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Abstract

Transplantation of neural tissue has been attempted as a treatment method for neurodegenerative
disorders. Grafted neurons survive to a lesser extent into middle-aged or aged hosts, and survival
rates of < 10% of grafted neurons is common. Antioxidant diets, such as blueberry, can exert powerful
effects on developing neurons and blood vessels in vitro, but studies are lacking that examine the
effects of these diets on transplanted tissues. In this study, we examined the effects of a blueberry
diet on survival, growth, and vascularization of fetal hippocampal tissue to the anterior chamber of
the eye of young or middle-aged female rats. Previous work from our group showed significant
increase in neuronal survival and development with blueberry diet in grafts. However, the effects of
antioxidant diet on vascular development in grafts have not been explored previously. The age of the
host affected individual vessel morphology in that aged hosts contained grafts with thick,
undeveloped walls, and wider lumen. The blood-brain barrier also appeared to be affected by the
age of the host. The blueberry diet did not affect vessel morphology or density of vessel-associated
protein markers but gave rise to significantly increased growth capacity, cytoarchitecture, and the
final size of hippocampal grafts.
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Introduction

Anecdotal evidence that dietary intake of fruits and vegetables improves overall health in
humans has recently gained support in dietary epidemiologic studies of antioxidants such as
green tea, red wine, and the so-called Mediterranean diet (Hardy et al, 2003). Recent animal
studies of dietary supplements have corroborated these observations and have shown that
nutritional compounds can have profound effects on physiologic processes such as
cardiovascular health (Stoclet et al, 2004), cancer prevention (Dulak, 2005), and neurologic
performance (Stoclet et al, 2004; Ramassamy, 2006). One such dietary substance that has been
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shown to have direct effects on the central nervous system is blueberry extract (Joseph et al,
2005). Dietary supplementation with blueberry extract has been shown to prevent and reverse
memory loss in aged rats and mice (Joseph et al, 1999, 2005; Andres-Lacueva et al, 2005), to
improve functional recovery after experimentally induced Parkinson’s disease (Stromberg et
al, 2005), to prevent behavioral deficits in an animal model of Alzheimer’s disease (Joseph et
al, 2003), and to improve behavioral recovery and cellular survival after stroke (Sweeney et
al, 2002; Wang et al, 2005).

The effects of dietary blueberry supplementation on neuronal survival after stroke have been
attributed to the antioxidant or anti-inflammatory actions of blueberry compounds. However,
the influence of dietary blueberry supplementation on angiogenesis or vascularization of neural
tissue has not been fully explored. Other nutritional substances such as resveratrol, green tea,
and the spice curcumin have been shown to have differential effects on angiogenesis, depending
on the type of tissue studied (Dulak, 2005). Dietary administration of resveratrol, for example,
will inhibit angiogenesis and retard the growth of ovarian cancer cells (Cao et al, 2004), but
will also enhance neovascularization in the injured heart (Kaga et al, 2005). Dietary blueberry
supplementation has also been shown to inhibit angiogenesis in a human skin cell line (Roy
et al., 2002; Bagchi et al, 2004), but the effects of dietary blueberry supplementation on
vascularization of the central nervous system is not known.

One technique that lends itself well to studies of vascularization of neural tissue is
transplantation. Vascularization of neural tissue transplants is instrumental for transplant
survival, and can be influenced by factors such as age of host (Eriksdotter-Nilsson and Olson,
1989), growth factor levels (Calza et al, 2001), and expression of the angiogenic factor vascular
endothelial growth factor (Lee et al, 2007). This study uses an intraocular neural transplantation
technique in which graft vascularization has been extensively characterized (Eriksdotter-
Nilsson and Olson, 1989; Granholm et al, 1996; Tuba and Kalman, 1997). Intraocular
transplantation exploits the anterior eye chamber of adult rats for the growth and maturation
of discrete areas of the fetal brain. Neural grafts to the anterior eye chamber of adult host
animals attach to and become vascularized by the host iris within 2 weeks after transplantation
(Granholm et al, 1996), providing continual vascular support of developing tissue. Intraocular
graft development and maturation parallels that of corresponding brain areas in situ (Olson et
al, 1977, 1983; Granholm, 1991). Intraocular grafts will grow and survive in the anterior eye
chamber for as long as the host animal is alive, and growth and vascularization of neural
intraocular grafts can be readily monitored over time through the translucent cornea of host
animals (Olson et al, 1983). One overwhelming advantage of intraocular transplantation over
traditional intracranial methods is the preservation of tissue cytoarchitecture and organization
in grafted tissue. Intraocular transplantation of the hippocampal formation, for example,
maintains the intact cellular organization of this multilayered brain region (Olson et al,
1977). As neurons in the hippocampus belong to distinct populations with specific anatomic
distributions, transplantation of the fetal hippocampal formation allows for a more detailed
study of cell survival after transplantation.

We have previously shown that dietary supplementation with blueberry extract will improve
the growth and organization of intraocular grafts of fetal hippocampal formation to aged hosts
(Willis et al, 2005). Specifically, we found that the maturation of specific hippocampal cell
layers was enhanced with blueberry supplementation. Although hippocampal grafts to aged
control hosts exhibited an unorganized morphology, with lack of pyramidal neurons and
missing distinct neuronal cell layers, the blueberry-supplemented aged hosts exhibited
organotypical cell layers and developed markers characteristic of the mature hippocampus in
situ (calbindin, NeuN, and Doublecortin; see Willis et al, 2005). Further, in our previous study,
we found that Doublecortin, a marker for neurons undergoing neurogenesis, was abundant in
grafts to aged control hosts, suggesting increased level of immaturity, whereas Doublecortin
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was present only in few neurons that were incorporated in the dentate cell layers in blueberry-
treated grafts. Other markers for mature neurons (NeuN and calbindin) also showed a high
level of organization in blueberry-treated hosts when compared with aged control grafts (Willis
et al, 2005). Although some candidates for this strong enhancement of graft survival by
blueberries were proposed in our previous publications, the biologic mechanisms are not
known to date. As appropriate growth of neural transplants depends on tissue vascularization,
this study explores the potential role of dietary blueberry supplementation in improving
vascularization of fetal hippocampal intraocular grafts in young and aged hosts. Another goal
of this study was to perform a pooled analysis of graft growth during different conditions (aged
and young hosts) as well as different treatments (blueberry diet or isocaloric control diet) to
determine whether there were reproducible effects of these two different conditions on graft
growth and survival. Random effects statistical models were applied to examine transplant
growth in oculo of transplants examined in five different experiments.

Materials and methods

Subjects

Young (5 to 6 months) and middle-aged (17 to 18 months) female Fisher 344 rats were used
as recipients for intraocular grafts of fetal hippocampal formation. Fetal tissue donors were
timed pregnant Fisher 344 dams (Harlan, Indianapolis, IN, USA) at embryonic day 18 (E18).
The data used for the growth analysis (Figure 1) represent a pooled analysis of transplants in
five different experiments, which were analyzed statistically to determine whether there were
global effects of blueberry diet and/or age of host animals in terms of rate of growth (see Figure
1). The total number of animals for the growth analysis was 21 young animals (10 control; 11
treated) and 40 old animals (19 control; 21 treated) with bilateral intraocular transplants. A
subset of these animals has been used previously for studies with neuronal markers (see Willis
et al, 2005), and another subset is used in this study for vascular markers (see below). By
combining data across experiments, we were able to explore global effects of blueberry
treatment and age of recipient rats.

Inthis study, we used a total of 16 aged and 18 young host animals to examine vascular markers.
One week before transplantation, the host animals were randomly divided into two groups
receiving chow ad libitum: one that received control chow and one that received NIH-31 chow
(Harlan Teklad, Madison, WI, USA) supplemented with 2% blueberry (Van Drunen Farms,
Momence, IL, USA). Within both diet groups, subjects were further divided into either a short-
term (1 to 2 weeks) or long-term (8 to 12 weeks) group, yielding four host animals per each
treatment paradigm, except for the young control diet long-term group, which contained six
host animals. The blueberry diet was prepared by homogenizing, centrifuging, and freeze-
drying fresh blueberries (Vaccinium angustifolium). The blueberry was then added to the
control diet in place of cornstarch, yielding a chow consisting of control diet plus blueberry at
2% (g per kg diet). The diets used in this study are isocaloric and have been used previously
(Joseph et al, 1999, 2003; Willis et al, 2005); for additional information regarding dietary
formulations see Joseph et al, 1999). The transplant recipients were maintained on the
respective diets for the duration of the study. Weekly monitoring of animal weight and food
consumption revealed no food preference or weight changes for each diet (Willis et al, 2005).
Animals were kept on a standard 12:12-h light/dark cycle. All surgical procedures were
performed according to the National Institutes of Health guidelines for animal use and were
approved by the local Institutional Animal Care and Use Committee.

Dissection and Transplantation

Embryonic day 18 (E18) dams were euthanized with an overdose of halothane; fetuses were
removed and placed on ice until dissection. The fetal brain was removed and hippocampal
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formation was dissected and cut into several pieces along the longitudinal axis, each piece
containing CA1-CA3 and dentate gyrus, as described previously (Granholm, 1991). Recipient
host animals were anesthetized with xylazine (Rompun, 12 mg/kg i.p.) and ketamine (Ketaset,
80 mg/kg i.p.). One drop of 1% atropine solution was placed on the cornea to dilate the pupil
and facilitate grafting. Fetal hippocampal formation was inserted into the anterior eye chamber
through a razor blade slit in the cornea using a modified syringe as described previously (Olson
etal, 1983; Granholm, 1991). Each host contained one hippocampal graft in each eye, yielding
eight transplants per group, except for the young control diet long-term group, which contained
six hosts and 12 transplants.

Quantification of Graft Growth

Survival, vascularization, and growth of grafts in the anterior eye chamber were monitored at
the time of transplantation and once a week until time of killing. Intraocular grafts are readily
visible through the translucent cornea of hosts. Length and width measurements of grafts in
lightly anesthetized hosts (halothane) were performed through the use of a dissecting
microscope and a caliper with a millimeter scale. Graft area was calculated by multiplying
length by width (Willis et al, 2005). Transplants from five individual experiments were
assessed for growth and vascularization to determine whether there were global effects of age
and treatment (blueberry in the diet) on hippocampal tissue growth.

Lipopolysaccharide Treatment

At 8 weeks after transplantation, two subjects from the young control diet group were subjected
to lipopolysaccharide (LPS) exposure. Subjects were anesthetized with xylazine (Rompun, 12
mg/kg i.p.) and ketamine (Ketaset, 80 mg/kg i.p.). Lipopolysaccharide (2.5 mg/kg; Sigma-
Aldrich, St Louis, MO, USA) was administered intravenously through the sublingual vein.
Subjects were monitored continuously and killed 24 h after injection, and the tissues were
harvested and processed as described below. Owing to the already compromised vascular tree
in grafts in the aged host (see results), we did not carry out LPS treatment of transplants to
aged hosts in this study.

Morphologic assessment of intraocular grafts

After either a short-term (1 to 2 weeks) or long-term (8 to 12 weeks; n = 8 for all groups) graft
growth period, host animals were deeply anesthetized with halothane and transcardially
perfused with 0.1 mol/L phosphate-buffered saline (PBS) followed by 4% paraformaldehyde.
Intraocular grafts were removed and transferred to 4% paraformaldehyde for 24 h, followed
by storage in 30% sucrose in PBS. Grafts were then sectioned to a thickness of 10 um on a
cryostat and then mounted directly on glass slides. Sections were mounted in such a way that
each slide contained every 10th section throughout the entire graft. Hematoxylin and eosin
(H&E) staining was performed on every 10th section to visualize not only general tissue
morphology but also to identify the presence of infiltrating peripheral blood cells. Hematoxylin
and eosin staining was performed by first incubating slides in xylene, followed by decreasing
concentrations of ethanol. Slides were then incubated in Mayer’s hemalum for 4 mins, followed
by washing in tap water and eosin incubation for 1 min. Finally, slides were differentiated in
95% ethanol, washed in absolute ethanol and xylene, and then coverslipped in Permount (Fisher
Scientific, Pittsburgh, PA, USA).

Immunohistochemistry

Specific detection of blood vessels and peripheral immune cells was achieved through the use
of fluorescent immunohistochemistry. Briefly, slides were first washed with PBS, followed by
incubation with 0.5% Triton X-100 in PBS for 1 h to make membranes permeable. After another
PBS wash (10 mins), the slides were incubated with blocking serum for 1 h in room temperature
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and finally incubated with primary antibody solution (laminin: 1:500, Abcam Inc., Cambridge,
MA, USA; Glutl: 1:500, Abcam; ED1 (CD68): 1:1,000, Millipore, Billerica, MA, USA; CD3:
1:1,000, BD Biosciences, San Jose, CA, USA) in PBS overnight at 4°C. After three washes in
PBS (3 x 5 mins), the sections were incubated with fluorescent secondary antibody (Invitrogen,
Carlsbad, CA, USA). A secondary goat anti-rat 1gG conjugated with rhodamine (1:30; Sigma-
Aldrich) was used on separate sections to examine the functionality of the blood—brain barrier
(BBB) in grafted tissues (see Figure 7). Sections were cover-slipped with polyvinyl alcohol
mounting medium with Dabco (PVA/DABCO) (Sigma-Aldrich) solution and examined in a
Nikon Eclipse E-600 microscope.

Quantification of Cellular Markers

Statistics

Quantification of peripheral blood components in H&E-stained sections was performed with
the aid of the optical fractionator probe (Stereolnvestigator; Microbrightfield, MBF
Bioscience, Williston, VT, USA) and a computer-assisted image analysis system including a
Nikon Eclipse E-600 microscope coupled to a Prior H128 motorized stage and an Olympus
750 video camera system. Infiltrating immune cells were identified on the basis of morphology
and H&E staining pattern. Every 10th section throughout each graft was outlined under low
magnification, and the number of cells was measured using a systematic random design of
disector counting frames. A x 60 objective lens with a 1.4 numerical aperture was used to count
individual cells within the counting frames. The number of cells per millimeter of graft area
was obtained by dividing the total number of cells per graft by the area in millimeters in which
the cells had been counted (no. of cells/(area of counting frame x no. of counting frames) =
no. of cells per mm?). Glucose transporter 1 (Glutl) expression in grafts was quantified by
densitometry. Briefly, background fluorescence was subtracted and the gray scale was adjusted
using density slicing. This approach captures all labeled profiles above a threshold density and
interactively discriminates them from density values below the threshold. Computer-assisted
imaging software (Scion Corporation, Frederick, MD, USA) then automatically measures the
mean optical density and the number of pixels per area of the extracted profiles in the outlined
regions. Two parameters were obtained from this procedure: the area covered by the specific
profile population (graft area) and the mean density of the specific profile (Glutl expression).
The percentage of graft area expressing Glutl was obtained by dividing the area of blood
vessels expressing Glutl by the total graft area.

The number of infiltrating peripheral immune cells and density of staining of Glutl was
analyzed with analysis of variance (Statview Version 5.0.1, SAS Institute Inc., Cary, NC,
USA). To examine graft growth longitudinally, we pooled the results from five different
experiments, which varied in terms of the groups that were examined as well as the timing of
the follow-up period. Normally, the presence of different follow-up intervals would pose
problems for traditional repeated-measures analysis of variance. In this study, we, therefore,
applied different random effects models (Singer, 2003; Little et al, 2006) to the analysis of
change in graft growth for the two age groups and two treatment groups to examine possible
global effects of host age and blueberry diet. Although this method provides the same basic
information as traditional repeated-measures analysis, in terms of longitudinal changes over
time, there are a number of advantages to this method of data analysis. Chief among the
advantages of this method of data analysis is the ability to adapt to variations in the follow-up
interval as well as the ability to include subjects for whom complete data are not available, two
features that are present in the current analysis.
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Results

Dietary Blueberry Supplementation Improved Graft Growth

The observed means for the graft growth per postgrafting time (expressed in weeks) are shown
in Figure 1A. These graft growth curves are summarized from five different experiments,
showing that there was a reproducible increase in transplant growth with blueberry treatment,
both in young and in aged graft recipients. As seen in the figure, each of the groups exhibited
growth over the course of the 13-week follow-up period after grafting. However, the figure
also shows that the graft growth was not purely linear. As a result, the initial random effects
model estimated linear, quadratic, and cubic effects for time. The results indicated that all three
of these time effects were statistically significant (linear: estimate = 1.63, s.e. =0.13, P <0.001;
quadratic: estimate = —0.16, s.e. = 0.03, P < 0.001; cubic: estimate = 0.01, s.e. = 0.001, P <
0.001). We then took this basic model and added interactions between each of the time effects
(linear, quadratic, and cubic) and age (young, old), treatment (control, blueberry), as well as a
three-way interaction with age and treatment. For the linear effect of time, there was a
statistically significant interaction with age (estimate = —1.06, s.e. = 0.34, P < 0.01) but there
were no effects for the treatment interaction or the three-way interaction with age and treatment.
For the quadratic effect of time, the interaction with age was statistically significant (estimate
=0.18, s.e. = 0.07, P < 0.05), as was the interaction with age and treatment (estimate = —0.19,
s.e.=0.10, P <0.05). The interaction between quadratic time and treatment was not statistically
significant. Finally, for the cubic time effect, the interaction with age was statistically
significant (estimate =—0.01, s.e. =0.003, P <0.05), as was the three-way interaction (estimate
=0.01,s.e.=0.005, P <0.05), but the interaction with treatment was not statistically significant.

To decompose the age by treatment interactions with time, we ran time by age models that
were stratified by treatment status (control, blueberry; ‘BB’). The predicted means for the four
different groups (young control, young BB, old control, and old BB) are shown in Figure 1B.
For the control condition, the interactions between time and age were statistically significant
for linear time (estimate = —1.02, s.e. = 0.30, P < 0.001), quadratic time (estimate = 0.18, s.e.
=0.06, P <0.01), and cubic time (estimate = —0.008, s.e. = 0.003, P < 0.05). These results
indicated that there were significant age differences in the time effects for the graft growth,
and Figure 1 shows that the young control group exhibited greater growth than the old-control
group. For the treatment group, none of the corresponding interactions between linear time
(estimate = —0.41, s.e. = 0.39, P = 0.293), quadratic time (estimate = —0.002, s.e. =0.08, P =
0.984), or cubic time (estimate = 0.002, s.e. = 0.004, P = 0.628) were statistically significant.
In this case, there were no age differences in graft growth rate across the two age groups in the
treated condition. Taken together, the results of this analysis show that grafts in young
recipients showed greater graft growth, but only when grafts in young versus old recipients in
the control condition were compared, because blueberry-treated grafts in aged recipients grew
as well or even better than grafts in young control recipients. Thus, as can be seen from the
predicted growth patterns in Figure 1B, there were no age differences in graft growth rate when
all groups were compared, suggesting that the blueberry treatment had alleviated effects of age
on growth of intraocular grafts.

Dietary Blueberry Supplementation Improved Graft Organization

Considering that the fetal hippocampal formation is a highly organized structure with cellular
layers corresponding to the dentate gyrus, CA1, and CA3 and that this cellular organization is
preserved in intraocular grafts (Granholm, 1991), we assessed cellular organization of
hippocampal grafts by means of H&E staining. Hematoxylin and eosin staining of hippocampal
intraocular grafts harvested at 1 to 2 weeks revealed that grafts from young hosts exhibited a
highly organized cytoarchitecture (Figures 2A and 2B) composed of distinct cellular layers.
Dietary supplementation of aged hosts with 2% blueberry imparted a similar cellular
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organization as that seen in young hosts (Figure 2F). Grafts from aged hosts maintained on a
control diet, however, exhibited a perturbed cellular organization (Figure 2E), with cells of
distinct morphology present but not integrated into specific patterns or layers. This difference
in cellular organization extended to grafts harvested at 8 to 12 weeks: grafts from young hosts
of both diets (Figures 3A to 3D) and aged hosts maintained on a blueberry diet (Figures 3F
and 3H) exhibited a cellular organization typical of intraocular hippocampal grafts in young
recipients (Granholm, 1991), whereas grafts from aged hosts maintained on a control diet
appeared more disorganized (Figures 3E and 3G), suggesting that the blueberry may have had
effects on graft organization. Transplants to blueberry-treated hosts have previously been
examined thoroughly for neuronal markers, and we found significant differences between the
supplemented and control groups using these markers as well (Willis et al, 2005).

Hematoxylin and eosin staining was used to visualize the presence of pools of eosin-positive
red blood cells in both young (Figures 2A to 2D) and aged (Figures 2E to 2H) host animals.
Red blood cell pools appeared at 1 to 2 weeks after transplantation in grafts from all groups,
indicating that timing of angiogenesis in grafted tissues was not altered by blueberry
supplementation neither was it altered by the age of the recipient animal at the time of grafting.

Peripheral Immune Cells did not Infiltrate Hippocampal Intraocular Grafts

To determine whether lymphocytes or granulocytes from the blood stream infiltrated
intraocular grafts, white blood cells were quantified in H&E-stained sections, on the basis of
morphologic appearance (Table 1). Basophil, eosinophil, and neutrophil granulocytes, as well
as lymphocytes, monocytes, and macrophages, were identified and counted in grafted tissues
according to the H&E staining pattern and morphology using a x 60 objective. Grafts harvested
at 1 to 2 weeks after transplantation in all groups contained very low numbers of identifiable
white blood cells (Figure 2, Table 1). However, even fewer white blood cells could be observed
in grafts harvested at 8 to 12 weeks after transplantation (Figure 3, Table 1). To verify the
efficacy of H&E staining in peripheral immune cell identification, a positive control was
generated by subjecting two young control diet hosts (i.e., four grafts, one per eye of each
recipient) to intravenous LPS treatment. Lipopolysaccharide induced infiltration of numerous
granulocytes and macrophages in intraocular grafts (Figures 31 and 3J), which were readily
visible by H&E staining. The presence of infiltrating immune cells in intraocular transplants
was examined using fluorescent immunohistochemistry for the lymphocyte marker CD3 and
the macrophage marker ED1. Lipopolysaccharide treatment gave rise to an increase in both
ED1 and CD3 immunohistochemistry, whereas no positive signal was observed in grafts from
young or aged control subjects or in any of the groups that were supplemented with blueberry
in the diet (data not shown, as all but one group showed no immunostaining with these markers).

Dietary Blueberry Supplementation did not Impact Expression of Vascular Markers

An initial assessment of graft vascularization at 8 to 12 weeks after transplantation was
performed using immunohistochemistry for the blood vessel marker laminin (Figure 4).
Laminin expression was markedly different in grafts from young versus aged hosts and
revealed a distinct morphologic effect of host age on graft vascularization. To confirm the
morphologic differences observed with laminin expression, we also performed
immunohistochemistry for the BBB marker Glutl in intraocular grafts at 1 to 2 weeks and at
8 to 12 weeks after transplantation. Glucose transporter 1 expression corroborated the
morphologic differences observed with laminin expression at 1 to 2 weeks (Figure 5) and at 8
to 12 weeks (Figure 6) after transplantation. Hippocampal grafts from young hosts exhibited
many thin, compact blood vessels with fairly small lumina throughout the graft regardless of
dietary manipulation. This expression pattern was seen in grafts from young hosts both at early
(Figures 5A to 5D) and late (Figures 6A to 6D) time points after transplantation. In grafts from
aged hosts, however, blood vessels appeared abnormal, with thick walls and an enlarged lumen
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at 1to 2 weeks (Figures 5E to 5H) and at 8 to 12 weeks (Figures 6E to 6H) after transplantation.
Dietary blueberry supplementation did not appear to affect blood vessel morphology regardless
of the age of graft recipients. Blood vessel morphology in grafts harvested from young hosts
treated with LPS (Figure 61 and 6J) was severely disrupted and resembled vessels in grafts
from aged hosts rather than the grafts from young hosts. As the aged host transplants already
displayed this disrupted blood vessel morphology, studies were not initiated to perform LPS
injections to the aged hosts. Vessels in LPS-treated grafts appeared larger, with a disorganized
structure, thick walls, larger lumen, and patchy Glutl expression within blood vessel walls
(Figure 6J), indicative of severely altered vessel morphology and/or permeability.

The degree of Glutl expression was quantified in hippocampal grafts from all groups through
densitometry (Figure 7E). At 1 to 2 weeks after transplantation, grafts from young hosts
exhibited a significantly lower area of Glutl immunoreactivity (young control 4.92% + 1.45%;
young blueberry 3.12% + 0.42%) as compared with grafts from aged hosts (aged control
18.92% + 3.59%; aged blueberry 19.16% + 2.61%), reflecting the morphologic appearance of
Glutl-positive blood vessels in grafts from young versus aged hosts. This trend in Glutl
expression was extended to grafts harvested at 8 to 12 weeks after transplantation. Grafts from
young hosts exhibited a lower level of Glutl expression regardless of dietary condition (young
control 5.99% + 1.16%; young blueberry 4.93% + 0.69%). The extent of Glutl expression in
grafts from aged hosts was higher than that seen in young hosts (aged control 17.95% + 4.78%;
aged blueberry 14.21% + 3.95%), but there was no significant effect of blueberry
supplementation on Glutl expression in aged hosts. Interestingly, grafts from young host
animals treated with LPS also exhibited an elevated level of Glutl expression (22.42% +
4.12%), which was not significantly different from grafts from aged hosts.

Blood—Brain Barrier in Intraocular Grafts

A common and noninvasive method for examination of the condition of BBB in neuronal rat
tissues is to stain with an anti-rat IgG conjugated with a fluorescent marker, such as rhodamine.
We have used this method in a previous published work to examine whether the barrier is intact
during different conditions (Granholm et al, 1996). If the BBB is intact, one will only detect
fluorescence within vessels, and if leakage is occurring, it is easy to detect anti-rat 1gG outside
vessels in the brain parenchyma. Figure 7 depicts anti-rat 1gG conjugated with rhodamine in
the four different groups, and Figure 7F shows densitometry assessments of this
immunostaining. As can be seen in Figures 7A to 7D, hippocampal grafts to aged hosts
exhibited increased IgG staining, indicative of leakage occurring into surrounding graft
parenchyma. This was also obvious in young grafts treated with LPS (Figure 7C), but not in
young control grafts (Figure 7D). Interestingly, the aged blueberry (BB, Figure 7A) appeared
to have less overall anti-rat 1gG staining compared to aged controls. The densitometry revealed
a significant increase in 1gG staining in aged controls compared to young hosts (P < 0.05; see
Figure 7F), but there was no significant difference between aged BB and young grafts (P >
0.1). Thus, it is possible that the blueberry diet may alter the functional properties of the BBB,
although this will be the focus of future, more invasive studies.

Discussion

The primary findings in this study were that blood vessels in intraocular grafts to aged hosts
exhibited a perturbed organization and vascular tree and that dietary blueberry supplementation
improved size and cellular organization of hippocampal intraocular grafts to aged host rats
without affecting the vascular morphology or density of blood vessels in grafted tissues.
Further, we found that hippocampal grafts to aged hosts exhibited a ‘leaky’ BBB, with abundant
parenchymal staining of fluorescent anti-rat 1gG. Although we did not observe effects of the
blueberry treatment on general vascularization of the grafted tissue or infiltration of peripheral
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blood cells, we present here preliminary data suggesting that blueberry diets may affect BBB
development or maintenance. To our knowledge, the fact that BBB is affected in hippocampal
grafts to aged hosts has not been published previously. At the very least, these data have ruled
out vascular development as the key factor for blueberry function in our model, pointing instead
to several other interesting mechanisms for antioxidant diets in aged hosts, such as BBB
function, glial development, growth factors, or cytokines.

In agreement with our previous study (Willis et al, 2005), blueberry supplementation
significantly improved the size of intraocular grafts to aged hosts. In this study, we have
expanded these previous studies by showing significant differences in graft growth between
young and aged recipients, as well as significant effects of blueberry treatment also in grafts
in young recipients. In addition to an increased size of hippocampal transplants to aged hosts,
dietary blueberry supplementation also improved graft organization. The fetal hippocampal
formation begins to develop around E13 with the infolding of the telencephalic wall. By E18,
the fetal stage used here, the hippocampal formation, exhibits a rudimentary organization
including a distinct dentate gyrus, CAL, and CA3 (Granholm, 1991). The continued
maintenance of this hippocampal cytoarchitecture has been consistently reported in intraocular
grafts (Olson etal, 1977, 1983; Granholm, 1991) and is disrupted when hippocampus is grafted
to aged hosts, as reported by our group previously (Eriksdotter-Nilsson and Olson, 1989; Willis
et al, 2005), although previous studies have not examined the effect of the age of the host on
BBB development. In our study, blueberry supplementation in aged hosts prevented this age-
associated disruption and maintained hippocampal grafts in an appropriately organized state.

As graft survival and growth is dependent on vascular support from the host, the present study
focused on the impact of age and blueberry supplementation on vascularization and infiltration
of circulatory cells. The formation of red blood cells pools is an early step in the formation of
a vascular tree in intraocular grafts (Tuba and Kalman, 1997), and the formation of an intact
BBB is completed at approximately 2 weeks after transplantation in intraocular grafts
(Granholm et al, 1996). A delay in the formation of an intact BBB could account for the
differences in growth and cell survival seen in our study, but previous work has shown that
hippocampal grafts develop normally even after graft vascularization has been delayed
(Eriksdotter-Nilsson and Olson, 1989). This is contrary to the earlier findings from this research
group showing that intraocular grafts of cortical tissue are dependent on normal vascularization
to develop organotypically (Bjorklund et al, 1983). Thus, it is possible that the hippocampal
formation is guided by factors other than vascular trophic molecules in its development,
contrary to other cortical regions. These findings, along with the consistent appearance of red
blood cells in grafts from all groups at 1 to 2 weeks after transplantation, imply that the effects
of blueberry supplementation on size and organization of grafts to aged hosts cannot be
exclusively attributed to the initial rate of vascularization of tissue, even though our studies
using anti-rat 1gG suggest that there may be remaining effects of aging and blueberry
supplementation on the BBB function even several weeks after grafting.

Once vascularization of grafts is complete, tight junctions in the BBB of the graft are fully
formed and graft blood vessels express markers seen in the brain in situ (Granholm et al,
1996). We quantified the presence of leukocytes, microphages, and monocytes in grafted
tissues and found very low numbers of peripheral immune cells both early (1 to 2 weeks) and
several weeks (8 to 12 weeks) after grafting. Blood-brain barrier endothelial cells express low
levels of adhesion molecules required in the trafficking of white blood cells across the barrier
(Bart et al, 2000), and leukocyte infiltration into central nervous system tissues is a process
that is tightly regulated (Hickey, 2001). Lipopolysaccharide was used as a positive control, as
it will increase levels of proinflammatory cytokines in circulation and induce a breakdown of
the BBB (Abbott and Revest, 1991). Although several leukocytes and macrophages were
detected in LPS-treated grafts, very few infiltrating cells were observed in grafts from either
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young or aged hosts. However, there was significant leakage of 1gG across the BBB in grafts
to aged hosts as compared to tissues grafted to young hosts (Figure 7). Preliminary studies
suggest that this leakage of 1gG may occur to a lesser extent in blueberry-treated aged hosts,
suggesting that further studies of BBB physiology in grafted tissues may be warranted.

Glucose transporter 1 immunohistochemistry revealed a dramatic difference in blood vessel
morphology in grafts from young versus aged hosts, which could be attributed to a number of
age-related changes in the ocular environment with aging. Aged animals exhibit increased
levels of proangiogenic factors such as vascular endothelial growth factor, basic fibroblast
growth factor, and transforming growth factor-g in the iris and the aqueous humor of the eye
(Tong et al, 2006), which can induce the expression and translocation of Glutl in endothelial
cell membranes (Sone et al, 2000). Additionally, as levels of proangiogenic factors become
elevated during aging, antiangiogenic factors decline with age (Ogata et al, 2004; Funaki et
al, 2001). These angiogenic factors can initiate neovascularization, which has been associated
with age-related ocular disorders (Glaser, 1990). As intraocular grafts attach to the host iris
and are surrounded by ocular fluid, angiogenic factors in the aged eye could account for the
alterations in blood vessels seen in hippocampal grafts to aged hosts. Interestingly, blood vessel
morphology and Glutl expression in the LPS-treated grafts from young hosts closely resembled
those of grafts in aged hosts. The effects of LPS on Glutl expression corroborate previous
studies showing that proinflammatory mediators can increase Glutl expression in equine
articular chondrocytes (Phillips et al, 2005) and in various cell lines in culture (Cohen et al,
1996). The proinflammatory cytokine interleukin-6 is elevated in patients with neovascular
glaucoma, a condition defined by excessive iris vascularization (Chen et al, 1999), suggesting
that the systemic inflammation caused by LPS injection may also result in elevated Glutl
expression in the grafts. Inflammatory processes may also have an important function in the
perturbation of blood vessels in intraocular grafts to aged hosts in this study, as inflammation
has been shown to increase during aging in humans and animals (Ye and Johnson, 1999; Krabbe
etal, 2004) and can disrupt neuronal survival (Kempermann and Neumann, 2003), particularly
in fetal neural tissue grafts (McGuire et al, 2001). Proinflammatory cytokines increase in ocular
fluid after eye surgery (Malecaze et al, 1991; King et al, 2000), and cytokine exposure during
the grafting procedure might also affect graft survival and organization. Blueberry
supplementation has been shown to modulate activation of microglia (Stromberg et al, 2005;
Lau et al., 2007). Therefore, our future studies will include a close examination of anti-
inflammatory processes as a possible mechanism for blueberry effects.

Our current findings indicate that blueberry in the diet did not affect vascular morphology of
intraocular grafts in either young or aged hosts. Although other nutritional compounds have
shown both antiangiogenic (Dulak, 2005) and proangiogenic (Kaga et al, 2005) activities,
depending on the tissue investigated, studies on angiogenic properties of blueberry have been
limited to human keratinocytes, where a blueberry-enhanced diet inhibited vascular endothelial
growth factor expression and decreased angiogenesis (Roy et al., 2002). A combination of
berry extracts containing blueberries was also shown to inhibit vascular endothelial growth
factor expression in keratinocytes and to impair angiogenesis in a human microvascular
endothelial cell line (Bagchi et al, 2004). Our results do not necessarily contradict findings of
antiangiogenic properties of blueberries in other systems but instead suggest that factors other
than angiogenesis may play a more major role in the effects of blueberry on the hippocampal
grafts observed here.

Our previous study revealed an increase in size and organization of hippocampal grafts to aged
hosts with blueberry treatment, along with an increase in the expression of neuronal markers
(Willis et al, 2005). Since the present study excludes graft vascularization as a major

mechanism of action of blueberries in our model, other potential actions of blueberries must
be explored. Blueberries have traditionally been identified as potent antioxidants (Prior et al.,
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1998). However, a seminal study by Joseph and Bickford (Joseph et al, 1999) showed distinct
effects of blueberries on neuronal signaling cascades when compared to other diets of the same
antioxidant level. These findings indicate that blueberries could have effects on neural tissue
independently of antioxidant actions. Blueberry supplementation has been found to increase
extracellular signal-related kinase (ERK) activation in the hippocampus (Casadesus et al,
2004), reverse the age-associated increase in heat shock protein 70 in the hippocampus (Galli
et al, 2005), and prevent loss of hippocampal CA1 pyramidal cells following lesions (Duffy
et al, 2007). The improvement in size and organization of hippocampal grafts in our current
study could be attributed to any of these direct effects of blueberry compounds on neuronal
parameters. Although the pooled analysis of graft growth presented here also showed
significant effects of blueberry on growth of hippocampal grafts in young recipients, the effects
on organization of the tissue were more prominent in the aged hosts. Therefore, blueberry
supplementation in our model system may be primarily affecting processes associated with

aging.

In conclusion, this study revealed that vascularization of hippocampal intraocular grafts was
dramatically different in young and aged graft recipients, but that dietary blueberry
supplementation did not affect vascular morphology in grafts from either young or aged hosts.
Further, we found that the peripheral infiltration of circulating immune cells appeared to play
a minor role in the development of intraocular tissues, suggesting that factors endogenous to
the grafted central nervous system tissues played a more significant role in organizational
differences between the recipient ages. These findings indicate that compounds in blueberries
may be acting directly on grafted neurons or on other host systems involved in graft survival.
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Actual (A) and predicted (B) growth curves for the transplants from the four groups up to 12
weeks postgrafting. A pooled analysis was performed of transplant growth from five different
experiments to determine potential interactions between growth, age of host, and treatment
with blueberry diets (BB). As can be gleaned from these two curves, data showed that
differences in graft growth were alleviated by blueberry treatment, suggesting that this
antioxidant diet could have major effects on growth of CNS tissue in both young and aged

recipients.
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Figure 2.

Hematoxylin and eosin staining of hippocampal grafts 1 to 2 weeks after transplantation from
young (A to D) and aged (E to H) hosts maintained on a control (A, C, E, G) or blueberry
supplemented (B, D, F, H) diet. Minimal numbers of peripheral immune cells were observed
in control and blueberry grafts of either host age. The box outlined in A, B, E, and F outline
higher magnification seen in C, D, G, and H and shows blood pools in grafted tissue filled
with red blood cells and some white blood cells as well at this early stage. Note that the
hippocampal grafts are well organized with specific cell layers obvious also at this early age,
at least in young grafts of both groups and aged blueberry treated grafts *, host iris attachment;

J Cereb Blood Flow Metab. Author manuscript; available in PMC 2009 June 8.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Willis et al.

Page 16

R, red blood cells; C, cornea; scale bar = 100 um (A, B, E, and F) and 25 um (C, D, G, and
H).
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Figure 3.

Hematoxylin and eosin staining of hippocampal grafts 8 to 12 weeks after transplantation from
young (A to D) and aged (E to H) hosts maintained on a control (A, C, E, G) or blueberry-
supplemented (B, D, F, H) diet and young hosts treated with LPS (I, J). The box in A, B, E,
and F demarcate the higher magnification area shown below for each image. Note the
difference in morphologic organization between the aged control graft (E) and all other grafts
at this time point after grafting (8 to 12 weeks). Peripheral immune cells were not observed in
control or blueberry grafts of either host age. Lipopolysaccharide treatment, however, induced
the infiltration of peripheral immune cells, including macrophages (J, arrows) and granulocytes
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(J, arrowheads). *, host iris attachment; R, red blood cells; scale bar = 100 um (A, B, E, F, and
1) and 25 um (C, D, G, H, and J).
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Figure 4.

Laminin expression in hippocampal grafts 8 to 12 weeks after transplantation from young (A,
B) and aged (C, D) hosts maintained on a control (A, C) or blueberry-supplemented (B, D)
diet. Laminin expression indicated that blood vessel morphology was distinctly different in
grafts from young versus aged hosts, but dietary blueberry supplementation did not appear to
affect morphology of laminin-positive blood vessels. (scale bar = 100 um (A to D); *, iris).
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Figure 5.

Glucose transporter 1 expression in hippocampal grafts 1 to 2 weeks after transplantation from
young (A to D) and aged (E to H) hosts maintained on a control (A, C, E, G) or blueberry-
supplemented (B, D, F, H) diet. Glucose transporter 1 expression revealed an extensive thin-
walled blood vessel network in grafts from young hosts (A, B) with larger, thick-walled vessels
present at the site of iris attachment (I; C, D). Grafts from aged hosts exhibited fewer blood
vessels (E, F) that appeared thicker (G, H) and less evenly distributed throughout grafted tissue
(scale bar = 25 um (A, B, E, and F) and 100 um (C, D, G, and H); *, iris).

J Cereb Blood Flow Metab. Author manuscript; available in PMC 2009 June 8.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Willis et al.

Page 21

Control Blueberry

Aged
host

LPS

Figure 6.

Glucose transporter 1 expression hippocampal grafts 8 to 12 weeks after transplantation from
young (A to D) and aged (E to H) hosts maintained on a control (A, C, E, G) or blueberry-
supplemented (B, D, F, H) diet, and grafts from young hosts treated with LPS (I, J). Grafts
from young hosts contained many thin blood vessels throughout the graft (A, B) in contrast to
grafts from aged hosts (E, F), which contained fewer thicker vessels with larger lumina. Higher
magnification revealed that vessels in grafts from young hosts appeared small and thin-walled
(C, D), whereas vessels in grafts from aged hosts (G, H) appeared enlarged with thick walls
and patchy Glutl immunoreactivity. Blood vessels in LPS-treated grafts resembled those in
grafts from aged hosts (scale bar = 25 um (A, B, E, F, and 1) and 100 um (C, D, G, H, and
J)). The * in figures represents location of host iris.
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Figure 7.

(A-D) Immunofluorescence showing anti-rat 1gG conjugated with rhodamine in a graft from
an aged blueberry-treated (A), aged control (B), young LPS (C), and young control (D) host.
(E) Percentage of graft area expressing Glutl in hippocampal grafts from young and aged hosts
maintained on a control or blueberry-supplemented diet at 1 to 2 weeks and 8 to 12 weeks after
transplantation, and young hosts treated with LPS (n = 8 for all dietary groups; n = 4 for LPS).
Note that there was a significant increase in Glutl immunoreactive staining in aged versus
young recipients, as well as in the LPS-treated grafts in young hosts. (F) Densitometry showing
significant increase in 1gG staining in the parenchyma from the aged control compared to young
control graft (*P < 0.05). The aged blueberry group was not significantly different from the
young control group.
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