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Behavioural and circuit neuroscience is labour intensive and 
often requires researchers to be physically present to conduct 
experiments in limited numbers of animals at once. This pres-

ence inherently alters the observed system. This ‘observer effect’ is 
both widespread and often underappreciated in behavioural neu-
roscience1–5. Furthermore, coordinating experiments with large 
numbers of experimental subjects with precise control is excep-
tionally challenging, thus making reproducible and repeatable 
high-throughput in vivo experiments difficult. Recent advances in 
device engineering and wireless technology have enabled miniatur-
ized, wireless neural devices to help mitigate issues associated with 
traditionally tethered schemes that can restrict animals’ natural 
movements6–13. However, these wireless approaches have substan-
tial disadvantages that have limited their widespread adoption in 
biomedical research laboratories. Notably, the wireless control of 
these devices is commonly not selective for a particular animal or 
device function. To illustrate, it is as if the user is in an electronics 
store and all the televisions are the same brand. When a remote is 
used to change the channel on one television, the channel changes 
on all of them. In addition, many of the existing wireless technolo-
gies are also line-of-sight limited (that is, the television remote must  
be able to directly see the television), requiring the user to be  

physically present nearby and making high-throughput experi-
ments impossible. While there are instances when one may want 
to use the same neural manipulations across animals, this limita-
tion is not ideal for more complex behaviours (such as the control 
of the neural circuitry of two or more socially interacting rodents 
or animals when performing independent experiments in the same 
facility) or large experiments testing multiple conditions (that is, 
frequency–response or dose–response curves). Furthermore, these 
systems often rely on expensive and highly specialized equipment 
that may not be portable to other uses, and the available methods are 
not easily modifiable or scalable for automated or high-throughput  
experimentation. Overcoming these latter limitations will be  
necessary to enable large-scale experiments and increase reproduc-
ibility across tests.

Recent engineering efforts have produced several high- 
throughput neuroscience tools (Supplementary Table 1)14–18. 
However, these tools lack true scalability, versatility and custom-
izability to allow researchers to use them across a wide variety of 
neuroscience studies. They only allow a very limited and specific 
application (such as movement sensing17, olfactory sensing16 or 
touch sensing18), offer minimal or no wireless range14,16–18 and/or 
require increased number of bulky hardware setups for larger-scale 
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controls14–18. These limitations in existing systems considerably  
hinder the ability to conduct diverse high-throughput  
neuroscience experiments.

To overcome these limitations, we introduce a remotely pro-
grammable, globally accessible hardware and software infrastruc-
ture of miniaturized wireless networks, which we refer to as the 
‘Wireless Network for Behavioural Neuroscience’ (WNBN). This 
infrastructure enables remote, scalable, modular and chronic 
high-throughput neuroscience studies. Using a custom-designed 
user interface and internet server for remote access, Bluetooth mesh 
technology for simultaneous and selective multicontrol (that is, a 
single remote for simultaneous and independently targeted control 
of a spatially distributed aggregate of wireless devices) and afford-
able consumer hardware to enable mass deployment, the WNBN 
can be easily integrated into existing laboratory infrastructures at 
scale. Here we describe the operational concepts of the WNBN 
ecosystem for large-scale in vivo control of freely behaving animals 
and provide proof-of-principle demonstrations of this ecosystem in 
established models of behavioural and circuit neuroscience. These 
approaches provide both a portable and built-in universal system 
that streamlines experimental workflows and enables previously 
untenable multiplexing of neural and behavioural manipulations. 
The WNBN enables perturbations in home cages and social inter-
action environments, and automates experimentation through a 
web-based schedule system.

Results
Concept and operation principle of WNBN for high-throughput 
in vivo neuroscience research. Figure 1 illustrates the operational 
concept of the WNBN ecosystem. The WNBN system integrates 
wireless neural devices6,7,19,20 and other laboratory equipment with 
Bluetooth Low Energy (BLE) and Internet technologies to enable 
semi-automated and fully automated behavioural studies, respec-
tively. The WNBN can either be controlled locally through BLE 
piconets (ad hoc network that connect the primary node and 
multiple secondary nodes using Bluetooth technology21) using a 
smartphone (Fig. 1a), or can be accessed globally over the Internet  
(Fig. 1b; see Table 1 for detailed features and comparison to exist-
ing wireless technologies). Use of BLE for both options enables 
selective simultaneous control of multiple devices (Supplementary  
Fig. 1). This integrated approach exploits the unique features of 
both BLE and Internet protocols, which allow energy efficient con-
trol of many different neural devices, behavioural assays or other 
relevant lab equipment in the vicinity (~100 m) and remote access 
to the large local networks over the Internet for high-throughput 
control, respectively. More specifically, the BLE piconet is use-
ful for rapid creation of traditionally small experimental cohorts 
(~15 devices) with selective device and output controls, particu-
larly when the experimenter is physically present to conduct the 
experiment. On the other hand, the Internet protocol and web-
server on the minicomputer (Raspberry Pi 3 Model B, Raspberry 
Pi Foundation; Supplementary Fig. 2) allow researchers to con-
trol and receive feedback from many more devices in multiple 
piconet networks both selectively and simultaneously from any 
remote, Internet-connected part of the world (Fig. 1b–e). Using this 
scheme, researchers anywhere in the world can securely connect to 
the WNBN of neural devices, behavioural apparatuses or other lab 
equipment located inside a minicomputer-equipped lab. Multiple 
credentialed users with appropriate administrator permissions can 
log on to a secure private server using a browser on a PC, tablet 
or smartphone to set up desired experiments. Versatile graphical 
user interfaces (GUIs) of both the smartphone app19 and the web-
server facilitate this process by enabling manipulation of control 
parameters for multiple simultaneous experiments (Supplementary 
Figs. 3 and 4, and Videos 1 and 2). The entire system is economi-
cal and portable, only requiring commercial hardware in the form 

of a smartphone for local control or a minicomputer for global  
remote access.

This WNBN infrastructure allows the user to remotely set up 
individual, simultaneous or scheduled sequences of commands 
(Fig. 1c and Supplementary Video 3). This enables experimental 
parameters to be sent instantly in real time or scheduled at a spe-
cific date and time. These commands are received over the Internet 
by a BLE-enabled minicomputer. Once the received command is 
processed and the time of triggering is reached, BLE modules in the 
minicomputer send this command selectively to the large-scale net-
work of wirelessly connected animals implanted with BLE-enabled 
neural devices or BLE-enabled traditional equipment. In addition, 
the WNBN infrastructure supports bidirectional control and sens-
ing of information between the remote user and the devices used 
in various laboratory experiments (Fig. 1d). This capability can be 
used to check the current status of environmental parameters (such 
as temperature, pressure and humidity) before remotely triggering 
a sensitive behavioural experiment. The data-sending and receiving 
ability can be further extended to form multiple closed-loop con-
trol systems, where the WNBN ecosystem, based on received envi-
ronmental, behavioural or neural data, will send a command signal 
to a pre-specified set of devices to perform automated actions (for 
example, photostimulation, drug delivery, etc.). Lastly, the WNBN 
ecosystem leverages this unique ability to notably enhance experi-
mental throughput by allowing a remote user to have simultaneous 
selective control over a variety of experiments within a labora-
tory, as well as across multiple laboratories (Fig. 1e). In summary, 
all these functions of the WNBN infrastructure – remote control, 
selective and simultaneous control, bidirectional communication 
and device-independent scalable manipulation of both wireless and 
conventional tethered equipment – are powerful features that can 
address needs within the neuroscience community for efficient, 
labour-saving technology and can greatly facilitate high-throughput 
in vivo neuroscience research.

WNBN architecture and signal flow. Figure 2a,b highlights the net-
work architecture of the WNBN controls, compared to conventional 
Bluetooth-based schemes. Conventional Bluetooth controls rely on 
one-to-one node control (Fig. 2a(i),b(i)). In this simple architecture, 
a single wireless transmitter or controller (that is, remote control 
centre (RCC)) can wirelessly control a single wireless receiver (that 
is, remote control module (RCM)). Bluetooth single device con-
trol technology provides unique advantages, such as a large wire-
less control range, no line-of-sight and obstacle handicaps, and low 
cost and setup time for at-large implementation across laboratories. 
However, the low-throughput efficiency of this single device control 
scheme makes it unsuitable for large-scale in vivo neuroscience.

To overcome this limitation, we developed the WNBN  
technology, including operation modes for both local piconet  
(Fig. 2a(ii),b(ii)) and global Internet control (Fig. 2a(iii),b(iii)) to 
enable seamless scalability and ease of implementation across labo-
ratories, as well as devices around the globe. In local piconet WNBN 
control, we employed a single RCC device to simultaneously control 
multiple wireless RCMs (up to 15 devices at a time) in its vicinity 
(<100 m). In simple terms, it can be visualized as a star network of 
multiple RCMs forming multiple single device control connections 
with a single central RCC (Fig. 2a(ii)). Using BLE wireless protocols, 
we developed the local control system, which synchronizes multiple 
data streams by the frequency hopping spread spectrum technique, 
where it multiplexes the serial data flowing from a single RCC to 
multiple local RCM receivers. Various receivers in the local piconet 
WNBN are particularly distinguished from one another through 
the unique 48-bit Bluetooth device address of each RCM, which is 
available to RCC upon establishment of a local piconet WNBN. We 
used this identification technique to enable local piconet mode to 
control devices simultaneously and selectively with 100% accuracy 
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(Extended Data Fig. 1), in comparison to contemporary technolo-
gies such as RF8–11,13,22,23 or IR technologies7,24, which do not have 
selective capabilities, leading to potentially limitless inaccurate pair-
ings. Moreover, the communication of RCC with a specific RCM in 
a local piconet network is completely independent of its communi-
cation with other RCMs in the network. We leveraged this ability to 
enable the user to have complete control of which specific devices 
to manipulate simultaneously within a group, as well as which tar-
get functionalities to implement within each selected device. For 
example, with this feature, a single RCC can send multiple unique 

commands to 4 specific RCMs (1, 5, 10, 15) simultaneously within a 
piconet network of 15 RCMs – for instance, release of a drug using a 
microfluidic neural device implanted in mouse 1 (RCM 1), optoge-
netic excitation using a conventional tethered optical fibre implanted 
in mouse 5 (RCM 5), triggering of a laboratory centrifuge (RCM 10) 
and simultaneous delivery of light and drug using an optofluidic 
device implanted in mouse 15 (RCM 15). Hence, the selective and 
simultaneous control capability of local piconet WNBN technology 
enables versatile operation not only at device level (devices within a 
group), but also at functional level for independent control of each 
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Fig. 1 | Concept and operation principle of WNBN for high-throughput in vivo neuroscience research. a,b, Remote control modes (local vs global) for 
WNBN control. For local wireless control (a), a commercial smartphone helps form an individual BLE piconet network, which allows communication with 
multiple devices simultaneously and/or selectively in its vicinity (<100 m). For global Internet control (b), remote researchers can use any device with an 
Internet connection to access the custom WNBN server, which is hosted by a local minicomputer inside each laboratory. Multiple users at multiple distinct 
locations can remotely and simultaneously communicate with various WNBN-enabled devices deployed in multiple laboratories around the globe. Both 
local (a) and global (b) control schemes can be further extended to conventional tethered equipment by connecting them to off-the-shelf BLE modules. 
c, Device triggering modes (real-time vs scheduled) for WNBN control. The WNBN Cloud allows multimodal and simultaneous control of neural devices 
either in real time or scheduled to a specific time in the future. Irrespective of the triggering modes, all controls are selective (controlling a specific group 
of animals within a large cohort) and simultaneous (control multiple target animals simultaneously). d, Schematic diagram illustrating bidirectional control 
and sensing capability, which allows not only sending control signals to various neural implants and laboratory tools, but also receiving data from various 
sensors and feedback systems. Automatic periodic gathering of data from the animal implants and/or laboratory tools can provide insightful information 
on animal experiments. e, Schematic diagram illustrating capability of selective large-scale control, which allows simultaneous and independent 
manipulation of various types of neural devices (that is, both emerging wireless and conventional tethered devices) within limited laboratory spaces for 
high-throughput neuroscience research.
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individual feature or modality within a device (for control of multi-
modal devices). The local piconet WNBN can be easily established 
and controlled using a readily available smartphone and experi-
ments can be rapidly scaled to several devices with minimal setup 
time and effort.

However, for control over very large-scale experiments across 
tens or hundreds of animal subjects and equipment or devices 
within a laboratory, the local piconet control starts reaching its 
access and scaling limit. To address this limitation, we imple-
mented the scalable Internet control scheme by establishing a star 
network of multiple local piconet WNBNs, each with multiple 
wireless receivers (RCMs), connected to a single remotely located 
transmitter (RCC) (Fig. 2a(iii)). This scheme allows the Internet 
control to scale across various RCM devices within a laboratory 

and across multiple laboratories to enable seamless collaboration 
within or among research groups around the globe (Fig. 2b(iii)). 
Each RCC in this case can be globally accessed to control multiple 
piconet networks over the Internet. We used a local minicomputer 
(Raspberry Pi 3 Model B Quad-Core Broadcom 64 bit ARMv8 
1.2 GHz, Raspberry Pi Foundation; Supplementary Fig. 2) with the 
Internet access as an RCC, which communicates the data to mul-
tiple BLE dongles (BLED112, Silicon Labs), each of which then 
transfers the data wirelessly across local RCMs in the vicinity over 
BLE. The global Internet WNBN control network demonstrates 
similar selective and simultaneous capabilities (using BLE proto-
cols) as that of local piconet WNBN. By increasing the number of 
BLE dongles in the minicomputer, the synchronized hopping and 
time division multiplexing techniques can be parallelized such that 

Table 1 | Comparison of wireless control schemes

Control Scheme infrared (iR) 
control7

High frequency 
(HF) control22

ultrahigh 
frequency (uHF) 
control10,11

Single Bluetooth 
control (S)19,20

WNBN Control

Local piconet  
(P = n × S)

Remote internet 
(i = n × P)

Wireless access 
scheme

Infrared 
one-to-one control

HF broadcasting 
control

UHF 
broadcasting 
control

Local BLE 
one-to-one control

Local one-to-many 
BLE piconet network

Internet + BLE

Access point Lightweight 
custom 
remote-control 
module

Bulky and 
expensive RF 
equipment

Bulky and 
expensive RF 
equipment

Any commercial 
smartphone
(readily available)

Any commercial 
smartphone
(readily available)

Any system with a 
browser
(device independent)

Access range ~1 m (low) <0.3 m (low) ~0.1–0.2 m
(very low)

Local (<100 m, 
high)

Local (<100 m, 
high)

Global
(very high)

Access capability Any IR device 
within range and 
line of sight

Multiple RF 
devices within 
range and line of 
sight

Multiple RF 
devices within 
range and line of 
sight

Any Bluetooth 
device within range 
(no line of sight 
handicap)

Multiple Bluetooth 
devices in range
(no line of sight 
handicap)

Large-scale IoT even 
at far-away remote 
locations
(no line of sight or 
range handicap)

Control capability Neither selective 
nor simultaneous

Limited 
selectivity and 
simultaneity

Limited 
selectivity and 
simultaneity

Selective only Selective and 
simultaneous

Selective and 
simultaneous and/or 
scheduled

Selective simultaneous 
device control 
throughput

1
(neural implant)

1
(neural implant)

1
(neural implant)

1
(neural implant)

15
(neural implants 
and/or conventional 
device)

Scalable to hundreds
(neural implants 
and/or conventional 
devices)

Multiple user control No No No No No Yes

Scalable closed-loop 
control

No No No No Yes Yes

Automation and 
scheduling

No No No No No Yes

user interface Simple tactile 
switches

Complex control 
switches

Complex control 
switches

Universal 
smartphone-based 
system

Universal 
smartphone-based 
system

Universal 
webpage-based 
system

Reliability None None None Confirmation with 
log tracking

Confirmation with 
log tracking

Confirmation with log 
tracking

on-demand 
experimental setup 
customizability

No No No Yes Yes Yes

Trigger latency - - - Lower
(<0.5 ms)

Lower
(<0.5 ms)

Higher
(<200 ms)

Special control setup 
cost

Low
(<$50)

High
(~$10,000)

High
(~$10,000)

$0 $0 Low
(~$45)

Setup time and effort Moderate High High Low Low Low

Energy cost Lowest High High Low Low Moderate

IoT, Internet of Things.
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each individual piconet sub-network can wirelessly, selectively and 
simultaneously control numerous devices at a time. The number 
of controllable devices scales by increasing the number of con-
nected BLE dongles. Each individual BLE dongle can support up to 

eight connections. Our custom software driver quickly adapts data  
multiplexing algorithms and wireless data streaming on the basis 
of the number of dongles connected for efficient and reliable wire-
less communication to all end devices. Stimulation parameters for  
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Fig. 2 | The WNBN architecture and signal flow. a, Block diagram of network topologies to highlight topological differences and signal flow between 
(i) conventional Bluetooth single device control and (ii,iii) WNBN multidevice control modes, where RCC, RCM and P stand for remote control centre, 
remote control module and piconet, respectively; (ii) local piconet WNBN control through a single RCC and (iii) global Internet WNBN control through 
multiple piconet networks (P1, P2, P3, …, and Pm), all of which are connected to a single RCC. b, Illustration of capabilities and access range of different 
technologies. (i) Single device control, where 1 RCC can control only 1 RCM at a time in its vicinity using BLE; (ii) local piconet WNBN mode, where a single 
RCC can selectively and simultaneously control up to 15 independent RCMs within its vicinity using BLE; and (iii) global Internet WNBN mode, where 
a single remotely located RCC can selectively and simultaneously control multiple devices across the globe at different laboratories (equipped with a 
minicomputer loaded with a custom WNBN operating system) using a combination of Internet and BLE technologies. The WNBN technology can control 
not only multimodal neural implants, but also tethered conventional equipment while gathering data from multiple analogue and digital sensors at the 
same time.
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neuromodulation, sensing data obtained from animals or laborato-
ries, or control signals for triggering of conventional tethered equip-
ment such as lasers and imaging probes connected to a BLE module 
can be communicated over global WNBN control. After developing 
this WNBN ecosystem, we next sought to test its function in various 
behavioural neuroscience settings.

Reliability of WNBN systems for in vivo neuroscience. A wire-
less network ecosystem meant to enable remote neuroscience 
experimentation that reduces human interaction while maintaining 
oversight of the experiment must be rapid (millisecond timescale) 
and reliable. To ensure quality and latency of data communication 
between the remote user and wireless networks, we validated the 
reliability of both the local piconet and the global Internet controls 
for control of both wireless neural devices and conventional neuro-
science tools. First, we characterized and compared the WNBN con-
trol latencies for selective and simultaneous control of one or more 
outputs in a real-time or scheduled format. For these studies, we 
designed and employed a minimalistic, yet highly customizable and 
rechargeable wireless optogenetic probe (Fig. 3a and Supplementary 
Fig. 5) as an exemplary RCM device. This BLE-enabled device can 
be easily controlled using the WNBN ecosystem with minimal cost 
and effort, while parallel designs can be 3D-printed to further mini-
mize costs25. This device was equipped with bilateral neural probes, 
where each probe housed two independently controlled microscale 
inorganic light-emitting diodes (µ-ILEDs) of different wavelengths 
(470 nm and 589 nm). For wireless control, it was then integrated 
with a BLE wireless module and a light battery (0.3 g; lithium poly-
mer (LiPo) battery, PowerStream) through modular assembly.

Figure 3b,c, Extended Data Fig. 1 and Supplementary Videos 
1–3 demonstrate the promptness and reliability of local piconet, 
and local and global Internet control modes for remote control of 
these wireless optogenetic devices (see Table 2 for summarized key 
performance metrics). Operation in all control modes is highly sta-
ble when a single RCM is paired to RCC, regardless of the distance 
between RCC and RCM (Extended Data Fig. 1a). These tests had 
zero failures (that is, 100% of success rate). Transmission was faster 
in the local piconet compared with the Internet controls (latency 
~20 ms for the piconet control versus (~55 + α) ms for the Internet 
control where α represents a signal propagation delay between the 
remote user and RCC; Fig. 3b and Extended Data Fig. 1b). This 
increased latency for Internet control is mainly due to increased 
RCC–RCM distance, making the local piconet control more suit-
able for sophisticated experiments requiring higher temporal con-
trol resolution. For scheduled controls, RCC uses only the local 
network, thus the signal propagation delay can be completely elimi-
nated. Therefore, using the scheduled control can make the latency 
difference between local and global Internet controls negligible. For 
simultaneous output or device control, the latency of additional 
devices receiving data increases since the frequency hopping algo-
rithms need to find available frequencies for the additional devices 
(Fig. 3c). Overall, however, the differences are small and in most 
cases inconsequential. This is especially true for behavioural experi-
ments with the time course of seconds or longer. Furthermore, the 
number of paired RCMs does not substantially affect the latency or 
success rate of BLE signal transmission (Extended Data Fig. 1c,d), 
except in the case of the local piconet where the number of allow-
able connections is limited to 15 by a smartphone. These results 
demonstrate the functionality and scalability of the WNBN control 
in reliably controlling numerous devices on millisecond timescales.

While benchtop testing provides clear performance hall-
marks, integration with real neuroscience experiments requires 
proof-of-principle in vivo testing. To do so, we used multiple estab-
lished animal behaviour models to test integration of WNBN infra-
structure with in vivo neuroscience experiments. To demonstrate 
the effectiveness of WNBN-controlled manipulation, we used a 

well-validated feeding assay in which agouti-related protein (AgRP) 
expressing neurons were stimulated to drive food consumption 
in ad libitum fed conditions26,27. First, we implanted BLE-enabled 
blue µ-ILED devices lateral to the paraventricular nucleus of the 
hypothalamus (PVH) in agrpCre x Ai32 mice. These mice have 
Cre-dependent expression of the blue-light sensitive cation chan-
nel, channelrhodopsin-2 (ChR2) within AgRP-expressing neurons 
(Fig. 3d). Following recovery, ad libitum fed mice were given access 
to a food pellet (~3 g) for 3 h (Fig. 3e) and received 1 h of 20 Hz pho-
tostimulation in an off-on-off manner. Blue-light photostimulation 
wirelessly activated via local piconet (Fig. 3f) or Internet WNBN 
control (Fig. 3g) significantly increased food consumption above 
baseline levels, validating the reliability of both WNBN control 
modes for wireless neuromodulation. Importantly, WNBN control 
not only works with these specialized BLE-enabled wireless neural 
devices (Fig. 3a), but can also be used with conventional laboratory 
equipment (Fig. 3h). Following the same experimental protocol, 
we used the Internet WNBN control to deliver commands (20 Hz 
photostimulation) to typical transistor–transistor logic input/out-
put ports on a diode-pumped solid-state (DPSS) laser tethered to 
fibre-optic-implanted mice, to drive the same increase in feeding 
behaviour (Fig. 3i,j). These proof-of-principle experiments verify 
that both control modes (that is, local piconet and Internet con-
trols) of the WNBN system are equally reliable and highly versatile, 
allowing remote control of both wireless neural devices as well as 
conventional laboratory tools. This flexibility in downstream RCM 
targets optimizes laboratory adoptability while minimizing labora-
tory costs and setup efforts.

Simultaneous and selective control in WNBN systems for 
high-throughput neuroscience experimentation. To demonstrate 
the principles of WNBN control systems for multiple simultaneous 
experiments, we simultaneously targeted BLE-enabled blue µ-ILED 
devices to the secondary motor cortex (M2) of six mice expressing 
ChR2 under the Thy1 promoter (Fig. 4a)28. Here, following a base-
line exposure to an open arena, smartphone-based local piconet 
control was used to simultaneously photostimulate (20 Hz) M2 to 
induce locomotor behaviour (Fig. 4b and Supplementary Video 4). 
This activation increased total locomotor activity (Fig. 4c), as well 
as induced rotation behaviour in a time-locked fashion (Fig. 4d). 
This local piconet-based control is the basis for expansion to sched-
uled and global control schemes. Using the unique identification of 
each BLE-enabled device in the WNBN, we can now program more 
complex interactive experiments, such as those including social  
interaction and/or those requiring selective control of discrete 
device features.

To demonstrate this independent selectivity, we used mul-
ticolour optogenetics to bidirectionally control the midbrain 
dopamine system to modulate social interaction29. Here we 
injected the ventral tegmental area (VTA) of dopamine active 
transporter Cre mice (DATCre) with viral constructs containing 
soma-targeted blue-light-sensitive inhibitory opsin stGtACR230 
and red-light-sensitive excitatory opsin Chrimson31. We then 
implanted bilateral, dual µ-ILED (amber/blue) devices (Fig. 4e–g) 
directed towards the VTA. Following recovery, we selectively 
activated specific LEDs to target the distinct opsins during a test 
of social interaction (Fig. 4h, left). Using amber light to activate 
Chrimson (Fig. 4h, right), we demonstrated that DATCre mice have 
increased social interaction with non-cagemate ‘stranger’ mice dur-
ing VTA-dopamine neuron stimulation (paired t-test, P < 0.01). 
In contrast, blue-light-mediated inhibition of dopamine neuronal 
activity through stGtACR2 stimulation (Fig. 4i) reduced social 
interaction, but did not reach significance (P = 0.08). Importantly, 
this simultaneous selective approach is not limited by device or spe-
cies. To demonstrate this flexibility, we implanted Sprague-Dawley 
rats with microfluidic probes19 (Extended Data Fig. 2a) directed 
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at the nucleus accumbens and placed in a palatable food choice 
consumption assay. In this assay, local piconet WNBN-controlled 
microinfusion of mu-opioid receptor agonist, D-Ala2, NMe-Phe4, 

Glyol5-enkephalin (DAMGO), drove binge-like food consump-
tion for palatable high-fat diet as previously described32 (Extended  
Data Fig. 2b–e).
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Fig. 3 | implementation of local and global WNBN controls for in vivo neuroscience experimentation. a, Three major components of the modular and 
customizable wireless optogenetic system: a rechargeable LiPo battery, a soft µ-ILED probe and a programmable wireless BLE module (RCM). b, Latency of 
triggering single µ-ILED-based neural probes integrated with wireless RCMs, comparing the responsiveness of local piconet, local and global Internet modes 
(n = 10). Distance between RCC and RCM is 1 m. c, Latency of simultaneous triggering of dual μ-ILEDs in optogenetic neural probes integrated with wireless 
RCMs, comparing the responsiveness of local and global Internet modes (n = 10). Orange arrow in b and dark purple arrow in c indicate a global signal 
propagation delay, which is dependent on the inter-distance between the remote user and RCC (for example, 15 ms delay between Boulder, CO and  
St. Louis, MO, USA). Note that this propagation delay can be ignored in scheduled controls. Distance between RCC and RCM is 1 m. d, Top: sagittal brain 
cartoon of implantation of µ-ILED device into the PVH of agrpCre x Ai32 mice. Bottom: representative coronal image showing ChR2-eYFP expression (green) 
within the PVH. Scale bar, 100 µm. D, Dorsal, V, Ventral, M, Medial, L, Lateral. e, Cartoon depicting ad libitum feeding experiment with either piconet or Internet 
control. f,g, Amount of food consumed during local piconet-controlled (f) and local Internet-controlled (g) feeding of agrpCre x Ai32 mice, which consumed 
significantly more food during 20 Hz photostimulation compared with non-stimulation periods (1 h) (repeated measures one-way ANOVA; (f) Hour 1 vs 
Hour 2, **P = 0.008, Tukey’s multiple comparisons test, n = 7; (g) Hour 1 vs Hour 2, ***P = < 0.001, Tukey’s multiple comparisons test, n = 8). h, Photographs 
depicting set up of conventional device integration for Internet-controlled conventional optogenetic stimulation. BNC, Bayonet Neill-Concelman connector. 
i, Cartoon depiction of ad libitum feeding experiment using conventional optogenetic stimulation. j, Amount of food consumed during Internet-controlled 
conventional laser-coupled optogenetic stimulation of agrpCre x Ai32 mice, which consumed significantly more food during 20 Hz photostimulation compared 
with non-stimulation periods (1 h) (repeated measures one-way ANOVA, Hour 1 vs Hour 2, *P = 0.0126, Tukey’s multiple comparisons test, n = 9).
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To demonstrate the WNBN’s high-throughput capability to 
control systems for simultaneous and parallel experimentation, 
we conducted two concurrent locomotor and food consumption 
experiments. Here, Thy1ChR2-YFP mice (n = 8) were targeted with 
fibre optic implants for BLE-enabled control of conventional DPSS 
473 nm laser stimulation of the M2 (Fig. 5a)28. In addition, agrpCre x 
Ai32 mice (n = 12–13) were targeted with BLE-enabled blue µ-ILED 
devices for the homecage stimulation of the PVH to drive feeding 
behaviour (Fig. 5b). Following recovery from surgery, ad libitum fed 
agrpCre x Ai32 mice were trained to collect pellets from a feeding 
experimentation device version 3 (FED3)33 overnight for 3 d. FED3 
is an open-source homecage feeding device that allows continuous 
food intake measurements inside a standard mouse homecage with 
minimal experimenter intervention. Following this training period, 
all animals from both experiments were placed in separate staging 
areas within the behavioural testing room – small open fields for 
the Thy1ChR2-YFP mice and FED3-enabled home cages for the agrpCre 
x Ai32 mice – 1 h before simultaneous testing. This coordinated 
experiment began by giving agrpCre x Ai32 mice access to FED3 pel-
let dispensers (20 mg per pellet) (Fig. 5c). During the first hour of 
FED3 access, Thy1ChR2-YFP were connected to fibre optic patch cables 
and allowed to acclimate for 10 min. The experimenter then used 
the WNBN web interface to schedule a series of ‘ON’ and ‘OFF’ 
commands to be sent to all 21 BLE-enabled devices to initiate 20 Hz 
photostimulation in all mice. The first set of 21 ON commands were 
sent at 60 min. Following 5 min stimulation, 8 OFF commands were 
sent to stop stimulation for the Thy1ChR2-YFP. Fifty-five minutes later, 
8 ON commands were sent to initiate a second Thy1ChR2-YFP stim-
ulation time. Five minutes later, a final set of 21 OFF commands 
were directed to all BLE-enabled devices to stop all stimulation in 
both experiments. This resulted in two 5 min stimulation periods 
for the Thy1ChR2-YFP mice and a single 1 h stimulation period for 

the agrpCre x Ai32 mice (Fig. 5c). Internet-scheduled photostimu-
lation significantly increased food pellet retrieval in agrpCre x Ai32  
(Fig. 5d,g,i) mice while simultaneously increasing locomotion and 
rotation in Thy1ChR2-YFP mice (Fig. 5d–f,h). Individual heatmaps 
show simultaneous and distinct behavioural activation during these 
stimulation periods in each experiment (Fig. 5g,h). Continuous 
monitoring of pellet retrieval with the FED3 devices shows a left-
ward shift in the inter-pellet retrieval interval during photostimu-
lation that persists during the hour following photostimulation, 
despite an overall reduction in pellets obtained during this time  
(Fig. 5j,k). One week following this test, we coordinated a second mul-
tibehaviour experiment to include locomotion and home-cage food 
consumption without the FED3 devices as described in Extended 
Data Fig. 3a. Again, scheduled and simultaneous photostimulation 
increased food consumption in agrpCre x Ai32 mice (Extended Data 
Fig. 3b,c,g) while concurrently increasing locomotion and rotation 
in Thy1ChR2-YFP mice (Extended Data Fig. 3d–g). In both feeding 
experiments, photostimulation increased caloric intake; however, 
agrpCre x Ai32 mice had higher caloric intake during initial FED3 
access (Hour 1) compared with free food access (Extended Data  
Fig. 3c). In the Thy1ChR2-YFP mice, both days of locomotor stimula-
tion increased overall distance travelled and rotations; however, the 
second stimulation produced a larger relative response on the sec-
ond test day, suggesting possible plasticity in response to repeated 
photostimulation (Extended Data Fig. 3e). Importantly, these simul-
taneous experiments were all conducted by a single experimenter 
controlling the experimental parameters through the WNBN 
web interface. This combination of experiments demonstrates the 
effectiveness of WNBN in simultaneously controlling specialized 
BLE-enabled wireless neural devices and conventional laboratory 
equipment to coordinate high-throughput experimentation.

Scaling wireless networks can introduce issues of network 
crowding and interference. While these two discrete and indepen-
dent behavioural experiments were conducted twice within the 
same animal facility, this facility did not have excessive miscella-
neous and unconnected Bluetooth devices within range of the mini-
computer. At any given time, there were typically ~10 non-related 
devices representing BLE-enabled security cameras, smart building 
infrastructure, smartphones and computer peripherals. Increasing 
experimental scale to tens or hundreds of devices, however, could 
be limited due to signal interference among these and unconnected 
devices. One approach to limiting this interference would be to 
incorporate advanced Bluetooth mesh technology34 into the WNBN 
ecosystem. In a proof-of-principle benchtop experiment, we dem-
onstrate this integration by enabling selective device activation of 
82 devices over a physical distance of 4 m (Supplementary Video 5 
and Fig. 6). This initial test suggests that advanced Bluetooth mesh 
technology is a feasible approach to limit Bluetooth signal interfer-
ence in the WNBN ecosystem.

Automated control and data collection to reduce observer 
effects in behavioural neuroscience. In addition to on-demand 
device activation, delayed scheduling in the global Internet WNBN 
enables automated and semi-automated in vivo experimentation. 
Here, stimulation or monitoring protocols are established for future 
dates and times. These remote-control capabilities eliminate the 
need to be physically present in the laboratory, thereby alleviating 
some elements of an ‘observer effect’1,5. As a versatile demonstra-
tion of this scheduled Internet-controlled stimulation, we used this 
approach to control laser-tethered fibre-optic-implanted mice in a 
typical optogenetics experiment. Here we tested whether the known 
arousal modulating properties of the locus coeruleus noradrener-
gic system11,35 extend to its projections into the medial prefrontal 
cortex (mPFC). To virally target this system, we used animals that 
exclusively express Cre recombinase in cells expressing dopamine 
beta hydroxylase (Dbh), the enzyme necessary for the conversion 

Table 2 | Performance metrics of the WNBN system

WNBN 
performance 
metrics

Local piconet 
mode

Local internet 
mode

Global internet 
mode

Latency ~20 ms
(maximum 
~50 ms
with 15 devices)

~55 ms
(maximum 
~90 ms
with 22 
devices)

(~55 + α) ms;
where α is the 
propagation delay
(maximum 
~(95 + α) ms
with 22 devices)

Error rate 
(misses/trials × 
100)

0%
(with ≤15 
devices)

<0.2%
(regardless 
of number of 
devices)

<0.5%
(regardless 
of number of 
devices)

Control distance 
between user 
and RCM

 Local (<100 m) No limit No limit

Number of 
controllable 
devices

15 22+ with 
multiple BLE 
dongles
(100+ with 
Bluetooth 
mesh)

22+ with multiple 
BLE dongles
(100+ with 
Bluetooth mesh)

Power 
consumption of 
wireless module

Tens of mW
for μ-ILED 
operation

Tens of mW
for μ-ILED 
operation

Tens of mW
for μ-ILED 
operation

Bandwidth ~1 Mb s−1

(BLE, extendable 
up to 2 Mb s−1  
for Bluetooth 5)

~1 Mb s−1

(BLE, extendable 
up to 2 Mb s−1 
for Bluetooth 5)

~1 Mb s−1

(BLE, extendable 
up to 2 Mb s−1 for 
Bluetooth 5)
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of dopamine to norepinephrine. DbhCre mice were injected with 
AAV5-EF1α-DIO-ChR2-eYFP in the locus coeruleus and implanted 
with a chronic fibre optic36 in the medial prefrontal cortex (Fig. 6a). 
Following recovery, mice were placed in a behavioural test chamber 
and allowed to acclimate for 24 h. The experimenter scheduled two 
global Internet WNBN-controlled stimulations (5 Hz for 15 min) via 
the web interface to occur following acclimation (Fig. 6b). The next 
day, early light phase (AM) scheduled stimulation increased loco-
motor activity in DbhCre animals (Fig. 6c), but late light phase (PM) 
stimulation had no clear effect (Fig. 6d). This suggests that activa-
tion of this pathway promotes general arousal that may be circadian 

rhythm dependent. Importantly, as these experiments were sched-
uled to occur automatically and without experimenter intervention, 
we found a strong negative correlation between baseline locomo-
tion and activity during the photostimulation (Fig. 6e). Notably, the 
remote access capability of the global Internet WNBN can also be 
used to log data from selected sensing hardware to obtain vital data 
on laboratory conditions, such as temperature, humidity, air pres-
sure, or any other sensor with an integrated BLE module (Fig. 6f). 
Here we used inexpensive off-the-shelf hardware – Simblee break-
out board (RFD77101 Breakout Module, Simblee) and atmospheric 
sensor (Environmental Sensor BME680, SEN-16466, Sparkfun) 
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Fig. 4 | Simultaneous and selective in vivo control in WNBN-controlled systems. a, Top: sagittal brain cartoon of implantation of µ-ILED device into 
the M2 of Thy1ChR2 mice. Bottom: representative coronal image showing implant location and ChR2-YFP expression (green) within the cortex. Scale 
bar, 200 µm. b, Data showing changes in locomotor activity during piconet-controlled stimulation (20 Hz) in Thy1ChR2 mice. c,d, Average distance 
travelled (c) and average rotations (d) during local piconet-controlled stimulation intervals (c: two-tailed paired t-test (0 vs 20 Hz), *P = 0.0249, n = 6; 
d: two-tailed paired t-test (0 vs 20 Hz), **P = 0.003, n = 6). e, Photographs and cartoon diagram depicting design of a bipolar multi-µ-ILED optogenetic 
probe. f, Representative photographs of the wireless optogenetic device highlighting its ability to control individual µ-ILEDs (589 nm, 470 nm and both, 
respectively). g, Top: sagittal brain cartoon depicting viral injection of AAV1-hSyn1-SIO-stGtACR2-FusionRed, AAV5-Syn-FLEX-Chrimson-tdTomato and 
bilateral µ-ILED device implantation into the VTA of DATCre mice. Bottom: representative coronal image showing immunohistochemistry for tyrosine 
hydroxylase (TH) (blue), stGtACR2 (red) and Chrimson (magenta) expression within the VTA. Dashed lines indicate boundaries of separate brain areas; 
VTA: ventral tegmental area, IPN: interpeduncular nucleus (Scale bar, 100 µm). h, Left: cartoon depicting social interaction test with 20 Hz stimulation 
at 589 nm for Chrimson-mediated neuron excitation. Right: Chrimson stimulation (20 Hz) significantly increases social interaction in DATCre:Chrimson/GtACR2 
mice (two-tailed paired t-test (0 vs 20 Hz), **P = 0.0014, n = 10). i, Left: cartoon depicting social interaction test with 40 Hz stimulation at 470 nm for 
stGtACR2-mediated neuronal inhibition. Right: this paradigm reduces social interaction in DATCre:Chrimson/GtACR2 mice (two-tailed paired t-test (0 vs 40 Hz), 
P = 0.086, n = 7). Data are presented as mean ± s.e.m. of biological replicates.
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to detect mouse home-cage temperatures for 24 h (Fig. 6f,g). We 
remotely detected changes in cage temperature for cages containing 
standard group-housed mice and empty control cages. Mouse cage 
temperatures increased during the 12 h ‘night’, while ‘day’ tempera-
tures remained relatively stable (Fig. 6h,i). These data could pro-
vide reasonably inexpensive and reliable measures of overall cage 
activity37,38. Critically, this technology could be expanded to include 
other behavioural and physiological detection systems as a means 
to automate, optimize or scale data collection while minimizing 
experimenter intervention.

discussion
The WNBN system employed here gives the user the means to 
effortlessly scale and rapidly adapt to their needs or preference. This 
flexibility allows for selective large-scale control of BLE technology 
in behavioural neuroscience. This BLE-based system overcomes 
limitations of contemporary wireless neural devices that arise from 
inevitable non-selective batch triggering by their line-of-sight hand-
icap7–11,13. Specifically, while most other approaches to wireless stim-
ulation activate all nearby wireless devices in an identical manner, 
BLE can select each individual device or device feature for activa-
tion, and this software-based selectivity can be scaled with minimal 
effort, cost and hardware design considerations or setups. While 
many different schemes are available to make wireless devices for 
optogenetic manipulation, electrical recording and drug deliv-
ery7–9,11,13,15,23,24,39–41, the most advanced of these systems all rely on 
technology that cannot exclusively target an individual animal. In 
addition, there have been several efforts to send commands to per-
turb neural activity over the Internet42, but most of these have typi-
cally been pure demonstrations of feasibility rather than to improve 
experimental practice. One recent study sent commands from a 
smartphone over the Internet to provide optogenetic stimulation15; 
however, the presented technology likewise does not allow for indi-
vidual animal and/or device function targeting or programmable 
operation to automate experiments. Compared with commercial 
high-throughput systems, which only allow a locally accessed (min-
imal wireless control), limited application (minimal data type ver-
satility and compatibility) and limited scalability (limited number 
of multiplexed units), the WNBN ecosystem offers several unique 
advantages. The WNBN system provides a highly versatile and pro-
grammable universal wireless interface that can be globally accessed 
from anywhere and used with a diverse assortment of research labo-
ratory equipment. Furthermore, this network ecosystem approach 
also allows multiplexed, real-time (or scheduled) and secure access 
to multiple remotely located laboratories around the globe. Table 1 
and Supplementary Tables 1 and 2 detail the advantages and limita-
tions of our approach compared with other relevant technologies.

While many capabilities of the local piconet WNBN mode and 
global Internet WNBN mode overlap at the microlevel, each tech-
nology offers unique tools and features for the scientific community 
to exploit on the basis of experimental scale, time and setup con-
straints. The local piconet WNBN mode enables rapid creation of 
local on-the-fly networks with minimal effort and complexity (by 
simultaneously controlling multiple unique experiments from the 
user’s smartphone). This mode, however, requires users to be physi-
cally present in the laboratory and offers limited automation and 
scheduling. On the other hand, the global Internet WNBN mode 
can be used as a global collaborative tool across multiple labora-
tories, where researchers can potentially exploit its remotely con-
trolled automation and scheduling capabilities. Remote access can 
be from the same user at home or in the office or from a different 
laboratory altogether. This global mode only requires minimal hard-
ware in the form of a minicomputer as the server and any Internet 
browser-enabled device to access it. Furthermore, this global sys-
tem is able to scale this level of network control across numerous 
simultaneously run experiments, thus carrying the potential to 
greatly enhance research throughput and progress. In particular, 
the global Internet WNBN can be customized to include any num-
ber of piconet networks within the ecosystem (by adding mini-
computers at each location) and/or any number of devices within 
each piconet sub-network (by adding BLE dongles in the minicom-
puter). Overall, with minimalistic and accessible hardware infra-
structure, both local piconet and global Internet modes of WNBN 
enable large groups of selective and simultaneous, wirelessly and/or 
remotely controlled experiments on-the-fly with 100% device target 
accuracy. With complete control over customization of stimulation 
and data acquisition parameters in real-time or scheduled fashion, 
WNBN technology can help boost research throughput by enabling 
automation of large-scale simultaneously run experiments.

While the principal control schemes are the same whether the 
WNBN is used on-the-fly with a smartphone or remotely and 
scheduled over the Internet, there are important technical and ethi-
cal considerations to take before implementation. For example, the 
local smartphone control is suitable for experiments where shorter 
control latency (that is, 20 ms) is desired. On the other hand, the 
Internet control is more appropriate when a larger scale of animal 
experiments (that is, a few tens of animals or more) are required. 
Another important factor is the duration of the experiment and 
what the power needs are of the devices being controlled. For acute 
experiments, any of the battery systems presented here are suf-
ficient. However, for longer and more chronic studies, expansion 
of the battery pack or conversion to an AC power supply may be 
necessary. Future innovations in wireless recharging of batteries will 
enable near limitless remote access to the BLE-based system.

Fig. 5 | Simultaneous WNBN control of high-throughput behavioural experimentation. a, Left: sagittal brain cartoon of implantation of fibre optic 
implant M2 on Thy1ChR2-YFP mice. Right: representative coronal image showing implant location and ChR2-YFP expression (green) within the cortex. Scale 
bar, 250 µm. b, Left: sagittal brain cartoon of implantation of µ-ILED device into the PVH of agrpCre x Ai32 mice. Right: representative coronal image 
showing ChR2-eYFP expression (green) within the PVH. Scale bar, 100 µm. c, Cartoons and timeline describing locomotion and ad libitum pellet feeding 
experiment with Internet-scheduled simultaneous control. Blue bar indicates duration of photostimulation. d, Simultaneous behavioural outputs depicting 
locomotion (m) for Thy1ChR2-YFP mice and pellets retrieved per minute in agrpCre x Ai32 mice in 1 min bins during coordinated behavioural experimentation. 
e, Data showing changes in locomotor activity during Internet-controlled stimulation (20 Hz) in Thy1ChR2-YFP mice. Average distance travelled during 
Internet-scheduled stimulation was significantly higher than at pre-stimulation and post-stimulation periods (repeated measures one-way ANOVA, 
for Stimulation 1: Pre1 vs Stim1, **P = 0.0066 and Stim1 vs Post1, *P = 0.0443, Tukey’s multiple comparisons test, n = 8; for Stimulation 2: Pre2 vs Stim2, 
**P = 0.0012 and Stim2 vs Post2, *P = 0.0115, Tukey’s multiple comparisons test, n = 8). f, Rotations in Thy1ChR2 mice over 80 min (1 min bins) that includes 
two stimulation periods. g,h, Heatmaps depicting changes in behavioural activity for agrpCre x Ai32 mice (g) and Thy1ChR2-YFP mice (h) during coordinated 
scheduled photostimulation. i, Average number of pellets retrieved during 1 h periods. Blue bar indicates the hour of 20 Hz stimulation. agrpCre x Ai32 mice 
consumed significantly more pellets during 20 Hz photostimulation compared with non-stimulation periods (1 h) (repeated measures one-way ANOVA, 
Hour 1 vs Hour 2, **P = 0.0048 and Hour 2 vs Hour 3, ****P < 0.0001, Tukey’s multiple comparisons test, n = 12). j,k, Number of pellets (j) and kernel 
density estimate distributions (k) of inter-pellet intervals during each 1 h period in agrpCre x Ai32 mice. The area under each kernel density estimation curve 
is 1 and the area under any particular section of the curve estimates the probability of inter-pellet intervals of that duration occurring. Data are presented 
as mean ± s.e.m. of biological replicates.

NATuRE BioMEdiCAL ENGiNEERiNG | VOL 6 | JUNE 2022 | 771–786 | www.nature.com/natbiomedeng780

http://www.nature.com/natbiomedeng


ArticlesNaTurE BiomEDicaL ENgiNEEriNg

The incorporation of wireless networks into biomedical sci-
ences carries numerous ethical considerations for the health, safety 
and security of the research subjects involved. While our WNBN 

system enables fully remote and global access, it is important to 
note that none of the experiments in this study were performed 
without the necessary human oversight to ensure animal safety.  
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While all optogenetic and pharmacological modifications were 
monitored closely by highly trained onsite personnel, the envi-
ronmental sensing represents an opportunity to assess laboratory 
conditions remotely. This can be safely achieved remotely and this 
particular study was conducted from ~350 km outside of the labo-
ratory (Fig. 6f–i). However, because these studies took place in the 
home cage, animal welfare was ensured through daily animal hus-
bandry health and safety checks, as with any other home cage in the 
animal colony. As researchers begin to incorporate wireless network 
ecosystems into their experimental workflows, it is absolutely neces-
sary that investigators carefully vet the potential outcomes. If a neu-
ral manipulation is being operated remotely, appropriate safeguards 
need to be in place to mitigate any potential harm to the research 
subject. These considerations are similar to any home-cage-based 
study, such as those for circadian and feeding behaviours33 where 
experiments often occur over many hours with the experimenter in 
a separate location.

The WNBN system requires user credentials for access, and thus 
only authorized users can access and conduct experiments. The 
connection between the users and the WNBN system’s webserver 
is encrypted using Hypertext Transfer Protocol Secure (HTTPS), 
so eavesdropping on the communication channel is not pos-
sible. Furthermore, the WNBN system can easily support Internet 

Protocol Security (IPSec), creating strong site-level security by con-
necting a remote network to a user’s local network. The Bluetooth 
communication between an RCC and RCMs is not encrypted since 
they are usually located nearby (a few metres) inside the protected 
lab facilities. However, care should be taken before granting autho-
rization to new users of the WNBN. In particular, the WNBN can 
likely reduce or streamline skilled labour involvement with some 
research studies. For example, Fig. 5 and Extended Data Fig. 3 were 
both conducted by a single researcher – a feat that would have been 
difficult or impossible to do alone with the requisite temporal con-
trol. However, this should not mean that sophisticated and delicate 
animal experiments could be ported to less-trained individuals. 
The use of a wireless control ecosystem must be restricted to those 
with the necessary experience and training to ensure animal safety. 
While one can imagine cooperative arrangements to conduct stud-
ies globally in a safe and secure manner, this should never be done 
without the necessary safeguards for animal health and well-being. 
On that note, in addition to potentially reducing skilled labour 
hours, the WNBN also has the potential to reduce and refine ani-
mal studies43. Enabling long-term home-cage-based experiments 
should reduce the number of animals needed by increasing statis-
tical power in within-subject designs. In this same vein, wireless 
home-cage experiments, especially those that allow animals to be 
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Fig. 6 | Conventional device integration for internet-controlled experimentation and data collection. a, Top: sagittal brain cartoon depicting viral 
injection of AAV5-ef1α-DIO-ChR2-eYFP into the locus coeruleus (LC) and fibre optic implantation into the mPFC of DbhCre mice. Bottom: representative 
coronal image showing immunohistochemistry for ChR2-eYFP expression within the mPFC and LC. Images show ChR2-eYFP (yellow) and tyrosine 
hydroxylase (TH) (pink) or Nissl (blue). Scale bars, 50 µm; 4 V, fourth ventricle. b, Cartoon depicting implementation of scheduled global Internet 
control in conventional optogenetic stimulation to drive locomotor activity. c, DbhCre:LC-mPFC::ChR2 mice had significantly higher locomotion during the AM 
5 Hz stimulation compared with non-stimulation periods (15 min) (repeated measures one-way ANOVA, 5 Hz vs Post, *P = 0.0392, Tukey’s multiple 
comparisons test, n = 5). d, No significant change was detected during the PM 5 Hz stimulation. e, Baseline movement was negatively correlated with 
evoked locomotion (r = −0.6398, P = 0.0464, n = 10 pairs). f, Cartoon schematic of Simblee and sensor setup for home-cage temperature detection by 
remote user. In this case, as depicted in the cartoon, the commands were scheduled in Springfield, MO, USA for detection to occur in St. Louis, MO, USA. 
g, Photograph of Simblee board, sensor and mouse cage setup for monitoring cage temperature. Inset: photograph of sensor location inside mouse cage. 
h, Graph depicting average cage temperature collected over a 24 h period. Black circles indicate empty cage temperatures, blue circles indicate mouse 
cage temperatures. Dark bar indicates dark phase of light cycle (12h :12 h). Data are presented as mean ± s.e.m. of biological replicates. i, Graph depicting 
temperature change of mouse cage during dark phase of 12h :12 h light cycle (two-tailed paired t test (Day vs Night), **P = 0.0011). Data are presented as 
individual biological replicates.
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studied without human interaction, should help reduce stress to the 
animal subjects inherent to behavioural testing.

The proof-of-principle behavioural experiments presented here 
demonstrate that the WNBN ecosystem is readily accessible to 
most behavioural and circuit neuroscience laboratories. Whether 
using custom-designed BLE-enabled optical probes and drug 
delivery devices or by integrating BLE control into conventional 
laboratory hardware, these approaches make semi-automated, 
high-throughput in vivo neuroscience possible. Future use of bidi-
rectional communication within the WNBN ecosystem can enable 
fully or semi-autonomous closed-loop systems where inputs from 
sensors trigger subsequent commands from the system for qual-
ity control or experimental purposes. Further increasing the data 
transmission and storage capacities of the WNBN will also help 
integrate other technologies, such as wireless neural recording44 
and Ca2+ imaging data45. Integration with physiological sensors for 
remotely accessible, large-scale and fully automated closed-loop sys-
tems neuroscience experiments will enable study of cell and circuit 
function in more naturalistic settings. Large-scale experiments with 
tens to hundreds of devices can be limited due to Bluetooth signal 
interference among the devices. This potential interference can be 
eliminated by adopting an advanced Bluetooth mesh technology34 
into the current WNBN system, as shown in our proof-of-principle 
experiment (Supplementary Video 5 and Fig. 6). Furthermore, 
while we demonstrate use of the WNBN in home cage and social 
interaction behavioural experiments, overcoming the line-of-sight 
handicap seen in other technologies7–11,13 makes experiments in 
truly unconstrained environments possible. It is reasonable to 
imagine using the WNBN infrastructure in large or complex envi-
ronments that more closely mimic the natural world46 or in rapidly 
moving, unstructured settings47.

The WNBN infrastructure is based on readily available consumer 
hardware. We proactively made the decision to create the BLE-based 
networks using inexpensive and accessible methods so that these 
systems could be widely adopted by the community. In contrast to 
earlier generations of wireless optogenetic systems8,9,13,23, this sys-
tem can be used immediately in any laboratory with equipment 
that uses transistor–transistor logic. In other words, the WNBN 
can readily trigger DPSS laser stimulation, timestamp electrophysi-
ology experiments, activate behavioural apparatuses, initiate drug 
or fluid delivery, and much more. The WNBN system is agnostic 
to its downstream components and could have as much utility in 
a chemistry laboratory as it does in a behavioural neuroscience 
laboratory. Therefore, with proper planning, its ability to schedule 
and remotely control laboratory equipment could help alleviate the 
burden of workflow disruptions, such as those currently occur-
ring during the SARS-CoV-2 pandemic48. Even while laboratories 
are fully operational, the ability to conduct automated, hands-free 
experiments within vivarium home cages will increase the quality 
and quantity of neuroscience data by limiting the observer effect, 
maximizing data acquisition from animal subjects and reducing the 
physical workload of the experimenter.

Methods
Design and fabrication of µ-ILED optical probes. Fabrication of ultrathin, 
flexible neural probes for photostimulation and drug delivery are detailed in 
our previous papers24,40. Here we employed a different approach to enable mass 
deployment of low-cost, scalable and easy-to-use optogenetic probes with µ-ILEDs. 
The probes were designed with a printed circuit board (PCB) design software 
(Altium Designer 18, Altium Limited) and constructed using conventional PCB 
manufacturing process. The neural probes were built on 25-µm-thick polyimide 
sheets with double-side metallic copper coating. The top copper layer (18 µm) was 
patterned to form electrodes and help conduct electrical signals, while the bottom 
copper layer (18 µm) remained intact to make probes stiff enough for seamless 
injection into brain tissue without the need for a temporary injection assist 
needle commonly used for soft neural probes24,40. The sandwiched structures were 
laser-cut into thin probe needles. Subsequently, µ-ILEDs with appropriate colours – 
blue (TR2227, Cree) or orange (TCE10-589, Three Five Materials) – were soldered 

on the electrode pads using an ultra-fine T5 solder paste (SMDLTLFP10T5, Chip 
Quik). To prevent damaging of μ-ILED probes by biofluid, the probes were coated 
with 7-μ-thick Parylene C layer using a parylene deposition tool (PDS 2010 
Labcoater 2, Speciality Coating Systems). Then, plug-n-play female rectangular 
electrical connectors (M50-3140345, Harwin) were soldered at the base of the 
probes for connection with BLE wireless control modules. Finally, the fabrication 
was completed by mounting the probes on 3D-printed holders for easy handing.

Setup of WNBN hardware infrastructure. The WNBN hardware ecosystem  
(Fig. 2b) consists of a network of wirelessly connected devices that can be remotely 
controlled from either inside of the laboratory or from a different part of the globe. 
The end devices that are controlled are called RCMs, which help connect various 
neural implants and laboratory equipment wirelessly to the WNBN ecosystem. The 
control devices that manipulate multiple remotely located RCMs simultaneously 
and selectively are called RCCs. Both RCMs (wirelessly controlled devices) 
and RCCs (user end devices) form the key nodes in the hardware ecosystem of 
WNBNs, allowing researchers to scale their experimental networks and research 
throughputs.

RCM. Being one of the key constituents of the WNBN hardware ecosystem, 
RCM includes a customizable and rechargeable wireless BLE circuit (Fig. 3a and 
Supplementary Fig. 5) or conventional tethered tool integrated with off-the-shelf 
BLE plug-in (Fig. 3h). These RCMs are either integrated with stimulation devices 
(neural devices), sensing electronics (for example, temperature, pressure, humidity, 
etc.) or conventional tethered hardware (for example, fibre optical systems, drug 
delivery systems, centrifuges, etc.), thus empowering them with the ability to 
communicate wirelessly with the local piconet and global Internet networks.

RCC. The other key constituent of the WNBN hardware ecosystem is the RCC, 
which remotely controls multiple RCMs present inside the target laboratory. 
For local piconet control, RCC consists of a commercially available smartphone, 
which can communicate directly with multiple wireless RCMs and rapidly form 
on-the-fly wireless networks. However, for global Internet control, any device with 
a web browser and Internet connectivity (Wi-Fi, Ethernet, Cellular) can act as 
RCC and communicate remotely with RCMs through a custom-designed WNBN 
server, which is hosted by an off-the-shelf minicomputer (Raspberry Pi 3 Model 
B Quad-Core Broadcom 64 bit ARMv8 1.2 GHz, Raspberry Pi Foundation). The 
USB ports of the minicomputer are then plugged with BLE dongles (BLED112, 
Silicon Labs) that help communicate with multiple wireless RCMs selectively and 
simultaneously, thus forming versatile wireless control topologies.

Setup and control of WNBN software. The WNBN software is controlled using 
GUIs that are accessible through Bluetooth-enabled (for local piconet) and 
Internet-enabled (for global Internet) RCCs. These serve as front-end interfaces 
allowing users to define, configure and control multiple RCMs wirelessly. 
Furthermore, the WNBN control schemes and protocols are ‘user-defined’ (that 
is, they need appropriate decoding algorithms in RCM firmware), thus enabling 
very high versatility for researchers to define their own experiments (such as 
customizable strings with information on frequency, pulse width and periodicity of 
stimulation cycles for an optogenetic experiment).

Local piconet mode. For local piconet control, the custom GUI application for the 
RCC (smartphone with built-in BLE hardware, Supplementary Fig. 3) utilizes the 
pre-installed Bluetooth libraries, services and built-in wireless protocols to directly 
communicate with various RCMs in the vicinity. After receiving advertisement 
information of available RCMs, the user connects to a specific set of RCM devices, 
which allows him/her to get communication and control access to that specific 
group, thus enabling very high selectivity and accuracy.

Global Internet mode. For global control, a single RCC (any Internet-enabled 
device) irrespective of its geographic location can control a large number of RCMs 
at multiple coordinates around the globe. The global Internet mode does not 
require the researcher to be physically present in the vicinity of RCMs. Hence, 
after gaining access to a browser in any RCC and logging on to the WNBN server 
address, the user requires password-protected credentials and appropriate access 
privileges (given by the admin) to allow secure wireless login. Once logged in, the 
user can access the WNBN GUI (Supplementary Fig. 4), which can allow him/her 
to configure and control various configurations, data communications and logging 
features on the webserver. Compared to local control, the global control requires 
an additional minicomputer (in the vicinity of wireless RCMs), which helps host 
the webserver (on one side), as well as assists in communicating with end RCMs in 
the vicinity (on the other side). After the user gains access to the Cloud and sends 
appropriate configurations/data to send/receive to/from RCMs using the front-end 
GUI of the WNBN server, the minicomputer receives them over the Internet before 
decoding the data. Using the Bluetooth Generic Attribute Profile (GATT) library, 
its custom operating system then communicates all information with wireless 
RCMs through its USB ports, which are plugged with multiple BLE dongles. 
The back-end algorithms in the custom operating system of the minicomputer 
help parallelize (on the basis of priority) the data stream through multiple BLE 
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dongles, which further enhance large-scale real-time control and overall wireless 
connectivity.

Experimental subjects. Adult (20–30 g) C57BL/6 J mice, DAT-IRES-Cre, 
Thy1-ChR2-YFP, Dbh-IRES-Cre and AgRP-IRES-Cre backcrossed to C57BL/6 J 
mice and bred to Ai32 mice were group-housed, given access to food pellets and 
water ad libitum, and maintained on a 12 h:12 h light:dark cycle (lights on at 
6:00). All mice were transferred to a facility within the laboratory after weaning 
and remained in the facility in the laboratory at least 1 week before surgery, after 
surgery and throughout the duration of the behavioural assays to minimize stress 
from transportation and disruption from foot traffic. All mouse procedures were 
approved by the Animal Care and Use Committee of Washington University and 
conformed to US National Institutes of Health guidelines. Five-week-old male 
Wistar rats arrived in the laboratory and were initially pair housed, with males 
and females in separate rooms. Animals remained in a climate-controlled room 
at 22 °C and maintained on 12 h:12 h dark:light cycle (lights off at 11:00), with ad 
libitium access to rat food (Purina 5008). Testing occurred during the dark cycle 
(11:00–13:00). All rat procedures were approved by the University of Missouri 
Institutional Animal Care and Use Committee guidelines and approved protocols. 
At approximately 7 weeks age, all rats were separated into single housing and a 
PVC tubing section was provided in cages for environmental enrichment.

Stereotaxic virus injection and device implantation surgeries. Adult mice were 
acclimated to the holding facility for at least 7 d. In all surgical procedures, mice 
were anaesthetized in an induction chamber (1%–4% isoflurane) and placed into 
a stereotaxic frame (Kopf Instruments, Model 1900) where they were maintained 
at 1%–2% isoflurane. For social interaction experiments, DATCre mice were 
injected bilaterally using a blunt needle (86200, Hamilton) at a rate of 100 nl min−1. 
DATCre mice were injected in the VTA (−3.15 mm (AP); 0.5 mm (ML); and −4.5 
(DV), AP: anteroposterior, ML: mediolateral DV: dorsoventral) with a 350 nl 
cocktail of AAV5-Syn-FLEX-Chrimson-tdTomato and AAV1-hSyn1-SIO-stGtAC
R2-FusionRed viruses. Mice were allowed to recover for 5 weeks before 
implantation and behavioural testing, permitting optimal expression of the virus. 
For VTA cell body stimulation and inhibition, mice were implanted with bilateral 
implants with 2 µ-ILED directly posterior to the VTA at −3.4 mm (AP); +0.5 mm 
(ML); and −4.5 mm (DV). For arousal experiments, DbhCre mice were injected into 
the locus coeruleus (−5.4 mm (AP); +1.25 mm (ML); and −3.65 (DV)) with 200 nl 
AAV5-ef1a-DIO-ChR2-eYFP. Mice were allowed to recover for 5 weeks before 
implantation and behavioural testing, permitting optimal expression of the virus. 
For mPFC stimulation, DbhCre mice were then implanted with unilateral, fibre optic 
implants36 directed at the mPFC (+2.0 mm (AP); +0.3 mm (ML); and −2.25 (DV)). 
For feeding experiments, AgrpCre x Ai32ChR2 mice were unilaterally implanted with 
BLE-enabled µ-ILED devices directed at the PVH (−0.82 mm (AP); −0.5 mm 
(ML); and −5.25 mm (DV)). For locomotion experiments, Thy1Chr2-YFP mice were 
either implanted bilaterally with BLE-enabled µ-ILED devices (Fig. 4) into the 
motor cortex (+1.0 mm (AP); ±0.5 mm (ML); and −0.5 (DV)) or unilaterally with 
a fibre optic implant (Fig. 5). The implants were secured and affixed with dental 
cement (C&B Metabond Adhesive Luting Cement, Parkell). All mice were allowed 
to recover for at least 1 week following implantation before behavioural testing. 
For the microfluidic drug delivery experiments, 8-week-old (±3 d) Wistar rats 
were anaesthetized with isoflurane (Sigma Aldrich) and stereotaxically implanted 
with a custom microfluidic device that contained housing for drug cartridges, 
batteries and InfraRed or BLE-control systems19,24. The 4-channel microfluidic 
probe was placed directly into the nucleus accumbens (bregma: +1.4 AP, ±2.0 ML, 
−5.3 DV)49. The housing was then anchored to the skull with stainless steel screws. 
Light curable resin (Lang Dental) and glue adhered the drug housing device to 
the surface of the skull. Following surgery, rats were monitored for 1 week before 
beginning behavioural testing.

Drugs. The μ-opioid receptor agonist, D-Ala2, NMe-Phe4, Glyol5-enkephalin 
(DAMGO) (Research Biochemicals) was dissolved in sterile 0.9% saline at a 
concentration of 0.25 μg per 0.5 μl.

Tissue processing. Unless otherwise stated, animals were transcardially perfused 
with 0.1 M phosphate-buffered saline (PBS) and then 40 ml 4% paraformaldehyde. 
Brains were dissected and post-fixed in 4% paraformaldehyde overnight and then 
transferred to 30% sucrose solution for cryoprotection. Brains were sectioned 
at 30 μm on a microtome and stored in a 0.01 M phosphate buffer at 4 °C before 
immunohistochemistry and tracing experiments. For behavioural cohorts, viral 
expression and optical fibre placements were confirmed before inclusion in the 
presented datasets.

Immunohistochemistry. Immunohistochemistry was performed as described 
in our previous studies6–8,11. In brief, mice were intracardially perfused with 4% 
paraformaldehyde, and then brains were sectioned (30 µm) and placed in 0.1 M 
phosphate buffer until immunohistochemistry. Free-floating sections were washed 
in 0.1 M PBS for three 10 min intervals. Sections were then placed in blocking 
buffer (0.5% Triton X-100 and 5% natural goat serum in 0.1 M PBS) for 1 h at room 
temperature. After immersion in blocking buffer, sections were placed in primary 

antibody (chicken anti-tyrosine hydroxylase,1:2,000, Aves Labs; rabbit anti-ChR2, 
1:500, American Research Products) overnight at room temperature. After three 
10 min washes in 0.1 M PBS, sections were incubated in secondary antibody 
(AlexaFluor 488 goat anti-rabbit, AlexaFluor 594 or 633 goat anti-chicken, Life 
Technologies) for 2 h at room temperature, followed by another three 10 min 
washes in 0.1 M PBS. Later, sections were incubated in NeuroTrace (435/455 
blue fluorescent Nissl stain, ThermoFisher Scientific) for 1 h, followed by three 
10 min washes in 0.1 M PBS, then three 10 min 0.1 M phosphate buffer washes. 
After immunostaining, sections were mounted and coverslipped with Vectashield 
HardSet mounting medium (Vector Laboratories) and imaged on a Leica DM4 P 
epifluorescence microscope.

Behavioural experiments. All behavioural experiments were performed within 
a sound-attenuated room maintained at 23 °C at least 1 week after habituation to 
the holding room and the final surgery. For all experiments, mice were brought 
into the experimental behaviour space and allowed to acclimate for at least 
30 min. For all experiments, experimenters were blinded to mouse genotype or 
experimental manipulation. All pharmacological interventions (for example, 
agonists and antagonists) were randomized and counterbalanced via block 
randomization before experimentation. Sample size was estimated via power 
analysis (G*Power 3)50, with a power of 0.85 and a standard deviation of 15–20% of 
the mean. Lighting was stabilized at ∼250 lux for all behaviours. Movements were 
video recorded via a Charge-Coupled Device (CCD) camera and analysed using 
Ethovision XT 13 (Noldus Information Technologies). At the end of each study, 
mice were perfused with 4% paraformaldehyde, followed by anatomical analysis to 
confirm injection sites and cell-type-specific expression.

Locomotion assay. Before locomotion testing, a Bluetooth-connected battery 
pack was attached to each Thy1-ChR2-YFP mouse (n = 5)28. Each animal was 
then placed into a square (50 × 50 cm2) open-field enclosure. Locomotor activity 
was monitored and measured via a CCD camera using Ethovision 13. Animals 
were allowed to explore the open-field apparatus for 10 min, after which a 
piconet-initiated Bluetooth signal was sent to the intracranial device implant 
to drive 470 nm photostimulation at 20 Hz. Each period consisted of a 1 min 
photostimulation followed by a 1 min off duration, over a 10 min period. For the 
scheduled, simultaneous behavioural experiments, locomotion testing was done 
in home cages placed within sound-attenuated boxes and behaviour was recorded 
with a CCD camera. Animals were connected to a 473 nm laser via an optical fibre 
patch cable and allowed to acclimate to the environment for 10 min, after which 
an Internet-scheduled Bluetooth signal was sent to a Bluetooth-enabled controller 
to drive 20 Hz 473 nm photostimulation from the laser. After 5 min, a second 
Internet-scheduled signal was sent to stop the stimulation. Fifty minutes later, a 
second series of Internet-scheduled commands was coordinated to drive another 5 
min stimulation. All locomotion was monitored for 90 min.

Food intake assay. The food intake study was performed as previously 
described26,27,51,52. agrp-CreChR2 x Ai32 mice (10- to 12-week-old male mice, n = 7–9, 
Fig. 3; n = 13, Extended Data Fig. 3) were singly housed for at least 2 weeks 
following surgery and handled daily to ensure acclimation and minimize any 
stress response to experimental procedures. On test day, a Bluetooth-connected 
battery pack was attached to each animal’s intracranial device implant. Animals 
were then placed in a large polycarbonate cage inside a sound-attenuated box 
(Med-Associates) and allowed to acclimate to the environment for 1 h. After the 
1 h acclimation, one pellet of food (~3 g) was placed on a weigh boat fixed to the 
cage centre. Following 1 h of food access, the food was weighed and immediately 
returned to the cage centre. Next, mice received 470 nm photostimulation at 20 Hz 
for 1 h. Mice were allowed access to the food for a 3 h period, with measurements 
taken at 1 h intervals. Mice with implantation or ChR2 expression outside the PVH 
were excluded from the group after post hoc examination of eYFP expression. All 
food intake measurements were randomized and blind to the experimenter.

Food intake assay monitored via FED3. This food intake study was performed 
similarly as the previous food intake experiment. agrp-CreChR2 x Ai32 (10- to 
12-week-old male mice, n = 12) were singly housed for at least 2 weeks following 
surgery and handled daily to ensure acclimation and minimize any stress response 
to experimental procedures. Before experimental manipulation, animals were 
trained to use the FED3 pellet dispenser overnight for 3 d. This device allows 
for the continuous monitoring of food intake. Using the ‘free feeding’ mode, the 
FED3 presents one 20 mg pellet, then dispenses a new pellet once the previous 
pellet has been removed. On test day, a Bluetooth-connected battery pack was 
attached to each animal’s intracranial device implant. Animals were then placed 
in a polycarbonate cage and allowed to acclimate to the environment for 1 h. 
After acclimation, the FED3 pellet dispenser was placed in the cage. Following 
1 h of access, mice received an Internet-scheduled command for 470 nm 
photostimulation at 20 Hz for 1 h. Mice were allowed access to the FED3 for a 3 h 
period, with continuous monitoring of each animal’s behaviour.

Social interaction assay. Social interaction in the home cage was examined as 
described previously29. Briefly, DAT-CreGtACR2/Chrimson cage mates were temporarily 
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moved to the behavioural testing room and placed in a polycarbonate holding cage. 
The Bluetooth-connected battery pack was attached to the test animal’s intracranial 
device implant. The home cage was placed in the centre of a sound-attenuated 
box (Med-Associates). The test animal was then placed into the home cage and 
allowed to explore the home cage with the lid removed for 1 min. Two minutes 
after this 1 min exploration, a stranger mouse (6–8 weeks) of the same sex and 
strain was placed into the test animal’s home cage. The Bluetooth-signal-initiated 
20 Hz stimulation period began immediately preceding the introduction of the 
stranger mouse. The two mice were allowed to freely interact and were video 
recorded via a CCD camera using Ethovision 13. Following experimentation, social 
interaction over the 2 min testing was manually scored and defined as any period 
of time in which the test mouse was actively investigating the stranger mouse. 
Investigation included sniffing in active contact with the stranger’s snout, flank 
or anogenital area, grooming or pursuing the stranger as it actively explored the 
cage; converse investigation of the test mouse by the stranger was not scored. Each 
mouse underwent two social interaction tests separated in time by 1 h, with one 
stranger paired with optical stimulation and one with no stimulation. Groups were 
counterbalanced for order of light stimulation and all behaviour was scored blind 
to genotype.

Scheduled activity test. Dbh-CreLC-mPFC::ChR2 mice were connected to a fibre optic 
patch cable and placed into a black polycarbonate box (52.5 × 25.5 × 25.5 cm3). 
Animals had ad libitum access to food and water. Following 24 h acclimation, 
WNBN-initiated Bluetooth signals were scheduled (11:15 and 15:15) to be sent 
to a Bluetooth-connected laser to drive 473 nm photostimulation at 5 Hz. Fifteen 
minutes before the scheduled stimulation, locomotor activity was monitored and 
measured for 45 min via a CCD camera using Ethovision 13.

Home-cage feeding test. At 9 weeks age, standard food was removed and 
replaced with three specialized pelleted diets (Teklad Diets) available ad libitum 
and separated by metal dividers. The location of each diet was rotated daily. 
Behavioural testing occurred during the first hour of the dark cycle in the colony 
rooms. Baseline feeding procedure: the remaining home-cage specialized diets 
were weighed and replaced with 40 g pre-weighed food in a clean cage lid at the 
start of the dark cycle (11:00). Again, the food was weighed after 2 h of the dark 
cycle (13:00) to establish baseline intake of each diet during the first 2 h of the dark 
cycle for 1 week. Drug injection feeding procedure: at 10 weeks age, animals were 
subjected to the drug injection feeding procedure. Two hours before the start of the 
dark cycle (9:00), battery packs were placed inside the housing unit and 0.5 μl of 
the drug (DAMGO or saline) was loaded into the cartridge unit and placed on the 
device anchored to the skull. Before 11:00, the remaining home-cage specialized 
diets were weighed and replaced with 40 grams pre-weighed food in a clean cage 
lid. At lights off (11:00), delivery of the drug from the cartridge into the accumbens 
was administered via BLE signal. After 2 h (13:00), the remaining diets  
were weighed.

Data presentation and statistical analysis. All values are given as individual 
datapoints and mean ± s.e.m., unless otherwise noted. Animal behaviour data 
were analysed for statistical significance by either repeated measures one-way 
analysis of variance (ANOVA) with Tukey’s multiple comparisons correction or 
paired, two-tailed t-test as implemented in GraphPad Prism 9. *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001. Parametric tests were used when data was 
normally distributed. Pellet interval data for FED3 experiments were graphed and 
analysed using FED3 Viz, a Python GUI for graphing data from FED3 devices33.

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

data availability
The main data supporting the results in this study are available within the paper 
and its Supplementary Information. Source data for Fig. 3 and Extended Data Fig. 
1 are provided with this paper. The data collected in the animal studies are available 
from the corresponding authors on reasonable request. Source data are provided 
with this paper.

Code availability
The firmware codes used in remote control modules to enable wireless control of 
the animals and miscellaneous laboratory tools are available as Supplementary 
Information. Code used for the analyses is available from the corresponding 
authors on reasonable request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Performance characteristics of the local and global WNBN. a-b, Success rate (a; n = 20) and latency (b; n = 5) of triggering μ-ILED 
neural probes with wireless RCMs as a function of different RCC-RCM distances (0.1, 0.5, 1, 2, 3, 5, and 10 m), comparing the responsiveness of local 
piconet, local internet, and global internet modes. The purple-color parts in the global internet latency graph (b, right) indicates a signal propagation delay, 
which is dependent on the inter-distance between the remote user and RCC (for example, 15 ms delay between Boulder, CO and St. Louis, MO, USA).  
c-d, Success rate (c; n = 20) and latency (d; n = 5) of triggering a μ-ILED in optogenetic neural probe integrated with wireless RCMs as a function of 
different numbers of RCMs (1–22; 1 m distance from RCC), comparing the responsiveness of local piconet, local internet, and global internet modes. Note 
that the latency of the global internet control is determined by summing the local control latency and the distance-dependent propagation delay.
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Extended Data Fig. 2 | Local Piconet control of microfluidic drug delivery in rats. a, Representative photographs of wireless microfluidic device 
components. b, Cartoon schematic of behavioural setup evaluating ad libitum food consumption following locally controlled microfluidic administration of 
μ-opioid agonist, DAMGO. Inset, photograph of rat with implanted microfluidic device. c-e, Nucleus accumbens DAMGO delivery increases binge feeding 
of the high fat (c), but not high sucrose (d) or high corn starch (e) diets (Two tailed paired t-test, **P = 0.0045, n = 3).
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Extended Data Fig. 3 | Simultaneous internet control of high throughput behavioural experimentation. a, Cartoons and timelines describing the 
locomotion and ad libitum home cage chow feeding experiment with internet-scheduled simultaneous control. b, Average amount of home cage chow 
consumed during 1 hour epochs, purple bar depicts hour of during 20 Hz stimulation. agrpCre x Ai32 mice consume substantially more food during 20 Hz 
photostimulation compared to non-stimulation epochs (1 hour) (repeated measures one-way ANOVA, Hour 1 vs Hour 2, ****P < 0.0001, Hour 2 vs Hour 3,  
****P < 0.0001, Tukey’s multiple comparisons test, n = 13). c, Average caloric intake of home cage chow and pellets during 1 hour epochs, purple bar 
depicts hour of during 20 Hz stimulation. agrpCre x Ai32 mice have substantially higher caloric during 20 Hz photostimulation compared to non-stimulation 
epochs (1 hour) (repeated measures two way ANOVA, Pellets: Hour 1 vs. Hour 2, ##P = 0.0058, n = 12; Chow: Hour 1 vs. Hour 2, ####P < 0.0001, n = 13). 
agrpCre x Ai32 mice also have substantially higher caloric intake of the pellets as compared to the home cage show during the initial presentation of food 
(Hour 1) (repeated measures two-way ANOVA, Hour 1: Pellets vs. Chow, **P = 0.0231, n = 12, 13). d, Data showing changes in locomotor activity during 
internet-controlled stimulation (20 Hz) in Thy1ChR2-YFP mice. Average distance travelled during internet-scheduled stimulation is substantially higher 
than pre-stimulation and post-stimulation epochs (repeated measures one-way ANOVA, for Stimulation 1: Pre1 vs Stim1, *P = 0.0292 and Stim1 vs Post1 
*P = 0.0147, n = 8, Tukey’s multiple comparisons test; For Stimulation 2: Pre2 vs Stim2 **P = 0.0014 and Stim2 vs Post2 **P = 0.0048, n = 8). e, Relative 
response ratio between the first and second Thy1ChR2-YFP stimulations on each day indicates that the second stimulation produced a more robust locomotor 
response on the second experimental day (Two tailed paired t-test, *P = 0.0325, n = 8). f, Rotations in Thy1ChR2-YFP mice during one minute bins over 
80 minutes. g, Coronal brain atlas diagrams showing targeting of μ-ILED devices to the PVH of agrpCre x Ai32 mice (left panel) and fiber optic implants to 
the M2 of Thy1ChR2 mice.
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and Extended Fig. 1 are provided with this paper. The data collected in the animal studies is available from the corresponding authors on reasonable request.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The starting sample sizes selected were determined with G*Power3, on the basis of a power of 0.85, or estimated from published data (or, in 
some cases, from small pilot studies run for this purpose).

Data exclusions Animals were excluded if any of these three conditions applied: 1) viral expression was not achieved at the target site; 2) the fibre-optic, μ-
ILED device or microfluidic device were not in the targeted brain regions; or 3) there was indication from video or WNBN logs that stimulation 
did not occur.

Replication All attempts at replication were successful.

Randomization All animals were randomly assigned to test groups within a given treatment group.

Blinding Investigators were blinded to each group during data collection and analysis. An exception was within-subject tests, where the experimenter 
knew that all animals received all treatments. In all cases, the experimenter was blind to the video analyses.

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
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Chicken Anti-Tyrosine hydroxylase, Aves Labs, Cat#TH, AB_10013440 

Rabbit anti-ChR2, American Research Products, Cat# 03-651180

Validation From the supplier: Antibodies were analyzed by immunohistochemistry (at a concentration of 3 μg/mL) using fluorescein-labelled 
goat anti-chicken IgY (1:500 dilution, Aves Labs Cat.# F-1005) as the secondary reagent. 
We also validated this antibody in the following published papers: McCall, J. G. et al. CRH Engagement of the Locus Coeruleus 
Noradrenergic System Mediates Stress-Induced Anxiety. Neuron (2015) doi:10.1016/j.neuron.2015.07.002. Kim, T. et al. Injectable, 
cellular-scale optoelectronics with applications for wireless optogenetics. Science 340, 211–216 (2013).

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice: C57BL/6J, DAT-IRES-Cre, Thy1-ChR2-YFP, Dbh-IRES-Cre, and AgRP-IRES-Cre crossed with Ai32 mice. Male and female mice, 
aged 3–6 months, were used for each experiment. 
Male Wistar rats, 2-months old.

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.



3

nature portfolio  |  reporting sum
m

ary
M

arch 2021
Ethics oversight All mouse procedures were approved by the Animal Care and Use Committee of Washington University, and conformed to U.S. 

National Institutes of Health (NIH) guidelines. All rat procedures were approved by the University of Missouri Institutional Animal 
Care and Use Committee guidelines and approved protocols.

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