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Abstract
Chronic hydrocephalus (CH) is a neurological disease characterized by increased cerebrospinal fluid
volume and pressure that is often associated with impaired cognitive function. By and large, CH is
a complex and heterogeneous CSF disorder where the exact site of brain insult is uncertain. Several
mechanisms including neural compression, fiber stretch, and local or global hypoxia have been
implicated in the underlying pathophysiology of CH. Specifically, the hippocampus, which plays a
significant role in memory processing and is in direct contact with expanding CSF ventricles, may
be involved. Using our model of chronic hydrocephalus, we quantified the density of VEGFR-2+

neurons, glial, endothelial cells, and blood vessels in hippocampal regions CA1, CA2-3, dentate
gyrus and hilus using immunohistochemical and stereological methods. Density and %VEGFR-2+

cell populations were estimated for CH animals (2–3 weeks vs 12–16 weeks) and Surgical Controls
(SC).

Overall, we found approximately 6–8 fold increase in the cellular density of VEGFR-2+ and more
than double BVd in the hippocampus of CH compared with SC. There were no significant regional
differences in VEGFR-2+ cellular and BV density expression in the CH group. VEGFR-2+ and BV
densities were significantly related to changes in CSF volume (p≤0.05), and not ICP. The %
VEGFR-2+ was significantly greater in CH than SC (p≤0.05), and was significantly correlated with
BV density (p≤0.05).

These results showed that CH elicited a profound increase in VEGFR-2+ in hippocampus that
corresponded to increased BV density. It was unclear whether increased VEGFR-2+ and BV
expression was related to focal compression alone or in combination with global ischemia/hypoxia
conditions as previously described. These findings suggest that VEGFR-2 may play an adaptive role
in angiogenesis after CH-induced hypoxia. Modulation of VEGF/VEGFR-2+ may be important in
developing treatments for hypoxic conditions including hydrocephalus and other forms of cerebral
ischemia.
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Introduction
Chronic hydrocephalus (CH) is a neurological disease characterized by increased cerebrospinal
fluid (CSF) volume and/or intracranial pressure (ICP). If left untreated, CH can result in
cognitive impairment for memory, attention, information processing, executive function, and
visuospatial and visuoconstructural skills similar to subcortical type dementia (Donnet et al.,
2004, Devito et al., 2005, Thomas et al., 2005),(Iddon et al., 1999, Klinge et al., 2002c, Klinge
et al., 2002d, Klinge et al., 2005, Relkin et al., 2005). While the exact pathophysiology is not
clearly understood, cognitive deficits observed in CH may be related to direct compression of
brain tissue and blood vessels, fiber stretching, or reduced cerebral blood flow(Graff-Radford
et al., 1987, Mamo et al., 1987, Larsson et al., 1994, Tanaka et al., 1997, Chang et al., 1999,
Owler and Pickard, 2001, Klinge et al., 2002b, Klinge et al., 2002c, Mori et al., 2002, Mataro
et al., 2003, Momjian et al., 2004, Owler et al., 2004b). Damage specifically to the prefrontal
cortex, thalamus, hippocampal formation and the fiber pathways connecting them may be
involved in CH- induced memory impairment. Due to their proximity to CSF ventricular spaces
namely the frontal and inferior horns of the lateral ventricles and the third ventricle, these areas
as part of the Papez circuit may be particularly vulnerable to ventriculomegaly. The
hippocampus, specifically the CA1 region, is also known to be susceptible to ischemic insult
as seen in various forms of cerebral ischemia and stroke. Thus, it may be possible to compared
and distinguish the degree and specific pattern of ischemic injury in CH from other forms of
neurologic diseases and cerebral ischemia.

Experimental evidence suggests that angiogenesis occurs in CH as an adaptive response to
hypoxia(Fukuhara et al., 2001, Luciano et al., 2001). Angiogenesis is a complex and tightly
regulated process that involves endothelial cell division, migration and proliferation in the
formation of new blood vessels(Plate, 1999, Dvorak, 2005). It is known that VEGF, a heparin-
binding homodimeric glycoprotein with optimal bioavailability and potency effects, is an
angiogenic factor involved in the fetal and adult brain(Rosenstein et al., 1998, Veikkola and
Alitalo, 1999, Zhang et al., 2000, Rosenstein and Krum, 2004, Dvorak, 2005). Studies reported
that the specific tyrosine kinase receptor VEGFR-2+, also known as KDR/Flk-1, becomes
expressed in response to ischemia and VEGF signaling(Neufeld et al., 1999, Ferrara and
Gerber, 2001). As a result, there is a direct relationship between VEGF/ VEGFR-2+ expression
and angiogenesis. However, it is not known whether the degree of hypoxia is directly related
to the angiogenic response.

In this study, we employed an experimental model of chronic obstructive hydrocephalus
previously developed and studied in our laboratory(Johnson et al., 1999, Fukuhara et al.,
2001, Luciano et al., 2001, Dombrowski et al., 2006) to investigate the degree of hypoxia insult
in the hippocampus after chronic hydrocephalus (CH) induction. Specifically, we used
histological and immunocytochemical staining, and stereologic counting methods to estimate
the density of VEGFR-2+ neurons, glial and endothelial cells, and blood vessels in hippocampal
areas CA1, CA2/3, dentate gyrus, and hilar region in CH and surgical control animals.

MATERIALS and METHODS
Animals

Sixteen (n=16) young adult, male hounds (canis familiaris) approximately 8–9 months of age,
weighing 25–30kg were used in this study. Animals were divided into two groups: Chronic
Hydrocephalus (CH, n=11) and Surgical Controls (SC, n=5). CH animals were further
subdivided into Short Term (ST; 14–33 days) and Long Term (LT; 90–180 days) according to
duration of condition. Animals were obtained from licensed suppliers and quarantined for a
minimum of seven days before entering into the study. All animals were maintained in the
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Cleveland Clinic Foundation fully accredited Animal Care Facility under the rules and
regulations of the Guide for the Care and Use of Laboratory Animals.

Surgical Induction of Chronic Hydrocephalus (CH)
The surgical procedure used to induce CH was originally developed in our laboratory(Johnson
et al., 1999) and has been studied extensively(Fukuhara et al., 2001, Luciano et al., 2001,
Dombrowski et al., 2006). Pre-surgical medications included Dilantin to prevent post-operative
seizures, dexamethasone to reduce inflammation, glycopyrrolate to reduce respiratory
secretions, and Gentamicin and Cefazolin to prevent infection. In brief, animals were induced
with sodium pentothal, connected to a ventilator, and maintained under general gas anesthesia
(1% isoflurane). Animals were then placed in a prone position in a stereotaxic headframe.
Under sterile conditions, skin, fascia and muscles of the posterior neck were retracted along
the midline from the external occipital pertuberance to the first cervical vertebrae. Next, a sub-
occipital craniectomy was performed to allow visualization of the cerebellar vermis and
brainstem. A small opening was made in the dura where a flexible, silicon catheter was inserted
into the CSF fourth ventricle and cyanoacrylic gel (0.3–0.6mL) was injected. The catheter was
then cut below the level of dura, and left in position. The dura, muscle, fascia and skin layers
were sutured in a layered fashion.

Surgical control animals were generated using the same procedures as those described for
experimental CH animals with the exception of saline injected into the fourth ventricle as
substitute for cyanoacrylic gel.

Post-Operative Care
All animals (CH and SC) received Dexamethasone, Gentamicin and Cefazolin immediately
post-operatively. The animals also received analgesics for the management of pain, and oral
antibiotics to prevent infection. Routine post-operative care was provided for pain, hydration
and infection, and included regular examination of vitals, pupillary reflex, and leg
responsiveness. Dextrose feeding (i.v.) was initiated in two animals that prolonged food/water
abstinence occurred. Medical treatment for increased intracranial pressure (ICP) included
mannitol, acetazolamide, and decadron. Due to acute fluctuations in intracranial pressure and
fluid retention, post-operative orders for i.v. fluids were limited to a rate of 25mL/hr until the
animal is able to drink independently. Body temperature, respiratory rate, heart rate, urine
production, activity, fluid intake, and IV fluid intake were recorded every hour.

MRI and Volumetric Analysis
Magnetic resonance images were collected prior to CH induction (i.e., baseline) and again at
sacrifice for CH and SC groups. The baseline and sacrifice MRI were used to evaluate the
anatomical severity and progression of hydrocephalus. Routine spin-echo magnetic resonance
images were acquired using a 1.5 T Siemens Vision Magnetom and archived onto optical disk
for subsequent volumetric analyses. Separate measures for brain and ventricular volume were
obtained by manually tracing their contours on approximately 60–80 sections in the coronal
plane of 1mm thickness from digital images using a commercially available image analysis
system (Microbrightfield™, Colchester, VT). Though some reports have cautioned against the
use of mongrel dogs for the purpose of hydrocephalus research because of the high incidence
of spontaneous ventriculomegaly in mixed strains, baseline MRI was used to identify any
animals with congenital hydrocephalus and reject them from the study.

Intraoperative Intracranial Pressure (ICP) Measurement
Intraoperative ICP measures were obtained for both CH and SC animals at baseline and prior
to sacrifice as previously described(Johnson et al., 1999, Fukuhara et al., 2001, Luciano et al.,
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2001, Dombrowski et al., 2006). In brief, animals were placed in a prone position in a
stereotaxic headframe, and a central arterial line was established for monitoring and control of
hemodynamic conditions (PaO2, 95–100mmHg; PaCO2, 35–45mmHg; pH=7.4).

A midline incision was made along the scalp, enabling the retraction of the right temporalis
muscle to expose the parietal bone posterior to the coronal suture. Using a small twist-drill, a
5mm frontal burr hole craniotomy was made above the dorsolateral frontal cortex of the right
hemisphere. The dura was opened and an ICP microsensor probe (Camino, #110–4BT; Integra
NeuroSciences) was inserted approximately 2mm below the cortical surface. Approximately
30–45 minutes was allowed for stabilization before ICP baseline measurements were obtained.

Histology / Immunocytochemistry
For sacrifice, animals were deeply anesthetized with sodium pentobarbital in combination with
inhaled isoflurane and perfused via bilateral catheterization of the carotid arteries with 0.1M
PBS followed by 4% paraformaldehyde in PBS. Brains were then removed, post-fixed for 24
hours in 4% PFA, and cryoprotective solution consisting of 30% sucrose for study of gross
pathology, frozen sectioning, and routine histology (H&E, cresyl violet) and VEGFR-2+

immunohistochemistry.

Brains were then cut in serial coronal sections on a freezing microtone at 40um and subjected
to immunocytochemical staining for VEGFR-2+ cellular expression and silver staining for
blood vessels was performed. Creysl violet was used as a counterstain to identifying
architectonic boundaries and normal cellular (neuronal and glial) characteristics including cell
size and shape, and nuclear staining intensities. Neurons were relatively large with pale
cytoplasm and a clearly identified nucleolus, while glia was usually smaller with intensely
stained nucleus. No distinction was made between pyramidal cells and interneurons. All glia,
including astrocytes, oligodendrocytes and microglia, were placed in one category. Endothelial
cells were smaller in size compared to glial cells, and intensely stained nucleus and sickle
shaped in transverse sections.

Immunocytochemical staining for VEGFR-2+ was performed on free floating sections, rinsed
thoroughly in 0.1%M PBS, and pre-treatment with 3.0% H2O2 and 10% methanol in PBS to
reduce staining from endogenous peroxidase. Tissue was then incubated in 3.0% normal rabbit
serum with 0.3% Triton X100 for 60 minutes followed by an overnight incubation at 4°C with
VEGFR-2+ (AF644, Flk-1/VEGFR-2, R&D Systems, Minneapolis, MN, U.S.A.) diluted at
1:50. Sections were rinsed and treated with a biotinylated anti-goat IgG at a dilution of 1:200.
Tissue sections were then rinsed and treated for 60 minutes in avidin-biotin complex (ABC
Elite Kit, PK-6105, Vector Labs, Burlingame, CA, U.S.A.) then treated with 3,3-
diaminobenzidine tetrahydrochloride (DAB, Sigma) for approximately 30 seconds. Sections
were rinsed, mounted on glass slides, and allowed to dry overnight. Sections were then
counterstained using creysl violet, cover slipped in preparation for microscopic analysis and
stereologic counting methods. Several sections were processed using immunoflourescent
methods for the purpose of showing VEGFR-2 localization in neurons and glial cells using
antibodies NeuN (monoclonal, mouse anti-neuronal nuclei, #MAB377, Chemicon/Millipore)
and GFAP (polyclonal, anti-glial fibrillary acidic protein, #G9269 Sigma-Aldrich) and
coverslipped using vectashield mounting medium with dapi (#H1200, Vector Labs).

Immunohistological control experiments were performed to distinguish specific VEGFR-2
staining (Fig. 1, 2A) from non-specific binding of the VEGFR-2 antibody through direct
omission of either the primary antibody (Fig. 2B), or anti-goat IgG secondary (Fig. 2C).
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Blood vessel staining
Tissue sections containing the ventral hippocampus were impregnated with silver (FD
NeuroSilver Kit I, FD NeuroTechnologies, Inc., Baltimore, MD) to visualize changes in the
vascular tree. After mounting, the tissue was dehydrated in absolute alcohol, cleared in xylene,
and cover slipped using Cytoseal-60 mounting medium (Richard-Allan Scientific, Kalamazoo,
MI).

Section and region sampling for stereologic counting
Starting from anterior to posterior, five randomly selected 40μm thick sections cut in the
coronal plane were sampled from each animal. Stereologic counting methods were performed
on a total of eighty tissue sections, five sections from each of eleven different animals (CH=11;
SC=5). Counts were performed separately for VEGFR-2+ immunocytochemical cell staining
and blood vessel silver staining. Stereologic procedures were performed by two independent
investigators; inter- and intra-investigator reliability was >90%.

The anterior first-third of the ventral hippocampus was selected as the region of interest. This
region was further subdivided into four distinct subfields: CA1, CA2/3 (amalgamation of CA2
and CA3), dentate cell layer, and hilar region. Cytoarchitectonic boundaries of these
hippocampal subdivisions were identified in creysl violet stained sections and delineated
according to the canine atlas of Dua-Sharma, S., Jacobs, H. L., & Sharma, K. N. (1970)(Sushil
Dua-Sharma, 1970.) and a previous anatomical study(Salazar et al., 1990).

Stereological methods
Unbiased estimation of numerical density of neurons, glial cells and endothelial cells in the
canine hippocampus were made by sampling the hippocampus in a systematic random manner
with optical dissectors, an extension of the dissector principle. According to the principles of
stereology, counts were obtained using approximately 25–30 optical dissectors (i.e., counting
frames) with dimensions (75μm × 100μm × 40 μm) for each region of interest in each section,
five sections per animal. Boundaries of the hippocampus and subdivisions were traced
manually at low (2.5X) magnification under a light microscope with a camera attached to a
computer with the aid imaging capture program. Cells were point counted by optical dissector
at 100X magnification under oil immersion. Cellular density was estimated using a method
adapted from previous studies(West, 1993, Dombrowski et al., 2001). Density of blood vessels
in the canine hippocampus was performed using stereologic methods previously reported
(Lokkegaard et al., 2001). Blood vessels were counted at 40X magnification from 40–45
randomly placed dissectors (75μm × 100μm × 40 μm) per region per section. Methods used to
estimate blood vessel density did not distinguish between large (diameter >5μm) and small,
i.e., capillary vessels. Quantitative differences in cellular density (cells/mm3) for VEGFR-2+
and blood vessel density were performed using a semi-automated stereological cell counting
system (StereoInvestigator, v5.04.5; Microbrightfield; Williston, VT).

Statistical Analysis
The results of this study are expressed as mean ± the standard error of the mean for VEGFR-2
+ and blood vessel density, total cell density, and percent (%) VEGFR-2+ density. Statistical
comparisons were made across groups (CH-ST, CH-LT, and SC), hippocampal subdivisions
(CA1, CA2/3, DG, and HL), and cell types (neurons, glial cells, and endothelial cells) using
analysis of variance (ANOVA) followed by subsequent two-tailed unpaired t-tests.
Correlations were made between blood vessel density, VEGFR-2+ cellular densities, and CSF
volume and pressure. Statistical significance was accepted at the probability level less than
0.05.
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RESULTS
In this study, we report the density and percent population of VEGFR-2+ neurons, glial and
endothelial cells in CA1, CA2/3, dentate gyrus, and hilar regions of the canine hippocampus
in both experimental and surgical control animals (Fig. 1A–C). We were able to clearly
differentiate cell types and blood vessels based on morphological criteria and staining intensity
(Figs. 1 and 4). Under microscopic visualization, CH animals appeared to have more
VEGFR-2+ cells and blood vessels than surgical control animals (Figs. 1 and 4). Double
labeling immunoflourescence investigation confirmed VEGFR-2 positive staining in neurons
(Fig. 3A) and astrocytes (Fig. 3B). Quantitative stereologic counting methods to estimate
neuronal, glial and endothelial cell and blood vessel densities confirm these differences.

Confirmation of Chronic Hydrocephalus (CH)
Overall, baseline CSF total volume (0.22–1.9cc, mean 0.92cc) increased approximately 200%
in CH animals and 14% in SC animals (Fig. 5). There was no significant difference in CSF
volume between ST and LT CH groups. Baseline ICP, which ranged from 5.9–18.4 mmHg
(mean 9.39mmHg), did not increase significantly in either the CH or SC groups, and there was
no significant difference in ICP between groups.

There was no incidence of mortality or morbidity in any animal for either the experimental or
control groups. Recovered animals showed persistent ataxia, but were normally responsive and
ambulatory. In CH-induced animals, gross morphological changes were observed including
ventricular distension, sulcal widening, gyral flattening, cortical compression and distortion.
Autopsy performed in each animal revealed no evidence of intracerebral or intraventricular
bleeding, which corroborated with MRI data. Routine histological analysis showed no signs
of intracerebral bleeding or anomalous pathological condition.

Density and Percentage (%) VEGFR-2+ Neurons, Glial and Endothelial Cells
Table 1 shows neuronal (Nd), glial (Gd) and endothelial cell (ECd) density and percentage (%)
of VEGFR-2+ of neurons, glial and endothelial cells in hippocampal areas CA1, CA2/3, dentate
gyrus, and hilar region for CH (ST and LT) and SC groups. Overall, the density and percentage
of VEGFR-2+ cells for CH animals was significantly higher than SC animals for all
hippocampal areas investigated (Figs. 6 and 7). Specifically, VEGFR-2+ Nd and %N was
approximately 3–6 times greater in the CH (ST and LT) groups (7,569±1,506 to 22,733±3,758
N/mm3; 50–81%) compared with the SC group (2,664±816 to 5,386±2015 N/mm3; 12–26%).
Similarly, VEGFR-2+ Gd and %G was approximately 3–6 times greater in the CH (ST and
LT) groups (5,885±1,460 to 21,454±6890 G/mm3; 13–64%) compared with the SC group
(3,034±617 to 4,865±937 G/mm3; 5–9%). To a lesser extent, VEGFR-2+ ECd and %EC was
3–6 times greater in the CH (ST and LT) groups (2,237±414 to 5,197±1157 EC/mm3; 51–76%)
compared with the SC group (963±193 to 1,287±284 EC/mm3; 10–18%). Statistically, there
was no difference in VEGFR-2+ density or percentage between ST and LT hydrocephalus
groups for any hippocampal region and/or cell type.

Regionally, VEGFR-2+ density was similar between the four hippocampal regions investigated
with the exception of Nd and Gd in the hilar region being were approximately 3 times lower
than CA1, CA2/3 and DG in the CH-ST group (Table 1; Fig. 6; p≤0.01). By comparison, %
VEGFR-2+ glial cells in the hilar region was approximately 5 times lower compared with CA1,
CA2/3 and DG in both ST and LT CH groups (p≤0.001; p≤0.05, respectively).

While slight differences in the density and percentage of VEGFR-2+ between cell types were
observed in control animals, larger differences were found in hydrocephalus animals (Table
1, Figs. 6 and 7). Specifically, the density of VEGFR-2+ neurons and glial cells, which were
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similar, were approximately 3-fold greater than EC density in all hippocampal areas with the
exception of the hilar region where the opposite was noted (Table 1; Fig. 6). Comparatively,
%VEGFR-2+ neurons was slightly greater than the percentage of glial and endothelial cell
populations in all hippocampal areas with the exception of %VEGFR-2+ glial cells in the hilar
region being approximately 4-fold less.

Blood Vessel density (BVd)
Table 1 and Figure 6D shows the density of blood vessels (BVd) for hippocampal areas CA1,
CA2/3, dentate gyrus, and hilar region for CH (ST and LT) and SC groups. Overall, BVd in
CH (ST and LT) animals (752 to 1070 BV/mm3) was approximately twice that of SC animals
(380 to 483 BV/mm3) for all hippocampal areas investigated (p≤0.01). BVd was not
significantly different between ST and LT CH groups. Regionally, there were no significant
differences between hippocampal areas for either the CH (p=0.15) or SC (p=0.23) groups.

Relationship between VEGFR-2+, BVd and Hydrocephalus
Figure 8 shows the correlation between %VEGFR-2+ neurons, glial and endothelial cells and
blood vessel density for hippocampal areas CA1, CA2/3, dentate gyrus, and hilar regions in
hydrocephalus and control animals. As BVd increased in the hippocampus, the %VEGFR-2+

neurons (p=0.02, R=0.78) and endothelial cells (p=0.01, R=0.81) increased in the different
groups.

Change in CSF ventricular volume, and not ICP, was directly correlated with %VEGFR-2+

cellular expression and BVd in the hippocampus (Figs. 9 and 10). Specifically, when SC and
CH data was combined, CSF ventricular volume change was significantly correlated with %
VEGFR-2+ in CA1 (p=0.0001; R=0.65), CA2/3 (p=0.001; R=0.66) and DG (p=0.0004;
R=0.63), but not in the hilar region. However, within the CH group alone, we found no
correlation between %VEGFR-2+ and CSF volume change (Fig. 8). Finally, Figure 10
illustrates a significant correlation between BVd and CSF ventricular volume change in CA1
(p=0.002; R=0.77), CA2/3 (p=0.0002; R=0.85) and DG (p=0.001; R=0.78).

DISCUSSION
This investigation found quantitative differences in the density of blood vessels and
VEGFR-2+ + neurons, glia and endothelial cells in CA1, CA2/3, dentate gyrus, and hilar
regions of the hippocampus in an experimental model of chronic obstructive hydrocephalus
compared to surgical control animals. Overall, VEGFR-2+ expressions were similar across
different regions and cell types, and were directly related to blood vessel density and
ventriculomegaly. The current findings confirm and extend earlier studies from our laboratory
showing blood vessel proliferation in occipital cortex and caudate nucleus(Luciano et al.,
2001) that can be attributed to decreased cerebral blood flow(Dombrowski et al., 2006) and
oxygen delivery(Fukuhara et al., 2001, Dombrowski et al., 2006) several weeks after the
induction of hydrocephalus. Taken together, these findings support the idea that CH is a chronic
ischemic condition which initiates an angiogenic response mediated through VEGFR-2.

Regional pattern of VEGFR-2 expression in hippocampus
We reported no significant regional differences in VEGFR-2+ and blood vessel density across
hippocampal areas CA1, CA2/3 and dentate after hydrocephalus. Regional differences may
have been expected based on findings from global ischemia and stroke models that showed a
dissimilar spatial pattern of damage after ischemic insult, particularly in CA1 which seems to
be most affected in low blood flow states.(1990, Hu et al., 2000a, Hu et al., 2000b, Sugino et
al., 2000, Gu et al., 2001a, Gu et al., 2001b, Choi et al., 2006) In a rat model of kaolin-induced
hydrocephalus, Klinge et al., 2003 showed a global increase in neuronal nitric oxide synthase,
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a selective marker for acute cerebral ischemia, in cerebral cortex and CA1 that corresponded
to prolonged decreases in blood flow.(Klinge et al., 2003) It is possible that basic structural
and functional differences in blood vessel anatomy in different hippocampal subfields may
explain these findings.(Cervos-Navarro and Diemer, 1991, Patt et al., 1997)

In addition, the relative proximity of the hippocampal region to expanding CSF ventricular
space may also influence VEGFR-2+ density. The medial temporal region, specifically the
paraventricular areas of hippocampal cortex and CA1-3 may be susceptible to focal
compression effects caused by ventriculomegaly. However, our results showed similar
VEGFR-2+ and blood vessel densities across CA1, CA2/3, and dentate. The hilar region was
the exception where the increase in neuronal and glial VEGFR-2+ density was not as profound
as in the other regions, and where endothelial cell VEGFR-2+ density and blood vessel density
was greater than CA1-3 and dentate. We showed that except for the hilar region, %
VEGFR-2+ expression were directly related to ventriculomegaly. Thus, homogeneity in
VEGFR-2+ expression may represent a suprathreshold stimulation of the hippocampal region,
either through physical or hypoxic mechanisms, or both.

Specific VEGFR-2+ cell-type expression
Different hypoxia or ischemic conditions can induce different VEGF expression profiles and
cellular localization (Cobbs et al., 1998) (Hayashi et al., 1997, Patt et al., 1997, Lennmyr et
al., 1998, Patt et al., 1998, Kuo et al., 1999, Lee et al., 1999, Plate, 1999, Plate et al., 1999).
For example, in rats sub-lethal chronic hypoxia conditions have been shown to elicit VEGF
expression in astrocytes in vivo (Ogunshola et al., 2000) as well as in vitro (Ment et al.,
1997, Rosenstein et al., 1998, Chow et al., 2001). By comparison, in a rat model of MCAO,
transient hypoxia resulted in an early onset and rapid disappearance of VEGF mRNA
expression in neurons(Hayashi et al., 1997). In clinical studies for stroke and tumor, and other
chronic neurologic diseases such as Parkinson’s and Alzheimer’s disease the ischemic
condition and VEGF expression is prolonged(Kalaria et al., 1998, Issa et al., 1999, Yasuhara
et al., 2005). Regardless of pathology, under hypoxic conditions the normal temporal-spatial
expression of VEGF-induced angiogenesis is disturbed that is usually maintained by neurons,
and then controlled via glial-endothelial cell interactions. However, our findings showed
relatively similar VEGFR-2+ expressions among different cell types in hippocampus after CH
induction. Specifically, we reported the total proportion of VEGFR-2+ neurons (50–81%), glial
cells (15–64%) and endothelial cells (51–75%) to be approximately 3–6 times greater in
hydrocephalic animals compared with 10–15% in control animals. These results suggest that
CH elicited an extraordinary high and nearly equivalent VEGFR-2+ response in neurons, glial
and endothelial cell types. This may reflect differences in the degree and/or the duration of
hypoxia, specifically as it relates to hydrocephalus insult. As shown here for CH, such a
profound expression of VEGF in all cell types suggests a severe and extended hypoxic event.
The degree or level of cellular response to hypoxia shown here for CH was similar to earlier
studies in stroke, tumor, and cerebral ischemia which reported a significant increase in VEGF
expression (Issa et al., 1999) (for reviews see (Rosenstein et al., 1998, Ferrara and Gerber,
2001, Rosenstein and Krum, 2004)). Though it is well known that VEGF plays a significant
role in angiogenesis and neuroprotection, it is not evident from our results which cell types
may be involved in adaptive or protective responses after CH-induced ischemic injury.

Early versus late stage chronic hydrocephalus
There is evidence from experimental studies that the expression of VEGF and VEGFR-2 is
closely associated with onset and cessation of ischemia/hypoxia. In experimental stroke
models, it has reported that VEGFR-2 expression increases as early as 6 hours after middle
cerebral artery occlusion with peak activity observed after 5–7 days, and where VEGF
expression returned to near normal levels after 3 weeks. We report similar VEGFR-2+ and
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blood vessel density expression at the early (2 week) and late (12+ week) post-CH induction
time points. This suggests that the onset of VEGF expression most likely occurred earlier than
two weeks and persisted longer than late stage (>12 weeks) hydrocephalus. This also suggests
that adaptive processes involving VEGFR-2 induced angiogenesis may be active as early as
two weeks. However, due to similar blood vessel density findings early versus late, it is unclear
whether VEGFR-2 continues to have a role in blood vessel proliferation late (>12 weeks) in
CH. Compared with MCAO stroke models, CH-induced VEGFR-2+ expression remained high
even after 12+ weeks. These findings suggest that CH can result in a significant increase in
VEGFR-2+ expression that is similar to permanent cerebral ischemia such as in stroke (Marti
and Risau, 1998, Issa et al., 1999, Marti and Risau, 1999, Marti et al., 2000, Marti, 2005), and
may correspond to an extended ischemic/hypoxic state.

VEGFR-2+ expression related to CH severity
Clinically the degree or severity of CH symptoms can vary from patient to patient and are often
directly associated with ventriculomegaly and/or increased ICP. Since increased ICP may be
transient, changes in CSF ventricular volume may be a better measure for hydrocephalus
severity. Our results showed a direct relationship between %VEGFR-2+ and blood vessel
density, and CSF ventricular enlargement, but not ICP. This finding most likely corresponds
to the persistence of ventriculomegaly and transient ICP changes in our experimental model
that mimics the same clinical condition. The exact mechanisms underlying these findings are
unclear. First, albeit transient we cannot ignore possible damage sustained during increased
ICP. Next, we cannot rule out local effects relating to focal compression or afferent/efferent
fiber stretching to the hippocampal region that could contribute to ischemic damage observed.
Finally, we must consider other direct (i.e., damage to brainstem cardio-respiratory nuclei) or
indirect (i.e., neurohumoral) systemic factors that could affect cardiac function leading to
reduced CBF and eventual global ischemia as described in an earlier study from our laboratory.
(Dombrowski et al., 2006)

The role of VEGFR-2+ in CH: angiogenesis and neuroprotection—The increase in
cellular VEGFR-2+ density and blood vessel density may not be coincidental. There is
considerable evidence that VEGFR-2 play a significant role in angiogenesis. Consequently,
we found increased VEGFR-2+ expression that corresponded directly to increased blood vessel
density in hippocampus after CH-induced hypoxia. Thus, we confirm earlier reports that show
a close relationship between VEGF/VEGFR-2 expression and angiogenesis. Newly formed
blood vessels, however, have fewer and more immature endothelial cells that may have
different structural and functional properties such as a permeable blood brain barrier
(Rosenstein et al., 1998, Fischer et al., 2002, Schoch et al., 2002, Valable et al., 2005).

In addition, there is experimental evidence suggesting that VEGF plays an important role in
neurodegeneration by impairing neural tissue perfusion (for review see (Storkebaum and
Carmeliet, 2004, Storkebaum et al., 2004)), or is a critical factor in neurogenesis(Jin et al.,
2002, Louissaint et al., 2002, Fabel et al., 2003), and/or neuroprotection (for review see
(Storkebaum et al., 2004)). It is not known whether changes in VEGFR-2 density as shown
here reflect protective or destructive mechanism in the hippocampus after CH induction.
However, earlier studies reported axonal and neuropile degeneration but no cell loss in the
hippocampus and cortex of hydrocephalus animal models(Ding et al., 2001, Del Bigio et al.,
2003). Therefore, the increased expression of VEGFR-2+ we found may indicate certain
adaptive mechanisms for recovery as seen in other forms of cerebral ischemia (Cobbs et al.,
1998, Jin et al., 2000) (Hayashi et al., 1997) (Lennmyr et al., 1998) (Pichiule et al., 1999,
Pichiule et al., 2003)
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Alternative explanation for increased VEGFR-2 expression and angiogenesis
While previous work from our laboratory showing decreased cerebral blood flow (Dombrowski
et al., 2006), decreased tissue and CSF oxygen saturation (Fukuhara et al., 2001), and specific
changes in cerebrovascular adaptation (Luciano et al., 2001) support an argument for this model
of chronic obstructive hydrocephalus being similar to other ischemic/hypoxic conditions
including stroke, there still may be other explanations for increased VEGFR-2 and blood vessel
density. Studies have shown increased VEGF and VEGFR-2 expression relating to direct
cellular/axonal injury, chronic physiological stress, and, in part, after inflammatory response.
Wang et al. (2005) showed that expressions of VEGF and VEGFR-2 in the hippocampus of
ICR mice were upregulated after entorhinal deafferentation (Wang et al., 2005)(Wang, WY,
2005 Neuroscience). Heine et al. (2005) reported increased VEGF and VEGFR-2 expressions
in GFAP positive astrocy(Hara and Okayasu, 2004)tes in the hilar region and to a lesser extent
in the granule cell layer of the rat hippocampus after chronic stress (Heine et al., 2005)(Heine,
VM 2005 Eur J Neuroscience). In addition several growth factors and pro-inflammatory
mediators including TGF-alpha and beta, IGF-1, FGF, PDGF, and keratinocyte growth factor
have been shown to be directly involved in the up regulation of VEGF mRNA (for review see
Ferrara, 2004, 2005)(Ferrara, 2004, Ferrara, 2005). Croll et al. (2004) and later Kasselman et
al. (2007), who demonstrated that inhibition of the inflammatory mediators significantly
attenuated VEGF induced pathological angiogenesis (Kasselman et al, J Vas Res. 2007)(Croll
et al., 2004, Kasselman et al., 2007). Gallo et al. (2002) reported that overexpression of COX-2
and iNOS may contribute to VEGF-induced angiogenesis head and neck squamous cell
carcinomas(Gallo et al., 2002). Similarly, Hara et al. (2004) reported COX-2 expression
significantly correlated with iNOS and VEGF modulation in human astrocytic gliomas(Hara
and Okayasu, 2004). Many growth factors including FGF-1 and 2, HGF, PDGF, Ang-1 and 2,
TGF-alpha and beta, IL-8, leptin and prostaglandins are also able to generate new blood vessels.
TGF-alpha, HGF and FGF-2 act at least in part by regulating VEGF expression and others
have secondary roles in vessel formation and differentiation(Dvorak, 2005). Thus, it is possible
that increased VEGFR-2 expression and blood vessel density may be the result of several
factors unrelated to hypoxia/ischemia. The fact that ventriculomegaly may result in cellular
injury relating directly to white matter fiber stretch may be a plausible explanation. However,
the current results showing equal distributions of both VEGFR-2 and blood vessel density
across different hippocampal areas most likely reflects a global phenomena and not regional
specific changes.

Causes of CH-induced hypoxia
Clinical and experimental studies have shown that chronic hydrocephalus is associated with
decreased cerebral blood flow and oxygen delivery to the brain(Graff-Radford et al., 1987,
Mamo et al., 1987, Larsson et al., 1994, Tanaka et al., 1997, Chang et al., 1999, Owler and
Pickard, 2001, Klinge et al., 2002a, Klinge et al., 2002b, Mori et al., 2002, Mataro et al.,
2003, Momjian et al., 2004, Owler et al., 2004a) (for review see Owler, 2001 (Owler and
Pickard, 2001)). Experimental studies from our laboratory(Fukuhara et al., 2001, Luciano et
al., 2001, Dombrowski et al., 2006) and others(da Silva et al., 1995, Richards et al., 1995,
Klinge et al., 2003) report similar hypoxia or low blood flow conditions in experimental models
of hydrocephalus. It is well known that VEGF is up regulated in hypoxic conditions where
blood flow is reduced. Our results correspond showing an increase in VEGFR-2+ density in
an experimental model of CH that most likely reflects the low CBF state in CH. Though we
did not directly measure blood flow to the hippocampal region, earlier results from our
laboratory suggest that global ischemia in CH may be a response to reduced CBF as described
earlier(Dombrowski et al., 2006).

VEGF, hippocampus, and memory—Chronic hydrocephalus is often associated with
memory impairment, specifically subcortical type dementia(Iddon et al., 1999, Klinge et al.,
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2002c, Klinge et al., 2002d, Klinge et al., 2005, Relkin et al., 2005). However, the exact
pathophysiology underlying cognitive impairment in CH is not well understood. Damage
specifically to the hippocampal formation and the fornix/fimbria pathways have been
implicated in memory processes including consolidation, storage and retrieval. Due to their
proximity to CSF ventricular spaces namely the frontal and inferior horns of the lateral
ventricles and the third ventricle, these areas as part of the Papez circuit may be particularly
vulnerable to ventriculomegaly. Findings from earlier studies reporting little, if any cell loss
in the hippocampal region along with our results showing increased VEGFR-2+ expression in
CH suggests that while the hippocampus may be spared, it may be functionally incapacitated.
Studies have found that VEGF can act as a neurotrophic factor and promote neurogenic effects
in brain(Jin et al., 2002, Zhu et al., 2003, Sun et al., 2006, Wang et al., 2007). Cao et al. (2004)
reported that inhibition of VEGF expression completely blocked neurogenesis, while VEGF
gene transfer in hippocampus resulted in neurogenesis and cognitive improvement, thus
showing that hippocampal VEGF expression may respond to environmental stimuli. Therefore,
it is possible that VEGF may play an important role in cellular adaptation but also plasticity
in the hippocampus.

CONCLUSIONS
Overall, chronic hydrocephalus may be considered a chronic ischemic condition which initiates
an angiogenic response mediated through VEGFR-2 (Fig. 11). Specifically, hydrocephalus can
result in brain injury through increased CSF volume and/or pressure. As a result, a hypoxic
response can occur through either decreased cerebral perfusion pressure caused by increased
ICP, or via reduced cardiac output and cerebral blood flow relating to brain and blood vessel
compression caused by ventriculomegaly. Hypoxia, in turn, activates VEGF and VEGFR-2
mechanisms in neurons, glial and endothelial cells that can be involved in adaptive processes
including angiogenesis (Fig. 11).

The findings of VEGFR-2 expression and BVd reported in this study suggest that: (1) chronic
hydrocephalus may be considered a significant and prolonged ischemic condition; (2) different
hippocampal (CA1, CA2/3, and DG) regions may be equally vulnerable to CH-induced
ischemic injury; (3) the extent of neuronal, glial and endothelial cell VEGFR-2 response to
hypoxia is similar, and may be unrelated to cell loss in the hippocampus; (4) increased BVd
may be directly related to increased VEGFR-2 expression; (5) the exact role of VEGF activation
is uncertain, but may be involved in an adaptive protective response to chronic hypoxia; (6)
the relationship to ventriculomegaly suggests a specific “hydrocephalus effect” but the exact
mechanism, i.e., local compression, remains uncertain. Finally, treatment options specifically
those targeting VEGF activation may be considered as adjunct management for hydrocephalus
and other cerebral ischemic conditions including stroke.
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gc  
granule cell layer

Gd  
Glial Cell Density

HR  
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LT  
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Vascular Endothelial Growth Factor
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Figure 1.
Photomicrographs showing VEGFR-2+ immunohistochemical expression in neurons (A), glial
cells (B) and endothelial cells (C). Example of increased VEGFR-2+ expression in CH (D, F)
compared to SC (E, G), and high magnification (insert) showing staining specifically in CA2/3
region. Scale bar equals 10μm.

Dombrowski et al. Page 18

Neuroscience. Author manuscript; available in PMC 2009 March 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Photomicrographs showing immunohistochemical staining for VEGFR-2 (A) and in control
experiments with the primary antibody omitted (B), and with secondary anti-goat IgG omitted
(C) in order to discern non-specific staining. Results of control experiments reveal little if any
non-specific staining.
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Figure 3.
Photomicrographs showing immunoflourescent double labeling methods used to determine
VEGFR-2 expression in neurons (A) and glial cells (B). VEGFR-2 staining (green) colocalizes
with NeuN (red) for neuron identification in (A) and with GFAP (red) for astrocytes in (B).
Sections counterstained with dapi (blue) for architectonic differentiation. These findings
confirming that VEGFR-2 may be found in neurons as well as glial cells. Bars equal 10μm.
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Figure 4.
Photomicrographs showing differences in blood vessel density in control (A) and chronic
hydrocephalus (B) canine hippocampus. Inserts illustrates increased BVd in CH compared to
SC at high magnification silver staining in the dentate gyrus and granule cell layer. Scale bars
equal 25μm.
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Figure 5.
MRI confirmation of CSF ventricular volume change in SC (A,C) versus CH (B,D) animals.
Overall, baseline CSF volume increased approximately 200% in CH animals compared with
surgical controls as measured via 3D MRI volumetrics.
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Figure 6.
Density (cells per mm3) of VEGFR-2+ neurons (A), glial cells, (B) endothelial cells (C), and
blood vessels (D) in CH (Short Term, ST; Long Term, LT) and SC in hippocampal areas CA1,
CA2/3, dentate gyrus, and hilar regions. * p≤0.05; **p≤0.01
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Figure 7.
Bar graph illustrating percentage (%) VEGFR-2+ cells per total number of neurons (A), glial
cells (B) and endothelial cells (C) in CH (ST, LT) and SC in hippocampal areas CA1, CA2/3,
dentate gyrus, and hilar regions.
* p≤0.05; **p≤0.01
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Figure 8.
Two-dimensional box graph illustrating the relationship between %VEGFR-2+ and blood
vessel density in CH (ST, LT) and SC in hippocampal areas CA1, CA2/3, dentate gyrus, and
hilar regions.
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Figure 9.
Relationship between %VEGFR-2+ and percent change (%Δ) CSF ventricular volume for CH
and SC combined (solid line), and for CH only (dashed line) in hippocampal areas CA1, CA2/3,
dentate gyrus, and hilar region. Statistical significance (p≤0.001) was reported for CA1, CA2/3
and DG in CH + SC combined group (A,B,C).
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Figure 10.
Relationship between BV density and CSF ventricular volume change (%Δ) for CH (ST, LT)
and SC in hippocampal areas CA1, CA2/3, dentate gyrus, and hilar regions. Only when CH
and SC groups were combined was there a significant correlation between ventriculomegaly
and BV density.
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Figure 11.
Flow diagram postulating the injury, response and adaptive mechanisms relating to CH. CH
can result in brain injury through increased CSF volume and/or pressure. A hypoxic response
can occur via increased ICP through decreased cerebral perfusion pressure or via
ventriculomegaly through brain and blood vessel compression, decreased cerebral blood flow
and cardiac output. Hypoxia directly activates VEGF and VEGFR-2 mechanisms in neurons,
glial and endothelial cells that can be involved in adaptive processes including angiogenesis.
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