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The cholinergic nucleus basalis of Meynert, which is important for memory functions, shows neuronal activation (‘up-phase’)

during the early stages of Alzheimer’s disease and neurodegeneration (‘down-phase’) in later stages of Alzheimer’s disease.

MicroRNA-132 (miR-132) and the transcription factor early growth response-1 (EGR1) were proposed as possible candidate

molecules regulating such an up–down activity pattern of the nucleus basalis of Meynert during the course of Alzheimer’s disease,

as they both show this up–down pattern of expression in the prefrontal cortex during the course of Alzheimer’s disease. Not only

do these two molecules stimulate synaptic activity and plasticity, they are also involved in Alzheimer’s disease pathology and might,

in addition, affect cholinergic function. In the nucleus basalis of Meynert, we investigated the expression of miR-132 and EGR1

along the entire course of Alzheimer’s disease. Forty-nine post-mortem nucleus basalis of Meynert samples were studied, ranging

from non-demented controls (Braak stage = 0) to late Alzheimer’s disease patients (Braak stage = VI), and from clinical Reisberg

scale 1 to 7. Each Braak stage contained seven samples, that were all well matched for confounding factors, i.e. age (range 58–91),

sex, post-mortem delay, cerebrospinal fluid pH (as a measure for agonal state), APOE genotype, clock time of death, tissue fixation

time, and tissue storage time. The alterations of these two molecules were studied over the course of Alzheimer’s disease in relation

to the expression of 4G8-stained amyloid-b, hyperphosphorylated tau stained by antibody AT8, neuronal fibrillary tangles and

neuropil threads stained by silver, and in relation to alterations in choline acetyltransferase. We found that the expression of miR-

132 and EGR1 in the nucleus basalis of Meynert was quite stable during the early stages of Alzheimer’s disease and decreased

significantly only during late Alzheimer’s disease stages. In addition, miR-132 and EGR1 showed a significant positive correlation

with choline acetyltransferase expression (r = 0.49, P50.001 and r = 0.61, P50.001), while choline acetyltransferase expression

showed a significantly negative correlation with hyperphosphorylated tau (r = �0.33, P = 0.021) but no correlation with 4G8-

stained amyloid-b. From the functional changes of miR-132 and EGR1 along the course of Alzheimer’s disease we conclude:

(i) that these two molecules may play a role in keeping the cholinergic function intact in early Alzheimer’s disease stages; and

(ii) that these molecules may contribute to the late neurodegeneration of this cholinergic nucleus.
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Abbreviations: IOD = integrated optical density; ir = immunoreactive; NBM = nucleus basalis of Meynert

Introduction
The cholinergic nucleus basalis of Meynert (NBM) plays an

important role in memory. Post-mortem studies, including

our own observations, have shown that in the first stages

of clinical Alzheimer’s disease, i.e. in patients with mild

cognitive impairment, the metabolic activity of the NBM

increased (the ‘up-phase’), as shown by an increased size

of the Golgi apparatus of the NBM neurons (Dubelaar

et al., 2006) and by increased choline acetyltransferase

(ChAT, encoded by CHAT) activity in the hippocampus

and the cortical regions (DeKosky et al., 2002). In contrast,

in late Alzheimer’s disease stages, decreased metabolic

activity and a reduced ChAT activity were observed in

the NBM (Salehi et al., 1994) and cortex (Etienne et al.,

1986), together with reduced numbers of ChAT-immunor-

eactive (ir) neurons in the NBM (Nagai et al., 1983) (the

‘down-phase’). The post-mortem observation of increased

NBM activity in the early stages of Alzheimer’s disease was

recently confirmed in vivo (Kim et al., 2012).

In addition, our recent study has revealed an activation

of the prefrontal cortex during the early, preclinical,

Alzheimer’s disease stages, manifesting as increased expres-

sion of 865 genes related to neuronal plasticity, synaptic

activity and metabolism, which was followed by decreased

activity in late Alzheimer’s disease stages, along with the

accumulation of 4G8-stained intracellular amyloid-b, and

of plaques and neuronal fibrillary tangles (Bossers et al.,

2010). These data imply that an ‘up–down’ pattern of func-

tional changes in brain areas is a more general phenom-

enon in the course of Alzheimer’s disease, although other

patterns do exist (see below).

We were interested to find molecules that may regulate

such an up–down pattern of activity changes in the NBM

during the course of Alzheimer’s disease, not only for a

better understanding of the NBM pathogeneses during the

course of Alzheimer’s disease, but also to find novel puta-

tive targets for brain activation in later Alzheimer’s disease

stages. Recent data have shown that the alterations in

microRNAs (miRs) may cause expression changes in

many other genes in Alzheimer’s disease. Interestingly, in

the prefrontal cortex, the expression of miR-132, an acti-

vator of synaptic activity and plasticity (Fiore et al., 2008;

Edbauer et al., 2010), was found to be significantly

increased in early Alzheimer’s disease, i.e. in Braak stage

II, and strongly diminished in the later stages of

Alzheimer’s disease. The targets of miR-132, e.g. GSK3b
(glycogen synthase kinase 3B, encoded by GSK3B),

EP300 (E1A binding protein p300) and SIRT1 (NAD-de-

pendent deacetylase sirtuin-1) (Lau et al., 2013) are closely

involved in tau pathology. The latter two molecules are

involved in tau acetylation, which contributes to tau

hyperphosphorylation (Min et al., 2010). Moreover, miR-

132 was proved to upregulate acetylcholinesterase (ACHE)

expression, and thus to be involved in cholinergic function

(Shaked et al., 2009; Shaltiel et al., 2013).

A second interesting molecule in this connection is early

growth response-1 (EGR1), a zinc finger transcription

factor that regulates a number of genes involved in synaptic

activity and plasticity (Veyrac et al., 2014). It is of interest

to note that we have observed a transient increase of EGR1

expression in the prefrontal cortex in early Alzheimer’s dis-

ease, followed by a dramatic decrease in late Alzheimer’s

disease (Bossers et al., 2010). Other studies showed that

EGR1 mRNA levels were increased in the hippocampus

in late Alzheimer’s disease stages (Blalock et al., 2004;

Gomez Ravetti et al., 2010), which indicates a brain

area-dependent dysregulation of EGR1 in the course of

Alzheimer’s disease. EGR1 was also found to promote

tau phosphorylation, thus destabilizing the cytoskeleton

(Lu et al., 2011). In addition, EGR1 upregulates

the PSEN2 gene in neurons, which is a crucial cofactor

in �-cleavage of amyloid precursor protein (Renbaum

et al., 2003). Moreover, EGR1 is involved in the choliner-

gic system. EGR1 is capable of transactivation of the

human CHAT gene promoter in reporter gene assays

(Allen et al., 1997). As the ACHE gene contains an

EGR1-binding site in the promoter region, EGR1 may

also regulate the expression of AChE, thus influencing cho-

linergic function (Ben Aziz-Aloya et al., 1993; Swirnoff

et al., 1995).

Furthermore, it is of interest to note that the 3’ untrans-

lated region of EGR1 contains a predicted binding site for

miR-132 (GACUGUU, www.targetscan.org), which

strengthens the hypothesis that these two molecules may

have a close functional relationship in the NBM during the

course of Alzheimer’s disease. In summary, the up–down

patterns of expression change in miR-132 and EGR1 in the

prefrontal cortex during the course of Alzheimer’s disease

and their close relationship with Alzheimer’s disease path-

ology and with cholinergic functions make them interesting

objects of study in terms of their possible involvement in

the functional changes of the NBM during the course of

Alzheimer’s disease.

As a first essential step for further functional studies on

the involvement of these two molecules in the Alzheimer

process, we determined the expression of miR-132 and

EGR1 in the NBM during the entire course of Alzheimer’s

disease, i.e. from Braak stage 0 to Braak stage VI (Braak and

Braak, 1991) and from the clinical Reisberg scale 1–7

(Reisberg et al., 1982) in relation to the expression of

ChAT and the occurrence of the typical Alzheimer’s disease

pathologies, which include hyperphosphorylated tau as
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stained by AT8 antibody, silver stained neuronal fibrillary

tangles and neuropil thread formation, and 4G8-stained

amyloid-b accumulation.

Materials and methods

Experimental design

Forty-nine formalin-fixed paraffin-embedded blocks containing
the hypothalamus and NBM of the seven Braak stages (for
each stage, n = 7, 3 or 4 females) ranging from non-demented
controls (Braak stage = 0) to late Alzheimer’s disease stage
patients (Braak = VI) (Braak and Braak, 1991) were well
matched for confounding factors, i.e. age (P = 0.084), sex
(P = 0.098), post-mortem delay (P = 0.469), CSF pH
(P = 0.140), apolipoprotein E (APOE) genotype (P = 0.211),
clock time of death (P50.084), fixation time (P = 0.063),
and storage time (P = 0.960) (Table 1). The NBM sections
were stained by thionin for orientation, neuron number count-
ing and neuron atrophy determination. In addition, immuno-
cytochemical studies were performed by anti-AT8 for
hyperphosphorylated tau, 4G8 for intra and extracellular
amyloid-b, ChAT for cholinergic neurons, anti-EGR1 and
Gallyas silver staining for argyrophilic neuronal fibrillary tan-
gles. Moreover, in situ hybridization for miR-132 expression
was carried out on these NBM sections. Quantification of the
integrated optical density (IOD) of immunocytochemistry or in
situ hybridization signals was performed by image analysis.
Comparisons of these parameters were performed for the dif-
ferent Braak stages, together with correlation analyses. In add-
ition, three pooled clinical groups were distinguished on the
basis of cognitive functioning using the clinical Reisberg scale,
i.e. the Global Deterioration Scale for the assessment of
Degenerative Dementia (Reisberg et al., 1982), which was col-
lected for the same patients. We distinguished Reisberg 1 (no

cognitive decline group, n = 24), Reisberg 2–5 (mild cognitive
decline group, including subjects with very mild to moderately
severe cognitive decline, n = 10), and Reisberg 6–7 (severe cog-
nitive decline group, including subjects with severe/very severe
cognitive decline, n = 13). The confounding factors mentioned
above were also matched among these three Reisberg groups
except for APOE genotype (Table 1). These groups, too, were
compared on the basis of the aforementioned parameters.

Post-mortem brain material

The forty-nine post-mortem brain samples were obtained from
the Netherlands Brain Bank (NBB), Amsterdam. All material
has been collected from donors from whom written informed
consent for brain autopsy and the use of the material and
clinical information for research purposes had been obtained
by the NBB. All procedures were in accordance with the 1964
Declaration of Helsinki and its later amendments.

The clinical diagnosis of probable Alzheimer’s disease and
Braak stages was confirmed by systematic neuropathological
analyses as described before (Braak and Braak, 1991; van de
Nes et al., 1998; Bossers et al., 2010). Exclusion criteria for
control subjects were primary neurological/psychiatric dis-
orders or use of corticosteroids during the last 3 months
(for exception, see Supplementary Table 1). Investigators
were blind to the diagnosis during the immunocytochemistry
and in situ hybridization staining and quantification. The
blocks were serially sectioned at 6 mm thickness along the
rostro-caudal direction, and every 100th section was stained
with thionin to localize the NBM borders, and to measure
neuronal size and neuron number in the NBM. Six or seven
adjacent sections in the medial (occasionally lateral) parts of
the anterior NBM, i.e. Ch4-am or Ch4-al, at the level of the
fornix, and/or the anterior commissure were studied, the lo-
cation of which was described in a previous study (Mesulam
et al., 1983) and used by our group before (Dubelaar et al.,
2006).

Table 1 Group-matching information

Age (years) Sex PMD (min) CSF pH APOE FT (d) ST (m) CTD

Braak stage (n = 7/group)

0 70.8 � 6.5 4M/3F 403.5 � 61.4 6.6 � 0.2 (�)/( + ) = 5/2 39.0 � 12.7 161.9 � 73.2 13:43 � 4:48

I 79.4 � 5.6 4M/3F 338.6 � 84.2 6.8 � 0.3 (�)/( + ) = 5/2 34.6 � 4.6 173.1 � 25.6 10:49 � 4:48

II 79.3 � 6.4 3M/4F 408.6 � 210.1 6.5 � 0.2 (�)/( + ) = 5/2 33.3 � 8.6 190.7 � 23.5 10:15 � 3:26

III 82.4 � 6.1 4M/3F 453.6 � 337.5 6.6 � 0.2 (�)/( + ) = 4/3 36.7 � 12.1 165.7 � 79.2 14:23 � 4:56

IV 81.4 � 8.4 4M/3F 315.7 � 80.1 6.6 � 0.3 (�)/( + ) = 3/4 31.1 � 7.2 164.9 � 50.3 14:35 � 4:20

V 80.9 � 5.8 4M/3F 326.4 � 71.2 6.5 � 0.2 (�)/( + ) = 2/5 31.9 � 3.5 181.1 � 28.3 23:48 � 4:45

VI 75.1 � 9.3 4M/3F 284.3 � 61.9 6.7 � 0.3 (�)/( + ) = 3/4 33.4 � 9.6 172.7 � 36.0 15:08 � 4:35

P-value 0.084 0.998 0.469 0.140 0.211 0.630 0.960 5 0.084

Reisberg group

NCD (n = 24) 77.5 � 7.0 12M/12F 408.8 � 206.4 6.6 � 0.3 (� )/( + ) = 18/6 36.1 � 10.0 166.8 � 52.4 11:14 � 4:53

MCD (n = 10) 78.5 � 7.2 8M/2F 332.0 � 98.3 6.6 � 0.2 (�)/( + ) = 4/6 35.0 � 7.6 162.4 � 41.8 23:11 � 3:11

SCD (n = 13) 79.5 � 8.7 5M/8F 297.3 � 77.6 6.6 � 0.3 (�)/( + ) = 4/9 31.3 � 6.3 178.2 � 31.4 23:47 � 5:04

P-value 0.564 0.133 0.062 0.978 0.021 0.389 0.802 5 0.054

Braak stage: neuropathological progress in Alzheimer’s disease (Braak and Braak, 1991). Reisberg group: clinical progress in Alzheimer’s disease according to Reisberg scale (Reisberg

et al., 1982). Please note that based on the Reisberg scale, three groups were distinguished in the present study, i.e. no cognitive decline (NCD) group including Reisberg 1 subjects,

mild cognitive decline (MCD) group including Reisberg 2–5 subjects, who had very mild to moderately severe cognitive decline, and severe cognitive decline (SCD) group including

Reisberg 6–7 subjects, who had severe/very severe cognitive decline. P-value: differences among the seven Braak stage groups were tested by Kruskal-Wallis, except for clock-time of

death (CTD), which was tested by the Mardia–Watson–Wheeler test. All values are presented as mean � SEM. APOE = " type of apolipoprotein E; (� ): no APOE "4 carriers; ( + ):

one or two APOE-"4 carrier; F = female; FT (d) = fixation time in days; M = male; PMD (min) = post-mortem delay in minutes; ST (m) = paraffin storage time in months.
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Immunocytochemistry and silver
staining

The key information of immunocytochemistry of ChAT, AT8,
4G8 and EGR1, and double staining of 4G8 and ChAT, to-
gether with the positive or negative control stainings, is shown
in Supplementary Table 2 with references. In addition, Gallyas
silver staining was followed by thionin staining to visualize the

structure of neuronal fibrillary tangles and neuropil threads
(Gallyas, 1971).

In situ hybridization for miR-132

Chimeric 2’-O-methyl/LNA oligoribonucleotide probes were
obtained from Ribotask. The sequence of the miR-132 anti-
sense probe was: 5’-FAM-lCmGmAlCmCmAlTmGmGlCmUm

GlTmAmGlAmCmUlGmUmUlA-3’ with FAM denoting a
fluorescein tag, a locked nucleic acid (LNA) at every third
position and ma 2’O-methyl modified ribonucleic acid. The
sequence of the scrambled probe was: 5’-FAM-lAmCmUl
TmAmClGmCmUlAmGmUlGmUmGlGmAmAlCmGmClT-3’.
In situ hybridization was performed as previously described,
and the results in the cortex with antisense probe or with
scrambled probe showed the specificity of miR-132 in situ
hybridization (Lau et al., 2013).

Image analysis

Quantitative image analyses were carried out by an investiga-
tor who was blind to the experiment conditions. Neuron
density, defined as the number of thionin-stained nucleolus-
containing neurons/mm3 in the NBM, and their cell profile
sizes were determined by the image analysis procedure we
used before (Dubelaar et al., 2004) with Image Pro version
6.3 (Media Cybernetics). Quantification of the IOD of
immunocytochemistry or in situ hybridization signals was
also described in our previous study (Gao et al., 2013) and
used with a minor modification. In brief: the NBM area cov-
ered by ChAT-ir neurons was outlined manually at �10 mag-

nification. The threshold for the positive signal was set at
twice the optical density (OD) of the background. The com-
puter determined the OD of the pixels and the percentage
surface area covered by the signal (area mask). IOD was
then calculated by multiplying the OD with the area mask
corrected for background. For the silver staining, only the
background-corrected area of the positive signal (i.e. ‘inten-
sity’) was used for analysis. For the analysis of 4G8-ChAT
double-staining, Nuance 3.0.1.2 software was used to build
up spectral libraries of the chromogens (Van der Loos, 2008).
In brief, a single 4G8- or ChAT-stained slide was scanned
using the 40� objective to define the respective spectral
curves, which were then used to distinguish the two chromo-
gens in the double-stained sections for signal quantification.
To define the specific signal during masking, the OD threshold

was set at 0.18 and 0.04 for the red and blue chromogen,
respectively. Subsequently, the co-localization of ChAT-ir
(red) neurons and amyloid-b (4G8-ir, blue) was analysed. It
was found, however, that no such co-localization had
occurred (see ‘Results’ section).

Statistical analysis

For the neuronal profile size analysis the Kruskal-Wallis test
was used, with correction for multiple comparisons (Conover,
1980). Neuronal density, neuron number, and the area of
NBM per section were normally distributed, while the IODs
of ChAT-ir, AT8-ir, 4G8-ir and EGR1-ir, and the IOD of in
situ hybridization signal of miR-132, as well as the intensity of
Gallyas silver staining were normally distributed following
square root transformation (Kandane-Rathnayake et al.,
2013). The data are presented as group means � standard
error of the mean (SEM). Following the post hoc student
Newman–Keul’s test, one-factor ANOVA was applied for
group comparison. Statistical significance of the student
Newman–Keul’s test was set at 0.05. Precise P-values from
the ANOVAs are reported, whereas post hoc comparisons
are reported as being significant or non-significant.
Moreover, miR-132 and EGR1 were examined for the correl-
ation with neuron number per section in the analysis of co-
variance. A post hoc Bonferroni test was carried out for group
comparison. Comparisons for clock time of death (circular
parameters) among different Braak stages were performed by
the Mardia–Watson–Wheeler test. Correlations were evaluated
with the Pearson test. Statistical analyses were performed with
SPSS version 17.0. P-value50.05 was considered to be sig-
nificant. A power analysis with the effect of sample sizes was
calculated for the results, which indicated medium to high
statistical power.

Results

Neuron density and neuron profile
size

Neuronal profile size and neuron density were determined

in thionin stainings (Fig. 1A), which were suitable for dis-

tinguishing NBM neurons with a nucleolus from glia. The

neuronal probability density estimation of median profile

size was plotted as smoothed non-parametric alternatives

to histograms (Venables, 2002) (Fig. 1B), which showed

that there was an increased occurrence of smaller neurons

in the course of Alzheimer’s disease, indicating neuronal

atrophy. It should be noted that most, although not all,

small neurons stained by thionin were also positive for

ChAT (Fig. 2A–C). The severe cognitive decline group

showed a significantly lower median (median = 114mm2)

of neuronal profile size than the no cognitive decline

group (median = 186mm2, Kruskal-Wallis test, P50.001)

and a trend for a lower median than in the mild cognitive

decline group was present (median = 157mm2, Kruskal-

Wallis test, P = 0.053). The seven Braak stages did not

show a significant difference for neuron density [ANOVA,

F(6,42) = 1.885, P = 0.106, Fig. 1C], while the three

Reisberg groups showed a significant difference for

neuron density [ANOVA, F(2,44) = 4.590, P = 0.015],

which turned out to be based on a significant decrease in

the mild cognitive decline group compared to the no cog-

nitive decline group (student Newman–Keul’s test,
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P50.05, Fig. 1F), whereas there was no significant differ-

ence between the severe cognitive decline group and the no

cognitive decline group (student Newman–Keul’s test,

P40.05, Fig. 1F). The neuron number per delineated

NBM area and the size of the delineated NBM area per

section showed significant changes among groups

[ANOVA, F(2,44) = 7.886, P = 0.001 and F(2,44) = 4.122,

P = 0.023], which was based on a significant decreased

neuron number per delineated NBM area in the mild cog-

nitive decline group and in the severe cognitive decline

group, compared with the no cognitive decline group (stu-

dent Newman–Keul’s test, P5 0.05, Fig. 1G), and a

Figure 1 Changes in neuron density and neuronal profile size in the NBM during the course of Alzheimer’s disease. (A) Nissl

staining (thionin) of the NBM during the course of Alzheimer’s disease (AD). Note the darkly-stained nucleoli. Scale bar = 50 mm. (B) The

probability density distribution of median neuronal profile size in the NBM in the three Reisberg groups based on Reisberg scale, i.e. no cognitive

decline group (NCD, including Reisberg 1 subjects), mild cognitive decline group (MCD, including Reisberg 2–5 subjects, who had very mild to

moderately severe cognitive decline), and severe cognitive decline group (SCD, including Reisberg 6–7 subjects, who had severe/very severe

cognitive decline). Note that the area under each curve = 1. The NBM neurons in the severe cognitive decline group showed a significantly lower

median of neuron profile size (114 mm2) than those in the no cognitive decline group (186 mm2, P5 0.001) and was nearly significant as those in

the mild cognitive decline group (157 mm2, P = 0.053). The Kruskal-Wallis test with correction for multiple comparisons was applied. (C–H)

Comparison of neuronal density (C and F), NBM neuron number per section (D and G), and NBM area per section (E and H) based upon thionin

staining of the NBM in the course of Alzheimer’s disease. (C–E) Comparison of the seven separate Braak stages; (F–H) comparison of the three

Reisberg groups. One-factor ANOVA followed by post hoc student Newman–Keul’s test was applied; *P5 0.05 versus no cognitive decline. Values

were expressed as mean � SEM.
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significantly decreased size of the delineated NBM area in

the severe cognitive decline group compared with the no

cognitive decline group (student Newman–Keul’s test,

P50.05, Fig. 1H). The neuron numbers per delineated

the NBM area and the size of the delineated NBM area

did not show a significant difference among the seven

Braak stages [ANOVA, F(6,42) = 2.235, P = 0.058 and

F(6,42) = 1.343, P = 0.260, respectively; Fig. 1D and E].

ChAT immunoreactivity

The majority of the NBM neurons, either large or small,

were stained for ChAT in the cytoplasm, with the staining

extending into dendrites (Fig. 2A–C). The percentage of

ChAT-ir neurons relative to the thionin-stained neurons

in the NBM did not show significant differences among

the seven Braak stages [ANOVA, F(6,42) = 1.662,

P = 0.154, Fig. 2D], or among the three Reisberg groups

[ANOVA, F(2,44) = 2.143, P = 0.129, Fig. 2E]. In addition,

the decrease of ChAT-ir among the seven Braak stages is

shown in Fig. 2F [ANOVA, F(6,42) = 4.679, P = 0.001].

ChAT-ir started to decrease from Braak stage IV onwards

(student Newman–Keul’s test, P50.05, Fig. 2A–C).

Moreover, ChAT-ir was found to show a significant de-

crease in the mild cognitive decline group and the severe

cognitive decline group compared with the no cognitive

decline group [ANOVA, F(2,44) = 10.979, P5 0.001, stu-

dent Newman–Keul’s test, P50.05, Fig. 2G].

AT8 immunoreactivity (hyperpho-
sphorylated tau) and silver staining

AT8-ir was mainly present in the cytoplasm (Fig. 3B–D)

while argyrophilic fibres were present both in intracellular

and intercellular compartments (Fig. 3G and H). Increased

staining by AT8 and by Gallyas silver staining was observed

in the course of Alzheimer’s disease (Fig. 3A–H). AT8-ir

increased from Braak stage 0 to VI [ANOVA,

F(6,42) = 14.354, P5 0.001], reaching significance at

Braak stage III and onwards (student Newman–Keul’s

test, P50.05, Fig. 3I), while the intensity of silver

Figure 2 Changes in the ChAT-ir neurons in the NBM during the course of Alzheimer’s disease. (A–C) ChAT-ir neuron in NBM

decreased in Braak IV (B, Patient 2006-013) and Braak VI (C, Patient 2000-006) compared to Braak 0 (A, Patient 1994-063). Scale bar = 50 mm.

(D and E) Comparison of the percentage of the number of ChAT-ir neurons relative to the number of thionin-stained neurons among the seven

individual Braak stages (D), and among the three Reisberg groups (E) based upon Reisberg scale, i.e. no cognitive decline group (NCD, including

Reisberg 1 subjects), mild cognitive decline group (MCD, including Reisberg 2–5 subjects, who had very mild to moderately severe cognitive

decline), and severe cognitive decline group (SCD, including Reisberg 6–7 subjects, who had severe/very severe cognitive decline). (F and G)

Comparison of the IOD of ChAT-ir neurons among the seven individual Braak stages (F), and among the three Reisberg groups (G). Note the

significant decrease of ChAT-ir during the course of Alzheimer’s disease. One-factor ANOVA followed by post hoc student Newman–Keul’s test

was applied; *P5 0.05 versus no cognitive decline, zP5 0.05 versus Braak 0, §P5 0.05 versus Braak I, #P5 0.05 versus Braak III. The normalized

data (sqrt, square root) were expressed as mean � SEM.
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staining increased from Braak stage 0 to VI [ANOVA,

F(6,42) = 7.532, P5 0.001], reaching significance at Braak

stage V and onwards (student Newman–Keul’s test,

P5 0.05, for details see Fig. 3K). In addition, AT8-ir

showed a significant increase in the mild cognitive decline

group and the severe cognitive decline group compared with

the no cognitive decline group [ANOVA, F(2,44) = 34.887,

P5 0.001,student Newman–Keul’s test, P5 0.05, Fig. 3J].

A similar pattern of changes was observed in silver staining

for argyrophilic neuronal fibrillary tangles and neuropil

threads [ANOVA, F(2,44) = 12.250, P5 0.001, student

Newman–Keul’s test, P5 0.05, Fig. 3L].

4G8-immunoreactivity (amyloid-b)
and ChAT-4G8 double staining

4G8-ir was present in diffuse plaques in Braak stages I–VI

(Fig. 4A), whereas compact plaques were rarely seen in the

NBM. It was found that 4G8-ir was significantly increased

among the seven Braak stages [ANOVA, F(6,42) = 11.207,

P50.001], with an increase in Braak III compared with

Braak stages 0, I or II (student Newman–Keul’s test,

P50.05, Fig. 4B), while it remained stable from Braak

stage III up to Braak stage VI. In addition, 4G8-ir signifi-

cantly increased from the no cognitive decline group to the

mild cognitive decline group and then remained stable up

to the severe cognitive decline group [ANOVA, F(2,

44) = 21.643, P50.001, student Newman–Keul’s test,

P50.05, Fig. 4C]. Double staining of ChAT-4G8

showed that 4G8-ir amyloid-b was always localized outside

the ChAT-ir neurons, occurring either in the immediate

vicinity of neurons or randomly distributed over the

NBM (Fig. 4D–G).

MiR-132 in situ hybridization

MiR-132 in situ hybridization signal was present in almost

all hypothalamic neurons—more strongly so in the large

neurons of the NBM, the paraventricular nucleus and the

supraoptic nucleus. MiR-132 was mainly localized in the

cytoplasm, with intense signals on the sites of the endoplas-

mic reticulum and immediately around the nucleus

(Fig. 5A). No obvious signal was observed in glia or in

the neuronal processes. There were no significant differ-

ences in the miR-132 among the seven Braak stages

[ANOVA, F(6,42) = 1.410, P = 0.234, Fig. 5B], while a

clear decrease of miR-132 was found in the severe cognitive

decline group compared with the no cognitive decline

group and the mild cognitive decline group [ANOVA,

F(2,44) = 4.018, P = 0.025, student Newman–Keul’s test,

P50.05, Fig. 5C].

Analysis of covariance was performed to adjust the miR-

132 levels for neuron number per section. The effect of

the Braak stage remained on the levels of miR-132

with the neuron number as an explanatory variable

[F(6,42) = 3.155, P = 0.011]. In addition, there was no

effect of neuron number on the levels of miR-132 among

the seven Braak stages [F(6,42) = 0.375, P = 0.544] and

there were no interactions between Braak stage and

neuron number [F(6,42) = 0.370, P = 0.893], indicating

that the expression of miR-132 among the Braak stages

was independent of neuron number per NBM section.

Moreover, the main effect of Reisberg group on miR-132

expression remained significant, with neuron number as an

explanatory variable [F(2,44) = 7.479, P5 0.001]. A sig-

nificant interaction between Reisberg group and neuron

number [F(2,44) = 4.834, P = 0.013] and a nearly signifi-

cant effect of neuron number on miR-132 expression

[F(2,44) = 3.915, P = 0.055] were found. This indicates a

strong relation between miR-132 and cognitive function,

although the neuron number did show an effect. A post

hoc comparison of the three Reisberg groups showed a

nearly significant decrease of miR-132 expression in the

severe cognitive decline group compared to no cognitive

decline group [Bonferroni test, F(1,35) = 5.720, P = 0.063].

EGR1 immunoreactivity

EGR1-ir was detected not only in the neuronal cytoplasm

and proximal processes, but also in the nuclei of all hypo-

thalamic neurons and in glia cells of the various Braak

stages. EGR1 staining seemed to be more intense in large

neurons of the NBM, paraventricular nucleus and supra-

optic nucleus (Fig. 5D). EGR1-ir changed significantly

among seven Braak stages [ANOVA, F(6,42) = 2.755,

P = 0.024]. EGR1-ir in Braak stage V was significantly

decreased compared with Braak stage III (student

Newman–Keul’s test, P5 0.05, Fig. 5E). In addition,

EGR1-ir was significantly decreased in the severe cognitive

decline group compared to the no cognitive decline group

and the mild cognitive decline group [ANOVA,

F(2,44) = 7.092, P = 0.002, student Newman–Keul’s test,

P5 0.05, Fig. 5F].

Analysis of covariance was performed to adjust the EGR1

levels for neuron number per section. The effect of Braak

stages remained on the levels of EGR1 with the neuron

number as a covariant [F(6,42) = 4.341, P = 0.001].

Moreover, there was no effect of neuron number on the

levels of EGR1 among the seven Braak stages

[F(6,42) = 0.329, P = 0.570] and there were no interactions

between Braak stage and neuron number [F(6,42) = 0.842,

P = 0.546], indicating that the expression of EGR1 among

Braak stages were independent of neuron number per NBM

section. A post hoc comparison of the EGR1 expression in

seven Braak stages with the Bonferroni test did not show

significant changes. Moreover, the main effect of Reisberg

group on EGR1 expression was still significant with the

neuron number as an explanatory variable [F(2,44) = 6.726,

P = 0.001], while the effect of neuron number on EGR1 ex-

pression and the interaction between the Reisberg group and

neuron number were both non-significant [F(2,44) = 2.657,

P = 0.279, and F(2,44) = 2.657, P = 0.082, respectively],

which indicates that the loss of EGR1 during the course of

Alzheimer’s disease (along the decline of cognitive function
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Figure 3 Changes in the neurofibrillary tangles in the NBM during the course of Alzheimer’s disease. Neurofibrillary tangles in

NBM stained by AT8 (A–D) or silver (E–H) followed by thionin staining to visualize the microscopic anatomy during the course of Alzheimer’s

disease (AD). (A and E) Braak stage 0. No neuronal fibrillary tangles were present. (B and F) Braak stage I/II: (B) A low density of AT8-stained

granular cell bodies (arrow) with an emanating process (arrowhead); (F) spherical argyrophilic filaments in some neurons (arrow). Silver staining is

seen only rarely in cell processes, especially in long cell processes. (C and G) Braak stages III/IV: (C) A moderate density of dark spherical AT8-

stained somatic inclusions, some neurons with the nucleus located at the periphery of the soma (open arrow head) and some with an invisible

nucleus (open arrow). Less darkly stained neurons showed a granular cytoplasmic appearance (arrow); (G) A moderate density of spherical

intracellular neuronal fibrillary tangles (open arrow), extracellular neuronal fibrillary tangles (‘ghost tangles’, triangle). (D and H) Braak stage V/VI:

(D) A relatively small number of spherical deposits in the cell bodies, often lacking a discernible nucleus (open arrow) while there were still some

AT8-stained granular cell bodies (arrow) with an emanating process; (H) Intracellular (open arrow) and extracellular (triangle) neuronal fibrillary

tangles are evident. Note the predominance of extracellular neuronal fibrillary tangles. Scale bar = 50 mm. (I and J) Comparison of the IOD of

AT8-ir among the seven individual Braak stages (I) and among the three Reisberg groups (J) based on the Reisberg scale, i.e. no cognitive decline

group (NCD, including Reisberg 1 subjects), mild cognitive decline group (MCD, including Reisberg 2–5 subjects, who had very mild to moderately

severe cognitive decline), and severe cognitive decline group (SCD, including Reisberg 6–7 subjects, who had severe/very severe cognitive decline).

(K and L) Comparison of Gallyas silver staining intensity among the seven individual Braak stages (K) and among the three Reisberg groups (L).

Note the sudden increase of silver staining intensity from Braak stage II to III (L). One-factor ANOVA followed by post hoc student Newman–

Keul’s test was applied. *P5 0.05 versus no cognitive decline, zP5 0.05 versus Braak 0, §P5 0.05 versus Braak I, �P5 0.05 versus Braak II,
#P5 0.05 versus Braak III, and $P5 0.05 versus Braak IV. The normalized data (sqrt, square root) were expressed as mean � SEM.
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shown as Reisberg grouping) was independent of neuron loss.

A post hoc comparison of the three Reisberg group levels

showed a decrease of EGR1 expression in severe cognitive

decline group compared to mild cognitive decline group

[Bonferroni, F(1,21) = 8.252, P = 0.018].

Correlations

Table 2 shows the significant correlations between the par-

ameters studied. Significant negative correlations with the

Braak stages were found for miR-132 (r = �0.60,

P = 0.049), EGR1-ir (r = �0.35, P = 0.014) and ChAT-ir

(r = �0.60, P5 0.001). In contrast, Reisberg scale

(r = 0.874, P5 0.001), AT8-ir (r = 0.79, P5 0.001), silver

stained intensity (r = 0.65, P5 0.001) and 4G8-ir (r = 0.63,

P50.001) showed significant positive correlations with

Braak stages. In addition, significant correlations were

found between Reisberg scale and miR-132 (r = �0.60,

P = 0.049), EGR1-ir (r = �0.35, P = 0.014), ChAT-ir

(r = �0.60, P5 0.001), AT8-ir (r = 0.79, P5 0.001),

silver stained intensity (r = 0.65, P50.001) and 4G8-ir

(r = 0.63, P5 0.001). Moreover, miR-132 (r = 0.49,

P5 0.001) and EGR1-ir (r = 0.61, P5 0.001) both

showed significant positive correlations with ChAT-ir,

while there was a negative correlation between AT8-ir

and ChAT-ir (r = �0.33, P = 0.021). Moreover, significant

positive correlations were found between miR-132 and

EGR1-ir (r = 0.63, P5 0.001); AT8-ir and the intensity of

silver staining (r = 0.73, P50.001); AT8-ir and 4G8-ir

(r = 0.70, P50.001); and 4G8-ir and the intensity of

silver staining (r = 0.53, P5 0.001).

Discussion
In the present study, we went as far as one can go with

human tissue to follow the Alzheimer’s disease process in

a functional way, from Braak stage 0 to VI and from

Reisberg scale 1 to 7, with the samples well-matched for

the putative confounding factors. We followed the

Figure 4 Double labelling of amyloid-b (Ab) stained by 4G8 and choline acetyltransferase (ChAT)-ir in neurons of the NBM

during the course of Alzheimer’s disease (AD). (A) Diffuse amyloid-b plaques in the NBM of a Braak stage IV patient (Patient 2003-068). (B

and C) Comparison of the integrated optical density (IOD) of 4G8-ir among the seven individual Braak stages (B) and among the three Reisberg

groups (C) based on Reisberg scale, i.e. no cognitive decline group (NCD, including Reisberg 1 subjects), mild cognitive decline group (MCD,

including Reisberg 2–5 subjects, who had very mild to moderately severe cognitive decline), and severe cognitive decline group (SCD, including

Reisberg 6–7 subjects, who had severe/very severe cognitive decline). Note the sudden strong increase of 4G8-ir from Braak stages II to III and

the increase of 4G8-ir in the mild cognitive decline Reisberg stage. One-factor ANOVA followed by post hoc student Newman–Keul’s test was

applied; *P5 0.05 versus no cognitive decline, zP5 0.05 versus Braak 0, §P5 0.05 versus Braak I, �P5 0.05 versus Braak II, #P5 0.05 versus

Braak III, and $P5 0.05 versus Braak IV. The normalized data (sqrt, square root) were expressed as mean � SEM. (D–G) ChAT-4G8 double

labelling in the NBM: (D) Red chromogens based on ChAT staining; (E) Blue chromogens based on 4G8 staining. (F) Mask graph (red for ChAT-ir,

blue for 4G8-ir) in the NBM, which shows that there is no co-localization of the ChAT- and 4G8-ir, revealing that all the 4G8 stained amyloid-b is

localized in the extracellular compartment. Note some 4G8-ir is localized immediately adjacent to a ChAT-ir neuron (arrow in D), whereas other

4G8-stained diffuse plaques were randomly distributed over the section (arrow head in D). Scale bar = 50 mm.
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expression of miR-132 and EGR1 in the NBM, in relation

to the development of Alzheimer’s disease pathological mar-

kers and to alterations in ChAT. The expression of miR-132

and EGR1 in the NBM appeared to remain stable during the

early stages of Alzheimer’s disease and decreased signifi-

cantly during late Alzheimer’s disease stages. Both miR-

132 and EGR1 showed a positive correlation with ChAT-

ir across the Braak stages while the Braak stages correlated

also significantly with the Reisberg scales. Our findings in-

dicate that these two molecules may indeed contribute to

functional NBM changes, especially in its stable function

in early Alzheimer stages and its decline in late disease

stages. In addition, we performed for the first time quantifi-

cation of the changes in neuropathological Alzheimer’s dis-

ease markers in the NBM along the entire course of

Alzheimer’s disease, which showed the prominence of alter-

ations in neuronal fibrillary tangles rather than in 4G8-

stained amyloid-b. Also our finding that hyperphosphory-

lated tau, but not 4G8-stained amyloid-b, showed a signifi-

cant negative correlation with ChAT-ir, may support the

Figure 5 MiR-132 and EGR1 in NBM. (A–C) MiR-132 in the NBM during the course of Alzheimer’s disease. (A) The perinuclear and

endoplasmatic reticulum-localized miR-132 in situ hybridization signal. (B and C) Comparison of the integrated optical density (IOD) of the miR-

132 in situ hybridization signal among the seven individual Braak stages (B) and among the three Reisberg groups (C) based upon the Reisberg

scale, i.e. no cognitive decline group (NCD, including Reisberg 1 subjects), mild cognitive decline group (MCD, including Reisberg 2–5 subjects,

who had very mild to moderately severe cognitive decline), and severe cognitive decline group (SCD, including Reisberg 6–7 subjects, who had

severe/very severe cognitive decline). (D–F) EGR1-ir neurons in NBM during the course of Alzheimer’s disease. (D) Cytoplasmic EGR1 staining

extends into the dendrites, as well as its perinuclear and nuclear staining. (E and F) Comparison of the IOD of EGR1-ir signal among the seven

individual Braak stages (E) and among the three Reisberg groups (F). Note that both miR-132 and EGR1-ir decreased from the mild cognitive

decline to severe cognitive decline group (B and E). In addition, EGR1 was found to decrease significantly from Braak stage III to V (F). Scale

bar = 50mm. One-factor ANOVA followed by post hoc student Newman–Keul’s test was applied. *P5 0.05 versus no cognitive decline, †P5 0.05

versus mild cognitive decline, #P5 0.05 versus Braak stage III. The normalized data (sqrt, square root) were expressed as mean � SEM.

Table 2 Significant correlations between parameters

Reisberg scale ChAT-ir AT8-ir Argyrophilic fibre 4G8-ir miR-132 EGR1-ir

Braak stage 0.87**** �0.60**** 0.79**** 0.65**** 0.63**** �0.60* �0.35*

Reisberg scale – �0.55**** 0.80**** 0.62**** 0.61**** �0.28* �0.42***

ChAT-ir – �0.33* – – 0.49**** 0.61****

AT8-ir – – 0.73**** 0.70**** – –

Argyrophil – – – 0.53**** – –

EGR1-ir – – – – 0.63**** –

Braak stage: neuropathological progress in Alzheimer’s disease (Braak and Braak, 1991). Reisberg Scale: clinical progress in Alzheimer’s disease (Reisberg et al., 1982). Numbers

shown are correlation coefficients; – = no significant correlation. ChAT = choline acetyl transferase; AT8 = for hyperphophorylated tau; argyrophilic fibre = argyrophilic fibre stained

by Gallyas silver staining; 4G8-ir = for amyloid-b. *P5 0.05, ***P5 0.005, ****P5 0.001.

miR-132 and EGR1 in Alzheimer NBM BRAIN 2016: 139; 908–921 | 917

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article-abstract/139/3/908/2468756 by guest on 05 June 2019



idea that tau pathology, rather than amyloid-b stained in

this way, may be associated with NBM dysfunction in late

Alzheimer’s disease (Mesulam, 2013).

Neuronal atrophy

Only few studies have systematically measured the total

NBM neuron number in Alzheimer’s disease. They have

found a decrease in the total number of NBM neurons

(Arendt et al., 1985; Vogels et al., 1990) and the number

of magnocellular neurons (Cullen et al., 1997). It should be

noted that the fact that we did not observe a decreased

NBM neuron density in late Alzheimer’s disease stages is

not in conflict with previous findings of NBM neuronal

loss in this disease, as decreased NBM volume was also

observed in Alzheimer’s disease by previous studies, as indi-

cated by the diminished rostro-caudal length of the post-

mortem NBM (Vogels et al., 1990) and the decreased

NMB area measured in the present study. In addition,

decreased NBM volume was also supported by the finding

of NBM atrophy in mild cognitive impairment (Teipel et al.,

2011) and in Alzheimer’s disease patients (Grothe et al.,

2014) via MRI measurements. Moreover, NBM neuronal

loss during the course of Alzheimer’s disease was reflected

in the decreased NBM neuron number per NBM section in

our study. Finally, we observed that the neuronal profile size

in the NBM decreased in severe cognitively declined patients,

which is in accordance with previous studies that found

neuron atrophy in Alzheimer’s disease (Rinne et al., 1987;

Vogels et al., 1990). Together, these data imply that during

the course of Alzheimer’s disease, the NBM has neuron and

volume loss and neuronal atrophy, while the NBM neuron

density may remain intact in the late Alzheimer stages. We

had seen this phenomenon in other brain areas in

Alzheimer’s disease, such as the suprachiasmatic nucleus

(Swaab et al., 1985). This phenomenon makes it impossible

to derive total cell number changes from cell densities with-

out determining the volume of the structure.

Cholinergic nucleus basalis of
Meynert changes

The stable ChAT-ir in the NBM up to Braak stage IV is in

agreement with the findings of Gilmor et al. (1999) who

showed a preserved ChAT-ir in patients with mild cognitive

impairment. Our data showed that the ChAT-ir started to

decrease in the mild cognitive decline (Reisberg) group, which

included subjects with very mild to moderately severe cogni-

tive decline, represents a later stage of the Alzheimer process

compared with the mild cognitive impairment stage. The

positive correlation between Reisberg scale and ChAT-ir

also supports this idea that there is a close relationship be-

tween ChAT expression in the NBM and the clinical cogni-

tive function, and it fits well with previous study findings

(Pappas et al., 2000; Schliebs et al., 2006). The available

data, including ours, indicate that in early Alzheimer’s disease

the number of NBM ChAT-ir neurons remains stable, with

an increased metabolic activity (Dubelaar et al., 2006) that

may functionally compensate for the potential damage caused

by Alzheimer’s disease pathology, which is increased dramat-

ically between Braak stages II and III as found in our present

study. It should also be noted that a loss of cholinergic

marker (ChAT) does not automatically imply a loss of neu-

rons. Due to decreased neuronal activity, which accompanies

neuronal atrophy in the NBM (Rinne et al., 1987; Vogels

et al., 1990), a loss of cholinergic marker may precede a loss

of neurons.

Pathological changes in the course
of Alzheimer’s disease

We quantified—for the first time—the neuropathological

Alzheimer changes in the post-mortem NBM along the

whole course of Alzheimer’s disease. The neuronal fibrillary

tangles appeared to be present already in Braak stage I,

while both neuronal fibrillary tangles and amyloid-b
increased dramatically from Braak stage II to III, followed

by either a further increase (neuronal fibrillary tangles) or

stable values (amyloid-b) until Braak stage VI. Compelling

evidence has emerged for the inhibitory effect of increased

intracellular soluble amyloid-b accumulation on synaptic

transmission and plasticity (LaFerla et al., 2007). New,

and unexpected, was therefore our observation that in the

NBM almost all 4G8-stained amyloid-b was localized

extracellularly across all Braak stages. This is in contrast

with our observations with the same antibody in the pre-

frontal cortex (Bossers et al., 2010), where mainly intracel-

lular 4G8-stained amyloid-b accumulation was found in

early Alzheimer’s disease in the same period that saw a

rise in the expression of 865 genes. In addition, Baker-

Nigh et al. (2015) found intracellular amyloid-b in the

NBM with other antibodies against amyloid-b using cryo-

stat sections, which shows that different antibodies against

amyloid-b have a different specificity and sensitivity in re-

lation to the different amyloid-b species and aggregation

states. It should be noted that our findings of 4G8-stained

amyloid-b in the NBM among the seven Braak stages of

Alzheimer’s disease was similar to what was reported in a

previous study (Sassin et al., 2000), in which extracellular

amyloid-b was stained in diffuse plaques by a 4G8 anti-

body (Senetek) and the authors also found no amyloid-b
deposits in Braak stage 0, few amyloid-b deposits in Braak

stage I/II, and increased amyloid-b deposits in Braak stages

III/IV and IV/V.

Our finding that the appearance of abnormally phos-

phorylated tau dominates in the earlier Alzheimer’s disease

stages with more cell process staining, and the pronounced

silver-stained neuronal fibrillary tangles and neuropil

threads in later phases of Alzheimer’s disease, with more

‘ghost tangles’, is in accordance with previous studies

(Braak et al., 1994; Sassin et al., 2000; Mesulam, 2013).

It should be noted that, compared with adjacent silver-

stained sections, there were far fewer AT8-ir ghost tangles
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visible in the NBM at stages V–VI, which was also

observed in previous studies (Endoh et al., 1993; Braak

et al., 1994). Therefore, the combination of immunocyto-

chemistry using an anti-hyperphosphorylated tau antibody

(such as AT8) and silver staining is useful for detecting

the full range of Alzheimer’s disease-related cytoskeletal

alterations.

Hyperphosphorylated tau, but not 4G8-stained amyloid-

b, was found to show a significant negative correlation

with ChAT-ir in the NBM, and previous studies have

found a negative correlation between post-mortem neur-

onal fibrillary tangles and antemortem cognitive function

even in mild cognitive impairment (Mesulam et al., 2004;

Vana et al., 2011). Together, these data seem to support

the idea that it is tau pathology, rather than 4G8-stained

amyloid-b, that has a closer association with NBM dys-

function in Alzheimer’s disease (Mesulam, 2013).

However, an alternative explanation may be that the

other amyloid-b species, not stained by 4G8 (Baker-Nigh

et al., 2015), cause NBM degeneration or that extracellular

amyloid-b induces cholinergic cell toxicity via hyperpho-

sphorylation of tau (Kar et al., 2004).

Changes of expression of miR-132
and EGR1 in the course of
Alzheimer’s disease

In the present study, we observed a quite stable expression

of miR-132 or EGR1 in the NBM in the early stages of

Alzheimer’s disease, and a significant decline in late disease

stages. The decline of miR-132 in subjects with severe cog-

nitive decline is partly related to neuron loss, while the

decline of EGR1 is independent of neuron loss. It should

be noted that EGR1 was found to be expressed both in

neurons and in glia cells, in accordance with previous stu-

dies (Rensink et al., 2002). In addition, miR-132 and EGR1

showed a significant positive correlation with ChAT-ir

during the Braak stages, indicating that they may be

involved in the functional changes in the NBM along the

course of Alzheimer’s disease. It should be noted that both

miR-132 and EGR1 were found to show opposite effects in

relation to Alzheimer’s disease: they may both promote

synaptic activity and plasticity (Fiore et al., 2008;

Edbauer et al., 2010; Veyrac et al., 2014), and their ‘up-

phase’ of expression in the prefrontal cortex may thus play

a key role in stimulating neuronal activity in early

Alzheimer’s disease stages. In contrast, they may also

induce Alzheimer’s disease pathology such as hyperpho-

sphorylated tau (Min et al., 2010; Lu et al., 2011). Also,

EGR1 protein was concentrated in neurons with high neur-

onal fibrillary tangle density (MacGibbon et al., 1997),

while extracellular amyloid-b may induce EGR1 expression

(Killick et al., 2014). It may thus be hypothesized that

during an early rescue in the ‘up-phase’ of functional

changes in the prefrontal cortex in Alzheimer’s disease,

miR-132 and EGR1 might also set off the

hyperphosphorylated tau cascade (Lu et al., 2011; Hebert

et al., 2012; Lau et al., 2013), which may subsequently

progress independently from miR-132 and EGR1, and

cause neurodegeneration and the ‘down-phase’ of pre-

frontal cortex function. However, our data indicate that

the situation might be different for the cholinergic NBM

function, where we did not see a clear ‘up-phase’ of these

molecules, but a rather stable expression in the early stages

of Alzheimer’s disease. The significant positive correlations

between miR-132 and ChAT-ir, and between EGR1 and

ChAT-ir, and the stable miR-132, EGR1-ir and ChAT-ir

in early Alzheimer’s disease stages, together with the

decreased miR-132, EGR1-ir and ChAT-ir in late

Alzheimer’s disease stages thus indicate a protective or

positive role of these two molecules on the cholinergic

NBM in Alzheimer’s disease, the exact mechanism of

which remains an open question for study.

Concluding, miR-132 and EGR1 may contribute to keeping

the cholinergic NBM intact in earlier Alzheimer’s disease

stages and to its dysfunction in late Alzheimer’s disease stages.
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