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Abstract

Introduction Clinical treatment of spinal metastasis is

gaining in complexity while the underlying biology re-

mains unknown. Insufficient biological understanding is

due to a lack of suitable experimental animal models. In-

tercellular adhesion molecule-1 (ICAM1) has been impli-

cated in metastasis formation. Its role in spinal metastasis

remains unclear. It was the aim to generate a reliable spinal

metastasis model in mice and to investigate metastasis

formation under ICAM1 depletion.

Material and methods B16 melanoma cells were infected

with a lentivirus containing firefly luciferase (B16-luc).

Stable cell clones (B16-luc) were injected retrogradely into

the distal aortic arch. Spinal metastasis formation was mon-

itored using in vivo bioluminescence imaging/MRI. Neuro-

logical deficits were monitored daily. In vivo selected,

metastasized tumor cells were isolated (mB16-luc) and

reinjected intraarterially. mB16-luc cells were injected in-

traarterially in ICAM1 KOmice. Metastasis distribution was

analyzed using organ-specific fluorescence analysis.

Results Intraarterial injection of B16-luc and metastatic

mB16-luc reliably induced spinal metastasis formation with

neurological deficits (B16-luc:26.5, mB16-luc:21 days,

p\ 0.05). In vivo selection increased the metastatic ag-

gressiveness and led to a bone specific homing phenotype.

Thus, mB16-luc cells demonstrated higher number (B16-luc:

1.2 ± 0.447, mB16-luc:3.2 ± 1.643) and increased total

metastasis volume (B16-luc:2.87 ± 2.453 mm3, mB16-

luc:11.19 ± 3.898 mm3, p\ 0.05) in the spine. ICAM1

depletion leads to a significantly reduced number of spinal

metastasis (mB16-luc:1.2 ± 0.84) with improved neuro-

logical outcome (29 days). General metastatic burden was

significantly reduced under ICAM1 depletion (control:

3.47 9 107 ± 1.66 9 107; ICAM-1-/-: 5.20 9 104 ±

4.44 9 104, p\ 0.05 vs. control)

Conclusion Applying a reliable animal model for spinal

metastasis, ICAM1 depletion reduces spinal metastasis

formation due to an organ-unspecific reduction of metas-

tasis development.

Keywords Experimental spinal metastasis � ICAM-1 �
B16 � Spinal compression

Introduction

Improved diagnostics and oncological therapies are caus-

ing an increased incidence of spinal metastasis. Currently,

70 % of all oncological patients develop spinal metastasis

and 10 % of these patients experience neurological deficits

due to epidural myelon compression [1–3]. Therefore, an

increasing number of complex surgical therapies have to be
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C. Grötzinger

Department for Hepatology and Gastroenterology, Charite,

Berlin, Germany

123

Eur Spine J (2015) 24:2173–2181

DOI 10.1007/s00586-015-3811-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s00586-015-3811-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00586-015-3811-7&amp;domain=pdf


performed to control clinical symptoms [4]. However, the

underlying biological mechanisms that govern metastasis

formation to the spine remain unknown and therefore, there

are no targeted therapies available for these patients. Tu-

mor cell–endothelial cell interactions have been postulated

as key mediators of spinal metastasis development [5]. In

bone micrometastases, positive expression of the intercel-

lular adhesion molecule-1 (ICAM1) has been described

indicating that ICAM1 may influence bone metastasis by

regulating tumor cell–endothelial cell interactions during

tumor cell dissemination [6]. Based on different ex-

perimental and clinical studies, ICAM1 may represent a

potential therapeutical target to reduce metastasis forma-

tion in different cancers [7–9]. However, the role of

ICAM1 in development of spinal metastasis remains un-

known. ICAM1 may influence spinal metastasis formation

either by altering tumor cell–endothelial cell interactions

and thereby changing tumor cell extravasation to the spinal

bone. Another potential mechanism may occur after tumor

cells have extravasated into spinal bone when interactions

between metastatic tumor cells and bone specific mi-

croenvironment regulate osteoclast activiy and metabolism.

It was the aim of this study to characterize an experimental

spinal metastasis model in mice, which can be monitored

with highly spatial (MRI) and temporal resolution (biolu-

minescence) to investigate the influence of ICAM1 on

spinal metastasis formation in vivo.

Materials and methods

Lentiviral vector cloning

To generate a tri-functional reporter vector a multiple

cloning backbone (MCS adaptor T2A, size 257 bp) har-

boring two T2A self-cleavage sites was used (Fig. 1a). This

MCS adaptor was coned in the pcDNA5/FRT vector (In-

vitrogen). The puromycin gene, the luciferase gene and the

eGFP were amplified with PCR primers containing ap-

propriate restriction overhangs. Digested PCR products

were sequentially cloned in the MCS adaptor yielding a

luciferase-T2A-EGFP-T2A-puromycin sequence with an

open reading frame over the whole reporter sequence.

Functionality of the reporter was checked by luciferase

reaction, fluorescence imaging and resistance to puromycin

in HEK293 cells. Successful and complete T2A cleavage

was checked by Western-Blot (Data not shown).

Cell line cultivation

B16-F1 (ATCC Nr: CRL-6323), HEK293TN (BioCat,

Heidelberg, Germany) and B16-luc infected with FFLUC-

GFP-Puro vector construct were routinely maintained at

37 �C with 5 % CO2 in DMEM (Invitrogen, Carlsbad, CA,

USA) supplemented with 10 % FCS, 50 units/ml penicillin

and 50 lg/ml streptomycin. B16-luc medium was supple-

mented 5 lg/ml puromycin.

Lentivirus construction and production

Third-generation lentiviral particles were generated as

described previously [10] with the following modifica-

tion: pFUGW lentiviral transfer plasmids (addgene plas-

mid 14883, kindly provided by Dr. David Baltimore) were

used as a lentiviral transfer vector backbone and EGFP

was excised by BamHI and XhoI [11]. A 3137 bp insert

fragment was isolated from pcDNA5-FR-FF-EGFP cod-

ing for luciferase-T2A-EGFP-T2A-puromycin cassette. In

a second step, the woodchuck hepatitis element WPRE

was added to the plasmid via Bsu361 and XhoI from a

modified version of addgene plasmid 27232 [10, 12]. All

constructs were fully sequenced prior to lentiviral particle

production. Lentiviral transfer plasmids were co-trans-

fected with packaging plasmids psPAX2 (addgene plas-

mid 12260) and pMD2.G (addgene plasmid: 12259, both

provided by Dr. Didier Trono) into 293TN cells using

XtremeGene HP (Roche, Grenzach-Wyhlen, Germany) in

OptiMEM (Gibco, Life Technologies, Karlsruhe, Ger-

many). Two harvests of supernatant containing viral

particles from the 293TN culture medium were collected

48 and 72 h after transduction. The supernatant was

centrifuged at 1790g for 15 min and filtered through a

0.45 lm low protein-binding PVDF membrane (Milli-

pore, Schwalbach, Germany). The viral particles were

precipitated using PEGiT according to the manufacturer’s

instructions (BioCat, Heidelberg, Germany), resuspended

and aliquoted in PBS and stored at -80 �C for later use.

Viral transduction efficiency was determined from serial

dilutions in primary neuronal cultures using EGFP

fluorescence as a reporter 48 h after transduction. Viral

particles were applied at a multiplicity of infection of

approximately 20 with transduction units of 109 per ml

after concentration of lentiviral particles. Stable trans-

fected B16-luc cells were selected using puromycin.

Bioluminescence analysis of transfected tumor cells

In vitro luminescence of different cell numbers lysates

generated a standard curve defining relative light units

(RLU) for individual cell numbers. Standard curve was

generated as follows: cells were counted with Casy Model

TT (Roche, Basel, CH) cell counter and were diluted to

100,000, 50,000, 25,000, 12,500, 6250, 3125 and 1562.5

per 96 well. Cells were lysed with 30 ll luciferase lysis

buffer, 60 ll of Bright-Glo luciferase substrate was added

and luminescence signal was measured (Promega,
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Madison, WI, USA). Tissue homogenate (30 ll) was used
to analyze metastatic growth in different organs.

Retrograde carotid artery injection

Animal experiments were performed according to local

animal welfare guidelines. PCR protocols of intercellular

adhesion molecule-1 knockout (ICAM-1-/-, Jax # 002127)

animals were described previously. Adult mice were

anesthetized and anesthesia was verified by foot paw

pinching reflex control. A catheter (0.8 mm Ø and 5 cm

length) was placed on a 30 G injection needle and filled

with 0.9 % NaCl solution. A longitude skin incision along

the trachea was performed. The parotid gland was divided

to expose the left carotid artery. The carotid artery was

carefully separated from the vagus nerve and permanently/

temporarily ligated distally and proximally of the aortic

arch, respectively. The artery was opened and the catheter

was retrogradely inserted and fixed (Fig. 1b). The proximal

ligature was opened and 100 ll of DMEM/cell suspension

or DMEM/microbeads suspension was injected followed

by 100 ll 0.9 % NaCl. The proximal ligature was closed

permanently and the catheter was removed. The skin was

closed and sutured.

Metastasis screening using bioluminescence analysis

in vivo

Bioluminescence imaging was performed using the IVIS

Lumina II (Caliper LS, Hopkinton, MA, USA) equipment.

The mice were anesthetized using 2 % isoflurane. D-lu-

ciferine (Caliper LS) solution (30 mg/ml) was injected as

A

B

G
F

P

B16-luc

W
hi

te
 li

gh
t

mB16-luc Luminescence

B16

B16
-lu

c

mB16
-lu

c
0

50

100

150

200

R
LU

***

***

*

C

hUbiC
Firefly

luciferase eGFP PuromycinR2A2A

Fig. 1 Vector design, injection

protocol and MRI analysis.

a The vector was designed to

contain T2A self-cleaving

peptide sequences. The firefly

luciferase gene was cloned

using HindIII/AflII restriction

sites, eGFP was inserted using

KpnI/AvrII sites and puromycin

resistance was inserted with

SpeI/NotI restriction sites.

b B16-luc and mB16-luc cells

did not show significant

differences in morphology. GFP

expression was found in both

cell types (scale bar 500 lm).

B16-luc and mB16-luc

luminescence was increased

compared to uninfected B16-F1

cells (One way anova, Dunnett

post hoc analysis, n = 5, graph

shows mean ± SD).

c Schematic drawing shows

hypothetical cell dissemination

after retrograde carotid artery

injection (red arterial vessels,

blue venous vessels, orange line

straight direct cell flow and

orange line doted possible

further cell flow). Operation

window shows preparation a

priori of catheter insertion (left)

and after catheter insertion and

during cell injection (right)
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described in the manufacturers’ protocol (10 ll/g BW).

In vivo luminescence was measured for 5 min dorsally and

5 min ventrally. Mice were shaved dorsally along the

spinal tract for dorsal imaging.

Magnetic resonance imaging

Occurrence of a neurological deficit and/or suggestion of

spinal metastasis by bioluminescence imaging was fol-

lowed by spinal MRI to verify or exclude spinal metastasis

formation. MRI was performed using a 7 Tesla rodent

scanner (Pharmascan 70/16AS, Brucker, Billerica, MA,

USA) with a 16 cm horizontal bore magnet and a 1H-RF-

Volume resonator (72 mm) for transmission (Rapid

Biomed, Rimpar, DE, USA) were used. The H-resonance

frequency was 300 MHz, maximum gradient strength was

300mT/m. Paravision 5.1 (Brucker) was used to acquire

images. Mice were anesthetized using 2 % isoflurane in

O2/NO2 (30/70 %). Anesthetized mice were placed dor-

sally on top of a 37 �C heating pad with the incisures fixed

and constant anesthesia supplied. Ventilation was mon-

itored throughout the scan. A T2-weighted 2D turbo spin-

echo sequence was used to visualize the spine. 10 sagittal

slices (0.5 9 30 9 30 mm) were positioned over the spine.

Data was analyzed with Amira software. Spinal metastases

were identified using false coloring (Fig. 1c). Number of

vertebral segments affected, mean metastasis and total

metastasis volume were analyzed.

Tissue homogenization

Animals were sacrificed at the occurrence of neurological

symptoms. Multi-organ resection was performed. Organs

were frozen in Isopentane. Using mortar and pistil, tissues

were homogenized to fine powder at -80 �C cooling with

liquid nitrogen. Powder and soft tissue organs were trans-

ferred to individual gentleMACS tubes. Luciferase lysis

buffer (0.1 M Tris–HCl, 0.1 % Triton X-100, 2 mM

EDTA) was added to soft tissues and to grinded hard tis-

sues. Dispomix (Miltenyi Biotec, Bergisch Gladbach, DE)

profile 4 (4000 rpm for 15 s) was performed four times.

MACS tubes were centrifuged for 5 min at 1200g/4 �C.
Supernatant was decanted for the assay. Luciferase assay

was performed as described previously [13].

Statistical analysis

Quantitative data are given as mean ± SD. Mean values of

all parameters were calculated from the average values in

each animal. For analysis of differences, ANOVA followed

by Bonferroni correction was used. For comparisons be-

tween groups, Students t test was performed. Results with

p\ 0.05 were considered significant. Prism 6 (Graphpad,

La Jolla, CA, USA) software was used for statistical

analysis.

Results

Luciferase activity in tumor cell lines

B16-luc cells demonstrated significantly increased lumi-

nescence activity after luciferin stimulation as compared to

control cells (Control: 6.4 ± 10.53, B16-luc:

136.7 ± 42.73). After in vivo application and isolation

from a metastatic site, mB16-luc cells demonstrated stable

luminescence activity as compared to B16-luc and sig-

nificantly increased luminescence activity as compared to

controls (mB16-luc: 89 ± 36.27, Fig. 1b).

Long-term spinal metastasis formation

Using B16-luc cells spinal metastasis developed over an

observation period of 26.5 days (Fig. 2). In vivo selected

mB16-luc cells induced a neurological phenotype sig-

nificantly earlier (21 days, p = 0.0067, Fig. 2c). In mB16-

luc, number of spinal metastasis (B16-luc: 1.2 ± 0.447,

mB16-luc: 3.2 ± 1.643) and total spinal metastasis volume

(B16-luc: 2.87 ± 2.453 mm3, mB16-luc:

11.19 ± 3.898 mm3) was significantly increased compared

to B16-luc (Fig. 2d, e). No difference between both groups

was observed in mean spinal metastasis volume (Fig. 2f).

Spinal metastasis under ICAM1 depletion

In ICAM-1-/- animals a neurological phenotype developed

significantly later as in mB16-luc (ICAM-1-/- = 29 days;

mB16-luc = 19.5 days, p = 0.0133, Fig. 3a–c). MRI

analysis revealed significant reduction of total spinal

metastasis volume (control: 10.03 ± 4.25 mm3; ICAM-

1-/-: 1.53 ± 0.81 mm3; p\ 0.05), number (control: =

3.75 ± 1.90; ICAM-1-/- = 1.20 ± 0.84, p\ 0.05) and

mean metastasis volume (control: 2.41 ± 1.37 mm3;

ICAM-1-/-: 1.02 ± 0.54 mm3, p\ 0.05).

Organ-specific metastasis distribution

To analyze organ-specificity of this metastatic process, we

used luminescence analysis. The slope of the fluorescence

standard curve was 17.58 with 16.20–18.87 95 % confi-

dence interval (R2 = 0.9711). Organ-specific metastasis

distribution demonstrated long-term metastasis growth in

osseous organs using mB16-luc in control animals (crani-

um: 2.004 9 107 ± 1.501 9 107 cells/organ, long-bones:

1.372 9 107 ± 1.511 9 107 cells/organ, spine:

3.261 9 106 ± 5.426 9 106 cells/organ). Soft tissue
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organs demonstrated a very low metastatic tumor cell load

without metastatic cells in the brain (Fig. 4a). Conse-

quently, a significant bone preference is demonstrated in

mB16-luc animals (bone = 2.30 9 107 ± 6.54 9 106;

other = 4.35 9 106 ± 4.62 9 106; Fig. 4a).

Analysis of long-term metastasis development in ICAM-

1-/- animals showed a generally decreased metastasis load

with significantly reduced metastatic cell numbers in: spine

(1353 ± 903 cells/organ), long-bones (9797 ± 7797 cells/

organ), heart (3283 ± 6186 cells/organ), liver

B16-luc mB16-luc B16-luc mB16-luc

In-vivo luminescence MR ImagingB

DC

FE

A
Fig. 2 Evaluation of spinal

metastasis formation using B16-

luc and mB16-luc.

a Bioluminescence analysis

indicated increased metastasis

formation in mB16-luc—

injected animals. b MR imaging

(false color coded)

demonstrates increased number

of metastatic loci in mB16-luc

(white arrowheads). c Graph

demonstrates Kaplan–Meier

survival plot for neurological

function (T Log-rank, Mantel-

Cox test; p = 0.0186). Graphs

quantifying total spinal

metastasis volume (d), number

of spinal metastasis (e) and
mean volume of individual

spinal metastasis (f)
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(6951 ± 9008 cells/organ), lung (584 ± 405 cells/organ)

and spleen (287 ± 276 cells/organ; Fig. 4). Total

metastatic load in all organs was reduced 700-fold in

ICAM-1-/- animals as compared to mB16-luc (mB16-

luc = 3.47 9 107 ± 1.66 9 107; ICAM-1-/- = 5.20 9

104 ± 4.44 9 104; Fig. 4e).

Discussion

In this study we demonstrated reliable spinal metastasis

generation and imaging in mice using intraarterial injection

of B16-luc cells. Generation of in vivo selected mB16-luc

cells increased number and volume of spinal metastasis and

In-vivo luminescence MR ImagingA
Control ICAM-1-/- Control ICAM-1-/-

B

DC

FE

Fig. 3 ICAM1 knockout

animals show delayed

paraplegia and less spinal tumor

volume. a In vivo

bioluminescence imaging

15 days post tumor cell

injection shows reduced tumor

load in ICAM1 knockout

animals (white arrows). N B 4.

b False color MRI at day of

phenotype/sacrifice shows

multiple compressive loci and

affected vertebral bodies in

controls. ICAM-1-/- animals

demonstrate reduced tumor loci

(white arrow) and reduced

spinal compression. c Kaplan–

Meier survival plot for

neurological function

demonstrates a significantly

prolonged time period until a

neurological phenotype due to

spinal cord compression

develops in ICAM-1-/- animals

(Log-rank Mantel–Cox test

p = 0.0133, Gehan-Breslow-

Wilcoxon test p = 0.0143;

N = 4). ICAM-1-/- depletion

leads to a reduction of total

volume (d), number (e) and
mean volume (f) of spinal
metastasis (Two tailed unpaired

t test, n = 4, p = 0.0093, graph

shows mean ± SD)
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lead to an earlier manifestation of neurological deficits.

Under ICAM1 depletion, spinal metastasis was sig-

nificantly reduced with a significant delay in the time until

a neurological deficit occurence. Hence, ICAM1 depletion

provoked organ-unspecific reduction of metastasis devel-

opment. Intraarterial injection of B16 melanoma cells re-

liably allows the generation of spinal metastasis.

Application of these cells leads to spinal metastasis at an

early time point (15–25 days after injection), before the

non-osseous metastasis load limits the general status of

experimental animals. Therefore, these cells represent ideal

tumor cells to specifically investigate mechanisms of spinal

metastasis. Arguello et al. [14] demonstrated that injection

of 100.000 melanoma cells leads to metastasis formation in

the spine after intracardiac injection. However, intracardiac

injection of B16 melanoma cells results in brain metastasis

in 30 % of mice [14]. To exclude interference of neuro-

logical phenotypes resulting from brain and spinal metas-

tasis, we modulated the experimental approach and

performed retrograde injection of tumor cells into the left

carotid artery. This approach circumvents intracranial cir-

culation by applying tumor cells into the distal aortic arch,

so that tumor cells primarily distribute in the remaining

organ circulation. Sacrifice of the left carotid artery does

not induce a risk for cerebral ischemia, as collateralization

routes compensate for the non-perfused left carotid artery

after occlusion in mice [1, 15]. Consequently, we did not

identify metastases in the brain. Therefore, neurological
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Fig. 4 Organ-specific

distribution of metastasis in

control and ICAM-1-/- animals.

a, b Fluorescence analysis

demonstrates significantly

increased metastasis

development in osseous organs

(e.g., cranium, long bones and

spine) compared to soft tissue

organs in control animals

(Student’s t test, two tailed,

unpaired, n = 4, p = 0.021,

graph shows mean ± SD). c,
d Metastasis quantification

demonstrates reduced metastatic

burden in ICAM-1-/- animals

without a bone preference

(Student’s t test, two tailed,

unpaired, n = 4, p = 0.021,

graph shows mean ± SD).

e Quantification of general

metastatic tumor cell burden

demonstrates significantly

reduced number of metastasis in

ICAM-1-/- animals (Student’s

t test, two tailed, n = 4,

p = 0.0045, graph shows

mean ± SD)
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symptoms could only be explained by myelon compression

due to spinal metastasis reflecting human spinal metastatic

disease in our experiments.

To increase metastatic potential of B16-luc cells to the

spine, we isolated tumor cells from spinal metastasis and

performed reinjection of these in vivo selected, metastatic

tumor cells, increasing spinal metastasis and reducing the

time until a neurological deficit develops. Organ-specific

metastasis distribution analysis showed that increased

spinal metastasis in mB16-luc is not a spine-specific phe-

nomenon, but the result of preferential metastasis devel-

opment in osseous organs in general. In support of this

observation, Stackpole et al. [16] demonstrated an organ-

unspecific increase in secondary metastatic activity re-

gardless of the primary metastatic site or the number of

injection cycles using B16 melanoma cells in in vivo se-

lection experiments. Under ICAM1 depletion spinal

metastatic disease was significantly reduced leading to a

significant delay in the time until a neurological deficit

developed. In support of this data are several clinical and

experimental studies that show that high ICAM1 activity is

associated with tumor or metastasis progression whereas

ICAM1 depletion leads to reduced metastasis formation

[6–8, 17, 18]. In bone metastasis, ICAM1 also plays an

important role in mediating metastasis development [6].

ICAM1 has been shown to mediate tumor cell–endothelial

cell interactions inducing recruitment of neutrophils that

stimulate the release of chemokines and cytokines [19].

These molecules induce breakdown of endovascular bar-

riers and thereby promote metastasis formation [19]. In

bone metastasis, ICAM1 expression has been linked to the

expression of the chemokine CCL2, which negatively

regulates bone metastasis formation in a breast cancer

model [20]. However, it remains unclear if the observations

of our study are the result of increased extravasation of

tumor cells into bone tissue or if they are the result of

mechanisms that occur after tumor cells have entered the

target organ.

Our data demonstrate that metastasis formation is de-

creased in every organ under ICAM1 depletion indicating

that ICAM1 depletion leads to a generally reduced

metastasis development without bone specific or spine-

specific effects. In humans, breast cancer micrometastasis

has been shown to be characterized by increased expres-

sion of ICAM1 [21]. A recent report further demonstrated

that ICAM1 is involved in regulating osteoclast miRNA

changes in human osteolytic bone metastasis [22]. In ma-

lignant lymphoma, antimetastatic effects have been de-

scribed to occur after cells have extravasated into the target

organ [7]. However, the exact molecular mechanism how

ICAM1 influences spinal bone metastasis remains un-

known. ICAM1 depletion may act antimetastatic in osseous

organs by affecting bone metabolism and osteoclast-tumor

cell interactions (post-homing effects) or it may affect

metastatic tumor cell homing to the spinal bone by altering

tumor–cell endothelial cell interactions [23, 24].

In conclusion we present a reliable experimental spinal

metastasis model in mice that allows morphological and

clinical spinal metastasis analysis. Applying this model we

demonstrate that in vivo selected tumor cells show both a

bone and spine preference in their metastatic behavior re-

sulting in aggravated spinal metastatic disease. ICAM1

depletion reduces metastasis formation in the spine as re-

sult of an organ-unspecific antimetastatic effect.
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