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Abstract

Aging is associated with decreased neurogenesis in the hippocampus and diminished 

hippocampus-dependent cognitive functions. Expression of bone morphogenetic protein 4 (BMP4) 

increases with age by more than 10-fold in the mouse dentate gyrus while levels of the BMP 

inhibitor, noggin, decrease. This results in a profound 30-fold increase in phosphorylated-

SMAD1/5/8, the effector of canonical BMP signaling. Just as observed in mice, a profound 

increase in expression of BMP4 is observed in the dentate gyrus of humans with no known 

cognitive abnormalities. Inhibition of BMP signaling either by overexpression of noggin or 

transgenic manipulation not only increases neurogenesis in aging mice, but remarkably, is 

associated with a rescue of cognitive deficits to levels comparable to young mice. Additive 

benefits are observed when combining inhibition of BMP signaling and environmental 

enrichment. These findings indicate that increased BMP signaling contributes significantly to 

impairments in neurogenesis and to cognitive decline associated with aging, and identify this 

pathway as a potential druggable target for reversing age-related changes in cognition.
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1. Introduction

Many cognitive functions are well preserved into old age, but impairments in memory and 

the rapid use of novel information are common (Bishop, et al., 2010). The dentate gyrus 

(DG) of the hippocampus is crucial in the integrative learning and memory functions that 

typically decline during aging. Increasing evidence suggests that newly generated neurons in 

the subgranular zone (SGZ) of the DG are vital for this cognitive functioning (Clelland, et 

al., 2009,Deng, et al., 2010,Marin-Burgin and Schinder, 2012,Ming and Song, 2011,Yassa 

and Stark, 2011,Zhang, et al., 2008), and neurogenesis declines with age in parallel with 

cognitive impairments (Kuhn, et al., 1996). Age-related deficits in neurogenesis and 

cognition can be improved with long-term exposure to running or an enriched environment 

(Kempermann, et al., 2002,Kronenberg, et al., 2006,van Praag, et al., 2005). Though most 

enhancements in neurogenesis by environmental enrichment (EE) are linked to exercise 

(Kobilo, et al., 2011,Mustroph, et al., 2012), EE without running has been shown to increase 

neurotrophic factor release and enhance synaptogenesis (Birch, et al., 2013,Zhao, et al., 

2014). Further, a combination of running and EE has additive effects on neurogenesis 

(Fabel, et al., 2009). These studies suggest that signaling pathways that are activated by 

exposure to exercise or to EE can reverse the age-associated decline in neural stem/

progenitor cell (NSC/NPC) proliferation in the SGZ.

Bone morphogenetic protein (BMP) signaling is one of the many pathways that are 

regulated by exposure to running or EE (Gobeske, et al., 2009). BMP signaling regulates 

NSC fate in both the developing and adult brain (Bond, et al., 2012). In the hippocampus, 

BMP signaling is regulated by changes in both BMP ligands and inhibitors (Bond, et al., 

2014,Gobeske, et al., 2009,Mira, et al., 2010). BMP4 is the primary BMP family member in 

the adult hippocampus and noggin is its main inhibitor (Lim, et al., 2000,Mikawa and Sato, 

2011,Mikawa, et al., 2006). BMP signaling promotes quiescence of hippocampal NSC/NPC, 

and inhibition of BMP signaling recruits both NSC and NPC back into cell cycle with 

accelerated generation of new neurons (Bond, et al., 2014). The pro-neurogenic effect of 

running correlates with increased expression of noggin, decreased expression of BMP4, and 

an overall decrease of BMP signaling in the DG (Gobeske, et al., 2009). These observations 

suggest a possible role for BMPs in the neurogenic deficits present in the aging brain.

Here we identify the BMP signaling pathway as a key regulator of age-related cognitive 

decline and demonstrate that inhibiting this pathway improves neurogenesis and 

hippocampus-dependent cognitive function in mice. We show that there are significant age-

related increases in BMP4 expression in human and mouse hippocampus suggesting that 

increased BMP signaling may underlie age-related changes in neurogenesis and cognition in 

humans as well as mice.

2. Materials & Methods

2.1. Animals

Male C57BL/6 mice were housed in groups of 3-5 per cage, except during enrichment 

exposures, with food and water ad libitum in a facility with constant temperature, humidity 
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and a 14/10-hour light/dark cycle. Experimental protocols were approved by Northwestern 

University's CCM and by IACUC.

2.2. Generation of Transgenic Mice and Tamoxifen Administration

Generation of BMPRII floxed mutant mice (BMPRIIfx/fx) and breeding to Ascl1-CreERTM; 

BMPRIIflx; RosazsGreen/+ was described previously (Beppu, et al., 2005,Bond, et al., 

2014,Kim, et al., 2011). The transgenic mice were maintained with heterozygous floxed or 

heterozygous wild-type BMPRII and recombined cells expressed zsGreen (ZG) fluorescent 

reporter. Male and female mice were used and no sex-related differences in neurogenesis 

were observed. 4-hydroxy-tamoxifen (Sigma Aldrich #T5648, 30mg/ml solution in 10% 

ethanol and 90% corn oil) was administered at 10-12 months of age via intraperitoneal 

injections using an insulin syringe according to animal weight (180mg/kg). Five consecutive 

daily injections were given per animal to ensure efficient recombination, and the animals 

were sacrificed on the specified day after the day of initial injection. All animal procedures 

followed NIH guidelines and were approved by the Animal Care and Use Committee of 

Northwestern University.

2.3. Enrichment exposure

Up to 15 mice were housed together in special "enrichment" cages made of clear plastic 

(74x53x25cm) with a wire cage top providing food and water ad libitum and allowing 

extensive exploratory climbing. In addition to social enhancement, enrichment objects 

provided mice with topological and kinesthetic diversity, and were substituted piecewise 

with novel objects every 5-7 days. Running wheels were excluded from enrichment cages. 

Additional bedding material and igloo/shepherd-shack housing were also supplied 

(Gobeske, et al., 2009).

2.4. Protein Isolation and Western Blotting

The DG was mechanically dissociated and lysed with T-PER Protein Extraction Reagent 

(Pierce) with 1x Halt Protease+Phosphotase inhibitor cocktail (Thermo Scientific). Protein 

samples were boiled for 10 minutes in strong denaturing conditions and 7-10µg of sample 

was loaded into 4% – 20% sodium dodecyl sulfate – polyacrylamide gels (Bio-Rad). 

Proteins were transferred onto polyvinylidene difluoride membranes at 4°C for 1 h, which 

were then blocked in Tris-buffered saline with 0.1% Tween-20 with 5% nonfat dry milk or 

5% bovine serum albumin for 1 h at room temperature. Primary antibodies were diluted in 

blocking solution and incubated with membranes overnight at 4°C. The membranes wer e 

incubated with horseradish peroxidase-conjugated secondary antibodies (1:2000, Santa Cruz 

Biotechnology) and developed using SuperSignal West Pico enhanced chemiluminescent 

reagent (Thermo Scientific). Primary antibodies include: BMP4 (mouse IgG1, 1:1000, 

Origene), Noggin (rabbit polyclonal, 1:4000, Chemicon), phospho-Smad1/5/8 (rabbit 

polyclonal, 1:1000, Chemicon), Smad1/5/8 (rabbit polyclonal, 1:1000, Cell Signaling). 

Specificity of the BMP4 antibody has been demonstrated previously (Masuhara, et al., 

1995), confirming no cross reactivity with TGFβ1 and BMP2, a BMP family member that 

shares over 90% identity with BMP4 (Feng, et al., 1994). Densitometric analysis was 
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performed using ImageJ software and intensity was measured relative to Gapdh unless 

noted.

2.5. Immunohistochemistry

Mice were sacrificed with CO2 inhalation, perfused with HBSS (Lonza) and fixed with 4% 

paraformaldehyde (PFA) in 1X PBS. Brains were fixed for 2 hours or overnight in 4% PFA 

and then cryoprotected in 30% sucrose solution overnight. Each brain was either frozen and 

sectioned into 40µm sections on a microtome (HM 450, Microm) or embedded in Tissue-

Tek OCT embedding compound (Sakura), frozen on dry ice and sliced into 20µm sections 

on Leica CM3050S cryostat. Tissue samples were blocked in 1X PBS with 10% normal 

donkey serum or 10% normal goat serum and stained with primary antibody overnight in 1X 

PBS with 1% bovine serum albumin (BSA) and 0.25% Triton X-100. Sections were washed 

with 1X PBS and treated with secondary Alexa Fluor-conjugated antibodies (Invitrogen, 

1:200) and DAPI nuclear stain (Invitrogen) for 1h at room temperature. Slides were washed 

with 1X PBS and mounted with Prolong Gold anti-fade reagent (Invitrogen). Primary 

antibodies used include: GFAP (mouse IgG1, 1:1000, Sigma), doublecortin (DCX; goat 

polyclonal IgG, 1:500, Santa Cruz), BrdU (mouse IgG1, 1:200, BD), CldU (rat, 1:250, 

Accurate), Ki67 (rabbit, 1:500, Novocastra), dsRed (rabbit, 1:1000, Invitrogen), NeuN 

(mouse IgG1, 1:500, Chemicon) and Sox2 (polyclonal rabbit, 1:500, Chemicon), BMP4 

(mouse IgG2b, 1:1000, Millipore), BMP4 (mouse IgG1, 1:50, Origene).

2.6. Thymidine Analog Administration

For each experiment, either bromodeoxyuridine (BrdU) or chlorodeoxyuridine? (CldU) was 

dissolved in saline and administered via intraperitoneal injection using an insulin syringe 

according to animal weight. CldU was administered in a single injection 24 hours and 12 

hours prior to sacrifice at 42.5mg/kg. BrdU was administered for 3 days 4 times a day and 

every 2 hours at 50mg/kg. Due to low levels of proliferation in the aged mouse brain, 3 days 

of BrdU was used to ensure enough cells were labeled for accurate cell counts. Before 

primary antibody incubation, sections stained for BrdU or CldU were incubated in 10mM 

sodium citrate, 0.05% Tween 20, pH 6 for 20 minutes at 95°C and then were allowed to cool 

for 30 minutes at room temperature. Sections were washed in PBS and then incubated in 2N 

HCl for 30 minutes at room temperature. Sections were washed in 0.1M sodium tetraborate, 

pH 8.5 for 10 minutes, washed in PBS and continued normal immunohistochemistry 

protocol.

2.7. Human Tissue Preparation

Tissue samples were graciously provided by the Northwestern Cognitive Neurology & 

Alzheimer’s Disease Center (CNADC) Neuropathology Core. The samples all came from 

non-demented patients at the time of death. PFA-fixed wet human hippocampal tissue was 

sectioned on a microtome (HM 450, Microm) and stained as described previously. The 

samples were coded so that the subject was unknown during the analysis of the tissue.
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2.8. Confocal Imaging and Quantification

All images were taken on a Leica SP5 Confocal Microscope using sequential scanning to 

prevent false-positive co-localization. Four or more images of the dentate gyrus were taken 

at 40x magnification per 40μm brain section, and 4 brain sections spanning 200 μm 

surrounding the coordinates used for viral injection (see description blow) were imaged and 

used for quantification. In viral injection experiments, only sections with visible viral 

infection were considered for quantification. Images were given random identifier by 

another lab member to ensure counts were blinded to conditions. ImageJ software was then 

used to track cells across multiple optical sections of a z-series and to discriminate 

individual cell staining. Granule cell layer volume was calculated by manual selection of 

DAPI dense dentate regions in all four imaged sections using ImageJ and used as the 

denominator for per volume quantification. Counts for Ki67, BrdU, CldU and NPC/NSC 

were only in the SGZ region while all other counts represent positive cells within the 

granule cell layer.

2.9. Viral Plasmids and Injections

Plasmid design and construction is described previously (Bond, et al., 2014). Briefly, pBOB-

IRES2-mCherry (LV-Control), pBOB-secBMP4-IRES2-mCherry (LV-BMP4) and pBOB-

secNoggin-IRES2-mCherry (LV-Noggin) were created to manipulate BMP signaling. 

Viruses were stereotaxically injected into the DG of 2-, 9- or 12-month-old male C57Bl/6 

mice. Mice were anesthetized using isofluorane gas and secured in a Kopf stereotaxic frame 

(Model 900). After the skull was exposed, burr holes were drilled over the dentate gyrus and 

2µl of virus was injected bilaterally using a MicroSyringe Pump Controller (Micro4, World 

Precision Instruments) fit with a pulled glass micropipette. Dentate gyrus coordinates from 

bregma: −2mmAP, ±1.5mmML, −2.5mmDV for 9- and 12-month-old mice and −2mmAP, 

±1.5mmML, −1.9mmDV for 2-month-old mice. The lentivirus preferentially infects the 

SGZ and post-analysis was used to determine level of infection and remove uninfected 

samples.

2.10. Infusion

Infusion experiments were previously described (Gobeske, et al., 2009). C57BL/6 mice aged 

2 months or 20 months were anesthetized with isoflurane gas and secured in a Kopf 

stereotaxic frame. Burr holes were drilled at −0.5mm and 1.0mm lateral to bregma, and an 

Alzet brain infusion cannula was then placed within the lateral ventricle. The Alzet micro-

osmotic pumps (#1002) were pre-loaded with vehicle or noggin and attached to the cannula 

with a 1.5cm plastic catheter. Pumps were implanted into a subcutaneous pocket extending 

caudally from the initial incision. Each pump delivered noggin (R&D) at 50 ng/µl or vehicle 

for 14 days at 0.25µl/hr. After 3, 6, 13 and 15 full days of infusion, cognitive testing was 

performed as described below.

2.11. Novel Object Recognition/Novel Location Recognition

NOR testing in mice was slightly modified from Hashimoto, et al (Hashimoto, et al., 2005). 

The NOR apparatus consisted of an open box made of Plexiglas (52 cm L; 52 cm W; 31 cm 

H) with white walls and a solid floor. The box was positioned approximately 30 cm above 
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the floor centered on a table such that the overhead lights could not provide a spatial cue. 

The animals were habituated to the empty NOR arena, as a group, for one hour, on each of 

the three days prior to the acquisition trial. During the acquisition trial, the mice were 

allowed to explore two identical objects (for e.g. A1 and A2) for 10 min, followed by a 6-

hour inter-trial interval. During the retention trial, the mice were allowed to explore the 

familiar object (A) from the acquisition trial and a novel object (for e.g. B). Objects were 

made of hard plastic and cylindrical (4in × 2in × 2in) and were tested previously to 

maximize exploration time. The position of the novel object in the retention trial was 

randomly assigned for each mouse tested using a pseudorandom schedule to reduce the 

effects of object and place preference. Behavior was recorded on video for blind scoring of 

object exploration. Object exploration was defined as an animal licking, sniffing, or 

touching the object with the forepaws while sniffing. The exploration time (s) of each object 

in each trial was recorded manually by the use of two stopwatches, and if the mice failed to 

explore for <1(s) in both acquisition and retention trials, they were excluded from the 

analysis. The discrimination index (DI) [(time spent exploring the novel object - time spent 

exploring the familiar object)/total exploration time] was then calculated for retention trials.. 

For the novel location recognition test, one of the familiar objects (A) was moved to a new 

location within the arena, and mice were re-introduced to the field for the retention trial after 

2.5 hours. During the retention trial, mice were allowed to explore the arena until amassing a 

cumulative 30 seconds of object-exploration time. Mice have a predilection for new items in 

their environment, so the percentage of time at the novel object or location indicates the 

animal's degree of memory for the familiar object or location.

2.12. Spontaneous alternation Y-maze

The Y-maze consists of three radial arms measuring 60cm in length, 18cm deep, 4cm wide 

at the bottom and 14cm wide at the top, providing no proximal visual landmarks inside the 

maze but allowing a view surrounding distal navigational cues. Mice were placed into the 

end of one arm, and were allowed to explore the maze freely for 5-6 minutes, amassing at 

least 15 arm entries. Arm entries were counted when the mouse's hind paws completely left 

the central hub and the mouse had taken two steps down the chosen arm. The efficiency of 

exploration was measured from the ratio of entry triads (3 consecutive arm entries) that 

contain entries into all three arms, divided by the total number of possible triads (total 

number of arm entries, minus 2).

2.13. Statistical Analyses

Group analyses were evaluated with one-way ANOVA, followed by Tukey post-hoc test 

using the PRISM software (GraphPad). Where appropriate, unpaired two-tailed Student’s t-

tests were performed. P-values are noted throughout the text and data are presented as means 

± SEM.

3. Results

3.1. Neurogenesis and hippocampus-dependent cognition decline with age

We first examined baseline markers of neurogenesis and hippocampus-dependent cognitive 

function at various ages (2-18 months) of C57BL/6 mice. Consistent with previous reports, 
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we found significant age-related decreases both in neurogenesis (Fig. S1A,B) and in 

performance on tests of hippocampus-dependent cognitive function including the Y-Maze 

and Novel Object Recognition (NOR) tests (Fig. S1C,D). We observed that the decline in 

cognition did not occur until neurogenesis was greatly compromised, similar to what has 

been observed previously in other studies (Deng et al, 2010). This may reflect the ability to 

maintain behavioral performance until a certain threshold of cellular impairment is reached 

as well as the type of behavioral testing that was performed (Deng et al, 2010).

3.2. BMP signaling increases with age in mouse and human DG

Decreased neurogenesis and impaired performance on hippocampus-dependent cognitive 

tests are observed with aging (Lazarov, et al., 2010). Since BMP signaling inhibits 

neurogenesis in the hippocampus (Bond, et al., 2014), we hypothesized that age-related 

decreases in neurogenesis might reflect changes in the BMP signaling pathway. We 

therefore examined BMP4 expression by western analysis of microdissected DG tissue at 

various ages and found a 5-fold increase in expression in 9 month old compared to 2 month 

old mice and a 10-fold increase by 12 months (Fig. 1A,D). In contrast, western analysis of 

noggin revealed a 40% decline in levels of expression at 9 and 12 months compared to 2 

month old mice and a decline of more than 75% in the 18 month old DG (Fig. 1B,D). We 

observed no change in BMP4 and noggin mRNA levels, suggesting that changes at the 

protein level may reflect altered protein synthesis or turnover with age (Fig. S2D,E). Levels 

of phosphorylated-SMAD1/5/8 (pSMAD1/5/8), a measure of downstream BMP signaling, 

increased 5-fold in the DG by 9 months, more than 20-fold by 12 months, and more than 30-

fold by 18 months of age (Fig. 1C,D). This increase is also present when pSMAD1/5/8 is 

compared to levels of SMAD1/5/8, which remains consistent throughout aging (Fig. S2). 

The increase of BMP signaling correlated closely with the age-related decline in behavioral 

performance (Fig. S1C,D). Immunohistochemical analysis of BMP4 showed that expression 

in the 18 month old mouse DG is markedly increased compared to a 4 month old mouse 

(Fig. 1E-F’). Thus there was a profound age-related increase in BMP signaling in the mouse 

DG.

Given the BMP4 increase in the aged mouse DG, we next examined BMP4 expression by 

immunohistochemistry (IHC) in DG samples from non-demented humans of different ages. 

A 2-3 fold increase in the number of BMP4 immunoreactive cells was present between the 

ages of 35 and 65 (Fig. 1G). Though the number of human tissue samples that were obtained 

and analyzed is small (n=18), there is an apparent jump of BMP4 immunoreactivity 

occurring between 55-65 years old. A clear increase in BMP4 staining is observed in the 73-

year-old DG compared to the 35-year-old DG (Fig. 1H,I).

3.3. Increased BMP signaling impairs hippocampus-dependent memory

Overexpression of BMP4 in the DG of adult mice results in a sustained decrease in 

neurogenesis (Bond, et al., 2014). To determine whether a BMP4-mediated decrease in 

neurogenesis is associated with cognitive impairments similar to those observed aging, a 

mCherry fluorescent protein tagged BMP4-expressing lentivirus (LV-BMP4) or control 

virus (LV-Control) was injected bilaterally into the DG of 2 month old mice (Fig. 2A). Virus 

infection efficiency and specificity were confirmed by mCherry expression in the SGZ (Fig. 
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2C,C’ inset), and quantification of mCherry-expressing cell types demonstrated that 

hippocampal NSC/NPCs account for majority of the infected cells (Bond, et al., 2014)data 

not shown). Examination of DG at 14 days post viral injection revealed that overexpression 

of BMP4 impaired proliferation as observed in a more than 50% reduction of newly 

generated neurons (DCX+ cells; Fig. 2B-C’). Before sacrifice, cognition was analyzed with 

the NOR test. A significant preference for the novel object was observed in LV-Control 

mice in the retention trial, whereas LV-BMP4 mice had minimal preferential interest in the 

novel object (Fig. 2D). The discrimination index (DI), which is a measure of the ratio of 

time spent exploring each object, was markedly decreased in LV-BMP4 mice compared to 

LV-Control mice (Fig. 2E). Thus increased BMP4 signaling in the DG impairs not only new 

granule neuron generation but also hippocampal dependent cognition, suggesting that the 

age-related increase in BMP signaling could mediate the age-related declines in both 

neurogenesis and cognition.

3.4. Inhibiting BMP signaling in the aged brain increases proliferation and improves 
hippocampus-dependent cognitive function

To directly test whether the increase in BMP signaling underlies age-related impairments in 

neurogenesis and cognition, we used intraventricular infusion of noggin (Gobeske et al, 

2009; Mira et al, 2010) to block BMP signaling in the aging brain. Alzet minipumps were 

implanted into 2 and 20 month old mice for 15 days of either noggin or vehicle infusion 

(Fig. 3A). Infusion of noggin into 20 month old mice resulted in a 3-fold increase in both 

proliferation as measured by thymidine analog incorporation (CldU+) and generation of new 

neurons (DCX+ cells) compared to vehicle infused aged mice (Fig. 3B). Evaluation of 

behavior using the Y-maze at Day 3 (D3) exhibited the expected impairment in old 

compared to young mice (Fig. 3C). Notably there was no difference between the aged 

noggin and control groups at this baseline examination. However by D15, the noggin-

infused aged mice had markedly improved performance on the Y-Maze, exceeding 

performance not only of vehicle-infused aged mice but also the 2 month old controls (Fig. 

3F). Cognitive performance examined on D6 using the NOR test and on D12 using novel 

location recognition (NLR) test also revealed improved performance in noggin-infused aged 

group compared to vehicle-infused aged group (Fig. 3D-E). Thus inhibition of BMP 

signaling reversed age-related decreases in both neurogenesis and cognition.

Because intraventricular infusion of noggin also could have effects outside the 

hippocampus, we examined effects of stereotaxic injection of lentivirus that overexpresses a 

secreted form of noggin (LV-Noggin) into the DG of aged mice. Cognitive function and 

neurogenesis was examined at D11 or D29 (Fig. 4A). BrdU was administered 

intraperitonealy for three consecutive days (D7-10 in the first group and D26-28 in the 

second group) before sacrifice. Again, virus infection was confirmed by mCherry expression 

and we found noggin overexpression significantly increased the DI score on the NOR test at 

D10 (Fig. 4B) and increased BrdU incorporation by ~40% on D11 (LV-

Control=3139±455.7; LV-Noggin=4711±527.0; p=0.0469, two-tailed t-test). Though the 

total number of NSCs (radial GFAP+Sox2+) remained the same between groups (Fig. S3), 

inhibition of BMP signaling was able to enhance the number of activated NSCs (BrdU+) at 

D11 (Fig.4C,D). In addition, rate of reentry into quiescence as measured by BrdU+Ki67-
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Sox2+ divided by the total number of BrdU+ cells revealed a significant decrease in the LV-

Noggin condition (12%) relative to the control (24%) (Fig. S3C). Thus noggin 

overexpression in the DG increased both cognitive function and neurogenesis, consistent 

with findings after intraventricular infusion of noggin. To determine whether the increase in 

NSC/NPC proliferation after noggin overexpression was preserved, we extended the 

experiment to D29. At this time BrdU incorporation more than doubled with noggin 

overexpression indicating a sustained effect on NCS/NPC proliferation (Fig. 4F). Further, 

BrdU incorporation into proliferating neuroblasts (DCX+ cells) was more than doubled by 

noggin overexpression (Fig. 4F-G’). Though noggin overexpression did not alter the total 

number of SOX2 immunoreactive NPCs at D29, it increased the number of SOX2+ cells in 

cell cycle as evidenced by co-expression of Ki67 (Fig. 4E).

To exclude the possibility that LV-noggin altered hippocampal neurogenesis and behavior 

through non-cell autonomous effects by non-NSC/NPC cell types, we next examined 

transgenic mice carrying conditional ablation of BMP receptor type 2 (BMPRII) in Ascl1-

positive NSC/NPCs (Battiste, et al., 2007,Ganat, et al., 2006). 10-12 month old Ascl1-

CreERTM;BMPRIIflx; ROSAzsGreen/+ (Ascl1-RII cKO) mice were given Tamoxifen for 5 

days to induce recombination at BMPRII and ROSA loci, and both neurogenesis and 

cognition were analyzed at 14 days (Fig. 5A). Expression of zsGreen (ZG) fluorescent 

protein marked recombined progeny of Ascl1 expressing NSC/NPCs, and was used to 

visualize cellular changes that resulted from BMP receptor ablation. The total number of 

recombined cells in the SGZ (ZG+) nearly doubled following ablation of BMP signaling 

(BMPRIIfx/fx; Fig. 5B). More importantly, we observed an expansion of recombined cells 

that had matured into newly generated neurons (ZG+NeuN+) in the BMPRIIfx/fx condition 

compared to the wild-type controls (BMPRII+/+; Fig. 5C-D’). While both BMPRIIfx/fx and 

BMPRII+/+ mice were able to learn on the NOR task, ablation of BMP signaling in Ascl1 

NSC/NPCs enhanced their performance as seen on the DI score (Fig. 5E). These findings 

suggest that inhibition of BMP signaling specifically in NSC/NPCs results in an increase in 

neurogenesis as well as an improvement in hippocampal dependent cognitive behavior in 

aged mice.

3.5. Environmental enrichment combined with inhibition of BMP signaling increases 
neurogenesis and reverses behavior impairments in the aged mouse

While LV-Noggin administration in aged mice resulted in an improvement in neurogenesis 

and cognitive ability at D10, the number of dividing NSCs was not significant increased 

(Fig. 4C) and minimal improvement was observed on the NOR task at D28 (Fig. 4B). 

Similarly, BMP inhibition in young mice increased neurogenesis at D7 and D14, but by D28 

no differences were observed (Bond et al., 2014). These findings led us to hypothesize that 

blocking BMP signaling increases the proliferating and cycling NSCs/NPCs, but there is an 

impediment in the integration of these newly generated cells into existing circuitry. 

Exposure to EE has been shown increase integration and synaptogenesis of newly generated 

neurons through regulation of neurotrophic factors, (Birch, et al., 2013,Clemenson, et al., 

2015,Kempermann, et al., 1997,Olson, et al., 2006) and together the stimulatory effects of 

exercise and EE on neurogenesis and cognition are additive (Fabel, et al., 2009). We 

therefore examined whether effects of EE and inhibition of BMP signaling are additive in 
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aged mice (Fig. 6). Mice injected with LV-Noggin or LV-Control were housed in standard 

or enriched conditions and were evaluated with the NOR test on D40. A pulse of BrdU was 

given at D10 and persistence of labeled cells was examined at D48. In accordance with 

published findings, we did not observe significant changes in label retaining cells in the EE 

alone condition (Fig. 6B,C). However, Noggin combined with EE increased the number of 

surviving BrdU+ cells (Fig. 6B). Similarly overexpression of noggin with EE increased the 

number of BrdU labeled neurons (NeuN+BrdU+ cells), indicating enhanced neurogenesis or 

survival (Fig. 6C-D). The overall number of cells in cell cycle (Ki67+) also was increased in 

mice exposed to both LV-noggin and EE compared to all other groups, suggesting enhanced 

cell division (Fig. 6E). Further, the number of neuroblasts in cell cycle (DCX+Ki67+) was 

increased in mice with noggin expression and EE compared all other groups (Fig. 6F-H). 

Thus inhibition of BMP signaling combined with EE stimulated neurogenesis more than 

either one alone.

Similar additive effects were observed on cognition, as analyzed with the NOR test. During 

the retention trial, mice preferred the novel object in the LV-Noggin (p<0.01), LV-Control

+EE (p<0.05) and LV-Noggin+EE (p<0.001) groups but not in the LV-Control group (Fig. 

6I). The combination of BMP inhibition and EE significantly increased the time the animals 

explored the novel object compared to all other groups. The DI increased in all groups 

compared to the LV-Control group and was significantly increased in the group that 

combined both BMP inhibition and EE (Fig. 6J). Thus the combined effects of BMP 

inhibition and EE on both neurogenesis and cognition were additive, analogous to the 

combined effects of exercise and EE. These data suggest that targeting the BMP pathway 

specifically along with exposure to an enriched environment can rescue aging deficits in 

both neurogenesis and cognition.

4. Discussion

Development of techniques for preventing or reversing age-related impairments in 

neurogenesis and cognition would greatly improve quality of life as the population ages. 

BMP signaling has been identified as a negative regulator of NSC/NPC proliferation 

(Bonaguidi, et al., 2008,Bond, et al., 2014,Gobeske, et al., 2009,Mira, et al., 2010). Here we 

observe changes in the BMP signaling pathway with age that establish a mechanism for age-

related impairments in both neurogenesis and cognition. A robust increase in BMP4 

expression, observed in both the human and mouse DG, coupled with a simultaneous 

decrease in noggin expression resulted in a profound increase in total BMP4 signaling. This 

was illustrated by a 30-fold increase in pSMAD1/5/8 expression in the mouse DG. Other 

BMP family members are known to be expressed in the developing and adult hippocampus 

and some have been implicated in aging related neural degenerative diseases (Li, et al., 

2008,Tang, et al., 2009). The BMP4 antibody we used has been validated not to cross react 

with BMP2, a BMP family member that shares 90 percent amino acid identity (Masuhara, et 

al., 1995). While BMP5, 6 and 7 are also expressed in the rodent hippocampus, they share 

less than 60% sequence identity with the immunogen used for the BMP4 antibody, therefore 

not detected in our western blot or immunohistochemistry. Further examination of other 

BMP expression during aging is needed to determine whether similar increase is observed. 

Overexpression of BMP4 in the DG of young mice was sufficient to diminish both 
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neurogenesis and hippocampus-dependent cognition. Conversely, blocking BMP signaling 

in the aged mouse, both by overexpression of noggin or by transgenic manipulation, 

increased neurogenesis in the SGZ and was associated with restored hippocampus-

dependent cognitive function. Though the regulatory mechanism for the increase in BMP 

signaling is yet to be determined, it is interesting that an increase in BMP signaling has 

similar effects on aging hair follicles (Genander, et al., 2014). In toto our findings indicate 

that increases in BMP signaling contribute to the impairments in neurogenesis and cognition 

that are associated with aging.

The extent to which reduced hippocampal neurogenesis contributes to aging associated 

cognitive decline is not fully understood. Studies have shown that aged rodents display 

significantly different cognitive abilities with similar levels of decline in hippocampal 

neurogenesis, suggesting that hippocampal neurogenesis is not the sole contributing factor 

for age associated cognitive decline (Bizon, et al., 2004). We observed a decline in both 

neurogenesis and cognitive performance, though the timing does not directly correlate. A 

possible explanation could be that there are mechanisms in place that maintain behavioral 

performance until a certain threshold of neurogenic decline is reached (Deng et al, 2010). 

However, Increasing evidence indicates a causal relationship between neurogenesis and 

spatial learning in young adult mice (Deng, et al., 2010,Marin-Burgin and Schinder, 2012). 

A number of studies have used experimental manipulation of neurogenesis in the SGZ to 

effect learning and memory (Clelland, et al., 2009,Deng, et al., 2009,Jessberger, et al., 

2009,Saxe, et al., 2006,Shors, et al., 2001). Further, previous work in our laboratory showed 

that infusion of the anti-mitotic drug cytosine arabinoside (AraC) into the ventricles of adult 

mice was able to block the benefits of BMP signaling inhibition, indicating that proliferating 

NSCs/NPCs are required for the enhancement of neurogenesis and cognition through 

manipulation of BMP signaling (Gobeske, et al., 2009). In this study, the causal relationship 

between BMP regulated hippocampal neurogenesis and hippocampal dependent cognition is 

further supported by the ablation of BMPRII in Ascl1+ NSCs/NPCs, which increase DG 

neurogenesis in a cell autonomous fashion and led to cognitive behavioral improvements in 

aged mice. The functional relationship between neurogenesis and behavior remains 

controversial, however together with previous studies, our data indicate that enhanced 

neurogenesis with inhibition of BMP signaling is associated with an improvement in 

hippocampus-dependent cognition.

Though the number of detectable NSC clearly declines precipitously with age, it has been 

unclear whether this reflects a permanent depletion of NSCs (Bonaguidi, et al., 

2011,Encinas, et al., 2011,Furutachi, et al., 2013) or increased quiescence of a pool that 

nevertheless can be reactivated. This is a critical question since depletion of the stem cell 

pool would indicate that the neurogenic loss with age is irreversible. However, our findings 

suggest that an increase in BMP signaling with age, which promotes quiescence in multiple 

NPC subtypes in the SGZ (Bond, et al., 2014), silences proliferation, and that inhibiting this 

signaling is sufficient to activate NSCs/NPCs. Inhibition of BMP signaling was 

accomplished experimentally by three different techniques, ventricular infusion of noggin, 

viral mediated expression of noggin in the DG, and Ascl1+ NSC specific ablation of the 

BMP receptor II subunit. Though the total number of NSCs/NPC (Sox2+) in the SGZ 
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remained the same, expression of noggin in the aged DG expanded the actively cycling 

population of NSCs/NPCs (Sox2+Ki67+). However, the lack of quiescent NSC markers 

hindered our ability to determine whether this increase reflects reactivation of quiescent 

NSCs. Ablation of BMPRII in Ascl1+ NSCs/NPCs suggests that actively dividing stem and 

progenitors remain responsive to changes in BMP signaling in aged mice, and the absence of 

BMP signaling in these cells and their progeny is sufficient to improve hippocampal 

dependent cognition.

Exercise leads to an increase in neurogenesis in the SGZ associated with improvements in 

cognition (Deng, et al., 2009,van Praag, et al., 2005). At least some of the neurological 

benefits of exercise are due to decreased BMP signaling in the hippocampus (Gobeske, et 

al., 2009). Interestingly, our data together with previously published work showed an 

increase in the number of multiple NPC populations with inhibition of BMP signaling from 

7 to 14 days, along with improved hippocampal cognition at 14 days. Since inhibition of 

BMP signaling accelerates division of late DG progenitors including DCX+ neuroblasts in 

young mice (Bond, et al., 2014), it is possible that a wave of rapidly generated granule 

neurons could contribute to the short term improvements in cognitive function in aged mice. 

This idea is also supported by our behavioral analysis of aged Ascl1-RII cKO mice, which 

also demonstrated rapid cognitive behavior improvements at 14 days post initial Tamoxifen 

injection. While development from a radial NSC to a fully matured granule neuron in the 

adult SGZ takes approximately 28 days (Toni and Sultan, 2011), the 14 day time point 

correlates with the initial establishment of GABAergic synaptic connections of newly born 

neurons (Esposito, et al., 2005,Ge, et al., 2006). The process may be further accelerated by 

BMP inhibition as it affects cell division of both early and late NPCs.

We did not observe changes in the number of newly generated neurons and cognitive 

behavior with BMP inhibition at 28 days (Bond, et al., 2014; Figure 4). This observation led 

us to hypothesize that though inhibition of the BMP pathway amplifies proliferating NSC/

NPCs, additional signaling is required for survival of newly generated neurons. Though 

most of the benefits to neurogenesis with EE can be attributed to exercise (Kobilo, et al., 

2011,Mustroph, et al., 2012), EE without running enhances incorporation of newly 

generated neurons into existing circuitry through increased neurotrophic factor release and 

synaptogenesis (Birch, et al., 2013,Clemenson, et al., 2015,Fabel, et al., 2009). Enhanced 

performance on a number of behavior tasks is also observed following EE without running 

(Birch, et al., 2013,Clemenson, et al., 2015). To this end, we found that the combination of 

BMP signaling inhibition with EE led to a significant increase in the number of newly 

generated neurons, suggesting an effect on progenitor expansion and/or neuronal survival. 

Similarly, we found that modulating BMP signaling, which mimics the benefits of exercise, 

and exposing aging mice to EE had additive effects on cognition. Together, these data 

indicate that, regardless of the specific role of EE on neurogenesis, inhibition of the BMP 

pathway combined with exposure to EE may offer a viable therapeutic approach to age-

related declines in hippocampus-dependent cognitive functions.

Increases in BMP4 expression were observed in the cognitively normal aged human as well 

as mouse DG. Multiple BMP family members have been studied in a number of age-related 

neurodegenerative diseases (Chen, et al., 2003,Crews, et al., 2010,Li, et al., 2008). Notably, 
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hippocampus levels of BMP6 rise and levels of noggin fall in models of Alzheimer’s disease 

(Tang, et al., 2009) suggesting that some of the early changes in cognitive function could 

reflect perturbation of this critical signaling system. We have shown an increase in 

pSMAD1/5/8 expression with age that occurs downstream of BMP4 signaling. It is also 

possible that non-canonical signaling through the p38 MAPK pathway may have aging-

related effects.

Together, our findings identify BMP signaling as a possible druggable target for reversing 

normal age-related declines in neurogenesis and cognitive function and possibly for 

ameliorating symptoms of disorders that lead to declines in cognition. In conclusion, BMP 

signaling increases in the aged mouse brain and mediates aging-related impairments 

observed in neurogenesis and cognition. Inhibition of BMP signaling in the aged 

hippocampus reverses impairments in both neurogenesis and cognition and these effects are 

further enhanced with exposure to an enriched environment. These findings together with an 

observed increase in BMP signaling in the human brain identify BMP signaling is a 

promising druggable target for impairments occurring with aging.
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Highlights

• BMP signaling increases with age in the mouse and human dentate gyrus

• Blocking BMP signaling expands proliferating NSC/NPC populations in the 

aged SGZ

• Inhibition of BMP signaling in the aged hippocampus rescues cognitive deficits

• Blocking BMP signaling with EE are additive to improve neurogenesis and 

cognition
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Figure 1. 
BMP signaling increases with age in both mouse and human DG. (A) Protein analyses of 

mouse DG at various ages show a 10-fold increase in BMP4 by 12-months of age (n=4; 2 

months=0.97±0.12; 4 months=2.26±0.39; 9 months=5.77±0.47; 12 months=10.18±1.0). (B) 

Western blot analyses of mouse DG show noggin protein expression is reduced by more 

than 60% in 18 month old compared to 2 month old mice (n=4; 2 months=1.0±0.15; 9 

months=0.68±0.24; 12 months=0.66±0.1; 18 months=0.25±0.079). (C) Protein analyses of 

the same samples analyzed show that levels of pSMAD1/5/8, increase more than 30-fold by 

18 months compared to 2 month old mice (n=4; 2 months=1.0±0.81; 9 months=6.0±2.55; 12 

months=22.99±1.8; 18 months=33.27±3.9). (D) Representative western blots at various ages 

of BMP4, pSMAD1/5/8 and noggin protein compared to GAPDH loading control. (E,F) 

IHC analysis of BMP4 shows an increase in immunoreactivity in the DG of a 18 month old 

mouse (F,F’) compared to a 4 month old mouse (E,E’). (G) IHC was performed on 

hippocampus from cognitively normal humans ranging in age from 35 to 80 years old. 

BMP4 expression exhibits an age-related increase, similar to what was observed in the 

mouse. Samples were normalized to 35-years-old (n=18). (H,I), Co-localization of BMP4 

(green) and DAPI (blue) in the cognitively normal human DG is increased in a 73-year-old 

sample (I,I’) compared to a 35-year-old sample (H,H’). Scale bar=10µm. All data analyzed 

by one-way ANOVA and differs from control by Tukey post hoc test unless noted. All data 

are presented as means±SEM. Protein graphs show expression levels normalized to Gapdh 

and relative to protein expression in 2 month old mice. *p<0.05,**p<0.01,***p<0.001.
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Figure 2. 
Modulation of BMP signaling in the DG impairs neurogenesis and cognitive function. (A) 

Experimental paradigm. LV-BMP4 or LV-Control was stereotaxically injected into the DG 

of 2-month-old mice at D0. Behavior analysis was performed on D14 and mice were then 

sacrificed for IHC analysis. (B) Quantification of neuroblasts (DCX+) in the SGZ of LV-

BMP4 mice is significantly reduced at D14 compared to LV-Control. (n=7-8 mice; LV-

Control=15884±3927; LV-BMP4=7502±1091; n=7-8 mice). (C,C’) A decline in DCX+ 

immunoreactivity (Walker, et al.) is observed in LV-BMP4 infected brains compared to LV-

Control brains. Virus infection is labeled by mCherry fluorescence (red, inset). (D) Time 

spent exploring the novel object was significantly higher in the LV-Control group during the 

NOR retention trial, while the LV-BMP4 group showed little preference for the novel object 

(LV-Control: Identical=16, Novel=42, p=0.0007; LV-BMP4: Identical=11, Novel=19, 

p=0.054; two-tailed t-test; n=10-11 mice). (E) The Discrimination index (DI) was 

significantly higher in the LV-Control group compared to the LV-BMP4 group, indicating a 

greater preference for the novel object. (n=10-11 mice; LV-Control=0.4383±0.06; LV-

BMP4=0.1980±0.08, p=0.031; two-tailed t-test; n=10-11). Scale bar = 50µm. All data 

analyzed by two-tailed t-test and is presented as mean±SEM. *p < 0.05, ****p<0.0001, 

ns=not significant.
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Figure 3. 
Inhibition of BMP signaling in the aged brain rescues age-related behavioral deficits. (A) 

Experimental design. Noggin or vehicle was infused into the lateral ventricles of young (2 

month) or old (20 month) mice for 15 days. Mice received a series of hippocampus-

dependent cognitive tests at various times during the experiment and were sacrificed for IHC 

at D16. (B) IHC analysis of DG showed a significant 3-fold increase in proliferating cells 

(CldU+) in aged mice that received infusions of noggin compared to old mice treated with 

vehicle. CldU was administered ip 24 hours before sacrifice and the number of CldU+ cells 

per field was counted. The number of neuroblasts (DCX+) per field in the SGZ increased 

significantly in old mice infused with noggin compared to mice infused with vehicle 

(analyzed by two-tailed t-test, *p<0.05, n=5-7). (C) Initial behavior analysis 3 days after 

initiation of noggin infusion was performed using the Y-Maze task. A behavior deficit is 

exhibited in both vehicle and noggin treated old mice compared to vehicle treated young 

mice. Percent of spontaneous alteration measures the likelihood of each mouse to enter a 

different arm of the maze over total possible different arm entries. (D) Infusion of noggin for 

6 days into old mice improves behavior performance on the NOR task to levels comparable 

to a vehicle-treated young mouse. Measured by percent of time exploring the novel object 

during the retention trial. (E) After 12 days of noggin infusion behavior was analyzed using 

the NLR task. Percent of total time exploring the novel location shows a rescue of 

behavioral performance in the noggin-treated aged mice to a level equivalent to vehicle-

treated young mice. (F) After D15 of noggin infusion in 20 month old mice, performance on 

the Y-Maze task, measured by % spontaneous alteration, improves significantly over 

vehicle-treated aged mice. Strikingly, behavioral performance of aged mice that received 

noggin infusions surpassed performance of vehicle-treated young mice. Figure 2C-F 

Meyers et al. Page 20

Neurobiol Aging. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analyzed by one-way ANOVA and differs from control by Tukey post hoc test, n=5-7 mice, 

*p<0.05.
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Figure 4. 
Inhibiting BMP signaling in the aged SGZ expands proliferating populations of cells and 

improves hippocampus-dependent cognitive function. (A) Experimental design. LV-Noggin 

or LV-Control was stereotaxically injected into DG of 12 month old mice at D0. Behavior 

performance was evaluated at D10 and animals were sacrificed on D11 and D29 for IHC 

analysis. (B) Cognition was analyzed using the NOR task at D10 and D28. Inhibition of 

BMP signaling with LV-Noggin significantly improved behavior at D10 (LV-

Control=0.45±0.02; LV-Noggin=0.66±0.06; p=0.0342, n=7-9), but these benefits were not 

sustained to D28 (LV-Control=0.306±0.106; LV-Noggin=0.423±0.076; p=0.48; n=7-9). (C) 

A significant increase in activated NSCs (radial GFAP+Sox2+BrdU+ cells) is observed after 

10 days in the LV-Noggin group (LV-Control=196.05±31.95, LV-Noggin=576.07±52.02, 

p=0.024). This increase is reduced at 28 days, though a slight increase in activated NSCs is 

still present in the LV-Noggin condition (LV-Control=199.78±28.26; LV-

Noggin=334.35±79.92; p=0.25). (D) Immunohistochemistry at 10 days shows a 

proliferating BrdU+ (Walker, et al.) NSC (radial GFAP+Sox2+, arrow) in LV-Noggin 

condition. (E) At D28, the number of NSCs/NPCs (Sox2+) remains unchanged between 

groups (LV-Control=12368±980.9; LV-Noggin=14147±824.4; p=0.87; n=7-9 mice). NPCs 

in cell cycle (Sox2+Ki67+) are expanded in LV-Noggin mice D28 (LV-

Control=220.3±46.3; LV-Noggin=438.2±73.2; p=0.0302; n=7-9 mice). (F) Proliferating 

cells (BrdU+) remain increased D28 in the LV-Noggin condition compared to LV-Control 

(LV-Control=1867±329.4; LV-Noggin=4501±507.9 p=0.0263; n=4-5 mice). The population 

of proliferating neuroblasts (DCX+BrdU+) expands 2-fold in LV-Noggin compared to LV-
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Control (LV-Control=400.9±77.7; LV-Noggin=832.7±119.5; p=0.0423; n=4-5 mice). (G) 

Co-expression of BrdU (green) and DCX (red) identifies proliferating neuroblasts (arrows) 

in the LV-Control (G) and LV-Noggin (G’) mice. Scale bar=10µm. All data analyzed by 

two-tailed t-test and is presented as mean±SEM. **p < 0.01, ****p<0.0001.
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Figure 5. 
Ablation of BMP signaling in NPCs improves neurogenesis and hippocampus-dependent 

behavior in young mice. (A) Experimental paradigm. 10-12 month old Ascl1-

CreERTM;BMPRIIfx/fx; ROSAzsGreen/+ (Ascl1-RII cKO) mice were administered Tamoxifen 

for 5 days and proliferation and hippocampus-dependent behavior were analyzed after 14 

days.(B) Quantification of recombined zsGreen+ (ZG+) cells indicates an increase in 

proliferating cells with loss of BMP signaling (BMPRIIfx/fx) compared to wild type 

(BMPRII+/+; BMPRII+/+ =13593.75±2024.7; BMPRIIfx/fx=24529.89±3225.22; p=0.047; 

n=5-7). (C) Quantification of the recombined cells that developed into mature neurons 

(NeuN+ZG+) shows a 2-fold increase in those cells with loss of BMP signaling compared to 

wild type (BMPRII+/+=9720.5±1732.6; BMPRIIfx/fx = 20785.82±3795.1; p=0.045; n=5-7). 

(D) IHC analysis shows an increase in mature neurons (NeuN; red) that are ZG+ (green) in 

the BMPRIIfx/fx condition (D’) compared to wild type (D). (E) Hippocampus-dependent 

behavior was analyzed using the NOR task. The discrimination index (DI) is increased in the 

BMPRIIfx/fx condition indicating enhanced learning with ablation of BMP signaling 

(BMPRII+/+=0.201±0.0398; BMPRIIfx/fx=0.375±0.041; p=0.023; n=5-9). Scale bar=10µm. 

All data were analyzed by two-tailed t-test and are presented as means±SEM. n=4-5, **p < 

0.01, ****p<0.0001.
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Figure 6. 
Inhibition of BMP signaling combined with EE provides additive benefits in NSC/NPC 

proliferation and cognition. (A) Experimental design. LV-Noggin or LV-Control was 

stereotaxically injected into DG of 9 month old mice at D0. BrdU injections were given at 

D10 to mark dividing cells, a time point where expansion of the proliferating population was 

seen previously. At D12, LV-Noggin and LV-Control mice were divided into EE (LV-

Control+EE or LV-Noggin+EE) or standard housing (LV-Control or LV-Noggin) groups. 

Behavior performance was evaluated using the NOR task at D40 and mice were sacrificed 

for IHC at D48. (B) The number of surviving BrdU+ cells that had incorporated BrdU at the 

time of labeling on D10 is increased in the LV-Noggin, LV-Control+EE and LV-Noggin

+EE compared to the LV-Control group at D48. (LV-Control=825±27.39; LV-

Noggin=1133±209.3; LV-Control+EE=1467±324.6; LV-Noggin+EE=2819±394.1). (C) The 

number of BrdU+ neurons (NeuN+BrdU+) is significantly increased at D48 in the LV-

Noggin+EE group compared to LV-Control. (LV-Control=765.4±32.15; LV-

Noggin=941.8±18.14; LV-Control+EE=1234±231.4; LV-Noggin+EE=1953±288.6). (D) 

Co-localization of NeuN (red) and BrdU (green) is increased in LV-Noggin+EE (D’) 

compared to LV-Control (D;arrows). (E) The total population of cells in cell cycle (Ki67+) 

at the point of sacrifice is expanded in LV-Noggin+EE compared to LV-Control and LV-

Noggin at D48 (LV-Control=778±133.6; LV-Noggin=960±192.2; LV-Control

+EE=1138±191.2; LV-Noggin+EE=1775±112.9). (F) The pool of neuroblasts in cell cycle 

(Ki67+DCX+) is significantly increased in LV-Noggin+EE compared to all other groups at 

D48. (LV-Control=178±93.7; LV-Noggin=337±132; LV-Control+EE=323±68.03; LV-

Noggin+EE=878±134.6). (G,H) Neuroblasts in cell cycle co-localize Ki67 (green) with 

DCX (red, white) in LV-Noggin+EE (H) and LV-Control (G). High power images show co-

localization in the SGZ. (I) Hippocampus-dependent cognitive function was evaluated using 

the NOR task at D40. Time spent exploring the novel object is higher in all groups during 

the retention trail (two-tailed t-test). (J) Performance on the NOR task is assessed using the 

discrimination index (DI). The DI is significantly increased in LV-Noggin+EE compared to 

LV-Control. (LV-Control=0.17±0.04; LV-Noggin=0.36±0.05; LV-Control+EE=0.36±0.04; 

LV-Noggin+EE=0.49±0.07). Scale bar=10µm. All data analyzed by one-way ANOVA and 

differs from control by Tukey post hoc test unless noted. All data are presented as means
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±SEM, n=4-5, *p<0.05,**p<.01, ns=not significant. Abbreviations: LV-Control (C), LV-

Noggin (N), LV-Control+EE (CE), LV-Noggin+EE (NE).
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