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Abstract  
Whether endogenous neurogenesis occurs in the adult cortex remains controversial. An increasing number of reports suggest that double-
cortin (DCX)-positive neurogenesis persists in the adult primate cortex, attracting enormous attention worldwide. In this study, different 
DCX antibodies were used together with NeuN antibodies in immunohistochemistry and western blot assays using adjacent cortical sec-
tions from adult monkeys. Antibody adsorption, antigen binding, primary antibody omission and antibody-free experiments were used 
to assess specificity of the signals. We found either strong fluorescent signals, medium-weak intensity signals in some cells, weak signals 
in a few perikarya or near complete lack of labeling in adjacent cortical sections incubated with the various DCX antibodies. The putative 
DCX-positive cells in the cortex were also positive for NeuN, a specific marker of mature neurons. However, further experiments showed 
that most of these signals were either the result of antibody cross reactivity, the non-specificity of secondary antibodies or tissue autoflu-
orescence. No confirmed DCX-positive cells were detected in the adult macaque cortex by immunofluorescence. Our findings show that 
DCX-positive neurogenesis does not occur in the cerebral cortex of adult primates, and that false-positive signals (artefacts) are caused by 
antibody cross reactivity and autofluorescence. The experimental protocols were approved by the Institutional Animal Care and Use Com-
mittee of the Institute of Neuroscience, Beijing, China (approval No. IACUC-AMMS-2014-501).

Key Words: adult neurogenesis; antigen neutralization; autofluorescence; cross reaction; cross reactivity; doublecortin; neocortex; NeuN; 
non-specificity; primates; tissue adsorption
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Graphical Abstract   

No doublecortin (DCX) positive neurogenesis is present in the cerebral cortex of adult primate 
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Introduction 
Because of the importance of the neocortex and its intricate 
connections, endogenous neurogenesis in the cerebral cortex 
of adult primates has attracted enormous attention world-
wide for the treatment of neurological disease and aging. 
Previous studies using BrdU labeling reported endogenous 
neurogenesis in the cerebral cortex of adult primates (Gould 
et al., 1999; He et al., 2019). However, Kornack and Rakic 
showed that the so-called endogenous neurogenesis in the 
adult primate cortex was caused by the spatial overlap of 
BrdU-positive nuclei and the perikarya of NeuN-positive 
neurons, leading to the wrong conclusion (Kornack and Ra-
kic, 2001; Rakic, 2002). Numerous reports have subsequently 
described the presence or absence of endogenous neurogen-
esis in the cerebral cortex of nonhuman primates by double-
cortin (DCX) immunolabeling (Qin et al., 2000; Fung et al., 
2011; Nacher and Bonfanti, 2015).

DCX is a microtubule and actin filament-associated pro-
tein (Dhaliwal et al., 2015; Moslehi et al., 2017; Han et al., 
2018; Zhou et al., 2019). Because of its specific expression in 
neural precursors and newly-generated immature neurons in 
many brain regions of both developing and adult mammals, 
DCX has been used as a specific marker of neural precur-
sors and immature neurons to evaluate potential endoge-
nous neurogenesis in the adult brain (Francis et al., 1999; 
Gleeson et al., 1999; Brown et al., 2003; Schaar et al., 2004; 
Tsukada et al., 2005; Fournier et al., 2018; Shahsavani et al., 
2018). Using DCX immunolabeling, a few studies reported 
that DCX-positive immature neurons are not detectable in 
the cerebral cortex of adult primates (Bonfanti and Nacher, 
2012; Stanton et al., 2015). However, the overwhelming ma-
jority of studies have reported that DCX-positive cells persist 
in the neocortex of adult primates (Liu et al., 2008, 2018; Cai 
et al., 2009; Zhang et al., 2009; Bloch et al., 2011; Stanton et 
al., 2015; Fasemore et al., 2018), although some with some 
uncertainty (Feliciano et al., 2015; Lipp and Bonfanti, 2016). 
Along with the further increase in these studies (Abrous et 
al., 2005), DCX-positive neurogenesis in the brain has again 
aroused the attention of the public. However, more recently, 
there have been contradictory findings on the presence of 
endogenous DCX-positive neurogenesis in the adult human 
hippocampus (Ehninger and Kempermann, 2008; Lipp and 
Bonfanti, 2016; Boldrini et al., 2018; Kempermann et al., 
2018; Tobin et al., 2019). Based on DCX labeling of sheep 
brain sections, Piumatti et al. (2018) proposed a new form 
of brain structural plasticity, as they found that the DCX-ex-
pressing cells are generated prenatally and remain in a state 
of immaturity for long periods. However, it is unclear why 
and how these “immature neurons” exhibiting a morphology 
and markers typical of mature neurons have not yet differen-
tiated into mature neurons in the adult cortex.

It remains poorly understood why there are contradictory 
findings on endogenous neurogenesis in the adult primate 
cortex by DCX antibody labeling. To our knowledge, no one 
has yet raised concerns over the specificity of DCX antibod-
ies used in these published studies. Therefore, in the present 
study, we investigated whether some of these inconsistencies 

are caused by non-specific immunolabeling.
  
Materials and Methods  
Animals
Six adult rhesus macaques (Macaca mulatta), 9–10-years-old, 
were provided by Beijing Primas Biotech Co., Ltd., Beijing, 
China (SCXK(Jing) 2018-0001). All animals were main-
tained on a 12-hour day/night cycle with lights on at 06:00, 
at 24°C with 30–50% relative humidity. The experimental 
protocols were approved by the Institutional Animal Care 
and Use Committee of the Institute of Neuroscience, Beijing, 
China (approval No. IACUC-AMMS-2014-501).

Immunofluorescence labeling
Under deep anesthesia, the macaques were perfused with 
saline solution and then 4% formaldehyde in ice-cold phos-
phate buffer. The different regions of the neocortex (Addi-
tional Figure 1) and subventricular zone (SVZ) were dis-
sected and post-fixed for 4 hours in 4% formaldehyde, and 
then transferred to 20% sucrose solution overnight at 4°C. 
Frozen sections were cut at 20-μm-thickness, 28 sections/
series, and incubated in phosphate-buffered saline (PBS) 
containing 4% donkey serum, 0.3% bovine serum albumin 
and 0.3% Triton at room temperature for 2 hours. These 
sections were then incubated with different DCX antibodies, 
including Ab18723-1 (1:1000), Ab18723-2 (1:2000), 4064 
(1:400; Cell Signaling Technology, Danvers, MA, USA), Sc-
8066 (1:100) and Sc-271390 (1:100) (Additional Table 1), for 
24 hours at 4°C, followed by three washes in PBS for 10 min-
utes each. Afterwards, the sections were incubated with the 
corresponding Alexa Fluor-conjugated secondary antibodies 
(unadsorbed or adsorbed) for 2 hours, washed three times in 
PBS, stained with Hoechst 33258 (Lot No, B28838; Sigma-Al-
drich, St. Louis, MO, USA) or DAPI (Lot No, D9642, 1:1000; 
Sigma-Aldrich) for 10 minutes, and mounted using F4680 
Fluoromount Aqueous mounting medium (Lot# SLBQ2436V, 
Sigma-Aldrich) to prevent fluorescence quenching.

Adsorption of antibodies with tissues and antigens
Tissue adsorption with DCX antibodies was performed us-
ing adult rat cortex sections. Adult rats were first perfused 
with saline solution and then 4% formaldehyde in ice-cold 
phosphate buffer for 2 hours. The brains were then removed 
and post-fixed in the same solution for 4 hours, and then 
transferred to 20% sucrose solution overnight at 4°C. The 
cerebral cortices were dissected under an anatomical mi-
croscope to eliminate subcortical tissue. After 20-μm sec-
tioning, horizontal or coronal, the frozen cortical sections 
were permeabilized in 1% Triton X-100 for 1 hour, and then 
incubated with the antibody working solutions for 6 hours. 
Cortical sections that had been incubated with the primary 
antibodies were labeled with secondary antibody and exam-
ined under the fluorescence microscope. The whole process 
(Additional Figure 2) was repeated once more until no 
immunofluorescence labeling was present on the sections. 
Frozen cortex and SVZ sections of the rhesus monkey were 
stained with several combinations of primary and secondary 
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antibodies with or without rat brain tissue adsorption.
Antigen adsorption experiments were conducted with an-

tibodies ab18723-1 and ab18723-2 (Abcam, Cambridge, MA, 
USA). Human DCX peptide (Lot: GR3178653-2, ab19804, 
Abcam, working concentration 0.5 ng/μL) was applied to 
an appropriate concentration (less than 2 ng/μL) of anti-
bodies at room temperature for 4 hours. The adsorbed and 
unadsorbed antibodies were then used to label the adjacent 
sections of the cerebral cortex of the adult macaque for 12 
hours, followed by the corresponding fluorescein-conjugated 
secondary antibodies (ab150072 or A11036).

DCX primary antibody omission experiment
To test for non-specific labeling by secondary antibodies, 
nine different secondary antibodies (Additional Table 1) 
were pre-adsorped with the rat cortex sections, as described 
above. The adjacent sections of the cerebral cortex of the 
adult macaque were incubated with NeuN antibody (mouse 
monoclonal NeuN antibody ab104224; working dilution 
1:500; Abcam) and the corresponding secondary combi-
nations, Ab181289 (1:200, green, donkey anti-mouse IgG 
conjugated with Alexa Fluor 488; Abcam) and one of five 
unrelated secondary antibodies (red), Ab150131 (1:200, 
donkey anti-goat IgG H&L (Alexa Fluor 647)), Ab150112 
(1:200, donkey anti-mouse IgG H&L (Alexa Fluor 594)), 
Ab150072 (1:200, donkey F(ab’)2 anti-rabbit IgG H&L 
(Alexa Fluor 594)), A11031 (1:500, goat anti-mouse IgG 
(H+L) highly cross-adsorped secondary antibody (Alexa 
Fluor 568)) or A11036 (1:500, goat anti-rabbit IgG (H+L) 
highly cross-adsorped secondary antibody (Alexa Fluor 
568)), that had been adsorbed or unadsorbed with rat cor-
tex sections. Alternatively, the adjacent cortex sections were 
labeled with NeuN antibody (ab104224, Abcam), and then 
with the corresponding adsorbed or unadsorbed secondary 
combinations (Ab150112, donkey anti-mouse IgG H&L 
(Alexa Fluor 594; red)) and either Ab181289 (1:200, don-
key F(ab’)2 anti-mouse IgG H&L (Alexa Fluor 488; green)), 
Ab181346 (1:200, donkey F(ab’)2 anti-rabbit IgG H&L (Al-
exa Fluor 488)), A11029 (1:500, goat anti-mouse IgG (H+L) 
highly cross-adsorped secondary antibody, (Alexa Fluor 
488)) or A11034 (1:500, goat anti-rabbit IgG (H+L) highly 
cross-adsorped secondary antibody (Alexa Fluor 488)). All 
the sections were mounted with an anti-quenching agent, 
F4680 Fluoromount Aqueous mounting medium (Lot# SL-
BQ2436V, Sigma-Aldrich).

Antibody-free experiments
Adjacent cryostat sections of the adult macaque cortex were 
mounted using F4680 Fluoromount Aqueous mounting 
medium (Lot# SLBQ2436V, Sigma-Aldrich) with a cover 
glass immediately after slicing, without any other treatment. 
Alternatively, the adjacent sections were incubated with the 
diluents without primary or secondary antibody for 4 hours, 
and then mounted as above.

The results were observed under a microscope (BX50; 
Olympus, Tokyo, Japan). Immunofluorescence images were 
captured on a confocal microscope (880; Zeiss, Oberkochen, 

Germany). The spectral analysis of fluorescence points and 
the adjustments of brightness and contrast were performed 
using the same software. All images in the same figures were 
adjusted with identical contrast and brightness settings.

Data acquisition
Spectral analysis was performed with the Zeiss laser confocal 
microscope (880; Zeiss). The fluorescence intensity was di-
rectly assessed under a fluorescence microscope (Olympus), 
and the data were confirmed by spectral analysis.

western blot assay of the adult macaque tissues
Under deep anesthesia, the skin, skull and meninges of the 
rhesus monkey were quickly opened, and the brain was 
removed under a stereomicroscope. The anterior central 
gyrus and the medial regions of the prefrontal cortex (cere-
bral gyri on both sides of the anterior central longitudinal 
sulcus) were removed. Subcutaneous tissues around the 
cortical regions were carefully removed under the anatom-
ical microscope. The SVZ of the lateral ventricle was also 
separated under the operating microscope. For western blot 
assay, tissues from the cortex and SVZ were homogenized in 
lysis buffer (RIPA R0278, Sigma-Aldrich; protein inhibitor 
04693159001, Roche, Hertfordshire, UK), and 25 μg of to-
tal protein was loaded on the gel. The blots were incubated 
with primary antibodies against DCX, 4604S (Cell Signaling 
Technology), sc-8066 and sc-271390 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), ab18723 (Lot# GR281032-1 
and GR3224908-1, Abcam; with or without tissue-adsorp-
tion) or cofilin (10960-1-AP, Proteintech, Chicago, IL, USA) 
at 4°C overnight, followed by incubation with the corre-
sponding secondary antibody (HRP-conjugated, Protein-
tech) for 1 hour at room temperature. Membranes were ex-
posed to enhanced chemiluminescence reagents (Beyotime, 
Nantong, China) and visualized using ImageQuant LAS 500 
(GE, Fairfield, CT, USA).

Data analysis
Six to nine randomly selected fields were captured on a laser 
confocal microscope (880; Zeiss) for each slice. The number 
of positive cells was counted with ImageJ (Jensen, 2013) and 
Fiji (Schindelin et al., 2012) software packages using point 
picker or particle analysis (Drury et al., 2011; Vayrynen et 
al., 2012; Diem et al., 2015). A uniform background was ac-
quired through shading correction (Model and Burkhardt, 
2001). The percentage of DCX-positive cells was calculated 
as (DCX-positive cell count/neuron count) × 100.

Results
Comprehensive analysis of the distribution of 
DCX-positive neurons in adjacent sections of the cortex 
and SVZ in the adult macaque
The adjacent frozen sections were incubated with different 
commercial DCX antibodies and corresponding fluoresce-
in-conjugated second antibodies (Additional Table 1) under 
the same conditions. In sections incubated with primary an-
tibody ab18723-1 (Lot. GR281032-1; Abcam) and secondary 
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antibody A11036 (Thermo Fisher Scientific, Waltham, MA, 
USA), a large number of DCX-positive neurons with me-
dium fluorescence intensity (86% of total cortical neurons) 
were observed throughout the cortex (Table 1).

In the adjacent sections incubated with DCX antibody 
ab18723-1 and secondary antibody ab150072 (Abcam), 
comparatively stronger fluorescence was seen in almost all 
neurons (98%) and their protuberances in laminae II–VI of 
the cortex, especially in pyramidal cells in laminae III and V 
(Figure 1A, Table 1, and Additional Figure 3A).

In the adjacent sections incubated with DCX antibodies 
ab18723-2 (Lot. GR3224908-1; Abcam) and the correspond-
ing secondary antibody, ab150072, medium intensity fluo-
rescence was observed in 46% of perikarya and thick protu-
berances in layer V of the cortex (Figure 1A, Table 1, and 
Additional Figure 3B).

In adjacent sections incubated with DCX antibodies 
ab18723-2 and secondary antibody A10036, a similar distri-
bution of DCX-positive cells (37%), but with weaker fluores-
cence, was observed in the cortex.

In adjacent cortical sections incubated with DCX primary 
antibody 4604S (Cell Signaling Technology) and secondary 
antibody ab150072, weak fluorescence was visible in a few 
perikarya (3.5%) in layers III and V (Figure 1A, Table 1, and 
Additional Figure 3C).

In sections incubated with 4604S and A11036, the per-
centage of DCX-positive neurons was smaller (0.2%), and 

red fluorescent signals (appearing as granules and lumps) 
were much weaker in the perikarya (Table 1) of pyramidal 
cells in laminae III and V.

In sections incubated with DCX antibody sc-271390 and 
secondary antibody ab150112 (Additional Table 1), only a 
few cells (0.5%) with weak fluorescence signals were detect-
ed in the cortex.

In adjacent sections incubated with DCX antibody sc-
271390 and A11031 (Additional Table 1), the contours of 
perikarya with very weak fluorescence (Figure 1A, Table 
1, and Additional Figure 3D) were observed. In adjacent 
sections incubated with DCX antibody sc-8066 and corre-
sponding secondary antibody Ab150131 (Additional Table 
1), a similar result was found.

In the controls, strong fluorescence was found in sparse 
cell-like structures in the SVZ (Table 1 and Additional Fig-
ure 3A–D), irrespective of the combination of primary and 
secondary antibodies used.

Interestingly, all DCX-positive signals, whether strong or 
weak, were co-localized with the neuron-specific nuclear 
protein NeuN, a marker of mature neurons, in the perikarya 
of cortical neurons (Figure 1A and Additional Figure 3), 
but not in the cells of the SVZ (Additional Figure 3). In ad-
dition, the strong fluorescent clusters and dispersed particles 
were also co-localized in NeuN-positive perikarya mainly in 
layers III and V of the cortex for all antibody combinations 
(Figure 1A, B and Additional Figure 3). To further charac-

Table 1 Distribution of DCX positive labeling in the cerebral cortexes of adult primates with or without tissue and antigen adsorption

Primary antibodies/disposition/brain region

Abcam 18723-1 (Lot.GR281032-1) Abcam 18723-2 (Lot.GR3224908-1)

Unabsorbed Tissue absorption Antigen absorption Unabsorbed Tissue absorption

Cortex SVZ Cortex SVZ Cortex SVZ Cortex SVZ Cortex SVZ

Secondary 
antibodies

Abcam 150072 (Unabsorbed) ++++ +++++ ± ++++ ++ – +++ ++++ + ++++
Abcam 150072 (Absorbed) +++ +++++ ± ++++ + – ++ +++ ± +++
Thermo A11036 (Unabsorbed) +++ ++++ – ++++ ++ – ++ ++++ ± ++++
Thermo A11036 (Absorbed) +++ ++++ – +++ + – ++ +++ ± ++++
Abcam 150112 (Unabsorbed)
Abcam 150112 (Absorbed)
Thermo A11031 (Unabsorbed)
Thermo A11031 (Absorbed)

Primary antibodies/disposition/brain region

Abcam 18723-2 (Lot.GR3224908-1) CST-4604 SC-271390*

Antigen absorption Unabsorbed Tissue absorption Unabsorbed Tissue absorption

Cortex SVZ Cortex SVZ Cortex SVZ Cortex SVZ Cortex SVZ

Secondary 
antibodies

Abcam 150072 (Unabsorbed) ++ – + ++++ ± ++++
Abcam 150072 (Absorbed) + – ± ++++ – ++++
Thermo A11036 (Unabsorbed) + – ± ++++ – ++++
Thermo A11036 (Absorbed) + – – ++++ – ++++
Abcam 150112 (Unabsorbed) ± ++++ – ++++
Abcam 150112 (Absorbed) – ++++ – ++++
Thermo A11031 (Unabsorbed) ± ++++ – ++++
Thermo A11031 (Absorbed) – ++++ – ++++

*There were no significant differences between SC-271390 and SC-8066. “+, ± and –”: Fluorescence intensity from observation and spectrometric 
determination. “±” Indicates that the outlines of the perikarya were weakly immunolabeled or that the immunofluorescence was only slightly above 
background in subsequent quantitative spectroscopy examinations. DCX: Doublecortin; SVZ: subventricular zone.
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terize these strong fluorescent signals, in situ spectral analy-
sis of neuron perikarya was performed. When the excitation 
wavelength was 488 nm or 561 nm, the emission wave-
lengths of the strong fluorescent masses in the perikarya 
ranged from 500 nm or 568 nm to infrared (Figure 1B and 
Additional Figure 3B), which is far beyond the emission 
range of fluorescein-conjugated secondary antibodies (Ad-
ditional Table 1). The broad spectrum of the emitted light is 
characteristic of autofluorescence.

Tissue adsorption of DCX primary antibodies
To examine the specificity of the DCX antibodies, pre-ad-
sorption experiments were performed with the four different 
DCX primary antibodies and corresponding secondary anti-
bodies (Table 1). The antibodies were pre-incubated with rat 
cortex sections. Then, adjacent cryostat sections of adult rhe-
sus cortices were incubated with the various combinations 
of DCX primary antibody (Ab18723-1, Ab18723-2 and 4604 
(adsorbed or unadsorbed; Cell Signaling Technology)) and 
Alexa Fluor-conjugated secondary antibody (adsorbed or 
unadsorbed). The immunofluorescence signals almost com-
pletely disappeared in the cortex, except for the fluorescence 
granules and clusters shown to be autofluorescence artefacts 
(Figure 2A and Table 1). On some adjacent sections incu-
bated with the adsorbed DCX antibody and the unadsorbed 
secondary antibody, a few cells with weak fluorescence 
were observed (Table 1), which we subsequently show to be 
caused by non-specific binding by the secondary antibody. 
When incubated with the tissue-adsorped DCX antibody sc-
271390 and the corresponding tissue-adsorped secondary 
antibody A11031 (Thermo Fisher Scientific; Additional Ta-
ble 1) or ab150112, red fluorescence was undetectable (Table 
1). The same results were obtained for the six cortical regions 
that were examined (Additional Figure 1).

As control, SVZ sections were labeled with the same prima-
ry and secondary antibodies with or without adsorption (Fig-
ure 2B and Table 1). When the spectral characteristics were 
compared, an overall attenuation in background signal was 
detected, with a rather small loss in DCX immunofluorescence 
intensity after pre-adsorption (Figure 2B and Table 1).

Antigen neutralization of DCX primary antibodies
Antigen neutralization experiments with DCX antibodies 
were carried out by incubating DCX antibodies ab18723-1 
and ab18723-2 with their corresponding antigen (Additional 
Table 1). In sections treated with these antigen pre-adsorped 
antibodies, most of the putative DCX immunoreactivity in 
the cortex decreased significantly, but remained at a moder-
ate intensity (Figure 3a–c and Table 1). In comparison, no 
DCX-positive labeling was detected in the SVZ (Figure 3d 
and Table 1), confirming that the DCX antibody had been 
adsorbed completely by DCX antigen. To exclude non-specif-
ic immunolabeling caused by other factors, the pre-adsorbed 
secondary antibodies were matched with the antigen-neu-
tralized DCX antibodies for staining. The intensity of the red 
fluorescence was further reduced, but was still significantly 

higher than the background fluorescence (Figure 3e–i and 
Table 1), indicating that partial cross-reactivity remained.

DCX primary antibody omission experiments
The fluorescence in a few cortical neurons was weak but still 
discernible in adjacent cortex sections incubated only with 
secondary antibodies ab150112, ab150131 and ab150072 
(Figure 4A, Additional Figure 4A and Additional Table 2). 
When the sections were incubated with ab150112, ab150131 
and ab150072 pre-adsorped with rat cortex sections, the flu-
orescence signals became weaker and closer to background 
(Figure 4B, Additional Figure 4B and Additional Table 2). 
Spectral analysis of the fluorescence showed that the intensi-
ty of the emissions was very similar to background (Figure 
4). When the adjacent sections were incubated with the 
six remaining secondary antibodies (ab181289, ab181346, 
A11029, A11031, A11034 and A11036), the fluorescence was 
weaker and barely distinguishable (Additional Table 2).

Primary and secondary antibody omission experiments
To further characterize the fluorescence particles and clus-
ters in the cortical neurons, adjacent sections of the adult 
macaque cortex were mounted directly and immediately 
after slicing without any other treatment (Figure 5A) or 
only incubated in the serum diluent without any antibody 
(Figure 5B). The strongly fluorescent particles and clusters 
still persisted in the perikarya of the cortical neurons (Figure 
5A and B). When excited at 488 nm and 561 nm, the fluo-
rescence intensity of these scattered signals within the per-
ikarya was much higher than that of the large masses. The 
former was also difficult to quench by laser during scanning 
and observation (Figure 5C).

Comparison of antibodies on western blot of the adult 
macaque brain
DCX antibodies from different companies or with different 
product or batch numbers were used for immunohistochem-
istry of the cortex and SVZ from six monkeys (Figure 6A). 
There was a clear band around 45 kDa in the SVZ. The same 
band was barely visible in the cortex when incubated with 
the antibodies mentioned above.

Next, we examined each antibody for specificity using hip-
pocampus, cortex and SVZ from six monkeys, using 25 μg 
of total protein per lane. Apart from the presence of the 45 
kDa predicted band, Ab18723-1 produced bands at 100 and 
150 kDa as well. Ab18723-2 labeled bands at over 150 and 75 
kDa (Figure 6B). These extraneous bands were not found in 
blots of P0 brain tissues incubated with Ab18723-1. Other 
antibodies did not produce extraneous bands.

Tissue pre-adsorption was used on antibodies Ab18723-
1 and Ab18723-2. The latter as then used for western blot 
assay as described above. Bands around 45 kDa were no lon-
ger detected with either Ab18723-1 or Ab18723-2 adsorbed 
antibody. Extraneous bands around 150 kDa for Ab18723-
1 and over 150 kDa for Ab18723-2 were attenuated but still 
visible (Figure 6C).
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Antibody 
combination

Ab18723-1+ 
Ab150072

Ab18723-2+ 
Ab150072

CST-4604+ 
Ab150072

SC-271390+ 
A10031

A B

Figure 1 Distribution of DCX-positive labeling in adjacent adult monkey brain cortex sections labeled with different primary antibodies.
(A) DCX staining using different antibody combinations. Antibodies Ab18723-1, Ab18723-2, CST-4604 and SC-271390 and their corresponding fluoresce-
in-conjugated secondaries were used on adjacent sections of the cortex. Panels a-d show brain sections stained with different antibody combinations. In each 
row, DCX (a’–d’), Neun (a’’–d’’) and their merged channels are presented sequentially. The photomicrographs are of layers III (panel a) and V (panels b–d) of 
the cortex. Yellow arrows in panel c show the fluorescence clusters, and white arrows show the contour of the labeled cells. All DCX signals are co-localized 
with NeuN, a mature neuron marker. Large differences in the distribution of DCX-positive cells were observed in the cortex of adjacent sections. Scale bars: 
50 μm in A-a, A-b and A-d; 20 μm in A-c. (B) Emission wavelength and intensity of DCX immunofluorescence: The adjacent sections were double immuno-
labeled by the combination of DCX antibody (ab18723-1) and the fluorescent secondary antibody (A10036, Thermo Fisher Scientific) and the combination 
of NeuN antibody (ab104224) with secondary antibody (A11029), as red and green, respectively. In panel a, the low magnification image shows the localiza-
tion of the detected neuron in the cerebral cortex (white frame), and the strong fluorescent point in the perikarya is indicated with the yellow arrow. Panels 
b and c respectively show the wavelength, intensity and localization of fluorescence in the tested points (color frames) on the pyramidal neuron immuno-
labeled by DCX (b’) and NeuN (c’) with an excitation wavelength of 579 nm (upper) or 495 nm. Panels b” and c” display the detected data of the emission 
wavelength and the fluorescence intensity for the different tested points. I–V: Different layers of the cerebral cortex. Scale bars: 200 µm in panel B-a and 50 
µm in panels B-b’ and B-c’. CST: Cell Signaling Technology; DCX: doublecortin.

A B

Figure 2 Changes in DCX labeling and emission spectra of the adjacent sections after antibody tissue adsorption.
(A) Staining and spectral pattern in the cerebral neocortex. The adjacent sections from the cortex and subventricular zone of the adult macaque were im-
munolabeled with the tissue-adsorbed DCX antibody (Ab18723-1) and fluorescein-conjugated secondary antibody (11036, Thermo Fisher Scientific) (red). 
NeuN is labeled green. In panels A-a, the low magnification pictures of the cortex show its hierarchical structure. Panels A-b’-b are the high magnification 
images of the region in the white frame in panel a, showing the DCX-positive neurons and the localization of the autofluorescent clusters (yellow arrows) 
with NeuN in the perikaryon. Images A-c and e are higher magnifications of the region in the white box in panel A-b, and color boxes represent the test sites 
of the spectrum. Panels A-d and f are the emission spectra taken from different sites (color frames) on the perikarya and background of images respectively, 
for excitation wavelengths of 561 nm (A-c and -d) and 488 nm (A-e and -f). Scale bars: 200 µm in panel A-a, 50 µm in A-b, and 20 µm in panels A-c and -e. (B) 
Changes in DCX labeling and the emission spectra after tissue adsorption in the subventricular zone. Panels show the emission spectra from the subventric-
ular zone using unadsorbed (a and b) and tissue-adsorbed (c and d) antibodies for an excitation wavelength of 561 nm. Numbers in B-a and B-c correspond 
to those in graphs B-b and B-d, respectively. Scale bars: 50 µm in B-b and -d. DCX: Doublecortin; Lv: lateral ventricles.



1296

Liu RX, Ma J, Wang B, Tian T, Guo N, Liu SJ (2020) No DCX-positive neurogenesis in the cerebral cortex of the adult primate. 
Neural Regen Res 15(7):1290-1299. doi:10.4103/1673-5374.272610

Discussion
Comparative distribution of DCX-positive cells in 
adjacent sections of cortex and SVZ reveals the presence 
of antibody cross reactivity
Five DCX antibodies from different companies were used 
in our experiments for immunohistochemistry of adjacent 
sections of the neocortex and the SVZ of the adult primate 
(Kriegstein and Alvarez-Buylla, 2009; Kelsch et al., 2010). 
Their abilities to recognize DCX proteins have been confirmed 
by their identical staining of the SVZ. Therefore, the differenc-
es in labeling among the different DCX antibodies in adjacent 
cortex sections indicate non-specificity of some of these anti-
bodies. The differential cortical DCX staining obtained with 
different batches of the polyclonal antibodies ab18723-1 (Lot. 
GR281032-1) and ab18723-2 (Lot. GR3224908-1) is another 
example of antibody cross reactivity.

Although in western blot assay, the different antibodies 
all successfully detected DCX at the predicted molecular 
weight, their specificity varied when the whole membrane 
was used in imaging development. Some high molecular 
weight bands detected by one DCX antibody (Abcam) ap-
pear to be non-specific. The molecular weights of these ex-
traneous bands differ between antibody batches but remain 
consistent across tissues and experimental conditions. In 
addition, the degree of non-specificity seems to vary among 
species. Only a weak non-specific band appears in western 
blot assay using brain tissues from P0 rat. Given the large 
difference in DCX expression between newborn rats and 
adult monkeys, attention should be paid to the non-speci-
ficity of DCX in the macaque. It is worth noting that these 
antibodies have been validated by western blot assay and im-
munohistochemistry by the antibody company in these two 
species. The unexpected non-specificity might be the result 
of inadequate optimization of antibodies for different species 
in antibody production.

Antibody adsorption experiments confirm the presence of 
antibody cross reactivity
To further confirm the cross reactivity in the cortex sections, 
tissue adsorption and antigen neutralization experiments 
were performed. As the DCX protein sequence used for 
antibody preparation is highly conserved across species, we 
chose rat cortex to conduct tissue adsorption. Because the 
structure of the parietal cortex of the rat brain is relatively 
flat without any sulcus or gyrus, it is easily separated from 
the subcortical structures, thereby avoiding the potential im-
pact of neurogenesis. Another reason for using rat cortex is 
their low non-specificity based on the result of western blot 
assay. DCX-positive labeling disappeared in cortical neurons 
but remained in the SVZ, demonstrating that the antibodies 
contained components that reacted with cortical tissues.

When using pre-adsorbed antibody Ab18723-1 and 2 for 
western blot, the predicted DCX band (40–45 kDa) disap-
peared in every lane, while the non-specific band was attenu-
ated but not completely eliminated. This indicates that DCX 
is expressed in adult rat and monkey cortex, but at extremely 
low levels. Indeed, we failed to find any DCX-positive cell in 

monkey cortex during the whole experiment. The non-specif-
ic band could not be completely blocked by pre-adsorption, 
suggesting that the non-specificity varies among species.

There was no DCX-positive labeling in the SVZ sections 
labeled by DCX antibodies ab18723-1 and ab18723-2 that 
had been pre-incubated with DCX antigen, suggesting that 
the antibodies against DCX had been completely bound 
by DCX antigen. However, while the intensity of the fluo-
rescence in the cortex decreased significantly, it remained 
visible. Although the fluorescence intensity in the cortex was 
reduced further when tissue pre-adsorbed secondary anti-
bodies were used, the DCX signal was still distinguishable 
from background. These results suggest the presence of three 
types of IgG in the DCX antibodies: (1) Specific IgG binding 
only DCX, (2) IgG binding to DCX as well as some compo-
nent of cortical neurons, and (3) IgG binding only to cortex 
neurons by cross-reaction even after antigen neutralization.

Other factors affecting the immunofluorescence results
In DCX antibody omission experiments, weak fluorescence 
still appeared in a few cortical neurons, and become weaker 
or even disappeared when tissue pre-adsorped secondary 
antibodies were used. This indicates the presence of non-spe-
cific reactivity in the Alexa Fluor-conjugated secondary anti-
bodies that could result in staining artefacts.

Tissue autofluorescence is common in biological observa-
tions, and many factors can contribute to this phenomenon 
(Barnes et al., 2011; Reinert et al., 2011). In the current study, 
autofluorescence was demonstrated by the following evidence: 
(1) Fluorescent clusters were present in the sections with or 
without antibody treatment, especially in sections that were 
directly mounted after cutting; (2) The emission wavelength of 
the fluorescent cluster was far beyond the range of fluorescein 
emission wavelength; and (3) The mass’s fluorescence was not 
easily quenched by laser under the confocal microscope. It is 
likely that this autofluorescence could be mistaken for DCX 
immunofluorescence, and therefore may confound the study 
of neurogenesis in the cerebral cortex.

Interpretation of previous investigations of the 
DCX-positive cells in the adult primate cerebral cortex
When reviewing previous reports on neurogenesis in the 
neocortex, we were astonished to learn that the distribution 
of DCX-positive immature neurons in the adult neocortex of 
primates varied greatly among the papers, which prompted 
us to take a closer look at the experimental methods used. 
Most previous studies on DCX-positive immature neurons 
in the adult cortex were based on immunoenzymatic meth-
ods (Qin et al., 2000; Cai et al., 2009; Zhang et al., 2009; 
Bloch et al., 2011; Fasemore et al., 2018). However, excessive 
development of the enzyme reaction may strengthen the 
original weak immunolabeling caused by cross-reactivity 
of antibodies, resulting in signal artefact. Indeed, in some 
reports, almost all the neurons, including pyramidal cells in 
the cerebral cortex, of adult primates were labeled by DCX 
antibody (Qin et al., 2000; Bloch et al., 2011). The situation 
might be improved with slice pre-treatment with NaBH4 
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for enhanced specificity and intensity of the signal (More-
no-Jimenez et al., 2019). Furthermore, the specificities of 
primary and secondary antibodies should be investigated 
in advance, as potential non-specificity and cross reactivity 
with tissues and other applied antibodies are a rather com-
mon phenomenon, especially for polyclonal antibodies (Har-
ris et al., 1997; Craig et al., 1998). One should also be aware 
of spontaneous autofluorescence in the cortex. The impact of 
these potential artefacts should be taken into consideration 
and eliminated by setting up multiple control groups.

In addition to DCX, a marker of postmitotic neuronal pro-
genitor cells and early immature neurons (Brown et al., 2003; 
Ehninger and Kempermann, 2008), various other biomarkers 
are specifically expressed during adult neuronal proliferation. 
These include the neural cell adhesion molecule PSA-NCAM 
and the neuronal determination protein NeuroD, both of 
which are usually expressed in the late phase of neurogenesis 
(Seki, 2002a, b; von Bohlen und Halbach, 2011). In our study, 
DCX was chosen because of its continuous expression during 
the intermediate progenitor cell stages, as it is expressed in 
type-2a, 2b and type 3 cells (Brandt et al., 2003; Brown et al., 
2003; Filippov et al., 2003). The various stages of neurogene-
sis can be studied using a combination of these markers.

In summary, the putative DCX-positive neurons in the 
adult primate neocortex detected by immunofluorescence are 
likely artefacts caused by cross reactivity of the DCX primary 
antibodies, non-specific labeling by secondary antibodies or 
autofluorescence. DCX expression in the adult mammalian 
cortex might be much lower than previously reported.

Author contributions: Study design: SJL; experimental implementation: 
RXL, JM, BW and TT; data analysis: SJL, RXL and NG; paper writing: 
SJL and RXL. All authors approved the final version of the paper. 
Conflicts of interest: The authors declare there is no conflict of interest 
regarding the publication of this paper.
Financial support: This work was supported by the National Natural 
Science Foundation of China (Key Program), No. 30430310 (to SJL); 
the State Key Laboratories Development Program of China, No. SK-
LP-K201401 (to SJL). The funding sources had no role in study concep-
tion and design, data analysis or interpretation, paper writing or deciding 
to submit this paper for publication.  
Institutional review board statement: The experimental protocols 
were approved by the Institutional Animal Care and Use Committee 
of the Institute of Neuroscience, Beijing, China (approval No. IA-
CUC-AMMS-2014-501). The experimental procedure followed the United 
States National Institutes of Health Guide for the Care and Use of Labo-
ratory Animals (NIH Publication No. 85-23, revised 1996).
Copyright license agreement: The Copyright License Agreement has 
been signed by all authors before publication. 
Data sharing statement: Datasets analyzed during the current study are 
available from the corresponding author on reasonable request. 
Plagiarism check: Checked twice by iThenticate. 
Peer review: Externally peer reviewed. 
Open access statement: This is an open access journal, and articles are 
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, tweak, 
and build upon the work non-commercially, as long as appropriate credit 
is given and the new creations are licensed under the identical terms. 
Additional files:
Additional Figure 1: Schematic map of different cortical areas chosen for 
the localization of series sections. 
Additional Figure 2: Graphic illustration of tissue adsorption procedures.
Additional Figure 3: DCX positive labeling in the adjacent sections of 
cerebral cortex of adult monkey.

Additional Figure 4: Omitting experiment of DCX primary antibody.
Additional Table 1: The primary and secondary antibodies used in the 
study.
Additional Table 2: Omitting experiment of DCX primary antibody.

References
Abrous DN, Koehl M, Le Moal M (2005) Adult neurogenesis: from precur-

sors to network and physiology. Physiol Rev 85:523-569.
Barnes JA, Ebner BA, Duvick LA, Gao W, Chen G, Orr HT, Ebner TJ (2011) 

Abnormalities in the climbing fiber-Purkinje cell circuitry contribute to 
neuronal dysfunction in ATXN1[82Q] mice. J Neurosci 31:12778-12789.

Bloch J, Kaeser M, Sadeghi Y, Rouiller EM, Redmond DE Jr., Brunet JF 
(2011) Doublecortin-positive cells in the adult primate cerebral cortex 
and possible role in brain plasticity and development. J Comp Neurol 
519:775-789.

Boldrini M, Fulmore CA, Tartt AN, Simeon LR, Pavlova I, Poposka V, 
Rosoklija GB, Stankov A, Arango V, Dwork AJ, Hen R, Mann JJ (2018) 
Human hippocampal neurogenesis persists throughout aging. Cell Stem 
Cell 22:589-599.

Bonfanti L, Nacher J (2012) New scenarios for neuronal structural plasticity 
in non-neurogenic brain parenchyma: the case of cortical layer II imma-
ture neurons. Prog Neurobiol 98:1-15.

Brandt MD, Jessberger S, Steiner B, Kronenberg G, Reuter K, Bick-Sander A, 
von der Behrens W, Kempermann G (2003) Transient calretinin expres-
sion defines early postmitotic step of neuronal differentiation in adult 
hippocampal neurogenesis of mice. Mol Cell Neurosci 24:603-613.

Brown JP, Couillard-Despres S, Cooper-Kuhn CM, Winkler J, Aigner L, 
Kuhn HG (2003) Transient expression of doublecortin during adult neu-
rogenesis. J Comp Neurol 467:1-10.

Cai Y, Xiong K, Chu Y, Luo DW, Luo XG, Yuan XY, Struble RG, Clough RW, 
Spencer DD, Williamson A, Kordower JH, Patrylo PR, Yan XX (2009) 
Doublecortin expression in adult cat and primate cerebral cortex relates 
to immature neurons that develop into GABAergic subgroups. Exp Neu-
rol 216:342-356.

Craig L, Sanschagrin PC, Rozek A, Lackie S, Kuhn LA, Scott JK (1998) The 
role of structure in antibody cross-reactivity between peptides and folded 
proteins. J Mol Biol 281:183-201.

Dhaliwal J, Xi Y, Bruel-Jungerman E, Germain J, Francis F, Lagace DC (2015) 
Doublecortin (DCX) is not essential for survival and differentiation of 
newborn neurons in the adult mouse dentate gyrus. Front Neurosci 9:494.

Diem K, Magaret A, Klock A, Jin L, Zhu J, Corey L (2015) Image analysis 
for accurately counting CD4+ and CD8+ T cells in human tissue. J Virol 
Methods 222:117-121.

Drury JA, Nik H, van Oppenraaij RH, Tang AW, Turner MA, Quenby S 
(2011) Endometrial cell counts in recurrent miscarriage: a comparison of 
counting methods. Histopathology 59:1156-1162.

Ehninger D, Kempermann G (2008) Neurogenesis in the adult hippocam-
pus. Cell Tissue Res 331:243-250.

Fasemore TM, Patzke N, Kaswera-Kyamakya C, Gilissen E, Manger PR, 
Ihunwo AO (2018) The distribution of Ki-67 and doublecortin-immu-
nopositive cells in the brains of three strepsirrhine primates: galago 
demidoff, perodicticus potto, and lemur catta. Neuroscience 372:46-57.

Feliciano DM, Bordey A, Bonfanti L (2015) Noncanonical sites of adult 
neurogenesis in the mammalian brain. Cold Spring Harb Perspect Biol 
7:a018846.

Filippov V, Kronenberg G, Pivneva T, Reuter K, Steiner B, Wang LP, Yama-
guchi M, Kettenmann H, Kempermann G (2003) Subpopulation of nes-
tin-expressing progenitor cells in the adult murine hippocampus shows 
electrophysiological and morphological characteristics of astrocytes. Mol 
Cell Neurosci 23:373-382.

Fournier J, Muller CM, Schneider I, Laurent G (2018) Spatial information 
in a non-retinotopic visual cortex. Neuron 97:164-180 e167.

Fung SJ, Joshi D, Allen KM, Sivagnanasundaram S, Rothmond DA, Saun-
ders R, Noble PL, Webster MJ, Weickert CS (2011) Developmental 
patterns of doublecortin expression and white matter neuron density in 
the postnatal primate prefrontal cortex and schizophrenia. PLoS One 
6:e25194.

Gould E, Reeves AJ, Graziano MS, Gross CG (1999) Neurogenesis in the 
neocortex of adult primates. Science 286:548-552.

Han J, Zhang JZ, Zhong ZF, Li ZF, Pang WS, Hu J, Chen LD (2018) Gualou 
Guizhi decoction promotes neurological functional recovery and neuro-
genesis following focal cerebral ischemia/reperfusion. Neural Regen Res 
13:1408-1416. 

Harris SL, Craig L, Mehroke JS, Rashed M, Zwick MB, Kenar K, Toone EJ, 
Greenspan N, Auzanneau FI, Marino-Albernas JR, Pinto BM, Scott JK 
(1997) Exploring the basis of peptide-carbohydrate crossreactivity: evi-
dence for discrimination by peptides between closely related anti-carbo-
hydrate antibodies. Proc Natl Acad Sci U S A 94:2454-2459.



1298

Liu RX, Ma J, Wang B, Tian T, Guo N, Liu SJ (2020) No DCX-positive neurogenesis in the cerebral cortex of the adult primate. 
Neural Regen Res 15(7):1290-1299. doi:10.4103/1673-5374.272610

Figure 3 Antigen adsorption of DCX antibodies.
Antibody combination of the antigen-adsorbed DCX antibody 
ab18723-1 and the secondary antibody ab150072 (unadsorbed) was 
first used to label the adjacent sections of the cortex and subventricu-
lar zone. Panel a is taken from the fifth layer of the cortex (Additional 
Figure 4) to show the NeuN/DCX double-labeled neurons (yellow 
arrows). In b and c image series from the white boxes in panel a, DCX 
immunoreactivity (red) was reduced after adsorption, but medium 
intensity red fluorescence persisted. Panel d shows no DCX-positive la-
beling in the subventricular zone after the DCX antibody was adsorbed 
by DCX antigen. To distinguish the source of red fluorescence that 
remains after DCX antibody adsorption, the adjacent sections of adult 
macaque cortex were immunolabeled with the antigen-adsorbed DCX 
antibody (ab18723-1) and the secondary antibody (ab150072) that had 
been pre-adsorbed with a rat cortex section. Panel e shows the localiza-
tion of the tested neuron in the cortex (white box). Panels f and h show 
the spectral features of the images in g and i, respectively. In graph g 
and i, small boxes in different colors represent the locations of spectral 
analysis spots. Red: Autofluorescence; green, blue and yellow represent 
immunofluorescence from the tested sites; light blue: the background. 
In these sections labeled by antigen pre-adsorbed DCX antibody, the 
immunofluorescence intensity of some neurons is still higher than the 
background, indicating the presence of cross reactivity. Scale bars: 200 
µm in panel e, 100 µm in panel a, and 20 µm in panels b–d, g and i. 
DCX: Doublecortin; Lv: lateral ventricle.

A B

Figure 4 Non-specific staining demonstrated by DCX primary omission experiment with unadsorbed or adsorbed secondary antibodies.
The sections were incubated with NeuN antibody and secondary antibodies A10029 (green, corresponding to NeuN) and ab150072 (red, Abcam) without (A) 
or with (B) tissue adsorption. Panels a and c in A and B are the spectral profiles for excitation wavelengths of 561 nm (upper) and 488 nm (lower). Panels 
b and d are the high magnification images of the white frames in the low magnification images of the cortex (panel e), indicating the test sites of the corre-
sponding spectrograms in panels a and c of A and B. The white arrows in b of A and B indicate the contour of the neurons labeled by secondary ab150072 
only. The color curves in A-a and c and B-a and c correspond to the color frames in panel A-b and d, B-b and d. Red curve: Spontaneous autofluorescence; 
green and blue: non-specific labeling by secondary antibody; yellow curve: background fluorescence. Scale bars: 10 µm in A-b and d, 20 µm in B-b and d, 
and 200 µm in A-e and B-e. DCX: Doublecortin.

A B

  C

Figure 5 Autofluorescence in neurons of the cerebral cortex of the adult macaque.
(A) Adjacent cryostat sections of the adult macaque cortex were mounted with a cover 
glass directly and immediately after slicing, without any other treatment (a–c, upper left). 
Panel A-a shows the localization of the autofluorescent particles in the low magnification 
image. Panel A-b is the merged high magnification image from confocal and phase con-
trast microscopy from the white frame in panel a, showing the localization of the autoflu-
orescent particles (yellow arrows) in the neuron in lamina V. Panel A-c is the merged high 
magnification image from laser confocal and phase contrast microscopy of the subventric-
ular zone, and no autofluorescent particles were found in this area. (B) Adjacent sections 
incubated with the serum diluents without any primary or secondary antibody (a–c, low 
upper). Panel a is the low magnification image of the cortex, showing the autofluorescent 
clusters and particles in the cortex. The merged high magnification image from laser con-
focal and phase contrast microscopy (b) is the magnified image of the white frame in panel 
a to show the localization of the autofluorescent particles (yellow arrows) within the neu-
rons of lamina V. Panel c is another merged image of confocal and phase contrast images 
of the subventricular zone without any autofluorescence. Scale bars: 200 µm in panels A-a 
and B-a; 50 µm in panel A-b, -c and B-b, -c. (C) Autofluorescence intensity and emission 
wavelength of a pyramidal cell in layer V of the adult monkey cortex (a, b and b’, c): The 
adjacent cryostat sections were mounted with a cover glass directly and immediately after 
slicing, without any other treatment. When excited at 488 nm, the wavelength and inten-
sity (a and c) of the emission spectra of the fluorescence points (b) were measured using a 
laser scanning confocal microscope. Scale bars: 20 µm in C-b and -b’. The numbers next to 
the small boxes in different colors represent the location and order of the fluorescent dots. 
1–3: The background fluorescence within the cytoplasm of the neuron; 4: background flu-
orescence; 5–7: fluorescence at different positions of the autofluorescent cluster. The color 
of the fluorescence corresponds to the color of the detection sites (boxes). (b’) The merged 
images of the laser scanning confocal (autofluorescence) and phase contrast microscope. 
The tested region in the pyramidal neuron in layer V of the cortex is indicated in the white 
frame. (c) The intensity of the detected fluorescence wavelength of the different test points. 
Lv: Lateral ventricle.
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Figure 6 Comparison of western blot assays of the adult macaque 
brain using the various antibodies.
(A) Differences in western blot results among the various DCX anti-
bodies. Either cortex or SVZ of the same monkey was lysed, and 25 
μg of total protein was loaded per lane. Polyvinylidene fluoride mem-
branes were incubated with different DCX antibodies and were aligned 
for image development. Cofilin was used as control. (B) Western blot 
showing the non-specificity of DCX antibodies. Different batches of 
Ab18723 were used to detect the target protein from monkeys. A total 
of 25 μg protein from the hippocampus, cortex and SVZ of rhesus ma-
caques were loaded per lane. The blot was cut for antibody incubation 
and the strips were aligned before image development. Protein bands 
not mentioned in the antibody datasheet were observed in monkeys 
but not in rats. The molecular weight of those bands differed between 
batches. (C) The non-specific band could not be completely blocked 
by pre-adsorption. Tissue pre-adsorbed DCX antibodies Ab18723-1 
and 2 were used to detect DCX in 6 μg total brain protein from P0 rat 
and 25 μg total protein from the hippocampus, cortex and SVZ of adult 
rhesus macaques. The predicted DCX band (40–45 kDa) disappears in 
every lane, while the non-specific band is attenuated but not completely 
eliminated. Arrows on either side indicate the molecular weights. CTS: 
Cell Signaling Technology; DCX: doublecortin; Hi: hippocampus; SVZ: 
subventricular zone.
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Additional Figure 1 Schematic map of different cortical areas chosen for the localization of series sections.
Tissues from the anterior central gyrus and the medial regions of the prefrontal cortex are collected to perform the
experiment. The numbers (1-6) and the yellow frames represent different cortex areas.
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Additional Figure 2 Graphic illustration of tissue adsorption procedures.
The rat cortex sections (20 μm thickness, emphasized with white box without any non-cortical components) were
cut and permeabilized with Triton for two hours, they were then added to the antibodies at their working dilutions
for 6 hours at 4 ℃. After the first incubation, tissues was changed and the absorbing process was repeated once
more. The sections that were fished out from the absorbing antibodies were incubated with corresponding
fluorescein conjugated secondary antibodies to detect the adsorption effect. The adsorped antibodies were later
used in the incubation with cortex and SVZ of monkey tissues (red box).
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Additional Figure 3 DCX positive labeling in the adjacent sections of cerebral cortex of adult monkey.
(A) Staining combination: DCX (Ab18723-1) with Ab150072. The section of the cerebral cortex of the adult
macaque was double immunolabeled with two kinds of antibodies, DCX (Ab18723-1) and NeuN (ab104224) and
the corresponding secondary antibodies, Ab150072 and Themo A1102 as red and green, respectively. Panels b and
c, the magnification images of the white frames in panel a to show DCX positive labeling and the localization in
the NeuN positive neuron. Panels d’-d show DCX positive labeling (yellow arrows) in the SVZ. Lv, lateral
ventricle. I to V, different layers of the cerebral cortex. Scale bars: 200 µm in Panel a, 50 µm in Panel b and d. (B)
Staining combination: DCX (Ab18723-2) with Ab150072. The crystal sections of the cerebral cortex of the adult
monkey were labeled with DCX (Ab18723-2) and NeuN primary antibody, combined with fluorescein conjugated
secondary antibodies (ab150072 and Thermo A10029). The confocal images were taken using the same
photograph conditions. Panel a, the low magnification image and panel b’-b, d and f are a series of magnified
images of the white frames in the panel a and b, showing the DCX positive labeling and their co-localization with
NeuN. Numbers on curves in panel c and e represent the wavelength and intensity of fluorescence in the detected
regions on images d and f (Frames with different color). Panels g’-g show DCX positive labelings (yellow arrows)
in SVZ. Lv, lateral ventricles. Sclae bars: 200 µm in panel a, 50 µm in panel b-b’ and g’-g, 20 µm in panel d and f.
(C) Staining combination: DCX (CST#4604) with Ab150072. The crystal sections of the cerebral cortex of the
adult monkey were labeled with DCX (CST#4604) and NeuN primary antibody, combined with fluorescein
conjugated secondary antibodies (ab150072 and Thermo A10029). Panel a, stitching image at low magnification.
Panel b’-b, high magnified images of the white frame in panel a, showing the weak (white arrows) and strong red
fluorescence (yellow arrows) and their co-localization with NeuN staining. Panel C, series layered scanning
images, step=1 µm. Panel d, another merged images showing the relationship of red fluorescence clumps and
NeuN positive pericaryon. Panel e, SVZ is only labeled by DCX immunolabeling (yellow arrows), rather than
NeuN. Lv, lateral ventricle. Sclae bars: 200 µm in panel a, 50 µm in e, and 20 µm in b to d. (D) Staining
combination: DCX (SC-271390) with A10031. The crystal sections of the cerebral cortex of the adult monkey
were labeled with DCX primary antibody (SC-271390) and fluorescein conjugated secondary antibody (Thermo
A10031) and NeuN. The confocal images were taken using the same photograph conditions. Panel a, the low
magnification image, panel b’-b and c’-c, magnified images of the white frames in panel a, showing the
fluorescence clumps (yellow arrows) and their co-localization in the NeuN+ neuron. Panel d’-d was taken from the
SVZ to show DCX labeling (yellow arrow). Lv, lateral ventricle. Sclae bars: 200 µm in panel a, 50 µm in panel
b-d. DCX: Doublecortin X.

A B

C D



NEURAL REGENERATION RESERACH www.nrronline.org

Additional Figure 4 Omitting experiment of DCX primary antibody.
(A) DCX Primary omitting experiment with secondary antibody applied. To demonstrate non-specific
labelings caused by secondary antibody, DCX primary antibody omitting experiments were
implemented. The cerebral cortex sections of the adult macaque were incubated with primary antibody
NeuN and secondary antibodies ab150072 (red, abcam) and A10029 (green, Thermo, corresponding to
NeuN antibody). Panel a is a low magnification photograph, and panels b and c are the high
magnification images of white frames in the panel a. The results show not only the intense spontaneous
red fluorescence (yellow arrows), but also the red outline of the labeled pericaryons and their
co-localization with NeuN in the pyramidal neurons (white arrows in b’ and c’). Scale bars: 200 µm in
panel a and 20 µm in panels b and c. (B) DCX Primary omitting experiment with pre-absorbed
secondary antibody applied. To test whether the non-specific labelings exist in the secondary antibodies,
nine kinds of secondary antibodies were pre-absorbed with the rat cortex sections. The adjacent
sections of the cerebral cortex of the adult macaque were labeled with NeuN antibody and secondary
antibodies ab150072 (red, Abcam, pre-absorbed by rat cortex sections) and A10029 (green, Thermo,
corresponding to NeuN antibody). Panel a, the low magnification photograph, and panel b, the high
magnification images of white frames in the panel a, shows the localization of the red autofluorescence
lumps (yellow arrows) within NeuN positive pericaryon in the lamina V. Panel c, series of layered
photographs (0.5µm/step×10) verifying that the red autofluorescence lumps are localized within the
NeuN positive pericaryon of the pyramidal neuron rather than overlapping together. No red
immunofluorescence exists in the pericaryon. Scale bars: 200 µm in panel a, 20 µm in panel b and 50
µm in panel c. DCX: Doublecortin X.

A B
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Additional Table 1 The primary and secondary antibodies used in the study
Antibodies Antigens/peptides Species Producers Identifiers Fluorescein and

Wavelength
Alexa Fluor Excitat

ion
Emissio

n
DCX YLPLSLDDSDSLGDSM Rabbit (polyclone) Abcam, MA, USA Ab18723-1*
DCX YLPLSLDDSDSLGDSM Rabbit (polyclone) Abcam, MA, USA Ab18723-2*
DCX “Epitope is centered around Leu349

and Tyr350 of the DCX"**
Rabbit (polyclone) CST, MA, USA CST#4604

DCX DLYLPLSLDDSDSLGDSM Mouse (monoclone) Santa Crus， TX,
USA

SC-271390

DCX DLYLPLSLDDSDSLGDSM Goat (polyclone) Santa Crus， TX,
USA

SC-8066

NeuN MAQPYPPAQYPPPPQNGIPAEYA
PPPPHPTQDYSGQTPVPTEHGMT
LYTPAQTHPEQPGSEASTQPIAG
TQTVPQTDEAAQTDSQPLHPSDP
TEKQQPKR

Mouse (monoclone) Abcam, MA, USA ab104224

Anti-Goat FC-of Goat lgG Donkey Abcam, MA, USA Ab150131 647 652 668
Anti-mouse FC-of mouse IgG Donkey Abcam, MA, USA Ab150112 594 590 617
Anti-mouse FC-of mouse lgG Donkey Abcam, MA, USA Ab181289 488 495 519
Anti-rabbit FC-of rabbit lgG Donkey Abcam, MA, USA Ab150072 594 590 617
Anti-rabbit FC-of rabbit lgG Donkey Abcam, MA, USA Ab181346 488 495 519
Anti-mouse FC-of mouse lgG Goat Thermo, MA, USA A11029 488 495 519
Anti-mouse FC-of mouse lgG Goat Thermo, MA, USA A11031 568 579 606
Anti-rabbit FC-of rabbit lgG Goat Thermo, MA, USA A11034 488 495 519
Anti-rabbit FC-of rabbit lgG Goat Thermo, MA, USA A11036 568 579 606

* indicates different batches of antibodies under the same product number: Ab18723-1 (Lot.GR281032-1) and Ab18723-2 (Lot. GR3224908-1).** provided by CST company.
DCX: Human doublecortin.
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Additional Table 2 Omitting experiment of DCX primary antibody

“+”, weak fluorescence. “±”, weak immunofluorescence is only slightly higher than the background fluorescence in the subsequent quantitative spectroscopy examinations.
DCX: Doublecortin X.




