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Abstract

Introduction: Neuroprotective therapeutics achieved from animal studies have not
been able to translate into clinical stroke therapies. A major reason may be that the
functional tests and outcomes between animal stroke studies and clinical trials are
significantly different. Ultimately, functional recovery is most important for stroke
patients, but it remains challenging to identify animal functional tests that reflect
human stroke deficits. This study aimed to explore whether the nest-building activity
can be used as a functional test of mouse stroke deficit.

Methods: Forty-one C57B6 male mice were randomly assigned into a sham-operated
control group and 20-, 40- and 60-min middle cerebral artery occlusion (MCAQ)
groups. Mice were perfusion-fixed at 21 days following sham surgery or MCAO.
Infarct volumes were assessed under the light microscopy. The nest-building activity
was characterized and quantitatively evaluated.

Results: The results show that only a small portion of striatum was damaged after
20-min MCAO. The brain damage areas were expanded from striatum to the neocor-
tex and hippocampus proportionally after 40-min and 60-min MCAO, respectively.
Consistently, relative to that of the sham-operated mice, the nest-building activity
was insignificantly altered after 20-min MCAO, but dramatically and significantly re-
duced proportionally following 40-min and 60-min MCAO, respectively. The nest-
building deficit was a long-lasting event and could be seen for as long as 14-21 days
of recovery, the longest endpoint of this study.

Conclusions: The results suggest that the nest-building activity may be a novel, ob-
jective, easy to use, highly sensitive, and long-lasting test that may reflect the multi-
faceted sensorimotor and cognitive deficits after stroke in humans. Our findings may
provide a novel multifaceted test for bridging the gap between animal stroke studies

and clinical trials.
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1 | INTRODUCTION

Ischemic stroke is a major cause of death and disability worldwide.
Significant efforts and resources have been devoted to experimen-
tal stroke research for understanding the underlying mechanisms
and for developing clinical therapies. However, these efforts and re-
sources have not been able to translate into effective clinical thera-
pies (Fisher, 2011). A major reason may be the significant difference
in the evaluation of the functional deficits between animal studies
and stroke clinical trials. Many functional or behavioral tests in ani-
mal studies are not to assess natural animal behaviors; rather animals
are forced to perform a task designed by investigators. Sensorimotor
dysfunction is the most prominent clinical stroke deficit, but rodents
are able to adapt and thus recover from sensorimotor deficits quickly
after stroke (Rewell et al., 2017). As a result, some sensorimotor tests
may be less sensitive, especially at the late time points, in rodent
models of stroke (Balkaya, Kréber, Rex, & Endres, 2013; Balkaya et al.,
2017). Therefore, there is unmet need of developing effective natural
functional assessments for animal studies that reflect both short- and
long-term deficits of human stroke patients (Encarnacion et al., 2011).

Nest building is a natural behavior throughout the animal king-
dom (Bachstetter et al., 2014). Primates such as extant strepsirrhines
(lemurs and lorisoids) and hominid apes (gorillas, chimpanzees, and
orangutans) build nests for both sleeping and also for raising families
(Stewart, Pruetz, & Hansell, 2007; Stewart, 2011; van Casteren et al.,
2012). Small rodents build nests for bed and shelter. Nest-building
behavior in animals may be similar to preparing bed and maintain-
ing houses in humans (Lin, Chen, Kuang, Wang, & Tsien, 2007,
Bachstetter et al., 2014). Normal nest-building activity also indicates
an animal’s well-being and, perhaps most importantly, is performed
spontaneously in the home cage without enforcement by investiga-
tors (Jirkof, 2014).

The objective of this study was to investigate whether nest-
building activity can be used as a novel, quantitative, sensitive, and
long-term functional test in the mouse model of stroke. The results
convincingly show that mouse natural nest-building activity can be
easily, objectively, and quantitatively analyzed with a pressed cot-
ton nestlet in the home cage. Unlike some functional tests, mouse
nest-building activity is a spontaneous behavior without the need
for human enforcement. It is a simple, cheap, and quantitative test
and can be used to assess mouse long-term sensorimotor function,
cognitive function, and well-being after stroke. Mouse nest-building
activity test is likely to become a sensitive method for measuring the

degrees of stroke deficits and recovery.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

The study was conducted in accordance with National Institutes of
Health guidelines for the use of experimental animals. The animal
protocols were approved by the Animal Care and Use Committee at
the University of Maryland, Baltimore.

2.2 | Animals

Male C57B6 mice, age about 10 - 12 weeks, were purchased from
Charles River Laboratories (Wilmington, MA). Mice were given
food and water ad libitum and kept on a 12-hr light/dark cycle in
climate-controlled housing. Animals were cared according to institu-
tional guidelines in the animal resource facility at the University of

Maryland Baltimore.

2.3 | Middle cerebral artery occlusion
(MCAO) model

Before surgery, mice were assigned to experimental groups. The con-
ditions for exclusion, endpoint criteria, euthanasia, and sample size
were defined also before surgery. Male C57B6 mice were subjected
either to O (sham surgery, n = 11), 20 min (n = 6), 40 min (n = 14), or
60 min (n = 10) MCAO followed by 21 days of reperfusion accord-
ing to the method of Zhang, Graham, and Chen (2009). Mice were
anesthetized with isoflurane, 5% induction, and 1.5% maintenance.
To ensure adequately ischemia and reperfusion, cerebral blood flow
in the middle cerebral artery (MCA) territory was carefully and con-
tinuously monitored with laser Doppler flowmetry (LDF) (PowerLab,
ADinstruments, Colorado Springs, CO) before, during, and after
MCAQO. An incision was made in the area between the ear and the
eye to expose the temporal bone for inserting a needle laser Doppler
probe. The Doppler probe was affixed to the skull of the MCA ter-
ritory for the entire period of surgery under anesthesia. The mice
were then placed in the supine position. An incision was made in the
midline neck region, and the common carotid artery (CCA) and left
external carotid artery (ECA) were isolated. Left ECA was then per-
manently ligated. A 12-mm monofilament (6-0, nylon suture, United
States Surgical, Norwalk, CT, USA) was coated with silicone. The sizes
of the final coating diameter of 0.22-0.23 mm and coating tip length
of 2.0 £ 0.2 mm were carefully and precisely selected. The silicone-
coated suture was inserted into the ECA and further advanced via
the internal carotid artery (ICA) to the base of the MCA to block the
blood flow to the MCA territory. MCA occlusion was confirmed dur-
ing the entire MCAOQ period by the blood flow measurement via the
LDF (PowerLab, ADinstruments, Colorado Springs, CO) as described
above. After O (sham)-, 20-, 40-, or 60-min MCAOQO, the monofila-
ment suture was removed. The reperfusion was confirmed by the
corresponding return of the MCA blood flow to the about preoc-
clusion level via the LDF. After 70 min (for the sham group), 50 min
(for the 20 min MCAO group), 30 min (for the 40 min MCAO group),
and 10 min (for the 60 min MCAO group) of reperfusion, isoflurane
was discontinued, all wounds were sutured, and mouse was returned
to the home cage. For the survival period, the mouse was kept in
the cage with facilitated access to water and food. Sham-operated
mice received the same surgical procedure except the monofilament
was inserted and immediately removed. During the surgery, mouse
body and mouse head temperature was monitored and maintained
at 37 + 0.5°C with a warm water blanket and a heating lamp. The

mice were allowed to survive for 21 days postsurgically.
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2.4 | Experimental groups

Prior to the surgical procedure, mice were randomly and blindly as-
signed to either sham (n = 11), or 20-min (n = 6), 40-min (n = 14), and
60-min (n = 10) MCAO groups, followed by 21 days of reperfusion.
These sample sizes were determined based on the power analysis of
the data from our own studies.

2.5 | Exclusion and inclusion

All mice were included except one mouse in the 40-min sham sur-
gery group because of the data belonged to the outlier based on the
Grubbs' test statistical analysis.

2.6 | Nest-building activity

All mice were randomly assigned to experimental groups before sur-
gery. All analyses were performed blindly. Mice were singly housed
with wood-chip bedding with no environmental enrichment items
and had ad libitum access to food and water throughout the experi-
ments. Mouse performed nest-building activity naturally and au-
tonomously in the “home” cage. Normal mice only need less than
10 min to build a nest (Rock et al., 2014). The nestlet is a small piece
of pressed cotton for a mouse to make a nest in his or her home cage
(see below Figure 3 a, left). The nestlet used in this study was a 5 cm
square of pressed cotton batting (Ancare, Bellmore, NY). The nestlet
was manufactured from pulped virgin cotton fiber, sterilized during
manufacture, and cleanly packed. Nestlets do not deteriorate during
storage. Only 2.5 g nestlets were used. If heavier than 2.5 g, nestlets
were trimmed to 2.5 g before use. One piece of nestlet was placed
in the corner of each cage at 10 a.m., The next morning at 10 a.m.,
the amounts of torn and untorn nestlet materials in each cage were
weighed. An untorn piece was defined as that heavier than 0.05 g.
The percentage of torn vs. untorn nestlet materials was then calcu-
lated. If a nestlet was all torn, it was counted as 100%. If a nestlet
was completely untorn, it was counted as 0%. The percentage of
torn nestlet was counted as 0% after mice were dead.

2.7 | Quantitative histological analysis of brain
injury area and volume

Quantitative analysis of brain damage area was performed upon
completing the nest-building activity tests. After 3 days following
MCAO, the amount of brain damage size becomes relatively sta-
ble (Rewell et al., 2017). The definition of the total damaged brain
region includes both the core and penumbral area. The borderline
between the normal area containing only normal neurons and dam-
aged area containing any recognizable dead neurons was delineated.
Briefly, mice were anesthetized and perfusion-fixed via the ascend-
ing aorta with 100 ml ice-cold phosphate-buffered saline (PBS) and
then 200 ml of 4% paraformaldehyde in PBS. Brains were postfixed
for 3 days and sectioned consecutively at 50 pm thickness between
bregma +1.54 mm and -2.31 with a Leica VT1000 S vibratome (Leica
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Biosystems, Nussloch, Germany). Up to 77 sections were collected
and stored individually in the wells of a standard 96-well polypro-
pylene plate. The wells were half-filled with an antifreeze solution.
Brain sections were stored at -20°C until use.

Quantitative histopathological analysis of brain damage size
was performed with a method described in our recent publications
(Kristian & Hu, 2013; Luo et al., 2015). Every tenth 50-um-thick sec-
tion starting from bregma +1.35 mm and a total of 8 sections were
selected. All eight brain sections were mounted onto a single mi-
croscopic glass slide and stained with hematoxylin and eosin (H&E).
A total of 20 (for the smallest striatal section) - 30 (for the largest
hippocampal section) individual histological images from each brain
section were captured under a 5x objective of the Nikon Eclipse
800 microscope equipped with a camera system. A montage of the
entire brain section was then assembled with the Stereolnvestigator
program (Kristian & Hu, 2013; Luo et al., 2015; ). The total normal
areas in both contralateral and ipsilateral hemisphere were sepa-
rately quantified with the NIH ImagelJ software. The total damage
area in each section was calculated with a formula; total damaged
area = contralateral normal area - ipsilateral normal area. The total
damage volume was calculated based on eight brain sections at
0.5 mm apart ranging from 1.35 to -2.15 mm relative to bregma. For
the total damage volume, we first calculated each damage volume
between two adjacent sections using the average area multiplying
the distance between the two adjacent sections. For example, the
first damage volume = [(the damage area of the first section + the
damage area of the second section)/2 x the distance between the
sections (0.5 mm)]. The total damage volume was then calculated by
adding up all the 7 damage volumes among eight sections.

2.8 | Statistics and analysis

KaleidaGraph software (Synergy Software, PA, USA) was used for
the statistical analysis. The data distribution of brain damage areas or
volumes is likely nonparametric (Marchal et al., 1999). For the nest-
building test, most sham-operated mice have 100% nestlet material
torn, whereas MCAO mice having 0%-100% torn. Therefore, the data
distribution is also likely nonparametric. Therefore, Mann-Whitney
Wilcoxon analysis was used for the statistical analysis of both brain
damage size and nest-building activity. Results were presented as
means + SEM for the indicated number of experiments (n). p value
equal to/less than .05 was considered to be statistically significant.

3 | RESULTS

3.1 | Brain damage size after MCAO

To evaluate the extent of brain damage areas and volumes follow-
ing MCAO, we stained brain sections with H&E. We defined the total
brain damage area where contains any damaged neurons under the
light microscopy (including both the core and penumbral regions).
Figure 1a shows the striatal (-0.15 mm from bregma) and hippocam-
pal (-2.15 mm from bregma) brain sections. As expected, in this mouse
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(a) 20 min MCAO 40 min MCAO

60 min MCAO

FIGURE 1 (a) Representative coronal
sections of mouse brains at the striatal
and hippocampal levels after 20-, 40-, and
60-min middle cerebral artery occlusion
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MCAO model, 20-min MCAO damaged only a small portion of the stri-
atum, and 40 min of MCAO led to not only striatal but also neocortical
and hippocampal structural damage, while 60 min of MCAO resulted
in more expanded striatal, neocortical, and hippocampal structural
damage in the ipsilateral brain hemisphere (Figure 1a). Normal neu-
rons were characterized by the large round neuronal nuclei stained in
a light purple color with hematoxylin and cell bodies stained in a light
pink color with eosin (Yuan, Liu, & Hu, 2018). The neuropil areas were
stained uniformly also in the light pink color with eosin (Figure 1a).
Dead neurons showed significantly shrunken and polygonally shaped
and darkly stained or basophilic nuclei and with acidophilic or thick
pink cytoplasm (Yuan et al., 2018). The borderline between the area
containing only normal neurons and damaged tissue containing any
recognizable damage neurons was delineated as shown in Figure 1a.

Brain damage areas were quantitatively analyzed as described in
the Methods Section. As shown in Figure 2 below, a few 40- and 60-
min MCAO mice were dead for more than 6 hr. As a result, their brain
tissue qualities were deteriorated and could not be collected for patho-
logical evaluation. Figure 1b shows the quantitative analysis of brain
damage areas of the remaining mouse brains at different planes relative
to bregma. The average brain damage areas were : 60 min > 40 min > 20
min MCAO groups in all mouse brain section planes (Fig. 1b). Figure 1c
shows the total brain damage volume. Consistently, the 60 min MCAO
group had a significantly larger damage volume than the 40 min MCAO
group had. In comparison, the 20 min MCAO group had a significantly
smaller damage volume than the 40 min MCAO group had.

(MCAO), respectively. The borderline
between the area containing only normal
neurons and damaged tissue containing
any recognizable damage neurons was
delineated with a solid black outline. (b)
Quantitative analysis of brain damage

* areas at different brain section levels
- relative to bregma in 20 (n = 6), 40 (n = 8),
l and 60 (n = 5) min of MCAO groups. (c)
l Quantitative analysis of brain damage

volumes in 20 (n = 6)-, 40 (n = 8)-, and
60 (n = 5)-min MCAO groups. Data (b
1 and c) are expressed as mean + SEM for

the indicated number of experiments (n).
Mann-Whitney Wilcoxon analysis was

20min 40min 60min
MCAO MCAO MCAO

used for the statistical analysis. *p < .05,
**p <.01

3.2 | Survival rates and mortality

Figure 2 shows the survival rate (Figure 2a) and mortality rate
(Figure 2b) of the mouse MCAO groups. All sham-operated control
mice (Figure 2a, filled triangle) and 20-min MCAQO mice (Figure 2a,
filled square) were survived for all 21 days postsurgically. After 40-
min MCAO, there were about 85.7% mice survived at day 3, 64.3%
at day 4, and 42.9% at day 5 postsurgically (Figure 2a, filled circle).
All 40-min MCAO mice alive at 5 days postsurgically survived for
the entire 21-day postsurgical period (Figure 2a, filled circle). After
60-min MCAQO, there were about 80% mice survived at day 1, 60%
at day 2, 50% at 3, and 20% at 6 days postsurgically (Figure 2a, open
circle). Similar to that of 40-min MCAQO, all 60-min MCAO mice alive
at 6 days postsurgically survived for the entire 21-day postsurgi-
cal period (Figure 2a, open circle). Mortality rate was zero in sham-
operated and 20-min MCAO group, but was significantly higher
in 40-min MCAOQO group, and the highest in 60-min MCAO group
(Figure 2b).

3.3 | Nest-building activity

Nest-building activity has not been reported as a functional test of
stroke deficit. This study developed a methodology for evaluation
of nest-building activity for indexing stroke deficits in the mouse
MCAO model. Briefly, the torn and untorn nest materials were

weighed. The percentage of torn vs. untorn nest materials was then
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FIGURE 2 (a) Survival rate. (b) Mortality rate

calculated. Nest-building activity was quantitatively evaluated daily
until the post-MCAO 21 days. Figure 3a shows a 0% torn or untorn
(left), a partially torn (middle), and a 100% torn nestlet, respectively.
Figure 3b shows the changes in the nest-building activity in mice
following sham surgery, 20-min, 40-min, or 60-min MCAO, respec-
tively. As shown in Tables 1 and 2, after sham surgery, mice built, in
average, 18.73 + 7.83% of torn nest material or simply nest (hereaf-
ter) at day 1, 79.45 + 8.47% of nest at day 2, and 293.18 + 2.81% of
nest from day 3 onward (Figure 3b). Similarly, after 20-min MCAO,
mice built, in average, 54% of nest at day 1, 60% at day 2, 79% of
nest at days 3, and 299% from day 4 onward. In comparison, after
40 min of MCAO, mice built less than 43% of nest at any given day
throughout the entire 21-day period of reperfusion, significantly
lower than those built by mice after either sham surgery or 20 min
of MCAO (Figure 3b, Tables 1-2). Furthermore, after 60-min MCAO,
mice built even lesser nest relative to those after 40-min MCAO at
about 20% level at any given day throughout the 21-day period of
reperfusion (Figure 3b, Tables 1-2).

All mice who died after MCAO did not build nest (0%) in any given
day before death. Because of that, dead mice after MCAQO were con-
sidered to build 0% nest (see Methods Section) in the days after their
death. Even excluding the data from mice who died after MCAO,
there were still significant differences in the nest-building activities
during the post-MCAOQ period between the sham surgery group and
40-min MCAO group (Figure 3c). Furthermore, relative to the infarct
volume of mice who died after 40- to 60-min MCAO, the survivors
had significantly smaller infarct volume after MCAO (Figure 3d). In
other words, the survivors had significantly smaller brain infarct vol-
umes and thus regained some degree of nest-building activity at the

late periods of reperfusion (Figure 3c, open circle).

4 | DISCUSSION

Because of the poor translation to the clinical application, the Stroke

Therapy Academic Industry Roundtable (STAIR) recommends using

Post-Surgical Day

multiple endpoints for behavioral studies in preclinical stroke re-
search, to demonstrate the clinical relevance. Therefore, develop-
ment and identification of a group of clinically relevant functional
tests may be essential for successfully translating animal studies into
the clinical applications. This study characterizes a novel functional
test to reflect mouse multifaceted sensorimotor and cognitive coor-
dination ability and well-being. This is the first report demonstrat-
ing that nest-building activity may be an effective functional test
reflecting the long-term deficit in the mouse model of stroke. We
have found that nest-building deficit directly correlates with mouse

stroke severities.

4.1 | Areproducible mouse stroke model

A reproducible mouse stroke model is essential for the comparison
of the mouse functional deficits. In addition to those of keeping con-
sistency in the surgical procedures, and in animal health and experi-
mental conditions, the shape and position of the suture occluder and
animal collateral circulation are key factors for the reproducibility of
the mouse stroke model. For example, in our hands, when the CCA
was temporally ligated, the MCA blood flow was reduced to the 20%-
50% of the preocclusion level in some mice, while 60%-80% of the
preocclusion level in the others, suggesting that the collateral circula-
tion from the contralateral hemisphere varies significantly among dif-
ferent mice (data not shown). There is a strong correlation between
silicone-coating length and infarct size (Guan etal., 2012). In our
hands, a silicone-coating length of 2.0 mm is required to completely
occlude the MCA and avoid collateral circulation from the anterior
choroidal artery, posterior cerebral artery, and hypothalamic artery.
All mice subjected to the intraluminal procedure had relatively
consistent brain damage size in this study. This might be attributable
to the very carefully selected smoother silicon-coated monofilament
suture occluder at precisely 0.22-0.23 mm in diameter and coating
tip at 2.0 £ 0.1 mm in length. Another key reason for the consistent
MCAO damage might be due to the consistent blood flow to the
MCA territory, which was continuously monitored and precisely
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(a) Photographs of the nest-building levels; (left) 0% turn or completely untorn nestlet, (middle) partially torn nest, and (right)

100% torn nest. (b) Percentage of nest-building activity calculated with inclusion of mice who died after 40- and 60-min middle cerebral
artery occlusion (MCAO) (dead mice = 0%, see Methods). Sham surgery (n = 11, filled triangle), 20-min (n = 6, filled square), 40-min (n = 14,
filled circle), and 60-min (n = 10, open circle) MCAO groups. (c) Percentage of nest-building activity calculated with data only from survived
mice. (d) The percentage of the damage volume between dead mice (n = 8) and mice who survived the entire postsurgical period (n = 6) after
40-min MCAO. Data (b - d) are expressed as mean + SEM for the indicated number of experiments (n). Mann-Whitney Wilcoxon analysis was

used for the statistical analysis. *p < .05

controlled at below 10% of preocclusion level. This was accom-
plished by using anesthetized mice during the MCAO period so that
the suture occluder position would less likely to move away from the
position. Even under carefully controlled anesthetic condition, the
MCA blood flow was occasionally jumped to a higher level, suggest-
ing that the suture occluder might indeed be able to move during
the MCAO period. Under this situation, the suture occluder posi-
tion was carefully adjusted to make sure that the MCA blood flow
was within less than 10% of the preocclusion level. These measures
may be necessary to produce consistent brain damage in this mouse
MCAO model.

4.2 | Nest-building activity

Mouse natural and spontaneous nest-building activity is a strong in-
dicator of multifaceted sensorimotor and cognitive function, as well
as well-being, and is sensitive to brain lesions (Jirkof, 2014). The re-
sults of the present study support that the nest-building activity def-
icit, when including mice who died after MCAO, is likely to become a
new and long-term behavioral phenotype after mouse stroke. This is
because that this natural behavioral test can be quantitatively moni-
tored daily and requires minimal effort, while still highly sensitive for
indexing the long-term stroke deficit (Figure 3). Normal mice per-

form nest-building activity naturally and autonomously every day

without investigator manipulation or enforcement, thus avoiding
the variation and bias due to the human handling. The results of the
present study further show that deficit in the nest-building activity
correlates well with the stroke severity after mouse MCAQO; 20-min
MCAO leads to damage only to a small portion of striatum and thus
minimally affected the nest-building activity, whereas 40-min and
60-min MCAO results in corresponding larger brain damage and
higher degrees of deficits in the nest-building activity. Additionally,
the nest-building activity deficit after mouse MCAO is a long-lasting
event. The nest-building deficit, when including mice who died after
MCAO, remains significant at 21 days of recovery after 40- and 60-
min MCAO, the longest observation duration in this study.

All mice who died after MCAO did not build nest (0%) in any given
day before death. Because of that, dead mice after MCAQO were con-
sidered to build 0% nest (see Methods Section) in the days after their
death. The death is the worst outcome and thus mice who died after
MCAO would be the worst performer. This is consistent with that
dead mice after stroke have significantly larger infarct volume than
mice who survived the same period of MCAO (Figure 3d). In other
words, the mice who died after MCAO are those who have signifi-
cantly severe stroke in the same stroke group. If excluding mice who
died after stroke from the 40-min or 60-min MCAO group, it will
significantly underestimate the nest-building deficits in these stroke

groups. Therefore, it may be reasonable to count the nest-building
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TABLE 1 Nest-building activity: Mean + SEM

Post-MCAO Day

11 14 21

10

Group

18.73 +£7.83 79.45 +8.47 93.18 £2.81 98.25 £ 0.58 100.0 £ 0.00 100.0 £ 0.00 100.0 £ 0.00 100.0 £ 0.00 100.0 £ 0.00 100.0+0.00  100.0 +0.00

Sham

(n=11)
20'MCAO

(n=6)
40'MCAO

60.00 + 24.5 79.00 £ 19.8 99.00 + 1.00 100.0 + 0.00 100.0 = 0.00 100.0 + 0.00 100.0 = 0.00 100.0 = 0.00 100.0+0.00  100.0 + 0.00

54.00 +22.7

16.50+9.10 19.00+9.16 22.00 £ 9.94 24.57 £9.92 27.79 +10.8 32.57 £11.2 37.86+12.4 41.86 +13.4 42.86 £ 13.7

10.93 + 6.37

3.57 +3.50

(n=14)
60'MCAO
(n=10)

0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 6.50 + 6.50 18.50+ 124  20.00+13.3 20.00+13.3 20.00+13.3 20.00+13.3 20.00+13.3

0.00 +0.00

MCAO, middle cerebral artery occlusion.

Data are presented as means + SEM for the indicated number of experiments (n).
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activity for mice after their death as the same values as those (0%)
before their death.

The quality of the nest (such as the nest size and shape, and nest
wall height) may also be characterized. Because of the shape of the
nest is often irregular, and height of the different segments of the
nest wall may not always be the same, quantitative evaluation of the
nest quality may be somewhat subjective.

Another issue may be that some behavioral changes disappear
within 3-5 days after stroke in mouse models because mice adapt
the stroke (focal damage) quickly (Freret et al., 2009). For example,
the rotarod may not be a test of choice for long-term evaluation of
deficits after mouse MCAO (Freret et al., 2009). In comparison, mice
show persistent nest-building deficit after 40 and 60 min of MCAO
(Figure 3b).

Similar to other functional tests, mouse nest-building activity
may be influenced by a number of factors. As shown in Tables 1 and
2, sham-operated mice perform only about 20% of nest-building ac-
tivity in the first day, about 80% in the second day, and about 100%
from the fourth day onward after the surgical procedure. This may
suggest that the surgical procedure may somewhat affect the nest-
building activity. However, the effect of the surgical procedure and/
or anesthesia on the nest-building activity seems small and short-
lived. Therefore, the surgical procedure and/or anesthesia may not
prevent using the nest-building activity for indexing stroke severity
even in the early recovery periods after mouse MCAQO (Figure 3).
Other environmental factors might also affect mouse nest-building
activity. These may include stress conditions, animal home cage am-
bient and animal body temperatures, and animal sex, age, and strain,
or genetic modifications (Greenberg et al., 2016). For these reasons,
to perform the nest-building behavioral test in stroke animal studies,
one may need to keep the surgical procedure as well as environmen-

tal conditions as identical as possible to minimize any impacts.

4.3 | Mechanisms of mouse MCAO-induced nest-
building deficit

Mouse nest-building activity involves a complex behavior, requir-
ing coordinating sensorimotor and cognitive activities of pulling,
carrying, fraying, push digging, sorting and fluffing of the nest ma-
terial (Gaskill etal., 2012). Nest-building activity depends on the
striatal and hippocampal function (Szczypka et al., 2001; Fleming
et al., 2004; Lin etal., 2007; Sager etal., 2010; Estrada-Sanchez,
Barton, Burroughs, Doyle, & Rebec, 2013). Hippocampus-ablated
rats showed sluggish nest-building activity (Kim, 1960). These previ-
ous studies support the notion that striatal and hippocampal dam-
age after mouse stroke may contribute to the nest-building deficit.
Nest-building activity is virtually absent in mice deficient in calcium/
calmodulin-dependent protein kinase Il (CaMKII) gene (Bachstetter
et al., 2014). This may explain the nest-building deficit after mouse
MCAO because CaMKII activity is dramatically reduced in animal
models of brain ischemia (Tang, Liu, Kuluz, & Hu, 2004). In addition,
a transgenic line of Alzheimer disease displays reduced nest-building
activity (Deacon et al., 2008). Evidence suggests that striatal and
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TABLE 2 p Value of Mann-Whitney Wilcoxon analysis of nest-building activity
Post-MCAO Day

Group 1 2 3 4 5 6 7 10 11 14 21

Sham vs. 20’ <.060 .283 317 226 - - - - - - -

Sham vs. 40’ <.090 <.001 <.001 <.005 <.002 <.004 <.004 <.004 <.006 <.020 <.030

Sham vs. 60’ <.020 <.001 <.001 <.001 <.001 <.002 <.005 <.005 <.005 <.005 <.005

20’ vs. 40’ <.020 <.040 <.010 <.001 <.001 <.002 <.002 <.002 <.002 <.002 <.002

20’ vs. 60’ <.010 <.010 <.010 <.001 <.001 <.001 <.003 <.003 <.003 <.003 <.003

40’ vs. 60’ 110 <.040 <.040 <.020 <.088 181 .200 .200 181 143 126

MCAQO, middle cerebral artery occlusion.

KaleidaGraph software (Synergy Software, PA, USA) was used for statistical analysis. “-” indicates the incomparable nature between the two groups
because 100% nest-building activity in both the sham surgery and 20-min MCAO group. The bold numbers indicate the statistical signficance (p<0.05)

between the two groups.

hippocampal structural damage, CaMKIl depletion and cognitive
deficit after mouse MCAO may lead to the nest-building deficit.

4.4 | Nest-building activity as a sensitive and
long-term indicator of mouse stroke functional deficit

To analyze animal functions, one can either measure a natural be-
havior in an unrestricted manner, or an unnatural behavior in a
forced manner. Measuring a natural nest-building activity in stroked
mice may be similar to watching daily activities of stroke patients.
The main advantage of quantification of unforced natural behav-
jor is to generate more reliable results potentially reflecting daily
activities of stroke patients. Nest-building activity is natural and
spontaneous behavior and has been proposed to represent mouse
well-being (Jirkof, 2014). First, the mouse must be highly motivated
and capable of building a nest. This can be witnessed by the fact that
a healthy laboratory mouse builds a new nest everyday (Figure 3).
Second, nest-building activity is a multifaceted behavior requiring
coordination of sensorimotor and cognitive functions as discussed
above. Therefore, to build a nest, a mouse must feel good and have
the capability of performing motor, sensory, and cognitive functions.
The results of this study show that nest-building deficiency may be
used as a sensitive and long-term indicator of mouse functional defi-
cit after stroke. Mouse nest-building activity closely resembles to
the “daily living activities” of humans (Lin et al., 2007; Bachstetter
et al., 2014). This may be important because a sensitive multifaceted
functional and well-being test that reflects the daily living activities
of stroke patients is likely to be a strong clinical indicator of stroke
recovery.

In summary, nest-building activity is performed naturally and
spontaneously. It can be easily administered and effortlessly quanti-
fied, and can provide reliable results effectively reflecting the mea-
sures of the long-term performance after mouse MCAO. However, it
reflects multifaceted functions and animal well-being, rather than a
specific function. Therefore, by combination with pathological data
and function-specific behavioral tests, nest-building test may be
used as a sensitive well-being indicator for facilitating translation of

new therapeutics from bench to bedside.

ACKNOWLEDGMENTS

This work was supported by National Institute of Health grants RO1
NS102815, R21 AG052734 and RO1 NS097875, and Veteran Affair
Merit Award BX003926 to B.H. Drs. Bingren Hu, Dong Yuan, and
Jiang Wu designed the study. Dr. Dong Yuan collected the behavio-
ral and pathological data; Dr. Jian Liang produced the animal MCAO
model. Mrs. Sun Gyeong Lee assisted with data analysis and graphs.

CONFLICT OF INTEREST

None declare.

ORCID
Bingren Hu http://orcid.org/0000-0003-4002-2784
REFERENCES

Bachstetter, A. D., Webster, S. J., Tu, T., Goulding, D. S., Haiech, J,,
Watterson, D. M., & Van Eldik, L. J. (2014). Generation and behavior
characterization of CaMKIIp knockout mice. PLoS One, 9, e105191.
https://doi.org/10.1371/journal.pone.0105191

Balkaya, M., Kréber, J. M., Rex, A., & Endres, M. (2013). Assessing post-
stroke behavior in mouse models of focal ischemia. Journal of Cerebral
Blood Flow & Metabolism, 33, 330-338. https://doi.org/10.1038/
jcbfm.2012.185

Balkaya, M. G., Trueman, R. C., Boltze, J., Corbett, D., & Jolkkonen, J.
(2017). Behavioral outcome measures to improve experimental stroke
research. Behav Brain Res. https://doi.org/10.1016/j.bbr.2017.07.039

van Casteren, A., Sellers, W. I., Thorpe, S. K., Coward, S., Crompton,
R. H., Myatt, J. P., & Ennos, A. R. (2012). Nest-building orangutans
demonstrate engineering know-how to produce safe, comfort-
able beds. Proceedings of the National Academy of Sciences of the
United States of America, 109, 6873-6877. https://doi.org/10.1073/
pnas.1200902109

Deacon, R. M., Cholerton, L. L., Talbot, K., Nair-Roberts, R. G.,
Sanderson, D. J.,, Romberg, C., ... Rawlins, J. N. (2008). Age-
dependent and -independent behavioral deficits in Tg2576 mice.
Behavioral Brain Research, 189, 126-138. https://doi.org/10.1016/
j.bbr.2007.12.024

Encarnacion, A., Horie, N., Keren-Gill, H., Bliss, T. M., Steinberg, G.
K., & Shamloo, M. (2011). Long-term behavioral assessment of


http://orcid.org/0000-0003-4002-2784
http://orcid.org/0000-0003-4002-2784
https://doi.org/10.1371/journal.pone.0105191
https://doi.org/10.1038/jcbfm.2012.185
https://doi.org/10.1038/jcbfm.2012.185
https://doi.org/10.1016/j.bbr.2017.07.039
https://doi.org/10.1073/pnas.1200902109
https://doi.org/10.1073/pnas.1200902109
https://doi.org/10.1016/j.bbr.2007.12.024
https://doi.org/10.1016/j.bbr.2007.12.024

YUAN ET AL.

function in an experimental model for ischemic stroke. Journal of
Neuroscience Methods, 30(196), 247-257. https://doi.org/10.1016/j.
jneumeth.2011.01.010

Estrada-Sanchez, A. M., Barton, S. J,, Burroughs, C. L., Doyle, A. R., &
Rebec, G. V. (2013). Dysregulated striatal neuronal processing and
impaired motor behavior in mice lacking huntingtin interacting pro-
tein 14 (HIP14). PLoS One, 8, e84537. https://doi.org/10.1371/jour-
nal.pone.0084537

Fisher, M. (2011). New approaches to neuroprotective drug development.
Stroke, 42,524-S27. https://doi.org/10.1161/STROKEAHA.110.592394

Fleming, S. M., Salcedo, J., Fernagut, P. O., Rockenstein, E., Masliah,
E., Levine, M. S., & Chesselet, M. F. (2004). Early and progressive
sensorimotor anomalies in mice overexpressing wild-type human
alpha-synuclein. Journal of Neuroscience, 24, 9434-9440. https://doi.
org/10.1523/JNEUROSCI.3080-04.2004

Freret, T., Bouet, V., Leconte, C., Roussel, S., Chazalviel, L., Divoux, D., ...
Boulouard, M. (2009). Behavioral deficits after distal focal cerebral
ischemia in mice: Usefulness of adhesive removal test. Behavioral
Neuroscience, 123, 224-230. https://doi.org/10.1037/a0014157

Gaskill, B. N., Gordon, C. J., Pajor, E. A., Lucas, J. R., Davis, J. K., & Garner,
J. P. (2012). Heat or insulation: 642 behavioral titration of mouse
preference for warmth or access to a nest. PLoS One, 7(643), e32799.
https://doi.org/10.1371/journal.pone.0032799

Greenberg, G. D., Huang, L. C., Spence, S. E., Schlumbohm, J. P,
Metten, P., Ozburn, A. R., & Crabbe, J. C. (2016). Nest building is a
novel method for indexing severity of alcohol withdrawal in mice.
Behavioural Brain Research, 302, 182-190. https://doi.org/10.1016/j.
bbr.2016.01.023

Guan, Y., Wang, Y., Yuan, F,, Lu, H., Ren, Y., Xiao, T,, ... Yang, G. Y. (2012).
Effect of suture properties on stability of middle cerebral artery oc-
clusion evaluated by synchrotron radiation angiography. Stroke, 43,
888-891. https://doi.org/10.1161/STROKEAHA.111.636456

Jirkof, P. (2014). Burrowing and nest building behavior as indicators of
well-being in mice. Journal of Neuroscience Methods, 234, 139-146.
https://doi.org/10.1016/j.jneumeth.2014.02.001

Kim, C. (1960). Nest building, general activity, and salt preference
of rats following hippocampal ablation. Journal of Comparative
and Physiological Psychology, 53, 11-16. https://doi.org/10.1037/
h0038350

Kristian, T., & Hu, B. (2013). Guidelines for using mouse global cerebral
ischemia models. Translational Stroke Research, 4, 343-350. https://
doi.org/10.1007/s12975-012-0236-z

Lin, L., Chen, G., Kuang, H., Wang, D., & Tsien, J. Z. (2007). Neural en-
coding of the concept of nest in the mouse brain. Proceedings of the
National Academy of Sciences of the United States of America, 104,
6066-6071. https://doi.org/10.1073/pnas.0701106104

Luo, T., Roman, P, Liu, C., Sun, X., Park, Y., & Hu, B. (2015). Upregulation
of the GEF-H1 pathway after transient cerebral ischemia.
Experimental Neurology, 263, 306-313. https://doi.org/10.1016/j.
expneurol.2014.10.016

Brai . 90of 9
rain and Behavior —WI LEYJ—

Open Access,

Marchal, G., Benali, K., Iglesias, S., Viader, F., Derlon, J. M., & Baron, J. C.
(1999). Voxel-based mapping of irreversible ischaemic damage with
PET in acute stroke. Brain, 122,2387-2400. https://doi.org/10.1093/
brain/122.12.2387

Rewell, S. S., Churiloy, L., Sidon, T. K., Aleksoska, E., Cox, S. F., Macleod,
M. R., & Howells, D. W. (2017). Evolution of ischemic damage and
behavioural deficit over 6 months after MCAo in the rat: Selecting
the optimal outcomes and statistical power for multi-centre preclin-
ical trials. PLoS One, 12, e0171688. https://doi.org/10.1371/journal.
pone.0171688

Rock, M. L., Karas, A. Z., Gartrell Rodriguez, K. B., Gallo, M. S., Pritchett-
Corning, K., Karas, R. H., ... Gaskill, B. N. (2014). The time-to-integrate-
to-nest test as an indicator of Wellbeing in Laboratory Mice. Journal
of the American Association for Laboratory Animal Science (JAALAS), 53,
24-28.

Sager, T. N., Kirchhoff, J., Mark, A., Van Beek, J., Thirstrup, K., Didriksen,
M., & Lauridsen, J. B. (2010). Nest building performance following
MPTP toxicity in mice. Behavioral Brain Research, 208, 444-449,
https://doi.org/10.1016/j.bbr.2009.12.014

Stewart, F. A.(2011). Brief communication: Why sleep in a nest? Empirical
testing of the function of simple shelters made by wild chimpanzees.
American Journal of Physical Anthropology, 146, 313-318. https://doi.
org/10.1002/ajpa.21580

Stewart, F. A., Pruetz, J. D., & Hansell, M. H. (2007). Do chimpanzees
build comfortable nests? American Journal of Primatology, 69, 930-
939. https://doi.org/10.1002/(ISSN)1098-2345

Szczypka, M. S., Kwok, K., Brot, M. D., Marck, B. T., Matsumoto, A. M.,
Donahue, B. A., & Palmiter, R. D. (2001). Dopamine production
in the caudate putamen restores feeding in dopamine-deficient
mice. Neuron, 30, 819. https://doi.org/10.1016/50896-6273(01)
00319-1

Tang, K., Liu, C., Kuluz, J., & Hu, B. (2004). Alterations of CaMKII after
hypoxia-ischemiaduringbraindevelopment.Journalof Neurochemistry,
91,429-437. https://doi.org/10.1111/j.1471-4159.2004.02733.x

Yuan, D, Liu, C., & Hu, B. Inactivation of NSF ATPase leads to Cathepsin
B release after transient cerebral ischemia. Translational Stroke
Research. 2018, In press.

Zhang, F., Graham, S. H., & Chen, J. (2009). Middle cerebral artery oc-
clusion suture model for mice. In J. Chen, Z. C. Xu, X. M. Xu & J. H.
Zhang (Eds.), Animal models of acute neurological injuries (pp. 187-196).
Humana Press https://doi.org/10.1007/978-1-60327-185-1

How to cite this article: Yuan D, Liu C, Wu J, Hu B. Nest-
building activity as a reproducible and long-term stroke
deficit test in a mouse model of stroke. Brain Behav.
2018;8:e00993. https://doi.org/10.1002/brb3.993



https://doi.org/10.1016/j.jneumeth.2011.01.010
https://doi.org/10.1016/j.jneumeth.2011.01.010
https://doi.org/10.1371/journal.pone.0084537
https://doi.org/10.1371/journal.pone.0084537
https://doi.org/10.1161/STROKEAHA.110.592394
https://doi.org/10.1523/JNEUROSCI.3080-04.2004
https://doi.org/10.1523/JNEUROSCI.3080-04.2004
https://doi.org/10.1037/a0014157
https://doi.org/10.1371/journal.pone.0032799
https://doi.org/10.1016/j.bbr.2016.01.023
https://doi.org/10.1016/j.bbr.2016.01.023
https://doi.org/10.1161/STROKEAHA.111.636456
https://doi.org/10.1016/j.jneumeth.2014.02.001
https://doi.org/10.1037/h0038350
https://doi.org/10.1037/h0038350
https://doi.org/10.1007/s12975-012-0236-z
https://doi.org/10.1007/s12975-012-0236-z
https://doi.org/10.1073/pnas.0701106104
https://doi.org/10.1016/j.expneurol.2014.10.016
https://doi.org/10.1016/j.expneurol.2014.10.016
https://doi.org/10.1093/brain/122.12.2387
https://doi.org/10.1093/brain/122.12.2387
https://doi.org/10.1371/journal.pone.0171688
https://doi.org/10.1371/journal.pone.0171688
https://doi.org/10.1016/j.bbr.2009.12.014
https://doi.org/10.1002/ajpa.21580
https://doi.org/10.1002/ajpa.21580
https://doi.org/10.1002/(ISSN)1098-2345
https://doi.org/10.1016/S0896-6273(01)00319-1
https://doi.org/10.1016/S0896-6273(01)00319-1
https://doi.org/10.1111/j.1471-4159.2004.02733.x
https://doi.org/10.1007/978-1-60327-185-1
https://doi.org/10.1002/brb3.993

