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SUMMARY  
This protocol outlines a standardized framework for post-surgical evaluation after chronic multi-electrode EEG implantation in rats, including sequential monitoring of signal quality, behavioral recovery, and neuroinflammatory markers to determine appropriate initiation of stable long-term recordings.

ABSTRACT 
Intracranial multi-electrode implantation enables simultaneous acquisition of neural signals across brain regions but introduces post-surgical perturbations that can affect data quality and experimental timing. This protocol describes a standardized workflow for chronic multi-site intracranial EEG electrode implantation and structured post-implantation assessment in Sprague–Dawley rats. Tungsten wire electrodes are stereotactically implanted at three predefined intracranial sites (anterior cingulate cortex, hippocampus CA1, and entorhinal cortex) using a surgical strategy designed to minimize tissue disruption.

Following implantation, the protocol specifies longitudinal evaluation across five domains: electrode localization accuracy, local field potential integrity, pain-related behavior, feeding behavior, and neuroinflammatory markers. Electrophysiological and behavioral assessments are conducted at predefined postoperative time points (baseline and postoperative days 1, 4, 7, 10, and 13) to support consistent monitoring of early post-surgical effects (n = 3). Histological analyses are used to characterize local tissue responses at later stages (baseline and postoperative days 3, 6, 9, and 13; n = 3 per time point).

Operational criteria and assessment intervals are provided to guide decisions regarding experimental readiness and initiation of long-term recordings. This protocol provides a structured approach to post-implantation monitoring and informs the appropriate timing of downstream neurophysiological experiments.

INTRODUCTION:
Intracranial electroencephalography (EEG) enables high-resolution measurement of neural activity by recording signals directly from brain tissue1,2, providing advantages in spatial specificity and signal fidelity over scalp EEG approaches3. Multiple-region intracranial recordings offer insights into network-level interactions, which are widely used to investigate neural dynamics underlying cognition and disease and are commonly implemented in rodent models for mechanistic and longitudinal studies4,5.

Tungsten wire electrodes are commonly employed for chronic recordings because of their mechanical stability and biocompatibility6-8. However, implantation requires invasive surgery that can temporarily disrupt neural physiology, tissue integrity, and animal behavior9-11. Challenges such as acute surgical stress, local inflammation, glial responses, and changes in feeding or nociceptive behavior can influence signal quality and experimental interpretation during the early post-implantation period12-14. However, this recovery period remains largely empirical, with reported recovery windows ranging from 5 to 7 days15,16. Prolonged delays, conversely, may introduce additional confounds related to tissue remodeling or electrode displacement17.

Despite the widespread use of chronic intracranial EEG, there is no standardized framework for post-implantation monitoring that integrates electrophysiological, behavioral, inflammatory, and histological assessments to inform experimental timing. Therefore, the present protocol addresses this gap by outlining a structured approach for evaluating post-implantation status in a chronic intracranial multi-electrode implantation model in anesthetized Sprague–Dawley (SD) rats (6 weeks old). Using tungsten wire electrodes implanted in the anterior cingulate cortex (Cg1), hippocampus CA1, and entorhinal cortex (EC), the protocol specifies longitudinal assessment of electrode stability, EEG signal characteristics, behavioral indicators, and inflammatory markers over a two-week period. Although assessments are performed under general anesthesia for practical convenience, this approach does not affect the primary aim of establishing a framework for electrode implantation and stability. This protocol is intended to guide post-surgical monitoring and support consistent determination of appropriate time points for initiating downstream neurophysiological studies.

PROTOCOL

All animal procedures were performed in accordance with institutional guidelines and approved by the Institutional Animal Care and Use Committee of Capital Medical University (Approval ID: AEEI-2024-391).

1. Animal preparation

1.1. Obtain 6-week-old male SD rats (body weight 220–230 g). House the animals in a specific pathogen-free environment (24 ± 2 °C, 50 ± 10% humidity, 12 h light/dark cycle). Provide food and water ad libitum. Acclimate the rats for 7 days prior to surgery.

1.2. Following electrode implantation, house rats individually under the same environmental conditions to prevent damage to the headstage.

NOTE: The study flowchart and the corresponding measurements are presented in Figure 1A. Reagents and equipment are listed in the Table of Materials.

2. Multielectrode implantation surgery

2.1. Anesthetize rats with isoflurane (3–4% induction, 2% maintenance) delivered with oxygen at 2 L/min.

2.2. Place the rat in a stereotaxic frame and maintain body temperature at 37 °C using a thermostatically controlled heating pad. Apply erythromycin ophthalmic ointment to prevent corneal drying.

2.3. Shave the scalp and disinfect with 0.5% iodophor solution.

2.4. Perform a midline scalp incision (1 × 2 cm) to expose the skull and gently remove the periosteum using sterile cotton swabs.

2.5. Skull preparation and drilling

2.5.1. Identify bregma and lambda and level the skull in both anterior–posterior and medial–lateral planes.

2.5.2. Drill burr holes (≤2 mm diameter) at target coordinates using a low-speed dental drill with intermittent saline irrigation.

2.6. Electrode preparation and insertion

2.6.1. Use polyimide-insulated tungsten wire electrodes (shank diameter: 300 µm) with an exposed tip length of 4–8 mm (flush-cut end). Measure electrode impedance (|Z|) at 1 kHz; acceptable values range from 7–10 kΩ with a phase angle ranging from 1°–2°.

2.6.2. Slowly insert electrodes into the following regions: Cg1 (anterior cingulate cortex): AP +1.2 mm, ML −0.2 mm, DV −2.4 mm; CA1 (hippocampus): AP −3.3 mm, ML −1.8 mm, DV −3.0 mm; EC (entorhinal cortex): AP −6.7 mm, ML −4.0 mm, DV −8.0 mm.

2.6.3. Implant one stainless-steel skull screw over the contralateral CA1 region and use it as the ground electrode.

2.7. Electrode fixation and closure

2.7.1. Verify correct electrode depth and targeting using stereotaxic coordinates during implantation; confirm electrode localization post hoc by histological identification of electrode tracks.

2.7.2. Secure electrodes and screws using dental resin (cure 30–60 s per layer).

2.7.3. Connect electrode leads to a headstage connector and suture the surrounding skin.

2.8. Record baseline EEG activity for 30 min at the corresponding time point (Figure 1A) while maintaining anesthesia.

3. Postoperative care and handling

3.1. Allow rats to recover on a warming pad until fully ambulatory.

3.2. House rats under controlled temperature and humidity with soft bedding and ad libitum access to food and water to mitigate stress.

3.3. Inspect incision sites, electrode stability, and headstage integrity daily.

3.4. House animals individually, provide daily wound care (0.5% iodophor solution), and monitor welfare without pharmacological agents to avoid confounding effects, in line with previous studies6,18.

4. Longitudinal EEG recording

4.1. Perform EEG recordings on days 1, 4, 7, 10, and 13 post implantation.

4.2. Anesthetize rats with isoflurane (3–4% induction, 1.5% maintenance).

4.3. Stabilize recording cables to minimize motion artifacts and electromagnetic noise.

4.4. Record EEG for 30 min starting at 9:00 a.m. to control for circadian variability.

4.5. Use the following acquisition parameters: sampling rate: 1,000 Hz; hardware band-pass filter: 0.5–40 Hz; gain: 8–10. Perform additional filtering and artifact rejection offline.

4.6. Acceptable EEG signals show stable baselines, minimal noise or drift, and physiologically plausible amplitude and frequency content; exclude recordings not meeting these criteria.

5. EEG signal analysis

5.1. Analyze EEG signals using the referenced software. 

5.2. Visually inspect signals and remove segments with motion or electrical artifacts.

5.3. Compute power spectral density (PSD) using FFT (pwelch function).

5.4. Quantify oscillatory activity by calculating the area under the PSD curve (AUCpsd) for predefined frequency bands.

5.5. Calculate the signal-to-noise ratio (SNR) as the ratio of power in the target signal band (0.5–40 Hz) to the background noise band (40–80 Hz).

NOTE: Stable signals exhibit consistent PSD profiles across consecutive recording days.

6. Pain assessment

6.1. Assess pain using the Rat Grimace Scale19,20 one day before surgery (baseline) and on all recording days.

6.2. Use an observation chamber (25 cm × 15 cm × 15 cm) and position the camera in the upper left corner at a 45 angle.

6.3. Capture facial images, randomize image order, and score orbital tightening, nose/cheek flattening, whisker changes, and ear position (0–2 scale).

6.4. Sum scores to generate a total pain score per animal per time point.

7. Feeding behavior and body weight

7.1. Weigh rats and measure food intake daily. Calculate food intake by subtracting the remaining chow from preweighed food after 24 h.

7.2. Record rat behavior continuously for 24 h using a video recording system. Analyze feeding behavior offline by experimenters blinded to experimental conditions.

7.3. Monitor feeding continuously using an automated system. Define a feeding bout as ≥1 event lasting 5 s–15 min21.

7.4. Calculate body weight-adjusted intake (g × 100/g body weight); mean intake per meal (g/number of meal events); and intake rate (g/total feeding duration in min).

8. Neuroinflammation assessment

8.1. Euthanize rats using an overdose of isoflurane followed by decapitation.

8.2. Collect brain tissue from implanted hemispheres at baseline and postoperative days 3, 6, 9, and 13 (n = 3 per time point).

8.3. Western blotting

8.3.1. Extract total protein from brain tissue and quantify protein concentration using a bicinchoninic acid (BCA) assay. Adjust all samples to a final concentration of 2 µg/µL and denature at 100 °C for 5 min.

8.3.2. Separate proteins by 10% SDS-PAGE at 120 V for 90 min, loading 20 µg of protein per lane.

8.3.3. 
8.3.3. Transfer proteins onto a PVDF membrane at 300 mA for 1 h.

8.3.4. Block membranes and incubate overnight at 4 °C with primary antibodies against tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) (1:1,000).

8.3.5. Incubate with HRP-conjugated secondary antibody (1:20,000, 2 h, room temperature).

8.3.6. Visualize bands using ECL and image with a chemiluminescence imaging system using the automatic exposure mode.

8.3.7. Perform densitometry using ImageJ.

9. Safety and waste disposal

9.1. Handle isoflurane using an active scavenging system.

9.2. Dispose of sharps and biological tissues in designated biohazard containers.

9.3. Dispose of chemical reagents according to institutional safety regulations.

REPRESENTATIVE RESULTS
All 21 SD rats tolerated intracranial electrode implantation and completed the study protocol. Longitudinal measures (EEG, body weight, feeding behavior, and pain scores) were collected from the same animals across time points (n = 3), while neuroinflammatory assessments were terminal measures at each time point (n = 3 rats per day: baseline, 1, 4, 7, 10, 13). Data were assessed for normality using Shapiro-Wilk tests. Normally distributed data are expressed as mean ± SEM and compared using one-way or repeated-measures ANOVA with Bonferroni correction. Non-parametric data were analyzed using the Kruskal-Wallis test with Dunn’s post hoc test. A two-sided p < 0.05 was considered statistically significant. EEG signal recovery is defined as a plateau in AUCpsd across consecutive time points, while feeding, body weight, and RGS scores are considered recovered when returning to baseline.

Electrode localization
Histological verification on day 13 confirmed that electrode tips were accurately located within the Cg1, hippocampus CA1, and EC. Electrode tracks aligned with stereotaxic coordinates are presented in Figure 2.

EEG signal recovery
EEG signals collected under anesthesia on days 1, 4, 7, 10, and 13 are shown in Figure 3. On day 1, PSD values were reduced at all sites (Cg1: 0.607 ± 0.555 × 10⁻² μV²/Hz; CA1: 0.415 ± 0.208 × 10⁻² μV²/Hz; EC: 0.871 ± 0.533 × 10⁻³ μV²/Hz). By day 4, PSD increased significantly (Cg1: 3.25 ± 0.716 × 10⁻² μV²/Hz; CA1: 8.33 ± 1.36 × 10⁻² μV²/Hz; EC: 5.12 ± 1.08 × 10⁻³ μV²/Hz; all p < 0.05 vs. day 1) and remained stable through day 13. Time-frequency analysis confirmed progressive restoration of oscillatory activity. Similar patterns were observed in AUCpsd. The signal-to-noise ratios (SNRs) in Cg1, CA1, and EC, calculated as the power ratio between the 0.5–40 Hz and 40–80 Hz bands, did not differ significantly across days 1, 4, 7, 10, and 13.

Pain sensation
RGS scores peaked at 2.5 ± 0.26 on day 1 and declined to 0.67 ± 0.06 by day 4 (p < 0.01 vs. day 1). Scores returned to zero by day 7 and remained unchanged thereafter, demonstrating that acute pain subsided within the first week (Figure 4).

Body weight and feeding behavior
Body weight and feeding activity were recorded longitudinally. Body weight decreased from baseline (249.6 ± 3.0 g) to 240.0 ± 1.6 g on day 1 (p = 0.087), recovered by day 4 (251.2 ± 1.7 g, p = 0.987 vs. baseline), and exceeded baseline by day 13 (291.4 ± 4.2 g, p < 0.001). Food intake was halved on day 1 (4.7 ± 0.6 g vs. 11.9 ± 0.9 g at baseline, p < 0.001), with fewer meal events (7.3 ± 0.9 vs. 18.0 ± 1.2, p < 0.001), reduced normalized intake (2.0 ± 0.3 g/100 g vs. 4.8 ± 0.4 g/100 g, p < 0.001), and slower eating rate (0.06 ± 0.01 g/min vs. 0.15 ± 0.01 g/min, p = 0.001). Single-meal intake remained unchanged, suggesting reduced frequency rather than capacity. By day 4, feeding parameters returned to baseline and remained stable (Figure 5).

Neuroinflammatory response.
Western blotting assessment (n = 3 per time point) revealed upregulation of TNF-α and IL-6 on day 1 (TNF-α: 0.416 ± 0.063 vs. 0.102 ± 0.047, p < 0.001; IL-6: 0.469 ± 0.048 vs. 0.095 ± 0.045, p = 0.005). IL-6 remained elevated through day 4 (0.345 ± 0.056, p = 0.033) but declined thereafter. By day 13, both markers showed partial resolution, although levels remained mildly elevated compared to baseline, suggesting a sustained but attenuated inflammatory state (Figure 6).

Across all domains, post-implantation disturbances peaked on day 1. EEG signals, feeding behavior, and pain scores stabilized by days 4–7, whereas inflammation persisted longer but diminished progressively. These results suggest a minimum 4-day recovery period for stable recordings, while inflammation should be considered in studies extending beyond the acute phase. It is important to note that electrophysiological data were collected under anesthesia, and recovery is defined within that recording context.

FIGURE AND TABLE LEGENDS:
Figure 1. Experimental design and electrode implantation. (A) Timeline of the 13 day experimental protocol. Baseline data were collected on day −1 (the day before surgery), followed by implantation on day 0 and recordings on days 1, 4, 7, 10, and 13 (√). (B) Stereotaxic coordinates of target regions relative to bregma: anterior cingulate cortex, hippocampus, and entorhinal cortex. Abbreviations: AP = anteroposterior, ML = mediolateral, DV = dorsoventral; Cg1 = anterior cingulate cortex; EC = entorhinal cortex; CA1 = hippocampus. 

Figure 2. Verification of electrode placement. (A) Schematic illustration of stereotaxic implantation targeting the cingulate cortex (blue), hippocampus (orange), and entorhinal cortex (green). (B) Representative coronal brain sections on day 13 showing electrode tracks (arrows). Left: magnified view (scale bar = 0.5 mm). Right: full section (scale bar = 2 mm). n = 3 rats at 13 days after surgery. Abbreviations: Cg1 = anterior cingulate cortex; EC = entorhinal cortex; CA1 = hippocampus.

Figure 3. EEG recovery after implantation. (A) Representative intracranial local field potential waveforms recorded from Cg1, CA1, and EC at each time point. (B) Time-frequency spectrograms illustrating changes in oscillatory activity over time. (C) PSD plots from Cg1, CA1, and EC across time points. (D) Quantitative AUCpsd analysis. (E) Quantitative SNR ratio. Data = mean ± SEM. Kruskal–Wallis with Dunn’s test. *P < 0.05, **P < 0.01 vs. day 1. n = 3 animals (same animals as in Figure 2). LFP = local field potential; PSD = power spectral density; Cg1 = cingulate cortex; CA1 = hippocampal CA1; EC = entorhinal cortex; AUC = area under the curve; SNR = signal-to-noise ratio.

Figure 4. Pain sensation post-implantation. (A–E) Representative RGS images across time points. (F) Quantitative RGS scores. Data = mean ± SEM. Kruskal–Wallis with Dunn’s test. *P < 0.05 vs. day 1. n = 3 animals (same animals as in Figure 2). RGS = Rat Grimace Scale.

Figure 5. Feeding behavior and body weight. (A) Body weight. (B) Total food intake. (C) Meal events. (D) Normalized intake. (E) Intake per meal. (F) Eating rate. Data = mean ± SEM. One-way ANOVA with Bonferroni correction. *P < 0.05, **P < 0.01, ***P < 0.001 vs. baseline. n = 3 animals (same animals as in Figure 2).

Figure 6. Inflammatory response. (A) Representative immunoblots of TNF-α and IL-6. (B,C) Quantitative expression levels across time points. Data = mean ± SEM. One-way ANOVA with Bonferroni correction. *P < 0.05, **P < 0.01, ***P < 0.001 vs. baseline. n = 18 total (n = 3 animals per time point). Abbreviations: TNF-α = tumor necrosis factor-α; IL-6 = interleukin-6.

DISCUSSION
Chronic intracranial electrode implantation for EEG monitoring in rodents remains a cornerstone technique for investigating neural dynamics at high temporal resolution. Establishing an appropriate postoperative monitoring and recovery window is critical for ensuring both signal reliability and animal welfare. This study provides a structured framework for evaluating electrophysiological stability, behavioral outcomes, and inflammatory responses following multi-electrode implantation in SD rats, offering practical guidance for implementation in long-term recording protocols.

EEG, behavioral, and physiological recovery
Using a combined electrophysiological, behavioral, and physiological monitoring framework, this protocol demonstrates that intracranial EEG signals undergo a predictable stabilization process following multi-electrode implantation. EEG spectral power initially decreased post-surgery on day 1 but stabilized within 3–4 days across all regions (Cg1, CA1, and EC). This early suppression is consistent with prior reports attributing postoperative EEG disturbance to tissue disruption, glial activation, and local inflammatory responses surrounding the electrode shaft22,23. Importantly, functional EEG recovery precedes the full resolution of neuroinflammatory markers, suggesting that compensatory processes such as synaptic plasticity24 and microcircuit adaptation25 contribute to stabilization of network activity. From a practical standpoint, this supports the initiation of EEG data collection as early as day 4, while highlighting that additional consideration should be given to residual inflammatory activity in studies involving neuroimmune interactions26. Based on prior studies27,28, TNF-α and IL-6 were selected as representative inflammatory markers to assess the implanted hemisphere, allowing this study to partially reflect the overall impact of recovery time on neuroinflammatory status.

Electrode implantation produced transient disruptions in physiological homeostasis. Rats exhibited weight loss, reduced food intake, and elevated Rat Grimace Scale scores on day 1, reflecting acute post-surgical pain and stress responses. By day 4, both weight and feeding parameters had normalized, and pain sensitivity returned to baseline by day 7. Notably, these findings align with the recovery trajectory of electrophysiological signals, indicating that systemic recovery and neural stabilization occur in parallel. For protocol implementation, this underscores the necessity of careful perioperative monitoring of feeding behavior and body weight, not only as welfare measures but also as indirect indicators of when reliable data collection can begin.

Critical technical steps determining implantation success and EEG stability
Several technical steps within the protocol are particularly critical for successful implantation and long-term EEG stability. Accurate skull leveling29 is essential to ensure correct stereotaxic targeting and consistent electrode depth across animals. Precise burr-hole drilling minimizes cortical compression and reduces insertion-related tissue damage30. Controlled electrode insertion and secure fixation with dental resin are necessary to prevent micromovements that can destabilize signals and exacerbate local inflammation30. Proper placement of reference and ground electrodes is critical for minimizing noise and ensuring signal fidelity. Finally, effective cable and headstage stabilization reduces mechanical strain during movement, which is essential for maintaining stable recordings in freely behaving animals. Together, these steps directly influence signal quality, recovery trajectories, and long-term recording success.

Troubleshooting and common pitfalls
This protocol incorporates explicit troubleshooting guidance for common issues encountered in chronic intracranial EEG studies. Unstable or drifting signals are often attributable to inadequate electrode fixation and can typically be resolved by reinforcing resin stabilization and rechecking mechanical integrity. Excessive noise should prompt inspection of reference and ground electrode placement, impedance measurements, and cable shielding. Suspected electrode displacement may require reassessment of implantation geometry and, if necessary, exclusion of affected channels. Unexpected behavioral suppression or prolonged weight loss should trigger evaluation for postoperative complications, delayed recovery, or excessive restraint from headstage hardware. Implementing these checks allows early identification and correction of technical or biological confounders.

Comparison to existing approaches and added value of this protocol
In previous intracranial electrode studies, EEG recording was initiated after 5–7 days without systematic evaluation of electrophysiological, behavioral, or physiological recovery15,16. This protocol provides an integrated, multi-domain assessment that characterizes recovery trajectories rather than relying on arbitrary time points. By demonstrating that stable EEG activity can be achieved by day 4 in most animals, while also documenting residual inflammatory processes, this approach offers a more nuanced framework for balancing early data collection with biological validity. The inclusion of behavioral and physiological metrics further distinguishes this protocol from conventional practices and enhances reproducibility across laboratories.

Applications and decision rules for data acquisition
This recovery framework is particularly well-suited for longitudinal EEG studies involving multi-site recordings, behavioral paradigms, pharmacological interventions, and disease models requiring repeated or early post-implantation measurements. Although no universal thresholds for readiness to record are defined, the protocol provides actionable criteria, including stable electrode impedance, consistent PSD across sessions, normalization of feeding behavior and body weight, and resolution of acute pain indicators. These parameters allow investigators to tailor recording initiation to individual recovery trajectories while maintaining methodological rigor.

Limitations and future directions
The two-week observation window provides insight into early and sub-acute recovery but does not capture potential long-term complications27,31 such as electrode drift, encapsulation, or chronic gliosis. Expanding the temporal scope of recovery studies, including larger sample sizes and additional markers of neural plasticity, will be essential for fully validating electrode stability in long-duration studies. Furthermore, although rats are a practical small-animal model, differences in immune and healing responses across species highlight the need for translational caution when extrapolating to primates or clinical contexts. Although recorded under anesthesia32, the EEG data reflect underlying network dynamics and serve as a proxy for resting activity, with the caveat that anesthetic effects may modulate signal features.

In conclusion, this protocol provides a systematic framework for postoperative assessment following chronic intracranial electrode implantation. Electrophysiological signals and systemic measures typically stabilize within 3–4 days, supporting reliable EEG acquisition within the first postoperative week, although mild neuroinflammation may persist without precluding functional recovery. By integrating technical checkpoints with behavioral, physiological, and electrophysiological criteria, this approach improves reproducibility, supports animal welfare, and offers practical guidance for determining appropriate recording time points in chronic EEG studies.
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