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Abstract

The loss of presynaptic markers is thought to represent a strong pathologic correlate of cognitive
decline in Alzheimer’s disease (AD). Spinophilin is a postsynaptic marker mainly located to the
heads of dendritic spines. We assessed total numbers of spinophilin-immunoreactive puncta in the
CALl and CA3 fields of hippocampus and area 9 in 18 elderly individuals with various degrees of
cognitive decline. The decrease in spinophilin-immunoreactivity was significantly related to both
Braak neurofibrillary tangle (NFT) staging and clinical severity but not A deposition staging. The
total number of spinophilin-immunoreactive puncta in CA1 field and area 9 were significantly related
to MMSE scores and predicted 23.5% and 61.9% of its variability. The relationship between total
number of spinophilin-immunoreactive puncta in CA1 field and MMSE scores did not persist when
adjusting for Braak NFT staging. In contrast, the total number of spinophilin-immunoreactive puncta
in area 9 was still significantly related to the cognitive outcome explaining an extra 9.6% of MMSE
and 25.6% of the Clinical Dementia Rating scores variability. Our data suggest that neocortical
dendritic spine loss is an independent parameter to consider in AD clinicopathologic correlations.
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1. Introduction

Alzheimer's disease (AD) is a progressive, degenerative disorder of the central nervous system.
The major hallmarks of AD include the presence of extracellular amyloid deposits and
intracellular neurofibrillary tangles (NFT) [2,4,19,70,82]. Several studies have shown that in
addition to these traditionally described lesions, AD is characterized by selective neuronal loss
[30,72], severe and early loss of synapses [15,16,24,45,59], and synaptic pathology [41,44].
Early immunocytochemical studies indicated an average 45% decrease in presynaptic terminal
density in the AD neocortex [44,45,76]. Quantitative morphometric study of temporal and
frontal cortical biopsies performed within an average of 2 to 4 years from the onset of clinical
AD revealed 25 to 35% decrease in the numerical density of synapses and 15 to 35% decrease
in the number of synapses per cortical neuron [15]. In terms of clinicopathologic correlations,
much of the previous work has focused on loss of presynaptic markers such as synaptophysin
[18,42,43,58,68,71]. The contribution of Terry and collaborators first implied that severity of
AD is more robustly related to synapse loss than amyloid plaques, NFT densities, degree of
neuronal loss, or extent of cortical gliosis [71]. In particular, they postulated that synaptophysin
decrease in the prefrontal cortex is the major correlate of cognitive deficits, explaining about
70% of the global psychometric test variability [71]. Recent reports revealed synaptophysin
immunoreactivity reduction in NFT-containing neurons in the hippocampus and association
cortices in minimal cognitive impairment and early AD, pointing to the relationship between
NFT formation and loss of presynaptic markers [8,28,42,68]. However, estimates of synaptic
loss in these studies relied upon density measures and were based on two unwarranted
assumptions, namely that the size of the region under analysis remains constant across
diagnostic groups and that synaptic size does not change [13,58,80].

In contrast to presynaptic markers, AD changes in postsynaptic structures have been less
studied. Although postsynaptic components are thought to be affected in early-onset AD [14,
65], few studies have explored in humans the status of dendritic spines in brain aging. Spines
are dynamic structures that are the proposed site of synaptic plasticity underlying learning and
memory [34,49,62]. Because of the distance of dendritic extent from the soma, dendritic spines
may be particularly vulnerable to incipient degenerative processes that disrupt intracellular
signaling and synaptic functions. It has been hypothesized that alterations in synaptic activity
can cause morphologic changes in dendritic spines [27,40,46]. Conversely, morphologic
changes in dendritic spines [51,64,83] have profound effects on the electrical and biochemical
properties of synapses [17,67], and may regulate the efficacy of synaptic transmission [83].

Spinophilin, also called neurabin 11 [56], is a synaptic protein implicated in spine formation
and synaptic transmission in different types of dendritic spines and at excitatory and some
inhibitory postsynaptic sites on dendritic shafts [50,53]. Spinophilin displays a remarkably
distinct localization to the heads of majority of dendritic spines in all brain regions examined,
although the concentration per spine is regionally and locally variable. Spinophilin
immunoreactivity has been shown to be intense in the majority of dendritic spines of rat
hippocampus [1]. It is present in about 93% of the dendritic spines in rhesus monkey
hippocampus [25], but sparsely distributed in other portions of the dendrites, making it an
excellent marker for quantitative assessment of spine numbers [25]. In order to explore the role
of dendritic spine loss in cognitive decline, we performed a stereological analysis of
spinophilin-immunoreactive puncta in the CAl and CA3 fields of the hippocampus and area
9in 12 elderly individuals prospectively assessed with the Mini Mental State Examination
(MMSE) and Clinical Dementia Rating (CDR) scale.
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2. Methods

2.1. Patients

The brains from 18 elderly patients, presenting with either normal aging or with various degrees
of cognitive impairment were obtained at autopsy within 30 hours of death. Clinical data were
obtained from the medical records of the patients and the neuropathologic evaluation from the
Departments of Geriatrics and Psychiatry, University of Geneva School of Medicine, Geneva,
Switzerland, and the Department of Psychiatry, Mount Sinai School of Medicine, New York,
USA (Table 1). All cases underwent neuropsychological assessment within the last 6 months
prior to their death and a Mini-Mental State Examination score [21] (MMSE) was available
for all of them (Table 1). All cases were further classified according to the Clinical Dementia
Rating score [47] (CDR; CDR 0, n = 6, mean age = 89.8 years; CDR 0.5, n = 5, mean age =
77.6 years; CDR 1,n =1, age = 87.0 years; CDR 2, n =3, mean age = 88.7 years; CDR 3, n =
3, mean age = 87.7 years). The CDR is a validated scale that is widely used for the clinical
staging of dementia [35]. It assigns cognitive function to five levels defined as no dementia
(CDR0), questionable dementia (CDR 0.5), mild dementia (CDR 1), moderate dementia (CDR
2) and definite dementia (CDR 3). Gender and age distribution of the cases according to CDR
score are listed in Table 1. Cases with stroke history or other central nervous system disorders
(i.e., tumors, inflammation, Parkinson’s disease, Lewy body disease) were excluded from the
present study. All procedures involving the use of postmortem human brain were conducted
after written consent of the next of kin was obtained, and were approved by the relevant ethics
committees at the University of Geneva School of Medicine and Mount Sinai School of
Medicine.

2.2. Tissue processing and immunocytochemistry

All brains were hemisected at autopsy and the right cerebral hemispheres were fixed in 4%
paraformaldehyde for up to 4 weeks. The entire superior frontal gyrus and the whole
hippocampus and parahippocampal gyrus were dissected out, placed in phosphate buffer and
blocked at regular intervals using a specially designed multi-blade knife [54]. This knife is
composed of a series of disposable microtome blades, whose humber can be modified
according to the size of the tissue block, secured with brass machine screws and separated by
washers of variable size depending on which slab thickness is appropriate. Depending on the
case, this results in a total of 10-16 blocks of equal thickness that comprise the entire
rostrocaudal extent of the superior frontal gyrus and therefore, represent an exhaustive sample
[54]. In the case of the hippocampus 7-10 blocks were obtained. These slabs were numbered
in order, taking note of the rostral surface of each block. Alternate blocks were either processed
for paraffin embedding, or were placed in graded sucrose and cut on a Vibratome. A random
number determined whether the odd numbered or even numbered blocks would be subjected
to Vibratome sectioning or be available for paraffin embedding. The paraffin-embedded blocks
were reserved for neuropathologic evaluation whereas the alternate blocks were employed for
the stereologic analyses. Routine neuropathologic assessment including visualization of NFT,
neuritic plaques and neuropil threads was made on 7 pm-thick sections from the paraffin-
embedded blocks that were stained with modified Bielschowsky and Gallyas methods [74].
The visualization of A protein deposits was performed using a monoclonal antibody 4G8
(ascite fluid) directed against the sequence 17-24 of amyloid peptide as previously described
[23]. Antibody 4G8 was used to detect deposits made of Ap1-40 or AB1-42, because its
recognized epitope does not include the carboxy-terminus and is common to all species of
amyloid peptide [79]. Five fields from these sections were sampled at 20x magnification for
diagnostic purposes. Subsequently, all cases were classified neuropathologically according to
Braak-NFT staging system [4]. AB-protein deposition staging was performed according to the
amyloid nomenclature proposed by Thal and collaborators [73]. The Vibratome blocks were
cutat 50 um and processed for immunostaining and histochemistry. Sections were kept in strict
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anatomical order in buffer and any gap in the series was noted. Special care was made to lose
a minimal amount of tissue at the interface between blocks. Thus, depending on the region 4—
8 sections (1 per alternate block resulting in a 1:120 series) could be analyzed to sample
exhaustively the region considered [54]. The sections sampled for stereology were then labeled
with an antibody against spinophilin and used for further analysis.

For spinophilin visualization, sections were thoroughly rinsed in 0.01 M PBS containing 0.3%
Triton X-100 and then incubated in a blocking buffer containing 0.3% Triton X-100, 0.1% cold
water fish gelatin (Electron Microscopy Sciences, Fort Washington, PA), 0.5% bovine serum
albumin (Sigma, St. Louis, MO), and 5% normal goat serum (Vector Laboratories, Burlingame,
CA) for 1 hour at room temperature. Free-floating sections were incubated with a fully
characterized rabbit anti-spinophilin primary antibody (generously provided by Drs Paul
Greengard and Patrick Allen [1,53]) diluted 1:240,000 in the above-described blocking buffer)
for 72 hours at 4°C, washed, and incubated in secondary antibody (goat anti-rabbit 1gG,
ultrasmall EM grade; Electron Microscopy Sciences, Fort Washington, PA) in the above-
described diluent for 3 hours at room temperature. The secondary antibody was used at a
dilution of 1:100 in PBS containing 0.3% Triton X-100. Sections were washed and postfixed
with 2% glutaraldehyde in PBS and rinsed with distilled water. The silver enhancement reagent
was prepared by mixing equal amounts of Aurion R-Gent Developer Aurion and Enhancer
(Electron Microscopy Sciences, Fort Washington, PA) before use. Silver Enhancement was
performed for 15-25 minutes at room temperature. After washing, the sections were mounted,
dehydrated through ascending series of ethanol and xylene, and coverslipped with Biomount
mounting medium (Electron Microscopy Sciences) [25,69]. This spinophilin antibody displays
an excellent section penetration as confirmed by two previous stereologic studies using the
same conditions [25,69] as well as by confocal microscopy.

To explore the relative contribution of neuronal depletion and loss of total number of
spinophilin-immunoreactive puncta to cognitive decline, we also obtained stereologic
estimates of AD lesions (i.e., total NFT numbers, total amyloid volume) and neuron numbers
inthe CAlfield in 10 cases (where appropriate material for stereologic counting was available).
For stereologic estimates of AD neuronal pathology, floating sections were stained using AT8
(Innogenetics, Gent, Belgium), a monoclonal antibody that recognizes tau proteins
phosphorylated at residues Ser199/Ser202 to visualize NFT, NT, and neuritic plaques.
Following pretreatment with a solution of 0.25% potassium permanganate and Pal’s solution
(1% oxalic acid and 1% potassium bisulfite), antibody AT8 was used at a working dilution of
1:3,000 over 24 hours at 4°C. Specific labeling was revealed with an horseradish peroxidase-
conjugated anti-mouse antibody (1:100; Dako, Glostrup, Denmark), and 3,3’-
diaminobenzidine as a chromogen. The sections were then counterstained with cresyl violet
for stereologic determination of unaffected neurons (i.e., neurons stained only by cresyl violet),
neurons with intracellular NFT, and extracellular (ghost) NFT [3,6,7,28]. In all cases, antibody
AT8 penetrated through the full depth of the sections. Total amyloid volume assessment was
made in 50 um-thick free-floating sections, which were treated with a methanol/H,05 solution
(3/1 viv) for 30 minutes, then washed in phosphate-buffered saline (PBS) for 30 minutes.
Subsequently, sections were pretreated with 88% formic acid for 5 minutes to enhance amyloid
detection. Incubation with the primary antibody was performed overnight at 4°C, using
monoclonal antibody 4G8 (1:3,000; Signet Laboratories, Dedham, MA, USA [5]) diluted in
PBS, and 0.5% Triton X-100 and 3% bovine serum albumin. Sections were then rinsed and
incubated with biotinylated goat anti-rabbit or goat anti-mouse IgG (H+L) secondary antibody
(Vector Laboratories, Burlingame, CA, USA 1:300) for 1 hour. Sections were processed for
Nissl staining with cresyl violet, and coverslipped with DePex (Fluka, Milwaukee, WI, USA).
All of the staining procedures were already used in our previous stereological studies [3,75].
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2.3. Quantitative analysis

The optical fractionator [61] was used to estimate total numbers of spinophilin-immunoreactive
puncta in areas CA1 and CAS3 of the hippocampus and in area 9. The tissue was sampled in a
systematic-random manner from the entire cytoarchitectonically-defined area 9, as previously
described [7], and subfields CA1 and CA3 of the hippocampus. All quantitative analyses were
performed using a computer-assisted morphometry system consisting of a Zeiss Axioplan 2
photomicroscope equipped with an Applied Scientific Instrumentation MS-2000 XYZ
computer-controlled motorized stage, an Optronix MicroFire video camera, a Gateway
microcomputer, and the Stereolnvestigator morphometry and stereology software
(MicroBrightField, Williston, VT). Hippocampal subfields were sufficiently evident in the
spinophilin immunohistochemical materials to establish the boundaries of CAl and CA3. To
perform accurate and reliable stereologic analyses in a restricted domain of neocortex it is first
necessary to establish the anatomical boundaries of the considered region with as much
precision as possible. The materials sampled in the present study were contained within the
boundaries established previously [7]. They relied on chemoarchitectonic patterns to recognize
the location of Brodmann’s area 9 using monoclonal antibody SMI-32 raised against
nonphosphorylated neurofilament proteins (Sternberger Monoclonals, Lutherville, MD, USA).
This antibody labels a subpopulation of pyramidal neurons in the human neocortex [11,30,
32,48], and has been shown to provide distinct chemoarchitectural characteristics of laminar
and region-specific distribution of pyramidal neurons permitting reliable establishment of
anatomical boundaries among regional neocortical domains [31,33,52]. The region of the
prefrontal cortex referred to as area 9 was characterized by a population of medium to large
size pyramidal neurons in layers 11 and V and a strong labeling of dendrites in the neuropil of
these layers. Even though these patterns were perceptible at low magnification, precise
outlining of laminar limits was systematically controlled at higher magnification and such
patterns remained discernible from adjacent neocortical areas even in demented cases [6,7].
Antibody SMI-32 was used at a working dilution of 1:1,000 on series of sections adjacent to
those stained with antibody AD2, and processed as described above. Prior to immunoreaction,
all sections for SMI-32 labeling were pretreated in a water bath in 10 mM sodium citrate buffer
(pH 6.5) for 10 minutes at 95°C for optimal antigenicity retrieval. SMI-32 immunoreactivity
was further enhanced using 0.005% OsO4. These parallel series of sections were then used as
a guide to distinguish the borders of area 9 from adjacent neocortical regions (i.e., Brodmann’s
areas 8, 46, 10, 32), and permitted an assessment of the variability of the extent of this region
and its divergence from classical descriptions. The contours of CAl, CA3, and area 9 were
traced at 2.5x magnification as previously described [6,29]. Optical disector counting frames
were placed in a systematic-random fashion in the delineated regions of the sections, with
constant intervals in thexand y axes. Thexand y distances between sampling frames were set
at 400 um in CAl and CA3, and 250 pm, in area 9. The counting frame width and height were
2 um. Before counting of total spinophilin-immunoreactive puncta, a pilot study in three
randomly selected cases was performed to define the best z-axis thickness of the counting frame
in terms of precision of estimates and efficiency. A 2-um thickness sampling was adopted for
stereologic analysis as this pilot study showed that the use of thicker disectors generates
additional work without providing substantial benefit in terms of coefficients of error. The area
sampling fraction was (2 x 2)/(400 x 400) = 2/160,000 in CA1 and (2 x 2)/(400 x 250) =
4/100,000 in area 9. An oil-immersion objective (100x/1.4 NA) was used for counting. A 2-
pum “guard zone” was placed at the top surface of the sections. Counting was performed with
the optical disector technique through a depth of 2 um (the height of dissector). The total
spinophilin-immunoreactive profile number in each area was calculated with standard
stereologic formulas that are built into the optical fractionator protocols in Stereolnvestigator.
Coefficients of error (CE) were calculated as previously described [61]. On average, for each
hippocampal region 400 labeled puncta were sampled per section, which provided a low CE
(range 0.05-0.06) and for area 9 approximately 600 puncta per section (CE range 0.06 —0.09).
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The total volume of each analyzed region was estimated using the Cavalieri principle to assess
whether changes in the total number of spinophilin-immunoreactive puncta may be due to
changes in the volume of each area or changes in the spine density. The profile numbers were
quantified in the entire thickness of the cortex [25]. Careful z-axis focusing revealed that the
immunocytochemical protocol used in the current study yielded high-quality staining with
complete penetration of the antibody through the entire section thickness and thus did not
interfere with the precision of our estimates that are derived from a small fraction of the nominal
tissue thickness.

For stereologic estimates of AD lesions and neurons, the software placed disector frames using
a systematic-random design within each contour outlining the cortical layers, to account for a
predetermined fraction of the outlined area. This fraction (about 2% in the present study) was
established in pilot studies including the full range of CDR scores (0, 0.5, 1, 2, 3) and set to
accommodate both sufficient sampling of neurons and NFT and NT, (i.e., 150 to 600 profiles
in each case [61,77,78]). Neurons and NFT that fell within these disector frames were then
counted. Counting was done at high magnification using a 1.4 n.a. Zeiss Plan-Apochromat
100x objective, and total numbers were estimated using standard formulas [61]. The area of
the disector frame was kept at 900 um? for neuron and NFT counts. The total amyloid volume
for each region of interest was calculated as Vat = (Va; / V|) * Vet With Va, being the local
amyloid volume determined for each section, V| the local volume of the region determined for
each section, and V¢ the volume of reference for an entire region [5].

2.4 Statistical analysis

3. Results

After normalization of the neuropathologic variables, the relationship between spinophilin-
immunoreactive puncta numbers in each area (dependent variable) and Braak NFT stage and
AP protein deposition staging (independent variables) was studied using linear regression in
univariate models. Linear regression models were also used to explore the association between
MMSE scores (dependent variable) and neuropathologic parameters (independent variables).
The association between CDR scores (as the dependent variable) and neuropathologic
parameters (as the independent variables) was studied using maximum likelihood ordered
logistic regression which makes it possible to measure the relationship between an ordinal
outcome variable (CDR) and several independent variables. Regression models can also
evaluate the amount of variability of the outcome variable that can be explained by the
independent variables and thus provide an estimate of the strength of the relationship. Statistical
analyses were performed using the Stata software package, release 7 (College Station, TX,
USA).

3.1. Distribution of spinophilin immunoreactivity

Qualitatively, intense spinophilin immunoreactivity was observed in the hippocampus and in
all six cortical layers of area 9 as a pattern of bright puncta (~0.5-1 um in diameter) in both
controls and AD patients. Within the CAL field, the immunostaining was most intense in the
stratum oriens and stratum radiatum, weaker in the stratum lacunosum-moleculare, and faint
around cell bodies in the stratum pyramidale (Fig. 1LA). The pattern of immunoreactivity in the
hippocampal formation provided clear boundaries for accurate contours to be drawn in CA1
and CA3 (Fig. 1A). In area 9 the staining pattern was rather homogeneous throughout the
cortical layers (Fig. 1B). In contrast, white matter had lower spinophilin staining intensity (Fig.
1). At the magnification at which the quantifications were performed, spinophilin
immunoreactivity appeared as a dense punctated pattern in all layers. Whereas stereologic
estimates revealed differences among cases, casual observations failed to demonstrate any clear
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differences between the local puncta densities between control and AD cases in both the
hippocampus and area 9 (Fig. 2).

3.2. Clinicopathologic correlations

Stereologic estimates of spinophilin-immunoreactive puncta are summarized in Table 2. There
was a strong negative relationship between Braak NFT stages and total number of spinophilin-
immunoreactive puncta in CAl field (R=-0.565, p < 0.05) and area 9 (R =—0.616, p < 0.05)
but not in CA3 field (R = —0.254, n.s.). In contrast, no relationship was found between Ap
deposition staging and number of spinophilin-immunoreactive puncta in the areas studied (Fig.
3). In a univariate linear regression model, the total number of spinophilin-immunoreactive
punctain CA1 field and area 9 were significantly related to MMSE scores and predicted 23.5%
(p <0.05) and 61.9% (p < 0.001) of its variability (Fig. 3). Braak NFT staging also explained
59.2% of MMSE variability (p < 0.001). The relationship between total number of spinophilin-
immunoreactive puncta in CA1 field and MMSE scores did not persist when adjusting for
Braak NFT staging in multivariate models. In contrast, the total number of spinophilin-
immunoreactive puncta in area 9 was still significantly related to the cognitive outcome
explaining an extra 9.6% of MMSE variability. To confirm the validity of these
clinicopathologic correlations, we also explored the relationship between number of
spinophilin-immunoreactive puncta and CDR scores. There was a clear decrease in the number
of spinophilin-immunoreactive puncta across CDR scores. In particular, demented cases
(CDR1 and 2) displayed a 14.2% decrease in the CA1 field and 28.2% decrease in area 9
compared to non-demented cases (CDR 0 and 0.5). In a univariate model, total number of
spinophilin-immunoreactive puncta in CA1 field and area 9 were negatively related to CDR
scores explaining 18% (p < 0.05) and 39% (p < 0.01) of its variability respectively (Fig. 3).
Braak NFT staging was positively related to cognitive decline and predicted 29.9% of CDR
scores (p < 0.01). As for MMSE scores, the relationship between total number of spinophilin-
immunoreactive puncta in CAl field and CDR scores did not persist after adjusting for Braak
NFT staging (34% of CDR variability explained by Braak NFT staging only; p < 0.05). In
contrast, total number of spinophilin-immunoreactive puncta in area 9 remained a significant
predictor of cognitive status explaining an added 25.6% of CDR variability (p < 0.05).
Interestingly, estimates of spinophilin-immunoreactive puncta in CA3, a region less affected
in AD, were not correlated to clinical and neuropathologic indices of AD severity.

The stereologic analysis of AD-related pathology in 10 cases confirmed the observations based
on Braak NFT and Ap staging (Table 3). There was a significant negative relationship between
total NFT numbers and total spinophilin-immunoreactive puncta in CA1l field (R =-0.641, p
< 0.05). In contrast, neither total neuron numbers (R = 0.306, n.s.) nor total amyloid volume
(R =-0.304, n.s.) were related to total spinophilin-immunoreactive puncta numbers. In
univariate models, total NFT and neuron numbers but not amyloid volume were strongly
associated with MMSE score explaining 90.5% and 55.8% of its variability. As for Braak NFT
staging, the relationship between total number of spinophilin-immunoreactive puncta in CA1
field and MMSE score did not persist when adjusting for total NFT numbers. Importantly,
when both total neuron and spinophilin-immunoreactive puncta in CAL field were considered,
this latter remained an important predictor of the cognitive status explaining an extra 19.6%
of MMSE variability.

4. Discussion

The present study reports unbiased stereologic assessment of total spinophilin-immunoreactive
profiles in AD cerebral cortex and used multivariate regression models to estimate the
contribution of dendritic spine loss in cognitive decline after controlling for the severity of
NFT formation. Because synaptic loss may be related to the NFT development in both local
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and distally projecting neurons, we used the Braak NFT staging that makes it possible to assess
the whole burden of NFT pathology in the brain. Similarly, A protein deposition staging was
used to assess the contribution of the fibrillar amyloid burden to the loss of spinophilin-
immunoreactive puncta. Three limitations should, however, be considered when interpreting
the present data. First, we could not rule out the possibility that potential downregulation of
the spinophilin gene expression contributes to our quantitative observations in spines. Second,
in the absence of electron microscopy data, it is not possible to exclude that the observed
changes in spinophilin immunoreactivity may partly reflect concurrent changes in spine size
as suggested in a recent study in macaque monkeys [26]. Third, it was not possible to identify
separately cortical layers 11-VI in spinophilin-labeled area 9 with the precision required for
stereologic analysis. We cannot thus comment on possible laminar differences in AD-related
dendritic spine loss within area 9.

Total spinophilin-immunoreactive puncta numbers varied from 3.33 to 6.91 billions in CAl
field, 1.83 to 3.47 billions in CA3 field, and 23.12 to 53.41 billions in area 9. These numbers
are significantly lower than those reported in a previous ultrastructural study in the adult rabbit
CAL1 field (24 billion synapse [22]). This study used an electron microscopy approach to
enumerate synapses stereologically and as such obtained estimates of the total number of
synapse. It must be kept in mind that our estimate are based on aspine marker that identifies
only spines susceptible to receive, mostly, an excitatory contact. Spinophilin immunoreactivity
is absent from inhibitory as well as non-spine synapses so that our estimates did not reflect
directly the total synapse numbers explaining such discrepancy. In agreement with previous
histopathologic studies based on presynaptic markers [57,60], our data failed to identify a
relationship between the loss of spinophilin-immunoreactive punctaand Ap deposition staging.
This observation was confirmed in 11 cases with stereologic assessment of total amyloid
volumes. Also, consistent with recent animal and human studies, our results point to the
necessity to explore the effect of Ap oligomers in AD-related loss of postsynaptic elements
(for review see [12,36,37,55]. The relationship between synaptic loss and NFT burden is still
a matter of debate. Although the initial contributions in this field pointed to a possible
dissociation between NFT formation and loss of presynaptic markers [68,71], other studies
challenged this point of view and postulated a strong relationship between the progression of
tau pathology and depletion of synaptophysin [8,10]. Supporting this possibility, Stamer et al.
[66] showed that the progressive formation of paired helical filaments might disrupt axoplasmic
flow and synaptic survival. Similarly, Callahan et al. [9] documented a progressive reduction
of synaptophysin mRNA in single NFT-bearing neurons. In the context of the possible
disconnection of corticocortical pathways in AD [30,32,48], dendritic spine pathology is
thought to be secondary to abnormal afferent innervation [20,63,65,81]. In line with this
hypothesis, Scheff et al. reported in the only stereologic study available in this field a weak
positive relationship between NFT densities in layer Il of the entorhinal cortex and loss of
synaptic contacts in the outer molecular layer of dentate gyrus (i.e. 16% of the synaptic loss
was explained by NFT densities), but failed to identify any relationship between the
individual’s Braak NFT staging and total synaptic numbers in this area [59]. However, this
electron microscopy study did not specifically address postsynaptic changes and did not
explore synaptic changes in CA1 field and neocortex. Consistent with a direct link between
the global NFT burden and postsynaptic damage, our data reveal a strong negative relationship
between Braak NFT staging (as well as total NFT numbers in CAL field) and total numbers of
spinophilin-immunoreactive puncta both in the CA1 field and area 9. Importantly, a region-
specific vulnerability to both presynaptic and dendritic involvement has been recently
described implying that the anatomic correspondence is not the only parameter to consider
when interpreting the complex relationships between pre- and postsynaptic changes [39]. It
should however be kept in mind that even in our study more than 50% of spinophilin-
immunoreactive puncta loss cannot be explained by NFT burden. This finding parallels recent
reports of a dissociation between NFT numbers and neuronal loss [38,75] and suggests the
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presence of additional non NFT-related determinants of synaptic depletion in AD such as
excitotoxic damage and deficient oxidative stress regulation [for review see [58]].

Using both a global neuropsychological measure (MMSE) and a dementia severity scale
(CDR), the present study reveals that the loss of dendritic spines in CAL field and area 9 has
a strong negative impact on cognition. This overall observation agrees with several earlier and
recent contributions stressing the role of synapses in AD cognitive decline [8,18,28,42,43,58,
59,68,71]. In particular, total numbers of spinophilin-immunoreactive puncta in the CA1 field
and area 9 explain more than 20% and 60% of MMSE variability respectively. Unusually high
percentages of explained variability (18% for CA1 field and 39% for area 9) were also obtained
when the CDR score was used as dependent variable. These values are comparable to those
reported in our previous stereologic analysis of total NFT numbers in the CAL field [75] but
significantly higher than those found by Scheff et al. [59] in respect to MMSE scores. As in
most previous studies in this field (for review see [23]), our univariate analyses also
documented a strong relationship between Braak NFT staging and cognition. This disagrees
with the results of Scheff et al. [59] who did not find any relationship between Braak NFT
staging and cognition. The overrepresentation of intermediate Braak 111 stages in their sample
is the most plausible explanation for this discrepancy. However, the strong predictive value of
spinophilin-immunoreactive puncta counts in CA1 field did not persist when adjusting for
Braak NFT staging in multivariate models indicating that the cognitive repercussion of
dendritic spine loss in this area is strictly mediated by the global NFT burden. Our quantitative
data also confirmed this observation showing that total NFT numbers in this area is the main
marker to consider in terms of clinicopathologic correlations. Importantly, they also reveal that
the local depletion of pyramidal neurons and loss of spinophilin-immunoreactive puncta are
independent phenomena that contribute separately to the cognitive decline. A different pattern
was present in area 9 where spinophilin-immunoreactive puncta numbers remained
significantly associated with cognitive measures after controlling for Braak NFT staging and
explained an additional 9.6% of MMSE variability and 25.6% of CDR variability. These results
suggest that neocortical but not hippocampal dendritic spine loss may have an independent
cognitive impact in AD. Future clinicopathologic studies in larger series including biochemical
analysis of synaptic proteins coupled with stereclogic estimates of various presynaptic and
postsynaptic markers in the context of defined corticocortical connections between vulnerable
areas are needed to assess fully the role of synaptic alterations in brain aging and dementia.
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Figure 1.

Photomicrographs of sections through the hippocampus (A) and area 9 (B). A: Coronal section
at the level of hippocampus showing the contours of CA1 (red) and CA3 (blue). B:
Photomicrograph demonstrating spinophilin labeling in area 9 (arrows mark the boundaries).
There is intense spinophilin immunoreactivity in all of the cortical layers, but none in the white
matter. Scale bars =1 mm.
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Figure 2.
Photomicrograph showing spinophilin-immunoreactive puncta at 100x magnification (A—F).

Spines not visualized at their optimal focal plane appear blurred. (A) Spinophilin
immunolabeling in CA1 section (CDR 0) at the magnification used for stereologic analysis.
(B) Spinophilin-immunolabeled CA1 section (CDR 3). An unbiased counting frame is shown.
The red border of the frame and its extensions represent the exclusion line and the green border
represents the inclusion line. Spines were counted when they came into focus within the height
of the optical disector and within the counting frame when moving the focal plane continuously
through the section. A spine was counted if it was entirely within the counting frame or partially
within it without touching or intersecting the exclusion line when in focus. (C, D) High

Neurobiol Aging. Author manuscript; available in PMC 2009 September 1.



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

1duasnuey Joyiny vd-HIN

Akram et al.

Page 16
magnification images of spinophilin immunoreactivity in a CA3 section at CDR 0 and 3

respectively. (E, F) High magnification images of spinophilin immunoreactivity in area 9 at
CDR 0 and 2 respectively. Scale bar = 20 pm.
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Figure 3.

Regression lines with 95% confidence intervals of spinophilin-immunoreactive puncta (in
billions) versus Braak NFT staging, Ap deposition staging, MMSE, and CDR scores in the
CA1 field and area 9. Note the significant negative association between Braak NFT staging
and total spinophilin-immunoreactive puncta in both the CA1 field and area 9. Note also the
negative relationship between clinical indices and total spinophilin-immunoreactive puncta in
the same areas. See text for details.
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Stereologic estimates of the total number of spinophilin-immunoreactive puncta (data represent billions).

Table 2
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Case CAl CA3 Area 9
1 6.91 3.15 53.41
2 5.53 2.63 38.91
3 5.60 2.18 n.a.
4 5.12 2.30 n.a.
5 4.63 2.22 n.a.
6 6.90 2.67 n.a.
7 5.20 271 33.18
8 4.93 2.16 35.89
9 5.20 3.35 34.55
10 n.a. n.a. 40.00
11 n.a. n.a. 35.20
12 5.43 3.34 35.10
13 6.60 2.86 29.14
14 4.75 1.83 27.00
15 5.27 3.47 23.12
16 3.65 1.59 29.55
17 3.33 2.38 27.60
18 4.35 2.06 23.12

n.a., not available.
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Table 3
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Stereologic estimates of Nissl-stained neuron numbers, NFT numbers, and AB deposits volume in the CAlfield.

Case Nissl-stained neurons NFT AR deposits
1 4,856.0 15.0 0
2 7,123.0 12.0 0
3 9,721.6 3175 13.7
4 6,341.3 764.6 4.1
5 10,727.3 181.7 0.8
6 4977.4 407.9 2.2

13 3,563.0 1,783.0 23.3
14 2,899.0 2,500.0 11.2
16 2,678.0 3,555.0 9.1
17 2,545.0 3,242.0 144.7

Stereological estimates of total neuron and NFT numbers (x10*3) as well as amyloid volume (in mm3). For case details see Table 1.

Neurobiol Aging. Author manuscript; available in PMC 2009 September 1.



