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Expression of choline acetyltransferase, 200-kDa neurofilament protein, 28-kDa calbindin, 
neuronal NO synthase, caspase 3, and Ki-67 in the motor neurons of spinal cord segments 
T3-T5 in male C57Bl/6 mice after 30-day space flight in the Bion-M1 biosatellite was studied 
by immunohistochemical methods. Under conditions space flight, the size of motoneurons 
increased, the number of neurons containing choline acetyltransferase and neurofilaments, 
decreased, and the number of calbindin-positive neurons increased; motoneurons, expressing 
neuronal NO synthase and caspase 3 appeared, while Ki-67 was not detected. Fragmentation 
of neurons with the formation structures similar to apoptotic (residual) bodies was observed 
in individual caspase 3-positive motoneurons.
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Microgravity-induced deficit of extero- and proprio-
ceptive influx that was revealed in animals after space 
flights and proved by morphological and cytochemical 
evidence [3] results in partial or total sensory depri-
vation of the motor function and impaired trophic of 
somatic musculature. Functionally and topographi-
cally different motoneurons and muscles innervated by 
them respond differently to space flight factors [9,11]. 
Exposure to microgravity causes morphological and 
cytochemical changes in neurons [9,12]. Neuronal 
changes can reflect adaptation of the spinal cord neural 
networks to the new gravity level [12]. The direction 
of changes in motor neurons after space flight has not 
been studied.

Here we studied immunohistochemical and mor-
phometric characteristics of motoneurons of the tho-
racic part of spinal cord in mice after 30-day space 
flight in the Bion-M1 biosatellite.

MATERIALS AND METHODS

Localization and morphofunctional characteristics 
of the spinal cord motoneurons was studied in male 
C57Bl/6 mice. The animals of the space flight group 
(n=3; weight 28.90±1.73 g) were exposed to micro-
gravity during the 30-day space flight of the Bion-M1 
biosatellite. Controls (n=3) were kept under vivarium 
conditions. Animals were sacrificed by cervical dislo-
cation. The material was taken 12 h after landing of 
the satellite [1].

Spinal cord segments T3-T5 were fixed in 4% 
paraformaldehyde in PBS (pH 7.4). For cryoprotec-
tion, 30% sucrose solution was used. Serial cross-
sections of the spinal cord (14-μ) were sliced on a 
cryostat.

Neurons immunoreactive for choline acetyltrans-
ferase (ChAT), 200-kDa neurofilament protein (NF), 
28-kDa calbindin (CAB), neuronal NO synthase 
(nNOS), caspase 3, and Ki-67 were detected by immu
nohistochemical methods [13]. Primary antibodies 
(Abcam) used in the study are listed in Table 1; donkey 
secondary antibodies (Jackson ImmunoResearch) were 
conjugated with FITC or indocarbocyanide (1:100). 
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In case of NF detection, sections were preincubated 
with Fab-fragment of unconjugated donkey anti-mouse 
antibody for 1 h (dilution of 10 mg/ml, Jackson Im-
munoResearch) prior to primary antibody application 
to prevent nonspecific staining.

Nissl staining of the total neuronal population was 
carried out using red fluorescent dyes: NeuroTrace 
530/615 red fluorescent Nissl stains (1:200; Molecular 
Probes). Immunoreactive cells in the population of 
motoneurons were revealed by fluorescence. There-
after, sections were washed in PBS and embedded 
in the VECTASHIELD immunofluorescence medium 
(Vector Laboratories). To distract nonspecific bind-
ing, some sections were incubated in the absence of 
primary or secondary antibodies. The preparations 
were analyzed under an Olympus BX43 microscope 
(Olympus Corporation), fitted with a set of fluorescent 
filters. The images were obtained using a cooled digi-
tal TSC-5.0ICE camcorder (Tucsen). Section area of 
motoneurons was determined using ImageJ software. 
In the same sections immunoreactive motoneurons 
were counted in lamina IX of the spinal cord gray 
matter in each section (absolute content). The propor-
tion of immunoreactive motor neurons was calculated 
as the ratio of their number to the total number of 
Nissl —positive motor neurons taken as 100%. Motor 
neurons, cut through the nucleus with visible nucleoli 
and with fluorescence exceeding background glow, 
were included in the analysis. Structural changes in 
the spinal cord motor neurons of mice were assessed 
using thionin-stained sections.

The data were statistically processed (arithmetic 
mean±standard error) using Statistica 10.0 (StatSoft, 
Inc.) with ANOVA. Differences were considered sig-
nificant at p<0.05.

RESULTS

In the gray matter of the spinal cord of control mice 
there were revealed motor neurons, immunopositive 
for ChAT, NF and CAB. All motor neurons were cho-
linergic and contained ChAT. Most cholinergic motor 
neurons also contained NF or CAB: NF was detected 
in 90.4% of ChAT-positive motoneurons, and CAB  — 
in 1.4% of ChAT-positive motoneurons. A small num-
ber of CAB-positive motoneurons in the mouse spi-
nal cord was noted in our previous studies [5,6]. At 
the same time, no motoneurons, immunopositive for 
nNOS, caspase 3 or Ki-67, were found in lamina IX. 
Mean section area of motor neurons varied depending 
on their neurochemical identity. Thus, NF-positive 
motor neurons had the largest average dimensions, 
CAB-positive motoneurons were the smallest; ChAT-
positive motoneurons occupied an intermediate posi-
tion.

In mice of the space flight group there were also 
motor neurons in lamina IX of the spinal cord gray 
matter, immunopositive for ChAT, NF and CAB. In 
contrast to the control group, in the space flight group 
motoneurons were immunopositive for enzymes nNOS 
and caspase 3. Ki-67-immunopositive motoneurons 
were not revealed. Decomposition of motor neurons 
into fragments, resembling apoptotic (residual) bodies, 
was observed in solitary caspase 3-positive motoneu-
rons.

Comparison to the control group demonstrat-
ed significantly decreased number of cells, immu-
nopositive for ChAT and NF (Table 2), and signifi-
cantly increased number of CAB-positive neurons. 
In the spinal cord of mice of the space flight group 
63.4% of motoneurons contained both ChAT and 
NF, 28.2% — both ChAT and CAB. All cholinergic 
motor neurons contained nNOS. Motor neurons, im-
munopositive for NF, CAB and caspase 3, were also 
immunipositive for nNOS. Colocalization of nNOS 
with CAB was detected in 30% of motoneurons, of 
nNOS with caspase 3 — in 57%, of CAB with NF 
— in 44% of motor neurons. Thus, after exposure 
to the space flight conditions the spinal cord motor 
neurons of mice differed from control in their func-
tional properties.

Average cross-section area of immunoreactive 
motor neurons in animals of the space flight group 
was larger than that in the control group: sectional 
area of neurons, containing ChAT was by more than 
1.8 times larger, NF — by 1.6 times, CAB — by 1.3 
times. Section area of the spinal cord motor neurons 
of mice in the space flight group, calculated on the 
basis of Nissl staining, was 2 times larger than the cor-
responding area in control. Motor neurons in NF- and 
ChAT-immunopositive subpopulations had maximum 
dimensions, neurons, containing CAB, nNOS and cas-
pase 3, were the smallest.

It is known that under conditions of prolonged 
microgravity enzymatic activity in the motor neurons 
of the spinal cord is reduced [4,12]; and there are also 

TABLE 1. Antigens, Revealed by Immunohistochemistry, 
and Primary Antibodies

Antigen Antibodies, dilution

ChAT Goat polyclonal, 1:300

NF Mouse monoclonal, 1:300

nNOS Goat polyclonal, 1:300

CAB Rabbit polyclonal, 1:500

Caspase 3 Rabbit polyclonal, 1:200

Ki-67 Rabbit polyclonal, 1:100
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data on the decrease in ChAT expression by 54% in 
motoneurons of the spinal cord segments L4-L5 of 
rats, subjected to hindlimb support relief for 35 days 
[4]. Expression of nNOS may increase upon exposure 
of neurons to damaging factors, particularly after axo-
notomy [2].

It seems essential that these changes in the popu-
lation of spinal cord motoneurons of mice after the 
space flight were directly or indirectly associated 
with calcium metabolism. The neuroprotection ac-
tion of CAB consists in reduction of the intracel-
lular calcium concentration [15]. Dysfunction of the 
calcium buffer system in neurons can lead to their 
degeneration [7,8].

The nNOS-produced NO may produce both pro-
tective and damaging effects. The destructive effect of 
NO is implemented through energy destabilization of 
cells and DNA deamination, irreversible activation of 
this process is mediated by pro-apoptotic enzymes  — 
caspases [14]. After a long space flight against the 
background of significantly lower number of ChAT- 
and NF-positive motor neurons, the cross-section area 
of motor neurons was increased, which was associated 
with cell swelling due to excessive influx of calcium 
ions, also evidenced by elevated calbindin level.

Thus, reactive changes in the motor neurons of 
thoracic segments of the mouse spinal cord developing 
under conditions of prolonged space flight manifested 
in increased dimensions of cells throughout the popu-
lation, decreased number of ChAT- and NF-positive 
subpopulations, increased number of CAB-positive 
subpopulations, and presence of motor neurons ex-
pressing nNOS and caspase 3. Morphological and im-
munohistochemical changes in motoneurons reflect 
adaptive mechanisms to the conditions of space flight, 
identification of effects of individual factors seems not 
yet possible.

REFERENCES

	 1.	Andreev-Andrievsky AA, Shenkman BS, Popova AS, Dol-
guikh ON, Anokhin KV, Soldatov PE, Ilyin EA, Sychev VN. 
Experimental studies with mice on the program of the biosatel-
lite BION-M1 mission. Aviakosm. Ekol. Med. 2014;48(1):14-
27. Russian.

	 2.	Islamov RR, Valiullin VV, Nikolsky EE, Tyapkina OV, Bukh-
araeva EA, Yagodina LO, Ibragimova NN, Kozlovskaya IB. 
Expression of choline acetyltransferase in rat spinal moto-
neurons after antiorthostatic suspemsion. Doklady Biol. Sci. 
2007;414(1):205-207.

	 3.	Krasnov IB. Deafferentation and commutation change of 
brain structures in weightlessness. Aviakosm. Ekol. Med. 
2013;47(4):83-84. Russian.

	 4.	Polyakov IV, Louri O, Edzherton VP, Krasnov IB. Histo-
chemistry and morphology of the anterior horns of the spi-
nal cord in rats after 9-day spaceflight Aviakosm. Ekol. Med. 
1995;29(1):30-32. Russian.

	 5.	Porseva VV, Shilkin VV, Strelkov AA, Masliukov PM. Calbi-
ndin-containing neurons of the ventral horn of murine spinal 
cord gray matter. Morfologiya. 2014;146(4):21-25. Russian.

	 6.	Porseva VV, Shilkin VV, Strelkov AA, Masliukov PM. Subpop-
ulation of calbindin-immunoreactive innrerneurons in toe dor-
sal horn of toe mice spinal cord. Tsitologiya. 2014;56(8):612-
618. Russian.

	 7.	Fuchs A, Lirk P, Stucky C, Abram SE, Hogan QH. Painful 
nerve injury decreases resting cytosolic calcium concentrations 
in sensory neurons of rats. Anesthesiology. 2005;102(6):1217-
1225.

	 8.	Gibbons SJ, Brorson JR, Bleakman D, Chard PS, Miller RJ. 
Calcium influx and neurodegeneration. Ann. N.Y. Acad. Sci. 
1993;679:22-33.

	 9.	Ishihara A, Ohira Y, Roy RR, Nagaoka S, Sekiguchi C, Hinds 
WE, Edgerton VR. Comparison of the response of motoneu-
rons innervating perineal and hind limb muscles to spaceflight 
and recovery. Muscle Nerv. 2000;23(5):753-762.

10.	Kim KH, Kim JI, Han JA, Choe MA, Ahn JH. Upregulation of 
neuronal nitric oxide synthase in the periphery promotes pain 
hypersensitivity after peripheral nerve injury. Neuroscience. 
2011;190:367-378.

TABLE 2. Content and Average Section Area (S) of Spinal Cord Motoneurons (Х±Sх; n=3)

Marker

Control Space flight

abs. % S, µ2 abs. % S, µ2

NeuroTrace red 7.30±0.17 100 256.20±14.35 7.10±0.33 100 536.80±10.13*

ChAT 7.30±0.17 100 256.20±14.35 5.00±0.29* 70.4 462.60±12.81*

NF 6.60±0.09 90.4 294.00±12.99 4.50±0.09* 63.4 478.2±65.7*

CAB 0.10±0.06 1.4 216.20±2.94 2.00±0.14* 28.2 281.80±6.59*

nNOS N/d N/d 6.50±0.15 91.5 358.00±10.76

Caspase 3 N/d N/d 3.70±0.12 52 300.80±5.83

Ki-67 N/d N/d N/d N/d

Note. N/d — not detected. *p<0.05 in comparison with control.

Bulletin  of  Experimental  Biology  and  Medicine,  Vol.  162,  No.  3,  January,  2017  BIOPHYSICS AND BIOCHEMISTRY



339

11.	Kozlovskaya IB, Sayenko IV, Sayenko DG, Miller TF, Khus-
nutdinova DR, Melnik KA. Role of support afferentation in 
control of the tonic muscle activity. Acta Astronaut. 2007;60(4-
7):285-294.

12.	Krasnov IB. Gravitational neuromorphology. Adv. Space Biol. 
Med. 1994;4:85-110.

13.	Masliukov PM, Emanuilov AI, Madalieva LV, Moiseev KY, 
Bulibin AV, Korzina MB, Porseva VV, Korobkin AA, Smirnova 

VP. Development of nNOS-positive neurons in the rat sensory 
and sympathetic ganglia. Neuroscience. 2014;256:271-281.

14.	Perečko T, Drábiková K, Nosáľ R, Harmatha J, Jančinová 
V. Involvement of caspase 3 in stilbene derivatives induced 
apoptosis of human neutrophils in vitro. Interdiscip. Toxicol. 
2012;5(2):76-80.

15.	Schwaller B. The use of transgenic mouse models to reveal the 
functions of Ca2+ buffer proteins in excitable cells. Biochim. 
Biophys. Acta. 2012;1820(8):1294-1303.

V. V. Porseva, V. V. Shilkin, et al.


	ABSTRACT

	MATERIALS AND METHODS
	RESULTS
	REFERENCES



