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Abstract

Structural and gene expression changes in the microvasculature of the human choroid occur during normal aging and age-
related macular degeneration (AMD). In this study, we sought to determine the impact of aging and AMD on expression of
the endothelial cell glycoprotein CD34. Sections from 58 human donor eyes were categorized as either young (under age
40), age-matched controls (> age 60 without AMD), or AMD affected (>age 60 with early AMD, geographic atrophy, or
choroidal neovascularization). Dual labeling of sections with Ulex europaeus agglutinin-I lectin (UEA-I) and CD34 antibodies
was performed, and the percentage of capillaries labeled with UEA-I but negative for anti-CD34 was determined. In addition,
published databases of mouse and human retinal pigment epithelium-choroid were evaluated and CD34 expression
compared between young and old eyes. Immunohistochemical studies revealed that while CD34 and UEA-I were
colocalized in young eyes, there was variable loss of CD34 immunoreactivity in older donor eyes. While differences between
normal aging and AMD were not significant, the percentage of CD34 negative capillaries in old eyes, compared to young
eyes, was highly significant (p=3.8x10"°). Endothelial cells in neovascular membranes were invariably CD34 positive.
Published databases show either a significant decrease in Cd34 (mouse) or a trend toward decreased CD34 (human) in
aging. These findings suggest that UEA-lI and endogenous alkaline phosphatase activity are more consistent markers of
aging endothelial cells in the choroid, and suggest a possible mechanism for the increased inflammatory milieu in the aging
choroid.
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and cell surface proteins, both of which have been studied in aging
eyes and eyes with AMD [12-16].

In a previous screen of endothelial cell adhesion markers in eyes
with AMD, we noted that some capillaries that were reactive with
the lectin Ulex europaeus agglutinin-I (UEA-I), previously used as a
marker of viable endothelial cells [11], did not exhibit immuno-
reactivity with antibodies directed against CD34, a cell surface
glycoprotein expressed on vascular endothelial cells. In the current
report, we quantified this loss of endothelial CD34 expression as a
function of age and different phenotypes of AMD. Our findings
support the idea that aging choriocapillaris endothelial cells
undergo loss of CD34 expression.

Introduction

Endothelial cells (ECs) in different tissues and organs exhibit
molecular heterogeneity in normal physiology to address tissue-
specific needs [1,2]. This EC specialization includes highly
variable characteristics with respect to degree of permeability,
response to vascular endothelial growth factors, synthesis of
hemostasis mediators, and leukocyte recruitment/expression of
cluster differentiation (CD) antigens [2-5]. Rather than being fixed
at birth, ECs retain a high degree of plasticity, altering their
properties in response to the needs of the organism and based on
microenvironmental changes. [2,6] In normal aging and in
diseases of the vasculature, the phenotype of ECs and their ability
to respond to microenvironmental stimuli becomes impaired (see
for example [7,8]).

Age-related macular degeneration (AMD) is characterized in

Methods

Human donor eyes were obtained from the Iowa Lions Eye

part by increased leukocytes in the choroid, the vascular bed
supplying the outer neural retina and retinal pigment epithelium
[9-11]. A more thorough understanding of the behavior of
proteins that mediate migration of leukocytes into the choroid is
therefore likely to provide insight into the pathogenesis of AMD.
Leukocyte transmigration is mediated by both soluble mediators
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Bank following informed consent of the donors’ next of kin. All
experiments were performed in accordance with the Declaration
of Helsinki. Maculae used in this study were preserved by fixation
in 4% paraformaldehyde diluted in 10mM phosphate buffered
saline (PBS) for 2 hours, and were subsequently cryoprotected and
embedded in sucrose solution as described previously by Barthold
and Raymond [17].
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Clinical diagnosis of AMD was determined by chart review and,
for advanced AMD, confirmed by histological analysis. Fifty-eight
eyes from 54 donors were studied. Samples evaluated included 18
eyes from 17 unaffected controls (average age =81.7, range 60—
91); 17 eyes with early/dry (non-atrophic, non-neovascular) AMD
(average age = 87.4, range 69-100); 5 eyes with neovascular AMD
(average age = 80.8, range 77-91), 8 eyes with geographic atrophy
(average age = 84.4, range 78-96), and 10 “young” eyes (average
age =30.1, range 5 to 45).

For immunohistochemical experiments, frozen sections were
dual labeled with anti-CD34 (NeoMarkers and Thermo Scientific
Pierce) and the fucose binding lectin, Ulex europaeus agglutinin- I
(UEA-I). Briefly, sections were blocked in 1mg/mL bovine serum
albumin, followed by simultaneous incubation of sections with
anti-CD34 (1:250) and biotinylated UEA-I (Vector Laboratories,
Burlingame, CA) diluted 1:50. After 1 hour of incubation, sections
were washed and incubated with Alexa-488-conjugated anti-
mouse IgG (Invitrogen, Eugene, OR) and 1:100 avidin-Texas red
(Vector), with 100 ug/mlL diamidino-phenyl-indole (DAPI, Sig-
ma). After 30 minutes incubation, sections were washed and
coverslipped. Negative controls included omission of primary
antibody. For all incubations and washes, buffers included 1mM
each of MgCl, and CaCls.

Sections were photographed using an epifluorescence micro-
scope (Olympus BX41) with a digital camera (SPOT-RT;
Diagnostic Instruments). Individual grayscale images were taken
using each filter set and RGB images were created by merging
individual channels.

In 3 eyes that showed some loss of CD34 expression, we sought
to identify the relationship between UEA-I labeling, CD34
expression, and endogenous alkaline phosphatase, a histochemical
feature of choroidal endothelial cells [18,19]. Sections were dual
labeled as above, except that they were coverslipped only in PBS.
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UEA-I

RPE
CC
CH
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Sections were photographed immediately and coverslips carefully
removed, followed by incubation with NBT/BCIP solution
(Vector) in Tris-HCI buffer pH 9, according to the manufacturer’s
instructions. After re-coverslipping, care was taken to collect color
photomicrographs from the same regions of the macula previously
imaged for UEA-1/CD34.

For quantification of CD34(—) capillaries, photomicrographs
were evaluated in Image] software [20] and a masked observer
identified capillaries as UEA-I(+)/CD34(+) or UEA-I(+)/
CD34(—). A total of 3,078 capillaries were scored, with an
average of 53.9 capillaries scored per donor. Samples were then
unmasked as to AMD affection phenotype. Logistic regression
analysis was performed on the association between CD34 loss and
risk factors (age and AMD state) using the R statistical software (R
Core Team, 2013).

In order to assess the expression of CD34 in published datasets
of ocular gene expression, Agilent Whole Human Genome 4 x44
K in situ oligonucleotide microarray data described by Newman
and colleagues [21] was downloaded from NCBI's Gene
Expression Omnibus (GEO; accession GSE29801). RPE-choroid
samples were quantile normalized using the ‘normalizeBetwee-
nArrays’ function available in the ‘limma’ package [22] for the R
statistical software (R Core Team, 2013). Arrays from donors less
than 60 years of age (n = 15) were compared to arrays from donors
60 years or older (n = 35); all samples were normal with respect to
AMD diagnosis. Differential expression was assessed using a
moderated t-test implemented in the ‘limma’ package.

In addition, Affymetrix Mouse 430 2.0 microarray data
described by Chen and colleagues [23] was downloaded from
NCBI's GEO (accession GSE10965). CEL files were normalized
using the Robust Multi-array Average (RMA) algorithm as
implemented in the ‘afty’ package [24] for R. RPE/choroid tissue
from four month old male C57BL/6 mice (n =4) were compared

MERGE

Figure 1. Loss of CD34 in a subset of aging capillaries. Eyes from two donors are depicted, ages 85 (A-C) and 88 (D-F). Large vessel
endothelial cells showed retention of CD34 expression. Arrows in D-F indicate choriocapillaris vessels with greatly reduced CD34 reactivity. Large
vessels (arrowheads) retained expression. Green fluorescence, anti-CD34 labeling; red fluorescence, UEA-I; blue fluorescence, DAPI. Scalebar =50 um.

doi:10.1371/journal.pone.0086538.9g001
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Figure 2. Percentage of CD34(—) capillaries in human chorio-
capillaris. (A) Average values segregated by disease phenotype.
Y =young (mean age =31.1); CTL=age-matched controls; ARM = early/
dry AMD; GA = geographic atrophy; CNV = choroidal neovascularization.
Error bars indicate the standard error of the mean. (B) All donors plotted
as percent capillaries without CD34 versus age. Note the age related
increase in CD34(—) capillaries (p<<107°).
doi:10.1371/journal.pone.0086538.9g002
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to that of 26 month old male C57BL/6 mice (n=4). Differential
expression was assessed using a moderated t-test implemented in
the ‘limma’ package.

Results

Observations on donor eyes from elderly individuals revealed
molecular heterogeneity of expression at the level of the
choriocapillaris, with occasional vessels that stained with the lectin
UEA-L but did not label with antibodies directed against CD34, a
marker used frequently in other studies to identify choroidal
endothelial cells (Figure 1). The same eyes that showed loss of
choriocapillaris CD34 exhibited labeling of large vessel endothelial
cells and solitary cells in the choroid and sclera, making it unlikely
that this loss in the choriocapillaris was artifactual. This
observation led us to question whether this capillary phenotype
was characteristic of eyes with advancing age and/or AMD.

We addressed this question by identifying a series of donor eyes
from older individuals with different stages of AMD. The
percentage of CD34(—) capillaries did not differ significantly
between age-matched controls and any phenotype of AMD
(Figure 2A) (p>0.05); however, in eyes with geographic atrophy,
this number approached statistical significance (p = 0.06).

We then speculated that age might be a factor in loss of CD34
expression. We evaluated a series of 10 donors at or under the age
of 45. In all but one donor in this set, 100% of the UEA-I(+)
capillaries were also CD34(+). In one sample, a significant
proportion of capillaries (8.4%) lacked CD34 expression. There
was no obvious difference between this donor (a 21 year old
female, cause of death Hodgkin’s lymphoma) and the rest of the
young cohort, nor any plausible justification to disqualify this
sample from the analysis.

Comparison of all samples in both young and old age groups
reveals a very strong association with CD34 loss in aging
choriocapillaris endothelial cells. The average percentage of
CD34(—) capillaries in all young donors was 0.84%, compared
to 5.8% in the older group. This age-related decrease in CD34(+)
capillaries was highly significant (p=3.8x10" °)(Figure 2B). In
the subset of eyes with choroidal neovascularization, ECs within
the CNVM were invariably positive (Figure 3).

Figure 3. Expression of CD34 in pathologic blood vessels in choroidal neovascular membranes (CNVMs) from 3 donors with
neovascular AMD. Abnormal vessels within the CNVMs were invariably strongly positive (arrows). RPE, dystrophic retinal pigment epithelium;
BlamD, layer of basal laminar deposit; CC, choriocapillaris. Scalebar in C, 50 um.

doi:10.1371/journal.pone.0086538.g003
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Figure 4. Tandem triple labeling of CD34/UEA-I and endogenous alkaline phosphatase. Following epifluorescence photomicrography (A,
B,C), coverslips were removed and sections reacted with NBT/BCIP. Note the good correspondence between alkaline phosphatase activity (D) and
UEA-I binding (A) that includes capillaries that do not react with CD34 antibody (B). CC, choriocapillaris; scalebar=50 um.

doi:10.1371/journal.pone.0086538.9g004

We then sought to determine whether loss of CD34 expression
was generalizable to other EC markers and represented a general
age-related EC modifications. In experiments in which the
relationship between CD34, UEA-I and endogenous alkaline
phosphatase was examined, UEA-I(+) capillaries that were
unlabeled by anti-CD34 antibodies showed persistent expression
of endogenous alkaline phosphatase (Figure 4). While not
exhaustive, this experiment indicates better overlap of UEA-I
and endogenous alkaline phosphatase than either marker with
anti-CD34 antibody.

Analysis of published gene expression datasets showed some loss
of choroidal CD34 expression at the transcriptional level. In a large
microarray experiment using human samples of RPE-choroid,
Newman et al. included a young (<60 years of age) cohort [21].
(D34 expression in the young group (7.48*0.85) was approxi-
mately 35% higher than in the >60 years of age non-AMD group
(7.05%0.88); however, this difference did not reach statistical
significance (p =0.095). Similarly, comparing the RPE-choroid
layer of young and old mice from the study performed by Chen
et al. [23] shows that expression of (434 in young mice was about
47% higher than that of old mice (raw p = value <.0005, adjusted
p value <0.01).

Discussion

Cluster differentiation antigen 34 (CD34) is a single pass,
transmembrane glycoprotein. Similar to its paralogs, podocalyxin
and endoglycan, CD34 is highly O-glycosylated sialoprotein with
roles in endothelial cell-leukocyte interactions. While predomi-
nately expressed in the vasculature in the human eye, CD34 is a
widespread marker of hematopoietic cells [25].

We have previously suggested that, in evaluating health of
vascular beds in donor specimens, using a robust marker for viable
EC is essential to avoid misidentifying vessels that are still present
as “ghost” capillaries [11]. We saw similar patterns of distribution
in young donors between CD34 and UEA-I, but noted that in
older donors there was significant, and capillary-specific, loss of
CD34 expression. UEA-I and alkaline phosphatase cytochemistry
were similar in eyes with loss of CD34 expression. CD34
immunoreactivity is frequently used to visualize choroidal ECs.
While this marker appears consistently expressed in very young
eyes [26], we suggest that, in aging eyes, UEA-I and endogenous
alkaline phosphatase are more stable markers of endothelial cell
viability than CD34.

On the other hand, loss of CD34 expression in aging maculae
may have biological consequences that are relevant to the
pathogenesis of AMD or other macular diseases. While we did
not observe a compelling AMD-associated phenotype, with only
geographic atrophy eyes approaching statistical significance on
linear regression, age is the strongest risk factor for AMD, and
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aging changes in the choriocapillaris may provide insights into the
conditions permissive for the development of AMD.

While normally considered an adhesion molecule, CD34 plays
complex and counterintuitive roles in leukocyte-endothelial
interactions. Like other sialomucins in the same family (endogly-
can and podocalyxin), CD34 is highly glycosylated. However, only
in high endothelial venules does CD34 possess a sialyl-Lewis-X
antigen glycosylation profile that serves as a ligand for leukocyte
recruitment via L-selectin-carbohydrate interactions [27]. Instead,
when lacking the Lewis antigen (i.e., in most of the vasculature)
CD34 is believed to inhibit leukocyte-endothelial cell binding, due
to the highly negatively charged sialic acid residues, in a
mechanism referred to as “molecular Teflon”. [27].

If CD34 is similarly anti-adhesive in choroidal endothelial cells,
the age-related loss of CD34 expression could result in increased
leukocyte trafficking in aging eyes. Increased numbers of CD68+
macrophages have been observed in Bruch’s membrane in aging
eyes, particularly with extensive subRPE deposits. [28] Since
leukocytes have a variety of potential helpful and harmful
functions in the aging macula [29] [30] [31], an age-related
increase in leukocyte transmigration could impact the health of the
macula and contribute to the pathophysiology of AMD.

Limitations of this study include the relatively non-quantitative
measurement of CD34 negative capillaries. Since loss of CD34
expression is likely to occur along a spectrum, only capillaries with
severe loss of CD34 were counted as negative. However, consistent
with our human findings, assessment of gene expression in aged
mouse RPE-choroid reveals a significant reduction of (d54
mRNA. Similarly, studies by Newman et al. on human RPE-
choroid show a trend toward decreased expression in the older,
compared to the <60 group, however this difference did not reach
statistical significance. These differences may reflect: (a) the
molecular differences between human and mouse; (b) the
persistent expression of CD34 in most choroidal EC in human
aging, diluting the effects of loss of expression in subsets of ECs;
and/or (c) the fact that genetically identical, inbred mice, may
reveal straightforward effects of age compared to humans in which
inter-individual difference in environment, cause of death, and
genetic variability complicates molecular analyses.

In summary, we identified a loss of immunologically detectable
CD34 in aging human choroiocapillaris ECs. These findings
suggest that the detection of CD34 as a marker of human
choriocapillaris EC 1s likely to be robust and comprehensive in
young eyes, but in advanced age can result in incorrectly
identifying a capillary EC as dead when it has instead changed
its differentiation state. In these older specimens, detection of
endogenous alkaline phosphatase or fucose moieties with UEA-I is
more reliable. Moreover, the loss of CD34 suggests a possible
mechanism for an age-related increase in leukocyte trafficking into
the choroid.
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