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29  brainslices by nicotine uncaging. When coupled with simultaneous patch clamp recording and 2-
30 photon laser scanning microscopy, nicotine uncaging connects nicotinic receptor function with
31  cellular morphology, providing a deeper understanding of cholinergic neurobiology.
32
33  ABSTRACT:
34  Acetylcholine (ACh) acts through receptors to modulate a variety of neuronal processes, but it
35 has been challenging to link ACh receptor function with subcellular location within cells where
36 this function is carried out. To study the subcellular location of nicotinic ACh receptors (nAChRs)
37 innative brain tissue, an optical method was developed for precise release of nicotine at discrete
38 locations near neuronal membranes during electrophysiological recordings. Patch-clamped
39  neurons in brain slices are filled with dye to visualize their morphology during 2-photon laser
40 scanning microscopy, and nicotine uncaging is executed with a light flash by focusing a 405 nm
41 laser beam near one or more cellular membranes. Cellular current deflections are measured, and
42  a high-resolution three-dimensional (3D) image of the recorded neuron is made to allow
43  reconciliation of nAChR responses with cellular morphology. This method allows for detailed
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analysis of nAChR functional distribution in complex tissue preparations, promising to enhance
the understanding of cholinergic neurotransmission.

INTRODUCTION:

Cholinergic signaling modulates numerous brain processes, including attentional control,
volitional movement, and reward®2. Drugs that enhance acetylcholine (ACh) transmission are
used to treat cognitive impairment associated with Alzheimer’s disease, implying an important
role for cholinergic systems in cognition3. An improved understanding of cholinergic receptors
and circuitry in healthy and diseased states could lead to better therapeutic approaches for
several neurological diseases/disorders.

Nicotinic ACh receptors (nNAChRs) are a family of ligand-gated ion channels that flux cations in
response to endogenous ACh or exogenous nicotine from tobacco products. Given the fact that
they were among the very first neurotransmitter receptors to be described*, nAChR
pharmacology and location in muscle fibers is well-understood for muscle-type receptors. By
contrast, comparatively little is known about the pharmacology and subcellular distribution of
native nAChRs in the brain. This gap in knowledge was recently addressed by developing a novel
chemical probe that allows for spatially restricted and rapid activation of nAChRs in brain tissue
during cellular imaging and electrophysiological recording®. Here, the key methodological steps
involved in this approach are described, with the overall goal of enhancing the ability to connect
nAChR function with neuronal structure.

Photoactivatable nicotine (PA-Nic; chemical name: 1-[7-[bis(carboxymethyl)- amino]coumarin-4-
yllmethyl-nicotine) can be photolyzed with ~405 nm laser flashes to efficiently release nicotine>®.
Prior to uncaging, PA-Nic is stable in solution and exhibits no untoward pharmacological or
photochemical features®. After photolysis, released nicotine predictably activates nAChRs and
the uncaging byproducts are pharmacologically inert>. A continuous-wave laser is used as the
photolysis light source with an output power > 1 mW measured at the sample. When localized,
targeted photo-stimulation is combined with the ability to locate cellular membranes with 2-
photon laser scanning microscopy (2PLSM), and the two key advantages of this approach are fully
realized: photolysis speed and spatial precision.

In most respects, photolysis of PA-Nic is superior to other methods of delivering nAChR ligands
to receptors within brain slices. Such approaches include bath application’ and local drug delivery
via a puffer pipette®. Whereas the former approach tends to over-emphasize the long-term
effects of the applied drug, the latter approach can suffer from variability in response kinetics
between trials and across cells. Neither of these alternative approaches can adequately
distinguish receptor activities in different cellular locations from the same neuron.
Optogenetically-activated release of ACh has been used for investigation of native nAChRs>11,
but it has not proven useful for mapping subcellular nAChR locations. Furthermore, most studies
utilizing this approach have relied on a ChR2-expressing bacterial artificial chromosome
transgenic mouse with abnormal cholinergic transmission'217,



87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

PA-Nic photolysis is not the only optical approach for studying cholinergic receptors. A caged
carbachol was used to functionally map ACh receptor activities in cultured cells*® and brain
slices®, but was not commercially available for comparative studies during the development of
PA-Nic. A ruthenium bis(bipyridine)-nicotine complex (RuBi-nicotine) was reported to allow for
nicotine uncaging?’, but commercial preparations of RuBi-nicotine proved inferior to PA-Nic in a
head-to-head comparison study®. It may be useful to repeat such comparative experiments with
non-commercial, highly purified RuBi-nicotine, as its visible absorption could compliment PA-
Nic’s features for cholinergic studies. Finally, nAChRs have also been optically manipulated using
a combination of photo-switchable ligands and genetically-modified receptors®!. This approach
is complementary to PA-Nic photolysis in brain tissue, with the ability/requirement of genetic
targeting of the modified nAChR seen as both an advantage and a drawback.

Several key requirements of this approach should be noted. First, an appropriate visualization
method is needed to accurately locate the neuronal membrane. Imaging with conventional epi-
fluorescence microscopy may be sufficient when studying cultured cells, but for recording from
neurons in brain slices or other thick tissue preparations, 2PLSM or confocal microscopy is a
requirement. Second, a suitable method is needed to position the photolysis laser beam. This
approach utilizes a dual-galvanometer scan head with two independent x-y mirrors for raster
scanning of the imaging beam and point photoactivation using the uncaging laser beam?224,
Other, more limited solutions are possible, such as (1) a single-galvanometer scan head that
alternatively raster scans the imaging beam and the uncaging beam, or (2) simply directing the
uncaging beam to the center of the field of view such that the cell is brought to this position for
flash photolysis. Third, a system is required for simultaneous electrophysiological recording if one
wishes to collect physiological signals during experiments. The above requirements can be met
with a suitable all-optical imaging technique, as recently described®. Below, a detailed protocol
is included that describes the key steps of this approach.

PROTOCOL:

Work pertaining to brain slice preparation was reviewed and approved by the Northwestern
University Animal Care and Use Committee (protocol #1S00003604).

CAUTION: Lasers used for point photo-stimulation are visible Class Illb lasers which have the
potential to cause harm to the eyes. 2PLSM requires a near-infrared (NIR) Class IV laser (> 500
mW), which has the potential to cause serious harm to the eyes and even burns in other tissues.
Proper laser beam containment, system interlocks, plus engineered and administrative controls
are required to ensure safe operation of laser-based equipment. Always seek out local laser
safety personnel when working with lasers.

1. Calibration and Verification of the Uncaging Laser(s)

1.1. Quantify laser power to be delivered to the sample.
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1.1.1. Turn on the 405 nm laser (100 mW maximum power with 5 V control signal) and let the
laser system warm up for about 10 min.

Note: The laser is still shuttered (with 0 V drive) and there is no output power until the laser is
sent a control voltage to modulate the output power.

1.1.2. Place a power meter in the tissue sample plane or in place of the condenser lens. Manually
center the meter relative to the optical path/objective lens.

1.1.3. Set the meter to the correct wavelength range (400-1100 nm). Zero the meter by
depressing the appropriate button.

1.1.4. Using software controls, select 100 (out of max 1000; 1000 = 5 V) for the 405 nm laser
power, which sets the laser to 10% of full power. If desired, the laser control voltage can also be
fed into the PrairieView system via VoltageRecord to provide a digital record of the command
signal timing and power level.

1.1.5. Record the reading from the power meter.

1.1.6. Select 150 (15% of max 1000) for the 405 nm laser power output and record the reading
from the power meter. Repeat this for the following output powers to collect a laser power curve:
200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, and 1000.

1.2. Calibrate the uncaging laser galvanometers. Execute the following steps whenever there is a
change to the optical components of the system, whenever there is a concern about accurate
spot positioning, or regularly every month.

1.2.1. Install the 60X water-dipping microscope objective lens that will be used in
photostimulation and imaging experiments. In the acquisition/imaging software, select the 60X
objective lens and an optical zoom setting of 1 (see step 3.1.4.2.).

1.2.2. Mark a filled circle onto a clean glass microscopy slide with a red permanent marker. Place
the slide on the microscope stage, with marker toward the objective.

1.2.3. Pre-focus the microscope on the red marker region with a 4X or 10X objective. Add 1-2 mL
of water to the top of the red marker dot/spot and then switch to the 60X objective and
submerge the objective into the water. Focus the objective lens on the thin red marker region.

1.2.4. Switch to 2-photon laser scanning. For most systems, move turret to position #1, move the
trinocular prism out of the light path, move the scan head mirror to front, and set the laser
wavelength to ~900 nm. Select the 512 x 512 pixel box option for the image acquisition
parameters, which is the default pixel element for the stimulation mirror calibration routine.
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1.2.5. Start system scanning with an imaging laser power greater than minimum and fine tune
the objective focus onto the thin red marker fluorescence layer. Choose a field in the
fluorescence field clear of debris and evenly coated with marker.

Note: The setup in this protocol uses PrairieView 5.4 acquisition/imaging software.

1.2.6. Open the Uncaging galvo calibration function within the Tools/calibration and alignment
menu of the software. Walk through the burn spots tutorial for the spatial calibration of the
second galvanometer mirror pair.

1.2.6.1. Within the burn spots tutorial, choose the 405 nm laser, select a laser stimulation power
of 400 and a stimulation duration of 20 ms. This should yield small (~1-5 pum diameter) holes in
the red marker.

Note: Settings such as ~2-4 mW and 1-10 ms are typically used, but the settings are determined
by the sample. PA-Nic photo-stimulation power settings are likely to be far lower than the power
required during calibration to ablate a visible hole in the red marker slide. This calibration routine
is useful for locating photostimulation spots but should not be used to infer absolute
photostimulation volumes during physiological responses.

1.2.6.2. Select Update to stimulate and refresh the image after the center spot burn and move
the round red indicator to the actual spot location. Do this for the center spot, the right center
spot, the lower center spot, and finally for a grid of nine spots (all corners and edges plus the
center of image).

Note: The center, right, and lower corrected spot locations determine the stimulation
galvanometer voltages to define the true center and X and Y scaling factors to match the
stimulation mirror pair to the imaging mirror pair. The software will scale, and update, all
subsequent MarkPoints experiments performed at zoom settings different from the spatial
calibration zoom.

1.2.7. Test the calibration by opening the MarkPoints window and manually activating the
stimulation parameters in defined spot(s) in a new area of the sample. Ensure that the correct,
latest calibration file is loaded into the MarkPoints window. Activate the MarkPoints/Group or
MarkPoints Series feature at a defined spot(s) or utilize the Live/Ablation feature to right/Left
click the mouse anywhere on the image during live scanning to apply a test pulse and to verify
correct calibration.

Note: The laser burn spot should now be perfectly centered on the MarkPoints indicator.

1.2.8. Monitor and record the activation of the laser pulse power and temporal duration by
tapping off the drive voltage into the VoltageRecord program (see step 1.1.4). Similarly, record
the position of each stimulation spot using a scaled voltage signal from the feedback signals
derived from the pair of photo-stimulation galvanometer mirrors.
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2. Preparation of Photoactivatable Nicotine (PA-Nic)
2.1. Retrieve an aliquot of lyophilized photoactivatable drug from storage.

Note: The following protocol is specific for PA-Nic; adjust as needed for other photoactivatable
drugs. Although PA-Nic demonstrates exceptional stability®, take reasonable precautions to
protect it from exposure to bright light during preparation and/or experiments. This can be
accomplished by simply working in low light; restricting to red filtered light is not necessary.

2.2. Perform local application of PA-Nic.

2.2.1. Pull a glass micropipette with an opening diameter of 20-40 um with a programmable
pipette puller.

2.2.2. Filter ~¥1 mL of recording solution with a 0.22 um filter. Resuspend a quantity of PA-Nic in
filtered recording solution to yield a final concentration of 2 mM. For example, dissolve a 100 nM
lyophilized aliquot in 50 uL of filtered recording solution.

Note: A suggested recording solution composition can be found in recent publications>®
employing PA-Nic photolysis.

2.2.3. Back-fill the local application pipette with 50 uL of 2 mM PA-Nic.

2.2.4. Secure the local application pipette into a pipette holder mounted on a micromanipulator.
Connect the pipette holder via appropriate tubing to a pressure ejection system capable of
sustained low-pressure application (1-2 psi).

2.2.5. Using the micromanipulator, maneuver the local application pipette into the extracellular
recording solution and position the pipette tip slightly above the mouse brain tissue located ~50
pum from the cell of interest. Consult a previous report for a detailed protocol of mouse brain slice
preparation and patch clamp recordings®.

2.2.6. Check the application parameters by briefly applying pressure (1-2 psi). There should be
minimal to no displacement of the cell of interest. If significant movement does occur, reposition
the local application pipette further away (in the lateral and/or axial direction) from the cell of
interest.

2.2.7. After achieving stable whole cell patch clamp (details for which are included in a prior
publication®), turn on low pressure (1-2 p.s.i.) application using the appropriate manual switch
on the pressure ejection device. Saturate the tissue surrounding the cell with PA-Nic for 1-2 min
before proceeding to the next step.

2.3. Perform bath application (superfusion) of PA-Nic to the brain slice.
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2.3.1. Dissolve a quantity of PA-Nic in a volume of recording solution appropriate for continuous
recirculation to yield a final concentration of 100 uM. For example, dissolve a 1 umol aliquot into
10 mL of recording solution using a standard 15 mL tube.

2.3.2. Begin recirculation of the PA-Nic solution at a rate of 1.5-2 mL/min by opening the
appropriate flow control in the perfusion system. Recirculation occurs for the duration of the
recording. To conserve valuable drug, minimize the recirculation volume by using tubing with a
minimal inner diameter, and/or by shortening the overall length of tubing used in the perfusion
system.

Note: By taking these steps, the volume for bath recirculation can be reduced to 5 mL of PA-Nic
solution. PA-Nic solutions can often be used for two consecutive recording days within the same
week if stored protected from light at 4 °C.

2.3.3. During recirculation, continuously bubble the solution with carbogen (5% O3, 95% CO;) and
maintain the bath temperature at 32 °C.

2.3.4. Retain the brain slice in recording solution while working with PA-Nic in low light
conditions.

3. Imaging Neurons with 2-Photon Laser Scanning Microscopy
3.1. Perform live visualization of the cell.

3.1.1. Identify/visualize a medial habenula (MHb) neuron using transmitted light or infra-red
differential interference contrast (IR/DIC) optics and a video camera and establish a stable whole
cell patch clamp recording. Refer to a previous protocol for details on patch clamp recordings
from neurons in acutely-prepared mouse brain slices®.

3.1.2. After establishing the high-resistance (> 1 GQ) cell-attached configuration, but before
break-in, switch the set-up and software to laser scanning mode.

3.1.3. After break-in, use laser scanning to verify that an imaging dye (diluted to a final
concentration of 100-200 uM into a standard intracellular pipette solution described previously?)
is passively (by diffusion) filling the neuron. Allow the dye (e.g., Alexa Fluor 488 in green
photomultiplier tube [PMT] channel, PMT 2; or Alexa Fluor 568 or 594 in red PMT channel, PMT
1) to fill the cellular compartments for at least 20-30 min before attempting experiments that
require visualization of any cellular compartments outside of the soma.

Note: Distal compartments (dendritic structures, spines, axons, etc.) may require 30-40 min to
fill completely®.
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3.1.4. Use the software Live Scan function to visualize the neuron and subcellular compartment
of interest. Choose imaging parameters that allow for accurate live visualization of neuronal
features. Manipulate various settings to affect or alter the display visualization (contrast),
resolution, signal-to-noise (S/N) ratio, and image frame acquisition time:

3.1.4.1. Look-up-table (LUT). Open the LUT window using the appropriate icon on the side of any
image window. Once open, adjust the LUT floor (min) and ceiling (max) setting of the specific
image channel to enhance visualization of signal contrast shown on the screen. Lower the
maximum value to ~1000 (out of 4096, 12-bit detection), which will help to pull out the dimmer
signals when first searching for cells, signal, and structure.

Note: These settings only affect the displayed signal, not the detected/recorded values. Human
eyes can typically only make out contrast to ~50 grey levels?®.

3.1.4.2. Optical zoom. Use software controls to select 1X optical zoom and use panning controls
to locate the desired area in the tissue. This zoom setting yields the largest square, scanned field
of view, and sends the largest voltages/scan angles, to the galvanometer mirrors.

Note: The default configuration is for a 12 mm x 12 mm field of view inside the scan head which
translates to 12 mm divided by objective magnification inside the sample. Therefore, a 60X
objective lens yields scanned images of 200 um per side at 1X optical zoom. Higher optical zoom
values scan less area. 2X optical zoom is often the most useful setting for visualizing whole
neurons. 4X can be useful for visualizing subcellular aspects of neurons.

3.1.4.3. Number of pixels. To complement 1X optical zoom, select 1024 x 1024 pixels per line
using software controls. Set the number of pixels per line in the captured and displayed image to
not lose details possible from the objective lens. Use the following practical pixel values for a
60X/1.0 numerical aperture (NA) objective: 1024 x 1024 for zoom 1, 512 x 512 for zoom 2, and
256 x 256 for zoom 4. The end pixel size (~0.17 um; 12 mm/magnification/zoom/pixels) should
be half, or less, of the lateral resolution defined by the objective lens.

Note: The image resolution is only defined by the laser wavelength and the objective NA (0.4 um
resolution from two-photon excited [2PE] with 920 nm and a 1.0 NA objective)?’. The criteria for
the full excitation NA, as listed on the lens, is that the 1/e? intensity of the laser beam diameter
matches (or “fills”) the entrance pupil (2 x tube lens focal length x NA / magnification) of the
objective lens. The tube lens in the system described here has a focal length of 180 mm.

3.1.4.4. Pixel dwell time. Use software controls to select 4 ps for the pixel dwell time, a useful
default value. Fix the sampling rate of the system at 0.4 us (up to four channels).

Note: Changing the pixel dwell time does not change the mean signal detected; it only affects the
inter-pixel averaging and these changes can be visualized through the image quality via the S/N.
The image pixel dwell time is always a multiple of 0.4 ps units, and for larger dwell times the 12-
bit-limited intensity value of each image pixel is the average of the 0.4 ps samples. Since the S/N
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ratio improves as the square root of the number of samples per pixel dwell time (4 us equals ten
samples, or 3.16-fold improvement in S/N), the improvement in image quality reaches
diminishing returns for values much larger than 12 ps.

3.1.4.5. Scan Rotation and Region of Interest (ROI). Set the image angle to 0° rotation using
software controls (no action may be needed, as 0° rotation is the default setting for most imaging
systems). If the sample is placed in an “upside-down” orientation, select 180° rotation to “flip”
the image.

Note: Rotating the image, at any given angle, can provide a better fit for the entire area of interest
of a filled cell. Rotation can also yield a clearer basis for aligning structural changes and for
performing subsequent analysis. Selecting a region of interest within the scanned image at a
given zoom (step 3.1.4.2) setting retains the native pixel number (step 3.1.4.3), but the restriction
in total number of area and pixels can dramatically increase the frame rate, providing improved
temporal resolution of signal changes.

3.1.4.6. Frame Averaging. Select a starting frame average setting of 2 frames using software
controls.

Note: The final image contrast (S/N) is defined by the total photons collected/detected within
the signal pixels of the image. Averaging of multiple image frames can improve the S/N ratio,
provided the sample does not move or is not bleached during imaging. The signal of interest
remains the same value during frame averaging while the noise in the image is reduced by the
square root of the number of frames averaged. Small structures in fluorescence images often
require inter-pixel averaging, combining pixels within the image (often called ROIs), and/or frame
averaging. Frame averaging increases scanning time by the number of images one chooses to
average.

3.1.5. Use the Pan Control, Scan Rotation, and Optical Zoom tools to orient the sample location
while scanning. If motor stage manipulation is necessary to position the sample, avoid large step
sizes to the X, Y, and Z axis to prevent objective/condenser collisions, vibrations, or exposure of
the laser beam to reflective surfaces.

3.2. Collect a Z-stack. Using the Z-series tool, select a start and stop position that contains the
cell of interest. Select a step size (1 um) and then consecutively image the neuron in every Z-
plane that contains the cell.

Note: Z-stack acquisition settings will vary between neuron type and filling dye. Optimal
parameters for Z-stack acquisition should be determined independent of parameters used for
live imaging. Z-stack acquisition can be performed before and/or after optopharmacology
experiments. If possible, perform Z-stack acquisition after optopharmacology to avoid any
cellular damage induced from 2PLSM and to allow for optimal dye filling of small cellular
compartments.
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4. Laser Flash Photolysis During Electrophysiological Recordings

Note: Applying 405 nm or 473 nm laser powers of 2 1 mW produces phosphorescence inside the
glass of objective and condenser lenses. This generated light is directly related to the laser
illumination power; the emission is present in the green and red spectral windows and has
excited-state lifetimes in the ms range. This background stimulation artifact is seen in all lenses
tested and in water-dipping objective lenses from all major manufacturers of objective lenses.
Condenser lenses produce much higher phosphorescence than objective lenses. This “signal”
motivates the use of mechanical shuttering for protection of the sensitive gallium arsenide
phosphide (GaAsP) PMT cathodes during photo-stimulation events. Using a normally closed
mechanical shutter (closed when not actively scanning) represents the best solution for
protection of cooled GaAsP PMTs.

4.1 For an hourglass-type photostimulation beam geometry, remove any focusing lenses in the
light path optics that would otherwise narrow/constrict the laser beam as it enters the objective
entrance pupil.

4.2. Using MarkPoints, select the single spot setting.
Note: Other photo-stimulation settings (multiple spots, a grid of spots, spiral scanning) are
possible within MarkPoints. Single spot is the simplest. Experimental goals and biological

differences may necessitate a different setting.

4.3. Update the image using the Live Scan option to briefly image and locate the subcellular area
of interest. Periodically update the image to identify any potential small drifts in focus.

4.4. Use software controls to increase the optical zoom (i.e., select a higher optical zoom setting
than the current one), if necessary, to visualize small structures (i.e., spines or distal dendrites).

4.5. Place the MarkPoints single spot crosshairs immediately adjacent (~0.5 um) to the cell
membrane. Do not place the photo-stimulation spot directly over a cellular feature, as this could

lead to photodamage.

4.6. Set the parameters for photo-stimulation using software controls in MarkPoints. Apply the
starting guidelines as follows: 1-50 ms duration, 1-4 mW laser power, and > 1 trial.

4.7. Select Run MarkPoints to initiate the MarkPoints protocol and observe electrophysiology
data acquisition in real time.

4.8. Repeat steps 4.2-4.7 several times to evaluate consistency and stability, or lack thereof, of
the response amplitude and kinetics.

REPRESENTATIVE RESULTS:
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For photolysis stimulation, the exposure dose (intensity and time), exposure location, and beam
geometry are key variables. The system described in this article is capable of two different
photostimulation beams, adjustable via moving a lens in/out of the photostimulation light path
before the beam enters the galvanometer system. Without this lens, the photostimulation beam
fills the entrance pupil of the 60X/1.0 NA water-dipping [60X WD] objective, producing a near-
diffraction-limited, sub-um spot at the focal plane inside the sample. This is associated with
photostimulation light with an hourglass shape, extending above and below the focal spot
symmetric with the optical axis. With the lens inserted into the path, photostimulation laser light
is focused into the entrance pupil of the objective lens and then exits as a pencil-like beam. This
beam, which is expected to be ~10 pm in diameter for a 60X objective, extends
uniformly/vertically throughout the sample. In this mode, the light intensity at any given location
within the stimulation spot will be ~1% of the near-diffraction-limited small spot intensity. Thus,
higher laser powers are typically required when using ~10 um spot stimulation. For all
experiments reported in this article, an hourglass-type photostimulation beam was used.

The delivered sample power can be plotted against the input voltage setting, after measuring the
laser power at the sample using a power meter. These studies use a 60X WD objective with a
working distance of 2 mm, but it is not submerged in water for power measurements to avoid
potential damage to the detector element. When objectives with listed NA > 0.95 are measured
in air (without immersion fluid), there can be total internal reflection losses at the lens front face
element due to the lower index (air). In this case, for a more accurate sample power
measurement (to correct for total internal reflection losses), increase the measured power by
the 1.0 NA objective (1.0/0.95)2 measured in air. Figure 1a shows a typical input/output plot for
405 nm and 473 nm visible lasers that are incorporated into the laser launch system in this study.
These laser systems are ideal for photo-stimulation exposure dose control for the following
reasons: (1) they are pre-calibrated to provide directly linear power output relative to input
voltage (0-5 V), (2) they provide a silent shutter operation (with no laser output), and (3) they
have rapid, sub-ms intensity pulse duration control (0.1 ms response). When using spot photo-
stimulation with a laser/galvo system, routine calibration of MarkPoints spots is an essential task.
Figure 1b (left panel) demonstrates a system that is out of calibration (desired point to photo-
stimulate does not result in accurate stimulation of that point, as indicated by burn-hole
location), with a return to accurate positioning of the spot after calibration (Figure 1b, right
panel).

PA-Nic is modestly fluorescent (emission peak at ~510 nm), exhibiting effective excitation
between 350-450 nm (1-photon excitation) or 700-900 nm (2-photon excitation)°. To visualize
PA-Nic during local application, PA-Nic (1 mM) was applied near brain tissue followed by
simultaneous imaging of (1) brain tissue optical sectioned transmission context via Dodt contrast
and (2) the emitted fluorescence from excitation (900 nm) of PA-Nic. PA-Nic 2PE fluorescence
was easily detectable during pressure ejection from a local application pipette (Figure 2a).
Nicotine and a monoalkylcoumarin, 7-carboxymethylamino-4-methyl coumarin, are the main
photochemical products of the PA-Nic photolysis reaction®. Using the same imaging
settings/parameters that were used for PA-Nic imaging, the tissue was imaged during delivery of
either nicotine (1 mM) or 7-carboxymethylamino-4-methyl coumarin (1 mM). No fluorescent
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signal was detected (Figure 2a, middle and lower panels), demonstrating the specificity of the
PA-Nic results. Finally, PA-Nic was applied within brain tissue and PA-Nic fluorescence emission
was imaged (Figure 2b). This approach confirms that PA-Nic is present within 100-200 um of the
local application pipette. Together, these data confirm that PA-Nic is effectively delivered to brain
tissue via local application.

Electrophysiology recordings with simultaneous 2PLSM for visualization of cellular structures
requires the investigator to balance considerations for both components of the experiment, and
often a narrow time window (~20 min) is available for valid sample data acquisition from a
patched cell. Without considering cellular visualization, it is best practice to begin recording as
soon as possible after break-in because recording stability tends to decline with time. However,
when imaging is a requirement, electrophysiological considerations must allow adequate time
for fluorescence concentration increases in small/remote structures. This is exemplified by
examining a dye concentration filling curve?®, which is sometimes useful to derive when imaging
a new cell type. Figure 3 shows several example neurons imaged as Z-stacks via 2PLSM and
collapsed into a maximum intensity projection for presentation purposes. Figure 3a shows high-
quality images where neuronal morphology appears to be complete, noise is minimized, and
debris does not interfere with interpretation of cellular morphology. Figure 3b shows images of
lower quality, owing to a lower signal-to-background ratio and substantial debris. This debris
often appears as spherical pockets of intense fluorescence, arising from ejection of imaging dye
from the patch pipette while approaching the cell. Notably, inclusion of 100 uM PA-Nic in the
bath (when performing bath application) tends to reduce the signal-to-background ratio and
leads to sub-optimal image contrast. Alexa Fluor 568 or 594 is often quite useful in local
application experiments as a finder dye or as a normalizing 2PE reference/normalization signal.
An effective wavelength for two-photon excitation of these dyes is ~780 nm?’, which allows
simultaneous visualization of PA-Nic and identification of cellular compartments. This
wavelength, however, does not fully avoid two-photon photolysis of PA-Nic®. Alexa Fluor 488 is
advantageous in PA-Nic bath-application experiments; when excited with a suitable wavelength
> 900 nm, two-photon photolysis of PA-Nic> can be avoided while still maintaining suitable
visualization of cellular compartments.

Figure 4 shows example data for localized PA-Nic laser flash photolysis at MHb neurons in brain
slices. Figure 4a (upper panels) shows an example of a “reference” image, which is a screen-
capture of the last 2PLSM image taken before the MarkPoints protocol was run, overlaid with the
photo-stimulation spot location. Figure 4a (lower image panels) shows a zoomed view of the
photo-stimulation spot overlaid on the cellular morphology. The corresponding time-correlated
electrophysiological response to PA-Nic photolysis is shown in the lower panels of Figure 4a.
Previous work demonstrated that these currents are sensitive to nAChR antagonists®. Figure 4b
shows representative data from different cells where single spot photolysis was performed at an
interval of either 1 s or 10 s. Whereas a 10 s interval allowed sufficient recovery time for the
baseline holding current, a shorter 1 s interval led to a gradual increase in the holding current as
the protocol proceeded. The increasing current suggests that nicotine did not have enough time
to diffuse away from the system with the 1 Hz interval®®. Such temporal response analyses must
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be performed de novo on any new cell type being studied, as the neuropharmacology of nAChRs
may differ between cell types.

FIGURE LEGENDS:

Figure 1: Photostimulation laser calibration. (a) Photo-stimulation laser power output. Power at
the sample plane (through a 60X/1.0 NA water-dipping objective) was measured for 405 nm and
473 nm photo-stimulation lasers at the indicated output setting. (b) Photo-stimulation laser
calibration. Screen capture images show the spatial relationship between the intended photo-
stimulation spot and the corresponding location where photo-stimulation occurred (burn-hole)
before (left) and after (right) running calibration in MarkPoints.

Figure 2: PA-Nic local application. (a) Detection of PA-Nic from a local application pipette. 1 mM
PA-Nic, photolysis by-product, or nicotine were dissolved in ACSF, loaded into a local application
pipette, and dispensed onto brain tissue during 2PLSM (900 nm excitation) imaging using the
same imaging settings for each drug. Laser scanning Dodt contrast transmission image shows the
tissue/pipette whereas a GaAsP cathode PMT was used to capture fluorescence emission. (b) PA-
Nic (1 mM) was perfused into brain tissue and imaged via 2PLSM as in (a) to show the lateral
spread of PA-Nic using its intrinsic fluorescence.

Figure 3: Acquisition of 2-photon laser scanning microscopy images. (a) Optimal 2PLSM Z-stacks.
Two examples of 2PLSM Z-stack maximum intensity projections are shown for MHb neurons with
well-resolved dendrites and little to no interfering debris. (b) Sub-optimal 2PLSM Z-stacks. Two
examples of 2PLSM Z-stack maximum intensity projections are shown for MHb neurons
surrounded by debris (dye expelled from the pipette during cell approach). Such images are more
difficult to interpret than images like those shown in (a).

Figure 4: Laser flash photolysis of PA-Nic. (a) MarkPoints reference images and inward currents
evoked by PA-Nic photolysis. For one MHb neuron, raw reference images are shown for
MarkPoints photo-stimulation trials at a single (indicated) cellular location. Note that for some
photo-stimulation locations (the right-most image in this series), the dendritic structure is in
focus but the soma and proximal dendrite are not. Below each reference image, the nicotine
uncaging-evoked inward current is plotted. (b) Inter-stimulus intervals for PA-Nic photolysis.
Exemplar recordings are shown for MHb neurons where nicotine was repeatedly uncaged at the
same perisomatic location with an inter-stimulus interval of 1 s or 10 s.

DISCUSSION:

The choice of PA-Nic application/delivery method is the most critical step in this localized photo-
stimulation technique. The two methods, bath application and local perfusion, each offer distinct
advantages and limitations. The choice is largely impacted by the nAChR functional expression
level in the cell type of interest. It is often preferable to use bath application when functional
expression levels are high, as bath application allows for a uniform probe concentration
surrounding the recorded cell, facilitating data interpretation. Bath application also eliminates
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the need for a second perfusion pipette in the tissue, making the entire process easier. However,
bath application of expensive compounds costs more per experiment.

Commonly, troubleshooting involves trying to understand why no nAChR activation is seen
following flash photolysis. When working with a cell type that has not been previously studied
with PA-Nic, the investigator should perform local puff-application of ACh or nicotine to
determine whether sufficient receptors are functionally expressed®. To validate that the system
is capable of detecting photolysis responses, control experiments should be done in medial
habenula neurons that express large quantities of receptor3C. In this brain area, PA-Nic bath
application is possible, which is preferable for validation experiments. Only after performing
these validation experiments should one move on to an unstudied cell type. If the experimental
system has been validated and responses remain very small or undetectable, it may be warranted
to increase the concentration of PA-Nic, increase the flash intensity or pulse duration, add a
nAChR positive allosteric modulator to enhance nAChR activity®, or some combination of these.

Occasionally, uncaging responses are too large, with significant nAChR activation resulting in
indirect voltage gated Na* channel activation and unclamped inward currents due to poor space
clamp. These artifacts, which completely obscure nAChR inward currents and make data
interpretation impossible, can be eliminated by inclusion of QX-314 (2 mM) in the recording
pipette. They may also be eliminated by reducing the concentration of PA-Nic or by reducing the
flash intensity or pulse duration. In all visible light photo-stimulation experiments, care must be
exercised when selecting stimulation sites to avoid unintended stimulation/photolysis above or
below the desired focal plane. Additionally and when applicable, the laser power must always be
titrated to reproduce physiological responses. It is especially important to be aware of z-axis
photostimulation when working with caged ligands, as ligands that are activated above/below
the focal spot may still diffuse and interact with the biological system (i.e., receptors) under
study.

PA-Nic laser flash photolysis may not be appropriate for all investigators, as several limitations
exist. The first is the relatively high cost of a suitable set-up. When working with intact brain
slices, uncaging near small-diameter structures like dendrites requires a sophisticated
visualization system such as a 2-photon microscope. Aside from the high cost of a Ti:sapphire,
tunable IR pulsed laser for performing 2-photon microscopy, a dual-galvanometer system
capable of independently positioning two laser beams further increases the system cost. Total
system costs can be reduced by using a home-built system if the investigator has sufficient
expertise and time to construct, troubleshoot, and maintain such a system. A second limitation
often involves low nAChR functional expression, which can be partially mitigated by taking steps
as mentioned above, but this may not guarantee success. Typically, if one cannot measure ligand-
activated currents following puff-application of agonists, PA-Nic flash photolysis under voltage
clamp may not yield acceptable results. A third limitation involves the intrinsic fluorescence of
PA-Nic. PA-Nic absorbs ~460 nm light and emits in a similar range as green fluorescent protein
(GFP) or Alexa 488°. When PA-Nic concentrations exceed ~1 mM, this fluorescence property can
make it challenging to simultaneously visualize neuronal structures. To mitigate this, it is critical
to be able to easily control the flow of PA-Nic from the perfusion pipette. Periodically, the PA-Nic
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flow was stopped to allow fluorescent molecules to diffuse away. This permitted re-imaging of
the neuron for checking the spot position of the uncaging beam. A fourth potential limitation to
mention involves the use of 405 nm light for photolysis. Shorter wavelengths such as 405 nm are
more prone to scattering in complex tissue such as a brain slice. Thus, at a given flash intensity
and duration, uncaging response amplitudes and decay kinetics may be differentially affected by
the depth of the uncaging focus within the slice. Conclusions about biological aspects of nAChRs
should take this important caveat into account.

This localized laser flash photolysis technique has recently been used to uncover new details
about nAChR neurobiology. For example, chronic nicotine exposure enhances perisomatic and
dendritic nAChR function in medial habenula neurons®. It was also used to help demonstrate, for
the first time, that ventral tegmental area glutamate neurons express functional nAChRs in their
perisomatic and dendritic cellular compartments®. There are many potential future uses of this
technique, and the approach could be applied to other key neuron types that are known to
express nAChRs, such as cortical pyramidal neurons3! or interneurons in cerebral cortex3?,
striatum?3, and hippocampus®®. This technique could also be combined with pharmacology
and/or nAChR gene editing3* to localize specific receptor subtypes to different neuronal
compartments. The approach may be easily adapted to other coumarin-caged compounds,
including, but not limited to, those developed in parallel with PA-Nic°. Finally, PA-Nic flash
photolysis may one day be used in an awake/behaving animal to study nicotine’s action in novel
behavioral pharmacology paradigms.
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Name of Material/ Equipment
Instruments, Consumables, and Miscellaneous Chemicals
Multiclamp 700B
Pneumatic Picopump
Micropipette puller
Temperature Controller
Vibrating blade microtome
Ultrafree-MC Centrifugal Filter
Borosilicate Glass Capillaries
(-)-Nicotine hydrogen tartrate salt
7-carboxymethylamino-4-methyl coumarin
1-[7-[bis(carboxymethyl)- amino]coumarin-4-ylJmethyl-nicotine
Euthasol (Pentobarbital Sodium and Phenytoin Sodium)
Alexa FluorTM 488 Hydrazide
Alexa FluorTM 568 Hydrazide
6-carboxy-AF594 (Alexa Fluor 594)
QX 314 chloride
Power Meter

Chemicals for Solutions

N-Methyl-D-glucamine

Potassium chloride

Sodium phosphate monobasic monohydrate
Sodium bicarbonate

HEPES

D-(+)-Glucose

(+)-Sodium L-ascorbate

Thiourea

Sodium pyruvate

Magnesium sulfate heptahydrate

Calcium chloride dihydrate

Sodium chloride

Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid
Adenosine 5'-triphosphate magnesium salt
Guanosine 5'-triphosphate sodium salt hydrate

Components of 2-Photon Microscope
Ultima Laser Scanner for Olympus BX51 Microscope
Imaging X-Y galvanometers
Mai Tai HP1040
Pockels cell M350-80-02-BK with M302RM Driver
Integrating Sphere Photodiode Power Sensor
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Uncaging X-Y galvanometers
Helios 2-Line Laser Launch
OBIS LX/LS 405 nm (100 mW)
OBIS LX/LS 473 nm (75 mW)
Point-Photoactivation / Fiber Input Module for Limo Sidecar - Uncaging

Upright Microscope
Objective: Olympus M Plan FL 10x; NA 0.3 WD 11 mm
Objective: Olympus M Plan Fluorite 60x/1.0 WD=2mm NIR
X-Cite 110, four-LED LLG coupled epi-fluorescence light source
Epi-Fluorescence Filter: ET-GFP (FITC/CY2) for Epi-Turret
Epi-Fluorescence Filter: ET-DsRed (TRITC/CY3) for Epi-Turret
B&W CCD camera; Watec, 0.5in B/W CCD

External Detectors - Dual Reflected Emission - Olympus Upright (Multi-Alkali, GaAsP)
Multi-alkali side-on PMT
595/50m
565Ipxr
GaAsP end-on PMT
525/70m
High-Speed Shutter for Homamatsu H7422 PMT

Dodt Gradient Contrast Transmission Detection Module
Multi-alkali side-on PMT
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Molecular Devices Corp.
World Precision Instruments
Sutter Instrument Co
Warner Instruments

Leica Biosystems
MilliporeSigma

World Precision Instruments
Glentham

Janelia Research Campus
Janelia Research Campus
Virbac

ThermoFisher
ThermoFisher

Janelia Research Campus
Tocris

Thorlabs

Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma

Bruker Nano, Inc.
Cambridge Technology
Spectra-Physics
Conoptics, Inc.
Thorlabs, Inc

Catalog Number

PV820

P-97
TC-324C
VT1200S
UFC30GVO0S
1B150F-4
GL9693

ANADA #200-071
A10436
A10437

2313
S120C

M2004
P3911
S9638
S6014
H3375
G5767
A4034
18656
P2256
230391
223506
59625
E3889
A9187
G8877
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Chroma Technologies
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Bruker Nano, Inc.
Hamamatsu
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Chroma Technologies
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Bruker Nano, Inc.
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BX51WIF

R3896
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Comments/Description

Patch clamp amplifier

internal solution filter

patch and local application pipette
nicotine salt

PA-Nic by-product

PA-Nic

green fill dye

red fill dye

red fill dye

voltage-gated sodium channel blocker

imaging software and galvos

Tuneable IR laser
for IR laser attenuation
laser power pick-off photodiode



uncaging laser components

Upright microscope chasis

10x objective

60x water-dipping objective

LED Light Source

LED Filter for blue light excitation

LED Filter for green light excitation
CCD camera for patch clamp recording

red channel PMT

red channel emission filter
dichroic beam splitter

green channel PMT

green channel emission filter
PMT shutter mount

Dodt PMT
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ltem 1: The Author elects to have the Materials be made available (as described at
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tandard Access

Item 2: Pléase select one of the following items:

|:| Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.
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2 18 Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction,  abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2 Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author's personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video - Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

T Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8, Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

13 JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like,

12, Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author's or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors,

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment hefore production and
publication the Materials. Payment is due in 21 days of
invoice, Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author, Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Ryan M. Drenan

Department:

i Department of Pharmacology
Institution: Northwestern University
Title: Associate Professor of Pharmacology
Signature: M Date: 7/50 /.?.ol g
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Rebuttal Letter

Click here to access/download;Rebuttal
Letter;DRENAN_Response(08.31.18).docx

Response to Editors/Reviewers: JOVE58873

Arvin et al. Probing nicotinic acetylcholine receptor function in mouse brain slices via laser flash

photolysis of photoactivatable nicotine

Reviewer 1 Comment

While many of the steps are applicable to anyone
regardless of the system/software used, the
manuscript is based upon PrairieView software.
Would the authors consider mentioning this in the
abstract?

Response: While we appreciate the reviewer’s
point and agree that our approach is specific to
PrairieView, we have been instructed by JoVE that
commercial language cannot be published.

It may be useful to provide some description of the
optics of the point-photoactivation / fiber input
module. Presumably this is a narrow beam that
underfills the back aperture of the objective? Some
discussion of the advantages / disadvantages of a
focal spot as is often done in 2P uncaging by
overfilling the back aperture versus a column of
light associated with a narrow beam could be
useful. Mentioning the caveat that nicotine would
be uncaged above and below the focal point would
be helpful for a general audience.

Response: Thank you to the reviewer for this
point. Our system utilizes a strategy involving
filling/over-filling the back aperture of the
objective with the 405 nm photostimulation beam.
This results in a focal spot, similar to 2P imaging or
2P uncaging. However, our system is capable of a
narrow beam too. We have included the requested
discussion in various places (Protocol, Results,
Discussion) in the revised text.

Reviewer 2 Comment

The authors should demonstrate that the inward
currents in Figure 8 are in fact nicotinic currents by
reversibly inhibiting the currents with a nicotinic
receptor antagonist.

Response: Thank you for bringing up this
important control. We have demonstrated this
already in our recent publication (Banala et al.).
The traces shown in the present JoVE submission
are from MHb neurons, which are the same neuron
type that we demonstrated nAChR antagonist-
mediated block of nicotine uncaging inward
currents in Banala et al.

In the introduction the authors write "Cholinergic
signaling modulates numerous brain processes,
including attentional control, volitional movement,
and reward." However, no references are provided.

Response: References have been added.

Similarly they write "Drugs that enhance
acetylcholine (ACh) transmission are used to treat
cognitive impairment associated with Alzheimer's
disease, implying an important role for cholinergic
systems in cognition." Again no references are
provided.

Response: A reference has been added.

In the introduction the authors wrote "In most
respects, photolysis of PA-Nic is superior to other
methods of delivering nAChR ligands to receptors
within brain slices. Such approaches include bath
application and local drug delivery via a puffer
pipette." No references are provided to these other
two approaches.

Response: References have been added.

The authors also omitted another major approach
and that is to use channelrhodopsin to evoke ACh
release. At least this other approach should be
mentioned in the introduction.

Response: We have inserted text and references
acknowledging this approach, although we have
also mentioned the drawbacks associated with
usage of problematic ChAT-ChR2-EYFP transgenic

mice that have perturbed cholinergic transmission.
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In the Protocol, the authors mention about the
60X/1.0 NA objective but should also mention the
working distance and objective type.

Response: The revision now indicates the
working distance in the protocol. However, we list
the specific objective Olympus model number only
in the materials table.

The authors report "The pipette holder should be
connected via appropriate tubing to a pressure
ejection system capable of sustained low-pressure
application (1-2psi)." The authors should also
mention the specific model and manufacturer of
the pressure ejection system that was used.

Response: This information is listed in the
materials table/excel sheet.

In section 3.1.3 the authors refer to Alexa Fluor
488, 568 or 594 but should refer to the full name
Alexa Fluor 488, 568 or 594 hydrazide.

Response: The full vendor name is specified in
the materials table/excel sheet.

Editorial Comment

Please take this opportunity to thoroughly
proofread the manuscript to ensure that there are
no spelling or grammar issues.

Response: This has been done.

Please provide an email address for each author.

Response: Email addresses are as follows:
Matthew C. Arvin:
matthew.arvin@northwestern.edu

David L Wokosin: scopedoc@northwestern.edu

Sambashiva Banala: banalas@janelia.hhmi.org
Luke D. Lavis: lavisl@janelia.hhmi.org

Ryan M. Drenan: drenan@northwestern.edu

Please rephrase the Introduction to include a clear
statement of the overall goal of this method.

Response: The following sentence in the
Introduction addresses this point: “Here, the key
methodological steps involved in this approach are
described, with the overall goal of enhancing the
ability to connect nAChR function with neuronal
structure.”

Please include a space between all numerical values
and their corresponding units: 405 nm, 15 mL, 37
°C, 60 s; etc.

Response: This has been corrected in the
revision.

Please remove all commercial language from your
manuscript and use generic terms instead.

Response: We have removed commercial

language from the revised manuscript.

Please move the ethics statement before your
numbered protocol steps, indicating that the
protocol follows the animal care guidelines of your
institution.

Response: Our TIACUC protocol statement was
placed before the relevant protocol steps.

Please revise the protocol text to avoid the use of

any personal pronouns (e.g., "we", "you", "our"
ete.).

Response: Personal pronouns have been

removed in the revised text.

Please revise the protocol to contain only action
items that direct the reader to do something (e.g.,
“Do this,” “Ensure that,” etc.).

Response: All protocol steps have been updated
or checked to have appropriate and unambiguous
action items.

Please add more details to your protocol steps.
There should be enough detail in each step to
supplement the actions seen in the video so that
viewers can easily replicate the protocol. Please
ensure you answer the “how” question, i.e., how is
the step performed? Alternatively, add references
to published material specifying how to perform
the protocol action.

Response: Protocol steps now include sufficient
detail.
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1.1.3: How to zero meter?

Response: In the revision, we have specifically
mentioned that zeroing the meter involves
depressing a button.

1.1.6: Please describe how to modulate the laser
output. Is there a knob to turn or is it controlled by
computer software?

Response: In the revision, we have specified that
software controls are used to modulate the laser
power.

1.1.7, 3.1.3, etc.: The Protocol should contain only
action items that direct the reader to do something.
Please move the discussion about the protocol to
the Discussion.

Response: These paragraphs have been moved to
the Results section.

1.2.4: Please break up into sub-steps.

Response: The revised text includes this change.

2.2.2: Please provide the composition of recording
solution. How is the solution filtered?

Response: We have referenced our recent papers
with recording solution recipes.

2.2.5: Please specify the source of tissue used in
this step.

Response: In the revision, we have specified that
the tissue is mouse brain tissue.

2.2.7: How to turn on low pressure application?

Response: In the revision, we have clarified that
a manual switch needs to be activated.

2.2.8: Please describe how to verify PA-Nic
application using 2PLSM.

Response: We have removed this step as we feel
it is optional and is fully described in the results
section. Moving 2PLSM imaging text into 2.2.8.
would require a large re-organization of the
protocol, which we would like to avoid.

3.1.4, 3.2, and sub-steps: Please describe in
imperative tense the specific actions being
performed in these steps. Add more specific details
(e.g. button clicks for software actions, numerical
values for settings, etc.) to your protocol steps.

Response: This sequence has been adjusted as
requested with imperative tense phrases and
additional details/directions. 3.2 has been
collapsed for clarity.

4.7: Please point the specific steps that are repeated
here.

Response: The specific steps to repeat have been
indicated in the revised text.

Please include single-line spaces between all
paragraphs, headings, steps, etc.

Response: Spacing has
requested in the revised text.

been adjusted as

please highlight 2.75 pages or less of the Protocol
(including headings and spacing) that identifies the
essential steps of the protocol for the video.

Response: Sections for the video (about 2.5
pages) have been highlighted with grey
highlighting.

Please highlight complete sentences (not parts of
sentences). Please ensure that the highlighted part
of the step includes at least one action that is
written in imperative tense.

Response: Action items in complete sentences are
included in the revised text.

Please include all relevant details that are required
to perform the step in the highlighting.

Response: We have verified this.

References: Please do not abbreviate journal titles.

Response: All journal titles have been spelled out
completely in the revised text.




