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ABSTRACT 

To investigate the circuit-level neural mechanisms of behavior, simultaneous imaging of neuronal activity in 
multiple cortical and subcortical regions is highly desired. Miniature head-mounted microscopes offer the 
capability of calcium imaging in freely behaving animals. However, implanting multiple microscopes on a 
mouse brain remains challenging due to space constraints and the cumbersome weight of the equipment. 
Here, we present TINIscope, a Tightly Integrated Neuronal Imaging microscope optimized for electronic 
and opto-mechanical design. With its compact and lightweight design of 0.43 g, TINIscope enables 
unprecedented simultaneous imaging of behavior-relevant activity in up to four brain regions in mice. 
Proof-of-concept experiments with TINIscope recorded over 10 0 0 neurons in four hippocampal subregions 
and revealed concurrent activity patterns spanning across these regions. Moreover, we explored potential 
multi-modal experimental designs by integrating additional modules for optogenetics, electrical stimulation 
or local field potential recordings. Overall, TINIscope represents a timely and indispensable tool for 
studying the brain-wide interregional coordination that underlies unrestrained behaviors. 

Keywords: miniature microscope, multiple sites, calcium imaging, multimodal integration, hippocampus 

I
A  

t  

i  

s  

a  

e  

w  

b  

i  

p  

s  

t  

t  

m  

t  

[  

a  

g  

c

regions spanning different depths (i.e. thalamus, 
hippocampus, and cortex) simultaneously during 
unrestrained behaviors, especially in mice [12 ]. 

Prior investigations have exploited flexible opti- 
cal fibers to conduct light into and out of the deep 
brain, enabling the recording of neural dynamics 
while ensuring unrestricted animal behavior [13 –
15 ]. This fiber-based recording approach can be eas- 
ily extended to multiple implantations for multi- 
site recording [16 ,17 ], although the collected signals 
were averaged from many neurons in a volume. In ad- 
dition, dense coherent optical fibers can be bundled 
for cellular resolution imaging [13 ,14 ], and multi- 
region ne uronal recording is possible when multi- 
ple fiber bundles are implanted [18 ]. However, these 
fiber-optic microscopes hold several inherent draw- 
backs that hinder their application, such as limited 
spatial resolution, small field of view (FOV), low 

transfer efficiency of fluorescence, and unpleasant 
susceptibility to animal motion [19 ]. Moreover, a 
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work is properly cited. 
NTRODUCTION 

 fundamental goal of neuroscience is to understand
he neural basis of behavior and cognition, which
nvolves the coordinated activity of multiple brain
tructures distributed across cortical and subcortical
reas [1 –3 ]. Several studies have leveraged multi-site
lectrophysiological recordings to reveal the brain-
ide circuit-level interactions underlying complex
rain functions [4 –7 ]. Compared to electrophys-
ological approaches, calcium imaging has indis-
ensable advantages in research requiring cell-type
pecificities, precise spatial positions, or long-term
racking of individual neurons. However, due to
he technical constraints of imaging systems, most
ulti-region calcium imaging data were collected in
he superficial brain areas of head-stabilized animals
8 –11 ], limiting the applicability of certain behavior
ssays or the exploration of targeted deep brain re-
ions. Thus, it is highly desirable to have techniques

apable of imaging multiple cortical and subcortical 
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Table 1. Key feature comparison of TINIscope and other miniature fluorescence microscopes. 

Miniature microscope Weight (g) Dimensions (mm) 

Maximum 

scopes in 
one mouse Field of view ( μm) 

Maximum 

frame 
rate (Hz) 

TINIscope 0.43 4.6 × 13.8 × 8.24 4 450 × 450 40 
1 UCLA miniscope v4 2.6 15.6 × 16.9 × 22.3 1 diameter of 10 0 0 120 
2 miniScope [53 ] 2.4 12.5 × 14.45 × 18.24 1 1100 × 1100 10 
3 Inscopix (commercial) [19 ] 2.0 8.8 × 15 × 22 1 1050 × 650 60 
NINscope [31 ] 1.6 11 × 11 × 18.2 2 786 × 502 30 
Miniscope (Gonzalez et al. ) [30 ] n.a. n.a. 2 600 × 479 30 
2 Featherscope [27 ] 1.0 8.3 × 16.25 × 9 1 10 0 0 × 10 0 0 30 

Note: 1. The specifications were from its website ( http://miniscope.org/index.php/Main_Page). 2. The dimensions of miniScope and Featherscope were 
obtained from their open-source files of housing without the assembled PCBs. 3. Data from a specification sheet of the nVista system, Inscopix. 
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omplicated well-designed commutator is needed
o relieve torsional strain within the bundle as the
ouse functions [14 ]. 
Miniature head-mounted fluorescence mi-

roscopy is another class of imaging modality
upporting cellular-resolution recording of neural
ctivity in freely moving animals [20 –22 ]. In con-
rast to the fiber-optic microscope, it integrates all
ts optical components within a small lightweight
ousing carried by animals. This design yields su-
erior performance in terms of optical sensitivity,
eld of view, attainable resolution, mechanical flexi-
ility, cost and portability [19 ]. The past decade has
itnessed great advances in exploring the cellular
ynamics underly ing behav ior, cognition and sen-
ation [21 ,23 ,24 ]. To enable multi-area recording,
everal works have customized designs to achieve
arge FOVs [25 –29 ]. However, this strategy is
ainly suitable for superficial cortical areas because

mplanting large GRIN lenses into subcortical areas
ay cause severe brain damage. Since the targeted
egions are usually spatially distant and at different
epths, simply increasing the FOV is not flexible
nough to hand le al l experimental scenarios. Thus,
 more practical solution is to image each brain
egion with a separate head-mounted microscope.
owever, the implantation of more than two micro-
copes on the mouse brain remains challenging due
o constraints in available head space and the signifi-
ant weight of the equipment [30 ,31 ]. Recently, an
ptimized design reduced the weight from ∼1.9 g
o 1.0 g [27 ], but the device size is sti l l not ready for
ultiple-region recording on small animals such as
ice and songbirds. 
Here, we report the development of an open-

ource ultra-compact head-mounted microscope,
amed TINIscope, that has substantially reduced
ize and weight (0.43 g, Table 1 ), achieved through
xtreme optimization in optical, electrical and me-
hanical designs. As standalone equipment, TINIs-
ope reaches a new level of miniaturization in head-
Page 2 of 13
mounted microscopes, reducing the burden added 
to smaller or developing animals like juvenile song- 
birds. Based on the TINIscope design, we further 
systematically developed an experimental paradigm, 
including multi-site implantations and a commuta- 
tor for untangling, for multi-region calcium imag- 
ing in freely behaving mice. In proof-of-concept ex- 
periments, we achieved simultaneous neural activity 
recording of over 10 0 0 neurons in four subregions of
the hippocampus in free-moving mice and extracted 
neural activ ity w ith spatially modulated properties in 
these regions. A detailed analysis of recorded neu- 
ral activity revealed clustered neuronal populations 
spanning all four subregions. The compact design of 
TINIscope enables a flexible combination with both 
optogenetic or electrophysiological tools to achieve 
a more versatile experimental design. In our exper- 
iments, we simultaneously collected individual neu- 
ronal activities in four hippocampal subregions in re- 
sponse to optogenetic or electrical stimulations in 
the anterior cingulate cortex (ACC). In addition, 
we jointly recorded calcium signals and local field 
potentials (LFPs) in each hippocampal subregion 
and analyzed population activity patterns concur- 
rent with ripple onsets. These initial efforts suggest 
that TINIscope can be applied to recording neural 
activity in multiple brain regions at the single-cell 
level as well as integrating with a variety of tech- 
niques to become a multifunctional tool for explor- 
ing neural mechanisms. 

RESULTS 

Design of the TINIscope system 

for multi-region recording 

The key component of our multi-region recording 
system is the ultra-compact TINIscope mounted on 
the animals head. It uses a GRIN lens as its objective

http://miniscope.org/index.php/Main_Page


Natl Sci Rev, 2024, Vol. 11, nwad294

DM

CL EmF

CC

GL

ExF

HL

BL

1 mm

1 mm

1 mm

LiHPLdHPRdHPRiHP

100 μm

5 mm

4.60 mm

3.00 mm

13.80 mm

8.2
4 m

m

Motor Slip ring

DAQ×2

Behavior
camera

Commutator

camera

F

D

BA

C E 

Figure 1. Tightly integrated neuronal imaging fluorescence microscope (TINIscope). (A) Section diagram of TINIscope. BL, 
blue LED; HL, half-ball lens; ExF, excitation filter; DM, dichroic mirror; GL, GRIN objective lens; CL, convex lens; EmF, emission 
filter; CC, CMOS camera. (B) Photos of an image sensor with HDI rigid PCB and layout of stacked layers (from top to bottom 

layer: red, brown, cyan and blue) with blind and buried vias (bicolor). (C) Photo of TINIscope and a nickel shown for scale. 
(D) Dimensions of TINIscope. (E) Schematic diagram of the experimental system with TINIscope. (F) Top: photo of a mouse 
with four head-mounted TINIscopes. Bottom: simultaneously recorded images of 4 hippocampal subregions. 
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nd a short-pass dichroic mirror to reflect emitted
uorescent light to an image sensor located on the
ide of the 3D-printed main body of the device
Fig. 1 A, Supplementary Fig. S1). The fundamen-
al optical pathway of TINIscope is the same as
hat of classical head-mounted microscopes [19 ,21 ],
hereas essential modifications were made to enable
ulti-region imaging with three design principles:
ompatibility with multiple implantations, compact-
ess and lightness. 
First, the design of TINIscope deviates from

he conventional setup, with the placement of the
MOS sensor on the side and LED excitation on the
op (Fig. 1 A, Supplementary Fig. S1). In the con-
entional setup, accommodating multiple pieces of
quipment on the head of the mouse, especially in
losely located areas, is challenging due to the spa-
ially conflicting large CMOS sensors in the upright
irection. Since the LED excitation pathway is much
maller, flipping the excitation and emission path-
ays can alleviate this issue. Thus, we kept the i l lu-
ination arm straight while using the dichroic mir-
or to reflect emission fluorescence to the side-placed
MOS imaging sensor. When four TINIscopes are
Page 3 of 13
implanted on the mouse brain, we can always ro-
tate them to spatially distribute their CMOS imaging 
sensors. In practice, we designed a virtual simulation 
pipeline for arranging equipment to guide our surgi- 
cal implantation ( Supplementary Note 1). 

Second, TINIscope incorporates an ultra- 
compact light pathway to match the selected smaller 
LED device (1.3 mm × 1.7 mm) and CMOS 
imaging sensor (pixel size of 3 μm). In the i l lumi-
nation arm, a half-ball lens (HL) with a diameter 
of 2 mm is used to collect excitation light from
the LED. This design not only matches the small 
LED size but also allows for a shorter distance 
between the HL and the GRIN lens (GL), resulting 
in a further reduction in equipment size. Zemax 
optical modeling showed that an HL-GL distance 
of 6 mm can i l luminate a 0.63 mm-diameter area
( Supplementary Fig. S1A). Additionally, TINIs- 
cope employs CMOS sensors with a small pixel size 
(3 μm), allowing a shortened pathway with a smaller 
magnification factor ( ∼2.4) that can achieve com- 
parable spatial resolution and reasonably smaller 
FOV ( ∼450 μm × 450 μm) compared to those of
existing systems ( Supplementary Fig. S1B–S1G). 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
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Figure 2. Simultaneous calcium imaging of 4 hippocampal subregions in different behavioral experiments. (A) Diagram of 4-region recordings in mice. 
(B) Fluorescence images of brain slices around the four recorded hippocampal subregions. The white dashed lines indicate GRIN lenses. (C) Calcium 

traces of example neurons from the RiHP (yellow), RdHP (blue), LdHP (magenta), and LiHP (cyan). (D) The spatial contours of example neurons in (C) 
and the corresponding maximum intensity map (MIP) of the background-subtracted videos. (E) Number of identified neurons in all sessions and their 
averages ( n = 20 sessions, 6 mice). (F) Paradigm of the T-maze task. The water reward was given at a random end in each trial. Red dot: start point; blue 
droplet: reward side; gray droplet: non-reward side. (G) The proportion of spatially modulated cells during the T-maze task. (H) Place fields of example 
spatially modulated cells in the T-maze box. (I–K) same as (F–H) but the mouse was in an open field exploration experiment. The mouse explored freely 
in an open field with changing environments. 
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Third, the image sensor directly transmits seri-
lized data without utilizing a serializer chip, which
as a major component in previous head-mounted
copes, thereby simplifying the peripheral circuit of
he PCB (Fig. 1 B, Supplementary Fig. S2). Further-
Page 4 of 13
more, other components, such as the power supply 
chip and osci l lator, were removed from the circuit, 
leaving only essential capacitors and one resistor on 
the board (Fig. 1 B right and Supplementary Fig.
S2A, B). A customized HDI rigid-flex PCB was 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
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ubsequently developed to further reduce the size of
he head-mounted PCB and enable flexible connec-
ivity to the DAQ board ( Supplementary Note 2).
ollowing this, mechanical modifications were im-
lemented to enhance the compatibility of the head-
ounted microscope with multi-site implantations
Fig. 1 C, D and Supplementary Note 3). 
In TINIscope, multiple image sensors are con-

ected to the data acquisition (DAQ) board through
exible PCB cables. To mitigate the possibility of
ntanglement caused by the motion of the mouse,
 commutator was developed (Fig. 1 E). The com-
utator employs a stepper motor to rotate an elec-
rical slip ring and unravel any twisted cables ac-
ording to their shapes monitored by a camera
 Supplementary Fig. S4). 
With such a configuration, the head-mounted
odule of TINIscope weighs only 0.43 g, which

s substantial ly smal ler and lighter than all other
xisting devices while sti l l preserving image quality
Fig. 1 F, Table 1 and Supplementary Video S1).
eanwhile, our quantitative comparisons substan-

iated that the installation of multiple TINIscopes
ad no notable impact on the mobility of mice
 Supplementary Fig. S5). Furthermore, multi-
ession studies (days 1, 3, and 5) verified the feasibil-
ty of imaging and registering the same population of
eurons with TINIscope ( Supplementary Fig. S6).
his compact design makes it possible to implant
p to four devices into a mouse brain (Fig. 1 F,
upplementary Fig. S3D). 

ecording of four hippocampal 
ubregions with TINIscope 

he hippocampus is an essential brain area in-
olved in spatial navigation, learning and mem-
ry, and mental disorders. Subregions of the hip-
ocampus have been shown to be functionally and
natomically distinct. We therefore conducted con-
ept experiments to investigate hippocampal neu-
al coding in freely behav ing mice w ith TINIscope,
iming to validate the feasibility of simultaneous
our-region recording in a mouse (Fig. 2 A). Four
ubregions of the bilateral hippocampi, including
he right intermediate hippocampus (RiHP), right
orsal hippocampus (RdHP), left dorsal hippocam-
us (LdHP), and left intermediate hippocampus
LiHP), of 8-week-old mice were selected for infec-
ion with an adeno-associated virus (AAV2/9-hSyn-
CaMP6s) to express the calcium-sensitive fluores-
ent protein GCaMP6s. Three weeks later, a GRIN
ens was implanted in each of these regions. Viral
nfection and lens implantation were later verified
hrough examination of brain slices (Fig. 2 B). The
Page 5 of 13
subsequent experiments presented in the main text 
employed the same recording sites and basic experi- 
mental procedures. 

After two weeks of recovery and adaptation, 
simultaneous cellular-resolution imaging of neural 
activities was conducted using four separate 
TINIscopes while the mouse was moving freely 
in various behavioral paradigms (Fig. 2 F, I and 
Supplementary Video S2). Subsequently, the 
CNMF-e [32 ] method was employed to identify 
neurons and extract their temporal traces from 

the raw videos (Fig. 2 C, D and Supplementary
Video S2). The field of view (FOV) of each region 
was ∼450 μm × 450 μm and contained a few 

hundred neurons (Fig. 2 E, n = 20 sessions from 6
mice; the minimum numbers of recorded neurons 
in RiHP, RdHP, LdHP, and LiHP were 137, 121, 249, 
and 208, respectively, while the maximum numbers 
were 868, 1030, 1046, and 962, respectively). 

To elucidate the spatial encoding properties of 
the hippocampus, experiments were conducted in a 
T-maze and a modified open field arena. During the 
T-maze test, a water-deprived mouse was required to 
enter the starting zone located at the end of the ver-
tical arm to initiate a trial. Upon entering the start-
ing zone, an LED would be i l luminated, and one
of the two ends of the horizontal arms would be
randomly designated as the available option for wa- 
ter. The mouse was then allowed to freely explore
the T-maze until they obtained a reward, which sig- 
nified the completion of a trial (Fig. 2 F). We em-
ployed mutual information analysis to identify neu- 
rons exhibiting spatial tuning. All recorded regions 
contained spatially tuned neurons with a proportion 
of approximately 1/5. Figure 2 F–H shows a mouse 
with 22/167, 49/231, 41/259 and 83/340 spatially 
tuned neurons in the RiHP, RdHP, LdHP, and LiHP, 
respectively. 

During the modified open field test, we intro- 
duced steps of varying heights and a small piece 
of chocolate into the standard open field arena, 
providing the mouse with a dynamic and chang- 
ing environment for exploration (Fig. 2 I). The 
mouse, equipped with four recording devices, was 
able to freely navigate and explore different con- 
texts ( Supplementary Video S2), demonstrating 
that the lightweight TINIscope had no obvious 
impacts on their behavior. This further supports 
the suitability of TINIscope for recording neural 
activity across multiple brain regions. Figure 2 I–
K shows the same mouse with 33/137, 68/318, 
46/249, and 112/379 spatially tuned neurons in 
an open field environment in stages 2 and 3. 
These results indicate that the hippocampus exhibits 
widespread encoding of spatial information across 
subregions. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data


Natl Sci Rev, 2024, Vol. 11, nwad294

Figure 3. Combination of optogenetic/electrophysiological modules and TINIscope. (A) Top: diagram of potential experimen- 
tal paradigms that combine multiple-TINIscope imaging and other technique modules, as listed in the dashed box (optoge- 
netics, electrical stimulation and electrophysiological recordings). Bottom: photos of mice carrying 4 TINIscopes together 
with two electrical stimulating electrodes (left) or four extracellular recording electrodes (right). (B) Diagram investigating 
the ACC-HP circuit by combining optogenetics with 4-region TINIscope imaging. (C) Mean of the background-subtracted fluo- 
rescence signals averaged over all left-ACC stimulation trials ( n = 21 trials, 1 mouse, t = 0 indicates the stimulation onset). 
(D) Normalized activity of example ACC-responsive neurons in different trials (top) and the corresponding mean activity over 
trials (bottom). The traces were normalized using the estimated noise level and centered around the value at the onset of 
stimulation (t = 0). (E–G) same as (B–D) but replacing optogenetic stimulation with electrical stimulation ( n = 42 trials, 2 
mice). (H) Left: spatial footprints of neurons responding to left (red) or right (green) ACC stimulation, respectively; right: same 
as the left but with the other mouse. (I) Top: illustration of joint calcium imaging and LFP recording in four hippocampal subre- 
gions. Bottom: photo of the electrode-lens complex. (J) Raw LFP and filtered signals (150–250 Hz) when all four regions show 

SWRs together. Right, spectrograms of LFP signals in four regions. (K) Synchronous calcium traces (left) and their spatial 
footprints (right) concurrent with the SWR in (J). Shaded areas in (C, D, F, J) correspond to the mean ± s.e.m. 
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ulti-modal experiment design 

ith TINIscope 

o understand how brain-wide neural activity sup-
orts complex behaviors, it is usually necessary to
mploy multiple complementary modalities for
ecording or manipulating neuronal activity during
Page 6 of 13
behavior. The compact dimensions and lightweight 
construction of TINIscope facilitate an effortless 
combination of optical or electrophysiological mod- 
ules, without incurring significant weight or size 
constraints (Fig. 3 A, Supplementary Videos S3 and 
S4). To demonstrate this advantage of TINIscope, 
we first implanted two optical fiber cannulas and 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
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Figure 4. Decoding mouse position from extracted neuronal traces. (A) Schematic illustration of machine-learning–based 
decoders for predicting mouse position from neuronal activity. Bottom right: the extracted calcium traces were split into 
10 folds, and one testing fold was sequentially chosen to calculate the decoding error with the decoder trained from the 
remaining 9 folds. Decoding the position at each time point requires the population neuronal activity of the previous N (here, 
N = 5) frames. The LSTM network was used as the decoding model in this work. (B) Example of decoded mouse positions 
(color lines) on testing data and the true position (black lines) in the T-maze experiment. The number of temporal bins in this 
testing fold is 2670 (bin size = 100 ms). (C) The mean decoding error using different sets of neuronal traces in the T-maze 
experiment. Gray data points correspond to the chance level decoding errors where the mouse positions were randomly 
shuffled. *** P < 0.001, Mann–Whitney test, n = 10 folds, 1 mouse. ## P < 0.01, # P < 0.05, Wilcoxon matched-pairs sign 
rank test, n = 10 folds, 1 mouse. The results show the mean ± s.e.m. (D and E) same as (B and C) but the mouse was in the 
open field experiment (temporal bins = 2059). 

f  

C  

a  

e  
our recording devices in the bilateral ACC with
hrimsonR expression ( Supplementary Fig. S7A)
nd four hippocampal subregions with GCaMP6s
xpression, respectively, to investigate their induced
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neuronal activity in the hippocampus (Fig. 3 B). 
We observed an increase in the mean fluorescence 
of each region, as well as the activity of certain 
individual neurons following stimulation (Fig. 3 C, 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
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 and Supplementary Fig. S7), in agreement
ith the reported ACC-hippocampal connections
33 ,34 ]. 
To further validate the neural activity induced

y this optogenetic stimulation and to explore the
ossibility of integrating TINIscope with the elec-
rical stimulation module, we bi lateral ly implanted
lectrodes in the ACC and recording devices in
our subregions of the hippocampus (Fig. 3 E–G,
upplementary Fig. S8). Each stimulation cycle
tarted with 1 second of 30 Hz 300 μA current stim-
lation and then rested for 60 seconds. The mean flu-
rescence of all regions significantly improved after
timulation (Fig. 3 G and Supplementary Fig. S8D, E,
 < 0.001, Wilcoxon matched-pairs sign rank test).
fter extracting all neuronal activity, we identified
timulation-responsive neurons by comparing their
ean activities 2 seconds before and after stimula-
ion (Fig. 3 G). We repeated these experiments on
wo mice and observed that all imaged regions con-
ained a proportion of neurons that responded to
timulations on either side of the ACC (Fig. 3 H).
hese results suggest that TINIscope is ideal for
eamless combination with established brain ma-
ipulation methods, enabling comprehensive inves-
igation of functional connectiv ity w ithin neural
ircuits. 
Due to the slower response of neuronal cal-

ium signals compared to electrical signals, the
igh-frequency component of neural activity is lost
n calcium imaging recording. To overcome these
imitations, a viable approach is to simultaneously
erform calcium imaging and electrode recording at
he same site. To investigate the feasibility of using
INIscope for calcium imaging in conjunction
ith electrode recordings in the same brain region,
e co-implanted the GRIN lens and electrodes in
our hippocampal subregions (Fig. 3 I). TINIscope
rovided calcium signals with single-cell resolution,
hile the electrodes enabled the acquisition of
lectrical signals with high temporal resolution.
ith this configuration, we successfully conducted
lectrophysiological recordings concurrently with
INIscope imaging at all four recording sites
 Supplementary Fig. S9A, B). By filtering the LFPs,
e were able to reliably detect signal patterns such
s sharp-wave ripples (SWRs), a distinct waveform
hat propagates in the hippocampus [35 ,36 ], in all
ecorded regions (Fig. 3 J, Supplementary Fig. S9C,
). In conjunction with the results from TINIscope,
e were able to investigate the firing patterns of
eurons within multiple regions, coinciding with
WRs (Fig. 3 K, Supplementary Fig. S9C, E). The
patial organization of these synchronized neurons
ay yield valuable insights into the formation and
ropagation of SWRs. 
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Decoding mouse position from extracted 

neuronal activity 
In our previous experiments, we observed a substan- 
tial amount of spatially modulated neurons in the 
recorded hippocampal subregions. Thus, we further 
explored how spatial information is distributed in 
those regions. To address this inquiry, we trained 
a machine learning model to decode mouse loca- 
tions from neuronal activities [37 ]. The LSTM algo- 
rithm with specific hyperparameters (units = 200, 
dropout = 0.25, number of training epochs = 10) 
was selected because it has empirically higher de- 
coding accuracy for hippocampus data. Prior to de- 
coding, the extracted calcium traces were temporally 
aligned with mouse locations, and silent periods at 
the start or end of trials were manually removed. The 
rest of the data were equally split into 10 folds, with
9 folds used for training an LSTM decoder and the 
last fold used for calculating the prediction error us- 
ing a 10-fold cross-validation procedure (Fig. 4 A). 

By examining the decoding results from a repre- 
sentative fold, we observed that across both T-maze 
and open field paradigms, the integration of neuronal 
activities across multiple brain regions resulted in su- 
perior prediction of mouse locations compared to 
utilizing activities from a single brain region alone 
(Fig. 4 B, D and Supplementary Video S5). To de- 
termine the chance level of decoding error, the same 
procedure was performed on location-shuffled data, 
where the location vector was flipped in time and 
randomly cycle-shifted for at least 20 0 0 frames. All 
decoding results exhibited significantly better per- 
formances above the chance level (Fig. 4 C and E). 

During the T-maze exploration, we observed that 
neuronal activities from a single brain region ac- 
curately decoded the mouse’s position, with a me- 
dian prediction error approximately equal to the 
length of the mouse body. However, during a more 
random and complex exploration within the open 
field, relying solely on neuronal activities from a 
single brain region was no longer sufficient to ac- 
curately decode the mouse’s position. Instead, the 
participation of neuronal activities from multiple 
recorded regions significantly improved the decod- 
ing accuracy, enabling a more precise estimation of 
the mouse’s position ( n = 10 folds in one mouse,
cross-validation, Wilcoxon’s rank-sum test, Fig. 4 C 

and E, with median errors of 6.13 ± 0.57 cm in RiHP, 
4.94 ± 0.28 cm in RdHP, 4.46 ± 0.26 cm in LdHP, 
4.03 ± 0.32 cm in LiHP, and 3.62 ± 0.26 cm in 
all data in the T-maze test and 9.41 ± 0.53 cm in
RiHP, 7.69 ± 0.70 cm in RdHP, 6.98 ± 0.45 cm in 
LdHP, 6.95 ± 0.42 cm in LiHP, and 5.84 ± 0.43 cm 

in all data in the open field test). Overall, these re-
sults suggest that the encoded spatial information is 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
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Figure 5. Neuronal assemblies during the T-maze task. (A) Detection of SCEs from extracted calcium traces. Left: activities 
of the example neurons were z -scored and thresholded at 1 standard deviation (SD); right, neuronal activity of all neurons 
participating in an SCE. The vertical lines indicate the onset of an SCE. (B) Raster plot of neuronal participation in all SCEs. 
(C) Correlation maps of the detected SCEs (left) and the identified neuronal assemblies (right). The SCE IDs were ordered 
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Figure 5. ( Continued ) by the associated assemblies of the participating neurons in each SCE. (D) Same as (B) but the neuron 
IDs and SCE IDs were ordered to match the found assemblies. The SCEs to the left column were not involved in any assembly, 
while the SCEs to the right column were involved in multiple assemblies. (E) The mouse’s position when SCEs associated 
with a specific assembly occurred. (F) The number of neurons in each region (color coded as labels below) and their spatial 
footprints in different assemblies. (G) Neurons associated with each assembly showed repeated activation sequences. Left 
is the concatenated calcium traces, as illustrated in the top diagram. Only time intervals within ± 10 second windows of all 
SCEs associated with an example assembly (assembly 3, including neurons above the red line) will be preserved. Neurons 
were grouped by their associations with different assemblies. Within each assembly, neuron IDs were sorted according to 
their peak intensity time. Right, repeated activation sequences of neurons associated with each assembly. 
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istributed in a larger area than the FOV range of a
ingle scope, consistent with previous studies [38 ]. 

ultiple-region recording reveals 
istributed activity patterns 
ynamic activation of neuronal assemblies is con-
idered a key mechanism underlying cognition and
ehavior [36 ,39 ,40 ]. TINIscope provides a great op-
ortunity for studying behavior-relevant assemblies
hat span multiple brain regions. Hence, we pro-
eeded to investigate the formation of neuronal as-
emblies among the recorded neurons and examine
heir correlation with the spatial information of the
ouse. 
In the T-maze and open field tests, we analyzed

otential assembly dynamics by identifying syn-
hronous calcium events (SCEs), clustering them,
nd assigning single neurons to putative assemblies
Fig. 5 A–D and Supplementary Fig. S10A–C). As-
emblies were identified using the procedure de-
cribed in an early hippocampus study [36 ]. This
ethod first detected SCEs where at least M neurons
ere active (value of z -scored calcium trace > 1) for
ore than 500 ms. M was determined by traversing

 wide range of candidate values and selecting the
ne that maximized the number of detected SCEs
note: a small value of M results in longer but fewer
CEs). Once detected, each SCE used a binary vec-
or to indicate the status of all neurons within that
CE. Then, a two-stage robust K-means clustering
lgorithm (Euclidean distance) was applied to clus-
er these SCE vectors. In stage 1, 100 conventional
-means were applied to find K cluster centers, while
n stage 2, these 100 cluster centers were clustered
gain using K-means clustering, yielding stable clus-
er centers. The value of K was chosen between 2 and
0, and the one with the best average si l houette value
as used. Afterwards, each neuron was defined as
articipating in an SCE cluster if the neuron showed
 significantly higher activation rate (above the 95th
ercentile of reshuffled data) in the SCEs of that clus-
er. In this way, each SCE cluster was associated with
 cell assembly comprised of neurons participating in
hat cluster. 
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SCEs were grouped afterwards based on the as- 
semblies they activated. We proceeded to gener- 
ate plots of mouse locations corresponding to the 
occurrences of these neuronal assemblies, without 
any prior knowledge of their actual locations. In 
the T-maze task, assemblies 1–3 exhibited a clear 
preference for specific locations, whereas assem- 
bly 4 did not show such a preference (Fig. 5 E).
Notably, these neuronal assemblies were spatially 
distributed throughout all the recorded brain re- 
gions (Fig. 5 F). The assemblies associated with ex- 
plicit location preference displayed recurring firing 
sequences, while the other assemblies did not ex- 
hibit such recurring patterns (Fig. 5 G). Similar re- 
sults were obtained in the open field experiment 
( Supplementary Fig. S10D–F), suggesting a brain- 
wide dynamic population encoding of environmen- 
tal information. 

DISCUSSION 

The neuroscience community has an urgent de- 
mand for tools that can perform concurrent cellular- 
resolution calcium imaging in multiple brain re- 
gions of freely behaving animals. In this work, we 
have demonstrated the applicability of TINIscope 
to meet these requirements, enabling fundamentally 
new explorations of the brain-spanning coordinated 
cellular dynamics that underlie sensation, cognition 
and action. TINIscope represents the lightest and 
smallest head-mounted miniature microscope with a 
large margin. In the context of single region record- 
ings, employment of TINIscope wi l l yield a remark- 
able decrease in the burden placed on very small and 
developing animals when compared to other micro- 
scopes within its class. 

To achieve the goal of multi-region recording, a 
comprehensive system design is necessary, which in- 
volves more than simply reducing the size and weight 
of the microscope. In this work, considerable efforts 
have been directed toward optimizing the optical 
path, housing, and baseplates to enable the spatial 
arrangement of multiple TINIscopes. Additionally, 
a virtual simulation workflow was developed to 
guide our surgical implantation. Our demonstration 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad294#supplementary-data
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xperiments successfully recorded four closely sit-
ated hippocampal subregions with severe spatial
imiting issues, thereby indicating support for nearly
ny combination of four brain regions in mice. To
void potential entanglements of flexible PCBs, we
lso developed a customized commutator for our ex-
erimental system. Moreover, we developed our data
cquisition system and GUI software to streamline
ata collection. The entire system’s design is open
ource and can be further customized to include
dditional functionalities such as e-focus, dual-color
maging, in situ optogenetics stimulation, and vol-
metric imaging [41 ]. The technical approaches
roposed for existing miniature microscopes, such
s μTlens for z-focusing [42 ], dual excitation light
ources [43 ], interleaved readout of CMOS sen-
ors, and micro lens array for volumetric imaging
44 ], can be adapted for TINIscope. The primary
hallenges lie in integrating these techniques into
he ultra-compact design of TINIscope and cus-
omizing the necessary electronic components to
upport them. 
The investigation of numerous neuroscience

uestions necessitates the use of multimodal com-
inations of recording and manipulating tools. Our
INIscope provides a much-needed toolkit for ad-
ressing neuroscience questions regarding multi-
egion interactions during specific brain functions,
ith its ultra-compact design facilitating integration
ith other tools. We validated its easy combination
ith classic tools for optogenetics, electrical stimula-
ion and LFP recordings, providing insights into fac-
ors related to imaged calcium activity. The family of
ead-mounted fluorescence microscopes is rapidly
xpanding [20 ], with TINIscope being a new mem-
er featuring the smallest size and lightest weight. We
xpect to see future experimental designs combining
INIscope with other members noted for large FOV
25 –28 ] or multi-photon imaging [45 –48 ]. 
Given the rapid advances in our anatomical

nowledge of brain-wide neuronal connectivity
49 ,50 ], TINIscope is a timely and valuable tool for
nhancing our understanding of functional neuronal
onnectivity during complex behaviors and cogni-
ive tasks performed in unrestrained conditions. We
xpect that our technique wi l l help pave the way
oward understanding brain circuit function from a
ore holistic perspective in conjunction with novel
omputational methods to extract insights from this
ealth of information [2 ,51 –53 ]. 

ATERIALS AND METHODS 

or detailed materials and methods, please see the
upplementary data. All animal experiments were
Page 11 of 13
conducted following protocols approved by the 
IACUC (Institutional Animal Care and Use Com- 
mittee) of Shenzhen Institute of Advanced Technol- 
ogy, Chinese Academy of Sciences (SIAT-IACUC- 
210802-NS-ZDK-A2028) and the IACUC of the 
University of Science and Technology of China 
(USTCACUC192101056). 

SUPPLEMENTARY DATA 

Supplementary data are available at NSR online. 
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