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Probing cerebellar circuit dysfunction in
rodent models of spinocerebellar ataxia by
means of in vivo two-photon calcium imaging
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Purkinje neuron degeneration characterizes spinocerebellar ataxia type 1, yet the Impact of
comprehension of the impact on the broader cerebellar circuit remains incomplete. We here chemogenetic MLIN
detail simultaneous in vivo two-photon calcium imaging of diverse neuronal populations in the inhibition on neuronal
cerebellar cortex of Scal mice while they are navigating a virtual environment. We outline activity in cerebellar
surgical procedures and protocols to chronically record from identical neurons, and we detail cortex

data post-processing and analysis to delineate disease-related alterations in neuronal activity
and sensorimotor-driven response properties.
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SUMMARY

Purkinje neuron degeneration characterizes spinocerebellar ataxia type 1, yet
the comprehension of the impact on the broader cerebellar circuit remains
incomplete. We here detail simultaneous in vivo two-photon calcium imaging
of diverse neuronal populations in the cerebellar cortex of Scal mice while
they are navigating a virtual environment. We outline surgical procedures and
protocols to chronically record from identical neurons, and we detail data post-
processing and analysis to delineate disease-related alterations in neuronal activ-
ity and sensorimotor-driven response properties.

For complete details on the use and execution of this protocol, please refer to
Pilotto et al.’

BEFORE YOU BEGIN

The degeneration of Purkinje neurons (PNs) in the cerebellar cortex is a hallmark feature of spino-
cerebellar ataxia type 1 (Scal). However, there is mounting evidence that neuronal and network
dysfunction precede overt degeneration in many neurodegenerative diseases (NDs), such as Hun-
tington’s disease,” Alzheimer's disease,”> Amyotrophic lateral sclerosis,®’ Parkinson’s disease®
and Spinal muscular atrophy.” Across these NDs it remains incompletely understood, how
different circuit elements are functionally altered in a disease-stage specific manner, and how
such functional changes would affect information processing in neural networks, or even
contribute to the degenerative process per se. In Scal, earlier research in mouse models of the
disease has shown presymptomatic disruption of PN action potential firing rates, in combination
with altered excitatory and inhibitory inputs to PN.'” Unravelling the development of such
dysfunction across the cerebellar cortex circuit, including the elements that are seemingly unaf-
fected by the degenerative process, could be critical in identifying novel therapeutics targets in
Scal. Here we outline a protocol for in vivo two-photon calcium imaging in the cerebellar cortex
of Scal mice. We demonstrate the simultaneous imaging of distinct neuronal populations across
all layers of the cerebellar cortex in behaving mice, allowing a comprehensive insight into their
functional alterations in the Scal model. The protocol describes step by step the surgical proced-
ure, in vivo two-photon imaging data acquisition, and subsequent examples of imaging data post-
processing and quantification. Using this pipeline, we recently identified hyperactive molecular
layer interneurons (MLIN) as a critical driver of PN dysfunction and degeneration in Scal.! Using
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Figure 1. Supplies for craniotomy, cortical injection, cranial window and headbar implantation

(A) General surgical equipment.

(B) 3 mm circular coverslip and custom designed headbar.

(C) Custom designed open headbar. All measurements in mm, @ indicates diameter, R indicates the radius of
curvature.

chemogenetics to reduce MLIN activity, we demonstrate that MLIN inhibition can mitigate PN
dysfunction, slow down PN degeneration and motor symptom deficits and thus serve as a poten-
tial therapeutic strategy. Furthermore, this method can be applied to investigate basic cerebellar
function or other cerebellar disorders.

For complete details on the use and execution of this protocol, please refer to Pilotto et al., 2023."

Institutional permissions
Animal care, housing, ethical usage, and procedures were approved by the government of upper
Bavaria in accordance with the required guidelines.

Experimenters following this protocol must gain permission from and abide by their local
authorities.

Preparation of materials for cerebellar craniotomy, AAV injection, and cranial window
implantation

O Timing: 1 h

Completing these steps will allow the experimenter to have all the equipment prepared for surgical
procedures, along with the virus loaded in the pipette for cerebellar cortex injections.

1. Gather supplies for surgical procedures (Figure 1).

a. Gather the following items for surgery: stereotaxic frame and micromanipulator, heating pad,
dental drill, hypodermic needles (30G 12 mm & 25G 25 mm), spring scissors (straight 2 mm),
iris scissors fine pointed, Dumont forceps (#5 & #3), circular borosilicate glass coverslips 3 mm
in diameter, custom designed open headbars (see Figures 1B and 1C) glass micropipette,
butterfly wings connection 3-way stopcock, 15 mL syringe, Sugi Sponge Points Saugtupfer,
Gelfoam, Venus Diamond Flow UV curable glue, Histoacryl, sterile saline solution, eye cream,
Paladur powder and solution for dental cement, with a suitable mixing dish (e.g., a 48-well
plate).

b. Cut Gelfoam into small pieces (e.g., < 0.5 cm?) for wiping away blood, soak in saline.

c. Load larger syringe (e.g., 1-15 mL) with saline.

d. Prepare anesthesia and analgesics so that they can be administered in legally approved doses.

2 STAR Protocols 5, 102911, March 15, 2024
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e. Ensure necessary tools, the coverslip, headbar, micromanipulator, stereotaxic frame and sur-
gery area is sterilized in order to achieve aseptic surgical environment (e.g., 70% ethanol or
autoclaving the appropriate tools).

A CRITICAL: Ensuring surgical environment is aseptic, will reduce risk of infection or strong
immune response under the cranial window, which is important for both post-surgery re-
covery and window quality.

Prepare AAV2/1-hSyn-GCaMP7s-WPRE (viral stock titer: 2.2 x 10713 GC/mL, Addgene,
#104487).
a. Pull micropipettes (10 uL pipettes, Blaubrand), to produce tip with diameter of approximately

1 um, cut tip (approximately 5 mm from end) with iris scissors.

b. Thaw stock AAV aliquot onice, dilute in saline or Milli-Q water with a ratio of 1:10 for GCaMP7s

(final titer: 2 x 10712 GC/mL).

c. Inpreparation for stereotaxic injections into cerebellar cortex (lobule V & V1), load diluted virus
into pulled glass pipette.

i. The pipette can be connected to a syringe with winged infusion set tubing and stop-cock
(Figure 1A), thus allowing the experimenter to manually control pressure in order to draw
the desired volume into the pipette.

ii. We recommend loading the pipette with sufficient volume of virus to complete all injec-
tions for the current mouse.

ii. Alternatively a microinjector can also be used to regulate the air pressure.

Preparation of experimental mice

® Timing: 30 min

Anesthetize the mouse in preparation for surgical procedures.

3.

Select animals 3—4 weeks younger than the desired age forimaging experiments, allowing appro-
priate time for recovery, viral expression and habituation. In order to perform imaging exp-
eriments around postnatal day (P) 60, we performed surgery at ~ P40 in the Scal model,
Atxn11%42C nock-in mice (B6.1295-Atxn1tm1Hzo/J), or age-matched wild type littermates
for control experiments.

. Administer Meloxicam (10 mg/kg) and Metamizol (200 mg/kg) orally for pre-emptive analgesia

30 min prior to start of surgery, followed by intraperitoneal injection of Fentanyl (0.05 mg/kg),

Midazolam (5 mg/kg), and Metedomidin (0.5 mg/kg) for anesthesia.

a. Check sufficient anesthesia depth by pinching the tail or paw. Procedures were approved by
the local authorities for sufficient induction of analgesia and anesthesia.

Note: Age of mice during window implantation is ideally not younger than 4 weeks old (~P30),
to allow for full development of the skull.

. Shave, clean, and apply local anesthetic to surgical region.
. Once the mouse is sufficiently anesthetized, apply eye ointment cream (Bepanthen) to the eyes

to prevent drying over the course of the procedure.

. Shave posterior area of head with a razor or hair removal cream.
. Using a cotton swap or Sugi, wipe away excess loose hair and clean the area to reduce risk of

infection (sterile saline solution, small amounts of Braunol or 70% ethanol can also be used).

. Apply local anesthetic (Xylocaine Gel 2%, Aspen) to region, wait 3-5 min before cutting the fur.
. The mouse can now be moved to the aseptic surgical environment to proceed with the following

steps.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and virus strains

AAV2/1-hSyn-GCaMP7S-WPRE
AAV2/8-hSyn-DIO-hM4D(Gi)-mCherry

Dana et al., 2019""
Krashes et al., 20112

Addgene: 104487-AAV2/1
Addgene: 44362-AAV2/8

Experimental models: Organisms/strains

Atxn'>429 (B.129S-Atxn 112/ J)

Figures 6A-6C include data from 6 Scal
mice (5 female, 1 male) and 8 wild-type
(WT) littermates (6 female, 2 male), at ~ P60
(see Before you begin, step 3). Figure 6E
includes data from 5 Scal (4 female, 1 male)
mice and 8 WT (6 female, 2 male) (see
Pilotto et al., 2023)."

PV-IRES-cre (B6;129P2-Pvalbtm1(cre)Arbr/J)
Sca1::PV and wild-types littermates (WT::PV)
were obtained through crossing male Atxn1'54?/22
with PV-IRES-cre homozygous females.
Figure 7 includes data from 5 Sca1::PV

(3 female, 2 male) and 5 WT::PV (2 female,
3 male), at ~ P110 (see Pilotto et al., 2023)."

Jackson Laboratory

Jackson Laboratory

RRID: IMSR_JAX:005601

RRID: IMSR_JAX:008069

Software and algorithms

MATLAB R2018a version

Custom-built software on LabVIEW 2018
SP1, 2020 SP1, National Instruments

SciScan 1.4 - Imaging acquisition software

MathWorks, Inc.
https://de.mathworks.com/

Keller et al."®

Scientifica UK

RRID:SCR_001622

https://www.ni.com/
de-de/shop/software/
products/labview.html

N/A

Other

IR camera
Ti:Sapphire laser with a DeepSee pre-chirp unit

Two-photon microscope, equipped with
an 8 kHz resonant scanner

X 16 water-immersion objective (0.8 NA)
Filter (dichroic beamsplitter)

Emission filter

Optical computer mouse

Sugi Sponge Points Saugtupfer
Histoacryl (Braun)

Dental drill

Dental drill tips

Stereotaxic frame and micromanipulator
Thermometer

48 well plate

Vertical micropipette puller

Headbar

10 pL glass pipettes

D263 Coverslip/coverglass
Forceps Dumont (#3/#5)
Hypodermic needle (25G 25 mm)
Hypodermic needle (30G 12 mm)
NaCl 0.9% (saline)

Ringer's solution

GELFOAM

Venus Diamond Flow (UV curable glue)
UV light (BA Optima 10)

Paladur liquid & powder

Eye ointment

4 STAR Protocols 5, 102911, March 15, 2024

Imaging source
Spectra-Physics Mai Tai HP
HyperScope, Scientifica

Nikon
Olympus

Logitech
Kettenbach-medical

B. Braun

NSK Presto |l

Meisinger, HM 1 Round RA
RWD Life Science

RWD Life Science
Sigma-Aldrich

Sutter Instrument Co.

e.g. https://laserjob.de/

Blaubrand
Warner Instruments
Dumont SA

B. Braun

B. Braun

B. Braun

B. Braun

Pfizer

Kulzer

BA International
Kulzer
Bepanthen

DMK 22BUCO03
N/A
N/A

N/A

U- MF2

G 525/50nm
MX-518

N/A

N/A

N/A

N/A

Model: 68513
Model: 69002
N/A

Model: P-30

Custom design,
see Figure 1C.

N/A
CS-3R
N/A
N/A
N/A
N/A
N/A
N/A
N/A
B2-BASES50
N/A
N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Braunol B. Braun N/A
Xylocaine gel 2% Aspen N/A
SONOSID ultraschall-gel Asid Bonz N/A

3-way stopcock B. Braun N/A

15 mL syringe B. Braun N/A
Winged infusion sets B. Braun N/A
Isoflurane Baxter vet 1000 mg/g Baxter HDG9623V
Meloxicam (1.5 mg/mL, 5 mg/mL) Ceva Meloxidyl N/A
Medetomidine (1 mg/mL) Alfavet Dormilan N/A
Fentanyl (Fentadon) Dechra Pharmaceuticals N/A
Midazolam (500 mg/mL) Roche Dormicum N/A
Naloxone (0.4 mg/mL) Ratiopharm N/A
Atipamezol (5 mg/mL) Prodivet pharmaceuticals N/A
Flumazenil Kabi (0.5 mg/ 5 mL, 5 x 5 mL) Fresenius Kabi N/A
Physiological monitoring system for mouse Harvard Apparatus 75-1500
(10 g—100 g) with 8" tablet

Isoflurane vaporizer Harvard Apparatus N/A

STEP-BY-STEP METHOD DETAILS

Cerebellar craniotomy

® Timing: 30 min

In this step a circular part of the skull overlaying the cerebellum is removed to expose the desired

imaging region, thus allowing the stereotaxic injection of AAVs into the target area. The removed

part of the skull matches the shape and size of the experimenter’s cranial window, to allow the im-

plantation of a glass cover slip to provide chronic optical access.

1. Cut the fur along the midline above the skull and gently remove the periosteum to expose the

skull over the cerebrum and cerebellum.
a. Fix the mouse's head securely in the stereotaxic frame (Figure 2A).

b. Perform a final reflex check (e.g., pinch of the toe or tail) to ensure mouse is appropriately

anesthetized.

- o o 0

Cut the fur overlaying the skull using sterilized scissors.
Pull skin apart to fully expose the skull (Figure 2B).

parietal and rostral portion of the occipital bone.

Gently remove the periosteum using sterile sugis (Sugi Sponge Points).

Use fine spring scissors and forceps to gently loosen the occipital muscles to expose the inter-

i. Take care when removing the rostral parts of the muscles, overlaying the interparietal bone,

tissue further caudal, overlaying the occipital bone contains larger blood vessels and

severing these can result in excess bleeding.

ii. Removing the rostral muscle tissue exposes more bone, which provides a larger surface

area for the dental cement to bind to, when sealing the window and positioning the head-

bar in place.

2. Mark the location of a 3 mm diameter circular craniotomy via gentle scratching of the skull

(Figure 2C).

a. Coordinates from bregma, centered at —6.5 mm antero-posterior (AP), 0.5 mm medio-lateral

(ML).

b. Place a 3mm coverslip (Warner Instruments, thickness 0.15 + 0.02 mm) centered on the

marked position. Gently scratch the skull using the sharp edge of a hypodermic needle

(25G 25 mm, Braun), to mark the outline of the cranial window as a reference for drilling.

STAR Protocols 5, 102911, March 15, 2024
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Note: based on preference one could scratch a circle directly around the coverslip or a square
as shown in Figure 2C).

3. Using a dental drill (drill: NSK Presto I, tips: Meisinger, HM 1 Round RA), gently drill a 3 mm diam-
eter circle into the skull, guided by the scratch marks as a reference and remove the bone flap to
complete the craniotomy. Check with a sample 3 mm diameter coverslip as you drill to ensure the
shape of your circle is precise. The craniotomy should allow a tight-fitting area for the window.
a. Move the drill evenly around the edge of the circle to gradually thin the skull in this shape.

Apply saline solution to the thinned skull as you move deeper, the underlying cerebellar vascu-
lature should become visible through the drilled skull, following saline application.

Note: When drilling along the outer perimeter of the coverslip the resulting cranial window
will be slightly bigger than 3 mm due to the size of the groove formed by the drill head, which
will allow for a complete insertion of the coverslip.

b. Use a hypodermic needle (25G) to carefully ease the center circle of the skull upwards away
from the cortex, pressing the tip of the needle lightly into the side of the exposed central
bone flap, without damaging or removing the dura.

i. Flush with saline to aid removal, the bone flap should separate from the surrounding skull.
After the separation, flush again with saline to drain any blood (Figure 2D).

Note: The size of the craniotomy should be as tight-fitting as possible to prevent unnecessary
exposure of the brain surface and allow for sufficient window stability.

c. Gently place a small Gelfoam piece that has been soaked in sterile saline onto the exposed
cerebellar cortex to absorb blood and prevent the meninges and brain tissue from drying
out prior to AAV injection.

A CRITICAL: While drilling do not apply pressure towards the cerebellar cortex. This is vital
to avoid damage to the superficial layers of the cerebellar cortex. Run the drill head hori-
zontally to carefully thin the skull in a circle.

A CRITICAL: Avoid drilling directly over the transverse sinus and take extra care when dril-
ling this area (towards lambda). Rupturing these sinuses will lead to severe bleeding.

Stereotaxic injection of Adeno-associated viruses
®© Timing: 15 min per injections site

Inject the AAV2/1-hSyn-GCaMP7s-WPRE to allow for expression of the genetically encoded calcium
indicator GCaMP7s (or any other version) for functional imaging of distinct neuronal populations in
the cerebellar cortex.

4. Inject ~300 nL of pre-diluted AAV2/1-hSyn-GCaMP7s-WPRE into the cerebellar cortex (Figure 2E).

a. Position the pipette tip above the injection site using the AP/ML coordinates for the desired
region (for expression in areas of lobule V & VI we performed 2 injections, one at —6.8 mm AP,
0.5 mm ML, and the other at -6.5 mm AP, 1 mm ML).

b. Gently position the pipette tip onto the cortical surface and set the depth to ‘0" on the
micromanipulator.

c. Lower the pipette tip into cerebellar cortex, inject 150 nL at a depth of 250 pm at a rate of 50
nL/min, wait 5 min and draw pipette tip up to 150 um, inject a further 150 nL again at 50 nL/
min. Wait 5-10 min and then slowly draw up the pipette tip to remove from the cortex.

6 STAR Protocols 5, 102911, March 15, 2024



STAR Protocols ¢? CellP’ress

Protocol OPEN ACCESS

Figure 2. Steps for craniotomy, stereotaxic injection, window and headbar implantation

(A) Following anesthesia, the mouse head is shaved and placed in a stereotaxic frame.

(B) The fur is cut along the midline and the periosteum gently removed, exposing both bregma, lambda, the
interparietal (IP) and occipital bones (OB). Note rostral portion of muscle lying on the occipital bone towards where it
meets the interparietal has been removed, exposing a larger area of the skull.

(C) The area for the craniotomy can then be marked out on the skull, through scratching with a hypodermic needle.
(D) Circular craniotomy exposes the cerebellar vermis and hemisphere.

(E) Stereotaxic injection of AAV2/1-hSyn-GCaMP7s into the cerebellar cortex of lobules V and VI.

(F) A glass coverslip placed over the craniotomy and sealed flush to the surrounding skull using UV curable glue.
(G) Prior to headbar implantation, the skull should be scratched to facilitate a strong bond between the headbar and
the skull when sealing together. The image shows a diagonal cross section scratched across the skull.

(H) The headbar is initially attached using Histoacryl glue, ensuring that when the headbar is horizontal, the head of
the mouse is resting in a natural position, and that the edges of the headbar are away from the window to provide
optical access.

(1) Once the headbar is positioned correctly, it can be sealed in place by application of dental cement across the skull.
(J) Side view of completed headbar implantation.

(K) Front view of completed headbar implantation.

(L) Mouse recovered in cage following surgery. Scale bars in (C), (D) and (F) 1 mm.

d. Repeat for following injection sites.

Note: Keep brain surface hydrated with sterile saline solution. Place small pieces of saline
soaked Gelfoam on the edge of the craniotomy. If there is any bleeding, use the Gelfoam

STAR Protocols 5, 102911, March 15, 2024 7
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to cover the craniotomy until the bleeding stops, then gently flush or wipe away any excess

blood again using sterile saline or sterile saline soaked Gelfoam.

Note: Waiting before withdrawing the pipette tip following injection prevents backflow and

minimizes spread of the virus away from desired imaging area.

Cerebellar window and headbar implantation

® Timing: 30 min

In this step the craniotomy is sealed to the surrounding skull tissue, using a glass coverslip to create a

cranial window, to allow optical access to the cerebellar cortex. A metal headbar allows for head-fix-

ation underneath the objective and thus stable positioning during two-photon imaging in behaving
head-fixed mice.

5. Fita borosilicate glass coverslip (Warner Instruments) into the craniotomy to cover the exposed cere-

6.

8

bellar cortex and seal it, using UV-curable glue to attach it to the surrounding skull (Figure 2F).

a. Place the coverslip gently on the cerebellar cortex; apply light pressure so that the window is
level with the skull.
b. To fix the coverslip in place, apply UV-curable glue (Venus Diamond Flow, Heraeus Kulzer

GmbH) initially on 2-4 points around the window (use tip of a hypodermic needle to apply
small controlled volumes) and apply UV light (BA Optima 10, 420-480 nm, 1200 mw/cm?
for 4-6 s) to cure the glue, ensuring the window is secured level with skull and in contact
with the cortex beneath.

After the window is secured, carefully move around the coverslip perimeter with UV-curable
glue to ensure the window is sealed flush to the surrounding skull; apply UV light once entire
perimeter is covered to solidify the seal.

. Apply small amounts of Histoacryl (1-2 pL at a time) to the outer edge of the UV- curable filling

connected to the skull, to provide more stable sealing between the curable glue and the skull.
Do not apply Histoacryl directly onto the window. Otherwise gently wipe or scratch it off using
Sugis or a thin hypodermic needle.

STAR Protocols

A CRITICAL: Cranial window should be in contact with cortex, any gaps between cortex and
cranial window will likely result in thickening of the underlying dura and/or re-growth of
bone below the glass.

Secure a headbar to the skull.

a.

Slightly scratch the surface of the entire skull using a hypodermic needle (25G), so that grid-
like marks are clearly visible. This increases surface area for the subsequently applied glue
to allow for a more stable headbar implantation (Figure 2G).

. Place the headbar on the skull around bregma, roughly away from the cerebellar window to

ensure that there is space for an objective to be lowered above the cranial window within work-
ing distance appropriate to the imaging setup. We thus use a custom-designed headbar
(Figures 1B and 1C) to facilitate such placement without potentially impeding objective move-
ment, but care must be taken to avoid limitations to optical access.

. Fix the headbar in place, initially using a small volume of Histoacryl (Braun) (roughly 10-30 pL

should be sufficient) (Figure 2H).

A CRITICAL: Ensure the skull is thoroughly scratched and completely dry before applying

Histoacryl or dental cement, including the exposed portions of the occipital bone. This
will allow a strong connection between the cement and the skull, which is crucial to
long-term stability of the implant.

STAR Protocols 5, 102911, March 15, 2024
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00 Pause point: Check the headbar is appropriately positioned for natural head positioning
and maximal comfort of the mouse during head-fixation. If the headbar position is off,
head-fixed imaging in awake mice is strongly hampered as the mouse will be uncomfortable
and movements on the ball will be strongly affected. To check the position, remove the mouse
from the stereotaxic frame and verify that the headbar is positioned horizontally (parallel to
the bench surface, Figure 2J) without larger tilts or any rotation . If initially uncertain about
the correct implantation angle, it is recommended to mount the anesthetized mouse briefly
underneath the objective and assess head and body position upon head fixation and correct
if necessary. This procedure should take 3-5 min and mice remain anesthetized during that
time.

7. Seal headbar and all exposed skull with dental cement (Figures 2H-2K).

a. Prepare dental acrylic (Paladur, Heraeus Kulzer GmbH), using e.g., a 48-well plate with a vol-
ume of 0.5 mL per well. Fill half a well with the Paladur powder and cover with the Paladur
liquid, stir in and check viscosity as you stir to a suitable viscosity, where one can apply it in
a controlled manner to the skull and spread to desired areas, without it running onto skin or
the window.

b. Apply to the skull, sealing the area surrounding the window, sealing the skin to the skull.

c. Waituntil cement has dried to a level where the headbar cannot be moved, which usually takes
around 10-20 min, then the mouse can be awoken from anesthesia.

A CRITICAL: Only cover the skull surrounding the cranial window with a thin layer. If cement
is built up this can block and potentially damage the objective, when it is lowered to
achieve the necessary working distance imaging.

Post-operative care
O® Timing: 3-4 weeks

The following steps outline methods to ensure the mouse recovers as comfortably as possible
following the surgical procedure.

8. Antagonism of anesthetics and immediate care.

a. At the end of the surgery, administer Ringer’s solution (~25 mL/kg, however experimenter
should check if this is in line with local regulations) subcutaneously (s.c.) to aid recovery.

b. At the end of the procedure the anesthesia is antagonized through the i.p. application of Ati-
pamezol (2.5 mg/kg), Flumazenil (0.5 mg/kg), and Naloxone (1.2 mg/kg) used in line with local
regulations.

c. Monitor the mouse in a warmed recovery chamber, separate to the usual home cage. Ensure
that the mouse is awake and responsive before returning to the home cage. Implanted mice
can be housed in groups; however, they must be checked regularly in line with local project
licensing.

9. Post-operative care over following weeks.

a. Administer the analgesic Meloxicam (10 mg/kg) orally every 12 h over the first 72 h following
surgery in line with local regulations.

b. The mouse should be behaving and responding as usual within 24-72 h following surgery.
Assess appearance, motor skills, and general behavior in line with local regulations.

c. After 10-14 days of continued assessment, if the mouse is healthy, training on air-supported
treadmill can begin. For head fixation during the initial training, a light very brief anesthesia
with isoflurane can reduce stress. Place the mouse in an isoflurane chamber (2.5% isoflurane,
flow rate 0.5 L/min) and wait until the animal stops moving (around 10-15 s). Immediately
remove the mouse and secure head-fixed on the treadmill, the mouse should wake up after
30-60s.
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d. Check on the quality of the window, vasculature should be clearly visible, without patches of

dried blood. If the window appears “cloudy” this is likely a sign of dural thickening, infection or

bone regrowth, which will compromise the image quality and resolution.

e. Three - four weeks following the AAV injection, GCaMP7s expression should be sufficiently

large and the initial inflammatory response should have ceased'” to enable imaging.

Two-photon calcium imaging in awake and anesthetized mice

® Timing: 3 h

The following steps allow a comprehensive characterization of neuronal activity levels and response

properties, through recording calcium signals from various neuronal populations in the cerebellar

cortex in behaving animals. The awake recording sessions include distinct phases in either darkness,

or with visual feedback provided through a virtual reality, in order to probe, amongst other features,
sensorimotor integration.

Note: Alterations to neuronal activity in a disease model that occur in one condition may not
persist in others as they may hinge on a particular signal integration or the lack thereof in dis-
ease cases.'® For instance, it was shown that the same motor action can drive differential
neuronal responses depending on whether the animal is in a light or dark environment."® In
addition, given that light volatile anesthesia more vigorously diminishes neuronal inhibition
compared to excitation,'” monitoring the same set of neurons under light anesthesia can
potentially ‘unmask’ alterations in intrinsic excitability or neuronal excitation, which are other-
wise covered during wakefulness.

Note: Hardware and software preparation of the two-photon scanning microscope, air sup-
ported treadmill, virtual reality environment and pupil tracking follows a previous description
by Leinweber et al., 2014."® Design of the virtual reality apparatus and air supported treadmill

was adapted from Dombeck and colleagues.'”*°

10. Description of two-photon microscope and air supported treadmill setup (for more detailed

11

10

. Virtual reality environment setup, as described previously.

description, see Leinweber et al., 2014').

a. Two-photon microscope (HyperScope, Scientifica), equipped with an 8 kHz resonant scan-

ner, yielding frame rates of 30 Hz at 512 x 512 pixel resolution.
b. Light source was a Ti:Sapphire laser with a DeepSee pre-chirp unit (Spectra Physics Mai
eHP).

Tai

c. Acustom designed 3D printed ball holder is connected to an air supply tube (approximately

10 mm diameter).
i. The polystyrene ball (20 cm diameter) can be placed in the ball holder and air flow sho
be set to a suitable rate allowing smooth rotation of the ball.

uld

ii. Use a pin or hypodermic needle (25G) inserted from either side into the ball, through a metal

plate attached to the ball holder to restrain rotation to forward and backward motion.

Note: A freely rotating ball can also be used to allow movement in x and y.

d. Movement of the ball can be recorded using an optical computer mouse to track forward or

backward (and lateral) motion.
18,20,21

a. Virtual environments can be generated using the open-source software Wings3D.
b. LED projector with integrated gating circuit for fast flickering throughout imaging sessio

ns.

c. Wings3D supports nonlinear transformation of the environment, allowing the projection

onto the toroidal screen through standard reflective and angular amplification mirr
(Figures 3A-3D).
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Figure 3. Two-photon imaging set-up for imaging of head restrained, behaving mice

(A) Metal frame to support toroidal screen.

(B) Toroidal screen with air supported spherical styrofoam treadmill and two-photon microscope fitted with 16 x
objective (0.8 NA, Nikon).

(C) A projector positioned above the screen projects the virtual reality display onto the initial mirror, which reflects
display onto the angular amplification mirror, which in turn reflects the light across the toroidal screen. Arrows indicate
light path.

(D) View from above showing light path from projector to reflecting mirror to angular amplification mirror toroidal
screen.

(E) Infrared camera (IR) is used to record behaviors, such as whisking pupil size, and position. The movement of the
spherical treadmill is recorded through an optical mouse sensor on the front. Metal plates and screws from each side
allow head fixation of the mouse on the treadmill.

(F) Mouse head-fixed on the treadmill. Blue tube to the right side of the mouse delivers an air puff.

(G) Mouse engaging in virtual reality linear track.

(H) Pupil diameter tracking through infra-red (IR) camera (DMK 22BUCO03, ImagingSource) (left image: view from IR
camera with delineated areas to measure alterations to pupil diameter and facial movement associated with whisking,
right: Pupil tracking, recording of diameter depicted with inner dark blue circle of dots, through a custom-written
algorithm in LabVIEW (National Instruments) as described previously (Liebscher et al., 2016).

(1) Mouse anesthetized on a physiological monitoring system for anesthetized two-photon imaging session.

(J) Volatile anesthetics (e.g., isoflurane) are delivered through a tube positioned at the snout.

12. Imaging awake mice, navigating a virtual reality environment (Figures 3E-3H).
a. When mice are suitably habituated to the treadmill and running comfortably when head
restrained, they can be placed on the ball, and gently positioned in the head restraints
without anesthesia.

A CRITICAL: Comfort of the mouse is absolutely critical here, if the mouse expresses signs
of stress or discomfort the experiment must be ceased.

b. Once head-restrained, clean the window by application of Milli-Q water and absorb the so-
lution clear with Sugi Saugtupfer.

c. Apply Ultrasound-Gel (Sonosid ultraschall-gel, Asid Bonz) diluted 1:1 with Milli-Q water as an
immersion medium onto the cranial window. Note: spin down the gel before usage to re-
move air bubbles and carefully check upon application on to the window for air bubbles.
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d. Lower the 16X water-immersion objective (Nikon) into the immersion solution over the win-
dow. Our two-photon microscope also allows fluorescence imaging through the same objec-
tive with a LED light source and camera, allowing the visualization of green wavelength band
(505-545 nm) fluorescence signal and vasculature across the window.

Note: The experimenter can adjust the position of the objective to the desired imaging loca-
tion with emitted fluorescence signal from the GCaMP. We use prominent blood vessels as
fiduciary landmarks for alignment in chronic imaging experiments. Place black tape around
the objective, surrounding the window to reduce light leak.

e. Position the virtual reality screen as near as possible to the mouse, so that the toroidal screen
is almost surrounding the mouse's view.

f. Briefly, check all signals recorded in the software and ensure the virtual reality is properly
running.

i. The eye camera should be positioned lateral to the mouse to focus on the pupil, whilst
covering parts of the snout area.

ii. Check the optical mouse sensor is active (sampling rate is 1000 Hz) and feeding back the
rotation of the treadmill to the virtual reality.

g. Switch to two-photon imaging setup. The LED light from the projector is synchronized to the
resonant scanner and will only switch on in the “turnaround periods” of the scan to further
minimize light leak during the recording (for detailed description see'®).

h. GCaMP7s can be excited at 910 nm, emitted photons are detected by a GaAsP PMT with a
bandpass filter in front (525/50 nm). Gradually move up the laser power (10-30 mW should
be sufficient to excite neurons in the cerebellar cortex expressing GCaMP7s with a high-qual-
ity window) until neurons can be visualized.

i. Select appropriate field of view dimensions to image your desired cell types. We found
453 x 453 um (at 512 x 512 pixels resolution) appropriate to simultaneously image molec-
ular layer interneurons, Purkinje neurons, and putative Golgi cells.

Note: Typically this was at a cortical depth of 150 pm-250 pm. However, imaging depth
varies due to the curvature of the cerebellar cortex and position in the lobule. Record a
z-stack to gain an overview of the area.

j- View the z-stack and identify the area that yields you a large number of cells with high quality
resolution.

k. Record a time-stack. We here recorded 15,000 frames corresponding to approximately
8 min.

I. Ensure an example mean projection of each field of view (FOV) is saved in the software
(SciScan) for re-alignment of the same neurons over time in case of chronic imaging
experiments.

Note: SciScan software has a built-in “Position Save Module”, which allows multiple posi-
tions to be stored with their x,y,z position coordinates relative to a landmark considered
the origin. These saved coordinates and mean projection images facilitate straightforward
re-alignment of the current live FOV to previous ones through overlaying the images. ImageJ
can also be a useful tool to overlay and align FOVs.

13. Imaging the same neurons in darkness.
a. Switch virtual reality off, allow at least 10-15 min for the mouse to adjust to being in complete
darkness. Make sure all light sources are eliminated, e.g., tape LEDs of instruments etc.
b. During this time, check alignment of cells, ensure the FOV position is identical to previous
recordings.

12 STAR Protocols 5, 102911, March 15, 2024
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c. Repeatimaging sequence with same length as with visual feedback provided by the virtual
reality, ensuring that the cells are aligned with previous recording.
d. Repeat for further spots, typically 2-3 field of views (FOV) per mouse.

Note: Switching off the virtual reality environment often causes increased and prolonged
locomotion in the mice. The pause allows animals to adjust to the change in the environment.
Observation of the mouse is critical during this time. Should a mouse not adapt to the change
in light condition and continue to run relentlessly, consider to extent the waiting period, make
running on the ball more strenuous by reducing the air flow or consider repeating the exper-
iment after a resting period of a couple of hours.

On the following day, or after an appropriate rest period according to local regulations, the same
neurons can be imaged again under anesthesia.

14. Imaging the same neurons under anesthesia (Figures 3J and 3K).

a. Replace the polystyrene ball with a stable stage, carrying the physiological monitoring sys-
tem apparatus to allow for maintenance of the body temperature and continuous measure-
ment of the respiratory rate. The latter of which also allows to track the anesthesia depth.
Consistent anesthesia depth is crucial to maintaining stable recordings and thus identifying
alterations in calcium signals in the Scal model in comparison to the wild type littermates.

b. Ensure the oxygen tube is connected to the isoflurane vaporizer, and that isoflurane can be
delivered through the tubing at a given flow rate and percentage.

c. Lightly anesthetize the mouse in an isoflurane chamber (2.5 vol % isoflurane, flow rate 0.5
L/min) and wait until the animal stops moving (around 10-15 s). Immediately remove the
mouse and secure head-fixed on the physiological monitoring system.

d. Quickly position the nozzle of the tube in front of the mouse’s snout while head-fixed. Deliver
isoflurane at 2 vol % in pure oxygen, with a flow rate of 0.5 L/min.

e. Wait 60 s to ensure the mouse remains motionless. Then gradually reduce anesthesia to 1.5
vol % and keep the flow rate constant.

f. Check body temperature, heart rate and breathing rate are being recorded. Reduce isoflur-
ane concentration so that the breathing rate is between 110-150 breaths per minute. Keep
stable for a minimum of 30 min before beginning recording. For most mice we apply a final
isoflurane concentration of 1.25 vol %.

g. During this stabilization period, apply the diluted ultrasound gel to the window, ensuring that
the window is clean. The objective can then be lowered and the imaging region relocated
and realigned to the previous imaging spot used in the awake session using epifluorescence
illumination to visualize the cerebellar cortex vasculature.

h. When the vasculature is aligned to the previous FOV, switch to two-photon excitation. Ensure
that the cells in the current FOV can also be overlaid and aligned with the awake two-photon
recording FOVs.

i. Once the current FOV is thoroughly aligned (see "Note” from step 12I) to the FOV of the
awake recordings, record a time-series of identical length (here 15,000 frames) in the anes-
thetized mouse.

Note: It is critical to achieve comparable anesthesia depth across individual mice and over
time. To this end, we not only monitor breathing and heart rate, but also record pupil position
and width as well as whisking. Experiments with indications of mice waking up are excluded
from analysis.

Note: Because the FOV may appear different under anesthesia (altered fluorescence intensity
due to changes in calcium levels aka neuronal activity of individual neurons), overlay epifluor-
escence images of the vasculature on ImageJ to make sure the imaged region is aligned pre-
cisely and use two-photon z-stacks to also compare orientation.
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Processing and analysis of calcium signals from neuronal populations of the cerebellar cortex
in behaving and anesthetized mice

O® Timing: variable

The following steps outline methods for processing and analyzing the recorded calcium signals ac-
quired through the previous two-photon imaging steps.

Note: Simultaneous patch-clamp recordings and calcium imaging of PNs revealed that distinct
calcium transients emerge due to pauses in the simple spike train.”” Ramirez and Stell showed
that although the pacemaker firing of PNs is too fast for genetically encoded calcium indicators
to resolve individual action potentials, longer trains of action potentials do indeed increase the
amplitude of the recorded calcium signal.?” To account for the limitations in temporal resolution
inherent to the use of genetically encoded calcium indicators but acknowledging that the fluo-
rescent signal scales with the level of neuronal activity, we computed the area under the curve
(AUC, that is the sum of the 0-centered and thresholded calcium trace) of these calcium transients
to approximate neuronal activity. As both MLINs and Golgi cells also display fast spiking prop-
erties, we thus opt to utilize the AUC to quantify the activity of all neuronal cell types.

15. Calcium imaging data preprocessing.
a. Full frame images are corrected for potential x and y brain displacement, using custom writ-
ten MATLAB scripts, as is all following data processing and analysis.
b. Imaging data segmentation is done in a semi-automated fashion using both the mean and
maximum projection of all frames.

i. Regions of interest (ROIs), such as cell bodies or dendrites of distinct neuronal popula-
tions, are semi-automatically selected based on a chosen threshold for fluorescence in-
tensity and adjusted manually based on visual assessment of morphological features
(Figure 4).

ii. Relying on both the mean and the maximum intensity projection enables us to not only
select highly active ROls but also neurons with little to no detectable activity.

ii. Alternatively, or in combination to this approach, we also use routines based on con-
strained non-negative matrix factorization to segment imaging data.”’

Note: Be careful when segmenting the somata of Purkinje neurons to not include the periso-
matic synapses (appearing as puncta or ring-like structure around the Purkinje neurons soma)
and the pinceaux (depending on orientation of optical plane appearing as triangular struc-
ture next to the Purkinje neuron soma) provided by molecular layer interneurons.

c. From each ROI, the fluorescence intensity of all pixels within the area is averaged per frame,
resulting in time series (calcium trace), which can subsequently be processed further, e.g., we
perform a low pass filtering at 10 Hz and smooth over 3 frames.

d. To address potential neuropil signal contamination, for instance by neighboring PNs den-
drites, we also sample the fluorescent intensity in the immediate surrounding of the selected
ROI (for details see'?). The following equation is employed:

Froi comp = Froi-0.8 x Fneuropil

(Frol_comp. Neuropil-compensated fluorescence of the ROI; Fro, initial fluorescence signal of

the ROI; Freuropil, Signal from the neuropil) (modified after Chen et al., 2013%*; Liebscher

et al., 2016° and Scekic-Zahirovic et al., 20217).

For ROIs with Freuropil > Frol @ neuropil compensation factor of 0.7 is used instead of 0.8.
e. Next to estimate the baseline (Fg) and the noise of the calcium traces, we subtract the 8th

percentile of all values in a given very short sliding window (e.g., of 1 s) to obtain a trace (noise

band), in which transients are largely eliminated.
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Figure 4. Representative in vivo two-photon images and image segmentation

(A) Individual frames (30 Hz frame rate) of two-photon raw data displaying fluorescence emitted by the genetically
encoded calcium indicator GCaMP7s expressed across distinct neuronal populations of the cerebellar cortex. Raw
frame images are corrected for potential x and y brain displacement in order to account for small changes in the x and
y planes across the frames in the time-series.

(B) Maximum intensity projection of a 15.000 frames time-series.

(C) Mean fluorescence intensity projection of same time series shown in (B). Regions of interest (ROls) are selected and
assigned to distinct cellular populations. Molecular layer interneuron cell body (blue), Purkinje neuron somata or dendrites
(white), putative Golgi cell somata (red), ROl present in former time points but absent and thus not included for analysis in
current FOV recording (black). Scale bar in (A) and (B) 100 pm, scale is consistent in (B) and (C). Dashed lines in (A) and

(B) delineate cerebellar cortex layers, ML, Molecular layer; PNL, Purkinje neuron layer; GCL, Granular cell layer.

f. The standard deviation of this trace divided by its median and after subtracting 1, yields the
noise of each trace. Fq corresponds to the median of all values lower than the 70% percentile
of the noise band.

g. Analyses can then be performed on (Froi_comp/Fo)-1 traces, reflecting the AF/F.

h. The area under the curve is the sum of the AF/F, which is thresholded at 2 x the standard de-
viation of the noise band, thus minimizing the contributions of noise fluctuations.

16. Quantification of spontaneous activity, running responses, and air puff responses.

a. Quietwakefulness is defined as the behavioral state when the mouse is stationary on the ball.
We defined spontaneous activity in these periods as the AUC/min of quiet wakefulness. Only
experiments (recordings) with a heuristically set total of at least 4,000 frames (approximately
2.7 min), spent in quiet wakefulness are used for the analysis. All other experiments are not
included.

b. To assessthe neuronal responses to locomotion, we compare the fluorescence intensity of all
neurons in a given FOV as a function of running speed. To this end, we downsample the data
by averaging both the AF/F trace and the running speed over 5 frames (equaling ~170 ms)
and compute a population response curve.

c. We, furthermore, quantify the proportion of running responsive neurons per FOV.

i.  Running responsive neurons are characterized by a significantly higher neuronal activity
level (that is the median AF/F) during locomotion compared to quiet wakefulness.

ii. We thus derive the ratio of the median AF/F during locomotion and during quiet wake-
fulness. This ratio must be larger than the 95 percentile of a shuffled control data set.

iii. We here randomly circularly shift the AF/F trace with respect to the running vector and
calculate the corresponding ratio of average neuronal activity of the circularly shifted
trace during locomotion and quiet wakefulness.

iv. We repeat this procedure 1000 times and define the 95" percentile of the resulting ratios
as a cut-off for running responsive neurons.

d. Puffs of pressurized air are applied to the trunk of the mouse during experiments, to examine
the responses of calcium signals to the air puff stimulation. To avoid signal contamination
whilst quantifying air puff responses, we only include air puff events that are not followed
by locomotion within a window of 3 s.

17. Population activity dimensionality reduction and manifold analysis.

a. Zero-centered and z-scored AF/F traces from either all cell types or a particular cell type in a
given FOV are assembled to an input matrix, which is subjected to a principal component
analysis (PCA) to reduce dimensionali’cy.zs'26
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b. We perform a multivariate linear regression on the first three principal components and the
various recorded behaviors (for example: locomotion, pupil width, whisking, and air puff and
all measured behavior combined), to determine the correlation of the population response
properties and the given behavior.

c. A PCA-based manifold can then be derived, by projecting the high dimensional population
response pattern trajectories into 3-dimensional PC space with its associated behavioral
states.

d. This allows the recognition of a manifold subspace, associating certain behavioral states with
population response patterns.

e. Once the manifold subspace for a given behavioral state has been established, the center of
mass for the respective subspace (here locomotion vs. quiet wakefulness) is calculated as the
mean of the coordinates within each subspace.

f. The Euclidean distance within a given subspace corresponds to the average length of each
data point to the center of mass.

g. The Euclidean distance between two subspaces reflects the distance between the center of
mass of each subspace.

h. At this point, a discrimination between wild type and Scal mice can be made for different
behavioral states.

Functional imaging to probe impact of chemogenetic inhibition of MLINs in Sca1 tg mice
O Timing: identical to equivalent steps above

These steps outline how simple adaptations to the above sections can allow the assessment of the
impact of chemogenetic modulation of MLINs on their activity levels in awake and anesthe-
tized mice.

18. To selectively target MLIN, cross a PV-cre mouse line (B6;129P2-Pvalbtm1(cre)Arbr/J, express-
ing the Cre-recombinase in parvalbumin positive neurons) with the ScaT line. For example, we

crossed Atxn1'34@/2Q

males with PV-cre homozygous females (PV::Sca1). This produced both
Sca1 offspring and wild type littermates, but all expressing the Cre-recombinase in parvalbu-
min-positive neurons.

19. Prepare as described above in the “Preparation of materials for cerebellar craniotomy, AAV in-
jection and cranial window implantation” section, with the addition of preparation the virus
AAV2/8-hSyn-DIO-hDM4Gi-mCherry-WPRE alongside the GCaMP. This virus allows for Cre-re-
combinase-dependent expression of the receptor hM4D(Gi), with AAV serotype 2/8 to support-
ing the expression in MLINs." A member of the “Designer Receptors Exclusively Activated by
Designer Drugs” (DREADDs) family, hM4D(Gi) is coupled to a Gai/o G-protein, thereby inhibit-
ing neuronal excitability, when activated.

20. Complete steps as described for “Preparation of Experimental Animal” using the PV::Sca1 mice.
Perform the “cerebellar craniotomy" section as described, however center the window along
the midline (—6.5 AP, 0.0 ML).

21. Shifting the window centrally will support bilateral injections of 300 nL of AAV2/8-hSyn-DIO-
hDM4Gi-mCherry-WPRE (stock titer: 4.4 x 10712 vg/mL, dilution to 1:6 in NaCl/Milli-Q), in
addition to the functional calcium indicator injected at a singular imaging site. This can be
completed in accordance with the steps outlined in the section “stereotaxic injection of Ad-
eno-associated viruses”.

22. Anidentical set of neurons in each mouse can be imaged across two sessions in the conditions
outlined in the “two-photon calcium imaging in awake and anesthetized mice” sections of the
protocol. The first session provides a baseline recording, the second session can then be con-
ducted following an intraperitoneal injection of clozapine-N-oxide (CNO, 3 mg/kg), adminis-
tered 45 min prior to imaging. Calcium signals can then be recorded across the distinct neuronal
populations during MLIN inhibition.
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Figure 5. Example calcium traces from awake and anesthetized recordings

(A) Average projection of an episode of quiet wakefulness (QW, left) and during locomotion (loco, right) for the same
field of view (FOV) for a healthy wild type mouse (WT). Images reproduced from Pilotto et al., 2023.

(B) Exemplary calcium traces of selected molecular layer interneurons (MLIN, magenta), Golgi cells (Gol, yellow) and
Purkinje neurons (PN, gray) in a feedback session (fb) and in darkness in a WT mouse. Shaded gray areas indicate
periods of locomotion.

(C) Same as in (A) for a Scal mouse.

D) Same as in (B) for a Scal mouse.

E) Representative anesthetized example traces of all 3 cell types in a WT mouse.

(
(B)
(F) Same as in (E) for a Scal mouse. Scale bar in (A) 100 um, scale is consistent across images. Dashed lines in (A) and
(B) delineate cerebellar cortex layers, ML, Molecular layer; PNL, Purkinje neuron layer; GCL, Granular cell layer.

23. Processing and analysis of these calcium signals can be completed as described in the remaining
sections above, one can then compare the signals of the same distinct cell types with and
without CNO mediated inhibition of MLINs.

EXPECTED OUTCOMES

This protocol is used to record calcium signals to approximate activity from distinct neuron types across
the cerebellar cortex circuit in unison, in a mouse model of spinocerebellar ataxia type 1. Calcium traces
are calculated for each individual region of interest (Figure 4), representing neuronal somata or den-
drites based on the protocol. The area under the curve (AUC) is computed as a measure of neuronal
activity. By monitoring calcium signals of the same neurons as a readout for neuronal activity under
distinct conditions and behaviors (Figure 5), one can gain novel insight into the pathophysiology of
Scal. The protocol provides detailed methods to allow researchers to implant a chronic cerebellar cra-
nial window in order to study neurons of the cerebellar cortex in unison, in distinct conditions and over
time. In combination with the calcium imaging “tools” we outline, the protocol can be used to establish
in which cell types alterations to neuronal function emerge in disease models, across a variety of behav-
iors and environments, and how alterations progress over the disease course. Unravelling neuronal
dysfunction is providing much needed novel insight into a variety of diseases,”**%? this protocol
can therefore provide a valuable tool for understanding SCA1 and other cerebellar disorders .
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Figure 6. Two-photon imaging reveals hyperexcitability of molecular layer interneurons and perturbed encoding of
behavioral state in ScaT mice

(A) Average neuronal activity of MLIN under anesthesia (AUC across the entire recording of ~8 min) (p < 1077, KS test,
WT 1022, Scal 702 MLIN).

(B) Quantification of spontaneous neuronal activity of MLIN (AUC/min) during quiet wakefulness (p = 0.0005, KS test,
WT 1386 MLIN, Scal 714 MLIN).

(C) Average population activity of MLIN as a function of instantaneous running velocity (group effect: F(1 2092 = 71.89,
p < 0.001, 2-way repeated measures ANOVA, superimposed by sigmoidal fit).

(D) Example of an input matrix consisting of 0-centered and z-scored AF/F traces used for dimensionality reduction
aligned with behavioral parameters (lower traces) derived from all cells in one FOV of a feedback session of a WT
mouse. Cell types are indicated by colored boxes on the left side (magenta — MLIN, molecular layer interneurons;
gray — P, Purkinje neurons; yellow — G, Golgi cells).

(E) Representative manifold upon dimensionality reduction using principal component analysis of quiet wakefulness
and active states (as a function of locomotion speed) for WT and Scal mice. In WT, PC space emerges as distinct
structures dependent on behavioral state (top), whereas the two subspaces are less segregated in Scal (bottom). All
images reproduced from Pilotto et al., 2023. Data in (A) and (B) presented as box plots displaying the median and
interquartile range. Data in (C) is mean + SEM.

Here we show examples of these findings, displaying elevated spontaneous neuronal activity (AUC/
min) in MLINs of Scal mice, during anesthetized recordings (Figure 6A). In awake mice, MLINs dis-
played increased activity during quiet wakefulness (Figure 6B) and elevated population responses to
locomotion (Figure 6C). In addition, to tackle one of the caveats of population studies, given large
number of cells including different types captured simultaneously in the network, we applied PCA-
based dimension reduction to separate typical brain activity patterns in order to assess the coding
accuracy of different behavioral states. Manifolds formed by the subspace separation as a function of
locomotion speed were found to be more pronounced in WT mice in comparison to Sca (Figures 6D
and 6E). Utilizing this protocol we have identified that molecular layer interneurons turn hyperactive,
causing alterations in their response properties, as well as a perturbed coding accuracy of behavioral
state of the network, already in early symptomatic Scal mice." Thanks to recent advances in the
development of genetically encoded indicators and sensors, the protocol can readily be used to
also assess other aspects of circuit function, such as the release of other neurotransmitters or neuro-
modulators and the quantification intracellular signaling molecules. We also applied the procedures
to probe the efficacy of a cell type — specific chemogenetic intervention.! We here show an example
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Figure 7. Impact of chemogenetic inhibition on MLIN activity levels

(A) Example maximum intensity projection of an awake recording in a Scal::PV mouse before (left) and after CNO
application (intraperitoneal injection 3 mg/kg, right).

(B) Proportional change in neuronal activity in Scal:: PV MLIN upon CNO i.p. application. scale bar in (A) 50 um. All
images reproduced from Pilotto et al., 2023.

of such modification, where we selectively target MLIN, a parvalbumin (PV) positive population with
chemogenetics. This was achieved by crossing a PV-cre mouse line with the Sca line, in combination
with injecting a floxed AAV serotype 2/8 to express the hM4D(Gi) alongside the genetically encoded
calcium indicator. A member of the “"Designer Receptors Exclusively Activated by Designer Drugs”
(DREADDs) family, hM4D(Gi) is coupled to a Gai/o G-protein, thereby inhibiting inhibit neuronal
signaling when activated, thus reducing MLIN activity in this context (Figure 7). We probe the result-
ing impact on the activity levels of MLIN using the above described two-photon imaging approach.
Histological post-mortem analysis showed our protocol resulted in approximately ~70% of MLINs
within the injection site being transduced by the AAV2/8 as identified by the expression of mCherry.'
Interestingly, we found that only approximately 47% of MLINs displayed reduced in activity (Fig-
ure 7B). The discrepancy in transduction vs. activity reduction is likely due to the diverse interactions
of these interneurons in vivo. MLINs provide reciprocal inhibition to other MLINs, therefore chemo-
genetically reducing activity in some, likely increases activity in other MLIN. Manipulating the activity
of MLINs allowed us to establish the functional relevance of our initially descriptive findings,
revealing that hyperactive MLINs directly contribute to the reduced network coding accuracy of
behavioral state.’

LIMITATIONS

Kinetics of genetically encoded calcium indicators

Purkinje neurons, Golgi cells, and molecular layer interneurons all display particularly fast firing
properties.”’?® PNs in particular produce action potential trains of 20-70 Hz.?” Considering the ki-
netics of GCaMP7s (time to rise for a single AP 50% AF/F is ~70 ms, half decay time ~1,690 ms'")
and, to the best of our knowledge, the lack of suitable deconvolution algorithms to infer underlying
action potential firing rates, it is therefore not possible to resolve individual action potentials in PNs
with this protocol. Despite this limitation, AF/F does scale with neuronal AP discharge (~320% AF/F
at 10 Hz to 620% AF/F at 160 Hz'"). Therefore, such cerebellar calcium imaging will detect strong
changes in firing frequency, as has been shown previously with simple spike pauses,?” but more sub-
tle alterations may be undetectable.

Movement artifacts

If the window and headbar is not completely secure, locomotion of the animal will cause shifts in the
field of view during imaging. The registration process can account for smaller changes in x and y
planes, however, if changes are larger or the changes in position occur in z this cannot be corrected
and will induce artificial alterations to the recorded calcium signal in response to locomotion. In this
case, locomotion response signals from this animal should not be included in the analysis.
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Atxn1"5%22 model

There are a number of mouse models depicting different features of the disease Scal. Each exper-
imenter should assess what element of the disorder they want to investigate, and select their model
based on their specific research questions and hypothesis. The protocol outlined in this paper can be
applied to a wide range of models, replicating different symptoms of the spinocerebellar ataxias,
and other disorders of the cerebellum.

TROUBLESHOOTING
Problem 1

e Rupturing the transverse sinus while drilling the anterior edge of the craniotomy (" cerebellar crani-
otomy" step 3).

Potential solution

o Dirill slightly more posterior at first for this edge of the circle, the craniotomy can be enlarged by
gradually shaving away more of the skull to fit the window in once the flap has been removed and
the experimenter is confident they will not damage the transverse sinus.

e The position of the craniotomy can also be moved posterior. However, we found, as there is a
sharp ventral curve of the cerebellum, the window cannot be in contact with the entire exposed
cortex when the entire window is centered too far posterior. If the craniotomy is performed and
there are parts of the cortex that cannot be covered by the window, we recommend using extra
inert UV curable dental glue to fill the gaps to connect the window to the skull.

Problem 2

e Mouse not running on treadmill or prolonged locomotion (the latter may occur when changing
from virtual reality feedback to darkness ("two-photon calcium imaging in awake and anesthetized
mice" steps 12 & 13).

Potential solution

e If a mouse is not running, it requires more training sessions on the treadmill before imaging can
take place. Using the virtual reality feedback when training can stimulate the mice and encourage
locomotion. The experimenter can also gently move the ball one turn to help the mouse see the
environment will move as it move forward. Check the position of the headbar and of the treadmill
to ensure the mouse is in a comfortable position.

e If the mouse is running constantly, you should not record until it has resumed to normal intermit-
tent levels of locomotion. This can commonly occur after switching off the virtual reality for the
darkness sessions, allowing 10-15 min before recording in the new condition should suffice.

Problem 3

e Varying depth of anesthesia during recording results in artificial alterations to the calcium signals
that will mask any differences between wild type mice and the disease model ("two-photon cal-
cium imaging in awake and anesthetized mice" step 14).

Potential solution

e Once the breathing rate has reached the desired level, leave for 30 min to ensure this is stable. As
well as tracking heart rate and breathing rate, record pupil position and width as well as whisking.

Alterations in these measurements can give indications of mice waking up, which can then lead to
the experiment being excluded from the analysis.
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Problem 4

e Expression of GCaMP7 in various neuron types in the cerebellar cortex results in high background
signal, particularly in the molecular layer due to expression in Purkinje neuron dendrites ("process-
ing and analysis of calcium signals from neuronal populations of the cerebellar cortex in behaving
and anesthetized mice" step 15).

Potential solution

e The increased bleed through of signal from PN dendrites and parallel fibers within the molecular
layer lead to a high background signal that could result the surrounding neuropil signal to be
brighter than the selected cell body within a ROI. To adjust our analysis for this we increased
the neuropil subtraction to 0.8 from the typical established factor of 0.7.”" Unless the median in-
tensity of the neuropil was larger than the median value of the selected ROI. In that case a factor of
0.7 was used.

Problem 5

e Too few PN express GCaMP7s ("processing and analysis of calcium signals from neuronal popu-
lations of the cerebellar cortex in behaving and anesthetized mice" step 15).

Potential solution

e Position the tip of injection needle right within the Purkinje neuron layer (Typically ~150 um from
surface in lobules V & VI, the experimenter should check exact PN layer depth for their desired
location site) to increase local AAV concentration at this point.
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Further information and requests for resources and reagents should be directed to and will be ful-
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Materials availability
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e This paper does not report original code.
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