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Abstract: Therapeutic augmentation of collateral artery growth (arteriogenesis) is of tremendous clinical interest. 
Since monocytes home to areas of arteriogenesis and create a local arteriogeneic milieu by secreting a wide range 
of growth factors, we followed the idea of utilizing these cells for augmentation of collateral growth. For that pur-
pose, we adoptively transferred both syngeneic (same strain) and allogeneic (different strain) bone marrow derived 
monocytes (BMDMs) into balb/c mice 24 h after femoral artery ligation. Restoration of hind-limb perfusion was de-
termined by Laser Doppler Perfusion Imaging and histological workup. While syngeneic cell transplantation did not 
augment arteriogenesis in comparison to non-transplanted animals (PI = 0.56 ± 0.06 vs. 0.48 ± 0.09, respectively, 
ns), allogeneic monocytes massively promoted the collateralization (PI = 0.85 ± 0.14, p < 0.001). Homed mono-
cytes were visualized near growing collateral vessels by staining the cells with the lipophil fluorochrome DiI prior to 
transplantation. To analyze whether the effect of allogeneic BMDM transplantations is due to local inflammation 
triggered by a host-versus-graft reaction, transplant recipients were pre-treated with the immunosuppressive drug 
cyclosporine A, which completely prevented the effect of allogeineic monocyte transplantation (PI = 0.45 ± 0.06, p < 
0.001). Here, we have demonstrated murine allogeneic monocytes to be an attractive way to trigger local inflamma-
tory responses near growing collateral vessels and stimulate their adaption, overcoming the endogenous restriction 
of collateral vessel growth.
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Introduction

Patients suffering from coronary artery disease 
have been described to develop less severe 
symptoms when they exhibit a well developed 
collateral network [1, 2]. The collateralization, 
however, is rarely adequate to fully compensate 
for the lost conductance of the occluded ves-
sel. The process of collateral vessel growth is 
called arteriogenesis and describes the func-
tional adaption of pre-existing arterioles into 
larger conductive vessels spanning a side of 
occlusion [3].

As early as back in 1979, Schaper et al report-
ed the adhesion and transmigration of mono-
cytes and the accumulation of perivascular 
macrophages to be one of the first events 
occurring during collateral growth [4]. This was 

later on contributed to the secretion of mono-
cyte chemoattractant MCP-1 [5-7] and the 
increased expression of adhesion molecules 
[8, 9] by endothelial cells, both associated with 
an increased attraction and adhesion of mono-
cytes and thereby with perivascular monocyte 
accumulation. Mice lacking the MCP-1 che-
mokin receptor (CCR2) display a complete abo-
lition of monocyte recruitment, as well as arte-
riogenesis in general [10]. Depletion of 
circulating monocytes also lead to decreased 
arteriogenesis, which was restored by the adop-
tive transfer of monocytes in a dose depending 
manner [11].

The actual role of monocytes in arteriogenesis, 
however, remains largely unknown. The cyto-
kine milieu created by accumulating mono-
cytes, resident vascular smooth muscle cells 
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and endothelial cells represents a local inflam-
matory environment, resulting in proliferation 
and growth of the collateral vasculature [3, 12, 
13].

The range of adaption, however, is limited – the 
endogenous arteriogenesis stops prematurely, 
and functional impairment remains in most set-
tings, leading to efforts concerning the stimula-
tion of collateral growth, especially featuring 
local or systemic delivery of cytokines and 
growth factors associated with arteriogenesis, 
i.e. TGFb1 [14], G-CSF [15-19], M-CSF [20], 
GM-CSF [21, 22] or FGF2 [23-29]. The infusion 
of proinflammatory lipopolysaccarides has 
been previously described to promote collater-
al growth, as well [12].

Here, we sought to augment the local inflam-
matory cytokine milieu by exploiting the homing 
behavior of monocytes as key players in collat-
eral growth, using their ability to produce 
growth factors in the complex temporal and 
spatial pattern required for arteriogenesis. We 
aimed to describe the potential of monocytes 
as targets of cellular therapy by adoptively 
transferring both syngeneic and allogeneic 
monocytes in a murine model of femoral artery 
ligation.

Materials and methods

Isolation and differentiation of murine bone 
marrow derived monocytes (BMDMs)

Monocytes were differentiated from adult bone 
marrow cells as previously described [30]. 
Briefly, bone marrow cell suspensions were 
obtained by flushing femurs and tibias of 8-12 
week old syngeneic balb/c and allogeneic 
C57Bl/6 (Charles River, Sulzfeld, Germany) with 
complete RPMI1640 (supplemented with 10% 
FCS, 1% Pen/Strep; PAA, Pasching, Austria). 
Aggregates were dislodged by gentle pipetting 
and debris was removed by passaging the sus-
pension through a 70 µm cell strainer. Cells 
were washed twice with medium, adjusted to 
give a suspension of 106 cells/ml and seeded 
onto 6-well ultra-low-attachment surface plates 
(Corning Costar, Schiphol-Rijk, NL). Cultures 
were supplemented with 20 ng/ml rmM-CSF 
(Strathman/Miltenyi, Bergisch Gladbach, 
Germany) and cultured in a humidified incuba-
tor at 37°C and 5% CO2. Cells were harvested 
at indicated time points by gentle pipetting and 

repeated washing of the wells with PBS, 0.5% 
BSA and 2 mM EDTA for detachment of adher-
ent cells. Before transplantation, cell suspen-
sions were depleted of CD117+ cells by MACS 
technology (Miltenyi, Bergisch Gladbach, 
Germany) according to standard procedures. 
Syngeneic monocytes were derived from mice 
of the same inbred strain as the recipients (i.e. 
balb/c, MHC haplotype H2d), allogeneic mono-
cytes were derived from MHC incompatible 
mice of a different strain (i.e. C57Bl/6, MHC 
haplotype H2b).

Surgical procedures: femoral artery ligation 
and splenectomy

Balb/c and C57Bl/6 mice were bought from 
Charles River (Sulzfeld, Germany) at the age of 
7 weeks and underwent surgical femoral artery 
ligation at 8 weeks of age. Briefly, mice were 
anaesthetized with a combination of 120 mg/
kg ketamine and 2 mg/kg xylazine. The femoral 
nerve, artery and vein were exposed by a small 
inguinal incision. The femoral artery was sepa-
rated from the nerve and vein and occluded 
distal to the branching of the profunda femoris 
artery by a double ligation with silk suture 
(Ethicon, Norderstedt, Germany). The skin was 
closed with 2-3 stitches and sealed with liquid 
band-aid. Animals were left under red light for 
recovery from anesthesia. Success of the oper-
ation was immediately verified using Laser 
Doppler Perfusion Imaging (PeriMed, 
Stockholm, SE).

In some cases, mice underwent a splenectomy 
24 hours prior to ligation. Mice were anaesthe-
tized and a small lateral left subcostal flank 
incision was made to access the spleen. The 
hilum was located and coagulated at two plac-
es and the spleen removed en bloc. Animals 
where monitored for bleeding and underwent 
wound closure by silk-suture of the muscula-
ture and polyurethane suture of the skin 
(Ethicon, Norderstedt, Germany).

Laser doppler perfusion imaging (LDPI)

Hind limb perfusion was determined by LDPI 
measurement (PeriMed, Stockholm, SE). For 
consistent measurements, imaging was per-
formed after an acclimatization period on a 
37°C warming plate (Föhr Instruments, 
Seeheim-Ober, Germany). Regions of interest 
were defined fitting the foot. Mean values from 



Transplantation of monocytes: an approach for augmentation of arteriogenesis

157	 Am J Transl Res 2013;5(2):155-169

the occluded and non occluded side were divid-
ed to calculate a perfusion index (PI). LDPI was 
carried out before, immediately after, and sub-
sequently 7, 14 and 21 days after surgery.

Immunofluorescence and morphometrical 
analysis

Mice were sacrificed at indicated time points, 
typically 21 days after femoral artery ligation, 
and muscle specimens were embedded in opti-
mal-cutting-temperature freezing medium and 
frozen in 2-methylbutane cooled by liquid nitro-
gen. Samples were stored at -80°C. 5-7 µm 
cross sections were taken on a CM1900 cryo-
tome (Leica, Wetzlar, Germany) and air tried 
before being refrozen at -20°C.

Samples were further processed by rehydration 
and repeated washing in PBS. Fixation and per-
meabilization were achieved with acetone fol-
lowed by an incubation with serum free protein 
block (Dako, Hamburg, Germany) for 20 min-
utes. Slices where incubated with primary anti-
bodies in recommended dilutions (rabbit anti-
CD31, abcam; rabbit anti-Ki67, abcam; rat 
anti-F4/80, eBioscience; rabbit HIF1α, abcam) 
for 1h at room temperature, followed by appro-
priate cross-absorbed secondary antibody con-
jugated to Cy3 fluorochrome. DAPI and FITC-
conjugated α-Actin antibodies (Sigma Aldrich, 
Hamburg, Germany) where used for 
counterstaining.

Sections were analyzed on an Axiovert S100 
(Carl Zeiss, Jena, Germany) equipped with 
appropriate filters sets and a RT/SE camera 
system (Diagnostic Instruments, Sterling 
Heights, MI USA). Representative images were 

taken using SpotAdvanced, and analyzed using 
ImagePro (Media Cybernetics inc., Bethesda, 
MD USA) and MetaMorph (MolecularDevices, 
Sunnywale, CA USA). Capillary density was 
measured in 400x magnification of CD31 stain-
ings, vessel-size and -density were analyzed in 
200x magnification of actin-stainings. Only ves-
sels with a media-to-lumen-ratio typical for 
arteries were taken into consideration. 
Macrophage infiltration was assessed by count-
ing F4/80+ cells near vessels identified as 
arteries based on their actin staining.

Cell tracking: BMDM homing

For cell tracking experiments, progenitor cell 
depleted syngeneic and allogeneic monocytes 
were stained with red DiI lipophil fluorochrome 
prior to transplantation. Muscles were harvest-
ed for histology 48 h after the transplantation, 
72 h after surgical ligation. One hundred fourty 
7 µm serial cryosections per muscle were taken 
across the entire length of the specimens, 
stained with FITC anti-α-actin and analyzed 
under 400 fold magnification. Only strong, defi-
nitely positive signals (as compared to sections 
of animals that received unstained cells) were 
taken into consideration. 

Statistics

Statistical analysis was performed using 
Microsoft Excel and SPSS 20 for PCs. The data 
were tested using a standard T-test for para-
metrical data or Mann-Whitney U-test for non-
parametrical data. When multiple testing was 
performed, p values were Bonferroni-adjusted. 
P values were considered significant when 
P<0.05 (*), P<0.01 (**), or P<0.001 (***).

Figure 1. Perfusion recovery in hind limbs of C57Bl/6 and Balb/c after femoral artery ligation (A), representative 
clinical outcome for Balb/c strain three weeks after ligation (B, C).
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Figure 2. Timeline histological evaluation of thigh (Mm. Adductores) and calf musculature (M. gastrocnemius) of un-
treated Balb/c and C57Bl6 using α-actin staining to measure mean vascular diameter and –density, CD31 staining 
to measure capillary density and perivascular Mo/Ma infiltration using F4/80 staining (*p<0.05; **p<0.01; *** 
p<0.001). Note the constant capillary density in thigh muscles and increasing density in calf musculature of Balb/c, 
as well as the pronounced Mo/Ma infiltration occurring early during revascularization. Representative CD31-stained 
sections demonstrate the increase in capillary density in the calf-musculature of Balb/c mice, as well as the general 
higher capillary density in C57Bl6 (400 fold-magnification).

Results

Recent reports indicate a mouse-strain specific 
potential of revascularization for common wild 
type strains [31]. In order to choose an ade-
quate recipient-strain, both Balb/c and C57Bl6 

mice were subjected to femoral artery ligation 
and subsequent histological workup to demon-
strate their regenerative potential.

The hind limb perfusion in Balb/c displayed a 
dramatically impaired revascularization com-
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pared to mice of the C57Bl/6 strain with signifi-
cantly lower PI values throughout the entire 
process (post lig: 0.16 ± 0.04 vs. 0.27 ± 0.06 p 
< 0.01, 7 d: 0.29 ± 0.08 vs. 0.77 ± 0.21 p < 
0.001, 14 d: 0.41 ± 0.07 vs. 0.94 ± 0.13 p < 
0.001, 21 d: 0.48 ± 0.09 vs. 1.07 ± 0.07 p < 
0.001; see Figure 1). 

Histological workup (see Figure 2) of both the 
proximal thigh and the distal calf musculature 
revealed an increasing vascular diameter in the 
thigh of C57Bl6 mice subsequent to the ligation 
(unligated: 23.8 ± 1.3 µm vs. 32.8 ± 28 µm 
after 3 wks, p < 0.001), which was absent in 
Balb/c mice (unligated: 17.5 ± 2.8 µm vs. 21.1 
± 2.6 µm after 3 wks, n.s.). Concerning the calf 
musculature, there was no definitive increase 
in vascular diameters present after 3 weeks in 
either strain. 

Capillary density in the thigh area of both Balb/c 
(unligated: 350 ± 120 vs. ligated: 370 ± 30 
capillaries/mm², n.s.) and C57Bl6 (unligated: 
690 ± 105 vs. ligated: 740 ± 80 capillaries/
mm², n.s.) remained steady throughout the pro-
cess. Strikingly, capillary density in the Balb/c 
calf muscles increased almost 4 fold from 350 
± 130 to 1400 ± 120 capillaries/mm² after 
one (p < 0.01), 1570 ± 90 after two (p < 0.05 
vs. one week), and 1660 ± 390 capillaries/
mm² three weeks after ligation (n.s. vs. two 
week), while capillary density in the C57Bl6 lin-
eage remained virtually unaltered (unligated: 
840 ± 110 vs. ligated: 783 ± 165 capillaries/
mm² after 3 wks, n.s.). 

Further workup revealed a significant stabiliza-
tion of HIF1α in the calf musculature of Balb/c 
detectable by means of immunofluorescence, 
even 3 weeks after the ligation, which was 
absent in the thigh region. This surrogate mark-
er for hypoxia indicated persisting hypoperfu-
sion in the distal musculature of Balb/c mice. 
Congruent with the concept that angiogenesis 
(i.e. capillary sprouting) is predominantly trig-
gered by ischemia, HIF1α stabilization was 
associated with a vast increase in capillary 
density in the calf of Balb/c mice, which was 
absent in thigh area of Balb/c and both the 
thigh- and calf musculature of C57Bl6 (Figure 
2).

Consistent with the mechanism of vascular 
remodeling, we observed a compelling increase 
in perivascular monocyte infiltration occurring 

early during the process in both Balb/c and 
C57Bl6 (unligated thigh: 0.6 ± 0.3 vs. 4.2 ± 0.9 
F4/80+ cells/vessel after one week in Balb/c, 
p<0.001; unligated thigh: 0.7 ± 0.1 vs 3.5 ± 0.6 
F4/80+ cells/vessel after one week in C57Bl6, 
p<0.001).

In summary, C57Bl6 showed a significant 
increase in vascular diameter in the thigh 
region, while vascular- and capillary density 
remained unaltered throughout the process. 
Balb/c, on the other hand, had a smaller mean 
vascular diameter in thigh region and demon-
strated merely minimal change in diameter, 
while capillary density in the calf, but not the 
thigh region, increased 4 fold within one week, 
which was associated with a significant HIF1α 
stabilization as a marker of ischemia. Strikingly, 
capillary density in unligated C57Bl6 was 2 fold 
larger than in unligated Balb/c in both the thigh 
and the calf area.

Balb/c and C57Bl6 showed significant differ-
ences in their vascular system. Additionally, 
Balb/c mice displayed compelling functional 
impairment, including paresis, muscular atro-
phy, fibrosis, and in severe cases, necrosis and 
gangrene (Figure 1C), while C57Bl6 reached 
their preoperative functionality and made a full 
recovery. This renders Balb/c to be suitable 
recipients for arteriogenic therapies.

Transplantation model

Syngeneic (synMo) and allogeneic (alloMo) 
bone marrow derived monocytes were differen-
tiated as previously described [30], depleted of 
CD117 progenitor cells using MACS-technology 
and transplanted intravenously 24 hours after 
femoral artery ligation. 

The transplantation of syngeneic cells had no 
effect on PI values (0.5 mio cells: 0.51 ± 0.09, 
ns; 2.5 mio cells: 0.56 ± 0.06, ns; Figure 3A). 
Transfer of allogeneic cells showed a 75% 
improvement of PI values, but only when 2.5 
million cells were injected (0.5 mio cells: 0.55 ± 
0.10, n.s; 2.5 mio cells: 0.85 ± 0.14, p<0.001 
vs. control; Figure 3B). 

Surprisingly, the transplantation of 0.5 million 
allogeneic cells had no significant effect on the 
revascularization. To increase the effect 
achieved by low cell dosage, we thought to 
increase the local cell concentration by choos-
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Figure 3. Hind limb revascularization in Balb/c after femoral artery ligation and monocyte transplantation. Various 
amounts of syngeneic and allogeneic monocytes were injected intravenously 24 h after ligation (A-C). Additionally, 
0.5 million allogeneic cells were injected intramuscular (0.5 i.m.) or intravenously after splenectomy (0.5 spl) (D). 
The augmentation of arteriogenesis was abolished by Cyclosporine A treatment (2.5 mio CyA) (E).

ing alternate injection routes. While the local 
intramuscular delivery in the thigh by injection 
of 4 x 25 µl cell-suspension only had a limited 
effect on the PI improvement (alloMo i.m.: 0.62 
± 0.14, p<0.05 vs ctrl; ns vs. intravenous injec-
tion; Figure 3D), when 0.5 million BMDMs were 
injected after splenectomy, reperfusion 

increased 54% to 0.74 ± 0.14 (p < 0.001 vs. 
ctrl, ns vs. 2.5 mio allogeneic cells i.v.; see 
Figure 3D), while splenectomy alone had no 
impact on PI values (0.59 ± 0.1, ns).

The immunological background of the effect 
was investigated using immunosuppression 
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with 10 µg/g bodyweight of intraperitoneal  
cyclosporine A (CyA) per day. While the PI of ani-
mals that received cyclosporine A did not 
change compared to controls receiving no 

cyclosporine (control: 0.49 ± 0.11 vs. 0.48 ± 
0.09 with immuosuppression, n.s.), the effect 
of the allogeneic cell transplantation as mea-
sured by using LDPI was completely abolished 

Figure 4. Histological evaluation of thigh (Mm. Adductores) and calf musculature (M. gastrocnemius) of the trans-
plantation experiments using α-actin staining to measure mean vascular diameter and –density, CD31 staining 
to measure capillary density and perivascular Mo/Ma infiltration using F4/80 staining (*p<0.05; **p<0.01; *** 
p<0.001). Note the unaltered data in syngeneic cell recipients, the reduction of angiogenesis in calf musculature 
in allogeneic cell recipients, and the pronounced Mo/Ma infiltration when allogeneic cells were transplanted. Rep-
resentative immune-histological stainings of normal calf muscles, ischemic calf muscles from animals with that 
received 2.5 million syngeneic cells, and calf muscles from animals that received proarteriogenic treatment to aug-
ment collateralization (2.5 million allogeneic cells). Stainings show HIF1α (red) expression as well as actin-positive 
vessels (green) in 100x overview magnification of calf musculature. Additionally, the clinical condition of the ligated 
hind limb was documented one week after femoral artery ligation using a digital stereo microscope.
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Figure 5. Representative immune-histological detection of perivascular F4/80 positive cells (Actin: green, F4/80: 
red, DAPI: blue). Note the pronounced increase in animals treated with alloMo and the lack of infiltration in animals 
co-treated with CyA.

and did not alter compared to untreated con-
trols (CyA+alloMo: 0.45 ± 0.06 vs. 0.48 ± 0.09 
CyA w/o cells, ns; Figure 3E).

Histo-Morphometrical analysis of the trans-
plantation groups revealed further insight into 
the events occurring during revascularization 
(Figure 4). In consistency with the LDPI data, 
none of the analyzed biometrical parameter 
changed in animals receiving any amount of 
syngeneic cells, or 0.5 million allogeneic cells 
compared to control mice receiving no trans-
plantation. Perivascular monocyte infiltration 
was not influenced, either (controls: 2.4 ± 0.7 
cells/vessel, 0.5 alloMo: 1.7 ± 1.2, 2.5 synMo: 

1.6 ± 0.2, 0.5 alloMo: 2.3 ± 1.1; ns vs. control 
condition).

Animals receiving 2.5 million allogeneic cells, 
however, showed a significantly decreased cap-
illary- (780 ± 210 vs. 1660 ± 390 capillaries/
mm² in controls, p < 0.05 vs. control) and vas-
cular-density (29.5 ± 5 vs. 55 ± 14 vessels/
mm² in controls, p < 0.05 vs. control) in the 
calf, and a pronounced perivascular Mo/Ma 
infiltration (thigh: 3.8 ± 0.5 vs. 2.4 ± 0.7 cells/
vessel in controls, p < 0.05, calf: 5.6 ± 0.3 vs. 
3,2 ± 0.8 cells/vessel in control animals, p < 
0.05 vs. controls) compared to both controls 
and mice receiving syngeneic cells. The less 
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Figure 6. DiI+ (red) syngeneic monocytes near α-Actin (green, DAPI blue) positive vessels 48h after transplantation.

pronounced increase in vascular- and capillary 
density in the calf muscles was associated with 
an abolishment of the HIF1α stabilization, 
which could not be detected by means of immu-
nohistology (Figure 4). HIF1α stabilization was 
preserved in animals receiving either syngeneic 
or 0.5 million allogeneic cells (data not shown). 
Consistent with the LDPI data, the changes in 
histological morphometry and macrophage 
infiltration was abolished by parallel treatment 
with cylcosporine A (see Table 1), indicating 
that there was remaining ischemia in the distal 
hind limb causing capillary sprouting because 
of a lack of proximal vessel growth. Notably, 
animals treated with cyclosporine demonstrat-
ed less perivascular monocyte infiltration, indi-
cating a lack of perivascular inflammation 
(Figure 5).

BMDM homing

In order to localize the transplanted donor cells 
within the recipients, BMDM where stained 
with DiI fluorochrome. Transplanted, homed 
syngeneic monocytes were found near vessels 

with morphometricaly measured lumina 
between 10 and 30 µm, rarely near vessels 
larger than 35 µm. They were not found in the 
peripheral muscles of the unligated hind limb. 
Stained cells were found in the perivascular 
connective tissue, but did not incorporate into 
the structure of the actual vessel (Figure 6). 
Strikingly, we were unable to detect any alloge-
neic cells after the transplantation, indicating 
that they where disintegrated quickly after the 
injection.

Discussion

In this study, we sought to use the immunoge-
neic potential of allogeneic monocytes to aug-
ment the local inflammatory milieu. By adop-
tively transferring monocytes, we are able to 
manipulate the population of cells recruited 
into collateral vessels.

Bone marrow derived monocytes (BMDM) were 
differentiated from adult bone marrow of donor 
mice by supplementation of M-CSF and cultiva-
tion on ultra low attachment surface culture 
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Table 1. Morphometrical comparism of control (NaCl) and Cyclosporine A treated allogeneic cell recipi-
ents
Mm. ad.
(Thigh)

Vas. diam.
[µm]

Vas. dens.
[ves/mm²]

Cap. dens.
[cap/mm²]

MoMa Inf
[cells/ves.]

Contols 21 ± 5 22 ± 6 365 ± 20 2.4 ± 0.6
CyA+AlloMo 24 ± 4 24 ± 3.5 690 ± 80* 2 ± 0.8

M. gas.
(Calf)

Vas. diam.
[µm]

Vas. dens.
[ves/mm²]

Cap. dens.
[cap/mm²]

MoMa Inf.
[cells/ves.]

Controls 21.5 ± 3.5 55 ± 13 1660 ± 390 3.2 ± 0.8
CyA + AlloMo 18.3 ± 1.5 42.8 ± 4.9 2070 ± 220 1 ± 0.7**

*p < 0.05, **p < 0.01.

plates for five days. Monocyte purity was 
enhanced by depleting strongly adherent mac-
rophages during the harvesting process. Cell 
suspensions were depleted of CD117+ (c-kit) 
stem cells prior to transplantation to avoid the 
potential influence of undifferentiated progeni-
tor cells. These cells have been previously 
described to exhibit pro angiogeneic properties 
and were associated with the therapeutic effect 
of bone marrow cell transplantations [32].

FACS phenotyping revealed major populations 
of the transplants to be 80-90% 
CD115+Ly6C+F4/80low mature monocytes, and 
5-10% CD115+Ly6CnegF4/80high macrophages, 
all of which were positive for other markers, 
including CD11b and CD45. Cell viability was 
determined by propidium iodide uptake of dead 
cells and reached <5% dead cells. Monocytes 
where sub-phenotyped using additional mark-
ers. Here, we found phenotypes that matched 
the ones describe by Robbins et al: an inflam-
matory subset was Ly6-
ChighCCR2+CD62L+CD11cneg (80% of all BMDMs), 
another showed lower, jet still positive Ly6C 
expression and was determined as Ly6-
ClowCCR2negCD62L+CD11c+ resident monocyte 
subgroup (20% of all BMDMs). Since the CCR2 
MCP-1 receptor is required for recruiting mono-
cytes to sides of arteriogenesis, the contribu-
tion of the transplanted cells is most likely 
restricted to the population of inflammatory 
monocytes. Cell suspensions were void of lym-
phocyte- (CD3, CD4, CD8, B220) and granulo-
cyte (CD11b+Gr1+CD115-) contaminations. The 
functionality of BMDM has been previously 
described by our group using a wide range of in 
vitro assays [30].

Histological workup of untreated Balb/c and 
C57Bl6 mice revealed further insight into the 

processes occurring after femoral artery liga-
tion. By defining distinctive morphometric 
parameters based on strong, unique immune 
staining and processing both the thigh and calf 
musculature, we were able to distinguish the 
contribution of angiogenesis and arteriogene-
sis to the revascularization processes.

We hypothesized that a lack of arteriogenesis 
in thigh region would lead to severe ischemia in 
the calf, contributing to a hypoxia driven angio-
genesis. By augmenting collateral growth, tis-
sue oxygenation of the calf might increase, 
influencing the degree of ischemic vessel 
sprouting and salvage hind limb functionality.

As previously described [33], we did not 
observe the stabilization of HIF1α-subunits in 
the thigh muscles, consistent with the unal-
tered capillary density in theses muscles. We 
concluded that angiogenesis did not occur in 
the thigh region of either Balb/c or C57Bl6. 
However, we observed a quiet compelling 4-fold 
increased capillary density in the calf muscles 
of Balb/c, consistent with the stabilization of 
HIF1α as verified by immunohistological stain-
ing, even three weeks after surgical femoral 
artery occlusion. The remaining hypoxia is 
underlined by functional impairment of the hind 
limb, in severe cases associated with the loss 
of structural integrity as observed by the devel-
opment of gangrene and self amputations. We 
also observed a compelling increase in vascu-
lar density in calf muscles, which, however, 
occurred delayed compared to the increase in 
capillary density, as demonstrated by timeline 
histological analysis. The development of primi-
tive endothelium-lined channels in angiogene-
sis and their maturation via recruitment of 
smooth muscle cells has been extensively 
reviewed by Carmeliet et al [13], underlining our 
histological findings.
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In consistency with the reduced range of adap-
tion in Balb/c mice compared to the C57Bl6 
strain, as previously demonstrated by Helisch 
et al [31], we are able to contribute the massive 
hypoxia driven angiogenesis in the calf of 
Balb/c mice to the inadequate arteriogenesis in 
the thigh. Besides the obvious increase in capil-
lary- and vessel density, Balb/c still suffered 
from a quiet compelling functional impairment 
and very low LDPI values compared to the 
C57Bl6 strain, suggesting an inadequate perfu-
sion of the lower limb. We conclude that the calf 
vessels formed by hypoxia driven angiogenesis 
suffer from an inadequate feed through large 
conductive vessels located in the thigh region, 
i.e. collaterals, which fail to develop in the 
Balb/c strain.

These findings rendered balb/c to be an attrac-
tive target for novel pro-arteriogenic therapeu-
tic approaches, since their endogenous capaci-
ties apparently are insufficient to secure tissue 
homeostasis, but also question the concept of 
angiogenesis in the contribution to hind limb 
revascularization, since pure angiogenesis 
apparently did not salvage hind limb 
functionality.

Although syngeneic monocytes did not improve 
collateralization, we were able to proof that 
they home to sides of vessel growth by staining 
the transplanted cells with DiI fluorochromes 
prior to injection. Congruent with previous find-
ings [34], we did not observe any incorporation 
of the transplanted cells into the structure of 
the actual vessels, which would have been 
immanent in the case of the differentiation into 
smooth muscle or endothelial cells that might 
have occurred in the case of stem- or progeni-
tor cell contaminations, especially concerning 
the proposed potential of epithelial progenitor 
cells [35-38].

Transplantation of allogeneic cells was well tol-
erated by the animals. Besides the compelling 
increase in PI values, the animals demonstrat-
ed a full recovery of hind limb functionality. 
Unlike their untreated littermates, transplanted 
Balb/c did not show any signs of muscular atro-
phies, paresis, fibrosis or gangrene.

Histological analysis revealed a destabilization 
of the HIF1α subunit, suggesting normoxic con-
ditions associated with significantly less angio-
genesis occurring in the calf musculature. We 

also observed an increased macrophage infil-
tration near small arteries, suggesting an aug-
mentation of perivascular inflammation trig-
gered by the allogeneic cells. Monocytes and 
macrophages have been previously described 
to secrete a repertoire of cytokines, including 
GM-CSF, MCP-1, TNFα, bFGF, TGF, PDGF and 
VEGF [39-41] and matrix-metallo-proteases 
(MMP). The latter degrade the extracellular 
matrix and thereby additionally release bound 
growth factors, creating space for the growing 
vessels and easing cell migration [42]. Their 
accumulation might increase topical cytokine 
concentrations and thereby stimulate collateral 
growth.

We previously hypothesized that transplanted 
allogeneic monocytes home to collaterals and 
are subsequently destroyed by the immunolog-
ic host-versus-graft reaction followed by the 
recruitment of a large number of recipient leu-
cocytes [43], in particular monocytes as indi-
cated by the increased perivascular monocyte 
infiltration observed in this study. The hypothe-
sis is further underlined by the inhibition of the 
effect by cylcosporine A and the fact that we 
were unable to locate allogeneic cells within the 
recipient, even two days after the transplanta-
tion. To improve the efficiency of monocyte 
homing, we also investigated alternative meth-
ods of cell delivery. Strikingly, local intramuscu-
lar injection had no major effect on revascular-
ization, while intravenous transplantation of a 
reduced cell dosage in animals that previously 
underwent splenectomy to decrease cell reten-
tion in the spleen yielded a significant improved 
revascularization. This might indicate that 
transplanted cells actually need to be in the 
intravasal space and have to undergo endothe-
lial transmigration to unfold their proarteriogen-
ic effects.

Noteworthy, the inhibition of the proarterioge-
neic effect by cyclosporine A underlines the 
importance of allo-responsive lymphocyte acti-
vation in the concept of allogeneic cell trans-
fers. Cyclosporine treated control mice, how- 
ever, did not show an impaired revasculariza-
tion, suggesting that the activation of lympho-
cytes itself might not play a role in 
arteriogenesis.

Besides the obvious effect on arteriogenesis, 
monocyte attraction is a major step in athero-
sclerotic plaque development [45], especially 
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in events leading to plaque destabilization [46]. 
Local MCP-1 delivery was not only shown to 
improve monocyte recruitment into growing col-
lateral vessels [47], but also exhibits systemic 
plaque destabilizing properties in apo-e-/- 
knockout mice [48]. Regarding the similarities 
in attracting and accumulating monocytes, this 
may also apply for the approach described in 
this study. Concerning the safety of our 
approach, further research is required.

The data gathered in this study imply a compel-
ling role of arteriogenesis in the conservation of 
hind limb integrity. We were able to demon-
strate the abolishment of ischemia driven 
angiogenesis, which was unable to restore 
functionality, by sufficient proarteriogenic treat-
ment. Strikingly, in this setting, the LDPI values 
did not correspond to the histological findings 
in the calf region. This indicates that the mere 
application of LDPI measurements to quantify 
the success of proangioenic or proarteriogene-
ic treatment might be deceptive, since this 
technique does not discern the contribution of 
arteriogenesis and angiogenesis to the process 
of revascularization. To do so, the LDPI data 
need to be complemented by postmortem his-
tology, x-ray or computer tomography imaging 
[49, 50] of the vascular system. Still, LDPI 
remains the gold standard of in vivo perfusion 
assessment due to the possibility to perform 
cost-effective longitudinal measurements on 
one and the same animal. To overcome these 
issues, we have recently described a novel 
approach for in vivo quantification of collateral 
flow based on indocyanine-green (ICG) angiog-
raphy [51].

Concerning clinical settings, the transplanta-
tion of allogeneic cells reveals some striking 
implications. Transfer of allogeneic cells would 
require immunosuppressive therapy, which was 
shown to abolish the effect of the transplanta-
tion in this study. For that reason, the host-ver-
sus-graft disease would have to be accepted 
not just as a mere side effect of the therapy, 
but as part of the actual concept. This draws 
additional attention to the immunological back-
ground of arteriogenesis and underlines the 
importance of understanding the interaction of 
proinflammatory cytokines and their influence 
on proarteriogenic factors.

Here, we have demonstrated murine allogeneic 
monocytes to be an attractive vehicle to trigger 

local inflammatory responses near growing col-
lateral vessels and stimulate their adaption, 
overcoming the endogenous restriction. In 
terms of future clinical trials, a novel approach 
featuring syngeneic monocytes triggering local 
immuneresponses might be more feasible and 
will have to be addressed in further studies.
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