
Summary. Apolipoprotein D (apo D), a lipocalin
transporter of small hydrophobic molecules could play
an important role in several neurodegenerative diseases.
However, its role in those diseases remains unclear.
There has been reported increments of apo D in relation
with different neuropathologic diseases. Recently, we
reported the absence of apo D in neurons of substantia
nigra which can contribute to the lability of neurons to
oxidative damage. In order to determine the relationship
between apo D expression and neuronal death, we
studied the expression of apo D in various regions of
human brains from patients without any neurological or
psychological disorders, in relation with the neuronal
damage revealed by Fluoro-Jade B staining. The absence
of expression for apo D in injured neurons and the
negative staining for Fluoro-Jade B of neurons that
express apo D was observed in all sections studied.
These findings are in accordance with the role possibly
played by apo D in the neuroprotection of the nervous
system.
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Introduction

Apolipoprotein D (apo D) is a 29 K-Da glycoprotein
component of high-density lipoproteins (HDLs), and
which is also present in breast cyst fluid, lachrymal
secretions, apocrine axillary’s secretions, cerebrospinal
fluid and urine (Rassart et al., 2000). Apo D belongs to
the lipocalin superfamily which binds and transports
small hydrophobic ligands. It is expressed, mainly by

fibroblasts, in a wide variety of mammalian tissues
(Boyles et al., 1990; Provost et al., 1990; Séguin et al.,
1995). In the peripheral nervous system (PNS), apo D is
synthesized by endoneural fibroblasts, and this secretion
is accentuated during regeneration following a lesion. In
fact, the normal levels of apo D protein and mRNA
increase, respectively, 500 and 40-fold in peripheral
nerves during regeneration. It has been suggested that
apo D probably has a role in binding and transporting
cholesterol and its esters during regeneration in
association with other apolipoproteins (Spreyer et al.,
1990). In the central nervous system (CNS), apo D
expression is observed in neurons, oligodendrocytes,
astrocytes and perivascular cells (Boyles et al., 1990;
Patel et al., 1995; Navarro et al., 1998). Moreover, it has
been shown to be up-regulated in several
neuropathological conditions and following traumatic
brain injury. For instance, increased levels of apo D have
been found in the hippocampus and in the cerebrospinal
fluid in Alzheimer’s disease (AD) (Terrisse et al., 1998).
Markedly increased levels of apo D have also been
found in the brains of mice with Niemann-Pick type C
disease, which have defects in the cellular traffic of
cholesterol and show progressive neurodegeneration
(Suresh et al., 1998). Increased levels of apo D have also
been found during development and ageing, where
important neuronal loss takes place (Kalman et al., 2000;
Sánchez et al., 2002). Thus, a relationship between apo
D and neuronal degeneration could exist. The precise
functional role of apo D in different injuries and
neuropathologies, however, is not known. With respect
to the up-regulation of apo D levels, some authors
suggest that apo D may be elevated in human brains in
response to local physiopathology (Suresh et al., 1998;
Terrisse et al., 1998; Thomas et al., 2003). Apo D is
thought to act as a response protein, and increased levels
of apo D may be a natural response to neuronal damage
(del Valle et al., 2001).

The causes and effects of neuronal degeneration are
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a field of enormous interest to neuroscientists.
Paralleling, there are an increasing number of methods
applicable to detect neuronal degeneration. Early studies
relied on traditional detection methods, such as Nissl or
hematoxylin and eosin (H&E) stains in which neuronal
degeneration was inferred based on morphological
changes, such as neuronal shrinkage, vacuolation and
changes in staining intensity. Unfortunately, such
changes are not necessarily indicative of neuronal
degeneration and may due to processing artifacts or non-
lethal alterations in cellular morphology. Moreover,
degenerating neurons tend to be hypochromic when
Nissl stained and hypochromic when H&E stained, there
is no staining specificity, as both viable and degenerating
neurons are labeled, while only relatively subtle
morphological differences exist between normal and
degenerating neurons (Cammermeyer, 1961). These
interpretational difficulties make the analysis of
conventional stained material time consuming. In
contrast, silver techniques are much better from this
point of view, in that normal neurons remain unstained,
while degenerating neurons stain black (Gallyas et al.,
1980; de Olmos, 1994). The main drawbacks associated
with silver techniques lie in their labour intensive and
capricious nature.

A novel tract-tracing procedure by using a sequential
in situ terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end-labeling of DNA fragments
(TUNEL) is used to detect neuronal degeneration (Hara
et al., 1999). However this procedure detects all kinds of
dying cell, not only neurons, mainly apoptotic cells but
also some necrotic cells, leaving out degenerating
neurons, which are able to activate defense mechanisms
to avoid their death.

A significant advance was the development of the
Fluoro-Jade (FJ) dyes, which are fluorescent ligands for
detection and localization of degenerating neurons
(Schmued et al., 1997). There are several FJ dyes
described. The Fluoro-Jade B (FJB) showed a great
specific affinity (Schmued and Hopkins, 2000), although
the Fluoro-Jade C (FJC), recently described, seems to
have more affinity than FJB (Schmued et al., 2005).

The exact mechanism by which FJ stains
degenerating neurons is not known, but it is thought that
a degenerating neuron presumably expresses a strongly
basic molecule, probably a polyamine, which has a
strong affinity for the acidic FJ (Schmued et al., 2005).
This technique has been demonstrated to detect neuronal
degeneration with the use of a number of neurotoxic
insults, including exposure to kainic acid, ibogaine,
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 3-
nitropropionic acid (3-NPA) and physical trauma
(Schmued et al., 2005). FJ appears to have a number of
advantages over traditional methods. For example, it is
fast, simple and reliable. Also, FJ is suitable for multiple
label studies. Thus, FJ provides a simple, sensitive, and
reliable method for demonstrating and localizing
degenerating neurons (Schmued et al., 1997) and can be
combined with several immunohistochemical methods.

The aim of this work was to study the relationship
between the expression of apo D and the neuronal
degeneration detected by FJB in human brain.
Materials and methods

Human tissues were provided by the Pathologic
Anatomy Department of The Central Hospital of
Asturias. Eighteen subjects between 39 and 91 years-old
without neurological, psychological or neuro-
pathological disorders were used in this study. Pieces of
human brain from different areas (frontal, parietal and
occipital cortices, striatum, hippocampus and cerebellar
cortex) were obtained at autopsy, and fixed by
immersion in 10% buffered formalin. After fixation, the
blocks were washed in distilled water, dehydrated
through successive alcohols, cleared in two baths of
butyl acetate, embedded in paraffin and blocked out in a
suitable mold. Transverse sections about 10 µm thick
were obtained and attached to gelatin-covered slides.

Sections were deparaffined in xylene, rehydrated,
and an immunocytochemical method was carried out to
detect apo D according to the following protocol. The
sections were treated sequentially with Triton X100 (1%,
5 minutes) at room temperature, washed in distilled
water, treated with H2O2 (3%, 5 minutes) at roomtemperature to block endogenous peroxidase, washed in
distilled water and treated with phosphate-buffered
saline (PBS) (2 minutes). Nonspecific binding was
blocked by incubation with bovine serum (30 minutes at
room temperature, in a wet chamber). Incubation with a
specific antibody against human apo D (1:2000 dilution)
was carried out overnight at +4°C (provided by Dr.
Carlos López-Otín, Departamento de Bioquímica y
Biología Molecular, Universidad de Oviedo; see Díez-
Itza et al., 1994; Navarro et al., 1998). After several
washes in PBS the sections were incubated 30 minutes at
room temperature using a biotinylated horse universal
antibody (Vector, PK-8800) diluted 1:50. Afterwards, the
sections were incubated with Extravidin (Sigma Extra-3)
labeled with HRP. The peroxidase activity was
visualized by incubation with 0.05% DAB (Sigma,
D5637-25G) in 50 mM Tris buffer pH 7.6, containing
0.04% H2O2 (33%). The usual specificity control testswere carried out. Control sections were incubated with
buffer for antibody dilution or apoD antibody,
preabsorbed with apoD immunizing peptide (80 µg/ml).
This showed an absence of staining.

After the detection of apo D, the sections were
washed in distilled water and stained in 0.001% FJB
(1FJ-B, Histo-Chem Inc., Jefferson USA) + 0.1% glacial
acetic acid for 20 min. Finally, they were washed in
distilled water, dehydrated and mounted in Fluoromount.
The fluorescence was visualized using FITC filter and
recorded by a digital camera (Nikon DN-100). 

In order to eliminate the possibility of the unspecific
staining, consecutive sections were stained with toluidin
blue and acid fuchsine (Kiernan et al., 1998) and a
formaldehyde-thionin technique (Tolivia et al., 1994) to
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confirm the specific staining of injured neurons by FJB
and to distinguish neurons from glia, respectively.

Figure 1I,L were obtained by the digital
superposition of their corresponding Fluoro-Jade (Fig.
1G,J) and DAB images (Fig. 1H,K). The positive signal
of each image was selected according to the method of
Tolivia et al. (2006) and past (FLB signal) to green and
(DAB signal) to red channel of a new RGB picture. This
new image shows the fluorescence signal in green and
the DAB signal in red.
Results

The results from our immunohistochemistry (IHC)
studies in human CNS sections indicate that apo D
protein is present in all studied regions and in different
cell types. The typical pattern of expression for apo D
was observed in mesencephalic (Fig. 1A) and cortical
(Fig. 1B) regions. The protein appears to be located in a
perinuclear position as very fine granules that adopt a
uniform distribution. As we expected, the neuronal
expression of apo D clearly incremented with age, and
immunostained neurons show a weak granular
distribution, which may fill the soma and the initial
dendritic tree. Neurons that express apo D always show
the microscopical characteristics of a normal neuron as it
is described below, and as can be observed in (Fig.
1A,B) that show apo D positive neurons in the
mesencephalus and cerebral cortex of a 60-year-old
individual. The astrocytes also show immunoreactivity
for apo D, mainly concentrated in large cytoplasmic
granules. The deposits of apo D in these cells appear
principally in the perinuclear position at first, but when
apo D expression increased they occupy all cytoplasm
and even the initial tree of glial processes. This can be
observed also in Figures 1A, B and in more detail in the
insert of Figure 1A. 

Adjacent sections stained with older routine
techniques, like toluidine blue or formaldehyde-thionin,
were also used for detecting neuronal degeneration. The
cell body of a normal neuron shows, in light microscopy,
one vesicular nucleus and a large nucleolus, and the
presence in its cytoplasm of granular or striated Nissl
substance, which contains ribosomal RNA. The neurons
committed to dye appear, in the sections stained with
formaldehyde-thionin, as shrunken cells that show a
strong and intense dark blue coloration with picnotic
nuclei (insert of Fig. 1 C). 

In the FJB histochemical study, degenerating
neurons show a bright apple-green fluorescence under
blue light excitation. FJB labeling cells coincide with
dark and shrunken neurons stained by the anionic routine
methods used to demonstrate damaged neurons (insert of
Fig. 1C). FJB staining was observed in soma of entire
degenerating neurons, including cell body and initial
axon and initial portions of the apical dendritic tree in all
regions studied. Representative labeling in neurons of
the cerebral cortex and mesencephalus is shown (Fig.
1F,G,J). The proportion of dying neurons depends on

regional and individual characteristics (age, gender,
illness and cause of death). FJB positive neurons were
not found in the youngest subjects but a significant
increase in cell number and intensity labeling was noted
with ageing as can be observed in the hypocampus and
cerebral cortex of an 85-year-old individual (Fig. 1F,J). 

When double labeling (IHC for apo D and FJB) was
performed, apo D positive cells appear brown under
light microscopy, and degenerating neurons appear green
under fluorescence microscopy. Double labeling showed
that FJB degenerating neurons do not ever express apo D
(Fig. 1D,E). Conversely, apo D positive neurons (Fig.
1F,G,J) studied under light fluorescence microscopy, do
not present FJB labeling (Fig. 1C,H,K).

In some brain sections (Fig. 1G,H,J,K), the presence
of both degenerating and apo D positive neurons was
observed, but a co-localization of both signals were not
observed. This lack of co-localization can be clearly
observed on digitally mounted images of fluorescence
and light-field microscopy (Fig. 1I,L). In some sections,
the presence of oligodendrocytes positive for apo D can
be observed in juxtaposition with degenerating neurons
that do not show apo D expression (Fig. 1G,H,I).
Discussion

Our findings show that FJB positive neurons are
immunonegative for apo D, whereas neurons expressing
this apolipoprotein do not show signs of neuro-
degeneration.

Despite incomplete knowledge of the staining
mechanisms, the FJB method shows high reliability in
the detection of dying neurons (Schmued and Hopkins,
2000; Ye et al., 2001). This has been validated in several
experiments and recognized as a good marker. Lesions
produced using some neurotoxic insults, such as kainic
acid, domotic acid, MPTP, 3-NPA or physical trauma
were evaluated for detecting neuronal degeneration
using both FJB and traditional silver stains. The results
showed a close correlation between the staining patterns
seen with each method (Schmued et al., 1997).

Similar data have been obtained in autoimmune
MRL-1pr mice (Ye et al., 2001) and scrapie-infected
hamsters (Ballok et al., 2003) using the same methods.
These results support the supposition that FJ can be used
as a simple and more reliable technique for the
demonstration of degenerating neurons and their
processes. In the present study, we also used the
techniques described by Kiernan (1998) to check the
correlation between the staining pattern of classical and
FJ methods in the human nervous system.

Apo D has been related to several pathological
conditions in the nervous system, but its physiological
function remain unknown. In the PNS, the fibroblastic
cells secrete apo D and this secretion rises during
regeneration following a lesion (Boyles et al., 1990;
Spreyer et al., 1990). Thus, a probable role of binding
and transporting cholesterol, and its esters, in the PNS is
given to this apolipoprotein for the maintenance of
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Fig. 1. Apolipoprotein D is not expressed in degenerating neurons. After apo D immunohistochemistry, sections from several human brain regions were
stained with Fluoro-Jade-B (FJB), a marker of degenerating neurons (A-H, J-K). Many neurons show high apo D expression in mesencephalus (A) and
cerebral cortex (B) and absence of FJB staining (D, E). Only a weak yellow autoflourescence of lipofuscin pigment is observed in these sections (D,
arrows). Other regions of the cerebral cortex (H, K) and hippocampus (C), present low neuronal apo D expression but there is a strong green labeling
for FJB (F, G, J). Some neurons expressing apo D but FJB negatives are shown (H, arrows) and some oligodendrocytes apo D positives appear closed
to FJB positive neurons (arrowheads). When fluorescence (G, J) and bright-field (H, K) microscopic images are digitally superposed (I, L), there is no
labeling co-localization (injured neurons in green and positive apo D neurons in red). Bar: Inserts A, B, 20 µm; A, B, D, E, G, H, I, 40 µm: C, F, J, K, L,
60 µm.



homeostasis and cholesterol reutilization during nerve
regeneration (Goodrum, 1993; Goodrum et al., 1995).

The general notion is that Central nervous System
regions, affected by neuropathy or injury, have stronger
levels of apo D than controls. This increase is probably
due to the synthesis of apo D in reactive astrocytes and
affected neurons. Increased levels in glia have been
interpreted as a part of the glial activation response to
aging and injury (del Valle et al., 2003); meanwhile, a
role in neuronal degeneration has been suggested for apo
D. Specific induction of apo D expression in
hippocampal pyramidal neurons destined for cell death
has been reported in kainic acid-induced excytotoxic
injured rat brain (Ong et al., 1997). Similar results for
apo D have been obtained in cortical neurons following
unilateral cortical impact injury (Franz et al., 1999).
These authors suggest that apo D is expressed in neurons
that are ultimately destined to die, so this apolipoprotein
could be implicated in the neurodegenerative process.
However, some studies show that apo D expression is
induced as soon as any type of injury occurs, and it has
been speculated that apo D in the CNS might be
involved in repair and regeneration after neuro-
degeneration (del Valle et al., 2003). 

Some studies have been focused on apo D protein
and mRNA levels in brains affected by neuro-
degenerative diseases. Apo D protein levels were found
to be higher in the hippocampus and cerebrospinal fluid
of AD patients than in controls (Kalman et al., 2000).
Using immunocytochemistry, higher percentages of apo
D have been found in senile plaques (Navarro et al.,
2001; Desai et al., 2005) and in stressed cortical neurons
of patients affected by the pathology than in controls
(Kalman et al., 2000; Belloir et al., 2001). In addition,
the percentage of apo D immunoreactive neurons
correlated with the number of neurofibrillary tangles
(NFT), but not with the number of senile plaques
(Belloir et al., 2001, Glöckner et al., 2003). The
hypothesis that apo D gene expression is increased in
stressed cortical neurons before they accumulate NFT
has been suggested (Belloir et al., 2001). Recent studies
of distribution of apo E and apo D in cerebral ß-amyloid
deposits suggest that apo D could play a role opposite to
that which is played by apo E in ß-amyloid deposition
and fibril formation (Navarro et al., 2003; Desai et al.,
2005). These results suggest a possible role for apo D in
cellular response to a progressive injury, which may act
as a factor preserving from cellular degeneration in
senile plaques and amyloid-containing vessels.

An apo D increase was also reported in plasma and
certain brain regions of schizophrenic patients (Thomas
et al., 2003). These results suggest that apo D may have
a role in the physiopathology of the illness. The
phospholipid hypothesis of schizophrenia proposes an
increased rate of removal of essential fatty acids,
especially arachidonic acid (AA) and docosahexaenoic
acid (DHA), from the membrane, coupled with a
reduced rate of incorporation (Horrobin, 1998). AA can
be converted into a variety of biologically active

compounds, such as eicosanoids, which serve as potent
messengers in regulating the inflammatory response that
may affect schizophrenic psychopathology. Atypical
antipsychotics increase the expression of antioxidant,
which, combined with the increment of trophic factors,
is a common mechanism underlying neuroprotection.
Recent studies have shown that clozapine, an atypical
antipsychotic, up-regulated the expression of apo D.
Thus, apo D may act to stabilize membrane-associated
AA by preventing release and chaperoning free AA in
the cell (Thomas et al., 2001; Khan et al., 2003). In this
hypothesis, apo D could be a neuroprotective molecule. 

In this way, Parkinson’s disease (PD) also presents
alterations in membrane phospholipids (Horrobin and
Bennett 1999). There have been reports of an
overproduction of AA and a generation of superoxide
radicals during its metabolism, which play an important
role in the toxic events which induce the degeneration of
the dopaminergic neurons in the pathology (Mytilineou
et al., 2002), so a some schizophrenia hypotheses
suggest, an increase in apo D expression might occur
during this pathology to avoid the accumulation of free
AA in the cell. We found that dopaminergic neurons of
the substantia nigra show a lack of apo D
immunostaining for apo D in control as well as in
disease (Ordóñez et al., 2006), whereas neurons that
belong to other proximal mesencephalic nuclei are
positive for apo D. We suggested that nigral
dopaminergic neurons are not able to express or
accumulate apo D, and therefore these cells are unable to
auto-protect and are more vulnerable to stressors than
neurons that can express apo D. According to this,
Sánchez et al. (2006) found that a homolog of apo D in
the fruit fly has a protective role in stress situations, and
that its absence reduces lifespan and accelerates
neurodegeneration.

The findings presented above provide evidence that
neurons positive for FJB, and consequently destined to
die, are immunonegative for apo D, whereas neurons
capable of expressing this apolipoprotein do not show
any signs of neurodegeneration. Our study is consistent
with the idea that neurons expressing apo D are more
protected from degenerative processes and neurons
unable to express or to import apo D, from surrounding
glial cells, are more vulnerable to death. In this sense, as
has been previously proposed, apo D may be involved in
stabilizing or maintaining cell homeostasis, playing a
neuroprotective role in the nervous system.
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