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Clinical Study

Voluntary driven exoskeleton as a new tool for rehabilitation
in chronic spinal cord injury: a pilot study
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M. Aach et al. / The Spine Journal 14 (2014) 2847-2853
METHODS: Subjects performed standardized functional testing before and after the 90 days of

RESULTS: Highly significant improvements of HAL-associated walking time, distance, and speed
were noticed. Furthermore, significant improvements have been especially shown in the functional
abilities without the exoskeleton for over-ground walking obtained in the 6MWT, TUG test, and the
10MWT, including an increase in the WISCI II score of three patients. Muscle strength (LEMS)
increased in all patients accompanied by a gain of the lower limb circumferences. A conversion
in the AIS was ascertained in one patient (ASIA B to ASIA C). One patient reported a decrease

CONCLUSIONS: Hybrid assistive limb exoskeleton training results in improved over-ground
walking and leads to the assumption of a beneficial effect on ambulatory mobility. However,
evaluation in larger clinical trials is required. © 2014 Elsevier Inc. All rights reserved.

Exoskeleton; Treadmill training; Rehabilitation; Paraplegia; Hybrid assistive limb; Spinal cord injury
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Abstract

BACKGROUND CONTEXT: Treadmill training after traumatic spinal cord injury (SCI) has
become an established therapy to improve walking capabilities. The hybrid assistive limb (HAL)
exoskeleton has been developed to support motor function and is tailored to the patients’ voluntary
drive.

PURPOSE: To determine whether locomotor training with the exoskeleton HAL is safe and can
increase functional mobility in chronic paraplegic patients after SCIL.

DESIGN: A single case experimental A-B (pre-post) design study by repeated assessments of the
same patients. The subjects performed 90 days (five times per week) of HAL exoskeleton body
weight supported treadmill training with variable gait speed and body weight support.

PATIENT SAMPLE: Eight patients with chronic SCI classified by the American Spinal Injury
Association (ASIA) Impairment Scale (AIS) consisting of ASIA A (zones of partial preservation
[ZPP] L3-S1), n=4; ASIA B (with motor ZPP L3-S1), n=1; and ASIA C/D, n=3, who received
full rehabilitation in the acute and subacute phases of SCI.

OUTCOME MEASURES: Functional measures included treadmill-associated walking distance,
speed, and time, with additional analysis of functional improvements using the 10-m walk test
(10MWT), timed-up and go test (TUG test), 6-minute walk test ((MWT), and the walking index
for SCI II (WISCI II) score. Secondary physiologic measures including the AIS with the lower
extremity motor score (LEMS), the spinal spasticity (Ashworth scale), and the lower extremity

circumferences.
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Introduction

About 1,200 people suffer a traumatic spinal cord injury
(SCI) each year in Germany. Recent statistics indicate that
more than 50% of these injured patients have a motor
incomplete lesion [1]. In patients with initial motor
incomplete SCI, at least 75% regain some kind of
ambulatory function. Better functional outcome is
associated with age, level of lesion, and the classification
in the American Spinal Injury Association (ASIA)
Impairment Scale [2]. In the first 2 months after initial SCI,
approximately half of the recovery occurs. Within the
following 4 months, a decreasing rate of recovery has been
observed. One year after injury, neurologic recovery is as-
sumed to be nearly complete [3]. Although conventional re~
habilitation programs enhance the performance of functional
tasks, the loss of strength and coordination substantially limit
one’s capacity for over-ground ambulation training {4]. In the
past two decades, body weight supported treadmill training
(BWSTT) has been proposed as a useful adjunct to enhance
locomotor function after motor incomplete SCI [5]. In pa-
tients with incomplete or complete SCI, a bilateral leg muscle
activation combined with coordinated stepping movements
can be induced in partially unloaded patients, standing on a
moving treadmill. Body weight supported treadmill training
enables early initiation of gait training and integration of
weight-bearing activities, stepping and balance, by the use
of a task-specific approach and a systematic gait pattern
[6]. To facilitate the delivery of BWSTT in SCI patients,
the locomotor training evolved over the last 12 years and a
motorized robotic driven gait orthosis (DGO) has been
developed [7]. The advantages over conventional BWSTT
methods are considered to be less effort for attending
physiotherapists [8], longer duration, more physiologic and
reproducible gait patterns, and the possibility to measure a
patients’ performance. Several studies pointed out that
DGO training improves over-ground walking [9-13].
However, there was no reported difference in the outcome
of DGO training compared with conventional training.
A significant switch in the ASIA classification has not been
found [10,14].

Over the last 5 years, exoskeletal systems became
available for SCI patients. These systems offer different
possibilities. Three exoskeletons (Ekso [EksoBionics, Rich-
mond, CA, USA], Rex [Rex Bionics, Aukland, New Zea-
land] and Re-Walk [ARGO Medical Technolgies, Israel])
allow SCI patients to stand up, walk with a defined pattern,
and even climbing stairs mainly on a basis of passive range
of motion (ROM). The exoskeleton hybrid assistive limb
(HAL; Cyberdyne, Inc., Japan) offers the possibility of get-
ting connected with the SCI patient through electromyogra-
phy electrodes on the skin at the extensor/flexor muscle
region of the lower extremities. This allows voluntary ma-
chine supported ROM of incomplete SCI patients by using
minimal bioelectrical signals, recorded and amplified from
hip and knee flexors and extensors [15-17]. More recently,
these various exoskeletal systems allow the patients mobi-
lization outside the treadmill. A former study by Kawamoto
et al. [ 18] concerning locomotion improvement using HAL
in chronic stroke patients, emphasized the feasibility for re-
habilitation of these particular patients.

The aim of this pilot study was to evaluate the possibil-
ities of exoskeletal locomotor training (HAL; Cyberdyne,
Inc.) under voluntary control and identify beneficial effects
on functional mobility of the patients. The hypothesis was
that exoskeleton treadmill training is feasible and safe in
application and capable of improving ambulatory mobility
in chronic SCI patients.

Materials and methods
Patients

We enrolled eight patients (two women, six men). The
meanzstandard deviation age at the time of enrollment
was 48:9.43 years. All patients were in the chronic stage
of traumatic SCI according to the time since injury of 1
to 19 years (97.2%+88.4 months). Inclusion criteria were
traumatic SCI with chronic incomplete (ASIA B/C/D) or
complete paraplegia (ASIA A) after lesions of the conus
medullaris/cauda equine with zones of partial preservation.
Independent of ASIA classification, the enrolled patients
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must present motor functions of hip and knee extensor and
flexor muscle groups to be able to trigger the exoskeleton.
Exclusion criteria were as follows: nontraumatic SCI, pres-
sure sores,. severe limitation of ROM regarding hip and
knee joints, cognitive impairment, body weight more than
100 Kg, nonconsolidated fractures, and mild or severe heart
insufficiency. Two patients suffered from an incomplete
thoracic SCI (ASIA C/D) from 3 to 13 years. Two patients
suffered from an incomplete lumbar SCI (ASIA B/C) from
12 to 13 months and four patients had a complete SCI with
zones of partial preservation in L3-S1 after lesions of the
conus medullaris. The classification according to the ASIA
was carried out before the treadmill training was initiated.
The study was approved by Ethical Board Committee of
Bergmannsheil Hospital and the University of Bochum
and followed strictly the declaration of Helsinki.

All patients provided written informed consent. The study
design was a single case experimental A-B (pre-post) design
by repeated assessments of the same patients (Table 1).

Intervention

During this study, the patients underwent a BWSTT five
times per week using the HAL exoskeleton (Cyberdyne,
Inc., Japan). The study was performed between June 2013
and September 2013 in the BG University Hospital
Bergmannsheil, Bochum.

Neither adverse nor severe adverse events occurred
during the intervention.

The exoskeleton

The HAL robot suit (Cyberdyne, Inc., Japan) is an
exoskeleton with a frame and robotic actuators that attach
to the patients’ legs. The joint movement is supported by
electric motors. Voluntary initiated minimal bioelectrical
signals recovered from extensor and flexor muscles of hip
and knee are detected via electromyography electrodes
(Fig. I).

Through a cable connection between the exoskeleton
and patient, this system allows voluntary robotic supported
ROM (cybernic voluntary control mode). Also a passive,
nonvoluntary ROM (cybernic autonomous control mode)
is possible (Fig. 2).

The treadmill

The treadmill system (Woodway USA, Inc., Waukesha,
WI, USA) includes a body weight support system with a
harness. The speed can be adjusted from 0 Km/h to approx-
imately 4.5 Kimv/h. During treatments, the velocity of the
treadmill was set individually between comfortable and
maximum speed tolerated by the patients. Approximately
50% of each patient’s body weight needed to be supported
by the harness system, individually reduced during the fol-
lowing sessions as tolerated without substantial knee buck-
ling or toe drag.

The training

The patients underwent a 90-day period of HAL
exoskeleton (Cyberdyne, Inc.) training (five per week),
including a mean number of sessions of 51.75+5.6. The
training was performed on a treadmill with individually
adjustable body weight support and speed, recording
walking speed, time, and distance. It included a 10-m walk
test (LOMWT) before and after each session and regular phys-
iotherapy that lasted approximately 90 minutes. The training
was supervised by a physiotherapist and a medical doctor.

Measurements

Walking capabilities and neurologic status
All patients were assessed on admission by medical
doctors involved in this trial. The outcomes were assessed

Table 1
Subject demographics and clinical characteristics
Time

Age since WISCI
Case Sex (y) trauma, y Etiology Level ASIA/ZPP II Ashworth
1 M 40 13 #T1/T8 T8 C 13 4
2 M 63 1 #TI12 L1 B3 6 0
3 M 36 LlI6 #TI/TI2 TI2 AA3 6 0
4 F 55 108 #L1 L C 13 0
5 M 42 16 #L1 L1 A3 9 0
6 M 52 10 #L3 L2 AL3 6 0
7 F 40 19 #L1 TI1 A/SI 9 0
8 M 53 3 #TI2 TI2 D 18 0

M, male; F, female; #, fracture; ASIA, American Spinal Injury
Association; ZPP, zones of partial preservation; WISCI, walking index
for spinal cord injury; T, thoracic; L, lumbal; S, sacral.

P
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Fig. 1. Positi of the el
extensor and flexor muscles.

yography el des on the knee

by physiotherapists neither involved in the study design nor
analysis after 45 days and on discharge from the training
period. An assessment through the ASIA classification

Fig. 2. Patient performing treadmill locomotion training with body
weight support and hybrid assistive limb exoskeleton.

i

S

was already done on admission and on discharge from
the SCI department, Bergmannsheil, Bochum, within the
initial therapy after acute SCI. The 10MWT, done before
and after each session, detected the needed time, the num-
ber of steps, and the required assistance to walk a 10 m dis-
tance [19.20]. The timed-up and go test (TUG test)
describes the time and assistance required for standing up
from the wheelchair, walk 3 m, turn around, walk back,
and sit down. It was performed every 2 weeks. The 6-
minute walk test (6MWT) was done at the beginning, at
half time, and at the end if possible, depending on the pa-
tient. It evaluates the distance and assistance while walking
for 6 minutes [21]. The main outcome was the functional
motor assessment by the walking index for SCI I (WISCI
1) [22.23]. The WISCI II score is a 20-item scale, measur-
ing the walking capabilities of a patient based on the re-
quirements of assistance because of walking aids,
personal assistance, or braces. Grade 0 means that the pa-
tient has neither standing nor walking abilities. Grade 20
means that no assistance is needed to walk a distance of
10 m. The neurologic status was assessed using the ASIA
Impairment Scale modified from the Frankel classification
and classifies motor and sensory impairments that result
from a SCI [3]. The lower extremity motor score (LEMS)
acquired in this study was obtained by the addition of the
impairment scores (0-5) of the lower extremity key
muscles of both sides. Muscle volume was assessed by
manual measurements, 20/10 ¢m above and 15 cm below
inner knee gap.

Statistical analysis

Descriptive analysis of the demographic and injury
characteristics was done using frequency distribution
for categorical data and mean for continuous variables.
Differences between pre- and posttraining sessions were
assessed by a paired ¢ test (for continuous variables).
Treatment effects on functional performance as the WISCI
II are all ordinal scales. Medians were used as descriptive
statistics for these outcomes, and nonparametric tests were
used to assess the relative effect of the treatments.

Results were considered statistically significant when
the p value was =.05.

Results
Treadmill associated results

All patients improved in treadmill training by using HAL
(Cyberdyne, Inc., Japan). The mean walking speed increased
from 0.91+0.41 m/s (0.5-1.8 m/s) in the first session up to
1.59%0.5 m/s (0.8-2.1 m/s) in the last session after 3 months.
The progress in speed after 6 weeks of training was lower
than in the first weeks. The range was located between 0
km/h and 0.8 km/h. The mean walking time at the beginning
was 12.37x4.55 minutes. The average walking time at the
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Fig. 3. Changes in treadmill-associated walking distance in pre-, mid-,
and postevaluations. m, median. *pre-post difference, p<.05.

end was 31.97+9.45 minutes. The mean ambulated distance
at the first session was 195.9%2166.7 m and increased to
954.13380.4 m on discharge (Fig. 3).

Functional outcome

Although the mean improvement concerning the WISCI
II score was not statistically significant, three patients
showed functional improvement in gait abilities. Two
subjects needed braces, a walker, and support by a physio-
therapist at the beginning and were able to walk after the
training series only with a walker and braces (WISCI I
score increased from 6 to 9). One patient increased from
9 to 12 and, therefore, was able to walk with two crutches
and a brace compared with a walker and a brace before the
training. At baseline, the mean WISCI II score was 104.3.
At the end of the 90 days trial, the mean WISCI II was
11.13+6.68. Improvements in speed and endurance in
over-ground gait assessments in all participants have been
achieved. The 10MWT showed a significant increase in
mean gait speed at the end of the training period compared
with baseline (0.2820.28 m/s vs. 0.500.34 m/s) (Fig. 4).

The improvement corresponded to a 44% faster walking
than in initial evaluation. It also includes the reduction of

140

%@
>

time in seconds
o
S

pre Gweeks post.

Fig. 4. Changes in 10-m walk test in pre-, mid-, and postintervention
evaluations. m, median. *pre-post difference, p<.05.

10MWT, 10-m walk test; 6MWT, 6-minute walk test; TUG, timed-up
and go; WISCI, walking index for spinal cord injury.

Note: Values are means=standard deviation.

* Pre-post difference, p<.05.

support needed detected by the WISCI II score. The mean
number of steps decreased from 29.8+7.85 to 19.4%3.16.
We observed significant increase in gait speed from pre-
to midtraining and from mid- to posttraining assessments.
Similar results were detected for the TUG test. The mean
time needed for the TUG test decreased from 55.34+32.2
seconds to 38.18+£25.98 seconds. The 6MWT was done
with a constant walking time of 6 minutes without any
break. Only three patients were able to perform the
6MWT before the training with a mean walking distance
of 187+162.2 m. The subjects in this subgroup improved
their performance and increased the walking distance to
287.3+229.4 m. After completing the training, all eight
patients could be evaluated, therefore the overall mean
distance increased from 70.1%130 m to 163.3£160.6 m
(Table 2).

The LEMS increased in all patients. The mean LEMS
before the training increased significantly from 21.75+8.3
to 24.38=7.6 after the intervention (Fig. 5).

40

35

30

25

20

LEM-Score

15

10

pre post

Fig. 5. LEMS in pre- and postevaluation. LEM, lower extremity motor
score; m, median. *pre-post difference, p<.05.

2852 M. Aach et al. / The Spine Journal 14 (2014) 2847-2853

One patient switched in the ASIA scale from ASIA B to
C, he was at the beginning of the training 12 months
posttrauma.

Others

To describe muscle volume, measurements of the
circumferences 10/20 cm cranial of the inner knee joint
gap and 15 cm distal of it have been done before and after
the 90 days of training. Seven participants showed a gain of
muscle circumference from 5 mm up to 50 mm. In one
participant with edema in his lower legs, we observed a loss
of circumference up to 25 mm. One patient suffering from a
thoracic SCI presented a significant spinal spasticity. For
spastic motor behaviors, we used the modified Ashworth
scale to evaluate the involuntary resistance to passive
stretch of the quadriceps muscle group. At pretraining
evaluation, he showed an extensor spasm with high
resistance to passive stretch according to Ashworth 4. After
the training sessions, the resistance was reduced according
to Ashworth 2. This level lasted for about 6 to 8 hours with
a new maximum level at the next morning. All other
patients showed no spastic motor behaviors.

Discussion

The objective of the study was to determine whether
locomotor training with the exoskeleton HAL is feasible
and safe in application, improves functional mobility, and
increases motor functions in chronic paraplegic patients
after SCI. The results obtained revealed a highly significant
improvement for over-ground walking abilities evaluated
by the 10MWT, the 6MWT, and the TUG test and the
partial reduction of physical assistance and walking aids
in the WISCI II score. Muscle strength, measured with
the LEMS increased in all patients.

The results acquired in this clinical trial imply that
HAL-supported locomotion training can improve walking
abilities in terms of speed, gait, and distance. Furthermore,
it improves motor functions.

Thus far there is insufficient evidence and only a few articles
addressing the main hypothesis of this study that locomotor
training improves walking function for patients with SCI [24].

The present study is according to the knowledge of
the authors the first to investigate the impact of
HAL-supported locomotor training in chronic SCI patients,
where referring to the current state of knowledge no further
functional improvements are to be expected.

In the subject population consisting of eight patients
including patients suffering from SCI from 1 to 19 years
(8.03+7.4 years), all patients improved significantly
regarding treadmill-associated walking distance and
speed and functional improvement was detected in the
over-ground walking tests.

Although no significant influence was seen on the
requirements of assistance in the 10MWT, three patients
attained improvement in walking abilities according to the

WISCI II, under condition of a comfortable and stable gait.
A further reduction of assistance was not forced because of
more pathologic gait or higher risk of falling [24].

Although the evidence is still insufficient, the
effectiveness of automated locomotor training using the
DGO in patients with chronic SCI is being investigated
and considered promising in several systematic reviews
including a Cochrane review [25,26]. The results
mentioned previously add to the wealth of that data
presuming that HAL-assisted locomotion training is useful
in terms of functional mobility and a safe adjunct to the
treatment of patient with chronic SCL

Our study had several limitations: the relatively small
number of patients (n=8) and the mixture of complete
and incomplete SClIs.

However, all the patients were treated in the same
facility by the same multidisciplinary team, according to
a standardized protocol.

In summary, our study provides the first data
demonstrating the clinical potential of HAL-locomotor train-
ing based on voluntary drive in patients suffering from
chronic SCI.

It was proven to be a safe device for locomotion therapy
as neither adverse nor severe adverse events occurred.

However, continued research in the form of large
randomized trials to compare the efficacy of HAL-
assisted training with well established, conventional
therapies is necessary.
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Development of an MR-compatible Configurable
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Abstract— In order to evaluate sensory disturbance, a
subjective method is performed, so that the evaluation result is
influenced by subjective factors. fMRI is used for observing
brain activity objectively. Therefore the brain response to a
stimulation measured by fMRI could become a useful
identification tool for the objective evaluation. The purpose of
this study is to develop an MR-compatible sensory stimulation
device capable of providing brush stimulation to several
positions with separate modules, and to confirm the feasibility
of the device by a basic operation experiment and an fMRI
experiment. The developed device consists of both an
MR-compatible stimulator placed inside the MRI room, a

tube-rod mechanism and a driver placed outside the MRI room.

The tube-rod mechanism is adopted for power transmission
from the driver to the stimulator. Also, in order to provide the
stimulation to several positions in the limited space, the device
consists of the stimulation fule and the positioning modul

that moves the stimulation module. For the basic operation
experiment, we measure a variation of the automated and
manual brush stimulation period. For the fMRI experiment,
the brush stimulation is provided to the middle fingertip and
the palm of a subject in a trial using the developed device. As a
result, the standard deviations of the automated brush
stimulation period is less than 7.0 ms. This result was smaller
than that of the manual stimulation period. Also, the brush
stimulation to the fingertip and the palm activated the
somatosensory areas respectively. In conclusion, we confirmed
the feasibility of the developed device through the experiments.

I. INTRODUCTION

Sensory disturbances are caused by lesions of central or
peripheral nervous system, and too little sensation, numbness,
too much sensation or paresthesias are common symptoms.
In order to evaluate the sensory disturbance, a subjective
method is performed, in which the patient answers yes or no
orally to a stimulation given by a doctor. Therefore the
evaluation result is greatly influenced by subjective factors
[1]. The objective evaluation method could contribute to
more detailed and correct diagnosis.

fMRI(functional magnetic resonance imaging) is used to
investigate the response to sensory stimulation objectively
[2]-[4]. fMRI can measure brain activity noninvasively and

K. Murata is with Cybernics Laboratory, Systems and Information
Engineering, University of Tsukuba, Ibaraki 3058573 JAPAN
(corresponding author to provide phone and fax: +81-29-853-2883; e-mail:
murata at golem.kz.tsukuba.ac.jp).

A. Matsushita, K. Saotome and H. Kawamoto are with Center for
Cybernics Research, University of Tsukuba, Tsukuba, Ibaraki 3058573
JAPAN (e-mail: akira at ccr.tsukuba.ac.jp, saotome at ccr.tsukuba.ac.jp,
kawamoto at golem.kz.tsukuba.ac.jp).

Y. Sankai is with Cybernics Laboratory, Faculty of Engineering,
Information and Systems, University of Tsukuba, Ibaraki 3058573 JAPAN
(e-mail: sankai at golem.kz.tsukuba.ac.jp).

with high spatial resolution. Therefore fMRI is widely used
in neurological field. Stimulating human bodies activates the
somatosensory area of the cortex. The activation measured by
fMRI could become a useful identification tool for evaluating
the sensory disturbance objectively.

In previous studies about a brain activity, when a sensory
stimulation is provided, the stimulation is provided manually
inside of the MRI room [5]-[7]. The manual stimulation
causes an examiner dependent spatial and temporal variance.
Using an automated sensory stimulation device might solve
this problem. However, use of the devices containing metals
and magnetic materials is restricted, because the inside of the
MRI room is a high magnetic field environment. Therefore,
developing a specialized MR-compatible device is essential.

In the traditional method of evaluating sensory
disturbance subjectively, a variety of stimulation are provided
to several positions for identifying affected areas and nerves.
In the examination of light touch sensation and pain sensation,
brush stimulation and pin prick stimulation are usually used
[8]. Therefore we adopt those stimulations for use inside of
the MRI room.

Among MR-compatible sensory stimulation devices that
can provide those mechanical stimulations, a brush
stimulation device [9] and a pin stimulation device [10] have
been reported. These devices provide only one kind of
stimulation respectively. Moreover, the brush stimulation
device is limited to one position per setup [9]. The pin
stimulation device can provide several positions by parallel
systems [10], but an increase of stimulus varieties and
stimulation positions makes the device big and complicate.
The upsizing of the device should be avoided because the
inside of the MRI is narrow. In order to provide some kinds
of stimulation to several positions, separating stimulation
module and positioning module that moves the stimulation
module could be useful.

In this study, we focus the brush stimulation as the
stimulation module. The purpose is to develop an
MR-compatible sensory stimulation device capable of
providing brush stimulation to several positions with separate
modules for positioning and stimulation, and to confirm the
feasibility of the device by a basic operation experiment and
an fMRI experiment.

II. MR-COMPATIBLE SENSORY STIMULATION DEVICE

A. Concept of the Stimulation Device

Since fMRI uses a high magnetic field, a use of
electromagnetic actuators, electrical circuits and computers
inside the fMRI room is strictly limited. Therefore it is

necessary to develop a stimulation device which is un
affected by high magnetic field.

In this study, the concept of the MR-compatible sensory
stimulation device is to consist of three parts, a stimulator
inside the MRI room, a tube-rod mechanism and a driver
outside the MRI room. An overview of the sensory
stimulation device is shown in Fig.1. The stimulator and the
tube-rod mechanism are composed entirely of non-magnetic
and non-metallic materials. The driver includes actuators and
control circuits. The tube-rod mechanism is adopted for the
power transmission from the driver to the stimulator. The
tube-rod mechanism is composed of a tube and a flexible rod
[11]. By pushing and pulling the rod through the tube,
mechanical power is transmitted. Therefore, by using the
MR-compatible stimulator and the tube-rod mechanism, the
sensory stimulation device is available structurally inside the
MRI room.

B. System Design of the Stimulation Device

The system configuration of the developed prototype
sensory stimulation device is shown in Fig. 2. This device is
composed of two modules, a brush stimulation module and a
positioning module. Actuators (a linear actuator and a
stepping motor) of the driver are controlled by a
microcomputer in a control circuit. The parameters for
controlling the driver are sent from the PC to the
microcomputer by using serial communication. The driver
receives the MRI scan signal. Therefore the device can start
and stop the stimulation automatically in synchronization
with the MRI.

C. Brush Stimulation Module

The configuration of the brush stimulation module is
shown in Fig. 3. A linear actuator drives the tube-rod
mechanism that transmits a mechanical power from the driver
to the stimulator, By reciprocating the linear actuator, the rod
in the tube is pushed and pulled; it drives a pinion mechanism,
and provides brush stimulation to the human skin. The
tube-rod mechanism consists of PTFE tube and acrylic rod.
The length of the tube-rod mechanism is about 6m,
considering the MRI room we use.

D. Positioning Module

The configuration of the positioning module is shown in
Fig. 4. The stimulation unit is moved by using two tube-rod
mechanisms. The stimulation part of the brush stimulation
module is attached to a stimulation unit of the positioning
module. The stimulation position is changed by moving the
stimulation unit. A stepping motor and a timing belt drive the
two tube-rod mechanisms in parallel. A rod is pushed and the
other is pulled synchronously. In order to detect the position
of the stimulation unit, a two channels optical linear encoder
is equipped in the stimulator. The linear encoder is composed
of a slit, red LEDs, phototransistors and optical fibers.
Because both the slit and the optical fibers used inside MRI
room are made of non-magnetic and non-metallic materials,
this encoder system is MR-compatible. By using the encoder
signal, the feedback control of the stimulation unit is possible
with Imm resolution.

Inside of the MRI room l OQutside of the MRI room

(High magnetic field)

PC

Stimulator
{non-magnetic and non-metallic
materials)

Driver

Tube-Rod Mechanism {Actuators, Circuits)

(non-magnetic materials)

Figure 1. Overview of the sensory stimulation device composed of an
MR-compatible stimulator, a tube-rod mechanism and a driver. The
stimulator is placed inside the MRI room and the driver is placed outside
the MRI room. The tube-rod mechanism is adopted for the power
transmission from the driver to the stimulator.

s Tube-Rod Mechanisms (Plastic)
s Optical Fibers
wems Conductor Leads

Outside of the MRI Room

—Driver
(s ]
e Slepping Motor l';»w

Inside of the MRI Room

-S( imulator
Brush Stimulation Module

Positioning Module - [~
. J
Cwm -

Figure 2. System configuration of the sensory stimulation device. The
driver is controlled by PC. The driver receives the MRI scan signal. Since
MRI uses a high ic filed, p using ic and metallic
materials: a motor, a linear actuator, and a control circuit are included in the
driver. The device is composed of two modules, a brush stimulation module
and a positioning module.

Outside of the MRI Room Inside of the MRI Room

= m w { Stimulation Part [= = =

Rack

Table of Linear Actuator 4

Linear Actuator

Figure 3. Configuration of the pin stimulation module. By reciprocating
the table of the linear actuator, the stimulation head is pushed to human skin
and pulled through the rod in the tube repeatedly.
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Outside of the MRI Room

Timing Pulley Tube (6 m)

Stepping Motor  Timing Belt

Figure 4. Configuration of the positioning module. The stepping motor
drives 2 rods in the tubes at a time, and the stimulation unit is driven
linearly. The position of the stimulation unit is detected by the linear
encoder.

III. EXPERIMENT

In this study, we perform a basic operation experiment
and an fMRI experiment for confirming the feasibility of the
developed device.

A. Basic Opei'ation Experiment

A basic operation experiment is performed to evaluate the
performance of the brush stimulation module of the
developed device.

In this device, the brush stimulation is provided by
reciprocating the brush. The variable parameter of this brush
stimulation is the frequency. Therefore we examine the
modulation performance of the frequency of the brush
stimulation. Moreover, to  examine the stability of the
automated brush stimulation, we measure and compare a
variation of the automated brush stimulation frequency of the
developed device and a variation of the manual brush
stimulation frequency. This experiment is conducted in the
laboratory environment that separated the stimulator and the
driver 6m. This 6m distance is the same as the condition in
which the MRI experiment is conducted. To measure the
frequency of the brush stimulation, in the case of the
automated stimulation using the device, an experimental
system shown in Fig. 5 (a) is used. And, in case of the
manual stimulation, an experimental system shown in . Fig. 5
(b) is used. A douser is attached in the stimulation head
instead of a brush. A photo interrupter (CNZ1023, Panasonic)
detects a moment that the douser passes through, and the
period of the brush stimulation is calculated. In the case of
automated stimulation, the input frequency is adjusted from
1Hz to 5Hz in steps 1Hz. In the case of manual stimulation,
participants are given the reference of the frequency (1Hz,
3Hz and 5Hz) using a metronome. Three times of a 30
seconds measurement are performed, and an average and a
standard deviation of the period are calculated. Experiment
participants who perform manual brush stimulation are 5
participants.

B. fMRI Experiment

In fMRI experiment, we verify that the brush stimulation
of the developed device activates somatosensory areas.

Since the part used inside MRI room of the developed
device is composed of non-magnetic and non-metallic
materials, the device does not affect MR images and is not
affected by high magnetic field of MRI. Therefore the safety
of the device for MRI is secured structurally. In this
experiment, the providing stimulation is 2Hz brush
stimulation to right middle fingertip and right palm of a
healthy subject alternately as shown in Fig. 6. A diagram of a
task sequence is shown Fig. 7. A task consists of 30 seconds
stimulation to a middle fingertip following 30 seconds rest
then 30 seconds stimulation to a palm following 30 seconds
rest. At the each rest, stimulation unit is moved from the
palm to the fingertip or from the fingertip to the palm. The
task is repeated 4 times in a trial.

In this experiment, the head of the subject is fixed by
using sponges and headphone attached to the MRI. The
subject lies supine and equipped the stimulator with right
hand. Putting cushions under the right arm, the subject had
relaxed posture. The environment of the experiment is shown
in Fig. 8. And the subject’s hand equipped with the
developed stimulator is shown in Fig. 9. The fMRI
experiment is performed in University of Tsukuba, on a 3.0T
MRI (Achieva 3.0T TX Release 3.2.1.1, PHILIPS) equipped
with a 32 channel SENSE head coil. In order to secure the
enough safety of the subject, this experiment is performed
with a radiological technologist and a medical doctor.

MR images obtained by the fMRI experiment are
analyzed using SPM8 (Welcome Department of Cognitive
Neurology, http://www fil.ion.ucl.ac.uk/spm) on MATLAB
(Math Works). Functional images are normalized into
standard stereotactic space using the Montreal Neurological
Institute template (MNI) [12]. A stringent statistical threshold
with family-wise error correction p <0.05 has been applied.

Tube

i

Rod

Photo Interrupter
(b)

Figure 5. Diagram of the experimental system for measuring the period.
The photo interrupter detects a moment that the douser passes through. (a)
is the system in case of the automated stimultion by the developed device,
and (b) is the system in case of the manual stimulation by the participants.

Fingertip

Stimulated Positions

Figure 6. Diagram of the stimulation positions of the fMRI experiment.
The brush stimulation is provided to the middle fingertip and the palm.

Trial

30s
{Move the stimulation unit
to the finger)

3 4 times
(Move the stimulation unit total 8 min
to the palm)

Figure 7. Diagram of the task sequence of the fMRI experiment. A task
consists of 30 seconds stimulation to a middle fingertip following 30
seconds rest then 30 seconds stimulation to a palm following 30 seconds
rest. At the each rest, stimulation unit is moved from the palm to the
fingertip or from the fingertip to the paim. The task is repeated 4 times in a
trial.

Figure 8. Environment of the fMRI experiment. Stimulation is peovided to
right hand of a healthy subject by using developed sensory stimulation
device in the MRI room.

Figure 9. Subject’s hand equipped with the developed stimul The
brush stimulation is provicded to the palm in the MRL

IV. RESULT

A. Basic Operation Experiment

A result of the basic operation experiment is shown
Fig.10. Fig.10 (a) shows the relationship between the input
frequency and the output frequency from 1 Hz to 5 Hz. The
input frequency is the frequency of the linear actuator
movement, and the output frequency is the frequency of the
stimulation head movement. A correlation coefficient
between the input frequency and the output frequency is
0.999. Therefore the frequency of the brush stimulation
module can be linearly controlled between 1 Hz and 5 Hz.

Fig. 10 (b) shows the relationship between the average
and the standard deviation of the period of the manual and
automated stimulation of 1 Hz, 3 Hz and 5 Hz. The standard
deviation of the manual stimulation period is more than 19.3
ms and the standard deviation of the automated stimulation
period is less than 7.0 ms. Therefore the standard deviation of
the automated stimulation period -is less than that of the
manual stimulation period. Moreover, in the case of the
manual stimulation, the standard deviation of the period
increases as the average of the period increases compared
with the automated stimulation.

B. fMRI Experiment

Brain responses of a subject according to the brush
stimulation to the right middle fingertip and the right palm
are shown in Fig. 11 (a) and Fig. 11 (b). Activation of the left
somatosensory area was observed respectively.

V.DISCUSSION

In the basic operation experiment, we examined the
modulation and stability of the brush stimulation frequency in
the environment that separated the stimulator and the driver 6
m. The correlation coefficient between the input frequency
and the output frequency was 0.999. Therefore we verified
that the frequency of the brush stimulation module could be
linearly controlled between 1 Hz and 5 Hz. Moreover, the
standard deviation of the automated stimulation period was
less than that of the manual stimulation period, and we
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Figure 10. Result of the frequency control experiment of the brush stimulation (a) The relationship between the input frequency and the output frequency of
the brush stimulation by the developed device. (b) The relationship between the average of the period and the standard deviation of the period in the brush

stimulation by human and the developed device.

@ ®)

Figure 11. Brain of a subject ding to the brush stimulation
to the right middle fingertip (a) and to the right hand (b). (Family- wise
error corrected p<0.05) Activation of left somatosensory area was observed
respectivel.

Hatl: Guyton and Hall Textbaok of Medical Physiolagy, 12th Edition
Copyriaht © 2011 by Saunders, an imprint of Elsevler, Inc. All rights reserved,

Figure 12. Representation of the difference areas of the body in
somatosensory area [13].

verified that the developed device could provide the brush
stimulation with stable frequency. Thus, whoever performs
the examination, the stable stimulation is available by using
the developed device. This stability is very important for
developing the objective method of the sensory disturbance
with many subjects in the future.

In the fMRI experiment, the brush stimulation was
provided to the middle fingertip and the palm of a subject in a
trial using the developed device. As a result, the stimulation
of the developed device can activate the somatosensory area
in the both cases. Furthermore, positional relationship
between the activated area of the stimulating fingertip and
palm (Fig. 11) is similar to Fig. 12. Fig. 12 shows a
somatotopic organization schematized correspondence of
somatosensory and each part of human body. Therefore the
developed device was able to stimulate the several positions
and we observed the possibility of the somatotopic
organization. Thus, providing the brush stimulation and
moving stimulation position can be realized inside the MRI
room in a trial using the developed device. Those function
could contribute to identifying affected areas of sensory
disturbance.

In this study, the device is separated the stimulation
module and the positioning module. The positioning module
moves the stimulation module, and the device provides the
stimulation to several positions. This configuration would
avoid the upsizing and the complication of the device.
Moreover, the change of stimulus varieties is easy using this
configuration. It is assumed that this configuration is useful
for providing a variety of the stimulation to the various
positions.

VI. CONCLUSION

In this study, we developed a novel MR-compatible
sensory stimulation device capable of providing brush
stimulation to several positions with separate modules for
positioning and stimulation, and confirmed the feasibility of
the device by a basic operation experiment and an fMRI
experiment. In the basic operation experiment, we verified
that the frequency of the brush stimulation module could be
linearly controlled between 1 Hz and 5 Hz and that the
developed device provided brush stimulation of less
frequency variation as compared with that of the manual
stimulation. In the fMRI experiment, we verified that the
brush stimulation to the fingertip and the palm using the

developed device activated the
respectively.

somatosensory —areas

In our future work, we intend to develop other varieties of
stimulation module, for example pin prick and vibration
stimulation. Furthermore, we apply this device to various
subjects and examine the relationship the stimulation of the
device and brain response for developing the objective
method of the sensory disturbance.

ACKNOWLEDGMENT

This study was supported by the "Center for Cybernics
Research (CCR) - World Leading Human-Assistive
Technology Supporting a Long-Lived and Healthy Society"
granted the "Funding Program for World-Leading
Innovative R&D on Science and Technology (FIRST
Program)," initiated by the Council for Science and
Technology Policy (CSTP).

REFERENCES

[11  W.W.Campbell, DeJong's The Neurologic Examination seventh
edition, Philadelphia: Lippincott Williams & Wilkins, 2012, p. 518.

2] E.Disbrow, M. Buonocore, J. Antognini, E. Carstens and H.A.,
Rowley, “Somatosensory cortex: a comparison of the response to
noxious thermal, mechanical, and electrical stimuli using functional
magnetic resonance imaging,” Human Brain Mapping, vol. 6, no. 3,
1998, pp. 150-159.

[3] S.Petra, G. Chris, B. Jonathan, M. Henry, J. Tim, C. lain, B. Chas and
T. Irene, “An fMRI study of cerebral processing of brush-evoked
allodynia in neuropathic pain patients,” Neurolmage, vol. 32, no. 1,
2006, pp. 256-265.

[4] C.L.Reed, R. L. Klatsky and E. Hlgren, “What vs. where in touch: an
fMRI study”, Neurolmage, vol. 25, no. 3, 2005, pp. 718-726.

[51 F.Z. Yetkin, W. M. Mueller, T. A. Hammeke, G. L. 3rd Morris and V.
M. Haug “Functional magneti imaging mapping of
the sensorimotor cortex with tactile stimulation,” Neurosurgery, vol.
36, no. 5, 1995, pp. 921-925.

[6] I. M. Christopher, E. S. Chantal, C. Suzanne, F. Bruce, C. G. Annette,
R. R. Bruce and M. D. Anders, “Segregation of somatosensory
activation in the human rolandic cortex using fMRI,”
Neurophysiology, vol. 84, no. 1, 2000, pp. 558-69.

[71 G.D. lannetti, C. A. Porro, P. Pantano, P. L. Romanelli, F. Galeotti
and G. Cruccu, “Representation of different trigeminal divisions
within the primary and secondary human somatosensory cortex,”
Neuroimage, vol. 19, no. 3, 2003, pp. 906-912.

[8] V.W.Lin, C. M. Bono, D. D. Cardenas, N. C. Cutter, F. S. Frost, M.
C. Hammond, L. B. Lindblom, I. Perkash, R. Waters and R. M.
Woolsey, Spinal Cord Medicine Principles and Practice, New York:
Demos Medical Publishing, 2003, ch 27.

[9] S.J. Graham, W. R. Staines, A. Nelson, D. B. Plewes and W. E.
Mcliroy, “New devices to deliver somatosensory stimuli during
functional MRI,” Magnetic R in Medicine, vol. 46, no. 3,
2001, pp. 436-442.

[10] C. Dresel, A. Parzinge, C. Rimpau, C. Zimmer, A. O.
Ceballos-Baumann and B. Haslinger, “A new device for tactile
stimulation during fMRI,” Neurolmage, vol. 39, no. 3, 2008, pp.
1094-1103.

[11] K. Kishi, M. Fujie, M. Hashizume, 1. Sakuma and T. Dohi,
“MR-compatible Surgical Support Manipulator System with
Rod-driven Instruments,” Journal of Robotics Society of Japan, vol.
27, no. 6, 2009, pp. 652-660 (in Japanese).

(12]) K. . Friston, J. Ashburner, C. D. Frith, J.-B. Poline, J. D. Heather and
R. S. J. Frackowiak, “Spatial registration and normalization of
images.” Human Brain Mapping, vol. 3, vol.3, 1995, pp. 165-189.

[13] E.H.John, Textbook of medical physiology 12th ed, Philadelphi;
Saunders, 2011, p. 576.




- 08T -

ARy MR Vol.xx  No.xx, pp.1~6,200x i

Eliad

BEASITHEBIONRNY PO RVEELE
Oy b Z—Y HAL® 784 D=1
WM OB KM B OEOE B W A ¥ B L om0

Risk Management for Wearable Walking Assistant Robot
A Case Study of Robot Suit HAL® for Well-being

Cota Nabeshima*!, Masahiro Shingu*!, Hiroaki Kawamoto*? and Yoshiyukj Sankai*2*3

In this paper, we provide a essence of the risk management sheet that was used to obtain the world-first certificate of ISO/DIS
13482:2011 for “Robot Suit HAL® for Well-being,” and discuss how it could be applicable to more common wearable walking assis-
tant robots. We hope our experiences and knowledge will help overcoming the so-called “valley of death” towards commercialization

of the personal care robots.
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Table 1 Occurrence frequency and its transfer possibility of (hazard, haz-
ardous situation, harm}

Transfer possibility
TL [ T2 [ T3 [ T4
Occurrence | F1 || EI Fr’ F2’ F2
frequency E2 | FI' | F2 | F2 | F3'
F3| F2 | F2 F3’ F3’
F4{ F2 | F¥ F3’ | F4
Fx, Fx’ are the occurrence frequencies of {hazard, hazardous

situation, harm} as,
x=1: “never,”

x=2: “rare,”

x=3: “occasional,”

x=4: “often.”
Tx is the transfer possibility (avoidability) from {hazard,
hazardous situation} to {hazard, hazardous situation, harm}
as,

x=1: “never” (“easy to avoid”),
x=2: “rare” (“possible to avoid”),
x=3: “occasional” (“difficult”),
x=4: “often” (“impossible™).
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Table 2 Definition of risk level

Severity of harm
S1 | S2 [ S3
Occurrence | F1 I
frequency [F2 i
of harm F3 T
F4ll X
I, I, IL, IV are the risk levels.
Sx is the severity of harm as,
x=1: “no injury,”
x=2: “curable or minor injury”
e.g. cut or scrape of skin,
x=3: “incurable or serious injury”
e.g. loss of fingers or limbs,
x=4: “mortal injury.”
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Table3 A part of the risk sheet for b situation against electrical shock
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a Long-Lived and

Introduction

The primary culture of neuronal cclls plays an important role in
neuroscience, cspecially in studies of their differentiation, nutri-
tional requirements, and synapse formation. The ability to culture
hippocampal neurons for 3-5 wecks, to allow them to become
polarized and mature, extend axons and dendrites, and form
synaptic connections, would be an extremely usclul tool. For
research on individual neurons or subcellular components,
neurons should be plated at low density and maintained with a
chemically defined medium because undefined components, such
as serum, make it difficult to evaluate what factors are influencing
ncuronal growth. There has long been a need for methods
enabling the long-term culture of primary ncurons at low density
in defined, serum-free, medium [1,2,3,4].

However, the lower the cell density, the more difficult it is to
maintain the cultures of primary neurons in serum-free medium.
Neuronal death at low density is caused by a lack of paracrine
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trophic support from adjacent neurons and glia [1]. When plated
at low density (10" cells/cm®), rat primary neurons from
hippocampi or other brain regions typically die within days,
suggesting that neuronal survival is critically dependent on their
density (around 10* cells/cm?) [5,6,7,8,9,4,10].

Co-culture of primary neurons with glial cells is ofien used to
support neuronal survival [6,7,5,11,1,3,12]. However, much like
serum, glial cells are also an undefined experimental variable.
Although Neurobasal medium (Gibco, Life Technologies, Carls-
bad, CA, USA) supplemented with B27 and L-glutamine is
suitable for long-term culture of primary neurons at high density
(=1.6x10" cells/cm®? [8], even these methods barely support the
primary culture of neurons at low densities (< 10" cells/cm®) for 1
month or more, which is still longer than other methods without a
glial feeder layer [5,6,7,1,8,12,13]. At densitics <10* cells/em?,
cell viability or neurite bearing ratio is drastically decreased to 20~
40% within 1 week after plating, whereas with a greater density,

July 2014 | Volume 9 | Issue 7 | 102703

viability can be maintained at a high level (50-100%)
14,5,6,7,8,9,10,14,11,15,16).

In vivo, cells grow on a three-dimensional (3D) extracellular
matrix (ECM), which provides a rough and large surface of
nanofibers; hence, cells grown in vitro should also prefer to be
cultured on 3D, nanofibrous scaffolds [17]. Most cells in 2D
culture, especially neurons, grow, react, diflerentiate, mature and
dic differently than cells in vivo. Many stem cells including
induced pluripotent stem cells and embryonic stem cells can
differentiate normally into neurons only in 3D culture. The 3D
nanofibrous hydrogel PuraMatrix (BD Biosciences, Franklin
Lakes, NJ, USA) is a peptide scaflold that self-assembles into
nanofibers of 7-10 nm in diameter, similar to those comprising the
ECM in vivo. A number of studies have used PuraMatrix
hydrogel as a scaflold for primary neurons or the rat PC12
adrenal pheochromocytoma cell line [18,19]. This hydrogel was
found to be more biocompatible than other scaffolds, such as
Matrigel, and while 100% PuraMatrix decreased the viability of
human neural stem cells, 25% PuraMatrix allowed their normal
differentiation [20].

Low-oxygen conditions should also be replicated in vilro
because the oxygen concentration in vive is lower than that in
air [21,22]. In an effort to experimentally replicate low-oxygen
conditions, the sandwich culture method was first reported [4],
and it is often used in co-culture with glial cells. For many
applications and investigations, it is very important that primary
neurons be cultured under conditions that resemble the i vivo
environment as closely as possible, especially if the researcher is
aiming to determine how neurons behave in vivo.

In the present study, we cultured rat hippocampal neurons
using the sandwich culture technique in combination with
PuraMatrix hydrogel to reproduce in vivo-like conditions, and
we achieved long-term culture (>2 months). This is the first report
of this combination, which has the potential for wide apglication in
neuroscience research. Low-density (<10* cells/em?) neurons
were plated on 3D PuraMatrix hydrogel, sandwiched under a
coverslip, and cultured in Neurobasal medium. The neurons were
exposed to concentrated paracrine factors under low-oxygen,
microgradients of oxygen and other components, or different
microenvironmental conditions. We assessed the viability of
neurons and measured neurite length to determine the best
culture conditions for replicating the in vivo situation. This
determination of in vivo-like culture conditions in which neurites
or axons extend over long distances may be beneficial not only to
fundamental neuroscience rescarch, but also to clinical applica-
tions in regenerative medicine because central nervous system
(CNS) neurons and axons demonstrate a poor regencrative
capacity. Long neurites on PuraMatrix can be considered an
indicator of in vivo-like conditions, because neurite elongation is
promoted by an in vivo-like collagen gel [23].

Materials and Methods

Ethics statements

All procedures with live animals conformed to the ecthical
guidelines established by the Japanese Council on Animal Care
and were approved by the animal care committee of the
University of Tsukuba (Permit Number: 11-324, 12-274).

3D hydrogel

To determine the best concentration of PuraMatrix to use in the
present study, we tested three concentrations (100%, 50%, and
25%) in a preliminary experiment using neuronal-like PC12 cells.
These concentrations were selected because the normal protocol
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for PuraMatrix recommends a concentration range ol 25-100%.
The longest neurites on PC12 cells and primary neurons were
observed when cultured on the 25% PuraMatrix, which was
therefore used for all subsequent studies.

PuraMatrix at a concentration of 25% was prepared by dilution
with tissue culture water (Sigma-Aldrich, St. Louis, MO, USA) at a
ratio of 1:3. Next, 0.5 mL of 25% PuraMatrix was carcfully
dispensed along the sidewalls of the wells of a 12-well tissue
culture-treated multiplate (353043, BD Biosciences), after which
I mL of culture medium was carcfully added to induce gelation.
The multiplate was placed in a 5% CO, incubator for 30 min to
complete gelation. Subsequently, the medium was changed
carcfully two to three times over a period of 1 h to equilibrate
the growth environment to physiological pH from its original pH
of 2-4.

PC12 cell culture

PCI12 cells were purchased from DS Pharma Biomedical Co.,
Ltd. (Osaka, Japan) and maintained in RPMI 1640 medium
(Wako, Osaka, Japan) supplemented with 10% horse serum
(Gibco) and 5% fetal bovine serum (FBS, Equitech-Bio, Inc.,
Kerrville, TX, USA) in tissue culture flasks (Primaria, BD
Biosciences). Cells were dissociated by pipetting and plated on
12-well multiplates with or without PuraMatrix equilibrated with
culture medium as described above. Immediately or 1 day after
plating, nerve growth factor (NGF, 50 ng/mL in medium; BD
Biosciences) was added to the cells o induce neuron-like
differentiation. Cell morphology and neurite length were observed
using an inverted microscope (Ti-S, Nikon, Tokyo, Japan).

Dissection and dissociation of primary hippocampal
neurons

Hippocampal ncurons were isolated from Wistar rat embryos
on embryonic day 18 (E18) or E19. The hippocampi of E18-19
rats are homogenously composed of major pyramidal neurons and
a few glial cells, and arc generally used as a source of primary
neurons [3]. Pregnant female Wistar rats were purchased from
SLC (Shizuoka, Japan).

Approximately 10 fetuses were obtained from each rat, and
whole brains were isolated from the fetuses. About 20 hippocampi
were dissected from the brains under a stereoscopic microscope
using two pairs of fine tweezers. The meninges were carcfully
removed from the hippocampi. All fetuses and tissues were
maintained in minimum essential medium (MEM, Sigma) and
chilled on ice. All subsequent procedures except for incubation
and centrifugation were performed in a laminar flow hood.

Alter dissection, the hippocampi were washed gently with 7—
8 mL of phosphate-buffered saline (PBS, Wako) in a 15-mL
conical tube three times. After washing, 5 mL of a papain solution
and 20-60 pL of deoxyribonuclease I (DNase I, 5 units/pL,
Takara, Shiga, Japan) were added to the hippocampi in the tube,
which were then incubated at 32°C for 12 min. The papain
solution was prepared by dissolving 70 mg of papain (0.5 units/g,
Wako) and 10 mg of ethylencdiamine tetraacetic acid-2Na (Wako)
in PBS to a final volume of 20 mL. The papain solution was
filtered using a 0.2-um filter (Sartorius, Gottingen, Germany),
divided into 5 mL aliquots, and stored at ~30°C. The papain
solution was thawed slowly at 4°C for several hours before usc.

Alter incubation and digestion with the enzymes, hippocampi
were slowly pipetted using a glass Pasteur pipette 12 times, and
then filtered using a wetted cell strainer (40-pm mesh, BD
Biosciences) into'a 50-mL conical tube. The cell strainer was
previously wetted with 10 mL of MEM (Sigma) containing 20%
TBS (Gibco) and 1% N2 supplement (100x, Invitrogen, Life
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Technologies) to prevent nonspecific neuronal cell attachment.
The entire hippocampi suspension was poured through the cell
strainer, and then 10 mL of 20% FBS/N2/MEM was poured on
top to collect neurons remaining on the filter. The total volume of
25 mL was shaken gently to inactivate enzymes, left for 1 min, and
then centrifuged at 180 xg for 10 min. Next, the supernatant was
aspirated, and the pellet was resuspended in the culture medium
described below at a constant cell density of 3x10* cells/mL. This
density corresponded to 8.9%10% cclls/cm? in the 12-well multi-
plates (culture area: 3.38 cm?). Subsequendly, the cell suspension
was plated into the wells of 12-well multiplates in a volume of
I mL per well. Each well had been previously prepared with
0.5 mL of 25% PuraMatrix, so plating was performed gently. Rat
embryonic hippocampal neurons prepared in this way were
cultured at 37°C in a humidified atmosphere with 5% CO2/95%
air.

Culture medium

The basic culture medium used in the present study was
Neurobasal medium (Gibco) containing 2% B27 supplement (50,
Invitrogen) and 0.5 mM L-glutamine (Wako), which is described
as medium #0 throughout this article. Extra supplements were
added to basic medium #0 as described below, according to the
manufacturer’s protocol for Neurobasal medium.

Medium #1: 0.5 mM GlutaMAX I (Invitrogen), which is L~
alanyl-L-glutamine and a dipeptide substitute for L-glutamine, was
added to medium #0 in place of L-glutamine. Because  this
supplement breaks down slowly, medium #0 was used as the
plating medium, and #1 was used after the first medium change.
The protocol for GlutaMAX indicates that it may reduce or
remove the need for medium changes. To verify this, we also
examined an experimental group wherein the medium was
changed only the first three times.

Medium #2: 25 uM L-glutamic acid (Sigma) was added to
medium #0 [9]. Medium #2 was uscd only during plating to
prevent toxicity from glutamic acid. After the first medium
change, medium #0 was used. In some cases, medium #1 was
used after the first medium change, which is described as #2/1.

Medium #3: 25 pM 2-mercaptoethanol (Gibco) was added to
medium #0 [24,25]. This thiol works as a reducing agent, and
may replicate in vivo “conditions, where low oxygen causes
reduction of many chemical substances.

For comparison with basic medium #0, Dulbecco’s Modified
Lagle’s Medium/Ham’s Nutrient Mixture F-12 (DMEM/F12,
Invitrogen) and MEM media’ were also used. DMEM/TF12 was
supplemented with 0.1% bovine serum albumin (BSA, Sigma),
5 ng/mL brain-derived neurotrophic factor (R&D Systems Inc.,
Minneapolis, MN, USA), 1% N2 (50x, Invitrogen), and 2% B27
(Invitrogen). MEM was supplemented with 2% TFBS and 1% N2 as
a low serum medium.

For changes of Neurobasal medium-containing media, medi-
ums #0—#3, half of the medium (0.5 mL per well) was exchanged
twice a week. For changes of DMEM/F12 medium, 25% of the
medium (0.25 mL per well) was exchanged twice a week. Medium
changes were done gently so as not to break the PuraMatrix
hydrogel or disrupt neuronal attachment or neurite extension.

Sandwich culture of primary neurons using PuraMatrix
and coverslips

Neuronal cell suspensions prepared as described above were
plated on PuraMatrix after equilibration. Thereafier, the neurons
were incubated at 37°C in a humidified 5% C02/95% air
atmosphere. Approximately 3 h after plating, the neurons had
adhered (o the PuraMatrix, and were covered with a sterilized
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round glass coverslip (18 mm in diameter, Matsunami, Osaka,
Japan). To determine the best time to cover the cells, three
different time points were tested: 1, 3, and 22 h after plating,

Statistical analysis of neurite length and viability

The suitability of different culture conditions was evaluated
based on cell viability and. neurite length. Viability is a direct
indicator of the possibility of long-term cell culture, and neurite
length is an indicator of neuronal growth, differentiation, and
maturation. In many studies, neurite length is used as an indicator
of normal morphogenesis, gene expression, or molecular dynamics
[12,7,18,25,26,23].

Neurite length was measured by phase-contrast imaging using a
Nikon inverted microscope, mainly with the 20x objective.
Neurite Iengths were calculated from digital images using their
scale bars. Neurite length was measured using a standard
technique for measuring the curve length: the neurite curve was
approximated by multiple straight line scgments, and the lengths
of these line segments were added together [27]. For statistical
analysis, the five longest neurites in cach well were selected [26].
Because it was difficult to trace the lengths of neurites growing on
the very rough surface of PuraMatrix, they were excluded from the
final analysis. Some neurites overlapped or crossed other neurons
or neurites; these overlapping regions were observed at higher
magnification (60 x objective) to check neurite continuity.

Viability was judged by phase-contrast microscopy using the
20x objective on a Nikon inverted microscope. Viability was
calculated from the number of living cells with bright, round, and
smooth soma and extended neurites. The initial number of living
cells per photographed area was counted directly several hours
after plating, or calculated from three values: plating density, well
area, and photographed area. The living cell number was counted
on cach observation day and the ratio of the living cell number to
the initial number at plating was used for analysis.

Comparisons between .different groups with different culture
conditions were performed using Student’s t-tests. The maximum
newrite lengths were mcasured from the five longest neurites in
cach well on phase-contrast images. Similarly, 5-6 images from
different areas in each well were taken to count living cells for cell
viability. To study differences in position, three photographs were
taken at both the center and the edge of each well.

In order to determine the best culture conditions, experiments
were repeated three or more times with different rats or batches of
cells. From these replicates, the means and standard errors of the
maximum neurite length were calculated once or at several time
points during the culture. Similarly, cell viabilities were calculated
and compared between different culture conditions.

Statistical analysis by immunofluorescence staining

Cell viability and neurite length were measured using the
LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes,
Eugene, OR, USA). Fluorescence images were taken using a
fluorescence microscope (T3-S, Nikon) with a triple band filter
(4’ ,6-diamidino-2-phenylindole  (DAPI)/fluorescein-5-isothiocya-
nate (FITC)/Texas red). By counting the numbers of green cells,
cell viability was calculated, and by measuring the lengths of green
neurites, neurite length was determined. Thus, viability and
neurite length were assessed from {luorescence images, as well as

from phase-contrast images.

Immunocytochemistry to determine the neuronal ratio
To distinguish neurons from astrocytes and determine the

neuronal ratio, the cclls were double-stained with anti-microtu-

bule-associated protein 2 (MAP2) and anti-glial fibrillary acidic
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protein (GFAP). For immunostaining, cultured cells in a well were
washed with 37°C PBS and fixed with 4% paraformaldehyde for
20 min. After washing with 37°C PBS, the fixed cells were
permeabilized with 0.1% Triton-X in PBS for 5 min. Following
two washes with PBS, the cells were blocked with 10% goat serum
in PBS at 37°C for 30 min. Next, the following antibodies were
applicd: mouse monoclonal anti-MAP2 {1:50, Sigma) for neurons,
and rabbit polyclonal anti-GFAP {1:400, Dako, Glostrup, Den-
mark} for astrocytes. The cells were incubated with the primary
antibodies in blocking buffer at 37°C for 1-2 h. After washing, the
following secondary antibodies were applied: Alexa Fluor 488 goat
anti-mouse immunoglobulin G {IgG} (1:100, Molecular Probes)
and Alexa Fluor 5394 goat anti-rabbit IgG (1:100, Molecular
Probes). The cells were incubated with the secondary antibodies in
blocking buffer at 37°C for 30 min. After washing with PBS and
removing the coverslip, if applicable, the cells were mounted with
v hicld i di for i with DAPI
{Vector Laboratories, Burlingame, CA, USA] to counterstain the
nuclei. Fluorescence images were obtained using a Nikon Ti-S
microscope with a triple band filter (DAPI/FITC/Texas red).

The neuronal ratio (%) was expressed as the percentage of the
total cells {i.e. neurons plus astrocytes) made up by neurons. Cell
numbers were counted at six positions: three in the center of the
well and three at its edge. The total numbers of neurons and
astrocytes in cach well were used for analysis.

Synapse activity

To study synapse formation and activity after long-term culture,
neurons on PuraMatrix covered by a coverslip were stained with
the synaptic vesicle marker FMI1-43 (Molecular Probes). A
working solution of 20 pg/mL dye was prepared in ice-cold
Hank’s balanced salt solution for staining. The culture medium
was removed from cultured neurons on PuraMatrix after 49 days
in vilro {DIV), and the staining solution was added to the well.
After | minute, when recycling synaptic vesicles should have
already been stained, the staining solution was removed and the
culture medium was replaced to reduce background and non-
specific adsorption of the working solution. After removing the
coverslip, the stained ncurons were observed. Phase contrast
images and green fluorescent images were obtained using Ti-S
(Nikon) and BZ-9000 (Keyence, Osaka, Japan} microscopes. The
BZ-9000 microscope has many specialized functions, such as haze
reduction and background adjustment. We used the BZ-9000
microscope to obtain high-resolution images with low background
because the PuraMatrix, 3D hydrogel tends to cause non-specific
adsorption of dye, high background, low resolution, and unfocused
images.

Ultrastructural analysis of PuraMatrix

To analyze the ultrastructure of PuraMatrix during primary
culture, we used a digital microscope (VHX2000/1100, Keyence)
that can take 3D optical images non-destructively. It is important
to study the surface roughness of PuraMatrix during culture with

living neurons in culture medium. We ined PuraMatri

Long-Term Neuronal Sandwich Culture on a 3D Hydrogel

Primary neurons were plated at 3x10% cells/mL into 2D culture
vessels, 35-mm glass bottom dishes {Advanced TC, Greiner Bio-
One GmbH, Frickenhausen, Germany), and 12-well multiplates
{Advanced TC, Greiner Bio-One). The growth area of these
vessels was surface-modified for cell culture, primary cell culture in
particular.

Results

PC12 cells and PuraMatrix

Before primary neuron culture, the best concentration of
PuraMatrix was determined using PC12 cells. When plated on
PuraMatrix, PCI2 cells adhered within several hours, extended
neurites by the next day, and sometimes those neurites extended >
1,000 pm. Without PuraMatrix, PC12 cells aggregated in solution,
but did not attach to the bottom of the well or extend neurites.
The effects of PuraMatrix concentration and cell density on
neurite length were studied {Table 1). PCI2 cells were plated at
three different cell densities, 3x10%, 3x10% and 3x10* cells/mL,
all of which were tested on PuraMatrix at concentrations of 25%,
50%, and 100%. The maximum neurite length, calculated from
the three longest neurites at DIV 23, was 1000258 pm {mean =
SE, n=3) on 25% PuraMatrix, significantly higher {P<C0.05) than
that (around 600 pm) on 50% or 100% PuraMatrix. At 3x10*
cells/mL, such long neurites were only rarely distinguishable
because the cells had aggregated.

Primary neurons cultured on 25% and 30% PuraMatrix were
also compared. The maximum neurite length caleulated from the
four longest neurites at DIV 3-4 was 340239 pm {mean = SE,
n=4) on 25% PuraMatrix, significantly higher (P<0.05) than that
{18840 pm) on 50% PuraMairix. Based on these results and
those of a previous study [20], 25% PuraMatrix was selected for all
subsequent primary culture experiments.

Developmental pattern of rat hippocampal primary
neurons

- Using our combination method, neuronal cells were sandwiched
between the PuraMatrix and a coverslip. Surface roughness, or the
variation in height of the 25% PuraMatrix in the culture
condition, was determined using the digital microscope
(VHX2000/1100, Keyence) to be typically 10-20 pm, and
40 pm at the maximum {Fig. 1)

The effects of the 3D PuraMawix hydrogel and coverslip on
primary cultured neurons were evaluated by measuring neurite
length, cell viability, and neuronal ratio. In addition, various cell
densities, medium components, medium change, embryonic days
for dissociation of the hippocampus, and the timing of the
coverslip placement on top of the hydrogel were tested (Table 1).
We sclected neurite length as a parameter for assessing culture
conditions because it is an indicator of whether many neurons
survive, differentiate, and matare. Indeed, axons elongate 5-10
times faster than dendrites, and longer neurites are considered to
be differentiated axons at maturation stage 5 [12]. We found

ultrastructure in two different wells using a digital microscope, and
obtained similar results. Two kinds of 3D images were examined:
color 3D images with 2D cross-sectional profiles, and high contrast
3D images using the high dynamic range function, which is useful
for transparent and low contrast surfaces.

Primary culture without PuraMatrix

To compare culture media under 2D culture conditions without
coverslips or PuraMatrix, three kinds of media were used: 2%
FBS/N2/MEM, DMEM/F12 medium, and basic medium #0.
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of spine density or factors other than neurite length
to be relatively inaccurate and diflicult compared with measuring
neurite length because the resolution of neuronal images is
decreased by the rough, thick, and semi-opaque 3D PuraMatrix.
In addition, it is difficult to achieve proper focus on structures as
small as spines on a rough surface. Axons could be measured more
simply than any other structure.

The developmental pattern of primary ncurons in the best
culture conditions as determined in the experiments described
below is shown in Figure 2. After plating onto 12-well multiplates
prepared with 25% PuraMatrix, the neurons attached and started
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Table 1. Summary of the culture conditions tested and the best culture conditions in each case.

Best culture conditions

for neurite extension over
Medium and medium Ci i long di: and
change (+/—)*

Experiment Cell Cell density
No. type PuraMatrix [cells/mL]

[h after plating] neurite length

DMEM/F12 medium -
(+), 2% FBS/N2/MEM (+)

25% PuraMatrix,
DMEM/F12 medium (+),
at 10* cells/ml,

34039 um (n=4)

2 25/50% 10°, 10", 10°

4 E18/E19 25% 25-3x10% #0 (+), DMEM/F12 - E18, #0 (+),

medium (+) 1,800::586 pm (n=3)

6 E18 25% 3x10"

#0 (), #1 (/) ~/3
#2 (9, #2/1 (+), #3 (+),
DMEM/F12 (+), 2%

FBS/N2/MEM (+)

#0 (+) or #2 (4,3 h
coverslipping, >2,000 pm

: 25%/None ‘ ! ’ . 25% PuraMatrix,
3 h coverslipping,
23,000 pm

Data are shown as mean = SEM for sample size n.

The best culture conditions were ined in 1-7, and then a conclusive experiment 8 was performed.
E18, E19: Primary neurons isolated from rat fetal hippocampi on embryonic days 18 and 19.

*medium change { edium changes.

*medium change (-): no medium changes,

*For medium name, see “Culture medium” section.

doi:10.1371/journal.pone.0102703.t001

Figure 1. Three-dimensional images of the surface roughness of PuraMatrix with adherent neurons observed using a digital
microscope. The neurons were cultured on 25% PuraMatrix in basic medium #0 for 1 month. Two neurons are shown by red circles. (A) Color 3D
image. The highest positions are displayed in red and the lowest positions in biue (see color scale at the upper left). The maximum height difference
was <40 pm. (8) Cross-sectional profile between the two arrows in A showing a height of 19.32 um (A-B) and a width of 455.8 um (C-D: 182.3 um).
The neurons and PuraMatrix show a typical height difference, or surface roughness, of approximately 10-20 pm. (C} High contrast 3D image using the
high dynamic range function. The transparent neurons are emphasized by their dark color.

doi:10.1371/journal.pone.0102703.g001
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Figure 2. Developmental pattern of primary neurons plated on
25% PuraMatrix at 3x10° cells/mL. The neurons were isolated from
the hippocampi of embryonic rats (E18) and cultured in basic medium
#0 or #2 (E, H). A coverslip was placed over the neurons 3 h after
plating. Bars: 50 um or 100 pm (E-H). (A) Phase-contrast image of
neurons 3 h after plating. The neurons attached to PuraMatrix, and
extended lamellae or short neurites within 50 pm. (8} Phase-contrast
image of neurons at DIV 1. The neurons started to extend one neurite
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that was several times longer than the others. The long neurites (arrows,
approximately 300 um) are assumed to be axons, and the other, shorter
ones, dendrites. (C) Phase-contrast image of neurons at DIV 21. The
neurons extended neurites for several hundred microns (axons, arrow),
as well as neurites with branches and spines (dendrites). Axons and
dendrites formed fine networks. (D) Fluorescence image of (C), stained
with the LIVE/DEAD Viability/Cytotoxicity Kit. Living cells and neurites
are stained green, dead cells red. (E) Phase-contrast image of neurons at
DIV 36. The neuronal cell bodies are increased in size. Dendrites have
characteristic spines that are increased in length, tapered and branched.
Axons (arrow) show a uniform diameter over a long distance. The
neurons formed neuronal networks and matured. (F) Fluorescence
image of neurons at DIV 38. Neurons and astrocytes are double-stained
with anti-MAP2 for neurons (green) and anti-GFAP for astrocytes (red),
with DAP] as a nuclear counterstain (blue). Neuronal survival for 5 weeks
without glial proliferation is shown. (G) Fluorescence image of neurons
at DIV 42, stained with the LIVE/DEAD Viability/Cytotoxicity Kit.
Neuronal survival and neurite extension is shown. (H) Phase-contrast
image of neurons at DIV 63. The neurons show bright, round, and
smooth somas, and long axons of a uniform diameter (3,560 pm, arrow),
suggesting their survival for 2 months.

doi:10.1371/journal.pone.0102703.9002

to extend neurites within 3 h (Fig. 2A), showing characteristics of
developmental stages 1 or 2 [12]. Three hours after plating, a
coverslip was placed on the neurons in each well. Within several
days, the neurons started (o extend one neurite that was longer
than the others, showing characteristics of developmental stage 3
(Fig. 2B, arrows). Subsequently, the neurons extended these
neurites over several hundred microns (now assumed to be axons,
arrows in Fig. 2C-D), as well as ncurites with branches and spines
(dendrites), showing characteristics of devclopmental stages 4 or 5.
Such identification of axons and dendrites bascd on their length
and morphology agrees with immunoreactive staining against
MAP2, a protein specific to dendriies [12]. Thus, the neurons
differentiated, maturated to developmental stage 5, extended
axons (23,000 um), and survived long-term for over 2 months
without glial proliferation (Fig. 2E~H). In addition, the neurons
continued to maintain fine neuronal networks with a single-cell
distribution, i.e., the distances between the ncurons were
maintained well.

Assessment of best cell density and medium change

The best cell density and medium change procedures were
examined using DMEM/T'12 medium and Neurobasal medium/
B27/L-glutamine (basic medium #0 as described in “Culture
medium” section). Before examining the cffects and timing of
coverslip placing, we looked at the effects of media type and
medium changing, cell density, and embryonic day, because these
conditions had greater cflects on ncuronal growth (ic., they
altered neurite length severalfold).

Media were changed as described in “Culture medium” section
(), or left unchanged (—) for comparison. Cell density was 3x10°,
1-1.25x10%, 2.5-3x 10", or 10° cells/mL. For each condition, the
maximum neurite length during culture was measured as an
indicator of neuronal survival and active outgrowth without
regression. Experiments were repeated three to five times with
different rats or batches of cells. The maximum neurite lengths
were highest in medium #0 ) at 25-3x10" cells/mL,
1,6002460 pm (mecan £ SE, n=4), although the diflerences
between most groups in medium #0 were not significant.
Compared with this condition, neurite lengths in DMEM/F12
medium were significantly shorter (approximately 500 pm, P<
0.05) for all conditions. Based on these results, the best culture
conditions were determined to be a cell density of 3x10% cells/mL
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Figure 3. Effect of the coverslip on cell viability and maximum neurite length of primary neurons. Neurons from E18 rat hippocampi
were plated on 25% PuraMatrix at 3x10 cells/mL in basic medium #0, and coverslipped 3 h after plating (+), or not (—). The neurons were plated
into five multiplates simultaneously, and the cell viability and neurite length in one plate were examined only once at DIV 4, 7, 21, 42, or 69. (A} Cell
viability calculated from the mean of two wells. Cell viability was evaluated by phase-contrast microscopy, and is expressed as the fraction of the
living cell number 3.5 h after plating (DIV 0, 10096). Living cell numbers were counted in six areas for each well: three areas in the center and three
areas at the edge of the well. There were no significant differences between coverslip (+) and (—) conditions in any of the 12 sets of data from the two
wells (two-tailed Student's t-test). (B) The maximum neurite length was expressed as the mean and standard error from the five longest neurites in
each well stained with the LIVE/DEAD Viability/Cytotoxicity Kit. For each pair of coverslip (+) and () treatments at each DIV, significant differences
are shown (one-tailed Student’s t-test). The maximum neurite length in the coverslip+ condition was significantly longer than that in the coverslip—
condition throughout the culture period of DIV 4-69. (C) Phase-contrast image of coverslip+ neurons at DIV 21. Bar: 50 pm. (D) Fluorescence image of
(C) stained with calcein AM (green) and ethidium homodimer-1 {red). Living cells and neurites are stained green, shown as the bright, smooth cells in
C (green circles). Dead cells are stained red, shown as rough or dark cells in C {red circles). C and D show that approximately 40% of the neurons
attached to PuraMatrix were alive at DIV 21 and had extended neurites and formed neuronal networks.

doi:10.1371/journal.pone.0102703.g003

8.9x10% cells/cm? in basic culture medium #0 with medium
changes.

Assessment of embryonic day for isolation of
hippocampal neurons

Primary ncurons were isolated from rat fetal hippocampi on
E18 and E19. Neurons were plated on 25% PuraMatrix at a cell
density of 2.5-3x10* cells/mL. Basic medium #0 and DMEM/
F12 were used and compared. Neurite length was measured at
least once a week, and the maximum value during culture was
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used for analysis. Experiments were repeated three times with
different batches of cells. Neurite length was highest with neurons
isolated from E18 hippocampi and cultured in medium #0,
1,800£586 pm (mean *+ SE, n= 3}, and this Jength was more than
twice that found in E19 hippocampal neurons in medium #0
(83388 pm). The neurite lengths of cells cultured in DMEM/
F12 medium were approximately 500 pm, 490£26 um for E18
and 497£33 pum for EI9 hippocampi. Based on this result,
hippocampal ncurons from E18 embryos were cultured in medium
#0 for all subsequent experiments because this condition provided
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more than twice the neurite lengths of all the other conditions,
though these differences were not significant.

Timing of coverslip placement

To determine the best timing for coverslip placement on
neuronal cells, three different time points were tested: 1, 3, and
22 h afier plating of ncurons. Cultures without coverslips were also
tested. Neurons isolated from EI8 embryos were plated on
PuraMatrix and cultured in basic culture medium #0 with
medium changes as described above. Experiments were repeated
three or four times for each time point with cells from different
rats. For statistical analysis, means and standard errors of cell
viability and maximum neurite length were measured four to six
times during culture. Only a few significant differences in cell
viability were found among the different coverslip placement times
at each measurement point; and that the mean viabilities did not
differ either. The maximum neurite lengths were highest with
placement at 1 or 3 h when assessed at DIV 3-8, and highest with
placement at 3 or 22 h when assessed at DIV 14-38. The
maximum neurite lengths with coverslip placement at 3 h were
significantly longer than in the other cases {1'h, 22 h, and without
a coverslip) at ninc time points (DIV 4-35) in all the 4 replicates,
and significanty shorter than the 1 h placement at the early two
time points (DIV 4, 8) in only one replicate. In addition, long
neurites of approximately 1,800 pum were repeatedly obtained only
with this coverslip placement timing.

The best time for coverslip placement was chosen as 3 h after
plating because 3-5 weeks after plating is an extremely important
period for neuronal rescarch, and significandy longer’ neurites
were found during that period only when using 3 h coverslip
placement. Based on these results, coverslips were placed on
cultured neurons 3 h after plating in all subsequent experiments.

Comparison of culture media

The best culture medium for primary neurons was determined
using the media formulations described in the “Culture medium™
section. Primary neurons were suspended in cach medium, and
then plated into two wells containing PuraMatrix for each
medium. In one well for each medium, a coverslip was placed
on the cultured neurons 3 h after plating as described above. The
condition without a coverslip is hereafier described as medium—,
and that with a coverslip is described as medium+. Experiments
were repeated three to four times for cach medium with cells from
different rats. From these repetitions, means and standard errors of
the maximum neurite length and cell viability were calculated at 2,
3, 5, and 8 weeks after plating.

The cell viabilities were not significantly different- between
medium+ and medium-~ conditions for cach medium at 2, 3, 5, or
8 weeks. Cell viabilities in medium #0+ (around 30%j were not
different from those in #1+, #2+, or #2/1+, all media composed
of Neurobasal medium. However, viabilities in DMEM/F12+
{around 10% or lowerj continued to be significantly lower than
those in medium F#0+.

The maximum neurite length in each medium+ was generally
longer than that in each medium-, although there were no
significant differences (P<<0.05), except for #1 at 2 weeks and
DMEM/F12 at 5 weeks. The maximum neurite lengths were
highest (21,000 pm) with conditions #0+ and #2+, which were
also longer overall at 3-8 weceks. In addition, extremely long
neurites (>2,000 pum) were repeatedly obtained only when using
the #0+ and #2+ conditions. However, neurite lengths in #0+
and those in #1+, #2+, or #2/ I+ were not significantly different
(P<0.05), except for #2/1+ at 3 weeks. Neurite lengths in
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DMEM/F12+ were significantly shorter {around 500 m) than
those in #0+ at 2-8 wecks.

No other media tested produced longer neurites or higher
viabilities than media #0 and #2. In particular, low scrum
medium (2% FBS/N2/MEM) produced extremely short neurites
(<100 pm).

Based on these results, #0+ (basic medium #0 with a coverslip)
was selected for all subsequent experiments. Although condition
#2+ produced a greater mean maximum neurite length, it often
resulted in lower cell wiability and larger variatons in neurite
length and viability. The cell viabilities in conditions #0+ and
#2+ were 3222% and 27:£3% (mean = SE, n=4 for bothj at 5
weeks, and 2524% and 2425% at 8 weeks, respectively. The
maximum neurite lengths in conditions #0+ and #2+ were
12712148 pm and  1374Z28% pm  at 5 weeks, and
1,032278 pm and 1,1322345 pm at 8 weeks, respectively. For
better stability and reproducibility in long-term culture, basic
medium #0 was selected.

Finally, we evaluated the effect of medium alone with neither
coverslip nor PuraMatrix. Primary neurons were plated into
regular 2D culture vessels at 3x10% cells/mL, and cultured in
three different media: 2% FBS/N2/MEM, DMEM/F12 medium,
and basic medium #0. When plated onto glass bottom dishes,
neurons died or released within several days in 2% FBS/N2/
MEM or DMEM/F12 medium. In #0, however, they extended
neurites of several hundred microns. When plated into 12-well
multiplates, neurons showed similar results, though glial cells
proliferated in 2% FBS/N2/MEM. With neither coverslip nor
PuraMatrix, #0 achieved higher viability, longer neurites, and
decreased proliferation of ghial cells.

Effect of the coverslip

The effect of the coverslip was evaluated using the best culture
conditions as described above {see Table 1): primary neurons were
plated on 25% PuraMatrix, maintained in basic medium 0, half’
of the medium was changed twice a week, the cell density was
3x10% eells/! ml, the ncurons were isolated from EI8 rat
hippocampi, and a coverslip was placed on the neurons 3 h after
plating () or not placed for comparison {—).

The experiments over 1-2 months were repeated 14 times with
cells from different rats. Based on these repetitions, only a few
significant differences in cell viability were found at cach time
point between coverslip {+) and (=) conditions, and the maximum
neurite lengths were significandy longer in coverslip {+) than {—)
conditions at one or more time points during DIV 4-60. The
maximum neurite length in coverslip {+) condition typically
became highest {1,100-1,700 pm) at DIV 24-60 during each
repetition. There were significant differences in viabilities between
coverslip () and {—} conditions at only four times among the 62
time points: viability was higher in coverslip {#) twice, and in
coverslip {—) conditions twice as well. Microscopy was mostly
performed four to six times to measure cell viability and neurite
length, and the resulting values tended to become Jower when
microscopy was repeated several times before DIV 140 In 4
replicates, microscopy was performed once or not performed
before DIV 14, resulting in 3924% (mean % SE, n=4) viability at
DIV 35 and 27%5% at DIV 53-60.

To prevent any potential effects of the microscopy and staining
on neuron heath, the following examinations were performed in 2
of the 14 replicates. Neurons were simultancously plated into five
multiwell plates, and the cell viability and neurite length were
examined in one plate at each DIV. The cell viabilities were
averaged from two wells as assessed by phase-contrast microscopy,
and neurite length was assessed from one well by fluorescence
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Figure 4, Fluor images sh g long-term | survival and long neurites at DIV 42 in Fig. 3. The primary neurons were
plated on 25% PuraMatrix at 3x10* cells/mL and coverslipped 3 h after plating (B), or not (A). Living cells and neurites are stained green with calcein
AM, and dead cells red (dots) with ethidium homodimer-1. Bars: 100 um. Both A and B show long neurites (>1,600 um, arrows). As shown in (A),
fluorescence images can be used to study the 3D growth of neurites because neurites on the rough surface of PuraMatrix can be traced by green
fluorescence, even if they are out of focus.

doi:10.1371/journal.pone.0102703.g004
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Figure 5. Effect of the c lip and P ix on the

I ratio of primary neurons. Bars: 100 um. Neurons from E18 rat
hippocampi were plated at 3x10* cells/mL in basic medium #0 and coverslipped 3 h after plating (+), or not (~). Before platlng, 25% PuraMatrix was

already prepared in a well (A-C) or the wells were not treated (D-F). The neurons attached to P (A-C) or the | , tissue culture-
treated bottom (D-F) and grew. The neurons were plated into five multiplates simultaneously, and the neuronal ratio in each plate was only
examined once at DIV 4, 7, 21, 42, or 69. Neurons and astrocytes were double-stained with anti-MAP2 for neurons (green) and anti-GFAP for
astrocytes (red), with DAP] as a nuclear counterstain (blue). Neurons and astrocytes were counted in six areas in each well: three areas in the center
and three areas at the edge, and their total numbers were used for analysis. The neuronal ratio was consistently higher in the coverslip+ compared
with the coverslip- condition at DIV 4-69 (A, D). (A) Our combined sandwich culture technique using both a coverslip and PuraMatrix (coverslip+)
achieved a high neuronal ratio of nearly 100%. Fluorescence images at DIV 42 at the edge of the coverslip+ (B) and coverslip— (C) wells. (B) Neurons
(green) preceded astrocytes (red). (C) Astrocytes proliferated locally, mainly at the edge of the well. (D) Sandwich culture using coverslip only
(coverslip+) also yielded a high neuronal ratio of nearly 100%. Fluorescence images at DIV 42 at the edge of the coverslip+ (E) and in the center of the
coverslip— (F) wells. (E) Neurons (green) preceded astrocytes (red). The image is unfocused because of the influence of intrinsic fluorescence of the
polystyrene well itself, especially at the edge. (F) Astrocytes proliferated locally, mainly in the center of the well, where many cells aggregated.
doi:10.1371/journal.pone.0302703.9005
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microscopy after staining using a LIVE/DEAD Viability/Cyto-
toxicity Kit. The viabilities and neurite lengths of these replicates
were similar, and one replicate is shown in Figure 3. Cell viability
was noticeably decreased within a few days after plating, and then
continued to decrease in a linear and extremely gradual manner
over DIV 7-69 (Fig. 3A). Viability was 40-50% at 3 weeks,
approximately 40% at 6 wecks, and 30% at 2 months after plating.
There was no significant difference in viability between conditions
(+) and (—). These viabilities were as high as or higher than the 4
replicates mentioned above. At DIV 21, approximately 40% of
neurons attached to the PuraMatrix were alive and stained green
(Fig. 3D). The average viability at DIV 21 is shown in Figure 3C-
D. There was no significant difference between the results
determined by phase-contrast and fluorescence microscopy for
both cell viability and maximum neurite length (Fig. 3C-D).

The maximum neurite length achieved in coverslip (+) was
significantly longer than that in coverslip (=) at all time points
examined (Fig. 3B). The difference was extreme at DIV 69 (P<
0.0001), demonstrating the growth-promoting cffect of the
coverslip during long-term primary culture over 2 months. Our
combination culture with a coverslip and PuraMatrix continued to
yield long neurites: >800 um at DIV 7-69 and >1,300 pm at
DIV 21-42 (Figs. 3B, 4). The presence of long neurites (>
1,600 pm) at DIV 42 is shown in Figure 4 (note that the density of
living cells appears less here than in most of the other images taken
to assess viability).

Neuronal ratio
To evaluate the cffects of coverslip and PuraMatrix on the
neuronal ratio, we studied four conditions (Table 1, Experiment

Long-Term Neuronal Sandwich Culture on a 3D Hydrogel

8): one with both PuraMatrix and a coverslip (our combination
method); one with PuraMatrix but no coverslip; one without
PuraMatrix but with a coverslip (conventional sandwich culture);
and one with ncither PuraMatrix nor a coverslip (regular 2D
culture). Here, the neuronal ratio (%) is the ratio of the number of
neurons to the total cell number (neurons plus astrocytes) in each
well. Neuronal ratio was determined by immunostaining neurons
with anti-MAP2 and astrocytes with anti-GFAP. Before plating,
PuraMatrix was prepared in only two of the four wells in each
multiplate. Experiments with cells from diflerent rats werce
repeated four times. At DIV 38—42 with PuraMatrix, the neuronal
ratio was >90% (92£2%, mean * SE, n=4) in the coverslip (+)
and 86*3% in the coverslip (—) conditions. Our combination
method resulted in higher neuronal ratios than without a coverslip
in all the 4 replicates. Without PuraMatrix, the neuronal ratio was
9722% in the coverslip (+) condition, and lowest (64%9%) in the
coverslip (—) condition. Regular 2D culture yielded a significantly
lower neuronal ratio (P<<0.05) than all the other conditions,
including our combination method.

Two of the 4 replicates were performed as described above:
neurons were simultancously plated into five multiplates, and the
neuronal ratio was examined in one plate at cach DIV. The
neuronal ratios of these replicates were similar and higher than the
other two at DIV 88-42, and one replicate is shown in Figure 5.
Our combination method with both PuraMatrix and a coverslip
resulted in a neuronal ratio of almost 100% for >2 months, with
97% on average and 95% at DIV 69 (Fig. 5A-B). Using
PuraMatrix without a coverslip, the neuronal ratio was slightly,
but significantly (P<0.05) lower at 85% on average and around
80% after DIV 21 (Fig. 5A, C). The specific growth patterns in

Figure 6. Phase-contrast image of a neuron extending a long neurite (>3,000 ym) at DIV 63, Bar: 100 um. Neurons from E18 rat
hippocampi were plated at 3x10* celis/mL in medium #2, and coverslipped 3 h after plating. The neurons show bright, round, and smooth somas,
and a characteristic morphology of tapered dendrites with spines and long axons with a uniform diameter (3,560 um, arrow), suggesting they could
survive after the long-term culture for 2 months, Continuity of the axon was conf‘ rmed by high-powered microscopy, especially at intersection points
of this axon and another neurites (upper) or neurons (left).
doi:10.1371/journal.pone.0102703.9006
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Figure 7. FM1-43 staining of primary neurons at DIV 49. Imaging was performed using the Ti-S (Nikon) (A-C) and BZ-9000 (Keyence) (D)
microscopes. Neurons from E18 rat hippocampi were plated at 3x10% celis/mL in basic medium #0 on 25% PuraMatrix and coverslipped 3 h after
plating. Bar: 50 um. (A) Phase-contrast image of one neuron. The neuron shows a bright, round, and smooth soma, indicating its viability after long-
term culture for 7 weeks. (B) Green fluorescence image of (A), showing synaptic activity. (C) Merged image of the phase-contrast (A) and fluorescence
(B) images. (D) Merged image of the phase-contrast and fluorescence images of the same neuron taken using the BZ-9000 microscope. The
ultrastructure of the micron-sized spots on the neuron are distinct, indicating synaptic activity.

doi:10.1371/journal.pone.0102703.g007 :

cach condition are shown in Figure 5B-C, E-F, but these are not
representative of the average neuronal ratios and viabilities.
Without PuraMatrix, the neuronal ratio varied depending on
the presence or absence of a coverslip. With a coverslip, the
neuronal ratio was 98% on average. Although this neuronal ratio
was slightly, but not significantly higher than our combination
method, the neurites were shorter, indicating their depression or
regression (Fig. 5D-E). Without a coverslip, the neuronal ratio
decreased at first, and then increased again to be 81% on average
(Fig. 5D, T). This increase at DIV 42-69 might have occurred
because many astrocytes died and detached from the well as the

number of DIV increased, while the neurites of the remaining -

neurons regressed.

In the absence of a coverslip, astrocytes proliferated locally,
mainly at the edge of the wells with PuraMatrix (Fig. 5C), and
mainly in the center of the wells without PuraMatrix, where both
the neurons and astrocytes aggregated (Fig. 5F).

Position within the well

To compare neuronal survival between the center and edge of
the well, we calculated the cell viabilities at both positions.
Lxperiments were repeated three times with cells from different
rats. With PuraMatrix and a coverslip, viabilities were around
50% in the centers of wells until DIV 35-42; without PuraMatrix
but with a coverslip, viabilities were low (20-30%) at DIV 7-69;
and without either PuraMatrix or a coverslip, viabilities were
several times higher in the center than at the edge because of cell
aggregation and glial proliferation. Our combination method with
PuraMatrix and a coverslip produced consistent viabilities of
around 50% in the centers of wells for 5-6 weeks that were higher
than in all other conditions, except for the condition with neither
PuraMatrix nor a coverslip. In cultures without PuraMatrix, the
difference. in cell viabilities between positions was larger, and the
viabilities in the center of wells were often significantly higher than
at the edge. ‘ .

Examples of longer neurites

The extremely long neurites obtained with coverslips:-and
PuraMatrix- occasionally reached 3,000 pum in basic medium #0
and medium #2. An cxample neurite of 3,560 pm observed at
DIV 63 in medium #2 with a coverslip is shown in Figure 6, This
image was sclected to show the presence of long ncurites, even
though the number of living cells in this figure is less than that in
the images showing average viability.

PLOS ONE | www.plosone.org

Even without a coverslip, neurites of around 3,000 pm were
sometimes observed when they migrated into a gap between the
two layers of PuraMatrix (e.g. 2,900 pm in #0 at DIV 22). The
lower layer of PuraMatrix formed the culture substratum, and
another small layer overlapped it.

Synaptic activity )

We examined synaptic activity and functional maturation of
primary ncurons using the endocytotic marker FM1-43 at DIV 49
using two different microscopes, the Ti-S (Nikon) and BZ-9000
(Keyence). Phasc-contrast images obtained using the Ti-S
microscope (Iig.~ 7A) indicated neuronal survival, but their
ultrastructures, as stained with FM1-43, were unclear (Fig. 7B-
C). However, images taken using the BZ-9000 microscope were
distinct, and stained puncta on the order of microns could be
observed on the neurons (Fig. 7D), demonstrating that active
synaptic vesicle recycling was occurring after long-term culture for
7 weeks.

Discussion

Our combination method of the sandwich culture technique
using PuraMatrix and coverslips provided the following advan-
tages: (1) long-term culture of primary neurons on a 3D hydrogel
without glial feeders for over 2 months at a low density of 3x10
cells/mL (8.9x10° cells/em?®); (2) longer neurites (23,000 pm)
than in culture conditions without a coverslip; (3) an almost pure
culture of neurons with an average ncuronal ratio of 97%; (4) cell
viability =40% for 6 weeks and =30% for 2 months; and (5) a
uniform, single-cell distribution of neurons without aggregation.

Long-term culture on 3D hydrogel without glial feeders
at a low density

Our studies suggest the possibility of longer culture periods or
lower cell densities without glial feeder layers than previous studies
using 2D ‘sandwich culture, including sandwich co-culture with
glial cells (<1 month} [4,8,10,1,3,5,6,7,13]. Because our experi-
mental system docs not involve a glial feeder, it can be created
more simply within a shorter period of several hours, and the
evaluation and interpretation of the obtained results is simpler. In
addition, our culture system using a 3D nanofibrous hydrogel
reproduces in vivo-like conditions. 2D culture resulted in unde-
sirable effects (Fig. 5D-T), including neurite depression and low

. cell .viability using a coverslip, and cell aggregation and glial

proliferation without a coverslip. These results may be partially
due to the use of tissue culture-treated multiplates with no ECM
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coating. However, our culture system using a 3D nanofibrous
hydrogel provided better results than those obtained in 2D
cultures both in this study and in previous studies cited above.
Turthermore, our methods may eliminate the need for a ‘coating
procedure, as well as the need for glial feeder layers.

Neurite length continued to increase until DIV 42 (Figs. 3B, 4),
suggesting that our culture methods. were able to suppress
regression of axons for 6 weeks. In addition, synaptic activity at
DIV 49 was demonstrated (Fig. 7). Namely, our culture methods
can maintain axonal growth, neuronal function, and synaptic
activity for at least 6-7 weeks.

Longer neurites than in culture conditions without a
coverslip

The maximum neurite length was longer with a coverslip than
without {Fig. 3}, suggesting that the coverslip continued to assist
neurite extension during long-term culture >2 months. The
longest neurites of primary neurons observed here extended
3,000 wm (Fig. 6). These neurites are 10 times [12] or four times
[7] longer than those scen in studies using glial feeders, and 10
times [18] or four times [28] longer than those seen in studies
using PuraMatrix [18] or polyacrylamide gels [28].

Even without a coverslip, long neurites of around 3,000 pm
were sometimes observed to migrate between' the two layers of
PuraMatrix. In such cases, the upper layer of PuraMatrix may
have acted like a coverslip by creating low-oxygen conditions.

The longest neurites stained with MAP2, which were assumed
to be dendrites, were approximately 300 um (Fig. 5B). Therefore,
the longest axons were about 10 times longer than the longest
dendrites. This result agrees with a previous report [12] and
demonstrates that the growth rate of axons was 5-10 times greater
than that of dendrites.

Nearly pure neuronal culture without glial proliferation

Our combination method produced a consistently high
neuronal ratio without astrocytes for over 2 months as shown in
Tigure 5, significantly higher than without a coverslip. Our results
indicated that the effects of the coverslip included the promotion of
neuronal growth, suppression of glial proliferation, enhancement
of neuronal ratio, and creation of a nearly pure culture for the long
term. Since glial proliferation is undesirable in many neuronal
cultures, our methods may be greatly beneficial for other
neuroscience studics.

The suppression of astrocyte proliferation by PuraMatrix or
coverslip placement was indicated by the results of 4 replicates at
DIV 38-42 showing that the neuronal ratio for cells with only
PuraMatrix and only a coverslip were both significantly higher
than that with neither coverslip nor PuraMatrix. Glial prolifera-
tion with neither PuraMatrix nor a coverslip is in agrecment with
previous studies, which showed that neurons grew well on collagen
23] or polyacrylamide [28] gels, whereas glia proliferated on 2D
coated surfaces.

A sandwich culture method using coverslips and cytosine
arabinoside has been proposed [10]. The neuronal ratio achieved
with this method was 95% at DIV 5 at a density of 10% cells/mL.
However, those cultures showed short-term survival at high
density, and cytosine arabinoside has toxic effects. In this regard,
our sandwich culture method is favorable because it can reproduce
in vivo-like low-oxygen conditions without a toxic substance.

Cell viability greater than 30% for 2 months

Cell viability of 230% for 2 months or =40% for 6 wecks was
not significantly different from that without a coverslip, as shown
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in Fig. 3, suggesting that our sandwich culture method did not
decrease neuronal survival. The viability decreased to approxi-
mately 50% within several days, but was still higher than that
reported in previous studies with cells at the same low densities as
ours [4,5,6,7,9,10]. After that time, our methods provided an
extremely slow decrease in viability for >2 months, which differs
from previous studies.

Although the viability of cells in our study was refatively low (<
50%), it remained higher than that reported in previous studies.
Because neurons cultured using our method exhibited normal
development {Fig. 2), long-term axonal clongation {3,000 pm),
synaptic activity at DIV 49, and survival of many neurons without
astrocytes, this technique represents an advance over existing
culture methods and provides a system for creating in vive-jike
culture conditions.

The cell viability shown in Figure 3A was as great or greater
than that in the 4 replicates that underwent repeated microscopy
and in the “Comparison of culture media® section, possibly
because microscopy was performed only once in the experiment
shown in Figure 3, but several times in the other experiments.
Microscopy has an adverse effect on cultured neurons owing to the
optical illumination and change in temperature and CO,
concentration. Based on the 12 replicates, microscopy before
DIV 14 appeared to be especially harmful.

Likewise, the maximum neurite lengths shown in Figure 3B
were longer than those in the “Comparison of culture media”
section, and neuronal ratios shown in Figure 5 were highest in the
4 replicates, probably because of the same reasons. Thus, we
believe the results shown in Figs. 3-3 are the most accurate.

Uniform, single-cell distribution of neurons

The combination approach also provided a uniform distribution
of primary neurons and high viabilities in the center of the well
faround 50% for 5-6 weeks). Furthermore, a near single-cell
distribution was achieved, and unfavorable aggregation was
suppressed over the long term (32 months, Fig. 2). This culture
condition of a uniform, single-cell distribution will be greatly
advantageous for long-term research of individual neurons and
neuronal nevworks.

In a previous study [4], most neurons sandwiched by a coverslip
survived along its edge, probably because the oxygen in the center
was too low. In contrast, our combination method provided a
uniform distributon across the well, possibly because of the
ultrastructure of ParaMatrix. That is, the fibrous nanostructure
and rough surface, with a maximum height difference of <40 um
(Fig. 1), may have improved the microenvironment and the
microgradients of oxygen, paracrine factors, and other chemical
substances.

Synaptic activity

After long-term culture for 7 weeks using our culture methods,
synaptic vesicle turnover was detected by FMI1-43 staining, as
shown in Figure 7. Stained spots of 1-2 pm indicate the presence
of active presynaptic terminals, suggesting that our methods were
able to and maintain active, i 1 synapses over the
long term. Extremely small spots were visualized using the BZ-
9000 microscope as discussed below.

Other culture conditions

Basic medium #0 provided much longer neurites (>1,600 pm)
than DMEM/F12 {around 500 um) and 2% FBS/N2/MEM (<
100 pm) (Table 1). The comparable supporting effects of media
#0, #1, #2, and #2/1 on neuronal outgrowth scem to be due to
the common components, Neurobasal medium and B27, rather
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than L-glutamine, glutamic acid, or GlutaMAX. Based on the
results for conditions with neither a coverslip nor PuraMatrix,
basic medium #0 had the same beneficial effects as coverslips and
PuraMatrix. Combining all components of our method (coverslips,
PuraMatrix, and culture medium) should be used for best results.

Our finding that 25% PuraMatrix resulted in significantly
longer neurites (1.7-1.8-fold) in PC12 and primary neurons than
50% or 100% suggests that it promotes neuronal differentiation,
which is consistent with the results of previous studies (20,28].

In addition, we found that the carlier a coverslip was placed, the
faster neurons extended neurites and the faster they regressed,
with no effect on cell viability. Few previous studies have
compared different coverslip placement or inverting time points,
but 1 h [4,8], 1.5 h [10], 3-4 h (the samc as our study) [1,3], and
24 h [29] after plating have been reported.

Regarding the embryonic day of isolation of hippocampal
ncurons, 18 rat hippocampal neurons developed neurites of more
than twice the length of those developed by E19 neurons in #0, in
agreement with the general principle that the younger an
organism is, the higher its regenerative capacity.

Microscopy was sometimes repeated, and the same neurites
may therefore have been measured on different days. However,
this likely did not affect the comparisons of culture conditions. If
culture conditions were suboptimal, neurites that initially extended
would regress and become shorter at earlier times. The extension
of neurites over the long-term indicated that the culture conditions
were appropriate. In the experiments shown in Figures 3-5, where
microscopy was only performed once, the benefits of the
coverslip+ over the coverslip- condition were even greater than
in the other experiments with repeated microscopy. In addition,
we performed unpaired t-tests to assess the significance of
dillerences in neurite length and cell viability between different
groups, such as coverslip+ and coverslip—; (hese two groups were
independent and did not include the same neurites that may be
measured repeatedly.

3D culture imaging

Image quality in our culture system is decreased by the rough,
thick, and semi-opaque 3D substrates. In addition, it is difficult to
focus on cells or neurites extending three-dimensionally on the
rough surface of 3D substrates. Furthermore, dyes tend to be
adsorbed by 3D substrates non-specifically, raising the fluorescent
background. I 3D substrates are washed too many times to reduce
background noise, they can lose mechanical integrity and soft
substrates, as used here, may collapse.

In our studics, the phasc-contrast and fluorescence images
(Figs. 2, 3C, 5, 6, 7A-C) might be unfocused or have high-
background compared with those in 2D culture. We used the
LIVE/DEAD Viability/Cytotoxicity Kit (Figs. 2D, 2G, 3D, 4)
because neurons could be stained clearly after a single-step assay,
and even neurites extending three-dimensionally on PuraMatrix
could be traced (Tig. 4A).

We used a BZ-9000 microscope alier staining with FM1-43.
Although synaptic vesicles are 1-2 pm in size and difficult to
identify using a normal microscope (Fig. 7A-C), we were able to
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take high-resolution images using the BZ-9000 microscope without
any preprocessing or complicated operations (Fig. 7D).

We also used a digital microscope to analyze the surface
roughness of PuraMatrix in our culture conditions. Although SEM
or TEM is often used for 3D analysis, preprocessing is required,
and the images may contain artifacts from those steps different
from those in culture conditions. With other non-destructive
optical 3D microscopes, measuring transparent surfaces like
PuraMatrix with ncurons in medium is difficult. However, by
using a digital microscope (VHX2000/1100, Keyence), we were
able to determine the surface roughness of PuraMatrix as shown in
Figure 1. These microscopes and fuorescence dyes have good
potential for use in 3D culture imaging and analysis.

Applicability and limitations

Because our culture system was capable of producing cells with
long axons (=3,000 wm), it may prove useful as an n vitro culture
system for stuclying axonal regeneration of CNS neurons in vivo.
As shown in Tigure 5, glial proliferation was also suppressed,
suggesting the possibility of suppressing glial scar formation, which
is thought to be one of the factors that inhibit the regeneration of
CNS neurons. Namely, our culture system has the potential to be a
significant advance in regenerative medicine and tissue engineer-
ing because ONS neuronal regeneration in vivo following nerve
injury (traumatic brain injury or spinal cord injury) is extremely
poor and motor functional recovery is limited.

Several limitations of the present study should be discussed.
Only hippocampal neurons and PC12 cells from rats were used in
this study. To strengthen the benefits and applicability of our
method, it should be applied to various other types of cells, such as
motor neurons, and for 3D diflerentiation culture of induced
pluripotent stem cells or embryonic stem cells. Regarding the
maximum neurite length, we did not measure all neurites, but
subjectively selected long neurites. However, long neurites were
typically observed in limited areas of the well where neurons were
sparse. Fluorescence images also helped us detect long neurites. It
would be very difficult to measure the lengths of all neurites
because they overlap and exist in 3D. However, comparisons of
neurite lengths measured by the same methods would not likely
alfect the results showing the benelfits of our culture methods over
other conditions.

Conclusions

Our combination approach, using 25% PuraMatrix and
coverslips, with the medium and timing parameters described
above, provided the best results for the long term, nearly pure
culture of rat hippocampal neurons. These techniques promoted
neuronal survival and neurite extension, suppressed glial prolifer-
ation and cell aggregation, and reproduced in vivo-like culture
conditions.
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