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Reduced synaptic proteins and SNARE complexes in Down 
syndrome with Alzheimer’s disease and the Dp16 mouse Down 
syndrome model: impact of APP gene dose
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1Department of Neurosciences, University of California San Diego, La Jolla, CA 92093, USA
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Abstract

Introduction: Synaptic failure, a hallmark of Alzheimer’s disease (AD), is correlated with 

reduced levels of synaptic proteins. Though people with Down syndrome (DS) are at markedly 

increased risk for AD (AD-DS), few studies have addressed snapse dysfunction.

Methods: Synaptic proteins were measured in the frontal cortex of DS, AD-DS, sporadic AD 

cases, and controls. The same proteins were examined in the Dp16 model of DS.

Results: A common subset of synaptic proteins were reduced in AD and AD-DS, but not in DS 

or a case of partial trisomy lacking triplication of APP gene. Pointing to compromised synaptic 

function, the reductions in AD and AD-DS were correlated with reduced SNARE complexes. In 

Dp16 mice reductions in syntaxin 1A, SNAP25 and the SNARE complex recapitulated findings in 

AD-DS; reductions were impacted by both age and increased App gene dose.

Discussion: Synaptic phenotypes shared between AD-DS and AD point to shared pathogenetic 

mechanisms.
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1 NARRATIVE

1.1 Contextual background

Down syndrome (DS), due to trisomy for all or part of human chromosome 21 (HSA21), 

is associated with both developmental and age-related differences. Children are impacted 

by varying degrees by congenital heart disease, digestive tract disorders, hypothyroidism, 

disorders of the hematologic system including leukemia, disorders of sleep, and deficits 

in vision and hearing. Intellectual disability is essentially universal in children with DS; 

cognitive measures typically place them in the moderately severely affected range [1-3]. 

Differences in brain growth and function, including deficits in neurogenesis, neuronal 

migration, and maturation, are correlated with cognitive deficits and behavioral changes in 

children and young adults [4, 5]. Which changes contribute to cognitive deficits is uncertain, 

but reductions in neurogenesis, neuronal number, dendrite morphology, and dendritic spines 

have been reported [5-9]. Also, the synaptic protein SNAP25 was significantly reduced in 

fetuses with DS [10].

With surgical correction of congenital heart lesions together with improved general medical 

care and engagement in society, the life expectancy for those with DS is approximately 

60 years [11]. Interestingly, cognitive function is stable over several decades in children 

and young adults with DS. However, in older adults, dementia is extremely common; 

indeed, people with DS have a significantly increased risk for Alzheimer’s disease (AD), 

referred to herein as AD-DS. Dementia ensues on average in the mid-50s [12]. With 

increased longevity, AD-DS has increased considerably [13]. AD-DS is accompanied by 

significant reductions in neuron numbers in several brain regions, by dendritic atrophy, and 

by reductions in dendritic spines in visual cortex and hippocampus [14-17].

Given the biological complications induced by an extra chromosome and the marked 

differences relative to neurotypical individuals with respect to cognition in childhood, it 

is striking that those with AD-DS demonstrate many clinical and pathological features 

in common with sporadic and familial forms of AD. Clinical manifestations in DS are 

consistent with progressive cognitive dysfunction [1, 4, 12, 18] and clinical biomarkers 

are closely related to those in AD [19-21]. Amyloid plaque and neurofibrillary tangles are 

well-documented pathological hallmarks of both AD and AD-DS [2]. Though less well 

characterized, changes in endosomal-lysosomal pathways, reactive astrogliosis, and loss of 

neurons serve as hallmarks of both [2, 22]. Synaptic dysfunction is viewed as contributing 

to both the onset and progression of AD and synapse loss is well correlated with deficits in 

cognitive function [23, 24]. Although synaptic loss in AD-DS is not well documented, it is 

supported by rare reports of decreases in synaptic proteins [25-27].

Proteins present at synapses that mediate synaptic vesicle-mediated exocytosis of 

neurotransmitters are of particular interest in understanding synaptic function in 

degenerative disorders, including AD and AD-DS. Synaptic vesicles contain proteins 

whose coordinated functions enable the vesicle to support the extremely rapid release 

of neurotransmitters in response to locally increased calcium levels. In a process yet to 

be fully defined, exocytosis employs three protein machines. The core fusion complex 
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priming the synaptic vesicle for release is composed of synaptobrevin 2 (also called vesicle-

associated membrane protein 2, VAMP2) on the synaptic vesicle, syntaxin 1 on the plasma 

membrane, and SNAP25; these three form the triple SNARE complex that together with 

Munc18-1 brings into apposition the membranes of the synaptic vesicle and the plasma 

membrane. Upon binding calcium, the calcium sensor synaptotagmin 1, located on the 

synaptic vesicle, binds to the core fusion complex and with complexin supports fusion of the 

vesicle and presynaptic membranes, causing neurotransmitter release [28]. The presynaptic 

active zone protein complex, containing RIM, Munc13, and RIM-BP and a calcium channel, 

coordinates vesicle docking, vesicle priming, and recruitment of the calcium channel to the 

docked vesicle. Other proteins contribute to synaptic vesicle structure and function. The 

synaptic vesicle protein 2 (SV2) protein family and synaptic vesicle membrane proteins like 

synaptophysin and synapsin may regulate the kinetics of synaptic vesicle fusion [29].

One approach to understanding the molecular underpinnings of synaptic dysfunction and 

loss is to examine brain levels of synaptic proteins. Their levels have been examined by 

immunoblotting and immunostaining in the AD brain. Several reports address measures of 

synaptic proteins in AD and mild cognitive impairment (MCI) showing reductions, albeit not 

entirely consistently, in several proteins located pre- and post-synaptically [24, 26, 30-38]. 

Given the similar pathologies for AD and AD-DS, the AD-DS brain would be predicted to 

show the same changes. But much less is known of the levels of these proteins in the DS 

brain. Indeed, our review of the literature showed few papers describing on synaptic proteins 

loss in AD-DS and comparing DS to AD-DS [25-27, 39], thus a systematic approach is 

needed to document the change of synaptic proteins in DS. Studies in DS thus offer the 

opportunity to explore synaptic markers and to ask to what extent changes are present before 

and after the emergence of AD-DS. Accordingly, in the frontal cortex of adult DS and 

AD-DS brains, using quantitative immunoblotting we addressed the following questions: 1) 

are there synaptic changes in adults with DS and/or AD-DS; and if so, 2) by what means 

does the extra chromosome 21 induce them; 3) do they recapitulate those in AD; and 4) 

is the underlying mechanism(s) in AD-DS the same as in AD. Answers to these questions 

could elucidate the pathogenesis of AD in those with DS and provide a point of departure for 

interventions to prevent AD-DS as well as AD.

Complementing studies on synapses are studies addressing synaptic markers as fluid 

biomarkers. The identification of fluid biomarkers whose changes can be correlated with 

cognitive status are enabling clinicians to better understand and diagnose AD and may do so 

for AD-DS. They enable clinicians to characterize the disease status of individual patients 

and to design clinical trial cohorts optimized for the safety and efficacy of interventions. 

Fluid biomarkers have now been defined for both AD and AD-DS. Those that report the 

status of synapses and axons may prove most useful. Neuronal pentraxin 2 (NPTX2) is a 

synapse-derived marker that is evaluated in cerebrospinal fluid (CSF) of those with AD [40] 

and AD-DS [41]. Neurofilament L (NfL), exclusively expressed in neurons and enriched in 

axons, has been measured in plasma and CSF in several neurodegenerative disorders [42, 

43] and is increased in AD. Increases in NfL are also seen in those with DS as early as the 

mid-30s - i.e. before the onset of dementia - and levels further increase with age and the 

diagnosis of AD-DS [20, 44]. The two isoforms of the synaptic protein syntaxin, syntaxin 
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1A and syntaxin 1B, share more than 80% amino acid homology and are coexpressed in 

neurons [45]. Syntaxin 1B is also evaluated as a CSF biomarker for AD [46].

1.2 Study design and main results

We examined synaptic proteins in the frontal cortex of AD-DS, DS, and age-matched 

neurologically healthy controls, focusing on the core fusion complex (syntaxin 1A, 

synaptobrevin 2, and SNAP25), the calcium sensor synaptotagmin, synaptic vesicle proteins 

(SV2A, synaptophysin and synapsin 1) and on PSD95, the latter marking the postsynaptic 

membrane of excitatory synapses. We also examined the levels of preformed SNARE 

complexes. To compare DS and AD-DS with AD, we independently analyzed the same 

proteins and SNARE complexes in frontal cortex. Quantitative immunoblotting was used 

to define levels. Correlational analysis evaluated potential age- and postmortem interval 

(PMI)-dependent changes. In AD-DS and AD we found decreases in levels of several 

synaptic proteins, including SNARE proteins syntaxin 1A and SNAP25, synaptic vesicle 

proteins synaptophysin and synapsin 1, and PSD95. In addition, SNARE complexes were 

reduced. Remarkably, with one exception, decreases in synaptic proteins were present in 

AD-DS but not DS samples.

To explore the mechanism(s) underlying changes in synaptic proteins, we examined the 

frontal cortex of a rare case of partial trisomy (PT-DS) [47] in whose genome only two 

copies of the APP gene were present. Studies in this patient allowed us to explore whether 

or not APP gene dose is required for the reduction of synaptic proteins. Interestingly, with 

the exception of PSD95, the PT-DS cortex displayed a normal profile of synaptic proteins 

as well as normal levels of the SNARE complex. To further explore the biology of synaptic 

loss in DS we examined synaptic proteins and SNARE complexes in the cortex of the 

Dp16 mouse model of DS. Prior studies in the brain of the Ts65Dn mouse model of DS 

showed reductions in synaptophysin and syntaxin 1 [48, 49]; findings were not consistently 

reproduced [50]. The Dp16 model harbors a duplication of mouse chromosome 16 genes 

whose homologues are present on the long arm of HSA21. Unlike the Ts65Dn mouse, the 

Dp16 mouse carries a third copy of all mouse 16 genes present on HSA21 and no extra 

copy of mouse genes whose homologues are not on HSA21. The Dp16 mouse thus more 

faithfully replicates the genetic constitution of those with DS and, thereby, enables studies 

to more specifically explore molecular and cellular mechanisms in DS [51]. Dp16 displays 

age-related features of the neuropathology in an App gene dose-dependent manner including 

neuronal loss, phosphorylation of tau, endosomal changes, and activation of astrocytes [52]. 

To test for the impact of increased App gene dose, Dp16 mice were crossed with 2N mice 

lacking one copy of App (i.e., 2N: App+− mice) on the same strain background to produce 

Dp16 mice harboring only two mouse App alleles (i.e., Dp16: App++−). In Dp16 mice, we 

saw reductions in syntaxin 1A, SNAP25, and in SNARE complexes. Both age- and App 
gene dose-mediated changes were detected. Reductions were apparent by age 9-10 months 

and required increased App gene dose.

Finally, we addressed cortical levels of proteins used as clinical biomarkers, including NfL, 

NPTX2 and syntaxin 1B, in frontal cortex in AD-DS, DS and in Dp16 mouse cortex. All 
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were reduced in AD-DS but not in DS; only very old Dp16 mice showed reductions in 

NPTX2 (20 months).

1.3 Study conclusions, potential clinical applications, and other implications

The developmental brain changes in DS raised the possibility that synaptic markers would 

differ throughout the lifespan. To explore this question, we examined the levels of synaptic 

proteins in DS brains from individuals without and with the diagnosis of AD. Significantly, 

and to some extent unexpectedly, there were no reductions in DS participants not diagnosed 

with dementia, indicating that changes in synaptic proteins in frontal cortex were not a 

function of developmental differences. The one exception was for a reduction in PSD95 in 

males with DS. Thus, only in AD-DS did we find reductions in both the presynapse and 

postsynapse proteins; reductions included components of the SNARE complex (syntaxin 

1A, SNAP25), synaptic vesicle proteins synaptophysin and synapsin 1 as well as PSD95. 

Evidence for the significance of the decreases in SNARE proteins was the finding that 

preformed SNARE complexes were also reduced in the AD-DS brain. Moreover, within the 

AD-DS cohort synaptotagmin showed age-related decreases, suggesting that this calcium 

sensor also marks synapse dysfunction in the eldest AD-DS patients. Using the same 

methods as for AD-DS we found that the changes in synaptic proteins in AD-DS were 

recapitulated in the AD brain.

Our findings allow initial responses to the questions raised above. First, the data point 

to synaptic dysfunction or loss in the frontal cortex of adults with DS, but only in 

those diagnosed with dementia. Given that younger individuals with DS do not show 

reduced levels of synaptic proteins, we can suggest that other mechanisms contribute to 

the developmental cognitive phenotype, at least as regards frontal cortex mediated functions. 

Second, studies in the PT-DS case and the mouse model point to increased APP gene dose as 

necessary for reductions in synaptic proteins and SNARE complexes. It appears, then, that 

increases in APP and its products are necessary not only for the pathological hallmarks and 

cognitive loss that characterizes AD-DS but also for the synaptic dysfunction or loss. Third, 

the changes in AD-DS mirror those in AD, drawing an important parallel between these 

disorders. Fourth, the reductions in synaptic protein shared in AD and AD-DS offer further 

compelling support that these disorders also share in molecular and cellular events leading to 

synaptic dysfunction and loss.

Increased APP gene dose results in increased levels of full-length APP and its products 

[47, 52]. The necessity for increased APP gene dose for AD-DS and for reduced synaptic 

proteins in AD-DS is complemented by studies in the Dp16 mouse model in which we 

showed that increased App gene dose was also necessary for tau pathology, changes in early 

endosomes, astrocytes and microglia and for neuronal loss [52]. It is intriguing to speculate 

that tau pathology at the synapse [53] may compromise synapse structure and function, as 

has been suggested [54]. The impact of increased APP products in DS may also inform the 

discussion regarding the molecular basis for AD in the non-DS population, most obviously 

the critical role for increased APP gene dose in some types of familial AD (FAD) due to 

APP gene duplication [55]. Also, the evidence that FAD mutations in presenilin contribute 

to pathogenesis through increased levels of longer Aβ peptides (i.e. those ≥42 residues) [56]. 
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Taken together, these observations strongly support a central role for the dose of the APP 
gene and its products in the pathogenesis of AD-DS as well as AD.

1.4 Limitations, unanswered questions, and future directions

Given the availability of tissue it is noteworthy that the number of cases available for 

study was limited, with 12 for DS and 11 for AD-DS. While adequate to support the main 

conclusions, the numbers of male (DS: n=6; AD-DS: n=7) and female (DS: n=6; AD-DS: 

n=4) cases constrain our ability to interpret some of the sex-related differences in the brain 

levels we found. Even given small numbers, the magnitude of the decreases in NfL in both 

DS and AD-DS males versus females is striking. In DS the significant decrease in PSD95 

in males, but not females, may also reflect a true sex difference. Studies of age-related 

changes are limited when samples span a narrow range of ages. Addressing this concern our 

samples for DS spanned 40 years and for AD-DS 24 years. We found no age-related changes 

in any DS sample and in AD-DS only three such changes (SNAP25, synaptotagmin and 

NfL). Given progressive increases in plasma NfL with age in the DS population beginning at 

about age 45, the absence of changes in brain levels in the non-demented DS cohort was a 

surprise. We speculate that a larger number of samples may have allowed us to detect more 

age-related differences but doubt that it would have given a different overall conclusion.

A second limitation was that our studies examined only frontal cortex. Developmental 

changes differentially impact DS brain regions (for review see [5]). Moreover, there are 

significant regional differences in timing and severity of pathological changes in AD-DS 

[2, 14, 17, 57, 58]. While existing data show that cortical neuron number is impacted both 

developmentally [5, 6, 8], and in AD-DS [2, 57] this region appears to be impacted later 

than subcortical regions (locus coeruleus, nucleus basalis), entorhinal cortex and certain 

hippocampal regions [57] and to a lesser extent [14, 17, 58]. Accordingly, our findings 

distinguishing DS and AD-DS may have shown differences if we had examined entorhinal 

cortex or hippocampus. Note however, that those in DS group were judged to be cognitively 

stable, indicating that any such changes recorded may have reflected developmental and not 

degenerative differences.

By definition, studies in postmortem brain provide only a snapshot of measures of interest, 

in our case the levels of synaptic proteins. More informative would be longitudinal studies 

that speak to synapse structure and function. One approach would employ human model 

systems to assess synaptic structure and function over time. As one example, it is possible 

to create organoids that contain human iPSC-derived neurons, and with technical advances 

they may also be engineered to contain human glial cells, including microglia and blood 

vessels [59], thus creating more realistic models. A caveat is that organoids kept in vitro 
demonstrate properties of the young brain, but this limitation appears to be answered by 

transplanting organoids to the mouse brain wherein maturation to the adult stage occurs [60]. 

Serial investigations of DS organoids would allow age-related changes in synapse structure 

and function in a truly human context. It would also support studies exploring the impact of 

increased APP gene dose and the discovery of which APP product(s) contributes to synaptic 

compromise.
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Complementing studies in human models, longitudinal measures of fluid biomarkers 

reflecting synapses could prove quite useful. Clinical biomarkers are increasingly examined 

in DS cohorts [61, 62]. Fluid biomarkers that demonstrate a concurrence between brain and 

fluid measures may prove highly informative. To date, reduced levels of classical synaptic 

proteins in the AD-DS brain are correlated only with an increase in SNAP25 in the CSF 

[21]. Our studies point to decreases in NfL, NPTX2 and syntaxin 1B in the frontal cortex 

of those AD-DS, but not DS. However, those with DS that are not demented also have 

increased NfL in CSF and plasma and decreased CSF NPTX2. These findings suggest that 

no simple formula exists that links the levels of synaptic proteins in frontal cortex and in 

fluid biomarker for these proteins.

The importance of synaptic failure and loss in AD and AD-DS motivates studies to robustly 

increase efforts to evaluate synaptic proteins. In part, this can be served by postmortem 

studies in larger cohorts whose clinical history and biomarker status are more thoroughly 

detailed. In like manner, additional longitudinal studies of fluid biomarkers for synaptic 

proteins would further define changes in existing biomarkers and discover new biomarkers. 

Also useful will be studies of imaging biomarkers for synapse structure and function [63] 

that could be used to inform and interpret fluorodeoxyglucose (FDG)-positron emission 

tomography (FDG-PET) data for glucose utilization and studies of tissue regional volumes 

by magnetic resonance imaging (MRI). The utility of an increasing set of predictive synaptic 

biomarkers will take on increased importance as preclinical studies identify promising 

therapies for clinical trials in the DS population.

2 CONSOLIDATED RESULTS AND STUDY DESIGN

Synapse loss features prominently in the AD brain and is correlated with cognitive deficits. 

To ask if the same correlations are found in demented adults with DS (AD-DS), and 

to compare findings for synaptic proteins in AD-DS with those in AD, we examined 

synaptic proteins and the levels of SNARE complexes that mediated neurotransmitter 

release. A total of nine synaptic proteins were quantitated using immunoblotting in the 

frontal cortex, comparing DS, AD-DS and AD with age-matched controls. Five synaptic 

proteins were significantly reduced in AD-DS and AD, but not in DS. In both AD-DS and 

AD reductions in two of the components of the SNARE complex, syntaxin 1A and SNAP25, 

were accompanied by significant reduction in the preformed SNARE complexes in which 

they participate. The essential role played by the SNARE complex in neurotransmission is 

evidence that the reductions in protein levels is correlated with synapse dysfunction in both 

AD-DS and AD. That neither synaptic proteins nor SNARE complexes were significantly 

impacted in non-demented adults with DS supports the view that synapse dysfunction or 

loss contributes to dementia in AD-DS. Moreover, shared reductions in synaptic proteins 

and SNARE complexes in AD-DS and AD are evidence for similar pathogenetic events and 

possibly for shared pathogenetic mechanisms.

To explore mechanisms underlying reductions in synaptic proteins studies, the frontal cortex 

from an elderly partial trisomy 21 (72 years)(PT-DS), whose genome carries only the normal 

two copies of the APP gene and who showed no evidence of dementia or AD pathology 

[47], was used explore the possible role of APP gene dose on synaptic proteins. Compared 
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with cognitively normal controls, with the exception of PSD95 all the synaptic proteins 

were normal as was the levels of the SNARE complex. The PT-DS case thus showed the 

same profiles of synaptic proteins as did males with DS that were not demented. To explore 

mechanisms underlying synaptic protein loss in AD-DS we carried out studies in the Dp16 

mouse model of DS. The same synaptic proteins were examined in cortex, comparing the 

values in Dp16 mice with age-matched euploid mice (i.e. 2N) mice. Recapitulating key 

findings in AD-DS and AD, there were reductions in SNARE complex proteins syntaxin 1A 

and SNAP25 and in the SNARE complex. These changes were first detected in mice 9-10 

months old and persisted through 20 months of age. In view of the necessity for increased 

APP gene dose for AD-DS, and findings in the same mouse model of DS demonstrating 

the necessity of increased App gene dose for AD-related pathological changes, we asked if 

normalizing App gene dose in Dp16 mice (Dp16: App++−) would prevent synaptic changes. 

Dp16 mice were crossed with 2N mice lacking one copy of App (i.e., 2N: App+− mice) on 

the same strain background to produce the Dp16: App++− mice. In so doing we discovered 

that the reductions of SNARE proteins and preformed SNARE complexes was prevented.

We extended our studies to evaluation of brain levels of axonal and synaptic proteins that 

may serve as clinical fluid biomarkers for assessing disease status in DS. In AD-DS, but not 

DS, we detected reductions in the levels of NfL, NPTX2 and syntaxin 1B. Findings in the 

Dp16 mouse demonstrated reductions in NPTX2, but only in very old mice (20 months old).

Our findings are evidence for synaptic changes that distinguish demented adults with DS 

(AD-DS) from those not diagnosed with dementia, thereby drawing a compelling correlation 

between synaptic protein reductions and the presence of cognitive deficits that characterize 

AD-DS. The evidence for shared changes in synaptic proteins and SNARE complexes 

between AD-DS and AD raises the possibility of shared mechanisms. Toward the goal of 

elucidating mechanisms, studies in the PT-DS patient and the Dp16 mouse point to a role for 

increased APP gene dose for synaptic changes, suggesting a role for APP and its products in 

the pathogenesis of AD-DS and AD.

3 DETAILED METHODS AND RESULTS

3.1 METHODS

3.1.1 Antibodies—Mouse antibody anti-syntaxin 1A (1:5000; S0664; HPC-1) and rabbit 

antibody anti-APP (1:3000; A8717) were obtained from MilliporeSigma (Burlington, MA); 

rabbit antibody anti-SNAP25 (1:2000; 14903-1-AP), anti-NPTX2 (10889-1-AP), mouse 

antibodies anti-synaptophysin (1:5000; 67864-1-Ig), anti-β-actin (1:10,000; 60008-1-Ig) 

were from Proteintech (Rosemont, IL). Mouse antibody anti-synaptobrevin 2 (1:5000; 

104 211), rabbit anti-neurofilament L (171 002), and anti-syntaxin 1B (110 402) were 

purchased Synaptic Systems (Goettingen, Germany). Mouse antibody anti-synaptotagmin 

(1:2000; 610434) was from BD Biosciences (Franklin Lakes, NJ). Rabbit antibodies anti-

synapsin 1 (1:5000; 5297) and anti-synaptojanin 1 (1:1000; 80377) were got from Cell 

Signaling Technology (Danvers, MA). Mouse antibody anti-SV2A (1:5000; sc-376234) 

was obtained from Santa Cruz Biotechnology (Dallas, TX). Mouse antibody anti-PSD95 

(1:2000; 7E3-1B8) was from ThermoFisher Scientific (Waltham, MA). In all cases, a single 

band or in some cases doublet, at the expected molecular weight was quantitated. Bands 
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at other molecular weights, of uncertain identify, were detected with some antibodies; they 

were usually of lesser intensity and were not included in our analysis.

3.1.2 Human samples—Human DS, AD-DS, and control frontal cortexes (male and 

female) (DS, n = 12, age 22–62; AD-DS, n = 11, age 41–65; and control for DS (C/DS), 

n = 10, age 46-57; control for AD-DS (C/AD-DS), n = 12, age 39-59) were obtained from 

NIH NeuroBioBank and the Alzheimer Disease Research Center (ADRC) at UCI MIND 

(Table 1). Human AD cortexes (AD, n = 14, age 64-100; control for AD (C/AD), n = 

12, age 58-103) were received from the Neuropathology/Brain Bank for ADRC at UCSD 

and Banner Sun Health Research Institute. One rare DS case with partial trisomy 21 as 

reported previously [47] was also included in this study. The cognitive status of those with 

DS (AD-DS) and AD was listedin the samples provided by the NIH NeuroBioBank, UCI, 

Banner Sun Health Research and ADRC (UCSD). As published [64] human samples of 

approximately 10 to 20 mg frozen tissue were processed in 0.5 ml RIPA buffer (50 mM Tris-

HCl pH 8.0, 150 mM NaCl, 1% NP-40, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% 

sodium dodecyl sulfate and protease inhibitor cocktail [4693124001; Millipore-Sigma]) and 

rotated in 4 °C for 30 min. All lysates were bench centrifuged (12,000 rpm for 15 min 

at 4 °C) to produce supernatants, and the protein content of supernatants of each sample 

was determined using the Bradford assay (5000001, Bio-Rad, Hercules, CA). Samples were 

examined using Western blotting analysis.

3.1.3 Dp16 mouse model of DS—Dp (16)1Yey/+ (Dp16) mice were obtained 

from the Jackson Laboratory (stock #: 013530). Dp16 mice contain a duplication 

orthologous to human chromosome 21q11-q22.3 and carry 113 genes orthologous to 

genes on HSA21. Dp16 mice were maintained by crossing females to male (C57BL/6J 

× C3H/HeJ) F1 mice (B6C3). Diploid (2N) littermate mice on the same background 

served as controls. To produce Dp16 mice harboring only two mouse App alleles 

(i.e., Dp16: App++−), Dp16 mice were crossed with 2N mice lacking one copy 

of App (i.e., 2N: App+− mice) on the same strain background. The genotype of 

all animals was confirmed by polymerase chain reaction (PCR). For genotyping, tail 

samples were used to extract genomic DNA. A protocol was established to amplify 

the HPRT insertion, which is only found in Dp16 mice along with amplification of 

the IL-2 gene as an internal control. The primer sequences used for HPRT were: 

fwd: 5’-AGGATGTGATACGTGGAAGA-3’; rev: 5’-CCAGTTTCACTAATGACACA-3’; 

while the primers for IL-2 were: fwd: 5'-CTAGGCCACAGAATTGAAAGATCT-3’; 

rev: 5'-GTAGGTGGAAATTCTAGCATCATCC-3’. For mApp the primers were fwd: 5’-

AGAGCACCGGGAGCAGAGCG-3’; rev: 5’-AGCAGGAGCAGTGCCAAGC-3’. For the 

Neo insert the primers were: fwd: 5’-ATGGATACTTTCTCGGCAGGAGC-3’; rev: 5’- 

GAGGCTATTCGGCTATGACTGGG-3’. All animals were maintained and bred according 

to standard procedures. Mice were housed two to five per cage with a 12-hour light-dark 

cycle and ad lib access to food and water. Mice for all studies used sample sizes targeted to 

detect statistically significant differences of ≥20%.

3.1.4 Western blotting—Equal amounts of total proteins for each sample (10–20 μg) 

were separated on SDS-PAGE and then electro-transferred to PVDF membranes (Bio-Rad). 
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The membranes were blocked with 5% nonfat milk for 1 h and probed with specific 

primary antibodies overnight at 4 °C followed by incubation with goat anti rabbit IgG-

HRP (1:15,000; 111-035-144) or anti-mouse IgG–HRP (1:15,000; 115-035-003) (Jackson 

ImmunoResearch Laboratories; West Grove, PA) at room temperature for 1 h. SDS-resistant 

SNARE complexes were analyzed using non-boiled samples loaded into the same SDS-

PAGE gel and probed with anti-syntaxin 1, SNAP25 and synaptobrevin 2 antibodies, as 

above. All blots were developed using the BioRad Clarity Western ECL substrate and 

captured using ChemiDoc XRS + (Bio-Rad); only blots within signals in the linear range 

were quantitated using the ImageLab 3.0.1 software (Bio-Rad).

3.1.5 RNA isolation and quantitative PCR—Total RNA was extracted from the 

cortex of 2N, Dp16 and Dp16: App++− or from AD-DS, C/AD-DS, DS, C/DS frontal 

cortexes using TRIzol (Invitrogen) and the Direct-zol RNA miniprep kit (Zymo Research) 

and equal amounts of total RNA were used for cDNA generation with iScript™ cDNA 

Synthesis Kit (Bio-Rad) following the manufacturer’s instructions. The primer sequences 

used for syntaxin 1A in mouse were fwd: 5’-AGAGATCCGGGGCTTTATTGA, rev: 

5’-AATGCTCTTTAGCTTGGAGCG; SNAP25: fwd: CAACTGGAACGCATTGAGGAA, 

rev: 5’-GGCCACTACTCCATCCTGATTAT, both from PrimerBank [65]. The primer 

sequences for human NPTX2 were fwd: 5’-CATCGAGCTGCTCATCAAC, rev: 5’-

CTGCTCTTGTCCAAGGATC [40]. qPCR was for 40 cycles. Endogenous β-actin mRNA 

was used as the internal control with the sequences: 5’-GATCATTGCTCCTCCTGAGC; 

rev: 5’-ACATCTGCTGGAAGGTGGAC. Values within the log-linear phase of the 

amplification curve were defined for each probe/primers set and analyzed using the ΔΔCt 

method (Applied Biosystems 7300 Real-Time PCR System).

3.1.6 Statistic analysis—All data are presented as the mean ± SEM. Statistical 

analyses were performed using PRISM (GraphPad Software Inc., La Jolla, CA) with a 

two-tailed Mann-Whitney test (human samples) or student t-test (mouse samples due to 

smaller size and variability) or one-way ANOVA test followed by Newman-Keuls Multiple 

Comparison Test. The significance levels were *P < 0.05, **P < 0.01, and ***P < 0.001.

3.2 RESULTS

3.2.1 Reductions in specific synaptic proteins in the frontal cortex of those 
with AD-DS and AD but not DS—To evaluate the status of synapses in AD-DS, we 

measured the levels of a comprehensive list of synaptic proteins. Of particular interest were 

proteins that contribute to the core fusion complex and the calcium sensor, synaptotagmin. 

We measured the SNARE complex proteins syntaxin 1A, SNAP25, and synaptobrevin 2, 

as well as the calcium sensor synaptotagmin in the frontal cortices of AD-DS subjects, 

comparing the values for those in age-matched controls (C/AD-DS) (Table 1). Syntaxin 1A 

and SNAP25 were significantly reduced in the AD-DS brain. Synaptobrevin 2 levels varied 

greatly, but synaptobrevin 2 was not significantly reduced, nor was synaptotagmin (Figure 

1A, 1D). To explore sex-related differences, we compared the levels in males and females 

versus their controls. Reductions in syntaxin 1A were significant in both males and females; 

for SNAP25, only the decrease in females was statistically significant (Supplemental Table 

1).
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Synaptophysin and synapsin 1 are routinely used to mark the presynapse; PSD95 is a 

marker of postsynaptic membranes. The levels of these proteins in brain homogenates serves 

as an indirect measure of synapse number. In comparison to controls, all three proteins 

were significantly reduced in AD-DS brains (Figure 1A, 1D). Synapsin 1 levels were 

reduced significantly in both females and males. For synaptophysin, examining females 

and males separately we found significant reductions in males and trends to reductions 

in females; the same pattern applied to reductions in PSD95 (Supplemental Table 1). 

SV2A is a synaptic vesicle protein whose function is yet to be fully defined but includes 

regulation of neurotransmitter release [66]. The levels of SV2A in samples varied and 

there was no significant reduction in AD-DS subjects (Figure 1A, 1D). Synaptojanin-1 is a 

phosphoinositide phosphatase that plays a role in endocytosis and synaptic vesicle recycling 

[67, 68]. Consistent with the presence of the gene for this protein (SYNJ1) on HSA21, 

the levels of synaptojanin 1 were increased in comparison to controls in both female and 

male AD-DS samples (Figure 1A, 1D; Supplemental Table 1). Interestingly, the 2- to 3-fold 

increases in synaptojanin-1 levels exceeded those predicted by gene dose alone. There was 

no significant difference in the age at death of AD-DS and C/AD-DS subjects, nor was 

there a significant difference in postmortem interval (PMI) (Table 1). PMI had no significant 

effect on the levels of the synaptic proteins significantly reduced in AD-DS subjects except 

for the levels of PSD95 in the C/AD-DS group (Supplemental Table 2).

Because age plays a defining role in the emergence of AD in DS, we also asked if there 

were age-related changes in the levels of synaptic vesicle proteins in AD-DS and C/AD-DS 

samples (Table 2). Patient age was significantly inversely correlated with the levels of only 

synaptotagmin and SNAP25 in AD-DS cortex, but not in C/AD-DS. We conclude that 

reductions in a select set of synaptic proteins important for neurotransmission are evidence 

of synaptic dysfunction or loss in AD-DS.

Earlier reports addressing synaptic proteins in AD documented changes in several synaptic 

proteins in different brain regions but with conflicting results [24, 26, 30-38]. To compare 

the findings for AD-DS to those in AD, we examined the levels of the same synaptic 

proteins in the frontal cortex of AD and age-matched controls (Supplemental Table 3). In 

contrast to earlier reports [33, 37], neither the levels of synaptotagmin nor synaptobrevin 2 

were reduced in the samples examined herein. Consistent with our findings in AD-DS, there 

were reductions in syntaxin 1A, SNAP25, synaptophysin, synapsin 1 and PSD95 in AD 

samples (Figure 1C, 1D). When females and males were examined separately, we found that 

reductions in syntaxin 1A, SNAP25 and PSD95 were present in both sexes (Supplemental 

Table 1). Synaptophysin and PSD95 were significantly reduced in females with trends to 

reductions in males (Supplemental Table 1). Age at death did not distinguish the AD and 

C/AD samples while PMI, when recorded, of AD samples was slightly less than for C/AD 

samples (Supplemental Table 3). PMI had no effect on the levels of the synaptic proteins 

whose levels were reduced in AD samples (Supplemental Table 2), nor did age at death have 

such an effect (Table 2). We conclude that AD-DS shares with AD reductions in synaptic 

proteins present in both the presynaptic and postsynaptic compartments.

DS impacts both brain development and aging. It was therefore of interest to determine 

whether the changes in AD-DS were also present in those with DS without a diagnosis of 
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dementia. We examined brain samples from people with DS without AD, comparing them 

to their age-matched controls (C/DS) (Table 1). There was no significant difference in the 

levels of the components of the SNARE complex: syntaxin 1A, SNAP25, and synaptobrevin 

2. The levels of synaptic vesicle proteins synaptophysin, synapsin 1, synaptotagmin and 

SV2A also failed to distinguish between DS and controls (Figure 1B, 1D). Interestingly, 

while there was no change in PSD95 in combined female and male samples, this protein was 

significantly reduced in males (Supplemental Table 1). As in AD-DS, synaptojanin 1 was 

increased in DS in both females and males (Figure 1B, 1D; Supplemental Table 1) a finding 

consistent with a previous report [25]. There was no significant difference in PMI in the DS 

and C/DS samples (Table 1). Age had no effect on the levels of synaptic vesicle proteins in 

DS or C/DS (Table 2).

Our DS samples included four male individuals whose age was younger than that for control 

cases, resulting in a significant difference in average ages (Table 1; C/DS versus DS). To 

exclude the possibility that including these young cases influenced the findings, we excluded 

them from the analysis and reanalyzed the data. The results were the same as for the entire 

group (Supplemental Figure S1A). The presence of only two males precluded separate 

statistical analysis of males; nevertheless, the decrease in PSD95 in males was again seen 

(Supplemental Table 1). The increase in synaptojanin 1 seen in AD-DS was also present and 

significant for the combination of females and males and for females alone, with a trend 

for males (Supplemental Figure S1A; Supplemental Table 1). These data are evidence that 

with the exception of PSD95 in males, the levels of synaptic proteins are not reduced in 

DS subjects prior to a diagnosis of dementia. We conclude that deficits in synaptic proteins 

accompany the emergence of dementia in people with DS.

3.2.2 Studies on the SNARE complex: reductions in AD-DS, AD, but not DS
—Studies reporting the levels of synaptic proteins in lysates of brain tissue record total 

levels but do not specifically capture those engaged in synaptic function. SNARE proteins 

SNAP25, syntaxin 1 and synaptobrevin 2 are present together in the SNARE complex that 

mediates vesicle release [69]. Measures of the SNARE complex directly address the levels 

of these proteins engaged in synaptic vesicle release. Therefore, to ask if the reductions in 

SNAP25 and syntaxin 1A resulted in reduced levels of the SNARE complex we assessed 

SNARE complexes in the frontal cortex of those with AD-DS and AD. To detect SNARE 

complexes, we used an established method in which complexes are solubilized in SDS but 

are not boiled [70, 71]. We found reduced levels of the SNARE complex in both AD-DS 

(Figure 2A-C) and AD (Figure 2G-I). Figure 2 reports the data when immunoblotting 

for syntaxin 1. Note that all samples demonstrated a ladder of bands corresponding to 

complexes of different apparent molecular weights, each of which contain syntaxin 1A 

(Figure 2A, 2G). The band at 73 kD is consistent with a complex containing a trimer 

consisting of a single molecule of syntaxin 1A, SNAP25, and synaptobrevin [70]. The 

bands at higher apparent molecular weights also contain syntaxin 1, pointing to its presence 

in higher order complexes. In addition to syntaxin 1, SNAP25 and synaptobrevin also 

contribute to the band at 73 kD and to the higher order complexes (Supplemental Figure S2). 

Note that when samples were boiled to disassemble complexes only the monomers of each 

protein are detected (Figure 2 and Supplemental Figure S2). AD-DS and AD samples both 
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showed significantly reduced levels of the SNARE complex in comparison to their controls 

(C/AD-DS and C/AD). Decreases were evident in the band at 73 kD (Figure 2A, 2C, 2G, 

2I) as well as in the higher molecular weight species (Figure 2A, 2B, 2G, 2H). In contrast, 

there was no decrease in SNARE complex bands in the brains of those with DS without AD 

(Figure 2D, E, F). The reductions in the SNARE complex in AD-DS and AD are further 

evidence for compromised synaptic function. The preservation of SNARE proteins and 

SNARE complexes in DS but not AD-DS shows that AD-like changes in synaptic structure 

and function are correlated with the clinical diagnosis of dementia.

3.2.3 Impact of APP gene dose on synaptic proteins and SNARE complexes 
in DS—In those with DS, increased APP gene dose is necessary for amyloid plaque and 

tau pathology and for dementia [47, 52, 72]. It is also necessary for the changes in the 

levels of the full-length APP and its Aβ peptide products [47, 52]. These insights regarding 

APP gene dose is informed by studies of rare cases of partial trisomy 21 (PT-DS) in which 

the DS participant’s genome carries only two copies of the APP gene. One such case is 

a man followed over several years who died at age 72 with no evidence for dementia; at 

postmortem exam his brain did not show the neuritic plaques and sufficient neurofibrillary 

tangles for a diagnosis of AD [47]. To ask if increased APP gene dose is also necessary for 

synaptic loss we examined the same set of synaptic proteins in a frontal cortex sample of the 

PT-DS patient, comparing the levels to those in cognitively normal controls. For our controls 

(C/PT-DS) we used only male samples and enriched for increased age at death; the average 

was ~56 years (Supplemental Table 4). Consistent with normal APP gene dose, the PT-DS 

sample showed normal levels of the full-length APP protein. Also consistent with his partial 

trisomic state and genetic mapping, there was an increase in the level of synaptojanin-1. 

Importantly, we found that the PT-DS sample displayed normal levels of synaptic proteins, 

including the SNARE components (Supplemental Figure S1B, C). Consistent with the 

reduction in PSD95 in males with DS without AD described above, the PT-DS sample 

showed lower levels of PSD95 (Supplemental Figure S1B, C). To ask if normalizing APP 
gene dose in DS would also normalize the levels of SNARE complexes, we carried out the 

SNARE complex analysis in the PT-DS frontal cortex. We saw no difference in SNARE 

complexes in the PT-DS sample versus controls (Supplemental Figure S1D). These results 

add to the evidence that increased APP gene dose is necessary for AD-DS and extend the 

analysis by indicating that it is also necessary for synapse dysfunction or loss.

3.2.4 Dp16 mice recapitulated reductions in syntaxin 1A and SNAP25 and 
in SNARE complexes—Studies in mouse models of DS can be used to define common 

phenotypes and explore underlying pathogenic mechanisms. Studies in mouse models, both 

the Ts65Dn mouse and the Dp16 mouse, demonstrated similar App gene dose dependencies 

for neuronal loss, tau pathology, changes in endosomes and astrocyte activation [52, 73, 

74]. To explore the levels of synaptic proteins in the Dp16 mouse mouse model of DS 

we examined the same set of synaptic proteins in the cortex of Dp16 mice at age 9-10 

months, a time at which changes in endosomal enlargement and astrocyte activation are 

well established [52]. Only SNARE proteins syntaxin 1A and SNAP25 were significantly 

reduced (Figure 3A, 3D). Next, to ask if APP gene dose impacted synaptic markers we 

selectively reduced App gene copy number in the Dp16 mouse (i.e. Dp16: App++−). 
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Evidence that this effectively reduced App gene dose were that APP protein levels were 

normalized (Figure 3A, 3D). Significantly, in these mice the reductions in both syntaxin 1A 

and SNAP25 in cortex were prevented (Figure 3A, 3D). It was noteworthy that while the 

levels of syntaxin 1A and SNAP25 proteins differed by genotype, there were no differences 

in the levels of their mRNAs, pointing to posttranscriptional events as responsible for the 

reductions (Supplemental Figure S3).

To determine if the changes in synaptic proteins in Dp16 mice would be reflected in reduced 

SNARE complex formation, we examined SNARE complexes in Dp16 mice and their age-

matched 2N controls at age 9-10 months. As for AD-DS and AD, the SNARE complex was 

significantly reduced, as revealed in reduced immunostaining for syntaxin 1A at bands of 73 

kD, 100-130 kD and also at >180 kD [71] (Figure 2J-2M). Significantly, and consistent with 

the data for protein levels, the reductions in the Dp16 mouse were dependent on increased 

App gene dose (Figure 2J-2L). Taken together, studies in the Dp16 mice recapitulated the 

findings in AD-DS for the loss of syntaxin 1A and SNAP25 proteins and the reduction in 

SNARE complexes. In so doing they also demonstrated a necessary role for increased APP 
gene dose in inducing synaptic changes.

To demonstrate that changes in synaptic proteins were not a developmental phenomenon, we 

examined both younger Dp16 mice. The levels of syntaxin-1A and SNAP25 were normal in 

the cortex of 3-4-month-old Dp16 and 2N mice (Figure 3B, 3E). To ask if age exacerbated 

the changes in synaptic proteins, we examined 20-month-old mice. The changes in Dp16 

mice, as compared to controls, again showed reductions only in syntaxin-1A and SNAP25 

(Figure 3C, 3F). The reductions appeared to be somewhat larger than those at 9-10 months 

of age, especially for SNAP25. We conclude that the changes in synaptic proteins in the 

Dp16 mouse are not developmentally determined but are a function of age. We conclude that 

age as well as increased App gene dose is responsible for changes in synaptic proteins in 

Dp16 mice, findings consistent with the biology of DS and AD-DS.

3.2.5 The changes of NfL, NPTX2 and syntaxin 1B in the frontal cortex of DS
—Given the importance of synapse function, clinical biomarkers of synapses and axons have 

been examined in AD and AD-DS [20, 40-44, 46]. Findings of interest have highlighted 

measures of NfL, NPTX2 and syntaxin 1B. To examine possible relationships between the 

levels measured in CSF and/or plasma with those in brain we examined the NfL, NPTX2 

and syntaxin 1B in the frontal cortex of DS and AD-DS, comparing the values with controls. 

PMI had no demonstrable effects on the levels of these proteins in AD-DS, DS and their 

controls (Table 3).

NfL, a neurofilament protein that stabilizes the axonal cytoskeleton is released from axons in 

normal subjects but in much larger amounts from the axons of those with AD. The increases 

may reflect breakdown of axons and possibly synapses and thereby serve as marker of 

disease progression. In AD NfL levels in plasma are correlated with those in CSF; plasma 

levels were increased to a greater extent in AD than in MCI [75]. Recent studies have 

also addressed NfL in those with DS, consistently demonstrating age-related increases that 

exceed levels in controls by the late 30s to 40s [19, 61, 62] – i.e. as long as one to two 

decades before the average age of dementia diagnosis [62]. We found significantly reduced 

Chen et al. Page 14

Alzheimers Dement. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NfL levels in AD-DS but not in DS (Figure 4A, 4B). In AD-DS, NfL was significantly 

decreased in males, with a trend to reductions in females (Supplemental Table 1). However, 

in DS without AD, while the levels of NfL in females were not reduced, the levels in males 

were significantly reduced (Supplemental Table 1) pointing to a sex difference in the brain 

levels of this protein. Interestingly, a sex difference was also noted in controls wherein males 

had significantly greater levels than females in C/AD-DS group (1.55 ± 0.20 vs. 0.45 ± 0.09; 

P = 0.0022; Mann-Whitney test) and in C/DS group with the latter not significant. Testing 

for a possible effect of age we found that age was inversely correlated with NfL levels in 

AD-DS but not in DS or in their controls (Table 3).

NPTX2, a member of the family of long neuronal pentraxins is secreted from the axons of 

pyramidal neurons where, after trafficking to excitatory postsynapses, it supports synaptic 

plasticity [40, 76]. In the AD brain NPTX2 levels were reduced in all cortical regions 

examined [40]. Reductions in AD brain were correlated with decreased levels of mRNA, 

possibly due to miR targeting of its mRNA [40]. Recent studies showed decreased CSF 

NPTX2 in AD relative to controls. NPTX2 levels, as well as the levels of its mRNA were 

also reduced in the middle frontal gyrus in DS brains, including in subjects as young as 19 

years as well as in those diagnosed with AD [40]. Studies in DS [41] found reductions in 

CSF NPTX2 in all adults with DS, even those without a diagnosis of dementia, but with 

lower levels corresponding to those diagnosed with dementia. We found that NPTX2 was 

not reduced in frontal cortex of DS relative to controls (Figure 4A, 4B). In contrast, in 

AD-DS brains there was a significant reduction in the levels of NPTX2; this change was 

registered in both females and males (Figure 4A, 4B; Supplemental Table 1). NPTX2 levels 

did not display a dependence on age within the AD-DS and DS cohorts. (Table 3).

In view of the report that NPTX2 was reported to be decreased in both young DS and 

AD-DS brains at both the mRNA and protein levels [40] we examined mRNA levels for 

NPTX2 in frontal cortex in DS and AD-DS subjects (Supplemental Table 5). Compared to 

controls there was no significant difference in age at death or PMI in DS or AD-DS samples. 

In contrast to the preserved protein levels in DS, NPTX2 mRNA was reduced. NPTX2 

mRNA was further reduced in AD-DS (Supplemental Figure S4).

Syntaxin 1B serves as a SNARE protein. In prior studies, syntaxin 1B was present at control 

levels in CSF in those with AD [46]. Syntaxin 1B was also examined in CSF in DS and 

changed little across the continuum from the prodromal to the demented stage [77]. In our 

studies syntaxin 1B was unchanged relative to controls in DS but was reduced in AD-DS 

subjects (Figure 4A, 4B). Examining female and male samples separately, trends to lower 

levels were seen for both females and males (Supplemental Table 1). Syntaxin 1B levels did 

not vary with age in AD-DS, DS and their controls (Table 3).

To ask if the changes in AD-DS were also found in the Dp16 mouse we measured the levels 

of NfL and NPTX2 in the Dp16 cortex. At 9-10-month age, there was no difference between 

2N and Dp16 in the levels of either protein (Figure 4C, 4D). However, at age 20 months, the 

levels of NPTX2 were significantly reduced as compared to 2N mice. NfL levels were not 

reduced even in aged mice (Figure 4C, 4D). These findings point to NPTX2, but not NfL, 

for detecting changes in the Dp16 mouse, and one that appears later in time than for changes 
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in SNARE proteins and the synaptic complexes in which they participate. The Dp16 mouse 

thus recapitulated some but not all the changes in synaptic and axonal measures present in 

the AD-DS and AD brains.

3.3 DISCUSSION

Reductions in synaptic proteins in AD-DS but not DS: evidence for synaptic 
failure and loss in the context of dementia and AD neuropathology—Synaptic 

dysfunction and loss are key features in the pathogenesis of AD [22, 78] and by extension 

DS in which the pathological manifestations are nearly identical [2, 22], clinical biomarkers 

are closely related [19-21] and clinical manifestations are consistent with progressive 

cognitive dysfunction [1, 4, 12, 18]. One approach to understanding the molecular 

underpinnings of synaptic dysfunction and loss is through examining brain levels of synaptic 

proteins whose actions support synapse structure and function. Several reports address 

measures of synaptic proteins in the mild cognitive impairment (MCI) and AD brain [24, 

30-38] but little is known of the levels of these proteins in the DS brain before or after 

diagnosis of AD. Studies in DS offer the opportunity to explore age-related changes in 

synaptic markers and to ask to what extent they are correlated in time with emerging 

cognitive deficits.

We examined a number of synaptic proteins in the frontal cortex in DS; samples from those 

with and without the diagnosis of AD were evaluated. In those diagnosed with AD we found 

decreased levels of several synaptic proteins, including components of the SNARE complex, 

synaptic vesicle proteins and PSD95; syntaxin 1A, SNAP25, synaptophysin, synapsin 1 

and PSD95 were all reduced (Table 4). That these decreases were significant for synapse 

function was our finding that SNARE complexes were also reduced in the AD-DS brain. 

The SNARE complex mediates the fusion of the synaptic vesicle with presynaptic surface 

membranes to enable neurotransmitter release. Synaptotagmin, the synaptic calcium sensor, 

showed age-related reductions in the AD-DS cohort, suggesting that this synaptic function is 

also compromised in the eldest AD-DS patients. Significantly, we failed to detect changes in 

synaptic proteins or SNARE complexes in those with DS not diagnosed with dementia. 

These findings are evidence against significant changes in frontal cortex synapses, as 

measured in synaptic proteins or SNARE complexes, in cognitively stable individuals with 

DS (Table 4). Remarkably, the changes in the AD-DS brain mirrored those in sporadic AD 

cases, also examined herein (Table 4). In so doing our findings offer further compelling 

support that AD-DS and AD share in molecular and cellular events leading to synaptic 

dysfunction and loss.

The mouse models of DS offer the opportunity to further define the pathogenesis of synaptic 

change. We asked in the Dp16 mouse model of DS if the changes detected in AD-DS would 

be recapitulated. Similarities and differences were found. While in mouse model cortex by 

age 9-10 months we detected reductions in syntaxin 1A and SNAP25, no changes were 

found for synaptophysin, synapsin 1, or PSD95 (Table 5). The changes in syntaxin 1A and 

SNAP25 persisted through 20 months of age. Significantly, as for AD-DS and AD, there 

were significant reductions in SNARE complexes in mouse cortex. We speculate that studies 

in even older Dp16 mice may reveal changes in the other synaptic proteins reduced in 
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AD-DS and AD. Importantly, synaptic proteins were not reduced in mice at age 3-4 months, 

supporting a role for aging in the changes detected. Our findings for reduced synapse 

function in the mouse model of DS support the utility of studies to elucidate underlying 

mechanisms in the Dp16 mouse.

Neuronal and synaptic changes during development and with AD-DS—We were 

surprised to find that synaptic proteins and SNARE complexes were normal in the frontal 

cortex of those with DS without dementia. Indeed, the essentially universal compromise of 

intellectual function in children and young adults with DS is correlated with changes in the 

developing DS brain that include deficits in neurogenesis, neuronal migration, maturation 

and synaptogenesis [4, 5]. We carefully reviewed the literature to understand how best to 

interpret our findings on synaptic proteins in the context of developmental changes in the DS 

brain.

Beginning in utero the brains with those with DS demonstrate reduced weight, reduced 

overall volume and regional volumes [5]. Development-related changes may contribute to 

foreshortening of the anterior-posterior dimension, a small cerebellum and failed eversion 

of the superior temporal gyrus. It has been shown that in frontal cortex there is a 3 to 

4-fold reduction in neurogenesis [79] raising the possibility that a number of changes 

would be detected in frontal cortex throughout life. However, it is not clear what impact 

developmental changes have on the number of neurons, synapses and dendrites in fetuses, 

infants, young adults and old adults. In part this is due to the small numbers of DS 

samples examined as well as the use of different methods by different investigators. As 

an example, one study at mid-gestation using mass spectrometry showed normal neuron 

density but reduced SNAP25 [10]. In contrast, at mid-gestation, unbiased stereological 

methods detected a 35% decrease in cortical cells, counting both neurons and glia [6]. 

Petit and colleagues, using electron microscopy, found no significant difference in the 

number of synapses in fetuses at either ~20 or ~40 gestational weeks of age, but found 

a trend to fewer synapses in DS at the latter time point as well as subtle changes in pre- 

and post-synapse length [80]. A very recent study used immunostaining and histological 

methods to examine the DS frontal cortex ranging in age from 28 weeks gestation to 3 

years. The authors found reduced cortical thickness, less well-defined cortical lamination, 

changes in laminar architecture and an apparent delay in neuronal differentiation. However, 

there was no change in the density of thionin-stained neurons. While there was a significant 

reduction in calbindin-immunopositive neurons, this represented a small percentage of total 

neurons [81]. Studies of dendrites have employed the Golgi method to examine dendritic 

architecture and spine numbers. In visual cortex increases in dendrite branching and length 

were followed by reductions relative to controls beyond age 6 months and especially after 

age 2 years [7, 9].

Few studies examined cortical neuron numbers and synapses beyond the postnatal period. 

Ross and colleagues examined several cortical regions and showed a reduction in the per 

volume number of small neurons, referred to as granule neurons, of ~60% in a 6 year old 

girl and 25 year old man. It was noteworthy that there was no consistent pattern of loss for 

pyramidal neurons in these samples [8]. Cragg, examining the frontal cortex in DS cases 
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aged 13 years and 27 years, in comparison to control neurosurgical specimens, found no 

change neuronal density and an increase in synapse counts and synapse density [82].

Neuronal loss in AD-DS mirrors that in AD; in addition to entorhinal cortex, hippocampus 

and subcortical areas it involves hippocampus, temporal cortex and other cortical areas [17, 

57]. In a recent study neuron number was evaluated in the brains of DS subjects at different 

ages [14]; frontal cortex was not evaluated but entorhinal cortex, hippocampal subfields, 

subiculum, and several subcortical regions were examined. Young DS subjects (labelled 

“pre-AD”, 26-41 years, 25% with mild dementia) showed region-specific changes relative 

to young normal controls (25-33 years) that were interpreted as developmentally related. 

The reductions averaged 28% and involved entorhinal cortex, hippocampal subfields and 

subiculum. In progressively older cohorts of DS subjects with more prominent cognitive 

deficits the reductions in neuron number were greater. Synaptic loss in AD-DS is not 

well documented. However, consistent with the changes in neuron number, the deficits in 

dendrites and spines present in visual cortex reported in the infantile period appear to be 

more severe in those with DS diagnosed with dementia [16]. In hippocampus, comparing 

non-demented DS and AD-DS to controls, the deficit in the number of spines increased from 

an average of 8% to 17% in CA2-3 and from 17% to 36% in CA1 [15].

Disrupted synapse structure and function underlie onset and progression of cognitive deficits 

in AD. Early deficits in synapses in AD points to synapse failure as a precursor to neuron 

loss [23, 24, 30, 83-88]. Studies in AD show that synapse loss precedes neuron loss and that 

both are closely linked to cognitive dysfunction [87]. The many points of correspondence 

with AD suggest synapse loss precedes neuronal loss in DS. Supporting this is a recent 

report that examined the onset of changes in glucose metabolism in DS, an indirect 

measure of synaptic function, finding that reductions in fluorodeoxyglucose (FDG)-positron 

emission tomography (FDG-PET) were evident before reductions in hippocampal volume 

[89]. Additional studies will be needed to define the relationship between synapse loss and 

neuronal loss in AD-DS.

The apparent disconnect between reported changes in brain development and our findings 

on synaptic proteins in the non-demented DS group may be due to several factors. First, 

is the paucity of studies and data for the DS brain. Indeed, the limited number of samples 

available for study, the lack of full clinical characterization of these samples, and few recent 

studies using more advanced quantitative techniques for counting neurons, synapses, and 

spines combine to limit insights. A second consideration is the even greater paucity of 

studies examining frontal cortex, the region examined herein. Third, frontal cortex may not 

most sensitively register degenerative changes involving synapses. This region appears to be 

impacted later than subcortical regions, entorhinal cortex and certain hippocampal regions 

[57] and to a lesser extent [14, 17, 58]. Accordingly, our findings distinguishing DS and 

AD-DS may have shown differences if we had examined entorhinal cortex or hippocampus. 

Nevertheless, in view of the fact that changes in memory are an early marker of AD-DS 

[90], any changes in the hippocampus of non-demented DS samples may prove to be largely 

developmental in origin. Another possibility to explain how a decrease in synapses may not 

be registered in changes in synaptic proteins would be an increase in the size of synapses 

interestingly, in prior studies in the Ts65Dn mouse model we discovered an increase in 
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apposition length in the motor cortex of excitatory synapse [91]. What is clear from our 

study is that changes in synaptic proteins in frontal cortex are correlated clinically with the 

changes in attention, executive function and praxis that characterize AD-DS.

Finally, it is possible that changes in cortical function other than synaptic loss may 

contribute to the differences in cognition noted in children and young adults. Studies in 

the Ts65Dn mouse model of DS demonstrated increases in the hippocampus in the ratio of 

inhibitory to excitatory neurotransmission as measured using electrophysiological recordings 

and through morphological measures showing selective increases in markers of GABAergic 

synapses [91, 92]. Increased inhibitory neurotransmission has also been demonstrated in 

the Ts65Dn cortex [93]. Zorilla and colleagues, examining prefrontal cortex in the Ts65Dn 

mouse, examined the electrophysiology of two inhibitory interneurons: Martinotti cells and 

parvalbumin-positive neurons. They discovered potentiation of the synaptic inhibitory loop 

formed between Martinotti cells and pyramidal neurons. In addition, there was increased 

excitability of parvalbumin interneurons. The result of these changes in inhibition was 

a significant reduction of pyramidal neuron firing. Taken together with the studies in 

hippocampus these findings in a mouse model of DS point to over-inhibition due to changes 

in GABAergic neurotransmission.

The effects of APP gene dose and aging on the reduction of synaptic proteins 
in DS evidence from partial trisomy 21 and Dp16 mice—As a first step in the 

search for genetic factors that impact synapses in DS, we asked if the increase in APP gene 

dose that is known to be necessary for AD in DS is also responsible for changes in synaptic 

proteins. People with DS in which partial trisomy creates a genome with only two copies 

of APP have been reported as neither suffering from dementia nor manifesting the neuritic 

plaques and neurofibrillary tangles of AD [47, 72]. To elucidate a role for increased APP 
gene dose in synaptic loss we examined the frontal cortex of a 72-year-old man with partial 

trisomy 21 whose genome contained only two copies of APP and found that AD-DS-related 

reductions in synaptic proteins and in the SNARE complex were not recapitulated. In fact, 

synaptic proteins in the PT-DS sample were comparable to those in younger cognitively 

normal male controls. Only the level of PSD95 were apparently lower, as in males with 

DS without AD. The extent to which reduced PSD95 in the frontal cortex of non-demented 

male DS impacts synaptic function and cognition is unknown. These data support a role 

for increased APP gene dose for synaptic protein reductions in DS. They also point to a 

non-APP gene(s) or other regulatory elements on HSA21 as driving the change of PDS95 in 

DS.

The necessity of APP gene dose to the deficits in synaptic proteins was further supported 

by studies in the Dp16 mice. While in young mice no changes in synaptic proteins was 

evident, in older mice reductions in SNAP25 and syntaxin 1A were documented, pointing to 

an age-related effect on synapse dysfunction and loss. Importantly, increased App gene dose 

was necessary for the changes in syntaxin 1A and SNAP25 (Table 5) and in the SNARE 

complex. These data complement recent studies of neurodegeneration in the Dp16 mouse 

demonstrating a role for increased APP gene dose [52].
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Increased APP gene dose is linked to increases in its products in those with DS and AD-DS 

and in the Dp16 mouse. In the mouse, increases in the full-length protein, its C-terminal 

fragments and Aβ peptides are evident no later than 4 months of age. An important 

observation is that in spite of persistent increases in APP and its products in DS and young 

Dp16 mice the reductions in synaptic proteins occur only in those with AD-DS and in older 

mice. Several explanations can be envisioned. In one, age itself would impact the levels of 

APP gene dose via changes in the levels of its products, with increasing amounts of a toxic 

product(s) needed to reach a threshold level to compromise synapses. We noted a 3 to 4-fold 

increase in the levels of detergent soluble Aβ40 and Aβ38 in AD-DS females compared 

to DS females; in the Dp16 mouse, there were small but significant age-related increases 

in the levels of Aβ40 and Aβ42 [52]. Whether changes of this magnitude would suffice to 

compromise synapses is unknown. The increases in CTFs are consistent with APP gene dose 

in males and but significantly larger in females but females are not more severely affected 

than males in the reductions in the levels of synaptic proteins in AD-DS. Another possibility 

is that persisting higher than normal levels of APP products would induce downstream 

programs whose activities are a function of age, with an impact in only older humans 

and mice. Thus, it is yet unclear which APP product(s) play an important role in synaptic 

pathology and how they act to do so.

Insights into the utility of synaptic proteins as biomarkers in DS and AD-DS—
Clinical biomarkers play an increasingly important role in defining disease status in those 

with AD or at risk for AD, with recent efforts also exploring the possibility of predicting 

the onset of AD in people with DS. To date findings for imaging and fluid biomarkers have 

demonstrated remarkably similar patterns in AD and AD-DS [19, 62, 94-96]. Our findings 

recapitulating synaptic protein changes in AD and AD-DS, and partial recapitulation of 

these changes in the Dp16 mouse, prompted studies of the brain levels of other selected 

biomarkers now in use to characterize AD progression in DS. In so doing we aimed to ask if 

changes in biomarkers reflected changes in brain levels.

In MCI and AD NfL levels in plasma are correlated with those in CSF; plasma levels were 

increased to a greater extent in AD than in MCI. Recent studies have addressed NfL in those 

with DS, consistently demonstrating age-related increases in NfL in both plasma and CSF 

that exceed levels in controls by the late 30s to 40s [19, 61, 62]. In those with DS we found 

that while NfL cortical levels in males as compared to controls were significantly decreased, 

females with DS did not differ with respect to controls. This suggests that changes in 

synaptic and axonal structure in males may emerge earlier than in females and be present in 

the pre-dementia period. Another promising biomarker for AD and AD-DS is NPTX2. In the 

AD brain NPTX2 levels were reduced in all cortical regions and reductions were correlated 

with decreased levels of mRNA. The levels of NPTX2 in AD CSF were also significantly 

decreased [40]. Studies in DS confirm the utility of NPTX2 as a biomarker. Belbin et al., 

found reductions in CSF NPTX2 in all adults with DS, even those without a diagnosis of 

dementia, but with lower levels corresponding to those diagnosed with dementia [41]. We 

found that NPTX2 protein levels were reduced in AD-DS not DS brains; mRNA levels were 

reduced in both. As yet unexplained is the discrepancy between our finding of normal brain 

levels in DS and the reduction in CSF levels shown by others [41]. Possibly differences 
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between DS and AD-DS in mRNA translation, NPTX2 degradation or both could contribute. 

Interestingly, in the Dp16 mouse NPTX2 levels decreased at older ages than those for 

reductions in syntaxin 1 and SNAP25 and the SNARE complex (Table 5). This suggests that 

NPTX2-containing synapses in the model are impacted later than most synapses.

Of special interest are biomarkers that report on the status of synapses and the comparison of 

fluid biomarker and brain levels. Reductions in frontal cortex in syntaxin 1A and 1B as well 

as SNAP25 in AD-DS brain raised the possibility that these proteins may prove valuable as 

biomarkers for DS and AD-DS. Syntaxin 1B levels in DS CSF were not changed across the 

AD continuum [77]. SNAP25 was demonstrated to be increased in the CSF of those with 

DS, but only when diagnosed with dementia [21]. In contrast, the maintenance in AD-DS of 

the levels of synaptobrevin 2, another SNARE protein, suggested it would not prove useful. 

CSF synaptobrevin 2 levels in those without cognitive decline were significantly lower than 

for controls. In DS cohorts defined as having prodromal AD or diagnosed with dementia the 

levels were somewhat higher but with values similar to controls [77]. While for SNAP25 

the concordance between decreased cortical and increased CSF levels in AD-DS defines a 

possible relationship, no simple correlation between CSF and cortical values for the synaptic 

proteins we discovered to be reduced in AD-DS. It is possible that a broader sampling 

of brain regions would demonstrate correlations between levels in brain and in CSF and 

plasma. Thus, additional studies will be needed to demonstrate the utility of biomarkers 

reporting on synaptic proteins.
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RESEARCH IN CONTEXT

1. Systematic Review: Synaptic protein reductions in Alzheimer’s disease (AD) 

are linked to synapse dysfunction and loss. Although AD is frequent in 

the elderly with Down syndrome (DS) few studies have examined synaptic 

proteins in those without or with dementia (AD-DS).

2. Interpretation: There were selective reductions in synaptic proteins in frontal 

cortex in AD-DS brains, but not in DS, or in a case of man with partial 

trisomy 21 whose genome lacked triplication of the APP gene. The changes 

in AD-DS recapitulated those in AD pointing to shared molecular and cellular 

events. Studies in the Dp16 model of DS confirmed that App gene dose 

was necessary for reductions in SNARE proteins and showed an age-related 

dependence for these changes.

3. Future Directions: Studies to explore the genetic and molecular events 

underlying synapse dysfunction and loss in AD and AD-DS are needed to 

further examine this important feature of pathogenesis. Studies in animal and 

human DS models could define mechanisms, including the role played by 

increased APP gene dose in AD-DS. Treatments targeting APP or its products 

may prevent synaptic dysfunction and loss in people with DS.
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Figure 1. 
Selective reduction of synaptic proteins in the frontal cortex of AD-DS and AD but not DS 

brains. (A-C) Western blotting of synaptic protein levels in protein extracts from the frontal 

cortex of patients with AD-DS and C/AD-DS (A), DS and C/DS (B), AD and C/AD (C). 

β-Actin was used as a loading control. (D) Quantitation and statistical analysis of the levels 

of synaptic proteins from AD-DS and C/AD-DS, DS and C/DS, AD and C/AD samples. 

Mann-Whitney test; *P < 0.05, **P < 0.01, ***P < 0.001. For all the proteins, the bands 

marked with (*) and ([) at the right molecular weight were quantitated as stated in the 

METHODS with the same policy applied to the bands for the same proteins from other 

samples.
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Figure 2. 
Reduction of SNARE complexes in AD-DS, AD and Dp16 samples. Syntaxin 1A was 

present in a 35 kD monomeric form and in a 73 kD trimeric complex with SNAP25 

and synaptobrevin 2 as well as other high molecular weight forms. (A, D, G) Unboiled 

AD-DS (A), DS (D) and AD (G) SDS samples were loaded on SDS-PAGE and probed with 

the syntaxin 1A antibody. A boiled sample was also loaded as a control to demonstrate 

disruption of the complexes with heating. The arrow points to the 73 kD trimeric band. 

(B, E, H) Profiles of relative intensities of the ladder of complexes from the representative 

samples marked with asterisks; the heaviest complexes are represented at the left end of 

the x-axis. (C, F, I) Quantitation and statistical analysis of the levels of 73 kD trimeric 

SNARE complex in AD-DS and DS samples. Mann-Whitney test; *P < 0.05, **P < 0.01. 
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(J) Unboiled 2N, Dp16 and Dp16: App++− samples from mice aged 9 to 10 months were 

loaded on SDS-PAGE and probed with the syntaxin 1A antibody. Arrows point to the major 

73 kD, 100-130 kD and >180 kD bands. (K-M) Quantitation and statistical analysis of 

the levels of 73 kD, 100-130 kD and >180 kD bands. One-way ANOVA test followed by 

Newman-Keuls Multiple Comparison Test. n = 3 mice for each category; *P < 0.05.
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Figure 3. 
Selective change of synaptic proteins in the cortex of Dp16 mice. (A) Western blotting 

analysis of the levels of synaptic proteins in the cortex from 9-10-month-old Dp16 mice. 

fl-mAPP (full-length mouse APP) was also probed. (B, C) Western blotting analysis of the 

levels of synaptic proteins in the cortex from 3-4-month-old (B) and 20-month-old (C) Dp16 

mice. β-actin was used as a loading control. (D-F) Quantitation and statistical analysis of 

the levels of synaptic proteins and APP in Dp16 with three copies of App gene or with two 

copies (Dp16: App++−) mice. One-way ANOVA test followed by Newman-Keuls Multiple 

Comparison Test and n = 4 mice for each category for D; unpaired student t-test. n = 3-4 

mice for each category for E, F. *P < 0.05, **P < 0.01, ***P < 0.001. For all the proteins, 

the bands marked with (*) at the right molecular weight were quantitated as stated in the 

Chen et al. Page 31

Alzheimers Dement. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



METHODS with the same policy applied to the bands for the same proteins from other 

samples.
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Figure 4. 
Levels of selective biomarkers in the frontal cortex of AD-DS, DS and the cortex of Dp16 

mice. (A) Western blotting analysis of the levels of NfL, NPTX2 and syntaxin1B in the 

frontal cortex of patients with DS, AD-DS, C/DS or C/AD-DS. β-actin was used as a 

loading control. (B) Quantitation and statistical analysis of the levels of NfL, NPTX2 and 

syntaxin 1B in females and males samples combined. Mann-Whitney test; *P < 0.05, **P 

< 0.01, ***P < 0.001. (C) Western blotting analysis of the levels of NfL and NPTX2 in the 

cortex from 9-10-month-old and 20-month-old Dp16 mice. β-actin was used as a loading 

control. (D) Quantitation and statistical analysis of the levels of NfL and NPTX2 in Dp16 

mice. Unpaired student t-test; n = 4 mice for each category for 9-10-month-old mice, n 

= 3-4 mice for each category for 20-month-old mice; *P < 0.05. For all the proteins, the 
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bands marked with (*) and ([) at the right molecular weight were quantitated as stated in 

the METHODS with the same policy applied to the bands for the same proteins from other 

samples.
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Table 1.

Demographics, PMI, and clinical diagnosis for AD-DS, C/AD-DS, DS and C/DS frontal cortex samples

Diagnosis Gender Age (Years) Post-
mortem
interval (h)

Diagnosis Neuropathological
diagnosis

C/AD-DS 1 Female 49 7 Cognitively normal

C/AD-DS 2 Female 50 7 Cognitively normal

C/AD-DS 3 Female 46 18 Cognitively normal

C/AD-DS 4 Male 48 6 Cognitively normal

C/AD-DS 5 Male 57 16 Cognitively normal

C/AD-DS 6 Male 58 19 Cognitively normal

C/AD-DS 7 Female 54 6 Cognitively normal

C/AD-DS 8 Female 39 19 Cognitively normal

C/AD-DS 9 Female 59 5.9 Cognitively normal

C/AD-DS 10 Male 59 5.9 Cognitively normal

C/AD-DS 11 Male 59 15.8 Cognitively normal

C/AD-DS 12 Male 58 9 Cognitively normal

Mean ± SEM 6F/6M 53 ± 2 11.2 ± 1.7

 

AD-DS 1 Female 57 6 Trisomy 21 with AD Brain atrophy; classic, extensive 
amyloid deposition and neurofibrillary 
degeneration

AD-DS 2 Female 51 4 Trisomy 21 with AD Senile cerebral disease, Alzheimer’s 
type; congophilic angiopathy

AD-DS 3 Female 46 7 Trisomy 21 with AD Diffuse and severe

AD-DS 4 Male 53 23 Trisomy 21 with AD AD neuropathological changes and 
cerebral amyloid angiopathy

AD-DS 5 Male 55 12 Trisomy 21 with AD AD neuropathological changes and 
cerebral amyloid angiopathy

AD-DS 6 Male 57 5 Trisomy 21 with AD Advanced AD

AD-DS 7 Female 55 25 Trisomy 21 with AD n/a

AD-DS 8 Male 65 10 Trisomy 21 with AD Diffuse and severe

AD-DS 9 Male 41 15 Trisomy 21 with AD Advanced

AD-DS 10 Male 56 16 Trisomy 21 with AD Advanced

AD-DS 11 Male 64 20 Trisomy 21 with AD MMSE 21/30 9 years before death

Mean ± SEM 4F/7M 55 ± 2 13.0 ± 2.2

 

C/DS 1 Female 48 8 Cognitively normal

C/DS 2 Female 51 21 Cognitively normal

C/DS 3 Female 57 7 Cognitively normal

C/DS 4 Male 52 4 Cognitively normal

C/DS 5 Male 51 17 Cognitively normal

C/DS 6 Male 55 22 Cognitively normal
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Diagnosis Gender Age (Years) Post-
mortem
interval (h)

Diagnosis Neuropathological
diagnosis

C/DS 7* Female 50 7 Cognitively normal

C/DS 8* Female 46 18 Cognitively normal

C/DS 9 Female 51 8 Cognitively normal

C/DS 10 Male 57 6.6 Cognitively normal

Mean ± SEM 6F/4M 52 ± 1 11.9 ± 2.2

 

DS 1 Female 50 23 Trisomy 21 without AD n/a

DS 2 Female 39 12 Trisomy 21 without AD n/a

DS 3 Male 22 15 Trisomy 21 without AD n/a

DS 4 Male 40 10 Trisomy 21 without AD Diffuse beta-amyloid deposition in the 
neocortex

DS 5 Male 25 22 Trisomy 21 without AD Rare neocortical disffuse plaques

DS 6 Male 25 24 Trisomy 21 without AD n/a

DS 7 Male 57 22 Trisomy 21 without AD Frequent neuritic plaques, no significant 
neurofibrillary pathology

DS 8 Female 42 5 Trisomy 21 without AD Braak stage V

DS 9 Female 48 18.4 Trisomy 21 without AD Braak stage III

DS 10 Female 51 2.7 Trisomy 21 without AD Braak stage III

DS 11 Female 62 7 Trisomy 21 without AD Braak stage III

DS 12 Male 23 24 Trisomy 21 without AD n/a

Mean ± SEM 6F/6M 40 ± 4 (P=0.0340 vs 
C/DS)

15.4 ± 2.3

6F/2M
49 ± 3

¶
12.5 ± 2.8

¶

*
control samples used for both DS and for AD-DS

¶
analysis excluding the four young DS samples (DS 3, DS 5, DS 6 and DS 12). n/a, not available
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Table 2.

Spearman’s correlation analysis between synaptic proteins and age in human control, AD-DS, DS and AD 

frontal cortex samples.

Diagnosis: synaptic
protein

Parameter Sample size
(n)

Correlation
coefficient (r)

Significance
(P)

AD-DS: synaptobrevin 2 Age 11 −0.3470 0.2957

C/AD-DS: synaptobrevin 2 Age 12 0.2363 0.4596

AD-DS: SV2A Age 11 −0.4201 0.1983

C/AD-DS: SV2A Age 12 −0.1693 0.5988

AD-DS: synaptotagmin Age 11 −0.6256 0.0395*

C/AD-DS: synaptotagmin Age 12 −0.05291 0.8703

AD-DS: synaptophysin Age 11 −0.4429 0.1725

C/AD-DS: synaptophysin Age 12 0.2787 0.3804

AD-DS: synapsin 1 Age 11 −0.05023 0.8834

C/AD-DS: synapsin 1 Age 12 0.04586 0.8875

AD-DS: syntaxin 1A Age 11 0.1050 0.7586

C/AD-DS: syntaxin 1A Age 12 0.02469 0.9393

AD-DS: PSD95 Age 11 0.2009 0.5536

C/AD-DS: PSD95 Age 12 0.2046 0.5236

AD-DS: SNAP25 Age 11 −0.6347 0.0359*

C/AD-DS: SNAP25 Age 12 −0.3845 0.2172

AD-DS: synaptojanin 1 Age 11 0.1279 0.7079

C/AD-DS: synaptojanin 1 Age 12 0.2787 0.3804

 

DS: synaptobrevin 2 Age 12 −0.4834 0.1114

C/DS: synaptobrevin 2 Age 10 0.3323 0.3481

DS: SV2A Age 12 −0.1576 0.6247

C/DS: SV2A Age 10 0.03693 0.9193

DS: synaptotagmin Age 12 −0.4553 0.1369

C/DS: synaptotagmin Age 10 0.2708 0.4492

DS: synaptophysin Age 12 −0.3958 0.2028

C/DS: synaptophysin Age 10 −0.2400 0.5042

DS: synapsin 1 Age 12 −0.4168 0.1777

C/DS: synapsin 1 Age 10 −0.2339 0.5155

DS: syntaxin 1A Age 12 −0.01401 0.9655

C/DS: syntaxin 1A Age 10 −0.1846 0.6096

DS: PSD95 Age 12 −0.1856 0.5635

C/DS: PSD95 Age 10 0.1600 0.6588

DS: SNAP25 Age 12 0.04904 0.8797

C/DS: SNAP25 Age 10 −0.2400 0.5042
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Diagnosis: synaptic
protein

Parameter Sample size
(n)

Correlation
coefficient (r)

Significance
(P)

DS: synaptojanin 1 Age 12 −0.1751 0.5862

C/DS: synaptojanin 1 Age 10 0.5293 0.1157

 

AD: synaptobrevin 2 Age 14 0.05947 0.8400

C/AD: synaptobrevin 2 Age 12 0.05975 0.8536

AD: SV2A Age 14 0.1235 0.6741

C/AD: SV2A Age 12 −0.02812 0.9309

AD: synaptotagmin Age 14 0.1696 0.5621

C/AD: synaptotagmin Age 12 −0.2144 0.5034

AD: synaptophysin Age 14 −0.3789 0.1816

C/AD: synaptophysin Age 12 −0.1371 0.6710

AD: synapsin 1 Age 14 −0.2115 0.4680

C/AD: synapsin 1 Age 12 0.1019 0.7526

AD: syntaxin 1A Age 14 0.2511 0.3865

C/AD: syntaxin 1A Age 12 −0.1968 0.5398

AD: PSD95 Age 14 −0.06388 0.8283

C/AD: PSD95 Age 12 −0.2320 0.4681

AD: SNAP25 Age 14 −0.09031 0.7588

C/AD: SNAP25 Age 12 −0.4007 0.1968

AD: synaptojanin 1 Age 14 −0.01101 0.9702

C/AD: synaptojanin 1 Age 12 −0.3726 0.2330
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Table 3.

Spearman’s correlation analysis between selective biomarkers and age or PMI in human AD-DS and control 

frontal cortex samples.

Diagnosis: biomarker Parameter Sample size (n) Correlation
coefficient (r)

Significance (P)

AD-DS: NfL Age 11 0.7443 0.0086**

AD-DS: NPTX2 Age 11 −0.1370 0.6879

AD-DS: syntaxin 1B Age 11 0.3744 0.2566

C/AD-DS: NfL Age 12 0.5468 0.0658

C/AD-DS: NPTX2 Age 12 −0.1094 0.7351

C/AD-DS: syntaxin 1B Age 12 −0.08819 0.7852

DS: NfL Age 12 0.2732 0.3902

DS: NPTX2 Age 12 −0.4799 0.1144

DS: syntaxin 1B Age 12 0.5464 0.0660

C/DS: NfL Age 10 0.3200 0.3673

C/DS: NPTX2 Age 10 −0.4554 0.1859

C/DS: syntaxin 1B Age 10 0.5847 0.0759

 

AD-DS: NfL PMI 11 −0.3000 0.3701

AD-DS: NPTX2 PMI 11 −0.1455 0.6696

AD-DS: syntaxin 1B PMI 11 −0.1818 0.5926

C/AD-DS: NfL PMI 12 −0.2359 0.4604

C/AD-DS: NPTX2 PMI 12 0.01408 0.9653

C/AD-DS: syntaxin 1B PMI 12 0.2007 0.5317

DS: NfL PMI 12 −0.3158 0.3173

DS: NPTX 2 PMI 12 0.5053 0.0938

DS: syntaxin 1B PMI 12 −0.2316 0.4689

C/DS: NfL PMI 10 −0.5854 0.0754

C/DS: NPTX2 PMI 10 0.5915 0.0717

C/DS: syntaxin 1B PMI 10 −0.2378 0.5082
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Table 4.

Summary of the levels of synaptic proteins and NfL in the frontal cortex of humans.

DS vs control AD-DS vs control AD vs control

syntaxin 1A

SNAP25

synaptobrevin 2

synaptotagmin

synaptophysin

synapsin 1

SV2A

PSD95

synaptojanin 1

 

NfL n/a

NPTX2 n/a

syntaxin 1B n/a

n/a, not available
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Table 5.

Summary of the levels of synaptic proteins and NfL in the cortex of Dp16 mouse model.

Young Dp16
vs ctrl
(3-4 m)

Mid-age Dp16
vs 2N

(9-10 m)

Mid-age Dp16: App++-
vs 2N

(9-10 m)

Old Dp16
vs 2N
(20 m)

syntaxin 1A

SNAP25

synaptobrevin 2 n/a

synaptotagmin n/a

synaptophysin n/a

synapsin 1 n/a

SV2A n/a

PSD95 n/a

synaptojanin 1 n/a n/a

 

NfL n/a n/a

NPTX2 n/a n/a

syntaxin 1B n/a n/a n/a n/a

n/a, not available
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