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SHORT ABSTRACT:
Miniscope in vivo calcium imaging is a powerful technique to study neuronal dynamics and microcircuits in freely behaving mice. This protocol describes performing brain surgeries to achieve good in vivo calcium imaging using a miniscope. 

LONG ABSTRACT: 
A miniature fluorescence microscope (miniscope) is a potent tool for in vivo calcium imaging from freely behaving animals. It offers several advantages over conventional multi-photon calcium imaging systems: (1) compact; (2) light-weighted; (3) affordable; and (4) recording from freely behaving animals. This protocol describes brain surgeries for deep brain in vivo calcium imaging using a custom-developed miniscope recording system. The preparation procedure consists of three steps, including (1) stereotaxically injecting the virus at the desired brain region of a mouse brain to label a specific subgroup of neurons with genetically encoded calcium sensor; (2) implantation of gradient-index (GRIN) lens that can relay calcium image from deep brain region to the miniscope system; and (3) affixing the miniscope holder over the mouse skull where miniscope can be attached later. To perform in vivo calcium imaging, the miniscope is fastened onto the holder, and neuronal calcium images are collected along with simultaneous behavior recordings. The present surgery protocol is compatible with any commercial or custom-built single-photon and two-photon imaging systems for deep brain in vivo calcium imaging. 

INTRODUCTION: 
Intracellular Ca2+ signaling is an essential regulator of cell growth, proliferation, differentiation, migration, gene transcription, secretion, and apoptosis1. In neurons, Ca2+ signaling is precisely controlled since its spatio-temporal pattern is related to crucial functions such as membrane excitability, neurotransmitter release, and synaptic plasticity2. 

In vivo calcium imaging is a powerful technique that can be utilized to decode neural circuit representation elemental to normal animal behaviors, identify aberrant neuronal activities in animal models of brain disorders, and unravel potential therapeutic targets that may normalize these altered circuitries. The two common in vivo calcium imaging systems are two-photon laser scanning fluorescence microscopy3-6 and head-mounted miniaturized microendoscopy (miniscope)7-13. The conventional two-photon microscopy offers commanding advantages such as better resolution, lower noise, and lower photobleaching; however, the experimental animals are required to be head-fixed, limiting the behavior studies that can be performed3-6. By contrast, the head-mounted miniscope system is small and portable, making it possible to study a wide variety of behavior tests using freely behaving animals7-13. 

There are two leading Ca2+ indicators, chemical indicators5,14 and genetically encoded calcium indicators (GECIs)15,16. Ca2+ imaging has been facilitated by using highly sensitive GECIs delivered with viral vectors that allow specific labeling of neurons in the targeted circuit. The continuous effort to enhance the sensitivity, longevity, and ability to label even the subcellular compartments, makes GECIs ideal for various in vivo calcium imaging studies17-19.

The scattering of light in brain tissue during imaging limits the optical penetration in-depth, even with the two-photon microscopy. However, the Gradient Index (GRIN) lens overcomes this issue as the GRIN lens can be directly embedded into the biological tissues and relay images from the deep brain region to the microscope objective. Unlike conventional lens made of optically homogenous material and requires a complicated shaped surface to focus and create images, GRIN lens performance is based on a gradual refractive index change within the lens material that achieves focus with a plane surface20. GRIN lens can be fabricated down to 0.2 mm in diameter. Therefore, a miniaturized GRIN lens can be implanted into the deep brain without causing too much damage.

In this article, a complete surgery protocol is presented for the deep brain in vivo calcium imaging. For the demonstration purpose, we describe brain surgeries specifically targeting the medial prefrontal cortex (mPFC) of the mouse brain and in vivo calcium imaging recording via a custom-built miniscope system developed by Dr. Lin's group at the National Institute on Drug Abuse (NIDA/IRP)7,12. The experimental procedure involves two major brain surgeries. The first surgery is stereotaxically injecting a viral vector expressing GCaMP6f (a GECI) in the mPFC. The second surgery is to implant the GRIN lens into the same brain region. After recovery from these brain surgeries, the subsequent procedure is to affix the miniscope holder (base) on the mouse skull using dental cement. In vivo Ca2+ imaging can be performed any time after mounting the miniscope onto its base. The surgery protocol for viral injection and GRIN lens implantation is compatible with any commercial or custom-built single-photon and two-photon imaging systems for the deep brain in vivo calcium imaging.

PROTOCOL: 
The experimental protocol follows the animal care guidelines of the University of Wyoming. The mouse used in this study is 6 months old male C57BL/6J. The procedure can be used to target any deep brain regions for in vivo calcium imaging. Here, for demonstration, the targeted brain area is the mouse mPFC (anterior and posterior (A/P): 1.94 mm, medial and lateral (M/L): 0.5 mm, dorsal and ventral (D/V): 1.8 mm). This protocol is modified based on the previously published protocol21.

1.	Stereotaxic injection of virus in the mPFC (Figure 1)

1.1.	Preparation for the surgery

1.1.1.	Sterilize all the surgical instruments using an autoclave and place them over a sterile surface.

1.1.2.	Prepare a 10 &#181;L syringe by priming it with saline and prefilling it with 5 &#181;L of saline. Attach the syringe to a micropump (see Table of Materials).

1.1.3.	Turn on the heating pad and maintain the temperature at 35 &#176;C.

1.2.	Place the mouse in the induction chamber (5" x 10" x 4", length x width x height) with 5% isoflurane and 1 L/min of oxygen flow rate. Carefully watch and count the mouse's respiratory rate. Take out the mouse once its respiratory rate decreases to 1 breath/s. 

NOTE: The breathing rate of the mouse can be readily monitored by watching the downward and upward of the back muscle movement during each inhalation.

1.3.	Allow the mouse to settle on a benchtop area separated from the surgical area. With a shaving clipper, shave the hair off from the mouse head till the first cervical vertebrae. 

1.4.	Settle the mouse on the stereotaxic stage (see Table of Materials) and secure its position with ear bars and nose clip. Maintain the isoflurane flow to the stereotaxic stage at 1.5% isoflurane and 0.5 L/min of oxygen flow rate. 

1.5.	Apply the lubricating ophthalmic eye ointment on both eyes with a clean cotton swab to prevent dryness of the eyes during surgery. Assess pedal reflexes on the mouse to confirm that the mouse is fully anesthetized before starting the surgery.

1.6.	Disinfect the hairless area with 7.5% povidone-iodine solution (see Table of Materials) and 70% ethanol three times each using sterile cotton swabs. 

1.7.	Inject a small volume (50 &#181;L) of 2% lidocaine under the skin of the hairless area. 

1.8.	Make a 2 cm incision through the skin along the midline using a scalpel to expose the lambda and bregma of the skull.

1.9.	Remove the fascia from the skull with the help of dry cotton swabs and pointed forceps. 

1.10.	After the bregma and lambda are visible, using the tip of a dental drill burr (0.5 mm in diameter) to measure the Z coordinates of bregma and lambda (see Table of Materials). Adjust the height of the nose holder until the bregma and lambda lie at the same Z position.

1.11.	Locate the 0.5 mm dental drill burr to a position of A/P: 1.94 mm, M/L: 0.5 mm from the bregma. Drill through the skull. 

NOTE: Here, for demonstration, the targeted brain region is the mouse mPFC. This protocol can be used to target any other deep brain region. For example, if the targeted brain area is the Nucleus Accumbens (NAc), the corresponding position should be A/P: 0.9 mm, M/L: 1.2 mm.

1.12.	Remove the dura using a 30 G needle tip and clean all pieces of bone debris using 45&#176; angled sharp forceps. 

NOTE: Bleeding is common as small blood vessels may get ruptured during the cleaning step. Use sterile cotton swabs to stop bleeding and apply saline to wash the area. Apply saline to the exposed skull area to keep it moist.

1.13.	Load the virus into the microliter syringe using the control panel of the micropump. Withdraw 500 nL of air bubble followed by 800 nL of the virus at a flow rate of 50 nL/s.

NOTE: For the demonstration purpose, here, an adeno-associated virus serotype 1 (AAV1) expressing GCaMP6f (a GECI), AAV1-CamKII-GCamp6f, is injected into the mPFC (see Table of Materials). The titer of the virus is 2.8 x 1013 GC/mL. It is 1:2 diluted in saline before injection.

1.14.	Place the tip of the needle on the top of the bregma to just touching the bregma and note down the Z-coordinate of bregma. Move the needle above the drilled hole and inject 100 nL of the virus to ensure that the needle is not clogged. 

1.15.	Slowly move down the needle into the brain tissue to the targeted Z-coordinate of D/V: 1.75 mm and then slightly move it up to the Z-coordinate of D/V: 1.65 mm. 

NOTE: This is to create a small pocket for the viral solution to be infused. If the targeted brain region is the NAc, the corresponding targeted Z-coordinate of D/V should be 4.2 mm, and then slightly move up to 4.1 mm.

1.16.	Use the control panel to set the micropump to injecting 500 nL of the virus at the flow rate of 50 nL/min. Hit the RUN button on the control panel to inject the virus. 

NOTE: Injection will take about 10 min. After the injection is over, wait for an additional 5-10 min before taking the needle out from the brain. Frequently apply saline to keep the exposed skull area moist during the injection period. 

1.17.	Move the needle up and out of the brain. Inject 500 nL volume twice at the flow rate of 50 nL/s. 

NOTE: This step confirms that a proper volume of the virus has been administered into the brain. During the first 500 nL injections, the virus is released, followed by air bubbles. During the second 500 nL injection, air bubbles first appear, followed by saline. The syringe is now ready to load the virus for the next mouse. Once the surgery is done, the microliter syringe and needle are thoroughly cleaned with acetone followed by saline.

1.18.	Line up the skin edges and carefully close the incision with a silk suture (size 4.0). Apply antibiotic ointment on the stitched area to prevent infection. 

1.19.	Remove the mouse from the stereotaxic stage and return it to its home cage. Place the home cage in a 33 &#176;C incubator until the mouse is ambulatory. 

NOTE: It usually takes 10-15 min for a mouse to wake up from isoflurane anesthesia before it starts moving around.

1.20.	After the mouse starts moving around, administer nonsteroidal anti-inflammatory drugs via drinking water at the final concentration of 1 mg/kg for 3 postsurgical days (see Table of Materials). Let the mouse recover from the surgery for 14 days before pursuing GRIN lens implantation.

2.	GRIN lens implantation in the mPFC (Figure 1)

2.1.	Preparation for the surgery

2.1.1.	Prepare the artificial cerebrospinal fluid (ACSF) containing 124 mM of NaCl, 2.5 mM of KCl, 1.25 mM of NaH2PO4, 1.2 mM of MgCl2, 25 mM of glucose, 26 mM of NaHCO3 and 2.4 mM of CaCl2.

2.1.2.	Sterilize all the surgical instruments using an autoclave and place them over a sterile surface.

2.1.3.	Turn on the heating pad and maintain the temperature at 35 &#176;C.

2.1.4.	Melt 1% Agarose and keep it in a water bath at 42 &#176;C until use. 

NOTE: The melted agarose can be kept in the water bath for a couple of hours.

2.1.5.	Disinfect a GRIN lens (1 mm in diameter, 4.38 mm in length, Figure 2A) in 70% ethanol for 15 min, transfer it into a tube filled with saline to rinse it properly before implanting.

NOTE: GRIN lenses (see Table of Materials) are produced via silver and lithium-ion exchange in special glasses, rendering them non-toxic and neuron-friendlymany commercially available GRIN lenses may leach toxic residuals, causing neurodegeneration, making them unsuitable for implantation in the live brain for long-term in vivo imaging studies. These GRIN lenses may require coating with biocompatible agents like parylene-C to prevent toxic side effects on neighboring neurons22.

2.2.	Weigh the mouse and anesthetize it by an intraperitoneal injection of Ketamine/Xylazine mixture (see Table of Materials) (Ketamine:100 mg/kg; Xylazine: 15 mg/kg). 

NOTE: A mouse weighing 30 g requires 300 &#181;L of Ketamine/Xylazine mixture (Ketamine 100 mg/mL and Xylazine 1.5 mg/mL) for the initial dose and 150 &#181;L of Ketamine (10 mg/mL) for additional doses during surgery. To keep the mouse stay anesthetized during the entire surgical process, additional doses of Ketamine (50 mg/kg) need to be administered at least once per hour. The anesthesia stage of the mouse needs to be frequently monitored by assessing pedal reflexes.

2.3.	Shave the hair off the surgical area with a shaver and clean the hair using a wet paper towel. 

2.4.	Place the mouse in the stereotaxic stage and secure its position by tightening the nose clip and ear bars. Apply lubricating ophthalmic eye ointment on both eyes with a sterile cotton swab. Confirm that the mouse is fully anesthetized by assessing pedal reflexes. 

2.5.	Disinfect the hairless area with 7.5% povidone-iodine solution and 70% ethanol three times each using sterile cotton swabs. Administer 2 mg/kg of Dexamethasone intramuscularly in the thigh to lower the risk of surgery-related swelling and inflammation. 

2.6.	Inject 50 &#181;L of 2% Lidocaine under the skin of the surgery area. 

2.7.	Use a fine scissor to excise a 1.5 cm (height) x 1.5 cm (base) triangular skin area, from the anterior side between the eyes to the posterior side behind the lambda. 

2.8.	Remove the periosteum tissue from the skull using fine forceps, micro-blade, and cotton swabs. 

NOTE: The skull should be thoroughly cleaned and dried before pursuing the next step.

2.9.	Apply cyanoacrylate (see Table of Materials) to the edges of the skin and attach the skin to the skull. Wait for 5 min until the cyanoacrylate dries.

2.10.	With the help of a 0.5 mm drill burr tip, align the bregma and lambda in the same horizontal plane by adjusting the height of the nose clip. 

2.11.	Locate a dental drill burr (1.2 mm in diameter) to a position of A/P: 1.94 mm, M/L: 0.8 mm from the bregma. Drill through the skull. Remove the dura using a 30 G needle tip and clean all pieces of bone debris using 45&#176; angled sharp forceps. 

NOTE: This bone debris can block the subsequent aspiration step if not removed completely.

2.12.	Attach a 27 G manually polished blunt-end needle (Figure 2B) to the needle holder coupled to a robotic arm tilted with an angle of 10&#176; (Figure 2C). Connect the other end of the needle holder to the house vacuum system. 

NOTE: The robotic arm (see Table of Materials) is developed by Dr. Lin's group at the NIDA/IRP and is controlled by a custom-developed, currently open-access software, AutoStereota (https://github.com/liang-bo/AutoStereota)23. 

2.13.	Locate the tip of the needle to just touching the bregma. Set the Z-coordinate of bregma to 0 by clicking on Bregma button on AutoStereota. 

2.14.	Set Input X value to 0.8, Input Y value to 1.94, Input Z value to 1.0, then click on Find button to move the needle onto the top of the drilled hole on the skull.

2.15.	Adjust the needle's position to the center of the exposed brain tissue area via AutoStereota.

NOTE: To move the needle in lateral or medial directions, enter the Step value and click on Lateral or Medial buttons on AutoStereota. Similarly, to move the needle in anterior or posterior and dorsal or ventral directions, click on Rostral or Caudal and Dorsal or Ventral buttons, respectively.

2.16.	Turn on the vacuum and start rinsing the exposed brain area with ASCF through a gravity-controlled tubing system (see Table of Materials) connected to a 30 G needle with a bent tip. ACSF gets continuously bubbled with a gas mixture of 95% O2 and 5% CO2 and filtered through a 0.2 &#181;m filter. 

NOTE: The ACSF flow rate is ~ 1.5 mL/min. The output pressure of the gas mixture is kept at ~3 psi. 

2.17.	Aspirate brain tissue layer-by-layer with the help of AutoStereota software (Figure 3). 

NOTE: Aspiration of brain tissue is completed in 4 rounds so that a column pocket (1.8 mm in depth and 1 mm in diameter) is generated. 

2.17.1.	In "zStep" session, click and check the first and second rows. Set the values for the first row to 0.2 and 1. Set the values for the second row to 0.15 and 4 (Figure 3A). 

2.17.2.	In "Mode" session, set Needle size 27 Gauge and 1.2, set Dims 0.9. All other values use default values (Figure 3A).

2.17.3.	Click sequentially on Set, Keep Zero and Start buttons to start aspiration.

NOTE: This is the 1st round of aspiration. Input values indicate that aspiration depth is 0.2 mm (from the Z-coordinate of 0) during the first step with 1 layer; during the second step, aspiration depth is 0.15 mm, continually repeated for 4 layers. The aspiration resolution is 1.2, and the diameter is 0.9 mm. During aspiration, the instant location of the needle tip can be monitored through the track graph panel. After completing this aspiration round, a column pocket with 0.8 mm in depth and 1 mm in diameter is generated. The needle tip will be back to the center with the Z-coordinate of 0.

2.17.4.	In "zStep" session, click and check the first and second rows. Set the values for the first row to 1 and 1. Set the values for the second row to 0.15 and 4 (Figure 3B). 

2.17.5.	In "Mode" session, keep all values the same as the previous round (Figure 3B).

2.17.6.	Click sequentially on Set, Keep Zero and Start buttons to start aspiration.

NOTE: This is the 2nd round of aspiration. Input values indicate that aspiration depth is 1 mm (from the Z-coordinate of 0) during the first step with 1 layer; during the second step, aspiration depth is 0.15 mm, continually repeated for 4 layers. After completing this aspiration round, the column pocket with 1.6 mm in depth and 1 mm in diameter is generated.

2.17.7.	In "zStep" session, click and check the first row only. Set the values for the first row to 1.8 and 1 (Figure 3C). 

2.17.8.	In "Mode" session, set Needle size 27 Gauge and 2.2. All other values remain the same as that of the previous round (Figure 3C).

2.17.9.	Click sequentially on Set, Keep Zero and Start buttons to start aspiration.

NOTE: This is the 3rd round of aspiration. Input values indicate aspiration depth is 1.8 mm (from the Z-coordinate of 0) with 1 layer. The aspiration resolution is 2.2. After completing this aspiration round, the column pocket with 1.8 mm in depth and 1 mm in diameter is generated.

2.17.10.	In "zStep" session, click and check the first row only. Set the values for the first row to 1.6 and 1 (Figure 3D). 

2.17.11.	In "Mode" session, set Needle size 27 Gauge and 2.2, set Dims 0.6 (Figure 3D).

2.17.12.	Click sequentially on Set, Keep Zero and Start buttons, to start aspiration.

NOTE: This is the 4th round of aspiration. The purpose of this step is to clean out blood accumulated in the pocket. Bleeding is common as small blood vessels get ruptured during the aspiration process. To thoroughly clean out blood, stop the irrigation of ACSF for 5 min and then turn on irrigation again. Repeat the 4th round of aspiration multiple times until the pocket is blood-free. This protocol can be used to target any other deep brain regions. For example, if the targeted brain area is the NAc, the final corresponding Z-coordinate of D/V should be 4.4 mm.

2.18.	Stop the vacuum and irrigation of ACSF. Bring the needle to +2 mm Z-coordinate and 0.5mm anterior to the center. Place the sterile 1mm GRIN lens into the pocket. 

2.19.	Keep the tip of the needle in contact with the exposed GRIN lens to ensure the GRIN lens being settled at 10&#176; angle. Gently press the upper surface of the GRIN lens with sterile soft tissue paper to ensure that the lower surface of the GRIN lens is in contact with the brain tissue. 

2.20.	Apply the melted Agarose in the gap between the GRIN lens and brain tissue with the help of a spatula. After Agarose forms a gel, remove excess Agarose using a micro-blade. 

2.21.	Clean the skull thoroughly with saline and cotton swabs. Allow the skull to dry before the subsequent dental cement (see Table of Materials) application.

2.22.	Take out the mixing well from -20 &#176;C freezer. Mix the dental cement powder and catalyst liquid and apply a layer of self-curing adhesive resin cement on the skull; first, surround the GRIN lens and then cover the entire exposed skull. 

2.23.	Wait for 5 min and allow it to harden completely. Remove the aspiration needle carefully. 

2.24.	In a clean plastic well, mix dental cement powder, black charcoal with liquid, and apply a thin layer of the mixture on top of the 1st layer of dental cement. Wait for 5 min to let it harden.

2.25.	Protect the exposed GRIN lens by covering it with a customized cap made from a PCR tube (Figure 2D). Apply cyanoacrylate to attach the cap to the dental cement.

2.26.	Inject 1 mL of prewarmed saline subcutaneously into the mouse followed by 0.1 mg/kg of Buprenorphine. Place the mouse back in its home cage. Place the home cage in a 33 &#176;C incubator and monitor the mouse until it is ambulatory. It usually takes 20-40 min for a mouse to wake up from anesthesia before it starts moving around.

2.27.	Administer nonsteroidal anti-inflammatory drugs via drinking water at the final 1mg/kg concentration for 3 postsurgical days. Monitor the mouse for a few days as some of them may die due to surgery. Let the mouse recover from the surgery for 30 days.

3.	Affixing miniscope holder (base) to the mouse skull (Figure 1)

3.1.	Anesthetize the mouse in an induction chamber with 5% isoflurane and 1 L/min oxygen flow rate until its respiratory rate decreases to 1 breathe/s. 

3.2.	Place the mouse in the stereotaxic stage and secure its position with ear bars and nose clips. Maintain a continuous flow of isoflurane (1.5%) and oxygen (0.5 L/min). 

3.3.	Apply ophthalmic ointment on its eyes to keep them moist. Turn on the heating pad and maintain the temperature at 35 &#176;C. Confirm that the mouse is fully anesthetized by assessing pedal reflexes. 

3.4.	Remove the cap that covers the GRIN lens gently using pointed forceps. Drill off the dried cyanoacrylate residues from the dental cement completely using a microdrill (see Table of Materials).

3.5.	Cut the hair around the dental cement area with small scissors. Clean out the debris with the help of a compressed-air duster. Use an acetone dipped cotton swab to clean the upper surface of the GRIN lens.

3.6.	Prepare the miniscope with its holder (base).

3.6.1.	Place a #00-90 hex nut (see Table of Materials) into the slot present in the base and apply cyanoacrylate to secure it there (Figure 2E). 

3.6.2.	Apply a polytetrafluoroethylene (PTFE) tape tightly around the thread of the miniscope and trim off the extra tape (Figure 2F). 

3.6.3.	Fasten the miniscope to the base and use the locking screw to secure the miniscope to the base (Figure 2G).

3.6.4.	Connect the miniscope to its cable and turn on the custom-developed, currently open-access software, NeuView (see Table of Materials).

NOTE: NeuView software is custom-developed for miniscope in vivo calcium imaging from Dr. Lin's group at the NIDA/IRP7,12. It is open access (https://github.com/giovannibarbera/miniscope_v1.0).

3.6.5.	In NeuView, click Hardware, check LED1, and click the Stream button to view the live images (Figure 4A). To stop live streaming, click on Stop button.

3.6.6.	Settle the miniscope into a custom-built miniscope holding arm (Figure 2H) whose XYZ position can be manipulated using motorized controllers (Figure 2I).

3.7.	Locate the miniscope just above the exposed GRIN lens and make it parallel to the surface of the lens. Slowly bring down the miniscope towards the GRIN lens and adjust its Z position until the best plane of focus is found. 

NOTE: The best focal plane is determined by comparing several possible Z positions and selecting the focal plane with a clear visualization of most cell bodies. 

3.8.	Apply the first layer of dental cement around the miniscope base carefully without altering the position of the miniscope. After the cement is hardened, gently remove the holding arm such that the miniscope can stand on its own on the mouse head.

NOTE: The dental cement tends to shrink after hardening, and it will drag down the miniscope away from the original plane of focus. Typically the miniscope Z position is slightly lifted above the original focal plane before applying dental cement to compensate for the potential change.

3.9.	Apply a second layer of dental cement around the base to fill all the gaps and ensure there is no LED light leakage from the gaps. Let the dental cement harden. 

3.10.	Remove the mouse from the stereotaxic stage. Loosen the locking screw and detach the miniscope from the base. Put a 3D printed protective cap into the base to protect the exposed GRIN lens and tighten the locking screw in the base (Figure 2J). 

3.11.	Place the mouse back in its home cage. 

NOTE: It usually takes 10-15 min for a mouse to wake up from isoflurane anesthesia before it starts moving around.

4.	Miniscope mounting and in vivo Ca2+ imaging (Figure 1)

4.1.	Mount the miniscope to its base 

4.1.1.	Anesthetize the mouse briefly in the induction chamber (5% isoflurane and 1 L/min oxygen flow rate). Place the mouse on a clean bench surface.

4.1.2.	Loosen the locking screw with a small screwdriver, remove the protective cap and clean the surface of the GRIN lens with an acetone-soaked cotton swab.

4.1.3.	Wrap a PTFE tape tightly around the miniscope thread and fasten the miniscope to its base on the mouse head.

4.1.4.	Connect the miniscope to the cable (Figure 2K), START the NeuView Software. 

4.1.5.	In NeuView, click Hardware, check LED1, and click the Stream button to view the live images (Figure 4A). 

4.1.6.	Identify the best focal plane by adjusting the position of the miniscope relative to the base, either slightly tightening or loosening with the help of blunt forceps. 

NOTE: The best focal plane is determined by comparing several possible locations and selecting the one with a clear visualization of most cell bodies. 

4.1.7.	Tighten the locking screw and place the mouse back in its home cage. 

4.1.8.	In NeuView, adjust the LED light power to the optimal level. Click on Capture and then Trigger buttons to start recording and hit Stop after 150 frames. 

NOTE: The lowest possible power determines the optimal level of the LED power for achieving a bright enough image. The purpose of recording a short video is to facilitate identifying the same focal plane in the future for repetitive imaging.

4.1.9.	Disconnect the cable from the miniscope. Let the mouse recover for at least 30 min before starting the experiment.

NOTE: To protect the miniscope, typically, the water bottle and the wire food feeder are removed during this short period of time. If the mouse needs to stay in its home cage for longer, it is recommended to supply commercially available diet gel (see Table of Materials) in the home cage. 

4.2.	Data acquisition for in vivo calcium imaging 

NOTE: In vivo calcium Imaging can be simultaneously conducted along with any behavior tests that the researcher desires. For the demonstration purpose, the example here is in vivo Ca2+ imaging during an open field test. To accomplish this goal, two computers are required. One computer is equipped with commercial software (see Table of Materials) to control a camera to record mouse behavior automatically. The other computer is equipped with NeuView to control the miniscope and to record the Ca2+ images.

4.2.1.	Turn on the behavior camera software (see Table of Materials) to view the mouse behavior arena through a Livestream function. Manually adjust the focus of the top camera (Figure 2L). 

4.2.2.	Select Trigger/Strobe and check "Enable/disable trigger" (Figure 4B). Click Record button, use Browse to select the location where behavior recordings will be saved, select the desired image format. 

NOTE: "Trigger Control" function is enabled to allow the behavior recording to be triggered by the NeuView software so that the behavior frames and the corresponding calcium imaging frames are temporally coupled together. The behavior recording can be saved in any desired format. Behavior recording is generally saved in JPEG format in the designated folder. 

4.2.3.	Bring the mouse close to the arena and connect the miniscope to the cable linked to the Data Acquisition System (Figure 2L) (see Table of Materials). The mouse is then placed in the center of the arena.

4.2.4.	With the Livestream function of NeuView software, adjust LED power to optimize the brightness of calcium image. 

NOTE: For calcium imaging, the recording frame rate is 10 frames/s by default.

4.2.5.	In NeuView, uncheck LED1, click on Capture and then Trigger buttons to start recording, and hit Stop after 100 frames. 

NOTE: This is to record background images for about 100 frames with LED light off. 

4.2.6.	In the behavior camera software, click Start Recording (Figure 4C). In NeuView, check LED1, click on Capture, and then Trigger buttons to start recording. Hit Stop after 3000 frames. 

NOTE: This is to record calcium imaging and behavior simultaneously. The open-field test is 15 min long, typically broken down into three recording sessions each of 5 min. This is to prevent the miniscope from overheating due to continuous use.

4.2.7.	Save both the calcium imaging and behavior recordings in the designated folders. Repeat the recording for two more sessions while recording the background before each session and save all the recordings in the designated folder.

4.3.	Detach miniscope from its base.

4.3.1.	After the recording is completed, disconnect the cable from the miniscope.

4.3.2.	Anesthetize the mouse briefly in the induction chamber (5% isoflurane and 1L/min of oxygen flow rate). Place the mouse on a clean, warm surface. 

4.4.	Unscrew the locking screw in the base and detach the miniscope from the base. Put back the protective cap over the base and tighten the locking screw. Put the mouse back in its home cage.  

REPRESENTATIVE RESULTS:
Figure 1 shows the schematic experimental procedure, including viral injection, GRIN lens implantation, affixation of the miniscope base to the mouse skull, and in vivo calcium imaging via a miniscope. The entire procedure takes ~2 months. Figure 2 shows the major components described in the protocol for miniscope in vivo calcium imaging. Figure 3 displays the interfaces of AutoStereota software during GRIN lens implantation. Figure 4 displays the interfaces of NeuView and behavior recording software during in vivo calcium imaging. 

The outcome of in vivo calcium imaging is dependent on the success of both viral injection and GRIN lens implantation surgeries. Figure 5 shows a range of outcomes (i.e., unsuccessful, suboptimal, and good) from in vivo calcium imaging recordings. In unsuccessful cases, the calcium image could appear either dark or bright but usually reveals no or very few active neurons. We typically do not pursue in vivo calcium recording experiments if there are fewer than five active neurons. A good in vivo calcium imaging typically reveals several hundreds of active neurons. If a recording contains less than a hundred active neurons, we consider it a suboptimal recording. 

In both suboptimal and good recordings in vivo calcium imaging experiments were pursued, and the subsequent data analysis was performed. Movie 1 shows a representative in vivo calcium imaging recording from the mouse mPFC. Behavior videos and calcium imaging data are usually processed separately. Mouse behavior videos can be manually scored. Calcium imaging files are processed using the CaImAn calcium image processing toolbox24. Figure 6 shows a representative cell map and several calcium traces from a good in vivo calcium imaging recording. 

After completing in vivo calcium imaging, the final step is to confirm whether the viral injection and GRIN lens implantation has occurred in the desired brain region. For this purpose, the mouse was perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA). The mouse brain was harvested, postfixed in 4% PFA for 12 h, and stored in PBS at 4 &#176;C. The mouse brain was then sectioned in 50 &#181;m thick slices with a vibratome. The brain slices were stained with DAPI and observed under the microscope (not described in the protocol)12. Figure 7 is a mouse brain slice ~1.94 mm anterior to bregma from an experimental mouse, showing the track where the GRIN lens was implanted. The green fluorescence region beneath and around the GRIN lens track indicates the expression of GCaMP6f in the mPFC region. 

Figure 1: Schematic overview of the experimental procedure. (A) Stereotaxic injection of virus in the mPFC. (B) GRIN lens implantation in the mPFC. (C) Affixing miniscope base to the mouse skull. (D) Miniscope mounting and in vivo calcium imaging. 

Figure 2: Main components needed for in vivo calcium imaging. (A) A GRIN lens with 1 mm diameter and 4.38 mm length. (B) A 27 G manually polished blunt-end needle used for brain tissue aspiration. (C) The robotic arm coupled to the needle holder. (D) A custom-made cap from a PCR tube to protect the exposed GRIN lens until the affixation of miniscope base on the mouse skull. (E) The miniscope holder (base) with a hex nut. (F) A miniscope whose thread part is wrapped with the PTFE tape. (G) A miniscope fastened to its base with a locking screw. (H) The miniscope holding arm. (I) A custom-built 3D motorized controller used to facilitate the movement of miniscope in XYZ positions. (J) A protective cap fastened onto the base to protect the exposed GRIN lens while the mouse is not performing in vivo calcium imaging. (K) The miniscope connected to the cable. (L) The Data Acquisition System for in vivo Ca2+ imaging. 

Figure 3: Interfaces of AutoStereota software during layer-by-layer brain tissue aspiration. (A) The interface corresponding to steps 2.17.1 to 2.17.3. (B) The interface corresponding to steps 2.17.4 to 2.17.6. (C) The interface corresponding to steps 2.17.7 to 2.17.9. (D) The interface corresponding to steps 2.17.10 to 2.17.12. Red boxes highlight the input values.

Figure 4: Interfaces of NeuView software and the behavior recording software during in vivo calcium imaging. (A) The interface of NeuView. (B,C) The interfaces of the behavior recording software. Red boxes highlight buttons that need to be clicked.

Figure 5: Maximum projection fluorescence cell maps to show the range of possible outcomes. (A,B) Unsuccessful in vivo calcium imaging that is not acceptable for subsequent data analysis. (A) is dark and contains less than 5 active neurons. (B) is bright but has no active neurons. (C) The cell map from a suboptimal in vivo calcium imaging that contains some active neurons. (D) The cell map from a good in vivo calcium imaging that includes several hundreds of active neurons. Scale bar: 100 &#956;m.

Figure 6: Representative cell map and calcium transients from a successive in vivo calcium imaging. The left panel is the maximum projection fluorescence cell map from an in vivo calcium imaging recording in the mPFC during an open field test. The recording lasts for 5 min. The right panel shows calcium transients from 15 regions of interest (color-matched). Scale bar: 100 &#956;m.

Figure 7: Postmortem assessment of an experimental mouse. The postmortem assessment for GCaMP6f expression and GRIN lens implantation in the mPFC of an experimental mouse. The rectangular area indicates the path for GRIN lens implantation. The green area under the GRIN lens implanted region confirms that GCaMP6f was expressed, and the GRIN lens was implanted precisely in the desired brain region. Cg, cingulate cortex; PrL, prelimbic cortex; IL, infralimbic cortex. Scale bar: 400 &#956;m.

Table 1: Comparisons of the custom-built miniscope system at the NIDA with other miniscope systems 7-11,13,25,26.

Movie 1: An in vivo calcium imaging recording from the mouse mPFC during an open field test. For demonstration purposes, this video shows only 1 min recording. The original recording framerate is 10 frames/s. The video is 6 times faster than the original recording.

DISCUSSION: 
A central question in neuroscience is understanding how neural dynamics and circuits encode and store information, and how they are altered in brain diseases. Using a miniscope in vivo Ca2+ imaging system, individual neural activity from several hundreds of neurons within a local microcircuit can be simultaneously monitored from a freely behaving animal. Here, a detailed surgery protocol for viral injection and GRIN lens implantation is described to prepare rodents for a deep brain in vivo Ca2+ imaging via a custom-developed miniscope recording system. Table 1 shows the comparisons of our miniscope system with other commercially available and custom-built miniscope systems7-11,13,25,26. It is worth noting that GRIN lens implantation using the present surgical protocol is compatible with any commercial or custom-built single-photon and two-photon imaging systems for a deep brain in vivo calcium imaging.

From viral injection to data acquisition of miniscope in vivo calcium imaging, the entire experimental procedure takes at least 2 months to complete. It is a complicated and labor-intensive process. The ultimate success of the experiment depends on multiple factors, including proper choice of GECIs, injection of virus accurately in the targeted brain area, sufficient viral expression in the desired neural population, implantation of GRIN lens precisely in the desired location, adequate recovery from surgeries, as well as, whether severe inflammation occurs post-surgery, and whether animal's behavior is severely affected by surgeries, and so on. 

Two critical steps include stereotaxic injection of virus and GRIN lens implantation. For the demonstration purpose, the stereotaxic microinjection was performed in the mouse mPFC, with adeno-associated virus (AAV1) encoding GCaMP6f under the control of CaMKII promoter selectively label pyramidal neurons in the mPFC. GCaMP6f was chosen as it is one of the fastest and most sensitive calcium indicators with a half-decay time of 71 ms15. In addition, AAV viral expression of GCaMP6f is long-lasting (i.e., several months), making it ideal for performing repetitive in vivo Ca2+ imaging over a long period for longitudinal studies in mouse models of neurodegenerative diseases27. The current surgery protocol can be adapted for targeting different cell populations in any other brain region. Various available viral tools allow selective labeling of specific neural populations in the desired brain region at the desired age. In addition, researchers can take advantage of the Cre-LoxP recombination system and various available transgenic mouse models to carry out genetic modifications and study the behavioral and neural circuitry outcome28,29. 

One unique feature of the presented protocol is that the automated layer-by-layer brain tissue aspiration was performed before the GRIN lens (1 mm in diameter) implantation. This is achieved through a 27 G needle connected to a vacuum system, controlled by a custom-built robotic arm and software23. Based on our experience, this method generates a uniform surface for the GRIN lens to contact and causes less damage to the neighboring tissue than manual tissue aspiration23. For this reason, this procedure brings an obvious advantage for GRIN lenses with a relatively wider diameter (e.g., 1 mm). However, tissue aspiration may not be necessary for implanting a GRIN lens with a smaller diameter (0.5 mm or 0.25 mm). Instead, it can be directly planted along the leading track made with a 30 G needle21. 

Besides the two critical steps discussed above, many other factors must be carefully considered for a successful operation. (1) All the instruments that contact the brain should be sterilized to prevent infection. (2) All surgery steps need to be performed to minimize damage to the brain to prevent further inflammation and excessive scar tissue formation. (3) The anesthesia doses are given initially and maintained during the surgery, especially those administered intraperitoneally, need to be carefully considered. The anesthesia doses may be modified according to different mouse strains, as some may be more susceptible. (4) The condition of the mouse needs to be constantly monitored during surgery. Lastly, (5) the mice need to be regularly monitored post-surgery, as many complications may occur after the surgery. 

One major limitation of the current miniscope recording system is connecting to a cable for data acquisition. The presence of the cable sometimes restricts the mouse task performance and limits the recording of one animal at a time. Recently, a wireless miniscope has been developed25,26. This will broaden the task performance and allow simultaneous in vivo imaging from multiple animals in a group. Moreover, developing more sensitive GECIs with spectrally separable wavelengths combined with a dual-color miniscope will offer more exciting possibilities for neuroscience research.
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