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Abstract
Neurological and psychiatric alterations during aging are associated with increased
cerebrovascular disturbances and inflammatory markers such as Intercellular Adhesion
Molecule-1 (ICAM-1). We investigated whether the distribution of ICAM-1 immunoreactivity
(ICAM-1-I) in histological sections from the left orbitofrontal cortex (ORB) was altered during
normal aging. Postmortem tissue from the ORB of nine younger (27–54 years old) and 10 older
(60–86) human subjects was collected. Cryostat sections were immunostained only with
antibodies to ICAM-1 or together with an antibody to glial fibrillary acidic protein (GFAP). The
total area fraction of ICAM-1-I, and the fraction of vascular and extravascular ICAM-1-I were
quantified in the gray matter. Furthermore, we examined the association of extravascular ICAM-1-
I to GFAP immunoreactive (GFAP-IR) astrocytes. In all subjects, brain blood vessels were
similarly ICAM-1 immunoreactive, and in some subjects there was a variable number of
extravascular patches of ICAM-1-I. The area fraction of ICAM-1-I was 120% higher (p < .0001)
in the old subjects than in the young subjects. This increase localized mostly to the extravascular
ICAM-1-I in register with GFAP-IR astrocytes. A much smaller, also age-dependent increase
occurred in vascular ICAM-1-I. Our results indicate a dramatic increase in extravascular ICAM-1-
I associated to GFAP-IR astrocytes in the ORB in normal aging. This increase may contribute to
an enhanced risk for brain inflammatory processes during aging, although a role of extravascular
ICAM-1 as a barrier to further inflammation cannot be ruled out.
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1. Introduction
The Intercellular Cell Adhesion Molecule 1 (ICAM-1) is expressed in vascular endothelial
cells, immune cells and glial cells of the nervous system (Lee and Benveniste, 1999). In
blood vessels, ICAM-1 supports cell adhesion interactions for leukocyte extravasation
(Springer, 1994, 1995) and is up-regulated in inflammatory processes (Cannella and Raine,
1995; Dopp et al., 1994). In endothelial cells residing in white and gray matter of the human
forebrain, ICAM-1 is expressed since early in development (Lee and Benveniste, 1999).
Astrocytes and microglia also express ICAM-1 when cultured, and after brain trauma (Bell
and Perry, 1995). ICAM-1 is also increased in age-related neurodegenerative diseases
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(Akiyama et al., 1993). Accordingly, in Alzheimer's disease, besides brain vasculature,
ICAM-1 also localizes to amyloid plaques, forming extravascular aggregates (Akiyama et
al., 1993; Verbeek et al., 1994). These ICAM-1 immunoreactive aggregates seem mostly
absent in non-demented control subjects, even in presence of normal vascular ICAM-1
immunoreactivity (Dalmau et al., 1997; Lee and Benveniste, 1999). However, it is still
unclear whether age-related changes of extravascular ICAM-1immunoreactivity, possibly in
astrocytes, occur in the brain of normal, non-demented subjects.

Inflammatory processes in the brain increase with aging (Bodles and Barger, 2004;
Cunningham et al., 2002; Forsey et al., 2003; Hellerstein, 1989; Kletsas et al., 2004; Miles et
al., 2001), and increases observed in neurodegenerative disorders could be age-related. In
animal models of brain injury, mRNA levels for ICAM-1 and inflammatory cytokines
increase more in old than in young rats (Kyrkanides et al., 2001), in parallel with increased
immunostaining of glial fibrillary acidic protein (GFAP) in astrocytes. Furthermore, in
human subjects, there seems to be an age-related increase in astrocytic GFAP
immunoreactivity in the cerebral cortex (Miguel-Hidalgo et al., 2000; Nichols et al., 1993;
Prolla and Mattson, 2001; Si et al., 2004; Sykova et al., 1998) that might be paralleled by
changes in key inflammatory molecules, particularly ICAM-1. In fact, astrocytes express
ICAM-1 immunoreactivity in vitro and in vivo following brain damage (Aloisi et al., 1992;
Kim, 1996; Kraus et al., 1992; Lee and Benveniste, 1999; Nordal and Wong, 2004;
Olschowka et al., 1997; Shrikant et al., 1995; Weber et al., 1994).

The present study assessed whether two groups of non-psychiatric, non-demented normal
subjects separated by age (a younger group with subjects 27–54, and an older group with
subjects 60–86 years of age) could also be sorted on the basis of their vascular and
extravascular ICAM-1 immunoreactivity in the gray matter of the cytoarchitectonically
defined area 47 of the orbitofrontal cortex. We divided subjects into younger and older
because previous research of ICAM-1 immunoreactivity in the late-life brain of normal
controls and subjects with major depression considered subjects 60 years old and above as
older (Thomas et al., 2000). In addition, studies of expression of the astrocytic protein
GFAP or its mRNA have suggested that around the age of 60 and later the expression of
GFAP increases significantly in the human brain (Nichols et al., 1993; David et al., 1997).
Several brain neuroimaging studies also consider 60 years old as a cutoff for studying
elderly patients (Lai et al., 2000; Steffens et al., 2003; Taylor et al., 2004). Area 47 was
targeted because of its propensity to age-related alterations in neuronal activity (Lamar et al.,
2004) and age-related volume reductions (Tisserand et al., 2002), which are particularly
prominent in subjects with psychiatric (Rajkowska et al., 2005, 1999; Shenton et al., 2001;
Taylor et al., 2003) and neurodegenerative (Freedman, 1990; Freedman et al., 1998)
disorders. We also ascertained whether putative changes in ICAM-1 immunoreactivity are in
spatial register with GFAP-IR astrocytes.

2. Methods
Brain tissues were obtained at autopsy at the Cuyahoga County Coroner's Office, Cleveland,
OH. An ethical protocol approved by the Institutional Review Board of the University
Hospitals of Cleveland was used and informed written consent was obtained from the next-
of-kin for all subjects. Brain tissue was selected with a postmortem delay of less than 32 h,
and only from subjects that underwent sudden death, without prolonged agonal state.
Demographic features and cause of death for the subjects are listed in Table 1. Blood and
urine samples from all subjects were examined by the toxicology laboratory of the coroner's
office for the presence of substances of abuse or psychotropic medications. The toxicology
screen for medications and substances of abuse includes classes of medications such as
antidepressant and antipsychotic drugs, antiepileptic drugs, barbiturates, benzodiazepines,
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sympathomimetic amines, ethanol, cocaine and its metabolites, opiates, phencyclidine and
cannabinoids. Toxicological screen did not detect blood ethanol in any of the subjects. One
subject had caffeine and one subjects presented propoxyphene and oxycodone. The
remaining subjects were negative for all medications or substances tested.

Retrospective, informant-based psychiatric assessments were performed for all subjects, as
previously described (Rajkowska et al., 1999; Stockmeier et al., 1998, 2002). For the
purpose of this study, the goal was to examine tissue from subjects identified as not meeting
DSM-IV diagnostic criteria for a major mental illness. By definition, these subjects are
herein referred to as normal control subjects. See Table 1 for information on the subjects. A
trained interviewer administered one of two structured clinical interviews to next-of-kin of
subjects in the study. Diagnoses for Axis I disorders were assessed independently by a
clinical psychologist and a psychiatrist, and consensus diagnosis was reached in conference,
using all available information from the knowledgeable informants, the coroner's office, and
previous hospitalizations and doctors' records. Kelly and Mann (1996) have validated the
use of the so-called psychiatric autopsy by demonstrating good agreement between
informant-based retrospective psychiatric assessments of deceased subjects and chart
diagnoses generated by clinicians treating the same subjects before death.

The Schedule for Affective Disorders and Schizophrenia: lifetime version (SADS-L) was
administered to knowledgeable next-of-kin of six of the subjects (Spitzer and Endicott,
1978). The presence or absence of an Axis I psychiatric disorder was determined using
criteria from the Diagnostic and Statistic Manual of Mental Disorders–Revised (DSMIII-R;
American Psychiatric Association, 1987). With the publication of The Structured Clinical
Interview for DSM-IV Psychiatric Disorders (SCID), the clinical interview process was
modified to use this questionnaire for the remaining 13 subjects (First et al., 1996). The
clinical interviews, designed for administration to live subjects, were modified such that
questions were asked about the deceased to a knowledgeable informant. Responses from the
six subjects evaluated with the SADS-L were also recorded using the SCID, and DSM-IV
criteria were also used in assessing these subjects, as previously described (Stockmeier et
al., 1998). Within the last 2 weeks of life, or ever during their lifetimes, these subjects did
not meet clinical criteria for an Axis I disorder by either the DSM-IIIR or DSM-IV
guidelines. Five subjects in the younger group and six in the older group were non-smokers,
three in the younger group and two in the older were active smokers, and two in each group
were not smokers at the time of death but had a history of smoking several years before.

Subjects were excluded if there was any medical history or evidence at autopsy of head
trauma, neurological or neurodegenerative disease, a psychoactive substance use disorder, or
Axis I psychiatric illness. Histological sections of prefrontal cortex, hippocampus, and
anterior temporal cortex were processed for routine H and E staining and
immunohistochemically for β-amyloid and a neuropathologist did not detect any evidence of
infarcts, demyelinating diseases, atrophy or heterotopia. No neuropathology was detected
consistent with Alzheimer's disease.

Further details about the diagnostic procedures and methods for collecting information on
human subjects are provided elsewhere (Rajkowska et al., 1999; Stockmeier et al., 2002).

2.1. Tissue sampling
The tissue samples were obtained from the left prefrontal cortex of 19 subjects without
diagnosis of any psychiatric or neurodegenerative disorders (Table 1). The subjects were
divided into two age groups. One younger group included subjects with less than 60 years of
age at the time of death (range, 27–54 years; 5 male, 4 female) and an older group subjects
with 60 or more years of age at the time of death (range, 60–86; 6 male, 4 female). Upon
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autopsy, slabs of the frontal lobe were immediately frozen in isopentane and stored at −80
°C until sectioning. There was no significant difference between younger and older subjects
in the freezer storage time (older, 84.1 ± 29.3 months; younger, 72.22 ± 23.9), in
postmortem delay (older, 22.4 ± 4.2; younger, 20.6 ± 6.4 h) or in brain tissue pH (older, 6.73
± 0.15; younger, 6.66 ± 0.36). Morphometric parameters of immunoreactive structures were
measured in the rostral part of Brodmann's area 47 that covers the medial wall of the medial
orbital sulcus in the left orbitofrontal cortex. Previously established cytoarchitectonic criteria
for area 47 (Hof et al., 1995;Rajkowska et al., 1999) were used to select the cortical region
of interest for the present study.

Frozen slabs of about 1 cm in thickness containing the lateral orbitofrontal brain region were
cut into 20 μm-thick sections. Sections were collected onto gelatin-coated slides, and
immediately vacuum dried and stored at −80 °C until immunohistochemical staining. An
adjacent set of sections was Nissl-stained with Cresyl Violet to ensure the inclusion of
cytoarchitectonic Brodmann's area 47. Three sections evenly spaced (400 μm) and adjacent
to the Nissl- stained sections were chosen from each subject to be immunostained with
antibodies to ICAM-1 and were used for measuring the area fraction of ICAM-1
immunoreactivity. Other adjacent sections were immunostained with fluorescent probes
simultaneously to study the co-localization of both glial fibrillary acidic protein (GFAP) and
ICAM-1 immunoreactivities in single sections.

3. Immunohistochemistry
Sections mounted on gelatin-coated slides were washed in cold PBS and fixed in 4%
paraformaldehyde for 15 min. Subsequently, some sections were subjected to
immunohistochemistry for ICAM-1 by first incubating them either with a primary sheep
polyclonal antibody, (R and D Systems, Cat# AF720; dilution 1:750) or a primary mouse
monoclonal antibody (Zymed Laboratories, Cat# 07-5403; dilution1:500) to ICAM-1 diluted
in a 0.1 M Tris–HCl buffer (pH 7.6) containing 2% bovine serum albumin and 0.2% Triton-
X 100 (incubation solution). Then they were washed and incubated with a biotinylated anti-
sheep or anti-mouse antibody, washed again, and the binding of the antibody was visualized
using the ABC kit (Vector Laboratories, Burlingham) and 3-3′-diaminobenzidine (DAB)
enhanced with nickel ammonium sulfate as chromogen.

3.1. Immunofluorescence
In four randomly chosen subjects per group, sections adjacent to the ones used for staining
of ICAM-1 alone were subjected to a double fluorescent immunolabeling procedure to
detect in individual sections simultaneously ICAM-1 and the astrocytic marker GFAP. Each
section was incubated overnight with the sheep polyclonal antibody (1:750) ICAM-1 and a
mouse monoclonal antibody (1:1000) (Chemicon) to GFAP diluted in the incubation
solution. After three washes in 0.1 M Tris–HCl buffer (pH 7.6), sections were incubated for
90 min with a mixture of a donkey anti-sheep antibody conjugated with the fluorochrome
Cy2 (Jackson Immunochemicals) (1:500 dilution) and a donkey anti-mouse antibody
conjugated to fluorochrome Cy5 (Jackson Immunochemicals) (1:500 dilution) and washed
again before coverslipping.

In our experiments, omission of the primary or the secondary antibody resulted in the
absence of immunostaining. Specific immunostaining was also suppressed by incubating the
primary antibody with recombinant human ICAM-1 (R&D Systems Cat# ADP4) before
incubating it with brain tissue sections. To reduce to a minimum the variability in the
intensity of staining due to uncontrollable changes from experiment to experiment, each
immunostaining experiment involved the same number of sections from both groups.
Furthermore, in each experiment there were no less than four subjects per group. No
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significant differences in non-specific background staining were detected between
experiments.

3.2. Extent of ICAM-1 immunoreactivity
The total area covered by ICAM-1 immunoreactivity (strictly speaking, the two-dimensional
projection of ICAM-1-immunoreactivity onto the microscope field) in sections of the
orbitofrontal cortex was measured using sections stained with DAB. These measurements
were directed to estimate: (1) the total area fraction of ICAM-1-immunoreactivity (ICAM-1-
I); (2) the area fraction of ICAM-1-I in vessels; and (3) the area fraction of extravascular
ICAM-1-I. Images of ICAM-1-I were obtained with a video camera attached to a bright-
field microscope and analyzed with the Image-J (version 1.3) software from NIH as follows.
Using a 4× objective, a region of interest (ROI) of fixed width (1530 μm) was centered over
area 47, spanning all cortical layers. The microscope light was set to a constant intensity and
the same filters and computer video settings were used for all sections. In each of the ROIs
an image was obtained with the video camera and digitized into gray level images.
Immunopositive structures were segmented by defining a background level of staining in an
area of the section with no specific immunoreactivity (determined by comparing to non-
specific staining in sections concurrently processed omitting the first antibody). Then,
thresholding with a fixed level of 25 gray values over the background (gray levels were from
0 (brightest) to 255 (darkest)) was applied. By this procedure, a binary image of the area
occupied by immunoreactivity was obtained. The area fraction occupied by ICAM-1-I in
cortex was calculated by dividing the area covered with immunoreactivity by the total area
occupied by the cortical layers in the outlined ROI, and expressed as a percentage. The
average of three measurements obtained in the three samples per subject was considered the
value of the area fraction for total ICAM-1-I in the orbitofrontal cortical tissue.

3.3. Estimation of the area fraction of vascular and extravascular ICAM-1-I
In all sections, ICAM-1-I was localized to structures with the morphology of medium or
small blood vessels (1 and 2). Immunoreactivity in these structures was termed vascular
ICAM-1-I. In addition, in some of the subjects, ICAM-1-I was also localized to considerably
larger patches of immunoreactivity with rounded morphology (within which vessels could
also sometimes be detected) (Figs. 1 and 2). Since these patches were localized clearly
outside blood vessels, those patches were termed extravascular ICAM-1-I. Accordingly, we
obtained an estimate of the area fraction of ICAM-1-I restricted to vessels by first outlining
manually the patches of extravascular ICAM-1-I and excluding those patches from the
original ROI. Next, this modified ROI was subjected to the same procedure for area fraction
measurement as described above, and thus provided an estimate of the area fraction of
ICAM-1-I in vessels. The fraction of total ICAM-1-I (that is the fraction relative to the area
of the unmodified ROI) in the outlined patches was also computed. Assuming that inside the
ICAM-1 immunoreactive (IR) patches the area fraction of vascular ICAM-1-I was the same
as outside those patches, we also obtained an estimate of the area fraction of extravascular
ICAM-1-I. In summary, the variables related to ICAM-1-I in the cortex that were examined
in the present study were: area fraction of total ICAM-1-I, area fraction of vascular
ICAM-1-I and area fraction of extravascular ICAM-1-I.

4. Co-labeling of GFAP and ICAM-1
As described above (see Section 3), in four subjects per group, immunoreactivity for
ICAM-1 and for GFAP were examined in three individual sections per subject using
simultaneously a mouse monoclonal antibody to GFAP and a sheep polyclonal antibody to
ICAM-1. Secondary antibodies conjugated either to fluorochrome Cy2 (anti-sheep IgG
antibody) or Cy5 (anti-mouse IgG antibody), were used to detect ICAM-1 or GFAP
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respectively. Under the laser scanning confocal microscope (NIKON NC1) these
fluorochromes are excited and emit fluorescence at non-overlapping wavelengths.
Therefore, with the use of the appropriate filters, ICAM-1 and GFAP immunoreactivities
were unequivocally differentiated because “bleeding” across different channels was
prevented (Figs. 7 and 8). GFAP-immunoreactive (GFAP-IR) astrocytes are strongly stained
whether individually or grouped in patches and sharply contrast with the background. To
determine whether GFAP-IR astrocytes or groups of astrocytes were coextensive with
extravascular ICAM-1-IR patches, sections with double labeling were examined by one of
us (S.N.) at the confocal microscope blind to the group identification of the slides. The
number of ICAM-1-IR patches in register with individual GFAP-IR astrocytes or groups of
astrocytes, and those out of register with GFAP-IR astrocytes was recorded and these two
variables used to determine whether ICAM-1-IR patches are spatially related to GFAP-IR
astrocytes.

At all times, the microscope operator taking measurements was blinded to the age at the
time of death and the group of the study subject.

4.1. Statistics
Means of the area fraction of ICAM-1-I in younger and older subjects were compared using
analysis of covariance (ANCOVA) with freezer storage time, postmortem delay and brain
tissue pH as co-variates. Correlation of the parameters of ICAM-1-I with age at the time of
death was determined with a Pearson correlation matrix. In the graphs, summary data are
reported as mean ± standard error of the mean. These data are shown without adjusting for
the covariates.

5. Results
5.1. Qualitative observations in sections of ORB immunostained with DAB chromogen

In histological sections from the human prefrontal cortex ICAM-1 immunoreactivity
(ICAM-1-I) can be found forming two different types of structures in the gray matter of area
47. In agreement with previous reports, ICAM-1-I was observed in small and medium-sized
blood vessels of all subjects examined (Fig. 1). In addition to the ICAM-immunoreactive
(ICAM-IR) blood vessels, sections from some brains contained considerably larger patches
of extravascular ICAM-1-I with rounded or oval shapes, and a diffuse pattern of
immunostaining (Figs. 1 and 2). These patches, when present, were localized to all
cytoarchitectonic areas contained in the section of the ORB region (i.e., Brodmann's areas
47, 11, 12), although our quantitative analysis was centered on the medial part of the rostral
area 47. Visual inspection of immunoreactive sections (after quantitative measurements
were performed) revealed that in most subjects of the younger group extravascular ICAM-1-
IR patches were absent or they were very scarce, even if vessels were intensely
immunoreactive for ICAM-1. By contrast, in the older group most subjects carried abundant
and much larger extravascular ICAM-1-IR patches in addition to the ICAM-1-I of blood
vessels. To validate the above-described immunostaining obtained with the sheep polyclonal
anti-ICAM-1 antibody we subjected sections (neighbor to those immunostained with the
sheep antibody) from seven brains with different ages to a monoclonal anti-ICAM-1
antibody raised in mouse. In a pattern similar to that of the sheep polyclonal antibody, the
mouse monoclonal antibody also labeled the blood vessels in all subjects (Fig. 3A and B). In
addition, in the oldest subjects, patches of immunoreactivity were also conspicuous in the
gray matter (Fig. 3B). Since the contrast between non-specific background and
immunoreactive structures was better with the sheep antibody all the results and analysis
reported below correspond to immunostaining with the polyclonal anti-ICAM-1 antibody
made in sheep.
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5.2. Area fraction of ICAM-1-IR structures
The total area fraction occupied by the ICAM-1-IR structures was examined quantitatively
in sections immunostained with the chromogen DAB. ANCOVA using postmortem interval,
brain pH, and time of tissue storage at −80 °C as co-variates, showed that the mean area
fraction of ICAM-1-IR structures in area 47 of the ORB was significantly and dramatically
higher on average by 120% in the group of the older subjects than in the group of younger
subjects (F(1, 14) = 28.61, p < .0001) (Fig. 4).

Since ICAM-1-I is localized both to blood vessels and to diffuse extravascular patches, an
estimate was made of the area fraction occupied by ICAM-1-IR vessels (Fig. 5A) and by
extravascular ICAM-1-I (Fig. 5B). The area fraction of ICAM-1-I in vessels was larger by
29% in older than in younger subjects (F(1, 14) = 9.71, p < .01). In comparison, the area
fraction of ICAM-1 in extravascular patches was dramatically increased 7.5-fold in older as
compared to younger subjects (F(1, 14) = 48.46, p < .00001).

The observation of much higher area fraction of extravascular ICAM-1-I in the older as
compared to the younger subjects prompted us to examine the correlation of ICAM-1-I area
fraction with age after combining the subjects in both age groups (Fig. 6). There was only a
slow linear increase of vascular ICAM-1-I with age (Fig. 6A) (r2 = .306, p < .02). By
contrast, the slope of the regression for the area fraction of extravascular ICAM-1-I was
much steeper (r2 = .715, p < .0001), with a dramatic increase mainly occurring between 60
and 70 years of age (Fig. 6B).

5.3. Fluorescent co-labeling of ICAM-1 and GFAP Immunoreactivities
Extravascular patches of ICAM-1-I form discrete regions within the gray matter, and those
patches increase with age. The size and distribution of those patches is similar to the
distribution of GFAP-IR astrocytes in the cortex of elderly subjects that we have observed in
previous studies. In addition, GFAP immunoreactivity in cortical astrocytes increases with
age in the brain of psychiatrically normal human subjects and in aging experimental animals
(David et al., 1997; Nichols et al., 1993). Accordingly, we examined whether ICAM-1-IR
extravascular patches were in register with GFAP-IR astrocytes or groups of astrocytes in
the subjects included in the present study. Sections from eight subjects (4 older subjects and
4 younger subjects) were co-labeled for GFAP and ICAM-1 and the number of ICAM-1-IR
patches co-extensive with GFAP-IR astrocytes within the gray matter of area 47 in three
sections per brain were counted and expressed as a percentage of the total number of
ICAM-1-IR patches detected. The vast majority (97%) of extravascular GFAP-IR patches
were in register with GFAP-IR astrocytes in both groups (younger and older subjects) (Fig.
7).

When measuring the two-dimensional overlap of GFAP-IR processes with ICAM-1-IR
structures in the four older subjects, we observed that between 75% and 82% of GFAP
processes were unequivocally overlapped with ICAM-1 structures and in many instances the
ICAM-1 immunoreactivity in single processes was confined within the limits of the GFAP
immunoreactivity. The extravascular ICAM-1 immunoreactivity was not necessarily
confined to GFAP-IR processes or cell bodies in older subjects, but diffuse ICAM-1-I also
extended to the spaces in between astrocytic processes (Figs. 7 and 8). However, this diffuse
immunostaining was interrupted at the distal ends of astrocytic GFAP-IR processes (Figs. 7
and 8A–C).

Due to the very low load of extravascular ICAM-1-I in the younger subjects most GFAP-IR
structures in these subjects did not coexist with ICAM-1-I. However, extravascular
ICAM-1-I associated with the rare, double-labeled astrocytes in these young subjects were
invariably confined within the GFAP immunofluorescent astrocytic processes (Fig. 8D–F).
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Common to both young and elderly subjects was that in many blood vessels, ICAM-1-I was
not coextensive with the GFAP-IR astrocytic processes or GFAP-IR processes were adjacent
but not coextensive with vascular ICAM-1-I (Fig. 8).

6. Discussion
The present results show that there is a dramatic increase in the area fraction of ICAM-1-I in
the gray matter of the orbitofrontal cortex in normal subjects older than 60 years of age. This
increase is mostly accounted for by the development of extravascular patches of ICAM-1-I.
The extent of these patches was on average 7.5-fold larger in older than in younger subjects.
These patches are in close spatial register with the processes of GFAP-IR astrocytes or
confined within the limits of GFAP-IR astrocytic processes, suggesting that the increases in
ICAM-1-I in the gray matter originate in astrocytes or that ICAM-1-I in the neuropil
(extravascular ICAM-1-I) mainly occurs within the immediate vicinity of GFAP-I-IR
astrocytic processes. Previous studies on the distribution of ICAM-1-I in the human brain
have associated the existence of extravascular ICAM-1-IR patches to neurodegenerative
disorders (Akiyama et al., 1993; Frohman et al., 1991; Verbeek et al., 1994). Akiyama et al.
(1993) and Frohman et al. (1991) found that, besides being normally localized to brain
capillaries, ICAM-1-I was partly associated with senile plaques in Alzheimer's disease.
Interestingly, Akiyama et al. (1993) also found ICAM-1-IR patches in the postmortem brain
of elderly subjects with other etiologically diverse neurodegenerative disorders like Pick's
disease, amyotrophic lateral sclerosis or progressive supranuclear palsy (Akiyama et al.,
1993), all of which progress with or are largely dependent on age. Another study (Verbeek
et al., 1994) also described the presence of patches of ICAM-1-I as associated with senile
plaques. The regions of ICAM-1-I in their samples, however, are considerably larger than
the plaques themselves and the authors describe the presence of ICAM-1-I in diffuse
deposits that were not labeled by anti-β-amyloid (Aβ) antibodies. They also reported that in
control subjects (six older and two younger than 60 years of age) and in non-Alzheimer's
dementia (AD) subjects, there were occasional deposits of ICAM-1-I in some instances. In
the study of Akiyama et al. (1993) (Akiyama et al., 1993) some deposits of Aβ also appear
to be devoid of ICAM-1-I and diffuse deposits of ICAM-1 were not exclusive to the
diagnosis of AD but also present in other neurological conditions that worsen with age. In
Verbeek's study however, there was no description of a possible correlation of the numbers
of occasional ICAM-1-IR structures and age.

A possible limitation of the present study is that, since data on the subjects were coroner-
based, cross-sectional and retrospectively recorded, we do not have prospective data of
memory and other cognitive functions based on quantifiable tests. Thus it is not possible to
study whether there is a correlation between the performance in those functions and the
extent of ICAM-1 immunoreactivity. However, in our brain collection, information on the
subjects is examined to determine if a psychiatric diagnosis (see Section 2 for details) is
associated with a particular subject. Information on each subject is also screened and a
neuropathological examination is performed to rule out diagnosis of neurological and
neurodegenerative disease. Subjects are considered normal controls when there is no
information or neuropathological data indicating of psychiatric or neurological disorders.

The apparently smaller extent of extravascular ICAM-1-I in elderly subjects by Verbeek et
al. (1994) as compared to our findings might be due to several reasons. In Verbeek et al.
(1994) sections subjected to immunohistochemistry had a thickness of 4 μm (5 × thinner
than our sections) and used a peroxidase conjugated secondary antibody. In our study we
used 20 μm-thick sections and a biotinylated secondary antibody and the ABC complex
(which increases sensitivity of the immunostaining). Thus, it is possible that if the
concentration of ICAM-1 in and around senile plaques is higher than in other deposits of
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extravascular ICAM-1, non-plaque ICAM-1 immunoreactivity may have been confused
with the background or not detected. Furthermore, in the present report, the number of
control subjects in each of the age groups was considerably larger than that in Verbeek et al.
(1994), which increased the ability of detecting age related changes and the power of the
statistical tests applied. Since the postmortem delay in Verbeek et al. (1994) was shorter
than in both groups of the present study it is also possible that longer postmortem delay
tends to increase the amount of detectable extravascular ICAM-1-I related to astrocytes.
However, if that was the only reason for detecting increased ICAM-1-I in the present study,
that increase should have been of the same magnitude in young and old subjects. On the
contrary, in the present study extravascular ICAM-1-I was still dramatically lower in the
younger than in the older subjects even though postmortem delays were not significantly
different between groups (see Table 1). In addition, in a study of ICAM-1-I in the prefrontal
cortex of elderly subjects, postmortem delay periods were reported (Thomas et al., 2002)
that were longer than in the present study, and ICAM-1-I was only described in blood
vessels. However, these studies (41) were made with tissue with a long fixation time (about
10 years) and using paraffin embedding, while we used fresh frozen tissue that was stored at
−80 °C for no more than 4 years. These facts clearly argue for a genuine dramatic increase
in extravascular ICAM–1-I in older control subjects as compared to younger subjects.

I-CAM-1 is a protein that spans the cell membrane and has cytoplasmic, intramembranous
and extracellular domains (Lee and Benveniste, 1999). Consequently ICAM-1 is normally
detected bound to the membrane. However, soluble forms of the protein, mainly
representing the extracellular N-terminal fragment of the protein have been detected in vivo
and in vitro (Baraczka et al., 2001; Rothlein et al., 1991; Seth et al., 1991). In our
immunohistochemical studies a large portion of non-vascular ICAM-1-I although always
associated with the region of tissue reached by GFAP-IR processes, presents a diffuse
pattern of distribution in the neuropil. This pattern suggests that there are forms of ICAM-1
that might be soluble and represent an important portion of the ICAM-1-I in the cortex of
older subjects. The co-localization and proximity of ICAM-1-I to astrocytes processes
suggests that increases in astroglial activation in the elderly may be related to increased
synthesis and release in ICAM-1. This preferential relationship of ICAM-1 to astrocytes is
consistent with the absence of co-labeling of microglial markers and patches of ICAM-1
immunoreactivity in the brain of Alzheimer's patients (Frohman et al., 1991). Age-related
increases in the levels of GFAP and in the density of GFAP immunoreactive astrocytes
actually have been reported in the human neocortex and other brains regions and they could
be related to the dramatically increased ICAM-1-I in the elderly (Miguel-Hidalgo et al.,
2000; Nichols et al., 1993; Prolla and Mattson, 2001; Si et al., 2004; Sykova et al., 1998)
(David et al., 1997; Miguel-Hidalgo et al., 2000; Nichols et al., 1993). These increases occur
even in the absence of cognitive deficits or neuropathological hallmarks of Alzheimer's
disease (David et al., 1997).

Some researchers suggest that soluble ICAM-1 might compete for receptors of membrane
bound ICAM-1 and effectively inhibit aging related increases in immune responses in the
brain (Hailer et al., 1998). Such a role would be consistent with comparatively good
cognitive performance detected in elderly subjects even when they have high levels of
ICAM-1 (Elwan et al., 2003). A specific role for astrocyte-generated ICAM-1 as compared
to ICAM-1 from endothelial cells is suggested by increases in soluble ICAM-1 in patients
with traumatic brain injury and in a mouse model of traumatic brain injury (Otto et al.,
2000), in which the production of soluble ICAM-1 was much higher in astrocytes than in
endothelial cells.

Disruption of the blood brain barrier has been correlated with increases in inflammatory
molecules including ICAM-1 (Dietrich, 2002; Lossinsky et al., 1995; Schnell et al., 1999).
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Although blood brain barrier alterations during normal aging are very likely of much lower
magnitude than in brain trauma, it is possible that they are sufficient to trigger increased
ICAM-1 in astrocytes. Alternatively to a protective role suggested above, astrocyte-
generated ICAM-1 might play a role in monocyte recruitment to the brain in aged
individuals through the regulation of macrophage inflammatory proteins (MCPs)
(Andjelkovic et al., 2000; Otto et al., 2002). This regulation would increase the probability
of developing inflammatory processes. However, in Nissl- stained sections from the brains
in the present study, we did not detect visually noticeable increases of cells in general or
cells with leukocyte morphology around vessels. Additional experiments targeting
macrophages and other leukocytes with specific markers should examine whether these cells
co-occur with the diffuse patches of ICAM –1 immunoreactivity in the aging human brain.

In addition to an age-related increase in the area fraction of extravascular ICAM-1-I, we also
observed a much more modest increase in the area fraction of ICAM-1-I in blood vessels,
which is consistent with increased markers of inflammation observed by other researchers in
blood vessels during aging (d'Alessio, 2004; Finch, 2005; Minamino et al., 2004).

A possible limitation to the generalization of our conclusions to all subjects undergoing
normal aging is that the cause of death for most subjects in our study was related to
cardiovascular factors, which are responsible for a high proportion of sudden deaths. Since
inflammation has been related to cardiovascular disturbances an influence it could be argued
that cardiovascular cause of death was related to increased ICAM-1 immunoreactivity.
However, as shown in Table 1, a vascular cause of death in the younger subjects was as well
represented as in the older subjects so that the differences in ICAM-1 immunoreactivity
between these two groups of subjects would be rather due to other factors that change with
age.

Increases of ICAM-1-I in brain vessels have been often related to different types of injury,
and associated to the appearance of inflammatory processes (Dopp et al., 1994; Feuerstein et
al., 1997; Olschowka et al., 1997; Whalen et al., 1998). Recent studies on the etiopathology
of major depression in the elderly have also related increased vascular disturbances and
inflammation to late-life depression (Alexopoulos et al., 1997; Krishnan and McDonald,
1995). More specifically, increases in the extent of ICAM-1-IR vessels have been reported
in the brain of elderly subjects with depression as compared to control elderly subjects
(Thomas et al., 2004, 2000). Interestingly, these reports, although using an antibody from
the same source as in our study, do not mention the presence of extravascular patches of
ICAM-1 immunoreactivity. Nevertheless, the results presented here suggest that, when
characterizing ICAM-1 immunoreactivity in the human prefrontal cortex, the expression of
extravascular ICAM-1-immunoreactive structures and its relationship to age should be taken
into account, particularly when considering the close relationship of ICAM-1
immunoreactivity to astrocytes detected in our study. It remains to be elucidated whether
vascular and extravascular ICAM-1-IR structures perform differential functions and what is
the specific role of astrocytes in the age-related increase of extravascular ICAM-1
immunoreactivity in the prefrontal cortex.
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Fig. 1.
Low power micrographs of ICAM-1 immunoreactivity (sheep polyclonal antibody)
encompassing all cortical layers (I–VI) in area 47 of two male human subjects of different
age. (A) 46 years old, male; (B) 80 years old, male. Note that in both micrographs small and
medium blood vessels are ICAM-1-IR (arrowheads). In addition, in the oldest subject (B)
there are many large, round patches of diffuse ICAM-1-IR (arrows) that are much less
abundant in the 46-year-old subject. Calibration bar, 250 μm.
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Fig. 2.
High power micrographs of immunostaining with the sheep polyclonal antibody to ICAM-1
taken from layer III of cortical area 47. The top panels correspond to younger male (A) and
a female (B) subjects with ages 43 and 46 at the time of death, respectively. The bottom
panels correspond to older male (C) and female (D) subjects with ages 77 and 80,
respectively. Arrows point to the diffuse patches composed of extravascular ICAM-1
immunoreactivity as defined in the Section 2. Arrowheads denote immunoreactive vessels.
Calibration bar, 100 μm.
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Fig. 3.
Micrographs of immunostaining with the mouse monoclonal antibody to ICAM-1 in cortical
area 47. The top picture is from a 60-year-old female and the bottom picture is from as 86-
year-old female. Arrowheads in both pictures point to ICAM-1-IR structures with vascular
morphology. Arrows in the bottom picture denote patches of ICAM-1-I. These patches were
mostly absent in the subject at the top. Calibration bar, 100 μm.
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Fig. 4.
Bar graphs representing the area fraction of all (vascular + extravascular) ICAM-1-IR
structures combined in subjects less than 60 years old at the time of death (young) and
subjects older than 60 (old). **p < .0001.
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Fig. 5.
Bar graphs representing the area fraction of ICAM-1 immunoreactivity in structures with
vascular morphology (vessels) (A) and in extravascular patches of ICAM-1
immunoreactivity (B). X axis legends as in Fig. 3. *p < .01, **p < .00001.
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Fig. 6.
Plots of the values of the area fraction of ICAM-1-I in the vascular (A) and extravascular
(B) compartments according to the age of the all subjects combined. A significant
correlation of both vascular and extravascular ICAM-1-I with age was detected. The
correlation is much steeper for extravascular ICAM-1-I than for vascular ICAM-1-I.
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Fig. 7.
Micrographs of two typical arrangements (top and bottom) of ICAM-1 immunoreactivity in
relation to GFAP-IR astrocytes obtained using simultaneously antibodies to ICAM-1 and the
astrocytic marker GFAP in a 73 years old subject. Note in (C) and (F) (yellow spots) that the
patches of diffuse ICAM-1 immunoreactivity (in green in (A) and (C)) are confined within
the area affected by GFAP-IR processes (in red in (B) and (E)). ICAM-1 immunoreactivity
is also observable in vessels (“v” and arrows). Calibration bar is 50 μm.
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Fig. 8.
Comparison of co-labeling for ICAM-I and GFAP in an 86 years old subject (A, B and C)
and in a 27 years old subject (D, E and F). Note that in the old subject all GFAP positive
structures are co-extensive with ICAM-1-IR patches (C). By contrast, in the younger subject
only one of the GFAP-IR astrocytes is in register with ICAM-1 immunoreactivity (F). The
letter “v” designates ICAM-1 immunoreactivity in vessels. Arrows indicate ICAM-1
immunoreactivity (green) in register with GFAP immunoreactive structures (red).
Calibration bar is 100 μm.
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