
Journal of Developmental
Origins of Health and Disease

www.cambridge.org/doh

Brief Report

Cite this article: Kuo AH, Li C, Huber HF,
Nathanielsz PW, and Clarke GD. (2021)
Perinatal maternal undernutrition does not
result in offspring capillary rarefaction in the
middle-aged male baboon at rest. Journal of
Developmental Origins of Health and Disease 12:
349–353. doi: 10.1017/S2040174420000550

Received: 11 February 2020
Revised: 10 April 2020
Accepted: 21 May 2020
First published online: 19 June 2020

Keywords:
Maternal nutrient reduction; intrauterine
growth restriction (IUGR); developmental
programming; capillary density; baboons

Address for correspondence: Geoffrey D.
Clarke, Department of Radiology, University of
Texas Health Science Center at San Antonio,
7703 Floyd Curl Drive, MC 7800, San Antonio, TX
78229-3900, USA.
Email: CLARKEG@uthscsa.edu

© Cambridge University Press and the
International Society for Developmental
Origins of Health and Disease 2020.

Perinatal maternal undernutrition does not
result in offspring capillary rarefaction in the
middle-aged male baboon at rest

Anderson H. Kuo1,2 , Cun Li3,4, Hillary F. Huber3 , Peter W. Nathanielsz3,4 and

Geoffrey D. Clarke1,4

1Department of Radiology and Research Imaging Institute, University of Texas Health Science Center at San Antonio,
San Antonio, TX, USA; 2Department of Radiology, Massachusetts General Hospital/Harvard Medical School, Boston,
MA, USA; 3Department of Animal Science, University of Wyoming, Laramie, WY, USA and 4Southwest National
Primate Research Center, San Antonio, TX, USA

Abstract

Microvascular health is a main determinant of coronary blood flow reserve and myocardial
vascular resistance. Extracardiac capillary abnormality has been reported in subjects at
increased coronary heart disease risk, such as prehypertension, hypertension, diabetes, hyper-
lipidemia, and atherosclerosis. We have reported cardiovascular dysfunction in a cohort of
maternal nutrient reduction (MNR)-induced intrauterine growth restriction (IUGR) baboon
offspring. Here we test the hypothesis that there is oral capillary rarefaction associated with
MNR-induced IUGR. Capillary density was quantified using in vivo high-power capillaroscopy
on sevenmiddle-aged (~10.7 yr; human equivalent ~40 yr) male IUGR baboons and sevenmale
age-matched controls in the lateral buccal and inferior labial mucosa. While no difference was
found between groups in either area by fraction area or optical density for these vascular beds
derived from fetal preductal vessels, further studies are needed on post-ductal vascular beds,
retina, and function.

Introduction

Cohort studies of offspring exposed to periods of famine early in life and those born in circum-
stances of socioeconomic disadvantage reveal that many chronic diseases in adulthood closely
associate with poor perinatal growth, the basis for the idea of developmental programming. Of
the data reported on various organ systems, the results on ischemic heart disease are most strik-
ing. For instance, with a cohort of 4630 men, the Helsinki study reported a negative correlation
between incidence of coronary heart disease and both birth weight and size index at birth.1 A
Swedish study with a cohort of 15,000 male and female subjects found that the association
between birth size and ischemic heart disease is evident at the mortality level.2 In our baboon
model of intrauterine growth restriction (IUGR) induced by moderate (30%) global maternal
nutrient reduction (MNR), we have reported in adult IUGR baboons biventricular cardiac dys-
function,3,4 abnormal lipid handling,5 as well as regional specific macrovascular changes,6,7

which may contribute to the life course known cardiovascular dysfunction associated
with IUGR.

Although myocardial ischemia is traditionally considered largely in the setting of obstructive
coronary artery disease, more recent investigations call attention to microvascular health effects
on the development and evolution of ischemic heart disease. Myocardial capillaries are the pri-
mary determinant of coronary flow reserve. Coronary capillary dropout (rarefaction) has been
reported in coronary artery disease and heart failure. Even in the presence of significant stenosis
of the epicardial coronary arteries, the bulk of myocardial vascular resistance during stress arises
from the capillaries.8 After coronary artery occlusion or ligation, placement of endothelial pro-
genitor cells via either intramyocardial transplantation or intravenous injection promotes
angiogenesis, increases myocardial capillary density, and improves left ventricular systolic
function.9

The difficulty of studying myocardial microvasculature in vivo is somewhat alleviated by
studies that indicate the microvessel derangement in ischemic heart disease is at least partially
systemic. In ischemic heart disease, there are decreased migratory activity, reduced number, and
functional impairment of the endothelial progenitor cells that are evident in the systemic cir-
culation.10 Extracardiac microvascular abnormality has been documented in the nailbed, skin,
skeletal muscle, and oral mucosa of subjects with increased coronary heart disease risk, such as
diabetes mellitus,11 pre-hypertension,12 hypertension,13 and dyslipidemia.14 Changes in oral
mucosal microcirculation are, for example, visible in patients with diabetes, which correlates
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with disease duration and treatment.15 These findings suggest sys-
temic microcirculation abnormality that plays an essential role in
early pathogenesis of myocardial ischemia.

The adult IUGR cohort has thus far demonstrated increased
apical pericardial fat deposition in the males, subcutaneous fat
thickness in the females, and elevated low-density lipoprotein/total
cholesterol levels, which are currently undergoing further study
and may also result in microvessel abnormality.5 Based on our pre-
vious findings and the known association between perinatal mater-
nal undernutrition and ischemic heart disease, we hypothesized
reduced systemic capillary density occurs with IUGR and exam-
ined the oral mucosal capillaries in middle-aged baboons. We
should note that while examination of the dermal and nailbed
capillaries was also considered, the dark pigmentation of the
baboon skin precluded reproducible assessment of the capillary
density at these locales.

Materials and methods

Ethical approval

All procedures were approved by the Texas Biomedical Research
Institute Institutional Animal Care and Use Committee
(IACUC) and conducted in facilities approved by the
Association for Assessment and Accreditation of Laboratory
Animal Care.

Animal model

Baboons (Papio spp.) were housed and maintained in a group
social environment and fed using an individual feeding system.16

Healthy gravid female baboons were randomly assigned to either
an ad libitum diet during pregnancy and lactation (controls) or a
globally reduced diet regimen consisting of 70% of feed eaten by
control mothers, weight adjusted, from 0.16 gestation to the end
of lactation (MNR). Mothers were of similar age (control 11.18
± 0.53 years; MNR 10.77 ± 0.78 years; p= 0.66) and weight (con-
trol 14.14 ± 0.41 kg; MNR 14.96 ± 0.54 kg; p= 0.24) at the start of
study. The diet was Monkey Diet 5038 (Purina LabDiets, St Louis,
MO) containing 13% calories from fat, 18% calories from protein,
69% calories from carbohydrates, mineral, and vitamin additives
and a metabolizable energy content of 3.22 kcal/g.

Male offspring of theMNRmothers had birth weight 13% lower
than offspring of control mothers, so were considered intrauterine
growth restricted (IUGR). The offspring were fully weaned at 9
months of age and fed ad libitum diet thereafter.

Capillaroscopy

To determine the effects of IUGR on capillary density, capillaro-
scopy was performed on two groups of offspring baboons, IUGR
(7 males, age= 10.7 ± 1.6 yr; mean ± standard deviation (SD);
human equivalent ~40 yr) and age-matched controls (control
(CTL), 7 males, age= 10.5 ± 1.1 yr). To assess capillary density,
in vivo high-power light microscopy was performed. Using the
Dino-Lite handheld digital microcirculation scope AM4113-
N5UT R4 (Dunwell Tech, Inc, Torrance, CA), color micrographs
of the oralmucosa at 500xmagnification and resolution of 1280 pix-
els × 1024 pixels were obtained, each covering an area of approxi-
mately 0.8 mm × 0.6 mm.

Two regions were examined, including the lateral buccal mucosa
(buccal/maxillary artery territory) and inferior oral labial mucosa
(labial/facial artery territory). At least 25 color capillaroscopic

images of each region were obtained by random sampling.
Regions adjacent to visible areas of recent trauma and areas contain-
ing visible arterioles were avoided. The studieswere conducted in the
morning (9 am–11 am) after overnight fast, to control for potential
diurnal and prandial effects on vascular regulation. Anesthesia was
induced with ketamine hydrochloride (12 mg/kg, i.m.). The study
was conducted indoors with room temperature monitored and con-
trolled at 74–75°F.

Image processing

ImageJ 1.52a (National Institute of Health, Bethesda, MD) was
used for capillary density analysis. The raw image (Fig. 1A) first
underwent noise removal (Fig. 1B). The resultant color image
(Fig. 1C) was then converted into 16-bit grayscale format
(Fig. 1D). Bias field removal (Fig. 1E) was achieved using the back-
ground subtraction (Fig. 1F). Finally, thresholding was performed
on the final image to obtain the regions of interest (Fig. 1G),
allowing for quantification of capillary density by both fractional
area and optical density. The raw image, threshold regions of inter-
est, and residual image (Fig. 1H) were visually inspected to ensure
adequate estimation.

Variability and reproducibility

To characterize the variability and reproducibility of the technique,
30 capillaroscopic images were obtained from the lateral buccal
mucosa of a human volunteer for 5 consecutive days. Using 30
sorted data points, the standard deviation was reduced to 3%
change in fractional area at 25 replications, the standard error of
themean reduced to 1% change in fractional area at 13 replications,
and the standard error of the mean (SEM) tomean ratio reduced to
less than 5% at 22 replications. At 25 replicates as used in this
experiment, the SD, SEM, and SEM/mean are estimated at 3.0%,
0.6%, and 4.4%, respectively. Reproducibility testing over 5 days
showed the variability range to be about ±1% change in fractional
area.

Statistical analysis

Data were analyzed using GraphPad Prism 8. Grubbs’ test
(extreme Studentized deviate) was used to evaluate for statistical
outliers for exclusion. Normality of distribution was assessed by
the d’Agostino-Pearson test. Two-tailed Student’s t-test was used
to evaluate the null hypothesis that there was no difference between
the groups. Given no statistically significant differences were
found, power analysis was performed using the obtained values
from the control group to estimate the power for detection of a
decrease of 2.5% fraction area and seven optical density units
(based on differences reported in similar studies on other cardio-
vascular risk factors such as hypertension13 and hyperlipidemia14).
Significance was set at p< 0.05.

Results

MNR and capillary density

Results are summarized in Table 1. Two-tailed t-test revealed no
difference between CTL and IUGR buccal mucosal capillary den-
sity by fractional area (p= 0.7) or optical density (p= 0.7).
Similarly, no difference was seen in the oral labial mucosal capillary
density by fractional area (p= 0.6) or optical density (p= 0.5).

Power analysis indicated that given the sample size and stan-
dard deviation, the power (1-β) for detecting 2.5% decrease in
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capillary density was estimated at 0.85 in the buccal mucosa and
0.89 in the labial mucosa. Similarly, the power for detecting 7 opti-
cal density units was estimated at 0.90 in the buccal mucosa and
0.89 in the labial mucosa.

Discussion

Epidemiologic studies indicate that perinatal maternal undernutri-
tion is closely associated with offspring cardiovascular dysfunction.
In this study, we report no difference in capillary density of the oral
mucosa in two preductal vascular territories in the MNR-induced
IUGR offspring adult baboons compared to contemporaneous
controls at rest. It remains to be investigated whether the lack of
differences is due to the region examined, conduction of the study
at rest, compensatory mechanisms at play, small size of the differ-
ence that is below the detection threshold, or a combination of
these factors.

The association between poor prenatal growth andmicrovascu-
lar abnormality was first thoroughly studied in the retina of chil-
dren. In the eyes, associations between low birth weight and
capillary rarefaction have now been shown across the lifespan,
from children (5–6 years of age)17 to older adults (64–74 years
of age).18 Outside of the eyes, however, the results on association
between IUGR and capillary rarefaction are less consistent. Study
on low birth weight children (6–16 years of age) and young adults
(mean age 24 years) found that low birth weight predicts higher
systolic blood pressure but not dermal capillary density of the fin-
ger, another vascular bed that is preductal in fetal life.19 A study on
birth size index in middle-aged women (mean age 55 years) sim-
ilarly reported no difference in forearm muscle capillary density.20

Given that macrovascular changes with IUGR we previously
reported were regionally specific,7 we suspect there may be similar
regional sparing of the microvasculature. In the prior study, we
found that decreased size and distensibility were seen in the

IUGR lower extremity vessels and the thoracic aorta just above
the diaphragm, but not the upper extremity arteries. These changes
were thought to represent sequelae of the cerebral perfusion conser-
vation effort made in utero, preserving flow through the cranially
directed preductal vasculature. Our findings in this study question
the presence of analogous long-lasting consequences at the micro-
vascular level. We note that decreased microvessel branching and
density documented with IUGR in animal studies were predomi-
nantly found in post-ductal tissues, including the mesentery,21 jeju-
num,22 kidneys,23 and leg muscles,24 but less consistently in the
brain.24 This hypothesis may be tested via comparison of nailbed
capillary density of the upper vs lower extremity. Unfortunately, this
is not possible in the baboon due to the substantial coloration of the
baboon nailbed, precluding adequate assessment of the nailbed
capillaries.

Since our data were obtained at rest, we did not test the reac-
tivity of the capillaries to different challenges. In a study on 3-
month-old infants, changes in dermal capillary density with
IUGR were not seen, but functional impairment in the form of
decreased hyperemic response was evident.25 Animal studies in
hypertension implicate a stepwise progression from initial revers-
ible functional rarefaction that is only detectable in the presence of
a challenge to later irreversible structural rarefaction with progres-
sion of disease that is detectable at baseline.26 These findings sug-
gest that IUGR microvascular disturbance may be mild early on
and only detectable with increased demand at this time. A stress
study or other functional analysis would provide useful informa-
tion in this context. Stepwise progression might help explain
why retinal microvasculature is found to be abnormal early in
childhood with IUGR despite being a part of the preductal system.
Low peripheral resistance blood flow is seen in the retina and brain
at rest normally, allowing for continued perfusion of these organs
throughout diastole, indicative of their high functional demand at
baseline. This flow pattern is distinct as compared to the high

Fig. 1. Processing of the capillary micrographs. The raw color image (A) underwent noise removal (B). The resultant image (C) underwent gray-scale conversion (D) and bias field
(E) removal. Following bias field correction (F), thresholding was performed (G). The residual image (H) was visually inspected to confirm appropriate estimation.
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resistance blood flow normally seen in the gastrointestinal track
and musculature that only becomes low resistance with increasing
demand/stress. Given the literature on retinal vascular rarefaction
with IUGR, fundoscopic evaluation of the cohort may provide
insight, which is currently deferred due to the need for technical
expertise in avoiding procedure-related complications.

It is also possible that the lack of differences found in this study
may be in part due to the presence of compensatory mechanisms.
Our study differs from others in that capillary density was deter-
mined by area quantification, as opposed to number of branching
points,21 number of capillaries,24 or capillary surface and length.23

Given that vessel morphology was previously noted to be abnormal
with IUGR,17 it is plausible that the abnormal capillary morphol-
ogy previously reported occurs as compensation for decreased
capillary number to allow for maintenance of overall capillary den-
sity. Unfortunately, due to the normally irregular morphology of
the mucosal capillaries, this hypothesis is not readily tested in
our animals.

We acknowledge that by only studying the male animals at this
time, we are unable to comment on the possible sex dimorphism of
our findings. This decision originates from known earlier develop-
ment of coronary artery disease and the generally higher susceptibil-
ity of cardiovascular dysfunction of the male sex. Given the lack of
differences seen in males, it is thought that presence of significant
finding in females is unlikely. However, this possibility remains to
be conclusively verified, especially in light of our previous finding
of sex-dimorphic fatty deposition.5 Similarly, given we did not reject
the null hypothesis, significant anesthesia effects are not thought to
be likely. We also note that ketamine has been shown to have less
effects on cardiovascular function and vascular autoregulation com-
pared to other anesthetics, such as propofol.27

In conclusion, we report no oral mucosal capillary density dif-
ference at rest in middle-aged male baboons who were IUGR at
birth. In the overall context of our prior findings as well as litera-
ture reports, vascular dysfunction that occurs asymmetrically in
the preductal compared to post-ductal tissues with IUGR should
be considered. In the preductal vascular territory, we contend there
may be relatively mild dysfunction that only emerges with increas-
ing functional demand and further aging. In contrast, the more
severely impacted post-ductal territory tissues may demonstrate
structural rarefaction at rest, as previously reported in other animal
models. The examination of the post-ductal tissues, retina, and
function is thus warranted.
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