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Fig. 8| Measuring spike-timing correlations from unit crosscorrelation

via high-density recording. a, Jitter-corrected CCGs of four example pairs of
neurons exhibiting significant correlations in spike timing. 7x STD, 7 x standard
deviation of CCG flank. b, Diagram of functionally connected neuron pairs
from one example session, with neurons ordered by depth along the probe.

¢, Distribution of signal correlation for pairs of neurons with different CCG
typesin the visual cortex. Group means were compared using bootstrapping
between nonsignificant pairs and significant, synchronous pairs (P<107),

between nonsignificant pairs and significant, asynchronous pairs (P <10™*) and
between synchronous and asynchronous pairs (P<107).d, Relationship between

signal correlation and peak value of CCG. e,f, Example putative connected
cell pairidentified using two probes in area AF (e) and ML (f) with putative

feedforward connection. g,h, Example putative connected cell pairidentified
using two probesin area ML (g) and AF (h) with putative feedback connection.
i, The population of functionally connected cells between AL and MF regions

dominated by cells that respond to faces.
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stimulating through external electrodes, as recently demonstrated by
O’Shea et al.””. Third, the Neuropixels 1.0 NHP design is not explicitly
optimized for chronicimplantation. Althoughitis probably possible
toleavethe probein place over multiple days or sessions, this possible
capability remains untested and requires new implant designs. The
probe base contains active electronics andis not designed forimplan-
tation under dura. As such, a chronic implant design may require
mounting the probe in a manner that allows it to mechanically ‘float’
with the brain, to prevent relative motion between the probe and the
tissue as the brain moves. As such, this probe is most appropriate for
acute recordings, although it could conceivably be implanted for
subchronic (multiple-week) recordings with appropriate insertion
methods and hardware. Last, although it is theoretically possible to
insert the entire 45-mm-long shank into the brain, inserting a probe
this deep introduces additional practical challenges to overcome—
primarily arequirement for precise alignment of the probe’sinsertion
axis with the insertion location.

Taken together, these methodological advances enable new
classes of neuroscientific experimentsin large animal models and pro-
videaviable scaling path toward recording throughout the whole brain.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41593-025-01976-5.
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Methods

Allsurgical and animal care procedures were performed in accordance
with National Institutes of Health (NIH) guidelines and approved by
the institutional animal care and use committees of each institution
involved in the study, including Stanford University, University of
California, Berkeley and Columbia University.

Probe design and recording system

The Neuropixels 1.0 NHP probe consists of an integrated base and
‘shank’ fabricated as a monolithic piece of silicon using a 130-nm
CMOS lithography process. The 6 mm x 9-mm base is mounted to
a 7.2 x 23-mm? printed circuit board (PCB), which is attached to a
7.2 x 40-mm?*long flexible PCB. This flexible PCB plugs into a ZIF con-
nector on a headstage (15 x 16 mm?,900 mg), which is connected to a
PXle controller mounted in an PXle chassis using a 5-m twisted-wire
cable. The base electronics, headstage, cable, PXle system and soft-
ware are identical to the Neuropixels 1.0 probe. Data collection
was performed using SpikeGLX software (https://billkarsh.github.
io/SpikeGLX/) and the system is fully compatible with OpenEphys
software.

The commercial release of these probes features recording sites
distributed intwo aligned vertical columns, in contrast to the ‘zig-zag’
columns described in the present report, to optimize data collection
forautomated drift correction and enhance automated spike sorting.
Athird variant, identical to Neuropixels 1.0 inlength, but with a thicker
shank (122 pm versus 25 pm), is also now commercially available on
special request.

Recording sites are 12 um x 12 um, made of titanium nitride and
have an impedance of +150 kQ at 1 kHz. The tips of the probes were
mechanically beveled to a25° angle using the Narishige EG-402 micro-
pipette beveler. During recordings, electrical measurements were
referenced to: (1) the large reference electrode on the tip of the probe;
(2) an external electrical reference wire placed within the recording
chamber; or (3) astainless steel guide-tube cannula. Electrical signals
are digitized and recorded separately for the action potential band
(10 bits, 30 kHz, 5.7 pV meaninput-referred noise) and local field poten-
tial (LFP) band (10 bits, 2.5 kHz).

Recording sites are programmatically selectable with some con-
straints on site selection (see Extended Data Fig.1for a description of
site-selection rules and common configurations). Spike sorting was
performed using Kilosort2.5andKilosort 3.0, and results were curated
using Phy. Analysis was performed using customized scripts written
in Matlab and Python, leveraging the open-source software package
neuropixels-utils (https://github.com/djoshea/neuropixel-utils).

Probeinsertion

Several distinct methods were used to mount and insert probes, guided
by the unique constraints of inserting probes to different depths and
depending ontherecording chambers and mechanical access available
for different primates used in these studies, as well as the existing hard-
ware used by each of four distinct research groups. For single-probe
insertions, probes were mounted using customized adaptersto a
commercially available probe drive (for example, Narishige, Corp.)
andinserted through ablunt guide tube for superficial recordings and
a sharp penetrating guide tube for deeper recordings. When using a
nonpenetrating guide tube, the dura was typically penetrated with a
tungsten electrode before using a Neuropixels probe to create asmall
perforationinthe durato easeinsertion. Wheninserting probes to deep
targets (>20 mm), the alignment between the drive axis and the probe
shank is essential for enabling safe insertion, because misalignment
can cause the probe to break. For this application, we developed sev-
eral approaches to maintain precise alignment of the probe and drive
axis. First, we employed a linear rail bearing (IKO International) and
customized three-dimensional (3D) printed fixture to maintain precise
alignment of the insertion trajectory. This approach is discussed in

detail in the accompanying Neuropixels 1.0 NHP wiki (https://github.
com/cortex-lab/neuropixels/wiki).

For the experiments shown in Fig. 4, we developed a dovetail rail
system that maintains precise alignment between a penetrating guide
tube and the Neuropixels probe. The choice of appropriate insertion
method depends on the mechanical constraints introduced by the
recording chamber design, the depth of recording targets, number of
simultaneous probes required and choice of penetrating or nonpen-
etrating guide tube. The interaction of these constraints and a more
thorough discussion of insertion approaches are provided on the
Neuropixels users wiki (https://github.com/cortex-lab/neuropixels/
wiki). Open-source designs for mechanical mounting components for
Neuropixels 1.0 NHP to drives from Narishige, NAN and other systems
are available in a public repository: https://github.com/etrautmann/
Neuropixels-NHP-hardware.

To minimize the impact of slow tissue drift during recordings,
the Neuropixels probes were often inserted 150-300 pm past the
desired target depth, then withdrawn by that amount and allowed to
‘settle’ for 30-60 min before beginning an experiment. Inaddition, for
superficial recordings in motor cortex, the probe was inserted through
abluntguide tube that was placed in contact with the dural surface and
lowered by asmallamount (-500 pum), gently compressing the durato
reducethetissue motionresulting from pulse and respiratory rhythms.

Invitro electrical characterization

In vitro noise measurements are performed in the standard,
self-referenced configuration as described in the Neuropixels manual,
with the reference and ground connected together and to a platinum
wire electrodeinasaline bath. The noise on each channel is measured
by averaging Fourier power spectra from 5x 3-s-long sections of data
and estimating the root mean square (r.m.s.) from the integral over
300-1,0000 Hz:

fs
Neer

r.m.s. = VP x Binwidth =

P x

where Pis the sum over the frequency range in the power spectrum,
fi the sampling frequency and Ny the number of points in the fast
Fourier transform (FFT) calculation. Gain measurements were per-
formed by connecting the probe ground and reference to the Faraday
cage ground and a 1-mV, 3-kHz sine wave was applied to the saline
bath through a Pt wire electrode. The amplitude of the sine wave on
each channel was measured by averaging over a 15-Hz window about
the 3-kHz peak in the Fourier power spectrum. Extended Data Fig. 2d
shows the mean amplitude over channels versus bank; error bars =1s.d.

Visual cortex recordings and analysis
Two male adult rhesus monkeys (Macaca mulatta,11and 16 kg), monkey
Tand monkey H, served as experimental subjects. Each animal was sur-
gicallyimplanted withatitanium head post and a cylindrical titanium
recording chamber (30-mm diameter). Ineach animal, the placement
oftherecording chamber was centered at ~17 mm from the midline and
~7 mmbehind ear-bar-zero, and a craniotomy was performed, allowing
access to multiple visual areas in the superior temporal sulcus (STS).
Allsurgeries were conducted using aseptic techniques under general
anesthesiaand analgesics were provided during post-surgical recovery.
We measured visual RFs by randomly presenting a single-probe
stimulusoutofeithera7(H) x 11(V) stimulusgrid extending 18 (H) x 30 (V)
degrees of visual angles (d.v.a.) (monkey T) or a14 (H) x 17 (V) stimulus
gridextending 26 (H) x 32 (V) d.v.a. (monkey H). The stimulus consisted
of a drifting Gabor gratings (2° in diameter, 0.5 cycle per ° in spatial
frequency, 4 °sinspeed, 100% Michelson contrast) and was presented
for a duration of 0.1 s. Monkeys were rewarded with a drop of juice
if they maintained fixating at the fixation spot throughout the trial.
Neuropixels data were collected using SpikeGLX. Spike sorting was
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performed usingeither Kilosort 2.0 (single-bank recording, monkey T)
orKilosort 3.0 (multi-bank recording, monkey H) and manually curated
with Phy. Foragiven stimulus location, we obtained the neuronal activ-
ity by countingall the spikes during the stimulus presentation period,
accounted for by a time delay of 50 ms. Neuronal RFs were defined as
the stimuluslocations thatelicited >90% of the peak visual responses.

Motor cortex recordings and analysis

Details of the pacman behavioral task and experimental hardware
presentedinFig.3 are described inref. 33. Three monkeys (M. mulatta)
served as experimental subjects. In each, a head post and recording
chamber were implanted over premotor and primary motor cortex
using asepticsurgical procedures and general anesthesia. Placement of
the chamberswas guided using structural magnetic resonance imaging
(MRI). The recordings in monkey C were performed using a standard
19-mm plastic recording chamber (Christ, Inc.), whereas monkeys |
and ] were implanted with customized, low-profile, footed titanium
chambers (Rogue Research).

We conducted 13 sessions in monkey C and 10 sessions in monkey
I, targeting sulcal and gyral M1 and PMd. On a subset of 15 sessions in
monkey C, we also targeted GPi in the basal ganglia. In monkey J, we
reported data from one session while simultaneously recording in
GPi, SMA and M1.

For monkey C, the Neuropixels 1.0 NHP probe was held using a
standard 0.25-inch dovetail mount rod with a customized adapter to
mount it to a hydraulic drive (Narishige, Inc.). A21G blunt guide tube,
25 mminlength, was held using a customized fixture and placed over
the desired recording location. The dura was then penetrated with a
tungsten electrode (FHC, size E), which was bent at 27 mm to prevent
the tip from inserting further than 2 mm past the end of the guide
tube. This electrode was inserted manually via forceps, once or several
times, as necessary, which also provided feedback on the depth and
difficulty in penetrating the dura. The Neuropixels 1.0 NHP probe was
thenaligned using the Narishige tower XY stage, lowered into the guide
tube and carefully monitored to ensure that the tip of the probe was
aligned with the dural penetration. This procedure sometimes took
several attempts to find the correctinsertion point, but was generally
successfulinless than a few minutes.

Formonkeysland], the Neuropixels 1.0 NHP probe was held using
acustomized fixture mounted to a linear rail bearing (IKO, Inc.). This
apparatus was designed to enable close packing of many probes and to
solve the challenge of precisely targeting structures deep in the brain
without trial and error. The linear rail ismounted in a customized, 3D
printed base, which mounts directly to the recording chamber. The
geometry of the 3D printed base component determines the inser-
tion trajectories and prevents mechanical interference between the
probes and the chamber. This base also provides support for either
sharp orblunt guide tubes, as required. In general, blunt guide tubes
were preferred, but if necessary sharp guide tubes were sometimes
used when the dura had become thicker and difficult to penetrate.
Thelinear bearing was connected to acommercial drive system (NAN,
Inc.) viaa-~-50-mm-long, 508-mm stainless steel wire, which provided
rigid connection between the Nan drive probe mount and the Neu-
ropixels probe mounted on the rail bearing, while allowing a small
amount of misalignment between the drive axis and the insertion
axis. This apparatus greatly simplifies the procedure of using many
probes in a small space, while not relying on commercial drives to
provide the mechanical rigidity required to safely insert a delicate
probe. Additional details on the customized hardware are provided
inthe Neuropixels 1.0 NHP user wiki: https://github.com/etrautmann/
Neuropixels-NHP-hardware.

Spike sorting was performed using Kilosort 2.5 and manually
curated using Phy. Principal component analysis trajectories were
calculated after smoothing spikes with a 25-ms Gaussian kernel and
averaging across successful trials. Rastermap was run with default

parameters after normalizing trial-averaged neural activity. An offline
force model prediction performance was computed using a 50-mstime
lag between arm force and neural activity. Neurons were randomly
subselected and 80% of trials from six target conditions were used to
train alinear regression model in Python, using scikit-learn, whereas
the remaining 20% of trials were used to calculate model performance.
Teniterations were performed for each level of neurons retained. Probe
drift calculations were performed using KS 2.5.

LIP recordings and analysis

Details of the collection and analysis of the data presented in Fig. 7
are described in ref. 44. Two monkeys (M. mulatta, 8-11kg) served as
experimental subjects. In each, a head post and two recording cham-
bers were implanted using aseptic surgical procedures and general
anesthesia. Placement of the LIP chamber was guided by structural
MRI. The SC chamber was placed on the midline and angled back 38°
from vertical in the anterior-posterior axis. The decision task is a
dynamic, random dot motion (RDM) discrimination task. A schematic
ofthetaskis displayedinFig.7aanditsdescription canbe foundinthe
corresponding figure legend. A second (control) task—an oculomotor
delayed response task—was used to measure the response fields of
neuronsin LIP and SC, described in the legend for Fig. 7c.

We conducted eight recording sessions in which activity in the
LIP and SC was recorded simultaneously. In the LIP we used a single
Neuropixels 1.0 NHP probe, yielding 54-203 single units per session.
Inthe SC, we used 16-,24- and 32-channel V-probes (Plexon) with 50- to
100-pm electrode spacing, yielding 13-36 single units per session. In
eachsession, wefirst lowered the SC probe and approximated the RFs
of SCneurons using afew dozen trials of adelayed saccade task. As our
penetrations were approximately normal to the retinotopic map in
the SC, the RFs of the SC neurons were highly similar within a session.
We proceeded only if the center of the RFs was at least 7° eccentric to
ensure minimal overlap with the motion stimulus.

If the RF locations in the SC were suitable, we then lowered the
Neuropixels probe into the LIP through a dura-penetrating, stainless
steel guide tube (23G) at 5 pm s™ using a MEM microdrive (Thomas
Recording) that was attached to achamber-mounted, three-axis micro-
manipulator. Custom-designed adapters were used for mounting the
Neuropixels probe on to the drive (wiki: https://github.com/etraut-
mann/Neuropixels-NHP-hardware). Once the target depthwas reached
(-10 mmbelow the dura), we allowed 15-30 min of settling time to facili-
tate recording stability. To precisely measure RF locations inboth areas,
the monkeys performed 100-500 trials of the delayed saccade task
and LIP neurons with RFs that overlapped those of the SC neurons were
identified post-hoc. Finally, the monkeys performed a reaction-time
RDM discrimination task until satiated (typically 1,500-3,000 trials).

Neuronsinbothareas were sorted usingKilosort 2.0 and manually
curatedin Phy. Werestricted our analysis of the LIP data to neurons with
RFsthatoverlapped those of the simultaneously recorded SC neurons
(164 of 1,084 total LIP neurons). Spike trains were discretized into 1-ms
bins and convolved with a Gaussian kernel (¢ =25 ms) to produce the
single-trial activity traces depicted in Fig. 7d e.

Face-patch recordings and analysis

Two monkeys (M. mulatta) served as experimental subjects. Each ani-
mal was surgically implanted with an MRI-compatible Ultem head post
and alarge rectangular recording chamber (61at 46-mm diameter, 65
at50-mmdiameter and 58 at 61-mm diameter, respectively), covering
most of the animal’s acrylicimplant. Monkeys were trained to passively
fixate on a spot for juice reward while visual stimuli of 5° size, such as
images of faces or objects, were presented on a liquid crystal display
(LCD) screen (Acer). We targeted face patches ML and AF (monkey 1)
and face-patch AM (monkey 2) in the IT cortex for electrophysiological
recordings. Face patches were identified using functional (f)MRI. Mon-
keys were scanned ina 3T scanner (Siemens), as described previously*.
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MION contrast agent was injected to increase the signal:noise ratio.
During fMRI, monkeys passively viewed blocks of faces and blocks of
other objects to identify face-selective patches in the brain. During
electrophysiology, monkeys viewed two stimulus sets: one consisting
ofthe same stimulishown during fMRI, consisting of faces and nonface
objects, with 150 ms of ON time and 150 ms of OFF time (Fig. 4c,e), and
a stimulus set consisting of a monkey face alternating with a lemon
every second, without any blank period (Fig. 4b).

Before targeting fMRI-identified face patches with Neuropixels
probes, we performed scout recordings with tungsten electrodes with
1-MQimpedance (FHC) using grids designed with the software Planner®”.
While inserting tungsten electrodes, we performed structural MRI to
confirmcorrect targeting (Fig. 4a). Subsequently, we performed a total
of 72 Neuropixels insertions. To perform very deep recordings (for
example, 42 mm from the craniotomy; Fig. 4d), we lowered a cannula
holder to touch or gently push the dura. The cannula holder contained
ashort cannula to penetrate the dura. A probe holder, which held the
probe, was slid through the cannula holder viamatching dovetails. This
dovetail mechanism was designed to ensure that the direction of probe
movement matched the direction of the cannula, because even small
differences in angles would risk breakage of the probe when inserted
deeply into the cannula. The probe holder was advanced using an oil
hydraulic micromanipulator (Narishige), but,importantly, the precise
direction of probe movement was constrained by the dovetail between
the probe holder and cannula holder rather than the micromanipulator.

Neuropixels data were recorded using SpikeGLX and OpenEphys
and spikes were sorted using Kilosort 3.0. To compute responses for
Fig. 4c,e, average spike rates from 50 ms to 250 ms after trial onset
were computed and baselines, averaged from O ms to 50 ms after trial
onset, were subtracted.

Spike-spike correlation analysis

Functionalinteractions between pairs of neurons were measured with
anestablished crosscorrelation method. CCGs were calculated using
spike trains from pairs of simultaneously recorded neurons, during
either the whole stimulus presentation period or the intertrial intervals.
The CCGis defined as:

F T TG Ox e+ 1)

H(T) V /11/12

CCG(1) =

where Mis the number of trials, Nthe number of time bins withina trial,
xiand x; the spike trains of neurons 1and 2 from trial i, tis time, 7 the
time lag relative to the reference spikes and A, and 2, the mean firing
rate of the two neurons, respectively. 6(7) is a triangular function cal-
culated as 6(r) = N — |7 which corrects for the overlapping time bins
at different time lags. A jitter-corrected method was used to remove
correlations caused by stimulus locking or slow fluctuations:

CCGjitter corrected = CCGoriginaI - Ccc‘jittered

where CCG yigina aNd CCGjiereq are CCGs calculated using the above
equation, with the original dataset and the dataset with spike timing
randomly perturbed (jittered) within the jitter window, respectively.
The correction term (CCGjiereq) captured slow correlationlonger than
thejitter window (caused by common stimulation or slow fluctuation
in the population response), so, once it’s subtracted, only the fine
temporal correlation is preserved. A 25-ms jitter window was chosen
based on previous studies®. Only well-isolated single units with afiring
rate of at least 1 Hz were included for CCG.

Aswith previous studies®”, in the present study a CCG s classified
assignificantif the peak of jitter-corrected CCG occurred within10 ms
of zero time lag and if this peak is >7 s.d. values above the mean of the
noise distribution (CCG flank).

Neuron centroid positions were estimated by computing the 2-d
average of the channellocations of channels on which the spike appears
(defined by the Kilosort spatial template for that unit), weighted by the
amplitude of the spike on each channel. This calculationis performed
using the neuropixel-utils library available online (https://github.com/
djoshea/neuropixel-utils).

Statistics and reproducibility

The main purpose of the present report is to demonstrate the techni-
cal viability of a new recording technology. For many of the analyses
presented here, standard statistical tests were used. The spike-timing
correlation analyses used standard approaches that were used in
refs. 6,13. For all experiments, animals were trained on the task before
any recording. Eight adult male M. mulatta animals were used in the
results presented here, with data presented for two animals for each
of the four example use cases (multiple visual areas, M1, LIP and IT
cortex). No statistical method was used to predetermine sample size
for each experiment.

The Investigators were not blinded to allocation during experi-
ments and outcome assessment, but the analysis was largely auto-
mated, reducing the influence of subjective judgments. In most cases,
blinding was not relevant to the technical proofs of concept that we
present in this report. Spike sorting was conducted primarily using
automated spike-sorting algorithms (Kilosort 2.5 and 3.0), followed
by some minimal manual curation and inspection of cluster isolation
quality. This manual step was performed by different individuals in dif-
ferent labs, but none of the results presented here are highly sensitive
to the individual choices made during spike sorting.

For most experiments, datasets from specific sessions were
excluded from further analysis if large-scale probe movement pre-
cluded automated spike sorting with Kilosort, but this happened
only occasionally and was not a frequent occurrence. The stability
recording results presented in Figs. 3-5 are intentionally not statisti-
cal arguments, because the stability of any given recording is much
more highly determined by the details of the experimental prep and
the condition of the implant and tissue. The fraction of datasets with
poor recording quality or excessive driftis probably not generalizable
toother preparations. Instead, our purpose was toillustrate that highly
stable recordings are achievable in multiple brain areas with relative
ease. Similarly, we make no statistical claims about the expected yield
of neurons recorded on a probe in a given session; instead we present
several observed values from these datasets. We feel that this isimpor-
tant because accurate neuron counts remain subjective if manual
curationis performed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Datatoreplicate key analyses shownin Figs.1-6 and 8 are available via
Zenodo at https://doi.org/10.5281/zenodo.14744139 (ref. 58). Data to
replicate the analyses of LIP datashownin Fig. 7 are available viaZenodo
at https://zenodo.org/records/7946011 (ref. 59).

Code availability
Codetoreplicate the analysis showninFig. 7 isavailable viaZenodo at
https://zenodo.org/records/7946011 (ref. 59).
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Extended DataFig. 1| Site selection rules and common configurations. a, Site
selectionrule - any electrode selected on any bank is unavailable for selection in
other banks. Multiple electrodes can be connected to a single readout channel,

as explored by ref. 2, but this impacts the signal to noise and detection for small

units, and is a specialized method and not currently in widespread use. b, Dense
recording from Bank O, places 384 channels spanning 3.84 mm. ¢, half density
configuration covering Banks 0 and 1, spanning 7.68 mm. d, Quarter density,
covering banks 0-3, spanning 15.36 mm. e, multi-area recording.
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(abscissa) and bank 7 (ordinate). Correlation between all pairs of banks is similar.
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of position along the probe. Additional methodological details provided in the
Materials and Methods Summary.
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recording across multiple visual areas. Color scale represents cortical depth.

b, Top-view of a, illustrating the progression of RFs across visual fields. RFs
from the superficial and deeper part of the brain are demonstrated separately
for clarity. ¢, Polar angle (theta) and Eccentricity (rho) of each RF’s geometric
center across cortical depth. d, Left, heat map of evoked responses across

drift directions of grating (vertical thickness is greater for less dense neuronal
population). Color scale represents the magnitude of evoked responses. Right,
direction index as quantified by the differences of responses to the preferred
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neuron is plotted at its corresponding cortical depth. Horizontal lines denote
the section of cortex where the center of RFs falls on Lower vertical meridians
(LVM), horizontal meridian (HM), upper vertical meridian (UVM), and horizontal
meridian (HM), respectively, superficial to deep. Putative visual areas are
identified and labeled. LVF: lower visual field; UVF: upper visual field; FST: fundus
of the superior temporal (FST) area. e, Polar angle (theta) and Eccentricity (rho)
of each RF’s geometric center across cortical depth calculated using the first

and second half of trials within a session, demonstrating stability of function
properties of neurons recorded throughout a session.
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shifts. Unstable sessions were comparably uncommon, and typically resulted
from not placing gentle pressure on the surface of durawith a guide tube.
Importantly, data from sessions with probe drift can often still be used, as

demonstrated by refs. 4,5.
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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  Data was collected using SpikeGLX and MATLAB software

Data analysis Data was analyzed using custom code written in MATLAB (v. 2020a - 2024a) and Python 3.8 - 3.12. The rastermap library (https://github.com/
mouseland/rastermap) was used for visualization

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

Data to replicate key analyses are provided on Zenodo and a link provided in the manuscript.
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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 N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

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.

|X| Life sciences D 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 n= 8 primates were used to collect the data for each of the experiments described in this manuscript.

Data exclusions A small portion of datasets with very large (hundreds of microns) of probe motion were excluded for experiments not focused on analyzing
probe drift.

Replication This paper describes a new technology for neural recording. Four independent labs used this technology and report similar observations
across different use cases, and each lab includes data from two primates.

Randomization  Trials for all experiments were randomized. Subjects were not randomized into different treatment groups

Blinding The behavioral tasks for the primate experiment are automated, and human operators do not control the presentation of individual task
conditions. Experimenters were not blinded during data collection during probe electrical characterization.

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.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

IXI |:| Antibodies IZI |:| ChlIP-seq

IXI |:| Eukaryotic cell lines IZI |:| Flow cytometry

IXI |:| Palaeontology and archaeology |:| IXI MRI-based neuroimaging
D IZI Animals and other organisms

IXI |:| Clinical data

IXI |:| Dual use research of concern

g |:| Plants
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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 adult rhesus macaque (macaca mulatta) monkeys (> 6yrs old) were used
Wild animals No wild animals were used in this study.
Reporting on sex None of the findings reported in this paper depend on the sex of the animals used.

Field-collected samples  No field collected sample were used in this study

Ethics oversight The research protocols used in this study were approved by the Columbia University IACUC, Berkeley University IACUC, and Stanford
University IACUC for each of the separately reported sets of data.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Magnetic resonance imaging

Experimental design

Design type N/A
Design specifications N/A

Behavioral performance measures ~ N/A

Acquisition
Imaging type(s) N/A
Field strength N/A
Sequence & imaging parameters N/A
Area of acquisition N/A
Diffusion MRI [ ] used Not used

Preprocessing

Preprocessing software N/A
Normalization N/A
Normalization template N/A
Noise and artifact removal N/A
Volume censoring N/A

Statistical modeling & inference

Model type and settings N/A
Effect(s) tested N/A

Specify type of analysis: [ | whole brain || ROI-based [ ] Both
Statistic type for inference N/A

(See Eklund et al. 2016)

Correction N/A
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Models & analysis

n/a | Involved in the study
|Z| |:| Functional and/or effective connectivity

|X| |:| Graph analysis

|X| |:| Multivariate modeling or predictive analysis
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