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Abstract

A cohort of morphologically heterogenous doublecortin immunoreactive (DCX +) “immature neurons’ has been identified in
the cerebral cortex largely around layer II and the amygdala largely in the paralaminar nucleus (PLN) among various mam-
mals. To gain a wide spatiotemporal view on these neurons in humans, we examined layer II and amygdalar DCX + neurons
in the brains of infants to 100-year-old individuals. Layer Il DCX + neurons occurred throughout the cerebrum in the infants/
toddlers, mainly in the temporal lobe in the adolescents and adults, and only in the temporal cortex surrounding the amygdala
in the elderly. Amygdalar DCX 4 neurons occurred in all age groups, localized primarily to the PLN, and reduced in number
with age. The small-sized DCX + neurons were unipolar or bipolar, and formed migratory chains extending tangentially,
obliquely, and inwardly in layers I-III in the cortex, and from the PLN to other nuclei in the amygdala. Morphologically
mature-looking neurons had a relatively larger soma and weaker DCX reactivity. In contrast to the above, DCX + neurons in
the hippocampal dentate gyrus were only detected in the infant cases in parallelly processed cerebral sections. The present
study reveals a broader regional distribution of the cortical layer II DCX + neurons than previously documented in human
cerebrum, especially during childhood and adolescence, while both layer II and amygdalar DCX + neurons persist in the
temporal lobe lifelong. Layer II and amygdalar DCX + neurons may serve as an essential immature neuronal system to sup-
port functional network plasticity in human cerebrum in an age/region-dependent manner.
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Introduction

A cohort of the so-called immature neurons has been
reported in the cerebral cortex and amygdala in a growing
list of adult and even old mammals, with their anatomical
Ya-Nan Li and Dan-Dan Hu contribute equally to this work. and functional implications remained incompletely under-
stood [1-3]. The finding of these neurons could be tracked
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ies described these neurons in many mammalian species
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maturation and integration into functional neurocircuitry
[13, 14, 29, 30], experience-related modulation [31-33]
and aging or disease-related alterations [21, 34, 35].
Similarly, DCX + neurons in the amygdala are reportedly
related to the evolutionary expansion and protracted devel-
opment of this limbic structure in primates [36-39], as
well as the pathogenesis of some neurological and neu-
ropsychiatric disorders such as temporal lobe epilepsy,
autism, and major depression [34, 36, 40, 41].

In humans, layer II DCX + neurons have been reported
largely in the temporal lobe in adults [14, 21, 34, 42-44] and
recently in the frontal and temporal lobes in infants [45-47].
Age-related changes of DCX + neurons in the human
amygdala are shown among individuals from infancy up to
77 years old in a recent study [23]. A compelling question
is whether, and if so, to what extent, layer I DCX + neurons
would distribute over broader cerebral regions in humans
during a certain period of postnatal life, as observed in some
animal species [2, 4, 13, 14, 24]. Taking advantage of the
progress with human brain banking [48, 49], we sought to
determine the distribution and amount of cortical layer 11
and amygdalar DCX + neurons in human cerebrum through-
out the lifespan in the current study. We also examined
DCX +immature neurons in the hippocampal dentate gyrus
(DG) and subventricular zone (SVZ) in the parallelly pro-
cessed sections, which, if present, could provide an internal
control for the specificity of the DCX antibody [9, 13, 16].

Materials and Methods
Human Brain Samples

Postmortem human brains were banked through a willed
body donation program [48]. Informed consent for whole
body donation was obtained from the donors or next-of-kin
in compliance with the regulations set by Chinese govern-
ment. A total of 35 brains from donors died at different ages
and with relatively short postmortem delays (2—12 h) were
used in this study. Based on donor’s ages and in reference
to the regional distribution pattern of layer Il DCX + neu-
rons observed in the brain sections, we arranged the cases
into the infant/toddler, adolescent, adult, and aged groups
(Table 1). All methods involving the handling, processing,
and pathological evaluation of postmortem human brain
materials were carried out according to a standard protocol
of brain banking in China [50]. All brains in the aged group
and some in the adult group (>30 years old, y) were evalu-
ated for AD-type pathologies as detailed in our recent stud-
ies [51-53]. All experimental protocols were approved by
the Ethics Committee of Central South University Xiangya
School of Medicine.

Tissue Preparation

Brains were bisected following removal from the skull,
with one hemi-brain (ipsilateral to hand-dominant side) cut
into ~ 1-cm-thick coronal slices and fresh-frozen at —70 °C,
and the other hemi-brain fixed in formalin for 2 weeks. The
fixed half-brains were then cut coronally into 1-cm-thick
slices. Blocks were prepared from the frontal, temporal,
and occipital pole slices, from the frontal lobe slice passing
the anterior end of the lateral ventricle, the temporal lobe
slices at mid-hippocampal and mid-amygdalar levels, and
the occipital lobe slice passing the posterior end of the lat-
eral ventricle. These fixed brain blocks were cryoprotected
in 30% sucrose in 0.1 M phosphate buffer, and then cut in a
cryostat at 35-um thickness. Sections from each block were
collected orderly into 24 wells in culture plates in phosphate-
buffered saline (PBS, 0.01 M, pH7.2), rinsed with PBS to
remove the embedding medium, and then stored in a cryo-
protectant (30% sucrose, 1% polyvinyl-pyrrolidone, and 30%
ethylene glycol in 0.1 M phosphate buffer) at— 20 °C before
they were used for immunohistochemistry. In addition, a
number of brains were selected from the youth, adult, and
aged groups (as indicated in Table 1), with tissue blocks in
the temporal lobe dissected out from the frozen hemisphere,
and processed for Western blotting.

Immunohistochemistry

For each immunohistochemical experiment, 3—4 equally spaced
sections per region/brain from 45 samples were taken out from
the cryoprotectant storage and rinsed with PBS three times at
room temperature. The sections were then treated in PBS with
5% H,0, for 30 min, and in PBS with 5% normal horse serum,
and 0.3% Triton X-100 for 1 h at room temperature. Sections
were reacted with a goat anti-DCX antibody (1:1000, sc-8066,
Santa Cruz Biotech, CA, USA) overnight at 4 °C [13, 14, 16, 24],
further with biotinylated universal secondary antibody at 1:400
(Vector Laboratories, Burlingame, CA) for 2 h, and with the avi-
din-biotin complex (ABC) at 1:400 (Vector Laboratories, Burl-
ingame, CA) for 1 h. Immunoreaction product was developed in
PBS with 0.003% H,0, and 0.05% diaminobenzidine (DAB).
Three 10-min washes with PBS were used between incubations.
Sections were mounted on slides, counterstained with hematoxy-
lin in subsets of sections, air-dried, and then coverslipped follow-
ing dehydration and clearance.

Western Blot
The frozen temporal lobe slice at the level of the amygdala

was identified from a given brain to obtain samples for
Western blotting. A block from the superficial part of
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Table 1 Demographic information of brain donors and application of postmortem brain samples

Group Case#t  Age Sex  Clinical diagnosis and cause of death ~ Postmortem  Thal Af and Sample usage
delay (hours) Braak NFT
staging
Infant and toddler (n=6) 1 6 m M Sudden infant death 4 N.A IHC/CC
2 8 m M Congenital bile duct occlusion 4 N.A IHC/CC
3 10m F Pneumonia 3 N.A IHC/CC
4 ly F Leukemia 5 N.A IHC/CC
5 2y M Bile duct blockage 8 N.A IHC/CC
6 3y F Mental retardation 12 N.A IHC/CC
Adolescent (n=38) 7 10y M Leukemia 12 N.A IHC
8 12y M Cerebral palsy, epilepsy 6 N.A IHC/CC/WB
9 12y F Thalassemia 12 N.A IHC
10 14y F Tuberculosis 10 N.A IHC/CC/WB
11 16y F Down syndrome N.A IHC/CC/WB
12 16y F Transposition of the great arteries 8 N.A [HC/CC
13 17y M Acute leukemia 5 N.A IHC/CC/WB
14 18y M Accident death 5 N.A IHC/CC/WB
Adult (n=10) 15 22y F Osteosarcoma 10 N.A IHC
16 28y M Lung cancer 2 N.A IHC/CC/WB
17 29y F Gastric cancer 6 N.A IHC/CC/WB
18 31y F Leukemia 10 N.A IHC/CC
19 33y F Dilated cardiomyopathy 12 0/0 IHC/CC
20 38y M Lung cancer 8 0/0 IHC/WB
21 49y M Leukemia 10 0/0 IHC/CC
22 50y F Vaginal cancer 0/0 IHC/CC/WB
23 54y M Liver cancer 7 0/0 IHC/WB
24 56y M Lung cancer 12 0/0 IHC
Aged (n=11) 25 65 M Esophageal cancer 3 0/0 IHC/WB
26 66 M Cerebral stroke 5 0/0 IHC
27 68y F Breast cancer 4 0/0 IHC/CC
28 11y M Pulmonary heart disease 6 0/0 IHC/CC/WB
29 T4y M Lung infection 5 0/111 IHC/CC/WB
30 76y M Myocardial infarction 7 0/111 IHC/CC/WB
31 8y M Glioma 12 2/IV IHC/CC
32 88y F Multisystem failure* 9 4V IHC/CC
33 91y M Multisystem failure* 12 5/V1 IHC/CC/WB
34 My F Cerebral stroke* 5 4/V IHC
35 101y M Multisystem failure 4.5 4/V IHC

Abbreviations: m month old; y year old; N.A. not assessed; CC cell count; /HC immunohistochemistry; WB Western blot; 0-5 phases of plaque
pathology according to f-amyloid (Af) immunolabeling; 0—VI stages of neurofibrillary tangles (NFTs) according to phosphorylated tau immu-

nolabeling; *demented according to enquiry from next-of-kin

the temporal cortex and a block of the amygdala tissue
near the lateral ventricle were dissected out from each
slice, respectively. Frozen samples were homogenized
on ice by sonication in T-PER extraction buffer (Pierce,
Rockford, IL, USA) containing protease inhibitors (Roche,
Indianapolis, IN, USA). Extracts were centrifuged at
15,000 g at 4 °C, with supernatants collected and protein
concentrations measured by DC protein assay (Bio-Rad
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Laboratories, Hercules, CA, USA). Lysates containing
equal amount of total protein loading were separated
in SDS—polyacrylamide gels by electrophoresis, and
electrotransferred to Trans-Blot pure nitrocellulose
membranes. Membrane strips were incubated with
antibodies to DCX (1:2000) and glyceraldehyde-3-
phosphate dehydrogenase (mouse anti-GAPDH; 1:5000,
Millipore Shanghai Trading Company Ltd., Shanghai,
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China). HRP-conjugated IgGs (rabbit anti-goat and anti-
mouse, 1:10,000; Bio-Rad Laboratories, Hercules, CA,
USA) and ECL-plus Western blotting substrate detection
kit (Thermo Fisher Scientific; Waltham, MA, USA) were
used to visualize the blotted protein bands. Western blotting
images were documented with the UVP ChemStudio/PLUS
device (Analytik Jena/UVP, USA).
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Imaging, Quantification, Data Analysis and Figure
Preparation

Sections with DAB immunolabeling were examined first on
an Olympus BX51 microscope (cellSens Standard, Olym-
pus Corporation, Japan) to assess the labeling quality and
overall distribution pattern of labeled cells. All sections were
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«Fig. 1 Doublecortin immunoreactive (DCX+) neuronal profiles in
a temporal lobe section at the mid-hippocampal level from the brain
of a 10-month (mo)-old infant. a Low-magnification Motic-scanned
image, with framed areas enlarged as other panels as well as inserts
as indicated. DCX 4 neuronal somata together with dendrite-like pro-
cesses are found in all neocortical and entorhinal gyri, with the most
distinct ones (as pointed by arrows) located at the border between
layers I and II (a—e). A large number of labeled neurons are present
in the hippocampal dente gyrus (DG) along the subgranular zone
(SGZ), with their dendritic processes extending across the gran-
ule cell layer (GCL) into the molecular layer (ML) (a, f, g). A few
DCX +cells are found at the subventricular zone (SVZ) surround-
ing the lateral ventricle (LV) (h). Blue broken lines mark the border
of layers I and II. Additional abbreviations: STG, superior temporal
gyrus; sts, superior temporal sulcus; MTG, middle temporal gyrus;
ITG, inferior temporal gyrus; its, inferior temporal sulcus; ots, occipi-
totemporal sulcus; FG, fusiform gyrus; col-s, collateral sulcus; PHG,
parahippocampal gyrus; CAl, hippocampal CA1 sector; Pro-S, pro-
subiculum; Sub, subiculum; Pre-S, presubiculum; Para-S, parasubicu-
lum; Hi, hilus; WM, white matter. I, II, and III: cortical layers. VZ:
ventricular zone. Scale bars are as indicated in each panel

then scan-imaged using the 40 X objective on an automated
Motic-Olympus microscope (Motic China Group Co. Ltd.,
Wuhan, Hubei, China). The distribution and morphology of
DCX + neurons were examined across the Motic images at
different magnifications. The resulting digital images were
used for on-screen examination and exporting of micro-
graphs for figure presentation and cell count.

Hematoxylin-counterstained sections passing the frontal,
temporal, and occipital poles, and at the mid-amygdalar
and mid-hippocampal levels, respectively, were used to
count the DCX + neurons on the Motic imaging analysis
interface using a randomized sampling approach [24]. The
counting zones consisted of 200 pm X200 um grids were
randomly generalized and tagged in reference to the scales
on the X and Y axes over the section area. We quantified
DCX + neurons over layer II along the gyral portions of the
neocortex, PLN of the amygdalar complex, and the granule
cell layer (GCL) to subgranular zone SGZ of DG. The mean
densities of DCX + neurons (number of cells/um?) in a given
region were calculated based on the data obtained from
two sections from each brain. The cell density data were
recorded for the age groups. Because there was age-related
loss of DCX + neurons in particular brain regions, a zero
value was given in such cases to allow statistical analysis
and graphing.

The cell counting data were arranged according to the
age groups, with means and S.D. calculated for the groups
and analyzed statistically using one-way ANOVA with Bon-
ferroni’s Multiple Comparison Test (GraphPad Prism 5.1,
San Diego, CA, USA). Immunoblot images were quanti-
fied using the OptiQuant software, with the optic density
(0.d.) over blotted DCX protein bands obtained, followed
by a normalization to the levels of GAPDH in the same
lysates. P value <0.05 was set as the cutoff for significant
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difference between the means of comparing groups. Figures
were assembled with Photoshop 7.1.

Results

Observation of Cortical and Amygdalar
DCX + Neurons in the Infant/Toddler Cases

We observed DCX + cells in all the sections from the cases
in the infant/toddler group (Table 1). Thus, DCX + cells
were present in the cortex in the sections from all cerebral
lobes, in the amygdalar complex, as well as in the dentate
gyrus. The morphological features of DCX + neurons are
described below, with representative images illustrated
(Figs. 1, 2, 3, 4, 5; Suppl Fig. 1).

As seen in the temporal lobe section at the mid-hip-
pocampal level from the 10-month-old infant, DCX + cells
occurred in the superficial layers of the neocortical
(Fig. la—d) and the entorhinal (Fig. la, e) regions. The
cells were mostly distributed in layer II, with variable mor-
phology and labeling intensity. The most distinctly stained
ones were smaller in size with a unipolar or bipolar soma,
while those in larger sizes were often multipolar and stained
lighter. Lightly stained DCX + cells were also seen in layer
I, and III to IV, besides II (Fig. 1b—e). In the DG, a large
number of DCX + cells occurred along the SVZ and the
lower portion of GCL. Their dendritic processes extended
into and across the molecular layer (ML) (Fig. 1a, f, g). A
few DCX + cells were present in the SVZ around the lateral
ventricle (Fig. 1a, h).

In the temporal lobe section passing the amygdala,
DCX +neurons were packed in the PLN (Fig. 2a, b). They
were mostly small in size with moderate labeling intensity
and had few or very short processes. Some DCX + cells in
the PLN arranged as migratory chains extending towards
and into the basolateral (BL) and basomedial (BM) nuclei
(Fig. 2b). Moderately and lightly stained DCX + neurons
were observed in all amygdalar subnuclei (Fig. 2b). In
the temporal neocortex (Fig. 2c, d) and entorhinal cortex
(Fig. 2e), DCX + neurons varying in somal size and labe-
ling intensity were fairly abundantly present. Again, they
occurred mostly in layer II, but were also seen in layers I, III,
and even IV (Fig. 2d—e). A widespread cerebral distribution
of cortical DCX + neurons could be realized by examining
the sections from this brain passing the frontal, temporal,
and occipital poles (Fig. 3a—c). In all of these sections,
the strongly labeled DCX + neurons consistently occurred
around layer II, some arranged in chains extending tangen-
tial or oblique relative to the pial surface. Moderately and
lightly stained DCX + cells were seen across layers I to III
(Fig. 3al-a3, b1-b3, c1-c3).
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Fig.2 DCX+neuronal profiles in a temporal lobe section at the
amygdalar level from the 10 month-old old infant brain. a Low-mag-
nification image, with framed areas of the neo- and palo-cortices, and
the amygdala enlarged as indicated (b—e). DCX+cells are densely
packed at the paralaminar (PL) nucleus (PLN) of the amygdalar com-
plex, while lightly to moderately stained cells existed in all other sub-
divisions (b). There are groups (pointed by an arrow) of labeled cells
at the subventricular zone (SVZ), which are separated from those in
the PLN by a zone without labeled cells (b). A cellular band is seen

Amygdala

over the superficial cortical layers, which contain DCX+ cells with
light to strong reactivity and heterogenous morphology (c—e). The
most strongly labeled cells occur in layer II especially around its bor-
der to layer I in all cortical areas. Blue broken lines mark the border
of layers I and II. Th, thalamus; Pu, putamen; GP, globous pallidum;
BM, basomedial nucleus; BL, basolateral nucleus; APH, anterior par-
ahippocampal gyrus; PRG, perirhinal gyrus. Other abbreviations are
as defined in Fig. 1, and scale bars are as indicated
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10 month-old, frontal pole

10 month-old, temporal pole T
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10 month-old, occipital pole

Fig.3 DCX+neuronal profiles in the neocortex of the frontal, tem-
poral, and occipital poles in the 10-month-old old infant brain. a—c
Low-magnification views with boxed areas enlarged as the corre-
sponding panels and inserts as indicated. Strongly labeled neuronal
somata with dendrite-like processes (examples are pointed by arrows)
are present along the border between layers I and II in all enlarged
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image panels. Lightly stained neuronal somata are seen over layers
I, III, and IV (examples are pointed by arrows), besides II, by closer
examination. Blue broken lines mark the border of layers I and II. FP,
frontal pole; STG, superior temporal gyrus; MTG, middle temporal
gyrus; SOG, superior occipital gyrus; IOG, inferior occipital gyrus;
I-1V, cortical layers. Scale bars are as indicated
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Fig.4 Images showing DCX+neuronal profiles in the temporal
lobe structures in the 3-year-old case. Labeled neuronal profiles are
illustrated in low- and high-magnification images from sections at
the levels of the hippocampus and amygdala as indicated. A small
population of DCX +are seem in the dentate gyrus (DG) along the
subgranular zone (SGZ) and in the hilus (Hi) (a, b). In the amygdala
(C), DCX +cells are tightly packed in the paralaminar (PL) nucleus,
but also seen in the basolateral (BL), and basomedial (BM) nuclei
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(c—f), with migratory cellular chains extending from the PL into
other subnuclei (d-f). (g) shows DCX + cortical neurons in the ante-
rior parahippocampal gyrus (APH), with the small-sized and heavily
labeled ones arranged in chains (pointed by arrows) extending from
layer I into II/IIL. Blue broken lines mark the border of layers I and
II. Abbreviations are as defined in Figs. 1 and 2. Scale bars are as
indicated
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Frontal polar cortex (FP) ©

(2]

3 year-old, prefrontal neocortex
Cingulate cortex

o

Frontal middle gyrus

Fig.5 DCX+neuronal profiles in the frontal pole cortical areas in
the 3 year-old case. a Motic image at low magnification, with the
framed areas enlarged to illustrate the labeling in the frontal pole
(b), cingulate (c), and frontal middle (d) gyri, respectively. Labeled
neuronal profiles are found in layers -1V, including a small subpopu-
lation of small-sized cells in layer II (as pointed by arrows). A very
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long migratory chain runs tangentially along layer I in (c, arrows).
Blue broken lines mark the border between layers I and II. FP, frontal
pole; FMG, frontal middle gyrus; fms, frontomarginal sulcus; RoG,
rostral gyrus; ReG, gyrus rectus; I-1V, cortical layers. Scale bars are
as indicated
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As with the above case, a large number of DCX + neu-
rons were found in various cerebral region in the 1-year-
old case, as shown in a temporal lobe section for example
(Suppl. Figure 1). In the brain of the 3-year-old case (Fig. 4),
the overall regional distribution of cortical and amygdalar
DCX + cells were similar to that seen in the infant brains.
However, there was an apparent reduction in the number
of subgranular DCX + cells in the DG in this case (Fig. 4a,
b). Thus, DCX + cells were located discretely in the SGZ
and the hilus, with a few in the middle and upper tiers of
the GCL (Fig. 4b). The dendritic arbors of these immature
granule cells were also less prominent than those seen in the
infant brains (Fig. 1f, g; Suppl. Figure le). In the section
passing the amygdala, strongly labeled DCX + cells were
densely packed across the PLN, along with many migratory
chains (Fig. 4c—e, pointed by arrows). The cellular density
tended to reduce as moving into the central areas of the
amygdalar complex, with labeled somata and processes also
formed migratory chains (Fig. 4d—f). Moderately and lightly
stained DCX + cells were present in the BM and BL, along
with a small number of migratory cellular chains (Fig. 4e,
f). There were also several migratory chains running tan-
gentially in the white matter of entorhinal cortex (Fig. 4c,
d). The laminar distribution and morphology of DCX +cells
in the temporal neocortex and entorhinal cortex in this case
were comparable to that seen in the infants described above,
including some migratory chains extending from layer I into
layers II and IIT (Fig. 4g). Furthermore, a pan-cerebral distri-
bution of the layer II DCX + neurons persisted in this case,
as shown in a section passing the frontal pole for example
(Fig. 5). Again, heavily stained DCX + neurons in relatively
small somal sizes occurred around II, while lightly to mod-
erately stained cells in larger somal sizes were found from
layers I-IV (Fig. 5a—d). A few tangential DCX + chains were
observed in layer I, which could extend up to several hun-
dred microns (Fig. Sa, c).

Observation of Cortical and Amygdalar DCX + Cells
in the Adolescent Cases

Data from donors aged from 10-18 years were included
in this group (Table 1). In these cases, there were fewer
DCX +neurons in the superficial cortical layers relative to
the infant/toddler cases. Thus, the labeled cells remained
detectable in the sections from the frontal, parietal, and
occipital lobes, while a significant population existed in
the cortex essentially across the entire temporal lobe sub-
regions. In general, DCX + cells in the DG became rarely
detectable. In contrast, DCX + cells were consistently pre-
sent in the amygdalar regions. Images from a 16-year-old
case (#12 in Table 1) are included as examples to illustrate
the distribution and morphology of cortical and amygdalar
DCX +neurons (Figs. 6 and 7).

As seen in the temporal lobe section passing the mid-
hippocampus, many DCX + neurons were observed in lay-
ers I-1V in the neocortical and entorhinal cortical regions,
with the heavily labeled neurons localized to layer II,
and lightly to moderately labeled ones present in layers
I-IV (Fig. 6a—d). The strongly labeled neurons sometimes
occurred in chains oriented perpendicularly to the pial
surface (Fig. 6b-d, pointed by arrows). Moving down into
the hippocampal formation, DCX + neurons could not be
found in the DG (Fig. 6a, e). In the temporal lobe section
passing the amygdala (Fig. 7a), a band of strongly labeled
DCX + cells occurred deep to layer I in the neocortical and
entorhinal areas (Fig. 7a, b). Most cells were associated
with migratory chains arranged in a “waterfall-like” pat-
tern extending from layer I into II/IIT (Fig. 7b, pointed by
arrows). Lightly to moderately stained DCX + cells were
present across layer I to IV. In the amygdala, a large num-
ber of labeled neurons occurred around PLN, while many
neurons were also found as moving into to other subnuclei
(Fig. 7a, c, d). The cells with heavy immunoreactivity were
largely bipolar, with some associated with migratory chains
from PLN into other nuclei (Fig. 7c, d). In the section pass-
ing the temporal pole (Fig. 7e), there existed a substantial
amount of DCX + cells forming a band over layer II across
the gyral and sulcal cortical regions (Fig. 7f, g). These
DCX +neurons were also morphologically heterogenous,
with some arranged as inwardly oriented migratory chains
(Fig. 71, g).

Observation of Cortical and Amygdalar DCX + Cells
in the Adult Cases

Brains from donors at ages from 22-56 years were exam-
ined in this group (Table 1). Overall, DCX + cortical neurons
were occasionally found in the frontal, parietal and occipital
lobe sections, but consistently seen in the cortex across the
temporal lobe, although with a reduced amount relative to
the adolescent cases. DCX + neurons were clearly found in
the amygdala. In contrast, DCX + neurons were rarely identi-
fied in the DG (data not shown). Representative images from
two cases (38 and 50 years old) are shown to illustrate the
DCX + neurons.

As seen in the section passing the mid-hippocampus
from the 38-year-old case (Fig. 8), a small group of cortical
DCX +cells were found in layers I-III in the neocortical
areas. Thus, in the precentral neocortex (Fig. 8a, b), most
cells were relatively large and lightly to moderately stained,
while a few small-sized ones also present (pointed by arrow,
Fig. 8b). In the temporal neocortex and entorhinal cortex
in the 38- and 50-year-old cases, many small-sized bipolar
neurons were found in the superior, middle, and inferior tem-
poral gyri (STG, MTG and ITG), fusiform gyrus (FG), and
parahippocampal gyrus (PHG), some arranged in chains or
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Fig.6 DCX +neuronal profiles in a temporal lobe section at the mid-
hippocampal level from the 16-year-old case. The section is counter-
stained with hematoxylin. a shows the lower power view, with framed
areas enlarged sequentially. b—d show DCX +cells in the neocortex.
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Note the inwardly arranged chains from layer I to II/III (pointed by
arrows). DCX + neurons are not visible in the dentate gyrus (DG) (e).
Blue broken lines mark the border of layers I and II. Abbreviations
are as defined in Fig. 1, and scale bars are as indicated
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16 year-old, temporal lobe section, amygdalar level

(1]

MTG

«Q

16 year-old, temporal pole

STG/TP

Fig.7 DCX +neuronal profiles in temporal lobe subregions in the
16-year-old case. a, e show the low-magnification views of the sec-
tions at the levels of the amygdala and temporal pole, with the boxed
areas enlarged as indicated. b shows labeled cells and migratory
structures in the perirhinal gyrus (PRG); note the inwardly oriented
chains from layers I to III (pointed by arrows). ¢ shows labeled cells

PRG

PL

and migratory chains in the paralaminar (PL) and basolateral (BL)
nuclei of the amygdala. f, g show the labeled neuronal profiles in
temporal pole neocortex. Additional abbreviations are as defined in
Figs. 1 and 2. Blue broken lines mark the border of layers I and II.
Scale bars are as provided in each panel
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PrCG

38 year-old, temporal lobe section, amygdalar level
STG

MTG
PLN

Fig.8 DCX+neuronal profiles in the temporal lobe section at the
level of amygdala in the 38-year-old case. Labeled neuronal profiles
at different cortical and amygdalar locations (boxed areas in the low-
magnification image) are enlarged as indicated (a). Labeled cells in
the precentral gyrus (PrCG) are most lightly stained (b), whereas

@ Springer

in the temporal neocortex, heavily stained neurons are also present
around layer II (c, d). Labeled cells are densely packed at the amyg-
dalar paralaminar (PL) nucleus, whereas the cells in the basolateral
nucleus (BM) are mostly stained lightly (f). Additional abbreviations
are as defined in Fig. 2. Scale bars are marked
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clusters (Fig. 8c, d; Supp. Figure 2a—e; Suppl. Figure 3a—d).
In the amygdala, a dense population of DCX + cells occurred
at the PLN, with migratory chains also seen around this
region (Fig. 8a, e; Supp. Figure 2d—f). In the BM and BL
subdivisions, DCX + neurons were lightly and moderately
stained in general, with a few heavily labeled cells (Fig. 8f;
Supp. Figure 2f). No DCX + neuronal profiles could be iden-
tified in the DG, including at the SGZ (Suppl. Figure 3e).

Observation of Cortical and Amygdalar
DCX + Neurons in the Aged Cases

Sections from donors at ages 68—101 years were analyzed in
this group (Table 1). The DCX + neurons were essentially
not detectable across the sections passing the frontal, pari-
etal, and occipital pole. However, some labeled cells were
still found in the neocortex and entorhinal cortex adjoin-
ing the amygdala. There was still a substantial number of
DCX + neurons in the amygdala especially around the PLN.
Again, no DCX + cells were microscopically detectable
in the DG. Representative micrographs from the 91- and
101-year-old cases are included to illustrate the DCX + neu-
rons as examples (Fig. 9a—e; Suppl. Figure 4a—c).

In the sections passing the amygdala from the 91- and
101-year-old cases, a band of DCX + cells was still visible
along the PLN (Fig. 9a, b; Suppl. Figure 4a). At higher
magnifications, these DCX + cells showed light or strong
immunoreactivity (Fig. 9b; Suppl. Figure 4c). Migratory cel-
lular chains were still present in the PLN and neighboring
areas. In the BM, some lightly stained cells were found, as
were short migratory chains (Fig. 9c). In the neocortex and
entorhinal cortex, DCX + neurons were still seen in layers I
to III, while the vast majority of them were lightly to mod-
erately stained (Fig. 9d, e; Suppl. Figure S4b).

Quantitative Analysis of DCX + Neurons in Selected
Cerebral Regions

Cell count was carried out to verify the age-related decrease
in DCX +neurons in selected neocortical areas, amygdala,
and DG (Table 1) (Fig. 10a). Sections (2 sections/brain)
passing the frontal, temporal, and occipital poles, respec-
tively, were used for quantification of DCX + cells around
layer II. We choose these areas in a consideration that the
data obtained could reflect the scope of broadness in the
regional distribution of cortical DCX + neurons in differ-
ent age groups. Also, for a practical reason, the cell count
workload could be minimized using these relatively small-
sized polar cortex sections. DCX + neurons around the PLN
of the amygdala and the SGZ of the DG were also counted,
using sections approximately at the mid-amygdalar and mid-
hippocampal levels (two sections/brain). It should be noted
that a zero value was arbitrarily given in the cases that no

DCX +neurons were found microscopically, to allow the
statistical analyses between groups.

The numerical densities of DCX + neurons around layer
I in the frontal pole neocortex were 52.1+23.3,23.4 +12.5,
0+0, and 0+ 0 cells/mm? (mean + SD, same format below)
in the infant/toddler, adolescent, adult, and aged groups
(Fig. 10B). One-way ANOVA test showed an overall sig-
nificant difference among the means (P <0.0001, F=23.3,
DF =3, 20), with intergroup difference reached for the infant
and adolescent groups relative to other groups, respectively
(Fig. 10b). The density of layer II DCX + neurons in the
temporal pole neocortex were 91.6 +24.6, 53.6+20.9,
44.6+28.9, and 12.8 + 4.6 cells/mm? in infant/toddler, ado-
lescent, adult, and aged groups, which showed an overall as
well as some intergroup differences (P=0.0001, F=11.5,
DF =3, 20) (Fig. 10c). The density of layer II DCX + neu-
rons in the occipital pole neocortex were 35.8 +15.7,
10.3+2.7, 0+ 0, and 0+ 0 cells/mm? in the above groups
of the same listing order, showing significant age-related
difference (P=0.0001, F=25.1, DF=3, 20) (Fig. 10d). The
numerical densities of DCX + amygdalar neurons around
the PLN were 494.3+198.1, 719.2+123.8, 340.6 +197.3,
and 234.5+92.6 cells/mm? in the groups, showing sig-
nificant age-related difference as indicated (P <0.0001,
F=15.0, DF=3, 21) (Fig. 10e). Finally, the estimated den-
sities of DCX + neurons in the SGZ/GCL of the DG were
168.7+107.4, 3.8+ 6.6, 0+0, and 0+ 0 cells/mm? in the
groups. There was a significant overall difference among
the means (P <0.0001, F=15.8, DF=3, 22), with the infant
group significant different relative to other groups by post
hoc test (Fig. 10f).

Schematic Presentation of the Topographic
Evolution of DCX + Neurons with Age

To present a whole brain overview, we schematically sum-
marized the trend of age-related changes in the distribu-
tion and amount of DCX + neurons in the cerebral cortex,
amygdala, and DG, using four representative fronto-occip-
ital planes, based on the microscopical assessments and
the above cell counting data (Fig. 11). Thus, in the infant/
toddler group (Fig. 11a), layer I DCX + neurons occurred
throughout the cerebrum from the frontal to occipital pole,
with the cells most densely present in the temporal lobe.
DCX + amygdalar neurons were abundant, densely packed
in the PLN but also occurred in other subnuclei. A signifi-
cant population of DCX +immature granule cells were seen
in the DG. In the adolescent group (Fig. 11b), DCX +neu-
rons were detectable in the frontal, parietal, and occipital
lobes and commonly seen over the temporal neocortex and
entorhinal cortex. A large number of DCX 4 neurons resided
in amygdala, also concentrating in the PLN and spreading
into the central amygdalar regions. DCX 4+ immature granule
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91 year-old, temporal lobe, amygdala

PRG

APH

Fig.9 DCX+neuronal profiles in the temporal lobe section at the cortex (a, d, e) mostly exhibit light to moderate intensity. Strongly
level of the amygdala in the 91-year-old case. Panel arrangements, labeled cells together with migratory cellular chains remain in the
anatomical structures, and scale bars are as indicated. Labeled neu- paralaminar (PL) nucleus (b). Abbreviations are as defined in Figs. 1
ronal somata (as pointed with arrows) in the amygdala (a—c) and and 2
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Fig. 10 Quantitative analyses of DCX+neurons in selective neo-
cortical areas, amygdala, and dentate gyrus. a illustrates the meth-
odology for cell count in randomly determined zones in 200X 200
um? size, using sections (counterstained with hematoxylin) from the
1-year-old case as examples. The counting zones are approximately
centered over layer II, the paralaminar nucleus (PLN) of amygdala,
and the subgranular zone (SGZ). The final density of the DCX + neu-
rons calculated for a given area and case is based on cell count in two

DCX+ Neurons/mm?

0-
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sections. The density values from individual cases in the age groups
(indicates in Table 1) are graphed according to the regions ana-
lyzed, i.e., the frontal, temporal, and occipital polar neocortex, and
the amygdala and DG, respectively (b—f). A zero value is given if no
DCX+cells are clearly observed. Statistical results and significant
intergroup differences (*) based on one-way ANOVA test with Bon-
ferroni’s pair-wise multiple comparisons are provided in graphs
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Frontal lobe Temporal lobe

(amygdalar plane)

Q

Infant and toddler
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Fig. 11 Schematic illustration of age-related changes in the regional
distribution and relative amount of DCX+neurons in the cerebral
neocortex, amygdala, and dentate gyrus. The maps are based on
the densitometric data and visual estimation through examination
over the Motic-scanned images at low and high magnifications
from multiple sections from individual brains. Red dots represent
the relative amount of DCX+neurons and their locations at four
representative fronto-occipital planes as indicated. DCX+ neurons
are most abundant in the infant/toddler group, which are present
throughout the cerebral lobes, in the amygdala and the dentate gyrus
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Temporal lobe Occipital lobe

(hippocampal plane)

(DG) (a). In the adolescent group (b), DCX + neurons are reduced in
number but remain detectable across the cerebral lobes. The temporal
lobe cortex and amygdala have the highest density of the labeled
neurons, while those in the DG are occasionally found. In the adult
group (c¢), DCX+neurons are detectable across the temporal lobe
cortex and in the amygdala, but rarely seen in the DG. In the aged
group (d), DCX +neurons are restricted to the temporal lobe cortex
adjoining the amygdala wherein a substantial number of neurons
remained. Abbreviations of neuroanatomical terms are as defined in
Figs. 1 and 2
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cells were occasionally detectable in the DG. In the adult
group (Fig. 11c), DCX + cortical neurons were essentially
disappeared over the frontal, parietal, and occipital regions,
although they were still present across the temporal cor-
tex. A fairly large number of DCX 4 neurons remained in
the amygdala, whereas DCX + cells in the DG were essen-
tially not detectable. In the aged group, DCX + neurons
were restricted to the cortical area adjoining the amygdala
wherein a substantial number of DCX + neurons remained,
and again, no labeled cells in the DG (Fig. 11d).

Western Blotting of DCX Protein in the Temporal
Neocortex and Amygdala

Since DCX + neurons existed in the temporal cortex and
amygdala in all age groups, we carried out Western blot-
ting using lysates from the frozen temporal lobe slices to
verify an age-related decline in the levels of DCX protein.
Samples were dissected out from the superficial part of the
temporal neocortex, and the amygdalar area corresponding
to the PLN. Lysates from cases in the adolescent (n=35),
adult (n=35), and aged (n=6) groups were immunoblotted
(Table 1). Levels of DCX standardized to GAPDH were
further normalized to the mean (defined as 100%) of the
values of the cortical lysates of the adolescent group (Suppl.
Figure 5a—d).

Compared to the adolescent group (100.0 +9.5%,
mean + S.D., same format below), levels of DCX pro-
tein in the temporal neocortical lysates were reduced to
35.6+18.3% (P <0.05) and 7.9+5.4% (P <0.05), respec-
tively, in the adult and aged groups (one-way ANOVA with
Bonferroni’s multiple comparison test) (Suppl. Figure Sa,
c, e). DCX levels in the amygdalar lysates in the adult
and aged groups were reduced to 50.9 +20.2% (P <0.05)
and17.2+12.7% (P <0.05), respectively, of the values
(100.0+18.9%) in the adolescents (Suppl. Figure 5b, c, e).
Significant differences existed for DCX levels in the corti-
cal lysates of the adolescent relative to the adult and aged
groups (P <0.05), and for DCX levels in the amygdalar
lysates between each pair of the three age groups (P <0.05),
according to post hoc tests (Suppl. Figure 5e).

Discussion

This study was aimed to update the assessment of
DCX + neurons in the human cerebral cortex and amyg-
dala. We adjunctly examined the DCX + neurons in the DG,
which is related to a debated issue whether specialized tissue
fixation protocol is needed to detect DCX expression here
relating to hippocampal neurogenesis [43, 54—62]. Impact
of tissue processing factors including fixation always exist
in postmortem human brain studies. Our multi-case and

multi-region comparative analyses involved a principle of
positive internal controls [60]. Since conventional forma-
lin fixation was used in this study, we could not rule out a
possibility that DCX immunolabeling was parallelly under-
estimated across brains and regions. With this point being
considered, we discuss our results based on the observations
de facto.

The current whole cerebrum mapping study updated
the information regarding age-related changes in the
population, regional distribution, and morphology of
layer II and amygdalar DCX + neurons in the human
brains. In general, the topographic distribution of the
layer II DCX + neurons changes from occurring across
the entire cerebrum to being restricted in the temporal
cortex adjoining the amygdala, with the advance of age.
The decrease in the overall population and regional
distribution of the labeled neurons appear correlated,
and are in line with the age-related decline in the levels
of DCX protein detected by immunoblot analysis. In all
brains examined, the DCX + neurons in a given cortical area
and the amygdala composed of a cohort of morphologically
heterogeneous neuronal cells, with some small-sized and
morphologically primitive ones arranged in clusters and
chains. This small-sized population was reduced in the adult
and aged cases relative to the infant/toddler and adolescent
cases. Specifically, the DCX + chain-like structures were
more frequently seen, involved more cells and extended
longer in distance in the cortex and amygdala in the infant/
toddler and adolescent relative to the adult and aged cases.
Our data support the notion that DCX + cells in the human
cerebral cortex and amygdalar are a population of immature
neurons [1-4, 13, 14, 43, 63]. The small-sized ones are
primitive, appear to migrate away from the clusters and
chains, grow their soma, and become the larger and mature-
looking subpopulation.

The origin and neuronal phenotype fate of layer II and
amygdalar DCX + neurons remain an issue to be reconciled.
Layer II DCX + neurons in the rodent piriform cortex and
human temporal neocortex were found to co-express the
embryonically pallidum-derived excitatory neuronal lineage
markers the transcription factors T-box brain 1 (TBR1)
and the cut like homeobox 1, but were not colocalized
with GABAergic markers [44, 61]. Another study also
showed TBR1 colocalization in layer II DCX + neurons
in mouse, guinea pig, and rabbit cerebral cortex, while
some faintly stained DCX + neurons were noted to express
the subpallial lineage transcriptive factor distalless [15].
DCX + neurons in the human amygdala were reported
to co-express mainly TBR1, and to a lesser extent, the
chicken ovalbumin upstream promoter transcription factor
II, also a subpallial interneuron lineage marker [23].
Other previous studies reported the colocalization of layer
II DCX + neurons with GABAergic markers in guinea
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pigs, cats, monkeys, and humans [13, 14, 43, 46, 47]. In
addition, tangential DCX + migratory chains have been
reported in the white matter in infant human, porcine, and
ferret cerebral cortex [46, 47, 64, 65]. In this study, we
also observed such tangential migratory chains located
between the amygdala and temporal cortex in the infant
cases. An intriguing phenomenon is that the DCX + neurons
around the superficial cortical layers can form migratory
chains running tangentially in layer I and “waterfall-like”
migratory clusters extending from this layer into deeper
layers in the cat, monkey, and human cerebral cortex over
a wide age range, even in some old macaques [14, 16].
This observation appears in congruent with the pattern of
interneuron migration using the marginal zone (lately layer
I) as the transit route, which might persist into postnatal life
possibly because cortical expansion (e.g., the grey matter
folding) is much greater on the pial than the what matter
side in gyrified brains [63-65].

The functional implication of cortical layer II and
amygdalar DCX + neurons has been recently elaborated
in perspective of cerebral development and evolution
[3-5, 66]. It is considered that these DCX + immature
neurons contribute to a protracted neuronal development
important for modulation of cognitive functions and
emotional behaviors from infancy to adulthood. In support
of the above view, the present study showed the presence
of layer II DCX + neurons across much of cerebral regions
from infancy to adolescence, and a persistency of these
neurons in the temporal cortex and amygdala into old ages.
Many neurological and psychiatric diseases such as febrile
seizures, autism, epilepsy, attention and mode disorders,
and schizophrenia have been related to aberrant neuronal
development and imbalanced excitatory and inhibitory
circuitries [67-72]. In this regard, it would be important to
clarify whether the cortical and amygdalar DCX 4+ immature
neurons may mature into excitatory or inhibitory neurons, or
actually both types, in the future.

An inherent issue in regard to postmortem human
brain study involves the effect of antemortem conditions
on the observation and interpretation of neuronal
measurements obtained experimentally. It is particularly
difficult to appraise whether, and if so, to what extent,
various peripheral or systematic diseases or conditions
would impact the neuroanatomical and/or neurochemical
data obtained from postmortem brain samples. It is even
more so when a study involves the analysis of brains from
infant, childhood, and young adult individuals, whose
deaths are always caused by some fatal diseases such as
malignant tumors, with the patients subjected to intensive
antemortem medical attention or complex complications.
Nonetheless, the fact that DCX + immature neurons are
still observed in the cerebral cortex and amygdala in
postmortem brains of even these severely diseased patients
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would likely strengthen the point that these neurons must
exist substantially under physiological conditions and
play some fundamental biological roles. Further worth
noting, in the present study several cases in the aged group
showed various extents of cerebral f-amyloid (Ap) and tau
pathologies (Table 1). DCX + neurons were persistent in the
temporal cortex and amygdala in these brains. A previous
study also reported the coexistence of DCX + neurons
with AP plaques in the neocortex in aged monkeys [16].
However, we have not systematically explored if AD-type
neuropathology would affect DCX 4+ immature neurons.

In summary, DCX 4 neurons exist in human cerebral
cortex and amygdala essentially lifelong. The topographic
distribution of layer II DCX 4+ neurons changes from being
present across the cerebrum to being restricted in the tem-
poral cortex adjoining the amygdala with age. Our find-
ings are consistent with the notion that DCX 4+ immature
neurons serve as an important cellular substrate to support
neuronal network plasticity, which can occur broadly in
human cerebrum but also evolve during life in an age/
region-related manner.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12035-023-03261-7.
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