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Neuroangiogenesis: 

a vascular basis for Alzheimer’s disease (AD) 

and cognitive decline during aging 

Abstract 

Angiogenesis directs development of the brain’s microcirculation during antenatal 

and postnatal development, but its role later in life is less well recognized.  I content that 

during senescence a reduced cerebral capillary density (CCD) accounts in part for the 

vascular cognitive impairment (VCI) observed in many older persons and possibly for some 

forms of Alzheimer’s disease (AD).  I propose that neuroangiogenesis (NAG) is essential 

throughout adult life for maintaining the microcirculation of the cerebral cortex and 

elsewhere in the brain and that it commonly declines with old age.  To support this 

hypothesis I have examined the neurological literature for relevant studies on CCD and NAG 

throughout the three stages of life and in persons with senile dementias.  Finally, I discuss 

therapeutic approaches employing angiogenic factors for treating VCI and AD. 

 

Key words:  capillary density, angiogenesis, senile dementias, Alzheimer’s disease, vascular   

                  cognitive impairment 
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Neuroangiogenesis: 

a vascular basis for Alzheimer’s disease (AD) 

and cognitive decline during aging 

(8039 words … 10 June 12, 2012) 

 

1.  Introduction 

 Throughout the world senile dementias affect 5-7% of people over age 60.  This 

number is expected to double in the next 20 years [1].   In the United States at present, 

Alzheimer’s disease (AD) afflicts13% of persons age 65 or older and 43% of  

those 85 and older, or an estimated 5.4 million [2].  By 2030 the number of persons in the 

country with AD is expected to reach 7.7 million and by 2050 will approach 11 to 16 million -- 

“barring the development of medical breakthroughs to prevent or more effectively treat the 

disease” [2].  

 The pathogenesis of senile dementias is likely to be mutifactorial and involve 

several or many sequential cellular and biological interactions.  However, most investigators 

have focused their attention mainly on one particular etiopathology.  For example, I suggest 

that there is a common denominator accounting for the cognitive decline experienced by 

many aged people and the localized motor skills highly developed in young intensely trained 

musicians – namely, the microcirculation and the attendant level of angiogenesis in the 

brain.  In a 2010 paper in the American Scientist I proposed that the remarkable 

finger/hand/foot dexterity displayed by concert pianists is due not only to augmented 
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synaptic connections in the primary motor cortex but also to an increased local capillary 

density -- initiated and maintained there by continuing angiogenesis [3]. 

 The involvement of angiogenesis in cerebral capillary development during the early 

postnatal period has been established, but its function during maturity and old age is less 

well understood [4-6].  In this essay I contend that neuroangiogenesis (NAG) is also essential 

throughout adult life (albeit at a low level) for maintaining the microcirculation of the 

cerebral cortex and elsewhere in the brain and that it declines with aging, leading to a 

reduced cerebral capillary density (CCD) in the elderly – a condition fully reported and 

reviewed below.  This may account for the memory loss and vascular cognitive impairment 

(VCI) observed in many older persons and for the common form of Alzheimer’s disease (AD).  

VCI includes mild to severe cognitive decline, while the extreme state is called vascular 

dementia (VaD) [6]. 

This essay is outlined in some detail to enable thereader to find and focus on those 

areas of specific interest.  It begins with a section covering background information on 

cerebral capillaries and angiogenesis.  The following three sections summarize reports on 

CCD and NAG during the three stages of life (postnatal, maturity, senescence).  Data in each 

are presented first from human subjects and then from experimental animals.  Next are 

cited studies on CCD and NAG in Alzheimer’s disease and other senile dementias.  The 

hypothesis proposed here is then discussed along with related or rival ones.  The final 

sections concern seven potential routes for administering angiogenic factors to the brain 

and the cautions to be observed when considering such treatment.      
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2.  Background:  CCD & NAG 

 Studies on cerebral microvascularity preceded by half a century the discovery of 

angiogenesis.  In the early 1920s, Edward Horne Craigie (1894-1989), a biologist at the 

University of Toronto, reported on capillary densityin various parts of rat brains by counting 

certain structural features of the capillaries in thinly cut slices (mostly 2-6 µm thick), where 

only segments of vessels remain.  The most widely used parameter has been the sum of the 

lengths of fragments visible in a fixed area of each brain slice over a fixed number of slices, 

yielding an Lv in µ/mm3 [8-12].  To exclude arterioles, only vessel fragments with diameters 

generally smaller than 12µm were included in these measurements [13].  Other indices of 

capillary morphometry employed by different investigators have been the number of 

capillary sprouts, capillary volume of fragments per unit volume of brain tissue (Vv, per mm3), 

capillary surface area/area of brain slice (Sv, per mm2), or the sum of capillary diameters in a 

given area (D) [11,14]. 

 More recent studies on brain sections have employed automated optical scanning 

systems to measure florescence staining by various antibodies to capillary endothelial 

markers:  phosphatase, transferrin, laminin, CD105, CD31, etc. [15-18].  The endothelial cell 

content of mouse brain tissue homogenates have also been analyzed on SDS-Page gels by 

immunoblot staining of capillary endothelial markers [18,19]   

I.C. (Isaac Chesar) Michaelson (1903-1983), a British ophthalmologist, studied capillary 

growth in the developing retina of man and cats and in 1948 was the first to postulate the 

existence of a vasculogenic factor [20].  In 1971 Judah Folkman (1933-2008) at Harvard 

Medical School reported isolating such a factor from various tumors but not from non-
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malignant tissues.  He proposed that solid tumor growth depends “on the continuous build-

up of a new capillary network” by his tumor angiogenesis factor (TAF) [21].  Angiogenesis is 

also a physiological response in various non-tumor conditions – e.g., during embryonic and 

fetal development, the formation of ovarian follicles and transiently in the corpus luteum 

during ovulation and during the development of the placenta.  Neovascularization is a vital 

part of wound healing and fracture repair but ceases when the tissue is fully recovered.  In 

contrast, uncontrolled angiogenesis promotes progressive solid tumor growth, occurs also 

during chronic inflammation, and is associated with over 70 human disorders, which Folkman 

grouped together as “angiogenic diseases.”  Among them are diabetic retinopathy, 

rheumatoid arthritis, psoriasis, etc. [22, 23]. 

Folkman’s isolation of TAF (c. 10 kDa) in 1971 was followed by the discovery of other 

endothelial growth factors.  Those listed below have been found in the brain.  The first 

identified from non-tumor sources was the fibroblast growth factor (FGF, 18 kDa) [24].  The 

most thoroughly examined angiogenic agent has been vascular endothelial growth factor 

(VEGF, 46-48 kDa), which was originally called vascular permeability factor (VPF) [25, 26].  It 

exists in five isoforms with VEGF165 being “the most abundant in the human brain” [27].  

Other brain-localized factors include epidermal growth factor (EGF, 6 kDa), transforming 

growth factor-beta (TGF-β, 5.5 kDa), and platelet-derived growth factor B (PDGF-β, 46kDa) 

[28-31].  PDGF-β is secreted by brain endothelial cells; the cognate receptor, PDGF-R, is 

located on brain pericytes. 

Another family of angiogenic factors includes angiopoietins which, like the family of 

VEGFs, are endothelial cell-specific cytokines whose cognate receptors  are expressed only 
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on ECs [27, 32].  The various factors/cytokines associated with angiogenesis have been 

thoroughly reviewed [27, 29, 33]. 

 

3.  CCD and NAG during Postnatal Development 

 CCD.  The most rapid growth of the human brain occurs between ages 3-6 years in 

the frontal lobes and from 6-15 years in the temporo-parietal region [34].  Diemer compared 

the capillary density in the frontal cortex of newborn infants and adults and found the 

former to be 98.4 capillaries/mm2 and the latter to be 290 cap./mm2 [4].  Rats have been a 

more accessible model for exploring cerebral microcirculation postnatally [12, 14].  In 1925 E. 

H. Craigie pioneered such studies in male albino rats from their birth to 13 months of age 

(Day 364).  Shortly before being sacrificed, each was injected with carmin gelatin to fill the 

cerebral vascular bed.  Craigie examined the five laminae (Brodmann’s layers) in each of five 

cortical areas for the total length of capillary fragments in a unit volume of brain tissue (Lv in 

µ/mm3).  Vascularity in all areas rose rapidly up through days 10 to 21 but only slowly 

thereafter.   In three cortical regions (praecentralis, occipitalis, and parietalis) vascularity rose 

further to a maximum in 13-month old rats [8]. 

NAG during postnatal life. The following two reports ascribe control of early 

postnatal neovascularization in the brain to an angiogenic mitogen.  1) Breier et al. 

determined that vascular endothelial growth factor transcript levels (VEGF mRNA) in mice 

are “abundant in the ventricular neuroectoderm of embryonic and postnatal [6-day] brain 

when endothelial cells proliferate rapidly but [are] reduced in the adult when [as the authors 

state] endothelial cells proliferation has ceased” [5].  2) Ment et al. concluded that “VEGF 
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may mediate reactive angiogenesis in the developing brain” based on observing that 

newborn rats subjected to sublethal hypoxia exhibited a 28% increase in vascular density in 

cortical areas and a 2.4-fold increase in VEGF mRNA [35]. 

 

4.  CCD and NAG during Maturity (Adulthood) 

CCD.  After the brain’s full development, the functional status of the cerebral 

microcirculation depends on the maintenance and repair of capillary endothelial cells.  The 

turnover rates for these cells inhuman or animal brainshave not been reported, but such 

values for endothelial cells elsewhere in the body of various animals are available from 

studies which employed thymidine labeling of capillary endothelium and autoradiographs of 

tissue sections [36, 37].  For example, in 1967 Engerman and co-workers found that 0.01% of 

the capillary cells in the adult mouse retina were labeled after a single injection of tritiated 

thymidine and interpreted this as a turnover time of three or more years [38].  More 

recently, based on the “mean of 14 studies” by numerous investigators, Denekamp 

concluded that the “potential turnover time” of capillaries of “normal tissues” is 60 days 

(6x/yr) [39].    

Again, none of the above values are for human cerebral capillaries.  However, 

adopting Denekamp’s mean value of 6x/yr as a possible turnover number in the human brain 

and assuming an average life span of 60 years after puberty, I calculate that cells in the 

cerebral capillary bed undergo 360 turnovers during the average adult’s life.  On the other 

hand, if one adopts here Engerman’s 3-year estimate of capillary endothelial turnover, then 
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these cerebral capillaries would undergo replacement twenty times during an average adult 

lifetime.   

NAG during maturity.  Whatever the true value, the repair or replacement of the 

cerebral microcirculation throughout human adulthood must require the presence of 

endothelial growth factors in the brain and a persisting low level of angiogenesis.   But the 

data for this are sparse.  Two groups have used Northern blot analysis to measure transcript 

mRNA levels.  Maxwell et al. examined the brains of patients with astrocytomas.  In the 

adjacent normal brain tissue they found “a weak expression of TGF-αmRNA [transforming 

growth factor] and near background levels of EGF-R mRNAs [epidermal growth factor] [30].  

Breier et al. studied adult mouse brains and reported that VEGF mRNA levels in the choroid 

plexus “appeared slightly reduced” compared with that in 6-day old post-natal brains [5].  

Angiogenesis was inferred by Black et al. in studies measuring the capillary density in 

the visual cortex in rats of various ages raised for 50 days under two different conditions – 

either paired together in a standard cage containing only bedding (= control group) or 

housed with 4-5 other rats in a complex/enriched environment containing toys, changed and 

rearranged daily (= enriched group).  Brain sections from the visual cortex (area 17) of both 

hemisphere of all rats were examined for capillary diameter and spacing (reflective of 

newcapillaries and angiogenesis).  These values were higher in enriched groups of all ages 

than in similarly aged control rats.  The authors also concluded that “2-year-old enriched 

animals [“old” rats] exhibit an impaired response to complex experience, in comparison to 

younger… counterparts,” and that “angiogenesis, while it does occur, is substantially 

impaired in the middle-aged animals” [40]. 
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The idea of a sustaining level of angiogenesishas been considered by others.  In 

discussing angiogenesis inhibitors in human beings, Carmeliet concluded that there are 

“threshold levels of VEGF for the survival and maintenance of quiescent vessels in healthy 

organs” [23].  Based on his studies in rats, Bär wrote that the maintenance of capillary 

plexusesor its repair “needs a continuous action of an angiogenetic stimulus” [41]. 

 

5.  CCD and NAG during Senescence (… in the absence of recognized dementia)  

 CCD.  The effect of aging on cerebral capillary density has yielded conflicting reports 

[42].  Riddle et al. published a summary which covered three decades of investigations (1971-

2001) concerning  such age-related changes and which listed14 reports of decreases (6 

human studies, 8 in rats) and seven with no decrease (3 human studies, 4 in rats) [43].  The 

following studies found decreased CCD in aged human subjects and rats.  

Impairment of cerebral capillaries in older persons was observed by Stewart and 

colleagues.  They obtained biopsy specimens from the neocortex and underlying white 

matter in patients ranging from 20 years to 80 years in age who underwent surgery for glial 

tumors or corticectomy for intractable epilepsy.  Tissue was removed from the frontal, 

parieto-occipital, or temporal lobes in areas “as distant as possible from tumor or 

epileptogenic focus.”  The wall thickness of capillaries from these areas was measured under 

electron microscopy at 12 equally spaced points around the entire perimeter [44].  Gray 

matter capillaries of the older subjects had 21% thinner walls than the younger ones (0.97µm 

vs.1.22 µm) and 28% thinner walls in their white matter (1.01 µmvs.1.40 µm) [44].  The authors 
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interpreted the age-related thinning as being caused by “a net loss of endothelial cells, with 

resultant elongation of the remaining cells” [44]. 

A deceased CCD was also observed by Abernethy et al. in the paraventricular nuclei of 

19 older human subjects, who ranged in age from 30 to 85 years and had no history of 

psychiatric treatment [15].  Somewhat related is an earlier study by Kuwabara and Cogan, 

who had noted a decline in the number of endothelial cells “in the capillaries of the 

peripheral retina in persons past middle life (50 years)” [45].  Studies comparing the brains 

of aged persons with those exhibiting senile dementia are presented in the next section.  

As previously mentioned, in the 1920s Craigie studied CCD in male albino rats from 

their birth to 13 months of age.  In three cortical regions vascularity rose further to a 

maximum in 13 month old rats, but in the two other regions (regioinsularis and temporalis) 

vascularity declined by that age [8].  In the region insularis it rose to a peak of 856µ at Month 

5 but fell to 638µ by Month 13.  And in regio temporalis a peak vascularity of 958µ was 

reached at Month 3 but fell to 855µ at Month 5 and was 850µ at Month 13 [8].  More 

recently, Buchweitz-Milton and Weiss recorded values for Lv (sum of capillary lengths in 

mm/mm3) in the cerebral cortex of “young” rats (8-10 months) as 830 and of senescent rats 

(28-33 months) as 577 [11].  

A decrease in “vascular elements” in the frontal and occipital neocortex of old rats 

was similarly observed by Klein and Michel, who measured various neocortical components 

(neurons, glial cells, vascular tissue) in young adult rats (6-8 months old) and aged ones (25-

27 months old) -- both of whom were challenged to master a complex maze.  Young adult 

rats succeeded after only 20 days.  Some old rats could do so and were termed “old maze-
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bright,” while others could not and was called “old maze-dull.”  Combined counts of 

neocortical vascular elements in the young adult group was 448, that for the old maze-

bright was 388 and for the old maze-dull was 314 [46]. 

NAG during senescence.  While angiogenic growth factors have been identified in 

adult/maturehuman brains (see above), no data are available on levels in neurologically 

healthy aged persons.  In a report cited earlier on capillaries in the visual cortex of rats 

housed under different environmental conditions (standard vs. enriched), Black et al. 

concluded that there is “a failure of angiogenesis in old rats” [40].  The following report by 

de la Torre contains observations which I have interpreted to indicate that angiogenesis 

wanes with age in rats.  In experimental support of his vascular hypothesis of human 

dementia (to be discussed later), he developed two rat models of chronic brain 

hypoperfusion.  These involved occluding for set periods both common carotid arteries (2-

VO) or both carotids plus the left subclavian artery [= left vertebral a.] (3-VO) [47].  Neither 2-

VO nor 3-VO elicited any sensory-motor deficits in the rats but did produce visuospatial 

memory impairment (VMI), as measured by the Morris water maze test.  Three different age 

groups of rats were studied with the following results.    

Young rats subject to 3-VO for 9 weeks recovered from VMI.   Middle age rats could 

survive 3-VO just beyond 8 weeks but did not recover following 3-VO for 9 weeks and 

developed degeneration of the CA1 hippocampal sector and eventually atrophic necrosis of 

parietal and temporal cortex.  Old rats (19-22 months) recovered following 2-VO for 1-2 

weeks but could not survive 3-VO much beyond 8 weeks.  These findings could be explained 

if angiogenesis in these rats declines with age.  By this interpretation the above middle aged 
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and older rats lacked the level of angiogenesis which young rats possessed and thus could 

not survive the more prolonged (9 weeks) or more severe (3-VO) hypoperfusion which the 

younger ones did.   

Until recently, the idea of a waning level of angiongenesis in aging human brains has 

received little detailed attention.  But in 1992 Ferrara et al. had noted that VEGF mRNA is 

expressed in rat brains and suggested that the “presence of the growth factor may be 

required to maintain the differentiated state of those vessels, which otherwise might 

undergo involution” [48].  His conjecture made two decades ago raises the question of 

cerebral capillary density and neuroangiogenesis in patients with various senile dementias.   

 

6.  CCD and NAG in Senile Dementias – mainly AD 

CCD.  Bell and Ball measured microvascular densities of capillaries and arterioles in 

the hippocampus of 3 groups:  normal young persons (mean age of 38 years), normal old  

(74 yrs.), and Alzheimer patients (78 yrs.) and recorded the overall mean values as 129, 108 

and 107 mm/mm3, respectively [49].  Fischer et al. examined four areas in normal vs. AD 

brains and found average vascular density indices (rounded off) as follows:  basal forebrain: 

87 vs. 43, hippocampus: 82 vs. 50, pre-frontal: 95 vs. 75, and motor/sensory: 94 vs. 83 [50].  

And finally, Buée et al. reported the “percentage of the ratio capillary surface area/cortical 

… field area” for three groups – young controls: 26.32%, elderly controls: 18.95%, and AD 

patients: 16.50% [51].  This subject has been extensively reviewed elsewhere [52, 53]. 

Many studies measuring capillary densities in AD brain have also described’’ physical 

abnormalities in the capillaries [50, 51, 54].  I have encountered no reports stating that such 
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abnormalities may precede a decline in capillary density, but this seems a plausible sequence 

in the progression of AD.  Ravens summarized the histological findings of vascular changes 

in the human senile brain beginning withthe study by Sir John Batty Tuke (1835-1913) in 1873 

and continuing to 1976 with the several papers by Fang and colleagues [55].  In 1992 Kalaria 

and Kroon described capillaries in Alzheimer’s disease as exhibiting “looping, kinking, and 

extensive tortuosity” [56].  In 1995 Kalaria and Hedera reported that over 90% of AD brains 

exhibit microvascular aberrations in neocortical tissue sections stained with antibodies to 

endothelial cell markers and basement membrane.  The abnormalities included “capillaries 

with collapsed or degenerated endothelium” [57].  Grammas et al. contend that 

“perturbations of the brain microvascular endothelium” may cause release of neurotoxic 

proteins in Alzheimer’s disease [58]. 

NAG in AD.  Below are five reports on the presence of endothelial growth factors or 

their mRNAs in Alzheimer patients.  Several papers suggest that the factors’ presence here 

represents an ineffective response.  1) In 1998 Kalaria et al. examined the brains of 12 AD 

subjects and found prominent VEGF reactivity in 40% of the cells resembling astrocytes.  The 

authors reasoned that this increased VEGF reactivity, which was “often localized around 

vessels,” might “compensate for insufficient vascularity and reduced cerebral perfusion in 

AD” [5].  

2) In 2004 Yang et al. reported that “VEGF is co-localized with Aβ plaques in the brains  

of patients with AD … most likely results in deficiency of available VEGF … [and] may 

contribute to neurodegeneration and vascular dysfunction in the progression of AD” [60].  
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3) In genome-wide expression profile studies, Pogue and Lukiw found in AD brains 

that the majority of specific mRNAs were down-regulated but that nine genes in a family 

having the potential to promote angiogenesis were up-regulated, with VEGF being the least 

elevated.  The authors concluded that any advance in angiogenic signaling may be the result 

of dysfunctional cerebral vasculature and may be “both a consequence and a contributing 

factor to etiopathology” of AD [61].     

4) Growth factors other than VEGF have been studied in demented and aged human 

brains.  Increased levels of basic fibroblast growth factor were found in association with the 

neuritic plaques and neurofibrillary tangles in AD brains.  The sequestered bFGF may 

represent a decreased “bioavailability to surrounding cells” [62]. 

5) Similar studies by Styren et al. showed increased levels of epidermal growth factor 

receptor on brain vascular endothelial cells of aged and demented persons (many with AD) 

as compared with neurologically normal subjects.  EGFR was interpreted here as a 

“proliferative signal” elicited by prior damage to the CNS or brain vasculature [63].   

However, in a different neurological disease Lambrechts et al. reported that VEGF 

plasma levels are 50% lower in persons with spontaneous amyotrophic lateral sclerosis 

(ALS).  They found that the intraperitoneal treatment of an ALS mouse model with VEGF 

“could prevent motorneuron death in ischemic conditions” [64].   

 

7.  Two Rival Ideas about the Etiopathology of AD:  Aβ vs. vascular 

  The presence of amyloid plaques and neurofibrillary tangles in the brain led Hardy & 

Higgins in 1992 to propose the amyloid cascade theory of Alzheimer’s disease [65].  Two 
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troubling reservations about this theory are that 1) “some humans without symptoms of AD 

have many cortical Aβ deposits” and 2) “the number of amyloid deposits in the brain does 

not correlate well with the degree of cognitive impairment” experienced by patients [66].  

However, in the face of theseobservations and as late as 2002, Hardy and Selkoe wrote that 

“an alternative hypothesis explaining the cause and early pathogenesis of AD that has as 

much experimental support as the Aβ hypothesis has not emerged” [66]. 

 Meanwhile, during the past two decades the pathogenesis of AD has been 

aggressively pursued along many new avenues of research.  Grammas noted that “the 

clinical entity AD has, by definition, been categorized as a ‘non-vascular’ dementia.”  This 

designation explains in part why “the role of neuro-vascular interactions in the evolution of 

neuronal injury in AD brain [had been] underappreciated” for so long [67]. 

The cerebral microcirculation attracted the attention of many students of AD, 

notably Jack C. de la Torre.  In 1993 he and Mussivand had reported on the “extensive 

angioarchitectural distortions of cerebral capillaries in Alzheimer’s brains” and proposed 

that “during ageing, brain capillaries ... may undergo progressive degeneration caused by 

amyloid deposits ... or genetic predisposition” [68].  In 1994 de la Torre ascribed a lowered 

cerebral blood flow in AD brain to various conditions, including “twisted, looped, and 

kinked” capillaries [69].  Over the next decade he defined risk factors responsible for the 

vascular disorder in AD persons – e.g., atherosclerosis, carotid artery pathology, diabetes, 

etc. [47, 70].  In 2010 he distinguished between cerebral hypoperfusion (a slow pathologic 

process involving many months or years) and cerebral ischemia (a more rapid progress 

involving only hours or days) [71].  Causes of the latter might be carotid artery stenosis, 
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strokes, etc.  In support of his general vascular theory of AD he cited the related studies of 

ten different laboratory groups [71]. 

Many others have pursued this vascular thesis [51, 52, 56, 58, 72-77].  Notable among 

them was Zlokovic, who in 2005 advanced a “neurovascular hypothesis of AD,” which 

maintains that the synaptic and neuronal dysfunction seen in AD is due to aberrant 

angiogenesis, faulty clearance of Aβ across the BBB, and senescence of the cerebral vascular 

system [78]. 

 

8.  Other Etiological Considerations Concerning AD -- Genetic, etc.  

  According to Wu et al., the above changes in AD listed by Zlokovic may reflect the 

low expression of the homeobox gene MEOX2 (mesenchyme homeobox, also known as 

GAX, growth arrest-specific homeobox) [79].  Genome-wide association studies show that 

three genes account for 10% or so of cases termed the early onset, or familial form of the 

disease [80].  But late onset AD and other forms of senile dementias may involve still other 

genes.   

Transcriptional profiling of brain endothelial cells from the frontal cortex of AD 

patients revealed that MEOX2 is one of 34 genes (out of 12,600 genes examined by Wu et 

al.) significantly altered compared with control age-matched autopsy samples [79].   MEOX2 

is a regulator of vascular differentiation, while the other 33 genes, which are variously up- or 

down-regulated in AD, encode transcriptional factors controlling diverse cellular events (cell 

differentiation, metabolism, apoptosis, etc.).   Wu reported that in AD cortical tissue the 
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capillary tubes were 65% fewer and the total capillary length was only 60% of controls.   

Deletion of Meox2 in mice resulted in reductions in brain capillary density.   

  Wu et al. transduced cultures of human brain endothelial cells with an adenovirus 

containing an oligonucleotide construct for Meox2 gene and found that the cells expressed 

“40% the level of GAX homeoprotein, formed 60% fewer capillary tubes, and had 

substantially lower survival rates after VEGF stimulation compared to controls” [79].  The 

authors suggested that in AD the low expression of MEOX2 activates a proapoptotic 

pathway, but the story is complicated by the presence of both apoptotic antagonists and 

apoptotic accelerators [80, 81].   

Genetics represents only one of the many promising avenues for basic research on 

AD.  Other aspects of the brain’s microvascular system are the associated non-neuronal cells 

– i.e., mural cells (smooth muscle cells & pericytes ensheathing the ECs) and adjacent glial 

cells (astrocytes, microglia, & oligodendrocytes).  Some of them are sources or targets of 

the various endothelial growth factors.  All are subjects of intense research [83, 84].  For 

example, Winkler et al. summarized the many reports about pericyte deficiency leading to 

BBB breakdown and brain hypoperfusion [85].  But the above topics and many others 

(hypoxia-inducible factors, BBB, Notch signaling pathways, Il-1β and other immunological 

factors influencing inflammation, etc.) are not discussed further here in order not to stray 

from this essay’s main theme -- CCD and NAG.  

 

9.  An Alternate Focus for AD & Senile Dementias:  Neuroangiogenesis 
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The hypothesis offered at the beginning of this essay proposes that during the life 

time of people, rats, mice, etc. the endothelial cells of cerebral capillaries, like most others 

cells in the body, deteriorate requiring repair by angiogenic factors.  As noted before, in the 

early 1990s Ferrara had speculated that the presence of VEGF in the adult kidney or brain 

“may be required in order to maintain the differentiated state of those vessels, which 

otherwise might undergo involution” [26]  The same idea was later expressed in a paper on 

retinopathy of prematurity by Alon, who wrote that “VEGF may act as a vascular survival 

factor” [86]. 

More precisely, I propose that after postnatal development, various growth factors 

(FGF, VEGF, EGF, TGF-α, angiopoietins, and maybe others yet to be identified) persist 

throughout adult life in the brain at low but progressively waning levels.  Some of these 

factors help maintain cerebral capillaries then and perhaps even generate additional ones, as 

in the primary motor cortex of heavily engaged concert pianists.  Following the general 

pattern of many hormones, such factors/cytokines in the brain commonly decline (I 

contend) during senescence, leading to a waning CCD which in time may account for a 

reduced cognition in aged persons and the emergence of AD.  

The hypothesis does not exclude a role for amyloid plaques and neurofibrillary 

tangles contributing to capillary disturbance and neuronal loss.  Indeed, Paris et al. found 

that Aβ inhibited capillary formation in three in vitro systems: 1) human brain endothelial 

cells (HBEC) plated on Matrigel, 2) CAM assay, and 3) bFGF-induced blood vessel formation 

in the corneal micropocket [87].  Also intra-tumor injection of Aβ inhibited vascularization of 

several different human tumor xenografts in nude mice [87].  
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10.  Challenges to the NAG Hypothesis of AD 

Two papers represent challenges to the NAG hypothesis, for one concludes that 

neuroangiogenesis is increased in AD and the other contendsthat treatment of AD should 

involve suppression of neuroangiogenesis.  

Paper #1.  Biron et al. noted that the well-recognized increased permeability of the 

BBB in AD has usually been blamed on cerebral hypoxia and neuroinflammation, but the 

authors suggested that instead the leakage may be due to neoanagiogenesis and 

hypervascularization induced by amyloidogenesis [18].  This conjecture was based on their 

human and mouse studies in which various markers of microvascular density (MVD) and 

tight junctions (TJ) were targeted/labelled with primary antibodies, which were then 

revealed by secondary antibody staining and measured by confocal microscopy [17].  For 

example, MVD “was defined as a ratio of the TFA (total fluorescence area in µm2 in 

hotspots) to total area of an imaged field and was used as a surrogate measure of 

angiogenesis” [18].  Some of the results of this very detailed paper are abstracted below. 

Biron et al. assessed microvessel density in human brains with AD and those with no 

disease (ND) using sections stained with a primary antibody to laminin.  This marker for 

basement membrane was used here as a measure of MVD [88].  In AD brains compared with 

ND brains, the MVD appeared 69% higher in the cerebral cortex sections and 60% higher in 

the hippocampal sections – reflecting, according to these investigators, hypervascularity in 

the former.  (I derived the above percentages from data given in the text.)  These findings 

contrast with the reduced CD in AD brains reported in most previous studies and may reflect 
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different assays employed – i.e., confocal fluoroscopy used here  versus the more tedious 

visual counting of capillary segments in brain sections, as described earlier in this essay. 

Biron et al. also used transgenic AD model mice (TgAPPsw line 2576), which 

overexpress the human amyloid precursor protein.  He examined them for markers of 

vascular density (CD 105), apoptosis (caspase-3), and tight junctions (occludin, ZO-1).  

Compared with normal littermates, the brains of aged Tg 2576 mice showed an enhanced 

MVD.  From the data given in the text, I calculate an 80% increase in the neocortex and a 60% 

increase in the hippocampus.  There were “significant disrupted tight junctions” but no 

evidence of vascular apoptosis [18].  The authors inferred that the BBB leakage was due to 

the increased microvascularity/angiogenesis. 

The above findings of an increased MVD in the transgenic AD mice contrast with the 

decreased vascular densities in Tg2576 AD mice reported by Paris et al. [89].  Using an 

automated optical fractionator/scanner, they examined the cortical and hippocampal 

sections of 3-, 9-, & 17-month old TgAPPsw and control littermates after immunostaining 

with PECAM-1 (platelet endothelial cell adhesion molecule = CD31).  Compared with the 

controls, the TgAPPsw mice of all ages showed reductions in vascular density in both brain 

areas – 33% in the cortex and 32% in the hippocampus [my calculations derived from Fig. 4].  

These data led Paris et al. to suggest “that the overexpression of APPsw in the vasculature 

may oppose angiogenesis” and to conclude that Aβ peptides have “profound anti-

angiogenic effects in vitro and in vivo” [89].   

In discussing the above discrepancy, Biron et al. wrote that “PECAM [a.k.a., CD31] is 

not favoured as an angiogenic marker as compared to CD105,” since PECAM is present 
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elsewhere than on the panendothelium, such as stromal or inflammatory cells [18, 90].  But 

if CD31 is less specific/more widespread  than CD105, then the lowered CD reported by Paris 

et al. seems to me all the more impressive.  Finally, early students of CCD worried about 

tissue shrinkage producing erroneously high counts [49].  The same concern was recently 

raised in studies on microglial clusters in AD [88].  The discrepancy between these two 

reports remains unresolved. 

 In any case, I suggest that the BBB leakage noted in Biron’s study and similar ones 

may represent abnormal neoangiogenesis, reflecting an imbalance of vascular growth 

factors – e.g., perhaps a predominance of VEGF (a.k.a., VPF, vascular permeability factor) 

over angiopoietin.   

Paper #2.  Vagnucci and Li also linked Alzheimer’s disease with angiogenesis in a way 

quite different from that proposed in this essay.  They stated that “the brain endothelium 

secretes the precursor substrate for β-amyloid plaque and a neurotoxic peptide that 

selectively kills cortical neurons.”  Since long term use of various non-steroidal anti-

inflammatory drugs “seems to prevent Alzheimer’s disease,” they concluded that “this 

benefit is largely due to these drugs’ ability to inhibit angiogenesis.”  They suggested that 

“antiangiogenic drugs targeting the abnormal [sic] endothelial cell might be able to prevent 

and treat this disease” [91].  The authors used the phrase “abnormal endothelial cells” 

without explaining it further.  The 12 drugs listed in their Table 2 have effects other than anti-

angiogenesis which may be altering the clinical course of AD.  Any “abnormality” in this 

system may have been due to an imbalance of angiogenic growth factors elicited, as I 

postulated above. 
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11.  An Approach for Treating Cerebral Microvascular Hypoperfusion 

Folkman’s research on angiogenesis included efforts to develop anti-angiogenesis 

agents (e.g., Avastin, a monoclonal antibody) which investigators have used to suppress the 

vascularization of solid tumors and to treat various angiogenic diseases [27, 91].  The reverse 

side of the angiogenic coin concerns promoting capillary formation [92, 93].  Folkman 

wondered whether “purified angiogenesis factors [could] be administered in vivo, either 

locally or systemically, to accelerate the healing of wounds and fractures, or to increase 

neovascularization in the ischemic or infarcted heart” [22].  Others have pursued this idea in 

people, dogs, and rabbits [94-96].  In 1992 Wang examined cerebral blood vessel 

development in postnatal mice with videomicroscopy and was led to propose studies 

involving “localized application of angiogenic factors in the brain” [12].  The following seven 

reports (1-7) describe growth factors being administered directly into the brain of 

experimental animals.  Some of these authors had in mind using a similar approach in the 

future for treating people with ischemic brain conditions, such as strokes. An eighth report 

(8) concerns exogenous VEGF which “ameliorated the cognitive impairment” in transgenic 

AD mice.  

1.  In 1990 Puumala et al. infused a high dose of basic fibroblast growth factor (HBGF-

2, or heparin binding growth factor) into the left lateral ventricle of the brains of Wistar rats 

six times over 26 days.  Four days after the last infusion, the cerebral vessels of the 

experimental and control animals were injected with carbon black and their brains removed 

for sectioning.  Eight areas of each brain were examined.  Only the section taken from the 
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left perilateral ventricular cortex showed a significant increase in capillary count compared 

to the same section in the sham operated animal.  Here the capillary density in the 

parenchyma adjacent to the left lateral ventricle was 315/mm2 compared to 261/mm2 in the 

same area in the control animal [97].    

2.  Using VEGF, Rosenstein performed similar experiments on young adult Wistar rats 

whose brains were cannulated to a 3 mm depth at a site posterior to the coronal suture and 

lateral to the sagittal suture [98].  During 7 days an osmotic minipump delivered 0.05µg/ml 

recombinant VEGF at 1 µl/hr and in the process produced a cavity.  In other rats a comparable 

cavity was produced via a control infusion.  In the VEGF-treated rats the infusion site was 

filled with “remarkably vascular tissue” containing vessels which were “tortuous and dilated 

and lacked uniform spacing” [98]. 

3-5.  Recombinant VEGF165 was also used by three other laboratory groups in rats 

subjected experimentally to middle cerebral artery (MCA) occlusion for 90 minutes on Day 0.  

Hayashi employed a ligature occlusion technique (Day 0), applied Gelfoam impregnated with 

9 ng of VEGF165 to the surface of the cerebral cortex through a burr hole on Day 1, and 

sacrificed the animals 24 hrs later (Day 2) [99].  Zang applied a fibrin clot, injected rhVEGF165 

(1 mg/kg) intravenously via a pump 48 hours later (Day 3), and removed the brains on Day 9 

[100].  Sun occluded the MCA with a suture, administered VEGF165(10 µg/ml) via an osmotic 

minipump into the left lateral ventricle (at 1 µl/hr x 3 days), and sacrificed the animals at 

various times thereafter [101].  The infarct volume was measured in allbrain sectionsand 

found to begreatly reduced in the treated animals compared with control animals.  The 

results of these three occlusion studies are summarized below.  



23 
 

Hayashi reported that the mean infarct volume of the sham-treated rats was 33% of 

their ipsilateral hemisphere, while that of the six VEGF-treated rats was only 18%. The interval 

between treatment and sacrifice was too short for angiogenesis to occur in the penumbra of 

the cortex and suggests a protective action on the capillaries of the factor absorbed from 

the Gelfoam.  Zang’s 9-day interval would have allowed time for the formation newly grown 

vessels.  Sun concluded that VEGF reduced the infarct size in his rats and enhanced cerebral 

angiogenesis and neurogenesis [101].   

6.  Similar studies by Kanya and by Wang in mice involved MCA occlusion and 

treatment within transventricular doses of VEGF.  Both showed improved motor and 

memory functions compared with untreated mice [102, 103].   

7.  Thau-Zuckman et al. subjected mice to traumatic brain/closed head injury and then 

infused VEGF into the lateral ventricles.   In comparison with untreated mice, they found 

increased numbers of “proliferating cells in the subventricular zone and in the perilesion 

cortex,” indicating augmented angiogenesis at the site of injury and reduced lesion volumes 

there [104].  

8. Finally, Wang et al. used the transgenic AD mouse model designated PDGF-

hAPPV7171 (platelet-derived growth factor). These mice were given intraperitoneal injections 

of VEGF x3 days.  Based on Morris water maze testing, they exhibited improved learning and 

memory.  Hippocampal areas showed “new blood vessel formation” by the 7th and 14th days 

after treatment but fell to the control level by the 28th day [105].  

In summary, numerous investigators have shown in brain-injured animals that VEGF 

administered into the ventricle contiguous to the injury reduces the ensuing cerebral deficit 



24 
 

for a time.  VEGF injections in transgenic AD mice induced a transient angiogenesis and 

increased microvasculature.  In her 2011 review on AD, Grammas discussed many of the 

above reports and topics, speculated about an “unexplored connections between 

angiogenesis and AD,” and suggested that “new therapeutic approaches are desperately 

needed” [67].  And also in 2011 Carmeliet and Jain wrote, “The revascularization of ischaemic 

tissues would benefit millions, but therapeutic angiogenesis remains an unmet medical 

need” [33]. 

 

12.  Seven Potential Delivery Systems for Treating Senile Dementias 

 The experimental brain injuries employed in experiments described above (carotid 

artery occlusion and local brain trauma) were acute cerebral events and contrast with the 

slow development of senile dementias in people.  Nevertheless, these animal studies 

suggest that providing angiogenic factors chronically to the human brain might retard or 

ameliorate cerebral microvasculopathies associated with aging – i.e., VCI and AD.    

Recent investigators have cautioned against the use of a single endothelial growth 

factor in therapeutic efforts to correct various vasculopathies, such as strokes, etc.  As early 

as 2000 Yancopoulos et al. wrote that many members of the VEGF, angiopoietin, and ephrin 

families interact in a complementary and coordinated manner to form functional vessels 

without leaks, etc.  They noted that the random delivery of “a single growth factor to 

reconstitute a vascular bed is now viewed as “somewhat naive and even misguided” [106].  

In 2002 two papers reported on the synergism of VEGF and angiopoietin-1 (Ang1) in 

angiogenesis and warned that using VEGF alone risks the growth of leaky vessels [107, 108].  
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Manoonkitiwongsa et al. advised against “VEGF monotherapy” for treating stroke victims 

for fear of induced angiogenesis with BBB leakage [109].  And recently Thau-Zuchman 

emphasized that in treating traumatic brain injuries VEGF alone “could be a double edged 

sword” by increasing vascular permeability and exacerbating cerebral edema [104]. 

Seven potential modes of administering angiogenic factors to the brain are discussed 

below and involve broadly speaking the blood circulation, the CSF, the subarachnoid space, 

or the olfactory/trigeminal nerves.  An important corollary of the NAG hypothesis is that 

more than one factor may be involved in producing functional capillaries.  Thus in discussing 

the therapeutic approaches below, I will generally refer to “factor or factors,” factor/s, or 

VEGF et al. 

#1.  VEGF along with a complementary factor/s could be given intravenously over 

many months via a programmable minipump placed subcutaneously in the body [110-112].  

But such an IV treatment has the potential to stimulate angiogenesis throughout the body 

and not be limited to the brain, where it is sought.  The desired localization might be 

achieved by chemically linking the factor/factors to an antibody specific for some antigen on 

capillary endothelial cells.  There is a high concentration of transferrin receptors on the 

luminal surface of capillaries “throughout the entire cerebrovascular bed” [16].  A mouse 

monoclonal antibody (OX-26) is specific for these receptors in rats.   

The potential success of this approach using VEGF et al. coupled to OX-26 is 

suggested by the following two studies.  When methotrexate was conjugated to OX-26 and 

the complex was injected intravenously, the drug was released across the blood brain 

barrier into the rat brain parenchyma [113].  Similarly, when the complex of nerve growth 
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factor and OX-26 was injected IV, NGF was observed within the rat brain capillaries and brain 

parenchyma, while it was not found there when injected alone [114]. 

#2.  An alternative route via the cerebral spinal fluid has some precedent in studies on 

Parkinsonian patients in whom nerve growth factor (NGF) has been infused over a 12-month 

period into the lateral ventricle with the expectation that it would spread from the CSF into 

the adjacent nigrostriatal dopamine system [115].  Kordower stated that “NGF will diffuse 

readily from the ventricular space into brain parenchyma” of the basal forebrain [116].  In the 

case of VCI and AD patients, introducing VEGF et al. via a ventricle would allow the factor 

also to reach the surface of the cerebral cortex chronically, since the CSF circulates through 

the subarachnoid spaces over the pia mater covering the cerebral hemispheres.   

#3.  A more direct route would entail injecting the factor/s into the subarachnoid 

space over the cerebral hemispheres through catheters (1 mm outer diameters) containing 

multiple draining holes -- like those used in intraputamenal infusion studies [117]. 

#4.  Another focused approach might involve the angiogenic factor/s coupled to 

magnetic nanoparticles (MNP, 2-10 nm).  Here the complex/complexes introduced into the 

body via the blood or CSF would be directed to the cerebral capillaries or cerebral pia mater 

and held there by a magnetic field over the skullcap.  “A simple external magnetic field is all 

that is necessary to target a drug [coating a nanoparticle] to a specific site inside the body” 

[118].  Such particles can “be retained at the site by application of a magnetic field gradient” 

[119].  For example, a study on stent angioplasty employed an anti-restenotic agent 

(paclitaxel) loaded onto magnetic nanoparticles and subjected to a uniform induced 

magnetic field at the stent site.  The authors reported a 4- to 10-fold higher concentration 
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there of drug-loaded particles than of the agent injected alone [120].  Such a delivery system 

consists of three parts: a magnetic core (e.g., magnetite, Fe3O4), a surfacecoating (e.g., 

polyethylene glycol, etc.), and a functional outer coating (e.g., a drug or factor) [119].  

5.  A general approach for introducing an angiogenic factor or factors overlying the 

cerebral parenchyma is suggested by Folkman’s work with sustained-release polymers 

implanted in rabbit corneas and other sites.  In his studies, nanogram (10-9g.) quantities of 

tumor angiogenesis factor (TAF) were released and became therapeutically available over 

weeks to months [121, 122].  The therapeutic level of an angiogenic factor/s needed in the 

brain is a key concern.  Rosenstein reported that cultures of fetal, neonatal, and adult rat 

neocortical explants treated with human recombinant VEGF showed “a dose-dependent 

increase in the ratio of vascular area/total explants area” over the range of 1-25ng [98].  

Kurachi found that neovascularization on the chick chorioallantoic membrane occurs at 

femtomolar levels (10-15g.) of angiogenin [123].  Parenthetically, Murray et al. noted that 

incorporating albumen in the polymeric delivery system allowed release of picogram (10-12 g.) 

quantity/day of epidermal growth factor (EGF) [124].  

The use of sustained-released systems has been described in recent publications 

from the Department of Neurosurgery at Johns Hopkins University School of Medicine for 

the delivery of anticancer agents directly to sites of excised gliomas.  Here the drugs were 

incorporated in biodegradable polyanhydride wafers (Gliadel wafers) placed in the excised 

site [125, 126].  Various studies in rats have employed four different intracranial resorbable, 

slow sustained release systems -- surgical foam, a thermal gel depot, a microcapsule, or 

biodegradable polymer beads [126-130].  If such a slow release device containing an 
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angiogenic factor/s were placed on the pia mater covering the cerebral cortex of persons 

with incipient VCI or AD, the factor/s might be absorbed into the parenchyma and help 

maintain existing capillaries or stimulate local capillary production over the long term.  A 

locally applied device or system would prove more effective in the case of a factor having a 

short half life in the blood when administered systemically.     

In light of the brain-penetrating therapies being tested in Parkinson’s disease (e.g., 

intraventricular and intraputamenal infusions over many months), it is not implausible to 

consider two less invasive approaches for the chronic administration of an angiogenic 

growth factor merely to the brain surface – i.e., perfusion through multiple small holes in the 

skull or via trephination.  The former route might involve VEGF bound to biodegradable, 

slow-release polymer beads, which are introduced via multiple microholes through the 

skullcap into the subdural space over the cerebral cortex [130].  

 #6.  The latter route (trephination) might employ VEGF et al. in biodegradable 

polyanhydride wafers, which are distributed over the pia mater of the cerebral cortex 

through burr holes.  Trephining has been a simple, successful operation performed since the 

Neolithic Age in Europe.  Long before modern anesthesia and knowledge of asepsis, persons 

underwent trephination multiple times and recovered, as judged by the smooth, healed 

edges of the bony hole in their skulls.  One ancient Inca patient in Cuzco, Peru survived 

seven successive operations with seven healed burr holes in his skull [131].  Today the 

operation can be performed in an outpatient setting in 20 minutes or so and requires only a 

local anesthetic to deaden pain in the epicranium.  
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#7.  Another potential route involves the nasal cavity, where macromolecules may be 

absorbed across the olfactory membrane (olfactory receptor cells) and reach the brain 

parenchyma.  For example, when gelfoam was soaked in a wheat germ agglutinin-

horseradish peroxidase solution (WGA-HRP) and inserted into the nose of rats, neurons 

labeled with WGA-HRP were found “in the midbrain and pons and throughout the entire 

expanse of the olfactory cortex to the caudal pole of the cerebral hemisphere” [132].  Similar 

studies were reviewed by Illum [133].  

Recombinant human nerve growth factor (rh NGF, Mw 37 kDa) given by nose drops to 

anesthetized rats was measured in the brain by enzyme-linked immunosorbent assay and 

found to reach concentrations within an hour of 3400 pM in the olfactory bulb and 660-1300 

pM in four coronal sections of the cerebral hemisphere taken from anterior to posterior 

[134].  The authors of this 1989 paper suggested using this route for the long term treatment 

of Alzheimer’s disease with nerve growth factor (NGF) [134].  

Intranasal insulin is being tested in a 4-month long clinical trial in “adults with 

amnestic mild cognitive impairment or Alzheimer disease” [135].  Daily doses of an insulin 

aerosol are inhaled deeply via a drug delivery device.  A variation of this study could examine 

the effects of long term administration of angiogenic factors intranasally to persons with VCI 

and AD.   Agents encapsulated in cationic liposomes or onto nanoparticles and administered 

nasally show an increased absorption [136, 137].  

A small fraction of an agent administered nasally is absorbed by the ophthalmic 

branch of the trigeminal nerves and reaches the posterior part of the brain [138].  When 

insulin-like growth factor-1 was administered to rats intranasally, the factor appeared within 
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30 minutes in the rostal brain areas near the olfactory bulb and in “caudal areas near where 

the trigeminal nerve enters the brainstem” [139]. 

 

13.  Conclusion 

 The hypothesis advanced here attributes the vascular cognitive impairment (VCI) of 

old age and most cases of Alzheimer’s disease (AD) to a reduced cerebral capillary density 

(CCD) and an underlying declining (or aberrant) neuroangiogenesis (NAG).  Various 

mechanism not discussed in detail here determine the level of endogenous angiogenic 

factors in the brain throughout life.  I suggest that treatment with comparable exogenous 

factors may correct the deficiency or imbalance presumed to be responsible for VCI and AD.  

The NAG hypothesis, if valid, has practical implication for preventing or reducing the 

incidence of these conditions and possibly ameliorating the existing states.  Seven 

therapeutic approaches have been discussed for introducing angiogenic factors into the 

brain.  Effective treatment will likely involve a careful balance of several exogenous factors 

in order to preserve or revive a healthy cerebral microcirculation.  In future clinical studies on 

VCI and AD, investigators will be challenged to determine the most effective and safest 

combination of angiogenic factors. 

 

 

Acknowledgements 

 I am grateful for reviews of an early draft of this essay by Dr. Lawrence D. Longo, 

Loma Linda University, Loma Linda, CA, and Dr. Peter Nelson, Center on Aging, University of 



31 
 

Kentucky, Lexington, KY.  Invaluable also have been the detailed suggestions by four 

anonymous reviewers of the paper’s first submission to this journal.  I am immensely 

indebted to the Medical Center Library of the University of Kentucky and its staff member, 

Mrs. Amanda Williams.  Finally, I acknowledge the continued support of Ch. Tray.    the faithful 

attendance of Ch. Tray, a champion Irish Setter, who in his 14th year has canine Alzheimer’s disease.   

  



32 
 

Bibliography  

[1]  Abbott A (2011) A problem for our aged.  Nature 475, S2-S4. 

[2]  Thies W, Bleiler L (2011) Alzheimer’s Association Report: 2011 Azheimer’s disease facts 

and figures.  Alzheimer’s & Dementia 7, 208-244. 

[3]  Ambrose CT (2010) The widening gyrus.  American Sci 98, 8-12.   

[4]  Diemer K (1968) Capillarisation and oxygen supply of the brain.  In  Oxygen Transport in 

Blood and Tissue, Lubbers DW et al., eds. Stuttgart: Geo. Thieme, pp. 118-123.       

[5]  Breier G, Albrecht U, Sterrer S, Risau W (1992) Expression of vascular endothelial growth 

factor during embryonic angiogenesis and endothelial cell differentiation. Development 114, 

521-532  

[6]  Ment LR and 6 coauthors (1997) Vascular endothelial growth factor mediates reactive 

angiogenesis in the postnatal developing brain.  Developmental Brain Res100, 52-61. 

[7]  Gorelick PB (2004) Risk Factors for Vascular Dementia and Alzheimer Disease.  Stroke 35, 

2620-2622. 

[8]  Craigie EH (1925) Postnatal changes in vascularity in the cerebral cortex of the male 

albino rat.  J Comp Neurol 39, 301-324. 

[9]  Hunziker O, Frey H, Schulz U (1974) Morphometric investigations of capillaries in the 

brain cortex of the cat.  Brain Res 65, 1-11.  

[10]  Bär T (1978) Morphometric Evaluation of Capillaries in Different Laminae of Rat Cerebral 

Cortex by Automatic Image Analysis: Changes During Development and Aging.  Adv 

Neurology 20, 1-9. 



33 
 

 [11]  Buchweitz-Milton E, Weiss HR (1987)  Perfused Capillary Morphometry in the Senescent  

Brain.  Neurobiol Aging 8, 271-276. 

[12]  Wang D-B, Blocher NC, Spence ME, Rovainen CM, Woolsey TA (1992) Development and 

remodeling of cerebral blood vessels and their flow in postnatal mice observed with in vivo 

videomicroscopy.  J Cerebral Blood Flow Metab 12, 935-946.  

[13]  Weiss HR, Buchweitz E, Murtha TL, Auletta ML (1982) Quantitative regional 

determination of morphometric indices of the total and perfused capillary network in the rat 

brain.  Circ Res 51, 494-503.  

 [14]  Rowan RA, Maxwell DS (1981) Patterns of vascular sprouting in the postnatal 

development of the cerebral cortex of the rat.  Am J Anat 160, 247-255. 

[15]  Abernethy WB, Bell MA, Morris M, Moody DM (1993)  Microvascular Density of the 

Human Paraventricuolar Nucleus Decreases with Aging but Not Hypertension.  Exp Neurol 

121: 270-274.     

[16]  Jefferies WA, Brandon MR, Hunt SV, Williams AF, Gatter KC, Mason DY (1984) 

Transferrin receptors on endothelium of brain capillaries.  Nature 312, 162-163.   

[17]  Guo L, Burke P, Lo S-H, Gandour-Edwards R, Lau D (2001) Quantitative analysis of 

angiogenesis using confocal laser scanning microscopy.  Angiongenesis 4: 187-191.  

[18]  Biron KE, Dickstein DL, Gopaul R, Jefferies WA (2011) Amyloid Triggers Extensive 

Cerebral Angiogenesis Causing Blood Brain Barrier Permeability and Hypervascularity in 

Alzheimer’s Disease.  PLoS ONE 6; 1-6.  

[19]  Wu Z, Hofman FM, Zlokovic BV (2003)  A simple method for isolating and characterizing 

of mouse brain microvascular endothelial cells.  J. Neurosience Methods 130: 53-63. 



34 
 

[20]  Michaelson IC (1948) The mode of development of the vascular system of the retina, 

with some observations on its significance for certain retinal diseases.  Trans Ophthalmic Soc 

UK 68, 137-180.  

[21]  Folkman F (1985) Toward an understanding of angiogenesis: search and discovery. 

Perspectives Biol Med 29, 10-36. 

[22]  Folkman J, Klagsbrun M (1987) Angiogenic Factors.  Science 235, 442-447.   

[23]  Carmeliet P (2005) Angiogenesis in life, disease and medicine.  Nature 438, 932-936. 

[24]  Gospodarowicz D (1974) Localization of a fibroblast growth factor and its effect alone 

and with hydrocortisone on 3T3 cell growth.  Nature 249, 123-127. 

[25]  Dvorak HF and 9 co-authors (1979) Induction of a fibrin-gel investment: an early event 

in Line 10 hepatocarcinoma growth mediated by tumor-secreted products.   Immunology 122, 

166-174. 

[26]  Ferrara N, Leung DW, Phillips HS (1991) Molecular Characterization and Distribution of 

Vascular Endothelial Growth Factor.  J Neuroendocrine Perspectives 9, 127-161.   

[27]  Zadeh G, Guha A (2003)  Angiogenesis in Nervous System Disorders.  Neurosurgery 53: 

1362-1376. 

[28]  Elder JB, Williams G, Lacey E, Gregory H (1978) Cellular localization of human 

urogastgrone/epidermal growth factor.  Nature 271, 466-467. 

[29]  Klagsbrun M, D’Amore PA (1991) Regulators of Angiogenesis.   Ann Rev Physiol 53, 217-

239.  



35 
 

[30]  Maxwell M and 6 coauthors(1991) Expression of angiogenic growth factor genes in 

primary human astrocytomas may contribute to their growth and progression.  Cancer Res 

51, 1345-1351.  

[31]  Bell RD, Winkler EA, Sagare AP, Singh I, LaRue B, Deane R (2010)  Pericytes Control Key 

Neurovascular Functions and Neuronal Phenotype in the Adult Brain and during Brain Aging.  

Neuron 68: 409-427. 

[32]  Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J (2000)  Vascular-

specific growth factors and blood vessel formation.  Nature 407: 242-248. 

[33]  Carmeliet P, Jain RK (2011) Molecular mechanism and clinical applications of 

angiogenesis.  Nature 473, 298-307. 

[34]  Thompson PM and 5 coauthors(2000) Growth patterns in the developing brain 

detected by using continuum mechanical tensor maps.  Nature 404, 190-193. 

[35]  Ment LR, Stewart WB, Fronc R, Seashore C, Mahooti S, Scaramuzzino D, Madri JA 

(1997).  Vascular endothelial growth factor mediates reactive angiogenesis in postnatal 

developing brain.  Dev Brain Res 100: 52-61.   

[36]  Tannock IF, Hayashi S (1972) The Proliferation of Capillary Endothelial Cells.  Cancer Res 

32, 77-82. 

[37]  Hirst DG, Denekamp J, Hobson B (1980) Proliferation Studies on the Endothelial and 

Smooth Muscle Cells of the Mouse Mesentery After Irradiation.  Cell Tissue Kinet 13, 91-104. 

[38]  Engerman RL, Pfaffenbach DD, Davis MD (1967) Cell Turnover of Capillaries.  Lab Invest 

17, 738-743. 



36 
 

[39]  Denekamp J (1982) Endothelial cell proliferation as a novel approach to targeting 

tumour therapy.  Brit J Cancer 45, 136-139. 

[40]  Black JE, Polinsky M, Greenough WT (1989) Progressive Failure of Cerebral 

Angiogenesis Supporting Neural Plasticity in Aging Rats.  Neurobiology Aging 10, 353-358. 

[41]  Bär T, Miodonski A, Budi Santoso AW (1986) Postnatal development of the vascular 

pattern in the rat telencephalicpia-arachnoid.  Anat Embryo 174, 215-223. 

 [42]  Melamed E, Lavy S, Bentin S, Cooper G, Rinot Y (2011) Reduction in Regional Cerebral 

Blood Flow During Normal Aging in Man.  Stroke 11, 31-35   

[43]  Riddle DR, Sonntag WE, Lichtenwalner RJ (2003) Microvascular plasticity in aging.  

Ageing Res Reviews 2, 149-168. 

[44]  Stewart PA and 8 coauthors (1987) A quantitative analysis of blood-brain barrier 

ultrastructure in the aging human.  Microvascular Res 33, 270-282.  

[45]  Kuwabara K, Cogan DG (1963) Retinal Vascular Patterns VI.  Mural cell of the retinal 

capillaries.  Arch Ophthamology 69, 114-124. 

[46]  Klein AW, Michel ME (1977) A Morphometric Study of the Neocortex of Young Adult 

and Old Maze-Differentiated Rats.  Mechanism of Ageing and Development 6, 441-452.  

 [47]  de la Torre JC (2000) Critically attained threshold of cerebral hypoperfusion: the 

CATCH hypothesis of Alzheimer’s pathogenesis.  Neurobiology Aging 21, 331-342. 

[48]  Ferrara N, Houck K, Jakeman L, Leung DW (1992) Molecular and biological properties of 

the vascular endothelial growth factor family of proteins.  Endocrine Rev 13, 18-32.  

[49]  Bell MA, Ball MJ (1981)  Morphometric Comparison of Hippocampal Microvasculature in 

Ageing and Demented People: Diameters and Densities.  Acta Neuropathol (Berl) 53, 299-318.  



37 
 

[50]  Fisher VW, Siddiqi A, Yusufaly Y (1990) Altered angioarchitecture in selected areas of 

brains with Alzheimer’s disease. Acta Neuropathologica 79, 672-679.   

[51]  Buée I, Hof PR, Delacourte A (1997) Brain Microvascular Changes in Alzheimer’s 

Diseases and Other Dementias.   Ann NY Acad Sci 826, 7-24. 

[52]  Farkas E, Luiten PGM (2001)  Cerebral microvascular pathology in aging and Alzheimer’s 

disease.  Prog Neurobiology 64: 575-611. 

[53]  Jellinger KA (2002)  Alzheimer disease and cerebrovascular pathology: an update.  J 

Neural Transmission 109: 813-836, 

[54]  Perlmutter LS, Chui HC (1990) Microangiopathy, the vascular basement membrane and 

Alzheimer’s disease: a review.  Brain Res Bull 24, 677-686.  

[55]  Ravens JR (1978) Vascular Changes in the Human Senile Brian.  Advances Neurology 20, 

487-501. 

[56]  Kalaria RN, Kroon SN (1992) Expression of leukocyte antigen CD34 by brain capillaries in 

Alzheimer’s disease and neurologically normal subjects.  Acta Neuropathol 84, 606-612.  

[57]  Kalaria RN, Hedera H (1995) Differential degeneration of the cerebral microvasculature 

in Alzheimer’s dis. Neuro Report 6, 477-480. 

[58]  Grammas P, Yamada M, Zlokovic B (2002) The cerebromicrovasculature:  A key player in 

the pathogeneis of Alzheimer’s disease.  J Alzheimer’s Dis 4, 217-223. 

[59]  Kalaria RN and 5 coauthors (1998) Vascular endothelial growth factor in Alzheimer’s 

disease and experimental cerebral ischemia.  Molecular Brain Res 62, 101-105 



38 
 

[60]  Yang S-P, Bae D-G, Kang HJ, Gwag BJ, Gho Y-S, Chae C-B (2004)  Co-accumulation of 

vascular endothelial growth factor with β-amyloid in the brain of patients with Alzheimer’s 

disease.  Neurobiology Aging 25: 283-290. 

[61]  Pogue AI, Lukiw WJ (2004)  Angiogenic signaling in Alzheimer’s disease.  Neuro Report 

15: 1507-1510. 

[62]  Stopa EG, Gonzalez A-M, Chorsky R, Corona RJ, Alvarez J, Bird ED, Baird A (1990)  Basic 

Fibroblast Growth Factor in Alzheimer’s Disease.  Biochem Biophys Res Comm 171: 690-696. 

[63]  Styren SD, Mufson EJ, Styren GC, Civin WH, Rogers J (1990)  Epidermal growth factor 

receptor expression in demented and aged human brain.  Brain Res 347: 347-352.  

 [64]  Lambrechts D and 33 coauthors (2003) VEGF is a modifier of amyotrophic lateral 

sclerosis in mice and humans and protects motoneurons against ischemic death.  Nature 

Genetics 34, 383-394. 

[65]  Hardy J, Higgins G (1992) Alzheimer’s disease: the amyloid cascade hypothesis.  Science 

256, 184-185.  

[66]  Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer’s disease: progress and 

problems on the road to therapeutics.  Science 297, 353-356. 

[67]  Gammas P (2011) Neurovascular dysfunction, inflammation and endothelial activation: 

Implications for the pathogenesis of Alzheimer’s disease.  J. Neuroinflam 8: 1-12. 

[68]  de la Torre JC, Mussivand T (1993) Can disturbed brain microcirculation cause 

Alzheimer’s disease?   Neurolog Res 15, 146-153. 

[69]  de la Torre JC (1994) Impaired Brain Microcirculation May Trigger Alzheimer’s Disease.  

Neurosci Biobehavioral Reviews 18, 397-401. 



39 
 

[70]  de la Torre JC (2002) Alzheimer disease as a vascular disorder, nosological evidence.  

Stroke 33, 1152-1162. 

[71]  de la Torre JC (2010) Vascular risk factor detection and control may prevent Alzheimer’s 

disease.  Ageing Research Reviews 9, 218-225. 

[72]  Brown WR, Moody DM, Thore CR, Challa VR (2000) Apoptosis in Leukoaraiosis.   Ann NY 

Acad Sci 21, 79-82.    

[73]  Esiri MM (2000) Which Vascular Lesions Are of Importance in Vascular Dementia? Ann 

NY Acad Sci 903, 239-243. 

[74]  Hachinski V, Munoz D (2000) Vascular Factors in Cognitive Impairment – Where Are We 

Now?  Ann NY Acad Sci 903, 1-5. 

[75]  Kalback W and 13 coauthors (2004) Vascular endothelial growth factor in Alzheimer’s 

disease and experimental cerebral ischemi.  Neurological Res 26, 525-539. 

[76]  Bailey TL, Rivara CB, Rocher AB, Hof PR (2004) The nature and effects of cortical 

microvascular pathology in aging and Alzheimer’s disease. Neurolog Res 26, 573-578. 

[77]  Roher AE, Esh C, Rahman A, Kokjohn TA, Beach TG (2011) Atherosclerosis of Cerebral 

Arteries in Alzheimer Disease.  Stroke 354, 2623-2627. 

[78]  Zlokovic BV (2005)  Neurovascular mechanisms of Alzheimer’s neurodegeneration.  

Neurosciences 28: 202-208. 

[79]  Wu Z and 17 co-authors (2005)  Role of the MEOX2 homeobox gene in neurovascular 

dysfunction in Alzheimer disease.  Nature Medicine 11: 959-965. 

[80]  Eisenstein M (2011) Finding risk factors.  Nature 475, S20-S22. 



40 
 

[81]  Deckworth TL, Elliott JL, Knudson CM, Johnson, Jr EM, Snider WD, Korsmeyer SJ (1996)  

BAX Is Required for Neuronal Death after Trophic Factor Deprivation and during 

Development.  Neuron 17: 401-411.  

[82]  Perlman H, Sata M, Le Roux A, Sedlak TW, Branellec D, Walsch K (1998) Bax-mediated 

cell death by the Gaxhomeoprotein requires mitogen activation but is independent of cell 

cycle activity. The EMBO J 17: 3576-3586. 

[83]  Armulik A, Abramsson A, Betsholtz C (2005)  Endothelial/Pericyte Interactions.  Circ Res 

97: 512-523.  

[84]  Bell RD, Winkler EA, Sagare AP, Singh I, LaRue B, Deane R (2010)  Pericytes Control Key 

Neurovascular Functions and Neuronal Phenotype in the Adult Brain and during Brain Aging.  

Neuron 8: 409-427. 

[85]  Winkler EA, Bell RD, Zlokovic BV (2011)  Central nervous system pericytes in health and 

disease.  Nature Neuroscience 14: 1398-1405. 

[86]  Alon T, Hemo I, Itin A, Pe’er J, Stone J, Keshet E (1995)  Vascular endothelial growth 

factor acts as a survival factor for newly formed retinal vessels and has implications for 

retinopathy of prematurity.  Nature Med 1: 1024-1028. 1995. 

[87]   Paris D and 16 coauthors (2004) Inhibition of angiogenesis by AB peptides.  

Angiogenesis7: 75-85.   

[88]  Jantaratnotai N, Schwab C, Ryu JK, McGeer PL, McLarnon JG (2010)  Converging 

Perturbed Microvasculature and Microglial Clusters Characterize Alzheimer Disease Brain.  

Current Alzheimer Res: 625-636. 



41 
 

[89]  Paris D, Patel N, Delle Donne A, Quadros A, Smeed R, Mullan M (2004)  Impaired 

angiogenesis in a transgenic mouse model of cerebral amyloidosis.  Neuroscience Letters 366: 

80-85.     

[90]  El-Gohary YM, Silverman JF, Olson PR, Liu YL, Cohen JK, Miller R, Saad RS (2007)  

Endoglin (CD105) and Vascular Endothelial Growth Factor as Prognostic Markers in Prostatic 

Adenocarcinoma.  Am J Clin Pathol 127, 572-57l9.  

[91]  Vagnucci, Jr AH, Li WW (2003) Alzheimer’s disease and angiogenesis.  The Lancet 361, 

605-608.  

[92]  LaMontague KR (2005) Antiangiogenesis: New frontiers in therapeutic development.  

Angiogenesis 8, 285-287. 

[93]  Griffin RJ, Molema G, Dings RPM (2006) Angiogenesis treatment, new concepts on the 

horizon.  Angiogenesis 9, 67-72. 

 [94]  Banai S and 8 coauthors (1994) Angiogenic-Induced Enhancement of Collateral Blood 

Flow to Ischemic Myocardium by Vascular Endothelial Growth Factor in Dogs. Circulation  89, 

2183-2189. 

[95]  Takashita S and 8 coauthors (1994) Therapeutic Angiogenesis:  A Single intraarterial 

Bolus of Vascular Endothelial Growth Factor Augments Revascularization in a Rabbit 

Ischemic Hind Limb Model.  J Clin Invest 93, 662-670.  

[96]  Khurana R, Simons M (2003) Insights from Angiogenesis Trials Using Fibroblast Growth 

Factor for Advanced Arteriosclerotic Disease.  TCM 13, 116-122.  

[97]  Puumala M, Anderson RE, Meyer FB (1990) Intraventricular infusion of HBGF-2 

promotes cerebral angiogenesis in Wistar rat.  Brain Res 534, 283-286. 



42 
 

[98]  Rosenstein  JM, Mani N, Silverman WF, Krum JM (1998) Patterns of brain angiogenesis 

after vascular endothelial growth factor administration in vitro and in vivo.  Proc Na Acad Sci  

95, 7086-7091. 

[99]  Hayashi T, Abe K, Toyama Y (1998) Reduction of Ischemic Damage by Application of 

Vascular Endothelial Growth Factor in Rat Brain After Transient Ischemia.  J Cerebral Blood 

Flow Metab 18, 887-895. 

[100]  Zhang ZG and 7 coauthors (2000) VEGF enhances angiogenesis and promotes blood-

brain barrier leakage in the ischemic brain.   J Clin Invest 106, 829-838. 

[101]  Sun Y and 6 coauthors (2003) VEGF-induced neuroprotection, neurogenesis, and 

angiogenesis after focal cerebral ischemia.   J Clin Invest 111, 1843-1851. 

[102]  Kanya D, Gürsoy-Özdemir Y, Yemisci M, Tuncer N, Aktan S, Dalkara T (2005)  VEGF 

protects brain against focal ischemia without increasing blood-brain permeability when 

administered intracerebroventricularly.  J Cerebral Blood Flow & Metab 25, 1111-1118.  

[103]  Wang Y, Galvan V, Gorostiza O, Ataie M, Jin K, Greenburg DA (2006)  Vascular 

endothelial growth factor improves recovery of sensorimotor and cognitive deficits after 

focal cerebral ischemia in the rat.  Brain Res 1115, 186-193. 

[104]  Thau-Zuchman O, Shohami E, Alexandrovich AG, Leker RR (2010)  Vascular endothelial 

growth factor increases neurogenesis after traumatic brain injury.  J Cerebral Blood Flow & 

Metab 30, 1008-1016. 

[105]  Wang, P, Xie Z-H, Guo Y-J, Zhao C-P, Jiang H, Song Y, Zhu Z-Y, Lai C, Xu S-L, Bi J-Z (2011)  

VEGF-induced angiogenesis ameliorates the memory impairment in APP transgenic mouse 

model of Alzheimer’s disease.  Biochem Biophys Com 411, 620-626. 



43 
 

[106]  Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J (2000)  Vascular-

specific growth factors and blood vessel formation.  Nature 407, 242-248. 

[107]  Thurston G (2002)  Complementary actions of VEGF and Angiopoietin-1 on blood vessel 

growth and leakage.  J Anat 200, 575-580. 

[108]  Visconti RP, Richardson CD, Sato TN (2002)  Orchestration of angiogenesis and 

arteriovenous contribution by angiopoietins and vascular endothelial growth factor (VEGF).  

Proc Na Acad Sci  99, 8219-8224. 

[109]  Manoonkitiwongsa PS, Schultz RL, McCreery DB, Whitter EF, Lyden PD (2004) 

Neuroprotection of Ischemic Brain by Vascular Endothelial Growth Factor Is Critically 

Dependent on Proper Dosage and May Be Compromised by Angiogenesis.  J Cerebral Blood 

Flow Metab 24, 693-702. 

[110]  Lee JW and 16 coauthors(2009) Surgical stress promotes tumor growth in ovarian 

carcinoma.  Clin Cancer Res 15, 2695-2702. 

[111]  Passam, FH, Qi JC, Tanaka K, Matthaei KI, Krilis SA (2010) In vivo modulation of 

angiogenesis by beta 2 glycoprotein 1.  J Autoimmun 35, 232-240. 

[112]  Simcock JW, Penington AJ , Morrison WA, Thompson EW, Mitchell GM (2009) 

Endothelial precursor cells home to a vascularized tissue engineering chamber by 

application of the angiogenic chemokine CXCL12.  Tissue Eng Part A 15, 655-664. 

 [113]  Friden PM, Walus LR, Musso GF, Taylor MA, Malfroy B, Starzyk R (1991)   

Anti-transferrin receptor antibody and antibody-drug conjugates cross the blood-brain 

barrier.  Proc Natl Acad Sci 88, 4771-4775. 

[114]  Friden PM and 9 coauthors (1993)  Blood-Brain Barrier penetration and in Vivo 



44 
 

Activity of an NGF Conjugate.  Science 259, 373-377. 

[115]  Gill SS and 6 coauthors (2003) Direct brain infusion of glial cell like-derived 

neurotrophic factor in Parkinson Disease.  Nature Medicine 9, 587-595.  

[116]  Kordower JH, Mufson EJ, Granholm A-C, Hoffer B, Friden PM (1993)  Delivery of 

Trophic Factors to the Primate Brain.  Expl Neurology 124, 21-30.  

[117]  Ai Y and 6 coauthors (2003) Intraputamenal Infusion of GDNF in Aged Rhesus 

Monkeys: Distribution and Dopaminergic Effects.  J Comp Neurology 461, 250-261. 

[118]  Kumar A, Jena PK, Behera S, Subhra Mohapatra RL, Mohapatra S (2010) 

Multifunctional magnetic nanoparticles for targeted delivery.  Nanomedicine Nanotech Biol 

Med 6, 64-69.  

[119]  Vatta LL, Sanderson RD, Koch KR (2006) Magnetic nanoparticles: Properties and 

potential applications.  Pure Appl Chem 78, 1793-1801.   

[120]  Chorny M and 9 coauthors (2010) Targeting stents with local delivery of paclitaxel-

loaded magnetic nanoparticles using uniform fields.  Proc Nat Ac Sci 107, 8346-8351. 

[121]  Langer R, Folkman J (1976) Polymer for the sustained release of proteins and other 

macromolecules.  Nature 263, 797-800.   

[122]  Creque HM, Langer R, Folkman J (1980)  One Month of Sustained Release of Insulin 

from a Polymer Implant.  Diabetes 29: 37-40.  

 [123]]  Kurachi K, Davie EW, Strydom DJ, Riordan JF, Valee BL (1985) Sequence of the cDNA 

and gene for angiongenin, a human angiongenesis factor.  Biochem 124, 5494-5499. 

[124]  Murray JB, Brown L, Langer R, Klagsburn M (1983) A micro sustained release system 

for epidermal growth factor.  In Vitro 19, 743-748. 



45 
 

[125]  Attenello FJ and 9 coauthors (2008)Use of Gliadel (BCNU) Wafer in the Surgical 

Treatment of Malignant Glioma: A 10-Year Institutional Experience.  Ann Surg Oncology 15, 

2887-2893. 

[126]  McGirt MJ, Brem H (2010) Carmustine Wafer (Gliadel) Plus Comcomitant 

Temozolomide Therapy After Resection of Malignant Astrocytoma: Growing Evidence for 

Safety and Efficacy.  Ann Surg Oncol 17, 1729-1731. 

[127]  Slager J and 6 coauthors (2009) Local Controlled Delivery of Anti-Neoplastic RNAse to 

the Brain.  Pharm Res 26, 1838-1846 

[128]  Tyler B and 12 coauthors (2010)A thermal gel depot for local delivery of paclitaxel to 

treat experimental brain tumors in rats Neurosurg 113, 210-217. 

 [129]  Scott AW and 9 coauthors (2011) Intracranial microcapsule drug delivery device for the 

treatment of an experimental gliosarcoma model.  Biomaterials 32, 2532-2539. 

[130]  Tyler B and 13 coauthors (2011) Local delivery of rapamycin: a toxicity and efficacy 

study in an experimental malignant glioma model in rats.  Neuro-Oncology 13, 700-709. 

[131]  T.D. Stewart TD (1957) Stone Age Skull Surgery: A General Review, with Emphasis on 

the New World.  Ann Rep Smithsonian Inst 469, 469-491. 

[132]  Shipley MT (1985) Transport of molecules from nose to brain: transneural anterograde 

and retrograde labeling in the rat olfactory system by wheat germ agglutinin-horseradish 

peroxidase applied to the nasal epithelium.  Brain Res Bull 15, 129-142.   

[133]  Illum I (2000) Transport of drugs from the nasal cavity to the central nervous system.  

European J Pharm Sci 11, 1-18. 



46 
 

[134]  Chen X-Q, Fawcett JR, Rahman Y-E, Ala TA, Frey II WH (1998) Delivery of Nerve Growth 

Factor to the Brain via the Olfactory Pathway.  J Alzheimer’s Dis. 1, 35-44.   

[135]  Craft S and 13 coauthors (2012)  Intranasal Insulin Therapy for Alzheimer Disease and 

Amnestic Mild Cognitive Impairment.  Arch Neurol 69: 29-38. 

[136]  Magliore MM, Vyas TK, Campbell RB, Amiji MM, Waszczak BL (2010) Brain delivery of 

proteins by the intranasal route of administration: a comparison of cationic liposomes versus 

aqueous solution formulations.  J Pharm Sci 99, 1745-1761.  

[137]  Dhuria SV, Hanson LR, Frey II WH (2010) Intranasal Delivery to the Central Nervous 

System: Mechanisms and Experimental Considerations.   J Pharm Sci 99, 1654-1673. 

[138]  Malerba F, Paoletti F, Capsoni S, Cattaneo A (2011) Intranasal delivery of therapeutic 

proteins for neurological diseases.  Expert Opin Drug Deliv 8, 1277-96. 

[139]  Thorne RG, Pronk GJ, Padmanabhan V, Frey II WH (2004) Delivery of insulin-like 

growth factor-1 to the rat brain and spinal cord along olfactory and trigeminal pathways 

following intranasal administration.  Neuroscience 127, 481-496. 

                                                                                                               END 


	University of Kentucky
	UKnowledge
	2012

	Neuroangiogenesis: A Vascular Basis for Alzheimer's Disease and Cognitive Decline during Aging
	Charles T. Ambrose
	Repository Citation
	Neuroangiogenesis: A Vascular Basis for Alzheimer's Disease and Cognitive Decline during Aging
	Notes/Citation Information
	Digital Object Identifier (DOI)


	tmp.1545680418.pdf.DAr4O

