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Abstract: Recently, a population of “immature” neurons generated prenatally, retaining immaturity
for long periods and finally integrating in adult circuits has been described in the cerebral cortex.
Moreover, comparative studies revealed differences in occurrence/rate of different forms of neuro-
genic plasticity across mammals, the “immature” neurons prevailing in gyrencephalic species. To
extend experimentation from laboratory mice to large-brained mammals, including humans, it is
important to detect cell markers of neurogenic plasticity in brain tissues obtained from different
procedures (e.g., post-mortem/intraoperative specimens vs. intracardiac perfusion). This variabil-
ity overlaps with species-specific differences in antigen distribution or antibody species specificity,
making it difficult for proper comparison. In this work, we detect the presence of doublecortin and
Ki67 antigen, markers for neuronal immaturity and cell division, in six mammals characterized by
widely different brain size. We tested seven commercial antibodies in four selected brain regions
known to host immature neurons (paleocortex, neocortex) and newly born neurons (hippocampus,
subventricular zone). In selected human brains, we confirmed the specificity of DCX antibody by
performing co-staining with fluorescent probe for DCX mRNA. Our results indicate that, in spite
of various types of fixations, most differences were due to the use of different antibodies and the
existence of real interspecies variation.

Keywords: neurogenesis; immature neurons; comparative neuroplasticity; doublecortin; Ki67 antigen;
mammalian brain

1. Introduction

Developmental neurobiology is characterized by complex, highly dynamic processes
that persist in the adult brain and allow extended assembly/modulation of the neural
circuits (structural plasticity), including the addition of new neurons (adult neurogenesis).
Recent progress in the field revealed increasingly complex landscapes involving different
populations of “young”, undifferentiated neurons of different origin [1]. The new twists
concern different populations of immature neuronal precursors belonging to canonical and
non-canonical neurogenic processes, taking place both inside and outside of the neurogenic
sites [2–13]. At least two populations of young, immature neurons coexist in the postna-
tal/adult brain: (i) newly born neurons generated from active division of adult neural
stem cells, mainly hosted in the canonical neurogenic sites (the subventricular zone of the
lateral ventricle and the dentate gyrus of the hippocampus) [3,5,6], and (ii) non-newly born
“immature” or “dormant” neurons, which form during embryogenesis, then continuing
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to express markers of immaturity through adulthood [7,8,12,14–17]. The “dormant” neu-
rons are located in brain regions not endowed with stem cell-driven neurogenesis, such
as the cerebral cortex and amygdala [7,8,12,15–17]. These cell populations are not easy
to distinguish since they share the same markers of immaturity during some phases of
their life [10,11]. Such a distinction remained neglected for long time, leading to some
misunderstandings in the interpretation of results and generating confusion in different
types/sources of neurogenesis [1,11]. The origin of the young neurons can be revealed by
the presence/absence of co-expression with markers of cell division, or pulse-chase experi-
ments with 5-Bromo-2′-deoxyuridine (BrdU) and its analogues [18]. Yet, another important
element of confusion consists of interspecies differences, with remarkable variation in the
occurrence and distribution of the abovementioned types of plasticity and immature cell
populations across mammals [7,19–23]. This fact makes it necessary to extend the level
of investigation to large-brained, gyrencephalic species, or directly to humans [9,24–26].
When dealing with large-sized gyrencephalic brains some technical/practical difficulties
arise, concerning fixation [27,28] and ethical issues [29,30] (Figure 1).
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Figure 1. The complex landscape of cell marker detection in comparative neuroplasticity. (A) The two
most used markers for in vivo detection of neuronal immaturity (doublecortin, DCX) and cell division
(Ki67 antigen), and the main variables affecting their detection in the brain tissue; Image magnification:
40×. (B) The possible sources of variation can depend on several reasons, including differences
linked to the animal species (neuroanatomy, evolutionary choices in the types of neuroplasticity,
and intrinsic differences in the expression of cells/markers), and/or technical reasons linked to the
procedures of brain sampling and fixation, potentially varying in relation to brain size. (C) Difficulties
encountered in cell marker detection increase with increasing brain size and complexity of cognitive
abilities (from mice to humans) on the basis of technical and ethical issues.
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Consequently, most work must be performed on post-mortem brain tissues or intra-
operative samples, thus putting limits to the experimental approach. For instance, the
long-term tracing of the newly born elements (BrdU label-retaining cells) cannot be suc-
cessfully used in humans or in mammalian species that are protected by international law
(e.g., human primates and cetaceans). Alternatively, cell division can be detected by im-
munocytochemistry in post-mortem tissues, though limitedly to cells dividing at the exact
time of animal death (e.g., Ki67 antigen [31]). Additionally, some discrepancies emerging
after comparing the results with those obtained in laboratory rodents can be linked to
real interspecific differences of the biological processes themselves [21,23,24,32–35] or to
antibody specificity in the different mammals. Hence, the overall issue of analysing large,
gyrencephalic brains is more complex than simply fixation, which overlap with natural
interspecies variation and/or different specificity of antibodies across phylogeny, the latter
two aspects being often neglected.

As shown in Figure 1, elements of complexity can be summarised as follows: (i) some
markers of immaturity previously considered as specific for newly born neurons (e.g.,
doublecortin—DCX—and a polysialylated form of N-CAM—PSA-NCAM), are also ex-
pressed by wide populations of non-newly generated “immature” neurons [10,11]; (ii) both
the rate of postnatal neurogenesis and the occurrence/distribution of immature neurons
remarkably vary among mammals [20,21,23,36] (Figure 1B); (iii) when directly comparing
brains widely different in size, belonging to animal species raising technical/ethical issues,
some variables/approaches cannot be completely standardized (e.g., type and time of
fixation, post-mortem interval; Figure 1C); (iv) the study of such variations require system-
atic, comparable approaches to actually match brain tissues belonging to widely different
animal species, sizes and ages [23] (Figure 2).
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Figure 2. Experimental plan: (A) Animal species considered in this study, widely varying in brain size
(BW: brain weight, in grams), gyrencephaly (GI: gyrification index) and lifespan (LS). (B) Schematic
summary of the variables investigated; four brain regions are considered (squares: red cells, DCX;
black dots, dividing nuclei). Logos reproduced with authorization of Companies.
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Several antibodies from different manufacturers were employed over the years to
detect the most popular antigens linked to structural plasticity/immaturity (e.g., DCX;
Table 1) and cell division (e.g., Ki67 antigen; Table 2).

Table 1. Most common antibodies used to detect DCX in different animal species.

Host and Source References Animal Species (Common Name)

Santa Cruz 1

(goat)

Fasemore et al., 2018 [37] Galago; Lemur; Potto

Chawana et al., 2020 [38] Egyptian fruit bat

La Rosa et al., 2020 [23] 12 mammals (from mouse to
chimpanzee)

Kirby et al., 2012 [39] Rat

Fudge et al., 2012 [40] Crab-eating macaque; southern
pig-tailed macaque

Zhang et al., 2009 [41] Rhesus macaque

Flor-Garcìa et al., 2020 [42] Human

Sorrells et al., 2018 [24] Human; rhesus macaque

Tobin et al., 2019 [43] Human

Boekhoorn et al., 2006 [44] Human

Liu et al., 2020 [45] Rhesus macaque

Marlatt et al., 2011 [46] Common marmoset

Parolisi et al., 2017 [32] Dolphin

La Rosa et al., 2018 [47] Dolphin; sheep

Moreno-Jiménez et al., 2019 [25] Human

Jin et al., 2006 [48] Human

Crews et al., 2010 [49] Human; mouse

Knoth et al., 2010 [50] Human

Wang et al., 2011 [51] Human; rhesus macaque

Gomez-Nicola et al., 2014 [52] Human; mice

Ekonomou et al., 2015 [53] Human

Dennis et al., 2016 [54] Human

Galàn et al., 2017 [55] Human

Liu et al., 2008 [56] Human

Ponti et al., 2006 [57] Rabbit

Kunze et al., 2015 [58] Mouse

Cai et al., 2009 [59] Human; rhesus macaque; cat

Verwer et al., 2007 [60] Human

Bloch et al., 2011 [61] Human; cynomolgus monkey; African
green monkey

Li et al., 2022 [62] Human
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Table 1. Cont.

Host and Source References Animal Species (Common Name)

Abcam
(rabbit)

Piumatti et al., 2018 [7] Sheep

Jhaveri et al., 2018 [63] Mouse

Flor-Garcìa et al., 2020 [42] Human

Sorrells et al., 2018 [24] Human; rhesus macaque

Cipriani et al., 2018 [64] Human

Tobin et al., 2019 [43] Human

Liu et al., 2020 [45] Rhesus macaque

Parolisi et al., 2017 [32] Dolphin

La Rosa et al., 2018 [47] Dolphin; sheep

Wang et al., 2011 [51] Human; rhesus macaque

Nogueira et al., 2014 [65] Human

Perry et al., 2012 [66] Human

Bloch et al., 2011 [61] Human; cynomolgus monkey; African
green monkey

Cai et al., 2009 [59] Human; rhesus macaque; cat

Millipore
(guinea pig)

Akter et al., 2020 [67] Common marmoset

Benedetti et al., 2019 [68] Mouse

Jhaveri et al., 2018 [63] Mouse

Flor-Garcìa et al., 2020 [42] Human

Sorrells et al., 2018 [24] Human; rhesus macaque

Sorrells et al., 2019 [9] Human

Cipriani et al., 2018 [64] Human

Gomez-Nicola et al., 2014 [52] Human; mice

Paredes et al., 2016 [69] Human

Kunze et al., 2015 [58] Mouse

Bloch et al., 2011 [61] Human; cynomolgus monkey; African
green monkey

Alderman et al., 2022 [17] Human; mouse

Cell Signalling
Technology
(rabbit)

Sorrells et al., 2018 [24] Human; rhesus macaque

Liu et al., 2008 [56] Human

Maheu et al., 2015 [70] Human

Paredes et al., 2016 [69] Human

Sorrells et al., 2019 [9] Human

Martì-Mengual et al., 2013 [71] Human; squirrel monkey; cat

Alderman et al., 2022 [17] Human; mouse

Coviello et al., 2022 [72] Human
1 out of production (stock in the Turin lab).
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Table 2. Most common antibodies used to detect Ki67 antigen in different species.

Host and Source References Animal Species

Leica-Novocastra 1

(rabbit)

Fasemore et al., 2018 [37] Galago; lemur; potto

Akter et al., 2020 [67] Common marmoset

Chawana et al., 2020 [38] Egyptian fruit bat

La Rosa et al., 2020 [23] 12 mammals (from mouse to
chimpanzee)

Jhaveri et al., 2018 [63] Mouse

Sorrells et al., 2018 [24] Human; rhesus macaque

Sorrells et al., 2019 [9] Human

Tobin et al., 2019 [43] Human

Boekhoorn et al., 2006 [44] Human

Quiñones-Hinojosa et al., 2006 [73] Human

Fahrner et al., 2007 [74] Human

Parolisi et al., 2017 [32] Dolphin

La Rosa et al., 2018 [47] Dolphin; sheep

Martì-Mengual et al., 2013 [71] Human; squirrel monkey; cat

BD Pharmingen
(mouse)

La Rosa et al., 2020 [23] 12 mammals (from mouse to
chimpanzee)

Sorrells et al., 2018 [24] Human; rhesus macaque

Sorrells et al., 2019 [9] Human

La Rosa et al., 2018 [47] Dolphin; sheep

Abcam
(rabbit)

Gomez-Nicola et al., 2014 [52] Human; mice

Allen et al., 2016 [75] Human

Cipriani et al., 2018 [64] Human
1 out of production.

Therefore, heterogeneous results were reported by different authors by using various
methods and antibodies in each species, in a manner that makes it difficult to really compare
data [23,76]. Although focus has been put on quantification methods [76], real interspecies
differences in the occurrence/distribution of antigens as well as antibody specificity can
play a role. Here, we tried to combine some of the abovementioned variables in six mam-
mals, including humans (Figure 2), with a twofold aim: (i) to map the best performance
of antibodies raised against the most used markers for neuronal immaturity (DCX) and
cell division (Ki67 antigen) in each species, and (ii) to reach a comparable landscape for
these markers across species. The screening was performed on four selected brain regions
in which the occurrence of DCX and Ki67 staining is well known, two of them hosting
non-newly generated “immature” neurons (paleocortex and neocortex) and the other two
hosting newly born neurons (hippocampus and subventricular zone) (Figures 2 and 3). The
study was conceived on two levels: (a) detection of DCX and Ki67 antigen immunoreac-
tivity by testing seven commercial antibodies in five mammals (including lissencephalic
and gyrencephalic species), by considering the abovementioned brain regions (Figure 3);
(b) detection of DCX in the human brain cerebral cortex in combination with its mRNA by
using the RNAscope technique (Figure 3).
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blue and scanned with slidescanner Axioscan (Zaiss; Oberkochen, Germany). (C) Human brain 

Figure 3. Anatomy of the brain regions studied. (A) Four different regions were considered (SVZ,
subventricular zone; SGZ, sub-granular zone of the hippocampal dentate gyrus; NCx, neocortex; PCx,
paleocortex; indicated by red boxes in (A,C), and red squares in (B)) at two different anterior–posterior,
coronal levels (level 1: crossing the SVZ; level 2: crossing the hippocampus) in five mammalian
species. (B) Whole coronal sections cut at the two brain levels, stained with toluidine blue and
scanned with slidescanner Axioscan (Zaiss; Oberkochen, Germany). (C) Human brain tissues were
obtained from intraoperative (C′) and post-mortem (C”) specimens corresponding to the temporal
lobe (light blue). Scale bars: (A,C), 100 µm.

In spite of an obvious interest in visualising DCX in the human brain, the detection
of this antigen in the cerebral cortex of primates has been controversial, spanning from
claiming its occurrence in most cortical layers [61] to its very low level due to non-specific
staining [45]. Due to the complexity of the approach (seven antibodies tested in four
neuroanatomical regions obtained from 24 brains of six widely different species) only
qualitative aspects were considered, including cases of occurrence/absence of staining,
background, or obvious non-specific staining (Figure 4).
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Figure 4. Type and quality of immunostaining obtained with different antibodies in different animal
species and brain regions. (A) Four types of staining were considered, including a clear and clean
staining without background noise, a specific staining bleary with background, an unspecific staining
(with or without background; including artifacts, or staining associated with other structures, e.g.,
blood vessels, astrocytes, other neurons), and the absence of signal. Bottom: legend with symbols
reported in the Results Tables. (B), Some examples considering substantial differences depending on
the different antibodies used. LV: lateral ventricle. Scale bars: 30 µm.

2. Results

As shown in Figure 4, we focused on the quality of staining defined by four parameters,
spanning from a clear and clean staining of the specific cell populations to the absence of
immunocytochemical signal. Results obtained from the comparative analysis in mouse,
marmoset, rabbit, cat and sheep are reported in Figures 4–7 and Tables 3 and 4. Full
results obtained with and without antigen retrieval are reported in Tables 3 and 4, whereas
confocal images are provided for citrate treatment only (Figrues 5a,b and 6). The set
of results concerning the detection of DCX in the human cerebral cortex is reported in
Table 5 and Figure 8.

2.1. Comparative Immunostaining in the Brain of Five Mammals

Tissues analysed in this study belong to widely different mammals endowed with
different brain size and gyrencephaly (Figures 2 and 3); for this reason, they did not
undergo the same type of fixation (Table 6). We tried to obtain maximal homogeneity
for heterogeneous tissues, in terms of fixation and post-mortem interval, as previously
reported in a study involving 12 mammalian species [23]. Nevertheless (as described in
the Introduction, and also in view of the specific aims of the present study), we included
specimens fixed by perfusion (mouse, rabbit, sheep), immersion (cat, marmoset, sheep,
human), post-mortem tissues and intraoperative samples (human). Considering sheep,
both perfused and immersed brains were collected, in order to extend our comparison. As a
result, a substantial ability to detect the two antigens in all animal species was observed (out
of 115 immunocytochemical staining samples performed for DCX with 5 min (5′) citrate
treatment, 89 showed a positive signal while only 26 showed no signal or non-specific
staining; see Table 3a), with no difference among the three specimens analysed in each
species. Nevertheless, substantial differences in the occurrence/type of staining were also
observed (purple areas in Tables 3b and 4b). By observing the distribution of the staining
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rates (success and failure, the latter including the absence of signal and a non-specific
staining), they are not strictly linked to the animal species or the type of fixation, but
rather to the use of different antibodies (in some cases, also to real interspecies differences;
Figure 7A).
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Figure 5. (a,b). Representative confocal images of DCX detection (in red) in different mammals for
five different antibodies. All specimens are counterstained with DAPI. All photographs were taken at
the same magnification (scale bar: 30 µm). Control is represented by one of the two neurogenic sites,
either SVZ or hippocampus. LV: lateral ventricle.

Table 3. (a) Occurrence and quality of staining for DCX. (b) Merge (with and without citrate treatment).

(a)
Citrate Treatment (5 min)

Antibodies Regions Mouse Marmoset Rabbit Cat Sheep
(perfusion)

Sheep
(immersion)

Santa Cruz
(goat)

pc •
nc •
svz •
sgz * •

Cell Signalling
(rabbit)

pc * * * *
nc * * * *
svz *
sgz * * * * *

Abcam
(rabbit)

pc * • * * * *
nc • * * *
svz •
sgz * • * * *

Santa Cruz
(mouse)

pc * * * •
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Table 3. Cont.

No Citrate

Antibodies Regions Mouse Marmoset Rabbit Cat Sheep
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Sheep
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pc * * •
nc * * * •
svz * •
sgz * * * •
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Santa Cruz
(mouse)

pc only 5′ C only 5′ C only 5′ C only 5′ C
nc only 5′ C only 5′ C
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sgz (5′) only 5′ C only 5′ C

Millipore
(guinea pig)
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nc
svz (5′) (5′) without C
sgz without C

Subtable (a):
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staining;  No signal with background;  No signal with non-specific staining; 

 No signal; Subtable (b): MERGE of results obtained with and without 5′ Citrate: 

 Same results;  Different results; (5′) better with Citrate; only (5′) C signal only 
with Citrate; without C signal only without Citrate. 

Absence of staining due to real interspecies difference (e.g., no cell population containg
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Immunoreaction with non-specific staining;

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 10 of 31 
 

 

Cell 
Signalling 
(rabbit) 

nc  * * * *  

svz  * *    

sgz  * * * *  

Abcam 
(rabbit) 

pc *  * * *  
nc   * * *  
svz       
sgz   * * * * 

Santa Cruz 
(mouse) 

pc * * * *   
nc  * * *   
svz * * * *   
sgz * * * *   

Millipore 
(guinea pig) 

pc * * * * *  
nc  * * * *  
svz * * * *   
sgz *   * *  

(b) 

Antibodies Regions Mouse Marmoset Rabbit Cat 
Sheep 

(perfusion) 
Sheep 

(immersion) 

Santa Cruz 
(goat) 

pc    (5′) (5′)  
nc  (5′)  (5′) (5′)  
svz     (5′)  
sgz  (5′)  (5′)   

Cell 
Signalling 
(rabbit) 

pc      only 5′ C 
nc      only 5′ C 
svz  (5′) (5′)   only 5′ C 
sgz  (5′)    only 5′ C 

Abcam 
(rabbit) 

pc   without 
C 

  without C 

nc  without C     
svz       

sgz 
without 

C  (5′)    

Santa Cruz 
(mouse) 

pc only 5′ C  only 5′ C 
only 5′ 

C only 5′ C  

nc   only 5′ C  only 5′ C  
svz  only 5′ C (5′) (5′) only 5′ C  

sgz (5′) only 5′ C  only 5′ 
C 

  

Millipore 
(guinea pig) 

pc (5′)      
nc       
svz (5′)  (5′)  without C  
sgz     without C  

Subtable (a):  Absence of staining due to real interspecies difference (e.g., no cell 
population containg DCX in the mouse neocortex);  Clear and clean immunoreaction; 

 Immunoreaction with background;  Immunoreaction with non-specific 
staining;  No signal with background;  No signal with non-specific staining; 

 No signal; Subtable (b): MERGE of results obtained with and without 5′ Citrate: 

 Same results;  Different results; (5′) better with Citrate; only (5′) C signal only 
with Citrate; without C signal only without Citrate. 

No signal with background;

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 10 of 31 
 

 

Cell 
Signalling 
(rabbit) 

nc  * * * *  

svz  * *    

sgz  * * * *  

Abcam 
(rabbit) 

pc *  * * *  
nc   * * *  
svz       
sgz   * * * * 

Santa Cruz 
(mouse) 

pc * * * *   
nc  * * *   
svz * * * *   
sgz * * * *   

Millipore 
(guinea pig) 

pc * * * * *  
nc  * * * *  
svz * * * *   
sgz *   * *  

(b) 

Antibodies Regions Mouse Marmoset Rabbit Cat 
Sheep 

(perfusion) 
Sheep 

(immersion) 

Santa Cruz 
(goat) 

pc    (5′) (5′)  
nc  (5′)  (5′) (5′)  
svz     (5′)  
sgz  (5′)  (5′)   

Cell 
Signalling 
(rabbit) 

pc      only 5′ C 
nc      only 5′ C 
svz  (5′) (5′)   only 5′ C 
sgz  (5′)    only 5′ C 

Abcam 
(rabbit) 

pc   without 
C 

  without C 

nc  without C     
svz       

sgz 
without 

C  (5′)    

Santa Cruz 
(mouse) 

pc only 5′ C  only 5′ C 
only 5′ 

C only 5′ C  

nc   only 5′ C  only 5′ C  
svz  only 5′ C (5′) (5′) only 5′ C  

sgz (5′) only 5′ C  only 5′ 
C 

  

Millipore 
(guinea pig) 

pc (5′)      
nc       
svz (5′)  (5′)  without C  
sgz     without C  

Subtable (a):  Absence of staining due to real interspecies difference (e.g., no cell 
population containg DCX in the mouse neocortex);  Clear and clean immunoreaction; 

 Immunoreaction with background;  Immunoreaction with non-specific 
staining;  No signal with background;  No signal with non-specific staining; 

 No signal; Subtable (b): MERGE of results obtained with and without 5′ Citrate: 

 Same results;  Different results; (5′) better with Citrate; only (5′) C signal only 
with Citrate; without C signal only without Citrate. 

No signal with non-specific staining;

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 10 of 31 
 

 

Cell 
Signalling 
(rabbit) 

nc  * * * *  

svz  * *    

sgz  * * * *  

Abcam 
(rabbit) 

pc *  * * *  
nc   * * *  
svz       
sgz   * * * * 

Santa Cruz 
(mouse) 

pc * * * *   
nc  * * *   
svz * * * *   
sgz * * * *   

Millipore 
(guinea pig) 

pc * * * * *  
nc  * * * *  
svz * * * *   
sgz *   * *  

(b) 

Antibodies Regions Mouse Marmoset Rabbit Cat 
Sheep 

(perfusion) 
Sheep 

(immersion) 

Santa Cruz 
(goat) 

pc    (5′) (5′)  
nc  (5′)  (5′) (5′)  
svz     (5′)  
sgz  (5′)  (5′)   

Cell 
Signalling 
(rabbit) 

pc      only 5′ C 
nc      only 5′ C 
svz  (5′) (5′)   only 5′ C 
sgz  (5′)    only 5′ C 

Abcam 
(rabbit) 

pc   without 
C 

  without C 

nc  without C     
svz       

sgz 
without 

C  (5′)    

Santa Cruz 
(mouse) 

pc only 5′ C  only 5′ C 
only 5′ 

C only 5′ C  

nc   only 5′ C  only 5′ C  
svz  only 5′ C (5′) (5′) only 5′ C  

sgz (5′) only 5′ C  only 5′ 
C 

  

Millipore 
(guinea pig) 

pc (5′)      
nc       
svz (5′)  (5′)  without C  
sgz     without C  

Subtable (a):  Absence of staining due to real interspecies difference (e.g., no cell 
population containg DCX in the mouse neocortex);  Clear and clean immunoreaction; 

 Immunoreaction with background;  Immunoreaction with non-specific 
staining;  No signal with background;  No signal with non-specific staining; 

 No signal; Subtable (b): MERGE of results obtained with and without 5′ Citrate: 

 Same results;  Different results; (5′) better with Citrate; only (5′) C signal only 
with Citrate; without C signal only without Citrate. 

No signal; Subtable (b): MERGE of results obtained

with and without 5′ Citrate:

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 10 of 31 
 

 

Cell 
Signalling 
(rabbit) 

nc  * * * *  

svz  * *    

sgz  * * * *  

Abcam 
(rabbit) 

pc *  * * *  
nc   * * *  
svz       
sgz   * * * * 

Santa Cruz 
(mouse) 

pc * * * *   
nc  * * *   
svz * * * *   
sgz * * * *   

Millipore 
(guinea pig) 

pc * * * * *  
nc  * * * *  
svz * * * *   
sgz *   * *  

(b) 

Antibodies Regions Mouse Marmoset Rabbit Cat 
Sheep 

(perfusion) 
Sheep 

(immersion) 

Santa Cruz 
(goat) 

pc    (5′) (5′)  
nc  (5′)  (5′) (5′)  
svz     (5′)  
sgz  (5′)  (5′)   

Cell 
Signalling 
(rabbit) 

pc      only 5′ C 
nc      only 5′ C 
svz  (5′) (5′)   only 5′ C 
sgz  (5′)    only 5′ C 

Abcam 
(rabbit) 

pc   without 
C 

  without C 

nc  without C     
svz       

sgz 
without 

C  (5′)    

Santa Cruz 
(mouse) 

pc only 5′ C  only 5′ C 
only 5′ 

C only 5′ C  

nc   only 5′ C  only 5′ C  
svz  only 5′ C (5′) (5′) only 5′ C  

sgz (5′) only 5′ C  only 5′ 
C 

  

Millipore 
(guinea pig) 

pc (5′)      
nc       
svz (5′)  (5′)  without C  
sgz     without C  

Subtable (a):  Absence of staining due to real interspecies difference (e.g., no cell 
population containg DCX in the mouse neocortex);  Clear and clean immunoreaction; 

 Immunoreaction with background;  Immunoreaction with non-specific 
staining;  No signal with background;  No signal with non-specific staining; 

 No signal; Subtable (b): MERGE of results obtained with and without 5′ Citrate: 
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with Citrate; without C signal only without Citrate. 

Same results;
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Different results; (5′) better with Citrate; only
(5′) C signal only with Citrate; without C signal only without Citrate.

2.2. Regional Differences

Some recurrent regional differences depending on the neuroanatomical area investi-
gated were observed for DCX. A clear and clean staining was generally detectable in the
SVZ (21 positivities out of 30, with 8 cases of background or non-specificity), whereas the
occurrence of background or non-specific staining was more frequent in the SGZ (15) and
cerebral cortex layer II (23). These differences, observed in different brain regions of the
same animal species, do not seem linked to antibody specificity, rather to neuroanatomical
features and to the cell populations involved (see also Section 3). Moreover, the impact
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of the total staining in the microscope field can be different depending on the structures
detected: the SVZ hosts masses of neuroblast-forming chains enriched in DCX, whereas
isolated neurons at different maturational stages are detectable in the dentate gyrus, even
more diluted in space and less immature in the neocortex.

The detection of Ki67 antigen was more homogeneous with respect to the region
investigated, mainly because the analysis was restricted to neurogenic sites (Figure 6 and
Table 4). The rate of failure and the occurrence of background noise were slightly constant
in both regions. Being Ki67 a nuclear antigen, can be hardly reached by antibodies in
tissue fixed by immersion; for this reason, it requires longer citrate treatment to unmask
antigenicity (Figure 6).
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Figure 6. Representative confocal images of Ki67 antigen detection (in white) in different mammals 
for two different antibodies in the two neurogenic sites (forebrain SVZ and hippocampal SGZ). All 
specimens are counterstained with DAPI. All photographs have been performed at the same 
magnification (scale bar: 30 µm). In marmoset, (30′ CT) indicates that the antigen can be detected 
only after 30 min of citrate buffer treatment. LV: lateral ventricle. 
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Figure 6. Representative confocal images of Ki67 antigen detection (in white) in different mammals
for two different antibodies in the two neurogenic sites (forebrain SVZ and hippocampal SGZ).
All specimens are counterstained with DAPI. All photographs have been performed at the same
magnification (scale bar: 30 µm). In marmoset, (30′ CT) indicates that the antigen can be detected
only after 30 min of citrate buffer treatment. LV: lateral ventricle.



Int. J. Mol. Sci. 2023, 24, 2514 13 of 29

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 14 of 31 
 

 

(mouse) sgz only 5′ C   only 5′ C only 5′ C  
Abcam 
(rabbit) 

svz  only 5′ C (5′)   only 5′ C 
sgz   only 5′ C only 5′ C  only 5′ C 

Subtable (a):  Absence of staining due to real interspecies difference (e.g., no cell 
population containg DCX in the mouse neocortex);  Clear and clean immunoreaction; 

 Immunoreaction with background;  Immunoreaction with non-specific 
staining;  No signal with background;  No signal with non-specific staining; 

 No signal; Subtable (b): MERGE of results obtained with and without 5′ Citrate: 
 Same results;  Different results; (5′) better with Citrate; only (5′) C signal only 

with Citrate; without C signal only without Citrate. 

 
Figure 7. Variation in the type and quality of immunostaining obtained in different animal species 
(A) and in different brain regions (B). (A) In comparative studies the detection DCX+ cell 
populations can yield different results depending on real interspecies differences, e.g., the absence 
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Figure 7. Variation in the type and quality of immunostaining obtained in different animal species (A)
and in different brain regions (B). (A) In comparative studies the detection DCX+ cell populations can
yield different results depending on real interspecies differences, e.g., the absence of DCX+, immature
neurons in the mouse neocortex [23]. (B) Even in the same species, using the same antibody, different
results can be found depending on the brain region. In most cases, the SVZ bordering the lateral
ventricle (LV) stains far more clean and clear with respect to parenchymal regions such as the cortex
and the hippocampus (sheep and cat). Note that in sheep, SVZ and cortex stain for the expected
neuronal populations and non-specific staining is detectable in the hippocampus. Scale bar: 30 µm.

Table 4. (a) Occurrence and quality of staining for Ki67 antigen. (b) Merge (with and without citrate
treatment).

(a)
Citrate Treatment (5 min)

Antibodies Regions Mouse Marmoset Rabbit Cat Sheep
(perfusion)

Sheep
(immersion)

BD Pharmingen
(mouse)

svz * *
sgz *

Abcam
(rabbit)

svz * * * *
sgz * * * •

No Citrate
Antibodies Regions Mouse Marmoset Rabbit Cat (perfusion) (immersion)
BD Pharmingen
(mouse)

svz * * * *
sgz • * * •

Abcam
(rabbit)

svz * • * * *
sgz * * *
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Table 4. Cont.

(b)

Antibodies Regions Mouse Marmoset Rabbit Cat Sheep
(perfusion)

Sheep
(immersion)

BD Pharmingen
(mouse)

svz (5′) (5′) only 5′ C
sgz only 5′ C only 5′ C only 5′ C

Abcam
(rabbit)

svz only 5′ C (5′) only 5′ C
sgz only 5′ C only 5′ C only 5′ C

Subtable (a):
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Subtable (a):  Absence of staining due to real interspecies difference (e.g., no cell 
population containg DCX in the mouse neocortex);  Clear and clean immunoreaction; 

 Immunoreaction with background;  Immunoreaction with non-specific 
staining;  No signal with background;  No signal with non-specific staining; 

 No signal; Subtable (b): MERGE of results obtained with and without 5′ Citrate: 

 Same results;  Different results; (5′) better with Citrate; only (5′) C signal only 
with Citrate; without C signal only without Citrate. 

Absence of staining due to real interspecies difference (e.g., no cell population containg
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2.3. DCX Detection in the Human Cerebral Cortex

In the human cerebral cortex, the picture appeared different from that observed in
the other mammals, since only one antibody was properly working. Results obtained in
humans are reported in Table 5, Figures 8 and 9. Analyses were restricted to the neocortex,
both from post-mortem tissues and intraoperative samples, in the latter integrated with
RNAscope analysis in order to assess the spatial expression of RNA molecules with cellular
specificity for DCX (Figure 9).

Table 5. Occurrence and quality of staining for DCX in human brain tissue.

Antibody Region Immuno RNAscope
Santa Cruz (goat)

Cerebral cortex
(temporal)

• -
Cell Signalling (rabbit) • -
Abcam (rabbit) * Co-expression in some DCX+ neurons in layer II-III
Santa Cruz (mouse) • No co-expression in DCX+ neurons (non-specific staining)
Millipore (guinea pig) • No co-expression in DCX+ neurons (non-specific staining)
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All antibodies raised against DCX and used on the other mammals were tested im-
munocytochemically on coronal cryostat sections of human temporal cortex (Figure 8A).
Among the five antibodies employed, only the Abcam rabbit and the Millipore guinea pig
revealed neuronal-like cells (mostly localised in the superficial cortical layers II and III),
the other antibodies giving no signal and/or a non-specific punctate reaction (Table 5 and
Figure 8A). The detection of DCX+ neuronal-like cells was rare and revealed elongated cell
bodies whose staining extended only in a short part of a process, as expected in human
brains of old individuals (ranging from 67 to 81 years in our study; Table 7 [59,62,72,77]).
Other cell bodies located in different layers and showing a faint staining resembling aut-
ofluorescence were also observed. To check whether the immunostaining was specifically
associated with DCX-expressing cells, an in situ hybridization with RNA probe (RNAscope)
was performed in double staining with Abcam, Millipore and Santa Cruz anti-DCX antibod-
ies (Figure 9). Only in the case of Abcam antibody a co-expression was detected, revealing
a subpopulation of DCX-expressing neurons in layers II and III (Figure 9 and Table 5).

Post-mortem, heavily formalin-fixed human tissues were also used, to make a compar-
ison. In these tissues, by using the Abcam antibody some unipolar/bipolar neurons were
detectable in the cortical layer II (Figure 8B, top); yet, interlaminar astrocytes of the layer
I [78] were also heavily stained (Figure 8B, bottom). To further validate DCX expression in
these cells, we combined RNAscope analysis for DCX gene expression with immunocyto-
chemistry for the astrocytic marker GFAP and found no GFAP+ astrocytes co-expressing
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DCX mRNA (Figure 9). This result, together with the absence GFAP+/DCX+ detection in
intraoperative samples, indicate that GFAP+/DCX+ double positive cells detected in the
heavily formalin-fixed human tissues are likely due to non-specific staining.
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Figure 8. Detection of DCX in the human neocortex by immunocytochemistry. (A) Immunocyto-
chemical staining for DCX (red) by using different antibodies, both with and without citrate buffer
treatment. Confocal images taken in cortical layer II-III (I, II, cortical layers). (B) Immunocytchemistry
on post-mortem brain tissue with Abcam primary antibody reveals some unipolar/bipolar neurons
(arrows) in layer II, but also a non-specific staining on interlaminar astrocytes in layer I (arrowheads;
see Figure 9). Scale bars: 20 µm.
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association with anti-DCX Abcam primary antibody confirms that some labelled cells in layer II-III 
actually are DCX-expressing cells (white arrows); some cells positive only for the RNA-probe do 
not express the protein (red arrows); bottom, higher magnification of a doule-labelled cell. (B) No 
co-expression of DCX-RNAprobe (red arrows) with anti-DCX Santa Cruz and Millipore. (C), No co-
expression of DCX-RNAprobe (red arrows) with GFAP+ astrocytes (white arrowheads) was 
detected. Scale bars: 10 µm. 
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neurobiology, helping to define different cell populations on the basis of their phenotype 
and/or maturational stages. The reliability of antibodies used to detect such markers is 
obviously a prominent aspect and acquires special complexity in comparative studies 
involving widely different mammalian species characterized by different brain size and 
inherent difficulties in obtaining fresh, well-fixed material (Figure 1). When protected 
animal species or humans are involved, the post-mortem interval, as well as the type of 
fixation, cannot be the same as in laboratory rodents. Consequently, even when several 
animal species are considered in the same study and thus processed by using the same 
methods, the original conditions of the tissues cannot be exactly the same [23,79,80,81]. 
Conversely, when a single animal species is investigated to find the best conditions to 

Figure 9. Detection of DCX in the human neocortex by RNAscope. (A) RNAscope technique in
association with anti-DCX Abcam primary antibody confirms that some labelled cells in layer II-III
actually are DCX-expressing cells (white arrows); some cells positive only for the RNA-probe do
not express the protein (red arrows); bottom, higher magnification of a doule-labelled cell. (B) No
co-expression of DCX-RNAprobe (red arrows) with anti-DCX Santa Cruz and Millipore. (C), No co-
expression of DCX-RNAprobe (red arrows) with GFAP+ astrocytes (white arrowheads) was detected.
Scale bars: 10 µm.

3. Discussion

Cell marker immunocytochemical detection is an important tool in developmental
neurobiology, helping to define different cell populations on the basis of their phenotype
and/or maturational stages. The reliability of antibodies used to detect such markers
is obviously a prominent aspect and acquires special complexity in comparative studies
involving widely different mammalian species characterized by different brain size and
inherent difficulties in obtaining fresh, well-fixed material (Figure 1). When protected
animal species or humans are involved, the post-mortem interval, as well as the type of
fixation, cannot be the same as in laboratory rodents. Consequently, even when several
animal species are considered in the same study and thus processed by using the same
methods, the original conditions of the tissues cannot be exactly the same [23,79–81].
Conversely, when a single animal species is investigated to find the best conditions to
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detect antigens in that brain tissue (a most frequent event in the literature), comparison
with other species can be tricky.

On these bases, we performed here a systematic testing of different commercial anti-
bodies raised against two widely used markers of structural plasticity on different brain
regions (neurogenic and non-neurogenic) of five mammalian species and on the cerebral
cortex of humans, in search of similarities and possible substantial, qualitative differences.
The first aim was to establish a screening on the most commonly used antibodies to check
whether they can be considered specific for all species, or otherwise, to map which antibod-
ies do not work in some of them, in order to obtain a panel to be used in future comparative
studies, with the aim of reaching a “comparable” picture.

3.1. Variables Affecting the Occurrence/Quality of Staining

The present study involved seven antibodies raised against two antigens, detected in
four brain regions of five mammalian species, as well as in the cerebral cortex of humans
(Figure 2). Our results revealed that, in addition to a substantial prevalence of positive
immunostainings, remarkable differences can exist when performing comparative analyses
in mammals endowed with widely different brains (Figures 4–9). In general, by considering
the data obtained here and those collected from the current literature (Tables 1 and 2), the
cytoskeletal protein DCX and Ki67 antigen appear to be well conserved through phylogeny
and particularly resistant to fixation. As an extreme example, both antigens were detectable
in internal positive controls of dolphin cerebella (external germinal layer at early postnatal
stages) that were collected with a relatively long post-mortem delay (varying between
18 and 40 h) and kept in fixative (4% buffered formalin) for months, even years [32].
Nevertheless, variation in the occurrence and/or quality of staining is frequently reported
in comparative studies (references in Tables 1 and 2). Accordingly, while the detection of the
two antigens was mostly successful in the present study, we also showed some remarkably
different results depending on the animal species investigated and the antibody employed.
The most significant evidence emerging from our comparative analysis is the finding that
DCX and Ki67 antigen can be successfully detected by using different antibodies in different
animal species, in spite of various types/degrees of fixation of the different brains studied
(Figure 10). Hence, taking for granted that an appropriate tissue fixation is always required,
the next step in comparative studies should be to find the right antibody(ies) tailored for the
species under investigation. Our results indicate that the right antibodies can be successful
in a relatively wide range of different types of fixation (Figure 10).

To a lesser extent, differences were observed depending on the brain region investi-
gated. Regional neuroanatomy can affect the quality of fixation and staining. The SVZ,
lining the ventricular cavity, can be easily reached by the fixative, especially when using a
tissue immersion procedure; then, SVZ and SGZ neurogenic sites are enriched in neurob-
lasts, which are filled in with DCX [82], whereas some of the “immature” neurons of the
cortical layer II can show a lower content of DCX protein, due to their state of immature
cells (thus, in a more advanced maturational stage than neuroblasts; see for example [83]).
This seems to be the case of cortical immature neurons in the brain of old animals [59,84]
and adult/old human individuals [62,77]. It is worth noting that in some cases, a different
staining (e.g., with or without background) can be obtained in different brain regions in
spite the same antibody dilution is used (see Section 2).
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result is mostly independent from fixation (see for example the same outcome for DCX staining in 
perfused and immersed sheep brains), and rather linked to the association between animal species 
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Figure 10. Schematic summary of the main results and conclusions. The three main variables consid-
ered in the study are reported in grey ovals on the left, including the animal species (characterized
by widely different brain sizes), the type of fixation (perfusion: P, blue squares; immersion: I, green
squares), and the commercial antibodies tested for DCX and Ki67 antigen. In the tables, the numbers
of staining samples are reported (analysed in the four brain regions of the five mammalian species,
each corresponding to two cryostat sections from three animals, treated with 5′ citrate), for a total
of 115 staining samples for DCX (120 including the mouse neocortex lacking DCX+ cells), and 24
for Ki67. On the whole, a total of 89 staining samples for DCX made a positive signal, while 26 did
not. For Ki67, there were 19 with positive staining, and 5 negative. The “No signal” column was
considered to also include non-specific staining (i.e., non-successful staining). It is worth noting that
the number of specimens fixed with perfusion or immersion (reported in blue and green squares,
respectively) showing successful staining were almost equally distributed, especially for DCX. In
the case of Ki67, we showed that some specimens fixed by immersion require longer time of citrate
treatment to reveal staining (see Figure 6). The best-performing antibodies for each animal species
are reported in tables below. Also in this case, the result is mostly independent from fixation (see
for example the same outcome for DCX staining in perfused and immersed sheep brains), and
rather linked to the association between animal species and antigen considered. In humans, only the
Abcam antibody delivered a satisfactory result; on intraoperative specimens, the specificity of the
staining was confirmed by RNAscope analysis (see Figure 9), also revealing a non-specific staining
on astrocytes in the post-mortem tissue. Logos reproduced with authorization of Companies.



Int. J. Mol. Sci. 2023, 24, 2514 19 of 29

In some cases, when dealing with comparison between species, the absence of staining
can be simply due to interspecies differences. We now know that some DCX+ cell popula-
tions can be present or not in different species depending on the brain region or animal age.
Here we show the example of the layer II cortical “immature” neurons, which are present
in the neocortex of non-rodent mammals, being absent in mice (Figures 5 and 7). This
can appear trivial, yet the wide use of laboratory rodents as an almost exclusive animal
model for biomedical research has induced many scientists to expect that results coming
from other animal species should replicate what previously shown in laboratory mice [85].
Comparative studies are revealing that remarkable differences can exist concerning the oc-
currence/rate/location of various forms of brain structural plasticity, especially regarding
the different origin of the DCX+ “young” neurons [1,10]. While differences/similarities
concerning stem cell-driven adult neurogenesis in rodents and humans is currently con-
troversial [27,28], substantial interspecies differences are known to exist for the non-newly
born, immature neurons of the cerebral cortex [1,7,23]. For these reasons, a more complete
mapping of structural plasticity processes across mammals, brain regions and ages is
needed. This can be accomplished by addressing the entire issue of interspecies differences,
tissue collection/fixation, and antibody specificity considering that in some cases results
can be different from what has been established in rodents.

3.2. Detecting DCX in the Human Cerebral Cortex

In humans, this study was restricted to the neocortex, a region of uttermost importance
in cognition [86], as well as in pathology [87], which has been recently shown to host a
population of “immature” DCX+ neurons [62,72], substantially absent in mice [23]. DCX
detection in the human cerebral cortex, and more in general in the cortex of primates, has
been controversial for a long time. For instance, some authors reported a widespread
occurrence of this cytoskeletal protein in most cortical layers of the macaque cerebral cor-
tex [61], while in a recent report, carried out on 9–10-year-old macaques with Western blot
analysis, immunocytochemistry and antigen adsorption controls [45], it was concluded
that some antibodies might show non-specific staining, its presence resulting in far more
spatial restriction. For this reason, our analysis in the human cortex was extended to an
RNAscope assay to check the visualization of RNA molecules in individual cells, thus re-
vealing gene expression beyond the simple protein transcription. Our results substantially
confirm the Liu et al. findings, since only one of the five antibodies tested by immunocyto-
chemistry (the Abcam antibody) did produce a staining co-expressing with the RNAprobe
(Figures 8 and 9) and was restricted to a small population of cortical layer II-III neurons.

3.3. Comparative Antibody Performance

One of the main problems in comparative research is the absence of systematic, com-
parable analyses among widely different mammals. Most studies on brain plasticity and
neurogenesis were carried out on very standardized animal models, such as the laboratory
rodents [85]. As a result, the gap between our knowledge in rodents and humans remains
widely unexplored, hampering the identification of real phylogenetic variations that might
be useful for the correct interpretation of data obtained in mice and for a proper transla-
tion [85,88]. Nonetheless, most comparative studies consider either a single animal species
or a small group of them, while analysing different species with the same method/approach
in a study is rare (e.g., [23,79,80]). Finally, in studies using immunocytochemical markers on
post-mortem tissues, several antibodies raised against the same antigen are often reported
in the Section 4 without stating which of them achieved successful staining or in which
condition/treatment.

A clear result emerging from the present comparative study is the lack of an “optimal”
antibody for all the animal species considered. Overall, there is not an animal species among
those considered (apart from mice) in which all antibodies are working (Tables 3–6). On the
other hand, the antigens were always detectable in each species with one or more antibodies
(what can be considered as further indication of specific staining). Those providing the best
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results in each species are reported in Figure 10 below tables for DCX and Ki67. Especially
for DCX, the association between animal species and successful staining appears to shift
from mouse to humans, indicating that substantial differences must be considered along
phylogeny. Of importance, most of the tested antibodies worked well in small-brained
mammals whereas the possibility for successful, specific staining progressively decreased
towards humans. As reported above, the type of fixation did not impact a lot in the whole
picture, and most cases of lower rate of success due to tissue immersion procedure can be
resolved with unmasking treatments.

3.4. The Importance of Investigating the Cerebral Cortex as a Place for Immature Neurons

As summarized in the Introduction, it has been recently shown that anatomical/phy-
siological features linked to different mammalian species, such as brain size, gyrencephaly
and lifespan, can be associated with differential amount/distribution of types of plasticity,
likely due to evolutionary choices [7,20,22,23]. It is suggested that large-brained mammals
might have reduced neurogenic capacity with respect to laboratory rodents [20,21,24,33],
although this issue is still strongly debated [27,28]. On the other hand, a recent system-
atic, comparative study on layer II cortical immature neurons in twelve widely different
mammals revealed a striking prevalence of these cells in large-brained species [23]. Of im-
portance, in gyrencephalic mammals, including humans, these cortical immature neurons
extend in the layer II-III of the entire neocortex [23,62,72], thus bringing the possibility of
adding new neurons through a “neurogenesis without division” in brain regions endowed
with high cognitive functions, yet devoid of stem cell-driven neurogenesis [11,15,16]. Since
cortical immature neurons do not divide postnatally, they cannot be studied with cell
proliferation markers used to characterize adult neurogenic processes, thus relying on
markers for immaturity (e.g., DCX, PSA-NCAM [11]) or transgenic animals [8], the latter
being limited to laboratory rodents. For this reason and considering the prevalence of these
cells in large-brained mammals, it is important to trust the reliability of markers and anti-
bodies in conditions that can substantially differ from those well-known and standardized
in rodents.

In the present study, the canonical neurogenic regions (SVZ and SGZ) have been
used as a positive control for cell proliferation and for the presence of well-characterized
DCX+ neurons in the five animal species considered. In humans, only the cerebral cortex
was analysed, our study having no interest in the assessment of persistent neurogenesis
in humans, rather in testing the reliability of various antibodies across mammals. In
this context, we think that controversies in DCX detection are linked to real interspecies
differences rather than to technical issues, and data provided here on the cerebral cortex
do support this view. Specifically for the cerebral cortex of primates, previous reports on
DCX detection are controversial [45,61]. In a recent study conducted on macaques fixed
by perfusion by using a series of immunocytochemical controls [45], it was suggested that
DCX staining in neocortex might be far more restricted than previously thought. Like our
results obtained in human neocortex, Liu et al. found a lack of staining with Santa Cruz
(mouse) antibody in macaques, while the staining would always be specific (with all their
antibodies) in the SVZ. Similar to our results obtained in marmoset neocortex, Liu et al. in
macaques found non-specific staining in most neurons with the Abcam antibody. Again,
with Santa Cruz (mouse) antibody, no signal is detectable in both macaques and marmosets
(with the exception of SVZ). Only a difference emerged with our findings in marmosets,
namely a positive signal in neocortex with Santa Cruz (goat) and cell signalling (rabbit)
antibodies, while Liu et al. reported weak fluorescent staining in a few cells, a fact that
might be explained by interspecies differences.

Overall, though the work by Liu et al. was conducted on macaques and our study
considered marmosets and humans, the results obtained in neocortex indicate common
traits in these primates, confirming that they can react differently from other non-primate
species, and that DCX in the primate cortex can be lower than previously reported.
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4. Materials and Methods
4.1. Brain Sample

Brains used in this study were collected from various institutions and tissue banks, all
provided by the necessary authorizations. All experiments were conducted in accordance
with current EU and Italian laws (for additional details on the animals used in this study
see Table 6).

Table 6. Brain samples and antibodies used in this study.

Brain Tissues Analysed

Species Life Stage Fixation Fixative PMI Sample processing

Mouse 3 months Perfusion 4% PFA none - Whole hemisphere cut into
coronal slices (1–2 cm thick)
and washed in phosphate
buffer solution

- Cryo-protection in sucrose
solutions

- Frozen by immersion in
liquid nitrogen-chilled
isopentane

- Cut into 40 µm thick cryostat
coronal sections

Marmoset Adult Immersion 4% PFA (15% picric acid) 1 h

Rabbit 3.5 years Perfusion 4% PFA none

Cat 1.5 years Immersion 4% buffered formalin 1 h

Sheep
2 years Perfusion 4% PFA none

5 years Immersion 4% buffered formalin 20 min

Human
(see Table 7)

Adult
(post-mortem)

Immersion

4% buffered formalin 16–23 h

Adult
(intraoperative) 4% PFA none

- Brain samples cut into slice
(0.5 cm thick); then,
processed as above

Primary Antibodies Tested

Antigen Host Type Code
Raised against
(source: data sheet and
company information)

Dilution Source

DCX

Goat Polyclonal SC8066 Epitope within the last 50
c-terminal amino acids

1:1000

Santa Cruz Biotechnology,
Dallas, Texas, USA

Mouse Monoclonal SC271390

Amino acids 81-365
mapping at the C-terminus
of Doublecortin of human
origin

Rabbit

Polyclonal

ab18723

Synthetic peptide
conjugated to KLH derived
from within residues 300 to
the C-terminus of human
doublecortin

Abcam,
Cambridge, UK

4604

Antigenic sequence
surrounds amino acid 350
tyrosine of human
doublecortin

Cell Signalling,
Danvers, Massachusetts, USA

Guinea pig ab2253
Epitope aminoacidic
sequence:
YLPLSLDDSDSLGDSM

Merck Millipore,
Burlington, Massachusetts, USA

Ki67
Rabbit ab15580 Synthetic peptide

1:500

Abcam,
Cambridge, UK

Mouse Monoclonal 550609 Human Ki67 BD Pharmingen,
San Diego, California, USA

Three young adult mice (Mus musculus) were analysed (for additional details on the
animals used in this study see Table 6). Perfusion was performed under anaesthesia (i.p.
injection of a mixture of ketamine, 100 mg/kg, Ketavet, Bayern, Leverkusen, Germany;
xylazine, 5 mg/kg; Rompun, Bayer, Milan, Italy; authorization of the Italian Ministry of
Health and the Bioethical Committee of the University of Turin; code 813/2018-PR, courtesy
of Serena Bovetti) and brains were postfixed for 4 h.

Three young-adult female rabbits (Oryctolagus cuniculus) were used. Animals were
deeply anesthetized (ketamine 100 mg/kg—Ketavet, and xylazine 33 mg/kg body weight—
Rompun) and perfused with fixative (Italian Ministry of Health, authorization n. 66/99-A).
Tissues were postfixed for 6 h.
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Marmoset (Callithrix jacchus) brains were extracted 1 h after death and post-fixed
for 3 months. The exact ages of the animals are unknown; they were aged as adults by
experienced veterinarians.

Three young-adult cat (Felis catus domestica) brains were extracted post-mortem (the
PMI was less than 1 h), fixed and kept in the fixative solution for a 1 month.

Three young-adult sheep (Ovis aries) brains were perfused through both carotid arteries
with 2 L of 1% sodium nitrite in phosphate buffer saline, followed by 4 L of ice-cold 4%
paraformaldehyde solution in 0.1 M phosphate buffer, pH 7.4. The brains were then
dissected out, cut into blocks and postfixed in the same fixative for 48 h. Three young-adult
sheep brains were extracted post-mortem (the PMI was less than 1 h), fixed and kept in
fixative for 1 month.

Human (Homo sapiens) intraoperative brain samples were collected from the Neuro-
surgery Unit of the Humanitas Hospital during selected surgeries for brain tumour. A
portion of healthy/perilesioned tissue of temporal lobe cortex resected for surgical reasons
(considered free-of-diseases from clinical and pathological evaluation), were washed in
cold NaCl 0.9% solution and directly (within 1–2 h) fixed in PFA 4% (ethical approve-
ment by IRCCS Humanitas prot. Nr. 400/19). Three different donors were used for this
study (Table 7).

Post-mortem human brain tissues were obtained from the Human Brain Collection
Core (HBCC), National Institute of Mental Health Intramural Research Program (NIMH-
IRP), with permission from the legal next-of-kin according to the National Institutes of
Health Institutional Review Board and ethical guidelines under protocol 17-M-N073. Cases
were obtained from the Offices of the Chief Medical Examiner of the District of Columbia.
Clinical characterization, neuropathological screening, and toxicological analyses were
performed as previously described [89,90] (Table 7).

Table 7. Origin of human samples.

Intraoperative Tissues

ID Fixation Age Sex PSI Cause of Surgery

226012 4% PFA 81 Male <1 h Diffuse high-grade glioma

201032 4% PFA 67 Female <2 h Gliosarcoma grade IV

130079 4% PFA 79 Male <2 h Glioblastoma grade IV

Post-Mortem Tissues

ID Fixation Age Sex PMI Cause of Death

1271 4% buffered formalin 46.6 Male 16 h Thrombosis

1164 4% buffered formalin 48.1 Female 16 h Homicide

1122 4% buffered formalin 48.6 Male 23 h Cardiomegaly

4.2. Tissue Processing for Histology

The whole brain hemispheres were cut into coronal slabs (1–2 cm thick). The slabs were
washed in a phosphate buffer (PB) 0.1 M solution, pH 7.4, for 24–72 h (on the basis of brain
size) and then cryoprotected in sucrose solutions of gradually increasing concentration
up to 30% in PB 0.1 M. Then, they were frozen by immersion in liquid nitrogen-chilled
isopentane at −80 ◦C. Before sectioning, they were kept at −20 ◦C for at least 5 h (time
depending on the basis of brain size) and then cut into 40 µm thick coronal sections using a
cryostat. Free-floating sections were then collected and stored in cryoprotectant solution at
−20 ◦C until staining.

Human intraoperative brain samples collected during surgery (2–4 cm size; Figure 3C′′)
were fixed on PFA 4% for 72–96 h (depending on sample size), washed in PBS 1X and
maintained in 30% sucrose solution in PBS 1X at 4 ◦C. One single coronal slice (0.5 cm
thick) was embedded in optimal cutting temperature compound and cut into 40 µm thick
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coronal sections by using a cryostat. Slices were mounted on SuperFrost plus slides (Fisher
Scientific-Epredia™ SuperFrost Plus© Gold) and stored at −20 ◦C until use.

4.3. Comparable Neuroanatomy

Correspondent coronal brain sections were identified in the different animal species
(mouse, marmoset, rabbit, cat, sheep) in order to include the four regions to be analysed:
hippocampal dentate gyrus and forebrain subventricular zone (as internal positive controls
for Ki67 antigen), paleocortex (piriform cortex) and parietal neocortex (as brain area hosting
DCX+ non-newly born immature neurons in non-rodent species) (Figure 3A,B). Two cryo-
stat sections, 40 µm thick, cut at different anterior–posterior coronal levels (Figure 3A,B)
were analysed for each animal, for DCX and Ki67 antigen immunocytochemistry with all
antibodies (Table 6).

Human intraoperative samples were cut out from the temporal lobe (Figure 3C′).
Human post-mortem tissues were obtained from coronal slices (1 cm thick) including the
parietal and temporal cortex (Figure 3C′).

4.4. Immunofluorescence Protocol

Due to the number of variables involved in this study (seven antibodies tested in
four neuroanatomical regions obtained from brains of six widely different species), and
due to our aim of testing the availability of different antibodies in different mammals, we
performed all experiments under the same conditions, based on our previous experience
(for antibody dilution, see Table 6). We only chose to perform an additional test with
antigen retrieval (5 min citrate treatment, increased to 30 min for Ki67 antigen, see below),
since dealing with tissues fixed in different conditions with respect to standard protocols
are usually adopted in laboratory rodents. Our main goal, rather than finding the “perfect
protocol” (which clearly depends on the animal species considered and other variables,
such as the method of fixation used), was to define some basic conditions in which to test
the substantial differences linked to animal species and antibodies.

For immunofluorescence staining, sections were rinsed in PBS 0.01 M, pH 7.4, then
immersed in appropriate blocking solution (1–3% Bovine Serum Albumin, 2% Normal
Donkey Serum, 1–2% Triton X-100 in 0.01M PBS, pH 7.4) for 90 min at RT. Then, the
sections were incubated for 48 h at 4 ◦C with primary antibodies (see Table 6), and sub-
sequently with appropriate solutions of secondary antibodies for 4 h at RT: cyanine 3
(Cy3)-conjugated anti-goat (1:400; Jackson ImmunoResearch, West Grove, PA-705-165-147),
cyanine 3 (Cy3)-conjugated anti-rabbit (1:400; Jackson ImmunoResearch, West Grove, PA-
711-165-152), cyanine 3 (Cy3)-conjugated anti-guinea pig (1:400; Jackson ImmunoResearch,
West Grove, PA-706-165-148), cyanine 3 (Cy3)-conjugated anti-mouse (1:400; Jackson Im-
munoResearch, West Grove, PA-715-165-150), Alexa 647-conjugated anti-mouse (1:400;
Jackson ImmunoResearch, West Grove, PA-715-605-151), Alexa 647-conjugated anti-rabbit
(1:400; Jackson ImmunoResearch, West Grove, PA 711-605-152). Immunostained sections
were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, 1:1000, KPL, Gaithersburg,
MD, USA) and mounted with MOWIOL 4–88 (Calbiochem, Lajolla, CA, USA). All staining
protocols were performed with and without antigen retrieval treatment, to exclude signal
alteration due to a possible masking of the epitopes linked to fixation. When performed,
antigen retrieval was performed using citrate buffer at 90 ◦C for 5 min (only for Ki67 nuclear
staining of marmoset and sheep tissues fixed by immersion, it was extended to 30 min;
Figure 6). Neither signal amplification nor tissue autofluorescence elimination protocols
were applied to avoid signal alteration.

All antibodies used in this study were predicted to work on mouse brain tissue (as
stated by their datasheet). Thus, to confirm the quality of our antibodies before conducting
the experiment, this species was used as a control. All antibodies produced a staining
consistent with previous data, in all regions of interest (see Section 2). Moreover, to exclude
possible unspecific staining due to fluorescent secondary antibodies, primary antibody
omission experiments were performed by replicating the immunofluorescence protocol



Int. J. Mol. Sci. 2023, 24, 2514 24 of 29

(see above) without the primary antibody incubation. This resulted in a complete absence
of staining.

4.5. RNAscope

Fixed frozen intraoperative human brain samples were sectioned coronally at 20 µm
on a cryostat (Leica CM1860, Wetzlar, Germany) and mounted on SuperFrost Plus slides
(Epredia, Breda, The Netherlands). RNA scope was performed following the purchaser
instructions. Briefly, following washing in PBS 1X for 5 min, slides were baked 30 min at
60 ◦C in the HybEZ™ Oven and post-fixed using PFA 4% immersion for 3 h. Thereafter,
sections were treated with ascending series of ethanol and left to dry after the last 100%
ethanol step. Slices were pre-treated with hydrogen peroxide for 10 min, set at 98–102 ◦C
in target retrieval solution for 10 min and treated with protease plus at 40 ◦C for 30 min in
the HybEZ™ Oven. After pre-treatment, the single-plex, chromogenic RNAscope assay
(RNAscope™ 2.5 HD Assay—RED Cat No. 322360) was performed using human DCX
probe (Cat No. 489551), human Ubiquitine probe (Cat No. 31004) as positive control and
DapB probe (Cat No. 310043) as negative control. Probes hybridization was performed
at 40 ◦C for 2 h in the HybEZ™ Oven and then the signal was amplified using multiple
amplifier probes. For the detection of signal, fast red chromogen was used.

Following RNAscope assay, immunofluorescence was performed to combine RNA and
protein analysis. After the chromogen, the slides were washed in PBS-T (0.3% Triton in PBS
1X) and incubated in blocking solution (2% BSA and 0.25% Triton in PBS 1X) for 1 h. DCX
(see Table 6) or GFAP (Cat No. ab53554; Abcam) primary antibody was incubated overnight
at 4◦. The following day the donkey anti-rabbit IgG and donkey anti-goat IgG secondary
antibodies, Alexa Fluor™ (Thermofisher, Cat No. A31573; Cat No. A32849; respectively)
and donkey anti-mouse IgG Secondary Antibody Alexa Fluor™ 647 (Thermofisher, Cat No.
A-31571) was added for 1 h and the nuclei stained with DAPI (1:1000, KPL, Gaithersburg,
MD, USA) [91,92].

4.6. Image Processing

Images were collected using either a Nikon Eclipse 90i confocal microscope (Nikon,
Melville, NY, USA) or Zeiss Axio Observer confocal microscope Z1/7 (Zeiss, Oberkochen,
Germany) or Leica TCS SP5 confocal microscope (Leica Microsystems CMS GmbH, Ger-
many). To actually compare antibodies, the same acquisition settings were used in the
whole study. Set acquisition parameters were adopted, based on previous experience with
both antigens. Confocal settings: DCX: laser power (20%); gain (120); pinhole (30 µm);
exposure time (1.68 µs). Ki67 antigen: laser power (10%); gain (130); pinhole (30 µm);
exposure time (1.68 µs).

All images were processed using Adobe Photoshop CS4 (Adobe Systems, San Jose,
CA, USA) and ImageJ version 1.53t (Wayne Rasband, Research Services Branch, National
Institute of Mental Health, Bethesda, MD, USA). Adjustments to colour, contrast and
brightness were avoided.

5. Conclusions

Overall, this study shows that substantial differences in the occurrence, quality and
specificity of immunocytochemical staining for DCX and Ki67 antigen can exist when
comparing different mammalian species whose brain tissues are treated with different
antibodies. Real interspecies variation in the occurrence of antigens and high species
specificity of different antibodies (and, to a lesser extent, regional differences) can impact
even more than the type/degree of fixation. Our results confirm that special troubles and
non-specific staining can be particularly frequent when studying DCX in the cerebral cortex
of primates and humans using most of the currently available antibodies. This might be
explained by the simple fact that most of the tools currently available have been developed
for research in laboratory rodents. To overcome such an impasse, there is urgent need to
develop antibodies tailored for, and tested on, large-brained species, including humans.
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After the recent discovery that non-newly generated, “immature” or “dormant” neu-
ronal populations can be present in non-neurogenic brain regions (cerebral cortex and
amygdala), and that these neurons are particularly abundant and widespread in large-
brained species, the need for reliable cell markers to correctly identify the “young” neurons
across mammals is gaining more and more importance.

Author Contributions: Conceptualization, L.B., F.B. and M.G.; methodology, L.B., F.B., M.G. and
A.A.; formal analysis, M.G., A.A. and M.A.; investigation, M.G., A.A. and M.A.; resources, L.B., F.B.,
M.R. and J.-M.G.; data curation, M.G. and A.A.; writing—original draft preparation, L.B. and M.G.;
writing—review and editing, L.B., M.G., F.B. and A.A.; validation, L.B. and F.B.; visualization, L.B.,
F.B., M.G. and A.A.; supervision, L.B. and F.B.; funding acquisition, L.B. and F.B. All authors have
read and agreed to the published version of the manuscript.

Funding: Work funded by Progetto Trapezio, Compagnia di San Paolo (67935-2021.2174) to L.B.,
and Fondazione CRT (Cassa di risparmio di Torino; RF = 2022.0618) to L.B.; University of Milan
(Grant number BIOMETRA15-6-3003005-1 and PSR2018_RIVA_BIFARI) to F.B.; and Fondazione
Telethon–Italy (Grant Number GGP19250) to F.B.

Institutional Review Board Statement: Brain tissues used in this study were collected from various
institutions, all provided by the necessary authorizations. This study was conducted in accordance
with the Declaration of Helsinki, and all experiments were conducted in accordance with the current
EU and Italian laws and approved by the following Institutions and Ethics Committee. Mouse
brains: authorization of the Italian Ministry of Health and the Bioethical Committee of the University
of Turin, code 813/2018-PR; rabbit brains: Italian Ministry of Health, authorization n.66/99-A;
marmoset brains: animal handling and tissue collection was conducted according to the Animal
Welfare Act of the Federal food safety and veterinary office, Switzerland; sheep brains (fixation
by immersion): collected at a local slaughterhouse (slaughtering of animal species raised for meat
and/or milk production are treated according to the European Community Council directive—
86/609/EEC) concerning animal welfare during the commercial slaughtering process and constantly
monitored under mandatory official veterinary medical care; sheep brains (perfused): animal care
and experimental treatments complied with the guidelines of the French Ministry of Agriculture for
animal experimentation and European regulations on animal experimentation (86/609/EEC) and
were performed in accordance with the local animal regulation (authorization No. 006352 of the
French Ministry of Agriculture in accordance with EEC directive); cat brains: removed during routine
diagnostic post-mortem and therefore no ethical permission was required; human brain tissues
(intraoperative samples): ethical approvement by IRCCS Humanitas prot. Nr. 400/19; human brain
tissues (post-mortem): Human Brain Collection Core (HBCC), National Institute of Mental Health
Intramural Research Program (NIMH-IRP), with permission from the legal next-of-kin according to
the National Institutes of Health Institutional Review Board and ethical guidelines under protocol
17-M-N073. Cases were obtained from the Offices of the Chief Medical Examiner of the District
of Columbia.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data of current study are available from the corresponding authors
on reasonable request.

Acknowledgments: We thank Irmgard Amrein, University of Zurich, for providing the marmoset
brains; Frederick Lévy and Maryse Meurisse for perfused sheep brains; the Human Brain Collection
Core (HBCC), National Institute of Mental Health Intramural Research Program (NIMH-IRP), for
providing post-mortem, formalyn-fixed human brain tissues (grant: NIMH Intramural Research
Program, project # ZIC MH002903); and Serena Bovetti, University of Turin, for wild-type mouse
brains. Thanks also to Elena Vergnano and Eleonora Pintauro for helping in the lab. We thank Ilaria
Decimo and Marzia Di Chiao, Department of Diagnostic and Public Health, Section of Pharmacology,
University of Verona, 37134, Italy, for their help and useful suggestions on human brain histology
and data interpretation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript or
in the decision to publish the results.



Int. J. Mol. Sci. 2023, 24, 2514 26 of 29

References
1. Ghibaudi, M.; Bonfanti, L. How widespread are the “young” neurons of the mammalian brain? Front. Neurosci. 2022, 16, 918616.

[CrossRef] [PubMed]
2. Bonfanti, L.; Peretto, P. Adult neurogenesis in mammals: A theme with many variations. Eur. J. Neurosci. 2011, 34, 930–950.

[CrossRef]
3. Bond, A.M.; Ming, G.; Song, H. Adult mammalian neural stem cells and neurogenesis: Five decades later. Cell Stem Cell 2015,

17, 385–395. [CrossRef]
4. Feliciano, D.M.; Bordey, A.; Bonfanti, L. Noncanonical sites of adult neurogenesis in the mammalian brain. Cold Spring Harb.

Perspect. Biol. 2015, 7, a018846. [CrossRef] [PubMed]
5. Kempermann, G.; Song, H.; Gage, F.H. Neurogenesis in the adult hippocampus. Cold Spring Harb. Perspect. Biol. 2015, 7, a018812.

[CrossRef] [PubMed]
6. Lim, D.A.; Alvarez-Buylla, A. The adult ventricular-subventricular zone (V-SVZ) and olfactory bulb (OB) neurogenesis. Cold

Spring Harb. Perspect. Biol. 2016, 8, a018820. [CrossRef]
7. Piumatti, M.; Palazzo, O.; La Rosa, C.; Crociara, P.; Parolisi, R.; Luzzati, F.; Levy, F.; Bonfanti, L. Non-newly generated, “immature”

neurons in the sheep brain are not restricted to cerebral cortex. J. Neurosci. 2018, 38, 826–842. [CrossRef]
8. Rotheneichner, P.; Belles, M.; Benedetti, B.; König, R.; Dannehl, D.; Kreutzer, C.; Zaunmair, P.; Engelhardt, M.; Aigner, L.; Nacher,

J.; et al. Cellular plasticity in the adult murine piriform cortex: Continuous maturation of dormant precursors into excitatory
neurons. Cereb. Cortex 2018, 28, 2610–2621. [CrossRef]

9. Sorrells, S.F.; Paredes, M.F.; Velmeshev, D.; Herranz-Pérez, V.; Sandoval, K.; Mayer, S.; Chang, E.F.; Insausti, R.; Kriegstein, A.R.;
Rubenstein, J.L.; et al. Immature excitatory neurons develop during adolescence in the human amygdala. Nat. Commun. 2019,
10, 2748. [CrossRef]

10. La Rosa, C.; Parolisi, R.; Bonfanti, L. Brain structural plasticity: From adult neurogenesis to immature neurons. Front. Neurosci.
2020, 14, 75. [CrossRef]

11. Bonfanti, L.; Seki, T. The PSA-NCAM-positive “immature” neurons: An old discovery providingnew vistas on brain structural
plasticity. Cells 2021, 10, 2542. [CrossRef] [PubMed]

12. Benedetti, B.; Couillard-Després, S. Why would the brain need dormant neuronal precursors? Front. Neurosci. 2022, 16, 877167.
[CrossRef] [PubMed]

13. Page, C.E.; Biagiotti, S.W.; Alderman, P.J.; Sorrells, S.F. Immature excitatory neurons in the amygdala come of age during puberty.
Dev. Cogn. Neurosci. 2022, 56, 101133. [CrossRef]

14. Gomez-Climent, M.A.; Castillo-Gomez, E.; Varea, E.; Guirado, R.; Blasco-Ibanez, J.M.; Crespo, C.; Martinez-Guijarro, F.J.; Nacher,
J. A population of prenatally generated cells in the rat paleocortex maintains an immature neuronal phenotype into adulthood.
Cereb. Cortex 2008, 18, 2229–2240. [CrossRef] [PubMed]

15. Bonfanti, L.; Nacher, J. New scenarios for neuronal structural plasticity in non-neurogenic brain parenchyma: The case of cortical
layer II immature neurons. Prog. Neurobiol. 2012, 98, 1–15. [CrossRef]

16. König, R.; Benedetti, B.; Rotheneichner, P.; O’Sullivan, A.; Kreutzer, C.; Belles, M.; Nacher, J.; Weiger, T.M.; Aigner, L.; Couillard-
Després, S. Distribution and fate of DCX/PSA-NCAM expressing cells in the adult mammalian cortex: A local reservoir for adult
cortical neuroplasticity? Front. Biol. 2016, 11, 193–213. [CrossRef]

17. Alderman, P.J.; Saxon, D.; Torrijos-Saiz, L.I.; Sharief, M.; Biagiotti, S.W.; Page, C.E.; Melamed, A.; Kuo, C.T.; Garcia-Verdugo, J.-M.;
Herranz-Perez, V.; et al. Mouse paralaminar amygdala excitatory neurons migrate and mature during adolescence. bioRxiv 2022.
2022.09.23.509244. [CrossRef]

18. Kuhn, H.G.; Cooper-Kuhn, C.M. Bromodeoxyuridine and the detection of neurogenesis. Curr. Pharm. Biotech. 2007, 8, 127–131.
[CrossRef]

19. Amrein, I. Adult hippocampal neurogenesis in natural populations of mammals. Cold Spring Harb. Perspect. Biol. 2015, 7, a021295.
[CrossRef]

20. Paredes, M.F.; Sorrells, S.F.; Garcia-Verdugo, J.M.; Alvarez-Buylla, A. Brain size and limits to adult neurogenesis. J. Comp. Neurol.
2016, 524, 646–664. [CrossRef] [PubMed]

21. Lipp, H.P.; Bonfanti, L. Adult neurogenesis in mammals: Variations and confusions. Brain Behav. Evol. 2016, 87, 205–221.
[CrossRef] [PubMed]

22. Palazzo, O.; La Rosa, C.; Piumatti, M.; Bonfanti, L. Do large brains of long-living mammals prefer non-newly generated, immature
neurons? Neural Regen. Res. 2018, 13, 633–634. [CrossRef] [PubMed]

23. La Rosa, C.; Cavallo, F.; Pecora, A.; Chincarini, M.; Ala, U.; Faulkes, C.; Nacher, J.; Sherwood, C.; Amrein, I.; Bonfanti, L.
Phylogenetic variation in cortical layer II immature neuron reservoir of mammals. eLife 2020, 9, e55456. [CrossRef] [PubMed]

24. Sorrells, S.F.; Paredes, M.F.; Cebrian-Silla, A.; Sandoval, K.; Qi, D.; Kelley, K.W.; James, D.; Mayer, S.; Chang, J.; Auguste, K.I.;
et al. Human hippocampal neurogenesis drops sharply in children to undetectable levels in adults. Nature 2018, 555, 377–381.
[CrossRef]

25. Moreno-Jimenéz, E.P.; Flor-Garcia, M.; Terreros-Roncal, J.; Rabano, A.; Cafini, F.; Pallas-Bazarra, N.; Avila, J.; Llorens-Martin, M.
Adult hippocampal neurogenesis is abundant in neurologically healthy subjects and drops sharply in patients with Alzheimer’s
disease. Nat. Med. 2019, 25, 554–560. [CrossRef]

http://doi.org/10.3389/fnins.2022.918616
http://www.ncbi.nlm.nih.gov/pubmed/35733930
http://doi.org/10.1111/j.1460-9568.2011.07832.x
http://doi.org/10.1016/j.stem.2015.09.003
http://doi.org/10.1101/cshperspect.a018846
http://www.ncbi.nlm.nih.gov/pubmed/26384869
http://doi.org/10.1101/cshperspect.a018812
http://www.ncbi.nlm.nih.gov/pubmed/26330519
http://doi.org/10.1101/cshperspect.a018820
http://doi.org/10.1523/JNEUROSCI.1781-17.2017
http://doi.org/10.1093/cercor/bhy087
http://doi.org/10.1038/s41467-019-10765-1
http://doi.org/10.3389/fnins.2020.00075
http://doi.org/10.3390/cells10102542
http://www.ncbi.nlm.nih.gov/pubmed/34685522
http://doi.org/10.3389/fnins.2022.877167
http://www.ncbi.nlm.nih.gov/pubmed/35464307
http://doi.org/10.1016/j.dcn.2022.101133
http://doi.org/10.1093/cercor/bhm255
http://www.ncbi.nlm.nih.gov/pubmed/18245040
http://doi.org/10.1016/j.pneurobio.2012.05.002
http://doi.org/10.1007/s11515-016-1403-5
http://doi.org/10.1101/2022.09.23.509244
http://doi.org/10.2174/138920107780906531
http://doi.org/10.1101/cshperspect.a021295
http://doi.org/10.1002/cne.23896
http://www.ncbi.nlm.nih.gov/pubmed/26417888
http://doi.org/10.1159/000446905
http://www.ncbi.nlm.nih.gov/pubmed/27560356
http://doi.org/10.4103/1673-5374.230282
http://www.ncbi.nlm.nih.gov/pubmed/29722307
http://doi.org/10.7554/eLife.55456
http://www.ncbi.nlm.nih.gov/pubmed/32690132
http://doi.org/10.1038/nature25975
http://doi.org/10.1038/s41591-019-0375-9


Int. J. Mol. Sci. 2023, 24, 2514 27 of 29

26. Zhou, Y.; Su, Y.; Li, S.; Kennedy, B.C.; Zhang, D.Y.; Bond, A.M.; Sun, Y.; Jacob, F.; Lu, L.; Hu, P.; et al. Molecular landscapes of
human hippocampal immature neurons across lifespan. Nature 2022, 607, 527–533. [CrossRef]

27. Sorrells, S.F.; Paredes, M.F.; Zhang, Z.; Kang, G.; Pastor-Alonso, O.; Biagiotti, S.; Page, C.E.; Sandoval, K.; Knox, A.; Connolly, A.;
et al. Positive controls in adults and children support that very few, if any, new neurons are born in the adult human hippocampus.
J. Neurosci. 2021, 41, 2554–2565. [CrossRef]

28. Moreno-Jiménez, E.P.; Terreros-Roncal, J.; Flor-García, M.; Rábano, A.; Llorens-Martín, M. Evidences for adult hippocampal
neurogenesis in humans. J. Neurosci. 2021, 41, 2541–2553. [CrossRef] [PubMed]

29. Bianchi, D.W.; Cooper, J.A.; Gordon, J.A.; Heemskerk, J.; Hodes, R.; Koob, G.F.; Koroshetz, W.J.; Shurtleff, D.; Sieving, P.A.; Volkow,
N.D.; et al. Neuroethics for the national institutes of health BRAIN initiative. J. Neurosci. 2018, 38, 10583–10585. [CrossRef]
[PubMed]

30. Cozzi, B.; Bonfanti, L.; Canali, E.; Minero, M. Brain waste: The neglect of animal brains. Front. Neuroanat. 2020, 14, 573934.
[CrossRef]

31. Kee, N.; Sivalingam, S.; Boonstra, R.; Wojtowicz, J.M. The utility of Ki-67 and BrdU as proliferative markers of adult neurogenesis.
J. Neurosci. Meth. 2002, 115, 97–105. [CrossRef] [PubMed]

32. Parolisi, R.; Cozzi, B.; Bonfanti, L. Non-neurogenic SVZ-like niche in dolphins, mammals devoid of olfaction. Brain Struct. Funct.
2017, 222, 2625–2639. [CrossRef] [PubMed]

33. Sanai, N.; Nguyen, T.; Ihrie, R.A.; Mirzadeh, Z.; Tsai, H.-H.; Wong, M.; Gupta, N.; Berger, M.S.; Huang, E.; Garcia-Verdugo, J.M.;
et al. Corridors of migrating neurons in the human brain and their decline during infancy. Nature 2011, 478, 382–386. [CrossRef]

34. Franjic, D.; Skarica, M.; Ma, S.; Arellano, J.I.; Tebbenkamp, A.T.N.; Choi, J.; Xu, C.; Li, Q.; Morozov, Y.M.; Andrijevic, D.; et al.
Transcriptomic taxonomy and neurogenic trajectories of adult human, macaque, and pig hippocampal and entorhinal cells.
Neuron 2022, 110, 452–469. [CrossRef] [PubMed]

35. Seki, T. Understanding the real state of human adult hippocampal neurogenesis from studies of rodents and non-human primates.
Front. Neurosci. 2020, 14, 839. [CrossRef] [PubMed]

36. Duque, A.; Arellano, J.I.; Rakic, P. An assessment of the existence of adult neurogenesis in humans and value of its rodent models
for neuropsychiatric diseases. Mol. Psychiatry 2021, 27, 377–382. [CrossRef]

37. Fasemore, T.M.; Patzke, N.; Kaswera-Kyamakya, C.; Gilissen, E.; Manger, P.R.; Ihunwo, A.O. The distribution of Ki-67 and
doublecortin-immunopositive cells in the brains of three strepsirrhine primates: Galago demidoff, perodicticus potto, and lemur
catta. Neuroscience 2018, 372, 46–57. [CrossRef]

38. Chawana, R.; Patzke, N.; Bhagwandin, A.; Kaswera-Kyamakya, C.; Glissen, E.; Bertelsen, M.F.; Hemingway, J.; Manger, P.R. Adult
hippocampal neurogenesis in Egyptian fruit bats from three different environments: Are interpretational variations due to the
environment or methodology? J. Comp. Neurol. 2020, 528, 2994–3007. [CrossRef] [PubMed]

39. Kirby, E.D.; Friedman, A.A.; Covarrubias, D.; Ying, C.; Sun, W.G.; Goosens, K.A.; Sapolsky, R.M.; Kaufer, D. Basolateral amygdala
regulation of adult hippocampal neurogenesis and fear-related activation of newborn neurons. Mol. Psychiatry 2012, 17, 527–536.
[CrossRef]

40. Fudge, J.L.; deCampo, D.M.; Becoats, K.T. Revisiting the hippocampal-amygdala pathway in primates: Association with
immature-appearing neurons. Neuroscience 2012, 212, 104–119. [CrossRef]

41. Zhang, X.; Cai, Y.; Chu, Y.; Chen, E.; Feng, J.; Luo, X.; Xiong, K.; Struble, R.; Clough, R.; Patrylo, P.R.; et al. Doublecortin-expressing
cells persist in the associative cerebral cortex and amygdala in aged nonhuman primates. Front. Neuroanat. 2009, 3, 17. [CrossRef]

42. Flor-Garcìa, M.; Terreros-Roncal, J.; Moreno-Jiménez, E.P.; Avila, J.; Ràbano, A.; Llorens-Martìn, M. Unraveling human adult
hippocampal neurogenesis. Nat. Protoc. 2020, 15, 668–693. [CrossRef]

43. Tobin, M.K.; Musaraca, K.; Disouky, A.; Shetti, A.; Bheri, A.; Honer, W.G.; Kim, N.; Dawe, R.J.; Bennett, D.A.; Arfanakis, K.; et al.
Human hippocampal neurogenesis persists in aged adults and Alzheimer’s disease patients. Cell Stem Cell 2019, 24, 974–982.e3.
[CrossRef]

44. Boekhoorn, K.; Joels, M.; Lucassen, P.J. Increased proliferation reflects glial and vascular-associated changes, but not neurogenesis
in the presenile Alzheimer hippocampus. Neurobiol. Dis. 2006, 24, 1–14. [CrossRef]

45. Liu, R.X.; Ma, J.; Wang, B.; Tian, T.; Guo, N.; Liu, S.J. No DCX-positive neurogenesis in the cerebral cortex of the adult primate.
Neural Regen. Res. 2020, 15, 1290–1299. [CrossRef]

46. Marlatt, M.W.; Philippen, I.; Manders, E.; Czéh, B.; Joels, M.; Krugers, H.; Lucassen, P.J. Distinct structural plasticity in the
hippocampus and amygdala of the middle-aged common marmoset (Callithrix jacchus). Exp. Neurol. 2011, 230, 291–301. [CrossRef]

47. La Rosa, C.; Parolisi, R.; Palazzo, O.; Lévy, F.; Meurisse, M.; Bonfanti, L. Clusters of DCX+ cells “trapped” in the subcortical
white matter of early postnatal Cetartiodactyla (Tursiops truncatus, Stenella coeruloalba and Ovis aries). Brain Struct. Funct. 2018,
223, 3613–3632. [CrossRef]

48. Jin, K.; Wang, X.; Xie, L.; Mao, X.; Zhu, W.; Wang, Y.; Shen, J.; Mao, Y.; Banwait, S.; Greenberg, D.A. Evidence for stroke-induced
neurogenesis in the human brain. Proc. Natl. Acad. Sci. USA 2006, 103, 13198–13202. [CrossRef]

49. Crews, L.; Adame, A.; Patrick, C.; DeLaney, A.; Pham, E.; Rockenstein, E.; Hansen, L.; Masliah, E. Increased BMP6 levels in the
brains of Alzheimer’s disease patients and APP transgenic mice are accompanied by impaired neurogenesis. J. Neurosci. 2010,
30, 12252–12262. [CrossRef] [PubMed]

50. Knoth, R.; Singec, I.; Ditter, M.; Pantazis, G.; Capetian, P.; Meyer, R.P.; Horvat, V.; Volk, B.; Kempermann, G. Murine features of
neurogenesis in the human hippocampus across the lifespan from 0 to 100 years. PLoS ONE 2010, 5, e8809. [CrossRef]

http://doi.org/10.1038/s41586-022-04912-w
http://doi.org/10.1523/JNEUROSCI.0676-20.2020
http://doi.org/10.1523/JNEUROSCI.0675-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/33762406
http://doi.org/10.1523/JNEUROSCI.2091-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30541766
http://doi.org/10.3389/fnana.2020.573934
http://doi.org/10.1016/S0165-0270(02)00007-9
http://www.ncbi.nlm.nih.gov/pubmed/11897369
http://doi.org/10.1007/s00429-016-1361-3
http://www.ncbi.nlm.nih.gov/pubmed/28238073
http://doi.org/10.1038/nature10487
http://doi.org/10.1016/j.neuron.2021.10.036
http://www.ncbi.nlm.nih.gov/pubmed/34798047
http://doi.org/10.3389/fnins.2020.00839
http://www.ncbi.nlm.nih.gov/pubmed/32848586
http://doi.org/10.1038/s41380-021-01314-8
http://doi.org/10.1016/j.neuroscience.2017.12.037
http://doi.org/10.1002/cne.24895
http://www.ncbi.nlm.nih.gov/pubmed/32112418
http://doi.org/10.1038/mp.2011.71
http://doi.org/10.1016/j.neuroscience.2012.03.040
http://doi.org/10.3389/neuro.05.017.2009
http://doi.org/10.1038/s41596-019-0267-y
http://doi.org/10.1016/j.stem.2019.05.003
http://doi.org/10.1016/j.nbd.2006.04.017
http://doi.org/10.4103/1673-5374.272610
http://doi.org/10.1016/j.expneurol.2011.05.008
http://doi.org/10.1007/s00429-018-1708-z
http://doi.org/10.1073/pnas.0603512103
http://doi.org/10.1523/JNEUROSCI.1305-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20844121
http://doi.org/10.1371/journal.pone.0008809


Int. J. Mol. Sci. 2023, 24, 2514 28 of 29

51. Wang, C.; Liu, F.; Liu, Y.; Zhao, C.; You, Y.; Wang, L.; Zhang, J.; Wei, B.; Ma, T.; Zhang, Q.; et al. Identification and characterization
of neuroblasts in the subventricular zone and rostral migratory stream of the adult human brain. Cell Res. 2011, 21, 1534–1550.
[CrossRef] [PubMed]

52. Gomez-Nicola, D.; Suzzi, S.; Vargas-Caballero, M.; Fransen, N.L.; Al-Malki, H.; Cebrian-Silla, A.; Garcia-Verdugo, J.M.; Riecken,
K.; Fehse, B.; Perry, V.H. Temporal dynamics of hippocampal neurogenesis in chronic neurodegeneration. Brain 2014, 137 (Pt 8),
2312–2328. [CrossRef]

53. Ekonomou, A.; Savva, G.M.; Brayne, C.; Forster, G.; Francis, P.T.; Johnson, M.; Perry, E.K.; Attems, J.; Somani, A.; Minger, S.L.;
et al. Stage-specific changes in neurogenic and glial markers in Alzheimer’s disease. Biol. Psychiatry 2015, 77, 711–719. [CrossRef]
[PubMed]

54. Dennis, C.V.; Suh, L.S.; Rodriguez, M.L.; Kril, J.J.; Sutherland, G.T. Human adult neurogenesis across the ages: An immunohisto-
chemical study. Neuropathol. Appl. Neurobiol. 2016, 42, 621–638. [CrossRef] [PubMed]

55. Galàn, L.; Gòmez-Pinedo, U.; Guerrero, A.; Garcìa-Verdugo, J.M.; Matìas-Guiu, J. Amyotrophic lateral sclerosis modifies
progenitor neural proliferation in adult classic neurogenic brain niches. BMC Neurol. 2017, 17, 173. [CrossRef]

56. Liu, Y.W.J.; Curtis, M.A.; Gibbons, H.M.; Mee, E.W.; Bergin, P.S.; Teoh, H.H.; Connor, B.; Dragunow, M.; Faull, R.L.M. Doublecortin
expression in the normal and epileptic adult human brain. Eur. J. Neurosci. 2008, 11, 2254–2265. [CrossRef]

57. Ponti, G.; Aimar, P.; Bonfanti, L. Cellular composition and cytoarchitecture of the rabbit subventricular zone and its extensions in
the forebrain. J. Comp. Neurol. 2006, 498, 491–507. [CrossRef]

58. Kunze, A.; Achilles, A.; Keiner, S.; Witte, O.W.; Redecker, C. Two distinct populations of doublecortin-positive cells in the
perilesional zone of cortical infarcts. BMC Neurosci. 2015, 16, 20. [CrossRef] [PubMed]

59. Cai, Y.; Xiong, K.; Chu, Y.; Luo, D.; Luo, X.; Yan, X.; Struble, R.G.; Clough, R.W.; Spencer, D.D.; Williamson, A.; et al. Doublecortin
expression in adult cat and primate cerebral cortex relates to immature neurons that develop into GABAergic subgroups. Exp.
Neurol. 2009, 216, 342–356. [CrossRef]

60. Verwer, R.W.H.; Sluiter, A.A.; Balesar, R.A.; Baayen, J.C.; Noske, D.P.; Dirven, C.M.F.; Wouda, J.; van Dam, A.M.; Lucassen,
P.J.; Swaab, D.F. Mature astrocytes in the adult human neocortex express the early neuronal marker doublecortin. Brain 2007,
130, 3321–3335. [CrossRef]

61. Bloch, J.; Kaeser, M.; Sadeghi, Y.; Rouiller, E.M.; Redmond, D.E., Jr.; Brunet, J. Doublecortin-positive cells in the adult primate
cerebral cortex and possible role in brain plasticity and development. J. Comp. Neurol. 2011, 519, 775–789. [CrossRef]

62. Li, Y.-N.; Hu, D.-D.; Cai, X.-L.; Wang, Y.; Yang, C.; Jiang, J.; Zhang, Q.-L.; Tu, T.; Wang, X.-S.; Wang, H.; et al. Doublecortin-
expressing neurons in human cerebral cortex layer II and amygdala from infancy to 100 year-old. Res. Sq. 2022. [CrossRef]

63. Jhaveri, D.J.; Tedoldi, A.; Hunt, S.; Sullivan, R.; Watts, N.R.; Power, J.M.; Bartlett, P.F.; Sah, P. Evidence for newly generated
interneurons in the basolateral amygdala of adult mice. Mol. Psychiatry 2018, 23, 521–532. [CrossRef] [PubMed]

64. Cipriani, S.; Ferrer, I.; Aronica, E.; Kovacs, G.G.; Verney, C.; Nardelli, J.; Khung, S.; Delezoide, A.; Milenkovic, I.; Rasika, S.; et al.
Hippocampal radial glial subtypes and their neurogenic potential in human fetuses and healthy and Alzheimer’s disease adults.
Cereb. Cortex 2018, 28, 2458–2478. [CrossRef] [PubMed]

65. Nogueira, A.B.; Sogayar, M.C.; Colquhoun, A.; Siqueira, S.A.; Nogueira, A.B.; Marchiori, P.E.; Teixeira, M.J. Existence of a
potential neurogenic system in the adult human brain. J. Transl. Med. 2014, 12, 75. [CrossRef]

66. Perry, E.K.; Johnson, M.; Ekonomou, A.; Perry, R.H.; Ballard, C.; Attems, J. Neurogenic abnormalities in Alzheimer’s disease
differ between stages of neurogenesis and are partly related to cholinergic pathology. Neurobiol. Dis. 2014, 47, 155–162. [CrossRef]
[PubMed]

67. Akter, M.; Kaneko, N.; Herranz-Pérez, V.; Nakamura, S.; Oishi, H.; Garcìa-Verdugo, J.M.; Sawamoto, K. Dynamic changes in the
neurogenic potential in the ventricular-subventricular zone of common marmoset during postnatal brain development. Cereb.
Cortex 2020, 30, 4092–4109. [CrossRef]

68. Benedetti, B.; Dannehl, D.; Konig, R.; Coviello, S.; Kreutzer, C.; Zaunmair, P.; Jakubecova, D.; Weiger, T.M.; Aigner, L.; Nacher,
J.; et al. Functional Integration of Neuronal Precursors in the Adult Murine Piriform Cortex. Cereb. Cortex 2019, 30, 1499–1515.
[CrossRef]

69. Paredes, M.F.; James, D.; Gil-Perotin, S.; Kim, H.; Cotter, J.A.; Ng, C.; Sandoval, K.; Rowitch, D.H.; Xu, D.; McQuillen, P.S.; et al.
Extensive migration of young neurons into the infant human frontal lobe. Science 2016, 354, aaf7073. [CrossRef]

70. Maheu, M.E.; Devorak, J.; Freibauer, A.; Davoli, M.A.; Turecki, G.; Mechawar, N. Increased doublecortin (DCX) expression and
incidence of DCX-immunoreactive multipolar cells in the subventricular zone-olfactory bulb system of suicides. Front. Neuroanat.
2015, 9, 74. [CrossRef]

71. Martì-Mengual, U.; Varea, E.; Crespo, C.; Blasco-Ibànez, J.M.; Nacher, J. Cells expressing markers of immature neurons in the
amygdala of adult humans. Eur. J. Neurosci. 2013, 37, 10–22. [CrossRef] [PubMed]

72. Coviello, S.; Gramuntell, Y.; Klimczak, P.; Varea, E.; Blasco-Ibañez, J.M.; Crespo, C.; Gutierrez, A.; Nacher, J. Phenotype and
distribution of immature neurons in the human cerebral cortex layer II. Front. Neuroanat. 2022, 16, 851432. [CrossRef] [PubMed]

73. Quinones-Hinojosa, A.; Sanai, N.; Soriano-Navarro, M.; Gonzalez-Perez, O.; Mirzadeh, Z.; Gil-Perotin, S.; Romero-Rodriguez,
R.; Berger, M.S.; Garcia-Verdugo, J.M.; Alvarez-Buylla, A. Cellular composition and cytoarchitecture of the adult human
subventricular zone: A niche of neural stem cells. J. Comp. Neurol. 2006, 494, 415–434. [CrossRef] [PubMed]

74. Fahrner, A.; Kann, G.; Flubacher, A.; Heinrich, C.; Freiman, T.M.; Zentner, J.; Frotscher, M.; Haas, C.A. Granule cell dispersion is
not accompanied by enhanced neurogenesis in temporal lobe epilepsy patients. Exp. Neurol. 2007, 203, 320–332. [CrossRef]

http://doi.org/10.1038/cr.2011.83
http://www.ncbi.nlm.nih.gov/pubmed/21577236
http://doi.org/10.1093/brain/awu155
http://doi.org/10.1016/j.biopsych.2014.05.021
http://www.ncbi.nlm.nih.gov/pubmed/25022604
http://doi.org/10.1111/nan.12337
http://www.ncbi.nlm.nih.gov/pubmed/27424496
http://doi.org/10.1186/s12883-017-0956-5
http://doi.org/10.1111/j.1460-9568.2008.06518.x
http://doi.org/10.1002/cne.21043
http://doi.org/10.1186/s12868-015-0160-8
http://www.ncbi.nlm.nih.gov/pubmed/25881110
http://doi.org/10.1016/j.expneurol.2008.12.008
http://doi.org/10.1093/brain/awm264
http://doi.org/10.1002/cne.22547
http://doi.org/10.21203/rs.3.rs-2168886/v1
http://doi.org/10.1038/mp.2017.134
http://www.ncbi.nlm.nih.gov/pubmed/28809399
http://doi.org/10.1093/cercor/bhy096
http://www.ncbi.nlm.nih.gov/pubmed/29722804
http://doi.org/10.1186/1479-5876-12-75
http://doi.org/10.1016/j.nbd.2012.03.033
http://www.ncbi.nlm.nih.gov/pubmed/22504537
http://doi.org/10.1093/cercor/bhaa031
http://doi.org/10.1093/cercor/bhz181
http://doi.org/10.1126/science.aaf7073
http://doi.org/10.3389/fnana.2015.00074
http://doi.org/10.1111/ejn.12016
http://www.ncbi.nlm.nih.gov/pubmed/23066968
http://doi.org/10.3389/fnana.2022.851432
http://www.ncbi.nlm.nih.gov/pubmed/35464133
http://doi.org/10.1002/cne.20798
http://www.ncbi.nlm.nih.gov/pubmed/16320258
http://doi.org/10.1016/j.expneurol.2006.08.023


Int. J. Mol. Sci. 2023, 24, 2514 29 of 29

75. Allen, K.M.; Fung, S.J.; Weickert, C.S. Cell proliferation is reduced in the hippocampus in schizophrenia. Aust. N. Z. J. Psychiatry
2016, 50, 473–480. [CrossRef]

76. Zhao, X.; van Praag, H. Steps towards standardized quantification of adult neurogenesis. Nat. Commun. 2020, 11, 4275. [CrossRef]
77. Srikandarajah, N.; Martinian, L.; Sisodiya, S.M.; Squier, W.; Blumcke, I.; Aronica, E.; Thom, M. Doublecortin expression in focal

cortical dysplasia in epilepsy. Epilepsia 2009, 50, 2619–2628. [CrossRef]
78. Falcone, C.; Wolf-Ochoa, M.; Amina, S.; Hong, T.; Vakilzadeh, G.; Hopkins, W.D.; Hof, P.R.; Sherwood, C.C.; Manger, P.R.; Noctor,

S.C.; et al. Cortical interlaminar astrocytes across the therian mammal radiation. J. Comp. Neurol. 2019, 527, 1654–1674. [CrossRef]
79. Patzke, N.; Spocter, M.A.; Karlsson, K.Æ.; Bertelsen, M.F.; Haagensen, M.; Chawana, R.; Streicher, S.; Kaswera, C.; Gilissen, E.;

Alagaili, A.N.; et al. In contrast to many other mammals, cetaceans have relatively small hippocampi that appear to lack adult
neurogenesis. Brain Struct. Funct. 2015, 220, 361–383. [CrossRef]

80. van Dijk, R.M.; Huang, S.H.; Slomianka, L.; Amrein, I. Taxonomic separation of hippocampal networks: Principal cell populations
and adult neurogenesis. Front. Neuroanat. 2016, 10, 22. [CrossRef]

81. Parolisi, R.; Cozzi, B.; Bonfanti, L. Humans and dolphins: Decline and fall of adult neurogenesis. Front. Neurosci. 2018, 12, 497.
[CrossRef] [PubMed]

82. Brown, J.P.; Couillard-Després, S.; Cooper-Kuhn, C.M.; Winkler, J.; Aigner, L.; Kuhn, H.G. Transient expression of doublecortin
during adult neurogenesis. J. Comp. Neurol. 2003, 467, 1–10. [CrossRef]

83. La Rosa, C.; Ghibaudi, M.; Bonfanti, L. Newly generated and non-newly generated “immature” neurons in the mammalian brain:
A possible reservoir of young cells to prevent brain ageing and disease? J. Clin. Med. 2019, 8, 685. [CrossRef] [PubMed]

84. Xiong, K.; Luo, D.; Patrylo, P.R.; Struble, R.G.; Clough, R.W.; Yan, X. Doublecortin-expressing cells are present in layer II across
the adult guinea pig cerebral cortex: Partial colocalization with mature interneuron markers. Exp. Neurol. 2008, 211, 271–282.
[CrossRef] [PubMed]

85. Faykoo-Martinez, M.; Toor, I.; Holmes, M.M. Solving the neurogenesis puzzle: Looking for pieces outside the traditional box.
Front. Neurosci. 2017, 11, 505. [CrossRef]

86. Roth, G.; Dicke, U. Evolution of the brain and intelligence. Trends Cogn. Sci. 2005, 9, 250–257. [CrossRef] [PubMed]
87. Vinters, H.V. Emerging concepts in Alzheimer disease. Annu. Rev. Pathol. 2015, 10, 291–319. [CrossRef]
88. Brenowitz, E.A.; Zakon, H.H. Emerging from the bottleneck: Benefits of the comparative approach to modern neuroscience.

Trends Neurosci. 2015, 38, 273–278. [CrossRef]
89. Deep-Soboslay, A.; Akil, M.; Martin, C.E.; Bigelow, L.B.; Herman, M.M.; Hyde, T.M.; Kleinman, J.E. Reliability of psychiatric

diagnosis in postmortem research. Biol. Psychiatry 2005, 57, 96–101. [CrossRef]
90. Lipska, B.K.; Deep-Soboslay, A.; Weickert, C.S.; Hyde, T.M.; Martin, C.E.; Herman, M.M.; Kleinman, J.E. Critical factors in gene

expression in postmortem human brain: Focus on studies in schizophrenia. Biol. Psychiatry 2006, 60, 650–658. [CrossRef]
91. Highet, B.; Anekal, P.V.; Ryan, B.; Murray, H.; Coppieters, N.; Dieriks, B.V.; Singh-Bains, M.K.; Mehrabi, N.F.; Faull, R.L.M.;

Dragunow, M.; et al. fISHing with immunohistochemistry for housekeeping gene changes in Alzheimer’s disease using an
automated quantitative analysis workflow. J. Neurochem. 2021, 157, 1270–1283. [CrossRef] [PubMed]

92. Ciarpella, F.; Zamfir, R.G.; Campanelli, A.; Ren, E.; Pedrotti, G.; Bottani, E.; Borioli, A.; Caron, D.; Di Chio, M.; Dolci, S.;
et al. Murine cerebral organoids develop network of functional neurons and hippocampal brain region identity. iScience 2021,
24, 103438. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1177/0004867415589793
http://doi.org/10.1038/s41467-020-18046-y
http://doi.org/10.1111/j.1528-1167.2009.02194.x
http://doi.org/10.1002/cne.24605
http://doi.org/10.1007/s00429-013-0660-1
http://doi.org/10.3389/fnana.2016.00022
http://doi.org/10.3389/fnins.2018.00497
http://www.ncbi.nlm.nih.gov/pubmed/30079011
http://doi.org/10.1002/cne.10874
http://doi.org/10.3390/jcm8050685
http://www.ncbi.nlm.nih.gov/pubmed/31096632
http://doi.org/10.1016/j.expneurol.2008.02.003
http://www.ncbi.nlm.nih.gov/pubmed/18378231
http://doi.org/10.3389/fnins.2017.00505
http://doi.org/10.1016/j.tics.2005.03.005
http://www.ncbi.nlm.nih.gov/pubmed/15866152
http://doi.org/10.1146/annurev-pathol-020712-163927
http://doi.org/10.1016/j.tins.2015.02.008
http://doi.org/10.1016/j.biopsych.2004.10.016
http://doi.org/10.1016/j.biopsych.2006.06.019
http://doi.org/10.1111/jnc.15283
http://www.ncbi.nlm.nih.gov/pubmed/33368239
http://doi.org/10.1016/j.isci.2021.103438
http://www.ncbi.nlm.nih.gov/pubmed/34901791

	Introduction 
	Results 
	Comparative Immunostaining in the Brain of Five Mammals 
	Regional Differences 
	DCX Detection in the Human Cerebral Cortex 

	Discussion 
	Variables Affecting the Occurrence/Quality of Staining 
	Detecting DCX in the Human Cerebral Cortex 
	Comparative Antibody Performance 
	The Importance of Investigating the Cerebral Cortex as a Place for Immature Neurons 

	Materials and Methods 
	Brain Sample 
	Tissue Processing for Histology 
	Comparable Neuroanatomy 
	Immunofluorescence Protocol 
	RNAscope 
	Image Processing 

	Conclusions 
	References

