
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2018 Chatila et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International license, which
permits unrestricted use, distribution and reproduction in any medium provided that the original work is properly attributed.

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Article: New Research | Development

BACE1 Regulates Proliferation and Neuronal Differentiation of Newborn
Cells in the Adult Hippocampus in Mice

Zena K. Chatila1, Eunhee Kim1, Clara Berlé1, Enjana Bylykbashi1, Alexander Rompala1, Mary K. Oram1,
Drew Gupta1, Sang Su Kwak1, Young Hye Kim2, Doo Yeon Kim1, Se Hoon Choi1 and Rudolph E. Tanzi1

1Genetics and Aging Research Unit, Department of Neurology, Massachusetts General Hospital, Harvard
Medical School, Charlestown, Massachusetts 02129, USA
2Biomedical Omics Group, Korea Basic Science Institute, Cheongju-si, Chungbuk 363-883, Republic of Korea

DOI: 10.1523/ENEURO.0067-18.2018

Received: 7 February 2018

Revised: 5 June 2018

Accepted: 25 June 2018

Published: 30 July 2018

Author Contributions: SC and RT Designed Research; RT Supervised Research; All the authors Performed
Research; ZC, EK, CB, SC and RT wrote the paper.

Funding: http://doi.org/10.13039/100007625Cure Alzheimer's Fund (CAF)

The authors declare no competing financial interests.

Funding Sources: Cure Alzheimer’s Fund.

Z.K.C., E.K. and C.B. are contributed equally to this work.

Correspondence should be addressed to Dr. Rudolph E. Tanzi, Joseph. P. and Rose F. Kennedy
Professor of Neurology, Harvard Medical School, Vice-Chair, Neurology; Director, Genetics and
Aging Research Unit Massachusetts General Hospital, 114 16th Street, Charlestown, MA, 02129.
E-mail: tanzi@helix.mgh.harvard.edu or Dr. Se Hoon Choi, Assistant Professor, Harvard Medical
School, Massachusetts General Hospital, 114 16th Street, Charlestown, MA, 02129, E-mail:
Choi.SeHoon@mgh.harvard.edu

Cite as: eNeuro 2018; 10.1523/ENEURO.0067-18.2018

Alerts: Sign up at eneuro.org/alerts to receive customized email alerts when the fully formatted version of this
article is published.



 

 1 

 1 
 2 
BACE1 regulates proliferation and neuronal differentiation of newborn cells 3 

 4 
in the adult hippocampus in mice 5 

 6 
 7 
 8 
 9 
Abbreviated Title: BACE1 regulates adult hippocampal neurogenesis 10 

 11 
 12 
 13 
 14 
Zena K. Chatila1,3, Eunhee Kim1,3, Clara Berlé1,3, Enjana Bylykbashi1, Alexander Rompala1, Mary 15 

K. Oram1, Drew Gupta1, Sang Su Kwak1, Young Hye Kim2, Doo Yeon Kim1, Se Hoon Choi1,*, 16 

Rudolph E. Tanzi1,* 17 

 18 
 19 
1Genetics and Aging Research Unit, Department of Neurology, Massachusetts General 20 

Hospital, Harvard Medical School, Charlestown, Massachusetts 02129, USA. 21 
 22 
2Biomedical Omics Group, Korea Basic Science Institute, Cheongju-si, Chungbuk, 363-23 

883, Republic of Korea. 24 
 25 
3These authors contributed equally to this work. 26 
 27 
 28 
 29 
Author Contributions: SC and RT Designed Research; RT Supervised Research; All 30 

the authors Performed Research; ZC, EK, CB, SC and RT wrote the paper. 31 

 32 
 33 
*Correspondence: 34 
 35 
Dr. Rudolph E. Tanzi 36 
 37 
Joseph. P. and Rose F. Kennedy Professor of Neurology 38 
 39 
Harvard Medical School 40 



 

 2 

Vice-Chair, Neurology; Director, Genetics and Aging Research Unit 41 

Massachusetts General Hospital 42 

114 16th Street, Charlestown, MA, 02129 43 

 44 
(E-mail: tanzi@helix.mgh.harvard.edu) 45 
 46 
 47 
 48 
Dr. Se Hoon Choi  49 
 50 
Assistant Professor 51 
 52 
Harvard Medical School 53 
 54 
Massachusetts General Hospital 55 
 56 
114 16th Street, Charlestown, MA, 02129 57 

 58 
(E-mail: Choi.SeHoon@mgh.harvard.edu)  59 
 60 
 61 
Number of figures: 3 62 
 63 
Number of words: Abstract (250), Significance Statement (98), Introduction (371), and 64 

Discussion (678) 65 

 66 
 67 
Acknowledgements 68 
 69 
The authors would like to thank Drs. Virginie Buggia-Prevot (University of Texas MD 70 

Anderson) and Carla D’Avanzo (MGH) for helpful discussion. Dr. Young Hye Kim was 71 

supported by the Ministry of Science and ICT of Korea (NRF-2016R1A2B4015694). 72 

 73 
Conflict of Interest 74 
 75 
The authors declare no competing financial interests. 76 
 77 
 78 
 79 
 80 
Funding Sources 81 
 82 



 

 3 

Cure Alzheimer’s Fund   83 



 

 4 

Abstract 84 

β-Site Amyloid Precursor Protein Cleaving Enzyme 1 (BACE1) is required for the production of 85 

β-amyloid (Aβ), one of the major pathogenic molecules of Alzheimer’s disease (AD), and is 86 

therefore being actively pursued as a drug target for AD. Adult hippocampal neurogenesis 87 

(AHN) is a lifelong process that is known to be important for learning and memory and may 88 

have the potential to regenerate damaged neural tissue. In this study, we examined whether 89 

BACE1 regulates AHN, which holds important implications for its suitability as a drug target in 90 

AD. Cohorts of 2-month-old wild-type (BACE1+/+), heterozygous, and homozygous BACE1 91 

knockout mice (BACE1+/- and BACE1-/-, respectively) were injected with BrdU and sacrificed 92 

1 day later to examine the impact of loss of BACE1 on neural precursor cell (NPC) proliferation 93 

in the adult brain. Parallel cohorts of mice were sacrificed 4 weeks after BrdU injection to 94 

determine the effects of BACE1 on survival and differentiation of newborn NPCs. We found that 95 

NPC proliferation was increased in BACE1-/- mice compared to BACE1+/+ mice, while no 96 

difference was observed in NPC survival across genotypes. Differentiation of NPCs to neuronal 97 

lineage was impaired in BACE1-/- mice. However, no differences were observed in astrogenesis, 98 

in the proportion of immature neurons, or in the production of oligodendrocytes across 99 

genotypes. Importantly, corresponding with a decrease in neuronal differentiation in the absence 100 

of a complementary increase in an alternate cell fate, BACE1-/- mice were found to have a pool 101 

of undifferentiated NPCs in the hippocampus compared to BACE1+/+ and BACE1+/- mice. 102 

 103 
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 108 
 109 
 110 
 111 
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 112 
 113 
 114 
Significance Statement  115 

The present findings not only demonstrate that BACE1 regulates AHN, but also raise a note of 116 

caution that therapeutic inhibition of its enzymatic activity might have potential to produce a 117 

pool of adult-generated undifferentiated cells in the hippocampus.  Our data strongly suggest that 118 

the complete loss of BACE1 activity dysregulates AHN in the adult mouse hippocampus. 119 

Alternatively, partial inhibition of BACE1 activity, e.g. in BACE1+/- mice, may mirror a more 120 

suitable therapeutic approach that would not impact AHN or NPC differentiation, for when 121 

BACE1 inhibition is being pursued as an effective means of lowering A  levels in AD.  122 
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Introduction 123 

β-Site Amyloid Precursor Protein Cleaving Enzyme 1 (BACE1) is required for the production 124 

of β-amyloid 42 (Aβ42) (for review, see (Tanzi and Bertram, 2005)). When produced 125 

excessively, Aβ42 aggregates to form amyloid plaques, a pathological hallmark of 126 

Alzheimer’s disease (AD). Importantly, amyloid pathology is absent in transgenic AD mice 127 

crossed with those lacking the BACE1 gene. As a result, down-regulation of BACE1 activity 128 

is being investigated to treat or prevent AD (Vassar, 2014). However, endogenous roles of 129 

BACE1 have yet to be fully determined, and it is possible that inhibiting BACE1 may 130 

compromise neural function. It is therefore critical to understand the physiological functions 131 

of BACE1 in order to fully comprehend the effects of manipulating BACE1 activity. 132 

The human hippocampus contains neural progenitor cells (NPCs) that continue to 133 

generate substantial levels of new neurons at a steady rate well into old age, with only a 134 

modest decline (Eriksson et al., 1998; Spalding et al., 2013). This process is known as adult 135 

hippocampal neurogenesis (AHN). AHN is believed to underlie mechanisms of neural 136 

plasticity, learning, and memory, and may be critical for regeneration of damaged neural tissue 137 

(Aimone et al., 2014; Ming and Song, 2011; Zhao et al., 2008). It has been shown that AHN is 138 

altered in early stages of AD in various AD transgenic animal models (Mu and Gage, 2011). 139 

BACE1 is known to regulate neurogenesis in early developmental stages (Hu et al., 140 

2013). Additionally, sAPPβ, a direct product of the cleavage of the amyloid precursor protein 141 

(APP) by BACE1, also regulates proliferation and differentiation of neural precursor cells 142 

(NPCs) in vitro (Baratchi et al., 2012; Freude et al., 2011). Neuregulin 1, which is cleaved by 143 

BACE1, has been shown to regulate AHN (Mahar et al., 2016). However, the involvement of 144 

BACE1 in regulating AHN, which holds important implications for its suitability as a drug 145 
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target in AD, has yet to be determined. In the present study, we investigated whether BACE1 146 

plays critical roles in AHN by examining proliferation, survival, and differentiation of 147 

newborn cells in the dentate gyrus (DG) of BACE1 knockout (KO) mice. Determining 148 

whether BACE1 activity regulates AHN will help to elucidate whether therapeutically 149 

decreasing the activity of this enzyme will further impair neuronal functioning in AD. 150 
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Materials and Methods 151 

Animals 152 

Heterozygous BACE1 KO mice (BACE1+/-, B6SJL129 × C57Bl/6 mixed background) were 153 

kindly provided by the laboratory of Dr. Mark Albers (Massachusetts General Hospital) and 154 

maintained in our facility by crossing the male and female heterozygous mice. Male wild-type 155 

(BACE1+/+ mice), BACE1+/-, and homozygous BACE1 KO (BACE1-/-) mice were used for 156 

this study. Animals were housed with a 12:12 light-dark cycle and with food and water provided 157 

ad libitum. All animal procedures were performed in accordance with Massachusetts General 158 

Hospital animal care committee’s regulations. 159 

 160 

 161 

Immunohistochemistry for BACE1 162 

BACE1+/+, BACE1+/-,  and BACE1-/- mice were deeply anesthetized with isoflurane, and 163 

perfused transcardially with 0.9% NaCl followed by 4% paraformaldehyde (PFA) in cold 0.1 M 164 

phosphate buffer (pH 7.4). The brains were postfixed overnight in 4% PFA and then transferred 165 

into 30% sucrose and kept there until they sank. Brains were sectioned coronally at 40 μm with 166 

a sliding freezing microtome (SM 2010R, Leica Biosystems Inc., Buffalo Grove, IL). The brain 167 

sections were stained by rabbit anti-BACE1 (D10E5, 1:400, Cell Signaling Technology, 168 

Danvers, MA). The immunohistochemical staining was made using the avidin-biotin complex 169 

(ABC) system (Vectastain Elite, Vector labs, Burlingame, CA) and nickel-enhanced 170 

diaminobenzidine (DAB) incubation. Sections were mounted on gelatin-coated slides, air-dried, 171 

dehydrated through a graded alcohol series, cleared, and cover-slipped for microscopic 172 

examination. 173 
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5-Bromo-2'-deoxyuridine (BrdU) injection, and quantification and phenotype of newborn 174 

cells 175 

BrdU (Sigma, St. Louis, MO, USA) was dissolved in 0.9% NaCl at a concentration of 20 mg/ml 176 

and was filtered (0.2 μm) under sterile conditions. Mice received a single i.p. injection of BrdU 177 

(100 mg/kg, Sigma, St. Louis, MO) at the age of 2 months. Half of the mice in each group were 178 

sacrificed 1 day after the injection to determine progenitor proliferation. The remaining mice 179 

were sacrificed 4 weeks after the BrdU injection to determine survival and neuronal 180 

differentiation of the newborn cells. 181 

Immunofluorescent labeling for BrdU, neuronal nuclei (NeuN), doublecortin (DCX), 182 

Glial Fibrillary Acidic Protein (GFAP), and Olig2 (O2) was performed. The antibodies used 183 

were as follows: rat anti-BrdU (1:100, Accurate Chemical & Scientific Corporation, Westbury, 184 

NY, USA), mouse anti-NeuN (1:500, Chemicon, Temecula, CA, USA), goat anti-DCX (1:200, 185 

Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-GFAP (1:500, Dako, Fort Collins, CO, 186 

USA), and rabbit anti-Olig2 (1:100, Abcam, Cambridge, MA, USA). The fluorescent secondary 187 

antibodies used were donkey anti-rat IgG conjugated with Cy2; donkey anti-mouse IgG 188 

conjugated with Cy3 or Cy5; donkey anti-goat IgG conjugated with Cy3 or Cy5; donkey anti- 189 

rabbit IgG conjugated with Cy3 or Cy5 (all 1:250, Jackson ImmunoResearch, West Grove, PA, 190 

USA). 191 

For BrdU staining, DNA was denatured by incubating the sections for 2 h in a 50% 192 

formamide/2× SSC (0.3 M NaCl and 0.03 M Sodium citrate) solution at 65°C. Sections were 193 

rinsed for 15 min in 2× SSC and incubated for 30 min in 2 N HCl at 37°C. The acid was 194 

neutralized by rinsing the sections for 10 min in 0.1 M boric acid (pH 8.5) followed by several 195 

washes in Tris-buffered saline (TBS, pH 7.5). Tissues were then mounted with polyvinyl alcohol 196 
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with diazabicyclo-octane (PVA-DABCO, Sigma, St. Louis, MO, USA) for viewing and imaging 197 

with a Nikon Eclipse Ti confocal laser scanning microscope (Nikon Instruments, Tokyo, Japan).  198 

In order to estimate the total number BrdU+ cells, every sixth brain section was 199 

systematically selected for immunostaining, and BrdU+ cells in the subgranular and granular cell 200 

layers were counted. Resulting numbers were multiplied by six to obtain the estimated total 201 

number of BrdU+ cells per animal. For colabeling analysis of differentiated BrdU+ cell types 202 

with lineage-specific markers, the phenotypes of 15-20 BrdU+ cells per animal were determined. 203 

Total number of GFAP+ cells in the DG was counted in every sixth brain section, and GFAP 204 

signal intensity (integrated density) was measured by NIH ImageJ software.  205 

 206 

Quantification of Ki67+ cells  207 

Immunofluorescent labeling for Ki67 was performed using rabbit anti-Ki67 antibodies (1:100, 208 

Abcam, Cambridge, MA, USA) and donkey anti-rabbit IgG conjugated with Cy3 (1:250, Jackson 209 

ImmunoResearch, West Grove, PA, USA). 4',6-diamidino-2-phenylindole (DAPI) counter staining 210 

was performed to measure DG volume using a NIS-Elements AR (Nikon Instruments, Tokyo, 211 

Japan). Every sixth brain section was systematically selected for immunostaining, and Ki67+ cells 212 

in the subgranular and granular cell layers were counted. The Ki67+ cell counts were expressed and 213 

analyzed as the number of total Ki67+ cells divided by the DG volume in order to normalize for 214 

variations across mice; BACE1-/- mice showed smaller sizes of brain and DG than BACE1+/+ and 215 

BACE1+/- mice.  216 

 217 

Immunoblot analysis 218 

Hippocampal tissues were homogenized in extraction buffer containing 2% SDS and 1% Triton. 219 

50 μg of protein were resolved on 12% Bis-Tris or 4-12% gradient Bis/Tris gels (Life 220 
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Technologies, Grand Island, NY, USA) and the proteins were transferred to nylon membranes 221 

(Bio-Rad, Hercules, CA, USA). Immunoblot images were visualized by enhanced 222 

chemiluminescence (ECL). The images were captured by using BioMax film (Kodak, Rochester, 223 

NY, USA) or VersaDoc imaging system (Bio-Rad, Hercules, CA, USA). The following primary 224 

antibodies were used: full-length APP (C66, a gift from Drs. Dora M. Kovacs and Doo Yeon Kim 225 

at Massachusetts General Hospital), APP-CTFα (C66), APP-CTFβ (C66), BACE1 (D10E5, Cell 226 

Signaling Technology, Danvers, MA), and β-actin (Sigma, St. Louis, MO, USA).  227 

 228 

Statistics   229 

Data are expressed as mean values  standard error of the mean (mean  SEM). Error bars in the 230 

figures represent SEM. Differences between groups were analyzed using an ANOVA followed by 231 

a post hoc comparison using Tukey. Statistical analysis was performed using PRISM GraphPad 232 

statistical software. In all cases, p = 0.05 was considered statistically significant.   233 

 234 
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Results 235 

Lack of BACE1 expression in BACE1-/- mice 236 

BACE1 expression was assessed through immunohistochemistry in order to confirm the 237 

lack of BACE1 expression in BACE1-/- mice. In BACE1+/+ brain tissues, diffuse BACE1 238 

immunoreactivity was present throughout entire sections, and was higher in the mossy fiber 239 

pathway of the hippocampus (Fig. 1A), as previously reported (Zhao et al., 2007). In 240 

BACE1+/- mice, BACE1 immunoreactivity was reduced but still present in the mossy fiber 241 

pathway, but no BACE1 immunoreactivity was observed in brain sections from BACE1-/- 242 

mice.  243 

BACE1+/+, BACE1+/-, and BACE1-/- brain tissues were also assessed for BACE1 244 

expression through Western Blot analysis (Fig. 1B). As expected, BACE1 was robustly 245 

expressed in BACE1+/+ brain tissues, weakly expressed in BACE1+/- tissues, and not 246 

expressed in BACE1-/- tissues. In order to assess BACE1 activity, brain tissues were also 247 

examined for the C-terminal APP fragment β subunit (APP-CTFβ), products of its enzymatic 248 

cleaving of APP. We confirmed that APP-CTFβ levels are absent in hippocampal brain tissues 249 

of BACE1-/- mice. The level of full-length APP (APP F.L.) was increased in BACE1-/- mice, 250 

as previously reported (Pastorino et al., 2004). The level of APP-CTFα is expected to increase 251 

by compensation of α-secretase activity in the absence of BACE1, and we observed that its 252 

level was increased in BACE1-/- mice compared to BACE1+/+ mice (Fig. 1C).   253 

 254 

Lack of BACE1 increases NPC proliferation without affecting NPC survival 255 

To examine whether BACE1 affects the proliferation of NPCs, 2-month-old 256 

BACE1+/+, BACE1+/-, and BACE1-/- mice were injected with BrdU and sacrificed 1 day 257 



 

 13 

after the injection. The total number of BrdU+ cells was subsequently determined for each 258 

animal. We observed a marked increase in the number of BrdU+ cells in BACE1-/- mice 259 

compared to BACE1+/+ and BACE1+/- mice (Fig. 2A and B). In addition to the BrdU 260 

analysis, we also quantified the number of cells expressing Ki67, a cellular marker for 261 

proliferation. As observed with BrdU, the number of Ki67+ cells was significantly higher in 2-262 

month old BACE1-/- mice compared to age-matched BACE1+/+ and BACE1+/- mice (Fig. 263 

2C and D). The effects of the partial loss of BACE1 activity in BACE1+/- mice did not 264 

increase NPC proliferation in both BrdU and Ki67 analyses. These results suggest that 265 

complete loss of BACE1 increased NPC proliferation in DG of adult mice.  266 

To examine whether BACE1 activity affects survival of NPCs, parallel cohorts of 267 

mice were sacrificed 4 weeks after BrdU injection. The total number of BrdU+ cells was 268 

determined for each animal. A measure of cell survival was provided by expressing the 269 

number of BrdU+ cells at 4 week post-BrdU injection as a percentage of the overall average 270 

number of BrdU+ cells at 1 day post-injection for each respective genotype. We failed to 271 

observe any differences in cell survival across the three genotypes (Fig. 2E).  272 

 273 

Lack of BACE1 impairs neuronal fate differentiation of newborn cells  274 

NPCs that reach maturity are fated to become either granule neurons or glial cells. To 275 

determine the effect of BACE1 activity on the differentiation of newborn NPCs, we 276 

performed triple labeling studies using anti-BrdU antibodies combined with antibodies 277 

specific for neuronal, glial, or oligodendrocytic lineages 4-weeks post BrdU injection (Fig. 278 

3A-F). We examined expression of the following markers: NeuN, a mature neuronal marker; 279 

glial fibrillary acidic protein (GFAP), an astrocyte marker; doublecortin (DCX), an immature 280 
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neuronal marker; Olig 2 (O2), an oligodendrocyte-specific marker. 281 

Upon examination of BrdU+ cells co-labeled with either NeuN or GFAP, the 282 

proportion of BrdU+ cells expressing NeuN was decreased in BACE1-/- mice compared to 283 

BACE1+/+ (Fig. 3A and B). This finding demonstrates that eliminating BACE1 activity 284 

impairs neuronal differentiation of newborn cells in the adult DG. No differences were 285 

observed in the proportion of BrdU+ cells co-labeled with GFAP across the three genotypes, 286 

indicating that BACE1 does not affect the differentiation of NPCs into astrocytic lineages, in 287 

the adult brain. Importantly, the proportion of BrdU+ cells that were neither labeled with 288 

NeuN nor with GFAP was higher in BACE1-/- mice than in either BACE1+/+ or BACE1+/- 289 

mice, between which no differences were observed. 290 

It is possible that this pool of seemingly undifferentiated BrdU+ cells in BACE1-/- 291 

mice is partly comprised of immature neurons, and that some consequences of the BACE1-/- 292 

genotype include a delay of neuronal maturation. Neurons developing in BACE1-/- mice may 293 

be stalled at immature stages and fail to reach a fully mature phenotype; maturation may occur 294 

at different rates in the DG of BACE1-/- mice. As a result, BrdU+ cells were additionally 295 

assessed for co- labeling with NeuN or DCX to determine whether BACE1 regulates the rate 296 

of neuronal maturation (Fig. 3C and D). This experiment also aimed to better characterize the 297 

pool of BrdU+ cells in BACE1-/- mice that adopted neither a mature neuronal nor an 298 

astrocytic fate. Again, the proportion of BrdU+ cells expressing NeuN was decreased in 299 

BACE1-/- mice compared to BACE1+/+, confirming that a lack of BACE1 activity impaired 300 

neuronal differentiation of newborn NPCs. No differences were observed in the proportion of 301 

BrdU+ cells colabeled with DCX across the three genotypes, indicating that BACE1 does not 302 

affect the rate of maturation of newborn neurons. Importantly, an increased proportion of 303 
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BrdU+ cells which were neither labeled with NeuN nor with DCX, and which therefore did 304 

not adopt a neural fate, was observed in BACE1-/- compared to BACE1+/+ and BACE1+/-  305 

mice.  306 

BACE1 regulates the process of myelination and myelin sheath thickness in the central 307 

nerves. The genetic deletion of BACE1 delays the process of neuregulin-dependent 308 

myelination and reduces myelin thickness (Hu et al., 2006; Willem et al., 2006). Thus, the 309 

hypomyelination in BACE1-/- mice may alter AHN processes in these mice; it is also possible 310 

that this pool of apparently undifferentiated cells in BACE1-/- mice may be oligodendrocytes 311 

that are being overproduced as a compensatory mechanism. To determine whether BACE1 312 

regulates the production of oligodendrocytes, BrdU+ cells were additionally assessed for co-313 

labeling with NeuN or O2. The proportion of BrdU+ cells expressing NeuN was decreased in 314 

BACE1-/- mice compared to BACE1+/+, yet again confirming that a lack of BACE1 activity 315 

impaired neuronal differentiation of newborn NPCs (Fig. 3E and F). However, no differences 316 

were observed in the proportion of BrdU+ cells colabeled with O2 across the three genotypes, 317 

indicating that BACE1 does not affect the production of oligodendrocytes. Importantly, an 318 

increased proportion of BrdU+ cells, which were labeled with neither NeuN nor O2, was 319 

observed in BACE1-/- compared to both BACE1+/+ and BACE1+/- mice.  320 

The effect of decreased BACE1 activity on mature neuronal fate in BACE1+/- mice is 321 

less clear. In the immunostaining assay with BrdU, NeuN, and GFAP, no differences were 322 

observed in the proportion of BrdU+ cells co-labeled with NeuN between BACE1+/- and 323 

either BACE1+/+ or BACE1-/- mice (Fig. 3B). However, in the separate immunostaining with 324 

BrdU, NeuN, and either DCX or O2, we did observe a difference between BACE1+/- and 325 

BACE1-/- mice but not between BACE1+/- and BACE1+/+ mice (Fig. 3D and F). 326 
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Discussion 327 

The present study investigated whether BACE1 regulates AHN in BACE1-null mice. We 328 

found that complete loss of BACE1 increased NPC proliferation in the DG of adult mice. Our 329 

results are in contrast with a previous report showing that inhibition of BACE1 activity 330 

decreases proliferation of cultured human embryonic stem cells (hESCs) (Porayette et al., 331 

2009). It is possible that the effects of BACE1 on NPC proliferation are age-dependent and/or 332 

non-cell-autonomous in mice, which would account for the differences between the present 333 

results and those from the previous study. It is also possible that the increased NPC 334 

proliferation in our BACE1-/- mice is a result of compensation of soluble APPα (sAPPα), 335 

which has been shown to stimulate NPC proliferation (Baratchi et al., 2012), and is elevated 336 

when BACE1 is absent or inhibited (Nishitomi et al., 2006). In any event, the findings from 337 

this study suggest that BACE1 inhibition during adulthood increases NPC proliferation. 338 

We also demonstrated that the absence of BACE1 activity produced a pool of NPCs 339 

that adopts neither a neuronal, an astrocytic, nor an oligodendrocytic fate, and thus appears to 340 

be undifferentiated. Further studies are required to elucidate mechanism(s) by which AHN is 341 

altered in BACE1-/- mice. BACE1-null mice in early developmental stages have been found to 342 

have decreased hippocampal neurogenesis and a corresponding increase in astrogenesis 343 

compared to wild-type counterparts, due to BACE1 cleavage of jagged-1 and consequent 344 

changes in the Notch signaling pathway in BACE1-null mice (Hu et al., 2013). Studies have 345 

also shown that sAPPβ induces differentiation of human embryonic stem cells towards a 346 

neural fate (Freude et al., 2011). Thus, the absence of sAPPβ in BACE1-/- mice may alter 347 

adult neuronal differentiation. However, other studies conversely demonstrated that 348 

downregulation of BACE1 with siRNA is associated with an increase in several neurogenesis 349 
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markers at the RNA and protein levels, suggesting that decreased BACE1 activity increases 350 

neurogenesis (Modarresi et al., 2011). It has also been shown that sAPPβ promotes 351 

astrogenesis in cultured hippocampal NPCs, suggesting that BACE1 enzymatic activity 352 

promotes astrogenesis over neurogenesis (Baratchi et al., 2012). The present finding that 353 

astrogenesis was unaffected by BACE1 activity reflects the possibility that the regulatory 354 

effects of BACE1 on astrogenesis are specific to the developmental stage of the animal, and 355 

that the role of the Notch signaling pathway in promoting astrogenesis is not maintained in 356 

adulthood. Astrogliosis has been shown to be affected by the loss of BACE1 in early 357 

developmental stages (Hu et al., 2013). However, no differences were observed in the number 358 

of GFAP+ cells and intensity of GFAP signal in the DG across our adult BACE1+/+, 359 

BACE1+/-, and BACE1-/- mice at 2 months of age (Fig. 3G-I). 360 

Our studies thus raise the concerning possibility of creating a population of 361 

undifferentiated cells, in a stem cell-like state, for an extended period time in the brains of AD 362 

patients being treated with BACE inhibitors. The resulting delay in neuronal differentiation 363 

might then lead to decreased myelination as has been observed in BACE1-/- mice (Hu et al., 364 

2006). These undifferentiated cells may be also impaired in their ability to integrate into 365 

functional circuitry, leading to the formation of aberrant patterns of connectivity that might be 366 

associated with the memory deficits and seizures observed in BACE1-/- mice (Kandalepas and 367 

Vassar, 2014). Future studies will be necessary to identify these undifferentiated cells and to 368 

investigate the roles of BACE1 on AHN in conditional BACE1 KO mice. Studies may also be 369 

performed using BACE1 inhibitors in aged mice to produce insights that are more applicable 370 

to AD research. 371 

Notably, the Merck phase 3 clinical trial of the BACE1 inhibitor, verubecestat, was 372 
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terminated based on the observation of numerous adverse events including falls, weight loss, 373 

sleep disturbance, change in hair color, and suicidal ideation. These findings argue against 374 

robust inhibition of BACE1. Our findings showing that completely blocking BACE1 activity 375 

impaired AHN strongly argue against a therapeutic strategy for AD that involves robustly 376 

inhibiting BACE1. However, since AHN processes were not altered in BACE1+/- mice versus 377 

BACE1+/+ mice, a therapeutic strategy of partial inhibition of BACE1 may still warrant 378 

further study.379 
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Figure Legends 445 

Figure 1. BACE1 is not expressed in BACE1-/- mice. A, BACE1 expression was assessed in 446 

coronal sections of 2-month-old BACE1+/+ (left), BACE1+/- (middle), and BACE1-/- (right) 447 

mice using immunohistochemistry with a commercial BACE1 antibody. BACE1 448 

immunoreactivity is present throughout BACE1+/+ sections, with higher levels in the mossy 449 

fiber pathway of the hippocampus (white arrow). Scale bar, 500 μm. Conversely, there is no 450 

BACE1 immunoreactivity in BACE1-/- brain sections. B, BACE1 expression is attenuated in 451 

BACE1+/- and abrogated in BACE1-/- mice. The expression and activity of BACE1 was 452 

assessed in BACE1+/+, BACE1+/-, and BACE1-/- mice with Western Blot. BACE1 is 453 

expressed robustly in BACE1+/+ brain tissues, is weakly expressed in BACE1+/- brain 454 

tissues, and is not expressed in BACE1-/- brain tissues, while β-actin controls are expressed 455 

equally in all three. APP-CTFα, a product of the enzymatic cleaving of APP by α secretase, is 456 

present in tissues from all three genotypes. However, APP-CTFβ, a product of the enzymatic 457 

cleaving of APP by BACE1, is present in BACE1+/+ and BACE1+/- tissues, but not in 458 

BACE1-/- tissues. C, Densitometric analysis of APP-CTFα. F(2,6) = 6.557, p=0.0309, *P < 459 

0.05. 460 

 461 

Figure 2. Loss of BACE1 increases NPC proliferation without affecting NPC survival. A, 462 

Photomicrographs of BrdU+ cells 1 day after BrdU injection in the DG of BACE1+/+, 463 

BACE1+/-, and BACE1-/- mice. Green or yellow, BrdU+ cells; Red, NeuN+ cells. Scale bar: 50 464 

μm. B, Quantification of BrdU+ cells 1 day post-BrdU injection (Mean ± SEM; n=6 in 465 

BACE1+/+, 6 in BACE1+/-, and 5 in BACE1-/- mice; F(2,14) = 4.629, p=0.0286). *P < 0.05. C, 466 

Photomicrographs of Ki67+ cells in the DG of BACE1+/+, BACE1+/-, and BACE1-/- mice. 467 
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Red, Ki67+ cells; Blue, DAPI+ cells. Scale bar: 50 μm. D, Quantification of Ki67+ cells (Mean 468 

± SEM; n=5 in each group; F(2,12) = 15.52, p=0.0012). **P < 0.01. E, To provide a measure of 469 

cell survival during the 4-week post BrdU time period, the number of BrdU+ cells at the 4-470 

week post BrdU time point was expressed as a percentage of the number present at the 1-day 471 

post-BrdU time point (Mean ± SEM; n=6 in BACE1+/+, 8 in BACE1+/-, and 5 in BACE1-/- 472 

mice; F(2,16) = 1.654, p=0.2224).  473 

 474 

Figure 3. Loss of BACE1 alters neuronal fate differentiation of NPCs. A, Representative 475 

confocal images of BrdU+ cells co-labeled with NeuN (upper panels) or GFAP (lower 476 

panels). Arrows indicate the position of BrdU+ cells. Scale bar: 20 μm. B, Percentage of 477 

BrdU+ cells colabeled with NeuN or GFAP, or neither of them (Mean ± SEM; n=6 in 478 

BACE1+/+, 8 in BACE1+/-, and 5 in BACE1-/- mice). For NeuN, F(2,16) = 9.501, p=0.0019. 479 

For GFAP, F(2,16) = 0.786, p=0.4725. For neither, F(2,16) = 7.551, p=0.0049. *P < 0.05, **P < 480 

0.01. C, Representative confocal images of BrdU+ cells co-labeled with DCX but not NeuN 481 

(upper panels), or with DCX and NeuN (lower panels). D, Percentage of BrdU+ cells 482 

colabeled with NeuN or DCX, both, or neither of them (Mean ± SEM; n=6 in BACE1+/+, 8 483 

in BACE1+/-, and 5 in BACE1-/- mice). For NeuN, F(2,16) = 28.34, p<0.0001. For DCX, 484 

F(2,16) = 1.566, p=0.2392. For both, F(2,16) = 0.03229, p=0.9863. For neither, F(2,16) = 13.63, 485 

p=0.0004. **P < 0.01. E, Representative confocal images of BrdU+ cells co- labeled with O2. 486 

F, Percentage of BrdU+ cells colabeled with NeuN or O2, or neither of them (Mean ± SEM; 487 

n=4 in BACE1+/+, 6 in BACE1+/-, and 4 in BACE1-/- mice). For NeuN, F(2,11) = 5.607, 488 

p=0.0210. For O2, F(2,11) = 1.235, p=0.3283. For neither, F(2,11) = 7.3, p=0.0096. *P < 0.05. G, 489 

Representative confocal images of GFAP+ astrocytes in the DG of BACE1+/+, BACE1+/-, 490 
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and BACE1-/- mice. Red, GFAP+ cells; Blue, NeuN+ cells.  Scale bar: 50 μm. H, 491 

Quantification of GFAP+ cells (Mean ± SEM; n=5 per group; F(2,12) = 0.5162, p=0.6095). I, 492 

GFAP signal intensity (Mean ± SEM; n=5 per group; F(2,12) = 0.0344, p=0.9662).    493 

 494 








