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Summary
Reasons for performing study—The 2 sites of bone marrow harvest for isolation of
mesenchymal stromal cells (MSC) in the horse are the sternum and ilium. The technical procedure
is based on practitioner preference but no studies have compared MSC concentrations and growth
rates between each site in horses aged 2–5 years.

Objectives—The objective of this study was to compare nucleated cell counts and growth rates
between the sternum and ilium and between consecutive 5 ml bone marrow aspirates. We
hypothesised that there would be a higher concentration of MSCs in the sternum than the ilium,
and that the first sequential aspirate from either site would yield the greatest concentration of
MSCs. We hypothesised that growth rates of cells from each site would not differ.

Methods—Seven horses, aged 2–5 years old, had 2 sequential 5 ml marrow aspirates taken from
the sternum and ilium. Nucleated cell counts (NCCs) were obtained pre- and post- marrow
processing. Cells were expanded in culture for 3 passages and growth rate characteristics
compared for all aspirates.

Results—The NCCs of the first 5 ml aspirate were higher than the second 5 ml aspirate for both
sites (p<0.05). There was no difference between growth rates for any of the groups (p>0.05).

Conclusions—The NCCs and growth rates of progenitor cells in the ilium and sternum are
similar for horses in the 2–5 year age category. The first 5 ml bone marrow aspirate has a higher
concentration of NCCs and resulting bone marrow-derived MSC population than subsequent
aspirates.

Potential Relevance—The first 5 ml aspirates from the sternum and ilium offer a rich supply of
bone marrow-derived MSCs with similar growth rate characteristics. The harvesting procedure of
only a 5 ml draw from either the sternum or ilium should result in adequate numbers of MSCs.
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Introduction
In vivo studies using stromal cells in the horse emphasise the need for millions of cells
injected at specific time points post-injury to optimize repair [1,2,3,4]. Thus, the goal of
stromal cell harvesting is to obtain large numbers of cells in a short time frame. The wing of
the ilium and the sternum are the 2 most common sites for the technical procedure of bone
marrow-derived mesenchymal stromal cell (BMDMSC) collection in the horse [5].
Currently, clinician preference guides the choice of harvest site. There are practical
advantages and disadvantages to both [5, 6, 7, 8], however it is unknown whether one site
offers superior numbers or growth rates of cells. McDuffee et al. [9] demonstrated
variability in bone-derived progenitor cells present at different bone graft harvest sites in the
horse. Alternatively, Mclain et al. [10, 11] showed that human vertebral marrow had
comparable concentrations of progenitor cells to matched controls of the iliac crest.

There is limited published information in the horse as to how collection site, volume of
aspirate, and sequence of collection (first or second aspirate) affect MSC numbers,
expansion characteristics, and final MSC counts [6, 12, 13]. Recently, it was shown in one
study that sternal aspirates yielded significantly higher numbers of MSCs/ml bone marrow
than ilial aspirates in middle-aged (13 year old) geldings [12]. The volumes of bone marrow
used for comparisons in this study varied from 5 to 33 mls. Another study showed that the
first 5 ml of sternal bone marrow had greater numbers of colony forming units than the
second 5 ml aspirate in sequential aspirates from the equine sternum but the ilium was not
compared to sternal samples [6]. A third study compared cell counts and growth rates of
bone marrow aspirates from the equine sternum and ilium in yearlings and found no
significant differences between the 2 sites. This study did find a significantly higher
concentration of stromal cells in the first 60 ml bone marrow aspirate compared to the
second 60 ml bone marrow aspirate [13]. Determining differences in stromal cell
concentration and growth rates between harvest sites and sequential aspirates will help
optimise harvest techniques for improved regenerative effects on the targeted tissue.
Furthermore, the procedure of only harvesting 5 ml may decrease harvest time and
morbidity of patients. Our objectives were to compare nucleated cell counts and growth
rates between the sternum and ilium and between sequential aspirates. Our hypotheses were:
1) There would be significantly higher nucleated cell counts in the sternum than in the ilium.
2) The growth rates of BMDMSCs from the ilium would be higher than those of the sternum
and; 3) There would be significantly higher nucleated cell counts in the primary aspirate
than in the secondary aspirate from either site. The ultimate goal of this study was to guide
practitioners in selection of collection site and reveal what fractions of aspirate harbor the
majority of progenitor cells.

Materials and methods
Marrow collection

Samples were collected from the sternum and ilium of 7 research horses 30-60 minutes prior
to their euthanasia for another study. Horses were geldings (4) and mares (3), between 430
and 500 kg, healthy, and without history of previous attempts to aspirate bone marrow. All
protocols were approved by the Animal Care and Use Committee at Colorado State
University. Each horse was sedated with 5 mg (0.01 mg/kg) detomidine hydrochloride
(Dormosedan1) and 5 mg (0.01 mg/kg) butorphanol tartrate (Torbugesic2) intravenously
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prior to marrow collection. Each collection site was aseptically prepared and locally
anaesthetised with 5 ml of 2% lidocaine hydrochloride3 and then a stab incision was made
into the skin and subcutaneous tissue with a #15 blade. An 11-gauge jamshidi needle was
used for all collections. At the sternum, the puncture site was located on midline just caudal
to the olecranon, at the level of the 5th or 6th sternebrae, and the depth of insertion was
approximately 2 cm. At the ilium, the puncture site was located directly in the centre of the
bone where the ilium is most easily palpated and the jamshidi was inserted to a depth of
approximately 5–8 cm at a slightly caudoventral angle relative to a line perpendicular with
the skin [6]. Samples were collected into sterile 60 ml syringes containing 1 ml of 1000 U/
ml heparin sodium4. Two consecutive 5 ml aspirates were collected from each site without
redirection of the jamshidi, for a total of 4 different marrow aspirates from each horse (1st

and 2nd ilium aspirate and 1st and 2nd sternal aspirate).

Marrow processing
Samples were transferred from 60 ml syringes to 15 ml conical tubes5, and a nucleated cell
count of each marrow sample was taken. Nucleated cell counts were performed using a
hemocytometer after diluting a 100 microliter aliquot of marrow 1:10 with ammonium
chloride6 to lyse red blood cells. This initial count is the “pre-processing” nucleated cell
count. Samples were refrigerated at 4°C for 22–24 h to allow separation of the plasma layer.
The plasma layer was removed and transferred to a new conical tube. The remaining cell-
rich layer was then centrifuged at 200 g for 5 min to separate any remaining plasma. Finally,
the remaining cell-rich layer was mixed with a pre-warmed mixture of 5 ml high glucose D-
MEM (Dulbecco's Modified Eagle Medium)7 and 20 μL of 10,000 U/ml heparin sodium4

and centrifuged for 5 min at 200 g. The supernatant above the red cell pellet was saved and
processed with the separated plasma. All extracted fractions were pelleted by centrifugation
at 1000 g for 10 min. Cells were resuspended in D-MEM7, counted again (post-processing
nucleated cell count) and plated in D-MEM7 supplemented with 10 % Fetal Bovine Serum7,
1000 units/ml Penicillin-Streptomycin6, 1 ml HEPES7 at a density of 250,000 cells/cm2.
T-150 or T-75 flasks (Corning® rectangular canted neck cell culture flask with vent cap)8

were used. Pre- and postprocessing counts were made to ensure that the processing methods
did not affect the trends of the data. Flasks were incubated at 37°C and media was changed
24 h after seeding. The flasks were then incubated for 7–10 days without media changes to
allow formation of stromal cell colonies, which were trypsinised when the majority of
formed colonies were confluent. To lift colonies, flasks were washed with 5–10 ml
Phosphate-buffered saline7 and then bathed in 0.25% Trypsin6 for 2–3 min or until colonies
lifted. Trypsinised cells were counted with a hemocytometer and pelleted with
centrifugation at 200 g for 5 min. Pelleted cells were plated in alpha-minimum essential
media (α-mem media)7 supplemented with 2 ng/ml FGF-26 at a density of 800 cells/cm2.
Media was changed every 2 days, and cells split when 60–80% confluent (approximately 4
days). Cells were counted at each split and passaged 3 times before freezing. Subjective
observations on colony and cell morphology were noted, including colony size, shape, cell
heterogeneity, cell shape and cell size.

For all nucleated cell count comparisons, the median nucleated cell count was used due to
the small sample size (n = 7). Comparisons were made between the nucleated cell counts of

1Pfizer Inc., New York, New York, 10017, USA.
2Fort Dodge, Fort Dodge, Iowa, 50501, USA.
3VEDCO Inc., St. Joseph, Missouri, 64507, USA.
4APP Pharmaceuticals LLC, Schaumburg, Illinois, 60173, USA.
5BD Falcon Tubes, BD Biosciences, Maryland, 21152, USA.
6Sigma-Aldrich, St. Louis, Missouri, 63103, USA.
7GIBCO/Invitrogen, Grand Island, New York, 14072, USA.
8Corning Incorporated Life Sciences, Lowell, Massachusetts, 01851, USA.
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sternal aspirate 1 and sternal aspirate 2, ilial aspirate 1 and ilial aspirate 2, sternal aspirate 1
and ilial aspirate 1, and sternal aspirate 2 and ilial aspirate 2, both pre- and post- processing
of marrow. For each 5 ml marrow aspirate, the following assessments were made:

1. Nucleated cell number and concentration (number of nucleated cells per ml marrow
aspirate) pre-processing of marrow

2. Nucleated cell number and concentration post-processing of marrow

3. Growth rate of cells

Data Analysis
Statistical calculations were made using SAS v. 9.2 (SAS Institute Incorporated, Cary, NC).
The data were analysed for normality of spread using the Shapiro-Wilk test. The data were
not distributed normally so they were log-transformed prior to analysis. The nucleated cell
count and concentration (nucleated cells per ml marrow) pre- and post- marrow processing
were statistically compared between each aspirate using the signed rank test (non-parametric
paired t-test to compare median values). The values of growth rates of cells from each
aspirate were log transformed and then compared using a multivariable linear regression
analysis to adjust for the effect of the ‘day’. A p-value less than 0.05 was determined to
represent statistical significance.

Results
For both collection sites, the first 5 ml aspirate had a significantly higher nucleated cell
count per ml marrow than the second 5 ml aspirate, both pre- and post- marrow processing
(p<0.05) (Table 1, 2). For the sternum, the pre-processing median nucleated cell count per
ml marrow of the first 5 ml aspirate was 46 million compared to 16 million for the second
aspirate. For the ilium, the pre-processing median nucleated cell count per ml marrow of the
first 5 ml aspirate was 22 million compared to 7 million for the second aspirate. Post-
processing values followed the same trends.

The cell growth rates were not significantly different for any comparisons. Fig 1 shows the
growth of all aspirates over time. This figure reveals that, despite having adequate initial cell
counts, only 2 out of 7 second 5 ml aspirates from the ilium proliferated. In contrast, all of
the first 5 ml aspirates from the ilium proliferated well. Fig 1 also shows that 2 out of 7
samples from the first ilium aspirates achieved 3rd passage cell counts over 30 million cells,
which were the greatest values obtained from all sites. In contrast, the greatest value
achieved by either sternal site was 27 million cells from a second sternal aspirate.

We noted differences in colony morphology between cells from the sternum and the ilium.
Subjectively, stromal cell colonies from the ilium were more organised than those of the
sternum (Fig 2 a, b). Sternal cells formed less discreet colonies which were often surrounded
by individual adherent cells. There were no appreciable morphological differences between
the cells from the sternum and ilium at later passages (Fig 2 c, d).

Discussion
This study shows a significant difference between the nucleated cell counts obtained from
the first 5 ml bone marrow aspirate compared to the second 5 ml aspirate at both the sternum
and the ilium. Our results corroborate the findings of Muschler et al. and McLain et al. [11,
14] in which there were significant differences in the concentration of connective tissue
progenitors in different aspirate volumes of human vertebral and ilial bone marrow.
Kasashima et al. (2011) demonstrated the same phenomenon occurring with sequential
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aspirates of marrow from the equine sternum [6] and Toupadakis et al. (2010) noted
significantly greater yields in the first 60 ml of marrow from either sternum or ilium [13].
With increasing aspiration volumes, connective tissue progenitor concentration decreases
due to dilution of the aspirate with peripheral blood [1]. A similar phenomenon likely occurs
in both humans and horses.

We demonstrated that the sternum and ilium share similar nucleated cell counts and cell
growth rates. Our findings are similar to those of Muschler and colleagues in which human
vertebral and ilial aspirates had comparable concentrations of stromal cells [1] and
Toupadakis et al. in which sternal and ilial aspirates had comparable concentrations of
stromal cells in yearling horses [13]. However, our findings contrast with those of Delling et
al. (2012) in which ilial harvests yielded significantly fewer stromal cells than sternal
harvests in middle-aged horses [12]. One possible explanation is that ilial marrow quality
declines with age, such that ilial marrow is suboptimal in older horses. In the study by
Delling et al. (2012), ilial harvest volumes varied from 5 to 33 ml, making it difficult to
make direct comparisons between different sites [12]. It is possible that the low
concentrations of stromal cells in ilial harvests from that study are a result of dilution of ilial
marrow with peripheral blood due to excessively large harvest volumes from the ilium.

We noted subjective differences in morphology between cells from the 2 sites. The stromal
cell colonies from the ilium were more organised than those of the sternum. Sternal colonies
were less discreet and often surrounded by individual adherent cells. The significance of this
finding is unclear. One possibility is that the adherent cells in sternal cultures that were not
in discreet colonies represent contaminant cell populations. If so, they did not appreciably
affect cell growth, since cell growth rates at both sites were similar.

In our study, sample size was the greatest limitation. There is significant individual variation
in nucleated cell concentration, even among similarly-aged, healthy individuals [1, 15].
Also, not every sample resulted in a growing cell population, especially the second ilial
samples. We restricted the age of our study population to between 2 and 5 years to avoid the
influence of age on cell concentration and growth. It has been our experience that horses
older than 5–7 years have fewer nucleated cells in the ilial cavity; more “failures” of bone
marrow expansions have occurred from ilial aspirates than from sternal aspirates. This
observation has been noted by Delling et al. as well [12].

The objectives of this study were met in that we were able to compare the effects of bone
marrow aspirate sites and fractions on nucleated cell counts and growth rates. Our first
hypothesis that there would be significantly higher nucleated cells counts in the sternum
than the ilium was disproven as we were not able to detect a significant difference either
pre- or post-processing of the cells when sternum and ilium were compared. Our second
hypothesis that the growth rates of BMDMSCs from the ilium would be higher than the
sternum was also disproven as similar trends in growth rates were seen. Finally, our third
hypothesis was proven as we were able to show significantly higher concentrations of
nucleated cells in the first 5 ml aspirates compared to the second 5 ml aspirates at both sites.
There are 2 major practical points to be taken from this study. One is that a statistically
significant difference in stromal cell quantity or rate of growth between the sternum and the
ilium was not detected in this study population. The decision between sternal or ilial harvest
in young horses aged 2–5 years old should be based on clinician preference, not on the
presumption that one site is optimal in terms of numbers of cells or growth rates. The second
important point is that the 1st 5 ml aspirate contains significantly more nucleated cells than
subsequent aspirates. Harvest procedure times may be shortened and patient morbidity
decreased by reducing total harvest volume to the first 5–10 ml from either collection site.
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Fig 1.
Growth of all stromal cells in culture over time. Day 0 represents first passage of cells out of
colony at 800 cells/cm2 (60,000 cells/T-75 flask). ST represents sternum, IL represents
ilium, and 1 and 2 represent the first or second sample from each site.
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Fig 2.
Phase contrast microscopic images of stromal cells from the 1st 5 ml sample from both
sternum and ilium. Fig 2a and 2b show cells in colony from the ilium and sternum,
respectively. Stromal cell colonies from the ilium appeared more organised and discreet than
those of the sternum. Fig 2c and 2d show 2nd passage cells from the ilium and sternum,
respectively. Expanding cells from the sternum and ilium are virtually indistinguishable
from each other.
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