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High-resolution extracellular electrophysiology is the gold standard for recording 
spikes from distributed neural populations, and is especially powerful when combined 
with optogenetics for manipulation of specific cell types with high temporal resolution. 
We integrated these approaches into prototype Neuropixels Opto probes, which 
combine electronic and photonic circuits. These devices pack 960 electrical recording 
sites and two sets of 14 light emitters onto a 1 cm shank, allowing spatially addressable 
optogenetic stimulation with blue and red light. In mouse cortex, Neuropixels Opto 
probes delivered high-quality recordings together with spatially addressable 
optogenetics, differentially activating or silencing neurons at distinct cortical depths. 
In mouse striatum and other deep structures, Neuropixels Opto probes delivered 
efficient optotagging, facilitating the identification of two cell types in parallel. 
Neuropixels Opto probes represent an unprecedented tool for recording, identifying, 
and manipulating neuronal populations.  

Introduction 
Understanding brain function requires recording 
from myriad neurons, identifying them, and ma-
nipulating their activity. For large-scale record-
ings, an ideal method is extracellular electro-
physiology via high-density electrodes such as 
Neuropixels probes1,2. For neuron identification3-

5 and manipulation6-10, in turn, the best method is 
optogenetics. 

Electrophysiology and optogenetics are particu-
larly powerful when paired with each other11-13. 

By combining them, one can test causality by ac-
tivating or inactivating specific neuronal popula-
tions while recording the effects on neural activ-
ity7,14-17. One can also identify whether the rec-
orded neurons belong to a genetic class of inter-
est, by inducing this class to express an opsin 
and stimulating it with light for ‘optotagging3-5’. 
Optotagging is critical for connecting the wealth 
of knowledge about the gene expression, mor-
phology, and connectivity of different cell clas-
ses to their function18.  
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Figure 1 – Design of the prototype Neuropixels Opto probe. a, Cross-section of the Neuropixels Opto shank, 
showing the titanium nitride (TiN) recording sites (connected with a “via” to the silicon CMOS layer) and the silicon 
nitride (SiN) photonic waveguides ending in the emitters (grating couplers). b, Layout of recording sites and dual 
color emitters. c, Photos of a probe shank across four time points, with two red and two blue emitters delivering 
light in succession. d, Device package. e, Neuropixels Opto system architecture, with PXI modules for data acqui-
sition (white) and light delivery (purple). 

Optogenetics, however, depends critically on de-
livering light with sufficient intensity and spatial 
resolution, potentially deep in the brain. This is 
difficult in brain tissue, which scatters and ab-
sorbs light19. It commonly requires inserting addi-
tional devices for light delivery, such as optical fi-
bers20-22, waveguides23, or microLED arrays24-28. 
These approaches, however, limit spatial resolu-
tion or light intensity, are invasive, and require a 
separate device for recording.  

There is thus great interest in combining record-
ing and light emission into a single ‘optrode’, but 
existing solutions have few recording sites or lim-
ited light intensity. Early optrodes integrated 
electrodes with optical fibers29-33, yielding few 
emitters. More emitters were enabled by micro-
LEDs27,34-38. However, miniaturized microLEDs 
have low efficiency (1-3%) so even at moderate 
light they increase brain temperature39,40 by 0.5–
1.5 °C (Refs. 24,27). They thus deliver only low light 
intensities or duty ratios41.  

To resolve these limitations, we combined Neu-
ropixels recording technology with on-chip pho-
tonic waveguides that route high-intensity light 
down the shank of the probe. Light is generated 
outside the brain and routed by on-chip photonic 
waveguides42-46. This enables dual color illumina-
tion across a 1.4 mm span in parallel to voltage 
readout from close to a thousand selectable re-
cording sites per shank with on-board amplifica-
tion and digitization1,2. The resulting prototype 
device, called Neuropixels Opto, delivers un-
precedented integration of high-resolution elec-
trophysiology and optogenetics.  

Results 
Neuropixels Opto integrates electronics and 
photonics to simultaneously record signals from 
384 out of 960 recording sites and emit light from 
two sets of 14 emitters. The two sets of light emit-
ters allow dual color optogenetics with blue and 
red light, making it possible to manipulate or 
optotag two genetically defined neural popula-
tions in parallel. For the red light, we chose a 
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wavelength of 638 nm to excite highly effective 
red-sensitive opsins such as Chrimson47 and 
ChRmine48. This wavelength avoids the peak of 
blood absorption49 around 540 nm and thus en-
hances the penetration of light into tissue. For 
the blue light, we set the wavelength to 450 nm 
(rather than the more common 473 nm) to acti-
vate Channelrhodopsin-2 (ChR250) and its vari-
ants efficiently, while minimizing the activation of 
the red-sensitive opsins.  

Probe design 
The red and blue light is routed to programmable 
emitters via photonic waveguides (Figure 1a). 
The routing is provided by an integrated silicon ni-
tride (SiN) photonics layer that lies on top of the 
CMOS platform designed for Neuropixels 1.0 
probes1 (a 130-nm silicon-on-insulator CMOS Al 
process with 6 metal layers). The waveguides are 
fabricated in 150 nm thick SiN and are routed to 
the distal end of the shank. To couple out the light 
from the waveguides to the emitters and distrib-
ute it perpendicular to the probe, we used higher 
order, apodized Bragg grating couplers51-54 de-
signed to spread the light over multiple diffrac-
tion peaks.  

This design posed two challenges. First, the addi-
tion of photonics can cause the probe shank to 
bend. We addressed this challenge by depositing 
a SiN compensation layer and a SiN capping layer 
(Figure 1a), reducing tip deflection to < 200 𝜇m. 
Second, scattered light from the photonic wave-
guides can interact with the CMOS circuitry, in-
creasing noise levels or introducing recording ar-
tifacts. To prevent light from reaching the CMOS, 
we added a TiN/Al-based light blocking layer (Fig-
ure 1a), keeping it as thin as possible to minimize 
shank bending and thickness. The emitters (16-
25 μm2) are arranged in a 14x2 layout with 100 μm 
spacing on the center axis of the shank, starting 

100 𝜇m from the first recording site (Figure 1b,c). 
The probe can thus emit light over 1.4 mm from 
the shank's tip. The recording site array has a 
similar density to Neuropixels 1.0 (Ref. 1), with 
960 titanium nitride (TiN) 12x12 𝜇m2 recording 
sites, but the sites are arrayed in two vertical col-
umns (spaced 20 μm vertically and 48 𝜇m hori-
zontally) rather than a staggered ‘checkerboard’ 
layout. The shank is 10 mm long, 70 𝜇m wide, and 
33 𝜇m thick. Signals from each recording site are 
split into 'action potential' (AP, 0.3–10 kHz) and 
'local field potential' (LFP, <1 kHz) bands, which 
are digitized at 30 kHz and 2.5 kHz.  

The light is generated by two fiber-coupled lasers 
at 450 and 638 nm, connected to the probe via 
grating couplers, and routed to the emitters by 
two photonic switching trees. There are 8 grating 
couplers: two to couple the light from the two fi-
bers, and the others for active alignment of the fi-
ber block and for measuring coupling losses. The 
light of each color is routed to the desired emit-
ters via a programmable photonic binary switch-
ing tree (Supplementary Figure S1). With 4 lev-
els, the tree can specify 24=16 outputs and thus 
address the 14 emitters. The switches are 
thermo-optic: Mach-Zehnder interferometers 
with thermal phase shifters based on the thermo-
optic effect55. After calibration, they are the opti-
cal equivalent of a toggle switch. 

This switching tree was calibrated once, after 
fabrication. With high-intensity blue light, how-
ever, we encountered material instability, which 
resulted in fractions of light leaking from unde-
sired emitters and thus required recalibration. 
We managed this issue by limiting the power of 
blue light. Therefore, in experiments requiring 
high light intensity and precise spatial addressing, 
we used red light. 
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Figure 2 – Optical characterization of the Neuropixels Opto probe. a, Efficiency of the emitters, showing output 
light power as a percentage of input power for 14 red (top) and blue (bottom) emitters from N = 14 probes. Curves 
show average over probes. b, Top view, showing light propagation from a red and blue emitter, measured in water. 
The color (color scale in panel d) indicates the max projection. These measurements were made on a test structure 
where emitters were placed 25 μm apart rather than the 100 μm of the prototype probe (Methods) and this led to 
small imaging artifacts visible in the red emission (top), where two emitters to the side of the central one also ap-
pear to emit light. c, Same data, projected over a side view. d, Same data, projected over a front view. Dashed lines 
delineate the width of the probe. e, Section on a plane located 52 μm away from the shank, showing areas where 
power density is >10 mW/mm2 (for a 100 μW output) for three nearby emitters.  

The package includes a CMOS circuit mounted 
on a flexible printed circuit board (PCB ,Figure 
1d). To accommodate the fiber block and the 
photonics circuitry, we extended the 5-mm probe 
base integrating the recording circuits with two 
wings of 2 and 3 mm. The probe transmits data 
via flex cable to a headstage PCB, which con-
nects to a digital data cable. 

The data cable and the two-channel optical fiber 
cable are connected to two modules in a PXI 
base station, one for digital data processing and 
one containing blue and red lasers (Figure 1e). 
Data acquisition, light delivery, and emitter se-
lection are controlled by one of two widely used 
open-source software packages: SpikeGLX1 and 
Open Ephys GUI56, which were updated for the 
purpose. 

Electrical and optical characterization 
Despite the addition of the photonics, the electri-
cal performance of the Neuropixels Opto probe 
remained similar to the widely used Neuropixels 
1.0 probes1. The average impedance was 138 ± 

27 kΩ, and the average RMS noise in the AP and 
LFP bands was 5.4 ± 2.4 𝜇V and 5.3 ± 3.7 𝜇V (Sup-
plementary Figure S2). This low noise, com-
bined with high site density (100 sites/mm), ena-
bles recordings with similar yields as those rou-
tinely obtained with established Neuropixels 
probes. 

As expected, the light at the emitters was a small 
fraction of the light delivered by the optical fibers: 
the average emitted power was ~2% of the input 
power for red light, and ~0.25% for blue light (Fig-
ure 2a). The attenuation (–16.9 ± 1.2 dB for red, –
26.4 ± 1.6 dB for blue) is caused by the coupling 
of fiber to waveguide (~6 dB), the switching tree 
(~4 dB), the emission site (simulated < 4 dB) and 
waveguide propagation, where losses are partic-
ularly strong with blue light (3.0 dB/cm, com-
pared to 0.5 dB/cm for red light). Because of 
these losses, achieving 100 𝜇W of output at the 
emitters requires input powers of ~5 mW for the 
red light and ~40 mW for the blue light. These 
powers are easily delivered by external lasers.  
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Figure 3 – Using Neuropixels Opto to record and activate localized neural populations. a. We inserted a Neu-
ropixels Opto probe ~1.4 mm deep in the visual cortex of a mouse expressing the red-sensitive opsin ChRmine in 
cortical excitatory neurons (via a virus with CaMK2 promoter). Mice viewed a visual stimulus, and an additional red 
laser could illuminate the surface of the posterior cortex. b. Simultaneous Neuropixels Opto recordings and optical 
stimulation with an example emitter (#11). Recordings (while the screen was gray, with no external laser), show 
baseline activity 50 ms prior to emitter photostimulation and strong spiking activity after stimulation onset on a 
subset of recordings sites near emitter 11. c. Average spike waveforms from five example single units recorded on 
sites near emitter 11. The mean waveform was calculated across 100 spikes. d. Average firing rate (bin size 50 µm, 
10 trials) for the same recording session, plotted as a function of depth, showing cortical responses to visual stim-
ulation and surface illumination. Color scale bar appears at the bottom right of the figure. e. Responses of the same 
neurons to single emitter activations at different depths (arrows). f. Summary of these data showing average over 
time of response during stimulation with visual stimulus, surface laser, and single emitters (abscissa), at different 
cortical depths (ordinate). g. Same format, for example sessions in two other mice. Additional measurements in 
these mice are shown in Supplementary Figure S3. 

The emitted light is sufficient for optogenetic ma-
nipulations of neurons in the vicinity of the probe 
(Figure 2b-d). For ChR2, estimates of the light in-
tensity required for optogenetic stimulation 
range from 10 mW/mm2 (Ref. 50) to 5 mW/mm2 
(Ref. 57) to 1 mW/mm2 (Ref. 58). The variability per-
haps reflects differences in preparations, opsin 
expression levels, and spatial overlap of excita-
tion light with the neuron’s membrane. To be 
conservative we used the higher estimates, and 
measured the volume where light power density 
is at least 10 mW/mm2. For a 100 𝜇W output, this 
volume exceeds 470,000 𝜇m3, extending >100 
𝜇m from the shank over a wide angular range 

(Figure 2b-c). This is more than sufficient to stim-
ulate neurons in the vicinity of the recording sites 
and beyond the ~50 𝜇m limit for single-unit re-
cordings59,60. The volume where light power den-
sity is >1 mW/mm2 is considerably larger, and ex-
ceeds the range of the microscope used for these 
measurements. Moreover, this volume is ex-
pected to be homogenous, as the diffraction pat-
terns (which were here measured in water) will be 
blurred by light scattering in brain tissue.  

The close spacing of the emitters means that 
there is a minimal gap between the patterns of 
light emitted by different emitters: when slicing 
the emission profile close to the shank (in a plane 
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~50 𝜇m away), the area with a power density >10 
mW/mm2 largely tiles the shank axis (Figure 2e). 

Activating local neural populations 
The probes were able to activate spatially sepa-
rated neuronal populations. We inserted Neuro-
pixels Opto probes acutely in the primary visual 
cortex of awake, head-fixed mice following local 
viral expression of the red-sensitive depolarizing 
opsin ChRmine48 in excitatory (CaMK2+) cells of 
the visual cortex (Figure 3a). Tapered pulses of 
red light (638 nm) lasting 400 ms at one example 
emitter elicited neural activity that was restricted 
to recording sites near the emitter (Figure 3b). 
These recordings had similar quality to standard 
Neuropixels probes1,2. We could then readily 
spike-sort them to obtain the spikes of individual 
neurons (Figure 3c) and summarize this activity 
in terms of firing rate as a function of cortical 
depth (Figure 3d). To establish baseline meas-
urements, we then presented a visual stimulus 
(full-field checkerboard) and we illuminated the 
surface of the posterior cortex with a red laser 
(638 nm, 5 mW). These baseline measurements 
indicated the presence of recordable neurons 
throughout the depth of the cortex. 

By activating one emitter at a time, Neuropixels 
Opto probes could spatially address different 
subpopulations of these neurons with high reso-
lution (Figure 3e). Trials with stimulation from 
different emitters were randomized and ran-
domly interleaved with the baseline trials (visual 
stimulus or surface laser). Stimulation by single 
emitters activated smaller groups of these neu-
rons at nearby depths. Taking the average over 
time of these responses revealed an approxi-
mately diagonal matrix (Figure 3f), reflecting 
concordance between the location of stimula-
tion and the location of neurons with increased 
firing rates. Similar results were obtained in two 
other mice (Figure 3g) and across multiple exper-
iments (Supplementary Figure S3). These re-
sults indicate that Neuropixels Opto probes pro-
vide concurrent large-scale recordings and fine 

spatially addressed optogenetics across the 
depth of a brain structure.  

Driving localized network effects 
We next tested the ability of Neuropixels Opto 
probes to drive network effects such as those 
mediated by synaptic inhibition. We expressed 
the red-sensitive depolarizing opsin Chrimson47 
in forebrain inhibitory neurons by systemic viral 
injection61. We then inserted Neuropixels Opto 
probes in the visual or motor cortex of awake, 
head-fixed mice, and we delivered 250 ms pulses 
of light at random times from random emitters. 

The results revealed localized activation of inhib-
itory neurons and inactivation of excitatory neu-
rons. Light delivery activated some neurons and 
inactivated others (Figure 4a-d). Because the op-
sin depolarizes neurons in which it is expressed, 
the activated neurons should correspond to in-
hibitory neurons expressing the opsin, while in-
activated neurons could only reflect neurons re-
ceiving synaptic inhibition from the activated 
population. To test this interpretation, we ana-
lyzed the spike waveforms62 and distinguished 
putative fast-spiking inhibitory neurons, which 
have narrow spikes, from the rest of the neurons, 
which are likely to be mostly pyramidal and have 
broader spikes63. As expected62, the activated 
neurons were predominantly fast-spiking, 
whereas the putative pyramidal neurons were 
predominantly inactivated. Moreover, cross-cor-
relograms63,64 between some pairs of activated 
and inactivated neurons were consistent with 
monosynaptic inhibitory connections (Figure 4f). 
Both activated and inactivated neurons were ob-
served primarily at depths near the emitter (Fig-
ure 4g), indicating that the localized activation of 
inhibitory neurons engaged localized network ef-
fects. These results confirm that Neuropixels 
Opto probes are suitable for causing spatially-lo-
calized circuit effects mediated by synaptic 
transmission.
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Figure 4 – Using Neuropixels Opto to drive localized network effects. a. We inserted a Neuropixels Opto probe 
in the motor or visual cortex of a mouse expressing red-sensitive depolarizing opsin Chrimson in inhibitory neurons 
(via Dlx2 enhancer virus). b. Electrical signals at 20 recording sites during red light stimulation from emitter 9. Col-
ors indicate the spikes of two nearby units, one activated (unit 189, green) and one inactivated (unit 208, purple) by 
light. Waveforms across peak channels (right) confirm neural activity. c. Spike rasters for a pair of example units, 
one inactivated (unit 177) and one activated (unit 232) by light. d. Average firing rate (40 ms bin size) relative to light 
onset for those units and for two additional units (197 and 180). Shading indicates ±1 s.e. Waveforms (insets) show 
spike shapes across 6 peak recordings sites. e. Spike width (trough to peak) of average waveforms vs. effect of light 
stimulation, measured by a modulation index (R1-R0)/(R1+R0) where R0 and R1 are firing rates before and during stim-
ulus, showing significantly activated units (green) and inactivated units (purple) at p < 0.05 (paired t-test). Narrow 
spikes were defined as width < 0.4 ms (vertical line). f. Cross-correlogram between units 197 and 180. g. Recording 
vs. emitter depth for significantly modulated neurons. Each neuron appears at one recording depth and at one or 
more emitter depths (if modulated by light from multiple emitters).  
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Optotagging nearby neurons 
When light-sensitive opsins are expressed in a 
cell-type-specific manner, these cells can be 
identified in extracellular recordings via optotag-
ging3-5, i.e. based on their low-latency responses 
to pulses of light. An ideal tool for optotagging 
would have minimal artifacts in response to light 
pulses, minimal activation of neurons outside 
the range of recording, and the ability to deliver 
both blue and red light wavelengths deep inside 
the brain. These criteria are all met by Neuropix-
els Opto probes. By incorporating emitters into 
the shank, they localize light to the volume of in-
terest while directing it away from the recording 
sites. 

By delivering light away from the recording sites, 
Neuropixels Opto probes largely avoid photoe-
lectric artifacts. Illumination of Neuropixels re-
cording sites with sharp-onset surface stimula-
tion creates a photoelectric artifact in the range 
of 1 mV or more1. By contrast, illumination via 
Neuropixels Opto emitters caused a small arti-
fact of ~30 𝜇V (present only with red light), which 
was uniform across recording sites and easily 
canceled with standard preprocessing steps 
(Supplementary Figure S4).  

Thanks to these favorable properties, Neuropix-
els Opto probes performed well in recording and 
dual-color tagging pairs of cell populations in 
deep structures. We demonstrated this ability by 
tagging direct-pathway and indirect-pathway 
medium spiny neurons (MSN) in the dorsal stria-
tum using blue and red light. We expressed the 
blue-sensitive opsin CoChR47 in D1 MSNs (direct 

pathway) with an enhancer AAV virus65, and the 
red-sensitive opsin ChRmine48 in D2 MSNs (indi-
rect pathway) via a Cre-dependent AAV in a spe-
cific (Adora2a-Cre) driver line (Figure 5a, see 
Methods for virus details). Because the photoar-
tifacts were small and disappeared after prepro-
cessing, spikes were readily identifiable in the 
raw traces around each light pulse (Figure 5b). 
For example, consider two units tagged by red 
light pulses from emitter 3 (Figure 5c). Each unit 
shows consistent, low-latency spiking responses 
to each of five 100 µW pulses across 50 trials 
(Figure 5d).  

When aggregating across all emitters, the strong-
est responses were evoked by the emitter near 
the estimated position of the soma (Figure 5e). 
For units tagged with blue light, some longer-la-
tency spikes were evoked also by emitters dis-
tant from the soma, perhaps due to the small 
amounts of light leakage mentioned earlier 
(which are specific to blue light and would re-
quire recalibration). In this recording, we were 
able to tag most units in striatum passing quality 
control (43 out of 67) (Figure 5f), allowing direct 
comparison of the activity of populations of two 
cell types in a single structure.  

Similar results were obtained in other subcortical 
regions and with other opsins. Overall, we opto-
tagged 302 units in striatum, globus pallidus, and 
midbrain reticular nucleus (34 sessions in 23 
mice). In these sessions, we successfully tested 
various combinations of opsins: in addition to 
CoChR47 and ChRmine48, we used ChrimsonR47, 
rsChRmine66, and somBiPOLES67 (Supplemen-
tary Table 1). 
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Figure 5 – Using Neuropixels Opto for optotagging. a, We inserted two Neuropixels Opto probes in the striatum 
of Adora2a-Cre mice expressing the blue-sensitive opsin CoChR in D1-MSNs (via a D1-MSN specific enhancer vi-
rus) and the red-sensitive opsin ChRmine in D2 MSNs (via a Cre-dependent AAV). Mice were free to run on a disc. 
After 20 min recording we ran the optotagging protocol (10 ms, 20 Hz, 100 µW pulses from each of 14 blue or red 
emitters, randomly interleaved). b, Recorded traces around the time of stimulation, showing spike times (green 
and red dots) of two example units tagged by red light from emitter 3. c, Mean waveforms for the two units. d, Spike 
raster and peri-stimulus time histogram for 50 trials of stimulation from emitter 3, showing consistent, low-latency 
response to each light pulse. e, Stacked rasters across 50 trials from all 14 emitters for five example units (including 
the two units from panels b–d). f, Estimated location of all units passing quality control from a single recording, 
with units activated by blue or red light shown in blue and units activated by red light only shown in red.  

By combining these measurements, we con-
firmed that the emitters provide uniform optoge-
netic coverage. We estimated the location of 
every unit (based on the spatial distribution of its 
spike waveform), and compared the position of 
optotagged and untagged units (Figure 6a,b). We 
expressed each unit’s position relative to the 
driving emitter (the emitter evoking the most low-
latency spikes), and found that optotagged units 

tended to be lower than the driving emitter (Fig-
ure 6c). This arrangement is consistent with the 
illumination profile (Figure 2e). We then plotted 
each unit’s position relative to the nearest emit-
ter, whether or not this emitter evoked any spikes 
(Figure 6d). Along the width of the shank, tagged 
units tended to lie near the centerline (Figure 6e). 
Along the length of the shank, tagged units were 
distributed evenly: the 100 µm between them is 
sufficient to leave no gaps in coverage (Figure 6f).  
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Figure 6 – Spatial distribution of optotagged units. a, Estimated location of units relative to the driving emitter, 
for units that were optotagged by red light (red dots, N = 50 units from 15 sessions) and blue light (blue dots, N = 
252 units from 30 sessions). b, Same as panel a, but for units from the same sessions that were not optotagged 
(black dots, N = 500 randomly selected units from 34 sessions). For these untagged units, the driving emitter is 
selected arbitrarily. c, Probability of tagging a unit as a function of distance from the driving emitter along the shank 
insertion axis. Most tagged units are located below the driving emitter (deeper in the brain). d-f, Same data as pan-
els a-c, plotted relative to the nearest emitter (rather than the driving emitter), showing that units have a similar 
probability of being optotagged at any location within 50 μm of an emitter. The histograms at the bottom of d and e 
show the distributions of unit locations orthogonal to the shank insertion axis. See Supplementary Table 1 for 
information about cell types and opsins in these experiments. 

Discussion 
Thanks to integrated CMOS and photonics, Neu-
ropixels Opto probes provide a single device for 
large-scale neural recordings and spatially ad-
dressable optogenetics. Our tests demonstrate 
that these probes can precisely manipulate neu-
ral activity near emitters in the intact brain. They 
thus deliver fine spatially-addressable optoge-
netics across the depth of a brain structure, while 
providing high-resolution, large-scale recordings. 
This capability is unprecedented, and is ideal for 
investigating the circuit organization of the cere-
bral cortex7,14-17 and other brain regions. In addi-
tion, Neuropixels Opto is well-suited for optotag-
ging3-5, making it possible, for the first time, to 
identify the cell type of the majority of units in re-
gions such as the striatum.  

As with Neuropixels 1.0 and 2.0 probes1,2, our 
model is to produce the Neuropixels Opto probes 
in quantity and distribute them at cost to a wide 

community. Here we have demonstrated suc-
cessful prototype probes. Turning these proto-
type probes into a mass-producible probe re-
quires additional rounds of fabrication and test-
ing. As with the 1.0 and 2.0 probes, during this 
process we may further adjust the design. For in-
stance, we aim to make the blue-light switches 
and waveguides more robust by putting them in a 
separate photonic layer. We may also simplify 
the coupling between lasers and probe, and re-
duce the probe’s form factor, by upgrading the 
CMOS backend to the more compact design de-
veloped for the 2.0 probes2. Finally, it may be 
possible to increase the number of red and blue 
emitters.  

We anticipate that Neuropixels Opto probes will 
become an essential tool for combining high-
density electrophysiological recordings with lo-
cal optogenetic activation or inactivation, and for 
cell type-specific electrophysiology across the 
brain.  
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Methods 

Light source 
Except where indicated, the light source was a PXI-mounted laser module emitting light at 450 nm and 
638nm (Quantifi Photonics, New Zealand), connected to the Neuropixels Opto probe via an optic fiber. 
After the electrical characterization measurements, the light power was calibrated based on the meas-
ured loss for each emitter, such that the output levels were consistent across emitters. 

Electrical and optical characterization 
The electrical and optical characterizations (Supplementary Figure S2, Figure 2) were performed at 
IMEC.  

Electrical characterization. Measurements were performed in a grounded Faraday cage. The probe 
shank was immersed in phosphate-buffered saline (PBS) solution. The channels were configured to use 
external reference and x1000 gain. The external reference input was connected to the ground pad of the 
probe. First, we measured gain. We applied a sinusoidal test signal of 500 μV (peak to peak) at 1.5 kHz or 
150 Hz (for AP or LFP band) to the PBS solution using a platinum (Pt) counter electrode. We recorded the 
probe signal and calculated the gain at the two frequencies. Second, we measured noise. We grounded 
the PBS solution via the external reference and ground contact pads on the flex cable. We recorded the 
probe signal and we calculated the integrated noise in the frequency bands for AP and LFP. We then 
divided the measured noise by the measured gain to obtain the input-referred noise. 

Optical characterization. To measure the emitter radiation pattern, we used a Nikon Eclipse micro-
scope with a water immersion objective (Nikon Fluor, 60X/1.0NA), and a motorized 3D fiber coupling 
stage (based on the PI Q-545 linear stage). Images were acquired with a scientific CMOS camera (Hama-
matsu Orca Flash) providing a field of view of 220 x 220 μm. To perform the measurement, the micro-
scope field of view was centered on the emitter, and the objective was focused on the waveguide plane. 
A 200 μm z-scan was performed with a 4 μm step, and the imaged frames were saved into a 3D matrix. 

These measurements were made on a test structure: a 1 cm long waveguide with a standard grating cou-
pler on one side, and the emitter on the other side. Light was coupled into the structure with a horizon-
tally placed 40 deg angle polished fiber, which was actively aligned to the standard grating coupler. The 
test structures were arranged in large blocks with many waveguides next to each other on a 25 μm pitch. 
For red light, we could not avoid coupling some light into the neighboring waveguides, resulting in small 
artifacts where a small amount of light was visible in neighboring emitters (Figure 2b, top). These arti-
facts were specific to the test structure layout and the properties of the fiber coupling. They were not 
present at the emitters of fully constructed probes.  

Activating local neural populations  
The experiments demonstrating recording and activation of local neural populations (Figure 3, Supple-
mentary Figure S3) were performed at University College London. Experimental procedures were con-
ducted according to the UK Animals Scientific Procedures Act (1986) under personal and project li-
censes released by the Home Office following appropriate ethics review. 

Mice and viral strategy. The experiments described here were performed on 3 adult mice (aged 10-16 
weeks at the time of headplate implantation): one male with wildtype background (C57BL/6, Charles 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 6, 2025. ; https://doi.org/10.1101/2025.02.04.636286doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.04.636286
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neuropixels Opto 

13 

River) and two females with double-transgenic background (Ai3268 x PV-Cre69, JAX #012569 and #008069). 
The 2 transgenic mice expressed the blue-sensitive opsin ChR2 in inhibitory (PV+) neurons. For the meas-
urements presented here, all 3 mice were injected with a virus expressing red-sensitive opsin ChRmine 
in excitatory (CaMK2+) neurons48 (AAV-8-CaMKIIa-ChRmine-eYFP-Kv2.1-WPRE, #GVVC-AAV-196) 

Main surgery. An initial surgery was performed to implant a headplate, perform a craniotomy, and inject 
a virus. Procedures were adapted from an established protocol70. Briefly, mice were injected with dexa-
methasone (i.m.) before surgery, and then anesthetized with isoflurane (3% for induction; 1–1.5% for 
maintenance). Appropriate hydration and temperature control were provided. A steel headplate was at-
tached to the skull and secured with dental cement (Super-Bond C&B, Sun Medical Co). The skin margins 
were attached to the cranium with tissue adhesive (Vetbond, 3M). A 3 mm craniotomy was performed, 
centered on the left primary visual area (VISp, ~3.7 mm posterior and ~3 mm lateral from bregma). A 
glass pipette (Drummond Scientific), beveled to form a ∼25-40 μm tip (EG-45 Microgrinder, Narishige), 
was lowered stereotaxically 150, 300, and 550 μm into the brain, to deliver 70 nL of viral vector solution 
(diluted 1:5) at each depth (Nanoject II, Drummond Scientific), with 3 min pauses between depths, and 
a 5 min pause at the bottom. Injections were performed in 4-5 locations in VISp, 500-750 μm apart. The 
total volume of virus solution delivered was 840-1050 nL. The craniotomy was then covered with a re-
movable window71 comprising two 3-mm circular cover glasses (#1) attached to a 5-mm circular cover 
glass (#1, Warner Instruments) using optical adhesive (Norland Optical Adhesive NOA 61, Thorlabs). The 
remaining exposed cranium and the skin margin were covered with cement (Super-Bond C&B). Post-op-
erative treatment was provided for 3 days with carprofen in drinking water. Later, the mice were handled 
and habituated to the head-fixed recording rig for 30-60 min for at least 4 days before any recordings. 

Widefield imaging. We waited 3–4 weeks for the virus to fully express and found the locations of virus 
expression using epi-fluorescence widefield imaging involving an illuminator (X-Cite DC200, Excelitas, 
Canada), a trinocular (Nikon C-TF), a 4x 0.13 NA air objective (UPlanFL N, Olympus), filter cubes for GFP 
and TurboFP635 (Chroma, VT), and a sCMOS camera (PCO.Edge 5.5 CLHS, Excelitas Canada Inc.). We 
then prepared a replacement glass window with holes in the appropriate locations. 

Window replacement. To replace the glass window with one that had drilled holes At least 12 hours 
before the first recordings, we performed a brief procedure to replace the glass window. Mice were anes-
thetized using isoflurane (3% for induction; 1–1.5% for maintenance). The cement around the glass win-
dow was removed with a dental drill, and the new window was implanted in its place. We made an inci-
sion in the dura at the recording site to allow easier probe insertion, then covered the craniotomy with 
artificial dura72 (Duragel, Cambridge NeuroTech) and sealed the holes with Kwik-Cast (WPI, USA). 

Recordings. A Neuropixels Opto probe with metal dovetail was mounted on a HHMI-designed probe 
holder and then on a 4-axis micromanipulator (uMp-4, Sensapex). In some recordings, we labeled the 
probe tip using Vybrant CM-DiI or DiO (V22888 or V22886, ThermoFisher). We lowered the probe to the 
brain surface and inserted it at 2 µm/s, typically reaching a depth of 1.2-1.4 mm. We then waited 15 min 
for the probe to settle, and started the recordings. During recordings, we controlled the probe and ac-
quired signals using SpikeGLX, with standard gain settings of 500x and 250x for the AP and LFP bands. 
After recordings, we sealed the hole in the glass window with Kwik-Cast, and we cleaned the probes by 
placing the shank in distilled water overnight. Occasionally, the probes required additional cleaning due 
to Duragel or tissue sticking to the shank; they were rinsed with a 1% Tergazyme solution for 30 min be-
fore being moved to distilled water. 
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Photostimulation. Pulses of light had a smooth onset, ramping from 0 with half a cycle of a 40 Hz sine 
wave, and lasted 400 ms. The pulses were randomized across the 14 emitters, randomly interleaved with 
control trials (external illumination, visual stimulation, and gray screen), and repeated 40 times. The av-
erage inter-trial interval was 1 s. External optical activation was done using a 638 nm diode laser (LuxX 
638-150, Omicron-Laserage Laserproducte, Germany). The laser light was delivered to the brain surface 
using a 200 mm, 0.22 NA patch cord (M122L02, Thorlabs), a collimator (F280FC-A, Thorlabs), and a fo-
cusing lens (f = 50mm, LA1213-A, Thorlabs) positioned ~5 cm above the brain surface. Visual stimulation 
(full-field flickering checkerboard, 100% contrast, 1s) was displayed on an LCD screen (LP097Qx1, LG). 

Postprocessing. We used Kilosort 2.5 for spike sorting, and curated the results with Phy to isolate multi-
unit and single unit activity.  

Histology. Following the recordings, the mice were perfused with 4% PFA (#28908, ThermoFisher). The 
brain was dissected and post-fixed in PFA for 24 hours. Then, the brain was stored in 10% PBS for at least 
48 hours before sectioning. We imaged full 3D stacks of the brains in a custom-made serial section two-
photon tomography microscope73. Images were acquired using ScanImage (Vidrio Technologies) and the 
hardware was coordinated with BakingTray.  

Driving localized network effects 
The spatially resolved neural inactivations (Figure 4) were performed at the University of Washington. 

Mice and viral strategy. The experiments described here were performed on 1 adult female mouse (aged 
19 weeks at the time of headplate implantation) with transgenic background (CaMK2a-tTA.tetO-G8s). 
Mice were injected with a virus expressing red-sensitive opsin ChrimsonR in inhibitory neurons74 (AAV-
PHP.eB-DLX2.0-ChrimsonR-tdTomato, Addgene plasmid #229775). The virus was injected retro-orbit-
ally in anesthetized (isoflurane 1-4% in O2) 4–6-week-old mice.  

Implant surgery. Implant surgeries were performed after mice reached p48 or later. Mice anesthetized 
with isoflurane (1-4% in O2) and subcutaneously administered analgesics carprofen (5 mg/kg) and lido-
caine (2 mg/kg). The skin and periosteum were cleared to reveal the dorsal skull. The edges of the implant 
were sealed to the skull then secured to the skull with cyanoacrylate (VetBond, World Precision Instru-
ments) to protect the underlying muscle. A 3-D printed recording chamber was implanted on top of the 
skull using dental cement (Metabond, Parkell). Fast-curing optical adhesive (Norland Optical Adhesive 
81, Norland Products) was applied to the surface of the skull and cured with UV light. A titanium head-
post (ProtoLabs) was then cemented to the posterior end of the recording chamber. Carprofen (0.05 
mg/ml) was given for 2 days in water after surgery. Mice were allowed to recover in the home cage for at 
least one week before habituation and head-fixation. 

Recordings. Over 3 hours before a recording session, the mouse was anesthetized (isoflurane 1-4% in 
O2) and a 2-3 mm craniotomy was performed over the left visual cortex and right motor cortex. Craniot-
omies were sealed with transparent Duragel (Dow Corning 3-4680 Silicone Gel). After recovery from an-
esthesia, mice were head-fixed. The Neuropixels Opto probe was mounted on a micromanipulator and 
manually driven to the craniotomy at a 45° angle to accommodate an overhead laser. Real-time electro-
physiological data was monitored as the probe was driven through into the brain. Insertions aimed to 
avoid blood vessels. If a probe could not successfully record from a craniotomy, a new surgery was per-
formed at a later date. Once probes reached the brain's surface, they were driven to their target depth at 
200 μm/min. Probes were allowed to settle for 10 min at their final depth before recording data with 
SpikeGLX. We used internal tip referencing with gain settings of 1000x and 1000x for the AP and LFP 
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bands. Probes were slowly removed from the brain (~1 mm/min) at the end of recording. Probes were 
submerged in a 1% Tergazyme solution overnight and then rinsed in deionized water the next day to clean 
debris off the shank of the probe.  

Photostimulation. To activate and inactivate neurons with light emitted from the probe, we presented a 
250 ms tapered square pulse of red light (638 nm) from a randomly chosen emitter with an average inter-
trial interval of 1.4 s. The square pulse is tapered as the signal ramps up linearly for the first 25ms and 
then ramps down for the last 25 ms.  

Data processing. We used SpikeInterface75 to preprocess the raw data (decompression, phase shift, 
high-pass filter, and median subtraction). We then used Kilosort 4 (Ref. 76) for spike sorting. A range of 
quality metrics (including ISI violations ratio, amplitude cutoff, and presence ratio) were calculated for 
each unit. We used Neuropyxels77 to plot raw waveforms from SpikeGLX data. Light-activated neuron-
emitter pairs were defined by a >300% increase in firing rate during the 250 ms light stimulus compared 
to the pre-stimulus baseline with p< 0.05. Inactivated neuron-emitter pairs were identified as having at 
least a 50% reduction in firing rate during the stimulus period with p< 0.05. Modulation index was com-
puted as (R1-R0)/(R1+R0) where R0 and R1 are mean firing rates before and during stimulus. When cal-
culating modulation index (Figure 4e), we averaged the mean firing rates (R0 and R1) for the two most 
proximal emitters superficial to each unit.  

Optotagging nearby neurons 
The subcortical optotagging experiments (Figure 5 and Figure 6) were carried out at the Allen Institute, 
in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC).  

Mice and viral strategy. Experiments were performed on 23 adult mice (10 males, 13 females; aged 16-
34 weeks at the time of headframe implantation). We used eight transgenic lines:  

• Chat-IRES-Cre78 (JAX #031661)  
• Chat-IRES-Cre-neo78 (JAX #006410)  
• Sst-IRES-Cre (JAX #028864) 
• Drd1a-Cre79 (JAX #037156) 
• Adora2a-Cre (MMRRC #36158) 
• Slc17a6-IRES-Cre80 (JAX #028863) 
• Ntrk1-IRES-Cre (MMRRC #15500) 
• Gad2-IRES-Cre81 (JAX #028867) 

In addition, some mice received one or more of the following viral injections (as described below): 

• pAAV-Syn-FLEX-rc(ChrimsonR-tdTomato) (Addgene #62723) 
• pAAV-Ef1a-DIO-ChRmine-mScarlet-WPRE (Addgene #130998) 
• pAAV-Ef1a-DIO-rsChRmine-oScarlet-Kv2.1-WPRE (Addgene #183529) 
• hSyn-DIO-somBiPOLES-mCerulean (Addgene #154951) 
• AiP14033: pAAV-AiE0779m_3xC2-minBG-CoChR-EGFP-WPRE3-BGHpA (Addgene #214852) 
• AiP14035: pAAV-AiE0452h_3xC2-minBG-CoChR-EGFP-WPRE3-BGHpA (Addgene #214853) 
• AiP14036: pAAV-AiE0743m_3xC2-minBG-CoChR-EGFP-WPRE3-BGHpA (Addgene #214854) 

The example experiment (Figure 5) involved Adora2a-Cre mice (MMRRC #36158) injected with viruses 
expressing CoChR-EGFP (Addgene #214852) and ChRmine-mScarlet (AAV-PHP.eB-DIO-ChRmine). 
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Surgery. Mice were anesthetized and placed in a stereotaxic frame. The dorsal scalp was removed, the 
skull leveled, and bregma located using tooling adapted from a previously described headframe and 
clamping system82. An outline of the implant location was etched using a custom tracing tool, and the 
assembled headframe was cemented in place. A craniotomy was performed using the traced implant 
shape as a guide, and the dura was removed. If the mouse was to receive viral injections, these were 
delivered stereotaxically through the craniotomy. Afterwards, the prepared 3D-printed SHIELD artificial 
skull83 was placed in the opening. The edges of the implant were sealed to the skull using a light curing 
cyanoacrylate adhesive (Loctite 4305) and reinforced with dental cement. Finally, a removable plastic 
cap was placed over the well to protect the implant’s silicone coating. After at least one week of recovery, 
and prior to the first recording, the mouse was anesthetized and placed in a stereotaxic frame. The layer 
of durable silicone covering the SHIELD implant was removed. A ground wire was inserted into the 
grounding hole in the implant and pushed forward until it rested on the surface of the brain. A Duragel 
mixture was then prepared and poured over the implant to a thickness of at least 1 mm, then allowed to 
cure for at least 24 hours84.  

Recordings. To allow post-hoc identification of probe tracks, probes were coated with DS-DiD (2mM in 
ethanol; ThermoFisher Product #D12730) by immersing them in a well filled with dye. Each probe was 
dipped five times to ensure adequate coating. Each Neuropixels Opto probe was mounted on a 3-axis 
micromanipulator (New Scale Technologies, Victor, NY) on a custom modular insertion system. We used 
Pinpoint85 to select the appropriate insertion coordinates and approach angle for the desired target 
structure. Probes were manually driven to the appropriate hole in the SHIELD implant and slowly lowered 
toward the surface of the brain. The operator observed real-time continuous electrophysiological signals 
to identify when the probe entered the brain. If the probe needed adjustment when attempting to insert 
(e.g. to avoid blood vessels), the probe was completely retracted out of the Duragel to prevent probe 
bending. If a probe could not be inserted into its assigned hole, another target hole was selected. Once 
all probes reached the brain surface, each probe was automatically inserted to its target depth at a speed 
of 200 μm/min. Once all probes reached their final depth, they were allowed to settle for 10 minutes, and 
photo documentation of the inserted probes was captured. Neuropixels data was acquired using the 
Open Ephys GUI56 with gain settings of 500x and 250x for the AP and LFP bands. Videos of the eye, face, 
and/or body were acquired with USB3 cameras (Teledyne FLIR) and Bonsai software86. At the end of the 
recording session, probes were slowly retracted from the brain (~1 mm/min). To remove debris, probes 
were submerged in a 1% Tergazyme solution overnight then rinsed in deionized water the next day.  

Optotagging. To identify recorded units reliably activated by light, we presented 20 Hz trains of 10 ms 
laser pulses with an average inter-trial interval of 300 ms. Blue light (450 or 473 nm) or red light (638 nm) 
was delivered via the PXI-mounted laser module or a two-channel laser combiner (Oxxius, France). Opto-
tagged cells were identified by their significant increase in firing rate to at least 4 pulses from at least one 
emitter (p < 0.05, Holm-Sidak adjustment for multiple comparisons), a maximum spike latency of 8 ms, 
and a mean response reliability > 0.3.  

Data processing. Neuropixels raw data files were compressed using WavPack87 and transferred to an 
Amazon S3 bucket. We used a custom Nextflow pipeline running on the Code Ocean compute platform 
to run preprocessing, spike sorting, and curation. First, the data was decompressed and denoised using 
phase shift, high-pass filter, and median subtraction. Then, spike sorting was performed using Kilosort 
2.5 2. Finally, we calculated a range of quality metrics (including inter-spike-interval violations ratio, am-
plitude cutoff, and presence ratio) for each unit. Each unit’s location along the shank was estimated 
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based on the center of mass of the waveform amplitudes for recording sites within 75 μm of the peak. All 
functions are available in the SpikeInterface Python package75.  

Supplementary Figures 

 

Figure S1 – Neuropixels Opto switching tree. Schematic of switching tree architecture, which distributes light 
from a single input grating coupler to one of fourteen waveguides on the shank. A network of 15 thermo-optic 
switches is controlled by four digital-to-analog converters (DACs), allowing light to be routed to each emitter, or to 
reference sites used for calibration. Each probe contains a separate switching tree for blue and red light. 
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Figure S2 – Electrical characterization. a, Input-referred RMS noise levels, measured in saline for 960 recording 
sites from N = 21 probes, in the AP band. Each dot represents a measurement for one site for one probe. White line 
indicates the median across all probes. b, same, for the LFP band. 
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Figure S3 – Additional examples of local circuit activation. Results of all the sessions with the experiments 
shown in Figure 3. Format is as in Figure 3f, showing average over time of response during stimulation with visual 
stimulus, surface laser, and single emitters (abscissa), at different cortical depths (ordinate). 
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Figure S4 – Light artifact and removal. Light artifact for 10 ms red (top) and blue (bottom) light pulses at 100 𝜇W, 
before and after standard pre-processing steps (average of 20 trials, 384 recording sites). The artifact seen for red 
pulses is highly uniform across recording sites, allowing it to be completely removed by phase shifting and median 
subtraction (see Methods for details). 
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Region Cell type Opsin # Optotagged Sessions Mice 

CP D1 MSN ChRmine 4 2 1 

CP D1 MSN CoChR 150 17 10 

CP D2 MSN ChRmine 3 3 1 

CP D2 MSN BiPOLES 2 2 1 

CP D2 MSN ChrimsonR 4 1 1 

CP D2 MSN CoChR 99 12 7 

CP ChAT ChRmine 5 2 2 

CP ChAT BiPOLES 1 1 1 

CP ChAT CoChR 3 1 1 

GPe Ntrk1 rsChRmine 3 1 1 

MRN Vglut2 ChRmine 17 1 1 

MRN Gad67 ChRmine 11 2 2 

Supplementary Table 1 – Regions and cell types for subcortical optotagging. Details of optotagged units in-
cluded in Figure 5. The number of units optotagged per session for a given cell type ranges between 1 and 28. Ses-
sions may appear multiple times in this table as multiple cell types were tagged per session.  
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