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Abstract

Organotypic slice culture is a living cell research technique which blends features of

both in vivo and in vitro techniques. While organotypic brain slice culture tech-

niques have been well established in rodents, there are few reports on the study of

organotypic slice culture, especially of the central nervous system (CNS), in chicken

embryos. We established a combined in ovo electroporation and organotypic slice

culture method to study exogenous genes functions in the CNS during chicken

embryo development. We performed in ovo electroporation in the spinal cord or

optic tectum prior to slice culture. When embryonic development reached a specific

stage, green fluorescent protein (GFP)‐positive embryos were selected and fluores-

cent expression sites were cut under stereo fluorescence microscopy. Selected tis-

sues were embedded in 4% agar. Tissues were sectioned on a vibratory microtome

and 300 μm thick sections were mounted on a membrane of millicell cell culture

insert. The insert was placed in a 30‐mm culture dish and 1 ml of slice culture media

was added. We show that during serum‐free medium culture, the slice loses its origi-

nal structure and propensity to be strictly regulated, which are the characteristics of

the CNS. However, after adding serum, the histological structure of cultured‐tissue
slices was able to be well maintained and neuronal axons were significantly longer

than that those of serum‐free medium cultured‐tissue slices. As the structure of a

complete single neuron can be observed from a slice culture, this is a suitable way

of studying single neuronal dynamics. As such, we present an effective method to

study axon formation and migration of single neurons in vitro.
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1 | INTRODUCTION

Organotypic slice culture is an effective and well‐established method

of maintaining tissue ex vivo. Tissues are able to maintain normal inter-

cellular contact and differentiation patterns, as well as near‐normal

physiological and morphological characteristics, thereby avoiding or

reducing deficits between standard cell culture and animal modelling

techniques. Organotypic slice culture techniques provide a good

method for studying central nervous system (CNS) development, but

the real breakthrough in this technology came from the roller‐tube
technique pioneered by Gähwiler.1–3 Using this technique, slices

derived from various brain regions have been kept in culture for up to

several weeks. In 1991, Stoppini et al used a sterile, transparent and

porous membrane to culture the rat hippocampus, achieving good

results, and thus establishing a simple method for organotypic culture

of nervous tissue.4 Brain slice culture can successfully simulate the

process of neural development similar to that observed in vivo, and

provide experimental evidence for organ‐like brain slices, as an alter-

native to the in vivo brain.5 This method has been effectively applied

to various fields of experimental neuroscience.6–9

Today, organotypic brain slice culture is mainly applied to mouse

and rat tissue, as well as for disease modelling, such as with transgenic

mice.10–17 However, there are few reports related to the study of

organotypic slice culture using chicken embryos.18,19 The chicken

embryo is a good animal model, used for both developmental biology

and neurobiology studies. Particularly for the study of embryonic CNS

development, the chicken embryo has the advantages of being abundant,

easy to manipulate and easy to access to collect material from. With the

emergence of in ovo electroporation technology using the chicken

embryo, the ectopic expression of exogenous genes can easily be

achieved in the CNS. We thus developed an organotypic slice culture

combined with in ovo electroporation technology to study the dynamic

changes of neurons under exogenous gene expression during chicken

CNS development. This method will provide a new strategy for the func-

tional study of exogenous genes in the development of the chicken CNS.

2 | MATERIALS AND METHODS

2.1 | Culture media

The reagents used included slice culture free serum media (48 mL of

Neurobasal (Thermo Fisher, USA), 1 mL of B‐27® Serum‐Free Supple-

ment (50X) (Thermo Fisher), 0.5 mL of 1% GlutaMAX (Thermo Fisher),

0.5 mL of 1% penicillin‐streptomycin (Sigma), 25% horse serum media

(37.5 mL of free serum media, 12.5 ml horse serum [HyClone, USA])

and artificial cerebrospinal fluid (aCSF) (120 mmol/L NaCl, 3.5 mmol/L

KCl, 1.3 mmol/L MgCl2, 2.5 mmol/L CaCl2, 1.25 mmol/L NaH2PO4,

25.6 mmol/L NaHCO3 and 10 mmol/L glucose).20

2.2 | Embryo preparation

Fertilized eggs were obtained from a local farm and incubated

(HWS‐150 Incubator, JingHong, China) at 37.8°C and 65% humidity.

The Hamburger and Hamilton system was used to stage the

embryos.21 Embryos were studied from stages 17 (E2.5) to 38 (E12),

with at least five embryos collected from each stage.

2.3 | Spinal cord in ovo electroporation and tissue
section

We used a pCAGGS‐green fluorescent protein (GFP) plasmid to

drive GFP expression as a cellular marker. All plasmids were purified

using a plasmid extraction kit (Cwbio, China), as per the manufac-

turer's instructions, and diluted in water. The in ovo electroporation

protocol used was modified from a previously published study and a

stereomicroscope was used to assist with all steps of electropora-

tion.22 Briefly, fertilized eggs were incubated until stage 17 (E2.5)

(Figure 1A,B), after which 3‐4 mL of albumin was removed without

disrupting the yolk (Figure 1C). The shell was cut carefully with a

pair of curved scissors to construct a 1‐2 cm diameter window with-

out touching the embryo. A mixture containing 0.25 µg/µL of

pCAGGS‐GFP plasmid and Fast Green dye (0.01%) was injected and

loaded into the spinal cord with a mouth pipette until the dye filled

the entire space (Figure 1D). Electrodes were then immediately

placed in parallel on either side of the embryonic neural tube (Fig-

ure 1E). A total of six 18‐volt pulses, lasting 60 ms and separated

by a 100 ms pause, were emitted. After electroporation (CUY‐21
Electroporator, Nepa Gene, Japan), the electrodes were carefully

removed and the egg was sealed with tape (Figure 1F). The eggs

were then placed back into the incubator until they reach the

desired stage (26 [E6]) for sample collection, sectioning and slice

culture. For bromodeoxyuridine (BrdU) labelling, 5 μg/μL of BrdU

was added into the embryo 24 hours prior to fixation and sample

collection.

At stage 26 (E6), GFP‐positive embryos were selected (Fig-

ure 1G‐I) and fluorescent expression sites were cut under a stereo

fluorescence microscope (Figure 1J,K). Selected tissues were embed-

ded in 4% agar, which was pre‐cooled to 40°C (Figure 1L). The tis-

sues were sectioned using a vibratory microtome (VT1200S, Leica,

Germany) and the 300 μm thick sections were mounted on a mem-

brane of millicell cell culture insert (PICM03050, Millipore) (Fig-

ure 1M‐O). In the process of tissue sectioning, aCSF was added to

the buffer plate of the vibratory microtome in order to protect the

cut tissue (Figure 1M‐O).

2.4 | Optic tectum in ovo electroporation and
tissue section

The in ovo electroporation protocol was modified from a previous

study.23 Briefly, fertilized eggs were incubated until stage 17 (E2.5),

after which 6 mL of albumin was removed from the egg without dis-

rupting the yolk.23 One day later (E3.5), the shell was cut carefully

with a pair of curved scissors to construct a 1‐2 cm diameter win-

dow without touching the embryo. A mixture, containing 0.25 µg/µL

of pCAGGS‐GFP plasmid and Fast Green dye (0.01%), was injected

and loaded into one side of the optic tectum using a mouth pipette
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until the dye filled the entire space (Figure 2A). Electrodes were

then immediately placed in an overlapping position on both sides of

the embryonic optic tectum (Figure 2B). A total of six, 15‐volt pulses
were administered, lasting 60 ms each and separated by a 100 ms

pause (Figure 2B). After electroporation (CUY‐21 Electroporator,

Nepa Gene), the electrodes were carefully removed and the egg was

sealed with tape. The eggs were then placed back into the incubator

until they reach the desired stage 38 (E12) for sample collection

(Figure 2C), sectioning and slice culture.

At stage 38 (E12), GFP‐positive embryos were selected using a

stereo fluorescence microscope (Figure 2D‐F). The optic tectum

section was cut according to two different methods. Initially, the

4% pre‐cooled agar is cut into a square according to the size of

the tissue (Figure 2G), and pasted to the tray of the vibratory

microtome using a strong adhesive (Figure 2G). A groove was next

cut into one side (Figure 2H‐I), with the optic tectum of the

chicken brain towards the groove, and the sides of the olfactory

bulb affixed to the tray (Figure 2J). Another method was to take

selected tissues and embed the selected tissues in 4% agar that

had been previously pre‐cooled to 40°C (Figure 2J). The tissues

were coronally sectioned on a vibratory microtome (VT1200S,

Leica) and 300 μm thick sections were mounted on a membrane

of millicell cell culture insert (PICM03050, Millipore) (Figure 2K, L).

In the process of tissue sectioning, aCSF was added to the buffer

plate of the vibratory microtome in order to protect the cut tissue

(Figure 2K‐L).

2.5 | SLICE CULTURE

The Millicell cell culture insert well was placed in a 30 mm culture

dish containing 1 ml of slice culture media. The dishes were trans-

ferred to an incubator at 37°C and 5% CO2. The slices were cultured

for 24 h before media replacement, and then the media replenished

once in every two days. Tissues were maintained for 7 days. The

morphological structure of the cultured slice was analysed after 48 h

by confocal microscopy (Olympus ix81, Japan). For BrdU labelling,
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F IGURE 1 Spinal cord in ovo
electroporation and tissue section. (A‐F,J‐
M) were imaged using a canon camera; (G‐
I,N‐O) were imaged using a stereo
fluorescence microscope; (A,B) Incubation
of fertilized eggs; (C) Removal of
approximately 3‐4 mL of albumin; (D)
Injection of plasmid into spinal cord; E: In
ovo electroporation; (F) Incubation of the
eggs; (G‐I) Material collection; (J‐K) Green
fluorescent protein‐positive spinal cord
collection; (L) Samples embedded in 4%
agar; (M) Tissues sectioned; (N‐O) Sections
mounted on the membrane of millicell cell
culture insert; sp: spinal cord; Scale
bar = 5 mm in (G‐I) and (N‐O)
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5 μg/μL of BrdU was added to the media 24 hours prior to sample

collection.

2.6 | TISSUE SECTION

Samples of the optic tectum and spinal cord tissue containing GFP

were collected. Embryos of a sufficient size were fixed in 4%

formaldehyde solution for 24 hours. Following the fixation, the tis-

sue was immersed in an 18% sucrose solution, embedded in Tissue‐
Tec OCT compound (Sakura Finetek, USA), frozen in liquid nitrogen

and stored at −80°C until use. Samples were sectioned on a cry-

otome (Leica 1850, Germany) and the 20 μm thick sections were

mounted on poly‐L‐lysine coated slides.

2.7 | Immunohistochemistry

For immunohistochemistry, sections were fixed with 4%

paraformaldehyde in PBS for 15 minutes at 37°C. Following another

TBS wash, a blocking solution (2% sheep serum, 4% bovine serum

albumin, 0.3% Triton X‐100% and 0.1% sodium azide in Tris‐buffered
saline (TBS, sheep serum and bovine serum albumin; Beijing Dingguo

co. LTD, China) was applied to tissue sections for 1 hour at room tem-

perature. Primary antibodies were then applied overnight at 4°C. Pri-

mary antibodies used in this study included rabbit anti‐caspase‐3
polyclonal antibody (Proteintech, China, 1:100 dilution), mouse

anti‐BrdU monoclonal antibody (ZSGB‐BIO, China; 1:100 dilution),

rabbit anti‐Map2 polyclonal antibody (Abcam, 1:300 dilution), mouse

anti‐NeuN monoclonal antibody (Abcam, 1:300 dilution), mouse anti‐
neurofilament (NF) (1:10 dilution), rabbit anti‐glial fibrillary acidic pro-

tein (GFAP) polyclonal antibody (Abcam, 1:300 dilution) and rabbit

anti‐Iba1 monoclonal antibody (Abcam, 1:300 dilution). For BrdU

detection, sections were incubated in 2 N HCl for 30 minutes fol-

lowed by 0.1 mol/L Na2B4O7 (pH 8.5) and then rinsed several times in

TBS before the incubation with anti‐BrdU. Next, the appropriate sec-

ondary antibodies, whether goat‐anti‐rabbit Cy3‐labelled (Jackson

Immuno Research, Europe Ltd, 1:1000 dilution), goat‐anti‐mouse Cy3‐
labeled (Jackson Immuno Research, Europe Ltd, 1:1000 dilution) or

goat‐anti‐rabbit FITC‐labelled (ZSGB‐BIO, China; 1:100 dilution) sec-

ondary antibodies were applied for 2 hours at 25°C. A similar process

was employed for double staining. Finally, DAPI (4ʹ,6‐diamidino‐2‐
phenylindole, DAPI, Roche, Germany) was used to stain all cell nuclei.

2.8 | Microscopy

The whole embryo or brain was imaged under a stereo fluores-

cence microscope (M205FA, Leica, Germany) equipped with a digi-

tal camera (DFC425C, Leica, Germany). Tissue sections were

imaged by confocal microscopy (Olympus ix81). Digitized images

were adjusted for contrast and brightness using Photoshop soft-

ware (Adobe, USA).

A
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E F

B C

F IGURE 2 Optic tectum in ovo
electroporation and tissue section. (A‐C,G‐
L) were imaged using a canon camera; (D‐
F) were imaged using a stereo fluorescence
microscope; (A) Injection of plasmid into
optic tectum; (B) In ovo electroporation;
(C) Incubation of the eggs up to stage 38
(E12); (D‐F) Green fluorescent protein‐
positive brain collection; (G) 4% agar block;
(H‐I) Groove cutting on one side of agar
block; (J) Samples embedded in 4% agar;
(K) Tissues sectioned; (L) Sections mounted
on the membrane of millicell cell culture
insert; Scale bar = 5 mm in (D‐F)
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2.9 | Time‐lapse imaging

For time‐lapse imaging, we set up a climate chamber on an inverted

confocal microscope platform. The temperature of the climate cham-

ber was 37°C and contained 5% of carbon dioxide. In order to clearly

observe the morphology of neurons, the confocal 40× long focus lens

was used. A culture slice with complete morphology and GFP expres-

sion was selected from a culture dish under an inverted fluorescence

microscope. The dish containing the membrane insert with the slice

and containing 1 mL of slice culture medium was placed into the cli-

mate chamber of the confocal microscope. The resolution was set to

800 by 1000 pixels and the time‐lapse series was initiated at a rate of

one z‐stack every 10 minutes. Time‐lapse series were analysed using

Photoshop software (Adobe).

3 | RESULTS

3.1 | Combination of in ovo electroporation and
slice culture for the study of gene function

We combined in ovo electroporation and slice culture technology

to study gene functions in the spinal cord and optic tectum. With

regard to the spinal cord, in ovo electroporation was conducted at

stage 17 (E2.5). The samples were sectioned at stage 26 (E6), and

GPF‐positive slices were selected for culture using a stereo

fluorescence microscope (Figure 3A‐F). In general, in the process

of spinal cord section culture, six to eight slices can be placed in

one well membrane (Figure 3A). When positioning slices, it is

important to avoid any contact between slices by leaving enough

space between them and to select only the GFP‐positive tissue

slices (Figure 3B,C). In order to ensure the quality of results, the

slices should not fold or break and the expression of GFP should

be accurate in one side of the spinal cord (Figure 3D‐F). With

regard to tectum slice culture, two slices can be placed in one

well membrane (Figure 3G). As the migration of transfected neu-

rons in the ventricular zone is what mainly observed in the optic

tectum, GFP expression should be restricted to the ventricular

zone (Figure 3H‐I). The tissue slices were placed in full contact

with the medium and exposed to the air so as to prevent tissue

necrosis (Figure 3J).

3.2 | Serum‐free medium cultured slice neurons
lose strict regulation

In tissue sections, patterns of migration of GFP‐positive neurons

tend to be regular and axonal projections are strictly regulated by

various factors in the body (Figure 4A‐C). We were able to

observe transfected commissural axons on one side of the spinal

cord projecting to the contralateral side through the floor plate

(Figure 4B, C). Following 48 hours of slice culture, while GFP‐

A
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E F

B C

F IGURE 3 Slice culture. (A,G) were
imaged using a canon camera; (B‐F,H‐I)
were imaged using a stereo fluorescence
microscope; (A‐F) Spinal cord slices
culturing; (G‐I) Optic tectum slice culturing;
(J) Tissue slice culture model. Scale
bar = 5 mm in (B‐C,E‐F,H‐I)
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positive neurons were still be seen on one side of the spinal cord,

the direction of neuronal migration and projection of commissural

axons were altered (Figure 4E,F).

3.3 | Serum‐free medium culture slices lose the
original structure of the CNS

Compared with the tissue sections taken directly from the embryo

(Figure 4A‐C), the most significant difference in the cultured tissue is

the loss of the original morphological structure (Figure 4D‐F). Fol-
lowing 48 hours of slice culture, the structure of the dorsal root gan-

glion (drg) in the spinal cord was blurred, and the boundary between

the spinal cord and the surrounding tissue was no longer obvious

(Figure 4D). Similar results were seen on culturing the optic tectum

slice (Figure 5A‐F). While the optic tectum had a distinct layer struc-

ture in the freshly cut tissue sections (Figure 5A‐C), the boundary

became blurred and the structure of each layer of the optic tectum

was no longer obvious following tissue culture (Figure 5D‐F).

3.4 | Comparison of tissue morphology and
neuronal structure between serum‐free medium and
25% horse serum medium‐added cultured slice

Over the course of the experiment, the tissue slices cultured in serum‐
free medium lost their original morphology and structure, and patterns

of neuronal migration also lost their strict regulation. Therefore, we

added 25% horse serum in serum‐free medium for comparative pur-

poses. We found that in serum‐free medium, the adhesive between

the tissue slice and the insert culture dish membrane was very weak

and would fall off easily on rinsing (Figure 6A‐C). In addition, the edge

of the tissue was not smooth enough (Figure 6A). However, neurons

transfected with GFP plasmids were clearly visible and distributed

A
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E F
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F IGURE 4 Differences in tissue
morphology and neuronal structure
between cultured slices and tissue sections
in the spinal cord. (A‐P) were imaged using
a confocal microscope. (A‐C) Control group
pCAGGS‐green fluorescent protein (GFP)‐
positive section at stage 26 (E6). (A) 4ʹ,6‐
diamidino‐2‐phenylindole (DAPI) nuclear
staining, (B,C) GFP expression and merged
images. (D‐F) pCAGGS‐GFP‐positive slices
at stage 26 (E6) cultured for 48 h; (D)
DAPI nuclear stain; (E,F) GFP expression
and merged images; (G‐L) Single neuron in
culture slices of spinal cord, DAPI nuclear
stain (G, higher magnification in J), GFP
expression (H, higher magnification in K),
and merged image (I, higher magnification
in L). sp, spinal cord; drg, dorsal root
ganglion. Arrows (→) in (B‐C,E‐F) denote
commissural axons. Scale bars, 100 µm in
(A,D,G,J) for (A‐L) respectively
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across different layers of the tectum (Figure 6B‐C). Further magnifica-

tion (Figure 6B‐C arrow area) under confocal microscopy revealed that

the layers of the optic tectum stained with DAPI were not distinctly

stratified (Figure 6D). However, typical neurons can be clearly seen,

suggesting that brain slices remain active in serum‐free medium, but

do not guarantee good morphological structure (Figure 6E‐F). Tissue
slices were similarly cultured in the medium containing 25% horse

serum. It was found that the cultured tissue slices adhered strongly to

the insert culture dish membrane were not desquamated by rinsing or

even blowing slightly, and did maintain good morphology and struc-

ture (Figure 6G‐I). Greater magnifications revealed that the DAPI‐
stained nuclei had a layered structure (Figure 6J), but that the layered

structure was still different from that of the same time layer in vivo

(Figure 5A). Compared with serum‐free medium, the length of GFP‐la-
belled axons in 25% horse serum culture were significantly longer than

those in serum‐free medium (Figure 6K‐L), especially in the enlarged

structure of a single neuron (Figure 6M,N). To shed light on this, we

analysed the length of neuronal axons. Results showed that the length

of axons in the medium containing 25% horse serum was

358.78 ± 70.48, which was significantly (P < 0.001) larger than that in

the medium without serum, while the length of axons in the serum‐free
medium was 170.06 ± 33.60 (Figure 6O).

3.5 | Slice culture is suitable for the study of a
single neuron dynamics

The analysis of single neurons in cultured‐tissue reveals an integral

neuronal structure, including a very obvious dendrite (Figures 4G‐L
and 5F). A complete single neuron can be observed by a scanning con-

focal microscope (Figure 5G‐N). Usually, as neurons have three‐dimen-

sional spatial structure, this complete structure is difficult to observe

in tissue sections (Figure 5C). Indeed, during the process of sectioning,

parts of the neurites are usually lost (Figure 5C). Thus, in the observa-

tion process, incomplete structures are often acquired (Figure 5C).

During slice culture, neural precursor cells can form neurons, and the

protruding axons and the structure of the dendrites can be completely

retained (Figure 5F). Despite the thickness of the cultured tissue slice,

it is not possible to observe complete neuronal structures at low

A
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H I J

E F

B C

F IGURE 5 Differences in tissue
morphology and neuronal structure
between slice cultures and tissue sections
in the optic tectum. (A‐N) were imaged
using a confocal microscope. (A‐C) Control
group, pCAGGS‐GFP‐positive section at
stage 38 (E12). (A) 4ʹ,6‐diamidino‐2‐
phenylindole (DAPI) nuclear staining; (B)
GFP expression. Higher magnification
merged images of (A) and (B) are shown in
(C). (D‐F) pCAGGS‐green fluorescent
protein (GFP)‐positive slices at stage 38
(E12) culture to 48 h; (D) DAPI nuclear
staining; (E) GFP expression; Higher
magnification merged images of (D) and (E)
are shown in (F). (G‐N) A series image of
(F) scanning different layers in culture
slices of optic tectum. Arrows (→) in (C)
denote single neuron in section, Arrows
(→) in (F‐N) denotes single neuron of
different layers in culture slices. Scale bars,
100 µm in (A,C,D,F,G,K) for (A‐N)
respectively
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magnifications. However, the different layer structures of a single neu-

ron can be observed by scanning confocal microscopy (Figure 5G‐N).

In addition, in slice culture, a neuron's dynamic changes can be

observed under the microscope. Combined with in ovo electropora-

tion technology, we can study neuronal migration and axon formation

following ectopic expression of exogenous genes (Figure 6A‐L).
In addition, during slice culture, using in ovo electroporation com-

bined with time‐lapse technology, we can observe the dynamic migra-

tion of neurons. In this experiment, we collected time‐lapse data from

the cerebral cortex of E14.5 mice over the course of 16 hours (Figure 7

A‐P). Following in ovo electroporation, the expression of reporter gene

GFP will spontaneously fluorescence green allowing for the trans-

fected neurons to be clearly observed by fluorescence microscopy.

Over the course of slice culturing, live neuron conditions were simu-

lated in vivo, causing neurons to mirror in vivo migratory patterns.

Using confocal microscopy's time‐lapse function, parameters were set

and scans obtained every 10 minutes. Following 16 hours of culture,

we were able to trace the complete migration of single neurons (Fig-

ure 7 A‐P, see Video S1). Compared with the control cells (Figure 7,

red arrow), the neurons (Figure 7, white arrow) observed in the time‐
lapse images were uniformly moving outwards. This method can also

be used to study the gain and loss of function of exogenous genes

over the course of neuronal migration, especially in the context of

dynamic changes which are unable to be observed in vivo.

3.6 | Effects of in ovo electroporation on cell
apoptosis and proliferation in slice cultures

In order to shed light on whether this technique will interfere with

neuronal survival and apoptosis, we stained for caspase 3 and BrdU

in both experimental and control groups. Results showed that cas-

pase‐3 had low expression levels in both control group and slice cul-

ture tissue groups, and that its expression was not enhanced in the

region of GFP‐positive regions (Figure 8A‐H). Results also indicated
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F IGURE 6 Comparison of tissue
morphology and neuronal structure
between serum‐free medium and 25%
horse serum‐medium slice cultures. (A‐C)
and (G‐I) were imaged using a stereo
fluorescence microscope; (D‐F) and (J‐L)
were imaged using a confocal microscope.
(A‐F) used serum‐free medium (Neurobasal
added B‐27 as the medium), (A‐C) cultured
for 7 d, (D) 4ʹ,6‐diamidino‐2‐phenylindole
(DAPI) nuclear staining; (E) Green
fluorescent protein (GFP) expression, (D)
and (E) merged images are shown (F). (G‐L)
used 25% horse serum medium
(Neurobasal added B‐27% and 25% horse
serum as the medium), (G‐I) cultured for
7 d, (J) DAPI nuclear staining; (K) GFP
expression, (J) and (K) merged images are
shown in (L). Arrows (→) in (B‐C) and (H‐I)
denote GFP‐positive areas in the tectum,
Arrows (→) in (E‐F) and (K‐L) denote single
neurons from GFP‐positive in culture slices
from higher magnification images are show
(M) and (N) respectively. (O) Axon lengths
of GFP‐positive neurons were compared
and the data presented as the mean ± SD.
***P < 0.001. Scale bars, 5 mm in (A,G) for
(A‐C) and (G‐I), 100 µm in (D,J) for (D‐F)
and (J‐L) respectively.
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that neuronal transfection with GFP did not promote neuronal apop-

tosis in slice cultures. Between the control groups, BrdU staining

revealed significant differences (Figure 8I‐P). No BrdU‐positive neu-

rons were observed in grey matter areas of the control group (Fig-

ure 8K), while a large number of BrdU‐positive cells were observed

in grey matter areas in the experimental group (Figure 8O). In con-

trol group and experimental groups, no difference in BrdU expres-

sion was seen between GFP‐positive side and contralateral sides of

the spinal cord (Figure 8K,O). This indicates that the difference in

the BrdU marker cells was not caused by the expression of GFP, but

rather by the differences in the slice culture and the living tissues.

3.7 | The expression of MAp2, NeuN and NF in
cultured slices

In slice culture, the most important observations are of the morpho-

logical structure and changes of neurons. Therefore, we performed

immunofluorescence detection of three neuronal markers, micro-

tubule‐associated protein‐2 (Map2), NeuN and NF, in cultured slices

for 48 hours. These results show that the nucleus of DAPI‐labelled

cells has clear contours (Figure 9A,E,I,M,Q,U), GFP‐positive neurons

have distinct processes (Figure 9B,F,J,N,R,V), Map2 is strongly posi-

tive across the entirety of tissue slices (Figure 9C,G), and, at further

magnifications, we can see that GFP expression partially overlaps

with that of Map2 (Figure 9D,H; arrow shows GFP expression over-

laps with Map2). These results show that NeuN is mainly expressed

in the nucleus of neurons (Figure 9K‐O) and coincides with GFP‐pos-
itive cells (Figure 9L,P). Except for GFP‐positive cells, there is a large

number of NeuN‐positive cells in cultured tissue slices, suggesting

that the transfected cells form only a part of them. The results also

show that the expression of NF differs across layers (Figure 9Q‐T).
While the expression of NF overlaps with some of that of GFP,

some GFP‐positive neurons show no expression of NF (Figure 9U‐X;
X arrow shows NF overlapped with GFP).

3.8 | Comparison of IBa1 and GFAP expression
in vivo and in cultured slice of mouse cerebral cortex

In the process of tissue slice culture, we were able to fully character-

ize various states of neuronal growth through the detection of key

A

I J K L M N O P

B C D E F G H

F IGURE 7 Time‐lapse showing the
dynamic migration of neurons. (A‐P) were
imaged using a confocal microscope. (A‐P)
the time‐lapse result shows the process of
dynamic migration of green fluorescent
protein‐positive neurons within 0‐16 h.
Red arrow (→) in (A‐K) denotes a same
single neuron in section at different times
as a control. White arrow (→) in (A‐O)
denotes the dynamic change of a same
single neuron in section at different times.
Scale bars, 37.0 µm in (P) for (A‐P) (see
Video S1)
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neuronal markers. At the same time, we were able to detect glial

cells, including microglia and astrocytes. In this experiment, the

mouse embryos of E14.5 were obtained from the uterus. In vitro,

the brain cortex was transfected with GFP plasmids by in ovo elec-

troporation. Following electroporation, sections were immediately

cut and cultured. We analysed and compared mouse brain sections

at embryonic development stages up to E16.5 with those of mouse

brain slices, labelled with anti‐GFAP and anti‐Iba1, cultured at E14.5

for 48 hours. These results showed that few GFAP‐positive cells

were seen in the cerebral cortex of mice developed in vivo, espe-

cially in the subventricular zone (Figure 10A‐D), while a large number

of GFAP‐positive cells were found in cultured tissue slices in vitro,

both in the subventricular zone and other layers (Figure 10E‐H).

GFP‐positive cells also expressed GFAP (Figure 10H, arrow show),

indicating that astrocytes were also transfected in addition to neu-

rons. The results of Iba1 expression were similar to those of GFAP

expression. The expression of Iba1 was low or absent in the control

group (Figure 10I‐L), but high in the cultured brain slices, especially

in the subventricular zone (Figure 10M‐P). Similarly, Iba1 was

expressed in GFP‐positive labelled cells (Figure 10P; arrow show),

suggesting that microglia were also transfected.

4 | DISCUSSION

During CNS development, ectopic expression of genes can lead to

structural and functional abnormalities. The chicken embryo is widely

used as a model to study gene function during CNS development.

With the development of in ovo electroporation technology, it is

possible to manipulate and study gene function in the CNS of the

chicken embryo. In the CNS, neuronal migration, axonal projection,

neuronal path finding, and neural circuit and network formation are

recent research topics. Here, we established a method combining in

ovo electroporation and the culture of organotypic tissue slices to

study exogenous gene functions in the CNS during chicken embryo

development. Some of these methods have been established for the

CNS tissue slice culture during chicken embryo development.18,19

Compared with the established methods, we have combined in ovo

electroporation with tissue slice culture to study the function of

exogenous genes in the CNS during chicken embryo development.

At the same time, we succeeded in performing in ovo electropora-

tion in the spinal cord and the optic tectum. In ovo electroporation

was used in the spinal cord or the optic tectum prior to slice culture.

The embryo was then allowed to develop to a specific stage, and tis-

sue slices were then sectioned for slice culture. The morphology and

structure of neurons can be observed in the cultured slice. In the

development of chicken embryos, based on in ovo electroporation,

both the spinal cord and optic tectum have their own advantages

and disadvantages as research sites as research site. Compared with

the optic tectum, the spinal cord in ovo electroporation is well

adapted to early embryonic stages (stage 17‐24). It is highly efficient,

has high embryonic survival rates and is easy to perform. It was

mainly used for contexts such as but not limited to spinal cord

A B C D

E F G H

I J K L

M N O P

F IGURE 8 Effects of in ovo
electroporation on cell apoptosis and
proliferation in slice culture process. (A‐P)
were imaged using a confocal microscope.
(A‐C) Control group pCAGGS‐green
fluorescent protein (GFP)‐positive section
at stage 26 (E6), (A) 4ʹ,6‐diamidino‐2‐
phenylindole (DAPI) nuclear staining (Blue);
(B) GFP expression (green); (C) caspase‐3
expression (red); (D) merged images; (E‐H)
pCAGGS‐GFP positive slice at stage 26
(E6) culture to 48 h; (E) DAPI nuclear stain
(Blue); (F) GFP expression (green); G:
caspase‐3 expression (red); (H) merged
images. (I‐L) Control group pCAGGS‐GFP
positive section at stage 26 (E6); (I) DAPI
nuclear staining (Blue), (J) GFP expression
(green), (K) Brd U expression (red), (L)
merged images. (M‐P) pCAGGS‐GFP
positive slice at stage 26 (E6) culture to
48 h; (M) DAPI nuclear stain (Blue); (N)
GFP expression (green); (O) Brd U
expression (red). Sp, spinal cord; gm, grey
matter; wm, white matter. Arrows (→) in
(B,F,G,N) denotes GFP‐positive area, in (C,
G) denote caspase‐3 expression in GFP
positive area, and in (K,O) denote Brd U
expression in GFP positive area. Scale bars,
100 µm in (A,E,I,M) for (A‐P) respectively
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commissural axon projection and axon formation. In contrast, the

optic tectum in ovo electroporation is suitable for late embryonic

stages (stage 24‐28). Achieving successful transfection is difficult and

embryo survival rates are low. It was mainly used to study certain

effects such as but not limited to, abnormal gene expression on neu-

ronal migration, axonal pathfinding and laminar structure formation.

Differences between the spinal cord and optic tectum mean that the

methods of in ovo electroporation need to also be different, the

main differences being electrode and electro parameters. There are

also some differences in later stages of slice tissue culture high-

lighted in the methods section.

We have found that the morphological structure of the CNS is

compromised during the process of serum‐free medium culturing.

We further found that the neurons in the spinal cord lose their regu-

lar migration patterns and that the direction of commissural axons is

changed, in addition the optic tectum losing its distinctive layered

structure. This result was as predicted since, considering that cells

are living and growing in culture medium, this process causes the

organically generated regulatory function of various factors in the

organism to be lost. In this experiment, we used serum‐free medium.

Despite being in tissue slices, neurons that survive in the medium

differ from those of the body as many functions are not completely

reflective of the body's natural conditions. This is also a problem that

needs to be taken into consideration in slice culture experiments.

There are differences between slice cultures in vitro and sections

in vivo are not only in terms of gross morphology, but also in terms

A B C D

E F G H
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M N O P
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F IGURE 9 The expression of Map2,
NeuN and neurofilament (NF) in cultured
chicken optic tectum slice. (A‐X) were
imaged using a confocal microscope. (A‐H)
the expression of Map2 in pCAGGS‐green
fluorescent protein (GFP) positive slices at
stage 38 (E12) culture to 48 h; 4ʹ,6‐
diamidino‐2‐phenylindole (DAPI) nuclear
staining (A, higher magnification areas in E,
blue), GFP expression (B, higher
magnification areas in F, green), Map2
expression (C, higher magnification areas in
G, red), and the merged image (D, higher
magnification areas in H) are shown. (I‐P)
the expression of NeuN in pCAGGS‐GFP
positive slices at stage 38 (E12) cultured
for 48 h; DAPI nuclear staining (I, higher
magnification areas in M, blue), GFP
expression (J, higher magnification areas in
N, green), NeuN expression (K, higher
magnification areas in O, red), and the
merged image (L, higher magnification
areas in P) are shown. (Q‐X) the expression
of NF in pCAGGS‐GFP positive slices at
stage 38 (E12) culture to 48 h; DAPI
nuclear staining (Q, higher magnification
areas in U, blue), GFP expression (R, higher
magnification areas in V, green), NF
expression (S, higher magnification areas in
W, red) and the merged image (T, higher
magnification areas in X) are shown. Scale
bars, 100 µm in (A,E,I,M,Q,U) for (A‐X)
respectively
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of fine structure, such as the length of dendrites, spines on dendrites

number and axons number.24 In this experiment, the histological

structure and the length of neuronal axons cultured in serum‐free
medium and 25% horse serum medium were compared and anal-

ysed. Results showed that the culture medium containing 25% horse

serum could better maintain the morphological structure of tissues,

and neuronal axons were significantly longer than those cultured in

serum‐free medium. In conclusion, neurobasal medium appears suit-

able for neuronal survival, but lacks the nutrients needed for the

growth of non‐neuronal cells. However, adding horse serum is more

conducive to the maintenance of tissue morphology and to the sur-

vival of neurons in tissue slice culture.

These experimental results show that the process of CNS slice

culture is most suitable for single neuron studies. The structure of a

complete single neuron can be observed from slice culture. Even

though tissue slices lose their original morphological structure during

culture, neurons remain in the tissue. Therefore, we are able to

observe neuronal migration in the tissue slice and axonal path find-

ing during culture. Though conditions are not exactly reflective of

those of the living body, slice culture can still adequately mimic the

dynamic changes of neurons in the living body. We were able to

successfully observe the complete structure of single neurons. In this

experiment, we compared the slice‐cultured tissue with sectioned

slices. We found that no complete single neuron could be obtained

from sectioned slices, but the complete structure of single neurons

could be obtained from slice‐cultured tissue. In addition, prior to

slice culture, we performed in ovo electroporation in the spinal cord

or optic tectum to achieve the ectopic expression of exogenous

genes in neurons. Using slice culture, we were able to analyse the

effects of exogenous gene expression on neurons at the single cell

level. Because the observed neurons were pre‐transfected with GFP

reporter gene, the dynamic changes of GFP‐positive neurons were

able to be observed by time‐lapse imaging. We had previously estab-

lished methods of in ovo electroporation and neuronal culture for

A B C D

E F G H
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M N O P

F IGURE 10 Comparison of GFAP and Iba1 expression in vivo and in culture slices of mouse cerebral cortex. (A‐P) were imaged using a
confocal microscope. (A‐D) GFAP expression result in an in vivo slice of mouse cerebral cortex. (A) 4ʹ,6‐diamidino‐2‐phenylindole (DAPI)
nuclear staining; (B) green fluorescent protein (GFP) expression, (C) GFAP expression; (A), (B) and (C) merged images are shown (D). (E‐H)
culture slice of mouse cerebral cortex GFAP expression result. (E) DAPI nuclear staining; (F) GFP expression, (G) GFAP expression; (E), (F) and
(G) merged images are shown (H). Arrow in (H) show GFP and GFAP double‐positive cells. (I‐L) in vivo slice of mouse cerebral cortex Iba1
expression result. (I) DAPI nuclear staining; (J) GFP expression, (K) GFAP expression; (I), (J) and (K) merged images are shown (L). (M‐P) results
of Iba1 expression in culture slices of mouse cerebral cortex. (M) DAPI nuclear staining; (N) GFP expression, (O) Iba1 expression; (M), (N) and
(O) merged images are shown (P). Arrow in (P) show GFP and Iba1 double‐positive cells. Abbreviations: MZ, Marginal zone; CP, Cortical plate;
IZ, Intermediate zone; SVZ, subventricular zone; VZ, ventricular zone. Scale bars, 100 µm in (A,E,I,M) for (A‐P) respectively
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gene function analysis of embryogenesis in the chicken optic tectum

in earlier studies.25 Comparing slices, cultured neurons, and isolated

neurons, axons extending from the isolated neurons were found to

be quite variable in location, while axonal extensions of neurons in

slice culture tissue were more restrained and regular. Compared with

the isolation and culture of neurons, tissue slice culture does not

require enzymatic digestion, reduces neuronal damage produces

results that are more reflective of in vivo conditions. This method

provides an effective way to study axon formation and migration of

single neurons in vitro.

In this experiment, we compared the effects of GFP expression

on cell apoptosis and proliferation in sectioned tissue and slice cul-

ture tissue. Results showed that the expression of GFP was neither

related to apoptosis nor to cell proliferation. However, a large num-

ber of proliferating cells were seen in the tissue culture, especially in

the grey matter area. This is a new finding, which warrants further

study. In this experiment, neuronal markers in cultured tissue slices

were also detected. MAP‐2 belongs to the microtubule‐associated
protein family and proteins of this family are thought to participate

in microtubule assembly, an essential step in neuritogenesis. MAP‐2
isoforms are found predominately in neurons26 and MAP‐2's princi-

pal functions are to reduce the critical concentration of tubulin

required to polymerize microtubules and to maintain neuronal mor-

phology by regulating microtubule spacing.27,28 NeuN is a marker of

mature neurons and is expressed in the nucleus. NF is a neurofila-

ment protein whose expression is enhanced in response to inflam-

mation. The detection of neuronal markers also fully demonstrated

that neurons have developed into mature neurons with appropriate

neuronal functions. They display typical axonal and dendritic struc-

tures. At the same time, the axons in serum medium containing 25%

horse are significantly longer than those in serum‐free medium.

The results of GFAP and Iba1 showed a significant difference

between in vivo and in vitro‐cultured brain slices. The number of

GFAP‐ and Iba1‐positive cells increased significantly in cultured‐brain
slices. GFAP is considered a marker for astrocytes and Iba1 a marker

for microglia. Increased GFAP gene expression is a common feature

of CNS injury and is usually used as a marker of nerve injury.29

Microglia, the innate immune cells of the CNS, constantly survey

CNS parenchyma for pathogens and cellular stress signals.30 Many

studies have shown that the expression of GFAP will change over

the course of organotypic slice culture.31,32 The changes in GFAP

and Iba1 expression levels reflect differences between the brain slice

culture process and in vivo conditions. However, they are also due

to damage induced in the process of tissue sectioning. More

research is needed to elucidate the differences between organotypic

slice culture and in vivo conditions.

5 | CONCLUSION

We provide a method that combines in ovo electroporation and slice

culture to study gene function in chicken CNS during embryonic

development. The comparison of serum‐free medium with in vivo

and 25% horse serum medium shows that tissue culture and in vivo

conditions differ. Adding horse serum is more conducive to the

maintenance of tissue structure, and this method is suitable for the

study of single neuronal dynamics.
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