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SUMMARY

Here, we present a protocol using optogenetics or chemogenetics to assess the
neuronal circuits contributing to seizure initiation. Both approaches allow for tar-
geted control of neuronal populations in vivo and can be combined with experi-
mental manipulations to acutely induce seizures in rodent models. We describe
how to (1) introduce and (2) activate optogenetic or chemogenetic actuators
while (3) inducing seizures via hyperthermia in a mouse model of epilepsy. This
protocol can be adapted for use in other induced seizure models.
For complete details on the use and execution of this protocol, please refer to
Mattis et al. (2022).1
BEFORE YOU BEGIN

Epilepsy is a neurologic condition defined by the propensity for recurrent seizures, or paroxysmal

bursts of uncontrolled electrical activity in the brain. To progress our understanding of epilepsy,

and to identify future therapeutic targets, it is essential to identify circuit mechanisms of seizure

initiation.

Classical neuroscience techniques, including targeted lesions and electrical stimulation, have iden-

tified key brain regions involved in seizure initiation.2–5 However, these strategies lack the cell-type

resolution necessary to causally implicate defined neuronal populations (which may be co-mingled

within a brain region) in ictogenesis. This limitation may be overcome by the development of opto-

genetics and chemogenetics. Optogenetics introduces light-sensitive opsins into neural tissue

which, when exposed to light, can activate or inhibit opsin-expressing neurons with millisecond-

timescale precision.6,7 Chemogenetics involves the targeted expression of Designer Receptors

Exclusively Activated by Designer Drugs (DREADDs) which, when activated by a synthetic ligand,

can activate neurons on a timescale of minutes to hours without impacting endogenous signaling.8,9

When applied in pre-clinical models of epilepsy, optogenetic and chemogenetic tools can enable

causal investigation of the contributions of specific cell types involved in seizure onset. One

experimental approach is to study spontaneous seizures in animals with epilepsy, either by

measuring a change in seizure frequency following stimulation,10–13 or by detecting seizures on-

line and stimulating upon seizure onset.14–18 However, it may be difficult to achieve adequate sta-

tistical power to detect an effect if spontaneous seizure frequency is low at baseline, and an
STAR Protocols 4, 102019, March 17, 2023
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:jkravche@umich.edu
mailto:jomattis@med.umich.edu
https://doi.org/10.1016/j.xpro.2022.102019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xpro.2022.102019&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS Protocol
automated closed-loop paradigm is challenging to implement. An alternative approach is to test the

impact of circuit manipulation on acutely induced seizures, for example via electrical kindling or che-

moconvulsant administration.19–21 However, the circuit mechanisms of exogenously triggered sei-

zures may differ from those underlying spontaneous seizures, limiting the predictive validity of these

induced seizure models.

Acutely engaging endogenous seizure predisposition in animals that have epilepsy offers a third

approach to circuit dissection. Fevers are a common cause of breakthrough seizures in patients

with epilepsy,22,23 and fever-induced seizures are a defining feature of Dravet Syndrome and other

genetic epilepsies.24–26 Consistent with this, multiple animal models of epilepsy have been devel-

oped to exhibit hyperthermia-evoked seizures, triggered by elevation of environmental tempera-

ture.27–31 Combining hyperthermia-evoked seizures with optogenetic or chemogenetic techniques

offers a naturalistic, acute seizure method to dissect circuit mechanisms of ictogenesis.1 In this pro-

tocol, we describe how to manipulate hyperthermia-evoked seizure temperature threshold using

optogenetics or chemogenetics in vivo.
Institutional permissions

All experimental procedures were performed in accordance with the Institutional Animal Care and

Use Committee (IACUC) at the University of Michigan.
Obtain virus for optogenetic or chemogenetic manipulation of neurons

Timing: 3 weeks

Note: Timing is based on shipping estimates.

1. Order Virus.
a. Viruses can be ordered through a plasmid repository or Vector Core (such as Addgene or

UNC Vector Core).

i. Be sure to select the appropriate serotype, promoter, recombinase dependence (if

desired), gene, and fluorophore.

ii. A control virus (if necessary) should encode the fluorophore alone, with matched serotype,

promoter, and recombinase dependence.

Note: In Mattis et al.,1 we used AAV9-CaMKIIa-hChR2(H134R)-EYFP to optogenetically target

excitatory projection neurons in the entorhinal cortex. We used AAV8-hSyn-DIO-hM4D(Gi)-

mCherry to chemogenetically target parvalbumin-expressing inhibitory interneurons in the

dentate gyrus (in transgenic mice expressing Cre recombinase in parvalbumin neurons).

2. Aliquot and Store.
2

a. Virus must be stored at �80�C for long-term stability and protected from repeated freeze

thaw cycles.

i. Upon receiving the virus, thaw and make aliquots, storing them at �80�C.
ii. Thaw individual aliquots at time of use.
Set up for surgery

Timing: 30 min

Prior to completing surgery, ensure proper compliance with the regulatory guidelines from your

institution for rodent survival surgery. Note the materials from step 3c (Figure 1C) are unnecessary

for the chemogenetic approach.
STAR Protocols 4, 102019, March 17, 2023



Figure 1. Surgical supplies

(A) Basic surgical supplies needed for this protocol.

(B) Additional supplies required for virus infusion surgery.

(C) Additional supplies required for fiberoptic implantation surgery.
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3. Gather supplies for surgery (Figure 1).

a. Basic surgical supplies, including hardware, surgical materials, and drugs (Figure 1A).
i. Stereotaxic Apparatus.

ii. Digital Coordinate Display.

iii. Nose Cone.

iv. Ear Bars.

v. Drill.

vi. Drill Bit.

vii. Stereotax Wrench.

viii. Heating Pad.

ix. Cotton Tipped Applicators.

x. Gauze.

xi. Depilatory Agent.

xii. Surgical Scissors.

xiii. Hemostats.
STAR Protocols 4, 102019, March 17, 2023 3
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xiv. Blade.

xv. Scalpel.

xvi. Tweezers.

xvii. Suture.

xviii. Iodine Prep Pads.

xix. Sterile Alcohol Prep Pads.

xx. Ophthalmic Ointment.

xxi. Buprenorphine.

xxii. Cefazolin.

xxiii. Meloxicam.

Note: A stereoscope (not pictured) may be helpful for visualization and troubleshooting

purposes.

b. Supplies for virus infusion (Figure 1B).

i. Pump Controller.

ii. 10 mL Micro-Syringe.

iii. 33G Beveled Needle.

iv. Infusion Pump.

v. Individual Virus Aliquot.

Note: Dilute the virus aliquot as necessary in pre-chilled saline to the final working concentra-

tion. Individual aliquots are typically stable at 4�C for several days, which allows some flexi-

bility for surgeries. Discard any residual virus rather than re-freezing.

c. Supplies for cannula implantation, including application tools and adhesive cement (C&B Me-

tabond) (Figure 1C).

i. Spatula.

ii. Universal Catalyst.

iii. Radiopaque L-Powder.

iv. Quick Base.

v. Ceramic Mixing Dish.

vi. Stereotaxic Arm.

vii. Fiberoptic Cannula.
4. Prepare experimental animals.

a. Ensure that your mouse is at the appropriate age and weight for survival surgery with anes-

thetic and that the procedure has been approved by your regulatory institution.

Note: In Mattis et al.,1 we used haploinsufficient Scn1a+/- mice,31–34 available commercially

via The Jackson Laboratory. We maintained the Scn1a+/- mouse line on a 129S6.SvEvTac

background, on which they do not express an overt phenotype. To generate experimental

mice, we crossed male Scn1a+/- mice with female wild type or Cre-driver mice on a C57BL/

6J background. The F1mice (on a 50:50mixed 129S6:BL6/J background) were used for exper-

iments. Further details regarding this breeding scheme, as well as specific Cre-driver lines, can

be found in Favero et al.,35 and Mattis et al.1
Configure laser hardware

Timing: 10 min

The laser should be selected for wavelength based on the activation spectrum of the expressed

opsin. Note that this preparation is only necessary for the optogenetic approach.
4 STAR Protocols 4, 102019, March 17, 2023



Figure 2. Laser hardware

The equipment necessary for activation of opsins in vivo.
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5. Gather hardware (Figure 2).

a. Pulse Generator (e.g., Master-9).

b. Laser.

c. Power Supply.

d. Patch Cord.

e. Male-Male BNC Cable.

f. Power Meter.

g. Safety Glasses.

6. Connect the components.

a. Use the cords provided by the manufacturer to connect the laser to the power supply.

b. Connect the pulse generator to the power supply using a male-male BNC cable.

c. Connect the patch cord to the laser.

d. For global power control, use the power switch on the power supply. To control light emission

from the laser, use the laser key.

CRITICAL: Always use safety glasses while operating the laser.
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

pAAV-CaMKIIa-hChR2(H134R)-EYFP Lee et al.36 RRID:Addgene_26969

AAV9-CamKIIa-eYFP-WPRE-hGH Lee et al.36; UNC
Vector Core

Available upon
request.

pAAV-hSyn-DIO-hM4D(Gi)-mCherry Krashes et al.9 RRID:Addgene_44362

Chemicals, peptides, and recombinant proteins

Buprenorphine Millipore Sigma Cat#B-044

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cefazolin Fisher Scientific Cat#C22425G

Meloxicam Fisher Scientific Cat#AC459550050

Isoflurane Unit for Laboratory
Animal Medicine – University
of Michigan

N/A

Clozapine N-oxide Fisher Scientific Cat#NC1044836

DMSO Fisher Scientific Cat#D12345

Saline Henry Schein Cat#1048688

Experimental models: Organisms/strains

Mouse: B6;129P2-Pvalbtm1(cre)Arbr/J

(Male and female mice; 4–10 weeks)
The Jackson Laboratory RRID:IMSR_JAX: 017320

Mouse: Scn1a+/-: 129S-
Scn1atm1Kea/Mmjax (Male and
female mice; 4–10 weeks)

The Jackson Laboratory RRID:MMRRC_037107-JAX

Mouse: C57BL/6J (Male and
female mice; 4–10 weeks)

The Jackson Laboratory RRID: IMSR_JAX:000664

Other

Stereotaxic apparatus with accessories David Kopf Instruments Model 940

Leica Stereoscope S9i Leica S9i

Anesthesia equipment Vetamac Inc. N/A

K.1070 Micromotor Kit Foredom K.1070

Burrs for micro drill Fine Science Tools Cat#19007-14

Heating pad Scrip Hessco Cat#2320086

Cotton-tipped applicators Fisher Scientific Cat#10-000-692

Gauze Fisher Scientific Cat#22-362178

Nair hair removal lotion Amazon N/A

Surgical scissors Fine Science Tools Cat#14007-14

Hartman hemostats Fine Science Tools Cat#13003-10

Blade Fine Science Tools Cat#10015-00

Scalpel Fine Science Tools Cat#10003-12

Tweezers Fine Science Tools Cat#11064-07

Suture AllMedTech Cat#21275168

Iodine prep pads Fisher Scientific Cat#19-027048

Alcohol prep pads Fisher Scientific Cat#22-363-750

Ophthalmic ointment Fisher Scientific Cat#NC1886507

Microinjection syringe pump World Precision
Instruments

Cat#UMP3T-2

Nanofil syringe (10 mL) World Precision
Instruments

Cat#0204C

Nanofil 33G Beveled Needle World Precision
Instruments

Cat#NF33BV-2

Spatula Fisher Scientific Cat#14-357Q

Fiberoptic cannula Doric Cat#ZF1.25

C&B Metabond Patterson Dental Cat#S380

Master-9 A.M.P. Instruments Cat#318814

Laser Shanghai Laser & Optics
Century Co., Ltd.

BL473T8-100FC

BNC cable ThorLabs Cat#22-49-C12

Power meter ThorLabs Cat#PM121D

Ceramic sleeve Precision Fiber Products Cat# 176331

Heat lamp with table clamp Physitemp HL-1

Microprobe thermometer Physitemp BAT-12

Rectal probe for small animals Physitemp RET4

Heating chamber This Paper N/A

Scale Fisher Scientific Cat#S72422

Disposable syringes Fisher Scientific Cat#14-955-464

Fluorescent microscope Nikon Eclipse Ni-E
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MATERIALS AND EQUIPMENT

Clozapine N-oxide (CNO) is the agonist for DREADD human M4 muscarinic (hM4) receptor. The

CNO solution is made as a stock that is then thawed and diluted immediately prior to experimenta-

tion. If using the optogenetic approach, this preparation is unnecessary.
CNO stock solution

Reagent Final concentration Amount

Clozapine N-oxide N/A 10 mg

DMSO, anhydrous N/A 117 mL

Sterile Saline N/A 2.803 mL

Total 10 mM 2.92 mL
Make six 450 mL aliquots and one 200 mL aliquot of the CNO stock solution. The 450 mL aliquot will be

enough for 5 mice weighing no more than 30 g while the 200 mL aliquot will be enough for 2 mice

weighing no more than 30 g. Freeze aliquots �20�C and store for up to 3 months.
STEP-BY-STEP METHOD DETAILS

Virus injection surgery

Timing: �60 min / mouse

Virus injection surgery is completed using a stereotaxic apparatus to enable precise targeting of

neuronal structures. The methods in Mattis et al.1 targeted both the entorhinal cortex and the den-

tate gyrus. However, for illustration, coordinates used in this protocol will only target the entorhinal

cortex. Note that this same procedure can be used to introduce virus into any brain region using co-

ordinates identified via a mouse brain atlas.37

1. Anesthetize the mouse.

a. Weigh the mouse to calculate appropriate dosages for drugs for post-operative pain and

infection control. We used the following:
i. Buprenorphine (0.5–1.0 mg/kg in sterile saline; sub-cutaneous).

ii. Cefazolin (500 mg/kg in sterile saline; sub-cutaneous).

iii. Meloxicam (5 mg/kg in sterile saline; sub-cutaneous).

Alternatives:Checkwith your institution for up-to-date guidelines and official recommendations.

b. Anesthetize with inhaled isoflurane (4%) in 100% oxygen in an induction chamber.

i. This takes approximately 1–3 min depending on the age and size of the mouse.

ii. Monitor respiratory rate (1/s) and loss of toe/tail-pinch reflex for successful induction. Trou-

bleshooting 1.

c. Reduce anesthesia to 0.5%–2% isoflurane in 100% oxygen and redirect the flow to the stereo-

tax. Isoflurane levels should be continually titrated for the remainder of the surgery to maintain

appropriate depth of anesthesia.
2. Position and prepare the mouse in the stereotaxic frame (Figure 3A).

a. Transfer the mouse from the induction box to the stereotax. Place the nose in the nose cone

and secure it in place by hooking the upper incisors over a bar within the nose cone.

b. Place a heating pad underneath the mouse to prevent hypothermia.

c. Gently insert the ear bars and tighten to secure the mouse.
STAR Protocols 4, 102019, March 17, 2023 7



Figure 3. Virus injection

(A) The mouse is secured in the stereotax via ear bars, with its nose in the nose cone for maintenance of inhaled

anesthesia. The fur is removed from the scalp in preparation for an incision.

(B) The skull is exposed. The drill is posed to bore a hole at the desired coordinates.

(C) The needle tip is positioned at the desired coordinates to enable viral injection into the mouse brain.
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CRITICAL: Ensure that when securing the ear bars in the frame, the position markings on
the ear bars relative to the stereotax are aligned on both sides – i.e., the skull is centered

within the stereotax. This will ensure minimal repositioning during subsequent steps.
Note:Check positioning by gently attempting to adjust the head side to side as well as up and

down. Proper positioning of the ear bars will prevent this movement.

d. Cover the eyes in ophthalmic eye ointment to prevent drying.

e. Apply a depilatory agent onto the scalp. Remove it with a sterile cotton tipped applicator after

2–3 min.

Alternatives: Shaving the surgical area is also acceptable, though it may increase the risk of

potential infection if not thoroughly disinfected.

f. Sterilize the scalp with three rounds of iodine and alcohol wipes.

3. Make an incision.

a. Use a blade to make a single midline incision.

b. Use the same blade to gently scrape away the tissue from the top of the skull.

c. Use hemostats secured to the skin to keep the surgical field exposed.

d. Clear the surgical field with gauze and cotton tipped applicators.

4. Center and level the skull.

a. Attach a drill to the stereotaxic arm, navigate to Bregma, and set this location as A/P: 0, M/L: 0,

D/V: 0.
STAR Protocols 4, 102019, March 17, 2023
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b. Navigate to Lambda, typically �4.5 mm posterior to Bregma in an adult mouse. Ensure that

the D/V coordinates are within 0.05 mm relative to Bregma.

i. If not, change the angle of skull by either raising or lowering the nose cone; repeat steps 4a

and 4b.

5. Drill (Figure 3B).

a. Navigate to the virus injection coordinate(s) and drill a small hole at each site. For instance, for

the (right) entorhinal cortex, the injection coordinate (relative to Bregma in mm) is:
i. A/P: -4.5, M/L: 3.0.

b. If completing in vivo optogenetics, drill an additional hole (if needed) for the fiberoptic can-

nula placement.

CRITICAL: Drill slowly by applying only gentle pressure to the skull to avoid causing
trauma to the brain. The sound of the drill will increase in pitch as the drill advances

through the skull. You may also see a small amount of fluid leak. Stop immediately.
6. Prepare the injection system.

a. Attach a 33 G beveled needle on a 10 mL micro-syringe to the infusion pump secured to the

stereotax.

b. Withdraw an appropriate volume of your chosen virus. This can be done manually or automat-

ically with the infusion pump.

c. Ensure that the pump is set to injection mode.

d. Navigate to Bregma, ensuring that the tip of the needle just touches the surface of the skull

and set this location as A/P: 0, M/L: 0, D/V: 0.

e. Navigate to the injection site: A/P: -4.5, M/L: 3.0, D/V: -4.2.
i. Move slowly in the D/V axis to prevent excessive tissue damage.
7. Inject virus (Figure 3C). Troubleshooting 2.

a. Slowly inject the desired volume of virus.
i. We injected 200 nL at 100 nL/min at each site.

b. Leave the needle inserted for 5–10 min for proper virus diffusion and to prevent leak of virus

from the injection site upon removal of the needle.

c. Slowly withdraw the needle.

d. If completing additional injections, repeat steps 6b–7c.

CRITICAL: If utilizing in vivo chemogenetics, continue with step 8. If using optogenetic vi-
rus proceed directly to step 10.
8. Complete the Surgery.

a. Remove the hemostats.

b. Close the incision site using sutures.

Alternatives:Depending on preference and existing institutional guidelines, glue may also be

used.

c. Remove the mouse from the stereotax.

d. Place the mouse in a recovery chamber with a heating pad.
i. Monitor every 15 min until regular mobility and behavior is observed.

e. Return the animal to its home cage.
9. Provide post-operative care.

a. Administer a second dose of Meloxicam 24 h post-surgery.
i. If the mouse continues to show signs of pain (i.e., decreased activity, hunched posture,

scruffy or greasy coat) after the first day, provide additional injections spaced 24 h apart.

b. Monitor pain and activity levels twice a day on the first day of post-op.

i. Continue monitoring daily for the duration of the experiment.
STAR Protocols 4, 102019, March 17, 2023 9
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Alternatives: Check with your institution for up-to-date post-operative care guidelines.

Pause point:Wait for optimal viral expression before performing experiments. Typical wait-

ing time is at least 3 weeks, but the precise time must be empirically determined based on the

specific experimental parameters, including viral serotype, promoter, titer, and volume.
Fiberoptic cannula implantation

Timing: �30 min/mouse

For in vivo optogenetics, fiberoptic cannulas are implanted to allow laser light to target the desired

brain structure. The implantation surgery can be completed in the same surgical session as the viral

injections.

10. Implant the fiberoptic cannula.
a. Attach the fiberoptic cannula to the stereotaxic arm (Figure 4B).

b. Navigate to Bregma using the cannula and set this location as A/P: 0, M/L: 0, D/V: 0.

c. Find the implant coordinates and insert slowly.

i. For the right entorhinal cortex, insert at A/P: -4.5, M/L: 3.0, D/V: -3.9.

Note: The desired activation volume of the targeted brain region, wavelength, power density,

and opsin sensitivity play a role in determining the optimal distance between the virus
ure 4. Fiberoptic cannula implantation

Mixing of C&B Metabond adhesive cement, which is used to affix the fiberoptic cannula to the skull.

A fiberoptic cannula is secured to a detachable arm of the stereotax.

The mouse with an implanted fiberoptic cannula secured with C&B Metabond. Note that this image is prior to

uring the skin, in order to visualize that the dental cement is in direct contact with a large surface area of the skull.

STAR Protocols 4, 102019, March 17, 2023
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injection site and fiberoptic cannula.6 In practice, we placed the fiberoptic cannula 0.1–

0.4 mm dorsal to the virus injection site.

CRITICAL: The fiberoptic tip is fragile; perform 10b-c with care.

CRITICAL: Do not remove the cannula or the arm until the cannula has been cemented.

11. Make the dental cement (Figure 4A).
a. Pre-chill the ceramic mixing dish on ice.

Note: This slows down the reaction allow adequate working time.

b. Add 4 drops of the liquid QuickBase into a well in the dish.

c. Add 1 drop of Universal Catalyst into the same well.

d. Add 1–3 leveled scoops of L-Powder into the same well.
i. The amount can be varied to change the viscosity per user preference.

e. Rapidly mix.

Note: The Radiopaque (versus clear) L-powder may be preferable for optogenetic experi-

ments since it results in less visible light around the fiber – thus avoiding an inadvertent visual

cue to the animal.

12. Secure the cannula to the skull. Troubleshooting 3.
a. Apply the solution to the skull.

i. The solution for the first layer should be thick enough to harden quickly, yet loose

enough that it can spread over the skull to maximize adhesion.

CRITICAL: Take care that the cement does not adhere to the skin or eyes.
ii. The solution for the second layer should bemedium viscosity so it can be built up around

the cannula.

iii. The solution for the final layer should be thin to smooth any bumps or sharp edges that

can harbor bacteria or injure the animal.
Pause point:Wait for 10–20 min for the dental cement to fully dry before removing the hold-

er from the cannula. The solidity of the headcap can be tested with gentle tapping.

13. Remove the arm holding the fiberoptic cannula (Figure 4C). Place the cap on top of the cannula

to protect it.

14. Return to step 8 to complete the surgery.

In vivo optogenetics

Timing: 10 min

In the optogenetic approach, stimulation of neurons is achieved by photoactivation of opsins ex-

pressed in the brain (Figure 5). Here we calibrate the lasers to stimulate the opsins expressed in

the entorhinal cortex. Ensure that you are using the correct wavelength to stimulate your chosen vi-

rus. In this protocol we utilize a blue light at a wavelength of 473 nm, appropriate for activation of

Channelrhodopsin.38

CRITICAL: Ensure that you are always wearing the proper eye protection when using the
laser. Do not look directly into the laser or the laser scatter as this can cause eye damage.
STAR Protocols 4, 102019, March 17, 2023 11



Figure 5. Workflow for in vivo optogenetics

(A) Infusion of an opsin (ChR2)-encoding virus into the brain of a mouse.

(B) Implanted fiberoptic cannula secured with opaque dental acrylic.

(C) Opsin activation (via laser stimulation through the fiberoptic cannula) coupled with hyperthermia. These

experiments can typically be performed 3+ weeks after surgery.
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15. Turn the laser on to calibrate the output (Figure 2).
a. Use a power meter to measure the output at the tip of a fiberoptic cannula connected to the

patch cord.

i. Adjust the output to the desired power (e.g., 3 mW).

b. Using a pulse generator (e.g., Master-9), set the laser parameters to generate the desired

stimulation sequence.

i. We used 5 ms pulse at a rate of 20 Hz, with alternating epochs of 5 s ON / 5 s OFF.39

Note: The parameters of laser stimulation (i.e., frequency, pulse width, power, and activation

pattern) may differ depending on experimental requirements. It is important to choose a pulse

width that is sufficient to activate the opsin (>2 ms), and a frequency that is low enough to

allow the desired cell type to fire at physiological rates.

16. Turn the laser key to the ‘‘OFF’’ position prior to connecting the animal.

17. Attach the mouse via a fiberoptic patch cord with a plastic sleeve.

18. Turn the laser key to the ‘‘ON’’ position immediately prior to initiating the hyperthermia exper-

iment.

Note: To control for the possible heat-inducing effects of light, use a fluorophore-only virus

paired with light stimulation. Alternatively, to control for opsin expression, use an opsin-ex-

pressing virus without light stimulation.
In vivo chemogenetics

Timing: 15 min

In the chemogenetic approach, stimulation of neurons is achieved with an injection of 10 mg/kg

CNO 30 min prior to hyperthermia experiments (Figure 6).

19. Make CNO working solution.
12
a. Thaw a 450 mL aliquot of CNO stock solution.

CRITICAL: Thaw the CNO stock solution aliquot immediately prior to use.

b. Add 450 mL of sterile saline to dilute the 450 mL CNO stock solution aliquot 1:1.
STAR Protocols 4, 102019, March 17, 2023



Figure 6. Workflow for in vivo chemogenetics

(A) Infusion of a DREADD (hM4D(Gi))-encoding virus into the brain of a mouse.

(B) Intraperitoneal injection of designer drug CNO, to activate the DREADD.

(C) Hyperthermia experiments performed 30 min after CNO injection.
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20. Prepare individual doses of CNO in disposable syringes.
a. Weigh each mouse.

b. Calculate the appropriate dose of CNO working solution using this formula:

i. 5.8 (mL) *X (weight of mouse in grams) = Y (mL of CNO working solution).
21. Inject the mouse intraperitoneally.

Note: We suggest using 2% DMSO in saline as a control.

Pause point: To ensure that the CNO has enough time to exert its effect, wait 30 min prior to

seizure induction experiments.

Hyperthermia

Timing: 20–30 min

To determine the effect of optogenetic or chemogenetic stimulation on acute seizure temperature

threshold, we used a passive heating procedure to induce an acute hyperthermia-induced seizure.

Note: To account for circadian confounds we triggered any repeated seizures at the same

time of day each time – i.e., approximately 24 h apart.

22. Assemble Equipment.
a. Set up the control chamber, the heating chamber, and the cooling chamber.

i. The control chamber should be completely empty and located in the same room as the

heating chamber (Figure 7A).

Note: The chamber should remain at room temperature (20�C–22�C). To avoid any passive

heat transfers, keep the chamber at least 2 feet away from the heating and cooling chambers.

We used an empty cage.
ii. The heating chamber should contain a lid and heating lamp (Figure 7B).
Note: Mice with generalized tonic-clonic seizures can easily jump out of the box. A lid is

strongly recommended.
iii. The cooling chamber should contain a thick layer of crushed ice covered by a damp paper

towel (Figure 7C).
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Figure 7. Experimental set up for hyperthermia testing

(A) The mouse is connected to a temperature probe and placed in an ambient temperature control chamber.

(B) The mouse is moved to the heating chamber and exposed to a heating lamp, with continuous monitoring of

internal body temperature.

(C) The mouse is moved to the cooling chamber at the conclusion of the experiment.
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Note: A lid here is similarly suggested to encourage contact between the ice and the mouse

and to prevent escape.

b. Set up a camera to record the procedure to score seizures off-line.

c. If using the optogenetic approach, ensure that the lasers have been set to the appropriate

settings and calibrated.

d. Using an alcohol swab, disinfect the rectal probe and let it air dry.
23. Prepare the mouse.
a. If using the chemogenetic approach, ensure that at least 30 min have elapsed since the CNO

injection.

b. If using the optogenetic approach, connect the cable to the implanted cannula(s).

Note: While we did not include EEG recordings in this study, they are easily compatible with

hyperthermia experiments. EEG cables can be connected at this time.

c. Lubricate the now disinfected and dry rectal probe and insert into the rectum of the mouse.

Secure the probe with tape around the tail.

Optional: Tape can be labeled with an animal number for easier off-line ID.
24. Place the mouse into the control chamber for �5 min, or at least until the recorded body tem-

perature is stable.
14
a. If using the optogenetic approach, laser stimulation can be initiated while the mouse is in the

control chamber, or upon transfer to the heating chamber, as desired.

25. Transfer the mouse into the heating chamber and turn on the heating lamp. troubleshooting 4

and 5.
a. Record the temperature of the mouse at least every minute to ensure heating is occurring.

b. If/when a seizure occurs, record the body temperature, and immediately remove the animal

from the heating chamber.

Note: Animals were removed upon observation of a Stage 4–5 behavioral seizure on the

Modified Racine Scale. Seizures usually began with a vocalization that was quickly followed

by jumping, falling over, and generalized tonic-clonic activity.

c. If the animal reaches 42.5�C without having a seizure, stop the experiment.
26. Transfer the mouse to the cooling chamber.
a. Once the body temperature is below 40�C, remove the rectal probe and continue to monitor

for any adverse effects.
27. Once the mouse has regained regular mobility and is exhibiting normal behavior, return it to its

home cage. Troubleshooting 6.
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Figure 8. Expected outcomes

(A) Present (left) and absent (right) virus expression in the hippocampus as visualized under a fluorescent microscope.

(B) Hyperthermia testing on Day 1 does not significantly affect the acute seizure temperature threshold on Day 2,

supporting the use of a repeated measures design. Not significant (n.s.) is defined here as p > 0.05 by paired t-test.
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EXPECTED OUTCOMES

This protocol describes methods to introduce and activate optogenetic and chemogenetic tools in

the brain. Successful viral expression can be verified post-hoc via visualization of fluorophore in the

targeted brain region (Figure 8A).

This protocol also describes methods for induction of seizures in the Scn1a+/- mouse model via hy-

perthermia. If the cell population being activated or inhibited is relevant to ictogenesis then the

observed temperature threshold for seizure initiation may increase or decrease.
QUANTIFICATION AND STATISTICAL ANALYSIS

We observed that hyperthermia-evoked seizure threshold was stable within mice across sequential

days (Figure 8B). Therefore, testingmay be completed with a cross-over, repeatedmeasures design,

wherein each mouse experiences both stimulation and control conditions on sequential days of hy-

perthermia. This data can be analyzed using a paired t-test.

However, it is critical to consider whether the optogenetic or chemogenetic stimulation itself may

kindle seizures (i.e., whether stimulation on day 1 will lower seizure threshold on day 2). If upon con-

trol testing a kindling effect is observed, a single round of hyperthermic testing – in which half of the

mice receive optogenetic or chemogenetic stimulation, and the other half receive a control – is

preferred. An unpaired t-test should be used in this case.
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LIMITATIONS

This protocol is specifically designed to test the effect of optogenetic or chemogenetic stimulation

on the onset of behaviorally observed induced hyperthermic seizures. To measure the impact of

stimulation on (1) severity, propagation, or duration of seizures, (2) subclinical seizures, (3) sponta-

neous seizures, or (4) other types of acute seizures, the protocol must be adapted accordingly.

Further, this protocol assumes that neither optogenetic stimulation nor hyperthermia results in sei-

zures in wild-type mice. Optogenetic stimulation at certain parameters can be used to kindle and

induce seizures in mice,40,41 so thorough control testing should be completed to avoid confounding

results.

Finally, this protocol is limited by the capabilities of optogenetic and chemogenetic stimulation.

Both techniques provide a degree of spatiotemporal control over neuronal tissue.42 Chemogenetics

can modify excitability over a large brain volume and offers a broad (�30–60 min) manipulation win-

dow but cannot achieve precise control over spike rate and timing. Optogenetics, in contrast, pro-

vides precise temporal control, yet is spatially constrained to the volume of brain that is exposed to

light. Further, the optogenetic strategy requires additional hardware and increased surgery time for

implantation of fiberoptic fibers, which may increase potential post-operative complications. Spe-

cific experimental requirements will determine which strategy is optimal.
TROUBLESHOOTING

Problem 1

Irregular breathing pattern under anesthesia (step 1b).
Potential solution

If the mouse is exhibiting slow, irregular, or shallow breathing, it may indicate excessive anesthesia

or airway occlusion. Reduce the isoflurane levels and loosen the nose cone, monitoring the mouse

until vital signs are in an acceptable range. It may be necessary to remove themouse from the stereo-

tax entirely to ensure that regular vitals return. Resume isoflurane at a lower level to continue the

procedure. It is important to note that the amount of isoflurane needed to properly anesthetize

the animal gradually decreases over the course of surgery, so active monitoring is necessary to main-

tain proper depth throughout.

On the other hand, if the mouse is exhibiting irregular, rapid breathing and/or is exhibiting the toe/

tail-pinch reflex, it may indicate inadequate anesthesia. Ensure that there is enough isoflurane and

oxygen in each tank, and that all the tubing is securely connected. Verify that the nose cone is

correctly placed before increasing isoflurane levels. Note that younger mice (<P21) may have

more volatile reactions to inhaled anesthesia.
Problem 2

Absent or inadequate virus expression (step 7).
Potential solution

If upon examining your tissue there is no fluorescent virus expression (Figure 8A), several possibil-

ities should be considered:

First, the quality of the virus may have decreased after too many freeze/thaw cycles, resulting in

diminished or absent expression.

Second, an insufficient amount of virus may have been injected. This may be due to clogging of the

injection needle, preventing virus from entering the brain. To monitor for this during the surgery, we

confirm flow of virus before and after every injection by visualizing the needle through a stereoscope
16 STAR Protocols 4, 102019, March 17, 2023
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and slowly injecting until a small amount of virus can be seen exiting the needle. If there is no outflow,

the needle is likely clogged. It may be possible to remove the clog by (1) increasing the injection rate

on the pump or (2) manually working the plunger in saline to remove the clog. If these methods fail,

switch to a new needle. An alternative technical issue is that the virus may leak out from the brain as

the needle was withdrawn; we recommend visualizing the injection site while withdrawing the needle

to monitor for this. To prevent leaking, leave the needle inserted for a longer time and withdraw it at

a slower rate. If the viral amount is inadequate even in absence of these technical issues, a higher titer

and/or volume of virus can be used.

Third, non-expression may be a result of inadequate waiting time post-injection. We typically wait at

least 3 weeks for sufficient expression, although the minimum waiting time depends on multiple pa-

rameters including viral titer, volume, serotype, and promoter.

Finally, verify that the correct virus-genotype pairing has been achieved. For example, injecting a

Cre-dependent virus into an animal without Cre recombinase will not result in viral expression.
Problem 3

High rate of headcap and implant loss (step 12).
Potential solution

Headcap loss indicates that there is inadequate adhesion between the cement and the skull. Ensure

that the bone is totally dry prior to applying the initial layer of dental cement. Lightly score the sur-

face of the skull with a scalpel or surgical scissors to increase surface area to which the cement can

bind. While usually unnecessary in mice (but required in larger animals such as rats), consider adding

a partially inserted surgical screw (1.5–2 turns) into the skull as another anchor point.

Mice typically do not require single housing after the implant of a fiberoptic cannula, although if

cage mates chew on the implants to the point of loss it may be necessary.
Problem 4

The body temperature of the mouse is not increasing (step 25).
Potential solution

If during the hyperthermia procedure the mouse exhibits behavior suggestive of hyperthermia yet

the recorded temperature does not reflect this, there may be an issue with the temperature probe

accurately measuring body temperature. To ensure that the temperature probe is inserted at an

adequate and consistent depth, use a piece of tape to mark �1 inch on the probe (for adult mice)

and insert to that depth. Use tape to tightly secure the probe to the tail, paying particular attention

to the proximal tail. Any sliding movement of the probe indicates that it is inadequately secured.

If the mouse exhibits normal behavior and the core body temperature does not adequately rise, the

mouse may be exposed to inadequate heat. Move the lamp closer to the mouse (<8 inches) and

make sure that the bulb is at least 250 Watts. To reduce heat leakage from the chamber, switch

to a smaller, heat proof box.
Problem 5

There are no changes to acute seizure temperature threshold (step 25).
Potential solution

In the case of both in vivo optogenetics and chemogenetics, there may be inadequate virus expres-

sion (see problem 2). The function of both types of viruses can also be verified via post-hoc c-Fos

immunohistochemistry (for activating opsins or DREADDs) and/or via slice physiology.
STAR Protocols 4, 102019, March 17, 2023 17



ll
OPEN ACCESS Protocol
If using in vivo chemogenetics, check the quality and age of the CNO solution. Ensure that appro-

priate time passed between the CNO injection and hyperthermia testing, such that the DREADD

should have been activated.

If using in vivo optogenetics, check the power of the laser and ensure tight coupling between

the patch cord and the fiberoptic implant. Consider whether the stimulation parameters

(frequency, pulse-width, etc.) need to be optimized. Confirm that the implanted fiber is correctly

located just above the target region such that the opsin is exposed to light: on coronal

slices, the location of the implanted fiber will result in a tear in the tissue that is accompanied

by gliosis.

Problem 6

Death following hyperthermic seizure (step 27).

Potential solution

Ensure that the temperature probe is working properly (see problem 4), and that mouse body tem-

perature does not exceed 42.5�C. Move the lamp further away (>8 inches) from the chamber to heat

the mouse more gradually. Empirically, we have found that actively cooling mice – transferring the

mouse to the cooling chamber as soon as seizure is reached and maintaining close contact with the

ice during immediate recovery – improves survival rates (< 1 death per 20–25 mice).

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, Joanna Mattis (jomattis@umich.edu).

Materials availability

This study generated a design for a heating chamber for hyperthermia experiments that was manu-

factured by the LSA Scientific Instrument Shop at the University of Michigan. To request blueprints

for the hyperthermia box, reach out to the lead contact, Joanna Mattis (jomattis@umich.edu).

Data and code availability

This study did not create nor analyze data with any novel code/software.
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