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Abstract
Methyl-CpG-binding protein 2 is a transcription factor that is involved in gene silencing. It is mutated
in the majority of cases of Rett syndrome. This X-linked neurodevelopmental disorder is reported to
involve abnormalities in autonomic cardiovascular regulation. As an initial step in understanding the
basis for these abnormalities we have characterized autonomic cardiovascular function in Mecp2
deficient mice. Arterial pressure waves were recorded in freely moving animals using telemetry.
Baseline blood pressure and pulse interval (PI) as well as indices of heart rate variability (HRV):
standard deviation of PI (SDNN), range encompassing 90% of PIs (PI90) and standard deviation of
adjacent PIs (SDSD) were similar in Mecp2+/+ and Mecp2+/− animals. Spectral analysis of mean
arterial pressure (MAP) and PI in the frequency domain showed similar relative power in low
frequency 1 (LF1, 08–0.4 Hz), low frequency 2 (LF2, 0.4–1.0 Hz), middle frequency (MF, 1–3 Hz)
and high frequency (HF, 3.0–10.0 Hz) bands. Autonomic blockade with atropine or propranolol as
well as elevation in ambient temperature to 32 °C resulted in changes in blood pressure, PI and HRV
that did not differ between the strains. Atropine, propranolol and elevated temperature resulted in
similar changes in both MAP and PI spectral power. Baroreceptor function was tested using
intravenous injections of nitroprusside followed by phenylephrine. Maximum gain was not different.
These results do not reveal any disturbance of autonomic cardiovascular regulation in the Mecp2
deficient mouse genotype.
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1. Introduction
Rett syndrome (RTT) is a neurodevelopmental disorder caused by mutations in the gene that
encodes the transcription factor methyl-CpG-binding protein 2 (Mecp2) (Amir et al., 1999;
Hagberg et al., 1983; Rett, 1972). Mecp2 is involved in transcriptional silencing, however,
specific genes that are affected by its deficiency are generally not known. MECP2 is X-linked
and affected females are heterozygous for the mutations. In most cases X inactivation does not
favor either the wild type or mutated allele (Amir et al., 2000; Hoffbuhr et al., 2002). Included
in the phenotype of this disorder are abnormalities in autonomic regulations of heart rate that
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may contribute to the observation that 26% of deaths occur suddenly (Glaze, 2005; Kerr et al.,
1997). Subjects with RTT have been reported to have shorter pulse intervals than age matched
controls (Guideri et al., 2001; Weese-Mayer et al., 2006) although this was not observed in
other studies (Johnsrude et al., 1995; Julu et al., 2001). RTT individuals have decreased heart
rate variability reflected by a lower standard deviation of R–R intervals and root mean square
of successive differences (Johnsrude et al., 1995). Spectral analyses of R–R intervals in the
frequency domain have reported that subjects with Rett syndrome have decreased total power
especially in the high frequency component (Guideri et al., 2001; Johnsrude et al., 1995). In
addition decreased baroreceptor sensitivity determined during spontaneous fluctuations in
blood pressure has been reported (Julu et al., 2001). Taken together these observations have
suggested that individuals with Rett syndrome have an increase in sympathetic activity that is
not counter balanced by adequate vagal tone.

The generation of mice with either deficient (Chen et al., 2001, Guy et al., 2001) or truncated
(Shahbazian et al., 2002) Mecp2 has opened the potential to determine mechanisms underlying
autonomic dysfunction in RTT. The goal of the present study was to characterize autonomic
cardiovascular regulation in a mouse model for RTT by examining indices of heart rate
variability and spectral analysis of mean arterial pressure (MAP) and pulse interval (PI) in the
frequency domain under basal conditions and after either muscarinic parasympathetic or beta-
adrenergic sympathetic blockade. In addition since elevation of ambient temperature in rodents
results in withdrawal of sympathetic and augmentation of vagal tone we used this treatment to
compare Mecp2 deficient to wild type mice. In contrast to human subjects with Rett syndrome
no striking differences were seen in this mouse model.

2. Materials and methods
2.1. Animals

The protocols used were approved by the Oregon Health and Science University Institutional
Animal Care and Use Committee and were in agreement with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. B6.129P22tml.l Bird (stock number :003890)
heterozygous females and wild type females from the colony were obtained from the Jackson
Laboratory, Bar Harbor, ME, at two months of age and were used for the initial experiments.
Additional Mecp2+/− females and wild type littermates were obtained by crossing Mecp2+/−

females with C57BL/6J males. Animals were genotyped by polymerase chain reaction (PCR)
according to the protocol of the supplier
(http://aretha.jax.org/pub-cgi/protocols/protocols.sh?obitype=protocol&protocol_id=468).
This strain was originally generated by insertion of loxP sites around exons 3 and 4, and
crossing homozygous floxed females to male CMVCre mice (6).

2.2. Telemetry monitoring
Under general anesthesia (1.5% isoflurane in oxygen) a catheter attached to a transmitter
(model PA-C20, Data Sciences International, St. Paul MN) was placed in the carotid artery for
telemetric monitoring of blood pressure. Animals were allowed to recover for 5 to 7 days before
initiating study protocols. On the day of experiment the animals in their cages were placed on
a telemetry receiver (model RBC-1, Data Sciences).

2.3. Experimental protocols
Pharmacological experiments: Administrations of drugs or vehicle were performed in random
order between 09:00 and 14:00 h. Only one study was done per day. A minimum of one hour
was allowed before acquiring data. Following 15 min recording of baseline data either atropine
(1 mg/kg), propranolol (4 mg/kg) or vehicle (sterile water) was given intraperitoneally. The
injection volumes were 80 to 100 µl depending on animal weight. Data was acquired for the
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following 45 min. Vehicle injections resulted in a significant increase in heart rate in
Mecp2+/+ mice that lasted 15 min. Heart rate also went up in Mecp2+/− following vehicle,
although not significantly. Therefore data for the effects of atropine and propranolol was taken
from 15 to 45 min after injection. The changes in heart rate were sustained for these 30 min.

Baroreceptor sensitivity. For these experiments catheters were placed in a jugular vein. Blood
pressure was lowered with injections of nitroprusside (5–10 µg/kg). When a plateau was
reached phenylephrine (2–4 µg/kg) was administered. Injection volumes were 5–10 µl. The
relationship between systolic arterial pressure and heart rate was acquired over a 20 to 40
second period.

Effect of increased ambient temperature. Animal cages were placed inside a clear plastic box
(80 L volume) that contained a fan and heat panel. Baseline data was acquired for 30 min and
then ambient temperature (Ta) was increased to 32 °C from 23 °C. Data was not taken for the
first 45 minutes of increased Ta and then was acquired for 30 minutes.

2.4. Data analysis
Arterial pressure waveforms were sampled at 5 KHz and pulse intervals calculated form the
peaks of the pressure record. Data for analysis was averaged in 5 min blocks. Spectral power
of mean arterial pressure and pulse interval in the frequency domain was determined using
custom written functions in Matlab software (Math Works, Natick, MA). Arterial pressure
waveforms were sampled at 5 Ks/s. 8192 point Fourier transforms with 512 point overlap and
a Hamming window were computed for a time frequency display, or spectrogram. An average
spectrum using 16,384 point Fourier transforms with 25% overlap was then computed for a
compact spectrum display. Pulse intervals were then computed using a peak finding algorithm.
Manual corrections were performed for dropout or over sensing. The intervals were then
linearly interpolated to a regular 10 ms grid. 4096 point spectrograms with 50% overlap were
computed. The results were also averaged for a compact spectrum. A histogram of pulse
intervals was also generated.

Spectra were divided into four frequency ranges as reported by Janssen et al. (2000): low
frequency 1 (LF1) 0.08–0.4 Hz; low frequency 2 (LF2) 0.4–1.0 Hz; mid frequency (MF) 1–3
Hz; and high frequency (HF) 3–10 Hz. The α1-adrenergic antagonist prazosin significantly
lowered MAP power in the LF1 and LF2 ranges indicating that these domains are suitable for
defining sympathetic outflow in mice (Janssen et al., 2000). Similarly the effects of the
muscarinic blocker atropine were evident in these ranges. Spectral power for MAP and PI are
expressed for each frequency relative to that for the four frequencies combined. Baroreceptor
sensitivity was determined by fitting the heart rate response to changes in blood pressure to a
sigmoid logistic function (Kent et al., 1972). The maximum slope was calculated from:
maximum − minimum heart rate × slope coefficient /4.

2.5. Statistics
Values are reported as means ± S.E. The effects of pharmacological agents or ambient
temperature were analyzed by two way ANOVA with strain and before and after treatment as
the two factors. Newman–Keuls was used for post hoc tests. Difference were considered
significant when p<0.05.

3. Results
3.1. Animal characteristics

FemaleMecp2+/− mice were grossly indistinguishable from Mecp+/+. At the time of study (8.7
± 0.7 months) their weights were the same (Mecp2+/− 21.8 ± 0.9; Mecp2+/+ 22.2 ± 0.2 g). Six
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of seven Mecp2+/− animals showed clasping of their hind legs when elevated by the tail. At
autopsy Mecp2+/− brain weights (418 ± 8 mg) were significantly less than Mecp2+/+ (472 ± 5
mg) p = <0.001) Heart weights in Mecp2+/− (106 ± 6 mg) were not different than Mecp2+/+

(112 ± 7 mg).

3.2. Heart rate and blood pressure
Baseline heart rate and blood pressure together with indices of heart rate variability (standard
deviation of pulse interval, (SDNN) range which encompassed 90% of pulse intervals (PI90)
and standard deviation of differences between adjacent pulse intervals (SDSD), were the same
for Mecp2+/− and wild type mice (Tables 1–3).

3.3. Spectral power of MAP and PI
It may appear that there was a difference between strains under baseline conditions in some
bands, for example MAP relative power in LF1 of Fig. 1. Analysis, however, did not reveal
any significant differences between Mecp2+/− and Mecp2+/+ mice. This was the case for basal
conditions prior to the three protocols individually (atropine, propranolol and increased
ambient temperature) and when basal values for all three were combined (p values between
0.229 and 0.571).

3.4. Effects of atropine
Atropine caused an increase in heart rate in Mecp2+/− animals (Table 1). Heart rate was elevated
by muscarinic blockade in Mecp2+/+ but not to a significant level. The indices of heart rate
variability declined similarly in both groups. Muscarinic blockade did not significantly affect
mean arterial pressure in either strain. Spectral power of MAP increased in the 0.08–0.4 Hz
range and declined in the 3–10 range in both strains after atropine while that for PI fell in the
0.08–0.4 HZ and rose in 1–3 and 3–10 Hz ranges (Fig. 1).

3.5. Effects of propranolol
Propranolol lowered heart rate in both wild type and Mecp2 deficient mice but did not affect
blood pressure. It caused a decrease in SDNN and PI90 while SDSD was not significantly
lowered (Table 2). Adrenergic blockade lowered MAP spectral power in the 0.08–0.4 Hz
frequency and increased it in the 3–10 Hz range. Propranolol decreased relative PI spectral
power in the 0.08–0.4 Hz range and increased it in the 1–3 Hz frequency for Mecp2+/+ mice.
The results were qualitatively the same in Mecp2+/− animals although the differences from
control were not significant (Fig. 2).

3.6. Effects of increasing ambient temperature
The increase in Ta from 23 °C to 32° caused a decrease in heart rate and that was similar for
both strains. The fall in MAP was significant for Mecp2+/− (p = 0.013) but not for Mecp2+/+

(p = 0.203) (Table 3). Changes in spectral power associated with an increase in ambient
temperature were similar to those seen with propranolol (Fig. 3). Relative power for MAP
tended to decrease in the lower frequencies and increase in high frequency. The increase in the
3–10 Hz range was significant only for Mecp2 deficient animals (p = 0.005). PI spectral power
tended to increase in the 1–3 Hz range and decrease in the 3–10 Hz range but these change
were not significant.

3.7. Baroreceptor functions
Intravenous injections of nitroprusside followed by phenylephrine resulted in rapid slowing of
heart rate (Fig. 4). Maximum gain in the heart rate response to these pressure changes was the
same in Mecp2+/− mice (13.3 ± 1.5 beats per minute/mm Hg) as it was in Mecp2+/+ (10.4 ±
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1.6) (Table 4). The mean systolic pressure at mid-range (SBP50) was lower in Mecp2 deficient
mice compared to wild type (Table 4).

4. Discussion
With the exception of some minor differences in spectral power following the administration
of propranolol or exposure to an increase in ambient temperature these studies did not
demonstrate significant differences between Mecp2+/− and Mecp2+/+ mice. The differences in
power within some of the frequency bands were qualitative as the changes from baseline were
always in the same direction for both strains (Figs. 1–3). They are more than offset by the
observations that: 1) baseline values for mean arterial pressure, heart rate, indices of heart rate
variability and spectral analysis of PI and MAP in the frequency domain were similar; 2) the
response to an elevation in ambient temperature (Ta) was the same and 3) baroreceptor
sensitivity was not different. Both strains increased MAP spectral power to the same extent in
the lower frequencies after atropine was administered. This indicates similar sympathetic tone
when parasympathetic is blocked. Since baroreceptor sensitivity was determined over a rapid
time course (Fig. 4) the fall in heart rate with phenylephrine is primarily due to vagal output.
Again no differences were found. Elevation in Ta is a useful tool in that both a decrease in
sympathetic tone and an augmentation in vagal output are involved (Williams et al., 2003).
Studies in which mice were given the β1-adrenoceptor blocker atenolol, during an elevation
in Ta, found that heart rate and arterial pressure still decreased while SDNN and power in the
HF band increased (Williams et al., 2003). As in those experiments the present studies found
that HRV and PI spectral power in the 1–3 Hz range increased with elevated temperature,
consistent with an increase in vagal tone. In addition MAP spectral power in the lower
frequencies decreased indicative of a decline in sympathetic tone.

The increase in heart rate after atropine in these studies failed to reach significance in the wild
type mice (Table 1). It is noted that the level attained (669 bpm) is the same as that in Mecp2
deficient animals (672 bpm). The differences lies in their respective baseline values prior to
giving atropine, 620 for Mecp2+/+ and 586 for Mecp2+/−. As recently pointed out atropine in
mice results in a significant increase in heart rate when baseline is in the lower ranges but not
when it is high (Baudrie et al., 2007).

While the mice used in these studies (Guy et al., 2001) are heterozygous for loss of Mecp2
they may not have deficits exactly like patients with RTT. Recently, however, these mice have
been further characterized (Guy et al., 2007). Their loss of mobility, abnormal gait, hindlimb
clasping and breathing disturbances all resemble those seen in the clinical setting. We have
considered two possibilities for the failure to find differences in autonomic cardiovascular
regulation between this model for RTT and wild type mice: 1) mice with their high heart rates
may be unsuitable for distinguishing either an increase in sympathetic or decrease in
parasympathetic tone and, 2) studies in patients with Rett syndrome have not convincingly
demonstrated a defect in autonomic cardiovascular regulation. The first possibility is unlikely
because previous work involving a number of transgenic mouse strains has shown autonomic
imbalance. Examination of these reports shows that if autonomic dysfunction is present it can
be demonstrated in transgenic mice.

Over expression of atrial β1-adrenoceptors resulted in a decrease in HRV and less power in
both LF and HF bands under basal conditions (Mansier et al., 1996). In addition these mice
did not respond to propranolol with the increase in PI that was seen in wild types. Similarly
enhancing β-adrenergic receptor signaling by cardiac-specific Gsα over expression caused a
significant reduction in PI and a marked reduction in SDNN, accompanied by reductions in
frequency domain power that was more marked in the LF band (Uechi et al., 1998). Reduced
vagal modulation also decreases HRV in mice. When cardiac G protein βγ-subunits, that
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activate muscarinic inward rectifying potassium channels, are reduced SDNN falls
significantly. These mice also had a reduction in baseline LF power and a blunted response to
carbachol as well as decreased baroreceptor sensitivity (Gehrmann et al., 2002). The above
references involve genetic modifications confined to the heart while Rett syndrome is
considered to be caused by central nervous system deficiency of Mecp2 (Chen et al., 2001;
Guy et al., 2001). Thus studies in mice with a α2A-adrenoceptor null mutation that includes
the brainstem are of particular interest. This is underscored by the recent report that the content
of norepinephrine in the medulla, but not the pons or forebrain, is decreased in Mecp2 deficient
mice. Immunolabeling studies in these mice revealed a reduction in neurons that express
tyrosine hydroxylase in both the A1/C1 and A2/C2 regions of the brainstem (Viemari et al.,
2005). Mice lacking α2A-adrenoceptors showed a decreased HRV as judged by the variance
in heart rate and a significantly blunted response to bolus injections of phenylephrine and
nitroprusside (Niederhoffer et al., 2004). In contrast we did not find any differences in the
indices of HRV between wild type and Mecp2 deficient mice and their baroreceptor sensitivity
was the same. Given the results summarized above we conclude that if differences in autonomic
regulation of cardiovascular function existed between Mecp2+/− and Mecp2+/+ animals, they
should have been demonstrated in these experiments.

There have been a limited number of observations of autonomic cardiovascular regulation in
patients with Rett syndrome using the indices that have been employed in animal studies.
Johnsrude et al. (Johnsrude et al., 1995) appear to have been the first to describe abnormalities
in children with the disorder. They performed 24 hour monitoring in 25 patients and 25 age-
matched controls. Heart rates were not different. The standard deviation of RR intervals and
the root mean square of successive differences were both decreased in Rett subjects compared
to control (Johnsrude et al., 1995). These are accepted criteria for reduced heart rate variability
(Task Force of the European Society of Cardiology, 1996). In addition they reported that power
in the high frequency range was decreased in affected individuals. This preliminary report has
not been published in detail. Julu et al. (1997) initially reported decreased vagal tone in 7
subjects compared to 9 age matched controls. In this and subsequent publications they used
cardiac vagal tone (CVT) as the primary measure of autonomic function. This instrument
consists of integrating R–R intervals from the electrocardiogram and feeding the output in
parallel into a high-pass and a low-pass filter. The output of the low-pass filter drives a voltage-
controlled oscillator (VCO) with a linear negative gradient; the output of the high-pass filter
is further integrated and then allowed to drive a second VCO with a positive linear gradient.
The outputs of the two VCOs are fed into a phase detector, which produces voltages
proportional to the phase differences in its inputs. The voltages (0 to 1.0 V) are used to generate
a linear scale of vagal tone (Little et al., 1999). Using incremental doses of atropine, in dogs,
it has been shown that CVT declines in a manner that mirrors the fall in SDNN (Little et al.,
1999). In the initial report CVT was 3.6 ± 0.7 (SEM) units in Rett syndrome subjects and 10.5
± 0.9 in age matched controls. A second paper reported that CVT was 4.5 ± 0.4 in 48 RTT
patients compared to 9.2 ± 1.2 in 11 controls. Resting heart rate and blood pressure were not
different. Baroreceptor sensitivity was also determined from spontaneous blood pressure
fluctuations and was less in RTT subjects (Julu et al., 2001). More recently Julu and Engerstrom
(2005) have described 72 RTT cases who’s CVT was significantly less than that of the 11
control subjects reported earlier (Julu et al., 2001). It is unfortunate that only a small number
of controls have been studied in these reports.

Guideri et al. (2001) have primarily used spectral analysis of R–R intervals in the frequency
domain to evaluate autonomic function. 74 RTT subjects were compared to 40 age-matched
controls. Individuals with RTT showed a significant decrease in total power compared to
controls. Their decrease in LF power (48%) was considerably less than that seen in HF (85%).
In contrast to the Julu and coauthors findings Guideri et al. (2001) report shorter R–R intervals
for RTT subjects. Taken together these reports suggest that there may be some autonomic
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disturbances in cardiovascular function in RTT. It is unfortunate that HRV indices such as
SDNN, PI90 and SDSD have not been examined in detail. Recently Weese-Meyer et al. (2006)
measured heart rate in 47 RTT subjects age 2–7 years together with a like number of matched
controls. The coefficient of variability for R–R intervals (10%) was the same in affected
individuals as in normal subjects (Table 1 in supplemental material).

In summary, using pharmacological approaches, direct measure of baroreceptor function and
the cardiovascular response to an elevation in ambient temperature we have been unable to
clearly demonstrate disturbances in autonomic control in a mouse model of Rett syndrome.
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Fig. 1.
Effect of atropine on relative MAP spectral power (upper panels) for Mecp2+/+ and
Mecp2+/− and relative PI spectral power (lower panels). Open bars are baseline and hatched
bars are after administration of atropine. * significantly different from corresponding control
(p values between <0.0001and 0.021).

Bissonnette et al. Page 9

Auton Neurosci. Author manuscript; available in PMC 2010 May 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Effect of propranolol on relative MAP spectral power (upper panels) for Mecp2+/+ and
Mecp2+/− and relative PI spectral power (lower panels). Open bars are baseline and hatched
bars are after administration of propranolol. * significantly different from corresponding
control (p values between 0.0006 and 0.021).
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Fig. 3.
Effect of elevating ambient temperature from 23 °C to 32 °C on relative MAP spectral power
(upper panels) for Mecp2+/+ and Mecp2+/− and relative PI spectral power (lower panels). Open
bars are baseline and hatched bars are after temperature elevation. * significantly different from
corresponding control (p values between 0.005 and 0.03).
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Fig. 4.
Effect of phenylephrine induced increases in blood pressure on heart rate. Upper panel:
representative trace of blood pressure before and following intravenous injection of
phenylephrine after nitroprusside had been given to reduce pressure. Bottom panel: plot of
heart rate as a function of systolic pressure obtained from the data in the trace above.
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Table 4

Baroreceptor function

Strain Gain
(bpm/mm Hg)

Heart rate range
(bpm)

SBP50
(mm Hg)

Upper plateau
(bpm)

Mecp2+/+ 10.4 ± 1.6 242 ± 33* 132 ± 5† 560 ± 36

Mecp2+/− 13.3 ± 1.5 407 ± 43 116 ± 4 582 ± 31

Values are ± S.E. SBP = systolic pressure;

*
significantly less than Mecp2+/−(p = 0.016)

†
significantly greater than Mecp2+/− (p = 0.045).
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