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Abstract: A normal bone marrow microenvironment plays a very important role in the normal 
functioning of hematopoietic stem cells. Once disturbed, this microenvironment can become favorable 
for the occurrence of blood disorders, cancers, and other diseases. Therefore, further studies on the 
bone marrow microenvironment should be performed to reveal regulatory and stem cell fate 
determination mechanisms and promote the development of bone marrow transplantation, tissue 
repair and regenerative medicine, and other fields. A small animal model for further research is also 
urgently needed. In this study, an electric shock device was designed to elicit a femur bone marrow 
microenvironment injury in mice. A wire was inserted into the distal femur but not into the proximal 
femur, and the bone marrow microenvironment was evidently damaged by application of 100 ± 10 V 
for 1.5 ± 0.5 min ; mortality, however, was low in the mice. Gross observation, hematoxylin and eosin 
staining, immunohistochemistry, bright-field microscopy, and micro-CT scanning were also conducted. 
A large number of new blood capillaries and sinusoids appeared in the injured distal femur after 2 
weeks. The capillaries in the injured femur disappeared after 4 weeks, and mature blood vessels 
were scattered throughout the injured area. Red blood cells disappeared, and the cellular structure 
and trabecular bone were better than those observed 2 weeks previously. Thus, we developed a 
simply operated, accurate, reliable, and easily controlled small animal model as a good technical 
platform to examine angiogenesis and segmentation damage in the bone marrow microenvironment.
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Introduction

The bone marrow microenvironment, through multiple 
hematopoietic cell components [10], non-hematopoietic 
cells, extracellular matrix, and other signaling proteins 
[23], is the basis for hematopoietic stem cell survival. 
This microenvironment supports hematopoietic stem cell 
resting, [11, 30],renewal [2], differentiation, migration 

[9, 16], mobilization, and homing [17]. A normal bone 
marrow microenvironment also plays a very important 
role in the normal functioning of hematopoietic stem 
cells; once disturbed, this microenvironment can cause 
blood disorders, cancers, and other diseases [3, 6, 12, 
18, 22, 24]. Therefore, further studies on the bone mar-
row microenvironment should be conducted to reveal 
regulatory and stem cell fate determination mechanisms 
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and promote the development of bone marrow transplan-
tation, tissue repair, and regenerative medicine, and 
other fields. Further research is also urgently needed 
because the exact mechanism remains unknown and 
clinical treatment effects are very poor.

Electric shock injury is usually induced by using an 
electric shock device that converts electrical energy into 
heat energy and thus causes damage to animals[14, 21], 
According to the Joule-Lenz law, Q=I2RT, where the 
voltage and resistance of the body are constant and the 
degree of damage to an animal’s body is directly pro-
portional to the electric current density and the electric 
current density of the unit volume. The actual damage 
of the current via electric shock injury can be divided 
into local and systemic effects. Lee and Astumian pro-
posed two mechanisms of local damage: (1) thermal 
damage of heat in Joules in the current path and (2) the 
direct destructive effect of the current via the electrode 
structure [1, 15], The current through the body can 
change the balance of ions in cells, produce electropho-
resis, induce an electro-osmosis reaction, and alter cell 
morphology[5, 7, 25–27]. Thus, the heart, skeletal 
muscle, brain, bone, and other tissues exhibit various 
pathological changes [8, 19, 28, 29]. Different electric 
shock injury models are often established by clinical 
experts in forensic science and commonly used to ex-
amine high-voltage electric shock causing limb and 
secondary tissue damage in other areas and provide a 
reliable basis for forensic identification. However, the 
voltage is often too high and difficult to control in these 
models. The body is seriously damaged, and necrosis 
and high mortality rates are observed. Animal models 
used to evaluate the changes in blood vessels, serum, 
and other parts of rats, rabbits, and other large animals 
do not induce low-voltage damage in the femur of mice 
but eventually damage the bone marrow microenviron-
ment.

Some animal models have been established in previ-
ous studies on electrical injury models [4, 13, 20].How-
ever, the voltage used in these animal models was very 
high, usually exceeding 10,000 V, which induced exces-
sive damage in the body and a mortality rate over 80%.
Therefore, these animal models are unsuitable for bone 
marrow microenvironment injury modeling. Hence, an 
optimum animal model should be established to inves-
tigate the bone marrow microenvironment. In this study, 
a self-made electric shock device was used to drill into 
the knee of the hind femur in mice to damage the bone 

marrow microenvironment and establish a mouse bone 
marrow microenvironment injury model. The mice were 
sacrificed after 2 or 4 weeks, and the damaged femur 
was removed. Gross observation, hematoxylin and eosin 
staining, immunohistochemistry, bright-field micros-
copy, and micro-CT scanning were conducted to observe 
the bone marrow microenvironment and assess the fea-
sibility of the model, which could provide a good ex-
perimental platform in the clinical search for reasonable 
and effective treatments.

Materials and Methods

Mice
Experimental procedures were performed in accor-

dance with the Guidelines for the Care and Use of 
Laboratory Animals of Shihezi University. The protocol 
was approved by the Committee on the Ethics of Animal 
Experiments of the Shihezi University. Twelve-week-old 
BALB/C (male or female, a total of 555) mice were 
obtained from Xinjiang Medicine University Medical 
Laboratory Animal Center and were housed in a room 
under the following conditons: 22–25°C, 50–60% rela-
tive humidity, and a 12 h/12 h light/dark cycle. The mice 
were provided free access to food and water. In the ex-
periment, the mice were anesthetized with sodium pen-
tobarbital (40 mg/kg, intraperitoneal), treated asepti-
cally throughout the experiments, and sacrificed through 
decapitation. After the electric shock was administered 
(15 mice were used for each setting of the injury model), 
the injured femur was collected from the mice to observe 
the injury in the bone marrow microenvironment. All 
efforts were made to minimize suffering.

Self-made electric shock device (Fig. 1)
A voltage regulator was connected to a 220 V AC 

power supply to ensure that the output voltage was main-
tained at 220 V. A contactor was connected in series with 
a time relay to open or close the power supply within a 
set time. An adjustable transformer in series with the 
time relay was used to increase or decrease the voltage 
at both ends of the femur to satisfy the test requirements. 
This study mainly aimed to reduce the voltage, reduce 
the damage to the surrounding tissue, and ensure opera-
tor safety. A sliding rheostat was used that could be 
adjusted to change the current through the femur. A 
voltmeter was placed parallel to the femur, an ammeter 
was set in a series with the femur, and the resistance 
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between the two metallic lines was estimated by reading 
the voltmeter and the ammeter. The distance between 
the two metallic lines was adjusted to reduce the ex-
perimental error and ensure that the resistance between 
the two metallic lines was constant. After numerous 
experiments were performed, the distance between the 
two metallic lines was approximately 2 cm. Therefore, 
experimental results could be achieved by changing the 
voltage and time variables.

Bone marrow microenvironment injury model
The mice were intraperitoneally injected with sodium 

pentobarbital (40 mg/kg, intraperitoneal) anesthesia and 
placed on a sterile stage. Their limbs were fixed after 
they entered the state of anesthesia. The right hind knee 
joint surgical area was disinfected by using 2% povi-
done-iodine, their skin and muscle were cut with sterile 
ophthalmic scissors, the patella was pushed aside, and 
the femoral articular surface was exposed. Knee flexion 

was performed to secure the mouse femur, and the op-
erating platform was maintained vertically. Subsequent-
ly, a 1 ml syringe needle was used to drill holes in the 
center of the femoral articular surface parallel to the 
femur at a depth of 3–5 mm. An iron-nickel-chromium 
alloy wire with a length of 1.5 cm and a diameter of 
about 0.27 mm was gently placed into the hole at a depth 
of about 6 mm. One end of the electrode was in contact 
with the exposed part of the metal wire, and the other 
end was placed in the proximal portion of the same fe-
mur. The distance between the two electrodes was 2 cm. 
The power switch was turned on to cause bone marrow 
microenvironment damage. The bilateral femur was im-
mersed in a fixative, and gross observation, H&E stain-
ing, immunohistochemistry, bright-field microscopy, and 
micro-CT scanning were performed to obtain the mini-
mum voltage and time that induced bone marrow micro-
environment damage. The femur was handled according 
to the parameters of the electric shock. Physiological 
saline was used to wash the drilling area, and the knee 
joint was closed layer by layer. Post-operatively, the mice 
were injected with 50 mg/kg penicillin sodium once a 
day for 5 days to prevent infection (Fig. 2). After 2 or 4 
weeks, the bilateral femur was collected to observe the 
recovery of the bone marrow microenvironment.

Histopathological processing
The samples were soaked in a fixative consisting of 

10% neutral formalin, phosphate buffer, and other com-
ponents for 4 days. Subsequently, the samples were 
soaked for 6 h in a decalcification solution formulated 
with the following proportions: 7 g of alumina, 5 ml of 
acid, 8.5 ml of hydrochloric acid, and 100 ml of single-

Fig. 1.	 The self-made electric shock device for mice. VR: Voltage 
regulator, KM: Contactor, KT: Time relay, T: Adjustable 
transformer, RP: Slide rheostat, PA: Ammeter, PV: Volt-
meter, ML: Metallic line, HL: Hind leg.

Fig. 2.	 The recovery of the wound surface. (A) An incision was made in the knee joint in 0 week. (B) An electric 
shock was applied to the femur at the knee joint at 0 week. (C) The knee joint was sutured at 0 week. (D) 
The incision of the knee joint exhibited good recovery after 4 weeks.
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distilled water. Longitudinally oriented sections of 4-µm 
thick bone, including the metaphysis and the diaphysis, 
were processed for H&E staining and immunohisto-
chemical staining performed on CD34 expressed in the 
bone marrow microenvironment.

Immunohistochemistry
Sections of each specimen were prepared on glass 

slides and baked at 65°C for 2 h. Paraffin was removed 
from the tissue sections through three consecutive treat-
ments with xylene and rehydrated through sequential 
immersion in graded alcohol. After the paraffin was re-
moved, the sections were incubated in methanol hydro-
gen peroxide (3%) for 10 min to eliminate endogenous 
peroxidase and were subsequently washed with tap 
water. Antigens were retrieved by heating the samples 
in a microwave oven at high power for approximately 8 
min in a citrate buffer solution and cooled for 30–40 min 
at room temperature. The slides were washed three times 
in phosphate-buffered saline (PBS) and incubated with 
anti-CD34 antibody (ab81289, Abcam, Cambridge, MA, 
USA dilution 1:200). Each section was incubated with 
40 µl of the diluted antibody at 4°C overnight, whereas 
negative control sections were incubated with PBS. The 
slides were warmed at room temperature for 20 min, 
washed three times in PBS, and incubated with 40 µl of 
secondary antibody for 30 min at 37°C. The sections 
were washed again with PBS, treated with fresh diami-
nobenzidine solution, lightly stained with hematoxylin 
to highlight the cell nuclei, and dehydrated with graded 
alcohol and xylene. An anti-fade mounting medium 
(ZSGB-Bio, Beijing, China) and glass cover slips were 
then added. The slides were stored at room temperature 
until analysis. CD34 is a marker of vascular endothelial 
cells, and the positive expression areas are brown.

Micro-CT angiography
Blood vessels in the bone were analyzed through the 

angiography of Microfil-perfused long bones. After the 
mice were sacrificed, the thoracic cavity was opened, 
the liver was resected, and the inferior vena cava was 
severed. The vasculature was flushed with 0.9% normal 
saline solution containing heparin sodium (100 U/ml) 
through a needle inserted into the left ventricle. The 
specimens were pressure-fixed with 10% neutral buffered 
formalin. Formalin was flushed from the vessels by using 
heparinized saline solution, and the vasculature was 
injected with a radiopaque silicone rubber containing 

lead chromate (Microfil MV-122, Flow Tech). The 
samples were stored at 4°C overnight for contrast agent 
polymerization. The femurs were dissected from the 
specimens and soaked for 4 days in 10% neutral buffered 
formalin to ensure complete tissue fixation. The speci-
mens were subsequently treated for 6 h with a decalci-
fication solution formulated as follows to decalcify the 
bone and facilitate image thresholding of the femoral 
vasculature from the surrounding tissues: 7 g alumina: 
5 ml acid: 8.5 ml hydrochloric acid: 100 ml single-dis-
tilled water. Images were obtained using a high-resolu-
tion (9-µm isotropic voxel size) micro-CT imaging 
system (CTvol).

Statistical analysis
Data are presented as the mean ± SEM and were ana-

lyzed using a one-way ANOVA followed by Dunnett’s 
test.

Results

Optimum shock parameters
At 100 ± 10 V for 1.5 ± 0.5 min, the bone marrow 

microenvironment was evidently damaged, and mortal-
ity was low in the mice (Fig. 3).

Gross observation
The specimens were soaked in the tissue fixative for 

4 days, and the changes were observed and compared 
with the normal femur (Fig. 4). At 0 week, the marrow 
cavity of the electrically shocked mice showed hemor-
rhage, and a large black necrotic area appeared. The area 

Fig. 3.	E lectric shock conditions setting and results. At 100 ± 10 
V for 1.5 ± 0.5 min, the bone marrow microenvironment 
was evidently damaged, and mortality was low in the mice.
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of the bone marrow cavity affected by hemorrhage and 
necrosis was significantly decreased at 2 weeks. At 4 
weeks, the marrow cavity of the electrically shocked 
mice exhibited good recovery, and the gross appearance 
of the bone marrow cavity was better than 2 weeks pre-
viously. The injured distal femur was significantly 
changed 2 and 4 weeks after injury.

Histopathological observation
The injury in the distal femur was highly significant, 

but no injury was observed in the proximal femur. In the 
distal femur, the cells were disordered and loosely ar-
ranged at 0 week. The cellular structure and trabecular 
bone were evidently damaged. A large number of red 
blood cells and initially trabecular bone appeared in the 
injured distal femur after 2 weeks. After 4 weeks, red 
blood cells disappeared, but large amounts of mature 
trabecular bone were apparent, amounting to more than 
that observed 2 weeks previously. (Fig. 5).

The expression of CD34 was observed in the distal 
femur after 2 weeks, and more apparent expression was 
detected after 4 weeks. This showed that the blood ves-
sels were evidently damaged in the distal femur, and 
almost no blood vessels existed at 0 weeks. A large num-
ber of new blood capillaries and sinusoids appeared in 
the injured distal femur after 2 weeks. The capillaries in 
the injured distal femur disappeared after 4 weeks, and 
mature blood vessels were scattered throughout the in-
jured area. These results revealed that the injured distal 
femoral blood vessels were significantly changed (Fig. 
6).

Micro-CT angiography analysis
The right distal femoral blood vessels were damaged 

after electric shock was induced. By comparison, the 
vessels remained intact in the injured proximal femur 
not exposed to electric shock. A large number of new 

Fig. 4.	G ross observation of the injured femur. The yellow squares 
indicate the proximal femur, and the green squares indicate 
the distal femur. (A) The marrow cavity of the electrically 
shocked mice showed hemorrhage, and a large black ne-
crotic area appeared. (B) The area in the bone marrow 
cavity affected by hemorrhage and necrosis was signifi-
cantly decreased at 2 weeks. (C) At 4 weeks, the marrow 
cavity of the electrically shocked mice exhibited better 
recovery than at 2 weeks previously. (D) A normal femur.

Fig. 5.	 H&E staining. Light micrographs of H&E (×200) staining performed on bone marrow microenvironment sections from proxi-
mal and distal femora of mice at 0 week, 2 weeks, and 4 weeks after electric shock. P indicates proximal femur, and D indicates 
distal femur (scale bar: 22.5 µm.)
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blood capillaries and sinusoids appeared in the injured 
distal femur after 2 weeks. The capillaries in the injured 
distal femur disappeared after 4 weeks, and mature blood 
vessels were scattered throughout the injured area (Fig. 

7A). Morphometric analysis revealed that the volume, 
thickness, and number of vessels in the distal femur were 
lower than those of the control femur (Figs. 7B–D).

Fig. 6.	 Immunohistochemistry. Light micrographs of Immunohistochemical staining (×400) performed on CD34 expressed in bone 
marrow microenvironment sections from proximal and distal femora of mice at 0 week, 2 weeks, and 4 weeks after electric 
shock. P indicates proximal femur, and D indicates distal femur (scale bar: 22.5 µm.)

Fig. 7.	 Micro-CT angiography analysis. (A) Representative 3D micro-CT images of femora from 
the mice after local electric shock (scale bar: 1 mm). (B–D) Quantitative micro-CT angiog-
raphy analysis. Vascular volume fraction (VV/TV) (B), vascular thickness (V.Th) (C), and 
vascular number (V.N) (D) were measured. Data represent the mean ± SEM (n=10,*P<0.05). 
Asterisks (*) indicate that comparison with the area of electric shock was meaningful.
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Discussion

Small animal models have been established to inves-
tigate the bone marrow microenvironment. For example, 
a small animal model of bone marrow microenvironment 
damage caused by local bone injury has been established 
by using a small animal radiation research platform 
(SARRP). (4) This instrument significantly damages the 
bone marrow microenvironment of mice, but the area of 
the damage is small. However, the skin, muscle, blood 
vessel, and bone cortex of the irradiated area exhibit 
different degrees of injury, which affects the recovery of 
the bone marrow microenvironment. An SARRP entails 
high costs, requires complex operations, and harms the 
health of operators.

In this study, a simple, convenient, accurate, and safe 
self-made electric shock device was used for the first 
time to induce stable damage to the bone marrow micro-
environment of mice while maintaining a low mortality 
rate. After 2 and 4 weeks, various changes in the recov-
ery of the bone marrow microenvironment were demon-
strated. Thus, the proposed model provided a good 
technical platform to examine vascular regeneration and 
segmentation of the bone marrow microenvironment. 
The bone marrow microenvironment was damaged, 
while the blood vessels, nerves, muscles, and other tis-
sues surrounding the femur remained uninjured by ap-
plying the direct insertion of an iron-nickel-chromium 
alloy wire into the marrow cavity. Drilling with a 1 ml 
syringe needle and the low degree of bone cortex damage 
ensured the integrity of the bone marrow cavity and 
shortened the recovery period. The wire was inserted 
into the bone marrow cavity to reduce the voltage and 
time required for the electric shock and to enable safe 
operation. In the experimental design, we aimed to dam-
age the bone marrow microenvironment in the distal 
femur, while that was not observed in the proximal fe-
mur. The proposed model provides a suitable experimen-
tal platform and a convenient strategy to investigate the 
recovery of the bone marrow microenvironment for 
further research of stem cell renewal, differentiation, 
migration, resting, mobilization, and homing. The ma-
terials used to create the proposed electric shock device 
were inexpensive, safe, and highly stable.

The bone marrow microenvironment injury model 
designed in this study was limited by the required long 
duration of electric shock and high electric shock volt-
age. The range of fluctuation was also large. In a pre-

liminary experiment, different metal wires were used to 
damage the bone marrow microenvironment through 
heat, but these materials were not optimum for the de-
sired model. The iron-nickel-chromium alloy was one 
of the few materials that could damage the bone marrow 
microenvironment of the femur at a lower voltage, and 
mortality was low in the mice. In future experiments, 
other metal wires will be tested to shorten the duration 
of shock and reduce the voltage. In the current experi-
ment, healthy 12-week-old BALB/c mice with a femur 
length of 1.7–2.0 cm were selected, and differences 
among the mice altered the optimal voltage and time 
range. Thus, mice with similar sizes should be selected 
as experimental animals to reduce the range of fluctua-
tion of the optimum shock voltage and time. During the 
experiment, the femur and console needed to be fully 
secured vertically for drilling with 1 ml syringe needle 
because the bone marrow cavity of the mouse femur is 
fine and extremely irregular. Otherwise, the femur and 
console would likely be positioned sideways, thus caus-
ing a perforation of the cortical bone. In a future study, 
other insertion methods will be demonstrated to improve 
the mouse model and establish new methods for the de-
velopment of bone marrow microenvironment injury 
models.
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