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Abstract 

Plasticity of the synaptic contact zone was previously observed following loss of synapses in the cerebral 
cortex of normal aging humans. The present study was undertaken to determine if there was quantitative 
evidence of synapse loss and synapse plasticity in the inferior temporal, superior parietal, parieto-occipital, and 
superior frontal cortical regions in Alzheimer's disease (AD), and how such changes related to the neurofibril- 
lary tangles and amyloid plaques. The results showed that age at autopsy did not correlate with the numbers of 
synapses, plaques, or tangles. However, the numbers of synapses strongly reflected the pathology of AD; in all 
four brain regions, there were fewer synapses as the numbers of plaques and tangles increased. In the inferior 
temporal and superior parietal cortices, the loss of synapses was accompanied by an increase in the synaptic 
contact length. The results suggest that, in some cerebral cortical brain regions, synapses are capable of plasticity 
changes, even when the pathology of AD and loss of synapses are severe. 

Index Entries: Alzheimer's disease; synapses; plasticity; aging. 
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Introduction 

Neural plasticity has been defined as adaptive 
changes in structure and function of the nervous 
system, occurring during all stages of develop- 
ment and adulthood, as a result of experience or 
following injury (Phelps, 1990). Morphologically, 
plasticity may involve axonal sprouting, dendritic 
growth, synaptic remodeling, and glial hypertro- 
phy. Strong support for new synapse formation 
and reorganization in the mature brain comes 
from mechanically and chemically induced lesion 
studies (Bjorklund and Stenevi, 1979; Goldowitz 
et al., 1979). There is also increasing evidence that 
the mature mammalian brain possesses consid- 
erable capacity for continued growth and reor- 
ganization, and that synapses are being lost and 
replaced throughout life as part of a normal pro- 
cess (Adams and Jones, 1982; Geinisman et al., 1988). 

Dendritic and synaptic plasticities have also 
been observed in the normal aging brain (for 
reviews, see Adams and Iones, 1987; Flood and 
Coleman, 1990). In the normal aging human 
brain, plasticity of the synaptic contact zone has 
been observed following loss of synapses 
(Adams, 1987a,b). As synapses were lost, there 
was a significant increase in the length of the 
postsynaptic contact zone of the remaining syn- 
apses. This synaptic plasticity was thought to rep- 
resent a compensatory response by the aged 
brain, since it was not apparent in brain regions 
where there was no age-related loss of synapses. 

Currently, the role of plasticity in the pathol- 
ogy of Alzheimer's disease is a topic of consider- 
able interest. Dystrophic neurites and terminals 
have been implicated in Alzheimer's disease 
pathology for many years. However, there have 
been few quantitative ultrastmctural studies that 
have investigated the loss of synaptic contacts and 
synaptic plasticity in the AD brain. 

Of the current literature on Synapses in AD, 
two studies found no significant decline in the 
number of synapses of the frontal cortex (Gibson, 
1983: Paula-Barbosa et al., 1986), and two studies 
found a signficant decrease in the number of syn- 
apses of the temporal and frontal cortices (Davies 

et al., 1987; Sc_heff et al., 1990). The latter study 
also found that cortical samples with fewer syn- 
apses had larger synapses. 

The present study was undertaken to assess: 

1. The numerical density of synapses in vari- 
ous regions of the cerebral cortex from tis- 
sue obtained at autopsy of patients with 
Alzheimer's disease; 

2. Structural evidence of synaptic plasticity by 
quantitative measurement of the length of the 
postsynaptic density (referred to as synapse 
length); and 

3. The relationship of these synaptic parameters to 
the neuritic amyloid plaques and neurofibrillary 
tangles of Alzheimer's disease. 

Materials and Methods 

The material used in this study was obtained 
from brains examined at the Department of 
Neuropa tho logy ,  Royal Perth Hospital  (by 
kind courtesy of C. Masters), and subjected 
for neuropathological evaluation to confirm 
Alzheimer's disease. The criteria used were 
based on easily identifiable amyloid plaques 
and neurofibri l lary tangles (Khachturian,  
1985). However, the histological data was not 
correlated to the clinical condition, other than 
the fact that all patients had been diagnosed as 
having Alzheimer's disease prior to death. 

Neocortical blocks were taken from ten 
autopsy cases as follows: superior frontal gyms 
(SFG, Brodmann area 8), inferior temporal gyms 
(ITG, Brodmann area 36,20), superior parietal lob- 
ule (SPL, Brodmann area 7), and parieto-occipi- 
tal lobe (POG, Brodmann area 40). 

Immunocytochemical detection of amyloid 
13A4 protein (kindly donated by C. Masters) uti- 
lized formalin-fixed free-floating vibratome 
tissue sections (50 grn) and a standard peroxi- 
dase-antiperoxidase technique. These tissue sec- 
tions were used to locate the immunoreactive 
amyloid plaques and cortical layer 1. Subse- 
quently, the identified areas were selectively cut 
from the thick sections and prepared for electron 
microscopy using ethanolic phosphotungstic acid 

Molecular Neurobiology Volume 5, 1991 



Structural Plasticity of Synapses 

(E-PTA) s ta in ing  (Adams,  1987b). Electron 
micrographs (x150 and x43,000 magnification) of 
representative areas were systematically photo- 
graphed and analyzed for each brain region. 

The fo l lowing  pa ramete r s ,  expressed  as 
counts per unit tissue, were investigated: num- 
ber  of s y n a p s e s ,  and  n u m b e r  of a m y l o i d  
plaques (plaques), and neurofibril lary tangles 
(tangles). A Kontron MOP semiautomated im- 
age analyzer  was used to determine the length 
of the postsynapt ic  contact densi ty (synapse 
length).  The usua l  p recau t ions  concern ing  
morphomet r ic  evaluat ions  and pos tmor tem 
changes were taken, as recorded in previous 
studies (Adams, 1987a,b). 

Results 

Data for Individual Alzheimer's 
Patients (Table I), Depicting Linear 
Regressions in the Age Spectrum 
of Alzheimer's Disease 
For purposes of correlating the measured pa- 

rameters specifically with age in Alzheimer's dis- 
ease, all data from the four cortical regions were 
pooled, and mean _+ SEM for each parameter was 
determined (Table 1). Linear regression analyses 
were then performed to determined if the mor- 
phometric values--number  of synapses, synapse 
length, and plaque and tangle counts---showed 
significant age-related changes over the com- 
bined cerebral cortical regions examined. 

From Table 1, it can be seen that a significant 
negative correlation (r = -0.66, p < 0.05) with age 
was apparent only for synapse length. There were 
no correlations between age and number of syn- 
apses, plaques, or tangles. This suggests that age 
alone is a poor indicator of AD pathology. How- 
ever, there was  considerable  he te rogenei ty  
among the individuals. The individual (aged 76 
yr) with the least plaques and tangles had the 
shortest, but highest number of synapses, and the 
AD individual (aged 68 yr) with the most plaques 
and tangles had fewer, but longer synapses. 
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Correlations of the Various 
Parameters in the Different 
Cerebro-Cortical Regions 

Number of Synapses 
vs Synapse Length 
There was a significant negative correlation 

(r = -0.77, p < 0.01) when the mean values for the 
combined four brain regions were analyzed.  
When the data were analyzed separately for the 
four different brain regions (Fig. 1), significant 
negative correlations were found in the superior 
parietal and inferior temporal lobes; i.e., as the 
number of synapses became fewer, the remain- 
ing synapses became longer in synaptic contact 
length. No significant trends were apparent in 
the parieto-occipital or superior frontal gyrii. 

Number of Synapses 
vs Number of Plaques 
There was a significant negative correlation 

(r -- -0.89, p < 0.01) when mean values for the com- 
bined four brain regions were analyzed by linear 
regression. When analyzed by regions, all four 
brain regions showed significant negative corre- 
lations (Fig. 2); i.e., as the number of synapses 
decreased, the number of plaques increased. 

Number of Synapses 
vs Number of Tangles 
There was a significant negat ive correlation 

(r = -0.89, p < 0.01) when mean values for the 
combined four brain regions were analyzed by 
linear regression. This correlation was apparent 
in all four cortical regions when  analyzed by re- 
gion (Fig. 3); i.e., as the number  of synapses de- 
creased, the number of tangles increased. 

Length of Synapses vs Tangle 
and Plaque Counts (Not Graphed) 
There were significant positive correlations for 

the mean values for the combined four brain  
regions for both the tangle and  plaque counts 
(r = 0.68, p < 0.05 and r = 0.69, p < 0.05, respec- 
tively); i.e., the length of the synaptic contact zone 
increased as the number of tangles and plaques 
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Table  1 
Data  for I n d i v i d u a l  A l z h e i m e r ' s  Pa t ien ts  

Adams 

Age, yr  N u m b e r  s y n / 1 0 0  ~ m  2 Length  syn,  ~tm P l a q u e s / m m  2 Tangles /1000~zm 2 

60 10.1 + 0.9 .307 + .101 1.3 + 0.5 18.6 + 3.8 
68 10.0 + 1.0 .313 + .010 1.9 + 0.6 23.4 + 4.4 
73 10.8 + 0.1 .289 + 0.11 0.6 + 0.2 10.8 + 2.3 
74 12.4 + 0.7 .289 + 0.005 0.6 + 0.2 9.5 + 3.8 
76 13.5 + 0.8 .270 + .002 0.1 + 0.03 0.9 + 0.1 
77 12.0 + 0.4 .273 + .003 0.5 + 0.3 10.0 + 4.0 
78 11.0 + 0.6 .279 + .005 1.1 + 0.01 15.5 + 3.0 
82 11.9 + 0.7 .277 + .004 1.0 + 0.3 14.9 + 5.0 
93 11.6 + 0.4 .277 + .008 1.3 + 0.4 14.5 + 3.7 

r = 0.47 r = 0.66* r = -0.16 r = -0.29 

Fig. 1. Relationship between synapse length (/~m) and the number  of synapses per 100/~m 2 of tissue in E-PTA-stained 
tissue; r = correlation coefficient. 
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Fig. 2. Relat ionship be tween  number  of synapses  per  100 ~m 2 of tissue and number  of a m y l o i d  p laques  p e r  mm2; 
r = correlation coefficient. 

increased. When  analyzed according to each 
brain region, significant correlations were seen 
in the superior parietal lobule (tangles: r = 0.71, p 
< 0.01 and plaques: r = 0.84, p < 0.01) and inferior 
temporal gyrus (tangles: r = 0.66, p < 0.05 and 
plaques; r = 0.67, p < 0.05). 

Discussion 

In the present study, age was found to be a 
poor indicator of AD pathology, numerical den- 
sity of synapses, and synaptic plasticity. How- 
ever, there was a strong correlation between 
number of synapses and number of tangles and 
plaques; i.e., the loss of synapses was reflected 
by a corresponding increase in the number of 
plaques and tangles. In the superior parietal and 

inferior temporal cortices, this was accompanied 
by an increase in the length of the synapse. 

The marginally significant negative correlation 
(p < 0.05) between age and synapse length for 
pooled cortical data (Table 1) was in contrast to 
the age-related increase in synapse length seen 
in normal aging (Adams, 1987a,b). This may 
reflect the different cortical regions examined, or 
that other factors, such as plaques and tangles, 
may override age effects in Alzheimer's disease 
with respect to synapse loss and synaptic plas- 
ticity. This is supported by the strong correlation 
seen between number of synapses and number 
of tangles and plaques in both the pooled and 
individual  cortical data. Similarly, dendri t ic  
sprouting, although present in AD, was found to 
be reduced or aberrant w h e n  compared with 
normal aging (Flood and Coleman, 1990). 
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Fig. 3. The relationship between number  of synapses per 100 ~tm 2 of tissue and number  of neurofibri l lary tangles per  
1000 ~m2; r = correlation coefficient. 

This study and others (Davies et al., 1988, Jorm, 
1985) suggest that it is difficult to differentiate 
older and younger patients with Alzheimer's dis- 
ease solely on the criterion of severity of tangle 
and plaque lesions. Similarly, the results do not 
support the once-held notion that the occcurrence 
of neurofibrillary tangles and amyloid plaques 
rises dramatically with increasing age (for a 
review, see  Terry and Hansen, 1988) or the view 
that the more severe pathology is seen in the 
younger  AD pat ient  (Hansen et al., 1988). 
However, the present study had only a limited 
number of cases, especially in the sixth and ninth 
decades. 

There was a strong negative correlation between 
synapse number and synapse length. The data 
suggest that, especially in the superior parietal 
and inferior temporal regions, the increase in syn- 
apse length may be a compensatory response to 
the loss of synapses. Recently, Scheff et al. (1990) 
also reported a negative correlation between syn- 
apse number and synapse size in area 8 of the 
frontal cortex in AD. 

This is the first ultrastructural study to report 
quantitatively that the number of synapses decreased 
as the number of plaques and tangles increased 
in four cerebral cortical brain regions known to 
be vulnerable in AD. However, another recent 
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Fig. 4. Electron micrograph of layer I of inferior temporal cortex from human subject with Alzheimer's disease, fixed by 
immersion and stained with E-PTA. Several synapses (arrows) sectioned perpendicular to the cleft are clearly visible. Bar 
= l ~ m .  

study found that an increase in the number of 
plaques was accompanied by an increase in the 
numerical synaptic volume density in layer 3 of 
the frontal cortex (Scheff et al., 1990). However, 
the latter study did not utilize ~A4 immunocyto- 
chemistry for the identification of amyloid 
plaques. In addition, the different results may 
reflect the different cortical laminae examined. 
The present study examined lamina 1, and Scheff 
et al. found the postive correlation in lamina 3, 
but no such relationship in lamina 5. 

The mechanisms underlying synapse loss in 
AD are unknown, but peptides related to the 
amyloid precursor protein (APP) may play a sub- 

stantial role. APP has been found in neocortical 
neurons from the brains of both control subjects 
and patients with AD (Lewis et al., 1988), sug- 
gesting that the protein precursor of the patho- 
logical amyloid material in AD is a natural  
constituent of some cortical neurons. It has been 
postulated that damage to the synapse may 
stimulate abnormal cleavage of the nonamyloid- 
ogenic APP at the transmembrane site, causing 
generation and release of the ~A4 amyloid pro- 
tein seen in AD plaques (Masters and Beyreuther, 
1988; Beyreuther and Masters, 1991; Pasternack 
et al., 1991). What causes the initial damage to 
the synaptic region remains obscure. Some stud- 
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ies have shown that ~A4 protein and different 
fragments of the APP may have neurotoxic e ffects 
on neurons (Masters and Beyreuther, 1988). 

It remains to be determined whether the syn- 
apses are responding in a compensatory manner, 
or whether the plasticity response is retarded by 
the pathology of AD and is largely aberrant. Com- 
pensatory functioning implies that remaining 
brain structures, in this case the synapses, can be 
used to carry out the functions previously un- 
der taken  by the lost or damaged  structures 
(Hannay and Levin, 1987). This would necessi- 
tate some neuronal reorganization and plasticity 
mechanisms, such as reactive synaptogenesis, 
rerouting of axons and dendrites, axonal and 
dendritic retraction, and sprouting and denerva- 
tion supersensitivity. The latter suggests that, fol- 
lowing loss of input from damaged neurons, a 
synapse may have increased sensitivity to chemi- 
cal signals produced by the intact neurons, dam- 
aged neurons, or glia. This process may involve 
molecular and structural plasticity changes and 
some recovery of neuronal functioning. If exploited, 
it may be a pallitative treatment strategy in AD. 

However, in the AD brain, the relationship of 
synaptic plasticity and synaptic loss to the increase 
in plaques and tangles is a complex one and 
largely hypothet ical  at this stage. AD brain 
extracts have been isolated that enhance survival 
of rat cortical neurons in vitro (Uchida et al., 1988; 
Whitson et al., 1989), suggesting that the AD brain 
is not devoid of neurotrophic factors. However, 
neurotrophic agents may in fact exacerbate the 
pathology of AD (Butcher and Woolf, 1989). It 
has recently been reported that growth-inhi-  
biting factor (GIF), found in astrocytes, is down- 
regulated in AD brain and that the loss of GIF 
correlated with the density of plaques (Ihara, 
1988, 1991)o 

The unraveling of AD usually assumes that the 
protein amyloid depositions and neurofibrillary 
tangles are of primary significance. However, 
these lesions of AD may represent the endpoint 
of damage in AD. Normal synaptic remodeling 
may be compromised early in the disease by fac- 
tors of unknown etiology, precipitating a cascade 
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of events that may include plasticity changes, loss 
of synapses and neurons, and culminating in the 
readily identifiable fea~res of AD, the amyloid 
plaques and neurofibrillary tangles. 

Acknowledgments 

The author thanks C. Masters for his substan- 
tial contribution. This study was supported by 
grants from the National Health and Medical 
Research Council of Australia and Edith Cowan 
University Research Grant. 

References 

Adams I. (1987a) Comparison of synaptic changes in 
the precentral and postcentral cerebral cortex of 
aging humans: a quantitative ultrastructural study. 
Neurobiol. Aging 8, 203-212. 

Adams I. (1987b) Plasticity of the synaptic contact zone 
following loss of synapses in the cerebral cortex of 
aging humans. Brain Res. 424, 343-351. 

Adams I. and Jones D. G. (1982) Synaptic remodelling 
and astrocytic hypertrophy in rat cerebral cortex 
from early to late adulthood. Neurobiol. Aging 3, 
179-186. 

Adams I. and Jones D. J. (1987) Effects of normal and 
pathological aging on brain morphology: neurons 
and synapses. Current Topics in Research on Synapses, 
vol. 4, Jones D. J., ed., Liss, NY, pp. 1--84. 

Beyreuther K. and Masters C. (1991) Amyloid ~A4 
protein deposition and the cause of Alzheimer's 
disease. J. Neurochem. 57(suppl.), $3. 

Bjorklund A. and Stenevi U. (1979) Regeneration of 
monoaminergic and cholinergic neurons in the 
mammalian central nervous system. Physiol. Rev. 
49, 62-100. 

Butcher L. L. and Woolf N. J. (1989) Neurotrophic 
agents exacerbate the pathologic cascade of 
A17~heimer's disease. Neurobiol. Aging 10, 557-570. 

Davies C. A., Mann D. M. A., Sumpter P. Q., and Yates 
P. O. (1987) A quantitative morphometric analysis 
of the neuronal and synaptic content of the frontal 
and temporal cortex in patients with Alzheimer's 
disease. J. Neurol. Sci. 78, 151-164. 

Davies L., Wolska B., Hilbich, C., Multhaup G., 
Martins R., Simms M., Beyreuther K., and Masters 

Molecular Neurobiology Volume 5, 1991 



Structural Plasticity of Synapses 

C. (1988) A4 amyloid protein deposition and the 
diagnosis of Alzheimer's disease. Neurology 38, 
1688-1693. 

Flood D. G. and Coleman P. D. (1990) Hippocampal 
plasticity in normal aging and decreased plas- 
ticity in Alzheimer's disease. Prog. Brain Res. 83, 
435-442. 

Geinisman Y., Morrell F., and DeToledo-Morrell L. 
(1988) Remodeling of synaptic architecture during 
hippocampal "kindling," Proc. Natl. Acad. Sci. USA 
85, 3260-3264. 

Gibson P. H. (1983) EM study of the numbers of corti- 
cal synapses in the brains of aging people and 
people with Alzhe imer- type  dementia .  Acta 
Neuropathol. (Berl.) 62, 127-133. 

Goldowitz D., Scheff S. W., and Cotan C. W. (1979) 
The specificity of reactive synaptognesis: a compar- 
ative study in the adult rat hippocampal formation. 
Brain Res. 170, 427-441. 

Hannay H. and Levin H. (1987) Recovery of function. 
National Forum, The Phi Kappa Phi Journal. Spring 
(1987), 7. 

Hansen L. A., DeTeresa R., Davies P., and Terry R. D. 
(1988) Neocortial morphometry, lesion counts, and 
choline acetyltransferase levels in the age spectrum 
of Alzheimer's disease. Neurology 38, 48-54. 

Ihara Y. (1988) Massive somatodendritic sprouting of 
cortical neurons in Alzheimer's disease. Brain Res. 
459, 138-144. 

Ihara Y. (1991) The regenerative process of Alzheimer's 
disease. J. Neurochem. 57(suppl.), $3. 

Jorm A. F. (1985) Subtypes of Alzheimer's dementia: 
a conceptual analysis and critical review. Psychol. 
Med. 15, 543-553. 

Khachaturian Z. S. (1985) Diagnosis of Alzheimer's 
disease. Arch. Neurol. 42, 1097-1105. 

Lewis D. A., Higgins G. A., Young W. G., Goldgaber 
D., Gajdusek D. C., Wilson M. C., and Morrison J. 
H. (1988) Distribution of precursor amyloid-I~-pro- 
tein messenger RNA in human cerebral cortex: 
Relationship to neurofibrillary tangles and neuritic 
plaques. Proc. Natl. Acad. Sci. USA 85, 1691-1695. 

Masters C. and Beyreuther R. (1988) Amyloidogenic 
A4 subunit: clues to the pathogenesis of the neuro- 
fibrillary tangle, Alzheimer plaque, and congo- 
philic angiopathy. Aging and the Brain. Terry R. D., 
ed., Raven, NY, pp. 183-203. 

Pasternack J., Estus S., Palmert M., Usiak M., Cheung 
T. and Younkin S. (1991) Amyloid precursor pro- 
cessing in Alzheimer's disease. J. Neurochem. 57 
(suppl.), $3. 

419 

Paula-Barosa M. M., Saraiva A., Tavares M. A., Borges 
M. M., and Verwer R. W. H. (1986) Alzheimer's 
disease: maintenance of neuronal and synaptic 
densities in frontal cortical lay-ers 2 and 3. Acta 
Neurol. Scand. 74, 404-408. 

Phelps C. H. (1990) Neural plasticity in aging and 
Alzheimer's disease: some selected comments. 
Prog. Brain Res. 86, 3-9. 

Scheff S. W., DeKosky S. T., and Price D. A. (1990) 
Quantitative assessment of cortical synaptic density 
in Alzheimer's disease. Neurobiol. Aging 11, 29-37. 

Terry R. D. and Hansen L. A. (1988) Some morph- 
ometric aspects of Alzheimer's disease and of nor- 
mal aging. Aging and the Brain. Terry R. D., ed., 
Raven, NY, pp. 109-114. 

Uchida Y., Ihara Y., and Tomonaga M. (1988) Alz- 
heimer 's  disease brain extracts st imulate the 
survival of cerebral cortical neurons from neonatal 
rats. Biochem. Biophys. Res. Commun. 150, 1263-1267. 

Whitson J. S., Selkoe D. J., and Cotman C. W. (1989) 
Amyloid beta protein enhances the survival of hip- 
pocampal neurons in vitro. Science 243,1488-1490. 

Molecular Neurobiology Volume 5, 1991 


