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Abstract: Environmental enrichment (EE) can reduce anxiety and stress in experimental animals, while little is 
known about the influence on autonomic nervous activity especially in disease animal models. Diabetes mellitus 
(DM) is associated with cardiovascular autonomic dysfunction, which can be characterized by a higher resting 
heart rate and a lower heart rate variability (HRV). We hypothesized that EE can enhance parasympathetic nervous 
activity while reducing disease progression in type 2 diabetic mice. A telemetry transmitter was implanted in NSY 
mice to continuously record electrocardiograms (ECG). Animals were kept in a cage with or without a nest box as 
EE. The autonomic nervous activity was evaluated using power spectral analysis of HRV. Four weeks of EE could 
increase high frequency (HF) power, but no change was observed in the absence of EE. Although animals showed 
impaired glucose tolerance at 48 weeks of age regardless of EE, a worsen case was observed in control. These 
results indicate that EE can be necessary for long-term housing of experimental animals and may reduce the risk 
of impaired glucose tolerance in NSY mice by enhancing parasympathetic nervous activity. In future, it is demanded 
whether increasing parasympathetic nervous activity, whatever the method is, can prevent diabetes from worsening.
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Introduction

It is known that environmental enrichment (EE) pro-
mote the inherent behavior of laboratory animals, result-
ing in reduction of stress response as well as activation 
of natural killer cells [2, 3]. Especially for rodents such 
as mice, putting the material of nest box in the cage as 
EE made animals comfortable states [9, 10], while little 
is known about the influence on autonomic nervous func-
tion which might be closely related to the progression 
of diabetes mellitus (DM).

Autonomic nervous activity, which would have an 
influence on heart rate (HR) and thus has been frequent-
ly evaluated by a variability of the HR, is generally re-
duced in diabetic patients compared with non-diabetic 

patients of the same age [14]. Therefore, type 2 DM can 
lead to cardiac autonomic neuropathy [4, 5], which has 
been associated with elevated mortality in patients with 
DM [13, 23]. The earliest manifestation of cardiac au-
tonomic neuropathy in diabetes has tended to be associ-
ated with parasympathetic denervation [15], but even 
healthy adults, who showed a decreased parasympa-
thetic input and a higher resting HR, were known to be 
at an increased risk for developing type 2 DM [5]. In this 
context, it could be considered that increasing parasym-
pathetic nervous activity and/or lowering resting HR 
decrease the incidence of diabetes onset.

Thus, we hypothesized that EE can enhance auto-
nomic nervous function, especially resting parasympa-
thetic components, while reducing the disease progres-
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sion or decrease the incidence of worsen disease 
pathogenesis in type 2 diabetic mice. To prove this hy-
pothesis, we used an NSY mouse as a model of develop-
ing DM. The advantages of using the NSY mouse are; 
developing type 2 DM spontaneously by 48 weeks of 
age and established evidences of the etiology and the 
pathology of the disease [21]. In addition, because a nest 
box has been used as common types of mouse enrich-
ment [1], we selected it as an EE. It can provide narrow 
and dark places and behavioral opportunities for mice 
to climb and play. Moreover, using nest box made of 
paper might be suitable to record electrocardiogram 
(ECG) with telemetry system, because it does not inter-
fere the radio wave from transmitter. Therefore, we 
performed this study to examine whether EE can enhance 
parasympathetic nervous system activity using power 
spectral analysis of heart rate variability (HRV) [11] and 
affect the progression of DM in NSY mice implanted 
with ECG telemetry.

Materials and Methods

Animals and housing
Total fourteen male NSY/Hos mice (8 weeks of age) 

were obtained from Japan SLC, Inc. for the experiment. 
All mice were kept individually in plastic cage with 
wood chips for bedding, and the cages were placed in 
an incubator (SANYO MIR-553, Osaka, Japan) main-
tained at constant temperature (24°C). Mice could 
freely access to water and normal food (MF, Oriental 
Yeast, Tokyo, Japan) and were kept on a 12-h light-dark 
cycle (lights on at 8:00 a.m.) according to previous stud-
ies [6, 12]. Experiments were performed in accordance 
with the Institute of Ethical Guidelines under the proto-
cols approved by the Animal Experimental Expert Com-
mittee of the University of Tokyo.

Implanting the telemeter for ECG recording
A telemeter transmitter for ECG (ATE-02S, Softron, 

Tokyo, Japan) was surgically implanted at the cervical 
subcutaneous region under the isoflurane inhalation an-
esthesia. The electrodes were placed to the subcutaneous 
tissue so as to record marked R-wave of ECG.

Experimental protocol
This study was consisted of two parts of experiments. 

Firstly, effects of EE on autonomic nervous function in 
NSY mice were evaluated. Time course of the experi-
ment is shown below. After implanted telemetry system 
by 14 weeks of age, eight mice were randomly divided 
into two groups: one, EE was provided in the cage after 
16 weeks of age (EE group) and another, EE was never 

provided in the cage (control group). A nest box was 
used as EE (Shepherd Shack®:SS; Shepherd Specialty 
Papers, Watertown, TN, USA). SS was made of regener-
ated paper, and the shape had 146.0 × 89.0 × 64.0mm, 
with a front hole (approximately φ 40mm). The ECG 
recordings were started from 15 weeks until 20 weeks 
of age. SS was provided continuously during the record-
ing period.

Secondly, long-term effects of EE on autonomic ner-
vous function and type 2 DM condition were evaluated. 
As previously described, EE was provided to mice in the 
EE group at 16 weeks of age, and was continuously kept 
until 48 weeks of age, which was supposedly enough 
time for NSY mice to develop diabetes. Mice in the con-
trol group were kept without EE as usual. Three mice in 
each group were implanted with ECG telemetry transmit-
ter at 45 weeks of age. After recovery, the ECG record-
ings were made at 48 weeks of age, and then oral glucose 
tolerance test (OGTT) described below was performed 
in all available mice which included animals not im-
planted with ECG telemetry transmitter. Blood samples 
were obtained from the tail vein, and blood glucose 
concentration was measured directly by glucose oxidase 
method at 0, 30, 60, 90 and 120 min after forced oral 
administration of 2g /kg weight glucose. Area under the 
glucose curve (AUC) was calculated according to the 
trapezoid rule from the glucose measurements at baseline 
(0 min), 30, 60, 90 and 120 min.

Data recording and analyses
A signal receiving board (ATR-1001, Softron) was 

placed underneath each mouse cage in the incubator. 
ECG signals were continuously recorded by an ECG 
processor (SBP2000, Softron). Power spectral analysis 
of HRV was performed as previously described [6, 12]. 
Briefly, using the recorded ECG data, an off-line analy-
sis of HRV was performed on an ECG power spectral 
analysis software (SRV2W, Softron). To analyze the 
power spectrum obtained, we separated the frequency 
range into two classes according to previous studies; low 
frequency (LF) class between 0.1 and 1.0 Hz and high 
frequency (HF) class between 1.0 and 5.0 Hz [8, 20]. 
The ratio of LF and HF power (LF/HF) was also calcu-
lated. It is known that LF corresponds to both sympa-
thetic and parasympathetic nervous activities, HF cor-
responds to parasympathetic nervous activities and LF/
HF ratio corresponds to sympatho-vagal balance [11].

ECG data were analyzed at 16 to 20 weeks of age as 
well as at 48 weeks of age, each of which corresponded 
to historically pre-diabetes phase and complete diabetes 
phase, respectively [21, 22]. All values are expressed as 
mean ± SEM. To determine the diurnal/nocturnal varia-
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tion in these parameters, the 24-h period was separated 
into light period (8:00–20:00; asleep) and dark period 
(20:00–8:00; awake). A repeated measures analysis of 
variance (ANOVA) was used to examine the time course 
effect within the group as well as EE effect between the 
groups. Post hoc multiple comparisons were performed 
with the use of the Least Significant Difference test only 
when interaction between the groups and the time course 
effects was significant. Student’s t-tests were only used 
for OGTT to compare values between the control group 
and the EE group at 48 weeks of age. A value of P<0.05 
was considered significant. Statistical analyses were 
performed using JMP® 14 (SAS Institute Inc., Cary, NC, 
USA).

Results

Autonomic nervous function
No abnormal features of ECG were observed in both 

control group and EE group. Figure 1A is an example of 
continuous HR data from a control mouse from 16 to 20 
weeks of age, showing clear circadian oscillations. As 
seen in HR, LF and HF were also showing circadian 
oscillation which was not obvious in LF/HF ratio (Fig. 
1B), and thus it was necessary to separate data in each 
photo period. Changes in body weights were no differ-
ence between the control group (40.9 ± 2.0 g to 43.1 ± 
3.1 g) and the EE group (41.6 ± 2.2 g to 43.4 ± 4.3 g) 

during in this experimental period. Figure 2 shows time 
course changes in autonomic nervous function in the 
presence or the absence of EE. HR decreased from 16 
to 20 weeks of age in both light and dark period (time: 
P=0.004 and P=0.005, respectively) but changes were 
not significantly different between the control group and 
the EE group (between groups: P=0.112 and P=0.116; 
interaction: P=0.741 and P=0.766, respectively). LF 
showed a significant increase from 16 to 20 weeks of 
age in light phase but not in dark phase (time: P=0.027 
and P=0.151, respectively), but changes seen in light 
period were not significantly different between the con-
trol group and the EE group (between groups: P=0.150; 
interaction: P=0.118). HF in the EE group gradually 
increased from 16 to 20 weeks of age only in light pe-
riod compared to that in the control group (between 
groups: P=0.026; time: P=0.001; interaction: P=0.035) 
and changes were significant at 19 and 20 weeks of age 
compared to that at 16 weeks of age and between groups 
(post hoc test; vs. 16 weeks: P=0.004 and P<0.001, re-
spectively; between groups: P=0.009 and P<0.001, re-
spectively) (Fig. 2). LF/HF ratio decreased similarly in 
both control and EE groups from 16 to 20 weeks of age 
only in light period (between groups: P=0.303; time: 
P=0.023; interaction: P=0.285) but not in dark period 
(between groups: P=0.260; time: P=0.397; interaction: 
P=0.791).

Figure 3A shows representative 24-h time-course data 

Fig. 1.	 Circadian oscillations in pre-diabetes mouse. A) Heart rate (HR) from a NSY mouse of control group. Data 
are plotted every 5 min. B) Time course changes of HR, Low frequency (LF), High frequency (HF) and LF/
HF ratio from a 20-week-old mouse of control group. Clearly different activities are observed between light 
and dark periods in HR, LF and HF but not in LF/HF ratio. wks, weeks of age.
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Fig. 2.	A utonomic nervous functions in the control group (n=4, blank bar) and the environmental enrichment (EE) group (n=4, 
gray bar) from 16 to 20 weeks of age. Values are mean ± SEM and were analyzed using a repeated measures analysis of 
variance and multiple comparisons. *P<0.01, **P<0.001 vs 16 weeks. †P<0.01, ‡P<0.001 vs control group at same phase. 
wks, weeks of age; HR, heart rate; LF, low frequency; HF, high frequency.

Fig. 3.	A utonomic nervous function at 48 weeks of age in each light and dark period. A) Time course changes of heart rate (HR), 
Low frequency (LF), High frequency (HF) and LF/HF ratio from each mouse of control and environmental enrichment (EE) 
groups at 48 weeks of age. Much higher powers in both LF and HF are presented during light period in EE compared to 
control. B) In light period, EE group showed significantly lower HR and higher HF power than control group. Each group 
n=3. Values are mean ± SEM. *P<0.05, **P<0.01.
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of autonomic nervous function in an NSY mouse each 
from control and EE groups at 48 weeks of age. Diurnal/
nocturnal oscillation was remained to be seen in HR, LF 
and HF but not LF/HF ratio in both groups, while HR 
seemed to be lower and the power of LF and HF seemed 
to be greater in EE group compared to those in the con-
trol group (Fig. 3A). In fact, group data confirmed that 
HR and HF in the EE group, only in light period, were 
significantly lower (P=0.005) and greater (P=0.029) than 
those in the control group, respectively (Fig. 3B). Al-
though LF in the EE group in light period tended to be 
greater than that in the control group, difference was not 
statistically significant (P=0.187). LF/HF ratio was not 
different between control and EE groups in light period. 
During dark period, autonomic nervous function was 
similar in both control and EE groups.

Blood glucose level and OGTT at 48 weeks of age
Fasting blood glucose levels were 106.4 ± 9.3 mg/dl 

in the control group and 108.2 ± 4.0 mg/dl in the EE 
group, and the difference was not statistically significant 
between both groups (P=0.863, n=5 each). Body weight 
were 46.5 ± 1.9 g in the control group and 45.2 ± 1.4 g 
in the EE group, and the difference was also not statisti-
cally significant between both groups (P=0.590, n=5 
each). Figure 4A shows the results of the glucose toler-
ance test in both control and EE groups at 48 weeks of 
age. Although all mice were judged as a diabetic condi-
tion based on the glucose level of >200 mg/dl at 120 min 
after the oral glucose administration, AUC was not 

significantly different between both groups (Fig. 4B). 
However, as seen in Fig. 4A, one mouse in the control 
group showed abnormally high blood glucose values and 
was more than 2 standard deviation of the average of the 
rest values. Furthermore, this mouse died a week later 
even though other animals were survived.

Discussion

In this study, we investigated whether EE can enhance 
parasympathetic nervous system activity and affect the 
progression of DM in NSY mice implanted with ECG 
telemetry. The major findings of the present study were 
as follows. First, there was a clear nocturnal variation in 
HR and autonomic nervous system function in NSY 
mice. Second, the placement of the nest box as EE 
gradually increased the parasympathetic nervous activ-
ity in the light period as interpreted from an increased 
HF, and it became significant after 3 weeks of EE treat-
ment. The effect of EE was not observed in the dark 
period. Third, mice in the EE group that were continu-
ously received nest box in their cages showed high para-
sympathetic activity and low HR in light period (resting 
phase) even at 48 weeks of age. Although NSY mice 
showed impaired glucose tolerance in all cases at 48 
weeks of age, there was an individual showing abnor-
mally high blood glucose values in the group without 
EE and being dead soon after. This may indicate that EE 
have some positive effect on diabetes such as preventing 
severe progression.

Fig. 4.	O ral glucose tolerance test. A) Time course changes in blood glucose concentration are 
plotted in each individual mouse tested at 48 weeks of age. Open symbols are from control 
group and closed symbols are from environmental enrichment (EE) group. Note that open 
symbols of one control mouse (C2) show greater blood glucose concentration even at 120 
min after 2 g/kg body weight glucose application. B) Glucose area under curve (AUC). 
Difference was not statistically significant (P=0.330). Values are mean ± SEM.
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Autonomic nervous activities of NSY mice
Among various experimental animal models in diabe-

tes studies [18], we used NSY mice since this model 
seems to be more comparable to human type 2 diabetes 
in terms of disease progression compared to other mice 
models such as db/db mice which develop obesity and 
hyperglycemia very early and the severity increased 
progressively with age [16]. Since this study was also 
aimed to evaluate the long-term effects of EE, NSY mice 
were also appropriate due to the characteristics described 
below. The NSY mouse is a spontaneous disease model 
of type 2 DM with moderate obesity that was established 
by selective breeding for impaired glucose tolerance 
from a non-diabetic Jcl:ICR mouse colony [17]. Impaired 
glucose tolerance is specific to males and observed as 
early as at 12 weeks of age, and this impairment progres-
sively worsens with growing. The cumulative incidence 
of impaired glucose tolerance is 98% for male at 48 
weeks of age, accompanied by an increase in body fat 
and mild hyperinsulinemia [22]. Additionally, the hy-
perinsulinemia and high AUC of serum blood glucose 
at fasting condition were recognized from the age of 24 
weeks [21, 22]. Therefore, the evaluation before 20 
weeks of age in the present study seems to have been in 
a state without severity of impaired glucose tolerance.

This is the first report of autonomic nervous activities 
using HRV analysis in the NSY mouse. As seen in re-
sults, diurnal variation on HR and autonomic nervous 
function in the NSY mouse existed and synchronized to 
the light-dark cycle. Because it is important to consider 
both time of day/night and stress when evaluating HR 
and HRV in diabetes [19], this study preciously provides 
the basis for future investigation on autonomic nervous 
function in NSY mice.

Effects of environmental enrichment
EE in experimental rodents decreases anxiety and 

stress-responsive hormones and enhances natural killer 
cell activity [2, 3]. In the present study, we provided a 
nest box as an EE to NSY mice of young age and suc-
cessfully enhance parasympathetic nervous activity as 
indicated by an increased HF power especially in the 
resting period. Whereas no change was observed in any 
parameters of autonomic nervous function immediately 
after EE was set, parasympathetic nervous activity dur-
ing light period gradually increased afterward and be-
came significant after 3 weeks. Since we used the nesting 
box as EE, which might be related to resting and/or sleep 
area for mice, effects in the present study may be ob-
served only in resting phase (light period). If this is the 
case and EE were functioning as ‘toys’ for mice, effects 
on autonomic nervous activity may be seen in dark pe-

riod which is an active phase for nocturnal animals. It is 
not known whether it is important to increase autonom-
ic nervous function in active phase or resting phase, and 
this question would be remained for future studies.

In the present study, adding the nesting box into the 
cage did not have an immediate influence on any auto-
nomic nervous function but took more than 3 weeks to 
increase parasympathetic nervous activity in resting 
phase. This suggests that changing steady state of auto-
nomic nervous activity could not be achieved instanta-
neously such as one shot of medication but might rather 
result from continuous and/or long-term treatments. This 
effect was still remained and also confirmed by 48 weeks 
of age NSY mice as seen in Fig. 3B. In any case one 
should always consider how EE works for animals and 
thus what effects would be expected in a specific aspect.

In addition, continuous EE placement resulted in 
lower HR at 48 weeks of age when comparing to those 
in the control group, while HR effects were not observed 
at 20 weeks of age. This may indicate that EE treatment 
longer than 4 weeks can change steady state HR espe-
cially at resting phase, resulting from already increased 
parasympathetic activities. Since NSY mice at 48 weeks 
of age were all diabetic in the present study, the disease 
progression may have an influence on autonomic nervous 
function. In addition, there was no difference in body 
weight changes between the control group and the EE 
group. NSY mice were a model with mild obesity, and 
the changes were almost the same as the body weight 
changes shown in earlier studies [21]. However, even 
so, EE could increase parasympathetic activity and 
lower HR in diabetic mice, and therefore some kind of 
intervention capable to increase parasympathetic activ-
ity and/or decrease HR would be effective and beneficial 
for patients with DM as discussed below. Because low 
HRV and autonomic nervous imbalance are related to 
the progress of diabetes [4, 5, 14], continuing to increase 
the parasympathetic nerve activity might have a preven-
tive effect on disease progression and severity. In the 
present study, the autonomic nervous functions, espe-
cially parasympathetic activity, was significantly great-
er, and the HR was significantly lower in the EE group 
at 48 weeks of age, while all mice in the EE group 
showed impaired glucose tolerance, indicating EE could 
not prevent onset of diabetes. However, those mice had 
been survived even at 52 weeks of age, one mouse in the 
control group showed severe impaired glucose tolerance 
and died after a few days after OGTT.

As described above, environmental enrichments had 
not immediate effects on autonomic function until >3 
weeks placement of nesting box. This suggests that the 
short-term rearing in mice (or experimental rodents) may 
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not require environmental enrichment such as a nesting 
box in the cage, but the long-term may require it in terms 
of animal welfare, probably contributing refinement of 
experimental animals.

Future study
Except fasting blood glucose levels, there was no in-

dex related to the disease state at a given time point in 
the present study. Glycemic variability may be associ-
ated with autonomic imbalance in patients with DM [7], 
and thus investigating a relationship between glycemic 
variability and HRV may be a potential future study to 
detect disease conditions of diabetes. However, in the 
current study we did not try to test glycemic variability, 
because we considered important to avoid interruption 
of continuous recording of ECG with telemetry system 
as well as invasive stress by measurement of glycemic 
variability.
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