
198  СТМ ∫ 2016 — vol. 8, No.4

 NeuroscieNce research 

Long-Term neurological and Behavioral results  
of Biodegradable scaffold implantation in Mice Brain
DOI: 10.17691/stm2016.8.4.25 
Received May 19, 2016

A.V. Balyabin, MD, PhD, Researcher, Neurosurgery Department1;
O.P. Tikhobrazova, PhD, Senior Researcher, Experimental Modeling Department, Central Research Laboratory2;
M.S. Muravyeva, PhD Student3;
E.A. Klyuev, Intern2;
A.V. Ponyatovskaya, Intern2;
O.M. Shirokova, Junior Researcher, Molecular and Cellular Technology Department,  
Central Research Laboratory2; PhD Student3;
K.N. Bardakova, Junior Researcher4;
N.V. Minaev, PhD, Senior Research Fellow4;
A.V. Koroleva, PhD, Researcher, Nanotechnology Unit5;
Y.I. Mitaeva, PhD, Junior Researcher, Department of Neurotechnology, Institute of Biology and Biomedicine3;
E.V. Mitroshina, PhD, Senior Researcher, Molecular and Cell Technologies Department,  
Central Research Laboratory2; Senior Researcher, Laboratory for Neuroprotection Methods Development,  
Institute of Biology and Biomedicine3;
M.V. Vedunova, DSc, Director of the Institute of Biology and Biomedicine3; Research Fellow,  
Laboratory of Laser Chemistry4;
Y.A. Rochev, BSc, MSc, PhD, Lecturer, School of Chemistry6; Leading Researcher7;
B.N. Chichkov, DSc, Professor, Head of the Nanotechnology Unit5;
P.S. Timashev, DSc, Head of the Novel Biomaterial Unit7; Senior Researcher, Laboratory of Laser Chemestry4;
V.N. Bagratashvili, DSc, Professor, Head of the Unit of Laser Atomic and Molecular Nanotechnologies4;
I.V. Mukhina, DSc, Professor, Leading Researcher, Biotechnology Department1;  
Head of the Central Research Laboratory; Head of the Department Normal Physiology  
named after N.Y. Belenkov2; Professor, Department of Neurotechnology, Institute of Biology and Biomedicine;  
Head of the Center of Translational Technology3

1Privolzhsky Federal Research Medical Center, Ministry of Health of the Russian Federation,  
 18 Verkhne-Volzhskaya naberezhnaya St., Nizhny Novgorod, 603155, Russian Federation; 
2Nizhny Novgorod State Medical Academy, 10/1 Minin and Pozharsky Square, Nizhny Novgorod, 603005,  
 Russian Federation; 
3Lobachevsky State University of Nizhni Novgorod, 23 Prospect Gagarina, Nizhny Novgorod, 603950,  
 Russian Federation; 
4Institute of Photon Technologies, Federal Scientific Research Center “Crystallography and Photonics”  
 of the Russian Academy of Sciences, 2 Pionerskaya St., Moscow, Troitsk, 142190, Russian Federation; 
5Laser Zentrum Hannover, 8 Hollerithallee, Hannover, 30419, Germany; 
6National Centre for Biomedical Engineering Science, National University of Ireland, Galway (NUI Galway),  
 University Road, Galway, Ireland; 
7Institute of Regenerative Medicine, I.M. Sechenov First Moscow State Medical University, 8/2 Trubetskaya St.,  
 Moscow, 119991, Russian Federation

The aim of the study was to assess the integral outcomes of implantation biocompatible scaffold as the carrier of neural stem cells 
in the reconstructive surgery of open traumatic brain injury (TBI) by parameters of neurological and cognitive status of the animals in the 
experiment.

Materials and Methods. Adult male C57BL/6 mice were injured with open-skull weight-drop method. 3D hydrogel scaffold based on 
modified chitosan in complex with hyaluronic acid was transplanted into the lesion cavity 1 week after TBI. Using a variety of behavioral and 
cognitive tests (modified neurological severity scores (mNSS), open field test as well as novel object recognition and passive avoidance 
tests) the short- and long-term neurological and memory functions sequelae induced by TBI were assessed. Magnetic resonance imaging  
was used to visualize the injury site.

Results. Significant functional recovery was observed on both the mNSS and open field tests in the scaffold transplantation group 
compared to the control TBI group. In addition, enhanced improvement of short and long-term memory functions was found 5 months 
post injury. Magnetic resonance imaging data revealed that the scaffold transplantation result in decreasing of the volume of injury area 
compared to control TBI group and preventing the disruption of the neural networks of the brain.
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Conclusion. Taken together, our findings indicated that transplantation of 3D biodegradable scaffold into injury cavity contributed to 
the preservation of volume in the damaged region in the first months after TBI which in turn led to a better functional recovery in the remote 
period.

Key words: biodegradable scaffolds; functional recovery; traumatic brain injury.

Long-Term Neurological and Behavioral Results of Biodegradable Scaffold Implantation in Mice Brain

Introduction. The problem of treating the 
consequences of severe traumatic brain injury, stroke and 
other neurodegenerative processes is the most complex 
and socially significant problem of modern medicine, 
both in Russia and worldwide, because this pathology 
is one of the main causes of mortality and disability 
in it, as a result of decline in cognitive capacity [1, 2]. It 
is known that the degree of neurological deficit in such 
diseases is determined by two main factors: primary, 
the direct mechanical damage, leading to nerve cell 
death and tissue necrosis, and secondary, associated 
with subsequent activation of the biological factors of 
inflammation, apoptosis and ischemia of tissues [3–5]. 
New therapeutic approaches in neurotransplantation 
targeted at reducing negative consequences, primarily, 
it is these secondary lesions [6]. Recent studies suggest 
that adult neural stem/progenitor cells residing in the 
neurogenic regions in the adult mammalian brain may 
play regenerative and reparative roles in response to 
CNS injuries or diseases [7]. For example, selective 
stimulation of gene expression of neurotrophic factors, 
leading to activation of reparation processes, such 
as neurogenesis and synaptogenesis may contribute 
to reparative remodeling of the nervous tissue with 
improvement in behavioral and cognitive functions [8]. 
However, no significant advances in medical therapy 
and a limited regenerative potential of the brain cause 
the need for further research of both fundamental 
mechanisms of regeneration of damaged brain areas, 
and also the development of fundamentally new 
methodological approaches to treatment [9].

The first clinical studies of stem cell transplantation 
patients with consequences of craniocerebral and spinal 
cord injuries have demonstrated not only clinical efficacy, 
but immunological and safety of the method [10]. The 
studies also noted that, despite the limited amount and 
extent of growth of regenerating axons beyond the 
lesions and transplantation, the transplanted olfactory 
cells contribute to the improved functioning of local neural 
networks in the brain and spinal cord and ascending 
pathways to the somatosensory cortex [11].

In recent years, the results show that to achieve 
maximum therapeutic effect of transplantation necessary 
to use a set of cells from the olfactory epithelium, including 
fibroblasts, astrocytes, Schwann cells, multipotent stem 
and neural progenitor cells [12, 13]. In an alternative 
method can be used transplantation of neural cells on 
the matrix-carrier (scaffold), as a potentially new strategy 
for the recovery and regeneration of damaged brain 
[14]. The most relevant is the development of adequate 

matrix for transplanted cells that would produce a specific 
microenvironment with prolonged recovery process, 
neural networks, and support the structure of brain tissue 
before its restoration [15–17].

The aim of the study was to assess the integral 
outcomes of implantation biocompatible scaffold as the 
carrier of neural stem cells in the reconstructive surgery of 
open traumatic brain injury by parameters of neurological 
and cognitive status of the animals in the experiment.

Materials and Methods
Scaffold’s materials. For scaffold fabrication we 

used chitosan (80 kDa, the degree of acetylation of 0.15) 
obtained through solid-state synthesis in accordance with 
the work [18] and methacrylated hyaluronic acid obtained 
by Streptococcus equi-derived hyaluronic acid sodium 
salt (high molecular weight, CAS 9067-32-7) following the 
method [19] (60% degree of substitution, the reaction yield 
is 88%) in a ratio 3/1. As the photoinitiator used 1 wt% 
Irgacure 2959 (99%, Ciba, Switzerland), the preparation 
of the photosensitive composition was performed using a 
protocol previously described in ref [20].

Hydrogel scaffold preparation via two­photon 
polymerisation. The scaffold was formed directly in the 
volume of the photosensitive composition by two-photon 
photopolymerization [18] on the installation of Micro-3-
Dimensional Structuring System (Laser Centre Hannover) 
using a second harmonic of femtosecond laser TeMa-100 
(Avesta Project, Russia). The hydrogel structures were 
fabricated using computer-aided design (CAD) models by 
layer-by-layer technique. The model is a hexagonal array 
of mutually connected hollow cylinders of 250 µm in height, 
outer diameter of 250 µm and an inner diameter of 150 μm. 
Crosslinked structures were obtained with about 3 µm 
diameter and 250 µm in height (Figure 1). The development 
of the fabricated structures was performed in distilled water 
until the unpolymerized material was removed.

Culture preparation
Animals. Adult male C57BL/6 mice (12–14 weeks 

of age, 22–25 g) were purchased from the Department 
of Experimental Animals, Pushchino, Russia, and 
maintained under standard housing conditions 
(temperature: 18–24°C; relative humidity: 45%; light and 
dark cycle: 12 :12  h). Food and water were provided ad 
libitum. All animals were treated according to the protocols 
evaluated and approved by the “Guide for care and use 
of laboratory animals” (ILAR publication, 1996, National 
Academy Press), Russian Federation standard 33044-
2014 “Principles of Good Laboratory Practice (GLP)” 
and the Ethical Committee of the Nizhny Novgorod State 
Medical Academy.
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Substances. Dulbecco’s modified Eagle’s medium/
Ham’s F12 (DMEM-F12), basic fibroblast growth factor 
(bFGF), epidermal growth factor (EGF), fetal bovine 
serum (FBS) were purchased from PanEco, Russia. 
Hank’s balanced salt solution (HBSS), trypsin-EDTA 
(0.25%), L-glutamine, N-2 supplement, B-27 supplement 
were purchased from Gibco, USA. Gentamicin (4%) 
was purchased from КРКА, Russia. Poly(ethyleneimine) 
solution was purchased from Sigma, USA.

Methods. The olfactory mucosa was isolated from the 
nasal cavity of the mice after decapitation and washed 
in HBSS. After washing, the olfactory mucosa was 
mechanically dissociated in HBSS using a scalpel and 
incubated for 5 min at 37°C in 2 ml trypsin-EDTA (0.25%). 
In the tube, using a sterile plastic pipette, dissociate the 
tissue. Then 4 ml DMEM-F12 supplemented with 10% 
FBS was added to inhibit the trypsin. The dissociated cells 
were centrifuged at 1,000 g for 5 min and resuspended 
in the growth medium. Cell cultures were grown in 
DMEM-F12 supplemented with 10% FBS and gentamicin 
100 µg/ml at 37°C in a 60 mm plastic Petri dishes in a 
humidified 5% CO2 atmosphere. Renew the culture 
medium every 2 to 3 days.

Five to seven days after, neural stem cells will begin to 
invade the culture dish and after two weeks they should 
be confluent. When confluency is reached, the cells 
were passaged and transferred to neurosphere forming 
conditions.  To generate stem cell spheres, incubate 
the Petri dishes for 2 h at 37°C with poly(ethyleneimine) 
solution. Plate the cells in the treated flasks in culture 
medium (DMEM/HAM F12 supplemented with insulin, 
EGF (50 ng/ml) and FGF2 (50 ng/ml), N-2 supplement 
(10 µl/ml), B-27 supplement (1.24 µl/ml), L-glutamine 
(20 µl/ml)). Then make medium changes every 3 days. 
Two to five days later, collect floating and attached cell 
spheres and either re-plate or dissociate them before 
grafting in scaffold.

Scanning electron microscopy. The internal 
structure of scaffold and the change cell growth and 
morphology were observed under a scanning electron 
microscopy. The scaffolds with neural stem cells were 
processed for SEM imaging after the cultivation on 28 day 
in vitro (DIV). They were fixed with glutaraldehyde 2.5% 
for 12 h and 4°С, washed three times with bi-distilled 
water for 15 min. The samples were gradually dehydrated 
by means of an ethanol series, and then dried using a 

hexamethyldisilazane (HMDS) for 
30 min. Once dried, the samples 
were sputtered with gold and 
the images were acquired at 
5 kV using scanning electron 
microscope. SEM micrographs 
illustrated that the surface of 
scaffold can support the growth 
of dissociated hippocampal cell 
cultures in vitro (Figure 2). On 28 
DIV cells do not form a continuous 
monolayer on the surface of 
scaffold but cells always clustered 
in groups. Usually groups of cells 
were directed on surface of the 
scaffold.  Some groups of cells 
were spherical form and it fixed 
to the surface of the scaffold 

Figure 1. (a) Schematic illustration of the structure formation in the hydrogel: glass slide (1), silicone spacer (2), which housed 
the photosensitive composition (3), cover glass (4), scaffold (5). (b) Applied 3D model of the two-layer scaffold. (c) Microscopic 
images of monolayer scaffold after washing of non-crosslinked material in deionized water, the sample was painted to improve 
the picture’s contrast by Rose Bengal (Acros Organics, Belgium)
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Figure 2. Scanning electron microscope micrographs of the internal structure of 
scaffolds and the stem cell spheres: (a) scale 50 µm; (b) scale 25 µm
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using a structure similar to the flagellum. The diameter 
of the cell groups is quite different (from 12 to 100 µm). 
In most cases, the diameter of the cells was comparable 
to the diameter of the control group cells (7.89±1.75 µm). 
However, groups of cells with cell diameters of 
3.35±1.14 µm was found, which formed a group of small-
group. The morphology of individual cells was similar to 
the cells grown on the glass.

Weight­drop traumatic brain injury model
Animals. Adult male C57BL/6 mice (10–12 weeks 

of age, 20–22 g) were purchased from the Department 
of Experimental Animals, Pushchino, Russia, and 
maintained under standard housing conditions 
(temperature: 18–24°C; relative humidity: 45%; light 
and dark cycle: 12:12 h). Food and water were provided 
ad libitum. All animals were treated according to the 
protocols evaluated and approved by the “Guide for care 
and use of laboratory animals” (ILAR publication, 1996, 
National Academy Press), Russian Federation standard 
33044-2014 “Principles of Good Laboratory Practice” 
and the Ethical Committee of the Nizhny Novgorod State 
Medical Academy. The number of mice used and their 
suffering were minimized.

Model. Producing a clinically relevant trauma brain 
injury (TBI) model in small-sized animals remains fairly 
challenging: animal models of TBI should be established 
and standardized [21]. In this study, we established 
mouse models of head injury using the Feeney weight-
drop method [22] with some modifications concerning 
cognitive deficiency assessment and creating penetrating 
head injury for next reconstruction of temporary cavities in 
the severe TBI animal model. Recapitulation of temporary 
cavities that are induced by high-velocity penetrating 
objects (fluid percussion) in the mouse brain is difficult 
to produce [23]. We found that 4 g falling weight from 
80 cm height produced severe penetrating head injury 
in C57BL/6 male mice. Cognitive disorders in mice with 
severe penetrating head injury could be detected using 
passive avoidance test on day 7 after injury. Findings 
from this study indicate that weight-drop injury animal 
models are similar to those seen in human TBI and are 
suitable for further screening of scaffolds for tissue 
neuroengineering applications.

Spontaneously breathing mice were anesthetized with 
1.5% isoflurane in oxygen and placed in a stereotaxic 
frame adapted for mice Narishige (Japan) on a 37.8°C 
heating pad. For inducing focal brain injury, the animals 
are placed on non-flexible steel platform in order to 
minimize dissipation of energy [24], to reduce the risk 
of jaw fractures and achieve of the horizontal location of 
the calvarium to the tip of weight. All animals underwent 
craniotomy under aseptic conditions using a surgical 
microscope. The scalp was shaved and cleansed with 
chlorhexidine and povidone-iodine wash. The scalp and 
periosteum were opened, and a left craniotomy (4 mm in 
diameter, 2 mm posterior to stereotaxic bregma and 2 mm 
lateral to the midline) was performed with a fine drill, 
leaving the dura intact. A weight-drop device was placed 

over the dura. A sterile polypropylene cylindrical tube was 
manufactured with a 4-mm opening at one end. Then, 
a 4 g weight stainless steel cylinder was dropped from 
80 cm through a guiding tube onto the burr hole to create 
a contusion brain injury model.

TBI results in an ipsilateral injury with cortical 
contusion, hemorrhage, dura rupture that is typically for 
severe head trauma. After injury, the scalp incision was 
closed tightly with polypropylene suture and treated with 
an antiseptic solution. The mice were allowed to recover 
on a heating pad before being returned to their home 
cages with postoperative care and ad libitum access to 
food and water.

Transplantation. Seven days after TBI, mice were again 
anesthetized as above and placed in a stereotaxic frame. 
The lesion cavity induced by TBI was exposed in the left 
hemisphere. A 3D biodegradable scaffold (2×1 mm) was 
placed directly into the cavity without removal of additional 
brain tissue, and then the incision was closed with 
absorbable surgical suture. TBI control treatment animals 
underwent identical procedures, with the injections only 
consisting of the PBS vehicle (30 µl). The animals of intact 
group were not subjected to anesthesia, modeling TBI 
and transplantation. Sham-injured mice received similar 
surgical procedures including a craniotomy but no TBI.

Experimental groups. Adult male C57BL/6 mice (n=40) 
were randomly assigned to four groups. The first group 
(n=10) includes intact animals. The second group (n=10) 
comprised sham-operated animals. Mice of the third TBI 
control group (n=10) were subjected to TBI and injected 
with saline into the lesion cavity. The fourth group (n=10) 
was “TBI + scaffold” group.

Injury day was considered as day 0. All treatments 
were performed one week after TBI. Animals in the 
TBI control group were subjected to TBI and injected 
intracranially with PBS. Mice in the “TBI + scaffold” group 
were subjected to TBI, and 7 days later, a scaffold with 
cultured cells was directly transplanted into the lesion 
core.

Magnetic resonance imaging (MRI). Imaging of the 
mice brain was carried out on the high field MRI machine 
Agilent Technologies DD2-400 9.4 T (400 MHz) with a 
volume coil M2M (H1). Monitoring of the physiological 
parameters of animals (temperature, respiration and 
ECG) during imaging was performed on a SA Instruments 
company (USA) equipment using PC-SAM program. 
During imaging the animals were under isoflurane 
anesthesia. Animals were heated by 37°C warm air.

MGEMS (multi gradient echo multi slice) pulse 
sequence with the following parameters: repetition time 
(TR) is 1,000 ms, echo time (TE, TE2) is 1.5, 2 ms, echo 
number — 6, flip angle — 90, the amount of savings — 4, 
number of slices — 15, the thickness of slice was 1 mm, 
the field of vision — 20×20 mm2, matrix size — 128×128 
was used for T2*-weighted imaging. The total duration of 
the sequence was 8 min 32 s.

The volume of the injury was calculated by 
measurement of lesions for each slice and integrating it 
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for all slices. ImageJ software was used for operating and 
analyzing of the MR images.

Behavioral testing
The modified neurological severity score (mNSS). To 

evaluate post-traumatic neurologic impairment, all mice 
were scored on a 10-item rating performance [25] which 
tests the function of the cortex, the midbrain, and the 
cerebellum, including motor function, balance, alertness, 
and physiologic behavior, whereby 1 point is given for 
failure of the task and no point for succeeding. A maximal 
neurologic severity score (NSS) of 10 points indicates 
severe neurological dysfunction, with failure at all tasks. 
The sum of the scores from the 10 tasks is the NSS. In 
brief, mice were tested for: 1) the ability and initiative to 
exit a circle of 30-cm diameter within 3 min; 2) paresis 
of upper and/or lower limb of the contralateral side; 
3) alertness, initiative, and motor ability to walk straight; 
4) innate reflex; the mouse will bounce in response 
to a loud hand clap; 5) physiologic behavior as a sign 
of “interest” in the environment; 6) ability to balance 
on a beam of 7-mm width for at least 10 s; 7) ability to 
balance on a round stick of 5-mm diameter for at least 
10 s; 8) ability to cross a 30 cm-long beam of 2 cm width; 
9) ability to cross a 30-cm-long beam of 7-mm width; 
10) ability to cross a 30-cm-long beam of 5-mm width.

The mNSS were determined on the day before TBI 
and on post injury 1–10, 15, 20, 30 days, as well as 3, 4 
and 5 month time points.

Open field test. To assess cortical function, mice were 
subjected to behavioral testing using of the open field task 
on day 4 prior to injury (baseline), on post injury 10, 30 
days and 3, 4 and 5 months after TBI. Locomotor and 
exploratory behavior were analyzed. At the beginning of 
the test individual animals were placed in the center of 
the square plexiglas open field box (LE800S; PanLab/
Harvard Apparatus Spain; Stoelting, USA) were allowed 
to freely explore it for 5 min. Traveled distance, mean 
speed and the number of rearing as well as duration of 
anxiety-like behavior such as grooming and freezing 
acts were automatically recorded with a video camera 
(SONY SSC-G118; Japan). The data acquisition and 
analysis were controlled with the SMART (Spontaneous 
Motor Activity Recording and Tracking) v.3.0.03 software 
(Panlab/Harvard Apparatus Spain; Stoelting, USA). 
After the test, animals were returned to the home cage. 
The arena was intensively cleaned after each animal to 
prevent odor cues.

Novel object recognition (NOR) test. To evaluate 
deficit in short-term object memory that depends on 
hippocampal function, particularly those mediated by the 
dentate gyrus mossy fiber pathway [26] a NOR task was 
performed 1, 3, 4, 5 months after TBI.

The experimental apparatus consisted of a plexiglas 
open field box (45×45×40) (LE802S; PanLab/Harvard 
Apparatus Spain; Stoelting, USA). The procedure 
consisted of three sessions — habituation, training, 
and retention — and animals were videotaped during 
both the training and retention sessions [27; 28]. During 

the habituation session, the animals were individually 
habituated to the box, with 10 min of exploration in the 
absence of objects for 2 consecutive days to reduce 
neophobic responses and habituate to the stimuli present 
in the empty arena. Then, in the first trial, two identical 
objects were placed in the right and left corners of the 
box. Mice were placed into the box for 5 min, where they 
explored the two objects, and the exploratory activity (i.e., 
time spent in object-directed exploration) was recorded. 
The cumulative time spent by the mouse exploring each 
of the objects was recorded. Exploration of an object 
was defined as follows: directing the nose to the object 
at a distance of 1 cm and/or touching it with the nose; 
turning around or sitting on the object was not considered 
as exploratory behavior. The animals were immediately 
taken back to their home cages after the training session. 
During the retention session 24 h after the training 
session, the animals were placed into the same box, but 
one of the familiar objects used during the training was 
replaced with a novel object. The objects were different 
color but similar in size [29]. The animals were then 
allowed to explore freely for 5 min, and the time spent in 
exploring each object was recorded.  The box was wiped 
clean with 70% ethanol between tests. The animals with 
total exploring time less than 10 s during both sessions 
were excluded. Memory function was operationally 
defined by the discrimination ratio (DIR) for the novel 
object, as the proportion of time the animals spent 
investigating the novel object minus the proportion spent 
investigating the familiar one during the testing period:

DIR=[(novel object exploration time – familiar object 
exploration time) / total exploration time]×100 [30].

Passive avoidance test. The passive avoidance task 
was used to assess simple non-spatial learning ability. 
The passive avoidance device comprised of two adjoining 
compartments, one illuminated and one darkened, divided 
by a guillotine door. The dimensions of each compartment 
were 46×27×25 cm. The floor of the compartments 
consisted of steel rods capable of delivering a slight 
electric foot shock (50 Hz, 1.5 mA for 10 ms) to the 
animal (Shuttle Box LE895; PanLab/Harvard Apparatus 
Spain; Stoelting, USA). The passive avoidance test was 
conducted on days 1, 10, 30 and months 3, 4 and 5 post 
injury.

The experiment consisted of three sessions [31]. 
The animals were placed in the lighted compartment 
back to the dark compartment (starting position). The 
door between the compartments was in the open 
position. After 10 s the animal was removed from the 
dark compartment to the living cell. The procedure was 
repeated 3 times at 30-minute intervals (habituation). 
The test began by placing the mouse in the lighted 
compartment at the last attempt to habituation session. 
As soon as the animal crossed into the dark compartment 
the guillotine door was closed the animal received 
a slight electric foot shock (training), and latency for 
crossing to the dark compartment was recorded with the 
Shutavoid v.1.8.03 software (PanLab/Harvard Apparatus 
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Spain; Stoelting, USA). Following 
the electric shock, animals were 
removed from the apparatus 
and returned to their home 
cage. Mice were tested for 
the retention of the passive 
avoidance response twenty-four 
hours after the electric shock, 
and then on day 30 and 3, 4 
and 5 months after TBI. Upon 
testing, mice were placed in the 
illuminated compartment and the 
latency for the animal to cross 
into the dark previously shocked 
compartment, was recorded. 
During testing, no shock was 
delivered to the mice. Normal 
memory response on 3-minute 
latency of no crossing to the dark 
compartment was assigned as 
normal response [32].

Statistical analysis. Results 
were expressed as mean ± 
standard error of the mean (SEM). 
All data were evaluated for normal 
distribution and did not meet 
the assumptions for parametric 
analysis. Thus, non-parametric 
analyses were performed using 
a Wilcoxon signed-rank test for repeated measures of 
outcomes of the TBI. Statistical comparisons between 
behavioral data of treatments on each evaluated time-point 
were performed using a Mann–Whitney U test. A p value of 
<0.05 was considered significant. All data were analyzed 
using Statistica 5.5 software (StatSoft, USA).

Results
The neurological status assessment after scaffold 

transplantation. The functional assessment for mice 
behavior showed the sustained fault of neurological 
functions on day 1 after TBI. The mNSS in the groups 
with brain injury were significantly higher compared 
with initial level as well as intact and sham-operated 
groups of animals. Beginning from one-month post injury 
the mNSS statistically decreased in the group with 3D 
biodegradable scaffold compared to control PBS group 
of mice (p<0.05) (Figure 3).

Passive avoidance behavior. The results of 
behavioral tests revealed the impairment of learning 
processes of animals in the control (PBS) group as a 
result of TBI. The entry latency in the control (PBS) 
group of mice significantly increased compared to intact 
and sham-operated control group (p<0.05) during the 
acquisition test. It was caused by the impairment of the 
motor functions of the CNS of animals owing to the TBI. 
On day 10 the entry latency into the dark compartment 
of the shuttle box in the control (PBS) group did not 
significantly differ from the latency at the acquisition 
session (p>0.05) (See Figure 3). At the same time the 

Long-Term Neurological and Behavioral Results of Biodegradable Scaffold Implantation in Mice Brain

M
od

ifi
ed

 n
eu

ro
lo

gi
ca

l s
ev

er
ity

 
sc

or
e 

(p
oi

nt
s)

Post injury time

Intact
Sham-operated
Control (PBS)
Scaffold

Figure 3. The neurological status (modified neurological scores) of C57BL/6 mice in 
the post-traumatic period. Mice were subjected to open scull TBI as described in the 
text, and their neurological performance was evaluated at the indicated time points 
by the modified neurological severity score. Ten different tasks were used to evaluate 
motor ability, balancing, and alertness. One point was awarded for failing to perform 
a particular task. Mice that died during the 7-day period were excluded from the study 
(they were not arbitrarily scored as 10). * p<0.05 a significant difference compared 
with the initial level; Wilcoxon test; # p<0.05 a significant difference compared with 
the intact group; Mann–Whitney U test; ^ p<0.05 a significant difference compared 
with the sham-operated group; Mann–Whitney U test. However, compared with the 
control (PBS) TBI group the modified neurological severity score of mice that received 
scaffold implantation significantly decreased since month 1 post injury (+ p<0.05; 
Mann–Whitney U test); n=10 per group

*#^

*#^

*#^
*#^

*#^

*+*+*+*+

*10

8

6

4

2

0
 1 day             1 months           3 months          4 months           5 months

significant increasing of latency was obtained in the group 
with biodegradable scaffold implantation on day 7 of TBI 
at the retention test compared with acquisition session as 
well as in the intact and sham-operated groups of mice 
(Figure 4). Furthermore, the latency was statistically 
higher in 3D biodegradable scaffold group compared to 
control PBS group.

Long-term memory functions were assessed by ability 
of mice to retain passive avoidance behavior since day 
30 of the post-traumatic period. On day 30 after the injury 
the entry latency at the retention test significantly differed 
from acquisition session in the scaffold treatment group. 
From month 3 of the post-traumatic period the latency 
in this treatment group of mice increased (p<0.05) 
compared to control PBS group of animals (Figure 5).

Novel object recognition test. Short-term memory 
of mice was evaluated in the NOR test starting from 
month 1 of the post-traumatic period. NOR test obtained 
data showed that TBI results in the significant impairment 
of hippocampus-dependent working memory (See 
Figure 4).

The exploratory time of novel object was statistically 
higher to the familiar object in the group of mice with 
3D biodegradable scaffold on day 7 following the injury. 
Discrimination ratio in this animals group was not differing 
that in the intact and sham-operated groups of mice on 
the all observed post-traumatic period. At the same time, 
the DIR value in the group with scaffold implantation was 
increased compared to control (PBS) group (p<0.05) that 
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Figure 5. The recovery of C57BL/6 mice 
recognition memory in the post-traumatic 
period. Recognition memory was evaluated 
using the novel object recognition test 1, 3, 
4 and 5 months after brain injury. For each 
mouse in the different groups, the absolute 
time spent exploring each of the two 
objects was recorded, and the differences 
between the exploration time of the two 
objects were calculated, first, with identical 
objects and then, 24 h later, with one of the 
objects replaced by a new one. The results 
are expressed as DIR values as described 
in the text. Statistical analysis of the DIR 
values of the NOR test results revealed 
a significant difference of the post-injury 
time (+ p<0.05; Wilcoxon test) as well as 
between the groups: * p<0.05 compared 
to intact mice; # p<0.05 compared to 
control group; ^ p<0.05 compared to sham-
operated group; Mann–Whitney U test; 
n=10 per group
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Figure 4. The effect of scaffold implantation on passive avoidance behavior of C57BL/6 mice in the post-traumatic period. The 
time spent at light compartment during retention test significantly increased compared learning session (* p<0.05; Wilcoxon 
test). During retention tests control mice demonstrated a decreased latency to entry to dark compartment (• p<0.05 compared 
to intact mice; ^ p<0.05 compared to sham-operated group; Mann–Whitney U test). Scaffold treated group showed significant 
decreases in time spent in illuminated compartment compared to control group (# p<0.05; Mann–Whitney U test); n=10 per 
group
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indicates the recovery of hippocampus-dependent short-
term recognition memory functions (See Figure 4).

Open field test. The data obtained in the open field 
test revealed the impairment of the motor functions 
of animals caused by TBI. The implantation of 3D 

biodegradable scaffold leads to recovery of value of 
traveled distance. Starting from month 3 of the post-
traumatic period it was statistically elevated compared to 
the control (PBS) mice group (p<0.05) (Figure 6).

The analysis of results showed that TBI leads to 
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Figure 6. Evaluation of spontaneous motor activity in the post-traumatic period. The assessment of motor activity was 
determined by measuring the traveled distance in the open field test during 5 min. TBI significantly impaired the motor activity 
in the post-traumatic period (* p<0.05 values in brain-injured mice that differ significantly from the values in intact mice; 
^ p<0.05 compared to sham-operated group; Mann–Whitney U test; + p<0.05 significant differences between pre- and post-
injured value means; Wilcoxon test). Scaffold implantation significantly increased the distance traveled compared with control 
mice (# p<0.05; Mann–Whitney U test); n=10 per group
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Figure 7. Spontaneous exploratory activity in mice in the post-traumatic period. The assessment of exploratory activity was 
determined by measuring the number of rearing in the open field test during 5 min. TBI significantly decreased the number 
of rearing acts (* p<0.05 values in brain-injured mice that differ significantly from values in intact mice; ^ p<0.05 compared 
to sham-operated group; Mann–Whitney U test; + p<0.05 significant differences between pre- and post-injured values 
means; Wilcoxon test). Scaffold treated group showed significant recovery of exploratory activity compared with control mice 
(# p<0.05; Mann–Whitney U test); n=10 per group
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Figure 8. The speed of locomotor activity of C57BL/6 mice in the open field test in the post-traumatic period scaffold 
implantation prevents activity speed decreasing in the open field test. TBI significantly decreased the speed of activity 
(* p<0.05 values in brain-injured mice that differ significantly from values in intact mice; ^ p<0.05 compared to sham-operated 
group; Mann–Whitney U test; + p<0.05 significant differences between pre- and post-injured values means; Wilcoxon test). 
Scaffold treated group showed significant recovery of the activity speed compared with control mice (# p<0.05; Mann–Whitney 
U test); n=10 per group
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а
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d Figure 9. T2*-weighted MR images of 
the intact mice brain (a), sham-operated 
mice brain (b), mice with TBI (c) and 
mice with TBI and implanted in injury 
area biodegradable chitosan scaffold 
(d). Images were obtained using 9.4 T 
MRI machine, pulse sequence MGEMS
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significantly impairment of exploratory activity of mice. 
The number of rearing was decreased in the scaffold 
treatment group as well as in the control (PBS) group 
of animals on day 10 compared with intact and sham-
operated mice (p<0.05). Starting from one month after 
injury this factor had recovered in the group of mice with 
scaffold implantation into injury cavity. Furthermore, it 
was statistically higher compared to control (PBS) group 
on months 4 and 5 of the post-traumatic period (p<0.05) 
(Figure 7).

The TBI results in the decrease of locomotor activity 
speed of animals. The implantation of 3D biodegradable 
scaffold had prevented this change. The value of the 
speed of locomotor activity in this animal group was 
higher compared to control (PBS) mice since month 3 of 
the post-traumatic period (Figure 8).

Magnetic resonance imaging data. MRI data 
obtained 5 months after injury showed that the tissue 
formed at the site of the scaffold, is not similar to the intact 
brain tissue on the MR images and structural changes 
are there (Figure 9). Accumulation of fluid in the injury 
area was not observed, it would be seen as hyperintense 
signal and overexposed area on the MR image with the 
less volume of the brain tissue injury area on month 5 
(See the Table). Also, there was no hardening of tissue 
in the injury area, which could indicate hypointense signal 
and intensity decline (blackout).

Discussion. At the present time the works in the field 
of neurotransplantation are more focused on the use of 
hydrogel systems of different composition with engrafted 
progenitor cells.

Firstly, the pore structure of the hydrogel allows cells 
and nutrients to penetrate into the matrix and metabolic 
products to dispose in the volume of the body [33]. 
Second, hydrogels are optimal in terms of mechanical 
compatibility with the brain and spinal cord tissue, 
Young’s modulus values are in the range 1,700–2,000 Pa 
[34]. The compatibility of the mechanical characteristics is 
determining  during the differentiation of progenitor cells 
[35] and influences overall success of implantation [36]. 
Third, hydrogels are promising drug compounds in the 
injury site [37].

In the present study, multifunctional hydrogel 
scaffolds were formed using the method of two-photon 
polymerization. With the use of scaffolds to solve a 
range of problems associated with a defect structure 
and the inflammatory processes that occur at the site of 
injury. The structure’s composition provided mechanical 

properties of the scaffold and initiated degradation 
process in the interaction with the surrounding tissues 
and body fluids. As the main component a high 
molecular chitosan was chosen, it used with human 
mesenchymal stem cells for the TBI therapy [38]. 
Chitosan is a polysaccharide structurally similar to 
glycosaminoglycans, it has good mechanical properties, 
but the long degradation kinetics [39]. On the other hand, 
it is known that the basis of the extracellular brain matrix is 
hyaluronic acid and enzymatic degradation of hyaluronic 
acid results from the action of three types of enzymes 
are synthesized in the brain tissues: hyaluronidase, β-D-
glucuronidase, and β-N-acetylhexosaminidase [40]. 
Enzymatic degradation of methacrylated hyaluronic acid 
(up to 2 wt% in the composition) allowed to initiate the 
destruction of the structure according to the mechanism 
of the erosive degradation. Earlier, similar scaffolds 
on the composition of zirconium based hybrid material 
were formed by two-photon polymerization. It has been 
shown that the selected model provides formation of 
3-dimensional neural network using primary neuronal 
cells [41]. By preliminary studies we have found that the 
scaffold material based on chitosan and hyaluronic acid 
is non-toxic, biocompatible with dissociated brain cells of 
mice [20].

Based on these results the corresponding model of the 
structure has been selected and 3D hydrogel scaffolds 
on the basis of chemical composition were formed. 
Since mechanical properties of the scaffold coincide 
with the mechanical properties of the surrounding tissue, 
in the experiment did not occur the formation of the 
fibrous capsule caused by mechanical damage of the 
extracellular matrix of the brain. In addition, structured 
hydrogels are used not only in terms of facilitating cell 
regeneration but also in enacting a form of architectural 
support to prevent further damage to adjacent tissue [42].

The study shows that the transplantation of the scaffold 
after 7 days after traumatic brain injury preserves the 
ability of animals to study conditioned reflexes and 
updating traces of short and long-term memory after 
5 months after injury in contrast to the control. Likely that 
maintaining brain volume in the post-traumatic period 
due to the scaffold within the first month, according to 
MRI, prevents the disruption of the neural networks of the 
brain, which leads to a better recovery of cognitive and 
reflex functions of the CNS compared to control.

Conclusion. Behavioral tests revealed a significant 
improvement in recovery of cognitive and reflex 

The volume of the brain tissue injury area obtained by TBI according to the high field 
MRI (mm3)

Group of animals Day 14 Day 21 Month 1 Month 5
Control 11.32±1.24 6.98±0.67 5.38±0.43 5.12±0.32

Scaffold 15.25±1.62 16.33±1.53* 2.83±0.11* 1.65±0.12*

* p<0.05 compared to control group; Mann–Whitney U test.
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functions of the CNS in animals against the backdrop of 
neurotransplantation. A facilitative effect on the ability of 
animals to learn passive avoidance reaction and updating 
traces of short and long-term memory in the remote 
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activity of the mice showed the biocompatibility of the 
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