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ARTICLE INFO ABSTRACT
Keywords: Objective: Animal models of brain and spinal cord metastases of non-small cell lung cancer were
Animal models established through the intracranial injection of PC-9 Luc cells with a brain stereotaxic device.
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This method provides a reliable modeling method for studying brain and spinal cord metastases of
non-small cell lung cancer.

Methods: PC-9 Luc cells at logarithmic growth stage were injected into the skulls of 5-week-old
BALB/c nude mice at different cell volumes (30 x 104, 80 x 104) and different locations
(using anterior fontanel as a location point, 1 mm from the coronal suture, and 1.5 mm from the
sagittal suture on the right upper and right lower side of the skull). After 1 week of cell inocu-
lation, fluorescence signals of tumor cells in the brain and spinal were detected using the IVIS
Xenogen Imaging system. After 4 weeks, brain and spinal tissues from the nude mice were har-
vested. Following paraffin-embedded sectioning, HE staining was performed on the tissues.
Results: The fluorescence signals revealed that both brain and spinal cord metastasis occurred in
the mice where the cells were injected at the lower right side of the skull. There was only brain
metastasis in the nude mice injected with 30 x 10* cells at the upper right side of the skull. Both
brain and spinal cord metastasis occurred in the nude mice injected with 80 x 10* cells. The HE
staining revealed that both brain and spinal cord metastasis occurred in the mice injected with
different amounts of PC-9 Luc cells, consistent with the results detected using the IVIS Xenogen
Imaging system, thereby demonstrating the reliability of detecting fluorescent signals in vivo to
determine tumor growth.

Conclusion: It is a reliable method to establish the animal model of brain and spinal cord me-
tastases of non-small cell lung cancer by injecting different quantities of cells from different
positions with a brain stereotaxic device. The IVIS Xenogen Imaging system has high reliability in
detecting the fluorescence signals of brain and spinal cord metastatic tumors.

1. Introduction

According to the latest global cancer statistics analysis, lung cancer is the leading cause of cancer-related death, with approximately
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1.8 million people dying from lung cancer worldwide, accounting for approximately 18 % of all cancer-related deaths [1]. Lung cancer
consists of non-small and small cell lung cancer, with non-small cell lung cancer comprising approximately 85 % of all cases [2].
Patients with non-small cell lung cancer have a higher risk of central nervous system (CNS) metastases with driver gene activation
mutations [3-5]. CNS metastases include brain and spinal cord metastases [6,7]. Brain metastases are the most common intracranial
malignancy; most primary tumors originate in the lungs [8,9]. Approximately 10%-15 % of lung cancer patients are initially diagnosed
with brain metastases, and approximately 20%-50 % develop brain metastases during the disease progression [10,11].

Spinal cord metastases involve tumors that have metastasized to the spinal cord. With the prolonged survival of tumor patients and
the use of MRI and PET in clinical practice, the detection rate of spinal cord metastases has increased, reaching 2%-5% [12]. Spinal
cord metastases tend to occur in advanced cancer, and patients usually have brain metastases or systemic metastases [13]. The most
prevalent spinal cord metastases are lung cancer, especially non-small cell lung cancer, followed by breast cancer, renal cell carcinoma,
melanoma, colorectal cancer, and lymphoma [14]. In a retrospective study of 138 cases of spinal cord metastases previously reported
in the literature, spinal cord metastases patients from different primary tumors were analyzed and it was found that 54 % of the spinal
cord metastases patients originated from lung cancer [15]. Sung [16] et al. reported 301 patients with spinal cord metastases, 47 % of
which originated from lung cancer.

The main hypotheses for the pathogenesis of spinal cord metastases included: 1. arterial haematogenous metastasis; 2. vertebral
venous system metastasis; 3. direct metastasis; 4. implantation metastasis. Tumor cells metastasize to the spinal cord via blood vessels,
central cerebrospinal fluid ducts, or adjacent tissue invasion [17-19]. Brain tumors often metastasize to the spinal cord via the im-
plantation metastatic pathway and direct diffusion of tumor cells through the central canal of the cerebrospinal fluid to the chon-
drospinal membrane, followed by dissemination to the spinal cord parenchyma [20]. Spinal cord metastases may cause intractable
pain and pathological fracture, leading to spinal instability, and the tumor tissue may further grow and compress the spine, leading to
paralysis of the patients, seriously affecting the survival and quality of life of the patients [21,22]. Clinical management of spinal cord
metastases includes microsurgical resection, chemotherapy (especially intrathecal chemotherapy), molecularly targeted therapy,
hormones and radiotherapy. However, once spinal cord metastases occurs, the disease progresses rapidly and patients often have a
poor prognosis, with a median survival of merely 104.5 days [22]. Therefore, it is imperative to strengthen the research on the
occurrence and development of spinal cord metastases to provide a theoretical basis for the treatment of spinal cord metastases. The
establishment of animal models is a prerequisite for carrying out relevant studies, and the establishment of experimental animal
models of lung cancer brain metastases and spinal cord metastases is an important foundation for studying lung cancer brain me-
tastases and spinal cord metastases. However, fundamental research continues lacking stable animal models of spinal cord metastases.
Therefore, we need to establish an effective experimental animal model, and the model should have a good repeatability.

The present study used the non-small cell lung cancer cell line PC-9 Luc transfected with luciferase to establish a stable animal
model of NSCLC with brain and spinal cord metastases through a brain stereotaxic device. We then detected intracranial and spinal
histological features with the IVIS Xenogen Imaging system to clarify whether the modeling was successful. After 4 weeks, the brain
and spine tissues of mice were taken, and the tissues were stained with hematoxylin-eosin (HE) to confirm the reliability of this
modeling method and to provide a prerequisite for further research on anti-NSCLC brain metastasis and spinal cord metastasis drugs or
molecular mechanisms, which is essential for clinical improvement of treatment bottlenecks in patients with brain and spinal cord
metastases.

2. Materials
2.1. Cell culture and animals

PC-9 Luc cells were obtained from Saiku Biotechnology Co., Ltd. The cells were cultured in RPMI 1640 medium; the medium was
supplemented with 10 % FBS and Hygromycin B solution (200 pg/mL) [23]. The cells were grown in an atmosphere containing 5 %
CO3 at 37 °C. Nude mice were obtained from Changzhou Cavens Laboratory Animal Co., Ltd. and raised in a specific pathogen-free
environment.

2.2. Main reagents and instruments

RPMI 1640 medium was obtained from Gibco Life Technologies Co., Ltd., whereas D-Luciferin potassium salt was from APEXBIO
Technology Co., Ltd. The medical adhesive was purchased from Beijing Kang Paite Medical Equipment Co., Ltd. The IVIS Xenogen
Imaging system (FX-PRO, USA) was used to monitor the fluorescent signals. The brain stereotaxic device and drilled needle were
purchased from RWD Life Science Co., Ltd.

3. Methods
3.1. Cell bioluminescence detection in vitro

First, the PC-9 Luc cells were continuously cultured and planted in a 60-mm culture plate. When the cell density reached 100 %, the
plate was washed twice with PBS. Approximately 2 mL of PBS and 50 pL of D-Luciferin potassium salt (15 mg/mL) were added to the

plate. The fluorescence intensity in the culture plate was detected using the IVIS Xenogen Imaging system. The bioluminescence of the
cells was monitored once a week for 3 weeks to observe the stability of PC-9 Luc cells’ bioluminescence in vitro. The PC-9 Luc cells were
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then implanted in 48-well plates with varying cell numbers of 5 x 103, 1x 104, 2 X 104, 5 x 104, 1x 105, 2 x 105, and 4 x 10°. After
the cells were plastered, 20 pL of D-Luciferin potassium salt (15 mg/mL) was added to each well. The total photon amount in each well
was detected using the IVIS Xenogen Imaging system, and the relationship between cell number and bioluminescence signal was
analyzed.

3.2. Establishment of brain metastasis and spinal cord metastasis models

The metastasis model was established via the intracranial injection of PC-9 Luc cells into the 5-week-old BALB/c nude mice. The
tumor seeding process was conducted on the ultra-clean bench.

Prepared cells: The cell suspension concentrations of PC-9 Luc cells at the logarithmic growth phase were 1 x 108/mL and 2.7 x
10%/mL.

Anesthetized nude mice: We used the gas anesthetic isoflurane to anesthetize nude mice.

Opened the brain: The skin of the nude mice was wiped with alcohol cotton, and it was cut approximately 1-2 cm from the top of
the skull along the center of the nude mice; the fascia was scrubbed with hydrogen peroxide, and the anterior fontanel was exposed by
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Fig. 1. Cellular bioluminescence over different weeks and different cell numbers in vitro. A The image of cellular fluorescence signal intensity in 3
weeks. B The quantification of cellular bioluminescence in A. C The image of cell fluorescence signal intensity with different cell numbers. D The
regression equation of fluorescence signal value with different cell numbers.
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wiping with a cotton swab.

Bored hole: Using the anterior fontanel as a reference point, we drilled a hole 1 mm from the coronal suture and 1.5 mm from the
sagittal suture of the fontanelle on the right upper or right lower side of the skull. The cranial drill centered vertically and drilled slowly
to prevent brain injury, and the diameter of the drilled needle is around 0.5 mm.

Injected cells: The experiment was operated on a brain stereotaxic device. The needle tip of the syringe connected to the brain
stereotaxic device was aligned with the hole in the skull. The needle depth was first inserted at 3.5 mm down and then 0.5 mm up; The
cell injection site is within the brain parenchyma, 3 pL of the cells were injected, and the injection rate was 1 uL/min. The needle was
withdrawn after the cells were injected for 1-2 min. The wound was wiped with a cotton swab; the drill hole and the skin wound of
nude mice were glued with medical adhesive. The nude mice were placed on an electric blanket and returned to the animal room for
further feeding after they had awakened.
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Fig. 2. Process of constructing brain metastasis and spinal cord metastasis models. A, B The flow chart of experimental design. C The location of
inoculating PC-9 Luc cells intracranially. D The image of brain stereotaxic device. E The mice were inoculated with cells intracranially by using the
brain stereotaxic device.
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3.3. Bioluminescence imaging of nude mice

We used the IVIS Xenogen Imaging system to detect the bioluminescent signals to monitor tumor growth in the brain and spine 7
days after the inoculation of PC-9 Luc cells.

3.4. Pathological examination of metastatic lesions in brain and spinal tissues
The brain and spinal tissues from nude mice were collected 4 weeks after intracranial inoculation with PC-9 Luc cells. The tissues

were fixed after dehydration, embedded in paraffin, and sectioned for HE staining to observe the presence of tumor metastases in the
brain and spine cord.
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Fig. 3. Fluorescent signals of mice with brain and spinal cord metastases were detected using the IVIS Xenogen Imaging system. A The mice were
injected with 30 x 10% and 80 x 10* cells in the upper right side of the anterior fontanelle; B The mice were injected with 30 x 10* and 80 x 10*
cells in the lower right side of the anterior fontanelle.



X. Liu et al. Heliyon 10 (2024) 24809
3.5. Statistical analysis

The data were presented as the mean + SEM, and the date were analyzed by one-way or two-way ANOVA to analyze the difference
between groups. P values < 0.05 was considered as significant difference.

4. Results
4.1. Cellular in vitro bioluminescence detection

We used the IVIS Xenogen Imaging system to detect the bioluminescence of cells in vitro for 3 weeks. The differences in total
photons between the cells were not statistically significant, indicating that the bioluminescence of PC-9 Luc in vitro did not decay with
cell passages and had desirable bioluminescence stability (Fig. 1A-B). The relationship between fluorescence signal intensity and the
number of cells is shown in the figure, and the regression equation of fluorescence signal value (Y) with the number of cells (X) is Y =
694.63X+27847222.78, R? = 0.98, indicating that the fluorescence signal depends on the number of cells and that the relationship is
linear (Fig. 1C-D).

A 4

3010 cells

80x10% cells

30x10% cells

B¢

80x10% cells

Fig. 4. Pathological examination of brain and spine lesions. A The image with 30 x 10% and 80 x 10* cells in the upper right side of the anterior
fontanelle; B The image with 30 x 10* and 80 x 10* cells in the lower right side of the anterior fontanelle.
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4.2. Establishment of intracranial brain metastasis and spinal cord metastasis models in mice
We used the brain stereotaxic device to construct brain metastasis and spinal cord metastasis models (Fig. 2A-E).
4.3. The situation of brain and spinal cord metastases was detected in nude mice

The cells were injected in the upper right side of the anterior fontanelle of 1 mm from the coronal suture and 1.5 mm from the
sagittal suture. The mice injected with 30 x 10* cells had only brain metastasis, whereas the mice injected with 80 x 10* cells had both
brain and spinal cord metastasis (Fig. 3A). The cells were injected in the lower right side of the anterior fontanelle of 1 mm from the
coronal suture and 1.5 mm from the sagittal suture of the fontanelle. The mice injected with 30 x 10* and 80 x 10* cells had brain and
spinal cord metastasis (Fig. 3B).

4.4. The pathological examination of brain and spine lesions by HE

We performed HE staining of brain and spinal tissues of mice under different treatments, and the results of HE pathology staining
showed that at the position of the right upper fontanel, the brain tissues of mice injected with a volume of 30 x 10 cells showed
obvious cellular heterogeneity, and the spinal tissues of mice had no obvious cellular heterogeneity, the mice only occurred brain
metastasis; mice injected with a volume of 80 x 10* cells showed obvious cellular heterogeneity of the brain and spinal tissues, and not
only brain metastasis, but also spinal cord metastasis existed (Fig. 4A).

At the location of the right lower part of the fontanel, both brain and spinal tissues of mice injected with 30 x 10* cells showed
significant cellular heterogeneity, with not only brain metastasis but also spinal cord metastasis; mice injected with 80 x 10* cells
showed significant cellular heterogeneity, with not only brain metastasis but also spinal cord metastasis occurring (Fig. 4B).

5. Discussion

Brain metastasis from lung cancer is the most prevalent intracranial metastatic malignancy [24]. Brain metastasis is the leading
cause of death in lung cancer patients and one of the common causes of treatment failure [25,26], and the patients are often
accompanied by neurological dysfunction caused by the occupancy of brain metastases and have inferior quality of life [27,28]. Spinal
cord metastasis—also malignant metastasis—is characterized by rapid clinical progression and a poor prognosis [29-32]. Primary
tumors that can develop spinal cord metastasis include lung cancer, breast cancer [33], and melanoma [34], etc., with lung cancer
being the most prone to spinal cord metastasis [35,36]. At a later stage, patients with spinal cord metastasis show severe pain in the
lower back, leading to impaired neurological function, diminished sensory ability, and general weakness [30]. Patients with brain and
spinal cord metastases have limited treatment options and a poor prognosis [37-40]; establishing relevant animal models is an
essential experimental basis for studying brain and spinal cord metastases from lung cancer.

The current methods for establishing brain metastasis models of lung cancer include intracranial local in situ injection, tail vein
injection, and left ventricular injection [41], Emilly S Villodre et al. [42] and Daniel L. Smith et al. [43] demonstrated that the tail vein
injection method is simple to operate, but it is prone to peripheral organ metastasis and has a low success rate in establishing brain
metastasis models. Gong et al. [44] illustrated that the left ventricular injection method is also prone to peripheral metastasis. The
occurrence of peripheral metastasis affects the survival quality of animals and interferes with the experimental research results to a
certain extent. Our intracranial in situ injection has the advantages of a high success rate and low mortality rate and can be used for the
pharmacodynamic evaluation of intracranial antitumor drugs [21,45].

Roberto Gazzeri [46] suggested that lung cancer is a common type of cancer that develops intramedullary metastasis of the spinal
cord, and spinal cord metastasis is one of the key factors for the poor prognosis of the patients, and its treatment is mainly based on
surgical resection, but it is prone to recurrence after the operation; Fabio Volpe [47] suggested in the case report on intramedullary
metastasis of differentiated thyroid carcinoma that alleviating the compression of the tumor and resecting the tumor are important
means, but the tumor still has the risk of metastasis; Rutula Sonawane [48] suggested that in some patients without sensory pain, the
preexisting asymptomatic stage may delay the treatment of the disease and lead to paralysis or even paralysis, therefore, early
diagnosis is the key to improve the prognosis of the disease, and in the case of patients with spinal cord metastasis, radiotherapy and
surgery are the commonly used means, but there still exists the risk of recurrence, leading to its poor therapeutic effect. At this stage,
little has been achieved in treating the progression of spinal cord metastases, and their therapeutic effects remain frustrating.
Therefore, there is an urgent need to find new treatment modalities. Animal models are the basis of disease research, and there are few
methods to establish experimental animal models of spinal cord metastases, which constrains the basic research of spinal cord me-
tastases. Therefore, there is a need to establish mature experimental animal models of spinal cord metastases to provide more solutions
and corresponding experimental basis for clinical treatment of spinal cord metastases.

Imaging techniques such as CT, MRI, ultrasound, and small animal live imaging play an essential role in the basic research of animal
tumor models. In this study, an animal live imaging system was used to monitor intracranial and spinal tumor lesions in mice to assess
the modeling of brain and spinal cord metastases of lung cancer. This imaging system used bioluminescence technology to monitor the
fluorescence signal by converting chemical energy into light energy using the substrate luciferin potassium salt to interact with tumor
cells that stably express luciferase, which has a high sensitivity. We also observed the presence of tumor lesions in the brain and spine
of mice through HE staining to confirm the reliability of the aforementioned modeling method.

Zhang [49] used PC-9 Luc cells to establish a brain metastasis model of non-small cell lung cancer, and the quantitative


https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+SR&amp;cauthor_id=27840411

X. Liu et al. Heliyon 10 (2024) e24809

bioluminescence approach was able to more accurately reflect changes in intracranial tumor signaling. In addition, the use of PC-9 Luc
cells in a construct to establish a mouse model of brain metastases also allowed for a more intuitive quantification of the tumor load
[50]. In this study, the bioluminescence intensity of PC-9 Luc cells in vitro revealed an excellent linear relationship with the number of
cells. The number of cells did not decay with cell passage, so it had good bioluminescence stability and was suitable for animal
modeling. We established brain metastasis and spinal cord metastasis tumor models of non-small cell lung cancer through the
intracranial in situ injection of PC-9 Luc cells transfected with luciferase through the brain stereotaxic instrument. We used small
animal live imaging and HE staining to detect brain and spinal tumor formation in mice to provide a reference for further research on
anti-non-small cell lung cancer brain and spinal cord metastases. We used the intracranial fontanelle of mice as the reference point and
drilled holes on the right upper side or right lower side of the skull of mice at 1 mm from the coronal suture and 1.5 mm from the
sagittal suture of fontanelle and injected different numbers of cells in situ through the brain stereotaxic instrument. After injecting the
cells into the mice skull, the cells further colonized and proliferated intracranially; then, the cells invaded the soft meningeal space and
spread from the spinal venous plexus or entered the spine through the epidural cavity to form spinal cord metastases, thus establishing
animal models of brain and spinal cord metastases of non-small cell lung cancer. All of the nude mice that had received an intracranial
injection of PC-9 Luc cells through the brain stereotaxic instrument survived, and the survival rate was 100 %. One week after the cells
were inoculated, the intracranial fluorescence signals of nude mice were monitored using the small animal live imaging system. When
the cell volumes were 30 x 10* at the location of the right upper side of the skull of mice, five nude mice had tumor lesions, and the
tumor formation rates were 83.3 %. When the cell volumes were 30 x 10* at the location of the right lower side of the skull of mice and
cell volumes were 80 x 10%, all nude mice had tumor lesions in their brains and spines. When the cell volumes were 30 x 10%, the nude
mice were in good condition. When the cell volumes were 80 x 10%, the tumor formation was faster; although brain and spinal cord
metastases would occur, the tumor focus was significant. The animals would be emaciated in the later stage, which was not conducive
to experimental research, so we could relatively reduce the tumor cell number. Furthermore, the tumorigenesis of nude mice is also
related to the age of the animals. T cells in nude mice increase with age, and their immune function also enhances, affecting the success
rate of tumor inoculation. Therefore, choosing 4-6-week-old nude mice is recommended.

However, this study must be performed in conjunction with the use of the substrate fluorescein potassium salt and a small animal in
vivo imaging system in order to reflect intracranial tumor signaling changes. The modeling process is also challenging in terms of
choosing the cell injection site, the strength of the cranial drill hole, the depth of the needle, and ensuring the survival rate of the mice
during the operation, so extensive practice is required to master the technique.

The present model is based on the human tumor cell PC-9 Luc cells, which can better reflect the growth characteristics and drug
response characteristics of human tumors compared with mouse Lewis cells. The successful establishment of this animal model is
essential for developing new treatments for patients with non-small cell lung cancer brain and spinal cord metastases. It provides
theoretical support for developing and evaluating new clinical drugs so that more treatments can be explored to prolong patients’
survival and improve their quality of life.

6. Conclusion

It is a reliable method to establish the animal model of brain and spinal cord metastases of non-small cell lung cancer by injecting
different quantities of cells from different positions with a brain stereotaxic device. The IVIS Xenogen Imaging system has high reli-
ability in detecting the fluorescence signals of brain and spinal cord metastatic tumors.
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