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Molecular imaging of perfusion disturbances in glaucoma
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netic resonance imaging appears to be a powerful new
approach for measuring retinal oxygenation quantita-
tively and noninvasively. It is applicable to study
ischemic or ischemia-related retinopathies such as
glaucoma (Berkowitz et al., 2000). Elevated glutamate
level found in the glaucomatous eye contributes obvi-
ously to the apoptotic loss of ganglion cells via an
“excitotoxic” pathway, mediated primarily through
the NMDA subtype of glutamate receptor (Gross
et al., 1999; Toriu et al., 2000; Vorwerk et al., 2000).
Furthermore, possibly secondary to ischemia the
autoimmunogenic events are activated in glaucoma
patients having an increased prevalence of systemic
autoimmune diseases (Wax, 2000). Recent evidence
strongly suggests that activated immunity occurs dur-
ing the neurodegenerative process of glaucomatous
optic neuropathy (Yang et al., 2001a). They are ac-
companied by alterations in the immune system such
as increased percentage of CD8 T lymphocytes and
altered serum levels of soluble IL-2 cytokine receptors
(Yang et al., 2001b). Taken together these facts argue
in favour of the determination of potential molecular
markers in blood leukocytes which could be useful for
early diagnostics of glaucoma or for the treatment of
patients with elevated intraocular pressure without
glaucomatous eye changes. Our recent study using
“gene hunting” techniques with concomitant mRNA
and protein quantification showed indeed altered gene
expression in blood leukocytes of vasospastic glau-
coma patients in comparison to age and sex matched
healthy subjects (Golubnitschaja-Labudova et al.,
2000). Thereby the expression of p53 and 20 S
proteasome subunit genes is upregulated which is usu-

Summary. Ocular ischemia resulting from perfusion disturbances
may play a major role in initiation of glaucoma. Possibly secondary
to ischemia autoimmunogenic events are activated in glaucoma pa-
tients with increased prevalence of systemic autoimmune diseases.
The determination of potential molecular markers in blood
leukocytes could be useful for early noninvasive diagnostics of glau-
coma. Our study using subtractive hybridization showed altered
gene expression in leukocytes of glaucoma patients in comparison to
age and sex matched healthy subjects. Subtracted genes encoding
lymphocyte IgE receptor (Fc epsilon RII/CD23), T cell-specific
tyrosin kinase, thromboxan A2 receptor, alkaline phosphatase
and Na�/K�-ATPase are differentially expressed in circulating
leukocytes of glaucoma patients. These genes show expression
profiles characteristic for adherent leukocytes which could be an
important contributor to blood-brain barrier breakdown which has
been found in glaucoma patients.

Keywords: Molecular imaging – Perfusion disturbances – Vaso-
spasm – Glaucoma – Gene hunting – Leukocytes

Introduction

Glaucoma is the second leading cause of permanent
vision loss in the world (Quigley, 1996). Although ele-
vated intraocular pressure has been shown to be the
major risk factor, there is a cohort of relatively young
patients developing normal-tension glaucoma. Small
assymptomatic ischemic lesions in brain have been
demonstrated in glaucoma patients (Ong et al., 1995;
Stroman, 1995). Perfusion of the retina and optic
nerve head suffering from observed vasospastic dys-
function (Flammer, 1987; Guthauser et al., 1988) may
be further reduced by changes in the intraocular pres-
sure. Ocular ischemia resulting from these blood flow
deficits may play a major role in initiation of glaucoma.
Thus, hypoxia could represent a final pathway affect-
ing retinal ganglion cells (Chung et al., 1999). Mag-
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ally found in ischemia-reperfusion injury leading to
cell death. There is a possibility that activated adhe-
sive leukocytes in the very early phase of ischemic
insult contribute to secondary brain damage (Ishikawa
et al., 1999). The role of circulating leukocytes in the
pathogenesis of glaucoma has not been elucidated yet.
In this work we present results supporting our hypoth-
esis that adherent leukocytes could contribute to
blood-brain barrier breakdown which has been found
in glaucoma patients.

Materials and methods

Subjects

Blood samples (20 ml) were collected from six patients with glau-
coma and six healthy control subjects (Table 1). All glaucoma pa-
tients had bilateral typical glaucomatous optic nerve head cupping
and visual field defects (Octopus G1 program: MD � �7 dB), de-
spite measurements of IOP that never exceeded 21 mm Hg. In addi-
tion, after local cooling of the fingers all these patients exhibited a
stop in blood flow for more than 20 sec, which was detectable by
nailfold capillaromicroscopy. In contrast, healthy control subjects
had an unremarkable ophthalmological examination and did not
show any vasospastic response. No patient had received either a
systemic or a locally applied ocular therapy at least four weeks
before the blood draw.

Subtractive hybridization

A) Leukocytes isolation

Blood samples (20 ml) anti-coagulated with heparin were collected
from patients and controls. Leukocytes (including monocytes
and stem cells) were separated using Ficoll-Hypaque gradients
(Histopaque 1077, Sigma, Buchs, Switzerland) as described previ-
ously (Kalmar et al., 1998). Briefly, blood samples were diluted with
equal volume of physiological buffer solution (PBS, GibcoBRL,
Basel, Switzerland). Then, 2 ml of histopaque were placed into 10 ml
sterile centrifuge tubes and 5 ml of diluted blood samples were
carefully layered onto each histopaque gradient. Gradients were
centrifuged at 475 g and 20°C for 15 minutes. The leukocytes bands
were removed from interface between plasma and the histopaque
layers of each tube and collected into one 50 ml tube. The total
volume was brought to 50 ml with cold Dubecco’s Modified Eagle
Medium (DMEM, GibcoBRL, Basel, Switzerland). The cell suspen-

sion was washed three times with DMEM and the total number of
cells was determined. Cells were finally suspended in PBS and
aliquoted into eppendorf tubes at 107 cells/tube. After centrifugation
cell pellets were dried and stored at �70°C until mRNA isolation.

B) mRNA isolation

Isolation of mRNA was performed using the Quick Prep Micro
mRNA purification kit (Pharmacia Biotech, Uppsala, Sweden,
Cat.No 27-9255-01). One microgram of mRNA from each of the 12
preparations was quality-checked by First-Strand cDNA Synthesis
Kit (Pharmacia Biotech, Uppsala, Sweden, Cat.No 27-9261-01) us-
ing the incorporation of [α-32P] dATP (Amersham, Buckingham-
shire, UK, Cat.No AA0004) with subsequent electrophoresis on 1%
agarose gel followed by autoradiography (Sambrook et al., 1989).
The reflection film (NEN Life Science Products, NEF 496) was
exposed to the gel for a period of 2 h at room temperature.

C) Construction of the substractive library

Construction of the subtractive library is principally based on the
cloning of transcripts (in the form of cDNA) of those genes, which
are activated/suppressed under pathological conditions. In our study
we have considered both hypothesis: 1. glaucoma patients have
additionally activated genes, and 2. glaucoma patients have sup-
pressed genes in comparison to the control group. To prove both
hypothesises the induced mRNA-pool was prepared in parallel ex-
periments from glaucoma patients (1) and from the control group
(2). The preparation of both induced and uninduced mRNA-pools
for the molecular biological comparison with subsequent subtrac-
tion of the different transcripts is described below.

Construction of the subtractive library was done as follows: 10
micrograms of mRNA from leukocyte samples of glaucoma patients
and controls were biotinylated by UV irradiation at 360 nm accord-
ing to the instructions supplied in the subtractor kit (Invitrogen,
Leek, Netherlands, Cat.No K4320-01). To avoid false positive re-
sults of the subtractive hybridization, the mRNA of the uninduced
pool was added in excess. One microgram of each mRNA-pool was
subjected to reverse transcriptase reaction with subsequent dena-
turation of mRNA-templates. Each newly-synthesized cDNA-pool
(induced pool) was hybridized with the corresponding uninduced
biotinylated mRNA-pool at 68°C for 48 h. The hybridization mix-
ture was incubated with streptavidin and thus all the biotinylated
molecules (uninduced mRNAs as well as RNA/DNA hybrids) were
complexed with streptavidin. The streptavidin/nucleic acid-com-
plexes were removed by repeated phenol-chloroform extraction and
subtracted cDNAs were precipitated with ethanol. For each pair of
glaucoma/control we have subtracted both induced “glaucoma”
genes (induced pool of genes from glaucoma patient) and induced
“normal” genes (induced genes of corresponding control). The 2nd

strand cDNA synthesis was performed with cDNA Synthesis Kit
(Boehringer Mannheim, Germany, Cat. No 1117831).

The aim of the constructed libraries was to compare gene expres-
sion individually and in the groups of glaucoma patients with
healthy controls of corresponding age and sex. We have done the
following grouping of blood samples for the libraries’ construction
(see Table 1): for the individual comparison: young female pair
(subjects 4 vs. subjects 10); old female pair (subjects 6 vs. subject 7);
male pair (subjects 5 vs. subjects 11).

For the comparison in groups: young female group (subjects 4 and
3 vs. subjects 10 and 9) and old female group (subjects 6, 1, 2 vs.
subjects 7, 8, 12).

Only those genes which have been substracted from both the
individual pairs and the corresponding groups have been considered
as relevant.

Table 1.  Information about the healthy subjects and NTG-patients

Subjects/NTG-patients Normal controls

No Sex Date of birth No Sex Date of birth

1 F 12-07-47 7 F 17-01-45
2 F 16-07-43 8 F 29-10-44
3 F 09-02-57 9 F 18-08-60
4 F 18-08-55 10 F 22-09-54
5 M 12-06-62 11 M 12-05-66
6 F 14-06-34 12 F 07-06-32
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D) Cloning of subtracted cDNA

In order to clone subtracted cDNAs, they were ligated with NotI-
linkers followed by NotI-digestion. These NotI-linkered cDNAs
were ligated to NotI-site of pSPORT 1 cloning vector (GIBCO,
Life Technologies, Eggenstein, Germany). To enable visualization
of subtracted cDNAs the cloned cDNAs were amplified using
universal primers I – 5� GTAAAACGACGGCCAGT 3� and II –
5� ACAGCTATGACCATG 3� flanking the multiple cloning site of
the cloning vector pSPORT 1. The amplificates were analysed in 1%
agarose gel. The corresponding cDNAs were cut from the agarose
gel, cleaned with DNA Clean Kit (AGS, Heidelberg, Germany) and
recloned in Sma I-site of pUC 18 vector. The recombinant molecules
were used for the transformation of highly competent INVαF
Escherichia coli cells (Invitrogen, Cat.No C2020-03) and plated.
Recombinant plasmid DNAs were analysed for the length of the
inserted fragment using the method of restriction analysis. Plasmid
DNAs were purified using QiaFilter Plasmid Midi System (Qiagen,
Germany, Cat.No 12245). Plasmid DNAs were sequenced by
MWG-Biotech (Ebersberg, Germany).

E) Gene identification

Homologies were determined by computer assisted comparison of
data with DNA and protein gene banks (EMBL and SWISS-PROT,
Heidelberg, Germany) (Altschul et al., 1990). Alignments were pre-
pared using “DNASIS”-programs from MWG-Biotech (Ebersberg,
Germany).

Results

The subtracted cDNAs have been cloned and
sequenced. The comparison of their sequences with
Genbank data revealed homologies with genes coding
for the following known proteins:

Up-regulated transcripts correspond to the follow-
ing known genes:

Fig. 1. Alignment of cDNA of the subtracted clone homologous to the lymphocyte IgE receptor (Fc epsilon RII/CD23) transcript. The
sequence of the transcript is obtained from Gene Bank Heidelberg under the accession number M30447 (HSLYRE). Signs “|” show
identical nucleotides

Fig. 2. Alignment of cDNA and amino
acid sequences of subtracted clone ho-
mologous to the T cell-specific tyrosine
kinase (ITK) sequence obtained from
Gene Bank Heidelberg under the acces-
sion number L10717 (HSTKTCS). Signs
“|” show identical nucleotides. Asterisks
show identical amino acids. Untranslated
3�UTR region of mRNA is written in small
letters

• lymphocyte IgE receptor (Fc epsilon RII/CD23)
• T cell-specific tyrosine kinase (ITK)
• thromboxan-A2-receptor
• alkaline phosphatase

Down-regulated transcripts are identical with a
gene encoding a Na�/K�-ATPase. The alignments of
the subtracted sequences are shown in Fig. 1–5
respectively.

Discussion

The role of leukocytes as inflammatory mediators of
secondary injury after ischemic events has been recog-
nized in the brain as well as other body organs (Gute
et al., 1995). In vivo evidence of adherent leukocytes
induced by global cerebral ischemia has been provided
early after brain damage (Dirnagl, 1994). Activated
leukocytes may impair a blood flow by disturb the
microcirculation, exacerbate endothelial cell injury
by releasing hydrolytic enzymes or by producing oxy-
gen free radicals, may migrate into the ischemic paren-
chyma to interact with neurons and other supportive
cells (del Zoppo et al., 1995). The blood-brain barrier
breakdown has been detected also in glaucoma-
patients (Yang et al., 2001a; Yang et al., 2001b).
Nevertheless there is little information about the role
of circulating leukocytes and a possible activation
of their adhesion in the pathogenesis of the disease.
Considerably more is already known about the
mechanisms of the activation of adherent leukocytes
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by ischemia and postischemic reperfusion. Thereby
perturbations of the T-cell repertoire accompanied by
high frequencies of IL-2� and IL-4� CD4� and CD8� T
cells have been shown (Liuzzo et al., 1999). An in-
creased percentage of CD8 T lymphocytes and altered
serum levels of soluble IL-2 cytokine receptors has
been detected also in peripheral blood of glaucoma-
patients (Yang et al., 1999). An induced synthesis of
IL-4 increases an expression of lymphocyte receptors
Fc-epsilon-RII-alpha via up-regulation of the Fc-
epsilon-RII-alpha promoter activity (Suter et al.,
1989). We found indeed this gene to be up-regulated in
the circulating leukocytes of glaucoma patients. IL-2
induces an expression of T cell-specific tyrosin kinase
(ITK) (Tanaka et al., 1993) the up-regulation of which
has been detected in investigated leukocytes of glau-
coma patients as well. The known alterations in the
immune system of glaucoma patients include altered
serum levels of soluble IL-2 cytokine receptors (Yang
et al., 2001b). Investigations of the functional role
of ITK in T cell activation showed that ITK plays
an important role in IL-2 production, indicating a
critical involvement of ITK in the initial stage of T cell

activation by mediating signals from the TCR/CD3
complex, CD2, and CD28 (Tanaka et al., 1997). The
up-regulation of ITK indicates the activation of
leukocytes in glaucoma patients in comparison to the
control group.

Elevated levels of endothelin-1 (ET-1) have been
demonstrated in glaucoma-patients (Sugiyama et al.,
1995). ET-1 may play a role in myocardial ischemia/
reperfusion injury because both the release and vaso-
constrictor effect of ET-1 are increased after ischemia.
The increased vasoconstrictor effect of ET-1 can be
mediated by ET-1-induced release of thromboxane
A2 (Hornstein et al., 2001). Thromboxan A2 receptor
antagonists reduce myocardial damage and poly-
morphonuclear leukocyte accumulation following
coronary arterial occlusion and reperfusion in rats
(Squadrito et al., 1993; Mazolewski et al., 1999;
Fontana et al., 2001) indicating the function of
this receptor in the ischemia induced leukocyte-
endothelial cell interaction. The transcripts of the
thromboxan A2 receptor gene have been isolated
among the up-regulated genes from leukocytes of
glaucoma patients by subtractive hybridization.

Fig. 3. Alignment of cDNA and amino
acid sequences of subtracted clone ho-
mologous to the thromboxan A2 receptor
sequence obtained from Gene Bank
Heidelberg under the accession number
U27325. Signs “|” show identical
nucleotides. Asterisks show identical
amino acids. Untranslated 3�UTR region
of mRNA is written in small letters
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Fig. 4. Alignment of cDNA and amino
acid sequences of subtracted clone
homologous to the alkaline phosphatase
sequence obtained from Gene Bank
Heidelberg under the accession number
AB011406. Signs “|” show identical nu-
cleotides. Asterisks show identical amino
acids

Fig. 5. Alignment of cDNA and amino
acid sequences of subtracted clone
homologous to the Na�/K�-ATPase
sequence obtained from Gene Bank
Heidelberg under the accession number
X12910 (HSATPNK1). Signs “|” show
identical nucleotides. Asterisks show iden-
tical amino acids. Untranslated 5�UTR
region of mRNA is written in small letters

Among the up-regulated genes we have also identified
the gene encoding an alkaline phosphatase. It has
been shown earlier that patients with chronic ischemic
heart disease and myocardial infarction showed

high values of granulocyte alkaline phosphatase
(Terletskaia, 1989). Although it is not clear yet which
role this enzyme plays in the pathogenesis of myocar-
dial infarction, its up-regulation in leukocytes of glau-
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coma patients indicates the involvement of the same
metabolic pathways – which should be further eluci-
dated – also in pathomechanisms of glaucoma. This
suggestion is supported by one additional finding: a
gene encoding a Na�/K�-ATPase known to be down-
regulated in lymphocytes in patients with acute myo-
cardial infarction (Salomon et al., 1998), has also been
found to be down-regulated in leukocytes of glaucoma
patients. The lower Na�/K�-ATPase activity by
patients with acute myocardial infarction may be one
of the reasons of ventricular arrhythmias and coronary
artery spasms. Decrease of intracellular potassium
concentration and increase of intracellular calcium
concentration may play a major role in the patho-
mechanism of coronary artery spasms; its role should
be further elucidated in the pathogenesis of glaucoma.

Taken together the differential gene expression
determined on the transcriptional level in circulating
leukocytes of glaucoma patients indicates the involve-
ment of metabolic pathways characteristic for the
ischemic/reperfusion injury. Moreover, there is evi-
dence that in these leukocytes adherence is induced.
These findings allow to postulate the important role of
adhesive leukocytes in the pathogenesis of glaucoma
realized obviously by blood-brain barrier breakdown.

Molecular imaging of glaucoma provides insights in
mechanisms of disease initiation and allows the early
noninvasive diagnostics and development of a preven-
tive treatment.

Supported by “Bio-Rad” and “Amersham Pharmacia Biotech”
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