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Extended Data Fig. 5 | See next page for caption.



Nature Neuroscience

Technical Report https://doi.org/10.1038/s41593-025-02127-6

Extended Data Fig. 5 | Numerical and experimental assessments of heat 
accumulation to guide stimulation parameters. (a) Left, image of micro-
fabricated thermistor for measuring temperature; middle, schematic illustration 
of the experimental setup for measuring heat accumulation in the structures 
surrounding the optical-neural interface; right, image of experimental setup, 
with wires connected to the thermistors to collect resistance value. Scale bar: 
500 µm. (b) Calibration curves of thermistors used in this study for measuring 
the temperature increase on the surface of skull (left), on the surface of brain 
(middle), and below the µ-ILED (right). Each dot represents one resistance 
measurement at one temperature measurement. The best-fit line represents 
the linear regression between resistance and temperature. n = 1 representative 
thermistor at each location (skull, brain, or µ-ILED). (c) Simulated (Top) and 
measured (bottom) results of temperature increase below the µ-ILED for 3 s 
μ-ILED operation. The temperature increases in a 20 × 300 × 300 µm3 volume, 
100 µm below the μ-ILED surface, was output from the numerical model. The 
thermistor was manually placed and adhered to the μ-ILED surface, followed by 

a complete procedure of μ-ILED array fabrication. Measured data are presented 
as mean ± s.e.m. n = 3 technical replicates. Technical replicates are included 
to account for fluctuations in environmental temperature. (d) Left, simulated 
maximal temperature increases on the skull surface during μ-ILED operation 
with 10% duty cycle at varying frequencies. Right, same as left, but for varying 
duty cycles at 10 Hz. The finite element node with maximal temperature increase 
(max. node) was selected for plotting. (e) Same as (d), but for brain surface. 
(f) Left, measured temperature increases on the skull surface during μ-ILED 
operation with 10% duty cycle at varying frequencies. Right, same as left, but for 
varying duty cycles at 10 Hz. (g) Same as (f), but for brain surface. (h) Heatmap 
showing simulated heat production during a single μ-ILED operation in air at 
100% duty cycle and 1.93 mW power for 10 s. Left, fPCB array patch without 
modification. Right, fPCB array patch coated with 100 µm Cu on the rear side.  
(i) Simulated temperature increases with or without device surface modification 
with 100 µm Cu.
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Extended Data Fig. 6 | Opsin expression and surgical procedures.  
(a) Representative images of ChrimsonR expression in the targeted cortical 
regions from one mouse. The experiment was repeated independently on 8 
animals. (b) Heatmap showing the spread of viral expression across cortical 
regions. n = 8 animals. (c) Example image showing the distribution of tdT, 

vglut1, and vgat transcripts in cortical column of somatosensory cortex limb 
representation. L1, 1 to 100 μm, L2/3, 100 to 300 μm, L4, 300 to 400 μm, L5a, 
400 to 500 μm, L5b, 500 to 700 μm, L6a, 700 to 900 μm. Scale bar, 25 μm. The 
experiment was repeated independently on 16 brain slices from 4 animals.  
(d) Schematic illustration of critical steps of surgical implantation.
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Extended Data Fig. 7 | Extracellular recording in ChrimsonR-negative mice 
and evoked local field potentials (LFPs) in ChrimsonR-positive mice.  
(a) Schematic of in vivo extracellular electrophysiology recordings in 
ChrimsonR-negative mice. (b) Left, raw recording traces showing the electrical 
artifacts during the stimulation period at different distances (1,000-5,000 μm) 
from μ-ILED. Right, processed traces using a custom-modified version of the 
Estimation and Removal of Array Artifacts via Sequential Principal Components 
Regression (ERAASR) algorithm. Lines and shaded areas represent mean ± s.e.m. 
(c) Schematic of the in vivo extracellular electrophysiology recording setup 

for evoked LFPs in ChrimsonR positive mice. (d) Traces showing evoked LFPs 
averaged across all electrodes of the MEA at different distances from the μ-ILED 
with varying input optical power. Lines and shaded areas represent mean ± s.e.m. 
(e) Summary of evoked LFP magnitudes at different distances from the μ-ILED 
under varying input optical power levels. Lines represent the mean from all 
electrodes, and dots indicate individual electrode measurements. (f) Same as  
(e), but for latency to valley in LFP waveforms. Dots represent individual 
electrodes; lines indicate the mean.
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Extended Data Fig. 8 | Operant learning performance, reaction time analysis, 
and open-field locomotion analysis. (a) Number of sessions of 100 trials each 
across three levels of the task to reach the criterion of 80% success rate for 
animals expressing ChrimsonR (session median Level 1-12, Level 2-6, Level 3-12). 
One-way ANOVA, p = 0.5750, F (2, 28) = 0.5645; Sidak’s multiple comparisons 
test, Level 1 vs Level 2, p = 0.7258; Level 2 vs Level 3, p = 0.7596; Level 1 vs Level 3, 
p > 0.9999; Level 1, n = 11 animals; Level 2, n = 10 animals; Level 3, n = 10 animals. 
Data are presented as mean ± s.e.m. Dots represent individual animals.  
(b) Summary data showing the total training length to complete Levels 
1-3 and the number of sessions per day. Dark orange, group average; pale 
orange, individual trajectories; symbols mark the day individual animals 

reached criterion. (c) Timeline from water restriction to the end of training. 
Open-field locomotion was measured at the start of water restriction, before 
device implantation, and 2, 5, and 10 days post-implantation. (d) Left, average 
movement speed in an open-field arena across days, one-way ANOVA, F (1.739, 
5.217) = 1.632, p = 0.2773. Middle, same as left, but for acceleration, one-way 
ANOVA, F (2.154, 6.461) = 2.358, p = 0.1693. Right, same as left, but for exploration 
rate, one-way ANOVA, F (1.497, 4.491) = 3.271, p = 0.1354. Box plots show median 
(line), 25th and 75th percentiles (bounds of box), minimum and maximum values 
(whiskers). n = 4 animals. (e) Scatter plots showing reaction times in all trials for 
the Level 3 task as a function of total cortical distance between stimulated digits. 
(f) Summary data of cumulative distributions of reaction times for all animals.
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Extended Data Fig. 9 | Spatiotemporal analysis of behavioral trajectories 
for individual animals. (a) Line plots showing success rate as a function of 
spatial distance for 10 individual animals in the Level 3 task. The number of 
trials with correct or incorrect choices in each bin of spatial distance is plotted 
in the histogram. (b) Heatmap showing success rate for randomized non-target 

sequences grouped by specific stimulation locations at the first to the fourth 
stimulation digit in 10 ChrimsonR expressing animals. Red squares indicate the 
target stimulation sequence for each animal. (c) Two-sided Pearson’s correlation 
analysis of spatial distance and success rate based on stimulation digit for 
individual animals. Dashed lines indicate 95% confidence intervals.
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Extended Data Fig. 10 | Cue-discrimination of varying spatiotemporal 
patterns. (a) Left, schematic illustration of probing sequences with 75% 
(3 stimulation digits) and 50% similarity (2 stimulation digits) to the target 
sequences. Right, summary data showing the success rate of all probing sessions 
from all animals. 75% overlap, 0.6077 ± 0.0146; 50% overlap, 0.7312 ± 0.0203; 
Two-sided unpaired t-test, p < 0.0001. 75% overlap: n = 75 sessions from 5 animals; 
50% overlap: n = 41 sessions from 5 animals. (b) Left, schematic illustration of 
probing experiments with reversed sequences. Right, summary data showing 
success rate of all probing sessions from all animals, 0.7347 ± 0.00338; One 
sample t-test vs 0.5, p < 0.0001; n = 15 sessions from 5 animals. (c) Schematic 
illustrating single site stimulation task for mice to discriminate neighboring 
stimulation either on the same hemisphere or on the contralateral hemisphere. 
(d) Left, example of target (stimulation on a single cortical region) and non-target 
stimulation on a neighboring site. Middle, summary data showing discrimination 
performance on neighboring stimulation sites. Ipsilateral, 0.6151 ± 0.0168; one 
sample t-test vs 0.5, p < 0.0001; n = 58 sessions from 5 animals. Contralateral, 
0.7081 ± 0.0257; one sample t-test vs 0.5, p < 0.0001; n = 20 sessions from 3 
animals; Two-sided unpaired t-test, ipsi vs contra, p = 0.0053. Right, summary 
data showing discrimination of ipsilateral neighboring stimulation, 1st column 
(motor vs limb), 0.6788 ± 0.0542; one sample t-test vs 0.5, p = 0.0132. 2nd column 
(limb vs trunk), 0.6147 ± 0.0471; one sample t-test vs 0.5, p = 0.0288. 3rd column 
(trunk vs visual), 0.6007 ± 0.0149; one sample t-test vs 0.5, p < 0.0001. One-way 
ANOVA, Sidak’s multiple comparisons test, 1st vs 2nd column, p = 0.5884; 1st 
vs 3rd column, p = 0.3287; 2nd vs 3rd column, p = 0.9792. (e) Left, example 
of a target and a non-target stimulation, where one digit was switched to a 
neighboring site. Middle, summary data showing no significant difference 
in discrimination performance when the switched neighboring digit was in 
the ipsilateral or contralateral hemisphere. Ipsilateral, 0.6132 ± 0.0239; one 
sample t-test vs 0.5, p < 0.0001; n = 24 sessions from 3 animals. Contralateral, 
0.5935 ± 0.0249; one sample t-test vs 0.5, p = 0.0013; n = 20 sessions from 3 
animals; Two-sided unpaired t-test, ipsi vs contra, p = 0.5742. Right, summary 
data showing discrimination performance when the switched digit was in the 
ipsilateral hemisphere, 1st column (motor vs limb), 0.5930 ± 0.0462; one sample 

t-test vs 0.5, p = 0.0786. 2nd column (limb vs trunk), 0.6600 ± 0.0620; one 
sample t-test vs 0.5, p = 0.0494. 3rd column (trunk vs visual), 0.6022 ± 0.0196; 
one sample t-test vs 0.5, p = 0.0008. One-way ANOVA, Sidak’s multiple 
comparisons test, 1st vs 2nd column, p = 0.6523; 1st vs 3rd column, p = 0.9978; 
2nd vs 3rd column, p = 0.7640. (f) Left, example of a target stimulation for mice 
to discriminate the target against each individual digit within it. Right, summary 
data of performance, 1st stim. (target vs 1st digit of the target), 0.6893 ± 0.0196; 
one sample t-test vs 0.5, p < 0.0001. 2nd stim., 0.7911 ± 0.0703; one sample t-test 
vs 0.5, p = 0.0033. 3rd stim., 0.7600 ± 0.0428; one sample t-test vs 0.5, p = 0.0017. 
4th stim., 0.9020 ± 0.0132; one sample t-test vs 0.5, p < 0.0001. One-way ANOVA, 
Sidak’s multiple comparisons test, 1st vs 2nd stim., p = 0.3006; 1st vs 3rd stim., 
p = 0.8439; 1st vs 4th stim., p = 0.0164; 2nd vs 3rd stim., p = 0.9991; 2nd vs 4th 
stim., p = 0.6932; 3rd vs 4th stim., p = 0.5151. (g) Left, example of a target for mice 
to discriminate the target against its first digit, with the initiation site across all 
cortical regions. Right, summary data of performance, motor (target initiates 
from the motor cortex), 0.7000 ± 0.0397; one sample t-test vs 0.5, p = 0.0005. 
somalimb, 0.6355 ± 0.0539; one sample t-test vs 0.5, p = 0.0031. somatrunk, 
0.6625 ± 0.0309; one sample t-test vs 0.5, p < 0.0001. visual, 0.7497 ± 0.0339;  
one sample t-test vs 0.5, p < 0.0001. One-way ANOVA, Sidak’s multiple 
comparisons test, motor vs somalimb, p = 0.8672; motor vs somatrunk, 
p = 0.9840; motor vs visual, p = 0.9414; somalimb vs somatrunk, p = 0.9972; 
somalimb vs visual, p = 0.2442; somatrunk vs visual, p = 0.4324.  
(h) Left, example showing mice discriminate stimulations on the same site with 
different durations. Right, summary data of performance. 0.3 s (1.2 s target vs 
0.3 s like-target), 0.7256 ± 0.0384; one sample t-test vs 0.5, p = 0.0004. 0.6 s, 
0.7088 ± 0.0396; one sample t-test vs 0.5, p = 0.0012. 0.9 s, 0.6087 ± 0.0642; one 
sample t-test vs 0.5, p < 0.0001. One-way ANOVA, Sidak’s multiple comparisons 
test, 0.3 s vs 0.6 s, p = 0.9503; 0.3 s vs 0.9 s, p = 0.0003; 0.6 s vs 0.9 s, p = 0.0031. 
All data are presented as mean ± s.e.m. Dots represent individual sessions of 100 
trials. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for two-sided t-test and 
multiple comparisons. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 for  
one-sample t-test vs 0.5.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection ABAQUS (ABAQUS Analysis User’s Manual, 2020, Dassault Systemes Simulia Corp) was used for mechanical and thermal simulation. 

COMSOL (COMSOL 6.0, equation Based Modeling User’s guide) was used for electromagnetic and optical modeling.  

Integrating sphere photodiode power meter (S140C, Thorlabs Inc. Newton, NJ) and a calibrated power meter (PM100D, Thorlabs Inc.) were 

used to collect optical light intensity.  

Digital multimeter (USB-4065, National Instruments, Austin, TX) was used to collect resistance changes in the thin-film thermistor. 

An FEI Quanta 650 environmental scanning electron microscope was used to examine the surface morphology of the µ-ILED array and 

serpentine interconnects. 

Mediso Nucline v2.01 was used to collect MicroCT imaging data.  

Olympus VS120 system (Olympus Scientific Solutions Americas) was used to collect histological images. 

Confocal images were acquired using an Olympus FV3000 confocal microscope or a Leica SP8 confocal microscope with 60x/63x objectives (oil 

immersion). 

30-khz continuous extracellular activity was simultaneously recorded from the multielectrode array and the current source using an 

OpenEphys data acquisition board with their provided software (OpenEphys, GUI version 0.5.5).  

The open-source mouse operant chamber (Bpod, Sanworks LLC, NY, developed by Josh Sanders) was used to collect operant learning results. 

Matlab (R2023a, MathWorks, Natick, MA) was used to control Bpod and the near field communication protocols. 

Data analysis Group statistical analyses were done using GraphPad Prism 7 software (GraphPad, LaJolla, CA).  

All image data were processed by using FIJI (ImageJ 1.52p) (Schindelin et al., 2012).  

MicroCT imaging data were processed with Amira v2020.2.  

Electrophysiology data, operant learning performance, and behavioral analyses were done with Python 3.9 (Python Software Foundation). 

For spike analysis, stimulation and common-mode artifacts were removed using a version of the ERAASR algorithm (Pachitariu et al., 2024). 
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The cleaned signal was then acausally filtered with a 300-6,000 Hz bandpass Butterworth filter and sorted using the Kilosort4 Python package 

(Siegle et al., 2017).  

All computer code and customized software generated during and/or used in the current study are available at 10.5281/zenodo.14880024.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 

reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Raw data generated during the current study are available from the corresponding author on reasonable request. The analyzed data are available at 

doi.org/10.5281/zenodo.14880024. Source data that support the findings of this study are included within this paper and its Supplementary Information files. 

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 

and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No human participants are involved in this study.

Reporting on race, ethnicity, or 

other socially relevant 

groupings

No human participants are involved in this study.

Population characteristics No human participants are involved in this study.

Recruitment No human participants are involved in this study.

Ethics oversight No human participants are involved in this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Required sample sizes were estimated based on previous report of published results and our past experience performing similar experiments. 

No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications 

(Shin et al, 2017; Wu et al, 2021; Yang et al, 2021; Wu et al, 2022).

Data exclusions No data were excluded from the analysis.

Replication The number of replicates for each experiment were reported in the paper and the method section. All experiments were repeated at least 

twice.  All attempts at replication were successful.

Randomization Animals were randomly assigned to treatment groups. All samples were randomly assigned to experimental groups.

Blinding Blinding was not relevant to the study, as all metrics were quantified and analyzed using automated pipelines applied identically across 

experimental groups.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 

Research

Laboratory animals Wild-type C57BL/6 mice were obtained from Charles River (Wilmington, MA) and bred in-house. Adult male and female mice, aged 

between postnatal days 80 to 120 and weighing 20 to 30 g at the onset of experiments, were used in the study. 

Wild animals No wild animals were used in the study.

Reporting on sex Sex was not considered in the study design. Male mice were used in the operant learning experiment. Approximately equal numbers 

of males and females were used in other experiments. 

Field-collected samples No field collected samples were used in the study.

Ethics oversight Animals were handled according to protocols approved by the Animal Care and Use Committees at Northwestern University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes N/A

Seed stocks N/A

Authentication N/A

Plants




