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Protocol

Protocol for recording neural activity evoked
by electrical stimulation in mice using two-
photon calcium imaging

Electrical stimulation provides a clinically viable approach for treating neurological disorders.

Here, we present a protocol for recording neural activity evoked by electrical stimulation in mice

using two-photon calcium imaging.We detail steps for chronically implanting a head fixation bar,

a stimulating electrode, and a glass imaging window. We additionally describe the procedures

for viral injections and awake head-fixed recordings.
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SUMMARY

Electrical stimulation provides a clinically viable approach for treating neurolog-
ical disorders. Here, we present a protocol for recording neural activity evoked
by electrical stimulation in mice using two-photon calcium imaging. We detail
steps for chronically implanting a head fixation bar, a stimulating electrode,
and a glass imaging window.We additionally describe the procedures for viral in-
jections and awake head-fixed recordings.
For complete details on the use and execution of this protocol, please refer to
Dadarlat et al.1

BEFORE YOU BEGIN

Electrical stimulation of the brain, including intracortical microstimulation (ICMS), is a direct method

to causally link brain activity and behavior. This method has been widely used to study the function

and organization of the nervous system.2–4 Despite its efficacy and long history, it is challenging to

clearly understand how ICMS affects neurons5–9 because electrical artifacts from the electrical stim-

ulation interrupt the recordingof exact neural activity evokedby ICMS.Calcium imaging removes this

challenge as it is unaffected by electrical artifacts. Two-photon microscopy, in particular, enables

both simultaneous recording of a large population of neurons at single-cell resolution10–12 and

long-term chronic recordings,13 making it ideal to study the effects of stimulation on neural activity.

In consequence of these advantages, insights from experiments combining 2-photon calcium imag-

ing with stimulation have established a basic mechanistic understanding of the impact of ICMS on

neural circuits.1,2,14–18 While many of these studies have been acute,14–16 more recent chronic

work allows for longer-term, clinically-relevant analysis of the effects of stimulation on neural activ-

ity.17,18 Here we present a thorough protocol for performing chronic recording of stimulation-

evoked neural activity using two-photon calcium imaging in awake mice.

The following protocol describes the steps for implanting a cranial window and an electrode for

simultaneous two-photon imaging and electrical stimulation of cortex in a mouse model. We expect

that the protocol could be adapted to other rodent models with only minor modifications. The pro-

tocol includes three sequential surgeries: (1) headplate implantation, (2) craniotomy and electrode

implantation, and (3) connector implantation. It has been successfully applied in Dadarlat et al.1 to

show how the responses of excitatory and inhibitory neurons to electrical stimulation of mouse pri-

mary visual cortex depend on both stimulation amplitude and baseline neural activity levels at the

time of stimulation.

STAR Protocols 5, 103027, June 21, 2024 ª 2024 The Authors. Published by Elsevier Inc.
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Fluorescent protein indicators are necessary for two-photon calcium imaging. They can be intro-

duced either by viral injections or transgenic expression.19,20 Here, we used transgenic mice to label

inhibitory neurons with a red fluorescent marker by crossing transgenic mouse lines Gad2-IRES-Cre

with reporter line Ai14 (Jackson labs strains 01080221 and 00791422). Following the craniotomy,

these mice were injected with 600 nL total of AAV virus expressing GCaMP6s (AAV1.Syn.GCaMP6s.

WPRE.SV40). This virus transfects both excitatory and inhibitory neurons with a fluorescent indicator

of calcium concentration. Injections were made into three locations within primary visual cortex at

two depths (150 and 300 mm, 100 nL per depth) per location.

Institutional permissions

All procedures were approved by the Institutional Animal Care and UseCommittee at Purdue Univer-

sity in accordancewith the standards for humane animal care as set by theAnimalWelfare Act and the

National Institutes of Health Guide for the Care and Use of Laboratory Animals. You will need to ac-

quire appropriate permissions related to animal experiments from the institutions you are involved.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

AAV1.Syn.GCaMP6s.WPRE.SV40 Provided by Douglas
Kim & GENIE Project

Addgene viral prep
#100843-AAV1;
http://n2t.net/addgene:100843;
RRID: Addgene_100843

Chemicals, peptides, and recombinant proteins

ACSF: D-(+)-Glucose Sigma-Aldrich G7021

ACSF: Dulbecco’s phosphate-buffered
saline, 13 with calcium and magnesium

Corning 21-030-CM

ACSF: magnesium chloride Sigma-Aldrich 208337

ACSF: potassium chloride Sigma-Aldrich P9333

ACSF: sodium bicarbonate Sigma-Aldrich S5761

ACSF: sodium chloride Sigma-Aldrich S9888

ACSF: sodium phosphate monobasic Sigma-Aldrich S8282

Betadine: BETADINE solution 10%
povidone-iodine, NDC: 67618-150-09

Avrio Health L.P. N/A

Dental cement: Clear L-Powder
for C&B Metabond

Parkell S399

Dental cement: quick base for C&B Metabond Parkell S398

Dental cement: universal TBB catalyst Parkell S371

Dexamethasone: dexamethasone
sodium phosphate injection, USP,
4 mg/mL, NDC: 0641-6145-25

Hikma Covetrus: 070789

Ethanol: ethanol 200 proof Decon Laboratories 2701

Isoflurane: isoflurane solution,
USPNDC: 11695-6777-2

Piramal Critical Care Covetrus: 029405

Ketamine: ZETAMINE- ketamine hydrochloride
injection, 100 mg/mL, NDC 13985-584-10

VetOne N/A

Mineral oil: Fisher Science Education mineral oil Fisher Scientific S25439

Saline: 0.9% sodium chloride irrigation, USP B. Braun Medical Inc. R5200-01

Silastic sealants: Kwik-Sil low toxicity
silicone adhesive

World Precision
Instruments

Kwik-Sil

Silver paint: 842AR Super Shield
silver conductive paint

MG Chemicals 842AR-15ML

Xylazine: AnaSed (xylazine injection) 100 mg/mL Akorn Covetrus: 061035

Experimental models: Organisms/strains

Mouse model: male and female offspring
of Ai14 x Gad2-IRES-Cre mice,
between 3–12 months of age

The Jackson Laboratory 007914, 010802

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB MathWorks https://www.mathworks.
com/products/matlab.html

Scanbox Neurolabware https://neurolabware.com

Suite2p Pachitariu et al.16 https://github.com/MouseLand/
suite2p#readme

Other

Anesthesia setup: dual procedure circuit VetEquip 921400

Anesthesia setup: V-1 Tabletop
Laboratory Animal Anesthesia System

VetEquip 901806

Autoclave: consolidated sterilizer systems Consolidated
Sterilizer Systems

ADV-PRO

Connector: ED10964-02-ND Mill-Max Manufacturing
Corp.

801-93-002-10-002000

Cotton swabs: cotton tipped wood applicators Dynarex Corporation 4301

Coverslip: D263 coverglass CS-3R Warner Instruments 64-0720

Curettes: micro curettes Fine Science Tools 10081-10

Dental drill: Titan 3 5,000 rpm-LubeFree Start Dental Instruments N/A

Dental drill bur: Midwest regular carbide burs Dentsply Sirona Midwest 386101

Dual ferrule adapter: RN compression fitting 1 mm HAMILTON 55750-01

Ear bars: dual-sided, non-puncture
mouse & neonatal rat ear bars

Stoelting 51649

Electrode: platinum-iridium
electrodes PI20030.1A3

MicroProbes for
Life Science

PI20030.1A3

Gelatin sponge: SURGIFOAM
absorbable gelatin sponge 7 mm

ETHICON 6545663

Glass micropipette: glass capillary GC-1 Narishige GC-1

Gloves: KIMTECH Purple Nitrile
powder-free exam gloves

KIMTECH 55081

Glue for coverslip (Cyanoacrylate):
Krazy glue – all purpose super glue

N/A N/A

Glue for coverslip: Ortho-Jet BCA
powder 100 g-REF B1320

Lang Dental
Manufacturing Co., Inc.

1320CLR

Headplate Custom design fabricated
by eMachineShop

N/A

Head/headplate holder setup:
BE2 - Ø1.2500 studded mechanical
component base, 8–32 thread

Thorlabs BE2

Head/headplate holder setup:
CF125 - clamping fork, 1.2400 counterbored
slot, universal

Thorlabs CF125

Head/headplate holder setup: New Standard
stereotaxic instruments for rats and mice

Stoelting 51500

Head/headplate holder setup: RA90 - right-angle
clamp for Ø1/200 posts, 3/1600 hex

Thorlabs RA90

Head/headplate holder setup: TR4 - Ø1/200 optical
post, SS, 8–32 Setscrew, 1/400-20 tap, L = 400

Thorlabs TR4

Heating pad: small animal temperature
controller ATC2000

World Precision
Instruments

GRO-ATC2000

Hot bead sterilizer: hot bead sterilizer FST 250 Fine Science Tools 18000-45

Kimwipes: KIMTECH Kimwipes delicate task wipes KIMTECH 34155

Laser: Chameleon Vision II Coherent N/A

Oxygen: oxygen medical grade 99.0% 23.3 CF(E)Sz Indiana Oxygen Co N/A

Micromanipulator: motorized micromanipulator Sutter Instrument MP-285

Micropipette grinder Narishige EG-45

Micropipette puller Narishige PC-100

Nanoliter pump: UMP3 UltraMicroPump World Precision
Instruments

UMP3

Ophthalmic ointment: Puralube vet ointment
sterile ocular lubricant, 3.5 g (1/8 oz)

Dechra N/A

(Continued on next page)
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MATERIALS AND EQUIPMENT

Alternatives: Carprofen (5 mg/kg)

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Surgical forceps: fine forceps Fine Science Tools 11254-20

Surgical forceps: micro-Adson forceps Fine Science Tools 11018-12

Surgical microscope: zoom stereo microscope SZ61 Olympus SZ61

Surgical scissors: hardened fine scissors Fine Science Tools 14090-11

Two-photon mesoscope Neurolabware https://neurolabware.com/

Ultra precise digital just for mouse
stereotaxic instrument

Stoelting 51730UD

10 mL syringe: 10 mL, model 1701
syringe, small removable needle,
32 ga, 2 in, point style 3

HAMILTON 1701

Soldering iron: FX-8801 soldering iron handpiece Hakko FX8801-02

Soldering iron holder: FH800-03BY,
FX-8801 iron holder

Hakko FH800-03BY

Soldering station: FX-888D digital
soldering station

Hakko FX888D-23BY

Lidocaine injection

Reagent Final concentration Amount

Lidocaine 2% 1 mL

Saline 0.9% 9 mL

Total 0.2% 10 mL

Store between 21�C–22�C up to 1 month.

Meloxicam injection

Reagent Final concentration Amount

Meloxicam 5 mg/mL 1 mL

Saline 0.9% 9 mL

Total 0.5 mg/mL 10 mL

Store between 21�C–22�C up to 1 month.

Dental cement

Reagent Final concentration Amount

Metabond N/A 2 scoops

Quick base N/A 4 drops

Catalyst N/A 1 drop

Total N/A N/A

The reaction is fast — mix them in a frozen plate and use as soon as possible.

Ketamine injection

Reagent Final concentration Amount

Ketamine 100 mg/mL 0.6 mL

Saline 0.9% 2.4 mL

Total 20 mg/mL 3 mL

Store between 21�C–22�C up to 1 month. Ketamine is a controlled substance and requires special authorization for use and

storage.
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AAV1.Syn.GCaMP6s.WPRE.SV40

Use 100 mL virus from Addgene and aliquot into 1 mL portions. No dilution of the virus is needed.

Store aliquots in �80�C freezer. Thaw just before use and keep on ice. Discard any excess virus after

viral injection.

STEP-BY-STEP METHOD DETAILS

Surgery 1: Implanting a headplate

Timing: 30 min–1 h

Headplate implantation is necessary to fix the head of the mouse while imaging.

1. Pre-surgery preparation.

a. Wear proper personal protective equipment including lab gown and gloves.

b. Sterilize all surgical instruments in an autoclave prior to the surgery.

Note: A hot bead sterilizer may be used between subjects.

c. Sterilize the surgical area with 70% ethanol.

d. Maintain sterility of the environment, equipment, and hands with gloves during the entire

procedure.

e. Weigh the animal to calculate the correct dosage of analgesic medication.

f. Maintain records of surgical procedure as required by institution.

2. Shave the mouse’s head between the ears with an electric razor.

Xylazine injection

Reagent Final concentration Amount

Xylazine 20 mg/mL 0.1 mL

Saline 0.9% 1.9 mL

Total 1 mg/mL 2 mL

Store between 21�C–22�C up to 1 month.

Dexamethasone injection

Reagent Final concentration Amount

Dexamethasone 4 mg/mL 0.1 mL

Saline 0.9% 9.9 mL

Total 0.04 mg/mL 10 mL

Store between 21�C–22�C up to 1 month.

Artificial cerebrospinal fluid (ACSF)

Reagent Final concentration Amount

Dulbecco’s Phosphate-Buffered Saline N/A 500 mL

Sodium chloride N/A 3.48 g

Sodium bicarbonate N/A 1.1 g

Potassium chloride N/A 0.09 g

Sodium phosphate monobasic N/A 0.06 g

Magnesium chloride N/A 0.06 g

D-(+)-Glucose N/A 0.9 g

Total N/A 500 mL

Store in �20�C freezer.
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3. Anesthetize the mouse to areflexia using 2–3% isoflurane in oxygen (flow rate of 1 L/min) in an

anesthesia induction chamber.

Note: Alternatively, Ketamine (90–150 mg/kg) and Xylazine (5–10 mg/kg) can be used. We

recommend using isoflurane for shorter surgeries (<1 h); however, ketamine and xylazine is

recommended for longer surgeries due to the inflammatory effect that isoflurane has on the

brain.

4. Place the mouse in a stereotaxic frame with a temperature-regulated heating pad, setting the

temperature to 37.0�C (Figure 1A).

a. Fix the mouse head with ear bars, targeting the tip of the bars to the ear canals.

b. Place the nose of the mouse into a tube connected to isoflurane.

c. Maintain areflexive anesthesia using 1.5–2% isoflurane with oxygen (flow rate 1 L/min) during

the procedure.

CRITICAL: Monitor the mouse to ensure that the level of anesthesia is adequate to reduce

respiratory rate and prevent reflexive responses to a toe or tail pinch. Adjust the isoflurane

level depending on the response of the mouse (troubleshooting 1 and 2).

5. Prepare the mouse for surgery.

a. Apply ophthalmic ointment to protect the eyes during surgery.

b. Disinfect the scalp by applying Betadine with cotton swabs. Repeat three times.

6. Inject local anesthetics and analgesics.

a. Inject 0.03 mL of Lidocaine cutaneously along the planned incision site in the scalp for local

analgesia.

b. Inject Meloxicam (5–10 mg/kg) subcutaneously into the scruff of the animal to prevent pain

and inflammation.

c. For surgeries lasting longer than 30 min, provide the mouse with saline or lactate ringer’s so-

lution (5–10 mg/kg) by subcutaneous injection.

7. Use a microscope to view the head throughout the procedure.

8. Cut skin and expose the skull.

a. Make an incision in the scalp with surgical scissors across a hypothetical midline in the hori-

zontal axis between the ears.

b. Cut skin and periosteum to expose a 5 mm diameter area of skull, extending from bregma to

lambda (Figure 1B).

c. Clean the skull surface with saline and cotton swabs when it is necessary during the entire

procedure.

Figure 1. Protocol for implanting a headplate

(A) Head holder setup with a nose cone and a temperature-regulated heating pad. Mouse head is fixed with the ear

bars.

(B) Incision, muscle retraction, and scraping. Yellow lines in the inset show scraping in a checkerboard pattern.

(C) Implanted headplate with dental cement. Inset shows a schematic top-down diagram of the headplate.
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9. Separate the temporal muscle and tissues attached to either side of the skull using surgical for-

ceps. Push the detachedmuscle laterally so there are small pockets where the dental cement can

adhere (Figure 1B).

10. Thoroughly scrape the skull surface with curettes or forceps in a checkerboard pattern to pro-

mote adhesion of glue to the skull (Figure 1B).

Note: Steps 9 and 10 are critical to prevent headplate detachment from the skull (trouble-

shooting 3). Alternatively, VetBond can be applied to the skull to improve adhesion of the

dental cement.

11. Clean the skull with saline and cotton swabs. Then, dry the skull with a Kimwipe.

12. Apply dental cement over the entire exposed skull surface and into the pocket formed by the

separation of the temporal muscles on the sides of the skull made in step 9.

13. Attach a titanium headplate centered over the intended site of the cranial window. Wait 5 min

for the dental cement to fully dry.

Note: The posterior half of the headplate should be open (e.g. a semi-circular shape) to facil-

itate electrode implantation (Figure 1C).

14. Transfer the mouse to a closed clean cage or container over a heating pad and leave it until re-

covery (i.e., mouse is alert and walking). After the animal is fully recovered, return it to its home

cage.

15. For two days after surgery, inject analgesia (e.g., 5–10 mg/kg of Meloxicam) every 12–24 h

based on any appearance of pain or distress (e.g., lethargy, hunched posture, significant gain

or loss of weight, or barbering). Monitor the animal for signs of inflammation or infection

(e.g., swelling, bleeding, or abnormal growth in and around surgical site) (troubleshooting 4).

Surgery 2: Craniotomy, viral injection, and electrode implantation

Timing: 2–3 h

In this step, you create a cranial window by removing a piece of skull, inject virus into cortical loca-

tions, implant an electrode for electrical stimulation to your targeted area, and cover the cranial

window with a cover slip over the cortex and the electrode. The number of viral injections that are

performed will determine the spatial extent over which neural responses to stimulation can be

imaged. Therefore the number of injections needed will depend on the size of the intended imaging

region.

Note: This surgical step is long and technically difficult. We have found that working in teams

improves the likelihood of success, where one person creates the craniotomy and does the

viral injections and the second person implants the electrode and cranial window.

Note: This surgery may also be split into two steps: viral injection through a burr hole (not

described here) followed by electrode implantation in mice with successful viral expression.

If desired, the viral injection could be combined with the headplate implant in surgical step 1.

Pre-surgery

16. Wait three days until the implanted headplate is stabilized and the mouse has fully recovered

from the headplate surgery.

17. Before performing the craniotomy, prepare for viral injection.

a. Pull a glass micropipette from a 1 mm inner diameter glass capillary.

b. Bevel the micropipette tip using a micropipette grinder.
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c. Check the micropipette tip under a microscope to ensure it has a 50–80 mm inner diameter tip.

d. Clean the micropipette by forcing air through the micropipette.

e. Fill micropipette with mineral oil by placing non-beveled end of micropipette in a small bowl

containing mineral oil.

Note: The micropipette will fill with mineral oil via capillary action in about 5 min.

f. Attach micropipette to a 10 mL syringe using the dual ferrule adapter.

g. Attach micropipette/syringe to nanoliter pump.

h. Digitally expel from the syringe a volume of oil equal to approximately twice the total volume

of virus you intend to inject at 20 nL/s.

Note: Expelling this amount will ensure there are no blockages in the micropipette that may

cause air bubbles (troubleshooting 5) and that there is sufficient room within the pipette for

the virus.

i. Withdraw desired volume of virus into syringe at 20 nL/s and ensure no air bubbles occur

(troubleshooting 5).

Surgery

18. Prepare for surgery: perform step 1.

19. Anesthetize the mouse to areflexia using 2%–3% isoflurane with oxygen (1 L/min) in an anes-

thesia induction chamber.

20. For areflexive anesthesia, inject Ketamine (90–150 mg/kg) and Xylazine (5–10 mg/kg)

intraperitoneally.

Note: This surgery can also be conducted under isoflurane anesthesia. However, isoflurane

(unlike ketamine) causes cerebral edema. We have found that surgical outcomes improve us-

ing Ketamine/Xylazine for anesthesia in this step.

CRITICAL: During the entire procedure, monitor the mouse to ensure that the level of

anesthesia is adequate through respiratory rate and response to a toe or tail pinch.

When necessary (usually every hour or before you start to implant the electrode), admin-

ister another full or half dose of Ketamine (no Xylazine after the initial induction), depend-

ing on the level of anesthesia (troubleshooting 6).

21. Place the mouse on top of a temperature-regulated heating pad set to 37.0�C. Secure the

mouse’s head by screwing the headplate onto a headplate holder (Figure 2A).

Note: Alternatively, you can secure the mouse’s head in a conventional stereotaxic frame.

22. Apply ophthalmic ointment to protect the mouse’s eyes.

23. Perform injections.

a. Inject Meloxicam (5–10 mg/kg) subcutaneously.

b. Administer Dexamethasone (2.0 mg/kg) to reduce cerebral edema.

c. For surgeries lasting longer than 30 min, provide the mouse with saline (5–10 mg/kg) by sub-

cutaneous injection.

24. Identify the intended position of craniotomy (i.e., the brain region intended for imaging) using

anatomical coordinates. Position a circular glass coverslip on top of the intended craniotomy

location and mark four points around the coverslip with a sterile marker (Figure 2B).

25. Use the four reference points made in step 24 to drill four burr holes using a dental drill with a

0.5 mm diameter tip. Use these four burr holes as a reference to drill a circle in the skull.
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Note: The circle should match the size of the glass coverslip.

Note: Use light pressure while drilling to prevent drilling too far and cause bleeding. To deter-

mine how close to the brain you are, regularly apply saline or ACSF as this makes the skull

appear more transparent. Saline can be used at the beginning of the surgery, but make

sure to use ACSF instead of saline as the skull gets thin.

Note: Pause drilling every 5–10 seconds to irrigate the area with saline or ACSF to prevent the

skull and brain from heating up.

CRITICAL: Be careful not to drill too far through the skull and cause bleeding of the brain

(troubleshooting 7). Blood can kill neurons and elicits a strong immune response which will

result in poor or occluded images.

26. Before removing the central piece of skull, drill a shallow ramp at the posterior of the craniotomy

(Figure 2C).

Note: The shallow ramp is not as deep as the cranial window, but it is a shallower ramp so the

electrode can be implanted diagonally.

CRITICAL: It is critical to make space for the electrode that will be implanted so that the

electrode enters the brain at the far edge of the craniotomy, letting the glass window lay

flat against the brain.

27. Remove the skull.

Figure 2. Craniotomy, viral injection, and electrode implantation

(A) Head fixation.

(B) Referential four points for craniotomy.

(C) Diagram for the electrode implantation.

(D) Setup for electrode implantation.

(E) Electrode implanted �200 mm beneath the cortical surface.
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a. Use sharp forceps or a bent needle tip to carefully lift and remove the central piece of skull

from the craniotomy.

b. Regularly apply ACSF to keep the exposed brain surface moist.

Optional: A piece of absorbable gelatin sponge soaked into ACSF may be used to cover the

exposed brain surface.

Note: Leaving the brain surface soaked with ACSF for a few minutes may remove some blood.

28. Perform the viral injections.

a. Use a micromanipulator to position the micropipette to the target brain area.

b. Remove gelatin sponge and cover craniotomy with ACSF.

c. Lower the micropipette until it just touches the cortical surface and zero the z axis of the

micromanipulator.

d. Remove ACSF using a fine-tipped tissue.

Note: A fine tip can easily be created from a Kimwipe by twisting one corner.

e. Slowly lower the micropipette until it pierces the brain.

Note: This is often evident because the brain is initially somewhat compressed while the

pipette is lowered and recoils once the pipette pierces the dura and enters the brain.

f. Adjust the position of the micropipette to target your desired depth (�300 mm below the

brain surface).

g. Inject 100–200 nL of virus at 5 nL/s in the target location. Once liquid is fully injected, wait

2 min without moving the pipette. Then, raise the pipette to 150 mm below the brain surface

and repeat.

h. Carefully inspect the micropipette for bleeding during the infusion (troubleshooting 8).

i. Withdraw the pipette from the brain. Repeat the procedure at two or more nearby locations if

a larger imaging region is desired.

Note: Waiting two minutes after injecting the full virus volume will ensure the virus does not

leak out of the injection site and is therefore fully injected into the desired brain region (trou-

bleshooting 9).

Note: Pipette insertion can be facilitated by using the bent tip of a fine needle to incise the

dura and reduce brain dimpling during insertion.

Note:After withdrawing the pipette between each injection site, expel a small amount (�5 nL

at 1 nL/s) of liquid into the air to ensure there is no blockage in the pipette (troubleshooting

5). Carefully absorb the expelled liquid using the tip of a Kimwipe.

29. Administer another dose of Ketamine if needed following assessment of breathing speed and

toe/tail pinches.

30. Secure an electrode onto a micromanipulator and find the optimal initial position of electrode

implantation.

a. To target a depth of 200 mm, place the manipulator at a shallow angle (10–15 degrees;

Figure 2D).

b. Locate the optimal site for electrode insertion by first placing the electrode tip at the center

of the craniotomy (a few mm above the cortical surface) and then moving it directly posterior

until you reach the edge of the craniotomy (Figure 2C).
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CRITICAL: The point is to adjust the electrode implantation angle tomatch the angle of the

ramp drilled in the previous step, with a goal of having the coverslip lay flat against the

surface of the brain (troubleshooting 10). The angle adjustment will depend on the target

location for electrode implantation and on the anatomical structure of the mouse. One

important consideration is to avoid piercing major blood vessels during implantation.

The angle of themicromanipulator is generally set at 10�–15� but it can be adjusted. Adjust-
ing the angle of the mouse’s head may be essential for this step to ensure that the elec-

trode is implanted at a depth of �200 mm in the center of the cranial window. Especially

pay attention to the posterior skin to prevent it from bending the electrode during

implantation.

31. Lower the electrode by controlling the micromanipulator until it touches the surface of the brain

and slowly insert the electrode into the brain to the target depth (Figure 2E).

Note: Good practice is to use coarse mode while piercing the surface of the brain and then

switching into fine mode for slower implantation until you reach the desired depth.

32. Gently place the coverslip on the surface of the brain.

CRITICAL: It is important to ensure that the coverslip contacts the surface of the brain

(troubleshooting 10). If there is an empty interspace, tissues may grow and degrade imag-

ing quality. Step 26 is critical for this step (Figure 2C).

Note: Kwik-Sil may be applied between the brain and the coverslip. However, imaging quality

is optimal when the coverslip is parallel to the brain surface, which is easiest to achieve by

directly placing the coverslip on the brain.

33. Fix the coverslip to the skull by applying cyanoacrylate around the edge of the coverslip.

CRITICAL: Be particularly careful to prevent the glue running on or underneath the cover-

slip that obscures the window and eventually disables imaging. When the size of the

removed skull fits to the size of the coverslip, the glue does not get under the coverslip.

If glue covers the top of the window, it can later be removed by gently rubbing a cot-

ton-tipped applicator soaked in 70% ethanol over the affected area.

Note: A useful tip for carefully sealing the cranial window is to dab some dental cement at a

distance of 1 mm from the window and then gently drag a portion of the cement to the edge of

the window. This procedure prevents the application of too much glue which could either

cover the window or flow onto the brain. The dental cement mixture should also be carefully

prepared so that it is viscous enough to not flow underneath the coverslip if carefully applied

in this manner.

34. After the glue securing the cranial window dries, secure a small portion of the remaining elec-

trode to the skull by putting dental cement on and around the exposed electrode. Wait for

dental cement to fully dry.

35. Use sharp wire cutters to clip the exposed section of the electrode as it exits the dental cement.

Note: Use very sharp wire cutters to avoid pulling out the implanted electrode.

36. Transfer the mouse to a closed clean cage or container over a heating pad and leave it until re-

covery (i.e., mouse is alert and walking). After the animal is fully recovered, return it to its home

cage.
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37. For two days after surgery, inject analgesia (e.g., 5–10 mg/kg of Meloxicam) every 12–24 h

based on any appearance of pain or distress (e.g., lethargy, hunched posture, significant gain

or loss of weight, or barbering). Monitor the animal for signs of inflammation or infection

(e.g., swelling, bleeding, or abnormal growth in and around surgical site) (troubleshooting 4).

Implanting a connector

Timing: 1 h

In this step, you implant a connector attached to the implanted electrode so the electrical stimula-

tion can be applied connected to a stimulator. This step might not be necessary if an electrode array

is implanted in the previous surgical step or depending on the electrode being used. Skip or adjust

the procedure depending on the electrode you choose. Here we describe an example protocol.

Pre-surgery

38. Check the status of the cranial window using a two-photon microscope two weeks after the elec-

trode implantation. Proceed with the connector implantation if the implant is good and neurons

are visible.

39. Strip approximately 2 mm from each end of an insulated silver wire and solder one end to one

output site on the bottom of a two-pin female connector.

Surgery

40. Prepare for surgery: perform step 1.

41. Anesthetize and head-fix the mouse.

a. Anesthetize themouse to areflexia using 2–3% isoflurane in oxygen (flow rate of 1 L/min) in an

anesthesia induction chamber.

Note: Alternatively, Ketamine (90–150 mg/kg) and Xylazine (5–10 mg/kg) can be used. We

recommend using isoflurane for shorter surgeries (<1 h); however, ketamine and xylazine is rec-

ommended for longer surgeries due to the inflammatory effect that isoflurane has on the brain.

b. Place the mouse on top of a temperature-regulated heating pad set to 37.0�C. Secure the

mouse’s head by screwing the headplate onto a headplate holder.

Note: Alternatively, you can secure the mouse’s head in a conventional stereotaxic frame.

c. Lower isoflurane to 1.5%–2% during surgery. Alternatively administer Ketamine/Xylazine as

in step 20.

CRITICAL: Monitor the mouse to ensure that the level of anesthesia is adequate to reduce

respiratory rate and prevent reflexive responses to a toe or tail pinch. Adjust the isoflurane

level depending on the response of the mouse (troubleshooting 1 and 2).

42. Apply ophthalmic ointment to protect the mouse’s eyes.

43. If needed, expose the end of the electrode by drilling a small portion of dental cement with a

dental drill.

44. Make a burr hole in the skull using a dental drill with a 0.5 mm tip on the opposite hemisphere as

far as possible from the electrode implantation spot.

Note: For electrical stimulation of visual cortex, we typically target the ground electrode as

anterior as possible.
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45. Fill the burr hole with ACSF and insert the silver wire connected to the connector so that it lies

beneath the skull but does not pierce the brain.

46. Fix the inserted silver wire with silastic sealants (e.g., Kwik-Sil) and cover with dental cement

(Figure 3A).

47. Fix the connector to the exposed tip of the implanted electrode using silver paint (Figure 3A).

Position the electrode at the right position, apply silver paint, and wait for 5 min until the silver

paint dries.

48. Cover and secure the connector and electrode with dental cement (Figure 3B).

49. Finally, clean the cranial window with saline and ethanol to remove dirt and glue to improve

imaging.

50. Transfer the mouse to a closed clean cage or container over a heating pad and leave it until re-

covery (i.e., mouse is alert and walking). After the animal is fully recovered, return it to its home

cage.

51. Several days after surgery, verify the success of the connector implantation by measuring the

impedance of the electrode.

Note: The impedance shouldbe similar to thepre-implantation impedance (troubleshooting 11).

EXPECTED OUTCOMES

This protocol was developed to record neural responses to electrical stimulation in awake, chroni-

cally-implanted mice, which mimics clinical applications23–29 of electrical stimulation. While clinical

applications use a multi-channel array, we use a single-channel array in the protocol. Calcium

imaging measures fluctuations in calcium concentration within neural cell bodies and other neural

processes. Calcium concentration fluctuations reflect changes in neural activity levels. Thus, calcium

imaging can be used to compare baseline neural activity prior to electrical stimulation with neural

activity induced by electrical stimulation.

Calcium imaging data is obtained in the form of two-dimensional fluorescence images that are

collected using a fluorescent microscope such as a two-photonmicroscope (Figure 4A). In the image

shown here, the electrode tip is clearly visible within the center of the imaging frame. For two-photon

recordings, a laser with wavelength of 920 nm is used for GCaMP excitation. In our application, neu-

ral recordings are conducted at 15.5 Hz at approximately 150–200 mmbelow the cortical surface (the

depth of the electrode tip) in head-fixed mice that freely run on a spherical treadmill.30 A train of

stimuli were applied with various amplitudes once every 10 s for a total of 100 trials. Each stimulus

consisted of 25 biphasic cathode-leading pulses delivered at 250 Hz. Electrical stimulation and two

Figure 3. Implanting a connector

(A) Silver wire inserted beneath the skull and secured with Kwik-Sil and dental cement. Connector fixed to the

electrode using silver paint.

(B) Connector, electrode, and ground wire secured and covered with dental cement.
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photon imaging data are synchronized via TTL pulses sent from the stimulator to the two-photon mi-

croscope during stimulation. The imaging frame number at the time of TTL arrival is saved as part of

the experimental dataset.

Figure 4. Neural recordings of stimulation-evoked activity

(A) Sample two-photon image of fluorescent neurons and implanted electrode.

(B) Sample neural activity patterns evoked by electrical stimulation at variable stimulation amplitudes are shown

during stimulation. Signals (in arbitrary units of fluorescence) show neural traces from detected ROIs (top), neuropil

data from an annulus surrounding each ROI (middle), and single-neuron traces following neuropil correction (neural

responses minus 0.8*neuropil signal; bottom). Vertical green lines show time point of stimulation, delivered 10 s apart.
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Recorded images were processed by Suite2p to register frames and detect regions of interest

(ROI).31 Custom MATLAB code is used to conduct the subsequent analyses.32 Given the large, syn-

chronized activation of neuropil following electrical stimulation (Figure 4B, top and middle panels),

single neuron responses were estimated by subtracting 0.8 times the neuropil signal from each fluo-

rescent trace from each region of interest with a high (>0.5) probability of being neuron (as defined

by Suite2p).

In the neuropil-corrected data (Figure 4B, bottom panel), we could find different groups of neurons:

1) a subset of neurons that are not modulated by the electrical stimulation, 2) a subset of neurons that

are strongly modulated by the electrical stimulation, and 3) a subset that have mixed responses. The

result shows that the electrical stimulation can elicit strong and synchronized activity in a population

of neurons and demonstrates the feasibility of the protocol to record reliable induced neural activity

by the electrical stimulation with two-photon calcium imaging. Recording neural activity throughout

the stimulation period might lead to a better understanding of the mechanisms driving stimulation-

induced neural activity within the cortex.

LIMITATIONS

Even though the protocol is well established and organized, high proficiency of surgical skill is

required for a successful procedure. Therefore, the protocol may have high inter-individual variation

in success rate and require multiple practice procedures. We found that separating this protocol into

three surgeries is easier for the surgeon and has stable outcomes for the animals (thus leading to

higher success rates); however, consolidating procedures into fewer surgeries may minimize stress

on the animal.

There are several major general limitations of using two-photon calcium imaging to study neural ac-

tivity evoked by electrical stimulation. First, two-photon imaging has low temporal resolution

compared to electrophysiological recordings,33 which limits the scientific questions that can be ad-

dressed with this approach. Second, two-photon imaging is primarily limited to upper layers of cor-

tex.34,35 Layers 2/3 of cortex have a distinct neural composition and neural connectivity36 such that

recordings of stimulation-evoked activity patterns in these layers may not directly predict activation

patterns in deeper layers of cortex. Third, variability in the surgical procedure can affect the perfor-

mance of the protocol; however, carefully following the detailed steps described in this protocol can

reduce heterogeneity across mice.

TROUBLESHOOTING

Problem 1

Mouse anesthetic state under isoflurane anesthesia fluctuates during the surgery (which can be eval-

uated by observing any movement and reflexive responses to a toe or tail pinch) (Steps 4 and 41).

Potential solution

Increase the level of the isoflurane and observe the mouse by checking reflexive responses to a toe

or tail pinch. However, it is not recommended to use extremely high levels of isoflurane. The level of

isoflurane will depend on the physiology of individual mice. Additionally, these symptoms may indi-

cate a suboptimal head position that is restricting airflow. Adjust the head position and ear bars and

observe the status of the mouse.

Problem 2

Mouse exhibits agonal breathing under isoflurane anesthesia, identifiable by gasping, vocalizations,

and large abdominal movements (Steps 4 and 41).

Potential solution

These symptoms show that the isoflurane level is too high. Decrease the level of isoflurane and

observe the status of the mouse. Make sure the decreased level is not too low. Additionally, these
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symptoms may indicate a suboptimal head position that is restricting airflow. Adjust the head posi-

tion and ear bars and observe the status of the mouse.

Problem 3

The implanted headplate detaches after surgery (Steps 9 and 10).

Potential solution

If no other procedures have occurred and the protocol permits, the headplate could be re-im-

planted; however, it is recommended to euthanize the mouse to minimize stress for the animals.

To avoid detachment, steps 9 and 10 are critical.

Problem 4

Mouse shows signs of pain or infection after the procedures. This can be observed by irregular

behavior, lethargy, hunched posture, grimaced facial expressions, and significant loss/gain of

weight (Steps 15 and 37).

Potential solution

Keep observing and evaluating the status of the mouse and provide appropriate medical aids. If the

symptoms are too severe or do not improve within a few days, euthanasia is recommended to mini-

mize the pain.

Problem 5

Air bubbles or blockages occur in the micropipette while expelling mineral oil or withdrawing/expel-

ling virus (Steps 17 and 28).

Potential solution

If a blockage occurs (i.e., liquid is not expelling from the micropipette), stretch a Kimwipe flat and

carefully pierce the tip of the micropipette through the Kimwipe. If air bubbles are present, expel

the liquid in the micropipette until the air bubble is gone.

Problem 6

Mouse wakes up (which can be evaluated by observing any movement and reflexive responses to a

toe or tail pinch) under Ketamine anesthesia (Step 20).

Potential solution

Administer additional injections of Ketamine. Wait at least 10 min before giving additional doses as

too much Ketamine can kill the animal. As a general rule, give one full dose every 1 h or a half dose

every 30 min.

Problem 7

Brain starts to bleed while drilling the craniotomy (Step 25).

Potential solution

Stop drilling and apply ACSF on top of the craniotomy. Let the ACSF sit until the blood clots. Soak up

the ACSF with a Kimwipe and repeat if the blood does not clot right away. A gelatin spongemay also

be used to soak up the blood. If the bleeding does not stop after 7–10 min, the neurons may be seri-

ously affected; therefore, the animal should be euthanized.

Problem 8

Bleeding during viral infusion (Step 28).

Potential solution

A small amount of bleeding during infusion is not a problem. If it occurs, finish the infusion steps,

carefully remove the pipette, and use gelfoam soaked in ACSF to gently remove the blood from
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the cortical surface. In contrast, if there is a lot of blood, immediately remove the pipette and cover

the cortex with gelfoam. Once the bleeding stops (which make take a few minutes) and the blood is

removed, repeat the infusion protocol in a new location.

Problem 9

Virus leaks out of injection site and onto brain surface (Step 28).

Potential solution

The virus may leak out of the injection site if the pipette is removed too early following infusion. If this

occurs, carefully position pipette in a nearby location and repeat steps for injection. If the virus leaks

out of the brain during infusion, the infusion rate and pressure are likely too high. Maintain the

pipette in position, lower the infusion rate, and repeat the infusion protocol.

Problem 10

Electrode implant is at the wrong angle for the cranial window to lie flat against the brain (Steps 30

and 32).

Potential solution

Use a clear silicone elastomer (such as Kwik-Sil) to fill the space. Lay window flat on top of Kwik-Sil.19

Then, the elevated window can be attached to the skull using either cyanoacrylate or dental cement.

Problem 11

Electrode has an irregular impedance (zero or several MOhm) (Step 51).

Potential solution

If the impedance is zero, there is a short somewhere in the circuit. This is most likely to happen during

electrode implantation if the conductive silver paint is not carefully applied. To avoid this issue, make

sure to sparsely apply silver paint to connect the electrode to the connector pin. In addition, insulate

the ground connector pin before implantation by applying a light layer of cyanoacrylate. Addition-

ally make sure that all bare wires are insulated (e.g., with cyanoacrylate) at the end of the connector

implantation. If the impedance is in the MOhm range, the circuit is open. This can happen due to a

faulty connection between the electrode and the connector pin (e.g., failing to apply sufficient

conductive silver paint) or due to a failure of the ground wire. One alternative to using a ground

wire inserted through a burr hole is to implant a ground screw that has been soldered to the ground

wire prior to surgery.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Maria Dadarlat (mdadarla@purdue.edu).

Technical contact

Technical questions on executing this protocol should be directed to and will be answered by the

technical contact, Seungbin Park (park1377@purdue.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Original data and code have been deposited to Mendeley Data: DOI 10.17632/tzwps2dykh.2.32
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