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Abstract
Effective control of the Ca2+ homeostasis in any living cell is paramount to coordinate some of the
most essential physiological processes, including cell division, morphological differentiation, and
intercellular communication. Therefore, effective homeostatic mechanisms have evolved to
maintain the intracellular Ca2+ concentration at physiologically adequate levels, as well as to
regulate the spatial and temporal dynamics of Ca2+ signalling at subcellular resolution. Members
of the superfamily of EF-hand Ca2+-binding proteins are effective to either attenuate intracellular
Ca2+ transients as stochiometric buffers or function as Ca2+ sensors whose conformational change
upon Ca2+ binding triggers protein-protein interactions, leading to cell state-specific intracellular
signalling events. In the central nervous system, some EF-hand Ca2+-binding proteins are
restricted to specific subtypes of neurons or glia, with their expression under developmental and/or
metabolic control. Therefore, Ca2+-binding proteins are widely used as molecular markers of cell
identity whilst also predicting excitability and neurotransmitter release profiles in response to
electrical stimuli. Secretagogin is a novel member of the group of EF-hand Ca2+-binding proteins
whose expression precedes that of many other Ca2+-binding proteins in postmitotic, migratory
neurons in the embryonic nervous system. Secretagogin expression persists during neurogenesis in
the adult brain, yet becomes confined to regionalized subsets of differentiated neurons in the adult
central and peripheral nervous and neuroendocrine systems. Secretagogin may be implicated in the
control of neuronal turnover and differentiation, particularly since it is re-expressed in neoplastic
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brain and endocrine tumours and modulate cell proliferation in vitro. Alternatively, and since
secretagogin can bind to SNARE proteins, it might function as a Ca2+ sensor/coincidence detector
modulating vesicular exocytosis of neurotransmitters, neuropeptides or hormones. Thus,
secretagogin emerges as a functionally multifaceted Ca2+-binding protein, whose molecular
characterization can unravel a new and fundamental dimension of Ca2+ signalling under
physiological and disease conditions in the nervous system and beyond.
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1. Introduction: brief overview of Ca2+-binding proteins with emphasis on
the central nervous system

Calcium (Ca2+) is an essential bivalent ion in every organ system of the body. Ca2+

bioavailability determines, e.g., the rate of skeletal and heart muscle contractions, the
rigidity of bones, the function of various enzymes as co-factor, and the membrane properties
and excitability of cells such as neurons. Ca2+ acts as a second messenger in signal
transduction pathways in many fundamental biological processes governing embryonic
development and adult physiology [1]. Therefore, the loss of Ca2+ homeostasis invariably
manifests in disease. Since the momentarily available intracellular Ca2+ concentration
([Ca2+]i) critically determines the ability of neurons to release neurotransmitters [2] from
nerve terminals through soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE)-dependent exocytosis of neurotransmitter-laden vesicles [3], pathological
changes in Ca2+ signalling can precipitate in neuropsychiatric and neurological diseases
[4,5] including migraine, ataxia [6], Alzheimer's disease (AD) [7], stroke [8,9] or epilepsy
[6,10].

Several mechanisms have evolved to provide efficient homeostatic control of the Ca2+

homeostasome, as well as to prevent irreparable cellular damage, including Ca2+ extrusion
by plasmalemmal Ca2+-ATPases [11], dissipating Ca2+ oscillations via Ca2+ uptake by
intracellular stores [12], and chelation of free, cytosolic Ca2+ by Ca2+-binding proteins
(CBPs) [13]1. CBPs share a unique tandem repeat of a Ca2+ -binding loop flanked by two α
helices known as the “EF-hand” Ca2+ -binding site [14,15]. The discovery and localization
of Ca2+-binding proteins in the nervous system [13,16-21] together with detailed analysis of
the structure and ion binding characteristics of their “EF-hand” domains [14,15] provided an
essential impetus to expand and refine our knowledge of the molecular regulation of Ca2+-
dependent processes in synaptic neurotransmission and the regulation of neuron-glia
interactions.

CBPs can be divided into two major groups [22]: (i) Ca2+ sensors, which undergo
significant conformational rearrangements when binding Ca2+, allowing them to interact
with specific downstream targets to initiate signal transduction cascades; (ii) cytosolic Ca2+

buffers that bind Ca2+ without conformational changes to dissipate local Ca2+.
Synaptotagmin, calmodulin and S100 families are classical representatives of Ca2+ sensors
to affect kinases (e.g., Ca2+/calmodulin-dependent kinases), phosphatases (calcineurin) [21],
during, e.g., exocytotic processes [3,23], neurite outgrowth [24,25], cell division, gene
expression and cell survival [26,27]. Distinction between Ca2+ sensors or buffers is not
necessarily clear (Table 1) since the function of individual proteins can depend on their focal
concentration, the availability of interacting partners in signaling networks, and the cellular
context.
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In neurobiology, the parvalbumin (PV) and calbindin subfamilies, the latter including the
vitamin D-dependent 28 kDa isoform of calbindin (CB) and calretinin (CR), gained
significant attention since they exhibit phylogenetically preserved tissue-specific expression
patterns in vertebrates [13,28,29]. These CBPs are restricted to morphologically distinct
subpopulations of GABAergic interneurons and local projection cells in rodent, primate and
human cerebrum with the exception of CB that is also expressed by cortical pyramidal and
dentate granule cells [17]. Besides revealing morphologically distinct types of neurons, PV,
CB and CR also contribute to shaping electrophysiologcal characteristics [30,31]: amongst
interneurons, PV(CB)-containing cells are generally termed “fast-spiking”, whereas CB or
CR-containing interneurons commonly belong to regular or irregular-firing subclasses,
respectively [29,32-34].

Varying numbers of Ca2+-binding sites, of which some are non-functional or exhibit
different affinity to Mg2+, are found in these CBPs (Table 1). PV, widely considered as the
“prototypic” Ca2+ buffer with high-affinity Ca2+ binding, is able to bind both Ca2+ and
Mg2+. CB exhibits low affinity Mg2+ binding, whereas CR is unable to bind this bivalent
cation [35]. Notwithstanding the broadly held view of being a cytosolic “buffer” protein
[36], CB has a significant number of identified target proteins (Table 1) in neurons [37-42]
suggesting additional Ca2+ sensor-like functions. CR may also possess Ca2+ sensor
properties since it undergoes significant conformation changes upon Ca2+ binding [43].

If cytosolic CBPs are pivotal to coordinate neuronal excitability then their genetic deletion
must impact the organization and function of the nervous system. Deletion of PV or CB
results in impaired motor coordination [44], and neuronal sensitization towards injury and
metabolic hypofunction in epilepsy and aging [45,46]. Similarly, the lack of CR leads to
motor coordination defects in mice [47]. Although most neurons express a typifying
cytosolic Ca2+ buffer protein in the brain, CBPs can occasionally co-localize [32,48,49].
Nevertheless, neurons appear to commit to certain Ca2+ buffers since genetic removal of a
CBP is usually not compensated by up-regulation of expression of another EF-hand CBP
superfamily member (see however, [50]).

Are there yet uncharacterized neuron-specific CBPs in the nervous system? The answer is
clearly “yes” since secretagogin has recently been demonstrated to identify
developmentally-related neuronal subpopulations in the mammalian brain [51,52], including
humans [53,54]. Secretagogin is a hexa EF-hand CBP capable to simultaneously bind four
Ca2+ ions [55,56]. Its tertiary structure changes upon Ca2+ -binding [55]. This property,
together with an in vitro-identified cellular interaction network [57], suggests that
secretagogin may act as a Ca2+ sensor rather than buffer in neurons. This review summarizes
experimental and histopathological data hitherto obtained and concerned with secretagogin's
structure, expression pattern, physiological and pathological significance and discusses
critical experiments to conclusively define secretagogin functions in the central nervous
system (CNS).

2. Secretagogin's cloning and transcriptional control
Secretagogin was discovered by using the “expression dictates function” principle: quantal
insulin release from pancreatic β cells relies on the Ca2+-dependent exocytosis of insulin-
filled large dense core granules [58]. Once insulin-containing secretory vesicles are docked,
a Ca2+ “sensor” of the synaptotagmin family [23] is required for vesicle fusion into the
plasma membrane to proceed. The obligatory Ca2+ dependence of this release mechanism,
alike neurotransmitter release from nerve endings [3], illustrates how the intracellular Ca2+

homeostasis contributes to defining intercellular communication. This notion was the critical
stepping stone for Wagner et al. [59] to search for novel “sensors” in pancreatic β cells, and
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led to the cloning of secretagogin upon immunoscreening a cDNA library expressed in
λgt11 phage with a monoclonal antibody (D24) raised against unknown insulinoma-specific
antigens [60].

Sequence alignment of the secretagogin cDNA identified a single genomic locus mapping
onto chromosome 6 in humans (6p22.1-22.3) [59]. The open reading frame (ORF) encoding
secretagogin in human consists of 828-base pairs (bp) [59], flanked by 5′- (156 bp) and 3′-
untranslated (450 bp) nucleotide sequences. Although the precise exon map encoding
secretagogin's 42 C-terminal amino acids (AAs) remains elusive, the secretagogin mRNA
appears to be the splice product of at least 10 exons spanning >33 kbps [59]. The
polyadenylation signal is localized to bases 1412–1417, yet a poly(A) tail was not found
[59].

Skovhus et al. [61] reported basal constitutive promoter activity when subcloning a 1498 bp
fragment (-1427 to +71 bp) upstream to secretagogin's transcription start site into a firefly
luciferase construct and expressing this in a rat insulinoma cell line in vitro. This finding and
the moderately (∼40%) enhanced activity of secretagogin's putative promoter at near-
physiological (5.5 mM) glucose concentrations [61] suggest metabolically regulated
secretagogin transcription in pancreatic β cells. Future identification of the minimal essential
promoter, and a detailed map of transcription factor binding sites will be necessary to
appreciate secretagogin's transcriptional variations under disease conditions. In this context
it is worth noting that 11 single nucleotide polymorphisms (SNPs), eight of which modify
transcription factor binding sites - such as Oct-1, Pit-1 a, GATA1, Sp1 - map to the 1700 bp
5′ untranslated region (over the putative promoter) upstream from the secretagogin gene
[61]. These SNPs are unlikely to contribute to familial type 1 diabetes though [61]. Yet they
may be significant in the molecular pathogenesis of neuropsychiatric conditions:
secretagogin has recently been implicated in cellular neuroprotection under degenerative
conditions [53,54]. SNPs could alter secretagogin's promoter activity and impact Oct-1,
Pta-1a, GATA1 and/or Sp1 transcription factor-dependent cellular differentiation [62],
transformation [63] and survival programs in glia and neurons, reliant on coordinated Ca2+

signalling, in AD [64,65], Down's syndrome with in utero onset [66] and hypoxia [67].

2.1. Splice variants
The size of secretagogin's major mRNA transcript is ∼1,500 bp in all organs harbouring
secretagogin expression. Yet a 2600-bp mRNA variant was identified in the pancreas [59],
which may either represent the primary mRNA or be specific to pancreatic β cells.

Alternative RNA editing in both normal neuroendocrine tissues and neoplasias can give rise
to secretagogin-R22, which contains a single AA exchange (Q/R) at codon 22 (exon 1) [68].
Since AA22 is positioned outside the closest EF-hand motif, the ensuing secretagogin-R22
protein exhibits unchanged Ca2+-binding activity. In contrast, a 49 AA-long peptide, setagin
(∼7 kDa), is generated when exons 2 and 7 (83-153 and 472-527 bp of the ORF,
respectively) are lost in pancreatic β cells [68]. Only setagin's 27 N-terminal AAs are
identical to those of secretagogin due to a frame shift (also introducing a terminal codon).
Thus, setagin lacks EF-hand domains resulting in the complete loss of Ca2+ binding [68].
Since setagin is expressed in the human pancreas, it is surprising that neither setagin's organ
system-specific distribution nor the molecular identity of setagin-containing cells has so far
not been studied. Functional characterization of this protein may be of interest, too, since
setagin can coexist with secretagogin [68] and thus could compete with secretagogin when
binding to interacting partners [57] under (patho-)physiological conditions.
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3. Protein structure and physicochemical properties
Once translated, human secretagogin is a 276 AA acidic protein with a calculated molecular
weight of 32 kDa [51,59]. The bulk (>90%) of secretagogin is localized in the cytosol, with
scant quantities likely present in the nucleus [51,52,54,59,69-71].

Secretagogin contains six tandem repeats of the EF-hand Ca2+-binding domain, with
predicted loops at all six Ca2+-binding sites [56,59]. Five of the Ca2+-binding sites are 12
AAs in length with a glutamate residue at position 12. Conspicuously, and unlike other CBP
families, secretagogin's fourth EF-hand site only consists of 8 AAs [56]. This change may
suggest loss-of-function variation with both the functionality and avidity of the fourth EF-
hand sequence's for Ca2+ being reduced in comparison to the longer sequences. When
crystallized in its Ca2+-free conformation [56], secretagogin appears as a modular protein
(radius of gyration: 20.6 Å) consisting of three globular domains (12 Å each). Each of these
domains contains a pair of EF-hand motifs, with an overall configuration resulting in a bulky
V-shaped molecule. Two flexible linkers (AAs 85-98 and 176-185) are predicted to join
secretagogin's Ca2+-binding domains, providing a distinct grove at the interface of
secretagogin's globular domains. Within individual globular domains, Ca2+ binding loops of
the EF-hand motifs contain the consensus sequence DXDGXGXGXIXXXEF (“X” indicates
variable AA residues) [55] and form a solvent-exposed two-stranded anti-parallel β sheet. A
four-helix bundle formed from helices of the two EF-hand motifs in each domain gives rise
to a domain core, which is stabilized by extensive hydrophobic interactions. Comparative
structure prediction suggests that the metal binding loops of secretagogin's EF1,3,4,6 motifs
adopt conformations similar to those of calmodulin, an archetypical CBP [56]. Whilst the
EF2 motif is uniquely structured, EF5 is in a “Ca2+-ready” conformation and stabilized by
electrostatic interactions even in the absence of a metal ion.

Theoretically, each molecule of secretagogin could bind a maximum of six Ca2+ ions
[55,56,59]. However, secretagogin may be fully competent for Ca2+-binding in only some
species (e.g., Danio rerio, Xenopus laevis, Gallus gallus) [56]. Secretagogin orthologs from
higher eukaryotes contain at least one non-functional EF-hand motif due to mutation(s) or
deletions (e.g., the EF2 loop might not bind Ca2+ in Primates and human). In accordance
with the predicted ability of highly conserved EF3-6 loops to bind Ca2+, isothermal
calorimetry confirmed a 1:4 stochiometry of Ca2+ binding per human recombinant
secretagogin molecule [55].

Cytosolic CBPs, as said, broadly fall into two main categories: i) intracellular Ca2+ buffers
(Kd < 0.1 μM) [13,72] or ii) Ca2+ “sensors”/signal modulators (Kd > 0.1 μM). Ca2+ binding
by buffer proteins (e.g., PV, CB) occurs in the absence of major modifications to the
quaternary protein structure. In contrast, Ca2+ “sensors” (e.g., calmodulin) undergo
conformational modifications upon binding free Ca2+ ions (chelation) [14,15]. None of the
Ca2+ sensors are themselves enzymes [14]. Instead, their conformational changes orchestrate
specific interactions with target proteins - 87 proteins with discrete binding motifs co-
precipitate with calmodulin alone in mouse brain [73] - to initiate signalling events.
Secretagogin has two classes of Ca2+-binding sites: a high affinity site is accompanied by
three low-affinity sites with the latter class exhibiting a high degree of co-operativity of
Ca2+ binding [55]. Secretagogin's half-maximal [Ca2+] binding affinity is ≈25 μM in quasi-
physiological salt buffers (e.g., 150 mM KCl) [55]. This is significantly lower than that of
PV (equilibrium dissociation constant (Kd) ≈ 0.05 μM) [55] (Table 1) and suggests that only
0.5 – 14% of secretagogin might be saturated at resting intracellular Ca2+ concentrations.

Secretagogin undergoes tertiary structure rearrangement when binding Ca2+ (1 mM), and its
Ca2+ affinity is comparable to that of e.g. synaptotagmin I [55]. These properties suggest
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that secretagogin may not function as a canonical intracellular Ca2+ buffer, but belong to the
Ca2+ “sensor” family instead [55]. However, secretagogin's target spectrum appears to be
more restricted than that of many other Ca2+ sensors, with prevailing intermolecular
interactions probably regulating vesicular exocytosis in both endocrine cells and neurons
[55,57].

3.1. Interaction with molecular motors of vesicle trafficking
A prerequisite of dynamic signalling processes is the fine-tuned control of the intracellular
Ca2+ concentration. Ca2+ “sensor” proteins coordinate cellular responses by interacting with
specific networks of target proteins. A Ca2+ “sensor” protein can exist in Ca2+-free (apo),
Ca2+-bound or Ca2+/target-complexed signal-competent configurations. If secretagogin is a
Ca2+ sensor protein then it must dynamically and reversibly interact with specific targets to
initiate cell state-specific signalling events.

Soluble N-ethylmaleimide-sensitive factor attachment protein of 25 kDa (SNAP-25) has
been identified as the first candidate to bind secretagogin, when tissue homogenates from
either brain or pancreatic cell lines were superfused over immobilized recombinant
secretagogin bait [55]. This high-affinity interaction proceeds in the presence of Ca2+ (Kd =
1.2 × 10-7 M) yet becomes significantly reduced when apo-secretagogin participates in the
absence of Ca2+ (Kd = 1.5 × 10-6 M) [55]. It is likely that secretagogin's domain
participating in this molecular interaction maps onto its internal or C-terminal AA sequence
since setagin, with only its N-terminal extremity homologous to that of secretagogin, cannot
bind SNAP-25 [55]. More recently, high content protein array screening has identified at
least nine proteins – SNAP-23, double C2-like domain-containing protein α (DOC2α), ADP-
ribosylation factor GTPase-activating protein 2 (ARFGAP2) and its homolog (ARFGAP3),
kinesin (KIF5B), rootletin, β-tubulin, N,N-dimethylarginine dimethylaminohydrolase 2
(DDAH-2), ATP-synthase O subunit, and myeloid leukemia factor 2 – as potential
interaction partners [57]. The Kd of these targets from secretagogin ranges from 100 pM - 10
nM. Putative members of this interactome network specifically contribute to intracellular
trafficking (KIF5B, β-tubulin, ARFGAP2/3), docking (SNAP-23, DOC2α), scaffolding
(rootletin; in retina [74], and fusion (SNAP-23) of transport vesicles during exocytosis.
Cumulatively, these data suggest that secretagogin may be essential in neuroendocrine
(hormone) and synaptic (neurotransmitter) release by fine-tuning short-range Ca2+

signalling.

The finding that SNAP-25, and its homologue SNAP-23 (exhibiting ∼60% sequence
identity) can bind secretagogin in vitro fuels the hypothesis that secretagogin might be
involved in the focal control of vesicle exocytosis in both neural and endocrine systems
[55,57]. Secretagogin's probable molecular inter-actors have been identified by using high-
density protein arrays and validated by surface plasmon resonance and pull-down assays of
the proteins co- and over-expressed in heterologous cell systems in vitro [57]. While these
methods are suggestive of putative molecular interactions, they lack inherent instrumental
capacity to reveal whether or not these in vitro interactions are of physiological relevance
(that is, whether the proteins are natively co-expressed in any given cell type of the
organism). In fact, neither vesicular glutamate nor vesicular GABA transporter appears to
co-exist with secretagogin in forebrain neurons of mammals, including primates (AA, THö
& THa, unpublished data). Therefore, future functional studies must clarify the precise
cellular context(s), in which secretagogin can drive (patho-)physiological processes by
modulating cellular responsiveness through the Ca2+-dependent formation of effector
complexes.
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4. Secretagogin expression: focus on the neuroendocrine axis and central
nervous system

Secretagogin expression has been mapped in virtually all organ systems of rodents, primates
and human (Fig. 1 and 2). Initial investigations highlighted secretagogin's neuroendocrine
attributes (Fig. 1A-B): Northern blotting revealed robust secretagogin mRNA expression in
the pancreas, and to a lesser extent in the adrenal medulla and cortex, thyroid, pituitary, and
the luminous organs of the gut (stomach, small intestine, colon) surfaced by simple epithelia
(Fig. 1B) [59]. In the digestive tract, the localization of secretagogin+ cells typically
reflected the histological pattern of enteroendocrine cells [59], and secretagogin's co-
localization with specific neuroendocrine markers in the prostate confirmed cell identity
[75]. In a case study, secretagogin expression was also reported in an exocrine gland, the
submucosal gland of the human nasal mucosa [76]. These studies were significantly
extended by showing secretagogin expression in subpopulations of developing or adult
neurons [51,52], and implicating secretagogin in cellular defences against neuronal injury in
neurodegenerative diseases, particularly AD [53,77].

The first attempt to demonstrate secretagogin expression in the human brain was through
histopathological examination of post-mortem tissues [59,78], and led to a secretagogin
“proto-map” including immunoreactive structures in the temporal cortex, basal ganglia,
hippocampus, hypothalamus and cerebellum. Detailed neurochemical and neuroanatomy
studies in mouse [51] showed secretagogin mRNA and protein at varying levels in the
granular and periglomerular layers of the main olfactory bulb, non-cholinergic cells in the
medial septum, granule cells in the anterior hippocampal continuation (including the dentate
gyrus, indusium griseum and tenia tecta) along the corticolimbic axis, locus coeruleus, and
cerebellum (Fig. 1). The overall conclusion based on presently available localization data
[51] is that i) secretagogin-positive cells are invariably neurons. ii) Secretagogin's
expression pattern complements that of PV. Yet secretagogin has been found associated with
CR in olfactory periglomerular cells in mouse [51] and human (J.A., A.A., T.H.,
unpublished data). More infrequent is the co-localization of secretagogin and CB, e.g. in the
ventral pallidal territory, which still contains appreciable quantities of dual-labelled neurons
[51]. iii) New insights in secretagogin expression might help resolving the origins of
particular cell assemblies in the brain, like the anterior hippocampal continuation whose
olfactory vs. hippocampal origins [79,80] are still debated. Based on their secretagogin
immunoreactivity and electrophysiological characteristics it seems that a substantial
proportion of neurons in the indusium griseum might share developmental origins with
granule cells of the dentate gyrus [51].

Developmental studies have recently addressed whether secretagogin is expressed in the
foetal brain. The long-held view is that CBPs are late markers of postmitotic GABA cells in
both the mouse forebrain [81]: CB-positive(+) pioneer neurons populate the cerebral cortex
by embryonic day (E) 14 in mouse [82], and are also present in human fetal brain by week
14 of pregnancy [83]. CR-expressing neurons invade the developing cerebrum by mid-
gestation in both rodents and human [84,85]. While PV first appears at E13 in the sensory
ganglia and ascending pathways in the spinal cord, the onset of PV expression in forebrain
GABAergic neurons is restricted to the first postnatal week [20,86], except in human
telencephalon where PV-immunoreactive Cajal-Retzius cells were noted by gestational
weeks 20-24 [84]. In the mouse forebrain, secretagogin emerges as early as E11 in the
anterior wall of the cerebral vesicle, i.e. the prospective olfactory bulb and in the subpial
area of the ganglionic eminence [52]. A day later, these cells transit the differentiation zone
and were identified as post-mitotic, non-pyramidal neurons at the subpial surface (Fig. 2).
Neurons from this pool then migrate either to the olfactory bulb or the subpallium caudally
to commit neurons to the extended amygdala, where they can acquire neurochemical
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characteristics of cholinergic or GABAergic neurons. Since postmitotic neurons express
secretagogin, it is not surprising that they retain expression of this CBP postnatally [51,52].
Accordingly, secretagogin+ neurons populate the bed nucleus of the stria terminals, the
interstitial nucleus of the posterior limb of the anterior commissure, ventral pallidum, the
dorsal substantia innominate and the central and medial amygdaloid nuclei in neonates and
adults.

Another key site of secretagogin expression is the mammalian retina, where it is seen in
well-defined subtypes of cone, but not rod, bipolar cells with prominent labelling of
dendrites, perinuclear cytoplasm, axon, and axon terminals [69]. Secretagogin mRNA and
protein expression exhibits rapid developmental onset during postnatal days 4-6 in mouse
[87], preceding eye opening and the critical period of cortical plasticity during which
sensory neuronal circuitries undergo robust activity-dependent refinement. This, together
with the temporal expression pattern of the developing mouse retina OFF and ON bipolar
cells suggests secretagogin's contribution to synapse maturation and functionality [69].

Secretagogin's distribution in the nervous system may suggest the following inferences: i) If
secretagogin effectively contributes to shaping [Ca2+]i then it may affect the excitability of
secretagogin+ neurons. This notion forecasts identification of a “secretagogin-containing
interneuron” subtype amongst GABA cells. ii) Secretagogin's developmental expression
[52], together with its retained presence in new-born neurons during long-range migration in
the adult brain [51] suggest a role in defining cellular motility, or repression of Ca2+-
regulated mechanisms of morphological differentiation (that is, to keep cells in migratory
streams). Therefore, perturbed secretagogin expression may precipitate congenital disorders
associated with cell misplacement or aberrant patterning of neuronal network connectivity.
iii) Secretagogin-expressing cell groups often align the brain's ventricular system with
dendrites positioned along the pial surfaces (e.g., indusium griseum, tenia tecta,
hypothalamus) [51,52,78]. If secretagogin is indeed a Ca2+ sensor in vivo then it could
trigger the release of neuroactive substances from neurons into the cerebrospinal fluid
(CSF). This hypothesis is supported by circulating secretagogin in the CSF [78]. iv)
Secretagogin is found at high concentrations in heart muscle, with its blood levels elevated
after cardiac ischemia or stroke [88,89]. Therefore, secretagogin's presence in the circulation
may be secondary to cell death and lysis or represent the regulated release of a bioactive
substance to trigger (neuro-) protective responses.

4.1 Phylogenetic variations
EF-hand CBPs exhibit a high degree of sequence homology: secretagogin's sequence is in
37% and 38% identical to CB and CR, respectively. AA sequences of zebra fish (Danio
rerio), rat, mouse, primate or human secretagogin are highly homologous (Danio rerio's
secretagogin is 73% identical to human secretagogin) with considerable variations within its
N-terminal, resulting in the loss of two EF-hand motifs in rat secretagogin [90]. This
evolutionarily conserved homology is also reflected by secretagogin's tissue expression
patterns with the pancreas, adrenal glands and neuroendocrine cells consistently
immunoreactive for secretagogin [90].

Despite the above predictions, detailed neuroanatomical analyses have uncovered critical
differences amongst otherwise seemingly similar subsets of telencephalic neurons in
different species: i) in the rostral migratory stream, where adult-born neuroblasts migrate
towards the olfactory bulb, secretagogin identifies neuroblasts in primates. In mice,
however, secretagogin immunoreactivity is largely to post-migratory granular and
periglomerular olfactory bulb neurons [51]. ii) A similar tendency of secretagogin to label
non-differentiated neurons was seen in the primate dentate gyrus where even new-born
granule cells, positioned in deep cell layers adjacent to the neurogenic subgranular zone
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[91], were secretagogin+. In contrast, only mature granule cells facing the molecular layer of
the dentate gyrus contain secretagogin in mouse (Fig. 1D). In primate or human
hippocampus, morphologically-diverse secretagogin+ cells include bistratified-like cells,
interneurons, as well as pyramidal cells [51,54]. iii) In spite of gross similarities in the
positioning and extent of the anterior hippocampal formation, neurons of the ventral tenia
tecta showed secretagogin immunoreactivity only in primates but not in rodents. iv) In stark
contrast with the mouse basal forebrain, secretagogin co-exists in the vast majority of
choline acetyltransferase immunopositive projection and interneurons in primates [51,52].
Instead, secretagogin+ neurons are GABAergic with spiny dendritic tufts in both the
caudatoputamen complex and the ventral pallidal region of the mouse.

Phylogenetic differences across mammalian species are apparent already during embryonic
development. In primates, the early cholinergic lineage commitment associated with a
selective up-regulation of secretagogin expression is a striking characteristics of higher-
order mammals [52]. In addition, and in contrast to rodents, the density of secretagogin+

neurons colonizing amygdaloid nuclei is relatively low in primates.

Evolutionary variations in secretagogin expression are surprising, particularly since the
cellular identity of PV, CB and CR immunoreactive neurons, at least in the corticolimbic
system, is phylogenetically preserved [13]. The significance of species-specific variations of
secretagogin expression in developing and adult neurons is unknown. We hypothesize that
secretagogin's distribution relate to the increased complexity of brain structure –
underpinning higher cognitive performance – in primates and humans. For example, the
appearance of secretagogin expression in forebrain cholinergic projection neurons may be a
hallmark of refined cholinergic neurotransmission and more precise integration of
cholinergic afferents into cortical circuitries through the increased temporal precision of
neurotransmitter release via modulating Ca2+ signalling both at cholinergic presynapses, as
well as the somatodendritic axis of cholinergic neurons.

4.2 Secretagogin functions in the nervous system and beyond
Scientific evolution dictates that any new field of scientific endeavour is first concerned with
the localization and followed by the functional characterisation of its target. Accordingly,
presently available data are inconclusive to define secretagogin's cellular role(s). It remains
critical to establish whether secretagogin is a “buffer” or “sensor” in living organisms, and
whether it recruits specific target(s) to trigger signalling cascades. In neurons, new
understanding will be imperative to characterize whether secretagogin predominantly affects
the somatodendritic compartment by stabilizing cytosolic [Ca2+]i or Ca2+-dependent
neurotransmitter release. “Is secretagogin in CSF or blood (see below) active or merely a by-
product of cellular injury or turnover?” Although secretagogin's presence in the blood has
repeatedly been demonstrated, our view is curtailed by the lack of primary mechanistic
experimental data. Yet secretagogin's localization in neuroendocrine cells and exocrine
organs [59,78] is suggestive of activity-dependent secretagogin release. Elevated blood
secretagogin levels after brain or cardiac tissue damage lend further support to this argument
[88,89]. Nevertheless, we at present cannot rule out the passive, damage-induced release of
the protein. Deciphering secretagogin's (patho-)physiological significance clearly dictates
the generation of new experimental models, including – but not restricted to -
pharmacological and transgenic in vivo technologies, intravital imaging of tagged
secretagogin and large-scale interactome analyses in living cells. It will be pertinent to
determine the molecular cascade underpinning secretagogin release, the receptor(s) of
secreted CBPs, and their putative sites of action to fully understand the functional role, as
well as to appreciate the diagnostic significance of altered secretagogin expression and
cellular localization under pathological conditions. Future investment into methodological
development might reward investigators by identifying novel modes of intercellular
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communication, including neuron-neuron, neuron-glia or glia-glia (including microglia
oligodendroglia and astroglia) communication, through regulated secretagogin release.
These considerations will also be critical to exploit the clinical potential of this protein (see
below).

5. Secretagogin: a dynamically released Ca2+-binding protein in cancer?
Disease diagnosis - often through retrospective analysis - includes histopathological
examination and blood testing. Considering its tissue expression profile (see above),
secretagogin received interest as an emerging biomarker with particular promise for the
differential diagnosis of gastrointestinal, gonadal and brain tumours [70,71,75,92,93], as
well as acute ischemic stroke [88,89].

Tumorigenesis is associated with significant changes in secretagogin expression at both the
mRNA and protein levels [94]. For example, while secretagogin is physiologically
expressed in neuroendocrine cells situated in the basal layer of the colorectal mucosa [71],
its protein level becomes reduced (2 to 4 fold) in benign hyperplastic-metaplastic polyps,
tubular and tubulovillous adenomas of the colon [71]. In colorectal carcinomas, remnant
secretagogin expression (>10 fold decrease in protein as well as mRNA) is confined to
proliferating cells with malignant morphology [93]. Similarly, secretagogin is expressed in
the anterior pituitary gland [78,95]. Yet both secretagogin (2.2-6.9 fold) protein and mRNA
(1.8-18.6 fold) were found downregulated in non-functional pituitary adenomas [94] with
protein and mRNA levels exhibiting a strong - whether positive or negative - relationship.
These findings were confirmed and extended [92] by showing secretagogin expression in a
subset of hormone (ACTH, prolactin and growth hormone)-producing pituitary adenomas.

Secretagogin has also been found expressed with high probability in many neuronal tumours
(neurocytomas, neuroblastomas, medulloblastomas), while lower abundance of secretagogin
+ cells was encountered in oligodendrogliomas, ependymomas, and meningoblastomas [92].
These data suggest that secretagogin levels undergo significant changes in tumour cells
relative to their non-neoplastic cell analogues, allowing the use of secretagogin as a marker
of cell differentiation and transformation.

The regulated release of a signalling molecule from a given cell implicates the secreted
substance in sculpting intercellular communication with discrete temporal and spatial
constraints. CBPs can be released from tumour cells, immortalized cell lines or neurons to
underpin pathologic or non-physiological modes of intercellular communication. Although
not typical, the release of other CBPs is an acknowledged phenomenon. Amongst the
“classical” neuron-associated CBPs, secreted α and β paralbumins [96] and calbindins [97]
have been found to impact predatory behaviours and venom secretion in lower vertebrates.
In particular, α and β paralbumins from frog skin mucus function as unexpectedly
efficacious chemo-attractants, and elicit predatory attack responses in snakes [96]. S100 (its
name derived from soluble in ammonium sulphate at neutral pH) is another example of
secreted cytosolic CBPs: in the brain, S100 can be released from astrocytes to modulate
neuronal differentiation and axonal growth responses [24,98], cell survival [25,99] and
synaptic plasticity [100]. Both S100α and S100β isoforms can be released, particularly
during the rapid proliferation phase of cultured cells [101]. Notably, the plasma
concentration of released S100β is considered as a prognostic marker for melanoma cells
[102]. Similarly, elevated serum concentrations of secreted CR, and its splice variant
(calretinin 22k; Table 1) have been detected in colorectal cancer patients [19].

Multiple levels of pre-clinical and clinic-pathological evidence suggest that secretagogin
may be released from various tissues upon cytotoxic injury [60,88,92,103]. Constitutively
released secretagogin was initially recovered from a variety of stably transfected tumour-
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derived cell lines under resting conditions [59]. In addition, immunogenic stimuli can
facilitate secretagogin release from, e.g., Jurkat cells [59]. Secretagogin can also be detected
in the plasma of patients (8-1,800 pg/ml by means of sandwich ELISA) with metastasising
carcinoid tumours [71]. Notably, Gartner et al. [104] have recently reported the presence of
elevated secretagogin levels (1,424 – 2,436 pg/ml) in the plasma of two patients one year
prior to their diagnosis with aggressive malignant glioma. This finding could reinforce
secretagogin's potential as a prospective cancer biomarker. However, these patients were
diagnosed with either glioblastoma multiforme or anaplastic astrocytoma. In contrast, large-
scale histopathological profiling excluded the association of secretagogin expression in
astrocytoma, while only revealed sporadic changes in glioblastomas [92]. This paradox may
be resolved by either assuming that tissue-infiltrating gliomas might impact the structural
integrity of secretagogin-expressing territories in the human brain or tumour-related
disruption of the blood-brain barrier can facilitate secretagogin extravasation into the
systematic circulation.

Secretagogin expression may stochastically change in cancerous non-neural systems,
compromising its prognostic value. Thus, although secretagogin has been identified in
human prostate, no changes could be traced in blood samples or immunohistochemically in
adenocarcinomas [75]. In the gastrointestinal system, in contrast to a marked down-
regulation of secretagogin expression in most colorectal cancerous tissues, some colorectal
cancers were characterized by secretagogin-expressing cells [93]. These cells showed
malignant morphology which queries a “protective role” for secretagogin, seen in other
diseases [54]. In the urinary system in turn, secretagogin levels are not down- but up-
regulated in renal cell carcinomas as shown by peptide mass fingerprinting [105]. This
finding was clinic-pathologically rationalized by Ilhan et al. [106] who showed a correlation
between the secretagogin level and incidence of distant metastases in clear-cell renal
carcinomas. Similarly, a fivefold increase in secretagogin protein level was shown in an
animal model with cancer bone invasion that could be reversed by radiation [107].
Cumulatively, these data suggest that secretagogin localization in both specific organ
systems and serum may be of prognostic value, particularly since it correlates closely with
the stage, grade, progression and metastases of cancer. Nevertheless, opposite and
potentially contradictory changes in secretagogin levels in different tumour histories make
further advances indispensable to clarify general vs. organ- or tumour-specific mechanisms.

5.1. Secretagogin release: at best a surrogate marker in stroke?
Stroke is a life-threatening condition when blood supply to the brain, in whole or in part, is
acutely disrupted by obstruction of its vasculature, precluding minimally sufficient blood
supply [108]. Acute haemorrhagic stroke is associated with plasma extravasation or bleeding
due to blood-tissue barrier damage or the physical rupture of blood vessels. Clinically, acute
stroke manifests as a sudden focal neurological deficit of presumed vascular origin [88]. A
major challenge in stroke therapy is unequivocal and rapid differential diagnosis since
disease prognosis and recovery expectations progressively worsen within the first 24 hours.
Therefore, it is of clinical benefit to characterize reliable predictive biomarkers [109].

First, Gartner et al. [78] have suggested secretagogin as a candidate (yet delayed) biomarker
of neuronal damage since this CBP displayed elevated plasma levels in patients days after
hypoxic brain injury or stroke. Subsequently, secretagogin, as a putative “secreted” protein,
has been assayed in two consecutive studies with progressively increasing patient cohorts
[88,89]. Secretagogin has been confirmed as a protein detectable in plasma shortly after
stroke. However, its levels were initially reported as being constant – irrespective of the type
of stroke (e.g., cardioembolic or atherothrombotic aetiology) in a cohort of 707 subjects –
unless diabetes was assigned as a predisposing variable [89]. Yet significant association of
six biomarkers, including secretagogin, was demonstrated upon increasing the population
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size (to 915 cases), and by testing stroke cases against stroke-mimicking conditions [88].
Although statistically significant, the magnitude of difference between plasma secretagogin
concentrations of stroke (median: 150 ng/ml; range: 70-320 ng/ml) vs. stroke-mimicking
patient groups (median: 190 ng/ml; range: 100-490 ng/ml) was limited, relative to e.g.,
caspase-3. Notably, plasma secretagogin levels exhibited pronounced association with age,
smoking, dislipidemia and myocardiopathy. Hypothetically, since secretagogin is expressed
in the heart [52], this latter parameter may be reflective of either an active, or a damage-
induced passive secretagogin release from the myocardium under chronically hypoxic
conditions. It is noteworthy though that data on a relationship between secretagogin and
atrial fibrillation-associated silent white matter lesions, without presenting acute
neurological deficits, failed to associate secretagogin in plasma (∼106 pg/ml (disease) vs.
∼76 pg/ml (control)) with either atrial deficits or lesion score over a sample size of 222
patients [103]. Overall, these data suggest that secretagogin is a poor stroke biomarker -
relative to D-dimer, caspase-3, S100β, matrix metalloproteases, brain natriuretic peptide -,
unless specific conditions with massive infarcts probably resulting in secretagogin “leaking”
from damaged neurons are considered. It is therefore conspicuous whether secretagogin may
be classified as a putative marker of “neuronal death”, particularly since secretagogin
distribution in the human brain is confined to neurogenic and secretory niches and cell
lineages [52-54,77] (L. Wagner, personal communication), precluding the use of this CBP
as a ubiquitous neuronal marker.

“Does secretagogin in plasma or interstitial extracellular fluid exert any specific function?”
This remains one of the key questions for future studies. Based on the data discussed above,
one may predict that secretagogin release is a secondary, passive consequence of cellular
destruction and damage in the nervous system. In contrast, recent advances in the study of
secretagogin in cancer might suggest otherwise. Highly (more than 10-fold) increased serum
secretagogin levels may reflect homeostatic responses to control cell proliferation, and
differentiation. This might be in line with the similar intracellular effect of secretagogin, i.e.
an impact upon growth control and differentiation [59,71]. As such, a molecular mechanism
reminiscent of S100β's action profile may be a tempting hypothesis.

6. Aging and neurodegeneration: Ca2+ sensor meets Ca2+ buffer?
Impaired Ca2+ homeostasis has been broadly implicated in the aetiology of
neurodegenerative diseases [7,27,110-113]. Therefore, CBPs attracted substantial attention,
particularly in AD, the most frequent form of dementia [7,27,110-113]. PV and CR were
indicated to be neuroprotective in AD although their mechanism of action remains elusive
[114,115].

Recently, a series of studies have addressed secretagogin's cellular localization in the
hippocampal formation of AD subjects [53,54], as well as experimental models [77].
Secretagogin immunoreactivity in aged humans is present in the hippocampal formation
including the cornu ammonis (CA) subfields and subiculum [54]. Neuronal expression was
restricted to pyramidal cell-like neurons, as suggested by their characteristic
cytoarchitecture. In contrast, somatic secretagogin immunoreactivity was not found in either
the entorhinal cortex or dentate gyrus. Instead, secretagogin+ neuropil was seen, reminiscent
of a dense meshwork of fine calibre processes. Quantitative analyses using age, gender or
dementia stage as co-variables showed retained secretagogin expression in all CA subfields
in AD [54]. Subsequent morphometric analysis demonstrated that secretagogin-expressing
neurons were spared of hyperphosphorylated tau pathology (e.g. neurofibrillary tangles, a
hallmark of AD pathology [116]), as the percentage of secretagogin or tau immunoreactive
somata showed no correlation, and co-localization was sporadic in any CA subfield [53]
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(Fig. 3). An appealing interpretation of these findings is that secretagogin+ expressing
neurons are largely resistant to neurodegeneration in AD.

However, these histopathological findings in human brain tissue may be challenged by data
from transgenic models of tau pathology (P301L mice) [77], displaying widespread tau
accumulation in the hippocampus and neocortex. Although regions devoid of tau expression,
i.e. bed nucleus of stria terminalis, showed unaltered secretagogin immunoreactivity, greatly
diminished neuronal secretagogin labelling was reported in the hippocampus affected by tau
over-expression. Yet, and similar to findings in human brain, cellular co-localization of
secretagogin and tau was not observed in the P301L hippocampus [77]. Data from the above
lines of research might be reconciled by suggesting that tau overexpression exceeding a
critical threshold will ultimately impair neuronal integrity such that secretagogin expression
becomes down-regulated. The eventual interdependency of secretagogin and tau has been
further strengthened by data from insulin-secreting cells [117]: association of secretagogin
and the tau's 4R isoform were demonstrated by pull-down assays and
immunohistochemistry, fuelling the hypothesis that secretagogin might participate in the
Ca2+-dependent fine-tuning of microtubule dynamics [117]. Nevertheless, and without
conclusive evidence on secretagogin's cellular function(s), the role of this CBP in
neurodegeneration ultimately remains elusive.

7. Concluding remarks
Since its identification ∼10 years ago, secretagogin received attention from research groups
working on tumour monitoring, medical endocrinology, pathology and neurobiology. These
studies have clearly achieved milestone results by interrogating from different aspects of
fundamental and clinical (applied) biology. Yet secretagogin has thus far attracted
surprisingly low interest from the scientific community, failed to enter the textbooks and
become part of mainstream research. This is probably because secretagogin-related studies
appear fragmented and critical proof-of-concept experiments have evaded contemporary
investigations. To change the landscape of appreciation, two fundamental points need urgent
clarification: In which cellular or intercellular compartment secretagogin functions as a
“pure” Ca2+ buffer, sensor or dual-action protein? What is its precise mode of action? To
achieve tangible clinical benefit, secretagogin's role in tumour pathology should be clarified
to prevent further contradictions, as well as to assert a causal relationship between tumour
growth and secretagogin's expressional regulation. Similarly, future milestones in
neurobiology will be to conclusively establish secretagogin's cellular function, providing
much-needed information for investigations in its role in processes of neuronal specification,
synaptic communication and survival under disease conditions including AD, epilepsy or
pain. If secretagogin truly is “the fourth musketeer of neuronal CBPs” (M.R. Celio,
http://ejnblog.wordpress.com/2010/07/03/secretagogin-the-fourth-'musketeer/) then this
protein has tremendous discoveries on offer, most of which just have started to emerge.
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List of non-standard abbreviations

AA amino acid

AD Alzheimer's disease

ARFGAP2/3 ADP-ribosylation factor GTPase-activating protein 2/3

bp base pair
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CA cornu ammonis subfields of the hippocampus

[Ca2+]i intracellular Ca2+ concentration

CB calbindin D28k

CBP Ca2+-binding protein

CNS central nervous system

CR calretinin

CSF cerebrospinal fluid

DDAH-2 N,N-dimethylarginine dimethylaminohydrolase 2

DOC2α double C2-like domain-containing protein α

E embryonic day

GAD glutamic acid decarboxylase

Kd equilibrium dissociation constant

ORF open reading frame

PV parvalbumin

SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor

SNAP-25 soluble N-ethylmaleimide-sensitive factor attachment protein of 25 kDa

SNAP-23 soluble N-ethylmaleimide-sensitive factor attachment protein of 23 kDa

SNP single nucleotide polymorphism
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Highlights

• Secretagogin can serve as Ca2+ buffer as well as sensor in neurons.

• Secretagogin expression is developmentally and evolutionary regulated.

• Secretagogin can regulate vesicular exocytosis through protein interaction
networks.

• Secretagogin-expressing neurons are unharmed in Alzheimer's disease.

• Secretagogin emerges as a diagnostic marker in tumour biology.
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Fig. 1. Organ systems distribution of secretagogin during adulthood
(A, A1) Secretagogin is expressed at particularly high levels by pancreatic β cells in the
islands of Langerhans. Neuroendocrine cells, such as those in the principal part of gastric
glands (B), also harbour secretagogin. In the nervous system, secretagogin is expressed by
interneurons in the periglomerular and plexiform layers of the olfactory bulb (C, C1), where
it can co-exist with glutamic acid decarboxylase (GAD, arrows), the enzyme synthesizing
GABA. Secretagogin has also been found in granular cells of the dentate gyrus (D) and tenia
tecta (E), as well as the locus coeruleus (F) containing noradrenergic cells (group A6).
Arrows in (F) identify secretagogin+ cells intermingled with tyrosine hydroxylase-
expressing neurons. Abbreviations: EPL, external plexiform layer; GL, glomerular layer;
GRL, granular layer; ML, mitral layer; m.l. (c/l), muscular layer (central/lateral); muc.l.,
mucosal layer; sm.l., submucosal layer. Scale bar = 300 μm (C), 70 μm (A,B,F), 20 μm
(A1,C1,D,E).
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Fig. 2. Secretagogin expression during foetal development
(A) Secretagogin immunoreactivity in the central nervous system (arrows) and at the
periphery (e.g., heart, liver, stomach, gonads) of a mouse embryo at embryonic day (E) 13.
(B) Secretagogin+ neurons populate the olfactory bulb by E15, and differentiate into
GABAergic neurons as revealed in GAD67-EGFP reporter mice (B1). (C) Secretagogin
expression is confined predominantly to periglomerular neurons in the olfactory bulb of grey
mouse lemur (Microcebus murinus, Primates) by birth. Abbreviations: 4V, fourth ventricle;
Aq, aqueduct; FLimb, forelimb; is, isthmus; GL, glomerular layer; GRL, granular layer of
the olfactory bulb; L/RAtr, left/right atrium of the heart; Nct, neural crest; ne, neuroepithel;
RMS, rostral migratory stream; Stom, stomach; Ventr, ventricle of the heart. Scale bar =
500 μm (A), 200 μm (C), 70 μm (B), 20 μm (B1).
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Fig. 3. Secretagogin distribution in Alzheimer's disease
(A) Hyperphosphorylated tau immunoreactivity (AT8 staining, in red) in the CA3 subfield
of the human hippocampus in Alzheimer's. (A1) Secretagogin immunoreactivity in a
consecutive (adjacent) section decorates neurons whose distribution is complementary to
AT8+ cells in (A). Nissl stain was used as counterstain (in blue). (B) Secretagogin+/
AT8-neurons (arrows) in the vicinity of AT8+ dystrophic neurites accumulating in a putative
neuritic plaque. Note the mutually exclusive patterns of immunoreactivity. (C) High-power
image of a hyperphosphorylated tau-laden neuron surrounded by secretagogin+ cells
(arrows). Scale bar = 100 μm (AA1). 50 μm (B), 20 μm (C).
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