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Purpose: Although aging causes functional declines in cognition, the molecular mechanism underlying these declines re-
mains largely unknown. Recently, the spindle checkpoint kinase budding uninhibited by benzimidazole-related 1 (BubR1) has 
emerged as a key determinant for age-related pathology in various tissues including brain. However, the neurobehavioral im-
pact of BubR1 has not been explored. In this study, we investigated the role of BubR1 in behavioral function. 
Methods: To investigate the neurobiological functions of BubR1 in vivo, we utilized transgenic mice harboring BubR1 hypo-
morphic alleles (BubR1H/H mice), which produce low amounts of BubR1 protein, as well as mice that have specific knockdown 
of BubR1 in the adult dentate gyrus. To assess anxiety-like behavior, the above groups were subjected to the elevated plus maze 
and the light-dark test, in addition to utilizing the tail-suspension and forced-swim test to determine depression-like behavior. 
We used novel object recognition to test for memory-related function.   
Results: We found that BubR1H/H mice display several behavioral deficits when compared to wild-type littermates, including 
increased anxiety in the elevated-plus maze test, depression-like behavior in the tail suspension test, as well as impaired mem-
ory function in the novel object recognition test. Similar to BubR1H/H mice, knockdown of BubR1 within the adult dentate gy-
rus led to increased anxiety-like behavior as well as depression-like behavior, and impaired memory function.
Conclusions: Our study demonstrates a requirement of BubR1 in maintaining proper affective and memory-related behav-
ioral function. These results suggest that a decline in BubR1 levels with advanced age may be a crucial contributor to age-relat-
ed hippocampal dysfunction.  
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• HIGHLIGHTS
-  BubR1H/H mice exhibit impairments in affective and memory-related behavior.
-  Dentate gyrus-specific BubR1 knockdown mice exhibit impairments in affective and memory-related behavior.
-  Dentate gyrus-specific BubR1 knockdown causes neurogenic dysfunction in a non-cell autonomous manner. 
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INTRODUCTION

Aging is the greatest risk factor for cognitive dysfunction and 
neurodegenerative disorders [1]. It is estimated that the global 
population advancing in age will increase over the next several 
decades [2], making the incidence of age-related cognitive de-
cline a significant concern for aging individuals. Despite the 
high prevalence of aging and age-related disorders, present 
therapeutic development is impeded by inadequate under-
standing of the cellular and molecular mechanisms that con-
tribute to cognitive decline in aging individuals.   
 The spindle assembly checkpoint kinase known as budding 
uninhibited by benzimidazole-related 1 (BubR1) has emerged 
as a key genetic component for aging and age-related pathology 
[3,4]. BubR1 is a multifunctional serine/threonine kinase neces-
sary for appropriate chromosome segregation, kinetochore-mi-
crotubule attachment, and timing of mitosis through the APC/
CCdc20 signaling pathway [5]. Notably, expression levels of BubR1 
in wild-type (WT) mice gradually decline over the aging process 
in multiple tissues including the brain. Transgenic mice harbor-
ing BubR1 hypomorphic alleles (BubR1H/H mice) producing low 
amounts of BubR1 develop an accelerated aging phenotype that 
includes a short lifespan, cataracts, cachectic dwarfism, and sar-
copenia [3]. In humans, mutations in the BUB1B gene that en-
codes the BubR1 protein are linked to mosaic variegated aneu-
ploidy (MVA) syndrome [6]. Similar to phenotypes observed in 
BubR1H/H mice, patients with MVA syndrome express low levels 
of BubR1 and exhibit progeria traits such as short lifespans, di-
minished stature, facial dysmorphisms, and cataracts [7-9]. No-
tably, children with MVA syndrome also exhibit microcephaly, 
central nervous system abnormalities, seizures, and defects in 
ciliogenesis [6,9-14], implying a critical role of BubR1 in brain 
development and function. In our previous reports, we demon-
strated that BubR1 insufficiency impairs hippocampal neuro-
genesis [15] and myelination [16], both of which are associated 
with age-related neuropathology contributing to cognitive dys-
function. Although these studies strongly suggest a crucial role 
for BubR1 in brain development and aging-related pathways, it 
is currently unknown whether declines in BubR1 also contrib-
ute to cognitive function and affective responses.
 In the present study, we investigated the role of BubR1 in be-
havioral function. Using BubR1H/H mice which prematurely age 
due to deficits in BubR1 levels, and mice with a lentivirus-me-
diated shRNA BubR1 knockdown, we sought to test the hy-
pothesis that a reduced level of BubR1 impairs memory related 

cognitive function as well as affective responses including anxi-
ety and depressive-like behavior.

MATERIALS AND METHODS

Mice
BubR1H/H mice was a generous gift provided by Dr. Jan M. van 
Deursen at Mayo Clinic. BubR1H/H mice were generated as de-
scribed previously [3,4], and were backcrossed to the C57BL/6 
background for over 10 generations. They were housed in stan-
dard cages under a 12-hour light/dark cycle. Standard rodent 
chow and water were provided ad libitum. Animal care and 
handling procedures were approved by the Mayo Clinic Institu-
tional Animal Care and Use Committee (IACUC; #A1756) in 
accordance with National Institutes of Health guidelines.  

Behavioral Analysis
All behavior tests were performed in the rodent behavior facility 
of the Mayo Clinic College of Medicine. Adult male BubR1H/H 
and their WT littermates at the age of 8–10 weeks, and BubR1 
knockdown or control mice at the age of 12–14 weeks were 
used at the time of behavior performed. Mice were transferred 
from the housing room to the behavior facility holding area 1 
hour before testing. All tests were performed during the dark 
phase of the 12-hour light/dark cycle. Testing chambers were 
sanitized with 70% ethanol between trials. Unless otherwise 
noted, mouse movement was recorded by a video webcam 
(HDR-CX260, Sony, Tokyo, Japan) and analyzed by off-line 
video tracking software (EthoVision XT 10, Noldus Informa-
tion Technology, Leesburg, VA, USA). At the end of all experi-
ments, mice were returned to their home cage and transferred 
back to the holding room.

Elevated plus maze 
Elevated plus maze (EPM) test apparatus consisted of 2 open 
arms (length 32×width 10 cm) and 2 closed arms of the same 
size, along with a semi-transparent wall (height 26 cm) and 
central platform (length 10 ×width 10 cm). These arms and 
central platform were elevated 50 cm above the floor. Each 
mouse was placed in the edge of the open arm facing the closed 
arms and recorded using EthoVision XT (EthoVision XT 10, 
Noldus Information Technology, Leesburg, VA, USA) for 5 
minutes. The number of entries into the open and closed arms, 
as well as the time spent in the open and closed arms were mea-
sured as previously described with slight modification [17].  
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Tail suspension test 
The tail suspension box was customized and each chamber (55 
cm×15 cm×11 cm) was separated from the other chambers by 
a partition to prevent animals from interacting with each other. 
The approximate distance between the mouse’s nose and the 
bottom of the suspension box is 20–25 cm. Mice were suspend-
ed by the tail by gently securing the tail with sticky tape on a 
paper clip that was then attached to a length of string. The total 
time spent immobile was recorded over a 6-minute period [18]. 

Forced swimming test 
Mice were gently placed in a glass cylinder (18 cm in diameter) 
filled with 10 cm of water (25˚C–26˚C) to prevent mice from 
touching the bottom of the cylinder with their paws or tail. The 
amount of time spent immobile was recorded across a period of 
6 minutes. Immobility during the last 4 minutes of the 6-minute 
trial was measured with the aid of EthoVision XT (Noldus Infor-
mation Technology, Leesburg, VA, USA) as we used previously 
[18]. After testing, each mouse was placed in a warm holding 
cage (30˚C–35˚C) with bedding covered by a paper towel. 

Light-dark test 
The apparatus was a rectangular box made of Plexiglas divided 
by a partition into 2 compartments. One compartment was 
dark and the other compartment was brightly illuminated. The 
time spent in the dark compartment was recorded and each 
session had a 5-minute duration [19]. 

Novel objective recognition test 
The novel object recognition task is conducted in an open field 
arena with 2 different kinds of objects. Both objects are general-
ly consistent in height and volume, but are different in shape 
and appearance. Mice were habituated to the empty arena for 
30 minutes on day 1. On familiarization day 2, individual mice 
were introduced to the same arena and exposed to 2 identical 
objects (F1 and F2) for 10 minutes. On test day 3, the mice were 
again placed in the arena, however in addition to the familiar 
object 1 (F1), a novel object (N) was introduced to test long-
term recognition memory. A camera mounted above the arena 
recorded the animal’s general behavior and was analyzed via 
Ethovision XT tracking software (Noldus Information Technol-
ogy, Leesburg, VA, USA). Object interaction was also scored by 
an experimenter blinded to the control and experimental 
groups tested. The total time spent exploring the familiar and 
novel object is recorded [20]. 

Construction and Lentiviral Production
The short-hairpin sequences used are as follows: (shRNA-Bu-
bR1 #1) 5’-AAGGGAAGCCGAGCTGTTGAC-3’; (shRNA-
BubR1 #2) 5’- AGATCCTGGCTAACTGTTC-3’. Knockdown 
efficiency of B#1 and B#2 constructs was approximately 70%–
75% in vitro [15]. Highly concentrated lentiviruses coexpress-
ing shRNA-BubR1 (B#1 and B#2) or shRNA-control and green 
fluorescence protein (GFP) were stereotaxically injected into 
the dentate gyrus (DG) of adult C57BL/6 WT mice. Adult male 
C57BL/6 mice at 7–8 weeks of age housed under standard con-
ditions were anaesthetized and lentiviruses were stereotaxically 
injected into the DG at 4 sites (0.5 µL per site at 0.25 µL/min) 
with the following coordinates (in mm): posterior =2 from 
Bregma, lateral= ±1.6, ventral=2.5; posterior=3 from Bregma, 
lateral= ±2.6, ventral=3.2 as described previously [21]. At 4 
weeks postviral injection, mice were behavior tested.  

EdU Labeling, Immunohistochemistry, Confocal Imaging, 
and Analysis
For cell proliferation analysis, adult male C57BL/6 mice at 8–10 
weeks of age housed under standard conditions were anaesthe-
tized and lentiviruses were stereotaxically injected into the DG 
at 4 sites as stated above. At 14 days postviral injection, mice 
were injected with 5-ethynyl-2’-deoxyuridine (EdU) (41.1-mg/
kg body weight, intraperitoneally) to label dividing cells, and 
transcardially perfused 2 hours later with cold phosphate buff-
ered saline followed by 4% paraformaldehyde solution. After 
postfixation and cryoprotection, coronal brain sections (40 µm) 
were made in serial order for a total of -50 sections along the 
anterior-posterior axis using a microtome (Leica SM 2010R; 
Leica Biosystems Inc., Buffalo Grove, IL, USA). Approximately 
4–5 brain sections in each group were obtained in serial order 
of DG from the anterior to posterior axis, and processed for 
immunostaining as previously described [22]. EdU staining 
was performed according to manufacturer’s instructions (Ther-
mo Fisher Scientific, Waltham, MA, USA). Stereological quan-
tification of EdU+ cells in the subgranular zone (SGZ) were 
performed as previously described [15]. The volume of the DG 
section was calculated by multiplying the area by its thickness. 
The cell count was divided by the resulting section volume to 
obtain the total cell density in the DG per mm3. 
 For dendritic development analysis, adult male C57BL/6 
mice at 8–10 weeks of age were anaesthetized and tdTomato-ex-
pressing lentiviruses were stereotaxically injected into the DG. 
At 14 days postviral injection, GFP-expressing retroviruses were 
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stereotaxically injected with into the same sites 14 days after len-
tiviral (LV) injection and mice were subsequently examined fol-
lowing an additional 14 days for morphological analysis.    

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7.05 
(GraphPad Sofrware, La Jolla, CA, USA). Student t-test and 
1-way analysis of variance (ANOVA) was performed with Bon-
ferroni post hoc test for multiple comparisons. Statistical signifi-
cance was defined as P<0.05.    

RESULTS 

BubR1H/H Mice Exhibit Increased Anxiety- and Depressive-
Like Behavior with Impaired Memory Function
Mutations of BubR1 are linked to intellectual disability [9]. 
Therefore, we investigated whether BubR1 can regulate emo-
tional and memory-related behaviors. First, to test if BubR1 

regulates emotional behaviors, BubR1H/H mice and WT litter-
mate controls were assessed for anxiety with the EPM and light 
dark (LD) test. As depicted in Fig. 1A (left), we revealed that 
BubR1H/H mice spent significantly less time in the open arms of 
the EPM, while increasing the amount of time spent in the 
closed arms. Interestingly, we also found that the number of 
open arm entries were significantly lower when compared to 
WT controls (Fig. 1A, right). We then assessed anxiety with an 
alternative anxiety assay, the LD test, and found that relative to 
WT controls, BubR1H/H mice spent less time in the lighted, ex-
posed compartment of the LD chamber (Fig. 1B). Although 
our LD test result did not reach statistical significance (P=0.07), 
when considered in conjunction with increased anxiety in the 
EPM, it suggests that BubR1 may play a role in regulation of 
anxiety. Next, we investigated the involvement of BubR1 in de-
pressive-like behavior utilizing the tail suspension test, and 
found that BubR1H/H mice exhibited increased time spent im-
mobile, suggesting a role for BubR1 insufficiency in depressive-

Fig. 1. Benzimidazole-related 1 hypomorphic (BubR1H/H) mice exhibit increased anxiety, depressive-like behaviors and impaired memory 
function. (A) Elevated plus maze (EPM) test: Left is a summary of time spent in close, center and open arms. Right is a summary of num-
ber of entries into open or closed arm. BubR1H/H mice spent increased time in the closed arms and a decreased time in the open arms rela-
tive to wild-type (WT) mice, suggesting increased anxiety in BubR1H/H mice. (B) Light-dark (LD) test. (C) Tail suspension test (TST): Bu-
bR1H/H mice display increased immobility time. (D, E) Novel objective recognition (NOR) test: (D) Schematic diagram of NOR. (E) In the 
NOR familiarization phase on day 2, both BubR1H/H and WT mice showed no differences in time spent exploring the 2 familiar objects, 
indicating a lack of location preference. In test phase day 3, BubR1H/H mice spent less time exploring the novel object, relative to WT litter-
mates, suggesting impaired recognition memory in BubR1H/H mice. All values represent mean±standard error of the mean (17 BubR1H/
H mice and 12 WT mice). F1, F2, familiar objects; N, novel object; NS, nonsignificant.  *P<0.05. **P<0.01. ***P<0.001. Student t-test.
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like behavior (Fig. 1C). Taken together, our anxiety and depres-
sive-like behavior findings suggest that deficits in expression of 
BubR1 may potentiate dysfunctional affective responses.      
 Next, to determine the involvement of BubR1 in recognition 
memory, we carried out the novel objective recognition (NOR) 
test (Fig. 1D), a well characterized assay known to be strongly 
affected by hippocampal impairment [23]. As displayed on Fig. 
1E, our results show that in the NOR familiarization phase (day 
2), both WT and BubR1H/H mice did not display differences in 
time spent exploring the 2 familiar objects (F1 and F2), indicat-
ing a lack of location preference. However, introduction of the 

novel object (test phase, day 3), BubR1H/H mice spent a similar 
amount of time exploring the novel object (N) and the familiar 
object (F1). This is in contrast with WT littermates, which as 
expected, spent significantly more time exploring the novel ob-
ject (N). Therefore, our findings strongly suggest that BubR1 
insufficiency impairs recognition memory function. 
  
Dentate Gyrus-Specific BubR1 Knockdown Increases Anxiety, 
Depressive-Like Behavior and Impairs Memory Function
Our previous research demonstrated that BubR1H/H mice devel-
op significant motor and movement abnormalities at 2–3 

Fig. 2. Dentate gyrus (DG)-specific benzimidazole-related 1 (BubR1) knockdown impairs neural progenitor proliferation and den-
drite morphogenesis of newborn neurons in a non-cell autonomous manner. (A-C) Neural progenitor proliferation: (A) Schematic 
diagram of experimental design. (B) Representative confocal images of green fluorescence protein (GFP)-expressing lentiviruses 
(green; inset), 5-ethynyl-2’-deoxyuridine (EdU, red), and 4’, 6’-diamidino-2-phenylindole (DAPI, gray) in the adult mouse DG. Scale 
bars: 20 µm, respectively. (C) Stereological quantification of EdU+ cells in the adult subgranular zone. (D-F) Dendrite morphogenesis 
analysis: (D) Schematic diagram of experimental design. (E) Representative confocal images of tdTomato-expressing lentiviruses (red; 
inset), and GFP-expressing retrovirus (white) in the adult mouse DG. Scale bars: 50 µm, respectively. (F) A summary of mean values 
of total dendritic length of newborn neurons. Decreased dendritic length using 2 different shRNA mediated BubR1 knockdown con-
structs, B#1 and B#2. All values represent mean±standard error of the mean. 1-way analysis of variance with Bonferroni post hoc test. 
*P<0.05. **P<0.01. ***P<0.001. Number associated with bar graphs indicates number of mice tested.  
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months of age [16]. Therefore, we wondered whether the ob-
served affective and memory behavior impairments in BubR1H/H 
mice could be due to confounding deficits in motor function. 
To rule out these possibilities, we generated shRNA-BubR1 LV 
constructs [15] to selectively knockdown endogenous BubR1 
levels within adult WT mouse DG in a non-cell autonomous 
manner (Fig. 2A, B). As shown in Fig. 2C, we confirmed that 
BubR1 knockdown significantly impairs adult hippocampal 
neurogenesis, as evidenced by a significant reduction in the 
number of EdU+ cells expressed by shRNA-BubR1-LV con-
structs (B#1 and B#2) in comparison to shRNA-control. Our 
results are indicative of impaired neural progenitor prolifera-
tion in the hippocampal DG by deficits of BubR1. Notably, the 

neurogenic dysfunction denotes a consistent effect that we pre-
viously observed in cell autonomous effect of BubR1 [15]. 
Moreover, utilizing a GFP-retroviral approach (Fig. 2D, E), we 
revealed that shRNA-BubR1-LV mediated knockdown in the 
mouse hippocampus decreased dendrite length of newborn 
neurons (Fig. 2F) in comparison to shRNA-control-LV. 
 We next investigated whether shRNA-BubR1-LV mediated 
DG-specific knockdown was sufficient to potentiate memory 
and affective behavior deficits. Four weeks after LV injection, 
mice were underwent anxiety, depressive-like, and memory 
tests as described above. As shown in Fig. 3A, we confirmed 
wide-spread LV-mediated transgene expression across the sep-
tal-temporal axis of the DG. Similar to BubR1H/H mice, hippo-
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campal DG specific knockdown of BubR1 led to higher levels 
of anxiety in the EPM (Fig. 3B) and LD test (Fig. 3C), increased 
depressive-like behavior in the FST test (Fig. 3D), and impaired 
memory function in NOR test (Fig. 3E). Taken together, these 
results indicate the critical DG-specific role of BubR1 in regula-
tion of emotional and memory-related function. 
 

DISCUSSION

In both humans and mice, age-related cognitive deficits are 
closely linked to pathology in the hippocampus, a brain area 
critical for memory and mood regulation [24]. The exact mech-
anisms mediating this decline remain unknown. In this report, 
we utilized a premature aging mouse model that expresses low 
levels of BubR1 (BubR1H/H mice) as well as shRNA mediated 
DG-specific BubR1 knockdown, to demonstrate that BubR1 
insufficiency causes deficits in hippocampal-dependent memo-
ry function, increased anxiety- and depressive-like behaviors. 
Together with our previous studies showing that reduced levels 
of BubR1 impairs neurogenesis [15] and myelination [16], the 
results of this current study suggest that declines in BubR1 lev-
els in conjunction with advanced aging, may be a crucial con-
tributor to age-related hippocampal dysfunction.  
 We previously found that BubR1 mRNA expression is dra-
matically reduced in an age-dependent manner, as aging incre-
mentally proceeds. Moreover, BubR1 insufficiency causes im-
pairments in multiple phases of adult hippocampal neurogene-
sis from neural progenitor proliferation to neuronal maturation 
[15]. The findings in the current study extend the established 
function of BubR1 in age-related neuropathology to cognitive 
aging. Previous studies demonstrate that both humans and 
mice undergo declines in cognitive performance with age [24]. 
Additionally, adult neural progenitor proliferation and hippo-
campal neurogenesis dramatically decreases with age [25]. In-
terestingly, locomotor impairments and increased anxiety have 
been detected via the EPM [26], and impaired hippocampal 
dependent memory behaviors by the Morris water maze in 
aged mice [27-29], similar to what we have seen in BubR1H/H 
mice. While the underlying mechanisms of how aging leads to 
hippocampal pathology are still unclear, this current study in 
conjunction with our previous work, demonstrate that BubR1 
levels are dramatically reduced in the mouse brain in an age-
dependent manner  [15]. Further, BubR1H/H mice show acceler-
ated age-dependent impairments in neural progenitor prolifer-
ation, and impairs neuronal maturation [15]. Therefore, our re-

sults suggest that BubR1 insufficiency causes premature hippo-
campal aging, which is consistent with previous reports stating 
that BubR1H/H mice develop accelerated aging-related patholo-
gies in other tissues [3]. Furthermore, our results strengthen 
these observations, as we show that age-related BubR1 decline 
in the hippocampus contributes to cognitive aging.         
 BubR1 is commonly known as a critical mitotic checkpoint 
kinase, and its function is required to prevent premature ana-
phase initiation through inhibition of the anaphase promoting 
complex. In humans, mutations of BubR1 have been directly 
associated with aberrant neurodevelopmental traits such as mi-
crocephaly and ciliopathy, both of which are known to be asso-
ciated with intellectual disability and cognitive deficits in MVA 
syndrome [9]. In addition, reduced levels of BubR1 are known 
to cause dysfunctional ciliogenesis, which leads to defects in 
cerebellar development [14]. Recent studies have shown that 
knockdown of BubR1 during embryonic neural development 
leads to impaired progenitor cell division and thus defects in 
cortical neurogenesis [30]. Taking clinical and preclinical evi-
dence into consideration, it is highly likely that BubR1 is critical 
towards maintaining proper neural developmental function. 
Importantly, adequate presence and activation of BubR1 may 
be of significant physiological importance to ensure normal 
hippocampal function. 
 In conclusion, the present study shows BubR1 is essential to 
maintaining behavioral function and proper adult neurogene-
sis. A large body of evidence suggests that aging and age-related 
defects in hippocampal neurogenesis contributes to cognitive 
decline [31]. Therefore our identification of BubR1 as a critical 
regulator of age-related hippocampal pathology raises the pos-
sibility that BubR1 may be a key player in brain aging.
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