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Abstract Alzheimer’s disease (AD) is characterized by the
loss of synaptic contacts caused in part by cytoskeleton dis-
ruption. Adrenomedullin (AM) is involved in physiological
functions such as vasodilation, hormone secretion, antimicro-
bial activity, cellular growth, and angiogenesis. In neurons,
AM and related peptides are associated with some structural
and functional cytoskeletal proteins, causing microtubule de-
stabilization. Here, we describe the relationships between AM
and other signs of AD in clinical specimens. Frontal cortex
from AD patients and controls were studied for AM, acetylat-
ed tubulin, NCAM, Ox-42, and neurotransmitters. AM was
increased in AD compared with controls, while levels of acet-
ylated tubulin, NCAM, and neurotransmitters were decreased.
Interestingly, increases in AM statistically correlated with the
decrease in these markers. Furthermore, Ox42 overexpression
in AD correlated with levels of AM. It is proposed that AD
patients may have neural cytoskeleton failure associated with
increase of AM levels, resulting in axon transport collapse and

synaptic loss. These observations suggest that reducing AM
expression may constitute a new avenue to prevent/treat AD.
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Introduction

Alzheimer’s disease (AD) is an irreversible degenerative
pathology of the brain characterized by progressive deteri-
oration of cognitive functions, affecting mainly neurons in
the hippocampus and the cerebral cortex. Histological fea-
tures of AD are senile plaques, made up of accumulations
of β-amyloid (Aβ) peptide, and neurofibrillary tangles
(NFT), which are fibrillar deposits of hyperphosphorylated
Tau protein (P-Tau) [1].

There is overwhelming evidence that Aβ accumulation is
central to the pathogenesis of AD. One of the consequences of
Aβ accumulation is the hyperphosphorylation of a
microtubule-associated protein (MAP) known as Tau.
Pathological hyperphosphorylation of Tau leads to the desta-
bilization of axonal cytoskeleton and loss of neural connec-
tions (synapses), chief markers of clinical manifestation which
stem from the inability of Tau to regulate neural microtubule
dynamics [2].

In the search for blood biomarkers of AD, some studies
have found that mid-regional proadrenomedullin is elevated
in AD patients and that the concentration of this protein could
have prognostic value in the progression from predementia to
clinical AD [3, 4]. The proadrenomedullin gene, ADM, codes
for a 185 amino acid preprohormone which, after post-
translational modifications, generates equimolar amounts of
2 biologically active peptides: prodrenomedullin N-terminal
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20 peptide (PAMP) and adrenomedullin (AM). Both peptides
are amidated at their carboxy terminus, and their their-
dimensional structure is based on a central α-helix [5].
These peptides are ubiquitously expressed and perform sever-
al functions, including vasodilatation, bronchodilatation, an-
giogenesis, hormone secretion regulation, growth modulation,
and antimicrobial activities, among others [6]. In the central
nervous system (CNS), AM is expressed throughout the
whole brain and spinal cord [7] and acts as neuromodulator
partially through NMDA-dependent mechanisms [8].

An intriguing finding from our laboratory showed that both
AM and PAMP decorate the microtubules in a variety of cell
types, including neurons [9]. Yeast-2-hybrid analysis demon-
strated that AM binds to several MAPs, whereas PAMP binds
directly to tubulin and kinesin. Cell physiology studies point
to a direct involvement of PAMP in regulating microtubule
dynamics and kinesin speed [10]. Downregulation of ADM
expression, through either gene knockdown or targeted
knockout, results in a massive hyperpolymerization of the
tubulin cytoskeleton, an increase on Glu- and acetylated-tubu-
lin, a reduction of kinesin velocity, and the apparition of actin
filopodia in CNS stem/progenitor cells [11]. In addition, AM
immunoreactivity increases in the brain of mouse models of
AD and seems to be associated with activated astrocytes in the
vicinity of amyloid plaques [12].

Taking all these into consideration, the aim of the present
work was to investigate the potential association of AM with
the pathological mechanisms of AD in patient samples.

Materials and Methods

Human Brain Tissue

Brain tissues were obtained from the Oxford Project to
Investigate Memory and Aging (OPTIMA, see www.
medsci.ox.ac.uk/optima). Subjects for this study constituted
a randomly selected subset of the participants, now part of
the Thomas Willis Oxford Brain Collection within the
Brains for Dementia Research Initiative (BDR). Informed
consent was obtained from the patients’ next-of-kin before
collection of brains, and the study was approved by the UK
National Research Ethics Service. All subjects (n = 19, 7 were
used for immunohistochemical studies, and 12 were used for
western blotting studies) fulfilled Consortium to Establish a
Registry for Alzheimer’s Disease (CERAD) criteria for the
neuropathological diagnosis of AD and were staged at Braak
V/VI. Memory status in the AD group in the last pre-mortem
examination indicated a mini-mental state examination
(MMSE) score = 5.8 ± 0.8. Age-matched and sex-matched
controls (n = 19, 7 were used for immunohistochemical stud-
ies, and 12 were used for western blotting studies) did not
have dementia or other neurological diseases, did not meet

CERAD criteria for AD diagnosis, and were staged at Braak
0-II. Frontal (Brodmann area [BA]10 or BA9) cortex were
dissected free of meninges. To partially mitigate the possible
effects of cause of death on neurochemical determinations,
brain pH was measured in homogenates of frontal cortex in
deionized water as an index of acidosis associated with termi-
nal coma. Brain pH is used as an indication of tissue quality in
post-mortem research, with pH > 6.1 considered acceptable
[13]. All subsequent analyses were performed blind to clinical
information. All biochemical studies (western blot, NCAM,
and neurochemical measurements) were performed in the
same tissues to allow correlation studies.

Immunohistochemistry

Formalin fixed, wax-embedded blocks (n = 7 in each group),
cut into 7-μm sections and mounted onto slides, were used for
immunohistochemistry. Briefly, the sections were dewaxed
and rehydrated using Histoclear and alcohol dilutions.
Antigen retrieval was carried out by microwaving the sections
for 10 min in citrate buffer pH 6.0. Following blocking of
endogenous peroxidases (0.3% H2O2 in PBS for 30 min), sec-
tions were incubated overnight with a polyclonal antibody
specific for AM (rabbit polyclonal, 1:200, produced in house).
This is a polyclonal antibody that has been previously used to
characterize AM distribution in the brain [7, 12].
Development of the sections was performed using biotinylat-
ed anti-rabbit secondary antibody, ABC reagents, and a DAB
kit (all Vector Laboratories, Peterborough, UK). Sections were
dehydrated and mounted with DPX and coverslipped. For
control experiments, the secondary biotinylated antibody
was omitted. All tissues were processed, reacted, and devel-
oped at the same time. Images were captured on a Leica
DMRB microscope equipped with DC420 digital camera.

Western Blotting

Samples (12 controls and 12 AD patients) were homogenized
in RIPA buffer (Thermo Scientific) containing protease
(EDTA-free complete, Roche, Basilea, Switzerland) and
phosphatase (PhosStop, Roche) inhibitors. Homogenates
were centrifuged for 30 min at 15,000×g and the supernatants
collected. Protein concentration was determined by the BCA
kit (Pierce, Rockford, IL), with bovine serum albumin as stan-
dard, using a spectrophotometer (POLARstar Omega, BMG
Labtech, Ortenberg, Germany). Then, 25 μg of each sample
was mixed with 4× sample buffer (Invitrogen) and heated for
10min at 70 °C. Samples were run on 4–12% SDS–polyacryl-
amide gels. Seeblue plus 2 Prestained Standards (Invitrogen)
were used as molecular weight markers. Proteins were trans-
ferred onto 0.2-μm nitrocellulose membranes (Amersham GE
HealthCare). Membranes were incubated overnight at 4 °C
with primary antibodies followed by peroxidase-labeled
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secondary antibodies. The primary antibodies used were AM
antibody (rabbit polyclonal,1:200, produced in house, [7]),
acetylated tubulin antibody (mouse monoclonal, 1:15,000,
Sigma), and Ox-42 antibody (rabbit polyclonal, 1:500,
Thermo Scientific). Immunoreactive bands were visualized
using enhanced chemiluminescence and quantified by an im-
age analyzer (Quantity One, Bio-Rad, Hercules, CA, USA).
β-Actin (mouse monoclonal, 1:10000, Sigma-Aldrich) was
used as an internal loading control. Results were calculated
as the percentage of optical density values of normal controls.

Quantification of Total Levels of NCAM

To obtain crude synaptosomal pellets, frontal cortical tis-
sue was homogenized in 10 volumes of ice-cold sucrose
(0.32 M) and HEPES (5 mM) buffer that contained a cock-
tail of protease inhibitors (Complete TM, Boehringer
Mannheim, UK) and centrifuged at 1000×g for 5 min.
The supernatant was then centrifuged again at 15,000×g
for 15 min, and the pellet resuspended in Krebs buffer.
NCAM levels were quantified according to a previously
described protocol [14]. Flat-bottom 96-well microplates
were allowed to adsorb a coating solution (Na2CO3

0.1 M/ NaHCO3, 0.1 M) for 2 h at room temperature.
The solution was removed and 50 μl of pellet samples
added at a concentration of 10 mg/ml to each well of poly-
styrene flat-bottom ELISA plates. Plates were incubated
overnight at 4 °C and then washed three times with 1 M
phosphate-buffered saline (PBS) containing 0.05% Tween
20, pH 7.4. Additional binding sites were blocked with
bovine serum albumin (BSA) (3%) for 2 h at room temper-
ature. Wells were incubated with 50 μl aliquots of primary
antibody Ab5032 (1:15,000 TBST; Chemicon) for 20–24 h
at 4 °C, and subsequently, 50 μl aliquots of anti-rabbit IgG
peroxidase conjugate antibody (1:500; Sigma, UK) were
added for a 2-h incubation period. TMB (Promega) was
used as a chromogenic substrate. The reaction was termi-
nated by the addit ion of 1 N hydrochloric acid.
Absorbances were measured at 450 nm using an automatic

ELISA microplate reader. Results were expressed as abso-
lute absorbance values.

Neurochemical Measurements

As previously described [14], concentrations of different neu-
rotransmitters were determined by high performance liquid
chromatography (HPLC) with electrochemical detection
(Waters Spheribor® S10 0DS2 4,6 × 150 mm), including
pre-column derivatization with o-phthaldehyde and β-
mercapthoethanol for GABA and glutamate determinations.
The limit of detection was 1 pg/10 μl for 5-HTand DA, 20 pg/
10 μl for glutamate, and 50 pg/10 μl for GABA content.

Cholinergic activity was measured in terms of
cholinacetyltransferase (ChAT) activity. This assay was per-
formed as described [15]. Results were expressed as percent-
age of control values.

Statistical Analysis

Data were analyzed by SPSS for Windows, release 15.0.
Normality was checked by Shapiro-Wilks’s test (p > 0.05).
Student’s t test was used in comparisons between controls
and AD samples. Correlation studies between biochemical
variables were performed by Pearson’s or Spearman’s corre-
lation coefficients, according to the normality of variables.

Results

There were no significant differences in age, post-mortem
delay, or brain pH between the control and AD groups. As
shown in Fig. 1, the AM antibody stained several structures,
including neurons, in cortical BA9 area in both AD and con-
trol human tissue. AM immunoreactivity was particularly
prominent in pyramidal cells of cortical layers IV–V, where
either nuclei and/or cytosolic compartments were immuno-
stained. A detailed analysis revealed stronger AM labeling
in apical dendrites and axons from AD pyramidal neurons

Fig. 1 Immunostaining for AM
in the frontal cortex of a control
subject (a) and an Alzheimer’s
disease patient (b). AM staining is
more intense in the apical
dendrites (arrows) and axons
(arrowheads) of pyramidal
neurons in AD. Scale bar = 25μm
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(Fig. 1b) when compared to normal controls (Fig. 1a).
Western blot experiments revealed two different bands of
about 14 and 55 kDa using the AM antibody (Fig. 2). The
14-kDa band corresponds to the proAM protein which in-
cludes PAMP and AM moieties. The second band at around
55 kDa purportedly shows the association between ADM gene
products and tubulin as previously described [9]. Significant
increases of both AM bands were found in AD compared with
controls (Fig. 2a).

Given the demonstrated relationship among AM, PAMP, and
tubulin polymerization [9], we studied the expression of acety-
lated tubulin and found that it was significantly decreased in AD
samples (Fig. 3a). These data suggest that the higher levels of
AM and/or PAMP could be associated with cytoskeleton desta-
bilization in AD. Supporting this idea, there was a strong trend
when correlating products ofADM gene (55 kDa) and acetylated
tubulin expression (r = −0.540; p = 0.07, Pearson’s correlation
coefficient). The expression of another synaptic plasticity pro-
tein, the neural cell adhesionmolecule (NCAM),was significant-
ly lower in AD frontal cortex compared to controls (Student’s t
test; p < 0.05, Fig. 3b). Decreases in NCAM expression were
significantly correlated to increases in AM (14 kDa) levels
(r = −0.641; p < 0.05, Pearson’s correlation coefficient).

The expression of Ox-42, a microglia activation marker,
was significantly enhanced in AD over controls (Student’s t
test; p < 0.05, Fig. 4). AM (14 kDa) and Ox-42 expression
were significantly and positively intercorrelated in AD
(r = 0.702; p < 0.05, Pearson’s correlation coefficient).
Levels of different neurotransmitters were also measured in
cortical samples of AD patients and controls. Significant de-
creases in ChAT activity and 5-HT, DA, and GABA levels
were observed in AD patients (Student’s t test; p < 0.01,
Table 1). A significant correlation between the reduced levels
of neurotransmitters and increased levels of AM (14 kDa) was
found for GABA (r = −0.709; p < 0.05, Spearman’s correla-
tion coefficient) glutamate (r = −0.718; p < 0.05, Spearman’s
correlation coefficient).

Fig. 2 Changes of AM
expression in Alzheimer’s disease
(AD) and normal control patients.
Both AM (14 kDa) and AM as-
sociated to tubulin (AM-tub,
55 kDa) show significantly in-
creased levels in AD. Panels show
percentage of optical density
(O.D.) values of control and rep-
resentative pictures of the blot-
ting. β-Actin is used as internal
loading control. *p < 0.05,
Student’s t test

Fig. 3 Decreased levels of acetylated tubulin (Ac-tub, a) and NCAM (b)
were found in the frontal cortex (BA10) of Alzheimer’s disease (AD)
patients. a Shows percentage of optical density (O.D.) values of control
and representative pictures of the blotting. β-Actin is used as internal
loading control. NCAM levels are expressed as absolute absorbance val-
ue. *p < 0.05, Student’s t-test
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Discussion

In this study, we have shown that human brains from AD
patients have a higher expression of AM than age-matched
normal controls. This increased AM correlated with lower
levels of acetylated tubulin, NCAM, and neurotransmitters
and a higher level of activated microglia.

Previous reports have indicated that mid-regional
proadrenomedullin levels may constitute an early prognostic
marker of AD [3, 4]. This intermediate peptide does not have a
known function but is used as a surrogate of AM expression
since it has a longer half-life than the mature peptide [16].
Currently, our study seems to be the first report on the in-
creased expression of mature AM in the brain of AD patients,
although a similar observation was made in mouse models of
AD [12]. The specific localization of AM-immunoreactivity

in the soma and apical dendrites of cortical neurons coincides
with original observations in rat brains [7]. Electron micros-
copy [7] and immunofluorescence [9] studies have shown that
intracellular AM is associated to the neuronal microtubules.
The fact that the increase on AM immunoreactivity correlates
with a reduction in acetylated tubulin levels suggests a role for
the proadrenomedullin-derived peptides in neuronal cytoskel-
eton maintenance. In the case of microtubule dynamics, the
contribution of PAMP is likely to exert a more specific con-
tribution to microtubule dynamics than AM, since previous
studies have shown the profound impact of PAMP on micro-
tubule fluidity [9].

Tubulin acetylation is a post-translational modification of
α-tubulin that sustains microtubule stability [17]. The reduced
levels of acetylated tubulin levels in AD patients when com-
pared to non-demented controls suggest the presence of less
rigid microtubules in these patients, which might contribute
and precipitate synaptic disconnections. We had to consider
that our AD patients had a MMSE score of 5.8 ± 0.8, which is
considered a telltale for severe cognitive impairment [18].
Other α-tubulin modifications have been also reported to in-
crease in neurodegenerative diseases, including AD [19].

NCAM is part of a family of cell-surface glycoproteins
that plays key roles in normal brain development, includ-
ing axonal/dendritic growth and branching, and synaptic
plasticity [20–23]. NCAMs have been implicated as criti-
cal components in the induction of long-term potentiation
(LTP) and in memory formation [20, 21]. NCAMs have
been shown to play critical roles in ontogenetic develop-
ment and are thus surrogate markers of age-related pathol-
ogy, particularly in AD [24, 25].

Synaptic loss is the major neurobiological substrate of
cognitive dysfunction in AD. Synaptic failure is an early
disease event that can be already detectable in patients with
mild cognitive impairment, a prodromal state of AD
(reviewed by [26]). This pathological feature progresses
during the course of AD though in most early stages in-
volves mechanisms of compensation (synaptic remodeling
or synaptogenesis) before reaching a stage of decompen-
sated function (degeneration) [27, 28].

There are previously published studies that have reported
either no changes [29] or increased [27, 30] levels of NCAM
in the hippocampus of AD patients. The latter observations
have been related to enhanced neurogenesis and may be in-
dicative of adaptive brain mechanisms to compensate for the
structural and functional damage caused by the disease.
Soluble forms of NCAM are increased in the cerebrospinal
fluid of both AD and Parkinson disease patients, but these
increases seem to be related to aging and neurodegeneration
and not to dementia as such [31]. In the serum samples, only
levels of low molecular weight forms of NCAM correlated to
severity of dementia [32]. In agreement with our observations,
decreased levels of NCAM have been found in the frontal

Table 1 Neurochemical measurements in the frontal (BA10) cortex of
controls and Alzheimer’s disease (AD) patients

Control AD

ChAT 100.32 ± 8.94 31.68 ± 3.53*

5-HT 48.66 ± 5.90 26.09 ± 3.58*

DA 91.44 ± 19.39 38.56 ± 6.52 *

GABA 752.39 ± 99.41 569.33 ± 45.97*

Glutamate 6639.55 ± 625.98 5450.75 ± 561.90

Values are mean ± S.E.M from control (n = 12) and Alzheimer’s disease
patients (n = 12). ChAT activity is expressed as percentage of activity
relative to control. 5-HT, dopamine (DA), GABA, and glutamate levels
are expressed as pg/mg of tissue

*Significantly lower than control, Student t test, p < 0.01

Fig. 4 Increased expression of Ox-42, as marker of activated microglia,
in the frontal (BA10) cortex of Alzheimer’s disease (AD) patients. Panel
shows percentage of optical density (O.D.) values of control and repre-
sentative pictures of the blotting. β-Actin is used as internal loading
control *p < 0.05, Student’s t test
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cortex of AD patients [33], which might stem from the syn-
aptic loss associated to the course of disease.

The correlation between Ox-42 and AM expression sug-
gests that increased AM expression is somewhat related to the
activation of microglia, the resident immune cells of CNS,
therefore indicating that increases in brain AM expression
could be contributing to cerebral amyloid-associated inflam-
mation in AD. Inflammatory responses in the brain, which can
be measured by changes in markers for microglia activation,
such as Ox-42, are a common feature of human neurodegen-
erative diseases. A crucial role has been described for neuro-
inflammation in AD pathogenesis, and emerging evidence
suggests that neuroinflammation could be both a cause and a
consequence of AD [34].

Neuron and synapse loss, together with neurotransmitter
dysfunction, Aβ deposition, and neurofibrillary tangles, are
recognized hallmarks of AD [35]. Furthermore, clinical and
preclinical studies point to neuronal loss and associated neu-
rochemical alterations of several transmitter systems as a main
factor underlying both cognitive and neuropsychiatric symp-
toms [36]. The neurodegenerative process, as indicated by
neurofibrillary tangle pathology, proceeds from the hippocam-
pus and entorhinal cortex to involve increasingly the gluta-
matergic neurons of the cortical association areas in a topo-
graphical progression [37]. Other studies have reported dys-
function in the major cortical inhibitory GABAergic system in
AD which may in part be dependent on disease severity and
behavioral symptoms of dementia, such as depression [38].

Clinicopathological correlation studies have been crucial to
generate hypotheses about the pathophysiology of the disease
and potential targets of intervention. From our present obser-
vations in AD postmortem tissue, it might be inferred that
therapeutical approaches aimed at reducing AM/PAMP levels
may constitute a novel path to prevent/delay AD neurodegen-
eration. A few years ago, a particular single nucleotide poly-
morphism (SNP) in the proximity of the ADM gene was found
to be associated with reduced circulating levels of AM [39]
and lower risk of developing cancer [40]. Therefore, it would
be interesting to perform follow-up studies on these carriers in
order to evaluate whether this particular haplotype prevents
from susceptibility of predeveloping AD. In addition, several
physiological inhibitors of AM have been proposed for clini-
cal development, including a monoclonal antibody [41], the
peptide fragment AM22–52 [42], and a number of small mol-
ecules that target either AM or PAMP [43, 44]. Therefore,
some of these inhibitors might be developed for the pharma-
cological prevention of AD in individuals at high risk [45] or
in patients suffering moderate AD in high risk of rapid cogni-
tive decline [46].

Overall, increased AM levels are found in brains of AD
patients correlating negatively with markers of cytoskeleton
stability and cell-to-cell interactions. Therefore, ADM gene
products might represent novel pathological features

contributing to perturbations of neuronal maintenance and
synaptic function in AD, and their pharmacological inhibition
may constitute a novel approach to the treatment of AD.
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