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ABSTRACT Objective: To evaluate the total number of synapses in the stratum radiatum (str rad) of the
human hippocampal CA1 subfield in individuals with mild Alzheimer disease (mAD), mild cognitive
impairment (MCI), or no cognitive impairment (NCI) and determine if synapse loss is an early event in
the progression of the disease. Methods: Short postmortem autopsy tissue was obtained, and an
unbiased stereologic sampling scheme coupled with transmission electron microscopy was used to
directly visualize synaptic contacts. Results: Individuals with mAD had fewer synapses (55%) than the
other two diagnostic groups. Individuals with MCI had a mean synaptic value that was 18% lower than
the NCI group mean. The total number of synapses showed a correlation with several cognitive tests
including those involving both immediate and delayed recall. Total synaptic numbers showed no rela-
tionship to the subject’s Braak stage or to APOE genotype. The volume of the str rad was reduced in
mAD vs the other two diagnostic groups that were not different from each other. Conclusion: These
results strongly support the concept that synapse loss is a structural correlate involved very early in
cognitive decline in mild Alzheimer disease (mAD) and supports mild cognitive impairment as a transi-
tional stage between mAD and no cognitive impairment. NEUROLOGY 2007;68:1501–1508

The structural or biochemical changes underlying progressive cognitive decline in Alzheimer
disease (AD) remain unknown. Clinicopathologic studies have centered on neuritic amyloid
plaques (NP) and neurofibrillary tangles (NFT) as the principal lesions of cognitive decline in
AD. Postmortem neuropathologic studies reveal the presence of NP and NFT in nonde-
mented elderly individuals1-4 as well those classified as having “preclinical” AD,5-7 who do not
display measurable cognitive decline.2

Elderly individuals manifesting subtle cognitive deficits atypical of those observed in nor-
mal aging8,9 may be in a transitional stage preceding frank dementia, clinically termed mild
cognitive impairment (MCI).10 Although the structural alterations underlying MCI are un-
clear, neocortical synaptic loss provides the best correlate of dementia in AD.11-14

We reported that a decline in synapse number in the hippocampal dentate gyrus in individ-
uals with mild AD (mAD) correlates with impairment on a variety of cognitive tests,15 sug-
gesting that hippocampal degeneration is central to memory loss in AD.16 The current study
used these same subjects and evaluated total number of synapses in stratum radiatum (str
rad) of the hippocampal CA1, a region linked to learning and memory. The CA1 str rad
receives a major input (Schaffer collaterals) from the ipsilateral CA3 pyramidal cells, as part
of a trisynaptic pathway originating in entorhinal cortex. The current and our earlier study16

differ from previous synaptic investigations in that total synaptic numbers were evaluated in
individuals with mild rather than more advanced AD.
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METHODS Postmortem human brains. Tissue was ex-
amined from 28 individuals (mean age 85.0 � 7.0 years; range
66 to 103 years; table 1) who were participants in either the
Religious Orders Study (ROS), a longitudinal clinical-
pathologic studies of aging and Alzheimer disease composed of
older Catholic nuns, priests, and brothers,17-19 or the University
of Kentucky’s community-dwelling cohort (Biologically Resil-
ient Adults in Neurological Studies [BRAiNS]).20 The Human
Investigations Committee of Rush University Medical Center
and the University of Kentucky College of Medicine approved
the studies. Individuals included in these studies agreed to an
annual clinical evaluation and to brain donation at the time of
death. For all subjects, cognitive test scores were available
within the last year of life; the average interval from last evalu-
ation to time of death was 8.0 � 3.1 months, with no differ-
ences among the three diagnostic groups (p � 0.1). Subjects
were categorized as no cognitive impairment (NCI; n � 10;
mean age � 81.1 � 6.7 years, mean Mini-Mental State Exami-
nation [MMSE] � 28.1 � 1.3), MCI (n � 9; mean age � 87.3 �

5.5 years; mean MMSE � 26.8 � 1.9), or mAD (n � 9; mean
age � 87.8 � 8.1 years; mean MMSE � 18.6 � 6.2) based on
cognitive testing prior to death.

Clinical evaluation: ROS and BRAiNS subjects. Details
of the ROS and the BRAiNS clinical evaluations have been pub-
lished elsewhere.17,19-21 In brief, trained neuropsychology techni-
cians administered a battery of tests measuring performance in
five cognitive domains: orientation, attention, memory, lan-
guage, and perception.22 A board-certified clinical neuropsy-
chologist used these results to summarize impairment in each of
the five cognitive domains. Following review of all clinical data
for that year and examination of the participant, a board-
certified neurologist with expertise in the evaluation of the el-
derly made a clinical diagnosis. The diagnosis of dementia and
mAD followed the recommendations of the Joint Working
Group of the National Institute of Neurological and Communi-
cative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association.23 There are no consensus crite-
ria for the clinical classification of MCI. Our MCI population
was defined as those individuals rated as impaired on neuropsy-
chological testing by the neuropsychologist but who were not
found to have dementia by the examining neurologist.17,19 These
criteria are similar to, or compatible with, those used by others
in the field to describe persons who are not cognitively normal
but do not meet established criteria for dementia.10,24 A post-
mortem interview similar to that used previously17,25 was con-
ducted at the time of death to identify medical conditions that
occurred during the interval between the last clinical evaluation
and death. Finally, a consensus conference of neurologists and
neuropsychologists reviewed all available data and made a
summary clinical diagnosis. Only subjects that were diagnosed

clinically as having amnestic MCI were used in these studies.

Pathologic evaluation and tissue preparation for elec-
tron microscopy. At autopsy, brains were processed as previ-
ously published.19,26 The postmortem interval (PMI) did not
differ across groups (p � 0.315; table 1). A neuropathologist
conducted a gross examination of brain neuropathology and
cases were excluded if they exhibited non-AD type of patho-
logic conditions (e.g., brain tumors, encephalitis, large stokes,
multiple lacunar infarctions).

The procedure used for ultrastructural assessment of syn-
apses was identical to that described previously.16 In brief, at
the time of autopsy, the entire hippocampal formation from the
left side was removed in toto, measured for its anterior–poste-
rior length, and within the first 0.5 cm, a random starting point
was chosen. The hippocampus was subsequently hand cut into
0.5-cm coronal slabs beginning at the hippocampal pes and
ending at the hippocampal tail. Every other 0.5-cm hippocam-
pal tissue slab (five to seven tissue slabs per subject) was imme-
diately immersion fixed for 24 hours in 4% paraformaldehyde
with 1% glutaraldehyde. Fixed tissue slabs were exhaustively
sectioned at 100 �m in the coronal plane with a vibratome (Vi-
bratome Co., St. Louis, MO). A die was thrown to choose
which sections from each of the hippocampal slabs would be
investigated ultrastructurally. The designated sections were
postfixed in 1% osmium tetroxide (OsO4), stained en bloc with
0.5% uranyl acetate, dehydrated in a graded series of ethanol,
treated with propylene oxide, infiltrated with epoxy embedding
resin, and flat embedded in circular molds (Ted Pella, Redding,
CA). All hippocampal sections were coded so that all analyses
could be done blind with respect to subject group designation.
Sections immediately adjacent to those used for ultrastructure
were designated for determination of the reference volume
(Vref) and were treated as previously described.16 The opera-
tional definition of the str rad for the current measurements
used the fused hippocampal fissure as one boundary and the
CA1 pyramidal cell layer as the other with a change in staining
pattern to differentiate str rad from stratum lacunosum mo-
leculare regions. On each section used for ultrastructural anal-
ysis, the length of the CA1 str rad region was measured with a
microscope and this length portioned into six equal segments.
A die was used to determine which portion of CA1 length to
analyze.

Blocks containing the randomly selected portion of str rad
were trimmed to the appropriate region and semithin (2-�m-
thick) sections containing the full width of the CA1 pyramidal
cell dendritic field were taken to accurately determine the
boundaries of the str rad and to aid in further trimming of the
blocks. These sections were stained with toluidine blue. On
stained semithin sections, the str rad region was divided into
three equal zones (proximal, middle, distal) with reference to
the pyramidal cell layer, and a die was thrown to determine
from which subzone ultrathin sections would be taken. After
determining the subzone of str rad to assess, blocks were fur-
ther trimmed and ribbons of six to eight ultrathin sections (sil-
ver–gold interface range) were obtained and collected on
Formvar-coated, carbon-stabilized slot grids (1 � 2–mm slot
size). The ultrathin sections were stained with uranyl acetate
(3%) and Reynold lead citrate. A die was thrown to identify the
first of a pair of consecutive sections in the series. The identical
area on both sections was identified. Two electron micrographs
were taken on each section at an initial magnification of �4,400
and photographically enlarged to approximately �20,000. At
this final magnification, synaptic profiles could be easily recog-

Table 1 Subject profile for hippocampal CA1

Group
Gender,
M/F Age, y PMI, h Brain wt, g MMSE

Final
diagnosis, y

NCI, n � 10 6/4 81.5 � 6.7 5.8 � 4.9 1,262 � 48 28.1 � 1.3 6.7 � 1.8

MCI, n � 9 5/4 87.3 � 5.5 3.8 � 1.4 1,189 � 99 26.8 � 1.9 2.7 � 1.3

mAD, n � 9 5/4 87.8 � 8.1 4.8 � 1.1 1,241 � 96 18.6 � 6.2* 4.2 � 2.4

Values represent means � SD.
*p � 0.01 compared with NCI and MCI.
PMI � postmortem interval; MMSE � Mini-Mental State Examination; NCI � no cognitive impair-
ment; MCI � mild cognitive impairment; mAD � mild Alzheimer disease.
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nized. A grating replica was photographed and printed with
each series of micrographs to ensure magnification. For each
tissue block used, an additional set of micrographs was ac-
quired by sectioning deeper into the block (approximately 100
�m) and repeating the above steps. Thus, a total of 10 to 12
different regions of the str rad were assessed.

The stereologic physical dissector technique27 was used to
count and estimate the numerical density of synapses per unit
volume (Nv). Every synaptic profile on each micrograph was
labeled. Synaptic profiles were defined by the presence of the
postsynaptic density (PSD) in association with the postsynaptic
element and synaptic vesicles in a presynaptic terminal (figure
1). After all micrographs had been assessed and all synapses
labeled, adjacent dissector pairs of micrographs were identified
with one micrograph assigned as a reference section and the
other as a look-up section.28 An unbiased counting frame was
randomly superimposed over the reference section with the
stipulation that the edge of the micrograph and the counting
frame were separated by a distance that was greater than the
dimension of a synaptic profile. Those synapses located either
entirely or partially within the counting frame and not inter-
secting the forbidden edges or extension lines were counted.
Discontinuous or perforated synapses were treated as a single
synapse. Only those synaptic profiles that were observed on the
reference micrograph within the counting frame and not on
the look-up micrograph were counted. To increase efficiency,
the look-up and reference sections were reversed, and the
counting frame was again applied in a random fashion. The
thickness of the ultrathin sections was estimated with the Small
method of minimal folds.29

The numerical density of synapses per unit volume,Nv, was
calculated using the following formula:Nv � Q-/Vdis, whereQ

-

is the mean number of synapses counted in each dissector and
Vdis is the mean dissector volume. The total number of syn-
apses, Nsyn, was calculated for each case using the following
formula:Nsyn � Nv � Vref.

Statistical analyses. The relationship between dependent
variables (e.g., total synaptic counts) and clinical group was
examined with an analysis of variance (ANOVA). If a signifi-
cant ANOVA was found, post-hoc tests (Student–Newman–
Keuls) controlling for multiple comparisons were used to
identify pairs of diagnostic groups that differed significantly.
The diagnostic groups also were compared for possible differ-
ences in demographic characteristics (i.e., age, sex, PMI, and
education). Because the diagnostic groups were somewhat het-
erogeneous in their clinical features, the relationship between
total synaptic counts and performance on neuropsychological
tests at last clinical evaluation was examined using linear re-
gression models. Level of significance was set at p � 0.05.

RESULTS Demographics. Table 1 shows character-
istics of the sample population by diagnostic group.
The NCI, MCI, and AD groups were found to be
similar in gender, PMI, and brain weight. An
ANOVA showed an expected difference in MMSE
between groups (F2,24 � 17.365; p � 0.0001). Post-
hoc analysis revealed no difference between NCI
and MCI groups (p � 0.05) but did reveal a differ-
ence between AD and the other two diagnostic
groups (p � 0.05). An ANOVA (F2,25 � 2.25; p �
0.09) revealed no difference in group mean age at
time of death, eliminating age as a major contribu-
tor to lower cognitive scores.

Synaptic number and neuropil volume. The total syn-
aptic counts for the str rad of the CA1 region for
each subject in each of the three diagnostic groups
were calculated (figure 2). Approximately 300 syn-
apses were counted in approximately 20 to 24 dis-
sectors for each subject. An ANOVA showed a
difference between group means (F2,25 � 17.953;
p � 0.0001). Post-hoc analyses showed that the
mAD group was 55 and 45% lower than the NCI
and MCI groups (p � 0.001). Post-hoc analysis
showed no difference in total synaptic number be-
tween the NCI and MCI groups (p � 0.1) (table 2),
although the overall group mean was 18% lower in
the MCI group. An ANOVA showed a difference
between group means (F2,25 � 7.166; p � 0.005) in
volume of str rad of CA1 regio superior. Post-hoc
analysis revealed a lower volume in the mAD group
(p � 0.01), with the mAD cases 31% lower than
both the NCI and theMCI groups. There were no dif-
ferences between NCI and MCI diagnostic groups in
terms of neuropil volume. Changes in synaptic size
were also evaluated as previously described.28,30 There
was a change in synaptic size (F2,25 � 4.561; p � 0.03)
with the mAD group showing a (p � 0.05) size in-

Figure 1 Representative transmission electron
microscopic views of tissue stained
with osmium tetroxide

Many normal-appearing
synaptic complexes (*) can be
observed in the hippocampal
CA1 regio superior from
individuals clinically defined
as having mild Alzheimer
disease (A), mild cognitive
impairment (B), or no
cognitive impairment (C).
Bar � 1 �m.
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crease (12%) comparedwith theNCI group. TheMCI
group’s synaptic size was 5% larger than the NCI
group. There was an association between synaptic
size and total synaptic numbers (r � �0.414; p �
0.03), indicating that as the number of synapses de-
creased, the size of the residual contacts increased.

Total synaptic number, neuropil volume, and neuro-

psychological test scores. We evaluated the associa-
tion of the total number of synapses in str rad of
CA1 regio superior and scores achieved on neuro-
psychological tests obtained during the subject’s last
clinical evaluation. As the total synaptic counts in
str rad declined, we observed a decline in theMMSE
(r � 0.595; p � 0.001), the immediate word list re-
call (r � 0.547; p � 0.005), the delayed word list
recall (r � 0.593; p � 0.005), and the Boston Nam-
ing (r � 0.601; p � 0.001) (figure 3). Total synaptic
counts did not correlate with delayed word list rec-
ognition (r � 0.371; p � 0.05). Volume of str rad
also correlated with psychometric testing. Loss of
synaptic input to str rad reflects a loss of afferent
input most notably from the ipsilateral CA3 pyra-
midal cells (Schaffer collaterals) that could account
for a decline in neuropil volume. The decline in str rad
of CA1 regio superior neuropil volume mirrored the
decline in both the MMSE (r � 0.445; p � 0.02) and
the delayed word list recall (r � 0.485; p � 0.012).

Total synaptic number, Braak staging, and Reagan

score. Possible associations of NFT pathology and
total number of synapses in str rad of CA1 regio
superior were evaluated by probing the association
of synaptic counts and Braak staging. There was no
correlation between the individual’s Braak score
and total synaptic numbers in str rad (r � 0.055; p �
0.78). We also evaluated a possible relationship by
grouping the data into three different levels of Braak
stages (I to II; III to IV; V to VI). An ANOVA
showed no difference between group synaptic count
means (F2,25 � 0.508; p � 0.61). The results indicate
that in the current investigation, Braak staging did
not appear to have an influence on total synaptic
numbers in str rad of CA1 regio superior. There was
no correlation between the total number of synapses
and the NIA Reagan score (r � 0.163; p � 0.41).

Relationship between APOE and synaptic numbers.

The APOE genotype was determined for each of the
subjects, and the number of synapses in each allele
pairing group was analyzed. An ANOVA showed
no difference between group means (F � 1.702; df �
4, 23; p � 0.18). Total synaptic counts were further
grouped by whether or not the individual had any
APOE4 allele. An unpaired t test failed to detect a
difference between these two groups (t � 1.482;
df � 26; p � 0.15). These results indicate that in the
current sample, APOE genotype did not influence
total synaptic numbers in CA1 str rad.

Coefficient of error and coefficient of variance. The
procedures for calculating the coefficient of error
(CE), representing the sampling variance, and the
coefficient of variance (CV), representing the bio-

Figure 2 Estimates of total number of synapses in
stratum radiatum subregion of the
hippocampal CA1 in the three different
diagnostic groups examined

Table 2 CA1 stratum radiatum synapses,
postsynaptic density length, and
volume measurements

NCI MCI mAD

Synapses, �1010

Sample size 10 9 9

Mean � SD 23 � 5.0 19 � 5.2 10 � 3.3†

Change, % �18 �55

PSD length, �m

Sample size 10 9 9

Mean � SD 0.32 � 0.03 0.34 � 0.02 0.36 � 0.04*

Change, % �5 �12

Str rad volume, mm3

Sample size 10 9 9

Mean � SD 194 � 42 185 � 35 134 � 32†

Change, % �5 �31

*mAD � MCI; AD � NCI (p � 0.05).
†mAD � MCI; AD � NCI (p � 0.01).
NCI � no cognitive impairment; MCI � mild cognitive impair-
ment; mAD � mild Alzheimer disease; PSD � postsynaptic
density.

The total volume of CA1
stratum radiatum was
estimated with the Cavlieri
method directly from tissue
sections. Individual points
represent individual subjects’
scores for each group.
Horizontal line indicates
group mean. *p � 0.05; **p �

0.01.
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logic variance, for estimating the total synaptic
numbers were identical to those used previously.31

The mean CE for all subjects in the current study
was 0.037, representing the intrasubject variance,
indicating the precision of the counting scheme. The
CV among the three diagnostic groups was 0.39.
This observed CV is a combination of the inherent
biologic and intersubject variation. The ratio CE2/
CV2 is 0.009, indicating that the precision of the es-
timate observed with this sampling scheme meets
the criterion for optimal sampling.31

DISCUSSION This is the first study to estimate the
total number of synapses in the human hippocam-
pal CA1 str rad dendritic field using unbiased stere-
ology. The results support and extend our previous
findings of a marked loss of synaptic contacts in the
hippocampal dentate gyrus in mAD.16 The current
study used the same subject pool but differs in that
CA1 regio superior was studied, assessing primarily
associational fiber synaptic input. This study dem-
onstrates a decline (55%) in total synapses in indi-
viduals with mAD, which is greater than that
observed in the outer molecular layer of the dentate
gyrus (44%).16 In this study, individuals with MCI
demonstrated an 18% decline in synaptic contacts,
which is also greater than that observed in the den-
tate gyrus (13%). Total synaptic numbers in the
CA1 regio superior associate very strongly with sev-
eral tests of cognitive ability. These results have im-

portant implications for the neuropathologic
substrate of both MCI and mAD.

The subjects used in the current investigation
were followed for several years (average 6.7 � 2.4
years) and were initially enrolled without dementia.
The groups were age and PMI matched to rule out
these as possible variables affecting synapse num-
bers. The groups were also matched with regard to
the number of male and female subjects. For a more
complete description of the groups, see Scheff et al.16

The cognitive testing scores prior to death were
used as the sole criterion for differentiating the
groups, with morphologic findings used as a depen-
dent variable. The MCI and NCI groups were not
different on the MMSE, whereas the mAD was
lower from both NCI and MCI. All of the MCI
cases used in this study were diagnosed as amnestic
MCI.32

The mAD subjects, compared with the MCI
group, had fewer synapses (45%) in CA1 str rad,
suggesting that even in this early stage of AD, this
brain structure is severely affected. An earlier bi-
opsy study of the frontal lobe also reported synapse
loss in mAD.11 Although the NCI and MCI groups
were not statistically different, the MCI group had a
mean that was lower than the NCI cohort. The vari-
ance within the MCI group was quite large, with
several subjects within the range of the mAD sub-
jects and also within the range of the NCI subjects.
This is not surprising considering the fact that MCI
is believed to be a transition stage between NCI and
mAD.32 Individuals within the MCI group were
identified using standard, uniform clinical evalua-
tion prior to death,17 eliminating possible selection
bias based on neuropathologic criteria. These
standardized cognitive tests show a very strong as-
sociation with synaptic numbers within the hip-
pocampus. Individuals with high synaptic counts
performed the best on these measures. As shown in
figure 3, almost all of the individuals with MCI per-
formed within the same range as NCI subjects on
the MMSE, Boston Naming, and a test of immedi-
ate recall. However, these subjects performed no-
ticeably worse on delayed recall but were still
superior to most of those in the mAD group.

The primate CA1 str rad dendritic field receives a
variety of afferents, with the most prominent arising
from the ipsilateral CA3 region. This projection
(Schaffer collaterals) is part of a trisynaptic path-
way originating in entorhinal cortex that contacts
the dendritic tree of the ipsilateral granule cells,
which in turn contact the CA3 pyramidal cells via
the mossy fibers. The ipsilateral CA3 pyramidal
cells give rise to the Schaffer collaterals that are re-
sponsible for the major synaptic input to the CA1

Figure 3 Relationship of total number of synapses in CA1 stratum radiatum and the
subjects score on a Mini-Mental State Examination (MMSE) performed
within 12 months of death

A relationship was observed
with the score on the MMSE
increasing as the total
number of synapses
increased. The relationship
between the subject’s total
synaptic values and
performance on both an
immediate and a delayed
word list recall and also a
recognition tests showed a
relationship. As the total
number of synapses
increased, so did the
subjects’ performance on this
cognitive test, which is
dependent on the integrity of
the hippocampus. Individual
points represent individual
subjects’ scores for each
group. *p � 0.05; **p � 0.01.
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str rad.33 There is also evidence of a direct projec-
tion from the entorhinal cortex to the CA1 lacuno-
sum moleculare dendritic field.34 The subiculum
receives a major input from the CA1 pyramidal cells
and in turn projects to both the ipsilateral and the
contralateral entorhinal cortex.35 As the CA1 region
receives afferents from several sources, the synaptic
loss seen in this area may arise from intrinsic as well
as multiple extra hippocampal sites.

The synaptic decline observed in the MCI group
represents a real loss of synapses that is independent
of any change in the volume of the str rad. As shown
in figure 2, the volume was identical between the
NCI and MCI groups but less for mAD. Previous
studies have suggested that hippocampal atrophy
could be a marker for MCI.36 The reasons for the
loss in neuropil volume in mAD is probably not re-
lated to the loss of Schaffer collaterals, considering
that several unbiased cell counting studies have
failed to detect CA3 pyramidal cell loss in AD.37-39

Most likely the loss can be attributed to declining
pyramidal cell numbers in the CA1 sector that is
known to occur in AD.38,40-42 From the current pub-
lished literature, it is unclear if CA1 neuron loss is
significant in transitional stages.39,40,43 If the loss is
related to CA1 pyramidal cells and not CA3 affer-
ents, it would suggest that postsynaptic contacts
lose their ability to maintain adequate synaptic
numbers. The maintenance of the volume of the str

rad neuropil provides indirect evidence for a main-
tenance of CA1 pyramidal neurons. Prior studies
have noted a change in synaptic size as a compensa-
tory mechanism in AD that strongly associates with
synaptic numbers.44 A similar relationship was also
identified in the current study in which total synap-
tic numbers inversely associated with synaptic size
(data not shown).

Currently, there are relatively few studies linking
AD-like neuropathology withMCI. The majority of
these studies have linked the presence of neuritic
plaques and �-amyloid deposition in various corti-
cal regions to cognitive impairment26,45-48 or the
presence of tau-like AD pathology.5,49,50 It is possible
that the absence of any association between synap-
tic numbers and either the Braak score, as shown in
figure 4, or the Reagan criteria is an indication that
these classic AD lesions have a limited etiologic role
in the onset of dementia of the AD type. One inves-
tigation using subjects from the ROS linked cell loss
in the entorhinal cortex as an early event in the pro-
gression of AD.51 On the other hand, others have
failed to link preclinical AD to cell loss in the hip-
pocampus.39,40 The current results and those from
the hippocampal dentate gyrus16 generated from the
same cohort of cases are the only studies suggesting
a reduction in synaptic numbers with MCI.

The loss of synapses in str rad could be related to
problems associated with pyramidal cells in the
CA1 region. These are relatively large projection
neurons of the hippocampus, having high energy re-
quirements and the necessity for important trophic
support. The uptake and release mechanisms within
the synaptic complex are energy dependent requir-
ing ATP. Imaging studies have reported reductions
in glucose metabolism as a consequence of AD re-
flecting true metabolic reductions.52-54 The decline
appears to be related to a reduction in cellular func-
tion and not neuronal loss. Decline in cellular func-
tion is associated with ATP production involving
mitochondrial energy metabolism. There is a loss of
mitochondria in AD, and increased mitochondrial
DNA damage leads to a greater cellular susceptibil-
ity to oxidative damage. Oxidative damage is con-
sidered to be one of the earliest events in AD and
precedes �-amyloid deposition55 and is present in
MCI.56 In addition, the accumulation of amyloid
precursor protein in neurons also results in mito-
chondrial dysfunction, further impairing ATP syn-
thesis.57,58 Finally, � -amyloid has been reported to
exacerbate the opening of the mitochondrial perme-
ability transition pore, resulting in mitochondrial
swelling and increased oxidative stress. Synapses
may be the most vulnerable region of the neuron,
and, as such, their loss in conditions such as MCI

Figure 4 Relationship between total number of
synapses in the CA1 stratum radiatum
and the subject’s Braak score

There was no trend in the
data indicating the subject’s
Braak staging had no
association with the number
of synapses in this subregion
of the hippocampus.
Individuals with neurofibrillary
tangle pathology were
grouped into three combined
categories of Braak staging (I
to II, III to IV, V to VI) and the
distribution for each of the
three diagnostic groups are
shown.
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and mAD may signal a change in the cellular milieu
that most likely influences the fate of the neurons
and subsequently cognitive function.

The sampling scheme used in this study was
based on general principles for the optimal use of
stereology.59,60 Most of the effort in determining the
total number of synapses, aside from the embedding
procedure and ultrathin sectioning, was in the esti-
mation of the individual synaptic numerical density.
The CE determined for the applied sampling scheme
was approximately 4%. The major source of the
variance in a study of this type is the biologic vari-
ance. In any group of individuals, the number of
synapses in individual hippocampi will vary. This
biologic variance dictates the upper limit for the
precision necessary to estimate the total number of
synapses in the str rad. The greatest group CV was
found in the MCI subjects (0.28) and the least in the
NCI (0.22), most likely reflecting various stages of
the disease process in the group with elevated risk
for transition to dementia.
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