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Abstract
Polyamines are small cationic molecules that in adult brain are connected to neuronal
signaling by regulating inward-rectifier K+-channels and different glutamate receptors.
Antizyme inhibitors (AZINs) regulate the cellular uptake of polyamines and activate orni-
thine decarboxylase (ODC), the rate-limiting enzyme of polyamine synthesis. Elevated
levels of ODC activity and polyamines are detected in various brain disorders including
stroke and Alzheimer’s disease (AD).

We originally reported a novel brain- and testis-specific AZIN, called AZIN2, the
distribution of which we have now studied in normal and diseased human brain by
in situ hybridization and immunohistochemistry. We found the highest accumulation of
AZIN2 in a pearl-on-the-string-like distribution along the axons in both the white and
gray matter. AZIN2 was also detected in a vesicle-like distribution in the somas of
selected cortical pyramidal neurons. Double-immunofluorescence staining revealed
co-localization of AZIN2 and N-methyl D-aspartate-type glutamate receptors (NMDARs)
in pyramidal neurons of the cortex. Moreover, we found accumulation of AZIN2 in brains
affected by AD, but not by other neurodegenerative disorders (CADASIL or Lewy body
disease). ODC activity is mostly linked to cell proliferation, whereas its regulation
by AZIN2 in post-mitotically differentiated neurons of the brain apparently serves
different purposes. The subcellular distribution of AZIN2 suggests a role in vesicular
trafficking.
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INTRODUCTION
The activity of ornithine decarboxylase (ODC), the rate-limiting
enzyme of polyamine synthesis, is intimately linked to cell
growth, transformation and differentiation (10). In the brain, high
concentrations of polyamines (putrescine, spermidine and sper-
mine) are present both intra- and extracellularly. The adult brain
also contains large amounts of ODC protein but its enzymatic
activity is very low. This indicates that most of the ODC in the
central nervous system (CNS) is in complex with its inhibitors,
the antizymes (AZ) (28). AZ sequesters monomeric ODC and
prevents the formation of the catalytically active dimeric enzyme
(37). AZ inhibitors (AZINs) are regulator proteins that display
a high degree of sequence homology with ODC. Through
their higher affinity for AZ, the AZINs liberate ODC from the
AZ–ODC complex, leading to the emergence of catalytically
active ODC (21, 25, 30, 50). In addition, AZINs also enhance the
cellular uptake of polyamines (23, 31). Two isoforms of AZIN are
known, AZIN1 and AZIN2. AZIN1 regulates cell growth and is

ubiquitously expressed in most cells (23). We originally identified
and cloned a second AZIN, now called AZIN2, and reported
its high expression in testis and the CNS (46). The cellular
distribution and the functional role of AZIN2 are still to be
established.

The polyamines and ODC are related to the functional regulation
of ion channels in the CNS. The inward-rectifier K+ channels that
regulate membrane-resting potential and excitability are blocked
by polyamines (14, 15, 29). Polyamines also inhibit the alfa-amino-
3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA)- and
kainate-dependent fast depolarization of glutaminergic synapses,
and thereby modulate neurotransmitter signals (8, 20). The
N-methyl D-aspartate (NMDA)-type excitatory glutamate recep-
tors (NMDAR) form glutamate-gated ion channels in the brain,
which are regulated in multiple ways by polyamines. NMDARs
mediate synaptic plasticity, which is pivotal for cognitive functions
such as memory and learning (6). The local regulation of ODC
activity and polyamine concentrations is obviously important for
the channel functioning and neurotransmitter signaling. The
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molecular details of the local regulation of ODC activity are mostly
unknown, however.

An increased amount and/or activity of ODC has been found in
the brain in neurodegerative disorders like Alzheimer’s disease
(AD) (5, 45). Beta-amyloid, which is implicated in the neurotoxic-
ity in AD, accelerates the generation of reactive oxygen species
(ROS), the accumulation of which induces ODC activity and the
production of polyamines (54). The generation of ROS is enhanced
by the binding of b-amyloid oligomers to NMDARs and is depen-
dent on NMDAR activity (11). The activation of NMDAR upregu-
lates the expression of ODC in cultured neuronal cells (43), and
this might reflect a physiological role of NMDAR signalling in the
regulation of polyamine synthesis in vivo.

In this study, we investigated the expression and localization of
AZIN2 in normal and diseased brain tissue, using immunohis-
tochemistry and in situ hybridization. As NMDAR has been func-
tionally implemented in both polyamine metabolism and neurotox-
icity, we also studied the co-distribution of AZIN2 and NMDAR1.

MATERIALS AND METHODS

The production of AZIN2 antibodies

Two antisera were raised in rabbits against synthetic peptides
STRDLLKELTLGASQATTDEVA (antiserum 2) and
STRDLLKELTLGASQATT (antiserum 3), corresponding to
amino acids 18–39 and 18–35 of AZIN2 sequence (RefSeq Acces-
sion NM_052998). This N-terminal region of AZIN2 has low
homology to ODC and AZIN1 (14% and 5%, respectively). The
longer peptide spans from exon one to exon three, leaving out exon
two that is not contained in the splicing variants (SVs) 1–7 and 9.
However, the shorter peptide is encoded only by exon 1, thus being
capable of recognizing all splicing variants, including variants 8
and 10 (46) (see Supporting Information Figure S1). Artificially
branched peptides for the immunization were synthesized with
automated peptide synthesizer 433A (Applied Biosystems, Foster
City, CA, USA) or Multipep (Intavis Ag, Koeln, Germany) using
Fmoc chemistry and purified by reverse-phase chromatography
(Vydac C18, The Nest Group Inc., Southborough, MA, USA).
Peptide purity was determined by matrix-assisted laser desorption
ionization-time of flight mass spectrometry. The antibodies were
produced by the Viikki Laboratory Animal Centre, University of
Helsinki, Finland (permission no. HY176-02 obtained from the
Animal Experiment Board of the State Provincial Office of South-
ern Finland).

Specificity testing of AZIN2 antibodies

The antisera were tested against total cell lysates of COS-7 cells
transfected with flag-tagged ODC, AZIN1 or AZIN2 (splicing
variant 1), and empty vector (p3XFLAG-CMV10, Sigma, St.
Louis, MO, USA) by immunofluorescence stainings and western
blotting. Immunofluorescent stainings were performed with antise-
rum 2 and mouse monoclonal M2 flag antibody (3 mg/mL, Sigma)
followed by fluorophore-labeled secondary antibodies. The stain-
ings were visualized with an immunofluorescence microscope
(Axiophot2, Zeiss, Jena, Germany, and SensiCam, PCO CCD
Imaging, Kelheim, Germany).

In western blotting, 20 mg of proteins from empty vector, ODC-,
AZIN1- and AZIN2-transfected cells were separated in 12%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE). After transferring the proteins to nitrocellulose
membrane (Bio-Rad Laboratories, Hercules, CA, USA) they were
immunoblotted with antiserum 3 for AZIN2 (1:200 dilution in 1:1
Odyssey blocking buffer: Tris-buffered saline (Li-Cor, Lincoln,
NE, USA) for 2 h at room temperature (RT). In antigen absorption
testing, 150 mg of peptide used for immunization were incubated
with antiserum dilution for 1.5 h, RT prior to immunoblotting. The
proteins were visualized by the Odyssey infrared imaging system
(Li-Cor) after labeling with Alexa Fluor 680 goat anti-rabbit IgG
(1:10 000 dilution, Invitrogen, Carlsbad, CA, USA). The specific-
ity of AZIN2 antiserum was further validated by immunoblotting
the same membrane with mouse monoclonal M2 flag antibody
(Sigma). Digital image processing was performed with Li-Cor
software and Adobe Photoshop CS2, version 9.0.2 (Adobe Systems
Incorporated, San Jose, California, USA).

Tissue samples

Tissue samples from human brain taken for diagnostic purposes
were used for immunohistochemistry. Seven control brain samples
and five AD samples were obtained from the archives of the
Department of Pathology, University of Helsinki, Finland. In addi-
tion, five AD samples and five matching controls belong to the
Vantaa 85+ material, University of Helsinki, which is previously
described in detail (47). The cerebral autosomal dominant ar-
teriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) and Lewy body dementia (DLB) samples, and the
corresponding control (n = 4) and AD (n = 5) cases were provided
by professor Hannu Kalimo, University of Helsinki, Finland. All
dementia samples (AD, CADASIL and DLB) and 10 of the 17
control brain samples were taken post-mortem. The other seven
control samples were taken for diagnostic purposes during epilepsy
surgery. All diagnoses were based on clinical assessment and histo-
pathological evaluation by experienced neuropathologists.

The control samples obtained from autopsies (n = 10, mean age
78 years, range 56–95 years) were immunostained for beta-
amyloid, phospho-tau and alpha-synuclein and some of them with
modified Bielchowsky silver stain as well. Tau tangles, if any, were
detected only in entorhinal cortex in autopsied control samples;
additionally Braak staging (9) 2–3 was available for five of control
cases. Brain tissue from the temporal or frontal cortex of seven
patients at a mean age of 13 years (range 1–38 years) surgically
removed for epilepsy (n = 6) or astrocytoma G2 (n = 1) was used as
control. The sections included our study were histologically normal
or contained mild atrophia or dysplasia.

The AD diagnosis was based on neuropathological examination
in which a specialist neuropathologist estimated the frequency of
senile plaques in entorhinal cortex, hippocampus, and neocortex
according to CERAD and NIA-Reagan criteria including assess-
ment of the Braak staging of the AD according to the
immunohistochemistry-based scheme (9) using AT8 phospho-tau
antibody. Braak staging of the samples was 5–6. The AD samples
used in this study were collected from the frontal cortex and
hippocampus.

The CADASIL diagnosis was verified by restriction enzyme
analysis to identify the c.397C > T (p.Arg133Cys) or c.3206A > G
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(p.Tyr1069Cys) mutation in Notch3 gene (the two predominant
mutations in the Finnish CADASIL population) as well as by elec-
tron microscopy of skin biopsy to identify the presence of the
CADASIL-specific granular osmiophilic material (GOM) as pre-
sented by Tikka et al (51). The CADASIL samples used in our
study were from frontal cortex and hippocampus.

DLB diagnosis was based on neuropathological examination by
a specialist neuropathologist using alpha-synuclein immunostain-
ing as recommended in the 2005 consensus criteria (36). PD Braak
was available but was not specifically applied to these cases. Alpha-
synuclein pathology was present in all three regions, gyrus cinguli,
frontal cortex and hippocampus. Variable extent of AD pathology
was seen in all DLB cases.

Permission for using human material was obtained in accor-
dance to the Finnish legislation, following the guidelines of the
Declaration of Helsinki.

Immunohistochemistry

Sections of formalin-fixed, paraffin-embedded human brain tissue
were air-dried overnight at 37°C, deparaffinized in xylene and
rehydrated in a graded ethanol series. Deparaffinized sections were
boiled in a microwave oven (900 W) for 20 minutes in 10 mM
citrate buffer, pH 6, for antigen retrieval, and blocked with CAS-
block (Zymed, South San Francisco, CA, USA) for 20 minutes at
RT. Tissue sections were incubated with fresh aliquots of antiserum
2 or antiserum 3 for AZIN2 (diluted 1:300–600 in Chemmate,
Dako, Glostrup, Denmark) overnight at +4°C. A Vectastain Elite
Rabbit IgG kit (Vector Laboratories Inc, CA, USA) with 3-amino-
9-ethylcarbazole (Sigma) as a chromogenic substrate was used.
Nuclei were visualized with hematoxylin counter-staining. A paral-
lel section stained with preimmune serum was included in all
immunohistochemistry as a negative control. Light microscopic
images were obtained with an Olympus BX51 microscope
(Olympus Optical, Tokyo, Japan) and a Nikon Digital Sight DS-5M
camera (Nikon Corporation, Tokyo, Japan) using NIS-Elements F
2.30 software (Nikon Corporation). Digital image processing was
performed with Adobe Photoshop CS2, version 9.0.2 (Adobe
Systems Incorporated).

Immunofluorescence staining

For double-immunofluorescence staining, deparaffinized brain sec-
tions were boiled for 10 minutes in citrate buffer and avidin-biotin
blocked before sequential incubations, first with antibodies against
AZIN2 (dilution 1:20) followed by biotinylated anti-rabbit second-
ary antibody (dilution 1:30) and streptavidin : TRITC Star3B
(dilution 1:30, Serotec ltd, Oxford, UK). After the first staining
cycle with AZIN2 antibodies and fluorophore labeled-streptavidin,
avidin-biotin block was performed. The samples were then stained
with NMDAR1 antibodies (dilution 1:50, mouse monoclonal, BD
Pharmingen, Franklin Lakes, NJ, USA) followed by biotinylated
anti-mouse secondary antibody (dilution 1:30) and streptavidin-
fluorescein isothiocyanate (FITC; dilution 1:30, Dako). Finally,
autofluorescence was blocked with 0.3% Sudan Black B (Allied
Chemical, NY, USA) treatment for 10 minutes. Antibodies,
streptavidin-labels and CAS-block were diluted in 5% horse serum.
1% bovine serum albumin (Sigma), 0.1% Tween20 (Sigma) in
phosphate-buffered saline (PBS) was used for washing the

samples. Microscopic images were obtained with an Axiophot2
immunofluorescence microscope (Zeiss) and SensiCam (PCO
CCD Imaging).

In situ hybridization

Parallel tissue sections from human brain used in immunohis-
tochemistry were hybridized with antisense and sense cRNA
probes of AZIN2. The AZIN2 cDNA was amplified by polymerase
chain reaction (PCR) using the upstream primer 5′-CAC
TCCCTGAGCTGC-3′ and the downstream primer 5′-CTGCT
CCGTGGATGGT-3′, and subcloned in both orientations into
the pCR2.1-TOPO vector. cRNA probes were labeled with
digoxigenin-UTP by in vitro transcription with T7 polymerase
using a DIG RNA Labelling Kit (Roche Diagnostics GmbH, Man-
nheim, Germany), and 200 ng of a probe were used for each
hybridization. A Ventana Discovery Staining Platform was used for
automated hybridization. The immunological detection of the DIG
label was carried out with monoclonal biotinylated anti-digoxin
antibody (Jackson ImmunoResearch Laboratories Inc., PA, USA)
at 1:2000 dilution, and using a BlueMap kit (Ventana Medical
Systems Inc., Tucson, Arizona, USA). Finally the slides were coun-
terstained with Nucleofast Red (Ventana). The probes were tested
by Southern blotting not to react with ODC nor with AZIN1
mRNA.

Western blotting

Equal amounts of human neocortical gray and white matter (post-
mortem delay <48 h) were homogenized in 2% SDS supplemented
with 1x Complete Protease Inhibitor Cocktail (Roche) and incu-
bated for 10 minutes at +70°C. Cooled samples were boiled for 5
minutes with 2¥ Laemmli sample buffer, after which proteins were
separated in 12% SDS-PAGE. Nitrocellulose membranes with
transferred proteins were immunoblotted with antibody 3 against
AZIN2 (1:200 dilution) and mouse monoclonal anti-b-actin anti-
body (1:5000, Sigma). Primary antibodies were labeled with
1:10 000 dilutions of Alexa Fluor 680 goat anti-rabbit IgG (Invitro-
gen) and Odyssey donkey anti-mouse IRdye 800 (Li-Cor). The
detection was carried out using the Odyssey infrared imaging
system (Li-Cor).

Reverse transcription PCR (RT–PCR)

Two hundred nanograms of human brain Poly A+ RNA (Clontech
Laboratories, Inc., Palo Alto, CA, USA) was used as a template in
the RT-PCR reaction (RobusT I RT-PCR Kit, Finnzymes, Espoo,
Finland) with primers to 5′- and 3′-ends of the open reading frame
of AZIN2 (5′-TCAGCTCCTCCTGCAAGGCATGG-3′ and
5′-GAGGCCCACTCACATGATGCTCGCT-3′). DNA was sepa-
rated in 1.5% agarose-gel and visualized after staining with SYBR
Green I Nucleic Acid Gel Stain (Cambrex, Rockland, ME, USA) by
AlphaImager HP (Alpha Innotech, San Leandro, CA, USA). A
positive control was included from the RobusT RT-PCR Kit.

RESULTS

AZIN2 is expressed in neurons

Different parts of the human brain were studied immunohis-
tochemically with two peptide antibodies for the expression of
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AZIN2 (Table 1). Interestingly, the neuronal tracts were strongly
visualized in all studied areas. Axon bundles emerging from lamina
V to VI were strongly positive in neocortex and white matter
(Figure 1B). Also dendrites in the subpial plexus were visualized.
In the hippocampus, antiserum 3 detected AZIN2 in axons of the
dentate gyrus, of the perforant pathway, alveus and entorhinal
cortex (Figure 1C,D). In the cerebellum, the axons of basket and
Purkinje cells expressed AZIN2 (Figure 1E–H). Also the tracts of
the thalamus (Figure 1I) and medulla oblongata (Figure 1K)
showed reactivity with antiserum 3.

Staining of the temporal and frontal lobe visualized AZIN2 also
in the soma of medium and large pyramidal neurons in lamina III to
V (Figure 1A). However, the somas of all large pyramidal cells did
not contain AZIN2. The expression was regional and involved most
of the pyramidal neurons in selected areas. In addition to the
neocortex, somas of some neurons in the medulla oblongata
(Figure 1J) and Purkinje and basket cells in the cerebellum also
expressed AZIN2. Neurons of the hippocampus, basal ganglia and
thalamus expressed only minor reactivity with antiserum 2. In the
sections from the temporal lobe, AZIN2 was occasionally detected
in oligodendrocytes (Figure 1B, insert). No immunoreactivity
was observed in parallel sections stained with preimmune serum
(Figure 1F). The staining intensity and spatial distribution of
AZIN2 was the same both in the surgically removed samples and in
samples obtained from autopsies.

In situ hybridization was used to verify the immunohistochemi-
cal staining in the neocortex. An anti-sense cRNA probe showed
reactivity with large pyramidal neurons in the same neocortical
areas where AZIN2 was detected with antisera (Figure 1L). In situ
hybridization further demonstrated the regional distribution of
cells expressing AZIN2 mRNA. No reactivity was detected with
the sense probe.

Variable expression of the SVs of AZIN2

Our two peptide antibodies differed in their affinity for AZIN2 in
the different subcellular compartments. Antiserum 3 detected a
strong expression of AZIN2 in axons, and with a lower intensity it
also stained pyramidal neurons of the neocortex. Antiserum 2, in
contrast, recognized AZIN2 in the soma and apical dendrites of
neurons but not axon-localized AZIN2. We surmise that this varia-
tion in staining pattern was caused by the selective specificity of
our antisera for different SVs of AZIN2. We have previously
reported the existence of eight alternatively spliced forms of
AZIN2 (46), and have further sequenced two additional SVs. Both
of these variants have the same initiation- and stop-codons as SV1.
SV9 lacks 84-bp from the 5′-end of exon V, and SV10 has a 93-bp

extension in the 5′-end of exon II. These variants, like all the others,
were cloned from human adult brain QUICKclone cDNA library
(Clontech). As illustrated in Figure 2A, RT-PCR with primers to
exon I and XI from human brain demonstrates multiple SVs, of
which two predominate. Antibody 3 detected two strong bands of
AZIN2 in western blotting from the white matter, whereas an addi-
tional band of apparently larger size dominated in the blottings
from the gray matter (Figure 2B). Taken together, these results
indicate that differently spliced variants of AZIN2 occur in the
CNS.

The subcellular localization of AZIN2

AZIN2 was visualized in granular or vesicle-like structures in the
soma close to the plasma membrane of pyramidal neurons in the
frontal cortex (Figure 3A). In axons, accumulation of AZIN2 was
also observed in granular or vesicle-like structures along the pro-
cessus (Figure 3B). As in the somal area, AZIN2 was localized
close to the inside of the plasma membrane following the outer
boundaries of the neurite.

A more diffuse staining for AZIN2 was seen in the Purkinje
cells, and in neurons of the hypoglossal nucleus and the pyramid of
the medulla oblongata, although vesicle-like distribution of the
staining was also detected. A distinct granular distribution of
AZIN2 was found in the lateral neurons of the medulla oblongata
(area of spinal trigeminal and ambiguous nuclei) (Figure 1J). This
staining was not restricted to the vicinity of the plasma membrane,
but was rather dispersed throughout the cytoplasm and along the
apical dendrite. Nuclear staining was occasionally observed in
immunofluorescent and immunohistochemical specimens with
both antisera to AZIN2.

AZIN2 co-localizes with the NMDA receptor
in neurons

As polyamines regulate NMDARs, we wanted to investigate the
interrelationship between AZIN2 and NMDAR. The distribution
of these proteins was studied by double immunofluorescence.
NMDAR1 was detected in most of the pyramidal cells, whereas
AZIN2 showed a more restricted expression. However, all the cells
expressing AZIN2 were also positive for NMDAR1. This indicates
an overlapping localization of AZIN2 and NMDAR1 in the cyto-
plasm of large pyramidal cells in the neocortex of normal brain
(Figure 4).

AD alters the expression of AZIN2

The expression of AZIN2 was studied in sections from the frontal
lobe and the hippocampus of 15 brains affected by AD (Table 2).

Table 1. The distribution of antizyme inhibitor 2 (AZIN2) in human brain. The distribution was investigated from immunohistochemical stainings.

Area of central nervous system AZIN2 expressing cells Subcellular distribution of AZIN2

Frontal cortex Large pyramidal Soma, apical dendrite and axon
Temporal cortex Large pyramidal Soma, apical dendrite and axon
Cerebellum Purkinje and basket cells Axon
Hippocampus Dentate gyrus, perforant pathway, alveus, entorhinal ctx Axon
Basal ganglia Neurons Axon
Thalamus Neurons Axon
Medulla oblongata Neurons Soma and axon
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Virtually all the pyramidal cells in the frontal cortex stained posi-
tively for AZIN2, lacking the regional variation seen in normal
brain. The individual cells of the AD brains also appeared to
contain greater amounts of AZIN2. In the pyramidal cells, AZIN2
was detected in large aggregates or in vacuoles (Figure 5A,B).
AZIN2 was also accumulated in the axons of AD patients
(Figure 5C). In the samples stained with antiserum 3, the axons

appeared swollen and AZIN2 was located in vacuole-like aggre-
gates that were larger than those seen in the axons of normal brain
tissue.

The neurons in hippocampal regions’ subdivisions 1-3 of
Ammon’s horn/cornu Ammonis (CA1-3) of AD brains displayed
a robust expression of AZIN2, contrary to the case in normal
brain samples. Other hippocampal neurons in AD brains showed

Figure 1. The expression of antizyme inhibitor 2 (AZIN2) in the human
brain. Neuron-specific expression of AZIN2 is detected with immunohis-
tochemistry (A–K) and in situ hybridization (L). Immunohistochemistry
with antibody 2 (A and J) against AZIN2 detects mainly neuronal bodies.

Axons are strongly stained with antibody 3 (B–I, and K). (A–B) Neocortex,
a pyramidal neuron (asterisk) and occasional oligodendrocytes (arrow-
head), (C–D) hippocampus, (E–G) cerebellum, (H–I) thalamus, (J–K)
medulla oblongata and (L) neocortex. Scale bar = 50 mm.
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interindividual differences in their expression of AZIN2. Staining
with preimmune serum remained negative.

The expression of AZIN2 was also studied in brain samples from
patients with CADASIL dementia, characterized by a thickening of
arterioles, and from patients with DLB in which intraneural Lewy
bodies are detected in the neocortex and brain stem. The expression

of AZIN2 in DLB and CADASIL dementia was mainly similar to
that seen in samples from the corresponding areas of normal brain
(Table 2).

Validation of the specificity of antibodies

Validation of the antibody specificity was carried out by western
blotting of cell lysates expressing flag-tagged AZIN2, AZIN1,
ODC or empty vector. Antiserum 3 detected three bands of
approximately 51–55 kDa in size in lysates from AZIN2 overex-
pressing cells (Supporting Information, Figure S2). No signals
from ODC- or AZIN1-expressing cells were observed. All trans-
fected proteins were visualized with an antibody against the flag-
tag. Our AZIN2 antibody detected no bands after antigen absorp-
tion, thus indicating its specificity for AZIN2 (Supporting
Information, Figure 2A).

As antiserum 2 did not work in western blotting, its specificity
was tested with these same COS-7 transfectants by immunofluo-
rescence staining. Positive signals for AZIN2 were received from
stainings of AZIN2- and ODC-transfected cells. At the subcellular
level, the localizations of AZIN2 and flag-tag overlapped only in
the AZIN2-transfectants.

DISCUSSION
Polyamines and ODC activity, which AZIN2 is assumed to regu-
late, are strongly associated with cell growth and transformation.
The expression of AZIN2 in non-proliferating neurons, however,
implicates other functions. In addition to neural cells, we have
detected the expression of AZIN2 in Leydig cells and in mast cells
(56, 57) both of which are terminally differentiated cells. Most of
the ODC in the brain is bound to AZ that blocks its enzymatic
activity (26–28). However, various stimuli, including electrical and
chemical stimulation, and traumatic injuries, activate ODC (2, 7,
12, 35, 44).

AZIN1 is distributed ubiquitously and its expression is stimu-
lated by mitotic signaling (41) leading to upregulated ODC activity
and elevated polyamine concentrations (23, 24). AZIN1 is also
highly expressed in certain cancers, indicating that they play a role
in cell transformation and malignant growth (19, 23, 49). We have
earlier found a low or absent expression of AZIN2 in cancer cell
lines (46). The ultimate role of AZIN2 in regulating ODC activity
and the concentration of polyamines is still incompletely

Figure 2. Alternative splicing of antizyme inhibitor 2 (AZIN2) in human
brain. A. Reverse transcription polymerase chain reaction with primers to
AZIN2 shows various splicing variants from pooled brain material. B.

Antibody to AZIN2 (antibody 3) has a higher affinity for the splicing variants
that are expressed in cerebral white matter, detected by immunoblotting,
compared with apparently larger splicing variants in the gray matter.

Figure 3. The subcellular localization of
antizyme inhibitor 2 (AZIN2). A. In the somal
area of neurons, AZIN2 is located close to the
plasma membrane in a granular or vesicular
distribution (staining with antibody 2). B.

Patch-like accumulations (arrowheads) of
AZIN2 are detected in axons (antibody 3). Scale
bar = 10 mm.

Expression of AZIN2 in Human Brain Mäkitie et al

576 Brain Pathology 20 (2010) 571–580

© 2009 The Authors; Journal Compilation © 2009 International Society of Neuropathology



understood, but the activity of AZIN2 is evidently not connected
with cell proliferation, and it appears that AZIN1 and AZIN2 regu-
late ODC for different purposes.

The axon bundles in neocortex, thalamus, cerebellum and
medulla oblongata stained strongly positively for AZIN2. AZIN2
was distributed in vesicle-like or granular structures along the
edges of the axons. A similar vesicle-like distribution was detected
under the plasma membrane in the somal area. The vivid traffic of
neurosecretory granules along the axonal cytoskeleton depends
greatly on the activation of G-proteins [for a review, see (40)]. We
have recently demonstrated that RhoA, a G-protein regulating
cytoskeleton dynamics, is activated via polyamination, which is
dependent on the activity and translocation of ODC (33). It is
tempting to speculate that AZIN2 might regulate ODC-dependent
local polyamination of also other G-proteins involved in the traffic
of neurosecretory vesicles.

Both of our two rabbit antibodies raised against AZIN2 peptides
showed specificity in western blotting and immunofluorescence
staining against full-length AZIN2. However, the antibodies
detected partly different distributions of AZIN2 in the brain. Only
antibody 3 showed robust staining of AZIN2 in axons, whereas
antibody 2 detected AZIN2 mainly in the somas of selected pyra-
midal neurons. This suggests an anatomically divergent distribu-
tion of the different SVs of the protein. Indeed, by RT-PCR we
detected the expression of several SVs in human brain and western
blotting revealed differently spliced species of AZIN2 in the gray
and white matter. The functional role of these SVs of AZIN2

remains to be elucidated, but it is possible that the variants target
their expression to specific cellular or sub-cellular distribution.

The expression of AZIN2 in the somas of pyramidal neurons
differed between adjacent areas in the neocortex, giving an impres-
sion of spatial and/or temporal regulation of AZIN2 expression.
Furthermore, AZIN2 co-localized with NMDAR in pyramidal
neurons, although the positive staining for NMDAR was more
widely distributed. NMDARs constantly circulate between the syn-
aptic plasma membrane and cytoplasmic vesicles upon neuronal
activation and sensory experience, contributing to long-term
potentiation (17, 48). Vesicles containing NMDARs are trans-
ported along the microtubules to postsynaptic density and extra-
synaptic areas (52, 53). Furhermore, the binding of polyamines
from the extra- or intracellular side to NMDAR can either enhance
or inhibit the influx of Ca2+ (1, 4, 13). Pretreatment of cultured
mouse cortical neurons with difluoromethylornithine (DFMO), a
specific inhibitor of ODC, abolished NMDA-induced neurotoxic-
ity (34). This indicates that intracellular levels of polyamines are
involved in the function of NMDAR. Given that polyamines regu-
late NMDAR, AZIN2 might influence glutamate-mediated signal-
ing by controlling the local synthesis of polyamines.

Elevated ODC activity and putrescine concentrations have been
detected in the brain in pathological conditions such as ischemia
and AD (5, 22, 32, 38, 39). In AD, the pathological accumulation of
b-amyloid induces activation of ODC, in addition to its ability to
provoke the generation of neurotoxic ROS (3, 18, 43). Putrescine
functions as a scavenger of free radicals and thereby buffers the

Table 2. The expression of AZIN2 in neurodegenerative diseases. The table sums up the basic information of the samples studied. The expression,
investigated in human brain samples by immunohistochemistry, was strongest and most widely distributed in the cases of Alzheimer’s disease (+++),
followed by normal brain samples. In CADASIL and Lewy body dementias, only minor amounts (+, +/-) of AZI2 were detected.

Diagnosis Level of AZI2 expression Number of cases (n) Age, mean; range (years) Gender (male : female) Dementia

Lewy body dementia +/- 4 75; 63–81 2:2 4/4
CADASIL-dementia + 4 62; 58–64 3:1 4/4
Alzheimer’s disease +++ 15 81; 63–98 6:9 15/15
Normal +/++ 17 41; 1–95 13:4 2/17

Figure 4. Co-localization of antizyme inhibitor
2 (AZIN2) and N-methyl D-aspartate-type
glutamate receptor (NMDAR)1.
Double-immunofluorescence staining of
neurons from the temporal cortex; yellow
indicates co-localization. Scale bar = 10 mm.

Figure 5. In Alzheimer’s disease, antizyme
inhibitor 2 (AZIN2) accumulates in the neuronal
bodies and axons. Immunohistochemical
stainings with antibodies to AZIN2 of neurons
of hippocampus (A), and neurons and axons
from the frontal cortex (B and C). Scale
bar = 10 mm.
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cytotoxic effects of ROS (55). Yatin et al have further shown that
b-amyloid, in addition to the induction of ODC activity, also stimu-
lates polyamine uptake (54). The cellular uptake of polyamines and
the induction of ODC activity are regulated by AZINs. The accu-
mulation of AZIN2 in AD could display neuroprotective functions
by enhancing the production and uptake of putrescine stimulated
by b-amyloid. Nilsson et al have compared the localization of ODC
in normal brain and AD brain (42). They found evidence for trans-
location of ODC from nucleus to the cytoplasm of neocortical
pyramidal cells early in AD. In addition, elevated expression of
ODC was found in cerebellar Purkinje cells and in hippocampus of
AD brains. We detected an elevated expression of AZIN2 also in
Purkinje cells and the hippocampus in AD. Earlier reports on the
immunohistochemical location of ODC in the brain may neverthe-
less require reinterpretation. The antibodies used were raised
before the identification of AZIN2 and may therefore have resulted
in substantial cross-reactivity because of the high degree of homol-
ogy between ODC and AZIN2.

In DLB and in Parkinson’s disease, the aggregation of
a-synuclein is considered to be a major pathological event. The
binding of spermine to a-synuclein provokes folding changes and
leads to the formation of aggregates (16). We, however, did not
detect any increased expression of AZIN2 in Lewy body disease,
indicating that the accumulation of AZIN2 is merely a specific
feature of AD.

As polyamines participate in many functions of a cell, their
concentration has to be locally regulated. This would require trans-
location of ODC to the different cell compartments, with local
differences in the regulation and regulators. AZIN2 apparently acts
as a local regulator of ODC, providing a rapidly mobilized tool for
the fine adjustment of polyamine generation.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:

Figure S1. The corresponding regions of peptides used for raising
antibodies against AZIN2. Antibody 2 recognition is restricted to
splicing variants 1–3, and 9, whereas antibody 3 detects all variants.
Figure S2. The specificity of antibodies to AZIN2. A. The specific-
ity of antibody 3 against AZIN2 was verified by western blotting
from COS-7 cells transiently transfected with empty vector, flag-
tagged ODC, AZIN1 or AZIN2. Antibody 3 to AZIN2 detected a
strong band from AZIN2-transfectants, which was also detected by
the antibody to flag. Cell lysates of COS-7 cells expressing flag-
AZIN2 blotted with AZIN2 antibody (Ab) or antibody preabsorbed
with the peptide used for immunization (Ag-Ab). B. Similar
COS-7 transfectants were stained by double immunofluorescence
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with antibodies against AZIN2 (antibody 2) and to the flag-epitope.
Low endogenous expression was detected in all cells, but flag- and
AZIN2-stainings co-localized only in AZIN2-transfected cells,
indicating that the homologous ODC or AZIN1 did not cross-react
with AZIN2 antibodies.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

Expression of AZIN2 in Human Brain Mäkitie et al

580 Brain Pathology 20 (2010) 571–580

© 2009 The Authors; Journal Compilation © 2009 International Society of Neuropathology


