1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Acta Neuropathol. Author manuscript; available in PMC 2019 May 30.

-, HHS Public Access
«

Published in final edited form as:
Acta Neuropathol. 2017 March ; 133(3): 395-407. do0i:10.1007/s00401-016-1647-9.

Presynaptic proteins complexin-l and complexin-II differentially
influence cognitive function in early and late stages of
Alzheimer’s disease

Alfredo Ramos-Miguell2, Ken Sawada3, Andrea A. Jones!2, Allen E. Thorntonl#4, Alasdair
M. Barrl5, Sue E. Leurgans®, Julie A. SchneiderS, David A. Bennett®, and William G.
Honerl:2

1BC Mental Health and Addictions Research Institute, 938 West 28th Avenue, Vancouver, BC,
V5Z 4H4, Canada

2Department of Psychiatry, University of British Columbia, 2255 Wesbrook Mall, Vancouver, BC,
V6T 2A1, Canada

3Kochi Prefectural Aki General Hospital, 3-33 Hoheicho, Kochi, 784-0027, Japan

4Department of Psychology, Simon Fraser University, 8888 University Drive, Burnaby, BC, V5A
1S6, Canada

SDepartment of Anesthesiology, Pharmacology and Therapeutics, 2176 Health Sciences Mall,
University of British Columbia, Vancouver, BC, V6T 173, Canada

6Rush Alzheimer’s Disease Center, Rush University Medical Center, 600 S Paulina Street,
Chicago, IL, 60612, USA

Abstract

Progressive accumulation of Alzheimer’s disease-related pathology is associated with cognitive
dysfunction. Differences in cognitive reserve may contribute to individual differences in cognitive
function in the presence of comparable neuropathology. The protective effects of cognitive reserve
could contribute differentially in early versus late stages of the disease. We investigated
presynaptic proteins as measures of brain reserve (a subset of total cognitive reserve), and used
Braak staging to estimate the progression of Alzheimer’s disease. Antemortem evaluations of
cognitive function, postmortem assessments of pathologic indices, and presynaptic protein
analyses, including the complexins I and Il as respective measures of inhibitory and excitatory
terminal function, were assayed in multiple key brain regions in 418 deceased participants from a
community study. After covarying for demographic variables, pathologic indices, and overall
synapse density, lower brain complexin-1 and -1l levels contributed to cognitive dysfunction (P <
0.01). Each complexin appeared to be dysregulated at a different Braak stage. Inhibitory
complexin-I explained 14.4% of the variance in global cognition in Braak 0-11, while excitatory
complexin-I1 explained 7.3% of the variance in Braak V-VI. Unlike other presynaptic proteins,
complexins did not colocalize with pathologic tau within neuritic plaques, suggesting that these
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functional components of the synaptic machinery are cleared early from dystrophic neurites.
Moreover, complexin levels showed distinct patterns of change related to memory challenges in a
rat model, supporting the functional specificity of these proteins. The present results suggest that
disruption of inhibitory synaptic terminals may trigger early cognitive impairment, while
excitatory terminal disruption may contribute relatively more to later cognitive impairment.
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Introduction

Accumulation of multiple, age-related pathologies (such as amyloid plaques, phosphotau
deposition and tangle formation, strokes, Lewy bodies, and hippocampal sclerosis)
contributes to cognitive impairment [4, 9, 34, 38]. Similar to other diseases, staging
approaches are proposed for several of these pathologies. Braak staging, based on using the
anatomical distribution of tangle-containing neurons as an index of the stage of illness,
demonstrates strong associations with cognitive impairment [10, 44]. However, age-related
pathologies explain only part of cognitive impairment, and the wide variation in impairment
related to pathologies may be explained by individual differences in cognitive reserve. In the
face of comparable levels of pathology, individuals with greater reserve demonstrate better
cognitive function. Positive psychological contributors to cognitive reserve include
participation in cognitive and physical activities: risk factors include depressive symptoms
and social isolation [58]. The neurochemical substrates for these experiential effects on
cognitive reserve may include the number of functional synapses, or brain reserve [48].
Presynaptic terminals are enriched for specific protein families, and may be a critical
structural component of brain (and thereby cognitive) reserve [8, 20]. Investigation of
presynaptic proteins indicates these elements of brain reserve demonstrate protein-specific
associations with cognition. A previous longitudinal, community-based study associated
cognitive reserve with overall brain amounts of the presynaptic proteins complexin-I,
complexin-Il, and vesicle-associated membrane protein (VAMP), as well as with the ability
of the three SNARE proteins (i.e. synaptosome-associated protein of 25 kDa [SNAP-25],
syntaxin-1 and VAMP) to form functional complexes [20].

The Braak staging model implicates progressive changes and the possibility of spread of
pathology between cortical regions [11, 24]. Pathological studies report relationships
between specific types of plaque and neuritic or tangle pathologies, Braak stage, and
cognitive function [44]. Cognitive reserve studies have not yet adopted similar strategies,
and the possibility of differences in relationships between presynaptic proteins and cognitive
function at different pathological stages remains unexplored.

Focusing on the presynaptic protein complexin-I allows investigation of inhibitory terminals,
and complexin-I1 indexes excitatory terminals [41, 50, 56]. Evidence from clinical

correlative studies as well as animal models suggests the balance of inhibitory and excitatory
function demonstrates a relative loss of inhibition in the early phases of Alzheimer’s disease
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[36], while in the later phases excitatory functions are also impaired as global loss of
synaptic function occurs [7, 46, 47]. These observations in illness, and in animal models of
illness, are consistent with findings indicating presynaptic protein-specific patterns of
change during learning and memory in normal animals [17, 41].

Synaptic function is intimately related to plasticity. As well as losses of synaptic terminals
resulting in reduced plasticity, synaptic terminals become incorporated in the neuritic
pathology, a form of dysplasticity [12, 54]. Again, specific presynaptic proteins appear to
become involved early in dysplastic neurites, while other proteins show minimal
involvement [29, 53].

Using a large, community-based sample of prospectively ascertained participants with no
dementia at study entry [5, 9, 20], we sought to answer the question of whether or not
inclusion of Braak staging would influence assessment of the contributions of the two
complexin proteins to brain reserve. Secondary analyses were carried out to evaluate specific
domains of cognitive function, and to assess the effects of complexins in specific anatomical
regions. In exploratory studies investigating the potential mechanisms linking synaptic
damage and AD pathology, we assessed the relationships between the neuritic plaque
pathology and various components of the exocytotic machinery, including complexin and
SNARE proteins. Preliminary animal studies were also performed to (1) confirm and
quantify segregation of complexins into GABAergic and glutamatergic presynaptic
terminals, and (2) to assess the associations between the complexins and cognitive
performance in two different animal paradigms of learning and memory.

Materials and methods

Participants and cognitive evaluation

The Memory and Aging Project (MAP) is a large, community-based study of elderly
participants with no dementia at study entry [5, 9, 20]. Comprehensive annual evaluations
are carried out until death, when a brain autopsy is performed. Demographic, cognitive and
pathological characteristics of the first available 418 deceased participants in MAP are
summarized in Table 1. The Institutional Review Board of Rush University Medical Center
approved the MAP protocols, including the informed consent and an Anatomic Gift Act for
organ donation signed by participants at enrollment [5]. Nineteen cognitive tests were z-
scored and averaged to make a global measure of cognition, and also to summarize five
domains of cognition: episodic memory, semantic memory, working memory, perceptual
speed or visuospatial skills [6]. Cognitive evaluations were performed annually from
enrollment to death, with a median of 5 evaluations per participant. Scores obtained in the
last assessment before death were used in the present analyses, and standardization used the
mean and standard deviation of the overall baseline sample (see Table 1).

Postmortem tissue selection and pathologic examination

Brain autopsies and postmortem tissue preparation used standard uniform procedures [5, 6].
A board-certified neuropathologist performed evaluations blind to clinical and demographic
data, using accepted criteria [43]. Immunohistochemical analyses quantified Ap plaque load
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(10D5 or 4G8 antibodies) and tau-tangle density (AT8) [43]. Severity of AD pathology was
evaluated blinded to clinical diagnosis using three complementary approaches: 1) a modified
Braak stage with categories: no or transentorhinal tauopathy (i.e. Braak 0-11), limbic spread
(Braak I11-1V), or neocortical spread (Braak V-VI) [10], 2) CERAD (Consortium to
Establish a Registry for Alzheimer’s Disease) neuritic plaque score with 4 levels of severity
(no, sparse, moderate or frequent plaques) [32], and 3) modified NIA/Reagan diagnosis, also
including 4 levels of severity (no, low, intermediate, or high likelihood of AD), accounting
for amyloid and tau pathologies [33]. The presence of cerebrovascular diseases
(macroscopic and microscopic infarcts, arteriolosclerosis and atherosclerosis), Lewy bodies,
and hippocampal sclerosis was also examined. For neurochemical assays, frozen grey matter
samples from the entorhinal cortex proper (EC; Brodmann’s area [BA] 28; n = 283), mid
hippocampus (HIP; including CAl/subiculum; n = 402), inferior temporal gyrus (IT; BA20;
n=417), middle-frontal gyrus of the dorsolateral prefrontal cortex (MF; BA46/9, n= 418),
and calcarine (primary visual) cortex (CALC; BA17, n= 360) were carefully dissected on
dry ice to avoid tissue thawing. Samples were immediately stored at —80° C until
immunoassay.

Animals and memory task paradigms

Adult male Long-Evans rats (300-350 g, Charles-River, Montreal, QC, Canada) performed
memory task paradigms. Detailed descriptions including standard manipulations, dietary
restriction, elevated eight-arm radial maze characteristics, and memory task training and
testing were reported previously [41]. Briefly, in the reference memory paradigm, rats
needed to use spatial cues to recall which arms of the maze were baited with food pellets
throughout the trials. In contrast, rats selected for the working memory task were trained to
find the pellets without re-entering in the same maze arm. Performance to the specified
criteria resulted in presynaptic hippocampal changes related to brain plasticity [17, 41]. At
the end of the experiments, animals were anaesthetized with pentobarbital and killed by
decapitation. Brain hemispheres were separated and prepared for quantitative
immunohistochemical assays. The UBC Animal Care Committee approved all procedures.

Antibodies and immunoassays

Primary antibodies are listed in Supplementary Table S1. Production and characterization of
mouse monoclonal antibodies against complexin-1, complexin-1I, syntaxin-1, SNAP-25,
VAMP and synaptophysin was described elsewhere [21, 50]. Peroxidase- and Alexa-Fluor
488/555/647-conjugated secondary antibodies were from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA) or Molecular Probes (Eugene, OR, USA), respectively.

Complexin-1 and Il isoforms, and SNARE proteins (syntaxin-1, SNAP-25, VAMP) were
quantified in human brain samples by enzyme-linked immunosorbent assays (ELISA) on
384-well plates, using semi-automated standard protocols [2]. Further ELISA
characterization studies were described elsewhere [37]. An overview of data acquisition in
384-well ELISA plates and later data transformation and standardization is provided in the
Supplementary Fig. S1. Importantly, for comparative analyses, all plates included the same
reference sample. Each brain homogenate was loaded at 4 different protein concentrations
(range 0.225-3.6 pg) in duplicate on at least 2 different plates, on 2 different days.
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Co-immunoprecipitation (IP) and Western blotting (WB) were used in characterization
experiments as described elsewhere [36]. Subcellular extractions yielding proteins enriched
in (1) nuclear- (along with cell debris), (2) cysosolic-, (3) membrane-, (4) synaptosomal- and
(5) myelin-associated compartments were performed as reported [18, 36].

Immunohistochemistry and confocal microscopy

Quantitative immunohistochemical (IHC) assays in rats subjected to memory tasks and
controls were performed in formalin-fixed paraffin-embedded brain tissue slides essentially
as previously described [42, 57]. Immunofluorescence (IF) assays on paraformaldehyde-
fixed, free-floating brain tissue sections were performed as reported [37, 41]. Briefly, brain
tissue slabs from the HIP of 7= 7 MAP participants with mild-to-moderate AD (NIA/
Reagan = 3-2; Braak stages 11-V), and rat brain hemispheres (-3.30 to —4.20 relative to
bregma), were sliced coronally to a thickness of 40 um. Antigens were retrieved at 80° C for
15 min in 20 mM citrate buffer, pH 6.0. Brain sections were incubated with Alexa
Fluor-488/555/647-conjugated primary antibodies overnight at 4° C. Sections were laid on
gelatin-coated slides, and images were obtained using a LSM 5 Pascal Module with a
63x%/1.2 N.A. water immersion objective (Zeiss, Jena, Germany). Appropriate positive and
negative controls were included in all experiments.

Data analysis and statistics

Immunoassay datasets were first log transformed and standardized as graphically
represented in Supplementary Fig. S1, and as previously reported [20]. In exploratory
analyses, standardized data across HIP, IT and MF were averaged to obtain a global score
for the forebrain levels of a given protein. The global score excluded EC, as only a subset of
cases with this region was available. Further analyses investigated region-specific variations
in presynaptic protein levels. SNARE protein data (i.e. syntaxin-1, SNAP-25 and VAMP)
were averaged to obtain a stable variable controlling for overall protein synthesis in
presynaptic terminals, and indexing synapse density. Preliminary analyses were performed
to detect all potential confounding variables that may interfere with neurochemical,
pathologic and cognitive associations, including (but not limited to) psychotropic
medication, alcohol and tobacco consumption, or comorbidity with other health conditions
that might affect cognitive performance. Since none of these variables altered the
neurochemical-cognitive associations, they were excluded from the final statistical modeling
approaches. Other variables, such as years of education, that were not associated with the
neurochemical variables, but could influence cognitive performance, were kept as covariates
in follow-up models. Multiple regression analyses were conducted with global or domain-
specific cognitive function as dependent variables, demographics (sex, age, education) and
postmortem interval as covariates, and neurochemical (complexins I and Il, SNARE
proteins) and pathological indices as independent variables. Follow-up models included a 3-
level-collapsed Braak staging variable (see Table 1), grouping Braak 0-IlI, 111-1V and V-VI
as an ordinal variable [55], and included in the regression models alone or in a statistical
interaction with complexins | and Il. Linear regression models were constructed as above, in
parallel, for each of the three Braak levels separately. Similar tests were performed using
CERAD or NIA/Reagan scales instead of Braak staging. To examine the contribution of
complexins I and 11 to cognition, the adjusted /2 values in the reference models containing
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the covariates and no target predictors were subtracted from the adjusted /2 values in
models including the predictor(s). Colocalization analyses between presynaptic proteins, or
AP were performed with ImageJ 2.0 (NIH, Bethesda, MA, USA), using built-in unbiased
algorithms [14, 36, 37]. For within-animal comparisons of complexins | and Il
colocalization with VGAT versus VGLUT1, data were analyzed with paired #tests. All tests
were two-tailed, and the significance was set to P <0.05, unless otherwise stated. Statistical
analyses were done in JMP 12.0 (SAS Institute, Cary, NC, USA) and/or R package version
3.2.3[22]. Prism 6.0 (GraphPad, La Jolla, CA, USA) was used to plot the resulting data. In
memory task experiments in rats, differences between groups were detected with one-way
ANOVA followed by Dunnet’s test.

Quantitative determination of complexin segregation into inhibitory (GABAergic) and
excitatory (glutamatergic) terminals

Although some of the biochemical and anatomical features of complexins I and Il were
reported previously [41, 42, 56], few studies compared and quantified both complexin
isoforms using different and complementary brain tissue preparations. To further address the
selectivity of antibodies recognizing complexin-1 (SP33) and complexin-Il (LP27) [2, 20,
37, 50], we immunoprecipitated syntaxin-1, and both complexins from human IT
homogenates and further resolved the reactions by SDS-PAGE and immunobloting. No
cross-reactivity was observed when complexin-11-1P products were probed with anti-
complexin-I antibody, and vice versa (Fig. 1a). Both antibodies detected complexin proteins
when anti-syntaxin-1 was used in IP experiments, indicating that complexin antibodies
recognize peptides able to interact with SNARE proteins. However, syntaxin-1 was 4-fold
enriched in complexin-11-IP products, compared to complexin-1 co-IPs, either because
syntaxin-1 has more affinity for complexin-II, or perhaps tissue homogenates contained
greater amounts of complexin-11 than complexin-1. At a subcellular level, distributions of
complexins were very similar (Fig. 1b). Both isoforms were present in synaptosomal and
cytosolic fractions, whereas syntaxin-1 was restricted to the synaptosome compartments.

As expected [41], quantitative colocalization studies in rat brain slices showed that the wide
majority of synaptic complexin-1 expression occurs at GABAergic inhibitory (VGAT-
positive) terminals, while complexin-11 is predominantly contained in glutamatergic
excitatory (VGLUT1-positive) presynaptic endings (Fig. 1c,d). This is best observed in the
hippocampal subfields, where the segregation of inhibitory and excitatory terminals across
the layers reduces potentially spurious overlapping between the fluorescent dyes (Fig. 1d).
Although a residual expression of both isoforms in excitatory and inhibitory synapses cannot
be eliminated, GABAergic complexin-1 expression was 7.7-34.8-fold (P < 0.001) greater
compared to that of glutamatergic, whereas complexin-I1 levels in glutamatergic terminals
were 5.9-18.6-fold (P < 0.001) larger than in GABAergic endings, within the hippocampal
subfields (Fig. 1c). Consistent with subcellular extractions, most complexin antibody signal
arises from synapse-enriched areas, predominantly the neuropil. However, anti-complexin-I
also immunolabeled a discrete number of cell bodies, possibly GABAergic interneurons,
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while anti-complexin-11 slightly stained most hippocampal granule and pyramidal soma
(Fig. 1d).

Hippocampal and cortical complexins are regulated during memory training tasks

Association

Preliminary animal studies were performed to build on previous data showing the
involvement of complexins | and Il in cognitive processing - memory formation [49]. Rats
were trained for two task learning paradigms respectively evaluating visuospatial skills (or
reference memory), and working memory performance. These models were selected on the
basis of their association with age-related cognitive impairment (related to cognitive
domains for working memory, perceptual speed and visuospatial abilities), and also because
both are known to be associated with behavioral and synaptic plasticity in rats [17, 41].
Interestingly, significantly elevated cortical levels of complexin-I, together with a non-
significant reduction in the hippocampus, were found in animals reaching the criterion for
the working memory task, but not in those trained for the reference memory test
(Supplemetary Fig. S2a,c). In turn, upregulated complexin-11 cortical (and borderline
hippocampal) densities were associated with reaching criterion in reference memory
acquisition, but not the working memory task (Supplementary Fig. S2b,d). These behavioral
models suggest that the regulation of the balance between inhibitory (complexin-I) and
excitatory (complexin-I1) synapses occurring in the different memory consolidation
processes may be region- and function-specific.

between complexin levels and cognitive function is AD stage-dependent

In preliminary analyses, without taking account of Braak stage but including demographic
and pathological measures as well as the ubiquitous presynaptic SNARE proteins, analyses
of complexin-1 and I1 levels by ELISA in all available MAP samples revealed an association
between each complexin and global cognition, accounting for 0.87-1.04% (P <0.01) of the
total variance in cognition (Models 1-2 in Supplementary Table S2, and Fig. 2a). Brain
regions contributing to the Braak staging model of AD progression showed different
relationships between complexin-I and 11 levels and multiple domains of cognitive
functioning (Fig. 2b and Supplementary Table S3). As well as previously used measures of
tau and other pathologies, we added a term for Braak stage, and an interaction term with
complexins I and Il into the model of global cognitive function. Individuals were assigned to
three Braak stage groupings: Braak 0-11 (none or transentorhinal tau deposition), 111-1V
(limbic spread), or V-VI (neocortical spread). Remarkably, Braak stages themselves strongly
contributed to the global cognition of MAP participants, despite controlling the analyses for
overall brain deposition of pathological tau and amyloid (Supplementary Table S2, Model 4;
and Supplementary Fig. S3a). In comparison, using similar statistical approaches,
individuals separated by CERAD or NIA/Reagan assessments marginally or modestly
differed in their cognitive performances, respectively (Supplementary Fig. S3b,c). These
observations may indicate that the spread of the tauopathy (captured by Braak staging but
not in the CERAD severity rating scale) is a qualitative hallmark of the progression of the
disease, relatively independent from the pathologic load, which may be a better index for
illness severity. As hypothesized, the interaction between Braak level and complexins | and
Il showed that each of the two proteins was most strongly associated with cognitive function
at a different stage of AD (Model 4 in Supplementary Table S2). Variation in complexin-I
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contributed to brain reserve and cognitive function at early Braak stages, while variation in
complexin-II had a similar effect in late Braak stages. The joint contribution of these
interaction terms (complexins | and 11-by-Braak) to the variance in cognitive function was
4.3% above the reference model. In similar models predicting cognitive function that
included interaction terms between complexins | and Il and overall tau density (instead of
Braak staging), the interaction terms did not reach statistical significance (data not shown).
Since the overall tau density is a fine indicator of the severity of AD, this later finding is
consistent with the model that the Braak stage (i.e. the spread of disease) is the intrinsic
component interacting with complexins and affecting cognition, regardless of illness
severity. Accordingly, the robust Braak-stage-dependent associations between complexin
protein levels and the cognitive function of MAP participants were rendered marginally
significant when subjects were grouped by CERAD or NIA/Reagan scales (Supplementary
Fig. S3d-f). Finally, inclusion in the models of a variable to control for possible effects of
APOEY4 allele (alone or in interaction with complexins | or 11) did not alter the above
findings (data not shown). Of note, all variance in cognition explained by APOE genotype in
our statistical models is fully mediated by AD-related pathologic indices.

To clarify the interpretation of the interactions, we performed analyses in each of the three
Braak stage groupings separately (Table 2 and Fig. 2a). Consistent with the findings above,
regression analyses indicated that in Braak 0-11, higher overall brain density of complexin-I
contributed 14.4% of the variance in global cognitive function, while complexin-11 did not
contribute. In contrast, in Braak V-VI, higher overall density of complexin-II contributed
7.3% of the variance in global cognitive function, while complexin-1 contribution was not
significant. These relatively large contributions of inhibitory/excitatory complexins in early
and late stages respectively contrast with the modest effects in the full cohort. This
attenuation could be a consequence of the absence of significant associations between
cognition and complexins in intermediate Braak stages (Table 2 and Fig. 2a), which
comprise the majority of the MAP participants.

Within Braak 0-11, complexin-I immunodensity appeared to be the greatest contributor to
cognitive function (as reflected by standardized p-coefficients; data not shown), explaining
more variance than Lewy body disease, hippocampal sclerosis, gender and years of
education (see Test model in Table 2). At this illness stage, no associations were found
between cognitive function and AP load or phosphotau deposition, indicating that AD-
related pathology may exert its deleterious effects in intermediate and/or late stages, when
the accumulation of neuritic plagues and NFTs reach higher densities (Table 1). In Braak I11-
IV, where synaptic protein levels had no significant effects, cognitive abilities seemed more
influenced by a mixture of pathologic conditions (especially infarcts) and age (Table 2).
Finally, phosphotau deposition was the strongest predictor of cognitive function at Braak V-
VI stages, where complexin-I1 also showed a strong association with cognition.

The contributions of region-specific densities of complexins | and 11 to the different
cognitive domains in MAP participants at early (0-11) or late (V-V1) stages of AD
(intermediate stages were omitted as not significant) are schematized in the middle and
bottom panels of Fig. 2b, and further detailed in Supplementary Table S4. Other than
visuospatial skills, all cognitive domains were highly associated with overall brain
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complexin-I levels in early stages of the disease (5.63-9.45% contribution to variance, P<
0.02). In marked contrast, in Braak V-VI, greater overall levels of complexin-Il, but not
complexin-I, were associated specifically with better semantic memory (10.0% contribution
to variance, A< 0.001) (Fig. 2b, and Supplementary Table S4).

Early loss of CPX1/2 from damaged terminals within neuritic plaques

To provide a better understanding of the relationship between presynaptic terminal
degeneration and AD pathology, we co-stained available hippocampal sections from MAP
participants at various stages of AD (=7, Braak 11-V) using antibodies against complexins
I and 11, SNARE proteins, AB, and/or pathological tau (AT8 and Alz-50), with analysis using
laser-scanning confocal microscopy. Neuritic plaques in early AD are interesting structures
to study the evolution of synaptic pathology because they contain pre- and post-synaptic
terminals, dystrophic neurites and the most common forms of neurotoxic soluble and
insoluble tau and AP aggregates. Triple immunolabeling assays showed that complexins |
and I, although not completely absent from the plaques, did not display overt colocalization
with tau or Ap within neuritic plaques (Fig. 3a—d). In contrast, focal colocalizations were
noticed between VAMP (likely upregulated in these areas) or SNAP-25, and AD pathologic
markers in these presumably unstructured and dystrophic neurites present within the plaque
area (Fig. 3e-h). No gross differences were noticed between subjects at early and late stages
of the disease, although the limited number of samples available did not allowed a reliable
quantitative analysis of these observations. A relative abundance of SNARE proteins within
dystrophic neurites, with an absence of complexins | and Il, indicates that these molecules
are differentially regulated under the influence of the pathologic stress of AD.

4. Discussion

The present results support the hypothesis that the presynaptic complexin proteins are
molecular components of brain reserve. Further, each complexin protein appears to
contribute differently to brain reserve according to the pathological stage of Alzheimer’s
disease. Additional support for different functional roles of complexins | and Il was
provided by an animal model of learning and memory.

Previous work using a smaller subset of the MAP cohort tissues used here (7= 253) showed
that higher levels of both complexins I and 11 contributed to better cognitive function in old
age and protected from cognitive decline [9, 20]. Here, we expanded the number of cases
analyzed and pooled datasets together with those in the former studies to obtain a larger final
cohort with 7= 418 cases. As in the previous studies, the current complexin findings were
additive with the effects of age-related pathologies. Expanding the sample allowed
investigation of the possibility that stage of Alzheimer’s disease, and possibly extent of
progression, could also contribute to cognitive outcome, and modify the role of brain
reserve. Additionally, quantitative immunohistochemical studies solidify preliminary
observations indicating that human GABAergic terminals are relatively enriched in
complexin-I, and glutamatergic terminals in complexin-11 [41]. The present findings in MAP
participants provide empirical evidence suggesting that in the absence of widespread
tauopathy and/or at the early stages of AD, cognitive performance largely relies on the
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“functionality’ of inhibitory synapses, as measured by complexin-1 immunodensity. These
findings are in agreement with other clinical and pathological observations that decreased
inhibitory tone may be an early feature of Alzheimer’s disease [1, 23, 45], and that pan-
synaptic terminal loss is a later feature of illness progression [25, 31, 35, 40]. The present
animal study indicated a role for change in levels of cortical complexin-I in reference
memory (largely perceptual and visuospatial) and for complexin-11 in working memory.
Changes in the ratio, but not the amounts of these proteins in hippocampus also help
establish relatively specific roles for these proteins in learning and memory [41].
Complexin-11 is reported to be involved in hippocampal long-term potentiation [49].

The results reported here provide some support for the relevance of treatment strategies in
animal models of Alzheimer’s disease directed at increasing inhibitory tone [13, 26, 27, 51].
Limited evidence suggests pharmacotherapies directly targeting components of the
presynaptic molecular machinery such as levetiracetam (which interacts with the vesicular
protein SV2) may be of benefit in Alzheimer’s disease through modulating inhibitory tone
[16, 28, 30, 39, 52]. Further research may also identify variation in the complexin genes as a
factor contributing to variation in brain reserve in aging. Genetic variation in the CPLX2
gene appears to contribute to cognitive impairment in schizophrenia [3, 19].

The present study is not without limitations. The prominent involvement of complexin-1 in
the entorhinal cortex in the early Braak stages was consistent with the model of different
components of brain reserve related to anatomical progression of Alzheimer’s disease,
however a larger sample size would be needed to more fully explore this hypothesis. In
addition, the association between cognitive function and inhibitory synapse preservation
might be related to other features than just brain reserve, since at early stages the load of AD
pathology might not be sufficient to impact on cognition. Thus, complexin-I loss could be an
important feature of primary age-related tauopathy (PART), as many MAP participants in
Braak I/11 may satisfy PART criteria [15]. An unresolved question concerns the relationship
between early life cognitive activity including years of education, and later life brain reserve.
We did not detect statistically significant associations between years of education and
complexins | or I, however the range of education among participants was limited.
Likewise, a still larger sample size would allow exploration of the possibility that the slope
of cognitive change, and the time between an inflection point of cognitive decline and death
may relate to changes in brain reserve [58]. The statistical models were not controlled for
stereological neuronal counts, which may affect overall synapse density and thereby
complexin immunoreactivity. However, the models accounted for both SNARE protein
levels (as an index of synapse density) and major neuropathologies causing neuronal cell
death. While the immunocytochemical studies support the model that complexins are part of
the neuropil component of brain reserve, other SNARE proteins may be part of reserve but
also contribute to dysplasticity [29, 53]. Although the number of cases analyzed was limited,
complexins appeared highly sensitive to the neurotoxicity elicited upon A and/or
phosphotau deposition in the surrounding neuropil, whereas SNARE proteins seemed
undisturbed or, in the particular case of VAMP, overexpressed. More extensive
immunocytochemical analyses of individual brain regions in a larger numbers of cases is
needed to evaluate the relationships between presynaptic reserve and the diverse types of
age-related pathologies. Likewise, although the animal study supported distinct roles for
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each complexin in memory functions, the translation of these findings to domains of
cognitive function in humans requires extensive additional work.

The study also had strengths. Participants were free of dementia at baseline, and being a
large, prospective community sample, were free of biases associated with clinic-based
studies of help-seeking individuals. Detailed characterization of all forms of neuropathology
was carried out, allowing a fairly comprehensive assessment of the relative contributions of
pathology and presynaptic proteins (reserve) to cognitive function. Having antibodies
detecting presynaptic proteins relatively enriched in specific (inhibitory and excitatory)
terminal types allowed the associations with pathological staging to go beyond relatively
non-specific effects to improve understanding of potential stage-related mechanisms.
Notably, the relatively large postmortem cohort available in MAP study, together with the
comprehensive cognitive evaluations and the extensive pathologic assessments, provided
enough cases in all pathologically assessed groups to obtain reliable associations between
cognitive and neurochemical datasets. The present findings are in agreement with prior data
indicating that amyloid-based staging approaches do not efficiently separate cognitively
healthy versusimpaired individuals [44], whereas the tauopathy spread-based Braak staging
does. Thus, the interaction between pathologic tau propagation and the inhibitory/excitatory
imbalance could be focus of future research to understand brain mechanisms of cognitive
reserve.

In summary, the evidence provided by the present study indicates differences in mechanisms
of brain reserve related to phase of illness, as well as age-related pathology. Exploring
interventions that could augment brain reserve may be a worthwhile strategy to complement
attempts to delay or avert cognitive decline.

Supplementary Material
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Fig. 1.
Characterization and localization of complexins | (CPX1) and Il (CPX2) in human and rat

brain tissues. a Immunoprecipitation (IP) with specific antibodies against mouse 1gG (as
negative control), syntaxin-1 (STX1), complexin-I and complexin-Il, using as input human
crude cortical (inferior temporal) homogenates from subjects without cognitive impairment,
psychiatric or neuropathological conditions. IP products, along with input samples, were
resolved by immunoblotting (IB) with specific antibodies against complexins I and 11,
syntaxin-1, and SNAP-25 (S25). Note that complexin-I/11-1P products were loaded with
some lanes of separation from the rest of the samples within the same SDS-gels. Resulting
immunoblot captions were edited to cutoff non-informative lanes without altering image
levels. b Sequential extraction of nuclear (with cell debris), soluble cytosolic, whole
membranal, purified synaptosomal, and myelin-associated proteins from human cortical
homogenates. Samples from each fraction were resolved by IB with antibodies against
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complexins I and 1, syntaxin-1, and other markers for synaptic vesicles (synaptophysin
[SYP]), cytosol (glial fibrillary acidic protein [GFAP]), nuclei (FosB), and myelin fragments
(myelin basic protein [MBP]). Note that MBP strongly labels the nuclear fraction, as heavy
myelin fragments precipitate along with cell debris. a—b Masses (in kDa) of prestained
markers are indicated on the left side of immunoblots. ¢ Quantitative colocalization analyses
between complexin-1/11 and each of the vesicular transporters for GABA (VGAT) and
glutamate (VGLUT1) using laser-scan confocal microscopy in rat cortex (Ctx) and three
hippocampal subfields. Bars represent meanzstandard error of /7= 4 rats, with at least 24
images analyzed per rat and brain area. *~ < 0.001 (paired t-test). d Representative single- or
merged-channel confocal images from triple co-immunolabeled rat brain sections described
in (c) framing hippocampal dentate gyrus (DG; top panels) and CA3 subfield (bottom
panels). Colors were arbitrarily assigned to maximize overlap visualization. Abbreviations:
gcl, granule cell layer; hil, hilus; or, stratum oriens; iml, inner molecular layer; pyr,
pyralmidal cell layer; r/l, stratum radiatum/lucidum. Scale bars: 10 um
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Brain levels of complexins | (CPX1) and Il (CPX2) are associated with cognitive function at
early and late stages of Alzheimer’s disease (AD), respectively. a Scatterplots representing
adjusted global cognitive function (residual values after controlling for demographics, age-
related neuropathologies, and total synapse density) against overall brain levels of
complexin-1 (left panels) or complexin-11 (right panels). In the two upper panels (scaled to
represent the mean), fitted lines correspond to either all MAP participants (dashed purple),
or grouped into Braak O—Il (7= 76, solid green), I11-1V (n= 246, solid blue), or V-VI (n=
96, solid red). In bottom plots (scaled to show the range of individual values), points
represent each of the participants’ values, segregated by Braak, along with fit (solid) and
95% prediction band (dotted) lines wherever significant associations were found.
Unstandardized B-coefficients and P-values were calculated in the corresponding linear
regression models summarized in Table 2 (by Braak group) and Supplementary Table S2
(for all participants). b Heatmaps representing percent contribution values of overall,
entorhinal (EC), hippocampal (HIP), inferior temporal (IT), middle frontal (MF) and
calcarine (CAL) immunodensities of complexin-1 (left panels) or complexin-I1 (right panels)
to the variance of each of the cognitive abilities of all MAP participants (upper purple
panels), or those within Braak 0—I1 (middle green panels) or Braak V-VI (bottom red
panels). Percent contribution values were estimated from the linear regression models
summarized in Supplementary Tables S3 (all participants) and S4 (Braak-grouped). Note
that color scales were chosen so that only significant contributions show high color intensity
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Fig. 3.
Differential localization patterns of complexins | (CPX1) and Il (CPX2) versus SNARE

proteins within B-amyloid (AB) plagues in the subiculum of participants with variable
degrees of Alzheimer’s disease pathology. a, c, €, g Single- or merged-channel confocal
images from triple co-immunolabeled sections with the antibodies against phosphotau (clone
AT8), Ap (clone 6F/3D) and CPX1 (a), CPX2 (c), vesicle-associated membrane protein
(VAMP) (e), or SNAP-25 (S25) (g). In merged images, colors were arbitrarily assigned to
maximize overlap visualization, and correspond to the colors of the labels in the single-
channel images on the left. Areas occupied by neuritic plaques (as visualized by A
immunostaining) were grossly outlined in all channels. Scale bars: 20 um. b, d, f, h Semi-
quantitative colocalization data evaluating the number of overlapping pixels between
phosphotau (yellow bars) or AB (magenta bars), and CPX1 (b), CPX2 (d), VAMP (f), or
SNAP-25 (h), divided by the total number of pixels of the presynaptic proteins with an
intensity over an unbiased threshold, and within the outlined areas. Bars represent mean +
standard deviation of all 7=7 MAP participants. Images next to the bar plots are ImageJ-
generated bitmap outputs from the colocalization analyses of the image outlines on the left,
representing the overlapping pixel intensities between phosphotau (yellow bitmaps) or Ap
(magenta bitmaps), and the corresponding presynaptic target.
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Table 1

Demographic, cognitive and pathological characteristics” of MAP participants, combined or by Braak stage

Variable . ;’-\!:l8 Brr611a=k706_| 1 Bre:}al: I2I4Ia—IV Bre:}al: ;/(S—VI
Demographic
Female, no. (%) 263 (63%) 39 (51%) 159 (64%) 65 (68%)
Age at death, years 88.9+5.9 855+7.3 89.5+55 90.1+4.6
Education, years 146+29 15.0+3.0 145+29 144+29
APOE &4 carriers, no. (%) 98 (23%) 12 (16%) 47 (19%) 39 (41%)
PMI, hours 74+45 8.0+438 7441 7.1+51
Cognitive function proximate fo death
Global cognitive score -0.78+1.04 -0.19+081 -0.61+0.85 -1.69+1.10
Episodic memory -0.74+1.18 0.01+0.97 -0.55+0.87 -1.81+1.08
Semantic memory -059+1.13 -0.17+0.87 -0.39+0.87 -145+1.45
Working memory -0.62+1.08 -024+099 -047+0.97 -1.30+1.13
Perceptual speed -0.98+0.98 -052+092 -094+0.94 -1.43+0.95
Visuospatial ability -051+109 -011+108 -047+1.03 -095+1.13
MMSE 220+84 26.2+54 23.4+6.9 151+99
Clinical diagnoses, no. in NCI:MCI:DEM  141:120:157 41:27:8 92:73:81 8:20:68
Pathological
B-amyloid plaques, % area stained 50438 23+31 41+44 92+45
Phosphotau tangles, % area stained 6.1+7.7 0.8+0.7 41+34 155+10.4
Braak stage, no. in O:1:11 / HI:IV / V:VI 5:29:42 121:125 90:6
Chronic macroinfarcts, no. (%) 151 (36%) 25 (31%) 91 (37%) 35 (36%)
Chronic microinfarcts, no. (%) 108 (26%) 19 (25%) 64 (26%) 25 (26%)
Lewy body disease, no. (%) 81 (19%) 11 (14%) 49 (20%) 21 (22%)
Hippocampal sclerosis, no. (%) 35 (8%) 7 (9%) 22 (9%) 6 (6%)

Abbreviations. APOE e4, Apolipoprotein E ¢4 allele; DEM, dementia; MAP, Memory and Aging Project; MCI, mild cognitive impairment;
MMSE, mini mental state examination; NCI, no cognitive impairment; NIA, National Institute on Aging; no., number of subjects; PMI,
postmortem interval.

la\/alues are mean + standard deviation unless noted otherwise.
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Table 2

Linear regression models showing the associations of demographic, pathological and/or overall brain
neurochemical variables, with global cognitive function in MAP participants by Braak stage

Braak 0-I1 Braak I11-1V Braak V-VI
Model and terms . .
Adj. R2orB®  Pvalue Adj.R?orB  pvalue Adj.R?orB  Puyalue
Reference model 0.3413 0.2259 0.2307
Sex 0.2204 0.0063 % -0.0541 0.3023 0.2829 0.0160~
Age at death -0.0088 0.4265 -0.0242 0.0062* -0.0416 0.0827
Education 0.0636 0.0241% 0.0240 0.1685 0.0109 0.7813
PMI -0.0056 0.7385 0.0036 0.7676 0.0237 0.2484
Macroinfarcts -0.2327 0.1924 -0.5147 <0001 0.0103 0.9628
Lewy bodies -0.4268 0.0682 -0.1392 0.2609 0.0418 0.8677
Hippocampal sclerosis -1.1800 <.0001” -0.5474 0.0017% -0.8913 0.0405 ™~
B-amyloid -0.0936 0.2467 -0.0244 0.5628 -0.0561 0.6838
Phosphotau —-0.0432 0.6785 —-0.0460 0.0019* —0.0513 <.0001™
Synapse density? 0.0111 09108  -0.0559 02768  -0.0848  0.5023
Test model 0.4852 0.2216 0.3036

Sex 0.2117 0.0037° -0.0532 0.3137 0.3542 0.0022°
Age at death -0.0132 0.1850 -0.0234 0.0088~ -0.0326 0.1565
Education 0.0693 0.0087~ 0.0226 0.1990 0.0422 0.2742
PMI -0.0101 0.4999 0.0033 0.7891 0.0327 0.0987
Macroinfarcts -0.1726 0.2749 -0.5094 <0001 0.0113 0.9568
Lewy bodies -0.6308 0.0039* -0.1239 0.3248 0.1231 0.6088
Hippocampal sclerosis -0.7454 0.0069 ™ -0.5320 0.0028™ -0.8319 0.0478™
p-amyloid -0.0374 0.6081 -0.0241 0.5690 -0.0494 0.7069
Phosphotau -0.0575 0.5454 -0.0442 00033  -0.0518  <qggo1*
Synapse density” -0.1581 01615  -0.0682 02435  -0.2149  0.0964
CPX1L 0.5466 0.0001* 00748 04171  -0.1476 03228
CPX2 0.2355 0.1241 -0.0284 0.7323 0.5189 0.0022

aUnstandardized coefficient

*
Statistically significant

b . . . . .
Synapse density was estimated as the overall brain levels of the three SNARE proteins (syntaxin-1, SNAP-25 and VAMP) averaged
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