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ABSTRACT

Adult neurogenesis takes place in the brain subventricular zone (SVZ) in the lateral walls of lateral ventricles and
subgranular zone (SGZ) in the hippocampal dentate gyrus (HDG), and functions to supply newborn neurons for normal
brain functionality. Subchronic Mn exposure is known to disrupt adult neurogenesis in the SVZ. This study was designed to
determine whether Mn exposure disturbed neurogenesis within the adult HDG. Adult rats (10 weeks old) received a single
dose of bromodeoxyuridine (BrdU) at the end of 4-week Mn exposure to label the proliferating cells. Immunostaining and
cell counting data showed that BrdU(þ) cells in Mn-exposed HDG were about 37% lower than that in the control (p< .05).
The majority of BrdU(þ) cells were identified as Sox2(þ) cells. Another set of adult rats received BrdU injections for 3
consecutive days followed by 2- or 4-week Mn exposure to trace the fate of BrdU-labeled cells in the HDG. The time course
studies indicated that Mn exposure significantly reduced the survival rate (54% at 2 weeks and 33% at 4 weeks), as compared
with that in the control (80% at 2 weeks and 51% at 4 weeks) (p< .01). A significant time-dependent migration of newborn
cells from the SGZ toward the granule cell layer was also observed in both control and Mn-exposed HDG. Triple-stained
neuroblasts and mature neurons further revealed that Mn exposure significantly inhibited the differentiation of immature
neuroblasts into mature neurons in the HDG. Taken together, these observations suggest that subchronic Mn exposure
results in a reduced cell proliferation, diminished survival of adult-born neurons, and inhibited overall neurogenesis in the
adult HDG. Impaired adult neurogenesis is likely one of the mechanisms contribute to Mn-induced Parkinsonian disorder.
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Manganese (Mn) is essential for normal brain development and
function (Akai et al., 1990; Aschner and Aschner, 2005; Aschner
et al., 2007; Wedler et al., 1982; Wedler and Denman, 1984).
However, overexposure to Mn from environmental and occupa-
tional sources, or due to disease conditions can cause mangan-
ism, a well-recognized neurodegenerative disorder with signs
and syndromes that are similar, but not identical to idiopathic
Parkinson’s disease (Barbeau et al., 1976; Jiang et al., 2006, 2007;
Racette et al., 2012). Studies on humans, primates and rodents
demonstrate that upon crossing the blood-brain and blood-

cerebrospinal fluid barriers, Mn selectively accumulates in the
globus pallidus, substantia nigra, and hippocampus (Dietz et al.,
2001; Dydak et al., 2011; Fu et al., 2014; Jiang et al., 2007; Lucchini
et al., 2000; Robison et al., 2013; Zheng et al., 2009). However,
mechanisms by which Mn induces neuropathological and neu-
rochemical alterations remain unclear.

Recent data from this laboratory using synchrotron x-ray
fluorescence (XRF) microscopy reveal that the hippocampal
dentate gyrus (HDG) and cornus ammonis 3 (CA3)
accumulate the highest amount of Mn in Mn-exposed rats
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(Robison et al., 2012, 2013). The HDG plays an essential role in
regulating brain functions such as learning, memory, cognition,
and spatial behavior (Clark et al., 2000; Eichenbaum, 2004; Jonas
and Lisman, 2014; Liang et al., 2015; Montaron et al., 2004;
Sutherland et al., 1982). During the adulthood, the HDG continu-
ously generate new neurons derived from neural stem/progeni-
tor cells (NSPCs) harbored within the subgranular zone (SGZ), a
known active neurogenic niche that functions to create and
maintain neurogenesis (Kempermann and Gage, 2000; Ming and
Song, 2005). The adult-born NSPCs after exiting the cell cycle are
capable of migrating toward the inner layer of the granule cell
layer (GCL) and further develop into mature granular neurons
(Ming and Song, 2005; Shapiro and Ribak, 2005; Zhao et al., 2006).
More specifically, the original NSPCs residing in the SGZ are ra-
dial glia-like progenitor cells (type 1) expressing glial fibrillary
acid protein (GFAP) and nestin, which remain quiescent under
basal physical condition. Once activated by intrinsic or extrinsic
stimuli, they can proliferate and become types 2a and 2b precur-
sors, and further develop into type 3 immature neurons.
Ultimately, the type 3 cells migrate locally in the GCL and differ-
entiate into mature granule cells (Hodge et al., 2008). Hence, the
population of NSPCs is an indispensable source of new neurons
for supporting neuroplasticity and granule cell turnover, and
compensating the neuronal loss in adult hippocampus.

Excessive Mn deposits in the hippocampus have been asso-
ciated with neurobehavioral alterations such as impaired spa-
tial learning, memory loss and cognitive deficits in rodents,
nonhuman primates and humans (Blecharz-Klin et al., 2012;
Bowler et al., 2003, 2006; Carvalho et al., 2014; Fitsanakis et al.,
2009; Menezes-Filho et al., 2011; Oner and Sentürk, 1995; Peres
et al., 2015; Riojas-Rodr�ıguez et al., 2010; Schneider et al., 2013).
For its role in adult neurogenesis, the hippocampus could be a
target area where accumulated Mn may impede the neural re-
generation and repair owing to the neurogenic activity in the
HDG. Recent studies have found that Mn exposure can cause
apoptosis in immature granule cells, misguide neuronal migra-
tion, increase immature interneurons, and disrupt the epige-
netic gene regulation in mouse HDG following Mn exposure
(Wang et al., 2012, 2013). However, results by Ohishi et al. (2012)
have shown that maternal Mn exposure induces a mild and re-
versible neurogenesis in the HDG of offspring rats. Studies by
Kikuchihara et al. (2015) report that Mn accumulation in the
brain can reduce types 2b and 3 progenitors as well as
GABAergic interneurons in Mn-exposed adult mouse HDG.
However, none of these studies have employed bromodeoxyuri-
dine (BrdU) or other useful markers to label newborn progeni-
tors and to trace dynamic changes of NSPCs during the entire
neurogenesis process, so as to distinguish cell phenotypes at
different neurogenic phases and quantify numbers of proliferat-
ing, survived, and differentiated adult-born cells in the HDG.

To understand the dynamic changes of NSPCs and their
progenies in the adult HDG following Mn exposure, we designed
two separate experiments using different BrdU labeling para-
digms to trace and analyze the fate of BrdU-labeled newborn
cells in the HDG. In experiment 1 (Figure 1A), the proliferating
cells in the adult rat HDG were labeled by a single dose of BrdU
and quantified within a 4-h time window after subchronic Mn
exposure. Experiment 2 (Figure 1B) was performed by pulse-
labeling newly generated NSPCs in the HDG with BrdU prior to
Mn exposure; these cells were then traced for their survival and
differentiation at different exposure time points. Results from
these experiments provide the first hand evidence on Mn detri-
mental effect on various phases of adult hippocampal
neurogenesis.

MATERIALS AND METHODS

Materials. Chemical reagents were purchased from the following
sources: Rabbit anti-rat DMT1 antibody was obtained from
Alpha Diagnostic (San Antonio, CA), mouse monoclonal anti-
BrdU antibody from Santa Cruz Biotechnology (Dallas, TX),
ProLong Gold antifade reagent, Alexa Fluor 488 goat anti-rabbit
IgG (Hþ L) antibody (Catalog# A11008) and Alexa Fluor 555 goat
anti-mouse IgG (Hþ L) antibody (A21424) from Life Technologies
(Carlsbad, CA); rabbit polyclonal anti-Sox2 (Catalog# ab97959),
anti-doublecortin (DCX) (ab18723) and anti-NeuN (ab177487)
antibodies, and chicken polyclonal anti-glial fibrillary acidic
protein (GFAP) antibodies from Abcam (Cambridge, MA); poly-
clonal rabbit anti-ionizing calcium-binding adaptor molecule 1
(Iba1) antibody (Catalog# WEE4506) from Wako Chemicals USA
Inc (Richmond, VA); manganese chloride tetra-hydrate
(MnCl2�4H2O) from Fisher scientific (Pittsburgh, PA); Protease
Inhibitor Cocktail from Calbiochem (San Diego, CA); paraformal-
dehyde (PFA) from ACROS Organics (Morris Plains, NJ); bovine
serum albumin (BSA) from AMRESCO (Solon, OH); and normal
goat serum from Jackson ImmunoResearch Laboratories (West
Grove, PA). All reagents were of analytical grade, HPLC grade, or
the best available pharmaceutical grade.

Animals and Mn administration. Male Sprague-Dawley rats were
purchased from Harlan Sprague Dawley Inc. (Indianapolis, IN).
At the time of use, the rats were 10-week old weighing
220–250 g. Upon arrival, rats were housed in a temperature-
controlled, 12/12-h light/dark cycle room and allowed to accli-
mate for one week prior to experimentation. They had free
access to deionized water and pellet Purina semipurified rat
chow (Purina Mills Test Diest, 5755C; Purina Mills, Richmond,
Inc). The study was conducted in compliance with standard ani-
mal use practices and approved by the Animal Care and Use
Committee of Purdue University.

MnCl2�4H2O was dissolved in sterile saline. Rats received in-
traperitoneal (IP) injections of MnCl2 solution (1 ml/kg body
weight) at a concentration of 6 mg Mn/kg, once daily, 5 days/
week for 4 consecutive weeks. This dose regimen was selected
based on previous studies from this and other laboratories,
which is known to be associated with a significant reduction of
succinic dehydrogenase and a significant inhibition of mito-
chondrial aconitase in rat brain (Seth et al., 1977, 1981; Singh
et al., 1974; Zheng et al., 1998, 2000), and that the Mn concentra-
tion in the blood after 4-week IP doses reached �50 lg/l (Fu et al.,
2014), which is comparable with blood Mn levels in Mn-exposed
rodents through oral doses (O’Neal et al., 2014a) and Mn-
exposed human subjects (Crossgrove and Zheng, 2004). In addi-
tion, the same dose regimen was found to increase significantly
Mn levels in different brain regions, ie, striatum, frontal cortex,
hippocampus, choroid plexus, and CSF (Fu et al., 2014, 2015a;
O’Neal et al., 2014b). The daily equivalent volume of sterile sa-
line was given to the animals in the control group.

BrdU administration. BrdU was administered by IP injection(s) to
rats with or without Mn exposure. Two different experimental
protocols were designed to investigate the Mn effect on differ-
ent states of adult neurogenesis, including proliferation, sur-
vival, and differentiation, in the HDG. Experiment 1 was
designed to evaluate Mn effect on the cell proliferation in the
HDG. Rats underwent subchronic Mn exposure as described
above. Twenty-four hour after the last Mn dose, rats received a
single dose of BrdU (50 mg/kg, IP) and were necropsied 4 h later
(Figure 1A). Experiment 2 was designed to determine whether

ADAMSON ET AL. | 593



Mn exposure disrupted the survival and differentiation of
NSPCs in the HDG. Rats received IP injection of BrdU at 50 mg/kg
once daily for 3 consecutive days to label the total population of
newborn progenitors in adult HDG prior to the first Mn dose.
Animals were necropsied on day 0, day 14, and day 28 after Mn
exposure (Figure 1B).

Tissue preparation. All animals were anesthetized using
ketamine/xylazine (75:10 mg/kg, 1 mg/kg IP), and perfused trans-
cardially with ice-cold saline followed by 4% PFA in phosphate-
buffered saline (PBS). Brains were then removed from the skull
and postfixed in 4% PFA for 24 h, followed by dehydration pro-
cess in 30% sucrose for 7 days. Serial 30-mm thick coronal or sag-
ittal sections were cut using a microtome and stored in
cryoprotectant solution at –20�C. Specifically, for coronal and
sagittal sectioning, the brains were sectioned roughly from
Bregma 2.0 to –6.0 mm (coronal) and Lateral 0.2 to 4.0 mm/hemi-
sphere (sagittal) according to the rat brain atlas in order to cover
the entire distance of the hippocampus, which yielded about
250–270 sections/brain (coronal) and 125–135 sections/hemi-
sphere (sagittal). All of the coronal sections were placed in a 12-
well plate in serial order, and all of the sagittal sections
collected from one hemisphere were placed in 6 wells of the 12-
well plate in serial order. Each well contains about 18–22 sec-
tions for both coronal and sagittal sections, which accounts for
1/12 of the total brain sections. The 18–22 sections within the
same well and with the same well number order across all ani-
mals were then processed for immunohistochemical analysis.

Immunohistochemistry staining. Series of every 12th section
(360mm interval), covering the distance of the lateral ventricle,
were processed for immunohistochemistry (IHC) analysis. Free-

floating sections were washed with PBS (3� 10 min/wash), incu-
bated in 2 N HCl for 2 h at room temperature (RT), and then
blocked in 0.1 M borate buffer for 15 min (pH 8.4). After 3 washes
with PBS (10 min/wash), sections were incubated in blocking so-
lution (0.3% Triton X-100, 1% BSA, and 5% normal goat serum in
PBS) for 1.5 h at RT, followed by overnight incubation with pri-
mary antibodies at 4�C. The sections were washed with PBS (3�
10 min) and incubated with secondary antibodies for 2 h at RT.
After incubation with 40,6-diamidino-2-phenylindole (DAPI) for
15 min at RT, sections were rinsed with PBS (3� 10 min) and
mounted using Fluorescent Mount G.

The procedure to combine the IHC staining with various
primary antibodies was as followed: (1) to examine the prolif-
eration of newly-born progenitor cells, brain sections were
stained with mouse anti-BrdU (1:500) and rabbit anti-GFAP pri-
mary antibodies (1:1000), followed by incubation with Alexa
Fluor 555 goat anti-mouse IgG (Hþ L) antibody (1:500) and
Alexa Fluor 488 goat anti-rabbit IgG (Hþ L) antibody (1:1000); (2)
to identify whether the BrdU(þ) cells were DCX(þ) neuroblasts,
brain sections were labeled with mouse anti-BrdU primary an-
tibody (1:500) and rabbit anti-DCX primary antibodies (1:1000),
followed by treatment with Alexa Fluor 555 goat anti-mouse
IgG (Hþ L) antibody (1:500) and Alexa Fluor 488 goat anti-rabbit
IgG (Hþ L) antibody (1:1000); and (3) to verify whether BrdU(þ)
cells were further differentiated into interneurons being inte-
grated into the OB circuitry, brain sections were incubated
with mouse anti-BrdU primary antibody (1:500) and rabbit
anti-NeuN primary antibodies (1:1000), followed by incubation
with Alexa Fluor 555 goat anti-mouse IgG (Hþ L) antibody
(1:500) and Alexa Fluor 488 goat anti-rabbit IgG (Hþ L) antibody
(1:1000).

Figure 1. Experimental design. A, Experiment 1. Rats received daily IP injections of 6 mg Mn/kg, 5 days/week, for 4 week. Twenty-four hour after the last dose, rats re-

ceived a single injection of bromodeoxyuridine (BrdU; 50 mg/kg, IP) and were sacrificed 4 h later (n¼4/group). B, Experiment 2. BrdU (50 mg/kg, IP) was administered

once daily for 3 consecutive days prior to Mn exposure. One group of rats (n¼3) was sacrificed 24 h after the last BrdU injection to obtain the initial population of prolif-

erating cells. Two groups of rats, one for control (Ct) and the other for Mn-exposed (MnE) (n¼4/each group), received daily IP injections of 6 mg Mn/kg or saline for

14 days. They were sacrificed 24 h later. Another two groups of rats (Control and Mn-Exposed, n¼4/group) received daily Mn and saline injections, respectively, for

28 days and were sacrificed 24 h after the last dose.
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Microscopy and imaging processing. After IHC processing, brain
sections were examined using a Nikon TE2000-U inverted mi-
croscope equipped with a Nikon A1 confocal system (Nikon
Instruments, Melville, NY). Images were taken using the soft-
ware NIS Elements AR (v4.20). All images were reassembled and
labeled in Photoshop CC.

For cell counting, all sections were analyzed with appropri-
ate filter or laser combinations under an objective lens of 20�/
0.75 (DIC N2, 10.17 WD). Large image plus Z-Stack scanning
was employed to confine the entire HDG from either coronal or
sagittal sections. Z-Stacking images with higher magnifications
were captured under the objective lens of 60�/1.49 oil (DIC N2,
10.13–0.21) in order to verify the colocalizations of different cel-
lular markers.

Cell counting. IHC was performed simultaneously on sections
from different groups to detect the target cells. Series of every
12th section (30mm thickness, 360 mm apart) through each lat-
eral ventricle were processed. The cell density was determined
through a blinded quantitative histological analysis. A profile
count method was used. Every single BrdU(þ) cells (including
partial of BrdU(þ) nuclei at the border of section), or BrdU and
specific cell marker (GFAP for astrocytes, DCX for neuroblasts,
NeuN for mature neurons, and Iba1 for microglial cells) double-
labeled cells in the different subregion of HDG in the multi-
planes throughout the entire 30 mm section, were counted under
the fluorescent or confocal microscope using the large Z-stack-
ing images through the entire series of sections.

The double-labeled cells were determined as follows. BrdU
was used as an indicator. When the BrdU(þ) cell was identified,
the channel was switched to those matching the cell-specific
markers. Those double-labeled cells were considered the target
cells for cell counting. The total number of quantified cells was
justified by correction (Coggeshall and Lekan, 1996). The total
number of BrdU(þ) or double-labeled cells were then calculated
by the equation [the total cell number¼ (the sum of actual cell
counting number)� 12], and expressed as total number/target
region/brain (n¼ 3 or 4 brains for each group).

Statistical analyses. All data are presented as mean 6 SD.
Statistical analyses of the differences between control and Mn-
exposed groups were carried out by a Student’s t-test.
Comparisons of differences among the negative control base-
line group (day 0), the control and Mn-exposed groups within
the 2- and 4-week time points were analyzed by one-way
ANOVA with post hoc comparisons by the Dunnett’s test.
Comparisons of differences between control and Mn-exposed
groups within the 2- and 4-week time points were analyzed by
2-way ANOVA with post hoc comparisons by the Tukey test. All
the statistical analyses were conducted using IBM SPSS for
Windows (version 22.0). The differences between two means
were considered significant for p� .05.

RESULTS

Experiment 1: NSPC Proliferation in the Adult HDG Following
Subchronic Mn Exposure
Subchronic Mn exposure reduces the proliferation of NSPCs in the adult
HDG. The experimental designed in Figure 1A allowed us to as-
sess the newly proliferated NSPCs in the adult HDG within a 4-h
time window after 4-week subchronic Mn exposure. In the sa-
line control group, the newly proliferating cells (total number:
5.97 6 0.81�103) that were labeled by the BrdU were generally

scattering in the HDG; yet a remarkable proportion of these
BrdU(þ) cells were distributed within a narrow zone between
the GCL and the hilus of the HDG where the SGZ is located
(Figure 2A). After 4-week Mn exposure, the numbers of BrdU(þ)
cells in the HDG subregions of SGZ (1.39 6 0.26� 103), hilus
(1.15 6 0.10� 103), and molecular layer (ML) (1.21 6 0.27� 103)
(Figure 2B) were significantly reduced, as compared with those
of the saline control (SGZ: 2.37 6 0.47� 103; hilus:
1.65 6 0.26� 103; and ML: 1.90 6 0.22� 103) (p< .05, Figure 2C).
The data suggested that subchronic Mn exposure suppressed
cell proliferation in the adult HDG, which is opposite to our pre-
vious findings in the adult subventricular zone (SVZ) where Mn
promotes the proliferation of NSPCs in that region (Fu et al.,
2015a, 2016), indicating that Mn exposure has a differential ef-
fect in these two primary neurogenic niches in the adult brain.

Within the 4-h time frame, the proliferating NSPCs express-
ing the cellular marker Sox2 in the SGZ were colabeled with
BrdU (Figs. 2A and 2B). By identifying Sox2/BrdU/DAPI(þ) cells,
most of the BrdU and Sox2 colabeled cells were found within
the control SGZ with a few located in the hilus and ML
(Figure 2A). BrdU and Sox2 double positive cell numbers were
significantly decreased in the SGZ and hilus, following sub-
chronic Mn exposure (Figs. 2B and 2D). These findings indicated
that the majority of the newly proliferating cells were Sox2(þ)
NSPCs within the adult SGZ region and the proliferation of these
adult born NSPCs were significantly inhibited by subchronic Mn
exposure.

Comparing the distribution patterns of newly proliferating
BrdU(þ) cells in different subregions of the adult HDG indicated
that the control SGZ harbored the most proliferating cells (40%),
followed by the ML (32%), hilus (27%), and GCL (1%) (Figure 2E).
Similarly in the Mn-exposed adult HDG, most of the newborn
cells were distributed in the SGZ (37%), followed by the ML
(32%), hilus (30%), and GCL (1%) (Figure 2F). Although the
counted cell numbers in these subregions were significantly
higher in controls than the Mn-exposed group (Figs. 2C–F), sub-
chronic Mn exposure did not seem to change the distribution
pattern (%) within these regions, suggesting that Mn may sup-
press the general proliferation throughout different regions of
the adult HDG.

Phenotypical analyses of newly proliferating cells in Mn-exposed adult
rat HDG. The proliferation phase is the initial phase of hippo-
campal adult neurogenesis (Kempermann et al., 2015). Adult-
born neurons originated from the type 1 radial glia-like precur-
sor cells located in the narrow SGZ are quiescent neural cells
expressing the cytoskeletal marker GFAP and the transcription
factor Sox2 (Encinas et al., 2006; Kempermann et al., 2015). Upon
activation, type 1 quiescent progenitors can quickly develop
into transiently amplifying types 2a and 2b precursor cells (Von
Bohlen Und Halbach, 2007): type 2a cells express Sox2 and may
or may not express GFAP, whereas type 2b precursors do not ex-
press Sox2 but express the immature neuronal marker DCX
(Kempermann et al., 2015). These precursor cells then begin to
appear the characteristics of type 3 neuroblasts that express
DCX (Kempermann et al., 2015). A proportion of the neuroblasts
undergoes the differentiation and becomes mature neurons
that express the mature neuronal marker NeuN (Esp�osito et al.,
2005). BrdU labels all the proliferating cell types, but does not
distinguish one from another. The current study used the
triple-staining technique to identify the cell types by colocaliz-
ing the BrdU-labeled nuclei with the nuclei marker DAPI and
other cellular markers (GFAP, Sox2, DCX, and Iba1) in the HDG.
Under the high magnification, the BrdU-labeled newborn cells
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were identified morphologically by their round or oval shape
with the size of about 10 mm in diameter, and these cells
appeared as small clusters (about 2–6 cells/cluster) along the in-
nermost layer of the GCL where the SGZ resides (Figs. 3A–D).
Our Z-stack confocal images of GFAP/BrdU/DAPI triple-staining
showed that the BrdU-labeled nuclei were double-labeled with
the nuclei marker DAPI in blue color but not associated with the
green GFAP signals (Figure 3A: c and d). The observation sug-
gested that these newborn cells were not the radial glial-like
GFAP(þ) type 1 quiescent progenitor cells. However, when cos-
tained with the Sox2 antibody, the red BrdU fluorescent signals
were nicely overlapped with the blue DAPI signals and the green
Sox2 signals (Figure 3B: b and c), indicating that these newborn
cells were the actively proliferating type 2a progenitors.

Interestingly, in the DCX/BrdU/DAPI triple-staining, we also
observed that some BrdU/DAPI(þ) nuclei were surrounded by
the green DCX fluorescent and had very short projections
(Figure 3C: b and c), suggesting that some of the newborn cells
had become the type 2b progenitors and even begun to differen-
tiate into type 3 immature neurons.

Mn exposure has been suggested to cause microglial activa-
tion via various inflammatory pathways (Abe et al., 2015; Verina
et al., 2011; Zhao et al., 2009). Our previous study has confirmed
that Mn exposure increases the number of newly born micro-
glial cells in the adult SVZ; however, this increase is mild but
not substantial so that it does not contribute significantly to the
overall cell proliferation in the SVZ under Mn influence (Fu
et al., 2015a). To investigate whether Mn exposure also induced

Figure 2. Cell proliferation in adult hippocampal dentate gyrus (HDG) with or without subchronic Mn exposure. A, Adult rats received saline as the control (Ct). B, Rats

received Mn injections as the Mn-exposed group (MnE). See Figure 1A for detailed experimental design. Newborn cells were labeled with BrdU (red). 40 ,6-Diamidino-2-

phenylindole (DAPI) (blue) was used to stain nuclei and delineate the structure of the HDG. C, Quantification of BrdU/DAPI-labeled cells in the HDG subregions (ie, hilus,

subgranular zone [SGZ], granule cell layer [GCL], and molecular layer [ML]) of both hemispheres following in vivo subchronic Mn exposure. D, Quantification of Sox2/

BrdU/DAPI(þ) cells in the HDG of both hemispheres following subchronic Mn exposure. Data represent mean 6 SD, n¼4. *p< .05, as compared with controls. E,

Percentage distribution of BrdU-labeled in the control HDG subregions. F, Percentage distribution of BrdU-labeled in the Mn-exposed HDG subregions.
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Figure 3. Identification of BrdU-labeled proliferating cells in Mn-exposed HDG. A, Triple-staining with GFAP/BrdU/DAPI in Mn-exposed HDG. Two representative images

in A-c and A-d show zoom-in Z-stack images with all three merged channels (blue: DAPI; red: BrdU; green: GFAP). B, Colocalization of BrdU with Sox2(þ) progenitor
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microglia in the adult HDG, we performed the triple-staining of
BrdU/DAPI with the Iba1, a well-known marker for microglia. A
representative confocal image with Z-stack projection in
Figure 3D suggested that Iba1 signals were not associated with
BrdU signals, suggesting that Mn exposure did not activate
microglia in the HDG.

Experiment 2: Survival and Differentiation of Newborn NSPCs in the
HDG Following Subchronic Mn Exposure
Time-dependent reduction of newborn cells in the adult HDG, and effect
of Mn exposure. To evaluate the effects of subchronic Mn expo-
sure on the entire process of adult hippocampal neurogenesis,
we labeled most of the newly adult-born cell populations in the

Figure 3. Continued

cells. Sections were triple-stained with Sox2/BrdU/DAPI in Mn-exposed HDG. A representative image in B-c shows a zoom-in Z-stack image with all three merged chan-

nels (blue: DAPI; red: BrdU; green: Nestin). C, Colocalization of BrdU with DCX(þ) immature neurons. Sections were triple-stained with DCX/BrdU/DAPI in Mn-exposed

HDG. A representative image in C-c shows a zoom-in Z-stack image with all three merged channels (blue: DAPI; red: BrdU; green: DCX). D, Triple-staining with Iba1/

BrdU/DAPI in Mn-exposed HDG. A representative image in D-c shows a zoom-in Z-stack image with all three merged channels (blue: DAPI; red: BrdU; green: Iba1).

Figure 4. Spatial distribution of BrdU-labeled proliferating cells in the adult HDG with or without subchronic Mn exposure. See Figure 1B for detailed experimental design.

Sections were triple-labeled with Sox2/BrdU/DAPI (day 0), DCX/BrdU/DAPI (2 weeks), and NeuN/BrdU/DAPI (4 weeks). A, Control brain section prepared after 3-day BrdU

injections and at day 0 prior Mn treatment. Image a shows the triple immunostaining of Sox2/BrdU/DAPI (day 0) to identify newly proliferating progenitors in the HDG;

images b and c show the triple immunostaining of DCX/BrdU/DAPI to identify immature neurons in the 2-week control and Mn-exposed HDG, respectively; confocal images

d and e show the triple immunostaining of NeuN/BrdU/DAPI to identify newborn mature neurons in the 4-week control and Mn-exposed HDG. B, Representative confocal

images with Z-stack to show the colocalization of BrdU/DAPI with different cellular markers to distinguish the Sox2(þ) newly proliferating progenitors at day 0 HDG (a),

DCX(þ) immature neurons at 2-week control (b) and Mn-exposed HDG (c), and NeuN(þ) mature neurons at 4-week control (d) and Mn-exposed HDG (e). B-a, Negative control

brain section prior to Mn exposure. Three-dimensional reconstructions of images a1 and a7 are the zoomed-in images from image B-a to show Sox2/BrdU/DAPI triple-la-

beled newborn progenitors in the SGZ layer. Images in a2-4 and a8-10 show the red (BrdU), green (Sox2), and blue (DAPI) channels, respectively. Images in a5 and a11 show

the merged DAPI/BrdU signals, and images a6 and a12 show the merged BrdU/Sox2 signals. B-b, Control brain section with 2-week saline treatment. The Z-stack confocal

image b1 is the zoomed-in image from image B-b to show the colocalization of DCX/BrdU/DAPI(þ) immature neurons in the HDG. Images in b2-4 show the red (BrdU), green

(DCX), and blue (DAPI) channels, respectively. Images in b5 and b6 show the merged DAPI/BrdU, and BrdU/DCX signals, respectively. B-c, Mn-exposed brain section following

2-week Mn exposure. In the zoomed-in HDG (c1), BrdU signals (red) were overlapped with DCX (green). Images in c2-4 show the red (BrdU), green (DCX), and blue (DAPI)

channels, respectively. Images in c5 and c6 show the merged DAPI/BrdU, and BrdU/DCX signals, respectively. B-d, Control brain section with 4-week saline treatment. The

Z-stack images in d1 and d7 are zoomed-in images from image B-d to show the colocalization of NeuN/BrdU/DAPI(þ) mature neurons in the HDG. Images in d2-4 and d8-10

show the red (BrdU), green (NeuN), and blue (DAPI) channels, respectively. Images in d5-6 and d11-12 show the merged DAPI/BrdU, and BrdU/NeuN signals, respectively. B-

e, Mn-exposed brain section following 4-week Mn exposure. In the zoomed-in HDG (e1), BrdU signals (red) were overlapped with NeuN (green). Images in e2-4 show the red

(BrdU), green (NeuN), and blue (DAPI) channels, respectively. Images in e5 and e6 show the merged DAPI/BrdU, and BrdU/NeuN signals, respectively.
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HDG with BrdU (50 mg/kg, IP, once daily for 3 continuous days)
prior to Mn exposure and then traced these newborn progeni-
tors on day 0, 2-week, and 4-week after Mn exposure, and inves-
tigated their survival and differentiation in the HDG (Figure 1B).

After BrdU administration for 3 days (on Day 0 without Mn
exposure), the cell counting data showed a total population of
9.81 6 0.55� 103 BrdU(þ) newborn proliferating cells in the HDG;
these cells were primarily distributed in the SGZ
(4.85 6 0.42� 103), followed by the hilus (2.77 6 0.22� 103), ML

(2.01 6 0.34� 103) and GCL (0.18 6 0.10� 103) (Figs. 4A-a and 5A
and 5B). By counting the triple-staining cells with Sox2/BrdU/
DAPI (Figs. 4A-a and 4B-a), it was clear that most of the prolifer-
ating cells were Sox2(þ) progenitors (4.28 6 0.57� 103) within
the SGZ at the day 0 (Figure 5C), suggesting an active amplifica-
tion during the 3-day BrdU administration prior to Mn exposure.

At 2-week after saline treatment in the control group, our Z-
stack confocal images showed that the BrdU-labeled newborn
cells had developed into the DCX(þ) immature neuron with the

Figure 4. (continued).
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Figure 4. (continued).
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cell bodies migrating into the GCL, the long extended projec-
tions extruding toward the ML, and the dendritic branches pro-
truding into the outer ML (Figure 4B-b). In addition, the total
BrdU(þ) cells in the HDG was reduced to 7.84 6 0.51� 103, as
compared with the day-0 proliferating population, indicating
that about 20% of the newborn cells disappeared as a part of
their differentiation process during this survival phase (Figs. 5A
and 5B). The number became even less in the control HDG at 4-
week (4.78 6 0.40� 103) (Figs. 5A and 5B). By the end of 4-week,
the BrdU prelabeled cells showed the characteristics of mature
neurons by expressing the mature neuronal marker NeuN
(Figure 4B-d). Significant time-dependent reductions of BrdU(þ)
newborns cells appeared in the subregions of SGZ, hilus, and
ML (p< .01), with the exception in the GCL where the BrdU(þ)
cells were increased (2-week: 1.14 6 0.10� 103; 4-week:
1.87 6 0.18� 103) (p< .01, Figs. 5A and 5B). This time-dependent
increase of proliferating cells in the GCL seemed likely to sug-
gest that the adult NSPCs fulfilled the proliferation, differentia-
tion, and migration from the SGZ toward the GCL prior to their
maturation into granule neurons during the 4-week time frame.

In the same time course, the Mn-exposed animal showed
similar time-dependent reductions in the total BrdU-labeled
newborn cells, as well as in the subregions of SGZ, hilus, and ML
(p< .01, Figs. 5A and 5B). A significant time-dependent increase
was also observed in the HDG subregion of GCL (2-week:
0.68 6 0.10� 103; 4-week: 1.16 6 0.18� 103) (p< .01, Figs. 5A
and 5B). By comparing the cell counting data between the con-
trol and Mn-exposed groups, there were statistically significant
fewer BrdU(þ) cells in Mn exposed HDG than in controls at the
same time points and within the same subregions (p< .01,
Figs. 5A and 5B).

In addition, the Z-stack confocal images of Mn-exposed HDG
confirmed the colocalization of BrdU with DCX cells, suggesting
that newly proliferating cells had become the immature neu-
rons at 2 weeks post-treatment (Figure 4B-c). However, the new-
born DCX(þ) immature neurons in the Mn-exposed HDG
(Figure 4B-c) appeared to have aberrantly oriented basal den-
drite, shorter projections and less dendritic branching, as com-
pared with the controls (Figure 4B-b); the latter observation
indicated that Mn exposure may interfere with the normal de-
velopment of NSPCs into immature neurons by impeding the
growths of neuronal projections, dendrites and axons, which

eventually led to an impaired adult neurogenesis. Similar to the
control (Figure 4B-d), the BrdU prelabeled NSPCs were able to
differentiated into NeuN(þ) mature neurons at the end of the 4-
week Mn exposure (Figure 4B-e).

Mn exposure significantly reduces the survival and inhibits the differ-
entiation of BrdU(1) cells in the adult HDG. Our previous data dem-
onstrate a reduction of the surviving adult-born immature
neurons and an ensuing inhibition of their differentiation into
mature neurons in the OB following subchronic Mn exposure
(Fu et al., 2016). To assess whether the same could happen in the
SGZ, brain tissues at day 0, 2-week, and 4-week after the Mn ex-
posure were collected and triple-labeled with Sox2/BrdU/DAPI
for NSPCs, DCX/BrdU/DAPI for immature neurons, and NeuN/
BrdU/DAPI for mature neurons in the HDG subregions of SGZ
and GCL. Noticeably, a 2-week time frame is considered as a
critical and early survival time for the newborn and immature
neurons to survive and differentiate into mature granule neu-
rons (Christian et al., 2014). Our cell counting data revealed a sig-
nificant time-dependent decrease of triple-labeled cells within
the SGZ, and 2-week Mn exposure significantly reduced the
DCX/BrdU/DAPI-labeled immature neurons by 39.3% as com-
pared with the control (p< .01, Figs. 5C and 5D).

With the time, the DCX/BrdU/DAPI-labeled immature neu-
rons can further differentiate into NeuN/BrdU/DAPI-labeled ma-
ture neurons in GCL. Analyses of the triple-labeled cells in both
SGZ and GCL of control rats (Figure 5D left panel) indicated a
time-dependent decline of differentiated cells in SGZ, which
was accompanied with a time-dependent increase of mature
neurons in GCL, indicating that the newborn immature neurons
managed to migrate in a short distance from the SGZ to the
GCL. In Mn-exposed animals, however, there were significantly
fewer DCX(þ) immature neurons and NeuN(þ) mature neurons
in the GCL, when compared with the control GCL at the same
time point (p< .01, Figure 5D right panel). These observations
suggested that Mn exposure decreased the survival of the new-
born cells and inhibits their differentiation into the mature neu-
rons in the adult HDG.

To study Mn effect on the time-dependent survival rates of
newborn cells, we normalized BrdU(þ) cell counts by the total
labeled proliferating population at day 0. For the control group,
about 80% and 51% of the prelabeled BrdU(þ) proliferating cells

Figure 4. (continued).
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Figure 5. Time-dependent reduction of newborn cells in the HDG subregions and effects of Mn exposure. A, Quantification of BrdU(þ) cells in the adult HDG subregions

of hilus, SGZ, GCL, and ML of all groups. B, Time-dependent changes of BrdU(þ) cell counting in the subregions of control and Mn-exposed HDG. C, Quantification of

Sox2/BrdU/DAPI (day 0), DCX/BrdU/DAPI (2 weeks), and NeuN/BrdU/DAPI (4 weeks) triple-labeled cells in the adult HDG subregions of SGZ and GCL of all groups. D,

Time-dependent changes of triple-labeled cell counting in the SGZ and GCL of control and Mn-exposed HDG. E, Time-dependent survival rates of BrdU-labeled prolifer-

ating cells in the entire HDG of all groups. F, Time-dependent survival rates of triple-labeled cells in the entire HDG of all groups. Data represent mean 6 SD, n¼3–4.

**p< .01, as compared with the day 0 negative control group; DDp< .01, as compared with the 2-week Ct group; p< .01, as compared with the 2-week MnE group;
hhp< .01, as compared with the 4-week Ct group.
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survived in the HDG at 2-week and 4-week, respectively
(Figure 5E). The survival rates of the newborn cells in Mn-
exposed HDG at 2-week and 4-week were 54% and 33%, respec-
tively, which were significantly lower than the corresponding
control (p< .01, Figure 5E). Data in Figure 5F further showed that
in comparison to controls, Mn exposure significantly reduced
the survival of DCX/BrdU/DAPI-labeled immature neurons in
the HDG at 2 week, and the survival of NeuN/BrdU/DAPI-labeled
mature neurons at 4 week (p< .01), suggesting an overall sup-
pressed adult neurogenesis in the Mn-exposed HDG.

Although the subchronic Mn exposure induced a profound
reduction in the hippocampal adult neurogenesis, there was no
significant difference for the HDG subregional distribution be-
tween the control and Mn-exposed groups within the same
time point (Figure 6A), with the exception of a significant time-
dependent migration shift of the newly proliferating cells from
the SGZ toward the GCL at the 2-week and 4-week time points
(Figure 6B). Collectively, these findings agree with our previous
report that in vivo subchronic Mn exposure resulted in an over-
all decreased adult neurogenesis in the SVZ–RMS–OB system
(Fu et al., 2016).

DISCUSSION

The data from the current study show that subchronic exposure
to 6 mg Mn/Kg as MnCl2 for 4 weeks inhibits the proliferation of
NSPCs, and the survival and differentiation of newborn cells in
the adult HDG. By in-depth analysis of major cell types involv-
ing in adult neurogenesis in the SGZ, our immunostaining evi-
dence reveals that the BrdU-labeled proliferating cells affected
by Mn toxicity are mainly Sox2(þ) type 2a progenitors that pri-
marily located within the SGZ. In addition, when tracing the
fate of BrdU-labeled adult-born NSPCs from their initial prolifer-
ation to subsequent survival and differentiation in the subre-
gions of HDG, our time-course study demonstrates that in vivo
subchronic Mn exposure significantly reduces the survival of
BrdU(þ) adult-born cells and impedes their differentiation into
mature neurons in the HDG. However, the distribution pattern
of newly proliferating cells throughout the subregions (ie, hilus,
SGZ, GCL, and ML) of Mn-exposed HDG remains unchanged, as
compared with that of the control. These findings indicate that
subchronic Mn exposure impedes the normal adult hippocam-
pal neurogenesis, and a suppressed neural regeneration may
damage the neurogenic ability of SGZ to mitigate the neuronal

loss caused by Mn-induced neurodegeneration leading to po-
tential physiological consequences such as impaired learning,
memory loss and cognitive deficits.

The entire period of adult hippocampal neurogenesis in ro-
dent has been estimated to take about 60 days: (1) 1–7 days for
type 1 stem cells to give rise to types 2a and 2b progenitor cells;
(2) 8–14 days for type 2 cells to develop into type 3 neuroblasts
with depolarized projections toward the ML and the axons to-
ward the CA3 region; (3) 15–30 days for type 3 neuroblasts to dif-
ferentiate into mature neurons with dendrites and to reach the
outer ML and synaptic establishment; and (4) 30–60 days for the
mature neurons to fine-tune into fully connected neurons
(Aguilar-Arredondo et al., 2015; Christian et al., 2014;
Kempermann et al., 2015). In the initial phase, newly proliferat-
ing cells originated from the neurogenic niches can be labeled
by BrdU, a classic and extensively used marker to study neuro-
genesis in developing and adult mammalian brain. A single in-
jection of BrdU followed by animal dissection 2–4 h later has
been used to identify the origin, proliferation, and phenotypes
of newborn cells during S-phase (Lois and Alvarez-Buylla, 1994;
Miller and Nowakowski, 1988; Palmer et al., 2000; Taupin, 2007).
The current study employed this approach to monitor newly di-
vided BrdU(þ) cells for 4 h in the adult HDG following sub-
chronic Mn exposure. Our cell counting data revealed that
within this 4-h time frame significantly fewer proliferated cells
were labeled by the BrdU in the Mn-exposed HDG than those in
the control HDG, suggesting that Mn exposure markedly
reduces the proliferation of NSPCs in the adult HDG.

When comparing the distribution of adult born cells in HDG
subregions, both control and Mn-exposed groups displayed a
similar pattern with the SGZ having a remarkably high propor-
tion of newborn cells, followed by ML and hilus; Mn exposure,
however, reduced numbers of newborn cells in the tested subre-
gions. These observations suggest again that Mn exposure
inhibits the general proliferation by targeting a wide range of
cell populations within the HDG. This wide range effect of Mn
on the subpopulations of HDG is consistent with previous study
(Kikuchihara et al., 2015). Our findings on the SGZ, however, are
deviated from our previous findings where an initial elevated
proliferation of NSPCs in the adult SVZ was observed (Fu et al.,
2015a, 2016). The discrepancy between the SVZ and HDG
implies that Mn may interfere the proliferation of NSPCs
through different mechanisms taking into account the cellular
compositions, anatomic structures, and biological functions of
these two neurogenic niches in the brain.

1.00

0.80

0.510.54

0.33

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0-Day 2-wk 4-wk

S
u

rv
iv

al
 R

at
e 

o
f 

B
rd

U
(+

) 
C

el
ls

 in
 H

D
G

/B
ra

in
Ct

MnE

**

ΔΔ

��

1.00

0.72

0.430.47

0.30

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0-Day 2-wk 4-wk

S
u

rv
iv

al
 R

at
e 

o
f 

Tr
ip

le
(+

) 
C

el
ls

 in
 H

D
G

/B
ra

in

Ct

MnE

**

ΔΔ

��

(E) (F)

ΔΔ ΔΔ

Figure 5. (continued)

ADAMSON ET AL. | 603



2769, 28%

4848, 49%

180, 2% 2013, 21%

Hilus

SGZ

GCL

ML

2211, 28%

3036, 39%

1140, 
15%

1452, 
18%

Hilus

SGZ

GCL

ML

1587, 32%

669, 
13%

1866, 38%

834, 17%

Hilus
SGZ
GCL
ML

1623, 31%

1950, 37%

678, 
13%

1026, 19%

Hilus
SGZ
GCL
ML

933, 29%

501, 
16%

1155, 36%

627, 19%

Hilus
SGZ
GCL
ML

A (a) 0-Day

(b) 2-Wk Ct (c) 2-Wk MnE

(d) 4-Wk Ct (e) 4-Wk MnE

B

318, 17%

1566, 83%

SGZ

GCL

4284, 98%

72, 2%

SGZ

GCL

2568, 82%

582, 18%

SGZ
GCL

1560, 76%

492, 24%
SGZ
GCL

345, 27%

948, 73%

SGZ
GCL

(a) 0-Day

(b) 2-Wk Ct

(d) 4-Wk Ct

(c) 2-Wk MnE

(e) 4-Wk MnE

Figure 6. Subregional distributions of newborn cells with or without Mn exposure. A, Percentage distributions of BrdU(þ) cells in the HDG subregions (ie, hilus, SGZ,

GCL, and ML) of all groups. B, Percentage distributions of Sox2/BrdU/DAPI (day 0), DCX/BrdU/DAPI (2 weeks), and NeuN/BrdU/DAPI (4 weeks) triple-labeled newborn cells

in the SGZ and GCL of all groups.
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Previous findings may provide clues to the Mn-induced re-
duction of adult neurogenesis in SGZ. First, our previous studies
using the same Mn-exposed rat model demonstrate a signifi-
cantly high amount of Mn in the SVZ, hippocampus, motor cor-
tex, striatum, and choroid plexus (Fu et al., 2014, 2015a,b;
Robison et al., 2013; Zheng et al., 2009). Thus, a high amount of
Mn accumulated in the SGZ may allow Mn to interact with sub-
cellular targets. Second, at the cellular level, it has been demon-
strated that Mn preferentially accumulates in astrocytes and
the concentration of Mn can be 50–60 times higher than that in
neurons (Aschner et al., 1992; Wedler et al., 1989). Astrocytes
play a pivotal role in maintaining normal neuronal functions
and regulating neuronal survival, proliferation, differentiation,
and neurogenesis in the neurogenic niches (Bak et al., 2006;
Blondel et al., 2000; Farina et al., 2007; Liebner et al., 2011). At the
subcellular level, the highest Mn concentration in the astrocyte
is found within mitochondria (Morello et al., 2008). Thus, expo-
sure of astrocytes to Mn may result in oxidative stress leading
to mitochondrial dysfunction and disruption of energy produc-
tion (Chen and Liao, 2002; Zheng et al., 1998). Recent studies
have suggested that the mitochondrial MnSOD is a central mo-
lecular player in regulating transitions between quiescent and
proliferative growth (Sarsour et al., 2008, 2014), and its activity in
brain cells can be inhibited following Mn exposure (Gunter et al.,
2006; Ha Mai and Bondy, 2004; Latronico et al., 2013; Parikh et al.,
2003; Smith et al., 2017; Szpetnar et al., 2016; Zhang et al., 2004).
Considering the fact that the original progenitors in the neuro-
genic niches are type 1 radial glial-like astrocytic stem cells
(which express GFAP), it is reasonable to speculate that the ex-
cessive Mn accumulation in the SGZ and hippocampus may dis-
rupt the normal mitochondrial function leading to abnormal
proliferation of NSPCs.

Third, our previous data by the XRF with subcellular resolu-
tion have demonstrated that copper (Cu) is primarily localized
in the GFAP(þ) cells in the SVZ (Pushkar et al., 2013), and in-
creased Cu level in the SVZ has been associated with a de-
creased neurogenesis (Fu et al., 2015b; Pushkar et al., 2013).
Further, we also observed an inverse association between Mn
and Cu levels in the SVZ (Fu et al., 2015a) and HDG (Robison
et al., 2013). Therefore, it is highly possible that the interaction
between Mn and Cu within these neurogenic regions may un-
derlie the disturbed proliferation of these astrocytic progenitors.
This hypothesis requires further investigation.

Finally, by combing the BrdU labeling with specific cellular
markers (ie, GFAP, Sox2, DCX, Iba1, and NeuN), we were able to
identify the phenotypes of newborn cells that were affected by
Mn exposure during their proliferation, survival, and matura-
tion in the HDG. We observed that the majority of newly prolif-
erated cells were Sox2(þ) type 2a precursors distributed
primarily in the SGZ, and that Mn exposure markedly reduced
the numbers of these precursors. It is therefore possible that Mn
may interact with brain-derived neurotrophic factor (BDNF), be-
cause BNDF plays a pivotal role in regulating the dendrite devel-
opment and subsequent structural and functional synaptic
plasticity in HDG (Alderson et al., 1990; Cohen-Cory et al., 2010;
Horch and Katz, 2002; Gorski et al., 2003; Tolwani et al., 2002;
Vigers et al., 2012; Wang et al., 2015). Recent studies in rodents,
nonhuman primates, and human workers have also demon-
strated a decreased BDNF level in the striatum, hippocampus,
and plasma following Mn exposure (Liang et al., 2015; Lv et al.,
2014; Stansfield et al., 2014; Sumanont et al., 2007; Zou et al.,
2014). Thus, in-depth studies are necessary to further evaluate
whether and to what degree Mn exposure may alter the den-
dritic formation in adult brain and how BDNF may contribute to

Mn action. Besides BDNF, Mn has also been reported to reduce
expressions of insulin receptor, insulin-like growth factor (IGF-
1) receptor, and IGF-II receptor (Tong et al., 2009), indicating that
in addition to its direct effect on cell survival and differentia-
tion, Mn may interfere with neurogenesis in the adult HDG by
acting on these critical factors.

The current study has several limitations. First, the selected
BrdU dose at 50 mg/kg, while sufficient in detecting Mn effect on
the entire process of neurogenesis in the adult SGZ as shown in
this study, a higher dose of 100–200 mg/kg, which has been used
in literatures (Gao et al., 2008, 2011; Gao and Chen, 2011), may al-
low for labeling more NSPCs in the adult HDG for more accurate
estimation of Mn toxicity. Our future studies will adapt the high
BrdU dose regimen for SGZ studies. Second, this study was our
very first attempt to evaluate the Mn effects on the adult rat
hippocampal neurogenesis. Although newly proliferating cells
were observed in the subregions of hilus and ML, their identities
or phenotypes have not been identified in this study. Further
experiments are required to distinguish these cells. Third, we
have observed Mn effect on dendrites; but the effects of sub-
chronic Mn exposure on the dendritic length and its entire mor-
phological formation as well as on axons in adult-born neuron
in the HDG remain unexamined. In addition, the molecular
mechanisms of Mn toxicity on adult neurogenesis have not
been investigated in this study. Finally, with regard to Mn toxic-
ity on hippocampal function, it is necessary to investigate the
hippocampal function-associated behavioral changes following
subchronic Mn exposure.

In conclusion, the data presented in the current study dem-
onstrate that subchronic exposure to Mn leads to reduced cell
proliferation, diminished survival of adult-born neurons, and
inhibited maturation process in the adult HDG. Our findings are
the beginning of our understanding of the relationship between
Mn neurotoxicity and adult neurogenesis in the HDG. Future in-
depth investigations to explore the underlying mechanisms are
strongly recommended.
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