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Abstract Doublecortin (DCX), a microtubule-associated

protein, specifically expresses in neuronal precursors. This

protein has been used as a marker for neuronal precursors

and neurogenesis. In the present study, we observed dif-

ferences in DCX immunoreactivity and its protein levels in

the hippocampal dentate gyrus between adult and aged

dogs. In the adult dog, DCX immunoreactive cells with

well-stained processes were detected in the subgranular

zone of the dentate gyrus. Numbers of DCX immunore-

active cells in the dentate gyrus of the aged dog were

significantly decreased compared to those in the adult dog.

DCX immunoreactive cells in both adult and aged dog did

not show NeuN (a marker for mature neurons) immuno-

reactivity. NeuN immunoreactivity in the aged dog was

poor compared to that in the adult dog. DCX protein level

in the aged dentate gyrus was decreased by 80% compared

to that in the adult dog. These results suggest that the

reduction of DCX in the aged hippocampal dentate gyrus

may be involved in some neural deficits related to the

hippocampus.
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Introduction

Two regions of brain, the subgranular zone of the hippo-

campal dentate gyrus and the subventricular zone of the

lateral ventricle, have interested many researchers in neu-

rogenesis because the adult mammalian central nervous

system (CNS) retains a potential to generate new neurons

[1–5]. It has been reported that many cells express dou-

blecortin (DCX) in the subependymal layer, its rostral

extension and olfactory bulb in the adult rat: these DCX

positive cells co-label with polysialylated neural cell

adhesion protein, an antigen also present on migrating

neuroblasts [6].

DCX gene encodes a 40-kDa microtubule-associated

protein which is specifically expressed in neuronal pre-

cursors in the developing and adult CNS. During devel-

opment of the CNS, the expression of the DCX is

associated with migration of neuronal precursors [6–8].

Due to its specific expression pattern, attentions have been

drawn to DCX as a marker for neuronal precursors and

neurogenesis [9]. DCX is expressed predominantly in

migrating neurons within the developing mammalian brain

[10–12] and is frequently used as a marker of neuronal

migration [13]. In addition, it has been reported that DCX

is expressed in differentiated neurons, suggesting a role for

DCX in neuronal plasticity, axonal outgrowth, or syna-

ptogenesis [6, 14, 15].
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Dogs are widely accepted for aging study, because

populations of dogs are large, and many owners insure their

pets. Records of dates of their birth, death and lifespan are

probably better than for any other species apart from hu-

mans [16–21]. In addition, aged dogs are good for aging

study, because it has been reported that b-amyloid accu-

mulates in the dog brain with age and is identical to the

human Ab [22, 23]. In this study, therefore, we investi-

gated DCX distribution in the aged hippocampal dentate

gyrus to take information about neurogenesis in aged brain

using aged dogs.

Experimental procedures

Experimental animals

The present study used the progeny of German shepherd

obtained from the SWAT, South Korea. Male dogs were

used at 2–3 years of age for adult group and 10–12 years of

age for aged group. The procedures for handling and caring

for the animals adhered to the guidelines, which are in

compliance with the current international laws and policies

(NIH Guide for the Care and Use of Laboratory Animals,

NIH Publication No. 85–23, 1985, revised 1996), and they

were approved by the Institutional Animal Care and Use

Committee at Hallym’s Medical Center. All of the exper-

iments were conducted to minimize the number of animals

used and the suffering caused by the procedures used in

this study.

Tissue processing for histology

For the histological analysis, adult and aged dogs (n = 5 at

each age) were anesthetized with ketamine and xylazine

mixture and perfused transcardially with 0.1 M phosphate-

buffered saline (PBS, pH 7.4) followed by 4% parafor-

maldehyde in 0.1 M phosphate-buffer (PB, pH 7.4). The

brains were removed and postfixed in the same fixative for

6 h. The brain tissues were cryoprotected by infiltration

with 30% sucrose overnight. Thereafter the frozen tissues

were serially and transversely sectioned on a cryostat

(Leica, Germany) into 30-lm coronal sections, and the

sections were then collected into six-well plates containing

PBS.

Immunohistochemistry for DCX

Immunohistochemistry was performed under the same

conditions in dogs of different ages in order to examine

whether the degree of immunohistochemical staining was

accurate. The sections were sequentially treated with 0.3%

hydrogen peroxide (H2O2) in PBS for 30 min and 10%

normal rabbit serum in 0.05 M PBS for 30 min. They were

then incubated with diluted goat anti-DCX antibody (1:50,

SantaCruz Biotechnology, USA) overnight at room tem-

perature and subsequently exposed to biotinylated rabbit

anti-goat IgG and streptavidin peroxidase complex (diluted

1:200, Vector, USA). They were then visualized by stain-

ing with 3,3¢-diaminobenzidine in 0.1 M Tris–HCl buffer

(pH 7.2) and mounted on gelatin-coated slides. The sec-

tions were mounted in Canada Balsam (Kato, Japan) fol-

lowing dehydration. A negative control test was carried out

using pre-immune serum instead of primary antibody in

order to establish the specificity of the immunostaining.

The negative control resulted in the absence of immuno-

reactivity in any structures.

Double immunofluorescence staining for DCX/NeuN

To confirm the neurons containing DCX immunoreactivity,

double immunofluorescence staining for goat anti-DCX

(1:10)/mouse anti-NeuN (1:500, Chemicon, USA) was

performed. Brain tissues were incubated in the mixture of

antisera overnight at room temperature. After washing 3

times for 10 min with PBS, the sections were incubated in

a mixture of both Cy3 conjugated rabbit anti-goat IgG

(1:600; Jackson ImmunoResearch) and FITC-conjugated

sheep anti-mouse IgG (1:200; Jackson ImmunoResearch,

USA) and for 2 h at room temperature. The immunoreac-

tions were observed under the microscope (AxioM1, Carl

Zeiss, Germany) attached HBO100.

Western blot analysis

To confirm changes in DCX levels in the dentate gyrus of

adult and aged dogs, 3 animals in each group were sacri-

ficed and used for Western blot analysis. After sacrificing

them and removing the hippocampus, it was serially and

transversely cut into a thickness of 400 lm on a vibratome

(Leica, Germany), and the dentate gyrus was then dissected

with a surgical blade. The tissues were homogenized in

50 mM PBS (pH 7.4) containing EGTA (pH 8.0), 0.2%

NP-40, 10 mM EDTA (pH 8.0), 15 mM sodium pyro-

phosphate, 100 mM b-glycerophosphate, 50 mM NaF,

150 mM NaCl, 2 mM sodium orthvanadate, 1 mM PMSF

and 1 mM DTT. After centrifugation, DCX level was

determined in the supernatants using a Micro BCA protein

assay kit with bovine serum albumin as the standard

(Pierce Chemical, USA). Aliquots containing 20 lg of total

protein were boiled in loading buffer containing 150 mM

Tris (pH 6.8), 3 mM DTT, 6% SDS, 0.3% bromophenol

blue and 30% glycerol. The aliquots were then loaded onto

a 10% polyacrylamide gel. After electrophoresis, the gels

were transferred to nitrocellulose transfer membranes (Pall

Crop, East Hills, NY, USA). To reduce background stain-
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ing, the membranes were incubated with 5% non-fat dry

milk in PBS containing 0.1% Tween 20 for 45 min, fol-

lowed by incubation with goat anti-DCX antiserum

(1:100), peroxidase-conjugated rabbit anti-goat IgG (Sig-

ma, USA) and an ECL kit (Pierce Chemical, Rockford, IL,

USA).

Quantification of data and statistical analysis

All measurements were performed in order to ensure

objectivity in blind conditions, by two observers for each

experiment, carrying out the measures of experimental

samples under the same conditions.

Fifteen sections per animal were randomly selected from

the corresponding areas of the dentate gyrus in order to

quantitatively analyze DCX immunoreactivity in the den-

tate gyrus. The corresponding areas in the dentate gyrus

were measured on the monitor at a magnification of 25–

50·. Images of all DCX immunoreactive structures taken

from 3 layers (molecular, granule cell and polymorphic

layers) of the dentate gyrus were obtained through an

AxioM1 microscope (Carl Zeiss, Germany) equipped with

a CCD (Charge Coupled Device) camera connected to a PC

monitor. Video images were digitized into an array of

512 · 512 pixels corresponding to a tissue area of

140 · 140 lm (40· primary magnification). Each pixel

resolution was 256 gray levels. The intensity of all DCX

immunoreactive structures was evaluated by means of a

relative optical density (ROD) value, which was obtained

after transformation of mean gray values using the formula:

ROD = log (256/mean gray value). The ROD was mea-

sured in the complete field, and the values of background

staining were subtracted from the ROD values of all

immunoreactive structures before statistically processing.

The relative % of control levels was demonstrated in the

graph. The results of the Western blot analysis were also

scanned, and RODs were determined using Scion Image

software (Scion Corp., USA).

The data shown here represent the means of experiments

performed for each dentate area. Differences among the

means were statistically analyzed by student t-test analysis

of variance to elucidate differences between adult and aged

groups.

Results

Change in DCX immunoreactivity in adult and aged

dogs

In this study, DCX immunoreactivity was detected in the

dentate gyrus of adult and aged dogs (Fig. 1). DCX

immunoreactivity was well found in the subgranular zone

of the polymorphic layer of the dentate gyrus (Fig. 1A, B).

In the adult dog, DCX immunoreactive cells in the sub-

granular zone had well-stained somata and processes

(Fig. 1C). In the aged dog, DCX immunoreactivity was

significantly decreased in the subgranular zone compared

to that in the adult dog (Figs. 1B, 2). A few DCX immu-

noreactive cells in the aged dog were detected in this zone.

Processes of these cells were poor in stain-ability compared

to those in the adult dog (Fig. 1D).

Double immunofluorescence of DCX and NeuN

Based on double immunofluorescence staining, DCX

immunoreactive cells in the subgranular zone of both adult

and aged dogs were not identified with co-labeling with

NeuN in this region (Fig. 3). In this study, NeuN immu-

noreactivity in the aged dog was poor compared to that in

the adult dog (Fig. 3).

Change in DCX level

In the present study, we found that results of Western blot

analysis in the dentate gyrus of adult and aged dogs were

similar to the pattern of immunohistochemical changes

(Fig. 4). DCX protein level in the aged dog was signifi-

cantly decreased by 80% compared to that in the adult dog.

Discussion

Animal models that simulate various aspects of human

brain aging are an essential step in the development of

Fig. 1 Immunohistochemistry for DCX in the dentate gyrus of adult

(A and C) and aged (B and D) dogs. DCX immunoreactivity is

detected in the subgranular zone (arrows) of the polymorphic layer

(PL). Many DCX immunoreactive cells are detected in the adult

group; in the aged group, DCX immunoreactivity is observed in a few

neurons. C and D, high magnification of the boxes in A and B,

respectively. GL, granule cell layer. Bar = 200 lm (A and B) and

50 lm (C and D)
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interventions to manage cognitive dysfunction in the el-

derly. We used 10–12-year-old dogs as aged dogs in this

study, because it has been reported that cortical atrophy,

ventricular widening, and reduced glucose utilization are

common in dogs over 8 years of age [24–26]. These

changes may reflect abnormalities that are associated with

neural dysfunction and ultimately death [26]. It has been

studying for cognition and neuropathology in the aged dog.

For example, dogs, like humans, naturally accumulate

deposits of b-amyloid (Ab) in the brain with age [27–29].

Further, dogs and humans share the same Ab sequence

[22, 23].

There are some methods to detect newly generated

neurons in the CNS. Retroviral incorporation requires

invasive intracranial injection, which causes parenchymal

lesions and possible inflammatory reactions [30]. Bromo-

deoxyuridin (BrdU), which integrates in the DNA of

dividing cells, is diluted after multiple subsequent divisions

within the progeny of a labeled cell [31]. DCX is very

useful in studying for neurogenesis because DCX is spe-

cifically expressed in neuronal precursors in the developing

and adult CNS [10–12].

In the present study, we observed newly generated

neurons using DCX immunohistochemistry and Western

blotting in the dog dentate gyrus to identify age influence

on neurogenesis using adult and aged dogs. DCX immu-

noreactivity and protein level in the aged dog was signifi-

cantly decreased compared to those in the adult dog. This

result is the first in our knowledge, and coincides with

previous reports that the rate of new cell production de-

clines steadily over time, becoming reduced at least 80%

relative to young levels by about one year of age in labo-

ratory animals [32–37]. The reduction of DCX immuno-

reactivity in the dentate gyrus indicates that some factors

may be involved in the age-related decline of cognitive

Fig. 2 Relative optical density (ROD) as % of DCX immunoreac-

tivity in the dentate gyrus of adult and aged dogs. Differences among

the means are statistically analyzed by student t-test analysis of

variance (n = 5 per group; *P < 0.01, significantly different from the

adult group). The bars indicate the means ±S.D

Fig. 3 Double immunofluorescence staining for DCX (A and B, red),

NeuN (C and D, green), and merged image (E and F) in the dentate

gyrus of adult and aged dogs. DCX immunoreactive cells do not show

NeuN immunoreactivity. Bar = 50 lm

Fig. 4 Western blot analysis of DCX in the dentate gyrus derived

from adult and aged dogs. The relative optical density (ROD) as % of

immunoblot band is also represented (n = 3 per group; *P < 0.01,

significantly different from the adult group). The bars indicate the

means ±S.D
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ability because the hippocampus with dentate gyrus

involves in various types of learning and memory [38].

Snyder et al. [39] reported that newly generated cells in the

adult hippocampus might be involved in aspects of normal

hippocampal function, such as spatial learning and

memory.

In this study, the morphology of DCX immunoreactive

cells was migrating neuroblasts in the adult dog. Based on

double immunostaining, DCX immunoreactive cells in the

subgranular zone did not show NeuN (a neuronal marker)

immunoreactivity. Neurogenesis in the dentate gyrus is a

multi-stage process. Developmental phases include the

division of precursor cells in the subgranular zone to pro-

duce newborn granule cells, and the subsequent differen-

tiation and migration of the newborn cells within the

granule cell layer [2, 4, 5].

DCX could be a candidate marker for adult neurogen-

esis. The mutant allele of Dcx gene impairs the migration

of neuronal progenitor cells during cortical development,

and leads to cortical dysplasia [40–42]. In addition, the

deletion of Dcx gene in mice leads to severe postnatal

lethality and disrupted lamination in the hippocampus, al-

though cortical layering is not affected [43].

In fact, new neurons are continually generated in the

adult hippocampus, but the important question, whether

adult neurogenesis is transient or leads to the lasting

presence of new neurons, has been studied [44–46].

Kempermann et al. [44] reported that BrdU-labeled neu-

rons remained stable in number and in their relative posi-

tion in the granule cell layer of the mouse dentate gyrus

over at least 11 months and that the expression of dou-

blecortin in BrdU-labeled cells peaked early after division

and was not detectable after 4 weeks. They suggested that

new neurons are recruited early from the pool of prolifer-

ating progenitor cells and lead to a lasting effect of adult

neurogenesis.

In brief, DCX immunoreactivity and protein level in the

dentate gyrus of aged dogs are significantly decreased

compared to those in adult dogs. These results suggest that

the reduction of DCX in aged animals may be involved

with neural deficits related to the hippocampus.
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