
INTRODUCTION

In the field of systems neuroscience, uncovering communication 
between brain regions is one way of explaining their contribution 
to animal behavior, including learning and memory processes [1]. 
One widely used approach to tackle this question is the recording 
of neuronal activity from freely behaving animals using tetrodes or 
neural probes [2-4]. Both measurements of single cell spiking ac-

tivity and the local field potential (LFP) provide information about 
network computations. The high temporal resolution of these 
electrical signals enables the detailed study of neuronal synchro-
nization and network dynamics that underly cognitive processes. 
While electrophysiological approaches are capable of recording 
from large populations of neurons, they suffer from difficulties to 
track cell identity long-term and offer limited information about 
the spatial organization and genetic identity of the cells.

Over the past years, single-photon Ca2+ imaging with miniature 
implantable microscopes has been established as an alternative 
method to measure cellular activity in freely behaving animals 
[5-8]. In vivo chronic imaging not only keeps track of individual 
neurons across days but can also give detailed information about 
the spatial distribution of cells and whether they belong to geneti-
cally identified neuronal subpopulations. Some studies have used 
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single-photon Ca2+ imaging in freely behaving animals success-
fully to elucidate the neuronal mechanisms underpinning specific 
behaviors [5, 6]. However, because of the relatively slow dynamics 
of calcium transients, it is difficult to relate calcium signals to the 
specific timing of behavior and fast network dynamics. To bet-
ter appreciate neuronal activity in freely moving animals in both 
temporal and spatial aspects, it is necessary to complement Ca2+ 
imaging with electrophysiological recordings.

Sharp-wave ripples (SWRs) are a characteristic neural activity 
pattern found in the hippocampus [4, 9], showing highly synchro-
nized bilateral occurrence in both adult and neonatal rodents [10-
15]. Their contribution of SWRs to memory, including memory 
consolidation [16-20], is widely studied in behavioral experiments 
using both correlation approaches and temporally-specific manip-
ulations [21-25]. The high-frequency (140~225 Hz) SWR pattern 
in the hippocampus encodes behaviorally relevant cellular spike 
ensembles [26], suggesting its role in memory consolidation by re-
activating previously activated neurons (replay) [27-30]. However, 
hippocampal replay has been studied mainly using electrophysi-
ological approaches and it has been difficult to identify and track 
individual neurons that participate in a replay over time and across 
conditions. In addition, it has not been clarified how hippocam-
pal neurons are affected by electrical stimulation used to disrupt 
SWRs in experiments that aim to test their role in behavior. 

In this study, we combined electrophysiological recording and 
Ca2+ imaging simultaneously to investigate how cellular activity 
in the hippocampus changes during spontaneous and disrupted 
SWRs in freely behaving mice. We built a custom-designed mi-
crodrive and demonstrated simultaneous observation of SWRs 
from mice expressing the genetically encoded calcium sensor 
GCaMP6s. We analyzed the cellular activity of hippocampal CA1 
during spontaneous and disrupted SWR conditions acquired by 
both techniques. We observed significantly increased Ca2+ activity 
from hippocampal neurons surrounding spontaneous SWRs, but 
a silent signal in the SWR disrupted condition.

MATERIALS AND METHODS

Animals

All mouse experiments were performed with the approval of the 
KU Leuven animal ethics committee. Animals were housed under 
standard conditions (12 h light: 12 h dark cycle) with food and 
water provided ad libitum. Data for this study were derived from 
a total of 5 Thy1-GCaMP6s-GP4.3 mice (3 males and 2 females, 
10~16 weeks old) that were bred in-house. Robust expression of 
GCaMP6s in the hippocampus was confirmed in brain sections 
[31]. 

Design of implant

The implant consists of two components: a miniscope V3 (Lab-
maker, Germany) and a custom tetrode microdrive array. Taking 
advantage of the bilateral synchronous occurrence of SWRs [4, 9, 
15], the microdrive array was devised to carry out electrophysiolog-
ical tetrode recording from freely moving animals in the left hemi-
sphere while the right hemisphere was imaged by the miniscope.

The microdrive array component was designed considering the 
anatomical position of three targets in the left hemisphere: dorsal 
CA1 (dCA1, for recording), the ventral hippocampal commissure 
(VHC, for stimulation), and white matter above the hippocampus 
(WM, for reference), using Allen Mouse Brain Explorer (http://
mouse.brain-map.org/static/brainexplorer) as an anatomical ref-
erence. SolidWorks (Dassault Systèmes, France) was used for the 
3D CAD design, and the microdrive array was printed using ste-
reolithography (Formlabs, USA. Resin: photopolymer resin black 
(RS-F2-GPBK-04), gray (RS-F2-GPGR-04), or dental SG resin 
(RS-F2-DGOR-01). Printer model: Form 3). 

The size and shape of the microdrive array were carefully de-
signed to ensure enough surface for the implanted GRIN lens and 
the footprint of the miniscope. The main body (Fig. 1A, 1B) con-
sists of three cannulas targeting the three brain regions (Fig. 1C). 
Each cannula guides a bundle of electrodes that is independently 
moveable through custom screws to control the insertion depth in 
the brain (Fig. 1B, arrow). The protective cover (Fig. 1D) still par-
tially exposed the connector of the electrode interface board (EIB) 
and screw heads for convenient recording and tetrode adjustment 
during experiments without removing the cover (Fig. 2M). 

Microdrive array fabrication

Multiple materials were required for building the tetrode micro-
drive (Fig. 2A), as follows:

a: 3D-printed protective cover, b: 3D-printed microdrive array 
body, c: electronic interface board (Neuralynx, USA), d: gold pins 
(Neuralynx), e: 2x M1.2 screws, f: a pair of female-male breakaway 
header pins (Farnell, UK), g: 2x ground wires (PFA-coated stain-
less steel wire, bare diameter: 127 μm, coated diameter: 203.2 μm, 
length: ~3 cm; A-M system, USA), h: 1x self-tapping bone screw 
(shaft diameter: 1.19 mm, length: 4.8 mm; Fine Science Tools, 
Germany), i: 3x 23 G tubing (Microgroup, USA), j: 3x custom-
made microdrive screws [32], k: 2x polyimide tubings (ID: 0.102 
mm, OD: 0.1397 mm, length: ~50 mm; Nordson, USA), l: 3x 30 G 
tubings (length: ~55 mm; Microgroup, USA), m: 3x 6mil pre-cut 
stainless-steel wires (length: ~80 mm; Microgroup, USA) , n: 2x 
tetrode wires (four twisted 0.012 mm polyimide-insulated nickel-
chrome wires, blunt cut; Sandvik, Sweden), o: 1x stimulus electrode 
(two twisted 0.06 mm polyimide-insulated stainless steel wires, 
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blunt cut; California Fine Wire, USA), p: thread-forming taps for 
M1.2 screws, q: tap handle, r: screwdriver, s: UV-curable dental ce-
ment (Dental elite, France). Detailed provider, model number, and 
costs of each material are provided in Table 1.

The detailed manufacturing steps are as follows (adapted from 

the previous protocol [32, 33]). 
1) Tap and form thread for the five screw holes (arrows) in the 

microdrive body (Fig. 2A, b) using the thread forming tap (Fig. 2A, 
p). Use a tap handler (Fig. 2A, q) if necessary (Fig. 2B).

2) Prepare three screw-driven shuttles by connecting 23 G tubing 
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Fig. 1. Design and structure of the microdrive. (A) Top view of a 3D CAD model of the microdrive with electrical interface board (EIB). a: Screw-
driven shuttle for stimulation electrode targeting VHC. b: Screw-driven shuttle for tetrode targeting hippocampus CA1. c: Tetrode in the white matter 
for reference purposes. (B) Cross-section of one of the microdrive cannulas. The insertion depth of the stimulation electrode and tetrodes (yellow) were 
controlled by custom screws (black, arrow). (C) Close-up view of tetrodes emanating from the microdrive array and their target areas. (D) Cover of the 
drive for the protection of electrical components.
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Fig. 2. Microdrive array fabrica-
tion materials and process. (A) 
Microdrive materials. Detailed 
list  with providers is  in the 
method section (2.3). (B~M) 
Microdrive array fabrication 
procedure. Detailed explanation 
is in the method section (2.3).
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(Fig. 2A, i) and a microdrive screw (Fig. 2A, j) using UV-curable 
dental cement (Fig. 2A, s) using a mold (Fig. 2C).

3) Insert the shuttles into the microdrive body (Fig. 2D).
4) Insert the 30 G tubing (Fig. 2A, l) into the 23 g tubing of cus-

tom screws (Fig. 2E).
5) Cement the 30 G tubings onto the outlet of cannulas in the 

microdrive array body using dental cement. On the outlet side, fill 
gaps between tubings and cannulas. On the opening side of the 
cannulas, make sure 30 G tubing is positioned 2~3 mm lower than 
23 G tubing (Fig. 2F).

6) Cut off excess 30 G tubings from the outlet, and file the ends. 
Make sure 30 G tubings have completely open ends by penetrating 
inserted 6mil wires (Fig. 2A, m). Remove wires after confirming a 
clear opening (Fig. 2G).

7) Prepare ground wires: solder one end of ground wire (Fig. 2A, 
g) to the female header pin (Fig. 2A, f, right) and connect the other 
end to EIB (Fig. 2A, c, arrow in Fig. 2H) using a gold pin (Fig. 2A, 
d). Solder one end of the other ground wire to the male header pin 

(Fig. 2A, f, left) and the other end to the stainless-steel screw (Fig. 
2A, h). Cut the screw to 3~4 mm and file the end (Fig. 2H).

8) Attach the EIB to the microdrive array body with screws (Fig. 
2A, e). The ground wire goes through the hole in the bottom of the 
microdrive array (Fig. 2I).

9) Retract the custom screws to the level of the microdrive open-
ing. The working distance of the screws is 7~8 mm. Insert poly-
imide tubing (Fig. 2A, k) into 30 G tubing. Cut excess polyimide 
tubing to the same length as 30 G tubings (Fig. 2J). The polyamide 
tubing serves to guide and protect the tetrodes.

10) Prepare two tetrodes by twisting and heat-fusing four insu-
lated electrode wires (Fig. 2A, n).

11) Insert tetrodes into the polyimide tubing. Insert a stimulus 
wire (Fig. 2A, o) into the third microdrive without polyimide tub-
ing. Fix the stimulation electrode and tetrodes in the polyimide 
tubing using glue. (Fig. 2K). 

12) After the glue has dried, secure tetrodes and the stimulus 
wire in the EIB using gold pins (Fig. 2L). Make sure tetrodes and 

Table 1. List of manufacturing materials
1-1. Tools

Item Company Model number Cost/quantity

Solidwork (CAD software) Dassault Systèmes, France
3D printer Formlabs, USA Form 3
Headstage Neuralynx, USA HS-18-LED $1443.95/piece
Electrode interface board (EIB) EIB-18 $104.7/piece
Thread-forming taps (M1.2 screws) C.W.S.TOOLS, Belgium DP2061105-M1.2 Threadformers M1.2 $54/piece

1-2. Consumables

Item Company Model number
Cost/ 

quantity
Quantity/ 

device
Cost/ 

device

Photopolymer resin Formlabs, USA RS-F2-GPBK-04 or RS-F2-GPGR-04 $149/L 1.20 cm3 $1.8
Gold EIB pins Neuralynx, USA EIB Pins small $0.16/piece 10 pieces $1.6
Female-male breakaway header 
pins

Male pin: Digikey, USA ED90328-ND $0.16/piece 1 pair $0.30
Female socket: Farnell, UK 2840876 $0.14/piece

PFA-coated stainless-steel wire A-M system, USA 791400 $1.52/30.5 cm 10 cm $0.50
Self-tapping bone screw Fine Science Tools, Ger-

many
19010-00 $0.88/piece 1 piece $0.88

Polyimide tubing Nordson, USA 141-0001 $0.20/30.5 cm 10 cm $0.07
23 G tubing Microgroup, USA 304 Hypo 23 Gauge Regular Wall  

(pre-cut length: 1.4 cm)
$0.95/piece 3 pieces $2.85

30 G tubing 304 Hypo 30 Gauge Regular Wall  
(pre-cut length: 5.5 cm)

$1.29/piece 3 pieces $3.87

6mil stainless wire 304 Round Wire (pre-cut length: 8 cm) $0.98/piece 3 pieces $2.94
Tetrode wire Sandvik, Sweden PX000004 $0.75/30.5 cm 30 cm $0.75
Polyimide-insulated stainless- 
steel wire

California Fine Wire, USA .0005 STABLOHM 650 $0.85/30.5 cm 10 cm $0.30

UV-curable dental cement SDI, Australia Wave A2 $10.65/piece 1/2 piece $5.33
M 1.2 screws Micro-Modele, France DIN84 M1.2x6 $0.30/piece 2 pieces $0.60
Custom-made Microdrive 
screws (M1.2*0.25)

Advanced Machining &  
Tooling, Inc, USA

Design on file at AM&T, see [32] $6.25/piece 3 pieces $18.75

Total cost $40.54
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stimulation wire have enough working distance of 7~8 mm. Cut 
off excess wires. 

13) Close the microdrive array with the 3D-printed cover (Fig. 
2A, a). Fix the cover to the body using dental cement (Fig. 2M).

14) To lower tetrode impedance, goldplate tetrode tips [33] 1~4 
hours before the implantation. 

The total weight of the microdrive array is 2.2 g, the height is 1.3 
mm, the largest width is 1.5 mm, and the working distance of each 
custom-made screw in the cannula is approximately 7 mm. A 
cross-section of the microdrive array is shown in Fig. 1B. The total 
weight that animals carry during experiments is 5.2 g (microdrive 
array 2.2 g+miniscope 3 g, Fig. 3E). 

Surgical procedure

For the simultaneous acquisition of calcium signal and LFP, ani-
mals underwent several surgical procedures including GRIN lens 
implantation, microdrive array implantation, and baseplating of 
the miniscope (Fig. 3A).

Gradient-index (GRIN) lens implantation

After induction of anesthesia (1.5% isoflurane in an induction 
chamber), the skull of the animal was securely fixed to the stereo-
taxic frame. Throughout the surgical process, the isoflurane level 
was maintained at 1~1.5% through a nose cap. The body tempera-
ture of the animal was monitored and kept at a constant tempera-
ture using a rectal probe and an electrical heating pad. After dis-
infection of the scalp with iodine and isopropyl alcohol, the skull 
was exposed. Craniotomy for the GRIN lens was made on the 
right hemisphere, a circle with the size of 0.95 mm semi-diameter 
from the center (center coordinates: 4 mm posterior to bregma, 
2.2 mm right from the midline). After exposing the brain in a 
circular shape, the dura, cortex, and white matter were gradually 
aspired until the hippocampus was exposed. GRIN lens (diameter: 
1.8 mm, length 4.31 mm, Edmund Optics, UK) was inserted into 
the cavity of the brain at the speed of 50 μm/10 s. When the lens 
reached the target region, the gap between the lens and skull was 
filled with Kwik-sil (WPI, USA) and then cemented to the skull 
by metabond (Parkell, USA) (Fig. 3B). The exposed GRIN lens 
was protected by a mass of Kwik-sil. Animals underwent 2 weeks 
recovery period after the implantation. CA1 under the implanted 
GRIN lens was imaged by miniscope to confirm the blood clear-
ance and find image planes. If 20~30 cells were observed from the 
raw data, animals proceeded to the microdrive implantation. 

Microdrive mounting

3 craniotomies were made to the skull to target 3 different brain 
regions (VHC: 0.0 mm posterior to bregma, 0.2 mm right from the 

midline, Hippocampus: 1.1 mm posterior to bregma, 1.5 mm left 
from the midline, White matter and cortex: 4.1 mm posterior to 
bregma, 1.5 mm left from the midline). After the removal of dura 
from 3 craniotomies, the microdrive was mounted and cemented 
(Fig. 3C). A stainless screw with grounding wire was installed over 
the cerebellum and served as ground. Another end of the wire was 
carefully inserted into the sockets attached to the microdrive using 
breakaway header pins. 

Miniscope baseplating

After 5~7 days of the postoperative period after microdrive 
implantation, we sought for imaging areas where the most cal-
cium activities were found. Once the optimal imaging plane for 
long-term recording was chosen, a baseplate was mounted and 
cemented to the brain (Fig. 3D). After the baseplate was settled, 
miniscope sat on the baseplate and was adjusted to find the focal 
plane for imaging. 

After all surgical processes were done, animals carried tetrode 
microdrive and baseplate in the cage (Fig. 3E), and miniscope was 
additionally mounted for experiments (Fig. 3F). 

Electrophysiological recording 

For the hippocampal SWRs recording and disruption, tetrode 
and stimulation wires were gradually lowered to the target brain 
regions. Electrophysiology was performed with the Digital Lynx 
16SX (Neuralynx) data acquisition system with HS-18-LED ana-
log headstage (Neuralynx) and Cheetah software (Neuralynx). 
Wide-band (0.1 Hz~6 kHz) signals were sampled and digitized at 
32 kHz. From the recorded tetrode signal, SWRs waveform was 
detected using a band-pass filter between 140 Hz~225 Hz. Multi-
unit activity (MUA) was acquired by a band-pass filter between 
600~6000 Hz. The position of the animal was tracked and cap-
tured at 50 Hz using an overhead video camera using blue and 
red LEDs attached to the headstage. The location of tetrodes was 
confirmed by the presence of SWRs in the LFP.

In-vivo single-photon calcium imaging

After the microdrive array EIB was connected to the recording 
tether, the minicope was attached to the baseplate and firmly se-
cured. Data acquisition was performed while animals performed 
unrewarded exploration in the hexagonal arena (Fig. 4A) or a 
linear track (Fig. 4B). Image frames were acquired at 30 Hz and 
timestamped in the DigiLynx acquisition system (Neuralynx) for 
synchronization with the electrophysiological signal (Fig. 3G, a). 
Time deviation between acquired image frames and theoretically 
generated frames was corrected by detecting missing frames and 
inserting matching delays (Fig. 3K).
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Online ripple detection and disruption 

Online detection and disruption of hippocampal SWRs were 
performed as described previously [25]. Briefly, digitized signals 

from the DigiLynx acquisition system were streamed to a worksta-
tion running the real-time processing software Falcon (Fig. 3G, b) 
[34]. The signal was bandpass filtered in the ripple frequency band 
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Fig. 3. Experimental timeline and recording system. (A) Experimental timeline. Single-photon calcium imaging: GRIN lens was implanted on the 
surface of the hippocampal CA1 of the right hemisphere (Day 1), and blood clearance at the surgical site was confirmed 2~3 weeks after the implanta-
tion (B). When calcium activity was observed through the implanted lens, mice were equipped with a baseplate (Day 27) to mount the miniscope (D). 
Once microdrive implantation was consolidated, miniscope was mounted on the baseplate and data acquisition was performed simultaneously with the 
LFP recording (Day 28~50) (E). Electrophysiological recording: Microdrive array manufacturing takes 1 day (8 hours, Day 13). Assembled microdrive 
array was carefully implanted above the target brain regions (Day 14) (C). After implantation, animals underwent 5~7 days of post-operative recovery. 
After recovery, electrophysiological signals were acquired, together with the calcium signal (Day 28~50) (E). In the home cage animals only carried the 
microdrive array, but not the miniscope, which was mounted onto the baseplate just prior to the start of the recording session. After experiments were 
completed, the implantation sites for the GRIN lens and tetrodes were validated histologically (Day 50~60) (F). (G) Set up of the acquisition system for 
simultaneous imaging, electrical recording, and closed-loop stimulation. 1-photon calcium signal was acquired by miniscope connected to a dedicated 
computer using Miniscope Controller software (a). Electrical signals were acquired with a Digilynx acquisition system and stored on a computer run-
ning Cheetah software (b). The digitized electrical signals were also streamed to a separate computer running Falcon software for real-time hippocam-
pal ripple detection (c) and closed-loop feedback stimulation in the VHC (d). Each video frame from the miniscope was timestamped in the Digilynx 
system for synchronization with the electrical signals (e). (H) Recording chamber. (I) Coronal section of the dorsal hippocampus showing the location 
of the implanted GRIN lens. (J) Coronal section of the dorsal hippocampus showing a tetrode track. The arrow indicates the lesion made by an electri-
cal current applied to the tetrode to verify the recording location. (K) Accumulated time deviation between acquired frames and theoretically generated 
frames of calcium imaging (Black: acquired frames, Red: timepoint of dropped frames, Blue: Corrected frames).
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(135~225 Hz) using a Chebyshev type-II IIR filter (order=20). A 
ripple event was detected once the ripple power crossed a thresh-
old that is computed from running estimates of the mean (µ) 
and mean absolute deviation (MAD) as µ+f x MAD. Here, f is a 
multiplication factor that was set manually to a value in the range 
between 9~14. For disruption, each ripple detection triggered a 
stimulator (A385 stimulus isolator, World Precision Instrument, 
USA) to produce a constant-current biphasic stimulation pulse 
(0.2 ms duration) in the ventral hippocampal commissure (Fig. 
3G, c). The amplitude of the stimulation current was chosen such 
as to consistently disrupt hippocampal ripple events (range: 130 
μA and 200 μA). The output stimulation frequency was limited to 
a maximum of 2 Hz to avoid overstimulation. To avoid spurious 

detections induced by movement artifacts or stimulus-evoked 
responses, the above detection process was also applied to signals 
from the cortex overlying the hippocampus. Detections of hip-
pocampal ripples that fall within a 1.5 ms- to 40 ms time window 
around spurious detections in the cortical signal were rejected.

1-photon calcium imaging analysis 

The acquired miniscope images were preprocessed semi-auto-
matically with the Python package Minian (https://github.com/
DeniseCaiLab/minian). Briefly, the software subtracted the low-
frequency background signal from the raw video and corrected for 
movement. The global baseline calcium signal was calculated, and 
ΔF/F was computed for each video frame. 

A

B

C

Fig. 4. Electrophysiological signals and calcium transient were simultaneously acquired in spontaneous and SWR-disrupted conditions. All data from 
one representative animal (Animal 1). SP: average peak amplitude in spontaneous condition, ST: average peak amplitude in SWR-disrupted condition. (A) 
Representative wide-band filtered (1~6000 Hz, top) and ripple-band filtered (140~225 Hz, bottom) hippocampal LFP signal in the spontaneous condi-
tion (left) and SWR-disrupted condition (right). (B) Average spontaneous SWR power (left) and disrupted SWR power (right, dashed) (red: SWR detec-
tion). (C) Representative calcium signals in the spontaneous condition (left) and SWR-disrupted condition (right) (red: SWR detection, blue: detected 
peaks, gray: baseline).
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On the extracted ΔF/F, spatial and temporal separation processes 
were executed using the CNMF (Constrained Nonnegative Matrix 
Factorization) algorithm [35]. In each step of the process, interme-
diate results of 10 randomly chosen cells were provided to guide 
manual intervention of the parameters for spatial and temporal 
distance for cell extraction. The final processed results included 
the spatial location of cells and calcium traces. 

For each detected cell, an average of the lowest 30% of total sig-
nals in the spontaneous condition were used as a baseline in both 
conditions. Local maxima of the calcium signals higher than the 
baseline were detected and admitted as peaks. Considering the 
slow decay curve of the GCaMP6s [36], calcium peaks detected 
within 2 s of online SWRs were classified as SWR-preceding peaks 
and the rest peaks were labeled as non SWR-preceding peaks. 

Statistics

To compare the activity of cells during hippocampal SWRs to 
the activity without SWRs, we computed the average amplitude of 
peaks in each category of all units. The two-proportion z-test was 
used to compare the difference in proportions of unit properties 
in each category. 

To compare the average peak amplitude ratio by peak properties, 
we defined the ratio as a difference in peak amplitude of the two 
groups divided by the sum of the average peak amplitude of the 
two groups.

Peak amplitude ratio=
sp-st
sp+st

sp: average peak amplitude in spontaneous condition
st: average peak amplitude in SWR-disrupted condition

A binomial test was used to examine the likelihood of the cell 
proportion above the chance level. Wilcoxon signed rank test was 
used to assess the effect of electrical disruption on SWR-related 
calcium activity for all units. 99% bootstrap confidence intervals 
were acquired by repeatedly computing medians from randomly 
detected samples 1000 times. 

Histology 

After the experiments animals were deeply anesthetized (1.5% 
of isoflurane through a nose cap) and electrolytic lesions (constant 
current pulses, 60 μA, 20 seconds) were made to mark the loca-
tion of the recording and stimulation electrodes. Animals were 
perfused with a phosphate-buffered saline solution followed by a 
4% paraformaldehyde solution for fixation. The brain was stored 
in 30% sucrose solution, coronally sliced using a cryotome (Leica 
CM3050S, thickness: 50 μm), and mounted on microscope slides. 
Brain sections were stained for Nissl substance and were covered 
using DPX (Sigma Aldrich) mounting medium. Brain sections 
were inspected under an optical microscope (Olympus MVX10) 
to examine the lesion marks and the GRIN lens insertion depth.

RESULTS

Implant for combined cellular imaging, electrical  

recording, and stimulation

For the simultaneous acquisition of calcium and electrophysi-
ological signals in hippocampal CA1 from freely behaving mice, 
we combined a miniscope for 1-P calcium imaging and a custom-
made microdrive array for LFP recording. The microdrive array 
was designed using 3D-CAD software, 3D-printed, and was 
equipped with tetrodes and stimulation electrodes. 

The miniscope endoscopic lens was implanted on top of the 
right hippocampal field CA1 (Fig. 3I). One tetrode was positioned 
near the CA1 cell layer in the left hemisphere to measure SWRs 
(Fig. 3J). The hippocampal calcium and electrophysiological sig-
nals from 4 freely behaving mice were acquired in two different 
recording conditions. 

Simultaneous electrophysiological recording and  

1-photon imaging from freely moving mice

4 animals explored a familiar arena (Fig. 3H, hexagonal arena, 20 
cm long sides) in a spontaneous condition. 

Hippocampal LFP was characterized by theta oscillations as the 
animal was moving and SWRs as the animals paused. Fast and 
transient neural activity patterns such as SWRs can be easily iden-
tified in the LFP (Fig. 4A).

Table 2. Recording duration and SWR detection frequency from all animals

Recording duration (S) No. of SWR SWR frequency (Hz)

Spontaneous Disrupted Spontaneous Disrupted Spontaneous Disrupted

Animal 1 383.0 109.0 358.0 92.0 0.93 0.84
Animal 2 260.0 320.0 41.0 220.0 0.16 0.69
Animal 3 453.0 380.0 81.0 43.0 0.18 0.11
Animal 4 270.0 271.0 339.0 393.0 1.26 1.45
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A B

C D
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Fig. 5. Different subsets of cells respond to SWRs depending on the behavioral state. Calcium peaks from all cells were classified into two categories de-
pending on the presence of preceding SWRs. (A, C): SWR-preceding peaks, (B, D): non SWR-preceding peaks. (A) Proportion of units by the SWR-pre-
ceding peak property from all units. Left: proportion of units where the peak amplitude decreased in the SWR-disrupted condition. Right: proportion of 
units where the peak amplitude increased in the SWR-disrupted condition. (Total units: 320, p-value=4.26e-24, solid: bootstrapped 99% confidence in-
terval). (B) Proportion of units by the non SWR-preceding peak property from all units. Left: proportion of cells for which the peak amplitude decreased 
in the SWR-disrupted condition. Right: proportion of units where the peak amplitude increased in the SWR-disrupted condition. Proportions of Fig. 
5A and Fig. 5C were statistically compared using a two proportion z-test (p-value<0.001). (Total units: 320, p-value=2.08e-05, solid: bootstrapped 99% 
confidence interval). (C) Proportion of units by the SWR-preceding peak property from individual animals (Animal 1: 105 units, animal 2: 122 units, 
animal 3: 47 units, animal 4: 46 units). (D) Proportion of units by the non SWR-preceding peak property from individual animals (Animal 1: 105 units, 
animal 2: 122 units, animal 3: 47 units, animal 4: 46 units). (E) Distribution of average calcium peak amplitude ratio of SWR-disrupted condition com-
pared to the spontaneous condition of peaks with preceding SWRs (red) and peaks without preceding SWRs (gray) of 90% of units during the whole 
recording (Wilcoxon rank-sum test, p<0.0001, dashed: median, solid: bootstrapped 99% confidence interval. The gray line indicates where the average 
calcium peak amplitude in the spontaneous condition is equal to the average calcium peak amplitude in the SWR-disrupted condition).
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Cellular calcium signals were acquired alongside the behavior 
and LFP (Fig. 4C left and right). We took advantage of the simulta-
neous imaging of cell activity and LFP recording to relate calcium 
signals to SWR events. 

Hippocampal calcium imaging during SWR disruption by 

electrical stimulation

Using our dual recording system, we demonstrate the combina-
tion of electrical recording and disruption of SWRs together with 
the imaging of CA1 cell activity in freely behaving mice. Hip-
pocampal LFP and calcium signals were collected while animals 
(n=4, 1 session per animal) stayed in the hexagonal arena for 10 
minutes (Table 2). Throughout the experiments, SWRs were de-
tected online using a custom real-time processing system [34]. For 
half the recording time (5 mins), SWRs were left unperturbed (Fig. 
4A, left) and for the other half of the time (5 mins), SWRs were 
disrupted by a brief stimulation pulse in VHC (Fig. 4A, right). The 
order of spontaneous/SWR-disrupted condition blocks was ran-
domized across recording sessions. We did not observe artifacts in 
the calcium images caused by electrical stimulation. 

As shown previously [25], VHC stimulation evokes a short posi-
tive potential and reduces the ripple power in CA1 (Fig. 4B right), 
compared to the strong ripple power in the unperturbed signals 
(Fig. 4B left). Independently detected online SWRs were aligned 
to the analyzed calcium signals (Fig. 4C).

Effect of SWR-disruption on the calcium peak amplitude 

We looked at the cell activity in the right CA1 as measured by 
calcium imaging (n=105, 122, 47, 46 cells in 4 animals). From all 
cells, all calcium peaks were classified into SWR-preceding peaks 
and non-SWR-preceding peaks depending on the presence of 
a preceding online-detected SWR within 2 s. When comparing 
average amplitudes of peaks with preceding SWRs of all cells in 
the two conditions, most cells showed decreased amplitude in 
the SWR-disrupted condition than in the spontaneous condition 
(Fig. 5A). This result implies an effective detection and disrup-
tion of SWRs, and our dual recording system confirms decreased 
calcium activity by the SWR disruption, especially when the peaks 
immediately follow SWRs. The effect of disruption was present 
in all animals (Fig. 5C). On the other hand, the proportion of unit 
properties based on the average peak amplitudes without preced-
ing SWR signals in the two conditions showed that less proportion 
of units showed decreased peak amplitudes when the disruptive 
stimulation was applied (p-value<0.0001, Two proportion z-test, 
Fig. 5B). Also, the variation of proportion between animals was 
relatively larger (Fig. 5D).

Next, we compared the distribution of the average peak ampli-

tudes of each peak group in the SWR-disrupted condition in rela-
tion to the spontaneous condition. The distribution showed that 
there is a significant difference between the two groups depending 
on the presence of preceding SWR (p-value<0.0001, Wilcoxon 
signed-rank test, Fig. 5E).

DISCUSSION

In this paper, we have presented a novel approach to combine 
tetrode recording, closed-loop stimulation and 1-photon imaging 
in freely moving mice. Electrophysiological recordings and cellu-
lar imaging complement each other to single out cells from aggre-
gated signals, monitor target cells in the long term and have access 
to fast dynamics of neural activity.

Previous studies have combined single-photon microendoscope 
with deep brain stimulation [37] or silicon probe recordings [38]. 
To our knowledge, our study is the first to use a custom-designed 
implant for simultaneous electrophysiological recording, closed-
loop electrical stimulation and single-photon microendoscope . 

One of the critical requirements for the implant design is to 
secure enough space on the skull to implant the base plate of the 
miniscope. To reduce the volume of the microdrive array, we kept 
only the minimal components possible that make the drive func-
tional. The thickness of the 3D-printed structures was minimized 
to reduce volume and weight while keeping robust stability for 
long-term recording. A shorter working distance of the micro-
drives would have reduced weight further, but we kept it at 7 mm 
for future application in deeper brain areas. The microdrive array 
needs less than 8 hours manufacturing time, and we confirmed 
stable and fully functioning recording and stimulation for more 
than 5 months after implantation in some animals. This shows 
that our tool is suitable for long-term electrophysiological record-
ing and imaging from freely moving small animals with a short 
preparation time.

Hippocampal SWRs are well known for their role in memory 
encoding and consolidation during awake or resting states [23-
25]. Electrical stimulation applied to the VHC fibers is instantly 
transmitted to the hippocampus bilaterally, resulting in immediate 
interference of cellular activity [39]. Disruption of SWRs by VHC 
stimulation has been used to study their contribution to learning 
[19, 25, 39]. SWRs are ubiquitous and mostly occur synchronously 
in both hemispheres from the early stage of life [9-11, 15]. We 
took advantage of this feature to enable measurements of the same 
SWRs by electrical recordings and CA2+ imaging in the left and 
right hippocampi respectively. According to our data, even though 
SWRs were detected in the left hippocampus, an increase in cel-
lular calcium activity was also found in the right hippocampus. 
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Likewise, disruption of SWRs by stimulation of the VHC also ex-
hibited bilateral silencing of calcium activity in the hippocampus. 
Calcium activity that we observed is from a limited area of dorsal 
CA1, but as SWRs occur across an extensive region of the hippo-
campus, we assume that a substantial number of cells in the entire 
dorsal hippocampus are involved in this synchronized activity. It 
is generally hypothesized that hippocampal SWRs engage a wide 
cortical network that is required for rapid encoding of new infor-
mation and the formation of long-term memory [16-18, 22, 40]. 

There are some limitations to our approach. First, even though 
there is broad literature about the synchronous occurrence of 
SWR in both hippocampi, there is also indication that SWRs in 
both hemispheres may have different timing [41]. Such (partial) 
inter-hemispheric decorrelation would have resulted in an under-
estimate of the calcium response to SWRs in our data. Second, for 
online SWR detection there is a 20~30 ms delay between the onset 
of SWR and electrical stimulation. Therefore, when disrupting 
SWRs, the initial part of each SWR is still intact. Even so, we did 
not find any evidence of SWR-related calcium response following 
electrical disruption. Lastly, we classified calcium peaks into two 
groups depending on the presence or absence of SWRs within the 
preceding 2 s of each peak, considering the slow temporal dynam-
ics of GCaMP6s. Future studies would benefit from the use of cal-
cium indicators with faster dynamics to reveal the timing relation 
between SWRs and subsequent calcium response in more detail. 

In summary, our study presented a new custom-designed mi-
crodrive and its application in recording hippocampal activity. We 
implanted the microdrive in the hippocampus and investigated 
calcium activity patterns in two different environments from 
freely behaving animals. Also, we compared calcium activity dur-
ing intact and disrupted SWRs, which suggests extensive and 
synchronous participation of neurons during SWR activity. With 
further analysis, our data can potentially reveal individual cells 
and cellular ensembles that participate in SWRs, spatial/temporal 
connections of neurons, and their change over time to coordinate 
memory processing. Identifying cellular patterns would enable 
cell- or ensemble-specific SWR disruption to uncover the detailed 
mechanism of memory formation. Last but not least, although we 
introduced the application of our microdrive by recording and 
disrupting hippocampal activity, it can also be adopted to other 
brain regions with modification of design and implant location.

MATERIAL AVAILABILITY

3D printing files and custom python code used in this study is 
available at https://bitbucket.org/kloostermannerflab/combined-
microdrive-and-miniscope/.
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