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SUMMARY: 
This protocol provides an integrated method that includes viral delivery, optrode implantation, photothrombotic induction, simultaneous recording of astrocyte and neuronal activity, and optogenetic stimulation of astrocytes. This integrated method aims to provide concurrent investigation of the astrocyte-neuron relationship across the acute-to-chronic stages of ischemic stroke.

ABSTRACT: 
Investigating astrocyte-neuron dynamics following ischemic stroke is essential for understanding post-stroke recovery mechanisms. However, current methodologies often fail to capture real-time interactions between neurons and astrocytes in animals executing specific behavioral tasks, limiting our ability to investigate the acute phase of stroke pathology. This protocol presents an integrated method that combines photothrombotic stroke modeling with simultaneous multichannel electrophysiology recording and fiber photometry in awake, behaving mice using a custom-fabricated optrode. The protocol includes focal ischemia induction via photothrombosis followed by simultaneous recording of neuronal spikes and astrocytic calcium transients. The optrode enables concurrent delivery of photothrombosis, calcium signal recording, and optogenetic manipulation without requiring separate surgical procedures. Representative results validate the success in simultaneous recording of astrocytic calcium signal and neuronal spiking. Optogenetic manipulation of astrocytes produces measurable changes in neuronal firing patterns (reduction in firing frequency of pyramidal neurons by -1.55 ± 0.45 Hz and interneuron by 3.64 ± 1.37 Hz compared to pre-optogenetic stimulation, n = 2), confirming that the system is capable of investigating astrocyte-neuron interactions. This integrated approach addresses critical gaps in stroke research methodology by providing real-time, multimodal recordings from the acute to chronic stage of stroke in behaving animals.

INTRODUCTION: 
Ischemic stroke remains a primary global health challenge, representing a leading cause of both mortality and long-term acquired disability worldwide1–3. The high disability rate associated with ischemic stroke is associated with a diverse array of clinical symptoms, ranging from motor paralysis and sensory loss to cognitive impairment4–6. There is an urgent need to gain a deeper understanding of the pathological and recovery mechanisms of ischemic stroke during the repair phase. Beyond neuronal failure, the catastrophic failure of astrocytes has been highlighted recently7,8. Astrocytes, the most abundant glial cells, are an essential component of the central nervous system as well as the tripartite synapse. In every phase of the ischemic cascade, astrocytes play an indispensable role and deeply affect neuronal and functional recovery9–11. In the healthy brain, astrocytes and neurons are functionally coupled through the tripartite synapse, where astrocytic processes cover pre- and post-synaptic terminals and actively participate in synaptic transmission7,8. Astrocytes regulate extracellular glutamate concentrations via excitatory amino acid transporters, maintain potassium homeostasis through Kir4.1 channels, and modulate synaptic strength through gliotransmitter release via calcium-dependent exocytosis7,8. In this context, astrocytic intracellular calcium transients represent astrocytic activity and are tightly linked to neuronal firing7. During ischemic stroke, this finely tuned relationship is rapidly disrupted. The collapse of ionic gradients following energy failure triggers massive glutamate release and spreading depolarization, leading to excitotoxic neuronal injury and proliferation of reactive astrocytes12. Astrocytes in and around the infarct core undergo a cascade of pathological changes, including calcium overload, impairment of glutamate re-uptake, loss of synapse coupling, and failure of gliotransmitter release13. Concurrently, neuronal spiking activity is profoundly suppressed as neurons lose viability and membrane potential integrity14,15. In the peri-infarct zone, surviving neurons and reactive astrocytes engage in dynamic interactions that are thought to be pivotal for determining the outcome of post-stroke recovery; however, the real-time electrophysiological and calcium correlates of this interaction in awake, behaving animals remain poorly characterized13,16. Consequently, understanding astrocytic activity side-by-side with neuronal signals is considered a cornerstone for neural functional recovery following ischemic injury.

Photothrombosis is a widely used ischemic model; it utilizes photosensitive dye and localized light to induce ischemic lesions in specific targeted areas17. Current stroke modeling and recording protocols hamper the investigation of post-stroke astrocyte-neuron interaction by three main technical bottlenecks17–19. Segregation of modeling and recording is a common drawback of most current protocols, causing a time gap between the establishment of the model and real-time signal recording20,21. However, minutes to hours after ischemic stroke are an essential period during which both neurons and astrocytes undergo drastic fluctuation12,22. Without concurrent monitoring of astrocyte-neuron interaction immediately after the ischemic incident, the investigation of effective early intervention of ischemic stroke will be deeply hindered. Further limitation of current protocols lies in the isolation of recording modalities; most current methodologies are optimized for a single type of signal. For instance, multichannel electrophysiology offers detection of neuronal firing and local field potentials (LFPs) but is blind to signaling states of glial cells15,16. Conversely, monitoring of astrocytic dynamics through in vivo calcium imaging captures astrocytic fluctuations but lacks neuronal firing data. The last bottleneck of current protocols appears to be the recording status of the animal; in most protocols, the animal is anesthetized or free-moving. However, motor dysfunction is considered one of the most troublesome stroke sequelae; understanding the linkage between certain behaviors and the astrocyte-neuron events is essential. Therefore, there is an urgent need for an integrated method capable of performing a photothrombotic stroke model while simultaneously capturing both astrocyte and neuronal signals in awake mice performing certain behavioral tests. Existing methodologies each address only a subset of these requirements. Two-photon calcium imaging provides exceptional spatial resolution of astrocytic microdomain dynamics in the intact brain, but requires animals to be head-fixed or anesthetized, precluding naturalistic behavioral assessment, and cannot simultaneously capture multichannel neuronal spike data13. Standalone fiber photometry enables astrocytic calcium monitoring in freely behaving animals but remains blind to neuronal firing patterns, offering no electrophysiological readout of circuit function16. Multichannel extracellular electrophysiology resolves the spiking activity of neuron units and local field potentials with high temporal resolution but provides no information on the signaling state of astrocytes15. However, none of these approaches can simultaneously induce a precisely localized photothrombotic stroke and perform multimodal recording from the same anatomical site without interruption. 

To address the existing technical limitations, we propose this integrated system. This system addresses all three limitations within a single chronically implanted device, enabling concurrent photothrombosis induction, astrocytic calcium recording by fiber photometry, and multichannel neuronal electrophysiology in awake, freely behaving mice—from the moment of stroke onset through the chronic phases of stroke. The feasibility of this method is validated through chronic implantation of a custom-fabricated optrode into the brains of mice expressing an astrocyte-specific calcium indicator and an optogenetic viral vector. Using the method, astrocytic calcium transients and neuronal firing activities are simultaneously recorded and analyzed during behavioral tasks and under optogenetic modulations.

PROTOCOL: 
This protocol received approval from the Animal Care and Use Committee at Guangzhou University of Chinese Medicine (00379474) and was conducted following the guidelines and regulations designed by the National Institutes of Health Guide for Care and Use of Laboratory Animals. All possible measures were implemented to minimize the number of animals utilized in this study. 

1. Viral vector delivery

NOTE: This section describes the stereotaxic injection of astrocyte-specific AAV vectors into the motor cortex (M1FL). The purpose is to achieve stable, astrocyte-specific expression of both the GCaMP6s calcium indicator and the opto-vTRAP optogenetic construct prior to optrode implantation. Main equipment required: stereotaxic frame, digital vernier system, glass micropipette, and micro-infusion pump.

1.1. Place the mouse into the induction chamber; start anesthesia induction with 3%–4% isoflurane and the concentration of isoflurane can be increased to maximum 5% in the first minute until the mouse is unresponsive. 

CAUTION: Isoflurane is a volatile anesthetic agent. Perform all procedures under active ventilation. Avoid prolonged personal exposure.

1.2. Transfer the mouse to the stereotaxic frame equipped with an anesthesia mask, and use 1–2% isoflurane to maintain a deep anesthetic plane. 

1.3. Check the depth of anesthesia every 10 min via respiration rhythm, palpebral reflex, and toe pinch. Maintain the mouse body temperature at 36–37.5 °C with a feedback-controlled heated pad. 

1.4. Apply ophthalmic ointment to the eyes to prevent corneal damage during surgery. 

1.5. Secure the mouse to a stereotaxic frame with ear bars and a mouth bar. Adjust the ear bars to ensure the mouse head is symmetrically fixed. Ensure the head is immobilized with gentle probing. 

1.6. Remove hair thoroughly with depilatory cream and perform a midline incision with surgical scissors to expose the skull. Clean the periosteum using saline and cotton swabs to expose Bregma and Lambda.

1.7. Lower the glass micropipette to touch Bregma and Lambda successively; note the Z-coordinate on the digital vernier. Adjust the mouth bar to ensure the difference is <0.04 mm.

1.8. Lower the glass micropipette to touch Bregma and reset the digital vernier to zero. Move the micropipette 2.3 mm to the left and right of Bregma successively; note the Z-coordinate on the digital vernier. Adjust the ear bars to ensure the bilateral differences are <0.04 mm.

1.9. Reset the digital vernier to zero at Bregma and mark the motor cortex (M1FL; AP: +1.5 mm, ML: +0.74 mm). Use a microdrill with 0.5 mm drill bits (round tip) to drill a small hole approximately 0.5 mm in diameter at the marked location. Drill carefully to avoid bleeding and damage to brain tissue; drop ice-cold saline to compensate for the heat generated during the drilling process.

1.10. Lower the glass micropipette attached to a micro-infusion pump to the target site (DV: -0.94 mm from the brain surface). Prior to loading, mix AAV9-GfaABC1D-GCaMP6s and AAV9-GfaABC1D-opto-vTRAP in equal volumes to prepare a viral mix. Infuse 400 nL of the mix (200 nL of each vector) at a rate of 50 nL/min.

NOTE:  Viral cocktail contains: 200 nL of the astrocyte-specific calcium indicator (AAV-GfaABC1D-GCaMP6s, 1.0  1013 vg/mL) and 200 nL of the astrocyte-specific optogenetic viral vector (AAV-GfaABC1D-opto-vTrap, 1  1013 vg/mL). Successful astrocyte-specific transduction was verified in a subset of animals by immunofluorescence staining for GFAP, confirming co-localization of the fluorescent reporter with GFAP-positive cells and the absence of expression in GFAP-negative cells.

CAUTION: AAV vectors are recombinant biological agents; handle all viral vectors and waste under the biosafety guidelines of the institution.

1.11. Leave the pipette in place for 10 min after the infusion completes to allow for better viral diffusion and prevent backflow. Slowly withdraw the pipette, suture the scalp (4-0, 20 mm, 3/8 circle), and place the mouse on a heating pad until it recovers fully. 

NOTE: A period of 3–4 weeks is required for optimal viral expression. The detailed timeline of the protocol is illustrated in Figure 1A.

2. Optrode inspection and functional verification

NOTE: Before implantation, the custom-fabricated optrode must be inspected physically and tested optically to confirm it is capable of delivering light in all three functional modes (photothrombosis, optogenetic stimulation, and fiber photometry). Main equipment required: microscope, optical power meter, and laser sources at 532 nm, 488 nm, 470 nm, and 405 nm.

2.1. Physical inspection of the optrode: 

2.1.1. Place the fabricated optrode under a microscope to inspect the arrangement of the recording sites. 

2.1.2. Ensure the 16 tungsten microwires are uniformly bundled and surround the central optical fiber. Check for any bent or crossing wires that might cause electrical shorts. 

2.1.3. Confirm that the tip of the optical fiber is shorter than the tungsten microwires (Figure 1B).

NOTE: The optical fiber tip should be recessed by 100-200 µm from the electrode tips23. This offset, adopted from Lee et al.22, ensures that the light cone sufficiently covers the recording area while preventing excessive photoelectric noise. Researchers are encouraged to empirically verify the appropriate offset under their own optrode.

2.2. Connect the optical fiber to the laser modeling source and recording source. Use an optical power meter to measure the output at the fiber tip for the following three functional modes (Figure 1B):

2.2.1. Photothrombotic modeling mode: Verify that the system can deliver high-intensity continuous-wave (CW) light (532 nm).

NOTE: Fiber with NA 0.22 is used in this experiment. The estimated illuminated spot diameter at 100–200 µm below the fiber tip is approximately 200–400 µm. Ensure the power at the tip reaches >20 mW to guarantee successful Rose Bengal activation and thrombus formation. 

2.2.2. Optogenetic manipulation mode: Test the pulsed laser output (e.g., 488 nm for opto-vTrap).

NOTE: Calibrate the power to 10 mW at the tip; this is optimized for opto-vTRAP activation at the recording depth of 0.94 mm in the motor cortex. For other brain regions, behavioral or electrophysiological verification is recommended.

2.2.3. Fiber photometry (calcium recording) mode: Test the low-power excitation light (e.g., 470 nm and 405 nm).

NOTE: Ensure the output is stable and maintained at a very low level (<50 µW) to minimize phototoxicity and photobleaching of the calcium indicator (e.g., GCaMP6s) during long-term recording. 

3. Chronic optrode implantation

NOTE: This section covers the surgical procedure for chronically implanting the optrode at the viral injection site. Precise location of the injection coordinates is critical to ensure the recording electrodes and optical fiber sample the region of GCaMP6s and opto-vTRAP expression. Main equipment required: stereotaxic frame, microdrill, forceps, cranioplasty screws, agarose gel, and dental cement.

3.1. For anesthesia, stereotaxic fixation, skull preparation, and balancing, follow the same procedure as described in section 1, except that during the incision on the scalp,  remove 1.5 cm  1.5 cm of the scalp while ensuring that sufficient skin around the eyes remains.

3.2. Clean the skull with hydrogen peroxide and 0.9% saline. Identify Bregma and reset the digital vernier to zero. 

3.3. Use the drill (0.8 mm, round tip) to lightly roughen the surface of the skull to allow for better adhesion of dental cement. 

3.4. Mark the motor cortex with a marker (M1FL; AP: 1.5 mm, ML: 0.74 mm), then use it as a center point to draw a 5 mm  5 mm square (Figure 1C).

3.4.1. Use a microdrill at an appropriate speed (around 10000 rpm) and trace the square. Drop ice-cold saline constantly onto the drill path during drilling to offset the heat produced by high-speed drilling and prevent brain tissue damage. Stop immediately if the bone flap loosens (Figure 1C).

3.5. Drill three small holes (0.5 mm diameter) over the contralateral hemisphere and cerebellum, and implant cranioplasty screws into the holes. Ensure each screw reaches the dura mater, but avoid any further penetration and extra harm to the brain tissue (Figure 1C). 

3.6. Use forceps to remove the bone flap that was loosened earlier. Avoid any additional downward force during removal to prevent damage to brain tissue and to keep the dura mater intact. 

NOTE: If any bleeding occurs, a hemostatic sponge can be used to quickly stop the bleeding. 

3.7. Use forceps with an ultra-fine tip (<0.03 mm  0.01 mm) to remove the dura mater at the cranial window. Prevent the forceps tip from directly pinching into any brain tissue during this process.

NOTE: After the bone is removed, it is very important to keep the brain tissue moist. It is recommended to use sterile saline-soaked cotton balls to cover the window when no procedure is taking place to avoid swelling and neuronal damage due to dryness. 

3.8. Fix the optrode to the micromanipulator arm of the stereotaxic frame and move it above the cranial window. Securely intertwine the silver ground and reference wires of the optrode to the three cranioplasty screws (Figure 1C). 

3.9. Clean the cranial window surface with sterile saline to ensure there is no bleeding or blood clots that would hinder electrode insertion. Slowly lower the optrode to the desired depth (DV: -0.94 mm) at a rate of 1 μm/s.

NOTE: The exposed cortical tissue should be moistened with sterile saline during the implantation.

3.10. Apply a layer of agarose over the cranial window after implantation to protect the cortical tissue from dental cement.

3.11. Apply 3–4 layers of dental cement to cover the exposed skull, ensuring the entire optrode is anchored. Remove the mouse from stereotaxic frame once the dental cement becomes rigid (Figure 1C).

3.12. Provide analgesia for 3–5 days and allow the mouse to recover for 1–2 weeks before recording and modeling.

4. Photothrombotic modeling and concurrent recording

NOTE: This section describes behavioral habituation, baseline recording, stroke induction by photothrombosis, and post-stroke longitudinal recording procedures. The photothrombosis is delivered through the implanted optrode while simultaneous electrophysiology and fiber photometry recording are maintained. Main equipment required: rotarod apparatus, grip strength meter, fiber photometry system, multichannel neural recording system, Rose Bengal dye, and laser source at 530 nm.

4.1. Have the mouse undergo behavioral training before modeling. 

NOTE: All animals were housed and tested under standardized laboratory conditions. Housing conditions: room temperature 20–25 °C, relative humidity 50%–60%, on a 12 h light/dark cycle (lights on at 07:00). Animals had free access to food and water throughout the study. All tests and surgical procedures were performed during the light phase. Behavioral recording sessions were conducted during the light phase at a consistent time each day to minimize circadian variation in neuronal activity and astrocytic calcium dynamics. The recording enclosure was also maintained at an ambient temperature of 20–25 °C.  

4.1.1. For the rotarod test, have the mouse run continuously on the rotating rod for 5 min across 3 consecutive trials, with the rotarod accelerating from 4 to 40 RPM over 5 min. 

4.1.2. For the grip strength test, have the mouse learn to pull the test bar with its forepaws, and complete three consecutive trials with results fluctuating less than 10%.

4.2. Set the data acquisition parameters for fiber photometry.

4.2.1. Use a dual or triple-wavelength fiber photometry system to excite the calcium indicator (e.g., GCaMP6s). For GCaMP6s, set the signal channel to 470 nm and the control channel to 405 nm to correct motion artifacts and autofluorescence.

NOTE: It is very important to test the recording laser power again to ensure the output at the fiber tip is between 20–40 µW to avoid photobleaching and phototoxicity.

4.2.2. Set the data acquisition sampling rate to 60–100 Hz, which will be sufficient to capture astrocytic calcium transients.

4.3. Set the data acquisition parameters for multichannel electrophysiology.

4.3.1. Ensure all components in the recording system (including the device for the grip strength test and the cage) are grounded properly to reduce noise. Use a common median reference (CMR) during recording to eliminate global artifacts.

NOTE: It is very important to check the signal spectrogram view in the recording system to ensure no power line interference exists and noise caused by motion artifacts is minimized. Large motion artifacts might indicate failure of the screws and ground wire fixation during the implantation surgery.

4.3.2. Ensure that wide-band and LFP signals are selected in the recording software, and monitor for any noise occurring throughout the recording session.

4.4. Perform baseline recording.
 
4.4.1. Briefly anesthetize with isoflurane (within 60 s); connect the optrode to the recording line through an adaptor.

4.4.2. Place the mouse in a home-cage-like environment for recording, and allow 10 min acclimatization after awakening.

4.4.3. Perform recording concurrently with the grip strength test, the mouse is required to pull the test bar once every minute for 5 min.

4.4.4. Ensure behavioral tests are precisely timestamped in both multichannel and fiber photometry systems to allow data alignment (Figure 1D).

4.5. Establish a photothrombotic model. 

4.5.1. Administer a 1.5% Rose Bengal dye solution intraperitoneally (i.p.) at a dose of 10–20 mg/kg, wait 5 min for the dye to circulate through the cortical vasculature.

CAUTION: Rose Bengal is a photosensitizing dye. Protect the reagent from bright ambient light. Wear gloves and eye protection when handling.

4.5.2. Anesthetize the mouse with isoflurane following the same induction and maintenance parameters described previously.

4.5.3. When the mouse is at a deep anesthetic plane and maintained with an anesthesia mask, connect the optical probe of the optrode to the laser source. 

4.5.4. Induce focal ischemia by delivering a 530 nm laser beam at 15 mW through the implanted optrode for 5–8 min. 

CAUTION: The 530 nm laser at 15 mW is hazardous. All researchers must wear laser safety eye protection. Never look directly into the fiber tip during photothrombosis.

4.6. Perform post-stroke recording. 

4.6.1. Place the mouse onto a heated pad for recovery. Once the mouse is fully awake (normally within 10 min), initiate the first post-stroke acute recording. 

4.6.2. Repeat recording every day for close monitoring of disease progress.

4.7. Perform optogenetic manipulation. 

4.7.1. In addition to the recording of calcium signals and emission of the laser beam for ischemic induction, the optrode is also capable of delivering optogenetic stimulation, as shown in representative results (Figure 4). 

4.7.2. Connect the optrode to an optogenetic laser stimulator with proper laser wavelength and power (in this case, it is 488 nm, 10 mW, 5 min for opto-vTrap), and turn on the stimulator to perform optogenetic manipulation.

5. Multimodal data analysis pipeline

NOTE: This section outlines the analysis workflow for processing the multichannel electrophysiology data (spike sorting), astrocytic calcium signals (ΔF/F calculation), and the cross-modal alignment of the two data streams. Software required: Plexon Offline Sorter (offline spike sorting software), NeuroExplorer (neural data analysis software), and RWD OFRs (fiber photometry) analysis software.

5.1. Neuronal spike sorting (Plexon System):

5.1.1. Import the raw .pl2 files into the offline spike sorting software. Apply a digital high bandpass filter (<300 Hz) to isolate high-frequency spike activity.

5.1.2. Set a voltage threshold (typically -5 standard deviations of the noise) to detect potential spikes.

5.1.3. After manual screening and invalidation of noise waveforms, use the scan function in the offline spike sorting software to perform principal component analysis (PCA) to group waveforms and scan for different neuron clusters24.

5.1.4. Inspect the inter-spike interval (ISI) histograms. Ensure that each "Single Unit" has an ISI violation rate of <1% (reflecting the refractory period). The ISI violation rate is shown in the upper left corner of each unit in the offline spike sorting software.

5.1.5. Export the sorted timestamps to the neural data analysis software. Use the rate histogram and peri-event histograms versus time function in the neural data analysis software to generate rate histograms and peri-stimulus time histograms (PSTH) to visualize firing rates or output the timestamps to further analysis and visualization. 

5.1.6. Output the average waveform length and mean firing rate of each unit from the statistic section in neural data analysis software for further analysis.

5.2. Astrocytic calcium signal processing (fiber photometry analysis software)

5.2.1. Open the raw fluorescence data (470 nm channel for signal and 410 nm channel for motion control) in the analysis software.

5.2.2. In the pre-processing section of the fiber photometry system, perform 410 nm as a control for motion correction, set the smoothing coefficient to 8, and choose PLS Fit as baseline correction. 

5.2.3. Calculate the change in fluorescence(ΔF/F) using the formula25:


5.2.4. Perform astrocyte calcium signal analysis based on event timestamps, extract peri-event data for visualization (e.g., heatmaps and mean traces), and calculate the area under the curve (AUC).

5.3. Synchronized astrocyte-neuron correlation

5.3.1. Align neuronal spikes and astrocyte calcium signals using the shared behavioral event timestamp as time zero. Since all recording systems (multichannel electrophysiology and fiber photometry) acquire data concurrently and timestamp all behavioral events in real time, the onset of each behavioral test serves as a common temporal reference point (time zero) across both systems. 

5.3.2. After extracting peri-event data from the respective analysis software (neural data analysis software for neuronal spikes and fiber photometry analysis software for calcium signals), align the two data streams to this shared time zero. Then, visualize astrocyte-neuron correlation by overlaying the peri-event spike rate histograms and calcium traces within the same time window (Figure 3).

REPRESENTATIVE RESULTS:
Experimental timeline
Figure 1 summarizes the experimental timeline and key surgical landmarks. A three-week interval between viral injection and optrode implantation is critical for achieving adequate GCaMP6s expression, and robust astrocytic calcium signals should be confirmed by examining fiber photometry traces during the baseline recording period before stroke induction. 

Multidimensional verification of photothrombotic modeling (Figure 2)
The induction of focal ischemia is corroborated by in vivo, histological, and behavioral evidence.
Laser speckle imaging provides real-time evidence of the decline in cerebral blood perfusion within the illuminated region. Laser speckle contrast imaging (LSCI) for post-stroke blood flow verification was performed under brief isoflurane anesthesia (1.5–2%, maintenance). To enable unobstructed cortical imaging, the optrode was carefully removed from the implant site prior to LSCI, and the cranial window was irrigated with sterile saline. LSCI was performed immediately following photothrombosis, 1 day, and day 7 post-stroke. The baseline CBF was 275.63 ± 11.03 LSPU, after photothrombosis, the CBF declined to 154.15 ± 4.96 LSPU (vs. Baseline: P = 0.0059), and remained suppressed at 1 day post-stroke (159 ± 2.71 LSPU; vs. Baseline: P = 0.0207) and 7 days post-stroke ( 205.94 ±1.39 LSPU; vs. Baseline: P = 0.0379 ) (Figure 2A,B) (n = 3 animals; paired t-test). Imaging was performed with the following parameters: spatial resolution 0.04 mm/pixel, autofocus mode, sampling frequency 1 frame/s, with each session lasting 3 min. A fixed region of interest (ROI) of 2 mm  2 mm centered on the modeling region.

TTC staining of coronal sections (400 μm) shows a well-defined white infarct region that lies within the targeted motor cortex at 1 day and 7 days post-stroke (n = 1 animal for each time point). (Figure 2C). 

We conducted two behavioral tests to assess the motor function of mice. For the grip strength test, the baseline is 161.87 ± 5.01 g; at 1 day post-stroke, it has declined to 98.38 ± 3.31 g (vs. Baseline: P < 0.0001), and remained suppressed at 7 days post-stroke (81.60 ± 3.21 g, vs. Baseline: P < 0.0001). (n = 6 animals; paired t-test). For the rotarod test, the baseline of latency of fall is 40 ± 0.00 rpm, at 1 day post-stroke it has declined to 17.38 ± 1.38 rpm (vs. Baseline: P < 0.0001), and remained suppressed at 7 days post-stroke (25.89 ± 1.42 rpm vs. Baseline: P = 0.0147). (n = 6 animals; paired t-test) (Figure 2D).

These results together demonstrate that photothrombotic modeling can be accurately carried out by the implanted optrode. A CBF reduction less than 40% post-stroke relative to baseline, or a behavioral test reaching full recovery at 1 day post-stroke, should be considered a failed model. 

Synchronized fiber photometry and electrophysiology results (Figure 3)
The astrocytic calcium transients recorded by fiber photometry and neuronal spikes from electrophysiology can be aligned based on timestamps. The integrated results reveal the transition of astrocyte-neuron signaling from baseline to an ischemic state during a forelimb grip task.

Prior to stroke, pyramidal neurons exhibit a reliable task-related increase in firing rate (2.80 ± 0.20 Hz before task vs. 6.10 ± 0.55 Hz during task; overall baseline firing rate at 4.12 ± 0.35 Hz; n = 6 units from 2 animals; Figure 3A,C), while interneurons show a reliable task-related decrease in firing rate (8.67 ± 0.50 Hz before task vs. 4.57 ± 0.91 Hz during task; overall baseline firing rate at 8.69 ± 1.01 Hz; n = 6 units from 2 animals; Figure 3B,D), consistent with cortical excitation–inhibition dynamics during voluntary movement. Astrocytic calcium transients peak within 4–6 s of task onset, with a mean ΔF/F area under the curve (AUC) of 8876.75 ± 317.55 at baseline (Figure 3E–F). 

Following photothrombotic stroke, neuronal firing rates are markedly suppressed in both cell types (pyramidal: 2.95 ± 0.38 Hz, P = 0.0456 vs. baseline; interneurons: 2.72 ± 0.37 Hz; *P < 0.0001 vs. baseline). The task-related modulation of spiking activity is abolished. Astrocytic calcium transient amplitude is also significantly reduced (AUC: 314.10 ± 11.56; n = 6 animals; P < 0.0001 vs. baseline), collectively reflecting an ischemia-induced silencing of the local circuit. 

These post-stroke recordings were acquired 3 days after photothrombosis induction. Data should be analyzed using the pipeline described in Section 5, with neuronal units classified as pyramidal neurons or interneurons based on spike waveform width and mean firing rate as described in step 5.1. 

Optogenetic manipulation of astrocytes
Through the implantation of the optrode, neuronal activity responding to targeted optical stimulation of the opsin-expressing astrocytes can be well documented. The raster plot and the peri-stimulus time histograms (Figure 4) clearly reveal the significant shifts in neuronal excitability following astrocyte modulation. Following optical stimulation of opto-vTRAP-expressing astrocytes, pyramidal neuron firing rate changed by -1.55 ± 0.45 Hz relative to the pre-stimulus baseline (P = 0.0065 vs. Pre-stimulus, n = 6 units from 2 animals; Figure 4A–C), and interneuron firing rate changed by 3.64 ± 1.37 Hz (P = 0.0242 vs. Pre-stimulus, n = 6 units from 2 animals; Figure 4A,B,D), confirming that astrocyte modulation has a measurable downstream effect on local circuit excitability. Importantly, this result also shows that, using common median referencing (CMR) and the spatial offset between the optical fiber tip and the recording electrodes, clean electrophysiological recordings can be achieved during stimulation sessions.

FIGURE AND TABLE LEGENDS: 
Figure 1: Experimental timeline, optrode inspection, implantation surgery, and recording setting. (A) Schematic representation of the experimental workflow. The timeline illustrates the time point of each step, including astrocyte-specific viral injection (D-28), chronic optrode implantation (D-7), baseline recording, photothrombotic induction, and acute post-stroke recording, all of which take place at Day 0. The blue shaded area highlights the subsequent longitudinal daily recording sessions (D1–D7). (B) Microscopic inspection of optrode. Left: Photo of an optrode illustrating the spatial arrangement between the central optical fiber and the surrounding 16-channel tungsten microwires. Right: The optical fiber requires testing for the ability to provide a stable optical source for photothrombosis, recording, and stimulation. (C) Chronic implantation of optrode. These representative images reveal the main steps of the implantation surgery: Localization of the motor cortex (M1FL) on a balanced skull, incision of the cranial window and screw holes, intertwined ground and reference wire, and finally the fixation of the optrode by dental cement. (D) Experimental setting for multimodal recording. Upper: the resting cage and the grip task device are grounded properly to avoid artifacts. Lower: only front paws are allowed to touch the grip task device during the behavioral test. 

Figure 2: Multidimensional validation of the photothrombotic stroke model. (A) Real-time laser speckle contrast imaging (LSCI) showing the cerebral blood flow of the cortex at different time points (baseline, immediately after photothrombosis (PST), 1 day, and 7 days post-stroke). There is a clear reduction in blood flow after modeling. (B) Quantitative result for cerebral blood flow alteration after modeling (n = 3 mice, paired t-test). (C) Representative coronal sections processed with 2% TTC staining at baseline, 1 day, and 7 days post-stroke; the white region refers to the ischemic core of the targeted cortex (n = 3 mice). (D–E) Quantitative result of behavioral assessment in grip strength (D) and rotarod (E) showing a significant functional decline after stroke (n = 6 mice, paired t-test). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Figure 3: Synchronized data of neuronal and astrocyte activity at baseline and post-stroke. (A,B) Raster plot and peri-stimulus time histogram (PSTH) revealing the pyramidal neurons and interneurons activity in response to grip tasks before and after stroke. (C,D) Quantitative result of the general firing rate of pyramidal neurons (C) and interneurons (D) before and after stroke (n = 2 mice, 6 units for each neuron type, paired t-test). (E) Representative traces of astrocytic calcium transients (F/F) before and after stroke showing a drastic decrease. (F) Quantitative result of the area under the curve of astrocytic calcium transients (F/F) before and after stroke (n = 6 mice, paired t-test). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Figure 4: Neuronal activity in response to astrocyte optogenetic stimulation. (A,B) Raster plot and peri-stimulus time histogram (PSTH) revealing the pyramidal neurons and interneurons' activity in response to astrocyte optogenetic stimulation at baseline. (C,D) Quantitative result of the firing rate of pyramidal neurons and interneurons at baseline before and after optogenetic stimulation (n = 2 mice, 6 units, paired t-test). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

DISCUSSION: 
The integrated protocol described here presents a significant advancement in the study of astrocyte-neuron interactions during ischemic stroke progression. By combining photothrombotic induction with real-time opto-electrophysiological monitoring and optogenetic manipulation, this methodology effectively bridges the gap between stroke onset and the observation of circuit-level reorganization of neurons and astrocytes. Recent work by Boyce et al. demonstrated the feasibility of combined fiber photometry and electrophysiology recording during stroke in freely behaving mice, confirming the value of multimodal approaches in this context. The present integrated optrode system extends this concept by incorporating optogenetic manipulation of astrocytes within the same implanted device, enabling causal interrogation of astrocyte–neuron interactions that is not possible with recording-only approaches26. 

The recording setting shown in Figure 1 provides a sample setting for combining recording with behavioral task, since the optrode is implanted in the forelimb area of the primary motor cortex (M1FL), and the grip test for the forelimb is chosen to specifically observe the relationship between motor behavior and astrocyte-neuron activities. The system's ability to deliver photothrombosis and simultaneously record astrocytic calcium transients and neuronal activity is verified (Figure 3 and Figure 4). During baseline, pyramidal neurons show a marked increase in spiking activity, while interneurons, conversely, show a decrease following the behavioral test (Figure 3A,B). This alteration in activity returns to baseline within seconds, followed by the surge of astrocytic calcium transient. After the ischemic incident, the correlation between neurons and behavioral tasks disappeared, and the general spiking frequency of neurons was largely decreased, suggesting a malfunction of the neuronal circuit. The simultaneous use of optogenetic stimulation and neuronal recording is validated in Figure 4. There is a clear alteration of pyramidal neurons activity after optogenetic inhibition of astrocytic exocytosis (Figure 4A,B). Furthermore, with carefully aligned tungsten wires and optical fiber, and the use of CMR as a reference method, noise caused by optogenetic stimulation can be eliminated, providing a clean and smooth recording compared to the obvious interference traces seen in previous protocols during optogenetic stimulation23.

There are several points that we gave extra consideration to during the development of this integrated method. First, upon the choice of animal model, the middle cerebral artery occlusion (MCAO) model is often favored for its clinical relevance, as it mimics the large-vessel blockage common in human stroke27–30. However, in small mammalian research, especially for mice, MCAO is highly invasive and carries a high mortality rate. More importantly, it is difficult to integrate MCAO with multimodal recording methods, and it requires a longer recovery time after modeling, widening the gap between modeling and recording30. After the evaluation of different stroke models, photothrombosis demonstrates a unique adaptability in our integrated method. Photothrombosis offers superior spatial precision and high reproducibility of infarct volume with minimal surgical trauma31. Although photothrombosis is sometimes criticized for inducing vascular damage through photosensitive chemical reactions rather than mechanical occlusion, it is still well suited for circuit-level studies, given its superior spatial precision and high reproducibility of infarct volume compared to other models. On the basis of the traditional photothrombotic protocol, we optimize the procedure of photothrombotic stroke by inserting the optical fiber directly into the target brain region rather than illuminating through the skull32. This maximizes the light power delivered to the targeted region and minimizes light scattering. This ensures the accuracy of the ischemic stroke model and the location alignment of the ischemic core and peri-infarct area. This method induces photothrombosis and records through the same optrode; recording may start immediately after the ischemic stroke. The post-stroke results presented in Figure 3 were acquired 6 h after the ischemic incident, demonstrating a decrease in both astrocytic and neuronal activity. This result is consistent with the post-stroke two-photon calcium imaging findings reported by Zhou et al.13. Moreover, at the recording stage, a typical technical challenge when performing simultaneous optogenetic manipulation and fiber photometry recording at the same anatomical site is interference from the optogenetic excitation laser on the photometry signal. To avoid this interference while still providing insight into neuronal activity, this integrated recording system employs an optrode that enables undisturbed, continuous, multichannel recording during optogenetic manipulation, thereby compensating for the lack of simultaneous recording at the same anatomical site during optogenetic stimulation.

To ensure the success of this method, several critical steps require additional attention. First, viral vector delivery and optrode implantation must be performed at the identical anatomical location. This requires strict balancing of the skull during both surgical procedures to ensure the location of M1FL is identical across surgeries. Next, the spatial relationship between the optical fiber tip and the recording electrodes is critical for optimal optrode configuration. In order to capture high-quality optical and electrical signals, the fiber tip should ideally be positioned 100–200 μm above the electrodes. This allows sufficient light coverage during both modeling and optogenetic manipulation. During implantation, durotomy and insertion speed are equally important considerations. Durotomy must be thorough and gentle, as each electrode is very soft and thin. Any residual dura mater left will cause bending of the electrodes, resulting in insufficient depth of implantation and reducing the amount of data recorded. The implantation speed should be strictly controlled at a rate of 1–2 μm/s, as faster speeds will increase the risk of neuronal death, resulting in low-quality recordings. At the recording stage, proper use of reference and ground wires is essential for this protocol. Distinct from recordings in traditional freely-moving or anesthetized animals, this protocol combines both calcium photometry and multichannel recording with behavioral tests, where the mouse undergoes significant movement. This degree of movement can easily induce motion artifacts, especially in multichannel recordings. To minimize this interference, two primary steps should be taken. First, ensure the wires are tightly anchored to the screws, and the screws are stabilized on the skull. Second, choose one channel as a reference channel or switch on the Common Median Reference during recording. Finally, as an integrated multimodal protocol, different laser powers are used for modeling and recording. It is recommended to use a laser power meter to measure the output before modeling, recording, and optogenetic manipulation to prevent insufficient power during modeling and excessive power during recording and manipulation.

Several issues may arise during implementation, and we provide some troubleshooting guidance here. (1) Low or absent photometry signal: the most common cause is insufficient viral expression, which may result from a titer below 10¹² vg/mL or a post-injection interval of less than three weeks. Allow additional time for expression, run an immunofluorescence staining to check the expression,  and repeat the injection if necessary. Besides, verify the excitation power of the fiber tip to ensure the fiber photometry system is functioning. (2) High electrophysiology noise: first confirm the recording cage and grip device are properly grounded; then try to turn off all electrical appliances that are not in use at the recording environment; also activate the common median reference if large-amplitude motion artifacts persist. (3) Failure in photothrombosis modeling: verify laser output is ≥15 mW at the fiber tip; ensure Rose Bengal was administered 5–10 min before laser onset and was protected from ambient light. (4) Low or absent neuronal spiking signals: allow a minimum of 7 days of post-surgical recovery before recording; make sure the electrode is not bent or hindered by blood clots during insertion, and try to limit the insertion speed to below 1 µm/s. 

Moreover, this protocol is highly adaptable. While we focused on the motor cortex, the coordinates can be adjusted to target any cortical or subcortical region of interest. Furthermore, the astrocyte-specific promoter can be swapped for other promoters (e.g., CX3CR1 for microglia or hSyn for neurons) to investigate different cellular interactions during stroke pathology. The system is also compatible with various behavioral assays, such as the reaching task, allowing further research of neuro-glial activity in fine movement recovery.

There are several limitations in this protocol that should be acknowledged. First,  the localized nature of single-site recording means that the optrode captures signals only from the core and peri-infarct area and does not reflect activity in other brain regions that might be involved in post-stroke circuit remodeling. Future iterations of this protocol might incorporate multiple implants or a silicon tetrode to increase the monitoring area. Second, isoflurane anesthesia is administered during stroke induction and briefly during recording tether connection. While the exposure is short and mild for recording tether connection, the session for stroke induction is longer, and the residual effects on astrocytic and neuronal activity cannot be entirely excluded27. Future research may verify and quantify the actual residual effects as well as the development of a protocol to completely eliminate anesthesia. Despite these limitations,  the custom-fabricated optrode and adjustable implantation can be tailored to different brain regions and experimental designs. This integrated method allows real-time monitoring from the acute phase to chronic recovery stages. The ability to observe neuronal firing while simultaneously monitoring astrocytic calcium transients in a behaving animal provides a powerful window into the brain's immediate and long-term response to injury, which a single-modality recording protocol cannot provide.

In conclusion, this protocol presents a significant methodological advancement for investigating astrocyte-neuron dynamics following ischemic stroke. By integrating photothrombotic modeling with concurrent optrode-based recording and optogenetic manipulation, this approach addresses three major limitations of existing methodologies: the temporal gap between stroke induction and recording, the isolation of single-modality recordings, and the lack of behavioral assessment during data acquisition. The adaptability of this system, through modification of viral vectors, adjustment of recording sites, and incorporation of various behavioral paradigms, ensures its applicability to diverse research questions in stroke pathology, astrocyte-neuron interactions, and circuit-level plasticity. Ultimately, this methodology provides researchers with a comprehensive tool for dissecting the cellular and network mechanisms underlying post-stroke recovery, potentially accelerating the development of more effective therapies.
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