann-Whitney two-sample rank test) than for 90 fs, and there was no
significant difference between the adjustment of the average laser power for both

conditions (if cells were imaged with 90- or 172-fs pulses in the following
recording), which means that P had been adjusted correctly. On average, we needed

to increase by a factor of 1.26 + 0.06 P when going from 90- to 172-fs pulses. (B)
Indistinguishable baseline GCaMP6f-fluorescence measured in manually selected
cell ROIs on 10-image ministacks. Bar graphs show median + SD; *: P < 0.05, **: P <

0.01, ***: P < 0.005, n.s.: not significant.
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Fig. S5 Water and lipid absorption increase by more than one order of
magnitude between 800 and 900 nm. Log plot of absorption coefficient . vs.
wavelength A. u, for water (blue) and lipid (red), the main components of brain
tissue, increase by more than one order of magnitude between A < 800 nm (which
have been typically been used for small-molecule chemical indicators) and A > 900
nm, as now commonly used for imaging GECIs and light-activation of optogenetic

actuators. Data from (11) (purified pig fat) and (12) (water)
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Fig. S6. CW-operation of the MaiTai laser. For de-modelocking a motorized slit
aperture inside the laser cavity is partially closed under software control. (A), pulse
lengths measured by autocorrelation (+ 5 fs measurement error), as a function of
slit motor position in arbitrary units (a.u., see Online Methods sections for details).
The slit position is an internal measurement of the laser and the resulting slit
diameter will differ for every laser. In our case, at 920 nm, 450 a.u. correspond to
the slit motor position during normal fs-pulsed operation. For values below 350 a.u,,
the measured pulse length gradually increased and the laser stopped pulsing for
motor positions <240 a.u.. We performed our CW experiments with a motor position
of 220 a.u. (B), as expected, de-modelocking results in a reduction of the spectral
width of the laser output (red, pulse spectrum at 90 fs; grey, spectrum after de-
modelocking). Because only one of the blades of the slit aperture moves, the
wavelength spectrum resulting when narrowing the slit is not exactly symmetrical,
and the center wavelength of the pulse does not correspond to the preset command

wavelength. Hence, after de-modelocking, a command wavelength of 933 nm is
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necessary for a laser output centered at 920 nm. (C), Laser powers used for 2PEF
imaging (normalized with the exponential power loss for imaging depth for all cells
represented in Fig. 4 and Fig. 5). There is no significant difference between any of
the four experimental conditions (two sided nonparametric Wilcoxon-Mann-
Whitney two-sample rank test and non-parametric Kruskal-Wallis group test). (D),
mean baseline fluorescence of first ten image frames is indistinguishable. Bar graphs

show median # SD; *: P < 0.05, **: P< 0.01, ***: P < 0.005, n.s.: not significant.
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Antibodies, dilutions, wavelengths and filters used for immunofluorescence.

Table S1.

Primary antibodies dilutio species supplier reference -
n
Anti-GFP 1/500 chicken Novus- NB600- -
Biologicals 308

Anti-S100 ° 1/500 rabbit Abcam AB52642 -

Anti-Ibal 1/500 rabbit Wako/Sobodia AB5320 -

Anti-NG2 1/500 rabbit Millipore 019-19741 -

Anti-NeuN 1/500 guinea Millipore ABN900 -

pig

Secondary antibodies ex dic em ZEISS set re
f

Anti-chicken-AlexaFluor488 1/1000 goat Invitrogen A-11039 BP470/40 FT495 BP525/50  eGFP shift free 38

(HE)

Anti-guinea-pig- 1/1000 goat Invitrogen A-11074 BP545/25 FT570 BP605/70  Cy3 shift free (E) 43

AlexaFluor546

Anti-rabbit-AlexaFluor546 1/1000 goat Invitrogen A-11035 BP545/25 FT570 BP605/70  Cy3 shift free (E) 43

DAPI G365 FT395 BP445/50  DAPI shift free 49

14



Movie S1. Spontaneous Ca” signals in a murine cortical astrocyte expressing GCaMP6f

Diffraction-limited two-photon imaging at 0.5 Hz of an astrocyte expressing GCaMP6f in
the S1 barrel cortex of an acute mouse brain slice. Analysis of this cell is shown in Fig. 1
and Fig. 2A Highly localized, spontaneous, asynchronous microdomain Ca®"-signals can
be seen throughout the entire neuropil. The raw-data has only been median filtered (0.5
px) after background and outlier removal (as described in the Online Methods section)
and is displayed using a "fire" lookup table (LUT). The movie is superimposed on the
time-averaged fluorescence (shown in grey value) over the 1* 120 frames to have visual
morphological landmarks. The movie shows a 4-min recording at 25 fps (i.e., 50 times
faster than original). Scale bar, 10 pm.

Movie S2. Increase of spontaneous astrocytic Ca* signals during 2PEF imaging

Diffraction-limited two-photon imaging at 0.5 Hz of an astrocyte expressing GCaMP6f in
the S1 barrel cortex of an acute mouse brain slice as in Movie 1, but with much longer
recording time (16.3 min, 500 frames). With increasing recording time, the
microdomain Ca*" activity in the fine processes is increasing in frequency, and an
aberrant activity of the otherwise silent soma can been seen towards the end of the
recording. The original data has been median filtered (0.5 px) after background and
outlier removal (as described in the Online Methods section) and is shown with a "fire"
LUT superimposed with a morphological image obtained by averaging the 1* 120 frames
(grey scale LUT). This cell is corresponding to the one shown in the raster plot in Fig. 3A.
The movie is shown at 25 fps (i.e., 50-times faster than the original). Scale bar, 10 pm.
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