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It is not known exactly how the autonomic nervous 
system responds to and is affected by the initiation and 
progression of neuroimmunological disease. Multiple 
sclerosis (MS) is a neurodegenerative disease caused 
by immune effector cell insult on the myelin sheath of 
the central nervous system. MS can be associated with 
a monophasic, relapsing or chronic disease course. 
There have been numerous reports of autonomic 
and cardiovascular dysfunction associated with the  
disease11–14. In some cases, autonomic dysfunction has 
been correlated with disease status and fatigue in people 
with MS15–17. Other studies have noted a correlation 
in MS patients between cardiovascular autonomic 
dysfunction and midbrain or brainstem lesions 
observed by magnetic resonance imaging18–20. Spectral 
analyses of HRV in individuals with MS have indicated 
disturbances in both parasympathetic and sympathetic  
pathways21–23. Researchers attempting to study 
the involvement of autonomic disturbance in MS 

The autonomic nervous system regulates internal 
homeostasis. This regulatory process is functionally 
mediated by the sympathetic and parasympathetic divisions 
of the nervous system, which generally work in opposition 
to each other. Sympathetic functions typically enable ‘fight 
or flight’ responses, whereas the parasympathetic division is 
more involved in ‘rest and digest’ functions of target organs. 
Fluctuations in heart rate (HR), for example, are influenced 
by both the sympathetic and parasympathetic pathways, 
and spectral analysis of heart rate variability (HRV) can 
distinguish components contributed by each pathway1,2. 
In humans, decreased HRV is currently used as a predictor 
of increased morbidity and mortality with various forms 
of cardiovascular3–5 and non-cardiovascular diseases6,7. 
Direct innervation of immune system components has 
been demonstrated for the sympathetic pathway but not 
for the parasympathetic pathway8; however, there is much 
evidence to suggest that the parasympathetic nervous 
system down-modulates the immune response9,10.
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Dysfunction of the autonomic nervous system may be an important component of 
disease progression in multiple sclerosis (MS), a paralytic inflammatory autoimmune 
disease of the central nervous system. Using the experimental autoimmune 
encephalomyelitis mouse model of MS, the authors carried out a pilot study to 
investigate whether telemetric monitoring might be a feasible approach for detecting 
disturbances in the autonomic control of heart rate and blood pressure after disease 
induction. Telemetric monitoring devices that were implanted in mice provided useful 
information regarding the physiologic changes that accompanied disease induction 
and progression. Changes were observed in heart rate, blood pressure, heart rate 
variability and diurnal rhythm immediately before and after disease onset. The 
device implantation procedure did not seem to alter the course of disease. Further 
investigation may establish these methods as a system for studying the relationships 
between MS progression and autonomic regulation of physiological status.
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Telemetric monitoring
Telemetry transmitter devices (model PA-C10, Data 
Sciences International, St. Paul, MN) were implanted 
into mice that were anesthetized with isoflurane.  
Per supplier recommendations, we inserted the tip 
of the device’s catheter into the left carotid artery 
of the mouse. We then placed the transmitter body 
subcutaneously (s.c.) in an abdominal pocket, sutured 
incisions and administered buprenorphine to the 
mouse as an analgesic.

We carried out a preliminary experiment in healthy 
mice to evaluate the implantation and monitoring 
procedures. Device-implanted mice (n = 5) recovered 
from surgery in single housing for 1 week under a 
standard light:dark cycle of 12 h:12 h. Mice were then 
transferred to paired housing or remained in single 
housing for monitoring of HR, BP and activity.

In a second experiment, we implanted telemetry 
transmitter devices into another group of mice  
(n = 5) in which EAE would later be induced. For 
this experiment, additional mice (n = 5) underwent 
a sham procedure in which the carotid artery was 
exposed but no device was implanted. One person 
carried out all implantation and sham surgeries 
over 2 consecutive d. Mice recovered from surgery 
for 1 week as described above. After recovery, we 
transferred each device-implanted mouse to paired 
housing with a sham-treated mouse and monitored 
HR, BP and activity of implanted mice for 1 week. 
EAE was later induced only in mice with stable BP.

Transmitters were turned on magnetically during 
recovery. Receiver platforms beneath mouse cages 
transmitted the radiofrequency data at 500 Hz to a 
data-exchange matrix for conversion and storage on the 
hard drive of a personal computer. Three days before 
EAE induction, we programmed the data collection 
system (Dataquest A.R.T. software, version 4.0, Data 
Sciences International, St. Paul, MN) to record data 
once per min for 10 s.

Fluctuations in HR are influenced by both sympathetic 
and parasympathetic pathways of the autonomic nervous 
system. To maximize detection of the parasympathetic 
contribution to HRV, we collected continuous waveform 
data for the analysis of HRV during rest. We suspended 
scheduled intermittent data collection each day towards 
the end of the low activity (rest) cycle, between 12:00 PM 
and 2:00 PM (zeitgeber time (ZT) 6 and ZT8, where ZT0 
is the start of the light cycle at 6:00 AM). At these times, 
we collected continuous waveform data for 7–10 min.

HRV analysis
BP waveform data were processed in segments of 60 s to 
allow analysis of at least 500 consecutive beats per segment. 
Using the system’s software, we extracted inter-beat 
interval data from the waveform data for the time domain 
analysis of HRV. For frequency domain analysis, inter-beat 

have encountered various difficulties related to 
the unpredictability and extended length of the  
disease course, as well as problems associated with 
continuous monitoring.

Experimental autoimmune encephalomyelitis 
(EAE) serves as a mouse model of MS. In SJL mice, 
EAE is induced by immunization with a peptide 
sequence derived from region 139–151 of proteolipid 
protein (PLP139–151), a component of the myelin 
sheath24. Alternatively, EAE may also be induced in the  
SJL mouse strain by the passive transfer of PLP139–151–
specific T cells24,25. Implantable telemetric devices that 
record physiological data such as HR, blood pressure 
(BP), activity and body temperature in freely moving 
rodents26,27 can be used to monitor physiological 
changes during the EAE disease course.

The murine HR can range from 400 to 800 beats per 
min, approximately 10 times faster than the human HR. 
Quantitative analysis of the beat-to-beat fluctuations in 
the murine HR is a valid means of measuring cardiac 
autonomic regulation28,29. The murine respiratory 
rate, at 250–350 breaths per min, is also 10 times greater 
than the human respiratory rate at rest and affects sinus 
arrhythmia, which in turn influences HRV. HR and HRV 
are dependent on activity level and circadian rhythm;  
in addition, HRV is influenced by characteristics such as 
age, gender and mouse strain30,31.

Our goal in this pilot study was to establish the 
feasibility of using telemetric monitoring to collect 
continuous physiological data in EAE mice. We further 
wished to investigate the potential of using HR, BP and 
HRV in EAE as a means to better understand the status of 
the autonomic nervous system during the development 
and progression of autoimmune disease in the central 
nervous system. To this end, we carried out telemetric 
monitoring in SJL mice that were passively induced to 
develop a relapsing-remitting EAE disease course.

METHODS
Mice
We obtained female SJL mice from the Jackson Laboratory 
(Bar Harbor, ME). Mice were 18 weeks old at the time 
of device implantation or sham surgery. Mice were 
housed in sterilized cages and bedding under specific 
pathogen-free conditions at the Veterinary Medical 
Unit of the Portland Veterans Affairs Medical Center. 
Conditions were monitored using sentinel mice that were 
exposed to pooled dirty bedding for >28 d and then tested 
serologically for multiple pathogens and parasites. At the 
time of this investigation, sentinel mice were determined 
to be free of Sendai virus, mouse parvovirus, minute virus 
of mice, reovirus type 3, pneumonia virus of mice, mouse 
coronavirus, Mycoplasma pulmonis, mouse rotavirus, 
mouse encephalomyelitis virus and rodent pinworms and 
mites. All procedures were approved by our IACUC and 
carried out in accordance with institutional guidelines.
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Generation of PLP139–151–specific T cell lines
We actively immunized female SJL mice s.c. at four sites 
distributed across the lower back and flanks with 150 μg 
PLP139–151 peptide (HCLGKWLGHPDKF) in 0.2 ml 
complete Freund’s adjuvant containing Mycobacterium 
tuberculosis (50 μl per injection). We harvested spleens 
and lymph node cells 10 d after immunization and 
processed them to a single-cell suspension. We lysed 
red blood cells with RBC Lysis buffer (Sigma, St. Louis, 
MO). Cells were stimulated at 4 × 106 cells per ml in 
stimulation medium (Roswell Park Memorial Institute 
(RPMI) 1640 containing 1 mM sodium pyruvate, 2 mM 
L-glutamine, 57.2 μM 2-mercaptoethanol and 10% fetal 
bovine serum) containing 10 μg PLP139–151 peptide 
for 72 h. We then expanded T cells in growth medium 
(RPMI 1640 containing 1 mM sodium pyruvate, 2 mM 
L-glutamine, 57.2 µM 2-mercaptoethanol, 10% fetal 
bovine serum and 20 U/ml recombinant interleukin-2) 
for 5 d before freezing and storing them in liquid 
nitrogen. Before passive transfer, we thawed and 
stimulated cells for 72 h with PLP139–151 peptide in 
the presence of irradiated thymocytes and splenocytes 
as antigen-presenting cells.

RESULTS
Telemetric monitoring in healthy mice
Before beginning telemetric monitoring in EAE 
mice, we evaluated the implantation and monitoring 
procedures in healthy mice (n = 5). One mouse died of 
unknown causes 4 weeks after surgery, and in another 
mouse, signal transmission was erratic. We excluded 
data from these two mice from the experiment. After 
the three remaining mice recovered from surgery,  
we housed two device-implanted mice together. We 
collected telemetry data from only one of these mice, 

interval data were interpolated at 50 Hz, detrended and 
mean-suppressed. We then applied the periodogram 
function for the estimation of power spectral density.  
We set the low frequency range at 0.4–1.5 Hz and the high 
frequency range at 1.5–4.0 Hz. We determined normalized 
frequencies by dividing low frequency or high frequency 
by the total power (0.015–4.0 Hz; refs. 29,32).

Induction and scoring of EAE
We induced EAE in device-implanted (n = 2)  
and sham-treated (n = 5) SJL mice by intraperitoneal 
(i.p.) injection with 7.5 × 106 PLP139–151–specific 
T cells. Mice began to show signs of  paralysis  
9–12 d after transfer, beginning with a limp tail and then 
progressing with ascending paralysis of the hind limbs 
and then forelimbs. The condition of each mouse was 
scored daily on a scale of 1–6 as follows: 0 for normal 
condition; 1 for limp tail or mild hind limb weakness;  
2 for limp tail and moderate hind limb weakness or mild 
ataxia; 3 for limp tail and moderately severe hind limb 
weakness; 4 for limp tail and severe hind limb weakness, 
mild forelimb weakness or moderate ataxia; 5 for limp 
tail and paraplegia with no more than moderate forelimb 
weakness; and 6 for limp tail and paraplegia with severe 
forelimb weakness or severe ataxia or moribund condition. 
At the first indication of disease, we provided softened 
food in a small dish on the cage bedding material. Mice 
with a score of 4 or higher received fluids i.p. (sterile 5% 
dextrose in saline, 1 ml per d). During daily evaluation, 
we also weighed each mouse to ensure that its weight 
had not decreased by more than 20% from the baseline 
weight recorded before disease induction. Although such 
a situation did not arise in this study, weight loss of 20% or 
more within 3 consecutive d would indicate that a humane 
endpoint (euthanasia) had been reached for that mouse.

FIGURE 1 | Continuous trace of HR during the pre-disease, disease onset and recovery periods of EAE in mice implanted with 
telemetry monitoring devices. Black and white bars indicate the dark and light phases, respectively. Day 0 indicates day of T-cell 
transfer for EAE induction. (a–c) Mouse 2. (d–f) Mouse 4.
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dropping to a score of 4.0 on day 13. This score was 
retained until the last day of the experiment (day 17). 
The diurnal HR for both mice began to approach 
pre-disease amplitude after days 15–17 (Fig. 1c,f).

BP and motor activity in EAE mice
We monitored BP continuously before and after 
disease induction in both device-implanted mice and 
observed patterns similar to those observed in the HR 
(Fig. 3). The diurnal pattern of BP in mouse 2 did not 
begin to approach pre-disease peak and trough levels 
until day 15 (Fig. 3c). In mouse 4, the diurnal pattern 
of BP seemed normal until disease onset (day 9), at 
which point BP became substantially elevated and 
remained high regardless of the phase in the light:dark 
cycle. BP levels began to decrease after day 15 but 
had not returned to the pre-disease pattern by day 17  
(Fig. 3d–f). Overall, the magnitude of change observed 
in HR and BP in association with disease onset, 
particularly during the light phase, as well as the 
magnitude of change in the diurnal pattern, seemed 
to correlate with the severity of disease. In mouse 2, 
which had relatively mild EAE (maximum score was 
3.0), changes in HR and BP were less marked than in 
mouse 4, which had more severe EAE (maximum score 
was 5.0) and a longer duration of disease.

As expected, telemetric monitoring showed that after 
disease onset (motor dysfunction), activity decreased 

as data transmission can be captured from only one 
mouse at a time per cage. The third implanted mouse 
was housed singly for data collection. We observed a 
diurnal pattern of HR, BP and activity corresponding 
to the light:dark cycle in the two healthy mice that we 
monitored (data not shown).

Telemetric monitoring in EAE mice
In a second experiment, we telemetrically monitored 
mice in which EAE was later induced. The telemetry 
device was successfully implanted in three of the five 
mice in which implantation was attempted. Two of the 
five mice did not survive implantation owing to rupture 
of the carotid artery during surgery.

Two weeks after implantation surgery, we induced EAE 
in device-implanted mice (n = 2) and in sham-treated 
mice (n = 5). We induced EAE in only two of the 
three mice that had been successfully implanted with 
transmitter devices, because one mouse was euthanized 
10 d after implantation because of self-inflicted 
wounding (gnawing at the transmitter battery site).

Both device-implanted mice and three of the five 
sham-treated mice developed EAE. The incidence 
rate of disease observed in this experiment (71%) was 
within the range observed in previous experiments. 
Thus, it is not possible in the current study to draw 
conclusions regarding the influence of the surgical 
procedure or device implantation on disease incidence. 
Disease course and severity in sham-treated mice were 
qualitatively similar to those in the implanted mice, in 
that similar and variable disease patterns developed in 
both groups (data not shown).

HR in EAE mice
As noted above, before inducing EAE (day 0) we 
readily observed a diurnal rhythm in the HR of both 
device-implanted mice (hereafter referred to as mouse 
2 and mouse 4; Fig. 1a,d). Consistent with a nocturnal 
activity pattern, peak levels in HR were associated with 
the dark phase, and trough levels were associated with 
the light phase.

In mouse 2, we observed a loss of amplitude in the 
diurnal HR pattern, equivalent to a rise in HR during 
rest (light period; Fig. 1b), as early as day 5, though 
signs of motor dysfunction were not observed until day 
11. In mouse 4, we observed disruptions in the diurnal 
HR upon onset of motor dysfunction on day 9 (Fig. 1e). 
In this mouse, the diurnal HR pattern was completely 
disrupted and an initial severe drop in HR was followed 
by an elevation in HR that was sustained throughout 
the light:dark cycle. Mouse 2 developed moderate EAE, 
which reached a peak score of 3.0 on day 12 (Fig. 2a).  
Disease ameliorated after day 14 and dropped to a 
score of 1.0 by day 17. The EAE disease course in 
mouse 4 (Fig. 2b) was more severe than that in mouse 2  
(Fig. 2a), reaching a peak score of 5.0 on day 11 and 

FIGURE 2 | Activity level and EAE disease score in device-
implanted mice at trough levels during the light phase  
and at peak levels during the dark phase. Day 0 indicates 
day of T-cell transfer for EAE induction. Bars indicate s.d. 
(a) Mouse 2. (b) Mouse 4.
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frequency (influenced by both parasympathetic 
and sympathetic input; Fig. 4). Decreases in HRV 
occurred at both high and low frequency powers in 
both device-implanted mice, consistent with a loss of 
normal diurnal variation in HR, which is regulated 
by the autonomic nervous system. An observed 
decrease in the high or low frequency power spectrum 
indicates a change in autonomic function but does not 
determine whether sympathetic or parasympathetic 
activity is increased or decreased33.

Time domain analysis of the inter-beat intervals 
also showed a correlation between decreased HRV 
and EAE (Tables 1 and 2). In mouse 2, inter-beat 
intervals became shorter and HRV decreased on the 
day preceding disease onset (day 10). Mouse 4 showed 
an increase in inter-beat intervals with increased HRV 
on the day of onset (day 9), followed by low HRV for 
the remainder of the disease course. These changes are 
consistent with the respective HR patterns observed 
for each mouse during the disease course (Fig. 1) and 
support the hypothesis that changes in HRV may vary 
depending on the course and severity of disease.

DISCUSSION
The results of this pilot study demonstrate that mice 
implanted with a telemetry monitoring device can 
develop EAE, and that this monitoring method is feasible 
and useful in the EAE disease model. Device-implanted 
mice were able to recover from surgery, and the time 
course of autoimmunity induction in these mice was 
similar to that observed in sham-treated mice. We note 
that EAE mice did not seem to possess characteristics 
that would preclude data collection using the telemetric 
methods we have described.

HR and BP followed similar patterns, increasing 
during the dark cycle. Similarly, activity levels were 

during the dark (active) period (Fig. 2). The relationship 
between motor activity and autonomic changes is not 
clear, but the decreased motor activity probably did not 
directly account for the observed increases in HR and BP.

HRV in EAE mice
We calculated changes in HRV before, during and 
after EAE onset in the frequency domain by power 
spectrum analysis of contributions of high frequency 
(influenced by parasympathetic inputs) and low 

FIGURE 3 | Continuous trace of BP during the pre-disease, disease onset and recovery periods of EAE in mice implanted with telemetry 
monitoring devices. Black and white bars indicate the dark and light phases, respectively. Day 0 indicates day of T-cell transfer for EAE 
induction. (a–c) Mouse 2. (d–f) Mouse 4.
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vary during chronic EAE. Studies with longer durations 
and larger group sizes are needed to investigate these 
questions, and our results suggest that such studies 
are feasible. Our results may be relevant to chronic 
fatigue, a common debilitating condition associated 
with MS, particularly because autonomic dysfunction, 
disturbances of the circadian rhythm and deregulation 
of hormonal signals associated with the sleep-wake 
cycle (all of which can affect HR and BP) are believed to 
contribute to chronic fatigue34,35.

Although the sympathetic and parasympathetic 
contributions to HRV have been known for some 
time1,2, investigations of autonomic influence on HRV 
in mouse models were not carried out until relatively 
recently because of limitations of monitoring on such 
a small scale29,32,36. Researchers have since been able to 
examine the effects of cardiac-associated mutations on 
HRV in various mouse models, including mice lacking 
the Mas proto-oncogene37, as well as transgenic mice 
with overexpression of a cardiac-specific GTPase32. 
To our knowledge, our present study is the first to 
investigate fluctuations in HRV related to the onset of 
autoimmune disease in a mouse model. Our analysis 
of HRV by frequency domain detected changes at both 

highest during the dark phase and lowest during the 
light phase. These results indicate that our approach 
to physiological monitoring in mice can detect diurnal 
variations in HR, BP and activity that are consistent with 
nocturnal behavioral patterns reported previously30.

We noted a disruption of normal HR and BP patterns 
in mice immediately before and after the onset of 
passively induced EAE. In mouse 4, in which EAE was 
relatively severe, HR remained elevated for much longer 
after disease onset compared with the HR of mouse 2, 
which had moderate EAE. In mouse 2, HR peaked close 
to disease onset but then quickly returned to normal 
levels. This indicates that the pre-disease diurnal pattern 
can re-emerge after recovery from acute EAE; the rate at 
which this occurs may be connected to the peak severity 
of clinical disease. A return to pre-disease physiologic 
patterns after recovery may be normal in the SJL mouse, 
as EAE follows a remitting-relapsing disease course in 
this strain. Because this was a pilot study, we observed 
mice for only 17 d. It is not known whether normal HR 
and BP patterns would be disrupted to the same extent 
with each relapse, or whether these patterns would be 
fully restored at each remission. Nor is it known whether 
or to what extent these physiological parameters might 

TABLE 2 | Time domain analysis of HRV in mouse 4 during the progression of EAE

Day EAE score RR (ms) ± s.d. SDRR PSDRR CV (%) ± s.d. PCV
0 0 102 ± 9 5 ± 1 – 5 ± 1 –
4 0 112 ± 7 5 ± 3 0.78 4 ± 3 0.4

8 0 102 ± 4 4 ± 1 0.05 4 ± 1 0.06
9 1 135 ± 9 10 ± 4 0.002 7 ± 3 0.04
10 4 94 ± 3 3 ± 0.5 <0.0001 3 ± 0.4 <0.0001
11 5 84 ± 3 2 ± 0.5 <0.0001 2 ± 0.6 <0.0001
12 5 93 ± 2 3 ± 1 0.001 4 ± 1 0.01
13 4 82 ± 2 2 ± 0.5 <0.0001 2 ± 0.6 <0.0001
15 4 87 ± 2 3 ± 1 0.0005 4 ± 1 0.01
17 4 94 ± 5 3 ± 1 0.001 3 ± 1 0.0002
Day 0 is the day of EAE induction. RR, mean interval between heartbeats; SDRR, mean s.d. of RR; CV, coefficient of variance (SDRR/RR × 100). P values are for the 
comparison of SDRR or CV on each day vs. SDRR or CV on day 0.

TABLE 1 | Time domain analysis of HRV in mouse 2 during the progression of EAE

Day EAE score RR (ms) ± s.d. SDRR PSDRR CV (%) ± s.d. PCV
–3 0 99 ± 7 9 ± 6 0.12 9 ± 6 0.2
0 0 103 ± 12 12 ± 4 – 12 ± 4 –
4 0 93 ± 3 5 ± 2 <0.0001 5 ± 3 <0.0001
8 0 104 ± 3 6 ± 3 0.0002 6 ± 3 0.0003
9 0 114 ± 4 8 ±3 0.01 7 ± 3 0.002
10 0 82 ± 1 2 ± 0.4 <0.0001 2 ± 0.5 <0.0001
11 2 114 ± 4 8 ± 3 0.007 7 ± 3 0.002
12 3 105 ± 9 7 ± 2 0.0002 6 ± 1 <0.0001
13 3 120 ± 3 7 ± 2 0.0001 6 ± 2 <0.0001
15 2 99 ± 13 7 ± 2 0.0003 7 ± 2 0.0006
17 1 120 ± 7 7 ±2 0.0001 6 ± 2 <0.0001
Day 0 is the day of EAE induction. RR, mean interval between heartbeats; SDRR, mean s.d. of RR; CV, coefficient of variance (SDRR/RR × 100). P values are for the 
comparison of SDRR or CV on each day vs. SDRR or CV on day 0.
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high and low spectral frequencies in mice with induced 
EAE; these findings may indicate the disruption of 
both sympathetic and parasympathetic influences29,32. 
Analysis by time domain also indicates that a disruption 
of autonomic control may occur in EAE mice. Further 
investigation is needed to determine whether HRV in 
EAE is a relevant parameter for studying autonomic 
dysfunction in MS, particularly chronic disease. Such 
studies may also provide insight into the involvement 
of cardiovascular disease and fatigue in MS.

Paralysis might cause a stress response that influences 
a loss of autonomic regulation; it is not known to what 
extent such an effect would occur. Stress hormones 
may initially contribute to higher HR and BP during 
paralysis in EAE38,39. This scenario, however, is not 
supported by our observation of diurnal pattern 
disruption before detecting any signs of paralysis40.

Although this topic has not been studied in depth, 
several reports indicate that circadian rhythm 
abnormalities may be associated with MS pathogenesis. 
A study of MS patients with fatigue, as mentioned 
earlier, found a significant correlation between fatigue 
and abnormal sleep patterns, indicating circadian 
rhythm disturbance34. Additional reports have found 
disturbances associated with the circadian control 
of core body temperature41,42. The importance of 
the circadian clock in maintaining a daily rhythm 
for metabolic and physiologic functions, including 
control of the autonomic nervous system, suggests 
that disruption of clock function could contribute 
to numerous chronic diseases43,44. Physiological 
monitoring of HR and BP in animal models may 
provide an approach for understanding the roles of 
such disruptions.

Finally, if we find that disturbances in HR and BP 
can be correlated with disease progression in EAE, it 
may be useful to monitor HRV, HR and BP as indicators 
of disease status or of therapeutic efficacy in MS. 
This could be informative, as our data indicate that a 
disruption of autonomic controls may occur before any 
overt paralytic signs of disease.
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