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Abstract
DCX-immunoreactive (DCX+) cells occur in the piriform cortex in adult mice and rats, but also in
the neocortex in adult guinea pigs and rabbits. Here we describe these cells in adult domestic cats
and primates. In cats and rhesus monkeys, DCX+ cells existed across the allo- and neocortex, with
an overall ventrodorsal high to low gradient at a given frontal plane. Labeled cells formed a cellular
band in layers II and upper III, exhibiting dramatic differences in somal size (5–20 μm), shape
(unipolar, bipolar, multipolar and irregular), neuritic complexity and labeling intensity. Cell clusters
were also seen in this band, and those in the entorhinal cortex extended into deeper layers as chain-
like structures. Densitometry revealed a parallel decline of the cells across regions with age in cats.
Besides the cellular band, medium-sized cells with weak DCX reactivity resided sparsely in other
layers. Throughout the cortex, virtually all DCX+ cells co-expressed polysialylated neural cell
adhesion molecule. Medium to large mature-looking DCX+ cells frequently colocalized with neuron-
specific nuclear protein and γ-aminobutyric acid (GABA), and those with a reduced DCX expression
also partially co-labeled for glutamic acid decarboxylase, parvalbumin, calbindin, β-nicotinamide
adenine dinucleotide phosphate diaphorase and neuronal nitric oxide synthase. Similar to cats and
monkeys, small and larger DCX+ cells were detected in surgically removed human frontal and
temporal cortices. These data suggest that immature neurons persist into adulthood in many cortical
areas in cats and primates, and that these cells appear to undergo development and differentiation to
become functional subgroups of GABAergic interneurons.
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Introduction
Doublecortin (DCX) is a microtubule-associated protein critical for radial and tangential
migration of immature neurons in the developing brain (des Portes et al., 1998; Gleeson et al.,
1999; Francis et al., 1999; Friocourt et al., 2007). Persistent DCX expression occurs in discrete
adult brain regions (Nacher et al., 2001). This adult expression in the subgranular and
subventricular zones reflects neurogenic activity giving rise to new granule cells in the
hippocampal dentate gyrus and interneurons in the olfactory bulb (Gritti et al., 2002; Couillard-
Despres et al., 2005; Gould, 2007). In general, DCX expression in developing neurons declines
with cell differentiation and maturation. Therefore, a partial colocalization of DCX with some
terminal neuronal markers, e.g., neuron-specific nuclear protein (NeuN), can be detected
among a cohort of immature neurons undergoing development (Brown et al., 2003).

Cells concurrently expressing DCX and other immature neuronal markers, e.g., polysialylated
neural cell adhesion molecule (PSA-NCAM) and neuron-specific tubulin-III (TuJ1), are
reported in layers II/III in mouse/rat piriform cortex (Seki and Arai, 1991; Bonfanti et al.,
1992; Nacher et al., 2001), and in primate entorhinal/temporal cortex (Bernier et al., 2002;
Tonchev et al., 2003). PSA-NCAM+ cells are also described in rat and human medial prefrontal
cortex (Fox et al., 2000; Sairanen et al., 2007; Varea et al., 2007). These cortical cells were
classified as mature neurons undergoing structural plasticity (Nacher et al., 2001), and have
been lately clarified as immature neurons (Gómez-Climent et al., 2008). Controversy remains
as to whether they are born prenatally (Gómez-Climent et al., 2008) or postnatally (Bernier et
al., 2002; Pekcec et al., 2006; Shapiro et al., 2007, 2008).

Unlike mice and rats, DCX+ cells in adult guinea pigs and rabbits reside in layer II throughout
the neocortex in addition to allocortex (Xiong et al., 2008; Luzzati et al., 2008). Therefore,
DCX+ cells might have a wide neocortical distribution in higher mammalian species. To
explore this possibility, the present study determined DCX+ cells in adult domestic cat, rhesus
monkey and human cerebral cortex. DCX+ cells resembling immature and developing neurons
were detected in broad cortical areas in these species, with small cells occurring in layers II
and upper III and larger ones in all layers. Almost all DCX+ cells co-expressed PSA-NCAM.
Relatively larger DCX+ cells with mature-looking morphology colocalized with NeuN, and
in part with several terminal markers of interneurons, including γ-aminobutyric acid (GABA),
glutamic acid decarboxylase (GAD67), parvalbumin (PV), calbindin (CB), and β-nicotinamide
adenine dinucleotide phosphate diaphorase (NADPH-d) or neuronal isoform of nitric oxide
synthase (nNOS). Collectively, DCX+ cells likely represent a wave of immature and maturing
neurons undergoing development and differentiation into presumably GABAergic
subpopulations. Thus, interneuron development may extend beyond puberty to adulthood in
many parts of the cerebral cortex in high mammalian species, and this protracted course of
interneuron development may be essential for cortical morphogenesis, plasticity and
functionality.

Materials and methods
Animal and tissue preparation

Domestic cats aged at 15, 17, and 21 months [young adults, male, mean = 1.5 ± 0.3 year-old
(yr-old)] and 42, 55, 59 and 62 months (adults, male, mean = 4.5 ± 0.7 yr-old), weighing 2.1–
4.3 kg, were obtained from the animal facility of Hunan Agricultural University (Changsha,
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Hunan, China). The brains were used to characterize cortical DCX+ cells including a potential
age-related decline of the cells in this species (Xiong et al., 2008). Animals were perfused via
the ascending aorta with 4% paraformaldehyde in 0.01 M phosphate-buffered saline (pH 7.4,
PBS) under overdose anesthesia (sodium pentobarbital, 100 mg/kg, i.p.). Brains were removed,
bisected and postfixed in the perfusion solution overnight, and then soaked in 30% sucrose in
PBS at 4 °C until brain blocks sunk. A slice of the temporoparietal cortex (~0.5 cm thick) was
prepared from one hemisphere immediately after perfusion and post-fixed with 4%
paraformaldehyde together with 1% glutaraldehyde for GABA immunolabeling.

Paraformaldehyde-perfused cerebral hemispheres from three normal rhesus monkeys (Macaca
mulatta) aged around 12 yr-old (12.1, 12.4 and 12.5 yr) were available from recent studies in
primates (e.g., Chu and Kordower, 2007). Cortical blocks were stored in 30% sucrose at 4 °C
for a few months before they were examined in the current investigation.

Cerebral hemisphere was cut coronally using a cryostat. Twenty-four consecutive sections (30
μm) were collected into culture plates, and subsets of these sections were used for
immunolabeling. Approximately 20 sets of 8 μm sections anterior to the genu of the corpus
callosum and near the temporal pole were also collected, and subsets of these latter sections
were used for double immunofluorescence. One set of the 30 μm sections was processed with
Nissl stain for histological orientation.

Animal use was in accordance with the National Institute of Health Guide for the Care and Use
of Laboratory Animals, and was approved by the Ethics Committee of Central South University
on Animal Use as well as by Institutional Animal Care and Use Committee of Rush University.

Human cortical biopsy
Human cortical samples (containing up to 1 × 1 cm2 cortical surface with underlying grey and
white matters) were obtained during surgery of patients with intracranial tumors or recurrent
temporal epilepsy (Williamson and Patrylo, 2007), under pre-operative consensus (Table 1).
The cortices analyzed in the current study were superficial or peripheral to the tumor/epileptic
loci, and lacked any detectable histological abnormality. Cortical biopsies were immediately
rinsed with cold saline, immersed in 4% paraformaldehyde in PBS at 4 °C for 24 h, and then
stored in 30% sucrose for a few months before cutting (at 30 μm).

Immunohistochemistry
The goat anti-DCX antibody (sc-8066, Santa Cruz Biotech) has been characterized in multiple
species in previous studies (e.g., Brown et al., 2003; Liu et al., 2007; Gómez-Climent et al.,
2008; Luzzati et al., 2008; Xiong et al., 2008). We also used two additional DCX antibodies
raised in mouse (BD Biosciences) and rabbit (Abcam) (see Table 2), which yielded similar
immunolabelings in the cortex, subventricular zone and dentate gyrus, as with the goat antibody
(data not shown).

Sections were first treated with 1% H2O2 in PBS for 30 min, and pre-incubated in 5% normal
horse serum (NHS) in PBS with 0.3% Triton X-100 for 1 h at room temperature, followed by
incubations with anti-DCX antibodies overnight at 4 °C. Sections were further reacted with
biotinylated universal secondary antibody at 1:400 for 2 h, and subsequently with ABC reagents
(1:400) (Vector Laboratories, Burlingame, CA) for 1 h. Immunoreaction product was
visualized using 0.003% hydrogen peroxide and 0.05% diaminobenzidine with (for monkey
and human cortex) and without (cat cortex) nickel enhancement (0.025% nickel chloride and
0.025% cobalt chloride). Three 10-minute washes with PBS were used between incubations.
Sections were mounted on slides, allowed to air-dry, and coverslipped. Some immunostained
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sections were lightly counterstained with cresyl violet to verify laminar distribution of the
labeled cells.

For immunofluorescence, thaw-mounted sections (8 μm) were incubated overnight at 4 °C in
PBS containing 5% donkey serum, 0.3% Triton X-100 and a pair of primary antibodies raised
in different species at pre-optimized concentrations (Table 2). Sections were then reacted for
2 h with Alexa-Fluor® 488 and Alexa-Fluor® 568 conjugated donkey antibodies against
mouse, rabbit or goat IgGs (1:200, Invitrogen, Carlsbad, CA). Sections were finally
counterstained with bisbenzimide (Hoechst 33342, 1:50,000), washed and coverslipped with
anti-fading medium (Vector Laboratories).

NADPH-diaphorase histochemistry
Sections (8 μm) were incubated in 0.05 M Tris–HCl buffered saline (pH 8.0, TBS) containing
0.3% Triton X-100, 1 mM β-NADPH-d (N7505, Sigma-Aldrich), 0.8 mM nitroblue
tetrazolium (N6639, Sigma-Aldrich) and 5% dimethyl sulfoxide for 45 min at 37 °C. The
reaction was stopped by rinsing sections in PBS. These sections, together with a set of new
sections (i.e., not pre-stained with β-NADPH-d), were immunostained for DCX using the
peroxidase method to assess colocalization.

Imaging and densitometry
Immunostained sections were photographed over a light box, and the resulting images were
used to create hemispheric cortical maps by tracing along the pial surface and around major
neuroanatomic structures. The maps were referred to later during microscopic examination and
imaging of labeling in various cortical areas, using an Olympus fluorescent BX60 microscope
equipped with a digital imaging system (MicroFire® CCD Camera and software, Optronics,
Goleta, CA). Immunofluorescent labelings (in 8 μm sections) were examined with 20× and
40× objectives using green (DCX labeling), red (other immunolabelings) and blue
(bisbenzimide stain) fluorescent filters.

Densitometry was carried out in selected cortical areas using three equally distant (360 μm
apart) sections per brain at/near the levels of the anterior (frontal lobe) and posterior (occipital
lobe) ends of the lateral ventricle, and the dorsal lateral geniculate nucleus (LGNd)
(temporoparietal lobe), respectively. The cortical regions chosen for cell count were located
around the midpoints between major cerebral sulci/fissures and had a flat pial surface. This
landmark-based sampling method assured comparable analysis of cortical areas across brains.

Statistical testing and figure preparation
Means of cell densities were calculated for each cortical area, and for each individual animal.
Group means were then calculated and compared using two-way ANOVA with Bonferroni
post-tests (Prism GraphPad 4.1, San Diego, CA). The minimal significance level was set at
p<0.05. All illustrations were prepared with Corel Draw 10 (Ontario, Canada).

Results
Distribution of DCX+ cells in young adult cat cortex

In the frontal lobe sections, DCX+ cells and processes were most dense in the subventricular
zone lining the anterior horn of the lateral ventricle (Figs. 1A, B). Upon leaving the ventricular
wall, labeled profiles arranged in a curved path that paralleled the white matter, instead of
entering the overlying cortex (Fig. 1C). Thus, labeling in this region appeared to represent
DCX expression in the subventricular zone-rostral migratory stream, as characterized in other
species (Nacher et al., 2001; Gritti et al., 2002; Xiong et al., 2008). Immunoreactive perikarya
and neuritic processes were also clearly present within the cortical mantle (Figs. 1A, D–I). A
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cellular band composed of immunoreactive somata and processes was evident in layers II and
upper III across all the frontal cortical regions assessed, and were most dense at the upper
border of layer II. A small number of labeled cells also occurred in other cortical layers (Figs.
1D, F, G, I). The ventral portions of the frontal lobe, including the ventral medial frontal area
(VMF) (Figs. 1B, C), dorsal medial prefrontal area (DMP) (Figs. 1D–F) and dorsal lateral
prefrontal area (DLP) (Fig. 1H), contained more labeled profiles relative to the dorsal
(dorsolateral and dorsomedial) regions of this lobe occupied by the primary somatosensory
and motor areas (Fig. 1I).

In the temporoparietal lobe sections, DCX expression was prominent in both the cortex and
the subgranular zone (Fig. 2; Supplemental Fig. 1). A clear ventrodorsal (high to low) gradient
existed across the cortical hemisphere, especially regarding the abundance of labeled somata
and processes in layers II/III. For instance, at the levels of LGNd, labeled profiles were most
abundant in the entorhinal cortex but declined when moving towards the temporal, auditory
II, auditory I, and finally the primary visual, areas (Supplemental Figs. 1C–G). Similarly, at
the level of the medial geniculate body, labeled cells and processes appeared very dense in the
entorhinal and adjoining temporal areas, with a noticeable reduction of the labeling in the latter
(Figs. 2A, B).

In the occipital lobe sections, a ventrodorsal gradient in the amount of labeling occurred across
the visual domain areas. Thus, labeled profiles appeared to decrease in number moving from
area 20 (V4), to area 19 (V3), to area 18 (V2), and to area 17 (V1) (Supplemental Figs. 2A–
H).

DCX labeling was rare in the subventricular zone and adjacent white matter in proximity to
the inferior and posterior horns of the lateral ventricle (Figs. 2A, C, I, J; Supplemental Figs.
2A, B, D), in sharp contrast with the pattern seen around the anterior horn (Figs. 1B, C).

Decrease of DCX+ cells with age in cat cortex
DCX+ cells were detectable in most cortical areas in all of the older adult cats examined in the
current study (3.5–5.2 yr-old). However, the abundance of labeling appeared to be reduced in
general in these animals relative to young adults, while the overall laminar distribution pattern
as well as the ventrodorsal gradient of labeling was largely maintained with age (Fig. 3,
Supplemental Fig. 3). Specifically, in the 5.2 yr-old cat (the oldest in this study), the cellular
band in layers II/upper III remained visible in the ventromedial and ventrolateral frontal cortical
areas (Figs. 3A–G), the entorhinal and low temporal areas (Figs. 3H, K–N) and the ventral
occipital regions (areas 20, 19) (not shown). This band was not evident in more dorsal cortical
regions (both the lateral and medial aspects), such as S1, A2, A1, V2 and V1, as well as the
motor cortex (not shown). However, as in the cortex of young animals, a small number of
weakly stained cells remained in most cortical regions (Figs. 3C, D, K–P). Consistent with a
global decline of DCX expression in the brain, immunoreactivity in the frontal lobe
subventricular zone and hippocampal subgranular zone was dramatically reduced in this adult
cat (Figs. 3B, H–J).

Quantitative analysis was carried out to assess cell density in the cellular band over layers II
and upper III, which exhibited apparent region and age-related alterations (Fig. 4). A montage
of three adjoining 10× images was created for a given cortical region, which was imported as
the background layer of a CorelDraw file. To define the vertical distance (depth) of the cellular
band in a systematic manner, we used layer I as an internal reference. Thus, the depth of the
band was set to be equivalent to that of the overlying layer I in the same area. Dots were created,
group-copied and placed one by one on top of individual labeled somata. The background
image layer was subsequently deleted, resulting in a map of labeled cells over the area of interest
(Figs. 4A–B’). Total area of the band (T), areas occupied by all dots (Tdt) and a single dot (dt)
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(i.e., unit area) were measured with Image-J. Cell density was thus calculated based on the
formula Tdt/dt/T, and expressed as number of cells per mm2.

An overall decline of DCX+ cells was found between the young and older adult groups of cats
across all areas analyzed. As plotted in Fig. 4C, the age-related difference was significant for
the frontal areas (F = 32, DFn = 1, DFd = 15), temporoparietal areas (F =64, DFn=1, DFd=
20), and the occipital areas (F = 48, DFn= 1, DFd= 20) (with p<0.0001 in all lobes, two-way
ANOVA)]. Also, there existed an overall difference among the analyzed cortical subregions
of the same lobe in both age groups [F = 10 (DFn = 1, DFd= 15) for three frontal areas, F =11
(DFn = 1, DFd = 20), for four temporoparietal areas, and F = 14 (DFn = 1, DFd = 40) for four
visual domain areas, p<0.005]. Of note, the following pair comparisons of means did not reach
statistical significance in Bonferroni post-tests: S1 vs motor areas, A2 vs A1, V3 vs V2 or V1,
and V2 vs V1 in the adult group, as well as V2 vs V1 in the young adult group (Fig. 4C).

Overall morphology of DCX+ cells in cat cortex
DBX+ cortical cells in both the young and older adult cats exhibited a heterogeneous
morphology largely in a lamina-dependent manner. Within the cellular band over layers II and
upper III, DCX+ cells showed a great variability in size, shape, labeling intensity, and number/
length/thickness of processes (Figs. 1F; 2D–E; Supplemental Figs. 1H–J; 2I, J). Somal size of
the cells ranged from considerably small (~5 μm) to fairly large (up to 20 μm). The small cells
were mostly unipolar or bipolar, whereas larger ones often multipolar and some irregular (Figs.
1F, G; 3G, J, L; 5A–R). Larger cells generally had stronger immunoreactivity, thicker and
longer neuritic processes relative to small cells. However, some large cells with well-formed
processes exhibited otherwise apparently reduced immunoreactivity (Figs. 1F; 5F, G;
Supplemental Figs. 1H, I; 2I).

Other labeled cells exhibited relatively uniform morphology characterized by medium size
(10–15 μm), round/oval somal shape, weak reactivity and short processes. These cells were
found in all cortical layers with a general low density (Figs. 1D, F–I; 2F; 3G, O, P). Moving
from ventral to dorsal cortical regions at a given hemispheric level, these medium-sized cells
became somewhat more prominent due to the reduced DCX+ cells in layers II/III (Figs. 1H,
I; Supplemental Figs. 1D–G; 2E–J; 3G, H). Pilot densitometry failed to detect a statistically
significant regional difference of these cells over layers III to VI (temporal lobe regions, young
adult group). Therefore, no effort was made to quantify these cells in subsequent analysis.

Cluster and chain-like arrangements of DCX+ cells in cat cortex
DCX+ cells in layers II/III sometimes arranged as clusters that contained a few or several
closely apposed somata (Figs. 1F; 2A–E; 5A–E). Cells within a given cluster often appeared
to have comparable morphological characteristics, e.g., similar somal size and shape, staining
intensity and neuritic complexity (Figs. 1F; 2C–E; 5A–E). However, in some cases closely
apposed cells exhibited dramatic difference in reactivity and morphology (Figs. 1F; 5G, H).

A unique type of cell cluster consisted of small labeled cells and their processes seemingly
arranged as migratory chains, which occurred largely in the entorhinal cortex and were most
prominent in the young adult cats (Figs. 2; 5I, J). A typical chain structure had an enlarged
base located in layer II, and a long chain that became thinner as it extended into deeper layers
(as far as layer V). The base was packed with many small cells, some of which appeared to
migrate away in a radiation manner, either tangentially or obliquely (towards the white matter).
The remainder of the cells appeared to migrate inwardly along the chain, with some voyaging
away en route. The proximal portion of the chain (close to the base) was thicker and contained
more densely packed cells relative to the distal portion. The latter consisted of a few fusiform
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somata that were separated with increasing length of labeled processes, especially towards the
end of the chain (Figs. 2C–H; 5I, J).

In older adult cats, there was a dramatic reduction of cells associated with a given chain
structure (Figs. 3H, K, L; Supplemental Figs. 3D–F). As a result, the base of the chain in layer
II became much smaller or no longer impressive. Also, in most parts of the chain labeled somata
and processes were aligned as a single array. As with those in young adult cats, cells appeared
to migrate away from the chain in the proximal or distal portions. Cells that had left the chain
appeared somewhat larger in size and exhibited weaker reactivity relative to their counterparts
remaining on the chain (Fig. 3L; Supplemental Fig. 3F).

Colocalization of immature and mature neuronal markers in DCX+ cells in cat cortex
Double labeling was carried out in the cat cortex to assess DCX colocalization with other
neuronal and glial markers similar to our recent characterization of these cells in guinea pigs
(Xiong et al., 2008). DCX+ cells in layers II–III exhibited virtually a complete colocalization
with PSA-NCAM (Figs. 5A–E) and TuJ1 (not shown).

NeuN and GABA were differentially expressed among DCX+ cells (Figs. 5F–M). Thus, small
unipolar and bipolar DCX+ cells, including those arranged in clusters and chain-like
formations, did not exhibit NeuN or GABA reactivity. In contrast, medium to large DCX+
cells in bipolar and multipolar shapes and with well-developed neuritic processes consistently
co-expressed NeuN and GABA. Of note, all medium-sized DCX+ cells, including those located
deep to the cellular band in layers II/III, displayed clear colocalization with NeuN and GABA
(Figs. 5F, K–M). A clear transition in relative levels of DCX and NeuN could be found among
a group of cells within a local area. Thus, DCX levels appeared to increase as the cells became
larger and had more and thicker neuritic processes. However, DCX levels attenuated as the
cells became even more mature-looking, in parallel with emergence and elevation of NeuN
(Fig. 5F).

Medium and large-sized cells with attenuated DCX reactivity were specifically found to
colocalize partially with several other terminal markers of interneurons. Thus, DCX+/GAD67
+ cells occurred in layers II/III as well as in deeper layers (Figs. 5O–R), as were DCX+/CB+
cells (Figs. 6A–E). DCX+/PV+ cells were found in layers II/III but not in deep cortical layers,
with DCX reactivity in these double-labeled cells being faint or very weak (Figs. 6F–H). No
DCX and CR double-labeled cells were found in the present study (Figs. 6I–K). Colocalization
of NADPH-d or nNOS appeared to be considerably common in medium-sized cells with weak
DCX reactivity localized to the cellular band over layers II and upper III as well as the
remainder of the cortex (Fig. 7). In fact, DCX+/NADPH-d+ cells were also found in layer I
(not shown). All of these double-labeled cells were type II NADPH-d neurons (Yan et al.,
1996b; Estrada and DeFelipe, 1998; Garbossa et al., 2005). Of note, DCX+/NADPH-d+ cells
appeared somewhat smaller than neighboring type II neurons that lacked DCX but exhibited
stronger NADPH-d reaction (Figs. 7A–F).

Some medium-sized DCX+ cells in layers III–V also colocalized with somatostatin (SOM)
(Varea et al., 2007). No DCX+ cells were found to express neurogranin, a marker of pyramidal
neurons (Xiong et al., 2008). Labelings for GFAP (astrocytes), OX42 (microglia) and
oligodendrocyte-specific protein, were not detected in any DCX+ cell (data not shown).

Presence of similar DCX+ cells in adult monkey and human cortex
Morphologically heterogeneous DCX+ cells were observed in layers II and upper III in most
cortical areas of all the monkeys examined (Fig. 8). In the frontal lobe, a cellular band at this
location appeared in the ventral and medial cortical regions especially the prefrontal areas
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(Figs. 8A–D), whereas individual labeled somata were detectable in the remaining regions (not
shown). Most labeled cells were bipolar but some multipolar. Larger and weakly stained cells
were visible in deeper cortical layers (Figs. 8B, D). In the temporoparietal cortex, numerous
cells occurred in the entorhinal area, and they arranged as large clusters seemingly associated
with the island formations of layer II (Fig. 8G). Labeled profiles formed virtually a continuous
band in layers II/upper III throughout the temporal gyri (Figs. 8A, H, I, M), which extended
dorsally into the insular and adjoining parietal cortex, with an apparently reduced cell density
(Figs. 8A, J, K). A few labeled cells occurred further dorsally in the primary somatosensory
and motor areas (Figs. 8A, L). In the occipital lobe, a few cells were encountered over layer II
in areas 17, whereas more cells at this lamina occurred in the associative visual areas peripheral
to the striate cortex (not shown). Moderate DCX expression was present in the dentate
subgranular zone of these monkeys (Figs. 8E, F).

DCX+ cells were detectable in the cortex of all human specimens examined in this study (Fig.
9). Labeled cells at the upper border of layer II varied considerably in somal size and shape,
staining intensity and neuritic appearance, with small bipolar and a few multipolar cells
exhibited heavy reactivity (Figs. 9A–H, K–M). Medium-sized cells with weak to moderate
reactivity were found in layers II–VI (mostly in II–IV) (Figs. 9I, J). Because the density of
labeled cells varied greatly between cases, no quantitative analysis was included in the current
study.

Discussion
DCX or PSA-NCAM+ cells occur in the piriform and medial prefrontal cortices in small
laboratory rodents (Seki and Arai, 1991; Fox et al., 2000; Nacher et al., 2001; Sairanen et al.,
2007). These cells are reported or have been noticed in the neocortex as well in larger mammals,
including guinea pigs (Xiong et al., 2008; Luzzati et al., 2008), rabbits (Luzzati et al., 2008),
cats (Gómez-Climent et al., 2008), monkeys (Bernier et al., 2002; Kornack et al., 2005), and
humans (Varea et al., 2007; Liu et al., 2007). Their cellular identity, origin and fate, as well as
the extent and implication of their species differences, remain to be determined.

Phenotype and fate of DCX+ cortical cells
We recently propose DCX+ cells in guinea pig cortex as immature and developing neurons
(Xiong et al., 2008). This notion is supported by two later studies of these cells in adult rats
(Gómez-Climent et al., 2008), and in adult guinea pigs and rabbits (Luzzati et al., 2008). DCX
+ cortical cells in adult cats and primates exhibit a great morphological diversity, with somal
size ranging from small, medium to large, and shape from unipolar, bipolar, multipolar to
irregular. DCX levels also vary among cells, with an attenuated expression in more mature-
looking neurons. Moreover, these mature-looking cells co-express NeuN, GABA/GAD, and
specific markers of interneuron subgroups including CB, PV, NADPH-d and nNOS. The
simplest explanation for such a dynamic morphological and neurochemical spectrum among
the DCX+ cells is that they as a whole are a cohort of immature and maturing neurons. Thus,
the small DCX+ cells that do not express any mature markers represent the “infant” or immature
members of the cohort. They develop and differentiate into transitional or young neurons that
start to express specific interneuron markers. This notion fits with recent understanding on
successive expressions of immature and mature markers during neuronal development (Brown
et al., 2003). Therefore, DCX+ cells would likely contribute at least PV, CB and type II nitric
oxide-producing GABAergic subgroups to postnatal cortex.

In general, the small cells occur in layers II/upper III, while larger ones localize to deeper layers
besides II/III. Thus, most DCX+ cells might undergo intracortical migration outside-in, in
parallel with morphological maturation. In fact, many small cells in the entorhinal cortex appear
to voyage from layer II to deeper locations in a chain-like migration manner. Of note, medium
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and large-sized cells may coexist with the small ones within layers II/III. A few medium-sized
cells also occur in layer I. Therefore, small DCX+ cells in layers II/III also appear to develop
and mature locally, and some might migrate into layer I.

Origin of DCX+ cortical cells
It is currently under debate whether these cortical DCX+ cells in various species might be
adult-born. Several studies show BrdU incorporation in some DCX+ cells in rodent and primate
piriform cortex (Bernier et al., 2002; Tonchev et al., 2003; Pekcec et al., 2006; Shapiro et al.,
2007, 2008). In contrast, other studies report no BrdU incorporation into these cells in postnatal
rats, guinea pigs and rabbits (Gómez-Climent et al., 2008; Luzzati et al., 2008). Of note, a total
of 100% PSA-NCAM+ cells was co-labeled with BrdU in the piriform cortex of 3 month-old
rats following administration of this S-phase marker at embryonic days 11.5, 13.5 and 15.5
(Gómez-Climent et al., 2008). We are in favor of a likelihood that DCX+ neurons in adult cat
and primate cortex are generated at earlier, prenatal or postnatal, stages.

It is also unclear where these DCX+ cortical cells originate from. It has been suggested that in
rodent and primate piriform and temporal cortex these cells derive from the subventricular
zone (Bernier et al., 2002; Pekcec et al., 2006; Shapiro et al., 2007, 2008). However, there is
little DCX labeling around the ventricular region or white matter in most cortical areas in cats
and monkeys, nor any band-like arrangement of labeling indicative of outward cell migration
in the cortex. DCX+ profiles around the anterior horn appear to migrate away from the ventricle,
but they essentially join the rostral migratory stream instead of entering the cortex.

Evidence from small laboratory rodents indicates that interneurons originate largely from
subpallial structures, with their precursors entering the cortex by tangential migration including
via layer I. These precursors then descend to and populate over the cortical plate (Soriano et
al., 1992; Lavdas et al., 1999; Wichterle et al., 1999; Ang et al., 2003; Hevner et al., 2004).
However, evidence from primates suggests more complicated origins of cortical interneurons,
including (although often neglected) pallial sources, e.g., the ventricular and marginal zones,
and the subpial granular layer (Zecevic and Rakic, 2001; DeFelipe, 2002; Letinic et al.,
2002; Rakic and Zecevic, 2003; Petanjek et al., 2008). In fact, the marginal zone/layer I may
serve a neurogenic niche for GABAergic interneurons in rats (Costa et al., 2007). Thus, DCX
+ cortical cells might derive from interneuron precursors intrinsic to layer I or those arrived in
this layer by tangential migration. This notion would reconcile some aspects of these cells,
including their lamination and clusterization at layer II, potential to develop into GABAergic
subgroups, and a pattern of inward migration for most cells.

Protracted DCX expression and its relevance to interneuron development
DCX+ cells in cat cortex evolve with time and location. In layers II/III these cells exhibit a
distinct ventrodorsal gradient from high to low density across the cerebral hemisphere at a
given brain level in young adult cats. This cellular band appears to “retract” dorsoventrally
with age. In the oldest cat (5.2 yr-old) examined, this band is largely restricted to the entorhinal
and adjoining temporal cortex. In ~12-yr old monkeys, this band still extends across most
hemispheric regions. In adult humans, small and medium-sized DCX+ cells with strong to
weak reactivity exist in layer II in the frontal and temporal neocortex. Many medium-sized
cells with weak DCX reactivity remain in more dorsally located areas in older adult cats,
wherein the layers II/III cellular band has disappeared. These medium cells are seen over the
adult monkey and human cortices examined in this study.

In general, CB+ and PV+ non-pyramidal neurons may develop over a fairly long postnatal
period in cat and primate cortex (Stichel et al., 1987; Hogan et al., 1992; Alcántara and Ferrer,
1994; 1995; Cruz et al., 2003). Type II NADPH-d neurons, a potential major destiny of DCX
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+ cells, might also develop late in mammalian cortex. In human cortex they are few before
birth (Yan et al., 1996a, Yan and Ribak, 1997), yet considerably abundant in the adult (Judas
et al., 1999; Garbossa et al., 2005; Koliatsos et al., 2006). Of note, CB+ and PV+ interneurons
appear to emerge later in the limbic and associative relative to primary cortical areas. They
occur long before birth in monkey and human striate cortex (Hendrickson et al., 1991; Cao et
al., 1996; Yan et al., 1997a), but several months after birth in the entorhinal and prefrontal
areas (Reynolds and Beasley, 2001; Erickson and Lewis, 2002; Grateron et al., 2003). Thus,
the ventrodorsal gradient of DCX+ cells and its evolvement with age might reflect an order of
interneuron development across regions, particularly in accordance with a protracted
interneuron development in the limbic and associative areas.

Species difference of DCX+ cortical cells
As aforementioned, there exists a remarkable difference between mice/rats and larger
mammals regarding the presence of DCX+ cells in the neocortex (Gómez-Climent et al.,
2008; Luzzati et al., 2008). This interspecies difference of DCX+ cells seems to match with
that of type II NADPH-d neurons (Yan et al., 1996b, Yan and Garey, 1997; Gabbott and Bacon,
1995; Judas et al., 1999; Smiley et al., 2000; Garbossa et al., 2005; Koliatsos et al., 2006).
Also, it appears that DCX+ cells in cats and primates may occur over broader cortical layers
and display more distinct colocalization with various mature interneuron markers relative to
their counterparts in smaller mammals (Varea et al., 2007; Xiong et al., 2008; Gómez-Climent
et al., 2008; Luzzati et al., 2008).

Evidence suggests that cortical expansion during mammalian evolution, including emergence
and specification of high order associative areas, parallels an increased number and diversity
of GABAergic neurons (Jones, 1993; DeFelipe, 2002; Letinic et al., 2002; Petanjek et al.,
2008). This change in interneuron system might be achieved through a boosting of preexisting
cellular mechanism and/or extension of developmental program (Luzzati et al., 2008; Petanjek
et al., 2008). With this regard, the interspecies difference of cortical DCX+ cells and a
prolonged presence of these cells in higher mammals might be relevant to the increase and
diversification of cortical interneurons with phylogeny.

In summary, this study extends our previous characterization of cortical DCX+ cells in guinea
pigs to cats and primates. We elaborate the nature and implication of persistent DCX expression
in ontogenetic and phylogenetic perspective, largely involving interneuron development. The
data point to a cellular basis potentially under-pinning normal and certain aberrant interneuron
plasticity in mammalian cortex under physiological and perhaps some pathophysiological
conditions during development and at adulthood.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Doublecortin immunoreactive (DCX+) profiles in the frontal cortical areas in a 1.3 yr-old cat,
as marked on the cerebral map in panel A. Panels B and C illustrate heavy labeling in the
subventricular zone around the anterior horn of the lateral ventricle (LV). Note that labeled
cells and processes do not invade the cortex but largely contribute to the rostral migratory
stream (RMS) (arrows, C). Panels D–G show laminar distribution and closer views of DCX+
cells in the agranular (E, Nissl stain) dorsal medial prefrontal area (DMP). Labeled cells are
densely distributed in layers II and upper III as a cellular band (D). These cells vary in size and
shape, with most of them being small unipolar and bipolar, while some larger and multipolar
(F). Labeling intensity also varies among both the small and large (arrows, F) cells. Also, cells
with similar or different morphology may arrange as clusters (arrowheads, F). Panels H and I
depict labelings over the upper portion of the cortex in the dorsal lateral prefrontal (DLP) and
primary somatosensory (S1, area 3) areas, respectively. Note the reduced density of labeled
profiles in the layers II/III cellular band in (H) and (I) relative to (D), and in (I) relative to (H).
Overall, a population of medium-sized cells with light to moderate DCX reactivity occurs
across the cortical depth with a general low density. They become somewhat prominent in S1
(I) relative to DLP (H) and DMP (D), in parallel with reduced cell density in layers II/III. Some
of these medium-sized cells are present in layer I, also more noticeable in S1 relative to DLP
and DMP. Cortical layers are indicated with Arab numbers and short bars (same for the
remaining figures). Scale bar = 450 μm in B; equal to 150 μm for C, D, E, H, I; 50 μm for F,
G and 25 μm for the low left insert in F.
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Fig. 2.
Doublecortin labeling in the entorhinal and adjoining temporal cortex of a young adult cat,
focusing on clusters and chain-like formations. Panels A and B are low power views of
immunolabeling and Nissl stain, respectively. Immunolabeled profiles in the framed area in
(A) are enlarged through (C–H). The clusters are consisted of densely packed small cells. They
reside at the border of layers I and II, and many of them form the bases of migratory cells (D,
F). Many cells appear to migrate away from the base in a radiation manner (E, G), other cells
and processes arrange as chains extending inwardly as far as layer V even VI. For a given
chain, cells (small fat arrows) line up tightly in the proximal segment, but are separated by
processes in the distal segment with increasing distance towards the end of the chain (F, G).
A short arm extends from the base into layer I, which is consisted of immunoreactive processes
but not somata (D–F). Panels I and J show a few labeled cells (arrows) in the ventricular wall
and adjacent white matter (WM). Scale bar = 600 μmin A applying to B; equal to 200 μm for
C; 100 μm for D, F, I; 50 μm for G, J and 25 μm for E, H.
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Fig. 3.
Doublecortin immunoreactive (DCX+) cells in representative forebrain areas in a 5.2 yr-old
cat, as indicated in panel A. Panels B–G illustrate occurrence of some DCX+ cells in the ventral
frontal areas, mostly in layers II/III. These cells are in bipolar or multipolar shape, range from
small to medium size with distinct to weak reactivity (D, G). Note the reduced immunolabeling
in the subventricular zone lining the anterior horn (B), relative to Fig. 1C. Panel H–M show
labeled profiles in the dentate gyrus and the transitional area between the entorhinal and
temporal cortices. Some DCX+ granule cells are present in the dentate gyrus with their cell
bodies located at the subgranular zone (I, J). Small to medium-sized cells are present over
layers II–III in the entorhinal cortex, mainly arranged as radially oriented chains. Some cells
appear to leave the chain and migrate towards deeper locations (L, with enlarged areas as
inserts). Both distinctly and lightly stained DCX+ cells remain in the low temporal (M) and
auditory II (N) areas with low density. In more dorsally located auditory I area, only a small
number of weakly labeled cells (medium-size) are present (O, P). Scale bar = 750 μm in B
applying to E, equal to 1.5 mm for H, 300 μm for C, F, I, K, M–O; 100 μm for D, G, L, P and
33 μm for the enlarged inserts in L.
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Fig. 4.
Quantitative analyses of DCX+ cell density over the cellular band in layers II and upper III in
selected cortical areas in young (mean age= 1.5 ± 0.3 yr-old) and older (4.5 ± 0.7 yrold) adult
cats. Panels A–B’ illustrate the methodology of densitometry using portions of the entorhinal
(A) and primary somatosensory (B) areas as examples (from a 1.8 yr-old cat). The radial
distance (depth) of the cellular band is defined to be equivalent to that of the overlying layer I
in the same area (A, B). Labeled somata in this band are reproduced into a cellular map (A’,B’),
followed by quantification and statistical analyses (C). Cell densities are reduced in all
measured areas in the frontal, temporoparietal and occipital lobes in the young relative to older
adult groups. There also exists a general reduction of cell density from ventral to dorsal areas
in the same lobe in both age groups, reflecting the visually detected ventrodorsal gradient of
DCX labeling across the hemisphere.
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Fig. 5.
Colocalizations of doublecortin (DCX) and polysialylated neural cell adhesion molecule (PSA-
NCAM) (A–E), neuron-specific nuclear protein (NeuN) (F–J), γ-aminobutyric acid (GABA)
(K–M) and glutamic acid decarboxylase (GAD)-67 (O–R). Bisbenzimide counterstain (blue)
is included in some panels. Images are from the entorhinal (A, B, I, J) and temporal areas of
young adult animals, including sulcal banks where the cortex is sectioned tangentially (C–E)
or obliquely (F). DCX+ cells exhibit almost a complete colocalization with PSA-NCAM (A–
E), although the latter labeling is faint in large cells with reduced DCX reactivity (white
arrowheads, A, B). Note that labeled cells may appose to each other forming clusters (white
arrows). NeuN is expressed in larger (white arrows, G, H) but not small (black arrowheads,
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G–J) cells (F–J). Panel F shows changes of relative reactivities of DCX verse NeuN among a
cohort of cells with varying size and neuritic complexity. DCX levels increase, peak and then
decline as cells become larger with thicker dendrites, in parallel with emergence and increase
of NeuN (from artificially defined stages 1 to 8). Two tightly apposed DCX+ cells (framed)
in G and H exhibit dramatic difference in size and NeuN colocalization (with and without).
Panels I and J show two examples of large clusters, one with cells migrating inwardly along a
chain (J). GABA labeling appears absent in the small DCX+ cells (black arrowheads), but is
clear in medium to large cells with distinct (double white arrows) to reduced (single white
arrow) DCX levels, including those localized deeper to the cellular band in layers II/III (K–
M). GAD67 labeling appears only in medium or large cells with reduced DCX levels in layers
II/III (O, P) or deeper locations (Q, R). Scale bar = 50 μm in A applying to other panels, equal
to 25 μm in the bottom boxes in G and H.
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Fig. 6.
Colocalizations of calcium-binding proteins in DCX+ cells in the temporal neocortex of an
adult cat (3.5 yr-old). Panels A–C show a partial colocalization (white arrows) of calbindin
(CB) in medium (A, B) to large (C, with boxed areas enlarged 2× on the right) DCX cells in
layers II/III. Many medium-sized DCX+ cells in deep layers are also co-labeled for CB (white
arrows, D, E), but small and some large DCX+ cells lack CB reactivity (white arrowheads, A–
E). Panels F–H show parvalbumin (PV) reactivity in weakly stained DCX+ cells in layer III
(white arrows). Calretinin (CR) immunoreactive neurons do not exhibit DCX labeling (I–K).
Scale bar = 50 μm in F, applying to other panels.
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Fig. 7.
Colocalization of DCX with β-nicotinamide adenine dinucleotide phosphate diaphorase
(NADPH-d) or neuronal nitric oxide synthase (nNOS) in adult cat (3.5 yr-old) cerebral cortex.
Panels A–F show images from batch-processed sections with (B, C, E, F) and without (A, D)
NADPH-d histochemistry (temporal cortex). Medium-sized cells (black arrows) with weak
DCX reactivity in layers II/III (B, C) or IV (E, F) commonly colocalize with NADPH-d. The
same situation exists for immunofluorescent colocalization of DCX and nNOS (white arrows,
G–I) (entorhinal cortex). Double-labeled cells consist of a subset of type II nitrogenergic
neurons, with others exhibiting stronger NADPH-d reactivity but lacking DCX (white
arrowheads). Two large neurons with strong and reduced DCX reactivity are seen in panel A
(marked with large fat arrows), among many small cells with varying reactivity. The axon of
one large neuron is marked (small fat arrows). A type I NADPH-d neuron is seen in panel F
(fat white arrow). Scale bar = 50 μm in A, applying to other panels.
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Fig. 8.
Doublecortin immunoreactive (DCX+) cells in representative adult monkey (Macaca
mulatta) forebrain areas, as marked on the upper-left hemispheric maps (A). Panels B–D
illustrate DCX+ cells in the prefrontal areas. Distinctly and weakly stained cells are present in
layers II and upper III, with some weakly stained cells also reside in deeper locations. Panels
E and F show moderate labeling in dentate granular cells. Panels G–L show a ventrodorsal
gradient of labeling across the hemisphere over the temporoparietal cortex. Labeled cells in
the entorhinal cortex arrange according to the island formations (G). Only a few labeled cells
are detected in the dorsally-located somatosensory cortex (L). At higher magnification, these
cells are in bipolar or multipolar shape, with varying somal size and labeling intensity (D, M).
Scale bar = 150 μm in D applying to M, equal to 300 μm for B, C, E, G–L and 100 μm for M.
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Fig. 9.
Doublecortin immunoreactive (DCX+) cells in representative adult human temporal (A–F) and
frontal (G–M) cortices prepared from surgically removed biopsies. Distinctly stained DCX+
cells exist in layer II, most of which are small bipolar (A–F) and a few multipolar (K, M).
Medium-sized DCX+ cells occur across the cortex, display weak to moderate
immunoreactivity, are either bipolar or multipolar, and have short processes (arrows, I). Some
cells also occur in pairs (double arrows in I, L). Scale bar = 200 μm in A applying to A, D, G,
H, K, L; 100 μm for B, E and 50 μm for C, F, I, J, M.
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Table 1

Patient data and cortical areas analyzed in the present study

Case# Gender Pathology Age (yr) Area studied

H#1 M Ventricular glioma 52 SFG

H#2 F Frontal lobe astrocytoma 36 SFG

H#3 M Frontal lobe oligodendroglioma 44 IFG

H#4 M Frontal meningioma 42 SFG

Y#1 M Cavernoma 7 ITG

Y#2 F Mesial temporal lobe sclerosis (MTS) 45 ITG

Y#3 M Cortical dysplasia 33 ITG

Y#4 F MTS, white matter heterotopias 38 ITG

Y#5 F Amygdalar dysplasia 42 ITG

Y#6 F MTS, polymicrogyria 53 ITG

Y#7 M MTS 53 ITG

Y#8 M MTS (post-traumatic) 38 ITG

Y#9 M MTS 38 ITG
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Table 2

Primary antibodies used in the present study

Antibody Source Product code Dilution

Goat anti-DCX Santa Cruz Biotech. sc-8066 1:2000

Mouse anti-DCX BD Biosciences 611707 1:500

Rabbit anti-DCX Abcam ab18723 1:500

Mouse anti-PSA-NCAM Chemicon MAB5324 1:2000

Mouse anti-TuJ1 Chemicon MAB1637 1:4000

Mouse anti-NeuN Chemicon MAB377 1:4000

Rabbit anti-GFAP Sigma-Aldrich G9269 1:4000

Mouse anti-oligodendrocyte protein Chemicon MAB328 1:1000

Mouse anti-OX42 Bachem T3102 1:1000

Rabbit anti-neurogranin Chemicon AB5620 1:2000

Mouse anti-GABA Sigma-Aldrich A0310 1:10,000

Mouse anti-GAD67 Chemicon MAB5406 1:2000

Mouse anti-calbindin Sigma-Aldrich C9848 1:4000

Mouse anti-parvalbumin Sigma-Aldrich P3088 1:4000

Rabbit anti-calretinin Sigma-Aldrich C7479 1:2000

Rabbit anti-somatostatin Abcam ab22682 1:2000

Rabbit anti-nNOS Chemicon AB5380 1:1000
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