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Correlating Synapse Density with 
Cognitive Status
It has been generally accepted that synapses are the 
best correlate of cognitive status in Alzheimer’s disease 
(AD). This is intuitively appealing because synapses 
provide the mechanisms by which information is 
transmitted from cell to cell, processed, and stored. 
The concept that synapses play a vital role in 
cognition was reinforced by two early quantitative 
studies of the relationship between synapse density and 
cognitive status, both of which yielded correlations of 
approximately +0.7 (DeKosky and Scheff, 1990; Terry 
et al., 1991). However, this result yields an R2 of ~0.50, 
indicating that synapse density accounts for only 50% 
of the variability in cognitive status. This conclusion 
then leads to the question: Where is the missing 50%?

More recent study of the relationship between synapses 
and cognitive scores used unbiased stereological 
methods to quantify total synaptic numbers in lamina 
3 of the inferior temporal gyrus (Scheff et al., 2011). 
The results showed an even lower correlation of +0.5 
between cognitive score (according to the Mini-
Mental State Examination [MMSE]) and synapse 
numbers, yielding an R2 of 0.25. So in this case, synapse 
numbers accounted for only 25% of the variance in 
cognition scores. Where is the missing 50–75%?

There are several potential responses to the question:

(1)	 The earlier studies did not use methods of 
unbiased stereology, suggesting that researchers 
did not account for the potential effects of 
changes in size of synapses and volume of the 
brain region studied;

(2)	 It may be presumptuous to consider that synapse 
density in only one brain region could account 
for a behavior as complex as cognitive status; or

(3)	 The missing percentage can be found in synapses 
that are structurally present but functionally 
impaired.

More recent data have emphasized the complexity 
of relationships between synapses and cognition. For 
example, they have reported a correlation of 0.97 
between delayed nonmatching to sample and size 
of the spine head in thin spines in prefrontal cortex 
area 46 of monkey (Morrison and Baxter, 2012).

Gene Expression in  
Alzheimer’s Disease
A wide range of studies has provided data demonstrating 
impaired expression in AD of genes that play major 
roles in synaptic function. Studies of specific molecules 

in AD have, for example, shown reduced expression 
of dynamin 1 (Yao et al., 2003), which is critical in 
recycling synaptic vesicles, and losses in cholinergic 
receptor systems (Parri et al., 2011), a system that has 
a significant role in memory formation.

Beyond studies of specific molecules in AD, array 
studies have yielded an appreciation of the wide 
range of synapse-related genes whose expression 
is affected in AD (Berchtold et al., 2008; Liang et 
al., 2007, 2008). These studies indicate that a wide 
variety of synaptic gene classes are affected in AD, 
including transmitter receptor systems, transmitter 
synthesizing enzymes, transport systems, synapse 
stabilizing genes, postsynaptic structural genes, and 
ion channels, to name a few. Data such as these show 
coordinated modulation of expression of a wide range 
of genes and raise the question—what mechanism is 
coordinating such a wide variety of changes?

Epigenetic Mechanisms in 
Alzheimer’s Disease
Recent study findings
During early development of an organism, the 
specification of cells and tissues requires the expression 
of large numbers of genes, modulated by epigenetic 
mechanisms in a coordinated fashion to produce 
specified cell types and tissues (Allis et al., 2009; 
Olynik and Rastegar, 2012). The ability of epigenetic 
mechanisms to regulate chromatin structure and, 
consequently, the coordinated expression of large 
gene sets, has motivated a number of studies on the 
role of epigenetic mechanisms in AD.

One of the early demonstrations of a relationship 
between AD and an epigenetic mechanism came from 
the demonstration of reduced expression in AD of 10 
epigenetic markers in layer II neurons of the entorhinal 
cortex (Mastroeni et al., 2010). This study also showed 
that, in the AD brain, neurons bearing neurofibrillary 
tangles (NFTs) showed greater decrements in DNA 
methylation than tangle-free neurons.

An opportunity to eliminate genetic contributions 
from findings of epigenetic differences in AD 
came with an opportunity to examine epigenetic 
differences between a pair of identical twins 
discordant for AD (Mastroeni et al., 2009). The 
male twins of this study were educated together as 
chemical engineers and died within three years of 
each other. The twin with a clinical diagnosis of AD 
showed profuse NFTs and plaques, whereas the other 
twin had only extremely sparse NFTs and plaques. 
Compared with the nondemented twin, the levels of 
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global DNA methylation were significantly reduced 
in the temporal neocortex of the AD twin, who had 
spent much of his career working with pesticides. 
This, as well as other epigenetic studies of identical 
twins (Fraga et al., 2005), points to the pertinence of 
environmental factors affecting the epigenome and, 
consequently, the phenotype.

Evidence from transcript expression
Although the above studies are consistent with a role 
for epigenetic mechanisms in altering the structure and 
function of synapses in AD, they are far from proving 
such a relationship. More detailed information about 
relationships between epigenetic variables and the 
expression of synaptic genes come from determining 
the correlations between expression of synaptic 
transcripts and the expression of selected transcripts 
known to regulate DNA methylation and histone 
acetylations. Selected aspects of these data, taken from 
analysis of an array study of four brain regions in brains 
covering the age range 20–99 years old, have already 
been published (Berchtold et al., 2008).

Figure 1 presents new analysis of data from Berchtold 
et al., 2008. It graphically represents correlations 
between a selection of four transcripts (Fig. 1A–D) 
related to synaptic structure and function (dynamin 1, 
PSD95, AMPAA1, and synaptophysin) and ten selected 
transcripts that play roles in the methylation and 
acetylation actions of epigenetic mechanisms. These 
correlations are shown for four conditions: (1) AD in 
the postcentral gyrus (pcg, a region relatively unaffected 
in AD); (2) AD in the severely affected hippocampus 
(hipp); (3) the postcentral gyrus in nondemented, age-

matched control cases; and (4) the hippocampus in 
nondemented, age-matched control cases.

These data show that the relationship between 
epigenetics and expression of synaptic genes 
depends on both the brain region examined 
and the disease state. In AD, quantification of 
DNA methyltransferase 1 (DNMT1) expression 
in hippocampus and postcentral gyrus shows a 
negative or low correlation with expression of all 
synaptic genes examined. On the other hand, the 
correlations are positive or low in both brain regions 
in age-matched controls. DNMT3a consistently 
yields negative correlations with all four synaptic 
genes, with the exception of age-matched control 
hippocampus, for which the correlations were either 
positive or low (Fig. 1A–D). The differences between 
the correlation patterns of these two DNMTs may 
relate to their presumptive differential functions in 
both de novo and maintenance DNA methylation.

The data for histone deacetylases (HDACs) 1, 2, 6, 
and 9 show varying patterns of correlation between 
expression of synaptic and epigenetic transcripts, 
depending on brain region and disease state. 
However, the histone acetyltransferases (HATs) 
MYST3 and MYST4 are fairly consistent in being 
negatively related to expression of the synaptic genes 
shown. In other words, reduced expression of these 
HATs is associated with increased expression of the 
synaptic genes shown (Fig. 1A–D). This finding 
is inconsistent with the common association of 
acetylation with a more open chromatin structure. It 
also serves to remind us of the potential complexity 

Figure 1. A–D, Four plots that represent correlations (vertical axis) between the expression of 10 epigenetic molecules and 4 transcripts related 
to synaptic structure and function. Four data sets are represented by 4 different colors as shown: Data from AD postcentral gyrus, from AD hip-
pocampus, from age-matched postcentral gyrus, and from age-matched hippocampus. AMPAA1, ligand-gated ion channel, a subclass of glutamate 
receptor; DNMTs, a family of DNA methyltransferases; dynamin1, functions in the recycling of vesicles, especially at the synapse; HDACs, a family of 
histone deacetylases; MYSTs, a family of histone acetyltransferases; PSD95, postsynaptic density 95; synaptophysin, major synaptic vesicle protein.
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of interactions among histone modifications, 
DNA methylations, and other molecules affecting 
transcription at specific sites in the genome.

Another caution against generalizing these data 
is that the initial data came from homogenates of 
selected brain regions. Thus, these data represent 
not only neurons but also glia and vascular cells. 
Also, although more neuron-specific data have 
been derived from laser capture microdissection of 
single neurons (Liang et al., 2008), the amplification 
required for single-cell data may have differentially 
affected the selected genes of interest.

Implications
The correlations shown here do not, of course, 
prove causality. They do, however, offer suggestions 
for further studies, experimental manipulation, and 
potential therapeutic intervention for AD. At the 
same time, they providing a cautionary tale about the 
potential for complex interactions among the many 
epigenetic molecules, specific sites of synapse-related 
genes, brain regions, and disease states.
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