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Framework: study of the links between neuronal activity and behaviors

Main advantages of optical methods

- Access to many neurons simultaneously with cellular precision

- Longitudinal studies over weeks

- Information on the cell type or connectivity with pre- or post- synaptic cells  

Manipulating and recording neuronal activity with cellular 
precision during behavior

Can be done using optogenetics coupled with microscopy techniques

Chen et al, Nature 499, 295 (2013)

ChR2

Aravanis et al (2007)

Example: measuring endogenous activity patterns corresponding 

to specific behaviors and testing their causality



Optogenetics methods in behaving rodents

Awake, head-restrained rodents

Dombeck et al. Nat Neuroscience 13, 1433 (2010)

Advantages 

- Compatible with high performance 

imaging techniques 

- Precise control of stimuli/sensory cues 

(coupling with virtual reality)

Awake, freely-behaving rodents

Sawinski et al, PNAS 106, 
19557 (2009)

Szabo et al. Neuron 84, 
1157-1169 (2014)

- Less stressful for the animal (can learn faster)

- Wide range of possible behavior experiments

- Closer to natural behaviors

Advantages



Thurley et al, Current Zoology, 2017

Aghajan et al. Nature Neurosci. (2015)

Real word

Virtual reality

- It is difficult to make a 2D virtual reality realistic for the rodent

- Vestibular input are necessary for precise space coding

Two possible interpretations

Head-fixation or body fixation is not the best paradigm to study navigation

Space coding in body-fixed vs freely-behaving animals
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2 strategies: miniature microscopes and fiberscopes

Regular complex microscope coupled 
to the animal with an image guide

Microscope

Most of the optical elements are miniaturized 
and directly placed on the head of the animal

Sawinski et al, PNAS 
106, 19557 (2009)

Miniature microscope Fiberscope

Necessary ingredients: optical fibers and miniature 
optical elements, light sources and detectors
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Step-index fibers: the most common type of optical fibers

Fundamentals of Photonics, 
Saleh, Wiley Publishing
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Step-index fibers, an electromagnetic-optics approach

An important parameter: the V parameter

a = radius of the fiber
NA = (n1

2-n2
2)1/2 V<2.405: M = 1

V>>1 : M = (4/π2)V2

V determines the number 
of modes in the fiber

Fundamentals of Photonics, 
Saleh, Wiley Publishing

Method: solving Maxwell’s equations

Results: Spatial modes, characterized by a specific propagation constant and field distribution

in the transverse plane



Gradient-index (GRIN) fibers

Index profile

n0na

Light propagation in GRIN fibers: 

By discretizing the index profile and applying Snell Descartes at each step, we find that rays 
propagate along a sinusoid



Optical fibers for 2-photon microscopy

Ultrashort pulses are necessary for 2-photon microscopy

Sources delivering high-intensity ultrashort pulses cannot be miniaturized

Transport in optical fibers is mandatory !

Ultrashort
pulses

Duration: 100fs
Average power: >100mW

Propagation of ultrashort pulses in fibers ?



Pulse propagation in optical fibers

Fundamentals of Photonics, Saleh, Wiley Publishing

Each spatial mode has a specific 
group velocity

Step-index multimode fibers

σT≈(n1-n2)L/2c Example: n1=1.46
n2=1.44
L=2m

σT≈ 67ps
>2 orders of magnitude larger that what is 
typically used for 2-photon imaging

Rays corresponding to larger incident angles have longer 
trajectories in the fiber



Fundamentals of Photonics, Saleh, Wiley Publishing

Index profile

σT≈(n0-na)2 L/(4n0c) much smaller than with a step index fiber of same index mismatch
σT≈(n1-n2)L/2c

Example: n0=1.46
na=1.44
L=2m

σT≈ 0.5ps

2π/g

n0na

Pulse propagation in optical fibers

GRIN fibers with quadratic index profile

Refraction index is reduced away from the optical axis, compensating for the longer trajectory



n(I)=n0+nnlI

Can be compensated

45fs

Pulse propagation in optical fibers

Single mode step-index fibers

2 types of dispersion induce pulse distortion:

- Linear dispersion

- Non-linear dispersion (self phase modulation)

Lefort et al, Optics Letters 2011



Pulse propagation in optical fibers

Fundamentals of Photonics, Saleh, Wiley Publishing

Photonic crystal fibers

• Pure silica fiber containing multiple cylindrical air holes

• Periodic structures with dimensions close to !
• The core is a obtained as a defect in this structure

• Propagation in the cladding is prohibited (photonic bandap, 

destructive interference of multiple reflections in the cladding)

Hollow core fibers

Air core

Linear and nonlinear 
dispersion are highly 
reduced !



Purpose: transporting images 
between remote locations

- Composed of many optical cores (>10,000)
- Light is guided in the cores
- Each core transmit one pixel of the image  (intensity)

Image guides (or fiber bundles)



Image guides (or fiber bundles)

Fused fibers from Fujikura
Flexibility

• Intercore distance ≈ 3.3 µm

• Large inhomogeneities in the shapes 

and sizes of individual core

• NA ≈ 0.3

• Pixel count: 30,000 commonly used 

(diameter: 600µm)



Miniature optics

http://micro.magnet.fsu.edu/primer/
anatomy/numaperture.html

α NA = n sin α

An important parameter:  the numerical aperture (NA)

Lateral resolution of the microscope: R ≈ λ/2NA

The amount of collected fluorescence photons scales with NA2

We need high-NA miniature objectives

Conventional microscope objective



Can we use a single spherical lens as a high-NA microscope objective ?

The relation R ≈ λ/2NA is true when 
aberrations are small !

Spherical aberration: 

Loss of resolution
Wikipedia

Chromatic aberration: 

Imaged fluorophores are located at 
different planes

http://www.opticampus.com

Single spherical lenses suffer from several aberrations:

And many other geometric aberrations: coma, astigmatism…



What is inside a microscope objective?

http://www.olympusmicro.com/prim
er/anatomy/objectives.html

Objective Type Spherical Aberration Chromatic Aberration Field Curvature

Achromat 1 Color 2 Colors No

Plan Achromat 1 Color 2 Colors Yes

Fluorite 2-3 Colors 2-3 Colors No

Plan Fluorite 3-4 Colors 2-4 Colors Yes

Plan Apochromat 3-4 Colors 4-5 Colors Yes

Microscope objectives are composed of several lenses (some of them aspheric) 
for aberrations compensation



1st approach: Scaling the design of conventional microscope objectives 

2.6mm

60µm

0.7-0.8

240µm

Limited

1 mm

http://www.maunakeatech.fr/

Miniature high-NA microscope objective

Current limitations:

• Not commercially available

• Need for custom-designed miniature lenses of small diameter -> High cost

Maunakea Technologies

1.5mm

140µm + coverslip

0.7-0.8 

240µm

Limited

Our design

Tip diameter

Working distance

NA

Field-of-view

Geometric and 
chromatic aberrations



Gradient-index (GRIN) lenses:

Index profile

0.2x2π/g

Focal length

Working 
distance

Numerical 
aperture

http://www.grintech.de/

2nd approach: Gradient index (GRIN) lenses

Miniature high-NA microscope objective



Drawbacks: - NA ≤ 0.5 (limited by index gradient amplitude)
- Suffers from geometric aberrations (spherical aberration, coma, astigmatism) 
and chromatic aberrations

Barretto and Schnitzer, Cold Spring Harbor Protocol, 2012

0.43

Advantages: Thin and low cost

placing the pinhole at the confocal position optimized for
the center wavelength of the emission band. The wave-
length difference between the excitation and emission
light was about 40 nm in this work, and it corresponds
to a phase difference of 8% in the DM. This small phase
offset does not significantly affect the aberration correc-
tion, as apparent in the results shown in Figs. 2 and 3.
The DM can be used to tune the focal position of the

endoscope (by adjusting Z3) up to tens of micrometers.
This feature can be useful to correct for the chromatic
focal shift in multicolor imaging using multiple excitation
wavelengths. Furthermore, the remote focusing capabil-
ity can facilitate three-dimensional imaging of biological
tissues without having to move the endoscope and the
sample.
In addition to the 50mm long probe, we have also

tested another triplet GRIN endoscope using a 1=2-pitch
SRL relay lens (probe length: 28mm) and obtained simi-
lar performance enhancements by aberration correction.
Different applications may require different specifica-
tions for the probes in terms of the length, diameter, NA,
working distance, or view angle. The adaptive-optic ap-
proach offers a flexible and effective solution that can
accommodate a variety of GRIN endoscopes, each of
which can be fabricated readily at low cost.
In principle, the in situ feedback approach has the

advantage of correcting the wavefront distortions in-
duced by the sample as well as by the endoscope. For
thick-tissue imaging, we envision a hybrid scheme where
the DM is first preset to compensate the endoscope
aberration and is actively controlled to correct for the

sample-dependent aberrations using an appropriate
feedback algorithm. High-speed feedback methods have
been developed for in vivo imaging [12,13].

In conclusion, we have successfully demonstrated the
use of adaptive optics for the diagnosis and correction of
aberration for GRIN confocal endomicroscopy. Both pre-
set and in situ schemes were almost equally effective for
compensating the aberrations of GRIN lenses, reducing
the wavefront error by >4-fold (from 0.42 to <0:1 μm)
and providing a substantial enhancement of the sharp-
ness and contrast in confocal fluorescence images. We
expect that the adaptive optics compensation may be ex-
tended to higher NA (e.g., 0.8) and also to multiphoton
GRIN endoscopy. Instead of a deformable mirror, a
spatial light modulator may be used for aberration cor-
rection with an advantage of substantially more tuning
elements (e.g., 800 × 600) [14]. Adaptive-optic aberration
correction is expected to facilitate in vivo imaging appli-
cations of GRIN endomicroscopy with the improvement
of the image qualities.

We acknowledge the generous loan from P. Clemens
with Imagine Optics, Inc., and thank J. Kim, M. Gather,
and P. Kim for materials and discussions. This work
is funded by the National Institutes of Health (NIH)
(R21AI081010, RC1DK086242, RC2DK088661,
U54CA143837, R01AI081734).
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Fig. 3. (Color online) Fluorescence images of a pine stem
specimen (a) before correction, (b) with preset correction, and
(c) in situ correction. (d) Pixel values along the dotted lines in
(a)–(c). Scale bar, 25 μm.
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placing the pinhole at the confocal position optimized for
the center wavelength of the emission band. The wave-
length difference between the excitation and emission
light was about 40 nm in this work, and it corresponds
to a phase difference of 8% in the DM. This small phase
offset does not significantly affect the aberration correc-
tion, as apparent in the results shown in Figs. 2 and 3.
The DM can be used to tune the focal position of the

endoscope (by adjusting Z3) up to tens of micrometers.
This feature can be useful to correct for the chromatic
focal shift in multicolor imaging using multiple excitation
wavelengths. Furthermore, the remote focusing capabil-
ity can facilitate three-dimensional imaging of biological
tissues without having to move the endoscope and the
sample.
In addition to the 50mm long probe, we have also

tested another triplet GRIN endoscope using a 1=2-pitch
SRL relay lens (probe length: 28mm) and obtained simi-
lar performance enhancements by aberration correction.
Different applications may require different specifica-
tions for the probes in terms of the length, diameter, NA,
working distance, or view angle. The adaptive-optic ap-
proach offers a flexible and effective solution that can
accommodate a variety of GRIN endoscopes, each of
which can be fabricated readily at low cost.
In principle, the in situ feedback approach has the

advantage of correcting the wavefront distortions in-
duced by the sample as well as by the endoscope. For
thick-tissue imaging, we envision a hybrid scheme where
the DM is first preset to compensate the endoscope
aberration and is actively controlled to correct for the

sample-dependent aberrations using an appropriate
feedback algorithm. High-speed feedback methods have
been developed for in vivo imaging [12,13].

In conclusion, we have successfully demonstrated the
use of adaptive optics for the diagnosis and correction of
aberration for GRIN confocal endomicroscopy. Both pre-
set and in situ schemes were almost equally effective for
compensating the aberrations of GRIN lenses, reducing
the wavefront error by >4-fold (from 0.42 to <0:1 μm)
and providing a substantial enhancement of the sharp-
ness and contrast in confocal fluorescence images. We
expect that the adaptive optics compensation may be ex-
tended to higher NA (e.g., 0.8) and also to multiphoton
GRIN endoscopy. Instead of a deformable mirror, a
spatial light modulator may be used for aberration cor-
rection with an advantage of substantially more tuning
elements (e.g., 800 × 600) [14]. Adaptive-optic aberration
correction is expected to facilitate in vivo imaging appli-
cations of GRIN endomicroscopy with the improvement
of the image qualities.
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25µm

Imaging of a test 
fluorescent sample 
using a grin lens

After aberration 
correction 
(mostly: 
spherical, coma, 
astigmatism)

Lee at al. Optics Letters 2011

2nd approach: Gradient index (GRIN) lenses

Miniature high-NA microscope objective



Novel designs with chromatic and geometric aberration correction

2nd approach: Gradient index (GRIN) lenses

Miniature high-NA microscope objective
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New High-NA chromatic and field corrected Endomicroscopic Imaging Objectives 
 
GRINTECH’s new high-NA Endomicroscopic Imaging Objectives with object Numerical Apertures of 0.75 are offered in a broad achromatic and 
field corrected version to significantly increase the usable field of view. A GRIN-refractive multilens hybrid design allows a broader chromatic 
and off-axis correction resulting also in a higher confocal sensitivity (confocal signal throughput) compared to the previous versions with 
diffractive correcting elements.  
 
Applications:  
In vivo endomicroscopy, single photon fluorescence microscopy, nonlinear optical imaging modalities (SHG, TPF), tissue imaging, flexible 
fluorescence microscopy, NA conversion 
 

 

GT-MO-080-032-ACR-VISNIR-xx-xx series represents high resolution field and color corrected 
objectives with a magnification of 2.3. The image side NA of 0.32 matches to imaging fiber 
bundles. Color correction is from 450 nm to 900 nm with an optimal performance from 488 nm 
to 520 nm. The objectives are assembled in stainless steel mounts. 
 

GT-MO-070-016-ACR-VISNIR-30-20 is 
optimized for wavelengths of 450 nm 
and 900 nm to achieve an ideal 
performance in SHG and TPF 
applications within a large field of view. 

 

Four combinations of proximal and distal working distances are offered as listed below:   
GT-MO-080-032-ACR-VISNIR-… …08CG-00 …08CG-20 …08-00 …08-20  GT-MO-070-016-ACR-VISNIR-30-20 
Object NA 0.7 0.7 0.75 0.75  0.7 
Object WD in water [µm] 80  80  80  80   300 
Designed for cover glass [µm] 170  170 none none  none 
Image NA 0.32 0.32 0.32 0.32  0.16 
Image WD in air [µm]  0 200 0 200  200 
Magnification 2.2 2.2 2.3 2.3  4.5 
Dimensions ∅ / L [mm] 1.4 / 4.89 1.4 / 4.57 1.4 / 5.02 1.4 / 4.7  1.4 / 8.36 

 

 

  
  

 
 
 

 

  
Chromatic Aberration in Object Space Field Dependent Strehl Ratio in Object Space (From Optical Design) 

 

 
 
 

 

 

 

 
Variations due to modifications of the production process are possible. It is the user´s responsibility to determine suitability for the user´s purpose. 
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GT-MO-080-0.32-ACR-VISNIR GT-MO-070-0.16-ACR-VISNIR



Miniature light sources

Miniature LEDs for 1-photon microscopy

LED must be installed 
on a heat sink 

farnell.com

Dimensions (in mm)

Output power  >100mW

Multiple wavelengths available

No miniature source for 2-photon imaging

Philips LumiLeds



Miniature cameras

sCMOS camera (Hamamatsu ORCA-Flash4.0)

2kg

125mm

2048x2048 pixels

Readout noise: σread = 1.6e-

Speed: 100 fps full frame (Cameralink) 

Quantum efficiency: QE = 82%

640 x 480 pixels (now 1440 x 1080)

30 fps (now 120 fps)

QE = 60%

σread = 10e-

Miniature camera (Aptina Imaging, MT9V021 )

8mmGhosh et al, Nat 
Methods, 2011 ≈1g

!
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S/N=2.5

S/N=8.9

S/N=4.7

S/N=0.6

A quick comparison of the signal to noise ratios !
! = ! !!ℎ.!"

!!ℎ.!" + (!!"#$)!
!

(S
/N

)

(Nph)

Characteristics are approaching that of high performance cameras 
except for the noise level

Miniature cameras



Outline

1- Introduction 

1.1- Why do we need methods for fluorescence imaging and 

photoactivation in freely-behaving rodents ?

2- Miniature microscopes

2.1- Conventional widefield imaging

2.2- 2-photon imaging

3- Fiberscopes

3.1- Conventional widefield imaging

3.2- 2-photon imaging

3.3- Fast confocal imaging and targeted photoactivation

1.2- 2 strategies: miniature microscopes and fiberscopes

1.3- Necessary ingredients: optical fibers and miniature optics



Conventional widefield imaging

Light source 
(LED, lamp, 
laser)

Architecture of the microscope

All the elements can be miniaturized!



Miniature conventional widefield microscope

Ghosh et al., Nat Methods, 2011

• Weight: 1.9 g

• Focusing by adjusting the camera position 

• Speed: 36Hz full frame (FOV: 600x800μm2), 

100Hz with binning (FOV: 375x375μm2)

• Lateral resolution: 2.5μm, limited by camera pixel size

• Objective: NA=0.45

• Motion artifact < 1μm

5mm



Application to the study of long term dynamics of CA1 place codes

- Imaging of GCaMP3 in the hippocampus 
(cortex is removed)
- Base plate implanted :  imaging over 45 
days in the same cells 
- Up to 500-1000 cells per mouse

100μm
(Green: GCaMP3 fluorecence
Red: Identified cells)

Ziv, Burns, Cocker, O Hamel, Ghosh, Kitch, El Gamal, Schnitzer, Nat Neurosc, 2013

Miniature conventional widefield microscope



Miniature widefield microscopy, a successful story 

Used in hundreds of labs

Review: Aharoni et Hoogland, Frontiers in Cellular Neuroscience, 2019

www.inscopix.com http://doriclenses.com/Commercial systems 

Open source systems

FinchScope
(Boston University)

miniScope
(National Institute
on Drug Abuse)

UCLA Miniscope
(UCLA)

CHEndoscope
(Univ. of Toronto)

Novel developments

- Large field-of-view imaging in rats (Scott et al, Neuron, 2018)

- Volumetric imaging with light field microscopy (Scocek et al, Nature Methods, 2018)

- Wire-free recordings (battery powered) (Schuman et al, bioRxiv, 2018)`

- 2 color fluorescence / coupling with widefield photoactivation (Doric & open source systems)

- Coupling with electrophysiology



Advantages: 

• Fast (up to 120 Hz for the next gen miniscope)

• Large fields of view (mm2)

• Few motion artifacts (1-2μm) 

• Light (and simple) microscope (<2g) that can be adapted to mice

• Flexible cable

Drawbacks:

• Small working distance

• Targeted photoactivation has not been demonstrated

• Lack of optical sectioning

Miniature conventional widefield microscope: conclusion



Optical sectioning, a key element

2- Decrease of signal to noise ratio for neuronal activity recording

(Simulations, 1 neuron in the focal plane)

Sectioned image Conventional widefield image
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Compensating the lack of optical sectioning with high-end algorithms

Zhou et al, elife 2018

Most of the raw data variance is due to background fluctuations

Algorithms to localize neurons and extract Ca2+ signals

Reliability of these algorithms for experiments with a lot of background noise ? 



Outline

1- Introduction 

1.1- Why do we need methods for fluorescence imaging and 

photoactivation in freely-behaving rodents ?

2- Miniature microscopes

2.1- Conventional widefield imaging

2.2- 2-photon imaging

3- Fiberscopes

3.1- Conventional widefield imaging

3.2- 2-photon imaging

3.3- Fast confocal imaging and targeted photoactivation

1.2- 2 strategies: miniature microscopes and fiberscopes

1.3- Necessary ingredients: optical fibers and miniature optics



Miniaturization of 2-photon microscopy?

- Light source cannot be miniaturized

- Miniaturized detectors are not as performant as regular detectors 

Miniaturization of all the elements but the light source and detector

Use of optical fiber(s) to connect with regular light source and detector



Piezo bender

Helmchen et al. Cold Spring Harbor Protocols, 2013
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FIGURE 1. (A) Two-photon fiberscope setup. Excitation light is delivered through fiber optics to a miniaturized
microscope front piece that is attached to the head of a freely behaving animal. Two principle options for fluorescence
detection are indicated. (B) Example for Option 1: Original design used by Helmchen et al. (2001). Excitation light is
guided through a single-mode fiber. Scanning is achieved using resonant mechanical vibration of the fiber tip. Near-
infrared excitation light (red) is passed through a long-pass dichroic beam splitter and fluorescent light (green) is
detected by a small photomultiplier tube (PMT) at the front piece. (C ) Example for Option 2: Recent design used by
Sawinski et al. (2009). A nonresonant fiber scanner is used and near-infrared excitation light is collimated and
deflected by a short-pass dichroic beam splitter. Fluorescence is collected through a large-core multimode fiber
and detected remotely. (D) Resonant fiber scanning. (Left) Resonant vibration along a line is induced by driving a
single piezoelectric bender, to which the fiber is glued, near the resonance frequency (fres). (Middle) Two-dimensional
Lissajous scanning. Stiffening of the fiber end in one direction splits the resonance frequency in fX and fY. Simultaneous
excitation of vibrations in x and y directions creates a Lissajous pattern, more or less homogeneously covering an area.
(Right) Spiral scanning. A piezo tube with quadrant electrodes induces spiral scanning by driving x and y directions at
the same resonance frequency but with a 90˚ phase shift. (E) Nonresonant fiber scanner. This “piezolever fiber
scanner” achieves fiber tip deflections by leveraging the movements of two crossed pairs of piezo benders. The
fiber is glued to the tips of the cross-connected piezo pairs at the cross point close to the clamped fiber base.
Driving the piezo benders with sawtooth-like waveforms (fast and slow) at frequencies below the resonance frequency
creates raster scanning similar to conventional two-photon microscopes. Offset voltages to the x and y piezo benders
provide the unique option to shift the scanned field laterally. Moreover, free-line scanning is possible. (F) Fiber
resonance characteristics. (Left) Resonance curves measured with a position-sensitive detector (PSD) for a fiber tip
stiffened in one direction. Note the distinct resonance peaks for x and y directions. (Right) Resonance frequency of a
125-μm diameter single-mode fiber as a function of the free length of the fiber end.
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Miniature beam-scanner #1



F. Helmchen, M.S. Fee, D.W. Tank, & W. Denk, Neuron 31, 903–912 (2001)

Practical implementation #1

• Weight: 25 g 

• Field of view : 65µm

• Max frame rate: 2Hz
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FIGURE 1. (A) Two-photon fiberscope setup. Excitation light is delivered through fiber optics to a miniaturized
microscope front piece that is attached to the head of a freely behaving animal. Two principle options for fluorescence
detection are indicated. (B) Example for Option 1: Original design used by Helmchen et al. (2001). Excitation light is
guided through a single-mode fiber. Scanning is achieved using resonant mechanical vibration of the fiber tip. Near-
infrared excitation light (red) is passed through a long-pass dichroic beam splitter and fluorescent light (green) is
detected by a small photomultiplier tube (PMT) at the front piece. (C ) Example for Option 2: Recent design used by
Sawinski et al. (2009). A nonresonant fiber scanner is used and near-infrared excitation light is collimated and
deflected by a short-pass dichroic beam splitter. Fluorescence is collected through a large-core multimode fiber
and detected remotely. (D) Resonant fiber scanning. (Left) Resonant vibration along a line is induced by driving a
single piezoelectric bender, to which the fiber is glued, near the resonance frequency (fres). (Middle) Two-dimensional
Lissajous scanning. Stiffening of the fiber end in one direction splits the resonance frequency in fX and fY. Simultaneous
excitation of vibrations in x and y directions creates a Lissajous pattern, more or less homogeneously covering an area.
(Right) Spiral scanning. A piezo tube with quadrant electrodes induces spiral scanning by driving x and y directions at
the same resonance frequency but with a 90˚ phase shift. (E) Nonresonant fiber scanner. This “piezolever fiber
scanner” achieves fiber tip deflections by leveraging the movements of two crossed pairs of piezo benders. The
fiber is glued to the tips of the cross-connected piezo pairs at the cross point close to the clamped fiber base.
Driving the piezo benders with sawtooth-like waveforms (fast and slow) at frequencies below the resonance frequency
creates raster scanning similar to conventional two-photon microscopes. Offset voltages to the x and y piezo benders
provide the unique option to shift the scanned field laterally. Moreover, free-line scanning is possible. (F) Fiber
resonance characteristics. (Left) Resonance curves measured with a position-sensitive detector (PSD) for a fiber tip
stiffened in one direction. Note the distinct resonance peaks for x and y directions. (Right) Resonance frequency of a
125-μm diameter single-mode fiber as a function of the free length of the fiber end.
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Unstable : “lateral shifts (few tens of µm) and changes in the focal plane 

position can occur”; “imaging is impossible during rapid movements”

Fluorescently labeled blood in capillaries

+ Other implementations never applied to freely-behaving rodents

The pioneer experiment



Miniature beam scanner #2

Helmchen et al. Cold Spring Harbor 
Protocols, 2013

Piezo bender

Cross point close to the clamp point : 
allows for large movements of the fiber tip

Raster scanning or random access 
scanning is possible

2D nonresonant beam scanner
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FIGURE 1. (A) Two-photon fiberscope setup. Excitation light is delivered through fiber optics to a miniaturized
microscope front piece that is attached to the head of a freely behaving animal. Two principle options for fluorescence
detection are indicated. (B) Example for Option 1: Original design used by Helmchen et al. (2001). Excitation light is
guided through a single-mode fiber. Scanning is achieved using resonant mechanical vibration of the fiber tip. Near-
infrared excitation light (red) is passed through a long-pass dichroic beam splitter and fluorescent light (green) is
detected by a small photomultiplier tube (PMT) at the front piece. (C ) Example for Option 2: Recent design used by
Sawinski et al. (2009). A nonresonant fiber scanner is used and near-infrared excitation light is collimated and
deflected by a short-pass dichroic beam splitter. Fluorescence is collected through a large-core multimode fiber
and detected remotely. (D) Resonant fiber scanning. (Left) Resonant vibration along a line is induced by driving a
single piezoelectric bender, to which the fiber is glued, near the resonance frequency (fres). (Middle) Two-dimensional
Lissajous scanning. Stiffening of the fiber end in one direction splits the resonance frequency in fX and fY. Simultaneous
excitation of vibrations in x and y directions creates a Lissajous pattern, more or less homogeneously covering an area.
(Right) Spiral scanning. A piezo tube with quadrant electrodes induces spiral scanning by driving x and y directions at
the same resonance frequency but with a 90˚ phase shift. (E) Nonresonant fiber scanner. This “piezolever fiber
scanner” achieves fiber tip deflections by leveraging the movements of two crossed pairs of piezo benders. The
fiber is glued to the tips of the cross-connected piezo pairs at the cross point close to the clamped fiber base.
Driving the piezo benders with sawtooth-like waveforms (fast and slow) at frequencies below the resonance frequency
creates raster scanning similar to conventional two-photon microscopes. Offset voltages to the x and y piezo benders
provide the unique option to shift the scanned field laterally. Moreover, free-line scanning is possible. (F) Fiber
resonance characteristics. (Left) Resonance curves measured with a position-sensitive detector (PSD) for a fiber tip
stiffened in one direction. Note the distinct resonance peaks for x and y directions. (Right) Resonance frequency of a
125-μm diameter single-mode fiber as a function of the free length of the fiber end.
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- 5.5g

- 10.9fps

- 64x64 pixels

- Custom objective (NA = 0.9, WD = 0.7mm) 

Sawinski et al, PNAS 106, 19557 (2009)

Practical implementation #2: imaging in freely-behaving rats

- Lateral resolution: 0.9 μm

- Imaging up to 250 μm depth

- Pulse duration: 2ps

- Multicolor imaging

Too heavy for mice



Miniature beam scanner #3
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- 2D scanner

- resonant frequency at 6.2 kHz 

- scanning angle ± 5.0° (± 10° optical 
deflection angle)

- diameter 0.8 mm 

MEMS (micro-electromechanical systems) scanner

autofluorescence, precise position and optical 
throughput for each fiber in the bundle can 
facilitate postacquisition image processing 
and substantially improve image quality42.

Objective optics
For applications without severe size con-
straints, a conventional microscope objective 
lens nearly always provides superior optical 
resolution and fluorescence detection effi-
ciency. When miniaturization is required, 
custom high-NA (0.46–1.0)19,23,30,31 objec-
tive lenses can be designed with outer diam-
eters as small as 3–7 mm. Use of injection-
molded plastic lenses to construct a custom 
objective is a particularly lightweight and 
economical approach23.

The creation of minimally invasive micro-
endoscope probes has benefited greatly from 
recent advances in the fabrication of GRIN 
microoptics. GRIN microlenses ranging 
from 350–1,000 µm in diameter have been 
used for one-photon, confocal and two-pho-
ton FME35–40,43. As in GRIN fiber, cylindri-
cal GRIN lenses exhibit a refractive index that 
declines approximately quadratically with 
radius (Box 1). Compound GRIN microen-
doscope probes usually measure one or more 
centimeters in length and combine two or 
more GRIN lenses with different character-
istics35–37. These are typically a 0.4–0.6 NA 
objective lens that enables micrometer-scale resolution and a longer 
relay lens that projects a real image of the specimen plane and supplies 
sufficient length for reaching deep tissue35–37. Optical aberrations in 
current GRIN lenses limit the resolving power to approximately twice 
the diffraction limit35–38. A detailed description of GRIN endoscope 
probes is available in ref. 35, and custom GRIN lenses are available 
from multiple vendors.

Scanning mechanisms
It is common to speak of scanning mechanisms as being either prox-
imal or distal to the light source. Proximal scanners are located in 
the illumination pathway upstream of the fiber and are used with a 
fiber bundle. Distal scanners are located on the fiber side distal to the 
light source and usually scan illumination from a single fiber over the 
specimen. Proximal scanning offers the benefit of separating bulky 
scanners from a miniaturized imaging head and typically involves a 
pair of galvanometer-mounted scanning mirrors (Fig. 2a)19,23,25,30,3
1,39,40,42,61,62. These can provide high image-acquisition rates (up to 
~1 kHz per image line), particularly in a fast line-scanning approach 
that can allow video-rate imaging (Fig. 2b), and optical deflection 
angles up to ~40°. However, because the galvanometer approach 
involves sweeping the illumination across the bundle, light enters the 
cladding between adjacent cores  during much of the scanning cycle, 
potentially diminishing image contrast.

Use of a spatial light modulator such as a pixilated micromirror 
array to illuminate each fiber sequentially, without sweeping the 
beam, can reduce errant excitation light (Fig. 2c)60. Nonetheless, 
much of the excitation power is lost, because although the entire 

modulator is illuminated with light, only a fraction of the pixels will 
be activated at any given moment during a scan. This loss may not 
pose much problem for imaging at superficial tissue depths. Both 
one-dimensional (1D) and two-dimensional (2D) spatial light mod-
ulators are available commercially.

The use of a single fiber for illumination delivery necessitates 
a distal scanning mechanism. Portable microscopy can rely on a 
piezoelectric-driven, 2D tip-tilt mirror (Fig. 2d), which has a lower 
bandwidth (~200 Hz) but a smaller footprint than cascaded galva-
nometers17,18,63. However, endoscopy and microendoscopy require 
more compact scanning mechanisms. One approach relies on either 
a piezoelectric1,38,64 or an electromagnetically excited65,66 actuator 
to drive mechanical resonance vibrations of the fiber tip (Fig. 2e). 
Although fiber tip scanning allows stationary imaging optics to be 
inserted into solid tissue38, it can also introduce off-axis aberrations 
that might limit the achievable resolution. To preclude such aberra-
tions, one can attach both the fiber and the imaging lens to a reso-
nant cantilever and scan them together using electrostatic forces67 or 
piezoelectric actuators20,24 (Fig. 2f). Although this method needs an 
actuator that delivers more force, the required angular scanning range 
is reduced because the scanned focal spot is not further demagnified. 
A disadvantage of resonant scanning is that it is usually not possible to 
offset the center of the image field from the main optical axis without 
addition of another deflector.

In recent years, microfabricated microelectromechanical systems 
(MEMS) torsion scanning mirrors ~0.5–2 mm in diameter have 
emerged as versatile miniaturized scanning mechanisms (Figs. 2d and 
3)68–70. MEMS scanners are created through sequential material etch-

Fiber bundle Fiber bundle Fiber bundle
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Figure 2 | Scanning mechanisms. (a) Proximal scanning. Cascaded galvanometer-mounted mirrors 
scan the excitation beam across the proximal end of a fiber bundle. (b) Proximal line-scanning. A 
cylindrical lens focuses the illumination to a line that is scanned across the face of a fiber bundle 
in one dimension. (c) Proximal scanning with a spatial light modulator, which can illuminate pixels 
sequentially without sweeping the beam. (d) Distal 2D mirror scanning. A piezoelectric driven tip-tilt 
mirror or a miniaturized MEMS mirror pivots in two angular dimensions. (e) Distal fiber tip scanning. 
The tip of the excitation delivery fiber is vibrated at resonance by an actuator (not shown). (f) Distal 
fiber-objective scanning. Both the fiber and the objective lens are mounted together on a cantilever 
(not shown) that is vibrated at resonance by an actuator.
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Practical implementation #3: imaging in freely-behaving mice

- Designed for GFP/GCaMP6 imaging (λexc = 920 nm) 
Custom hollow core optical fiber

- GRINTECH miniature objective (NA = 0.8)

- MEMS mirror for 2D scanning

- Lightweight (2.15g)
and small (1cm3)
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Supplementary Fig. 3). It supported 40-Hz imaging with a frame 
size of 256 × 256 and a maximal FOV of 130 × 130 Mm2.

We designed a new type of supple fiber bundle (SFB; Nanjing 
Chunhui Science and Technology Industrial), made by fusing 
800 glass optical fibers to a 1.5-mm-diameter cylinder at both 
ends while keeping the fibers loose and separated between the 
ends (Fig. 1c and Supplementary Table 2). Our SFB fibers had a 
higher collection efficiency than that of multimode fibers14, was 
more flexible than the plastic fibers and traditional fusion-type 
fiber bundles used previously11, and was capable of multiwave-
length emission detection. We also used a collecting lens in front 
of the SFB to improve the collection efficiency (Supplementary  
Fig. 3b). Finally, these components were integrated into a single 
fingertip-sized aluminum frame. We used two M1.2 screws to 
install the miniature microscope in a holder stably mounted on 
the skull of the mouse (Fig. 1c,e), thus allowing for routine instal-
lation and disassembly of the headpiece.

The entire assembled headpiece (including the holder) weighed 
2.15 g and occupied ~1 cm3, and hence was sufficiently small and 
light to be borne by small animals such as mice (Fig. 1e). The 
lateral resolution was 0.64 o 0.02 Mm, and the axial resolution was 
3.35 o 0.37 Mm, as measured from 20 images of 100-nm fluores-
cent beads embedded in agarose within a region of ~90 × 90 Mm2 
laterally (70% of the maximum FOV) and 20 Mm axially (Fig. 2). 
These values approached the theoretical diffraction-limited reso-
lution of the system (lateral 0.506 Mm; axial 3.063 Mm; details in 
Supplementary Note 2), favorably compared with those of mini-
ature wide-field microscopes (Supplementary Table 3), and were 
approximately twice the highest resolution previously reported 
for mTPMs (Supplementary Table 4). Notably, mounting the 
FHIRM-TPM with the HC-920 and the SFB did not appreciably 
hinder the free movement of mice (Supplementary Fig. 4).

Performance testing of FHIRM-TPM
To compare the performance of our FHIRM-TPM with bench-
top TPM as well as miniature wide-field microscopy in an unbi-
ased manner, we built an integrated test platform that allowed 
for imaging of the same specimen during switching among the 
three configurations. Specifically, the platform was equipped with 
both miniature and conventional objectives, multiple illumination 
sources (lasers for TPMs and a high-power lamp for wide-field 
microscopy), and detection devices (gallium arsenide phosphide 
(GaAsP) for TPMs and a scientific complementary metal-oxide 
semiconductor (sCMOS) camera for wide-field microscopy) 
(Supplementary Fig. 5). Different imaging configurations shared 
the same focal plane and concentric FOVs, total frame-acquisition 
time, and imaging NA, whereas the average illumination power 
and detector sensitivity were carefully selected for comparison 
(details in Supplementary Fig. 5 and Supplementary Note 3). For 
morphological imaging, we acquired volumetric image data from 
the V1 region (130 × 130 Mm2, from the surface to 60 Mm below) 
in a fixed brain from a Thy1-GFP transgenic mouse (Fig. 3a and 
Supplementary Video 1). Both FHIRM-TPM and benchtop TPM 
resolved dendrites and spines with nearly identical contrast and 
resolution (Fig. 3a and Supplementary Video 1). However, lit-
tle structural detail was discernible in the miniature wide-field 
configuration, mainly because of the strong background signals 
from out-of-focus tissues. To compare the performance of the 
different microscope configurations during functional imaging, 

we expressed the Ca2+ indicator GCaMP-6f in mouse prefrontal 
cortical neurons by adeno-associated virus (AAV)-based infec-
tion and imaged neuronal Ca2+ activity in a head-fixed awake 
mouse (Fig. 3b–d). We chose two focal planes to visualize activ-
ity from somata (130 Mm below the surface) or dendrites and 
spines (120 Mm below the surface). After image normalization 
and contrast enhancement (by showing the $F/F rather than the 
absolute intensity of each pixel), miniature wide-field imaging 
resolved somatic Ca2+ transients at a similar frequency, whereas 
their amplitudes were approximately an order of magnitude lower 
($F/F of 5–10%) than those measured with the benchtop TPM or 
FHIRM-TPM ($F/F of ~150%) (Fig. 3b,d). Notably, most of the 
Ca2+ transients that originated from dendritic structures went 
undetected in the wide-field-imaging configuration (Fig. 3b,d 
and Supplementary Videos 2 and 3). Thus, we established that 
our FHIRM-TPM attains performance comparable to that of the 
benchtop TPM, while outperforming the miniature wide-field 
microscope in resolving the structure and functional activity of 
dendrites and spines in awake animals.

Imaging neuronal and spine activity in different behavioral 
paradigms
We built a behavior arena equipped with both visible and infrared 
lights along with three cameras to record the mouse behaviors 
from different angles (Fig. 4a). A bearing and an electrical rotary 
joint allowed the SFB connecting the GaAsP photomultiplier and 
the electrical wires connecting the MEMS to rotate independ-
ently without altering the detection light path (Fig. 4a). This 
design prevented the entanglement of the connecting lines when 
the mouse was freely exploring its environment and improved 
the stability of the imaging headpiece even when the mouse was 
engaged in intense physical activity.
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Figure 2  | Resolution testing of the FHIRM-TPM. (a) 100-nm fluorescent 
beads imaged with the FHIRM-TPM (image averaged from 20 frames) 
within a volume of ~90 × 90 × 20 Mm3. (b) xy and xz sections of four 
selected beads marked in a. (c,d) Normalized and averaged lateral (c) and 
axial (d) point-spread function (psf) profiles and resolutions (calculated 
as full width at half-maximum, FWHM) from 20 beads.
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Supplementary Fig. 3). It supported 40-Hz imaging with a frame 
size of 256 × 256 and a maximal FOV of 130 × 130 Mm2.

We designed a new type of supple fiber bundle (SFB; Nanjing 
Chunhui Science and Technology Industrial), made by fusing 
800 glass optical fibers to a 1.5-mm-diameter cylinder at both 
ends while keeping the fibers loose and separated between the 
ends (Fig. 1c and Supplementary Table 2). Our SFB fibers had a 
higher collection efficiency than that of multimode fibers14, was 
more flexible than the plastic fibers and traditional fusion-type 
fiber bundles used previously11, and was capable of multiwave-
length emission detection. We also used a collecting lens in front 
of the SFB to improve the collection efficiency (Supplementary  
Fig. 3b). Finally, these components were integrated into a single 
fingertip-sized aluminum frame. We used two M1.2 screws to 
install the miniature microscope in a holder stably mounted on 
the skull of the mouse (Fig. 1c,e), thus allowing for routine instal-
lation and disassembly of the headpiece.

The entire assembled headpiece (including the holder) weighed 
2.15 g and occupied ~1 cm3, and hence was sufficiently small and 
light to be borne by small animals such as mice (Fig. 1e). The 
lateral resolution was 0.64 o 0.02 Mm, and the axial resolution was 
3.35 o 0.37 Mm, as measured from 20 images of 100-nm fluores-
cent beads embedded in agarose within a region of ~90 × 90 Mm2 
laterally (70% of the maximum FOV) and 20 Mm axially (Fig. 2). 
These values approached the theoretical diffraction-limited reso-
lution of the system (lateral 0.506 Mm; axial 3.063 Mm; details in 
Supplementary Note 2), favorably compared with those of mini-
ature wide-field microscopes (Supplementary Table 3), and were 
approximately twice the highest resolution previously reported 
for mTPMs (Supplementary Table 4). Notably, mounting the 
FHIRM-TPM with the HC-920 and the SFB did not appreciably 
hinder the free movement of mice (Supplementary Fig. 4).

Performance testing of FHIRM-TPM
To compare the performance of our FHIRM-TPM with bench-
top TPM as well as miniature wide-field microscopy in an unbi-
ased manner, we built an integrated test platform that allowed 
for imaging of the same specimen during switching among the 
three configurations. Specifically, the platform was equipped with 
both miniature and conventional objectives, multiple illumination 
sources (lasers for TPMs and a high-power lamp for wide-field 
microscopy), and detection devices (gallium arsenide phosphide 
(GaAsP) for TPMs and a scientific complementary metal-oxide 
semiconductor (sCMOS) camera for wide-field microscopy) 
(Supplementary Fig. 5). Different imaging configurations shared 
the same focal plane and concentric FOVs, total frame-acquisition 
time, and imaging NA, whereas the average illumination power 
and detector sensitivity were carefully selected for comparison 
(details in Supplementary Fig. 5 and Supplementary Note 3). For 
morphological imaging, we acquired volumetric image data from 
the V1 region (130 × 130 Mm2, from the surface to 60 Mm below) 
in a fixed brain from a Thy1-GFP transgenic mouse (Fig. 3a and 
Supplementary Video 1). Both FHIRM-TPM and benchtop TPM 
resolved dendrites and spines with nearly identical contrast and 
resolution (Fig. 3a and Supplementary Video 1). However, lit-
tle structural detail was discernible in the miniature wide-field 
configuration, mainly because of the strong background signals 
from out-of-focus tissues. To compare the performance of the 
different microscope configurations during functional imaging, 

we expressed the Ca2+ indicator GCaMP-6f in mouse prefrontal 
cortical neurons by adeno-associated virus (AAV)-based infec-
tion and imaged neuronal Ca2+ activity in a head-fixed awake 
mouse (Fig. 3b–d). We chose two focal planes to visualize activ-
ity from somata (130 Mm below the surface) or dendrites and 
spines (120 Mm below the surface). After image normalization 
and contrast enhancement (by showing the $F/F rather than the 
absolute intensity of each pixel), miniature wide-field imaging 
resolved somatic Ca2+ transients at a similar frequency, whereas 
their amplitudes were approximately an order of magnitude lower 
($F/F of 5–10%) than those measured with the benchtop TPM or 
FHIRM-TPM ($F/F of ~150%) (Fig. 3b,d). Notably, most of the 
Ca2+ transients that originated from dendritic structures went 
undetected in the wide-field-imaging configuration (Fig. 3b,d 
and Supplementary Videos 2 and 3). Thus, we established that 
our FHIRM-TPM attains performance comparable to that of the 
benchtop TPM, while outperforming the miniature wide-field 
microscope in resolving the structure and functional activity of 
dendrites and spines in awake animals.

Imaging neuronal and spine activity in different behavioral 
paradigms
We built a behavior arena equipped with both visible and infrared 
lights along with three cameras to record the mouse behaviors 
from different angles (Fig. 4a). A bearing and an electrical rotary 
joint allowed the SFB connecting the GaAsP photomultiplier and 
the electrical wires connecting the MEMS to rotate independ-
ently without altering the detection light path (Fig. 4a). This 
design prevented the entanglement of the connecting lines when 
the mouse was freely exploring its environment and improved 
the stability of the imaging headpiece even when the mouse was 
engaged in intense physical activity.
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Figure 2  | Resolution testing of the FHIRM-TPM. (a) 100-nm fluorescent 
beads imaged with the FHIRM-TPM (image averaged from 20 frames) 
within a volume of ~90 × 90 × 20 Mm3. (b) xy and xz sections of four 
selected beads marked in a. (c,d) Normalized and averaged lateral (c) and 
axial (d) point-spread function (psf) profiles and resolutions (calculated 
as full width at half-maximum, FWHM) from 20 beads.
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In a pilot experiment, we found a significant increase in the 
dendritic activity of the V1 cortex when a mouse was freely 
exploring the arena in the dark (trajectory in Supplementary 
Fig. 6), relative to the activity when the same mouse was head-
fixed and immobilized (Supplementary Fig. 6). This result was 
in agreement with findings from multisite probe recording20,21 
of enhanced visual cortical neuronal activity by movement of the 
animal. Next, to demonstrate the robustness of the FHIRM-TPM, 
we monitored the V1 cortical neuronal activity at 40 Hz over an 
FOV of 130 × 130 Mm2 in a mouse that was sequentially tested in 
behavioral paradigms including tail suspension, stepping down 
from an elevated stage, and social interaction. None of these para-
digms can be realized in the head-fixed configuration, and the 
entire protocol lasted ~4 h. We resolved activity from different 
somata, dendrites, and spines, even for mice struggling in the tail-
suspension assay (Supplementary Video 4), stepping down from 
a stage (Supplementary Video 5), or interacting with their sib-
lings (Supplementary Video 6). Different behavioral paradigms 

appeared to be associated with overlapping but different activity 
maps of the same region of the V1 cortex (Fig. 4b).

To quantify the short- and long-term stability of our system, 
we analyzed lateral displacements through frame-by-frame cross-
correlation22 and session-to-session drift of the FOV (Fig. 4c). We 
found that, within 2,000 consecutive frames, the average frame-
to-frame displacement was largest during the stepping-down par-
adigm (0.19 o 0.09 Mm; seventy-fifth percentile within 0.24 Mm) 
and remained less than half a pixel (Supplementary Videos 4–6). 
During the entire 4-h protocol, the overall drift of the FOV of the 
FHIRM-TPM was <10 Mm, and most of the drift occurred during 
the first hour, when the mice were struggling vigorously during 
the tail-suspension session. Notably, because the high image speed 
decreases in-frame blurring, this level of motion artifact did not 
preclude us from resolving spine structure and activity (described 
below; Supplementary Videos 4–6). Spine Ca2+ transients 
were observed when the neighboring dendrite shaft was silent  
(Fig. 4d, example i) or was found to lag behind (Fig. 4d, example ii)  

Benchtop TPM FHIRM-TPMWide field

–3
5 

µm
–4

0 
µm

20 µm 

Cropped regionsa

50 µm 5 µm 0 4 8 12 16

0

0.5

1.0

Cross-section

0 4 8 12 16

0

0.5

1.0

Position (�m) –1
20

 �
m

B
en

ch
to

p
F

IH
R

M
-T

P
M

Position (�m)

Cross-section

Benchtop TPM FHIRM-TPM

1

3

2

1

3

2

1

3

2

20 s

b

c FHIRM-TPMBenchtop TPM

d

D1

S1
S3

S2

D1

S1

S2

S3

D1

S1S3

S2

D1

S1

S2

S3

10 s

2 �F/F

2 �F/F0.05 �F/F

–1
30

 �
m

�F
/F20 s

Wide field �F/F

1

3

2

1

3

2

3

1

2

25 �m25 �m50 �m

0 0

1.5

3.0

6

E
ve

nt
 r

at
e 

(m
in

–1
)

12

Somata Dendrites
and spines

Dendrites
and spines

Somata

3 
� 

10
4

N
or

m
al

iz
ed

 in
te

ns
ity

N
or

m
al

iz
ed

 in
te

ns
ityIn
te

ns
ity

0

3 
� 

10
4

In
te

ns
ity

0

25 �m 25 �m

5 �m 

Wide field Benchtop FHIRM-TPM

�F
/F

0
0.

2

Figure 3 | Performance of the FHIRM-TPM compared with a benchtop TPM and a miniature wide-field microscope. (a) 3D morphology of neuronal 
dendrites and spines from the brain of a Thy1-GFP transgenic mouse. Images at approximately the same focal plane were obtained with 1 s total 
exposure (average of eight frames at 8 Hz for the FHIRM-TPM and miniature wide-field microscope, and average of two frames at 2 Hz for the benchtop 
TPM). Graphs show cross-section profiles of two pairs of adjacent spines in the cropped regions shown in the images. (b) Images of a plane (−130 Mm) 
enriched in neuronal somata in the PFC of a mouse expressing GCaMP6f. Top, 30-s averaged images of the same ROI. The miniature wide-field image 
is shown as normalized $F/F (Online Methods). Graphs show time courses of Ca2+ changes (duration, 100 s) in three selected neurons (marked with 
numerals in the images). (c) Top, Ca2+ signals from dendrites and spines (focal plane −120 Mm) from the same mouse as in b. Middle and bottom, 
enlarged views of one annotated dendritic shaft (D1) and three annotated spines (S1, S2, and S3) (left) and their local Ca2+ transients (duration: 
100 s) (right), captured with the benchtop TPM and the FHIRM-TPM. (d) Average frequencies and amplitudes of Ca2+ transients imaged in different 
configurations. Data are from the same set of neuronal somata (n = 4), dendrites (n = 8), and spines (n = 6). Center line, average; limits, 75% and 
25%; whiskers, maximum and minimum.
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In a pilot experiment, we found a significant increase in the 
dendritic activity of the V1 cortex when a mouse was freely 
exploring the arena in the dark (trajectory in Supplementary 
Fig. 6), relative to the activity when the same mouse was head-
fixed and immobilized (Supplementary Fig. 6). This result was 
in agreement with findings from multisite probe recording20,21 
of enhanced visual cortical neuronal activity by movement of the 
animal. Next, to demonstrate the robustness of the FHIRM-TPM, 
we monitored the V1 cortical neuronal activity at 40 Hz over an 
FOV of 130 × 130 Mm2 in a mouse that was sequentially tested in 
behavioral paradigms including tail suspension, stepping down 
from an elevated stage, and social interaction. None of these para-
digms can be realized in the head-fixed configuration, and the 
entire protocol lasted ~4 h. We resolved activity from different 
somata, dendrites, and spines, even for mice struggling in the tail-
suspension assay (Supplementary Video 4), stepping down from 
a stage (Supplementary Video 5), or interacting with their sib-
lings (Supplementary Video 6). Different behavioral paradigms 

appeared to be associated with overlapping but different activity 
maps of the same region of the V1 cortex (Fig. 4b).

To quantify the short- and long-term stability of our system, 
we analyzed lateral displacements through frame-by-frame cross-
correlation22 and session-to-session drift of the FOV (Fig. 4c). We 
found that, within 2,000 consecutive frames, the average frame-
to-frame displacement was largest during the stepping-down par-
adigm (0.19 o 0.09 Mm; seventy-fifth percentile within 0.24 Mm) 
and remained less than half a pixel (Supplementary Videos 4–6). 
During the entire 4-h protocol, the overall drift of the FOV of the 
FHIRM-TPM was <10 Mm, and most of the drift occurred during 
the first hour, when the mice were struggling vigorously during 
the tail-suspension session. Notably, because the high image speed 
decreases in-frame blurring, this level of motion artifact did not 
preclude us from resolving spine structure and activity (described 
below; Supplementary Videos 4–6). Spine Ca2+ transients 
were observed when the neighboring dendrite shaft was silent  
(Fig. 4d, example i) or was found to lag behind (Fig. 4d, example ii)  
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Figure 3 | Performance of the FHIRM-TPM compared with a benchtop TPM and a miniature wide-field microscope. (a) 3D morphology of neuronal 
dendrites and spines from the brain of a Thy1-GFP transgenic mouse. Images at approximately the same focal plane were obtained with 1 s total 
exposure (average of eight frames at 8 Hz for the FHIRM-TPM and miniature wide-field microscope, and average of two frames at 2 Hz for the benchtop 
TPM). Graphs show cross-section profiles of two pairs of adjacent spines in the cropped regions shown in the images. (b) Images of a plane (−130 Mm) 
enriched in neuronal somata in the PFC of a mouse expressing GCaMP6f. Top, 30-s averaged images of the same ROI. The miniature wide-field image 
is shown as normalized $F/F (Online Methods). Graphs show time courses of Ca2+ changes (duration, 100 s) in three selected neurons (marked with 
numerals in the images). (c) Top, Ca2+ signals from dendrites and spines (focal plane −120 Mm) from the same mouse as in b. Middle and bottom, 
enlarged views of one annotated dendritic shaft (D1) and three annotated spines (S1, S2, and S3) (left) and their local Ca2+ transients (duration: 
100 s) (right), captured with the benchtop TPM and the FHIRM-TPM. (d) Average frequencies and amplitudes of Ca2+ transients imaged in different 
configurations. Data are from the same set of neuronal somata (n = 4), dendrites (n = 8), and spines (n = 6). Center line, average; limits, 75% and 
25%; whiskers, maximum and minimum.

Dendritic imaging

Similar Ca2+ traces are 
measured with benchtop and 
miniature 2ph-microscopes

Zong et al. Nature Methods 2017



Exploring various behaviors incompatible with head-fixation



Conclusion on 2-ph miniature microscopes

- 2-photon imaging in freely behaving mice

- High resolution enabling dendritic imaging

- Fast imaging (40Hz)

- Fixed axial plane

- Small field of view

- Targeted photoactivation has not 

been demonstrated

Current limitations

Achievements

Currently being improved
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Principle of the fiberscope

Microscope

A key element: the image guide

Enable implementing more sophisticated 
techniques or combining different techniques

53
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Principle of widefield imaging with a fiber bundle
Use of a micro-objective

Light source 
(LED, lamp, 
laser)

Objective
(magnification M>1)

Imaging plane

Image guide
(Inter-core 
distance ic)

• Lateral resolution: 2 ic/M

• Imaging plane: at a working distance wd

wd

• Increasing collection efficiency



1 cm

• Fiber bundle: 1.5-m-long, 30,000 cores

• Weight: 1.1 -2.3 g

• Speed ≤ 100Hz

• Field of view: 240–370 µm diameter

• Lateral resolution: 2.8–3.9 µm

• Axial resolution: ~10 µm

Flusberg et al, Nat Meth 5, 935 (2008)

1 cm

The first implementation providing single-cell resolution

cells with fluorescent Ca2+ indicator, we injected membrane-
permeant Oregon Green-488–1,2-bis(o-aminophenoxy)ethane-
N,N,N¢,N¢-tetraacetic acid–1-acetoxymethyl into the cerebellar
vermis before attaching to the mouse the microscope with the
shorter objective installed.

While mice were anesthetized, we first characterized Ca2+ spiking
in up to tens of dendritic trees concurrently. Ca2+ spikes appeared
stereotyped, with a brief rise in fluorescence intensity, which
we expressed as the percentage change relative to the baseline
value (0.5–1.5% DF /F ) followed by an exponential decline over
B150 ms reflecting the dye’s kinetics of Ca2+ unbinding. Spikes
occurred within parallel stripe-shaped regions (B100–250 mm
long, B7–11 mm wide) that were approximately aligned to the
rostral-caudal axis and consistent with the breadth of Purkinje cell
arborizations12. This striped appearance occurs because the
dendrites extend perpendicular to the field of view. The striped
profiles matched those we and others have observed by in vivo
two-photon imaging11 and verified by simultaneous electrophysio-
logical recordings to represent the dendritic Ca2+ spikes that occur
during complex action potentials (Nimmerjahn, A. et al., Society
for Neuroscience abstracts, 2007; Supplementary Methods).

After terminating anesthesia administration we studied Ca2+

spiking during the immediate recovery of the mice and their
subsequent active behavior (n¼ 6 mice) (Fig. 3 and Supplementary
Fig. 2 online). To account for slight spatial heterogeneities in
illumination causing variations in fluorescence intensity as the
bundle rotated, we normalized the relative fluorescence traces
from active mice by the mean illumination for a given bundle
orientation and denoted the resultant with primes (DF ¢/F ¢). Ca2+

spikes were again apparent in striped domains (Fig. 3a,b,e,f),
allowing spike identification by an algorithm that accounts for
dye kinetics by a temporal deconvolution before application of
the detection threshold (Supplementary Methods). Average spike
waveforms were closely similar across anesthetized, alert and actively
moving mice (Fig. 3d,h).

To determine spike rates, we assessed false positive detections by
analyzing signals from control regions with the same forms as
Purkinje cells but orthogonal, medial-lateral orientations. These
control regions yielded false positive spike rates that depended on
the detection threshold (Supplementary Methods). After setting
the threshold such that false positive rates were fixed at an
insignificant value (0.025 Hz), we examined Ca2+ spiking rates of

Purkinje cells. Mean rates in awake mice were 0.57 ± 0.39 Hz (mean
± s.d.; n ¼ 42 cells from 3 mice), within reported ranges13. The
percentage of spikes we detected in error (2–10%) was within the
error ranges (0–30%) achieved by extracellular electrophysiological
recordings in various live animals14.

We next examined whether Purkinje cells in the vermis exhibit
changes in net rates of Ca2+ spiking during active locomotion.
Previous electrophysiological studies have examined this question
in decerebrated cats, but the data have often been ambiguous15. We
sorted our recordings into periods when the awake mice were active
or resting by using the encoder trace as an indicator of mouse
movement. We designated the periods when the mouse rotated the
fiber bundle at 4200 degrees/s as movement episodes. Analysis of
Ca2+ spiking rates showed nearly all Purkinje cells exhibited
moderately greater spiking during motor activity compared to
rest, creating significant differences between spike rate distributions
in the active and resting states (P o 10"7; one-sided Wilcoxon
signed rank test; Fig. 4 and Supplementary Methods).

We also compared correlations in Ca2+ spiking between pairs of
Purkinje cells. Prior studies in rats have reported increases in
correlated Purkinje cell activity during tongue licking16. These
studies used electrode arrays 42 mm in extent with 250 mm
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Figure 3 | High-speed imaging of cerebellar
Purkinje cell dendritic Ca2+ spiking. (a) Twelve
dendritic tree segments identified in an
unrestrained mouse sitting quietly while
recovering from anesthesia. (b) Average of 8
frames in which the cell colored red in a exhibited
a Ca2+ spike. (c) DF/F traces averaged over the
color-corresponding filled areas in a. (d) Average
of 350 ms windows surrounding 20 (red) and
22 (blue) Ca2+ spikes extracted by temporal
deconvolution and threshold detection from the
color-corresponding traces in c. The windows were
triggered to begin 90 ms before the onset of the
spike. (e) Seventeen dendritic tree segments identified in a freely behaving mouse. (f) Average of 4 frames in which the cell colored blue in e exhibited a Ca2+

spike. (g) DF’/F’ averaged over the color-corresponding filled areas in e. (h) Average of 350-ms windows surrounding 37 (red) and 23 (blue) spikes from the
color-corresponding traces in g. All images acquired with 3 # 3 binning of the camera pixels. Illumination power at the specimen was B56 mW (a– d), and
B420 mW (e– h). Imaging frame rates were 62.5 Hz (a– d) and 100 Hz (e– h). Scale bars, 100 mm.
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Figure 4 | Comparisons of Purkinje cell Ca2+ spiking during rest and motor
behavior. (a) For each of 42 cells, a comparison of Ca2+ spiking rates during
periods when the mouse was moving versus periods of rest as determined from
the rotational velocity of the mouse’s head. Line demarcates equal rates under
both conditions. (b) Comparisons of Ca2+ spiking rates (mean ± s.e.m.) (left)
and correlation coefficients for pairwise synchronous Ca2+ activity (right),
during periods of rest and active movement, for the 42 cells analyzed in a.
Modest but significant differences existed between the two behavioral states,
for spiking rates and correlation coefficients (P o 10"7 and P o 10"4,
respectively; one-tailed Wilcoxon signed rank test).
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Comparison of the widefield microscope and fiberscope

Ghosh et al. Nat Methods, 2011

x7

(Miniscope price: about 1000$)
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2-photon fiberscope
Ozbay et al, Scientific Reports 2018

• Head mount weight: 3g

• Image guide with 15,000 

cores

• Lateral resolution: 3.6 µm. 

• 3D imaging with 

electrowetting tunable lens

• Low signal (low excitation and collection efficiency, losses 

due to image guide and low NA (0.45) objective)

Low repetition rate (<2.5Hz)

Low penetration depth (<200 µm) 

• Low number of pixels (15000) 

Low resolution (3.6 µm)

• 3D imaging 

• 2 color imaging

Limitations 

Advantages

Main characteristics



Ozsbay et al. Sci Reports 2018
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Zong et al. Nature Methods 2017

Lateral resolution 

Number of pixels

Frame rate

Maximum imaging depth

Signal to noise ratio for 
activity recording

3.6 µm 0.6 µm

15000 66000

40Hz2.5Hz

Lower than benchtop 
microscopes

Similar to benchtop 
microscopes

about 150µm 200µm

3D imaging ? Yes Soon

FOV diameter 240 µm 170 µm (soon to be improved)
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Specificities of the optical setup that we want to design

Fluorescence imaging in freely-behaving mice allowing for:

- High speed (>100Hz)

- High imaging contrast

- High signal to noise ratio

- Large field-of-view (a few 100µm) - to access a large number of cells

Chen et al, Nature 499, 295 (2013)

In vivo recording of neuronal activity

Goal Being able to measure endogenous activity patterns 

corresponding to specific behaviors and testing their causality

Coupling with targeted photoactivation

Optical sectioning



Targeted photoactivation with computer-generated holography

BS

CCD camera

Fluorescence

Objective Olympus 
10X NA0.4

SLM

f=300mm f=150mm

f=100mm

Laser 
(473nm)

63

Szabo*, Ventalon* et al, Neuron 2014
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Targeted photoactivation with near-cellular resolution 
in freely-behaving mice

Interneurons of the cerebellar molecular layer co-expressing ChR2 and GCaMP5-G

Lateral resolution

10µm

x
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R

x (µm)

R = (ΔF/F)p, off cell/(ΔF/F)p, on cell

∆xHWHM< 10µm
(n = 18 cells in 5 mice)

Photoactivation

1s
20%

(ΔF/F)p

Szabo*, Ventalon* et al, Neuron 2014



Specificities of the optical setup that we want to design

Fluorescence imaging in freely-behaving mice allowing for:

- High speed (>100Hz)

- High imaging contrast

- High signal to noise ratio

- Large field-of-view (a few 100µm) - to access a large number of cells

Chen et al, Nature 499, 295 (2013)

In vivo recording of neuronal activity

Goal Being able to measure endogenous activity patterns 

corresponding to specific behaviors and testing their causality

Coupling with targeted photoactivation

Optical sectioning
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Combination with confocal imaging 71

…

Line-scanning Multipoint-scanning

… …

… …

… …

…

…

…

2 methods
- Differential multipoint-scanning confocal 
imaging
- Line-scanning confocal imaging

Point-scanning

Fast



DMD 

M 

 
Objective 

Micro-
objective 

Image  
guide L1

Incident laser 

10
X

Implementation of multipoint-scanning confocal imaging
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X

Sample 
illumination

Multipoint-scanning 
confocal imaging

Widefield imaging 

Simultaneous acquisition of the multipoint 
confocal image and the widefield image

Online subtraction of residual background

Dussaux et al, Scientific Reports, 2018

Clara Dussaux



Differential multipoint-scanning confocal imaging of microvasculature 

Imaging microvasculature in the cortex following intravenous injection of rhodamine

z=10µm z=100µm
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Background to signal was 1.3 10-2 times lower with 
differential multipoint scanning confocal imaging

Dussaux et al, Scientific Reports, 2018

Anesthetized mouse, 100Hz imaging

20µm

Freely-moving mouse, 200Hz imaging

slowed down 10x
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Implementation of line-scanning confocal imaging
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10
X

Line-scanning confocal imaging Sample 
illumination

Direct detection by the camera 
used in “light-sheet mode”



Micro-objective characteristics determines imaging performances 

Assembly of spherical and aspherical micro-lenses

- NA >0.7 over a large field of view
- Low chromatic and geometric aberration

- Improving lateral resolution 
(2ic -> 2 ic/M)

- Increasing the working distance
- Increasing signal (α NA2)

Objective
(magnification 
M>1)

Imaging plane

Image guide
(Inter-core 
distance ic)

Custom-Made
Confocal 
Microscope Roles of micro-objective:

GRIN lenses objectives

- NA<0.5
- Large chromatic and geometric aberrations

Limited confocal signal Not commercial yet



Fast confocal imaging of neuronal activity 

GCaMP6 imaging @100Hz in the hippocampus of freely-behaving mice 

Behavior task

Optical recordings

Raw data after movement correction
Play-back speed: x4

Clara Dussaux Ombeline Hoa



Fast confocal imaging and targeted photoactivation with a fiberscope

Advantages 

• Versatile: various imaging modalities (line- and multipoint-scanning confocal imaging)

• Optical sectioning 

• Fast imaging (300Hz)

• Lateral resolution : 2.6µm

• Light and simple microscope (<2g) that can be adapted to mice

• Coupling with fast targeted photoactivation (intensity modulation with a DMD)

Drawbacks

• Number of pixels limited by the bundle (->limited FOV)

• Collection efficiency limited by the bundle (partly compensated by the camera high QE )

• Small working distance (<150µm)

We have all the ingredients!!



Miniature 
widefield 
microscope 

• Quite fast (30Hz)
• Large field of view (mm2)

• No optical sectioning
• Small working distance
• Targeted 

photoactivation not 
demonstrated

2-photon 
miniature 
microscope

• Quite fast (40Hz)
• High resolution (0.6µm)
• Good optical sectioning
• Large working distance

• Small field of view
• Only 2D imaging
• Targeted 

photoactivation not 
demonstrated

Confocal 
fiberscope

with 1-photon 
targeted 
photoactivation 

• Cellular resolution
• Optical sectioning
• Fast (300Hz)
• Compatible with targeted 

photoactivation

• Near-cellular resolution

• Number of pixels 
limited by the bundle

• Small working distance

• Potential out-of-focus 
excitation

Conclusion

Conclusion 80
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