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SUMMARY:
The ability to express viral vectors in the prepubertal brain is fundamental to studying the cellular and circuit mechanisms for brain development. Here, we describe a protocol for performing stereotaxic viral surgery in the infant mouse at postnatal days 11 or 12 (P11-P12) and provide guidelines for postoperative care.

ABSTRACT:
Understanding the developmental, cellular, and circuit processes across the postnatal period is crucial for elucidating the complexities of brain development and its impact on behavioral and social maturation. The transition from infant to adulthood involves significant neurobiological changes, including synaptic pruning and myelination, which are fundamental for cognitive abilities, emotional regulation, and social interactions. Studying brain development in prepubertal mice allows researchers to identify critical periods to support healthy brain growth, as well as establish timely interventions for neurodevelopmental disorders. To precisely dissect brain function, stereotaxic surgery has been a pivotal technique in neuroscience research, offering unparalleled precision in targeting brain regions of interest and allowing the delivery of viral agents. Even though stereotaxic surgeries in adult mice are widely implemented across neurobiology labs, there are very limited guidelines for performing stereotaxic surgeries in prepubertal mice, as well as crucial postoperative care to ensure the infant can be successfully reintroduced to its dam and littermates. Here, we describe a protocol for stereotaxic surgery and viral injection in infant (P11-P12) mice, highlighting anesthesia and analgesia delivery, considerations for postoperative care, and differences from stereotaxic surgery in adults. This protocol can be implemented in any brain region of interest by updating desired target coordinates and modified for brain targeting at later stages in postnatal development, such as during the juvenile period (P15-P30). Overall, this protocol provides an entry point for the study of postnatal brain development and function.
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Infancy and adolescence are crucial postnatal periods for brain development, characterized by myelination, synaptogenesis, and synaptic pruning, which facilitate circuit refinement1,2. The emergence of social behaviors, including mating, aggression, and social play, arise during the peripubertal period (P28-40)3, and is tightly regulated by circulating steroid hormones4,5. Despite significant advances in tool development for dissecting the cellular underpinnings of social behaviors in adults, little is known about the neural mechanisms by which social behaviors emerge across postnatal development. Reasons for the lack of understanding of developing social circuits include 1) challenges associated with performing surgeries in infant mice, including stereotaxic rigs not set up for younger mice, 2) balancing safety and effectiveness of analgesia and anesthesia during surgery6, and 3) acceptance of infants by the dam post-surgery. Furthermore, current methods utilized to deliver genetic constructs at early postnatal time points, such as in utero electroporation7, intracerebroventricular viral injection in the neonatal mouse (P0~P10) brain8, or recombinase driver and -responsive line genetic crossings9, are not ideal as they lack precise targeting and focus on embryonic targeting or targeting at P0. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK6]Here, we provide a simple protocol for stereotaxic surgery in infant mice (P11-P12) and postoperative care for successful reintegration with dam and littermates post-surgery. This protocol leverages the current stereotaxic protocol for adult mice10, and only requires minor changes in the stereotaxic set-up. We also provide detailed guidance on postoperative care as well as successful anesthesia and analgesia in infant mice. We selected the P11-12 timepoint for surgery as there is a 2-week incubation period for viral expression, so mice can be tested in vivo starting at P24, prior to the peripubertal period (P28-40)3. However, this same protocol can be used for stereotaxic surgery at later time-points. We focus on the developing medial amygdala (MeA), an amygdala subdivision characterized for its role in a diverse set of social behaviors11,12. We specifically investigate the MeA subpopulation expressing Foxp2 (MeAFoxp2)13, a forkhead box transcription factor, as we have previously uncovered that these cells are uniquely hardwired for the in vivo processing of male sensory cues in male mice across postnatal development14. Additionally, the MeAFoxp2 subpopulation is required to bi-directionally modulate territorial aggression in males14. Overall, the current protocol allows neuroscientists to precisely deliver viral agents into targeted brain regions at key postnatal stages during brain development for the study of the cellular and circuit underpinnings for social and affiliative behaviors across adolescence and adulthood.
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This procedure was approved by the NIEHS Animal Care and Use Committee and was in accordance with the National Institutes of Health guidelines for the use and care of animals. Appropriate personal protective equipment including gloves, face mask, disposable gown, hair net and shoe covers were used throughout the surgery and while in the presence of animals.

1. Mouse stereotaxic apparatus preparation and adjustments (Figure 1)

1.1. Prepare the stereotaxic apparatus with stereotaxic accessories for infant mice, including a pair of non-rapture ear bars, a modified gas anesthesia head holder and a palate bar for P12 infants.

1.2. Sanitize all surgical tools with a glass bead sterilizer (250 °C, 30 seconds for smaller tools and 1 minute for larger tools) . Place sterile tools on a sterile drape after sterilization. Sterile tools should remain on the sterile field throughout the surgery.

1.3. Place another sterile drape over a heating pad at a temperature of ~37oC on the stereotaxic rig to keep the infant at a controlled temperature throughout the surgical procedure. Monitor the heating pad temperature throughout the surgical procedure.

2. Mouse surgical preparation, stereotaxic placement, leveling, and craniotomy

2.1. Measure the body weight in order to provide appropriate dosage of analgesia.

2.2. Place the mouse in a 3% isoflurane-filled induction chamber with an oxygen flow rate of 0.9 L/min. Check that the mouse respiration has decreased to ~1 breath/s and there is no response after testing for the pedal withdrawal reflex. Switch the isoflurane/oxygen flow to the stereotaxic frame and reduce the isoflurane concentration to 2%.

NOTE: Adequate anesthesia must be confirmed by the absence of responses to the pedal withdrawal reflex every 5 min for the duration of the surgical procedure. Carefully observe the breathing pattern of the mouse throughout the entire surgery. Adjust isoflurane concentration throughout the surgery so that the lowest percentage is used to maintain deep anesthesia and avoid anesthesia overdosing. 

2.3. Mount the mouse on the modified stereotaxic apparatus with stereotaxic accessories for infant mice. Place non-puncture ear bars on the side of the mouse’s head and align the ear bar ruler to be equidistant for both sides with respect to the stereotaxic frame ruler. For P11 infants, the stereotaxic ruler should be at 5 mm.

NOTE: Infants at P11 typically do not have their eyes open yet, so no eye lubricant is required. By P12, some infants have their eyes open. If the infant’s eyes are open, ophthalmic ointment should be applied and re-applied as needed throughout the surgery. 

2.4. Inject 5 mg/kg Meloxicam via the subcutaneous (s.c.) intrascapular route using a 1 mL syringe with a 27G needle.

2.5. Dilute 0.5% bupivacaine (5 mg/mL) with saline to 0.5 mg/mL (1:10) and inject s.c. under the skin of the head (i.e., 0.05 mL for a 5 g infant).

NOTE: Steps 2.6 to 3.15 should be performed with sterile gloves.

2.6. Perform a 1.5 cm incision with small scissors along the midline of the head. 

2.7. Use a sterile cotton swab to carefully remove the soft tissue from the surface of the skull with betadine.

2.8. Place a pulled glass capillary (~0.8 mm in length) in a glass pipette holder. Mount the holder on the vertical stereotaxic arm.

NOTE: Steps 2.9 to 3.10 should be performed under a dissecting microscope.

2.9. Level the anterior-posterior angle of the skull surface: 

2.9.1. Move the capillary to the rostral confluence of the dorsal sinuses (RCS) point (Figure 2) as outlined in Chan et al.15.

2.9.2. Under a microscope with 2x magnification, zero the X (Medial-Lateral), Y (Anterior-Posterior), and Z (Dorsal-Ventral) coordinates when the capillary is touching the skull in the RCS point slightly using the digital display console of the stereotaxic instrument.

2.9.3. Move the capillary to lambda (at Y = -7.30mm) and lower the capillary to slightly touch the skull (Figure 2).

2.9.4. Check the value of the Z coordinates and level the anterior-posterior angle in the stereotaxic rig to change the tilt angle of the head. Repeat steps 2.9.1 to 2.9.3 until the difference in the value of the Z coordinate between RCS and lambda is < 0.02 mm.

2.10. Level the medial-lateral angle of the skull surface: 

2.10.1. Move the capillary to the RCS point.

2.10.2. Zero the X (Medial-Lateral) and Y (Anterior-Posterior) coordinates when the capillary is slightly touching the skull in the RCS point.

2.10.3. To level the head using the posterodorsal MeA (MeApd) coordinates, move the capillary to X = +2.50 mm, Y = -4.20 mm and zero z (Dorsal-Ventral) as the capillary slightly touches the skull.

2.10.4. Move the capillary to X = -2.50 mm, Y = -4.20 mm in the other hemisphere and lower the capillary slightly to touch the skull. 

2.10.5. Check the value of Z and adjust the Medial-Lateral axis in the stereotaxic rig to change the tilt angle of the head. Repeat step 2.10.1 to 2.10.4 until the difference in the Z value between the right and left hemispheres is < 0.03 mm.

2.11. Remove the capillary holder and mount a micro drill with a #75 drill bit into a drill stereotaxic holder on the vertical stereotaxic arm.

2.12. Place the drill bit tip above the RCS point, zero the X (Medial-Lateral) and Y (Anterior-Posterior) coordinates. Move to X = ±2.03 mm, Y = -4.20 mm to target the MeApd of P11 infants .

2.13. Drill a 0.5 mm-diameter craniotomy through the skull.

2.14. Clean the skull surface carefully with sterile saline using delicate task wipes and cotton swabs .

NOTE: Apply sterile saline regularly to keep the skull surface hydrated.

3. Viral injection

3.1. Fill a new capillary with mineral oil using a microfil flexible needle.

3.2. Attach and tighten the capillary to the nanoliter injector.

3.3. Remove the micro drill and mount the nanoliter injector on the vertical stereotaxic arm.

3.4. Withdraw at least double the amount of virus required for surgery (here, 400 nL) at a rate of 10 nL/s.

Note: Any AAV virus of interest can be used for viral injection after Institutional approval. In this protocol we utilized AAV2-DIO-mCherry (BSL-1, 2.5 E+13 vg/mL, 3 µl/tube, stored at -80oC and then transferred to ice for surgery).

3.5. Move the capillary to the RCS point and zero the X and Y coordinates. 

3.6. Move the capillary to the target brain area of interest, here the MeApd (coordinates: X = ±2.03 mm, Y = -4.20 mm, Z= -5.08 mm from RCS).

3.7. Lower the capillary to the surface of the skull, then zero the Z coordinate.

3.8. Make a path by lowering the capillary to the desired depth and withdrawing the capillary back out of the brain.

3.9. Inject ~8 nL of virus to make sure the capillary is not clogged prior to inserting back into the brain. If clogged, add sterile saline to a task wiper and gently wipe the sides and bottom of the capillary to unclog.

3.10. Lower the capillary one more time to the desired depth and inject the desired viral amount (in this case, 150 nL of virus) at a rate of 20 nL/min.

3.11. When done, wait 5 min before slowly withdrawing the capillary.

3.12. If needed, repeat steps 3.4–3.11 to inject the virus in the contralateral hemisphere.

3.13. Remove the capillary from the nanoliter injector. Discard used capillaries and viral tubes in a 50 ml conical tube with 10% bleach. Individual labs should follow all waste handling, spill management and biosafety compliance guidelines from their Institutional Biological and Biosafety Branch. 

3.14. Suture the skin with a non-absorbable 7-0 suture. Try lifting the hair when suturing so the sutures remain hidden. 

NOTE: Typically, 3–4 sutures will suffice. In our hands, a 7-0 suture works best to avoid the dam from tearing the sutures once the infant is returned to the home cage.

3.15. Wipe the suture area with 3% hydrogen peroxide followed by saline using sterile cotton swabs. 

NOTE: The surgery typically lasts between 1 and 2 hrs, depending on the number of viruses injected. Viruses typically require a minimum of 2 weeks for full expression.

4. Postoperative care

4.1. Remove the infant from the stereotaxic frame and place in a clean cage on top of a heating pad. To prevent dehydration, injection of sterile saline solution is recommended.

4.2. Monitor the infant until it is mobile. 

4.3. Once the infant is able to move around the cage, place the dam into a new clean cage for ~2 min. 

4.4. Place the infant in its original home cage alongside its littermates. Carefully, wipe all infants with nest and bedding material from their home cage and then place them back inside the nest. Proceed to place the dam back into the cage.

4.5. Monitor the dam and infants closely. Confirm that the dam returns to the nest and grooms the surgical infant but does not pull the sutures.

4.6. If after one hour the dam is not accepting the surgical infant, use a foster dam. If a dam has already shown to be accepting of infants, use this dam for subsequent litters (acceptance after accepting infants in first litter has been 100%). 

4.7. Twenty-four hours post-surgery, check the incision site and administer Meloxicam (5 mg/kg, s.c.). 

4.8. After successful postoperative care, leave the surgical mouse with the dam and littermates until weaned at P21. Remove any visible sutures within 10-14 days post-surgery. No significant differences are expected in food intake, body weight or locomotion behavior in the surgical mice compared to littermate control. 

NOTE: Infants will be monitored daily for at least 2 days post-surgery and then at least twice weekly. Humane Endpoint Criteria: If the infant is not ambulatory after 1 hour post-surgery, the infant will be humanely euthanized. If the infant shows decreased body weight and/or locomotion post-surgery, the infant will be humanely euthanized.
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Combination of isoflurane, bupivacaine and meloxicam is safe for infant surgeries
The safety of using anesthesia and analgesia in infants and infant mice remains unclear6. Therefore, we tested the use of a combination of anesthesia and analgesia in infant mice to determine survival rate. Infant mice at P11 (body weight = 6.09 ± 0.90 g, lowest body weight was 3.9 g; n=13) were placed in the induction chamber for initial anesthesia with 3% isoflurane in 0.9 L/min oxygen. Once the infants were anesthetized and non-responsive to the pedal withdrawal reflex, they were transferred to the stereotaxic apparatus  and isoflurane anesthesia reduced to 1.5–2% isoflurane in 0.9 L/min oxygen with a warming pad (41.23 ± 2.28 °C). After placement of the infants in the stereotaxic apparatus, analgesia was administered s.c. interscapular  (5 mg/kg Meloxicam) as well as topical anesthesia delivered s.c. below the skin of the head (0.05 mg/mL Bupivacaine). Thirty minutes later, we removed the infants from the stereotaxic rig and placed them on a clean cage. We observed a survival rate of 100% (13/13) 30 min after analgesia delivery. Furthermore, we did not observe any complications 24hrs, 72hrs post-surgery nor into adulthood. These results demonstrate that the combination of local anesthesia with a nonsteroidal anti-inflammatory drug is safe for infant mice to reduce pain and distress.

Precise and accurate viral delivery into the MeA
To confirm the accuracy and precision of viral delivery during the infant stereotaxic surgeries, we delivered AAV2-hSyn-DIO-mCherry bilaterally into the MeApd of Foxp2cre+/- male mice at P11 (Figure 3A). Mice were then weaned at P21. At P45, mouse brains were collected for immunohistochemistry and image analysis as previously described by our group14 and others16 (Figure 3B,C). In brief, mice were anesthetized and perfused with 30 mL of 1x PBS, followed by 30 mL of 4% paraformaldehyde (PFA) at a rate of 10 mL/min. Brains were fixed in 4% PFA overnight at 4 °C, dehydrated in 30% sucrose, embedded in O.C.T. compound, and cut into 50 μm sections using a cryostat. Every third section was used for immunohistochemistry performed as previously described14. Free-floating sections were incubated with primary antibody and blocked in 10% normal donkey serum overnight. Brain sections were washed and placed in a secondary antibody solution for 4 hrs. Then, sections were washed, mounted and cover slipped using Fluoromount mounting media with DAPI. Brain sections were stained with Foxp2 antibody and Alexa Fluor 488 AffiniPure Donkey Anti-Rabbit IgG (H+L).	Comment by Author: Please make sure you provide dilutions and the diluent in the Table of Materials. 	Comment by Author: Added.	Comment by Author: Consider adding a protocol section detailing these steps so readers know that this is important. You also have a figure that illustrates this. 	Comment by Author: Added a ref for immunohistochemistry.
To confirm target efficiency, we determined the co-expresion of mCherry+ and Foxp2+ cells in the MeA and observed that there was a 90.2% ± 2.1 overlap across populations denoting that mCherry expression is restricted to Foxp2+ cells in a cre-dependent fashion (Figure 3D). This result highlights the high efficiency of the viral injection using this protocol. Furthermore,  we also investigated the accuracy of the viral injections by analyzing the percentage of mCherry+ cells in the MeApd over the total percentage of mCherry across all regions. We observed that 93.7% ± 1.4 of mCherry+ cells were located within the MeApd, denoting that the spatial expression of the virus is restricted to our region of interest. (Figure 3E).

FIGURE AND TABLE LEGENDS:

Figure 1. Set-up for infant stereotaxic surgery. (A) Stereotaxic rig. (B) Non-rapture ear bars. (C) Gas anesthesia head holder and palate bar for P12 infants. (D) Bead sterilizer. (E) Warming pad controller. (F) Stereotaxic arm. (G) Nanoliter injector.
Figure 2. Major landmarks in the P11 mouse skull. (A) Schematic illustration of major landmarks in the infant’s skull. (B) The infant’s head is secured by specialized stereotaxic accessories that include non-rupture ear bars, a modified gas head holder and a pellet bar for P12 mice. Abbreviation: RCS = Rostral confluence of the sinuses, SSS = Superior sagittal sinus, RRV = Rostral-rhinal veins, SOS = Superior olfactory sinus. 
Figure 3. Targeted bilateral viral expression in the MeApd after infant stereotaxic surgery. (A) Schematic illustration of the MeApd (coronal view). (B) Representative histology image of bilateral expression of the Foxp2 antibody (green) and mCherry+ cells (magenta) in Foxp2cre+/- adult male mice. (C) Enlarged view of the MeA from both merged and individual channels. White arrows denote co-labeled Foxp2 antibody and mCherry+ cells. (D) Injection efficiency. (E) Injection accuracy. (D,E) n=3 mice, left and right hemispheres/mouse. Abbreviations: MeApd = posterodorsal medial amygdala; MeApv = posteroventral medial amygdala.
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Studying the neural mechanisms underlying social behaviors across postnatal development is essential to understand not only the emergence of social behaviors but also how these mechanisms can be disrupted by environmental factors or in neurodevelopmental disorders. Our study describes a detailed protocol for stereotaxic surgery for the precise and efficient viral delivery into the brain of P11–12 infant mice. Therefore, this protocol allows for the manipulation, recording and circuitry study of molecularly defined neuronal subpopulations before and after puberty using a viral strategy. We highlight pre- and postoperative modifications and care, as well as a safe combination of anesthesia and analgesia agents that are well tolerated by infant mice.
A key and challenging component of infant stereotaxic surgery is the successful reintroduction of the infant to its home cage with its dam and littermates. To ensure appropriate infant care when reintroduced to the cage, the dam needs to retrieve and groom the infant (without over-grooming) and any signs of potential neglect be closely monitored. Due to the infant’s incision and sutures, the dam might over-groom the head area, potentially resulting in the tearing and removal of the sutures. This would be detrimental and, hence, why monitoring the dam’s behavior towards the infant post-surgery is critical to ensure survival. In order to increase dam acceptance of the infant post-surgery, we recommend the use of hydrogen peroxide and saline after suturing to clean any lingering blood residue in the skin and fur, as well as utilizing thinner sutures (7-0) than those used in adults (5-0). These two strategies resulted in the dam acceptance of post-surgery infant mice.
Additionally, our study provides guidance on the safe use of anesthesia and analgesia for infant surgeries. This is critical as neonates and infant mice do not withstand analgesia and anesthesia dosages as well as adults, which can lead to detrimental respiratory and cardiac side effects6. We observed that isoflurane, an oral anesthesia, and the combination of meloxicam and bupivacaine, analgesia, administered subcutaneously (intracuspular and under the skin of the head, respectively), were well tolerated by the infants and resulted in long-term survival. Furthermore, we have previously shown that the stereotaxic surgical procedure in infant mice led to similar investigation times towards conspecifics in juvenile mice 2 weeks after surgery in comparison to age-matched controls that did not undergo surgery14. Therefore, these results indicate that there is sufficient recovery and no overt motor deficits post-surgery in infant mice. Of note, we did not measure blood oxygenation throughout the surgery. Blood oxygen levels should be monitored with a pulse oximeter to prevent hypoxia17.
Another critical component of this protocol is the usage of the stereotaxic coordinate system based upon the lambda and the RCS at the sagittal midline15. RCS is a landmark defined by the junction of the superior sagittal sinus and the superior olfactory sinus juncture along the sagittal midline. This landmark has been shown to exhibit consistently lower levels of positional variability compared with other dorsal landmarks following global alignment of the head. This is the case as the increased separation distance between RCS/lambda, compared with bregma/lambda, enhances the stability and reproducibility of the inter-animal horizontal angulation15. 
Previous methods to study neuronal development have focused on viral strategies during embryonic and P0 timepoints, or genetic crosses for the fate-mapping of cells of interest (Table 1). Techniques such as in utero electroporation and intracerebroventricular viral injections lack precise targeting. Performing targeted viral injections at P021,overcomes this issue by precisely injecting a viral construct into a region of interest. However, viral constructs can become cytotoxic after several weeks leading to cell death. Therefore, injecting a viral construct into the neonate’s brain for longitudinal pubertal studies that could continue into adulthood, might not be ideal. Therefore, our approach by which the viral injection takes place a week and a half after birth, reduces the risk of cell toxicity during puberty. 
Despite the advantages of our approach, there are several considerations. First, the brain coordinates used in infant mice need to be modified from those used in adults. For example, in P11 infant mice, we use the following coordinates to target the MeApd: X= +2.03 mm, Y= -4.20 mm, Z= -5.08 mm; while the coordinates used in adults are X= +2.15 mm, Y= -5.00 mm, Z= -5.10mm. Unfortunately, there are limited brain atlas references for prepubertal mice18 than those for adult mice (Allen Mouse Brain Atlas, mouse.brain-map.org and atlas.brain-map.org)19,22. Therefore, to successfully achieve correct viral targeting in other brain regions beyond the MeA, researchers will need to obtain an informed estimate of coordinates and perform coordinate testing. Second,  the incubation time of AAVs needs to be considered. The optimal stability time for AAV expression in vivo is at least of 2-3 weeks of incubation. Considering that in our protocol the stereotaxic surgery takes place in infant mice at P11, researchers will only be able to start testing mice post-surgery at P25 after the optimal AAV incubation period.
Overall, this protocol provides detailed guidelines for researchers to virally target brain regions of interest with high precision in infant mice. This approach is very advantageous as it is extremely flexible in its use as any commercial or custom-made AAV construct can be injected. Hence, it allows studying molecularly defined cell subpopulations of interest and their anatomical circuitry, neuronal dynamics, and cellular role before and after puberty during a critical time window aligned with the emergence of social behaviors. Additionally, this approach is successful for the targeting of not only the amygdala, as shown here, but also other subcortical structures, such as the hypothalamus, or cortical regions. 
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