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The volumetric imaging of two-photon microscopy expands the focal depth and improves
the throughput, which has unparalleled superiority for three-dimension samples, especially in
neuroscience. However, emerging in volumetric imaging is still largely customized, which limits
the integration with commercial two-photon systems. Here, we analyzed the key parameters that
modulate the focal depth and lateral resolution of polarized annular imaging and proposed a
volumetric imaging module that can be directly integrated into commercial two-photon systems
using conventional optical elements. This design incorporates the beam diameter adjustment
settings of commercial two-photon systems, allowing flexibility to adjust the depth of focus while
maintaining the same lateral resolution. Further, the depth range and lateral resolution of the
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design were verified, and the imaging throughput was demonstrated by an increase in the number
of imaging neurons in the awake mouse cerebral cortex.
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1. Introduction

Two-photon microscopy (2PM) has been considered
as a promising technology for cell biology and neu-
roscience research which utilizes long wavelength
light capable of penetrating deeper into the biological
tissue.'™ The process of 2PM requires high-energy
density to excite two low-energy photons to emit a
higher-energy photon making it a powerful tool to
achieve excellent spatial resolution.””® Using 2PM,
the excitation thickness of fluorescence molecule is
around a few microns.” Biological samples, however,
are mostly three-dimensional (3D) structures, such
as neurons and their networks, which present new
challenges for 2PM imaging. Traditionally, Z-motor
or piezo scans have been used to obtain 3D infor-
mation.® Although a point-by-point scan is generally
considered to be useful because it guarantees a uni-
form resolution for the entire sample, it costs tens of
seconds for volume data, leading to restrictions in
capturing the dynamic activity of neurons.” As this
limitation is growing ever more important in the field
of neuroscience, this demand has facilitated the de-
sign and development of rapid volumetric imaging.
Volumetric imaging can simultaneously probe
images of different depths in a 3D tissue without axial
scanning, which is usually achieved by multi-focus or
extended depth of focus (DOF).!Y The principle of
DOF is to expand a point focus into a needle focus in
the axial direction, increasing the area of the illumi-
nation. In volumetric imaging, the Bessel beam is a
kind of nondiffraction beam, which has the property
of self-recovery and long-distance transmission when
propagating in biological tissues, resulting in elon-
gated DOF."'"'* The Bessel beam can be transformed
from a traditional Gaussian beam with spatial light
modulator (SLM) or axicon, converting point illu-
mination entirely to line illumination.'® This method
provides an approach to monitoring tissue activity in
a 3D network, which has successfully imaged calcium
dynamics of zebrafish spinal projection neurons,
human gastric cancer, and blood vessels of the mouse
brain.''Y However, extending DOF axially causes
signals at different depths superimpose during de-
tection because the Bessel beam outputs the projec-
tion of the volumetric data in the Z direction.

To avoid overlap, the labeled density of the fluores-
cence signal or DOF requires adjustments.

In this theory, based on scalar diffraction, the DOF
is positively correlated with thickness and inversely
correlated with the diameter of the annular distribu-
tion generated by the Bessel beam.’’?! However,
Richards and Wolf showed that the vector properties
of 2PM cannot be ignored to correctly describe the
high numerical aperture (NA) focused beams in the
nonparaxial regions.”> Moreover, 2PM is equipped
with a high-NA objective and polarization state.
Therefore, the description of the Bessel beam requires
more comprehensive theoretical derivation.

For the generation of the Bessel beam, the SLM
can form a series of DOF ranging from 15 pum to
400 pm through different concentric binary phase
patterns on the computer.”® However, the special
components and bulky equipment make it difficult
to merge with the commercial 2PM. On the other
hand, an axicon-based system has the advantage of
compactness and integrability but usually generates
only one fixed DOF.?*% Even if the DOF can be
adjusted by moving the lens position, the method
still requires a customized optical path,”” which
hampers its application in arbitrary 2PM. It is
therefore important to perfect the theory of annular
imaging under vector nature and establish a method
that can be easily integrated into the existing 2PM.

In this work, we refined the theory based on vector
diffraction analysis, confirming that the DOF is var-
iable while maintaining stable lateral resolution on a
high-NA system. Then, we verified it with fluorescent
beads by measuring DOF and lateral resolution.
Next, we observed the morphology of GFP-labeled
neurons in vivo and recorded the calcium activity of
GCaMP-labeled neurons under the visual stimulation
of motion grating, focusing on comparing the changes
in cell number regulated by different DOF's.

2. Materials and Methods

2.1. Tunable optical path of two-photon
microscope

A Ti-sapphire laser (wavelength: 920 nm, repetition
frequency: 80 MHz, output power: 1.35 W, pulse
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width: 100fs; Mai Tai HP, Spectra-Physics) and
a commercial two-photon microscope system
(FVMPE-RS, Olympus, Japan) were used to design
the tunable optical path, equipped with a built-in
module which can adjust the diameter of Gaussian
beam. Before entering the scanner, a quarter wave
plate (QWP) and a polarization beam splitter
(PBS) were added to the optical path to flexibly
switch between the original Gaussian beam mode
which was circularly polarized, and Bessel beam
mode which was linearly polarized. In the Bessel
module, the incident Gaussian beam was converted
into Bessel light through an axicon (AX252-B,
Thorlabs) and a lens (AC254-050-B-ML, Thorlabs)
was used to shape the light into a ring at its back
focal plane. Besides, a pair of lenses (AC508-500-B-
ML) were used to relay the Bessel ring onto the
resonance scanning module of the commercial two-
photon system. An objective with a high-NA
(XLPlan N 25X, NA = 1.05, Olympus) was used to
focus the annular ring beam into our sample. In
volume imaging, for transverse scanning, two beams
had the same mode. For axial scanning, the Gaussian
beam required a step-moving sample platform, which
was not necessary for the Bessel beam.

2.2.

To measure the transverse and axial resolution,
fluorescent beads (0.2 ym, 505/515, Thermo Fisher
Scientific) were diluted with anhydrous ethanol at a
ratio of 1:10,000 and prepared on slides. The sam-
ples were placed in the dark for 0.5h to allow the
alcohol to evaporate. The fluorescent beads were
fixed to the slide, so the water droplets were imaged
directly on the slide as immersion media.

Preparation of bead samples

2.3. Animals and preparation of
in vivo experiment

Male C57/B6J mice were obtained from Beijing
Vital River Laboratory Animal Technology Co.,
Ltd. Mice were maintained under conditions of
224+ 1°C and 55+5% humidity. All animal
experiments were conducted by the Guidelines of
the Animal Care Facility of Huazhong University of
Science and Technology (HUST) and the experi-
mental procedures on mice were approved by the
Animal Ethics Committee of HUST.

The mice used for in vivo imaging were labeled
with the GFP virus and rAAV-hSyn-GCaMP6s

virus, respectively. Cranial window surgery was
performed on 2-month-old mice and imaging
experiments were performed after 14 days of ob-
servation. Imaging experiments were performed on
awake mice with their heads fixed under an objec-
tive lens. The stack was first scanned layer by layer
with a Gaussian beam at a frame rate of 15 Hz.
Then, the Gaussian beam and the Bessel beam were
each used to conduct in wvivo imaging. For
GCaMP6s-labeled mice, the spontaneous responses
of neurons were recorded within 3s with external
visual stimulation. The visual stimulation was
motion grating in four directions.

2.4. Visual stimulation, image
processing and data analysis

All image processing, visualization and analysis
were carried out in ImageJ and MATLAB.
For mousein vivo imaging, the neurons at a depth of
0-100 pm under the Gaussian beam were subjected
to Z projection and the Auto operation on bright-
ness/contrast was adopted for both Gaussian beam
and Bessel beam monolayer data to improve the
visibility of neurons. The average intensity of
the stack was also projected over multiple frames
to improve the signal-to-noise ratio. When com-
paring the lateral resolution of the neurons, the
intensity of the hand animation ROI was displayed
for the neurons of interest. Statistical analysis
and data regression were performed in GraphPad
Prism.

The orientation selectivity index was used to
quantify the strength of orientation preference as

OSI = (Rprcf - Rortho)/ (Rprcf + Rortho)‘

3. Results

3.1. A ring principle with adjustable

DOF and constant lateral
resolution

The Bessel beam forms an annular distribution on
the back focal plane of the objective lens, which is
closely related to the imaging features. Considering
the effects of linear polarization and high NA, we
theoretically deduced how parameters such as ring
width and ring radius would affect the DOF and
lateral resolution based on vector diffraction theory.
By referring to the analysis of Harold Dehez et al.,*’
we can obtain the approximation expressions of the
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electric field of annular illumination:

Ex(r,z,1) = —iA[Iy(r, z) + L(r, 2) cos(2¢))],
Ey(r,z,9) = —iAlLy(r, ) sin(21)),
Ey(r,z, ) = —2AI,(r, z) cos 1.

Iy(r,z) = IyJy(krsinay) - exp <_;§)_ jkz cos a0>,
Li(r,z) = IOJl(krsinao)lj_ir;%%

- exp (— z—;) — jkzcos ao),
Iy(r,2z) = IOJQ(krsinao)%

- exp (— j—z — jkzcos a0>,

0

(1)

where r, z and v are the cylindrical coordinates, and
k is the wave vector. I, and 2, are constants that
depend on the angles oy and Ac, corresponding
to the ring radius R and the ring width AR in
Fig. 1(a), respectively. According to the Richards—
Wolf vector field equation for linear polarization,*!
the intensity distribution can be described as
follows:
I(r,,2) = |Iy(r, 2) + L(r, ) cos(2¢)|?

+ 4|1 (r, 2)|cos®y + [ I(r, 2)| *sin®(2¢)),

(2)

where 1 is the observation angle. Substituting
Eq. (2) into Eq. (1), the intensity distribution at
the focal point can be calculated as follows:

I2 222
(1 + cos ayp)? P 22

X [(1 + cos o) 2J§ (kr sin o)

+ dcosipsin®ay J £ (kr sin ay)

+ (1 — cos ag)2J3 (krsin ag) + 2 cos(21)
x (1 — cosag)(1 + cos ag)Jy(krsin o)
x Jo(krsin ayg)]. (3)

I(rvwv Z) =

Using Eq. (3), we can estimate the DOF along z

b %gg; = %, and solve the transcendental equation
of transverse resolution r by %2 =4
AV2In2
Z%Czov2ln2:,—n, (4)
7 sin apAa

sinZqy

_
T (krsin ) + deos?) 7=y

J 7 (ke sin ag)

(1 — cosay)?
(1 + cos ap)?
(1 — cos o)
(14 cosay)

(
J3(krsin o)

+ 2cos(2¢) Jo(krsin )

1
X Jy(krsinag) = 3 (5)

It can be seen from Eq. (4) that DOF is pro-
portional to the wavelength A, and is inversely
proportional to the radius angle o and the width
angle Aa. That means the DOF can be tuned by the
radius R or the width AR in the annular ring.
Another point worth noting is that Eq. (4) is con-
sistent with Eq. (15) in Ref. 30.%° This is because the
expression of axial DOF does not include the ob-
servation angle v, therefore the formula is consis-
tent under different polarizations. From Eq. (5), one
can see that the lateral resolution r is only related to
the radius angle o in the case of a fixed wavelength
A and observation angle 1, indicating that the lat-
eral resolution r is only regulated by the ring radius
R. Combining Egs. (4) and (5), Fig. 1(b) describes
the correlation between different ring parameters
and the DOF and the lateral resolution. The result
showed that the DOF decreases along with an in-
crease in the ring width, while the lateral resolution
remains unchanged regardless of the radius.
Therefore, in the case of under linear polarization
and high-NA, we theoretically can achieve adjust-
able DOF and constant lateral resolution by
adjusting the ring width AR while keeping the ring
radius R unchanged.

3.2.

To achieve a ring-shaped field pattern, we simulated
an axicon-based optical path model into commercial
2PM to convert Gaussian mode into a Bessel
beam, which is a thin annulus light in the far field
(Fig. 1(c)). In the back focal plane of the objective
lens, the ring beam is focused, which is the initiator
of axial extension of the depth of focus. We simu-
lated the correlation between module parameters
and the ring at the back focal plane of the objective
by referring to the open Matlab code from the Na Ji
group based on the vector diffraction theory.?’
Then, we found that changing the Gaussian diam-
eter of the incident light before the axicon could

Tunable extended Bessel system
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Tunable-ring simulation and the optical module. (a) A schematic diagram of annular imaging. Gaussian distribution rings

with the same diameter and different widths incident into the objective lens, forming different deflection angles. The intensity at the
focal point is a Bessel distribution. (b) Simulation diagram of the correlation between the radius and width and the DOF along Z
and lateral resolution. (c) Light path design based on the classical axicon with different Gaussian beam diameters for the generation
of Bessel rings. (d) Simulation diagram of the correlation between the incident Gaussian diameter and ring radius and ring width in

optical module.

independently adjust the annular width at the ob-
jective back focal plane while keeping the position of
the center radius unchanged (Fig. 1(d)). That
means, different incident diameters can indepen-
dently adjust the focus depth while maintaining
lateral resolution. In this process, the axicon con-
verts the expansion of the Gaussian beam in the X
and Y directions into the axial extension of the

Bessel beam, which is relayed to the focusing
position through the conjugation of L1 and the
objective lens without changing laterally.
Furthermore, we measured the axial and lateral
intensity distribution of fluorescent 200 nm beads
throughout the length of the Gaussian beam and
the Bessel beam at different incident diameters.
Conveniently, commercial 2PM provides several
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The optical characterization. (a) Point spread function of Gaussian beam and Bessel beam in the experiment. For the

Bessel beam, incident diameters of 3.0, 3.4 and 3.8 mm represent different DOF along Z, respectively. Comparison of experimental
and simulation results of Bessel beam in (b) DOF along Z, (c) resolution along X, and (d) resolution along Y. Data were collected

from four 0.2 ym diameter beads. Error bars, £SEM.

diameter gradients, or, if not, add a telescope before
the Bessel module. Figure 2 shows three represen-
tative DOF of 72.4, 84.6 and 101.2 ym at incident
diameters of beam =3, 3.4 and 3.8 mm, respec-
tively. When the DOF is increased, their lateral
resolution remained around 1.6 pum. These experi-
mental values are in good agreement with simula-
tion predictions, which represent that the increase
in DOF does not compromise lateral resolution by
adjusting the incident diameter.

In addition, we compared the imaging properties
of the Gaussian beam and Bessel beam under the
same incident diameter = 3.8 mm. The results
showed that the imaging PSF of Gaussian illumi-
nation was 2.0 ym, while Bessel illumination was
about 50 times greater. However, the lateral reso-
lution of the Gaussian beam (0.8 yum) was better
than that of the Bessel beam (1.6pum). These
properties between the Gaussian beam and the
Bessel beam agree well with previous research.'!

3.3. In vivo imaging with adjustable
Bessel system

To examine the performance of tunable volumetric
imaging in nonhomogeneous media, we applied this
design in imaging the GFP-labeled neurons of the
primary visual cortex (V1 region) in awake mice,
with a volume of 512 pum x 512 ym x 100 um. At
first, we continuously collected 50 two-dimensional
images with 2 pym steps in Gaussian mode as a

contrast. Figures 3(a) and 3(b) show the volumetric
neuronal structure at different depths with colored
bands. Then, we acquired a single image at the same
starting position with Bessel beams. As the incident
diameter increased in a gradient, the longer DOF
was translated into the ability to image more deep
neurons gradually in a Bessel scan (Figs. 3(c)-3(e)).
The longest DOF showed 75 neurons and the
shortest DOF revealed 49 neurons (Fig. 3(f)). We
also extracted the intensity contour of a neuron
along the X and Y directions (Figs. 3(g) and 3(h)). In
agreement with the theoretical predictions and the
experimental results with fluorescent beads, the
results indicated the remained spatial resolution for
different diameters of Bessel beams. One notable fact
is that for the same neuron, the result of the Gaussian
beam and Bessel beam appears to be little difference
in cell profile, compared to the resolution difference
tested by beads in Fig. 2. Instead, the background
noise difference is noticeable for different beams.
Given the volumetric property of the Bessel
beam and the temporal resolution at 2PM, we in-
vestigated the dynamic calcium imaging of
GCaMP6s-labeled neurons of the V1 region in mice.
The visual stimuli with gratings moving in four
directions was used to evoke calcium responses.
Figure 4(a) shows the projective neuronal distribu-
tion under a Gaussian scan, and the calcium
responses of only six neurons were recorded in a
single scan (Fig. 4(b)). When imaging at the same
frame rate (30 Hz), Bessel beams with longer DOF
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Bessel imaging with different DOF to observe varying volumes of GFP-labeled neurons in a living mouse. (a) Different

colors represent the depth distribution of neurons. (b) Average intensity projection (absolute depth 52-152 ym) of 0-100 pm
Gaussian beam layer by layer, color-coded by relative depth. (c) Single-layer scanning image using Gaussian beam at the depth of
77 pm. (d)—(f) Volume images of Bessel focus at different diameters. Longer focal depth shows more and deeper neurons. The cell
number (g) of varying Bessel DOF are counted and the same neuron is underlined along X and Y to display constant resolution (h)
and (i). Error bars, £SEM. Kruskal-Wallis test with Dunn’s post hoc test. **p < 0.01 and *p < 0.05.

revealed calcium activity from more neurons
(Figs. 4(c)-4(e)). For cells# 1-5, similar responses
were observed in three Bessel beams. For cells# 6—
10, longer Bessel DOF could detect additional
neurons (Figs. 4(f)—4(h)). These data highlight the
performance of temporal resolution and the tunable
ability of the Bessel module in volumetric imaging
in vivo. In addition, we compared calcium peak in-
tensity and orientation selectivity index (OSI) and
found no significant difference.

4. Discussion

We chose the vector diffraction theory to analyze
the variation law of DOF and lateral resolution

because it can be applied for high-NA objective and
linear polarization systems, which is usually equip-
ped in commercial 2PM. Although the conclusion is
consistent with the previous studies on scalar dif-
fraction, this derivation refines the correlation be-
tween the annular illumination of the Bessel beam
and the point spread function and fills the gap in
theory under practical application conditions. Since
the simulation result shows that we can adjust the
focal depth and keep the lateral resolution unaf-
fected by changing the diameter of incidence in the
system, theoretically, microresolution and a larger-
volume image can be obtained with a larger beam
diameter. Under the aperture limitations of the lens,
the numerical simulation results show that the focal
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Fig. 4. Functional calcium imaging of GCaMP6s-labeled neurons in living mice using different Bessel DOF. (a) Mean intensity
projection of 0-100 um acquired by Gaussian stacks. (b) Image acquired by single Gaussian beam with 2.03 ym axial FWHM. (c)-
(e) show images obtained by Bessel beam with diameters of 3.0, 3.4 and 3.8 mm. The corresponding longer DOF allows more volume
neurons to be imaged. (f)—(h) were averaged calcium transient of neurons imaged by (c)—(e), respectively. Error bars, £SEM.
Kruskal-Wallis test with Dunn’s post hoc test. **p < 0.01; ns, nonsignificant.

depth can be reached at 300 ym when the beam
diameter is 12mm. This is also limited by power,
however, because reshaping the Gaussian beam into
a Bessel beam is already lossy.

Importantly, this design of an extended tunable
Bessel beam is compatible with existing 2PM sys-
tems. In 2017, Masanori Matsuzaki reported that
reducing the diameter of the Gaussian beam allows
the imaging depth to reach 1200 ym,** which has
been incorporated into the commercial 2PM sys-
tems with the extended imaging depth capabilities
such as Olympus or Leica system. The diameter
adjustment components coupled with our design
allow flexible adjustment of the focal depth without
replacing or rearranging any optics, which is
friendly to those operating in biological experi-
ments. Moreover, the module is flexible enough that
an axicon with angle 1° or 0.5° and L1 lenses of
other focal lengths can also be used to construct
Bessel beams. Besides, the module is relatively in-
expensive, costing about $4200-6000.

In future work, we will investigate the possibility
of application in light sheet microscopy,**** since
the extended tunable Bessel beam is directly linked
to the range of field of view and image resolu-
tion.?>*% This would enhance the flexibility of the
design between different microscopes. On the other
hand, several promising studies achieve adjustable
focal depth by means of two axicons or algo-
rithms.?"?® Its biological application in commercial
two-photon system can be further explored.

5. Conclusions

Here, we reported a simplified method that can be
integrated into a commercial TPM to produce a
Bessel beam with extended DOF. The theoretical
derivation and MATLAB simulation results sug-
gested that changing the incident diameter could
independently adjust the DOF and lateral resolu-
tion under linear polarization and high-NA.
Further, we imaged the beads imaging to verify this
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tuning method for sub-millimeter imaging DOF,
and more importantly, established that the micron
transverse resolution could be maintained in a
classical system based on axicons. Then, we dem-
onstrated the suitability of the system for biological
imaging in awake mice by static and dynamic
neuronal results.
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