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We present a motion-free system for microendoscopic
imaging of biological tissues at variable focal depths.
Fixed gradient index and electrically tunable liquid crystal
lenses (TLCL) were used to build the imaging optical
probe. The design of the TLCL enables polarization-independent and relatively low-voltage operation, significantly
improving the energy efficiency of the system. A focal
shift of approximately 74 ± 3 μm could be achieved by
electrically controlling the TLCL using the driving frequency at a constant voltage. The potential of the system
was tested by imaging neurons and spines in thick adult
mouse brain sections and in vivo, in the adult mouse brain
at different focal planes. Our results indicate that the developed system may enable depth-variable imaging of
morpho-functional properties of neural circuitries in
freely moving animals and can be used to investigate the
functioning of these circuitries under normal and pathological conditions.
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1. Introduction
Biomedical imaging applications are growing very
quickly that call for, among other requirements, the
miniaturization of components used [1]. Such miniaturization is particularly important for assessing morpho-functional changes in neuronal populations in
the brains of freely moving animals during specific
behavioral states [2]. Particularly attractive are adaptive optical imaging systems that operate without
mechanical movement or deformation. This is crucial
for imaging deep brain regions at different focal
planes. Deep brain imaging is currently performed
on head-restrained animals where gradient index
(GRIN) lenses are coupled to stepper motors to
change the imaging plane [3–5] or on freely moving
animals where small microscopes comprising the
GRIN lenses are mounted on the head of the animal
[3, 5]. In the latter case, the GRIN lenses are implanted in the brain at a fixed depth, limiting cell
imaging to a single focal plane [3, 5]. In the former
case, the presence of discrete moving parts, size and
weight of these opto-mechanical systems are major
limitations for studies on freely moving animals. To
overpass those limitations recent studies have considered the use of different types of electrically variable lenses that operate without discrete moving
parts, for example, based on actuated membranes
[6] or electro-wetting effect [7]. However, their electric power consumptions are high, as the membrane
based device consumes ≈1 watt of electrical power,
while the electro-wetting lens typical power consumption is 15 mW. This raises the issue of their use
with battery powered imaging systems for studies in

freely behaving animal. In contrast, power consumption of liquid crystal (LC) lenses may be at the order
of 10 μW [8]. In addition to electro-wetting lenses,
laser-scanning mirror systems were also demonstrated for micro-endoscopic imaging by using microelectromechanical system (MEMS) element [9].
However, this approach still uses discrete moving
parts, which is rather complicated and potentially
having high electric power consumption compared
to LC devices.
Thus, alternative approaches must be considered
to build efficient, small-size and low power consuming micro-endoscopes to image neural circuitry in
freely behaving animal. Very small, efficient, motion-free adaptive imaging systems have been developed recently that are based on the mobile phonedriven miniaturization of cameras and components
[8]. We think that LC materials [10, 11], which have
been traditionally used to manufacture LC displays
(LCD) [12], are the most promising tools for developing adaptive imaging applications [8, 13]. LCD
manufacturing and electro-optic modulation schemes
have also been successfully adapted to mass production of electrically tunable LC lenses (TLCL) [8] for
autofocus mobile imaging [13] based on the creation
and dynamic control of a lens-like gradient in the refractive index [14] by spatially non-uniformly reorienting the LC molecules (filled ellipses, Figure 1A,
B) [8, 15–22]. The extremely low power consumption (≈ 10 μW), low weight (≈ 20 mg), and motionfree operation of these LC lenses [13] makes them
ideal for mobile biomedical applications. Not surprisingly, recent studies used LC lenses for 3D imaging [23] and axial depth scanning [24]. Both of those

Figure 1 Schematic representation of the TLCL. (A) Ground state uniformly aligned LC layer (filled ellipses representing
LC molecules between two substrates forming a chamber) without focusing power; (B) Spatially non-uniform (along the zaxis) reorientation of LC molecules and focusing of the incident light (propagating along the x-axis). The dashed lines show
the phase fronts. (C) Schematic cross-sectional presentation of the polarization-sensitive LC lens focusing the light polarization parallel to the drawing plane. ITO: indium tin oxide transparent electrode, PI: polyimide alignment layer; dg: thickness
of the middle substrate; dLC: thickness of the LC layer. (D) Schematic cross-sectional presentation of the polarization-insensitive LC lens using a single weakly conductive layer (WCL, dashed line in the middle) to drive two cross-oriented LC layers.
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works are very promising, however, the first one is
discussing a multi-aperture 3D imaging approach
that is out of the scope of our work. The second one
describes a single aperture TLCL for endoscopic
imaging [24], which is closer to the approach presented here, but has several practical limitations in
terms of performing motion-free adaptive imaging in
freely moving animals. First, it relies on relatively
high driving voltages to change the optical power
(OP). Indeed, given the large diameter of the holepatterned electrode (∅ = 2 mm) and the relatively
thin LC layer (dLC = 50 μm) [24] (Figure 1C), the
hole-patterned electrode and the uniform indiumtin-oxide (ITO) electrode (cast on the bottom substrate of the LC chamber) must be separated by a
rather large distance (dg > 0.7 mm) to satisfy the
condition ∅/(dLC + dg) ≈ 2.5 required to ensure
smooth changes in the electric field along the z-axis
inside the LC layer to avoid large optical aberrations [15]. This, in turn, requires very high voltages
to drive the lens because of the splitting of the electric potential difference applied between the holepatterned and bottom ITO electrodes [21, 22]. The
main decrease in the electric potential is thus applied over the middle 0.7 mm thick substrate, with
significantly less over the LC layer [24]. Given the
geometrical properties of the lens (Figure 1C) and
the typical values of the dielectric constants of the
middle glass substrate (εg ≈ 5) and the LC (εLC ≈
4), the applied voltage V1 is split (along the x-axis
[22]), into a large decrease in the electric potential
applied to the middle substrate


Vg ¼ V1 ½1 þ εg dLC εLC dg 

ð1Þ

and a small decrease in the electric potential applied
to the LC layer.
VLC ¼ V1  Vg

ð2Þ

This results in a VLC/Vg ratio of ≈ 0.09, indicating
that only one-tenth of the V1 is used to control the
LC director (the local average orientation of the
long molecular axes of the LC [10]). In addition, in
order to electrically induce the reorientation of the
LC director, the voltage applied to the LC layer
(VLC) must be above a certain threshold value (Vth)
[11] defined as:
Vth ¼ π½K=ðε0 jΔεjÞ1=2

ð3Þ

where K is the elastic constant of the orientational
deformation of the director, ε0 is the dielectric constant of the vacuum, and Δε is the dielectric anisotropy of the LC at the frequency of the applied voltage, which is usually in the order of 1 kHz. It is easy

www.biophotonics-journal.org

thus to calculate, using the values of a typical LC
mixture (Δε ≈ 16.5, and K ≈ 21 ∙ 10–12 N), that the
value of Vth is approximately 1.2 V. This, in turn,
means that the lens geometry requires a voltage that
is at least 10 times higher in order to initiate the reorientation of the director, while an even higher voltage is required to operate the lens (VLC > Vth) [24].
To reduce the voltage required to operate the lens,
the electrodes must be brought closer together by
reducing the thickness of the middle substrate. However, this results in an abrupt change in the electric
field profile inside the LC layer along the z-axis,
generating unacceptable optical aberrations. To
overcome this problem, the modal lens method can
be used [16, 17]. Indeed, another imaging system
that uses a lens operating with low driving voltages
has been reported recently [23]. However, this system also relies on the use of a polarizer, since the
single nematic LC (NCL) layer usually focuses only
half of the natural or unpolarized light [8], dramatically decreasing the energy efficiency [7] of the imaging system, particularly when both excitation (illumination) and imaging are performed through the
TLCL. These two limitations (the use of a polarizer
and high voltages) make such systems unacceptable
for the mobile adaptive imaging of freely moving animals.
In the present work, we used a polarization-independent TLCL and relatively low driving voltages to
perform endoscopic depth imaging. We characterized the OP and root mean square (RMS) aberrations of the TLCL as well as the resolution of the
adaptive endoscopic assembly comprised of the
TLCL and the fixed GRIN lenses. We then showed
how the device can be used for motion-free imaging
of neurons in thick brain sections and in vivo, in the
adult mouse brain.

2. Materials and methods/experimental
2.1 Electrically variable lens design
We used an optimized modal lens approach to design polarization-insensitive optical probe that requires relatively low driving voltages to perform endoscopic depth imaging (Figure 1D). A thin, weakly
conductive layer (WCL) of ZnO film (≈ 10 MΩ/sq.
sheet resistance) was cast over the hole-patterned
electrode [16, 17] (Figure 1D, dashed line in the center of the structure) to form a so-called control layer.
This layer was used to generate a gradually varying
electric field profile along the z-axis that was applied
to the NLC layer. The WCL made it possible to
bring the hole-patterned and the bottom uniform
electrodes much closer together and thus to significantly reduce the required driving voltage. However,
© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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it is important to remind that two perpendicularly
oriented single-layer NLC “half” lenses (Figure 1B,
C) are traditionally required to focus natural or unpolarized light. The NLC half lenses must be identical and must be positioned very close to each other
to focus two orthogonal polarization components of
natural light on approximately the same point [8].
The fabrication of identical and reliable WCLs is a
very challenging task, which is why we used a recently developed NLC lens with a special geometry
[25] (Figure 1D). The lens in question uses a single
WCL control layer to regulate two NLC layers.
Each NLC layer has a director that is oriented in a
plane perpendicular to the plane of the second NLC
layer (xz for the bottom NLC sandwich and xy for
the top NLC sandwich, Figure 1D). Top and bottom
ITO electrodes (dotted horizontal lines) are placed
inside the sandwiches. The middle hole-patterned
electrode consists of a thin film of Ag alloy that is
biased with respect to the ITO electrodes by a
square-wave AC voltage (V1). The thicknesses and

dielectric constants of middle glass substrates 1 and
2 and the NLC layers were the same for both sandwiches. The final assembly was thus polarization-independent (or insensitive). The symmetric design of
the lens made its fabrication and operation much
simpler since only one WCL and two contacts (single voltage) were used to drive both NLC layers synchronously.
As mentioned above, the WCL made it possible
to position the ITO and the hole-patterned electrodes closer together by using much thinner (100 μm)
middle substrates. This also resulted in a more efficient use of the electrical voltage (Uth ≈ 3.27 V) required to achieve the threshold voltage (Vth ≈ 1.2 V)
over the NLC layers.
The application of a V1 of the appropriate frequency generated a non-uniform (lens-like) reorientation of the NLC molecules (Figure 1D), with a
greater reorientation of the NLC molecules at the
periphery (close to the hole-patterned electrode)
than at the center when viewed along the z-axis.

Figure 2 The optical probe and experimental set-up. (A) Schematic
presentation of the final experimental set-up and components: 1.
excitation light source, 2. aspheric
lens, 3. excitation filter, 4. dichroic
mirror, 5. objective lens, 6. GRINTLCL-GRIN probe, 7. sample, 8.
tube lens, 9. emission filter and 10.
camera. (B, C) Cross-sectional presentation of the GRIN-TLCLGRIN assembly as a schematic representation (B) and as a photomicrograph of the real sample (C).
A, B and C letters refer to coupling
GRIN, TLCL and imaging GRIN,
respectively. Magnification of assembled electrical probe is constant
and is approximately equal to 2.8
± 0.1 X. (D) Schematic diagram of
a single imaging GRIN lens-based
optical probe used to derive the
corresponding ABCD ray transfer
matrix (equation (5)). The polarization-independent configuration is
shown with the first TLCLk (blue
dotted) focusing the parallel polarization (with respect to the drawing
plane) and the second TLCL? (red
dashed) focusing the perpendicular
polarization.
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where the OP is measured in diopters (D = m–1), δn
is the effective refractive index difference between
the center and the periphery of the lens, r is half the
clear aperture diameter of the lens, and dLC is the
thickness of the NLC layer. With a given set of lens
parameters (see the Experimental section), Eq. (4)
allows us to determine the achievable OP that is at
the order of ≈ 50D.

GRIN lenses and the TLCL were 1.00 mm and
1.10 mm, respectively, with a total assembly length
of ≈ 8.53 mm. The high NA end of the assembly determined the resolution of the imaging system, while
the coupling GRIN lens with the lower NA (and
lower optical aberrations) ensured optimal transmission of the collected light into a plan fluorite objective (see the final experimental set-up, Figure 2A).
The working distance (WD) of the imaging assembly
was electrically controllable from approximately
from 168 μm to 94 μm (in water) using the TLCL
while the WD of the coupling GRIN was fixed at
140 μm (in air).

2.2 Fabrication of the electrically variable
liquid crystal lens

2.4 Theoretical analysis of the endoscopic
assembly

The TLCL was fabricated using 100 μm thick glass
substrates (Figure 1D). Thin uniform layers of ITO
were deposited on the inner sides of the top and bottom substrates. Uniform layers of an Ag alloy were
deposited on the middle substrates and were etched
to create the hole-patterned electrode (∅ = 1.10 mm
in diameter). The WCL was also deposited on one
of the middle substrates. The two ITO layers and
the internal (opposite to the WCL) sides of middle
substrates were then covered with thin polyimide
layers and were rubbed in anti-parallel (180°) directions to obtain a monodomain orientation of a custom NLC mixture [8]. The optical birefringence of
the NLC was Δn ≈ 0.2. UV curable adhesive walls,
containing 40 μm diameter spacers (to create uniform gaps) were printed at the peripheries of the top
and bottom substrates. The final thickness (dLC) of
the planar-oriented NLC layer was ≈ 42 μm. The isotropic phase of the NLC mixture (>95 °C) was injected into each of the two chambers. The final multilayer structure was sealed using a very thin
(<5 μm) transparent adhesive with a refractive index
close to the refractive index of the glass. The lens
was operated using the frequency-driving technique,
as described elsewhere [25, 26].

We used ray tracing to predict the behavior of the
basic TLCL + GRIN assembly. Since the light path
dynamically changed only between the TLCL and
the imaging GRIN lens, and remained unchanged
elsewhere in the optical path, it was sufficient to
take only these two elements into consideration to
quantify the electrical shift of the focal point of the
assembly (Figure 2D). The final ray position (e.g.,
for the perpendicular, with respect to the drawing
plane, polarization) is thus described as:

The corresponding electrically variable OP could
then be expressed approximately as [8]:

OP ¼ 2  δn  dLC r2
ð4Þ

FinalRAY? ¼ T3  R3  Grin  R2  T2  TL
T1  R1  IncidentRAY?
 

 

1
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1 lwater
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2.3 Fabrication of the adaptive endoscopic
assembly
We used an imaging GRIN lens (0.5-NA, pitch 0.23)
and a coupling GRIN lens (0.2-NA, pitch 0.24)
(Grintech, Germany) to fabricate the final endoscopic assembly (Figure 2A) or optical probe (Figure 2B, C). The GRIN lenses were glued on both
sides of the TLCL (Figure 2C) using an indexmatched optical adhesive. The diameters of the

www.biophotonics-journal.org

1
0

 

0
y
 1?
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ð5Þ

where the TLCL is approximated as an infinitely
thin lens, T is the translation matrix, R is the refraction matrix, TL is the thin lens (TLCL), l is the
length of the element; n is the refractive index of the
element, f is the focal length, g is the gradient constant of the GRIN lens, y is the beam height, and α
is the angle with respect to the optical axis. Since the
centers of the two half-TLCLs (which formed the
full lens) were ≈ 240 μm apart, the approximate shift
© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of focal distances of the half-lenses was ≈ 2 μm at
the maximal OP (VRMS = 23 V at F = 17 kHz). Since
a total focal shift of ≈ 74 ± 3 μm could be achieved,
the contribution of polarization aberrations should
be rather small. The parameter values used to obtain
these results were as follows: ngrin = 1.629 (refractive
index at the center of the GRIN lens), nglass = 1.517,
nwater = 1.33, nair = 1.00, lglass = 125 × 10–6 [m], lgrin =
2.05 × 10–3 [m], g = 0.697 × 103 [1/m], lwater = 168 ×
10–6 [m] to 94 × 10–6 [m], and fTLCL = –0.26 [m] to
0.02 [m]. The same method was used to measure the
focal shift in the air, with the only difference that the
refractive index of imaging medium was n = 1.00.

2.5 Experimental set-up
The endoscopic assembly (optical probe) was positioned in front of the Olympus 4X Plan Fluorite,
NA = 0.13 or Carl Zeiss Neofluar 6.3X, NA = 0.2
objectives (5) using custom holder. The reflectance
fluorescence (Figure 2A) wide-field imaging configuration was used to image neurons and calibration
spheres. A cold white 3 mW LED or X-Cite 120Q
light sources (1) were used for the fluorescence excitation. An aspheric lens (2) (f = 16 mm focal distance) was used to collimate the light into an 8 mm
diameter beam that was passed through the excitation filter (3). A dichroic beam splitter (4) was used
to reflect the excitation light into the opening of the
objective (5). The objective focal distance was
matched with the coupling GRIN lens to produce a
collimated light at the entry of the TLCL. The fluorescence signal from the sample (7) was transmitted
to the probe (6), which was coupled to the objective
transmitting the collected collimated light to the dichroic beam splitter (4) followed by the emission filter (9). An infinity-corrected tube lens (8) (ITL200)
specifically designed for use with plan visible imaging objectives was used to minimize the lateral
and axial chromatic aberrations across the field of
view. Images were captured using a 1.4 megapixel
monochrome CCD camera (10) (1500M-GE; Thorlabs, USA). A 30 mm cage system (Thorlabs) was
used to assemble the optical elements and to ensure
that the illumination light transmitted through the
system was centered as it passed through each element.

2.6 Preparation of brain slices
and immunohistochemistry
Fluorescently labeled neurons in 100 μm thick adult
mouse brain sections were imaged. Neuronal progenitors of olfactory bulb (OB) interneurons were
© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

labeled by stereotaxic injection of viral vectors into
the rostral migratory stream of the adult mouse
(≈ 22–24 g) as described previously [27]. Briefly, the
Flex-GFP AAV viral vector (100–300 nl; 1 × 1012 iu/
ml; University of North Carolina vector core facility)
was injected into the rostral migratory stream of
adult CalretininCre mice at the following coordinates with respect to the bregma: anterior-posterior:
2.55 mm, medial-lateral: ±0.82 mm, and dorsal-ventral: 3.15 mm. Three weeks later, the mice were given an overdose of pentobarbital and were perfused
transcardially with 0.9% NaCl followed by 4% paraformaldehyde (PFA). Three weeks are required for
neuronal progenitors to migrate into the OB and to
differentiate into granule neurons. The brain was removed and was post-fixed in 4% PFA at 4 °C. Horizontal sections (100 μm thick) were cut using a vibratome (VT 1000S; Leica, Germany) and were incubated with a primary anti-GFP rabbit antibody
(1 : 1000; Life Technologies, USA) overnight at 4 °C
in 0.2% Triton X-100 and 4% BSA. The slices were
then washed with PBS and were incubated with a
secondary Alexa488 anti-rabbit antibody. The slices
were mounted in Dako mounting medium.

2.7 In vivo motion-free imaging at different
focal depth
Adult 3–4 month-old GAD67-GFP and C57Bl/6
mice were used for the in vivo motion-free imaging
at different focal depth. In GAD67-GFP mice all interneurons are labeled with GFP [28]. Since, however, GFP expression in these mice is not very
strong and allows mostly for imaging at level of cell
bodies, we have also used animals with virally infected neurons. For this, we injected GFP-encoding
lentivirus (100–300 nl; 1 × 109 iu/ml, University of
North Carolina vector core facility) into the rostral
migratory stream of adult C57Bl/6 mice to label
adult-born OB interneurons. The following coordinates were used for 20–22 g mice (from bregma): for
rostral migratory stream injection anterior-posterior:
2.55 mm; medial-lateral: ±0.82 mm; and dorsal-ventral: 3.15 mm. After injection, mice were returned to
their cages and kept for 4–6 weeks. For the imaging
session, the animals were anesthetized with 2–3%
isoflurane and positioned on the stereotaxic frame.
After removing the scalp, we drilled a circular craniotomy centered over OB hemispheres or cortex.
We removed the bones protecting the OBs (or cortex) while leaving the dura intact. The surface of
the brain was constantly irrigated with oxygenated
artificial cerebrospinal fluid (aCSF) containing the
following (in mM): 124 NaCl, 3 KCl, 2 CaCl2,
1.3 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, and 10 glucose. The temperature of the animal was maintained
www.biophotonics-journal.org
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at 37.5 °C during the whole procedure using an infrared blanket (Kent Scientific). The imaging system
composed of the GRIN and TLCL lenses mounted
on the stepper motor was lowered to detect fluorescently labeled OB interneurons at anterior-posterior:
5.0 mm and medial-lateral: ±1.0 mm or cortical interneurons at anterior-posterior: –0.5 mm and mediallateral: ±1.2 mm. Tip of the imaging GRIN lens was
in aSCF and positioned approximately 130 μm above
the surface of the brain. The system was then fine
focused using the TLCL.

3. Results and discussion
We started by characterizing the TLCL alone prior
to assembling it with the GRIN lenses. The OP of
the TLCL was measured using a Shack-Hartmann
Wave Front Sensor (WFS150-7AR; Thorlabs). An
AC square-wave electrical signal was applied to the
TLCL using a function generator (AV-151b–c; Avtech Electrosystems, Canada). To determine the optimal working voltage of the TLCL, the frequency of
the electrical signal was first kept steady at F =

7

15 kHz and the amplitude (VRMS) was increased
from 0 V to 27 V in 1 V increments. Some residual
OP (≈ –3.8 D) was observed at 0 V due to the mechanical bending of the external surfaces of the
TLCL in the non-activated mode (Figure 3A). Once
the effective reorientation threshold (Uth) was
reached, the TLCL generated a weak but detectable
OP. The experimentally measured value of this
threshold was Uth ≥ 3 V, which was in good agreement with the theoretical value (3.27 V) calculated
from the voltage division and threshold voltage
equations (Eqs. (2), (3)). A monotonic increase in
the OP was observed with the increase in voltage,
with some saturation at VRMS ≈ 23 V. No substantial
OP was generated at higher voltages.
We then studied the OP of the TLCL at fixed
amplitude while changing the frequency of the
driving voltage (Figure 3B). The amplitude of the
voltage was kept constant at a working voltage of
VRMS = 23 V, while the driving frequency of the signal ranged from 1 kHz to 17 kHz. This experiment
was performed first with one linear polarization of
incident light and then with another linear polarization that was rotated 90° with respect to the previous
one. The dynamic variation of the OP was measured

Figure 3 Characterization of the TLCL. (A) Optical power (in diopters, D) versus the applied AC voltage (V1) at 15 kHz.
The effective threshold (Uth) of the LC reorientation is shown by the vertical arrow. (B, C) TLCL OP at various driving
frequencies at VRMS = 23 V. (B) OP dependence on the frequency of the driving voltage for two orthogonal polarizations of
incident light. (C) Corresponding RMS aberrations as a function of the driving frequency for two orthogonal polarizations.
Error bars (A–C) represent maximal fluctuations (≈ 3%) of the indicated measure during the acquisition period. (D) Expected (theoretically estimated from equation 5, triangles) and experimentally measured (squares) focal shift values (in
water and air) versus the driving frequency at a fixed voltage (VRMS = 23 V). Error bars (triangles) represent the uncertainty
on experimentally considered perfect focus position of microspheres. Error bars (squares) are directly proportional to OP’s
error presented at (B).
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by gradually varying the driving frequency until a saturation value of 46 ± 2D at 17 kHz was reached.
The corresponding RMS aberrations are shown in
Figure 3C. A very small decrease in the RMS error
was observed when the frequency was increased
from 1 kHz to 5 kHz, followed by an increase from
5 kHz to 13 kHz and then a decrease from 13 kHz to
17 kHz. As can be seen in Figure 3B, there was no
significant polarization mismatch, indicating that the
device was polarization-independent.
We then experimentally measured the focal shift
of the endoscopic assembly and compared it with
the expected value (Figure 3D). We performed these
measurements under conditions when the imaging
GRIN was positioned either in the air or in the
water. The later case is particularly important for
calculation of the focal shift in in vivo experiments
since the refractive index of grey matter is close to the
one of water [29]. The expected focal shift was calculated using the method described above (Eq. (5)).
The experimental focal shift was determined using
fluorescent beads that were mechanically defocused
using a motorized actuator and were brought back
into focus by tuning the frequency of the AC signal
applied to the TLCL. The amplitude of the signal
was kept steady at VRMS = 23 V. The precisely
known mechanically out-of-focus distance was put in
correspondence with the optical compensatory shift
generated by the TLCL. The shift values presented
in Figure 3D were directly proportional to the OP
variation presented in Figure 3B. The initial shift of
–1.5 ± 0.1 μm at 1 kHz was increased by gradually
varying the frequency until the saturation value of
74 ± 3 μm in water and 53 ± 2 μm in air at 17 kHz
was reached. These experiments indicated that the
electrical tuning of TLCL’s OP allows for motionfree focal shift and that the focal shift is larger in the
water as compared to the air.
Fluorescent polystyrene divinylbenzene microspheres ≈ 1 μm in diameter were used to evaluate
the resolution of the final imaging system composed
of the optical probe, objective, camera, etc. (Figure 4). Microspheres were uniformly distributed on

microscope slide using spin coating technic and covered with 4 μm thick cover glass. Imaging GRIN lens
was placed approximately at 130 μm in the water or
95 μm in the air, above the sample. Fifteen images
were captured, with a 3 μm space between consecutive images (for a total of 45 μm in depth). The scan
was performed with at least four different microspheres. The point spread function (PSF) [30] was
analyzed using ImageJ software. Three different
measurement modes were used: the Reference mode
consisted of a mechanical scan performed using a
motorized actuator axially moving the entire set-up
to generate the 3D PSF stack. The TLCL in this
imaging configuration was replaced by a simple cover glass of equivalent thickness (500 μm). The Mechanical mode consisted of the same imaging mode
as in the Reference mode but was performed using a
TLCL with no noticeable OP. The Electrical mode
consisted of electrically shifting the focal plane (with
no mechanical intervention) by tuning the TLCL OP
by increasing the frequency of the drive signal from
1 kHz to 15 kHz at a fixed voltage (VRMS = 23 V),
with the microspheres located in a focal plane at
9 kHz. The experimental data in Table 1 show that
the electrical focal shift technique provided equivalent lateral (x, y) and axial (z) resolutions compared
to the Reference and Mechanical modes.
Having confirmed that our imaging system performed well for adaptive electrical tuning in depth,
we imaged OB interneurons (granule cells) at different focal planes in 100 μm thick brain sections in the
reflectance fluorescence configuration as shown on
Figure 2A, with the excitation light set at 488 nm
and the emission peak at 514 nm. Imaging GRIN
lens was positioned in air and an electrical scan was
performed by increasing the TLCL drive frequency
from 3 kHz to 13 kHz at a fixed voltage (VRMS =
23 V). At 5 kHz (Figure 5, top left), all the neurons
in the field of view were out of focus. At 7 kHz (Figure 5, top right), the image contained one in-focus
neuron in the center (indicated with a red arrow)
while all the other neurons remained out of focus.
Increasing the frequency to 10 kHz brought the

Figure 4 Characterization of the optical resolution of the assembly in water. Driving the TLCL with frequencies ranging
from 1 to 17 kHz performed the electrical scan. The fluorescent micro-spheres were perfectly focused at 9 kHz. Lateral (A)
and axial (B) resolutions are shown. Error bars are standard deviation values.

© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biophotonics-journal.org

J. Biophotonics (2016)

9

Table 1 Resolution table with mean and standard deviation values for four fluorescent microspheres with three different imaging configurations.

X
Y
Z

Mechanical
(μm)

Reference
(μm)

Electrical
(μm)

1.35 ± 0.12
1.28 ± 0.08
14.4 ± 0.9

1.49 ± 0.13
1.44 ± 0.14
15.2 ± 0.5

1.52 ± 0.14
1.29 ± 0.19
15.6 ± 0.5

other neurons into focus (Figure 5, bottom left)
while the neuron that was in focus at 7 kHz was out
of focus. Lastly, at 13 kHz, all the neurons were out
of focus (Figure 5, bottom right).
We then assessed the ability of our system to image even smaller neuronal structures such as dendritic spines of OB granule cells. As can be seen in Figure 6B–E, the spines (in the yellow square) were
clearly visible at 5 kHz, were distinguishable from
the background at 7 kHz, and were completely out
of focus at 3 kHz and 10 kHz. We measured the
intensity profiles of the spines at different driving
frequencies. The spines were clearly represented by
the intensity spikes (Figure 6E) when the image was
perfectly focused at 5 kHz (Figure 6B, C). At 7 kHz,
the intensity contrast dropped and returned to baseline background levels at 3 kHz and 10 kHz.

Having shown that our system can be used for
motion-free adaptive imaging at variable focal
planes in brain sections, we performed in vivo imaging in the cortex of GAD67-GFP mice. Electrically
tuning the TLCL using a fixed voltage (VRMS =
23 V) and a variable driving frequency (from 3 kHz
to 15 kHz) made it possible to perform motion-free
imaging of interneurons at different focal planes. At
3 kHz, the image (Figure 7, top left) contained some
interneurons that were in focus (red arrows). At
8 kHz (Figure 7, top right), the other interneurons
were brought into focus (red arrows). Increasing the
frequency to 12 kHz brought other neurons into focus, but the neurons that were in focus at 8 kHz
went out of focus (Figure 7, bottom left). At 15 kHz,
the image contained other interneurons that were in
focus (Figure 7, bottom right) while the neurons that
were in focus at 12 kHz were out of focus.

Figure 5 Imaging granule neurons
in the adult olfactory bulb in thick
brain sections. The red arrows indicate focused neurons. Using 5 kHz
as the starting position, the shifts
for 7 kHz, 10 kHz, and 13 kHz
were 10.0 ± 0.6 μm, 23 ± 1 μm, and
37 ± 2 μm, respectively.

www.biophotonics-journal.org
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Figure 6 Imaging dendrites and
spines with the optical probe assembly. (A) Imaging different dendritic segments of the same neuron
by tuning the focal plane from
4 kHz to 9 kHz. The red arrows indicate focused dendritic segments.
Defining 4 kHz as the starting position, the spatial shifts for 5 kHz,
7 kHz, 8 kHz, and 9 kHz were 5.0 ±
0.3 μm, 15 ± 0.6 μm, 21 ± 0.7 μm
and 27 ± 0.8 μm, respectively. (B)
Grayscale image of focused spines.
(C) Two-time zoomed images of
the spines in (B). (D) Images of
spines at different depths during
the electrical scan. Defining 3 kHz
as the starting position, the shifts
for 5 kHz, 7 kHz, and 10 kHz were
7.0 ± 0.3 μm, 17.0 ± 0.6 μm and
33 ± 1 μm, respectively. (E) Intensity profile along the yellow line
in the center of (C).

Since GFP expression in GAD67-GFP mice is
not very strong and does not allow to image neuronal dendrites, we also performed in vivo imaging in
animals with virally-labeled cells. To this end, we imaged virally labeled periglomerular cells in the OB.
The endoscopic imaging system was positioned at
the surface of the OB and electrical tuning of TLCL
from 1 kHz to 15 kHz allowed imaging of soma and
dendrites of OB interneurons at different focal
planes. At 1 kHz, the image contained OB interneuron had out-focused dendrites (Figure 8A–B, left). Increasing the frequency to 8–9 kHz brought the dendrites of these cells into focus (Figure 8A, middle
and Figure 8B, rigth). At 15 kHz, the dendrites went
again out of focus (Figure 8, right). These results
confirmed that adaptive motion-free imaging combined with the electrical tuning of TLCL scan can be
used in vivo to monitor cells and their dendrites at
different focal planes.
We designed an adaptive imaging system that uses
polarizer-free, motion-free electrical tuning of the focal plane to perform in depth imaging. The OP variation, polarization insensitivity, and dynamic aber© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

rations of the system were very good. As expected,
the OP of the system increased with the increase in
the driving voltage and the frequency. We used 23 V
as the operating voltage. However, it must be noted
that the TLCL can be further optimized. For example, the same OP may be achieved with different
voltage and frequency combinations that correspond
to different types of aberrations of the TLCL. As
such, this approach can be used to optimize the total
aberrations of the endoscopic assembly.
The performance of our imaging system can also
be further optimized by using thinner middle substrates that would decrease (see Eqs. (2), (3)) the effective voltage threshold (Uth ≈ 3.27 V) and operational voltage (≈ 23 V). Large 30 μm thick glass panels are becoming commercially available and could
be used to decrease the threshold value to
Uth ≈ 1.8 V, which is very close to the “natural”
threshold (Vth ≈ 1.2 V) of the NLC. This would lower the driving voltages (≤5 V) required to operate
the lens, which could then be battery powered.
Decreasing the thickness of the middle substrate
would also further reduce polarizational aberrations.

www.biophotonics-journal.org
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Figure 7 Motion-free
variabledepth in vivo imaging of interneurons in the adult mouse cortex.
Imaging of interneurons at different focal planes in the cortex of
GAD67-GFP mice. The red arrows
indicate focused neurons. Defining
3 kHz as the starting position, the
spatial shifts for 8 kHz, 12 kHz, and
15 kHz were 31 ± 1 μm, 56 ± 2 μm,
and 69 ± 3 μm, respectively.

Figure 8 Motion-free variable-depth in vivo imaging of
interneurons in the adult OB. (A). Defining 1 kHz as the
starting position, the spatial shifts for 8 kHz and 15 kHz
were 34 ± 1 μm and 72 ± 3 μm, respectively. (B). Defining
1 kHz as the starting position, the spatial shifts for 9 kHz
was 43 ± 2 μm.

www.biophotonics-journal.org

It should be mentioned, however, that the z resolution (15.6 ± 0.5 μm) of the current imaging assembly
is not limited by this type of aberration.
We performed imaging in thick adult mouse
brain sections and in vivo in the adult mouse brain
to show that our imaging system (incorporating a
TLCL between two GRIN lenses) can be used for
motion-free depth imaging that can allow a better
understanding of the morpho-functional properties
of neural networks in vivo under normal and pathological conditions. The GRIN and TLCL assembly
can be easily incorporated into miniature headmounted microscopes, which would make it possible
to image the morpho-functional properties of neural
networks at variable depth in freely moving animals.
Our proof-of-principle experiments showed that our
assembly can focus on neurons located at different
depths by maintaining the GRIN lens in a static position and electrically tuning the TLCL lenses. Not
only does TLCL tuning allow a 74 ± 3 μm focal shift
to image neurons located at different depths, it also
makes it possible to image dendrites at different focal plans and visualize spines. It should be noted that
while spines were clearly visualized in vitro, in the
acute OB slices, in vivo imaging was performed on

© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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neurons that do not have spines. Since, however the
axial resolution of GRIN and TLCL assembly remains low, not all spines can be reliably identified
and imaged. Altogether, the described imaging system offers great promise for implementation in miniature head-mounted microscopes to perform 3D
imaging in freely behaving animals.

4. Conclusion
We designed an adaptive imaging system that offers
several key advantages. The electrically variable LC
lens geometry (the symmetry) and the driving mode
allow for easy fabrication, simple control, relatively
low voltages and polarizer-free operation. The lens
also makes it possible to dynamically control the
depth of focus with a lower driving voltage and to
eliminate the polarizer, significantly increasing the
energy efficiency of the system (both for excitation
and imaging) which enhances its potential for use in
freely moving animals. The imaging system may enables time-resolved variable-depth imaging of the
neural circuitry in freely moving animals, giving unprecedented access to the intricate details of the
functioning of the brain in health and disease.
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