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Prolonged fixation and post-mortem delay impede
the study of adult neurogenesis in mice
M. Gallardo-Caballero 1,2,3, C. B. Rodríguez-Moreno1,2, L. Álvarez-Méndez1,3, J. Terreros-Roncal 1,2,

M. Flor-García 1,2,3, E. P. Moreno-Jiménez1,2,3, A. Rábano4 & M. Llorens-Martín 1,2,3✉

Adult hippocampal neurogenesis (AHN) gives rise to new neurons throughout life. This

phenomenon takes place in more than 120 mammalian species, including humans, yet its

occurrence in the latter was questioned after one study proposed the putative absence of

neurogenesis markers in the adult human hippocampus. In this regard, we showed that

prolonged fixation impedes the visualization of Doublecortin+ immature neurons in this

structure, whereas other authors have suggested that a dilated post-mortem delay (PMD)

underlies these discrepancies. Nevertheless, the individual and/or additive contribution of

fixation and the PMD to the detection (or lack thereof) of other AHN markers has not been

studied to date. To address this pivotal question, we used a tightly controlled experimental

design in mice, which allowed the dissection of the relative contribution of the aforemen-

tioned factors to the visualization of markers of individual AHN stages. Fixation time emerged

as the most prominent factor globally impeding the study of this process in mice. Moreover,

the visualization of other particularly sensitive epitopes was further prevented by prolonged

PMD. These results are crucial to disambiguate current controversies related to the occur-

rence of AHN not only in humans but also in other mammalian species.
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The mammalian hippocampus is one of the few regions of
the brain to host the addition of new neurons during
adulthood1. As a result of adult hippocampal neurogenesis

(AHN), new dentate granule cells (DGCs) are incorporated into
classic2 and alternative3 trisynaptic hippocampal circuits
throughout life. Therefore, the addition of new neurons confers
enhanced plasticity to the aging mammalian brain. The stages
encompassed by AHN have been extensively dissected using
immunohistochemical methods, in which specific cell markers are
used to visualize cells at each phase of this process4. A population
of radial-glia-like (RGL) cells with astrocyte-like properties
residing in the subgranular zone (SGZ) of the dentate gyrus (DG)
sustain the generation of new neurons5. These RGL cells
orchestrate AHN through interactions with non-neurogenic
astrocytes and the DG vasculature6. RGL cells, also commonly
referred to as neural stem cells (NSCs), are positive for astrocyte
markers, such as Nestin, Glial fibrillary acidic protein (GFAP),
Vimentin, and SRY (sex determining region Y)-box 2 (Sox2),
while they are negative for the mature astrocyte marker S100
calcium-binding protein β (S100β)7. Despite being mostly
quiescent8, adult RGL cells occasionally divide9 and give rise to
intermediate progenitors, which are mitotically active and express
cell proliferation markers, such as Ki67. These cells substantially
expand the neurogenic cell population during a limited period4,10.
After becoming committed to the neuronal lineage, newborn
neurons transiently express immaturity markers, such as Dou-
blecortin (DCX)11–13, Calretinin (CR), and Polysialylated-neural
cell adhesion molecule (PSA-NCAM)4,14. Immature DGCs exit
the cell cycle and complete their differentiation before becoming
fully integrated into the hippocampal circuitry15. Throughout
their maturation in rodents, these cells receive sequential waves of
excitatory and inhibitory innervation16,17, progressively increase
their dendritic complexity15, send their axons towards the CA3
and the CA2 hippocampal subfields3,15, and replace the expres-
sion of CR by that of Calbindin (CB)14.

The occurrence of AHN has been reported in more than 120
mammalian species (reviewed in ref. 18). However, contradictory
results obtained in particular animal species are also found in the
literature19–21. In this regard, one of the most disputed points in
recent years is the extent to which AHN takes place in the human
brain22,23. The first report showing the incorporation of sys-
temically administered 5-bromo-2′-deoxyuridine (BrdU) into
individual human DGCs dates back to 199824. The occurrence of
AHN in humans was further supported by numerous studies that
applied a variety of methodologies25–27. However, in 2018, con-
tradicting the aforementioned coetaneous studies, the absence of
AHN markers in the human brain was affirmed28. In this regard,
recent data published by our group demonstrated that various
technical aspects related to the methodologies used to process
human brain samples are crucial to visualize AHN markers in the
human brain23. We showed that prolonged fixation abolishes the
detection of DCX+ immature neurons in the adult29,30 and
infantile18 human hippocampus. Similarly, others have reported a
negative effect of age and the post-mortem delay (PMD)—
defined as the time elapsed between exitus and sample immersion
in fixative—on the detection of DCX protein in rats31,32. How-
ever, the extent to which the PMD and fixation protocols affect
the visualization of other cell markers related to AHN has not
been addressed to date.

Technical, legal, and ethical reasons often prevent the experi-
mental manipulation of the PMD and/or the fixation time in
studies involving human samples33. Therefore, dissecting the
individual and/or additive contributions of these two factors to
the detection (or lack thereof) of AHN markers is key to dis-
ambiguating controversial aspects related to the study of this
phenomenon not only in humans but also in other mammalian

species. To tackle these crucial questions, we used a tightly con-
trolled experimental design in mice that allowed us to determine
the individual and combined effects of prolonged PMD and
fixation time on the study of the distinct stages encompassed by
AHN. Our results point to fixation time as the most prominent
factor globally impeding the study of AHN in mice. Moreover, we
addressed whether the visualization of other particularly sensitive
epitopes was further (quantitatively and qualitatively) affected by
prolonged PMD intervals.

Results
Impact of prolonged fixation and post-mortem delay (PMD)
intervals on the visualization of immature neurons in the
murine dentate gyrus (DG). So-called ideal conditions for
immunohistochemical studies are characterized by short fixation
times and the absence of a PMD interval18. However, brain
samples of human origin, as well as those obtained from other
species living in the wild, are often far from meeting these
requirements. Using a strictly controlled mouse experiment, we
aimed to dissect the individual and additive contribution of
fixation time and PMDs to the immunohistochemical detection of
distinct AHN markers. We first studied the performance of var-
ious antibodies widely used to label immature DGCs (Fig. 1,
Supplementary Figs. 1–5, and Supplementary Table 1), such as
DCX, a marker of immature neurons and neuroblasts in the adult
mammalian brain10. We compared the specificity and qualitative
aspects of the signal obtained with 10 distinct commercial anti-
DCX antibodies (Supplementary Figs. 2–5) in samples subjected
to PMD and fixation of variable durations. The signal quality
obtained with these antibodies showed slight variability even
under ideal conditions (namely, 24 h of fixation at 4 °C in 4%
freshly prepared PFA, and 0 h PMD), yet all the antibodies tested
allowed unequivocal identification of comparable densities of
DCX+ immature neurons under these conditions (Supplementary
Figs. 2–5). These cells presented an identifiable morphology,
which was characterized by an oval-to-round relatively small
soma located in the SGZ or the GCL, and a variable number of
processes with distinct orientations4,30.

Prolonged PMD (F2,40= 54.27; p < 0.001) and fixation
(F1,40= 286.4; p < 0.001) dramatically reduced the number of
DCX+ immature neurons detected. Moreover, a statistically
significant interaction between the two variables was observed
(F2,40= 54.27; p < 0.001), thereby revealing that the negative
effects caused by prolonged PMD on the detection of these cells
depend on fixation time and vice versa (Fig. 1b–h). Nevertheless,
fixation time emerges as the most determinant factor impeding
the detection of DCX+ immature DGCs, as none of these
antibodies labeled intact numbers of positive cells in murine
samples with 0 h PMD subjected to prolonged fixation (Supple-
mentary Figs. 2–5), or in samples of human origin29. Interest-
ingly, the application of an antigen retrieval protocol29 exclusively
reversed the signal decay obtained with the two anti-DCX
antibodies manufactured by Santa Cruz. The signal produced by
the remaining antibodies did not show remarkable differences
after antigen retrieval pre-treatment (Supplementary Fig. 7). In
this regard, the epitope masking caused by prolonged fixation
might differentially affect each of the epitopes against which these
antibodies were raised. Conversely, distinct anti-DCX antibodies
showed variable signal quality on murine samples subjected to
artificial PMD intervals, their general performance being poorer
as the PMD increased (Supplementary Figs. 2–5). Although the
method of euthanasia did not influence the detection of DCX+

cells (Supplementary Fig. 8), the aforementioned results point to
progressive degradation of DCX protein as the PMD increases.
We confirmed the latter notion by performing WB analyses
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(Fig. 1i–j and Supplementary Fig. 9), which revealed the
degradation of DCX protein (F3,9= 192.2; p < 0.001) at 6 h
(p= 0.021) and 24 h (p < 0.001) after death. Conversely, qPCR
(Fig. 1k) showed that DCX messenger RNA (mRNA) was also
degraded as a consequence of prolonged PMDs (F2,9= 7.353;
p= 0.013) but was preserved 6 h after death (p= 0.498). These

data reveal the differential vulnerability of DCX protein and
mRNA to post-mortem degradation.

We next examined another two well-characterized markers of
immature DGCs, namely CR and PSA-NCAM. Both epitopes
were sensitive to fixation duration (CR: F1,42= 53.51; p < 0.001;
PSA-NCAM: F1,42= 15.49; p < 0.001) but not to the PMD (CR:
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F2,42= 1.083; p= 0.348; PSA-NCAM: F2,42= 0.289; p= 0.75)
(Supplementary Fig. 1 and Supplementary data 1). Consistent
with the higher sensitivity of DCX to both factors, the number of
triple-labeled DCX+ CR+ PSA-NCAM+ immature DGCs
decreased after prolonged fixation (F1,42= 292.3; p < 0.001) and
long artificial PMDs (F2,42= 46.08; p < 0.001) (Fig. 1l). Similarly,
the percentages of DCX+ cells that co-expressed either CR or
PSA-NCAM decreased under these conditions (Supplementary
Fig. 1 and Supplementary data 1).

Taken together, these data reveal that the detection of
immature neurons requires short fixation times. Moreover, the
visualization of DCX+ cells, in particular, is further negatively
affected by prolonged PMD intervals in mice.

Effects of fixation time and post-mortem delay (PMD) on the
visualization of neural stem cells (NSC) and cells undergoing
proliferation in the murine dentate gyrus (DG). We assessed
whether prolonged fixation and PMD intervals interfered with the
visualization of NSC markers such as Sox2 and Vimentin
(Fig. 2a–f). To exclude the putative identification of astrocytes,
only cells negative for the mature astrocyte marker S100β were
considered7. Prolonged PMDs and fixation times led to a decrease
in the number of Sox2+ S100β- (Fixation: F1,42= 47.56; p < 0.001;
PMD: F2,42= 118.3; p < 0.001), Vimentin+ S100β- (Fixation:
F1,42= 22.86; p < 0.001; PMD: F2,42= 119.6; p < 0.001),
Vimentin+ Sox2+ (Fixation: F1,41= 17.36; p < 0.001; PMD:
F2,41= 123; p < 0.001), and Vimentin+ Sox2+ S100β- (Fixation:
F1,42= 30.88; p < 0.001; PMD: F2,42= 131.9; p < 0.001) NSCs
detected (Fig. 2g–j). Moreover, statistically significant interactions
were found between PMD and fixation time (Supplementary
data 1). This observation thus reveals that the effect of the PMD
depends on the fixation time, as well as on the additive detri-
mental effects of these two factors on the visualization of NSCs in
the murine hippocampus. The density of Ki67+ proliferative cells
detected was affected by fixation time (F1,42= 5.978; p= 0.019)
but not by the PMD (F2,42= 0.433; p= 0.651) (Supplementary
Fig. 6a–m).

Therefore, fixation time also emerges as a critical factor for the
visualization of NSCs and proliferative cells in the murine DG.
Moreover, prolonged PMD intervals exert additive negative
effects on the visualization of the former cells in this structure.

Effects of prolonged post-mortem delay (PMD) intervals and
fixation on the morphometric properties of the murine dentate
gyrus (DG), and the numbers of mature dentate granule cells
(DGCs) and glial cell subpopulations detected. We analyzed the
general anatomy of the DG by means of Nissl staining (Fig. 3a–f
and m), which revealed no major effect of the PMD
(F2,42= 1.334; p= 0.274), but a significant influence of fixation
time (F1,42= 7.795; p= 0.008) on the volume of the DG
(Fig. 3m). Neither the PMD (F2,42= 1.905; p= 0.162) nor fixation
time (F1,42= 0.083; p= 0.774) modified the total number of
DGCs counted (Fig. 3n). Conversely, both the PMD
(F2,42= 809.6; p < 0.001) and fixation time (F1,42= 26.85;

p < 0.001) affected the measured area of individual DGC nuclei
(Fig. 3o). In this regard, nuclei of mice subjected to prolonged
PMD appeared to be smaller and more dispersed within the GCL.
The detected expression of CB in mature DGCs was almost
abolished after a prolonged fixation (F1,42= 3214; p < 0.001) but
remained unaffected by the PMD (F2,42= 1.878; p= 0.166)
(Fig. 3g–l and p).

The density of the Iba1+ microglial cells (Fig. 4a–f and m)
counted was reduced after prolonged PMDs (F2,42= 8.247;
p < 0.001) and fixation times (F1,42= 97.100; p < 0.001). The
number of S100β+ astrocytes was modified by the fixation time
(F1,42= 12.910; p < 0.001) but not by the PMD (F2,42= 1.607;
p= 0.213) (Fig. 4g–l and n). Given the aforementioned sensitivity
of Vimentin and Sox2 to both the PMD and fixation time, the
number of S100β+ Vimentin- Sox2- fully mature astrocytes was
affected by both parameters (Fixation: F1,42= 20.080; p < 0.001;
PMD: F2,42= 252.900; p < 0.001) (Fig. 4o). Moreover, not only
prolonged PMD but also long fixation caused a dramatic decrease
in Iba1 and S100β signal quality since no labeling of distal
processes was observed in samples subjected to prolonged fixation
and/or artificial PMD intervals.

Taken together, these results indicate that prolonged fixation
impedes the visualization of markers of immature and mature
DGCs, NSCs, proliferative cells, microglia, and astrocytes, as well
as altering the results of distinct morphometric determinations in
mice. Moreover, prolonged PMDs further complicate the
visualization of particularly sensitive epitopes such as DCX,
Sox2, Vimentin, and Iba1 (Table 1). The PMD and fixation time
exert additive detrimental effects on the signal quality of all the
epitopes analyzed.

Discussion
AHN takes place in more than 120 mammalian species (reviewed
in ref. 18), although the occurrence of this phenomenon was
questioned in northern minke whales and harbor porpoises34,
and in a small number of echolocating microbats captured from
the wild21. However, subsequent determinations attributed the
putative absence of AHN marker detection in the latter species to
technical, environmental, and ante- and peri-mortem factors19,20,
thereby preventing further replication of these negative results.
Since 199824, more than 40 studies (summarized in Table 2 of
ref. 18) that applied distinct methodologies (IHC, C14 incor-
poration, functional magnetic spectroscopy, and single-cell
RNAseq, among others25–27,30,35,36) have confirmed the occur-
rence of AHN in humans. However, a study published in 2018
questioned the presence of AHN markers in the human DG28,
thereby raising a so-called controversy regarding the demonstra-
tion of AHN in our species37–39. In this regard, using post-
mortem human hippocampal samples collected under tightly
controlled conditions, we assessed the impact of tissue processing
methodologies on the detection of AHN markers in the human
DG29,30,40. Our studies revealed that prolonged fixation impedes
the visualization of immature neurons in this structure and,
therefore, that human post-mortem hippocampal samples sub-
jected to long aldehyde fixation are not suitable for the study of

Fig. 1 Impact of the post-mortem delay (PMD) and fixation time on the detection of immature dentate granule cells (DGCs). a Experimental design.
b–g Representative images of Doublecortin (DCX) staining under distinct experimental conditions. A guinea pig anti-DCX antibody (Synaptic Systems
#326004#) was used. h Density of DCX+ immature DGCs detected with a guinea pig anti-DCX antibody (Synaptic Systems #326004#). i, j Normalized
levels of DCX protein detected by western blot (WB) analysis. k Normalized levels of DCX mRNA expression detected by quantitative polymerase chain
reaction (qPCR). l Density of triple-labeled DCX+ Calretinin (CR)+ Polysialylated-neural cell adhesion molecule (PSA-NCAM)+ immature DGCs detected.
In a, the illustration was created with BioRender.com. In b–g, Z-projection images are shown. IHC immunohistochemistry. ML Molecular layer. GCL Granule
cell layer. H Hilus. In i, H hippocampus, K kidney. White scale bar: 10 μm. Yellow triangles: DCX+ immature DGCs. Graphs represent mean values ± SEM. In
h and l: n= 8 mice. In j, k n= 4 mice. + 0.1 > p≥ 0.05; *0.05 > p≥ 0.01; and ***p < 0.001.
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Fig. 2 Effect of the post-mortem delay (PMD) and fixation time on the detection of neural stem cells (NSCs). a–f Representative images of SRY (sex
determining region Y)-box 2 (Sox2), Vimentin, and S100 calcium-binding protein β (S100β) staining under distinct experimental conditions. g Density of
Sox2+ S100β- NSCs. h Density of Vimentin+ S100β- NSCs. i Density of Vimentin+ Sox2+ cells. j Density of Vimentin+ Sox2+ S100β- NSCs. In
a–f, Z-projection images are shown. ML Molecular layer. GCL Granule cell layer. H Hilus. White scale bar: 10 μm. Yellow triangles: Vimentin+ Sox2+

S100β- NSCs. Graphs represent mean values ± SEM. n= 8 mice. *0.05 > p≥ 0.01; **0.01 > p≥ 0.001; and ***p < 0.001.
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Fig. 3 Effect of the post-mortem delay (PMD) and fixation time on the detection of markers of mature dentate granule cells (DGCs). a–f Representative
images of Nissl staining showing the hippocampal anatomy under distinct experimental conditions. g–l High-power magnification images of Calbindin (CB)
staining in the Granule cell layer (GCL) obtained under distinct experimental conditions. m Volume of the dentate gyrus (DG). n Total number of DGCs.
o Nuclear area of DGCs. p Percentage of DGCs that express CB. In g–l, Z-projection images are shown. DG dentate gyrus. CA1-3: Cornu Ammonis 1 – 3. GCL
Granule cell layer. H Hilus. Yellow scale bar: 200 μm. White scale bar: 5 μm. Magenta triangles: CB+ DGCs. Dotted line with circles: nuclear area. Graphs
represent mean values ± SEM. n= 8 mice. *0.05 > p≥ 0.01; and ***p < 0.001.
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Fig. 4 Effect of the post-mortem delay (PMD) and fixation time on the detection of glial cells. a–f Representative images of Iba1 staining showing
microglial cells under distinct experimental conditions. g–l Representative images of S100 calcium-binding protein β (S100β) staining showing astrocytes
under distinct experimental conditions. m Density of Iba1+ microglial cells. n Density of S100β + astrocytes. o Density of Sox2- Vimentin- S100β + mature
astrocytes. In a–l, Z-projection images are shown. ML Molecular layer. GCL Granule cell layer. H Hilus. Sox2 SRY (sex determining region Y)-box 2. White
scale bar: 10 μm. Green triangles: Iba1+ microglial cells. Yellow triangles: S100β+ astrocytes. Graphs represent mean values ± SEM. n= 8 mice.
+0.1 > p≥ 0.05; *0.05 > p≥ 0.01; and ***p < 0.001.
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AHN30. In fact, none of the nine antibodies tested detected
DCX+ immature DGCs in human hippocampal samples fixed for
six months in formalin, whereas they provided high-quality signal
in samples obtained from the same subjects fixed for 24 h29.
Similarly, prolonged fixation of mouse brain samples that lack a
PMD significantly decreased the quality of the signal obtained
with 10 distinct anti-DCX antibodies (Supplementary Figs. 2–5),
thereby impeding the detection of cell densities comparable to
those obtained upon 24 h fixation. In fact, prolonged fixation
prevented the immunohistochemical detection of DCX protein by
several of the anti-DCX antibodies tested. Antigen retrieval pro-
tocols showed very limited effectiveness in reversing signal decay
for most of the antibodies tested (Supplementary Fig. 7). There-
fore, in light of these results, fixation emerges as a methodological
cornerstone that can affect researchers´ capacity to visualize
immature neurons in the mammalian DG.

In a previous human AHN study30, we did not observe a
statistically significant correlation between the density of DCX+

immature neurons counted and the PMD. These negative results
may be related to the fact that we used human hippocampal
samples with relatively short PMDs (10.42 h ± 2.809 h; Minimum:
3 h; Maximum: 38 h). Indeed, only two samples had PMDs longer
than 20 h. In this regard, some studies showed negative effects
caused by the PMD on DCX detection in rats31,32, which led
several authors to deem the use of human samples with pro-
longed PMD intervals problematic37,38. The data presented here
strongly support the negative effect of prolonged PMDs on the
visualization of murine DCX+ immature DGCs (Fig. 1 and
Supplementary Figs. 1–5). In this respect, prolonged PMD not
only sharply reduced the number of DCX+ immature neurons
detected but also markedly diminished signal quality and distal
dendritic staining. Six hours after the death of the animals, these
effects were evident for eight out of the ten anti-DCX antibodies
tested, and at 24 h after death, they were noticeable for all of
them. However, the existence of a statistically significant inter-
action with the fixation time reveals that the effects of the PMD
on the detection of murine DCX+ immature neurons do indeed
depend on the length of the fixation process.

Distinct factors might underlie the apparent dissimilar influ-
ence of the PMD on the detection of DCX+ immature neurons in
mice and humans. First, putative inter-species differences in
antibody sensitivity41, protein degradation speed, preservation of
specific epitope domains, among others, cannot be ruled out.
Second, differences in body size may result in changes in brain
cooling rates after death, which, in turn, might affect the activity
of degrading enzymes. Additionally, given that aldehyde fixatives
penetrate the tissue at a rate of ~1 mm per h42, differences in the

size of murine and human brain samples might also influence
protein degradation before the fixative achieves full penetration in
the whole tissue block. Third, in our previous study in humans30,
we determined the influence of the PMD on the detection of
DCX+ immature neurons in samples fixed for 24 h, in which
overall antigenicity was preserved. The statistically significant
interaction between the PMD and fixation time described here
suggests that the short fixation of those samples might contribute
to attenuating the negative effects of a prolonged PMD. Fourth,
the detection of AHN markers in human samples fixed for
24–48 h requires the application of a mild pre-treatment protocol
(based on the pre-incubation of the tissue with sodium borohy-
dride (NaBH4) and a heat-mediated citrate buffer antigen
retrieval before IHC) to reduce autofluorescence29. Although
these pre-treatments are not necessary for human samples fixed
for shorter periods or mouse tissue30, their application may
render partially degraded epitopes that are more accessible to
antibodies, thereby putatively mitigating some of the negative
consequences of prolonged PMDs in our previous study30. Fifth,
the data presented here reveal that distinct anti-DCX antibodies
show not only variations in signal quality under ideal tissue
processing conditions (namely 24 h of PFA fixation and 0 h
PMD) but also marked differential susceptibility to prolonged
PMD intervals. The observation that one of the most widely used
antibodies in AHN studies, namely the discontinued goat anti-
DCX antibody from Santa Cruz (Catalog number #8066), did not
appear to be substantially affected by the PMD in human hip-
pocampal tissue30 does not exclude the possibility that other anti-
DCX antibodies exhibit a more pronounced decay in signal
specificity and intensity in the same species, as occurs in mice
(Supplementary Figs. 2–5). This aspect gains special relevance in
the context of human studies, in which an exhaustive validation
of each antibody used is crucial43. Methods allowing the selective
labeling of the whole morphology of human immature DGCs,
which are not yet available, might detect previously unnoticed
putative reductions in distal dendritic staining of DCX+ cells and/
or the impoverishment of signal quality caused by prolonged
PMD in human tissue.

DCX protein can be partially detected by IHC 6 h after death—
an observation that is in agreement with its incipient degradation
observed by WB (Fig. 1i–j). Similarly, the immunostaining pro-
files detected for numerous proteins did not appear to be affected
by ≥50 h PMD, despite the observation of degradation patterns in
WB44. Remarkably, unlike other mRNA transcripts45, that of
DCX showed a trend towards enhanced vulnerability to 24 h of
post-mortem degradation (Fig. 1k). In this regard, several pre-
mortem factors, such as age and sex, or brain pH, among others,

Table 1 Main effects of the post-mortem delay (PMD) and fixation time on the detection of markers specific to distinct stages of
adult hippocampal neurogenesis (AHN).

Markers Cell density Quality of the signal

Effect of PMD Effect of Fixation Interaction Effect of PMD Effect of Fixation

Immature Neurons DCX (#326004) Decreased Abolished Yes Decreased Abolished
CR (#CR-7697) Maintained Decreased No Decreased Decreased
PSA-NCAM (#mab5324) Maintained Decreased Yes Maintained Decreased

Neural Stem Cells Vimentin (#ab193555) Decreased Decreased Yes Decreased Decreased
Sox2 (#AF2018) Decreased Decreased Yes Decreased Decreased

Mature DGCs CB (#C9848) Maintained Abolished No Maintained Abolished
Astrocytes S100β (#287004) Maintained Decreased No Decreased Decreased
Microglia Iba1 (#234006) Decreased Decreased No Decreased Decreased
Proliferative cells Ki67 (#ab15580) Maintained Decreased No Decreased Decreased

The effects observed in two-way ANOVA statistical comparisons are shown. DCX Doublecortin, CR Calretinin, PSA-NCAM Polysialylated-neural cell adhesion molecule. Sox2 SRY (sex determining region
Y)-box 2. S100β S100 calcium-binding protein β, DGCs dentate granule cells.
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influence the amount and quality of brain RNA in human
subjects46. Moreover, the length of the agonal state selectively
influences the degradation of some messenger RNAs in
humans47. These results further challenge the conclusions of a
recent study using scRNAseq that questioned the occurrence of
human AHN48. In fact, other published work that used shorter
PMDs succeeded in fully reconstructing human AHN trajectories
using equivalent methodologies36,49. A recent study that re-
analyzed various published human scRNAseq datasets high-
lighted the importance of methodological, conceptual, and bio-
logical factors, which can bias transcriptomic data analysis and
interpretation50.

Our results bring to light the particularly sensitive nature of
DCX protein to both fixation and post-mortem degradation.
However, whether these factors affect the detection of other AHN
markers in a similar manner has not been addressed to date. Our
findings reveal that some of the markers most widely used to
identify individual AHN stages (including markers of immature
neurons (such as CR, and PSA-NCAM), NSCs (like Sox2 and
Vimentin), proliferative cells (Ki67), and mature DGCs (CB)) are
highly vulnerable to prolonged fixation and that certain epitopes
(such as Sox2 and Vimentin) are, in addition, negatively affected
by dilated PMD intervals in mice (Table 1). The susceptibility of
these markers to prolonged fixation is supported by human
studies30,40, although no correlation between the number of cells
detected and the PMD was observed in that species (Supple-
mentary Fig. S14 in ref. 40 and Extended data Fig. 1 in ref. 30). In
this regard, similar (and/or alternative) causes to those suggested
to underlie the differential effect of the PMD on the detection of
DCX protein in mice and humans may also play a role. For
instance, in contrast to mice, the visualization of NSC markers in
the adult human DG requires the use of mild detergents40, which
might reflect the differentially labile nature of these epitopes in
these two species. In addition, previous data show remarkable
inter-species differences in immature DGC marker expression51,
which should be taken into account in comparative studies.
Moreover, in the light of previous data published on rats32, a
differential interaction between age and the PMD in distinct
species might take place.

In summary, the results presented here bring to light that the
use of prolonged (or uncontrolled) fixation protocols significantly
decreases the reliability of AHN studies. An inadequate fixation
protocol might not only impede the visualization of cells positive
for distinct AHN markers, but also dramatically diminish signal
specificity and quality. Moreover, particularly labile epitopes
might also show enhanced vulnerability to post-mortem degra-
dation (Table 1). This study emphasizes the importance of con-
trolling key methodological aspects related to the use of post-
mortem brain samples. Our results gain further relevance in the
context of AHN studies in humans, non-human primates, and
wild-living organisms, in which neither the PMD nor the length
of the fixation protocol is fully controllable, known, and/or
reported in detail. Overlooking such technical aspects may lead to
biased (or incorrect) conclusions that merely rely on a the arte-
factual absence of evidence for a given phenomenon.

Methods
Experimental design. To study whether prolonged fixation and
long PMD exert either independent or additive negative effects on
the visualization of markers of distinct stages of AHN, we used a
tightly controlled experimental design in mice (Fig. 1a). We
included three groups of seven- to nine-week-old female mice (12
in each group). Two of these groups were sacrificed by carbon
dioxide inhalation and subjected to artificially generated PMD
intervals of 6 h and 24 h respectively, whereas a control group was

anesthetized and intracardially perfused with saline and therefore
lacked a PMD. Eight mice from each experimental group were
used for histological analysis, including immunohistochemistry
(IHC) and Nissl staining. In this regard, the right hemisphere of
the brains of these animals was fixed in freshly prepared 4%
paraformaldehyde (PFA) for 24 h at 4 °C, whereas the left
hemisphere was fixed in a commercial 3.7% formaldehyde solu-
tion for 2 months at room temperature (rt). This approach
allowed the intra-individual assessment of the independent and/
or additive effects of the PMD and prolonged fixation on the
study of AHN. The remaining four mice from each experimental
group were used for Western blot (WB) (right hemisphere) and
quantitative polymerase chain reaction (qPCR) (left hemisphere)
determinations. To determine whether the method of euthanasia
influences the detection of markers of AHN, we included a fourth
group of mice, which were sacrificed by carbon dioxide inhalation
but not subjected to a PMD. These animals were compared with
those anesthetized and intracardially perfused with saline.

Animals. Five- to seven-week-old female C57BL/6J-OlaHsd mice
were obtained from Envigo Laboratories. They were housed in the
animal facility at the Centro de Biología Molecular Severo Ochoa
(CBMSO) following European Community Guidelines (directive
86/609/EEC) and handled following European and local animal
care protocols. The mice were subjected to at least one week of
habituation before the experiments began. Four mice were housed
per cage. Given that hierarchy/ dominance relationships between
male mice have a negative impact on AHN52, only female mice
were used in this study. As the fluctuations in the endogenous
levels of estradiol occurring during the estrous cycle have been
reported not to influence the levels of AHN in adult female
C57BL/6 mice53, the estrous cycle was not synchronized in these
animals. All animal experiments were approved by the CBMSO
(AEEC-CBMSO-23/172) and National (PROEX 185.4/20) Ethics
Committees. We have complied with all relevant ethical regula-
tions for animal testing.

Sacrifice. The animals belonging to the 0 h PMD group were
fully anesthetized by an intraperitoneal injection of pento-
barbital (EutaLender, 60 mg/kg) and transcardially perfused
with 0.9% saline. The mice subjected to artificially generated
PMD were sacrificed by carbon dioxide inhalation and kept at
rt for either 6 h or 24 h. An additional group of mice was
sacrificed by carbon dioxide inhalation but not subjected to a
PMD. The brains of the mice used for IHC were removed from
the skulls and the hemispheres were separated. The two
hemispheres were fixed separately in commercial fixative
solutions that contained a 4% final formaldehyde concentra-
tion. Following a previously described protocol specifically
optimized for the visualization of AHN markers29,30, the right
hemisphere was fixed in 4% PFA (pH = 7.4) diluted in 0.1 N
phosphate buffer (PB) for 24 h at 4 °C. This fixative solution
was prepared from a commercial 16% PFA solution (Electron
Microscopy Sciences, #15710). Following the standard proce-
dure used by most brain banks worldwide, the left hemisphere
was fixed in a commercial 4% formaldehyde solution (pH=
7.1) (Sigma-Aldrich, #HT501128-4L) for 2 months at rt. After
fixation, hemispheres were washed three times in 0.1 N PB. The
brains of mice used for WB and qPCR were removed from the
skulls and the hippocampi were rapidly dissected on ice, frozen
in dry ice, and kept at −80 °C.

Brain tissue sectioning. For IHC determinations, brain hemi-
spheres were included in a 10% sucrose-4% agarose
solution29,30,40, and 50 µm-thick coronal sections were obtained

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05367-z ARTICLE

COMMUNICATIONS BIOLOGY |           (2023) 6:978 | https://doi.org/10.1038/s42003-023-05367-z | www.nature.com/commsbio 9

www.nature.com/commsbio
www.nature.com/commsbio


on a Leica VT1200S vibratome (Leica Biosystems, Wetzlar,
Germany). Series of brain slices were randomly made up of one
section from every ninth. For each series of sections, the sampling
probability was 1/8. Brain sections were immediately stored at
−20 °C in 24-well plastic plates filled with a cryopreservative
solution (30% polyethylene glycol; 10% 0.2 N PB; 30% glycerol;
and 30% bi-distilled water).

Sodium borohydride (NaBH4) and heat-mediated citrate buffer
antigen retrieval (HC-AR) incubation procedures. Sections
were immersed in 1 ml of 0.5% NaBH4 solution diluted in PB
0.1M for 30 min at rt and under gentle shaking. HC-AR was
performed in 10-ml glass scintillation vials. Sections belonging to
the same animal were immersed in 5 ml of a preheated 1 × citrate
buffer (pH 6.0) antigen retrieval solution (a commercial
10 × stock solution (Vector, H-3300) was diluted in distilled
water). The vials were exposed to 5–6 brief (10–20 s) cycles of
microwave heating. Boiling of the liquid was avoided to prevent
tissue damage. Next, the vials were immersed in an 80 °C water
bath for 20 min and subsequently left at rt for 20 min. Afterwards,
sections were rinsed five times in 0.1 N PB, and immunohis-
tochemistry was performed as described below.

Immunohistochemistry (IHC). Briefly, sections were rinsed in
0.1 N PB at rt. Triple IHC was performed as described
previously54. The incubation buffer for all primary (Supple-
mentary Table 1) and secondary (Supplementary Table 2)
antibodies contained 1% Triton X-100 and 1% bovine serum
albumin (BSA) diluted in 0.1 N PB. Incubation with the pri-
mary antibodies was performed under gentle shaking at 4 °C for
between 48 h and 72 h. To detect the binding of primary anti-
bodies, Alexa®-coupled fluorescent secondary antibodies were
used at a concentration of 1:1000 and incubated for 24 h at 4 °C.
After incubation, the sections were rinsed three times in 0.1 N
PB and stained for 10 min with 4′,6-diamidino-2-phenylindole
(DAPI) (Merck, 1:5000) to label nuclei. They were then
mounted on gelatine-coated glass slides. A non-commercial
anti-fading mounting medium (33% glycerol and 7.5% Mowiol,
prepared in Tris-HCl 0.2 M pH= 8.5) was used for embedding
the sections.

Western blot (WB). Extracts for WB analysis were prepared by
homogenizing the hippocampus in an ice-cold extraction buffer
consisting of 50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1% Triton,
0.5% Deoxycholate, 0.1% SDS, 1 mM NaF, 1 mM sodium
orthovanadate, 1 µM okadaic acid and a protease inhibitor
cocktail (Roche, #11697498001). Next, protein content was
determined by the Pierce BCA Protein Assay (Thermo Fisher,
#23225) method and 25 μg of total protein was electrophoresed
on 10% SDS-polyacrylamide gel and transferred to a nitrocellu-
lose membrane (Amersham Biosciences, #10600002). The mem-
branes were incubated in blocking solution containing 5% non-fat
dried milk diluted in PBS-Tween 0.1% at rt for 1 h. Primary
antibodies (Supplementary Table 1) were incubated at 4 °C
overnight in the same solution. A secondary anti-rabbit antibody
(Supplementary Table 2) was incubated for 2 h at rt, and
enhanced chemiluminescence (ECL) detection reagents (Perkin
Elmer, #NEL105001EA) were used for immunodetection. The
chemiluminescent signal was captured in an ImageQuant™ LAS
4000 mini (GE Healthcare, Illinois, USA) and quantified using
Fiji software. Values were first normalized with respect to the
expression of Vinculin to correct for total protein content. The
data were subsequently normalized with respect to the 0 h PMD
control group.

RNA extraction and cDNA synthesis. RNA was isolated from
each hippocampal sample using TRIzol® (Invitrogen, #15596026)
following the instructions provided by the manufacturer. The
RNA pellet was resuspended in 30 µl of RNase-free water. RNA
concentration and purity were determined using a NanoDrop
One spectrophotometer (Thermo Fisher Scientific, Massachusetts,
USA). After RNA isolation, cDNA synthesis was carried out using
the RevertAid H Minus First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, #K1632), and 500 ng of RNA from
each sample was combined with the Master Mix containing 5X
Reaction Buffer, RiboLock RNase Inhibitor (20 U/µl), 10 mM
dNTP Mix, Random Primers, and RevertAid HMinus M-MuLV
Reverse Transcriptase (200 U/µl) to a final volume of 20 µl.
Samples were then immediately incubated in a thermocycler for
5 min at 25 °C, 60 min at 42 °C, and 5 min at 70 °C. Synthesized
cDNA was kept at −20 °C and −80 °C for short- and long-term
storage, respectively.

Quantitative polymerase chain reaction (qPCR). The GoTaq®

qPCR Master Mix (Promega, #A6001) was used to carry out
qPCR. Briefly, 0.2 µl of synthesized cDNA was combined with the
Master Mix, forward and reverse primers, carboxy-X-rhodamine
(CXR) reference dye, and nuclease-free water to a final volume of
10 µl and loaded on 384-white-well PCR plates (Bio-Rad,
#HSP3805). Data were collected on a CXF-384 real-time PCR
detection system (Bio-Rad Laboratories, California, USA). Sam-
ples were incubated for 2 min at 95 °C followed by 40 cycles of
15 sec at 95 °C and 1 min at 60 °C. All measurements were made
in triplicate, and controls for non-template and genomic DNA
were included. The following intron-spanning primers were used
to detect DCX (ref. 55: forward 5’-CAGTCAGCTCTCAACACC
TAAG-3’ and reverse 5’-CATCTTTCACATGGAATCGCC-3’),
and housekeeping Glyceraldehyde 3-phosphate dehydrogenase
((GAPDH)56: forward 5’-AGGTCGGTGTGAACGGATTTG-3’
and reverse 5’-GGGGTCGTTGATGGCAACA-3’). Primer effi-
ciency was previously assessed by a six-point standard curve
using serially diluted pooled cDNA. GAPDH gene was used as a
reference, and fold change was calculated with respect to the 0 h
PMD control group of mice using the ΔΔCT method.

Nissl staining. A randomly chosen series was used to calculate
the total volume of the DG in each animal using Nissl staining.
Slices were mounted on 2% gelatine-coated glass slides and air-
dried at rt for 48 h. The slides were sequentially immersed in the
following solutions: 6 min in toluidine blue, 10 sec in bi-distilled
water, 2 min in EtOH 70°, 2 min in EtOH 96°, 2 min in EtOH
100°, 2 min in EtOH 100°, and 2 min in Xylene (PanReac,
#251769). Next, sections were embedded in DePex (Serva Elec-
trophoresis™, #1824301) and dried for 48 h at rt before imaging.
Images were acquired under a THUNDER Imager Tissue
microscope equipped with a Leica DFC9000 GTC VSC-09991
camera (Leica Microsystems Ltd., Wetzlar, Germany) and using a
5X dry objective. Images were processed using the Leica Appli-
cation Suite X (LAS X) software provided by the manufacturer
(Leica Microsystems Ltd., Wetzlar, Germany). The DG volume
was determined using the freehand selection tool in Fiji software
to measure the granule cell layer (GCL) plus the SGZ area on each
section of the series. Each area was multiplied by the thickness of
the tissue (namely 50 µm) and by the sampling fraction (8). The
numbers obtained were summed to calculate the total DG
volume, which is expressed in mm3.

Cell counts. To determine the density of CR+, DCX+, PSA-
NCAM+, Vimentin+, Sox2+, S100β+, Iba1+, and Ki67+ cells, six
stacks of images containing the DG were obtained using an
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LSM900 Zeiss confocal microscope (Zeiss, Oberkochen, Ger-
many) (for Vimentin+, Sox2+, S100β+, Iba1+, and Ki67+: 40X
oil immersion objective; XY dimensions: 159.72 µm; Z-interval:
1.4 µm, and for CR+, DCX+, PSA-NCAM+: 63X oil immersion
objective; XY dimensions: 101.41 µm; Z-interval: 1.4 µm). The
density of positive cells was estimated using unbiased stereology
methods based on the use of the physical dissector method
adapted to confocal microscopy29,30,40,57. Briefly, for Vimentin+,
Sox2+, S100β+, Iba1+, and Ki67+ cells, an area containing the
region of interest (namely the GCL plus the SGZ) was traced on
the DAPI channel of each confocal stack of images using the
freehand drawing tool of Fiji, and the area of each of these
structures was then calculated. Areas were multiplied by the
z-thickness of the stack to calculate the reference volume29,30. For
CR+, DCX+, PSA-NCAM+ stacks, the length of the SGZ was
measured on the DAPI channel of each confocal stack of images
using the freehand line drawing tool of Fiji. The lengths were then
multiplied by the z-thickness of the stack to calculate the refer-
ence area, namely the SGZ57. Next, to calculate the density of
positive cells (number of cells/mm3 or cells/mm2), the number of
cells positive for each marker was counted on individual planes
and then divided by the reference volume/area of the stack. To
determine the density, CB expression, and nuclear area of DGCs,
six stacks of images containing the DG were obtained using an
LSM900 Zeiss confocal microscope (63X oil immersion objective;
zoom: 3; XY dimensions: 33.8 µm; Z-interval: 1.4 µm). DGCs
were counted on individual planes and the number of cells was
divided by the reference volume to calculate the density (number
of cells/mm3). The total number of DGCs was then calculated for
each animal by multiplying the DGC density by the DG volume.
The percentage of DGCs that expressed CB was determined on 50
cells per animal, randomly selected on the DAPI channel, with
DGC nuclear morphology. The percentage of CB+ DGCs was
then calculated for each animal. The nuclear area of 50 DGCs per
mouse was measured in the central plane using the freehand
selection tool of Fiji.

Statistics and reproducibility. Statistical analyses were per-
formed using the GraphPad Prism 9 software (GraphPad.v.9.4.1
(681), 2022; GraphPad Software, LLC). The normality of sample
distribution was assessed using a Kolmogorov–Smirnov test and
extreme outlier values were eliminated when necessary. For data
in which one variable was being analyzed, a one-way ANOVA
followed by a Tukey post-hoc test was used. For comparisons in
which two variables were analyzed, a two-way ANOVA test was
used. A Tukey post-hoc test was used to compare individual
groups. Graphs represent mean values ± SEM. A 95% confidence
interval was used for statistical comparisons. The detailed results
of statistical comparisons are included in the Supplementary
Data 1 file.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
All the data generated in this study have been included in the Main or Supplementary
Figures and are available from the corresponding author upon reasonable request. Source
data is included in the Supplementary Data 2 file. Unprocessed gel images are shown in
Supplementary Fig. 9.
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