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APPENDIX B. ACES Pilot Study to Determine 
Effi cacy of Flow Cytometric Assessment of 
Chromosome Damage in Aged Rats


ABSTRACT


The induction of MN in cells derived from bone mar-
row and peripheral blood is a well-established indicator 
of chromosome damage. Traditionally the erythrocyte-
based assay is performed in young animals and analysis is 
conducted via microscopic examination of cells for micro-
nuclei. An alternative method for MN assessment in blood 
samples has been developed by Litron Laboratories (Roch-
ester, NY) and validated by numerous interlaboratory 
investigations. This automated methodology is based on 
fl ow cytometric detection of MN-RET in peripheral blood 
and has many benefi ts over microscopy including objec-
tive scoring, increased number of cells scored, and greater 
reproducibility of data. This pilot study sought to confi rm 
the ability of the fl ow cytometric methods to identify a 
chromosome-damage response in older rats.


Male and female Sprague-Dawley rats between the ages 
of 10 and 21 months were used. Before treatment, blood 
samples from all rats were obtained to provide baseline 
information on the desired endpoints. After a 3-week 
recovery period animals were treated with either CP 
(15 mg/kg body weight via oral gavage) or vehicle control; 
48 hours later blood was collected from all animals. Flow 
cytometric analysis allowed for the detection of MN-RET 
and RET frequencies in peripheral blood samples from 
rats. Using a simple staining procedure coupled with rapid 
and effi cient analysis, we examined many more cells in 
less time than when using traditional, microscopy-based 
MN assays. Thus, for each sample up to 20,000 RETs were 
scored for the presence of MN.


The baseline data established the background frequen-
cies of MN-RET and RET in the blood of laboratory ani-
mals. After exposure, both males and females treated with 
CP displayed a robust induction of MN-RET in peripheral 
blood and only males demonstrated a commensurate 
reduction in %RET attributable to bone marrow toxicity. 
The vehicle-treated animals did not show any signifi cant 
changes across the study period.


This investigation demonstrated the ability of fl ow cyto-
metric analysis of MN induction to identify a chromosome-
damage response in peripheral blood samples obtained 
from aged rats exposed to a model genotoxic agent.


INTRODUCTION


In vivo MN studies are an established approach for the 
detection of chromosome damage in the intact animal after 
treatment with drugs or other agents (OECD 1997; FDA 
2000). Typically these studies involve the microscopic 
examination of MN-RET derived from bone marrow sam-
ples. The development of an automated fl ow cytometric 
methodology for the enumeration of MN-RETs in periph-
eral blood  —  In Vivo MicroFlow  —  enables the same as-
sessment of genotoxicity to be performed in a much more 
readily obtained tissue (i.e., whole blood) (Dertinger et al. 
2004). A signifi cant amount of work has been performed 
to validate this method for use in mouse and rat studies 
(Torous et al. 2003; Dertinger et al. 2006; Hayashi et al. 
2007), such that the FDA accepts mouse In Vivo Micro-
Flow data for drug safety submission. In general these 
studies employ young rodents, typically 7 to 9 weeks of 
age. As there are few data associated with MN induction 
in aged rodents, this pilot experiment was designed to 
assess the ability of the In Vivo MicroFlow system to quan-
tify a chemically induced elevation in peripheral blood 
MN-RET frequency.


SPECIFIC AIMS


The use of fl ow cytometry–based enumeration of MN-
RET as part of the ACES bioassay was proposed for the 
ACES ancillary studies. Given the lack of information on 
this endpoint or analytic procedure in aged rats, this study 
was designed to determine the response of aged rats to 
genotoxic challenge via an examination of peripheral 
blood MN induction in erythrocytes after in vivo exposure 
to CP. This experiment served to validate the use of fl ow 
cytometric detection of MN-RET as an indicator of geno-
toxic damage in an aged rat population.


METHODS AND STUDY DESIGN


Animals


All animal work was performed with the oversight of 
the University of Rochester’s Institutional Animal Care and 
Use Committee. Water and food were available ad libitum 
throughout the experimental period. Initially, fi ve male 
Sprague-Dawley rats (10–16 months of age) and fi ve fe-
male Sprague-Dawley rats (13–21 months of age) were 
obtained from the University of Rochester for this study. 
Despite the rather broad age range, the collective term 
“aged” was used throughout this report to characterize the 
population. Before the study began, the female designated 
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as F2 died of an undetermined cause likely associated with 
advanced age. Table B.1 lists details of the age of individ-
ual animals as well as coding and treatment information.


Reagents and Supplies


Unless otherwise noted, all of the solutions, materials, 
and procedures mentioned below were associated with In 
Vivo MicroFlow kits (Litron Laboratories). Cyclophospha-
mide monohydrate (CP) was obtained from Sigma Aldrich 
(St. Louis, MO). CP was prepared in water at a concentra-
tion of 15 mg/mL.


Animal Treatment and Sample Collection


Initial baseline values for %RETs and %MN-RET were 
obtained by analyzing a small amount of blood from each 
animal. Blood was collected by fi rst removing the distal 
end of the tail with a surgical blade and then expressing 
approximately 100 µL of whole blood into kit-provided 
anticoagulant solution. In order to avoid any potential 
impact of the minimal blood collection on erythropoie-
sis the animals were maintained for 3 weeks with no fur-
ther sampling.


After the stated recovery period, three male and two 
female rats were treated via oral gavage with a single dose 
of CP (15 mg/kg body weight administered at 1 mL/kg), 
and the remaining two rats of each sex received vehicle 
only. The animals were sacrifi ced 48 hours after treatment 
and cardiac blood samples were collected. Table B.1 pro-
vides information on each animal and the treatment group 
to which it was assigned. An effort was made to balance 
the various ages across the treatment groups.


Analysis of Micronucleated Erythrocytes 
by Flow Cytometry


The reagents and procedures used for the fi xation, pro-
cessing, and analysis of the blood samples associated with 
this investigation were equivalent to those described in 
the Investigators’ Report.


STATISTICAL METHODS AND DATA ANALYSIS


Given the small number of animals employed for this 
study and the lack of sex-based differences in MN-RET 
values in the larger rat data set associated with the bioas-
say, the pilot study data for males and females were pooled 
for certain comparisons. For some analyses the baseline 
data were also included as control values. The MN-RET 
data were transformed using the arcsin-root function as 
described in the Investigators’ Report. For statistical pur-
poses, ANOVA with post-hoc Dunnett t test was used to 
compare control data with exposed data. In order to pro-
vide a simple visual comparison between the baseline 
data and the post-treatment responses across the experi-
ment, the data represented in Figures B.1 and B.2 and 
Tables B.1–B.3 are presented on a per animal basis. All 
raw data are provided in Tables B.2 and B.3 to facilitate 
additional comparisons.


RESULTS


Figure B.1 shows the MN-RET frequencies in peripheral 
blood of the male and female rats employed in this study 
before and after treatment. Using data pooled across sex, 
aged rats given a bolus dose of CP exhibited a statistically 


Table B.1. Individual Rat Information


ID Code
Approximate Age 


(Months) Treatment


Females
 F1 14 Vehicle
 F3 21 Cyclophosphamide
 F4 19 Cyclophosphamide
 F5 19 Cyclophosphamide


Males
 M1 10 Vehicle
 M2 16 Vehicle
 M3 16 Cyclophosphamide
 M4 16 Cyclophosphamide
 M5 10 Cyclophosphamide


Figure B.1. Pre- and post-treatment frequencies of MN-RET in individual 
rats. Statistically signifi cant elevations in %MN-RET were observed in rats 
that received 15 mg/kg CP. Analysis was performed via ANOVA with post-
hoc Dunnett t test.
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signifi cant elevation in MN-RET frequency when compared 
with the concurrent experimental controls. This statistical 
signifi cance was maintained when all the baseline data 
were included as control values. With regard to %RET data, 


if the analysis was restricted to only the male rats, a statis-
tically signifi cant reduction in %RET was observed. In the 
exposed females, animal F4 demonstrated a reduction in 
%RET that was equivalent to that observed in the males. 
However, the two other females treated with CP did not 
exhibit the reduction in circulating RETs, but elevations 
in MN-RET frequency were observed in these individuals.


DISCUSSION AND CONCLUSIONS


The ACES bioassay was designed to examine the long-
term effects of chronic exposure to DE. Since this design 
included the examination of rats that had experienced 1 
and 2 years of exposure, the current experiment was per-
formed to verify the ability of the proposed fl ow cytomet-
ric methodology to detect chromosome damage in aged 
rats. CP was chosen as a model genotoxic agent that read-
ily induces DNA-strand breaks, which lead to the forma-
tion of MN in erythroid precursors in the bone marrow 
(MacGregor et al. 2006). These precursors are ultimately 
released into circulation as RETs, the target population of 
this MN analysis.


Across all the animals studied, the MN responses to 
genotoxicant exposure were as expected. The baseline 


Figure B.2. Pre- and post-treatment frequencies of RET in individual rats. 
Statistical analysis of male rat data only revealed signifi cant reductions in 
%RET in animals that received 15 mg/kg CP. Analysis was performed via 
ANOVA with post-hoc Dunnett t test.


Table B.2. Individual Animal Raw Dataa


Animal ID Treatment
NCE
(n)


MN-NCE
(n)


RET
(n)


MN-RET
(n)


Baseline (Pre-Treatment)
M1 N/A   657,386  51  5,011   8
M2 N/A 1,702,371 109 19,983  17
M3 N/A 1,380,217 328 19,979  21
M4 N/A 1,572,444 230 19,993   7
M5 N/A 1,799,597 389 19,970  31


F1 N/A 1,286,042  33 10,257   4
F3 N/A   977,478 208 19,984  16
F4 N/A 2,359,546 177 19,986  14
F5 N/A 1,540,350 167 19,978  22


Post-Treatment 
M1 Saline 2,286,120  39 19,982  18
M2 Saline 1,395,403  17 19,987  13
M3 15 mg/kg CP p.o. 2,781,308 130  9,774 226
M4 15 mg/kg CP p.o. 2,839,404  47  4,927  73
M5 15 mg/kg CP p.o. 1,871,589  50  4,908  92


F1 Saline 2,402,051  41 19,991   9
F3 15 mg/kg CP p.o.   467,304  64 19,354 752
F4 15 mg/kg CP p.o. 3,100,991  51  4,932  68
F5 15 mg/kg CP p.o. 1,046,031  48 19,816 184


a N/A indicates not applicable.
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samples were collected from all animals as a means to sur-
vey the aged population and establish background values 
across the various endpoints, which could then be com-
pared to those obtained after exposure. After providing 
suffi cient time for the animals to recover from the initial 
blood sampling, rats were treated with either a dose of CP 
known to elicit MN formation or the appropriate vehicle 
control. The control animals demonstrated similar values 
to those obtained at baseline, whereas the CP-exposed 
subjects demonstrated signifi cant elevations in MN-RET 
frequencies. Examination of the data from only male rats 
revealed the predictable reduction in %RET values after 
exposure to CP. This confi rmed that the systemic exposure 
reached the bone marrow and targeted the erythrocyte 
precursors responsible for generating RETs.


The lack of effect of CP treatment on %RET values in 
the two female rats was interesting. The general consensus 
was that sensitivity and expression of cytogenetic damage 
was not overly infl uenced by sex. Agents that act directly 
or indirectly on DNA elicit damage via mechanisms that 
are essentially the same in males and females. Thus we 
did not expect to observe differences in the responses of 


the males and females employed in this study. Indeed the 
specifi c marker of chromosome damage examined in this 
study  —  MN-RET  —  showed a signifi cant elevation in these 
two animals. As mentioned above, the %RET value is not a 
direct indicator of DNA damage, rather it is a metric of tox-
icity affecting bone marrow and is typically examined in 
the context of genotoxicity studies as a means of confi rming 
suffi cient exposure of target cells in the tissue of interest.


It may also be of value to note that these two females 
were burdened with mammary tumors, a pathology fre-
quently observed in this strain (Prejean et al. 1973), espe-
cially in older animals. So it is possible that this contrib-
uted to the altered response in RET frequency in these 
animals, but additional defi nitive testing and necropsy of 
these subjects was deemed outside of the scope of this 
investigation. Overall, the females responded with ele-
vated MN-RET values after exposure to a known genotoxi-
cant, thus supporting the use of this endpoint in the aged 
females that will be used in the long-term exposure (12 
and 24 months) bioassay.


This investigation provided two important observa-
tions that served to validate the use of fl ow-cytometric 


Table B.3. Calculated Frequencies for Individual Animalsa


Animal ID Treatment


Calculated Frequencies
MN-RET 


Proportion
MN-RET


ArcsinSqrt% RET % MN-NCE % MN-RET


Baseline (Pre-Treatment)
M1 N/A 0.7623 0.0078 0.1596 0.0016 0.0400
M2 N/A 1.1738 0.0064 0.0851 0.0009 0.0292
M3 N/A 1.4475 0.0238 0.1051 0.0011 0.0324
M4 N/A 1.2715 0.0146 0.0350 0.0004 0.0187
M5 N/A 1.1097 0.0216 0.1552 0.0016 0.0394


F1 N/A 0.7976 0.0026 0.0390 0.0004 0.0197
F3 N/A 2.0444 0.0213 0.0801 0.0008 0.0283
F4 N/A 0.8470 0.0075 0.0700 0.0007 0.0265
F5 N/A 1.2970 0.0108 0.1101 0.0011 0.0332


Post-Treatment 
M1 Saline 0.8741 0.0017 0.0901 0.0009 0.0300
M2 Saline 1.4323 0.0012 0.0650 0.0007 0.0255
M3 15 mg/kg CP p.o. 0.3514 0.0047 2.3123 0.0231 0.1527
M4 15 mg/kg CP p.o. 0.1735 0.0017 1.4816 0.0148 0.1220
M5 15 mg/kg CP p.o. 0.2622 0.0027 1.8745 0.0187 0.1373


F1 Saline 0.8322 0.0017 0.0450 0.0005 0.0212
F3 15 mg/kg CP p.o. 4.1416 0.0137 3.8855 0.0389 0.1984
F4 15 mg/kg CP p.o. 0.1590 0.0016 1.3788 0.0138 0.1177
F5 15 mg/kg CP p.o. 1.8944 0.0046 0.9285 0.0093 0.0965


a N/A indicates not applicable; ArcsinSqrt indicates the arcsine–square root transformation of the %MN-RET.
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analysis of MN as an indicator of chromosome damage in 
the chronic-inhalation bioassay: (1) that aged rats, even 
when experiencing conditions related to advanced age, 
were still able to respond to genotoxicant challenge by 
producing MN-RET, and (2) that fl ow cytometric methods 
for detecting MN-RET in peripheral blood from aged rats 
was a suitable approach for genotoxicity assessment. Thus, 
the MN data generated as part of the ACES DE study can 
be interpreted with regard to the potential impact of treat-
ment and not to methodologic defi ciencies.


IMPLICATIONS OF FINDINGS


This report justifi es the use of fl ow cytometric assess-
ment of peripheral blood MN-RET as a valid methodology 
for investigation of the effects of DE in aged rats that is 
part of the ACES chronic-inhalation bioassay.
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ABBREVIATIONS AND OTHER TERMS


 5-FU 5-fl uorouracil


 ACES Advanced Collaborative Emissions Study


 ANOVA analysis of variance


 BP benzo[a]pyrene


 CP cyclophosphamide


 FCM fl ow cytometry


 ICH International Conference on Harmonisation


 LTSS Long Term Storage Solution


 LRRI Lovelace Respiratory Research Institute


 MTX methotrexate


 MN micronucleus; micronuclei


 MN-RET micronucleated reticulocyte


 MN-NCE micronucleated normochromatic erythrocyte


 NCE normochromatic erythrocyte


 OECD Organization of Economic Cooperation and 
Development


 PhRMA Pharmaceutical Research and Manufacturers 
of America


 PM particulate matter


 RET reticulocyte


 SEM standard error of the mean


 U.S. EPA United States Environmental Protection 
Agency
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