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Battery of behavioral tests in mice 
to study postoperative delirium
Mian Peng1,2, Ce Zhang2,3, Yuanlin Dong2, Yiying Zhang2,  Harumasa Nakazawa4,   
Masao Kaneki4,  Hui Zheng5,  Yuan Shen6, Edward R. Marcantonio7 &  Zhongcong Xie2

Postoperative delirium is associated with increased morbidity, mortality and cost. However, its 
neuropathogenesis remains largely unknown, partially owing to lack of animal model(s). We therefore 
set out to employ a battery of behavior tests, including natural and learned behavior, in mice to 
determine the effects of laparotomy under isoflurane anesthesia (Anesthesia/Surgery) on these 
behaviors. The mice were tested at 24 hours before and at 6, 9 and 24 hours after the Anesthesia/
Surgery. Composite Z scores were calculated. Cyclosporine A, an inhibitor of mitochondria permeability 
transient pore, was used to determine potential mitochondria-associated mechanisms of these 
behavioral changes. Anesthesia/Surgery selectively impaired behaviors, including latency to eat 
food in buried food test, freezing time and time spent in the center in open field test, and entries and 
duration in the novel arm of  Y maze test, with acute onset and various timecourse. The composite Z 
scores quantitatively demonstrated the Anesthesia/Surgery-induced behavior impairment in mice. 
Cyclosporine A selectively ameliorated the Anesthesia/Surgery-induced reduction in ATP levels, the 
increases in latency to eat food, and the decreases in entries in the novel arm. These findings suggest 
that we could use a battery of behavior tests to establish a mouse model to study postoperative 
delirium.

Postoperative delirium, an acute, transient, fluctuating disturbance in attention, cognition, and level of conscious-
ness, is a common (15–53%) postoperative complication1–3, and it can lead to 2- to 20-fold increase in mortal-
ity4, long term functional impairment, postoperative cognitive dysfunction, and increased costs of medical care  
[5–8, reviewed in9,10]. However, at the present time, postoperative delirium remains a wholly clinical diagnosis; its 
causes, neuropathogenesis and targeted intervention(s) remain largely to be determined. One of the barriers to 
advancing work on the basic mechanisms of postoperative delirium is the lack of animal model(s).

Thus far, there are only a few animal models for delirium research. Specifically, the “paddling” T-maze alter-
nation task has been used to study the effects of bacterial endotoxin lipopolysaccharide on behavior changes in 
rodents11. Culley et al. have reported the attention set-shifting task as a potential animal model to study delir-
ium12. Both of these studies tested the learned behaviors of rodents, suggesting the abnormalities observed may 
be indicative of higher order executive dysfunction and may not be directly relevant to the more basic dysfunction 
seen in delirium.

The Confusion Assessment Method (CAM) algorithm is widely utilized to determine the presence of delirium 
in patients13. CAM consists of four clinical features: (1) acute onset and fluctuating course, (2) inattention, (3) 
disorganized thinking, and (4) altered level of consciousness. These features occur naturally without learning. 
CAM includes many tests to determine the changes in behavior. Thus, a single behavior test in animals may not 
completely cover the aspects of delirium and may not be consistent with the concept of CAM. We therefore set 
out to establish a battery of behavioral tests (buried food test, open field test and Y maze test) to assess changes 
in both natural and learned behaviors following the surgery (simple laparotomy) under isoflurane anesthesia 
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(Anesthesia/Surgery) in mice. We employed buried food test and open field test to assess the changes in natural 
behavior and we used Y maze test to assess the changes in learned behavior of mice. Note that these tests could 
assess the behaviors in mice that are dependent on the presence and intactness of attention, thought organization, 
and a normal level of consciousness. Therefore, these tests may evaluate certain aspects of delirium analogous to 
the CAM features. We performed these tests preoperatively (24 hours before the Anesthesia/Surgery), and again 
at 6, 9 and 24 hours after the Anesthesia/Surgery. Serial testing enabled us to assess the potential acute onset and 
fluctuating course, which is the first CAM feature. Finally, we calculated a composite Z score for each mouse to 
represent changes of the sum [normalized with the standard deviation (SD) for that sum in the controls] of these 
behaviors.

As proof of concept that our mouse model would be useful in mechanistic studies of delirium, we investi-
gated whether the Anesthesia/Surgery could change the brain level of ATP and reactive oxygen species (ROS), 
and whether cyclosporine A (CsA), an inhibitor of mitochondria permeability transient pore (mPTP), could 
rescue the Anesthesia/Surgery-induced biochemical and behavioral changes. The primary hypothesis in the cur-
rent study is that Anesthesia/Surgery in mice induces changes in natural and learned behaviors associated with 
delirium.

Results
Time-dependent effects of Anesthesia/Surgery on the behavior of mice in buried food test.  
We set out to assess the effects of abdominal surgery under isoflurane anesthesia (Anesthesia/Surgery) on mouse 
behavior changes in buried food test, open field test and Y maze test at 24 hours before the Anesthesia/Surgery, 
and then 6, 9 or 24 hours after the Anesthesia/Surgery (Fig. 1).

We first assessed whether the Anesthesia/Surgery could impair the natural behaviors of mice by employing 
buried food test and open field test. As can be seen in Fig. 2, the Anesthesia/Surgery (black bar) increased the 
latency of mice to eat the food as compared to the control condition (white bar) in buried food test at 9 hours after 
the Anesthesia/Surgery: 153% versus 50%, P =  0.0001 (Fig. 2B). The Anesthesia/Surgery did not significantly alter 
the latency of mice to eat food as compared to the control condition at 6 (Fig. 2A) or 24 (Fig. 2C) hours after the 
Anesthesia/Surgery. These data suggest that the Anesthesia/Surgery was able to impair the mice’s abilities to find 
and eat the food, and this impairment was time-dependent.

Time-dependent effects of Anesthesia/Surgery on the behavior of mice in open field test. Next, 
we assessed the effects of the Anesthesia/Surgery on open field behavior in the mice. The Anesthesia/Surgery did 
not significantly change the total distance traveled by mice in the open field test as compared to the control con-
dition at 6 (Supplemental information Fig. 1A1), 9 (Supplemental information Fig. 1A2) or 24 (Supplemental 
information Fig. 1A3)] hours after the Anesthesia/Surgery. These data suggest that the Anesthesia/Surgery did 
not impair the motor function of the mice.

Then, we found that the Anesthesia/Surgery (black bar) decreased the time spent in the center of the open 
field as compared to the control condition (white bar) in the mice at 6 hours after the Anesthesia/Surgery: 56% 
versus 128%, P =  0.035 (Fig. 3A1). The Anesthesia/Surgery did not significantly alter the time spent in the center 
of the open field as compared to the control condition in the mice at 9 (Fig. 3A2) or 24 (Fig. 3A3) hours after 
the Anesthesia/Surgery. The Anesthesia/Surgery (black bar) decreased the freezing time of mice in the open 
field test as compared to the control condition (white bar) at 6 hours after the Anesthesia/Surgery: 122% ver-
sus 282%, P =  0.0079 (Fig. 3B1). The Anesthesia/Surgery did not significantly alter the freezing time of mice in 
the open field test as compared to the control condition in the mice at 9 (Fig. 3B2) or 24 (Fig. 3B3) hours after 
the Anesthesia/Surgery. Finally, the Anesthesia/Surgery did not significantly alter the mice’s time to the center 
(latency) in the open field test as compared to the control condition at 6 (Fig. 3C1), 9 (Fig. 3C2) or 24 (Fig. 3C3) 
hours after the Anesthesia/Surgery. Collectively, these data suggest that the Anesthesia/Surgery could disturb 
some open field behaviors (e.g., time spent in the center and freezing time), but not others (e.g., total distance and 
latency to the center), in mice, and moreover, such disturbances were time-dependent.

Time-dependent effects of Anesthesia/Surgery on the behavior of mice in Y maze test. Given 
the findings that the Anesthesia/Surgery might impair the natural behaviors of the mice, we next asked whether 

Figure 1. Diagram of the experimental design. The mice received behavior tests at 24 hours (baseline) before 
the abdominal surgery under isoflurane anesthesia (Anesthesia/Surgery), and then at 6, 9 and 24 hours after the 
Anesthesia/Surgery.
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the Anesthesia/Surgery could also impair learned behavior in mice by employing Y maze test. The Anesthesia/
Surgery did not significantly alter the number of arm visits of the mice as compared to the control condition 
in the Y maze test at 6 (Supplemental information Fig. 2A1), 9 (Supplemental information Fig. 2A2) or 24 
(Supplemental information Fig. 2A3) hours after the Anesthesia/Surgery.

The Anesthesia/Surgery (black bar) reduced the number of mice’s entries in the novel arm as compared to the 
control condition (white bar) in the Y maze test at 6 hours: 87% versus 106%, P =  0.030 (Fig. 4A1), and 9 hours: 
76% versus 100%, P =  0.043 (Fig. 4A2) after the Anesthesia/Surgery. The Anesthesia/Surgery did not signifi-
cantly alter the number of mice’s entries in the novel arm as compared to the control condition in the Y maze test 
at 24 hours after the Anesthesia/Surgery (Fig. 4A3). Finally, the Anesthesia/Surgery (black bar) decreased the 
duration in the novel arm as compared to the control condition (white bar) in the Y maze test at 6 hours after the 
Anesthesia/Surgery: 75% versus 101%, P =  0.035 (Fig. 4B1), but not at 9 (Fig. 4B2) or 24 (Fig. 4B3) hours after 
the Anesthesia/Surgery in the mice. Taken together, these data suggest that the Anesthesia/Surgery could disturb 
some Y maze behaviors (e.g., entries in the novel arm and duration in the novel arm), but not others (e.g., number 
of arm visits), in mice in a time-dependent manner.

Collectively, the Anesthesia/Surgery impaired the natural (buried food test and open field test) and learned  
(Y maze test) behaviors of mice in a time-dependent manner (Table 1). Notably, the Anesthesia/Surgery only 
selectively impaired certain components of the behaviors, e.g., time spent in the center versus latency to the center 
in the open field test, and entries in the novel arm versus number of arm visits in the Y maze test (Table 1).

Composite Z scores for each of the 14 mice in the control and the Anesthesia/Surgery groups were calculated 
(Table 2). The composite Z score was more variable in the mice in control group, e.g., 6 and 8 of 14 composite Z 
scores were negative at 6 and 9 hours after the control treatment, respectively. However, the composite Z score 
was less variable in the mice of the Anesthesia/Surgery group, e.g., 2 and 0 of 14 composite Z scores were negative 
at 6 and 9 hours after the Anesthesia/Surgery, respectively. The composite Z scores were variable in the mice of 
both the control and Anesthesia/Surgery groups at 24 hours after the Anesthesia/Surgery (Table 2). Moreover, 
the mean of the composite Z score for mice in the Anesthesia/Surgery group was significantly greater (indicating 
worse performance) than that for mice in the control group at 6 (0.968 versus 0.000, P =  0.017) or 9 (1.539 versus 
0.000, P =  0.0007), but not 24 (− 0.054 versus 0.000, P =  0.906), hours after the Anesthesia/Surgery (Table 2). 
Taken together, these results further suggest that the Anesthesia/Surgery could induce significant behavioral 
impairment as compared to the control condition in a time-dependent manner, e.g., at 6 and 9, but not 24, hours 
after the Anesthesia/Surgery.

CsA selectively ameliorated the Anesthesia/Surgery-induced ATP reduction and behavioral 
changes in mice. Given the findings that Anesthesia/Surgery was able to impair some behaviors in the 
mice, next, we assessed whether the Anesthesia/Surgery could induce energy deficits in the brain tissues (cor-
tex). We found that the Anesthesia/Surgery (black bar) decreased brain (cortex) ATP levels as compared to the 
control condition (white bar): 67% versus 100%, P =  0.0002 (Fig. 5A) immediately after the Anesthesia/Surgery. 
Treatment with CsA alone did not significantly alter the brain ATP level as compared to the control condition; 
however, there was a significant interaction between CsA and the Anesthesia/Surgery on ATP level, and CsA 
attenuated the Anesthesia/Surgery-induced reduction in brain ATP level (F =  4.990, P =  0.033, Fig. 5A). Next, 
we found that the Anesthesia/Surgery (black bar) significantly increased brain ROS level as compared to the 
control condition (white bar): 133% versus 100%, P =  0.035 (Supplemental information Fig. 3) immediately after 
the Anesthesia/Surgery. Treatment with CsA alone did not significantly change the ROS levels, and CsA did 
not attenuate the Anesthesia/Surgery-induced ROS accumulation (F =  1.128, P =  0.301, Supplemental informa-
tion Fig. 3). These findings suggest that the Anesthesia/Surgery was able to induce energy deficits and oxidative 
stress in brain tissues, and that CsA selectively attenuated the Anesthesia/Surgery-induced energy deficits without 
affecting oxidative stress.

Figure 2. Anesthesia/Surgery impairs the behavior of mice in buried food test in a time-dependent 
manner. (A) Anesthesia/Surgery (black bar) does not significantly change the latency to eat food of the mice in 
the buried food test as compared to the control condition (white bar) at 6 hours after the Anesthesia/Surgery. 
(B) Anesthesia/Surgery (black bar) significantly increases the latency to eat food of the mice in the buried food 
test as compared to the control condition (white bar) at 9 hours after the Anesthesia/Surgery. (C) Anesthesia/
Surgery (black bar) does not significantly change the latency to eat food of the mice in the buried food test as 
compared to the control condition (white bar) at 24 hours after the Anesthesia/Surgery. N =  14 in the control 
condition group and N =  14 in the Anesthesia/Surgery group.
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Given the findings that CsA selectively attenuated the Anesthesia/Surgery-induced energy deficits, next, 
we determined whether CsA could also ameliorate the Anesthesia/Surgery-induced behavior changes. 
Two-way ANOVA showed that there was a significant interaction between CsA and the Anesthesia/Surgery 
on the latency to eat food in the buried food test, with CsA ameliorating the Anesthesia/Surgery-induced 
increase in the latency to eat food in the mice at 9 hours after the Anesthesia/Surgery (F =  6.497, P =  0.015, 
Fig. 5B). CsA also ameliorated the Anesthesia/Surgery-induced reduction in the number of entries in the 
novel arm in the Y maze test at 6 (F =  8.455, P =  0.006, Fig. 5C) and 9 (F =  27.24, P =  0.0001, Fig. 5D) hours 
after the Anesthesia/Surgery.

However, CsA ameliorated neither the Anesthesia/Surgery-induced reduction in the time spent in the 
center in the open field test (Supplemental information Fig. 4A, F =  0.573, P =  0.454) nor the Anesthesia/
Surgery-induced reduction of the duration in the novel arm in the Y maze test at 6 hours (Supplemental infor-
mation Fig. 4B, F =  0.732, P =  0.398) after the Anesthesia/Surgery in the mice. These data suggest that CsA 
could selectively ameliorate the Anesthesia/Surgery-induced behavior changes in the mice.

Figure 3. Anesthesia/Surgery impairs the behavior of mice in open field test in a time-dependent manner. 
(A) Anesthesia/Surgery (black bar) significantly decreases the time spent in the center of the open field as 
compared to the control condition (white bar) at 6 (A1), but neither 9 (A2) nor 24 (A3), hours after the 
Anesthesia/Surgery in the mice. (B) Anesthesia/Surgery (black bar) significantly decreases the freezing time 
in the open field test as compared to the control condition (white bar) at 6 (B1), but neither 9 (B2) nor 24 
(B3), hours after the Anesthesia/Surgery in the mice. (C) Anesthesia/Surgery (black bar) does not significantly 
change the time to reach the center (latency to the center) in the open field test as compared to the control 
condition (white bar) at 6 (C1), 9 (C2) and 24 (C3) hours after the Anesthesia/Surgery in the mice. N =  14 in the 
control condition group and N =  14 in the Anesthesia/Surgery group.
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Discussion
The goal of the current study was to develop a method of assessing behavior changes associated with delirium in 
the mouse using a combination of natural and learned behaviors, and then use this model to evaluate a hypoth-
esized mechanism of delirium based on energy depletion. We found that the Anesthesia/Surgery impaired 
both natural and learned behavior of mice with acute onset and fluctuating course, and both of the Anesthesia/
Surgery-induced behavioral changes and the Anesthesia/Surgery-induced reduction in ATP levels were amelio-
rated by CsA, an inhibitor of mitochondria permeability transient pore.

Figure 4. Anesthesia/Surgery impairs the behavior of mice in Y maze test in a time-dependent manner. 
(A) Anesthesia/Surgery (black bar) significantly decreases the number of entries in the novel arm in the Y maze 
test as compared to the control condition (white bar) at 6 (A1) and 9 (A2), but not 24 (A3), hours after the 
Anesthesia/Surgery in the mice. (B) Anesthesia/Surgery (black bar) significantly decreases the duration in the 
novel arm in the Y-maze test as compared to the control condition (white bar) at 6 (B1), but not 9 (B2) nor 24 
(B3), hours after the Anesthesia/Surgery in the mice. N =  14 in the control condition group and N =  14 in the 
Anesthesia/Surgery group.

6Hr 9Hr 24Hr

Buried food test

 Latency to eat food — ↑ —

Open field test

 Total distance — — —

 Time spent in the center ↓ — —

 Freezing time ↓ — —

 Latency to the center — — —

Y maze test 

 Number of arm visits — — —

 Entries in novel arm ↓ ↓ —

 Duration in novel arm ↓ — —

Table 1. Effects of the Anesthesia/Surgery on behavior in mice. ↑  and ↓  indicate the significant increase 
(P <  0.05) and decrease (P <  0.05) between the control condition and the Anesthesia /Surgery condition, 
respectively. The increases in the latency to eat food in the buried food test, and the latency to the center in the 
open field test suggest the impairment of behavior of the mice. The decreases in freezing time, the time spent in 
the center of the open field test, the entries in novel arm and the duration in novel arm in Y maze test suggest 
the impairment of behavior of the mice. Finally, the total distance in the open field test and number of arm visits 
in the Y maze test represent the function of locomotor activity of the mice.
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The CAM, a widely used tool in determining the presence of delirium in patients, includes: (1) acute onset 
and fluctuating course, (2) inattention, (3) disorganized thinking, and (4) altered level of consciousness. The 
assessment of delirium using CAM consists of many tests to determine the changes in both natural behavior 
(e.g., attention) and learned behavior (e.g., inability to remember events in the hospital or difficulty remembering 
instructions). A single behavior test in animals may not be sufficient enough to assess the aspects of delirium and 
is not consistent with the concept of CAM. Therefore, we set out to employ a battery of behavior tests to assess 
behavioral changes in mice. 

We first found that the Anesthesia/Surgery increased the latency of mice to eat the food as compared to the 
control condition (white bar) in the buried food test (Fig. 2). Buried food test measures the motivation and ability 
of mice to eat food; it also tests the olfaction of the mice14,15. However, only mice with presence and intactness of 
attention, organized thinking, and consciousness were able to find and eat the food. Therefore, the Anesthesia/
Surgery-induced impairment in mice’s ability to search for and eat food suggests that the Anesthesia/Surgery 
might cause the mice to develop the changes in behaviors (inattention, disorganized thinking and altered level of 
consciousness) associated with delirium.

Next, we found that the Anesthesia/Surgery did not significantly alter the total distance mice travelled in 
the open field test as compared to the control condition (Supplemental information Fig. 1). The total distance 
travelled indicates the locomotor activity of the mice16,17. Thus, these results suggest that the Anesthesia/Surgery 
in the current studies did not significantly impair the locomotor activity of the mice, and that the changes in 
behavior would not be due to the changes in the locomotor activity. This conclusion was further supported by the 
finding that the Anesthesia/Surgery did not significantly alter the number of arm visits in the Y maze test, as the 
number of arm visits also represents locomotor activity18,19 (Supplemental information Fig. 2).

Mice 6Hr 9Hr 24Hr

Control 1 0.328 − 0.301 − 0.154

Control 2 1.287 2.842 2.176

Control 3 0.586 0.045 0.444

Control 4 − 0.966 − 0.757 − 0.883

Control 5 − 1.758 0.219 0.318

Control 6 0.346 − 0.519 − 0.009

Control 7 − 0.791 0.133 − 0.918

Control 8 1.396 − 0.739 − 1.350

Control 9 0.764 − 1.295 0.045

Control 10 − 1.031 0.421 0.587

Control 11 − 1.019 − 0.401 1.500

Control 12 1.015 − 0.313 0.146

Control 13 − 0.553 1.056 − 0.770

Control 14 0.395 − 0.388 − 1.134

Control Mean 0.000 0.000 0.000

Control SEM 0.267 0.267 0.267

Anesthesia/Surgery 1 0.715 0.389 − 0.900

Anesthesia/Surgery 2 1.588 1.779 0.507

Anesthesia/Surgery 3 0.672 1.852 2.021

Anesthesia/Surgery 4 1.451 0.905 − 3.114

Anesthesia/Surgery 5 0.748 1.188 − 1.403

Anesthesia/Surgery 6 1.535 0.330 − 0.128

Anesthesia/Surgery 7 2.696 0.747 0.843

Anesthesia/Surgery 8 − 0.401 1.209 0.479

Anesthesia/Surgery 9 1.353 2.560 1.637

Anesthesia/Surgery 10 2.451 3.006 0.898

Anesthesia/Surgery 11 − 0.815 0.356 0.143

Anesthesia/Surgery 12 0.119 0.576 − 1.507

Anesthesia/Surgery 13 1.425 2.913 − 0.078

Anesthesia/Surgery 14 0.014 3.741 − 0.151

Anesthesia/Surgery Mean 0.968 1.539 −0.054

Anesthesia/Surgery SEM 0.271 0.301 0.360

P Value 0.017* 0.0007* * * 0.906

Table 2.  Summary of composite Z scores in Control and Anesthesia/Surgery mice. * P <  0.05; * * * P <  0.001. 
The values of composite Z-score indicate the severity of the behavior impairment. The larger values of the 
composite Z score suggest severer impairment of the behavior of the mice.
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Then, we found that the Anesthesia/Surgery decreased the time spent in the center (Fig. 3A1) and decreased 
the freezing time (Fig. 3B1) as compared to the control condition in the open field test at 6 hours after the 
Anesthesia/Surgery. These findings suggest that the Anesthesia/Surgery altered the natural behavior of the mice, 
e.g., anxiety (time spent in the center20–22) and natural reaction (freezing time23). Note that these behaviors also 
require the presence and intactness of attention, consciousness and organized thinking in the mice. Consistently, 
in humans, delirium may be associated with either hypervigilance or a reduced awareness of the environment.

Finally, the findings that the Anesthesia/Surgery decreased the number of entries (Fig. 4A1,A2) and the dura-
tion of time in the novel arm (Fig. 4B1) suggest that the Anesthesia/Surgery impaired the spatial memory of the 
mice24–26, which also requires the presence and intactness of attention, consciousness and organized thinking. 
Consistently, delirious humans will often have impaired spatial memory, and walk into other people’s rooms, or 
forget the location of their bathroom, leading to continence problems.

Taken together, the Anesthesia/Surgery was able to impair certain natural and learned behaviors in mice that 
are dependent on attention, consciousness and organized thinking. The findings that the Anesthesia/Surgery only 
altered these behaviors at 6 or 9 hours, but not 24 hours, after the Anesthesia/Surgery suggest the acute onset of 

Figure 5. CsA mitigates the Anesthesia/Surgery-induced ATP reduction and behavior changes in buried 
food test and Y maze test. (A) Anesthesia/Surgery (black bar) decreases the ATP level in mouse brain tissue as 
compared to the control condition (white bar) immediately after the Anesthesia/Surgery. Treatment with CsA 
alone (gray bar) does not significantly change the ATP level as compared to the control condition (white bar).  
However, there is a significant interaction of CsA and Anesthesia/Surgery on the ATP level, and treatment 
with CsA attenuates the Anesthesia/Surgery-induced reduction in ATP level. (B) Anesthesia/Surgery (black bar) 
increases the latency to eat food of the mice in the buried food test as compared to the control condition 
(white bar) at 9 hours after the Anesthesia/Surgery. Treatment with CsA alone (gray bar) does not significantly 
change the latency as compared to the control condition (white bar). However, there is a significant interaction 
of CsA and Anesthesia/Surgery on the latency, and treatment with CsA attenuates the Anesthesia/Surgery-
induced increase in the latency. (C) Anesthesia/Surgery (black bar) decreases the number of entries in the novel 
arm of Y maze test as compared to the control condition (white bar) at 6 hours after the Anesthesia/Surgery. 
Treatment with CsA alone (gray bar) does not significantly change the number of entries as compared to the 
control condition (white bar). However, there is a significant interaction of CsA and Anesthesia/Surgery on the 
number of entries, and treatment with CsA attenuates the Anesthesia/Surgery-induced decrease in the number 
of entries. (D) Anesthesia/Surgery (black bar) decreases the number of entries in the novel arm of Y-maze 
test as compared to the control condition (white bar) at 9 hours after the Anesthesia/Surgery. Treatment with 
CsA alone (gray bar) does not significantly change the number of entries as compared to the control condition 
(white bar). However, there is a significant interaction of CsA and Anesthesia/Surgery on the number of entries, 
and treatment with CsA attenuates the Anesthesia/Surgery-induced decrease in the number of entries. CsA, 
cyclosporine A. ATP, adenosine triphosphate. N =  9 and 10 in each group of ATP studies and behavioral studies, 
respectively.
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these changes. We purposely selected 6 and 9 hours, a close interval, to demonstrate the fluctuating course of such 
changes in behavior. We were able to show that some behavior changes only occurred at 6 hours (time spent in 
the center, freezing time, and duration in the novel arm); some occurred at 9, but not 6 or 24, hours (latency to 
eat food); and others occurred at both 6 and 9, but not 24, hours (entries in the novel arm) after the Anesthesia/
Surgery (Table 1). These results showed the fluctuating course of these Anesthesia/Surgery-induced changes in 
behavior. Collectively, these findings suggest that the combination of these tests (buried food test, open field test 
and Y maze test) could be employed to serve as a battery of behavior tests in mice to establish an animal model 
capturing certain aspects of postoperative delirium consistent with the CAM algorithm. It is likely that the com-
bination (battery) of other behavior tests may also be useful to demonstrate the aspects of postoperative delirium. 
Future studies to illustrate and optimize the battery of behavior tests for the animal model of postoperative delir-
ium are warranted.

Moreover, we employed the clinical investigation method for calculating a composite Z score for each of 
14 mice in both the control group and the Anesthesia/Surgery group (Table 2). We found that the composite Z 
scores of the mice in the control group varied more than those of the mice in the Anesthesia/Surgery group, and 
the mean of the composite Z score in the Anesthesia/Surgery mice was greater than that in the control group. 
Furthermore, the composite Z score of Anesthesia/Surgery mice at 9 (1.539), but not 6 (0.968), hours was greater 
than that at 24 hours (− 0.054). Taken together, these findings suggest that the composite Z score could be used to 
determine the severity of changes in behavior in the mice, analogous to the CAM-S27 and other validated delir-
ium severity measures in humans. Further investigations to validate this system (battery of behavior tests and the 
associated composite Z score) as an animal model to study postoperative delirium are warranted in the future.

The finding that the Anesthesia/Surgery did not significantly change the latency to the center (Fig. 3C) sug-
gests that the Anesthesia/Surgery only impaired certain behaviors of the mice. These results may establish a 
system to study the selective neurotoxicity and neurobehavioral deficits caused by anesthesia and/or surgery in 
the future.

In the mechanistic studies, the Anesthesia/Surgery decreased cortex ATP levels (Fig. 5A) and increased 
ROS levels (Supplemental information Fig. 3) as compared to the control condition. These data suggest that the 
Anesthesia/Surgery was able to induce energy deficits and oxidative stress in the brain tissues of mice.

Opening of mitochondrial permeability transition pore (mPTP) can cause mitochondrial dysfunction, leading 
to reductions in mitochondrial membrane potential and decreases in the generation of adenosine-5′ -triphosphate 
(ATP)28–30. Cyclosporine A (CsA) is an inhibitor of mPTP opening31–38 and has been shown to rescue the anes-
thetic isoflurane-induced opening of mPTP, caspase-3 activation and impairment of learning and memory in 
mice39. We therefore employed CsA in the current studies to determine whether the reduction in brain ATP 
level, associated with mitochondrial dysfunction, might contribute to the Anesthesia/Surgery-induced changes 
in mouse behavior. In the current studies, CsA selectively attenuated the Anesthesia/Surgery-induced reduction 
in ATP levels (Fig. 5A), but not the increase in ROS levels (Supplemental information Fig. 3). CsA also selectively 
ameliorated the Anesthesia/Surgery-induced increase in latency to eat food in the buried food test (Fig. 5B) and 
reduction in entries in the novel arm of Y maze test (Fig. 5C,D), but not the reduction in the amount of time spent 
in the center in the open field test (Supplemental information Fig. 4A) nor the reduction of duration in the novel 
arm (Supplemental information Fig. 4B) of Y maze test.

Taken together, these results suggest that energy deficits could be the underlying mechanism only for some of 
the Anesthesia/Surgery-induced impairment in behaviors (e.g., latency to eat food and entries in the novel arm). 
Consistently, the current studies demonstrated that Anesthesia/Surgery could reduce ATP level in vivo in brain 
tissues (cortex) of mice. Moreover, mPTP inhibitor CsA specifically mitigated the Anesthesia/Surgery-induced 
decrease in ATP levels and impairment of behaviors in buried food test and number of entries in Y maze test, but 
not the increases in ROS levels and impairment of behaviors in open field test and duration of time in Y maze test. 
Collectively, these findings suggest that the battery of behavioral test (buried food test, open field test and Y maze 
test) in mice could be used to study postoperative delirium in the mice. Furthermore, these results suggest that 
energy deficits (e.g., reduction in ATP levels) might contribute to some aspects of postoperative delirium pending 
further investigations.

Anesthesia and/or surgery has been shown to induce neuroinflammation40–46, Aβ  accumulation41,47, and Tau 
phosphorylation41,48. Neuroinflammation49,50, Aβ  accumulation51–54, and Tau phosphorylation55–58 have been 
reported to induce mitochondrial dysfunction, leading to energy deficit, e.g., reduction in ATP level. Moreover, 
CsA, the inhibitor of mPTP, was able to rescue the Anesthesia/Surgery-induced reduction in brain ATP level 
(Fig. 5). Collectively, these findings suggest that the Anesthesia/Surgery may reduce brain ATP level by causing 
mitochondria dysfunction. Further studies to test this hypothesis are warranted.

However, CsA is one of the immunosuppressants and thus has significant side effects59–61, which may impede 
its potential clinical application in treating and preventing the Anesthesia/Surgery-induced delirium. The findings 
that CsA attenuated the Anesthesia/Surgery-induced changes in behavior and reduction in ATP only suggest that 
energy deficit could contribute, at least partially, to the underlying mechanism of the Anesthesia/Surgery-induced 
delirium. Future studies would include the determination of whether other drugs, which can rescue energy deficit, 
e.g., Coenzyme Q10 or Vitamin K262, can be used to prevent or treat the Anesthesia/Surgery-induced delirium.

The “paddling” T-maze alternation task11 and the attention set-shifting task (AST)12 have been reported as 
animal models of delirium. Note these studies use single or few learned behaviors in the mice. The current study, 
however, is the first one to combine several tests (battery of behavior tests) that utilize both natural and learned 
behaviors to establish an animal model to study postoperative delirium. Moreover, the establishment of a com-
posite Z score based on these behavior changes would quantitatively determine the changes of behaviors associ-
ated with postoperative delirium in mice.

The current studies have several limitations. First, the buried food test might not be an absolute natural behav-
ior, because we gave each mouse 2 pieces of the sweetened cereal two days before the first buried food test. 
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However, the sweetened cereal served more to enable the mice to recognize food than to train the mice for 
the purpose of learning. Nevertheless, the mice would need attention, organized thinking and consciousness to 
perform the buried food test, as well as the open field test and the Y maze test. Second, we only determined the 
effects of Anesthesia/Surgery on the levels of ATP and ROS in the cortex of mice. The Anesthesia/Surgery could 
have different effects on the levels of ATP and ROS in different regions of the brain, e.g., hippocampus. Future 
investigations should look into the potential effects of Anesthesia/Surgery, and other perioperative factors, on the 
levels of ATP and ROS in other regions of the brain, utilizing our established system. Third, the pain following the 
Anesthesia/Surgery could a confounding factor in the data interpretation of the current studies because incision 
pain induces cognitive impairment in rodents63. However, the mice received EMLA cream (2.5% lidocaine and 
2.5% prilocaine) for the treatment of pain in the current studies, and our previous studies have shown that EMLA 
was able to treat the pain induced by the surgical incision in mice45,47,63. Finally, we only employed 4-month-old 
female mice, but not the aged mice, in the studies. However, the main objective of the current studies was to estab-
lish a system to study postoperative delirium. Future research would include the comparison of the effects of the 
Anesthesia/Surgery on behavior changes in mice of different ages and sexes.

In conclusion, we found that the laparotomy under isoflurane anesthesia (Anesthesia/Surgery) in mice 
impaired behaviors in buried food test, open field test and Y maze test, which are dependent on the presence and 
intactness of attention, organized thinking and consciousness; these impairments were acute and fluctuating, and 
consistent with the CAM features of delirium. Moreover, we used a composite Z score to quantitatively describe 
these behaviors analogous to a delirium severity measurement. Given that the assessment of delirium in human 
includes (1) acute onset and fluctuating course, (2) inattention, (3) disorganized thinking, and (4) altered level of 
consciousness, the results in our current studies suggest that we might use the combination (battery of behavior 
tests) of buried food test, open field test and Y maze test to establish a system to study postoperative delirium in 
mice. We also found that the Anesthesia/Surgery selectively induced energy deficits and certain impairments in 
behavior that could be rescued by CsA, an mPTP inhibitor. Collectively, these findings demonstrate a potential 
animal model to study postoperative delirium in mice and suggest that energy deficits could contribute, at least 
partially, to postoperative delirium, pending further investigation.

Methods
Mouse surgery and treatment. All experiments were performed in accordance with the National Institutes 
of Health guidelines and regulations. The animal protocol was approved by the Massachusetts General Hospital 
(Boston, Massachusetts) Standing Committee on the Use of Animals in Research and Teaching. Efforts were made 
to minimize the number of animals used. C57BL/6J mice (4-month-old, female, The Charles River Laboratories, 
Wilmington, MA) were housed in a controlled environment (20–22 °C; 12 hours of light/dark on a reversed light 
cycle) for seven days prior to the studies. Given the fact that it is difficult and expensive to employ aged mice 
in the experiment, and the fact that delirium can occur in any age group, we used adult mice to conceptually 
establish the system. Similarly, at the current stage, we only employed same sex (e.g., female) of mice in the 
studies to establish a system, which could be used in the future to determine the effects of sex and age on the 
Anesthesia/Surgery-induced behavior changes in the established system. The mice were randomly assigned to the 
Anesthesia/Surgery group or the control group. The Anesthesia/Surgery was started between 6:00 and 7:00 am. A 
simple laparotomy was performed under isoflurane anesthesia using the methods described in our previous stud-
ies64. Specifically, anesthesia was induced and maintained with 1.4% isoflurane in 100% oxygen in a transparent 
acrylic chamber. Fifteen minutes after the induction, the mouse was moved out of the chamber, and isoflurane 
anesthesia was maintained via a cone device. One 16-gauge needle was inserted into the cone near the nose of the 
mouse to monitor the concentration of isoflurane. A longitudinal midline incision was made from the xiphoid to 
the 0.5 centimeter proximal pubic symphysis on the skin, abdominal muscles and peritoneum. Then, the incision 
was sutured layer by layer with 5–0 Vicryl thread. At the end of the procedure, EMLA cream (2.5% lidocaine and 
2.5% prilocaine) was applied to the incision wound, and then every eight hours for two days to treat the pain 
associated with the incision. The procedure for each mouse lasted about ten minutes, and the mouse was put back 
into the anesthesia chamber for up to two hours to receive the rest of the anesthesia consisting of 1.4% isoflurane 
in 100% oxygen. The temperature of the anesthetizing chamber was controlled (DC Temperature Control System; 
FHC, Bowdoinham, Maine) to maintain the rectal temperature of the mice at 37 ±  0.5 °C during the Anesthesia/
Surgery. After recovering from the anesthesia, each mouse was returned to a home cage with food and water 
available ad libitum. The mice in the control group were placed in their home cages with room air for two hours, 
which was consistent with the condition of non-surgery patients. Our previous studies found that neither this 
type of surgery45,47 nor anesthesia with 1.4% isoflurane65 significantly disturbed the blood pressure, blood gas val-
ues of the mice. EMLA was able to treat the pain associated with the surgery in the mice45,47. In the interventional 
studies, CsA [an inhibitor of mitochondrial permeability transition pore (mPTP) opening] (Sigma-Aldrich Inc., 
Natick, MA, Cat. Number: C3662) or saline was administered to mice via intraperitoneal injection 30 minutes 
before the control treatment or the Anesthesia/Surgery. The dose of CsA (10 mg/kg) was selected according to 
the previous studies39.

Behavior tests. As demonstrated in the diagram (Fig. 1), all mice had multiple behavioral tests in the order of 
buried food test, then open field test and finally Y maze test at 24 hours before (baseline) the Anesthesia/Surgery, 
and at 6, 9, and 24 hours after the Anesthesia/Surgery. We performed the behavior tests in groups of 3 mice and 
finished them within 50 minutes, which mimics the certain features of clinical evaluation of delirium in patients.

Buried food test. The buried food test was performed as described in previous studies14,66 with modifications. 
Specifically, two days before the test, we gave each mouse 2 pieces of the sweetened cereal. On all test days, we 
habituated the mice for one hour prior to the test by placing the home cage with mice in the testing room. The test 
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cage was prepared with clean bedding (3 centimeters high). We buried 1 sweetened cereal pellet 0.5 centimeter 
below the surface of bedding so that it was not visible. The location of the food pellet was changed every time in a 
random fashion. We placed the mouse in the center of the test cage and measured the latency of the mouse to eat 
the food. Latency was defined as the time from when the mouse was placed in the test cage until when the mouse 
uncovered the food pellet and grasped it in the forepaws and/or teeth. Mice were allowed to consume the pellet 
they found and were then returned to their home cage. The observation time was 5 minutes. If the mouse could 
not find the pellet within 5 minutes, the testing session ended and the latency was defined as 300 seconds for that 
mouse. We emptied the bedding from the test cage and cleaned the cage with 70% ethanol solution after each test 
to prevent the transmission of olfactory cues. We changed gloves after each test.

Open field test. The open field test was performed as described in previous studies with modifications67,68. 
Specifically, the mouse was gently placed in the center of an open field chamber (40 ×  40 ×  40 centimeters) under 
dim light and was allowed to move freely for 5 minutes. The movement parameters of the mouse were monitored 
and analyzed via a video camera connected to the Any-Maze animal tracking system software (Stoelting Co., 
Wood Dale, IL). The total distance moved (meters), the time (seconds) spent in the center of the open field, 
the freezing time (seconds) and the latency (the time in seconds for the mice to reach to the location at the first 
attempt) to the center of the open field were recorded and analyzed. The floor of the open field was cleaned with 
70% ethanol solution between each test.

Y maze test. The Y maze test was performed as described in the previous studies with modifications18,69. Specifically, 
the Y maze, made of gray polyvinylene, was placed in a quiet and illuminated room. Each maze consisted of three 
arms (8 ×  30 ×  15 centimeters, width ×  length ×  height), with an angle of 120 degrees between each arm. The three 
arms included the start arm, in which the mouse starts to explore (always open); the novel arm, which is blocked 
at the first trial, but opened at the second trial; and the other arm (always open). In the experiment, the start 
arm and other arm were designed randomly to avoid spatial memory error. The Y maze test consisted of 2 trials 
separated by an inter-trial interval (ITI). The first trial (training) was 10 minutes in duration, which allowed the 
mouse to explore 2 arms (the start arm and other arm) of the maze, with the novel arm being blocked. After a 
2 hours (for the studies of 6 and 24 hours after the Anesthesia/Surgery) or 4 hours (for the studies of 9 hours after 
the Anesthesia/Surgery) ITI, the second trial (retention) was conducted. For the second trial, the mouse was 
placed back in the maze in the same start arm with free access to all 3 arms for 5 minutes. A video camera, which 
was linked to the Any-Maze animal tracking system software, was installed 60 centimeters above the chamber 
to monitor and analyze the number of entries and the time spent in each arm. The time spent in and entries into 
the novel arms indicated the spatial recognition memory (learned behavior). Each of the arms of the Y maze was 
cleaned with 70% ethanol solution between trials.

Brain tissue harvest, lysis and protein quantification. Different mice were used for the harvest of brain tissue 
and the studies of the determination of brain ATP and ROS levels. The brain tissues (cortex) of the mice were 
harvested immediately at the end of the Anesthesia/Surgery by decapitation. The harvested brain tissues were 
homogenized on ice using immunoprecipitation buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 
0.5% Nonidet P-40) plus protease inhibitors (1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin A). The 
lysates were collected, centrifuged at 10,000 rpm for 5 minutes at 4 °C, and quantified for total proteins by bicin-
choninic acid (BCA) protein assay kit (Pierce, Iselin, NJ). The brain tissues were then subjected to ATP and ROS 
measurement.

ATP Measurement. The levels of ATP in the cortex of mice (N =  9 in each group) were determined by the 
ATP Colorimetric/Fluorometric Assay Kit following the protocol provided by the manufacturer (Biovision Inc, 
Milpitas, CA) and the methods described in our previous studies39.

ROS Measurement. An OxiSelect In Vitro ROS/RNS Assay Kit (Cell Biolabs, San Diego, CA) was used to meas-
ure the amount of ROS in the cortex (N =  6 in each group), according to the protocols provided by the company 
and the methods described in our previous studies39.

Statistics. Data were expressed as mean ±  standard error of mean (SEM). The number of samples was 10–14 per 
group for the behavior tests and 6–9 per group for the biochemical studies. The power calculation was performed 
using information collected from a preliminary study that was conducted under the same conditions. Based on 
the preliminary data, assuming a two-sided Student’s t-test, samples of 6 and 10 for each control and treatment 
group for the biochemistry and behavior studies, respectively, would lead to 90% power and 95% significance. 
In behavior tests, all the behavior parameters at 6, 9 and 24 hours were presented as a percentage of those of 
the baseline for the same group. We used the Mann-Whitney test to determine the difference in behavior tests 
between the control condition and Anesthesia/Surgery. In the intervention studies, normality of data was first 
analyzed by using the Shapiro–Wilk test, and we found the data were not normally distributed. Thus, logarithmic 
transformation was applied to normalize these variables. A two-way ANOVA was then used to assess the interac-
tion of CsA with Anesthesia/Surgery to test the hypothesis that CsA would mitigate the effects of the Anesthesia/
Surgery on behavior (e.g., latency to eat buried food in the buried food test) and levels of ATP and ROS in 
brain tissues of mice, followed by Tukey test for post-hoc comparisons. ATP and ROS levels were presented as a 
percentage of those of the control group. Z score was calculated using the formula described by Moller et al.70, 
Z =  [ΔXAnesthesia/Surgery−  MEAN(ΔX)control]/SD(ΔX)control. In the formula, ΔXcontrol was the change score of mice 
in the control group at 6, 9 and 24 h after control condition minus the score at the baseline; ΔXAnesthesia/Surgery was 
the change score of mice in Anesthesia/Surgery group at 6, 9 and 24 h after the Anesthesia/Surgery minus the 
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score at baseline; MEAN(ΔX)control was the mean of ΔXcontrol; and SD(ΔX)control was the standard deviation of 
ΔXcontrol. We also used the method for calculating a composite Z score in patients71,72 to determine a composite 
Z score for each of the mice. Specifically, the composite Z score for the mouse was calculated as the sum of the 
values of 6 Z scores (latency to eat food, time spent in the center, latency to the center, freezing time, entries in 
novel arm and duration in novel arm) normalized with the SD for that sum in the controls. Given that the reduc-
tion (rather than increase) in time spent in the center and the freezing time (open field test)20–22 and the reduction 
in duration and entries in the novel arm (Y maze test) indicate impairment of the behavior, we multiplied the Z 
score values representing these behaviors by − 1 prior to calculating the composite Z score using these values. The 
nature of the hypothesis testing was two tailed. P values less than 0.05 were considered statistically significant. 
Prism 6 software (GraphPad Software, Inc, La Jolla, CA) was used to analyze the data.
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