Clonidine Improves Spontaneous Baroreflex Sensitivity in
Conscious Mice Through Parasympathetic Activation
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Abstract—␣-2 Adrenoceptors are important in baroreflex regulation. We tested the impact of ␣-2 adrenoceptors on heart
rate variability (HRV) and spontaneous baroreflex sensitivity (BRS) in conscious mice with telemetry (TA11PA-C20).
Baseline beat-to-beat measurements (2 hours between 8:00 AM to 12:00 PM) were compared with measurements after
intraperitoneal ␣-2 adrenoceptor blockade (yohimbine 2 mg/kg) and ␣-2 adrenoceptor stimulation (clonidine 1, 10, and
50 mg/kg). Blood pressure (BP) was 128⫾6/87⫾6 mm Hg and heart rate (HR) was 548⫾18 bpm at baseline. BRS,
calculated with the cross-spectral method, was 1.2⫾0.1 ms/mm Hg at baseline. BP increased 20⫾2/13⫾2 mm Hg with
yohimbine. HR increased by 158⫾23 bpm. BRS did not change. BP decreased 16⫾7/5⫾4 mm Hg with 1 mg/kg of
clonidine and did not change with a higher dose. HR decreased with clonidine (176⫾28, 351⫾21, 310⫾29 bpm during
1, 10, and 50 mg/kg of clonidine, P⬍0.01). HRV (total power⫽4629⫾465, 7002⫾440, and 6452⫾341 ms2 during 1,
10, and 50 mg/kg of clonidine, P⬍0.01) and BRS were profoundly increased with clonidine (14⫾1, 13⫾1, and 10⫾1
ms/mm Hg, P⬍0.01). The effects of clonidine were abolished with atropine (2 mg/kg plus 50 mg/kg of clonidine) but
not with metoprolol (4 mg/kg plus 50 mg/kg of clonidine). These data suggest that ␣-2 adrenoceptors exert a regulatory
influence on autonomic cardiovascular control and baroreflex function. The effect of clonidine on baroreflex HR
regulation is mediated by the parasympathetic nervous system. These murine data fit well with recent human
observations regarding parasympathetic activation via ␣-2 adrenoceptors. (Hypertension. 2004;43:1042-1047.)
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T

he arterial baroreflex acts as an effective buffer of
short-term blood pressure (BP) fluctuations and prevents
excessive BP swings.1 Adrenergic mechanisms in the brain
have a major contribution to baroreflex function. ␣-2 Adrenoceptors may be particularly important in central nervous
baroreflex regulation, both in animals and in humans.2–5
Nonselective stimulation of ␣-2 adrenoceptors with clonidine
elicited a depressor effect and enhanced baroreflex heart rate
(HR) gain in human studies,2 in rabbits,6 and in dogs.7
However, other studies in rats8 and in humans9 suggested that
clonidine does not improve baroreflex HR gain. Species
differences and different study protocols including anesthetic
states may contribute to this controversy. We and others have
recently shown the possibility to assess standard time and
frequency domain measures of heart rate variability (HRV)
and baroreflex sensitivity (BRS) testing by telemetric techniques in conscious mice.10 –13 Therefore, the mouse is a
well-suited animal model to further elucidate the functional
role of ␣-2 adrenoceptors in more detail.14 –16 The model may
be particularly relevant given the large number of genetically
modified mouse strains. Data on the effects of ␣-2 adrenoceptor manipulation on HRV and BRS in freely moving mice

are still lacking. The aim of this study was to test the effects
of the ␣-2 adrenoceptor blocker, yohimbine, and of the ␣-2
adrenoceptor agonist, clonidine, on spontaneous HRV and
BRS in freely moving wild-type mice. We tested the contribution of sympathetic and parasympathetic responses to these
changes using a combination of physiological and pharmacological methods.

Methods
Animals
Experiments were performed on adult male mice (129SvJ) bred in
our animal facility. The animals were allowed free access to standard
chow (0.25% sodium; SNIFF Spezialitäten GmbH, Soest, Germany)
and drinking water ad libitum. Thirteen mice were instrumented as
described. All drug protocols were performed on at least 5 mice in
each experiment. Some mice received more than 1 drug. At least 48
hours transpired between experiments. The protocol was approved
by the local council on animal care and corresponds to requirements
of the American Physiological Society.

Surgery
Mice were anesthetized with isoflurane (CuraMed Pharma-GmbH,
Karlsruhe, Germany). The catheter of the TA11PA-C20 BP device
(Data Sciences International, St. Paul, Minn) was placed into the
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right femoral artery and advanced into the abdominal aorta below the
branching of the renal vessels. The transmitter body was placed into
a subcutaneous pouch formed along of the flank of the animal.

Protocol
The mice were synchronized to a light– dark schedule of 12–12
hours, with lights on at 06:00 hours. First recordings were started at
least 1 week after surgery, when the mice had regained their
circadian BP and HR rhythm, and the surgery and anesthesiadependent initial changes were followed by stable values. Baseline
measurements were compared with measurements after intraperitoneal injection of the ␣-2 adrenoceptor blocker, yohimbine (2 mg/kg),
and of the ␣-2 adrenoceptor agonist, clonidine (1, 10, and 50 mg/kg).
In addition, the mice were given metoprolol (4 mg/kg), atropine (2
mg/kg), clonidine (50 mg/kg) plus atropine (2 mg/kg), or clonidine
(50 mg/kg) plus metoprolol (4 mg/kg) on separate days. All drugs
were administered by intraperitoneal injections; 0.9% NaCl solution
was used as vehicle. Intraperitoneal injection of adequate volumes of
0.9% NaCl had no sustained cardiovascular effect.

Ancillary Experiments
In 3 adult male 129SvJ mice, we measured the respiratory rate
(breaths/min) directly in a plethysmographic chamber.

Data Acquisition and Analysis
The data from the TA11PA-C20 device were transmitted via
radiofrequency signals to a receiver below the home cage and
thereafter collected (Dataquest software, sample rate 1 kHz). BP
waveforms were stored 1 hour before and 1 hour after intraperitoneal
injections, between 8:00 AM and 12:00 PM. Beat-by-beat BP and HR
values were derived from these continuously recorded data.

Spectral Analysis and Baroreflex Sensitivity
The baroreceptor HR reflex was calculated using the sequence
method over the whole 2-hour period.13,17,18 Briefly, the spontaneous
BRS was calculated as the slope of the linear regression lines
between the systolic blood pressure (SBP) and the subsequent R-R
intervals with a delay of 1 heart beat using the sequence technique.
Sequences with at least 3 intervals, 0.5 mm Hg BP changes, and
5-ms R-R interval changes were analyzed. BRS was calculated as the
mean value of all slopes obtained.
HRV was analyzed in the time and frequency domain. As time
domain method, we used the square root of the mean squared
differences of successive intervals, which reflects short-term variations of HR. The power spectra of SBP and R-R interval time series
(segment length 512 beats, resampling with 12 Hz) and the crossspectra10 –13,19 were calculated using fast Fourier transformation. The
baroreflex gain was determined as mean value of the transfer
function in low-frequency (LF) and high-frequency (HF) bands. The
frequency bands were adapted for analysis in mice considering the
ranges of HR and breathing frequencies (very LF⫽0.015 to 0.25 Hz,
LF⫽0.25 to 1.0 Hz, HF⫽1.0 to 6.0 Hz). BRS was considered
significant if the coherence in the analyzed frequency band was
⬎0.8. The data analysis was performed by use of PVwave software
(VisualNumerics, Houston, Tex). Five representative 512-beats intervals were chosen according to the following criteria: (1) steadystate conditions; (2) no large sudden changes of BP; and (3) no
artifacts. Data from these intervals were averaged.

Statistics
All data are expressed as mean⫾SEM. ANOVA testing for repeated
measures was used for multiple comparisons between the changes
induced by different drugs or doses. The 1-hour measurement during
each intervention was compared with the 1-one hour measurement at
baseline by the paired t test. A value for P⬍0.05 was
considered significant.

Figure 1. Changes of pulse interval (⌬PI, top), systolic blood
pressure (⌬SBP, middle), and diastolic blood pressure (⌬DBP,
bottom) during clonidine (1 mg/kg, 10 mg/kg, and 50 mg/kg IP),
during clonidine (50 mg/kg) with atropine (2 mg/kg, clo⫹atro),
and during yohimbine (4 mg/kg) versus baseline. Clonidine profoundly increased PI. BP decreased only with low-dose
clonidine (*significant changes, P⬍0.05, †P⬍0.01, paired t test,
compared with baseline). The clonidine effects were abolished
with atropine (‡significance, P⬍0.05, §P⬍0.01, 1-way ANOVA
for repeated measures).

Results
BP and HR
BP was 128⫾6/87⫾6 mm Hg and HR was 548⫾18 bpm at
baseline. With clonidine 1 mg/kg, HR decreased by 176⫾28
bpm (P⬍0.01). The maximum HR decrease (Figure 1, top)
was achieved with 10 mg/kg of clonidine (⫺351⫾21 bpm,
P⬍0.01). BP decreased 16⫾7/5⫾4 mm Hg with 1 mg/kg of
clonidine but did not change with higher clonidine doses.
SBP (Figure 1, middle) increased markedly when clonidine
was administered together with atropine (P⬍0.01). Diastolic
blood pressure (DBP) (Figure 1, bottom) did not change
significantly with any clonidine dose and increased during
clonidine plus atropine (P⬍0.01). In contrast, with yohimbine, HR increased 158⫾23 bpm and BP increased 20⫾2/
13⫾2 mm Hg. HR and BP did not change significantly with
atropine (⌬HR⫽22⫾4 bpm, ⌬BP⫽3⫾1/1⫾1 mm Hg) or
with metoprolol (⌬HR⫽⫺16⫾4 bpm, ⌬BP⫽⫺7⫾2/

Downloaded from http://hyper.ahajournals.org/ by guest on May 10, 2016

1044

Hypertension

May 2004

Figure 2. Original tracings of the ECG and arterial blood pressure (ABP) (carotid artery) measured in 1 animal during isoflurane anesthesia (1.8%) at baseline (top) and during clonidine (10
mg/kg, IP, bottom). Note the profound decrease in HR with
clonidine (461 bpm versus 231 bpm) and no premature beats.

⫺6⫾2 mm Hg). We validated these measurements with ECG
and intra-arterial BP recordings in 3 anesthetized mice
(Figure 2). In these experiments shown with clonidine 10
mg/kg, we observed that mice remained in sinus rhythm
during the experiments (bottom), whereas the HR decreased
markedly. Occasional atrioventricular blockade was observed
with high-dose clonidine (50 mg/kg) only.

Figure 3. Original tracings of PI measured in 1 animal at baseline (top), after clonidine 50 mg/kg IP (middle), and after
clonidine (50 mg/kg) plus atropine (2 mg/kg, bottom). Note the
profound increase in HRV with clonidine, which was abolished
with atropine.

Heart Rate Variability
The increase in pulse interval variability with clonidine was
profound (Figure 3 in a representative animal). Baseline pulse
interval was narrow (top). With clonidine (50 mg/kg), the
pulse interval increased to a range of ⬇250 to almost 500 ms
(middle). Atropine blocked the response completely (bottom). The root mean square of successive differences of pulse
intervals was 3⫾1 ms at baseline and increased with
clonidine (105⫾4, 161⫾6, and 148⫾8 ms, P⬍0.01). We
used spectral analysis to obtain deeper insight into the
frequency components of these HRV changes (Figure 4). The
power spectral density increased during clonidine in the
low-frequency (top) (⌬LF⫺pulse interval [PI]⫽2708⫾408,
3831⫾312, and 3576⫾364 ms2, P⬍0.01) and in the highfrequency (middle) band (⌬HF⫺PI⫽1165⫾89, 2202⫾170,
and 2212⫾226 ms2, P⬍0.01) compared with baseline values.
Atropine plus clonidine not only abolished the effects of
clonidine on HRV but also reduced the LF power. HRV in the
LF band and in the HF band decreased during yohimbine
(⌬⌯F⫺PI⫽⫺1.1⫾0.2, ⌬LF⫺PI⫽⫺1.3⫾0.6 ms2, P⬍0.05).
The effects of metoprolol on HRV data were not significant
(⌬⌯F⫺PI⫽⫺0.2⫾0.4, ⌬LF⫺PI⫽⫺0.7⫾0.5 ms2, NS).
Metoprolol did not abolish the effects of clonidine on HRV.

Interestingly, the LF/HF ratio (bottom), which has been
suggested to reflect the sympathovagal balance in humans,20
increased during clonidine (⌬LF/HF⫽1.59⫾0.45,
0.89⫾0.29, and 0.72⫾0.4, P⬍0.05). However the LF/HF
ratio decreased during metoprolol (⌬LF/HF⫽⫺0.33⫾0.15,
P⬍0.05).

Spontaneous Baroreflex Sensitivity
BRS, calculated by the sequence method for increasing
systolic BP, was 0.8⫾0.2 ms/mm Hg at baseline and was
profoundly increased with clonidine (13⫾3, 18⫾2, and 16⫾2
ms/mm Hg during 1, 10, and 50 mg/kg doses of the drug,
P⬍0.01). Clonidine plus atropine showed no change in BRS
(0.13⫾0.1 ms/mm Hg). Results obtained by using sequences with a correlation coefficient ⬎0.85 were similar
despite the fact that the number of sequences decreased by
⬇30%. The same result was obtained for sequences of
decreasing systolic BP.
BRS calculated using cross-spectral analysis and the mean
values of the transfer function in the LF band (BRS-LF,
Figure 5) was 1.2⫾0.1 ms/mm Hg at baseline and increased
by 14⫾1, 13⫾1, and 10⫾1 ms/mm Hg during 1, 10, and 50
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Figure 5. Changes in spontaneous baroreflex sensitivity
(⌬BRS⫺LF) during clonidine (1 mg/kg, 10 mg/kg, and 50 mg/kg
IP), during clonidine (50 mg/kg) with atropine (2 mg/kg,
clo⫹atro), and during yohimbine (4 mg/kg) versus baseline. BRS
was calculated as the mean value of the transfer function in the
LF using cross-spectral analysis. BRS-LF was increased with
clonidine (*significant changes, P⬍0.05, †P⬍0.01, paired t test,
compared with baseline). The clonidine effect was abolished
with atropine (§significance, P⬍0.01, 1-way ANOVA for repeated
measures).

Figure 4. Changes of LF power of HRV (⌬LF⫺PI, top), HF
power (⌬HF⫺PI, middle), and of LF-to-HF ratio (⌬LF/HF, bottom) during clonidine (1 mg/kg, 10 mg/kg, and 50 mg/kg IP),
during clonidine (50 mg/kg) with atropine (2 mg/kg, clo⫹atro),
and during yohimbine (4 mg/kg) versus baseline. Clonidine profoundly increased HRV in the LF and HF ranges. The changes in
LF power were more pronounced according to the LF/HF ratio
(*significant changes, P⬍0.05, †P⬍0.01, paired t test, compared
with baseline). The clonidine effects were abolished with atropine (§significance, P⬍0.01, 1-way ANOVA for repeated
measures).

mg/kg of clonidine (P⬍0.01). The clonidine-induced change
in BRS was abolished with atropine (2 mg/kg) but not with
metoprolol (4 mg/kg). BRS decreased with yohimbine
(P⬍0.05).

Respiratory Rate
The respiratory rate, as determined in the plethysmography
chamber, was 210/min before clonidine. With clonidine (50
mg/kg), breathing rate was 200/min. Thus, clonidine had very
little effect on the respiratory rate.

Discussion

We measured the effect of ␣-2 adrenoceptor stimulation with
clonidine and of ␣-2 adrenoceptor blockade with yohimbine
on spontaneous HRV and on BRS in freely moving mice. The
important finding in our study is that clonidine profoundly
augmented HRV and spontaneous BRS. Atropine abolished

the effects of clonidine on HRV and on BRS. In contrast,
yohimbine decreased HRV and BRS. Our findings suggest
that the clonidine-induced changes in HRV and in BRS are
mainly explained by cardiac parasympathetic activation.
Clonidine is a widely used centrally acting antihypertensive drug. At low doses, clonidine acts mainly centrally
through stimulation of ␣-2 adrenoceptors to produce hypotensive effects. Approximately 90% of mouse brain ␣-2
adrenoceptors belong to the ␣-2A subtype.21 Clonidine also
decreases norepinephrine release from postganglionic adrenergic neurons through stimulation of presynaptic ␣-2 adrenoceptors. The clonidine-induced depressor effect is sometimes
preceded by a short initial increase in BP.22 The phenomenon
is explained by stimulation of postsynaptic vascular ␣-2
adrenoceptors and, perhaps, also ␣-1 adrenoceptors.23–24 This
peripheral effect may dominate over the sympatholytic effect
when larger clonidine doses are used. At these doses, BP may
not change or may even increase. Our data suggest that in
freely moving mice, the central sympatholytic effect of
clonidine dominates at doses of 1 mg/kg IP. BP decreases. At
higher doses (10, 50 mg/kg), the sympatholytic effect is offset
in part by stimulation of peripheral ␣-1 adrenoceptors and
postsynaptic ␣-2 adrenoceptors. These findings may establish
a useful dose range for future studies in freely moving mice.
We observed profound changes in HR regulation with
clonidine and opposite changes with yohimbine. We used
time and frequency domain measures of HRV using telemetric techniques to further elucidate the role of ␣-2 adrenergic
mechanisms in HR regulation. Experience with this technique
in the mouse model is limited. Recent pharmacological
studies demonstrated that in mice, HRV reflects autonomic
cardiovascular control despite the 10-fold higher HR in mice
compared with humans.10 –12;25 However, the rather small
changes in HR regulation with atropine and with metoprolol
suggest that cardiac sympathetic and cardiac parasympathetic
tone at “rest” may be relatively low. Nevertheless, HRV
analysis appears to be useful to monitor changes in autonomic
HR regulation.
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HRV in the time and in the frequency domain increased
profoundly with clonidine. The response was obliterated with
atropine. Remarkably, the HRV increases were quantitatively
comparable to changes induced by direct cholinergic stimulation with carbachol.26 In humans, HRV in the HF range is
predominantly mediated by the parasympathetic nervous
system. The LF component is under both parasympathetic
and sympathetic control. Therefore, some investigators suggested that the LF/HF ratio provides a measure of sympathovagal balance in humans.20 The contribution of parasympathetic and sympathetic activity to each frequency range
appears to be different in mice.25 We found a more pronounced increase in LF power than in HF power with
clonidine, which led to a paradoxical increase in the LF/HF
ratio. Normally, the breathing frequency fluctuates considerably in mice peaking at ⬇3.5 Hz (ie, not in LF range). We
excluded that HRV changes with clonidine are caused by
changes in the breathing frequency. Atropine not only abolished the clonidine-induced changes in LF oscillations but
also decreased the LF power of HRV. Atropine abolished the
clonidine-induced changes in HF oscillations. In contrast,
metoprolol had a minimal effect on the clonidine-induced
change in HRV. Thus, the results suggest that the LF
component of HRV in mice is mainly under parasympathetic
control. Furthermore, the LF/HF ratio does not provide a
measure of “sympathovagal” balance in mice.
The clonidine-induced changes in HRV were associated
with a profound increase in BRS in freely moving mice. The
sequence technique may be susceptible to breathing-induced
mechanical effects. However, cross-spectral analysis of HR
in the LF range showed very similar changes in baroreflex
function. The atropine data suggest that these changes in
baroreflex HR regulation are mediated by the parasympathetic nervous system.
The mechanisms by which ␣-2 adrenoceptor stimulation
increases parasympathetic HR modulation and BRS are not
known. One possible explanation is that a peripheral pressor
effect of clonidine caused a compensatory baroreflex mediated increase in parasympathetic activity. However, this
mechanism cannot explain the HR response to lower doses of
clonidine, which elicited a depressor response. It is also
possible that clonidine directly influences vagal nuclei in the
brain stem. ␣-2 adrenoceptors are highly expressed in vagus
motor nuclei in animals and in humans.27 Sleight et al
concluded from studies in rabbits that bradycardia caused by
clonidine may be caused by additional action on the baroreceptors themselves.2
We are not the first to show that the ␣-2A adrenoceptor
subtype is responsible for sympathoinhibition in mice. Mice
in which the gene for this adrenoceptor subtype was disrupted
had higher systolic BPs and HRs and higher norepinephrine
values than did wild-type mice.5 When these mice were
subjected to reduced renal mass and given saline as drinking
water, the gene-deleted mice became hypertensive much
faster and exhibited a greater increase in norepinephrine and
epinephrine values than control mice.28 In a further study, the
group found that the ␣-2B adrenoceptor subtype gene-deleted
mice were particularly resistant to the BP-raising effects of
salt.29 These studies underscore the importance of ␣-2 adre-

noceptors in cardiovascular regulation, particularly under
pathological conditions.

Perspectives

Our study suggests that stimulation of ␣-2 adrenoceptors
induces a major increase in HRV and in BRS in freely
moving mice through parasympathetic activation. One implication of our study is that clonidine may be a useful
experimental tool to study “parasympathetic reserve” in mice.
Given the importance of HRV and BRS as a prognostic
marker in human cardiovascular disease, similar mechanisms
should be explored in humans. Our presented findings caused
us to conduct analogous studies in humans and we were
interested to find responses similar in kind and in degree.28
Studies in mice with different ␣-2 adrenoceptor subtype gene
deletions are clearly relevant, as earlier studies showed.29 –30
Finally, our observation that combination of clonidine and
atropine resulted in a substantial pressor response suggests
that parasympathetic activity can be an important determinant
of BP. Recent studies in humans support the idea that this
notion has distinct therapeutic implications.31

Acknowledgments
This work was supported in part by grants-in-aid to V.G. and F.C.L.
from the Deutsche Forschungsgemeinschaft. Dr. Jordan was recipient of a Helmholtz fellowship of the Max Delbrueck Center of
Molecular Medicine. We are grateful to Sabine Grueger and Ilona
Kamer for technical assistance.

References
1. Jordan J, Tank J, Shannon JR, Diedrich A, Lipp A, Schroeder C, Arnold
G, Sharma AM, Biaggioni I, Robertson D, Luft FC. Baroreflex buffering
and susceptibility to vasoactive drugs. Circulation. 2002;105:1459 –1464.
2. Sleight P, West MJ, Korner PI, Oliver JR, Chalmers JP, Robinson JL. The
action of clonidine on the baroreflex control of heart rate in conscious
animals and man, and on single aortic baroreceptor discharge in the
rabbit. Arch Int Pharmacodyn Ther. 1975;214:4 –11.
3. Head GA, Burke SL, Chan CK. Site and receptors involved in the
sympathoinhibitory actions of rilmenidine. J Hypertens Suppl. 1998;16:
S7–S12.
4. Gurtu S, Sinha JN, Bhargava KP. Involvement of alpha2-adrenoceptors of
nucleus tractus solitarius in baroreflex mediated bradycardia. Naunyn
Schmiedebergs Arch Pharmacol. 1982;321:38 – 43.
5. Makaritsis KP, Johns C, Gavras I, Altman JD, Handy DE, Bresnahan MR,
Gavras H. Sympathoinhibitory function of the alpha(2A)-adrenergic
receptor subtype. Hypertension. 1999;34:403– 407.
6. Godwin SJ, Tortelli CF, Parkin ML, Head GA. Comparison of the
baroreceptor-heart rate reflex effects of moxonidine, rilmenidine and
clonidine in conscious rabbits. J Auton Nerv Syst. 1998;72:195–204.
7. Head GA. Baroreflexes and cardiovascular regulation in hypertension.
J Cardiovasc Pharmacol. 1995;26:S7–S16.
8. Watkins L, Maixner W. Hypotensive effect of clonidine is not mediated
by enhanced baroreflex gain in rats. J Cardiovasc Pharmacol. 1993;21:
264 –271.
9. Muzi M, Goff DR, Kampine JP, Roerig DL, Ebert TJ. Clonidine reduces
sympathetic activity but maintains baroreflex responses in normotensive
humans. Anesthesiology. 1992;77:864 – 871.
10. Just A, Faulhaber J, Ehmke H. Autonomic cardiovascular control in
conscious mice. Am J Physiol Regul Integr Comp Physiol. 2000;279:
R2214 –R2221.
11. Gehrmann J, Hammer PE, Maguire CT, Wakimoto H, Triedman JK,
Berul CI. Phenotypic screening for heart rate variability in the mouse.
Am J Physiol Heart Circ Physiol. 2000;279:H733–H740.
12. Janssen BJ, Leenders PJ, Smits JF. Short-term and long-term blood
pressure and heart rate variability in the mouse. Am J Physiol Regul Integr
Comp Physiol. 2000;278:R215–R225.

Downloaded from http://hyper.ahajournals.org/ by guest on May 10, 2016

Tank et al
13. Gross V, Plehm R, Tank J, Jordan J, Diedrich A, Obst M, Luft FC. Heart
rate variability and baroreflex function in AT2 receptor-disrupted mice.
Hypertension. 2002;40:207–213.
14. Hein L, Limbird LE, Eglen RM, Kobilka BK. Gene substitution/knockout
to delineate the role of alpha 2-adrenoceptor subtypes in mediating central
effects of catecholamines and imidazolines. Ann N Y Acad Sci. 1999;881:
265–271.
15. Uhlen S, Porter AC, Neubig RR. The novel alpha-2 adrenergic radioligand [3H]-MK912 is alpha-2C selective among human alpha-2A,
alpha-2B and alpha-2C adrenoceptors. J Pharmacol Exp Ther. 1994;271:
1558 –1565.
16. Tan CM, Wilson MH, MacMillan LB, Kobilka BK, Limbird LE. Heterozygous alpha 2A-adrenergic receptor mice unveil unique therapeutic
benefits of partial agonists. Proc Natl Acad Sci U S A. 2002;99:
12471–12476.
17. Bertinieri G, di Rienzo M, Cavallazzi A, Ferrari AU, Pedotti A, Mancia
G. A new approach to analysis of the arterial baroreflex. J Hypertens
Suppl. 1985;3:S79 –S81.
18. Tank J, Jordan J, Diedrich A, Stoffels M, Franke G, Faulhaber HD, Luft
FC, Busjahn A. Genetic influences on baroreflex function in normal
twins. Hypertension. 2001;37:907–910.
19. deBoer RW, Karemaker JM, Strackee J. Hemodynamic fluctuations and
baroreflex sensitivity in humans: a beat-to-beat model. Am J Physiol.
1987;253:H680 –H689.
20. Pagani M, Lombardi F, Guzzetti S, Rimoldi O, Furlan R, Pizzinelli P,
Sandrone G, Malfatto G, Dell’Orto S, Piccaluga E. Power spectral analysis of heart rate and arterial pressure variabilities as a marker of
sympatho-vagal interaction in man and conscious dog. Circ Res. 1986;
59:178 –193.
21. Bucheler MM, Hadamek K, Hein L. Two alpha(2)-adrenergic receptor
subtypes, alpha(2A) and alpha(2C), inhibit transmitter release in the brain
of gene-targeted mice. Neuroscience. 2002;109:819 – 826.

␣-2 Adrenoreceptors and Baroreflex in Mice

1047

22. Razzak A, Kawasaki H, Ueki S. Cardiovascular changes induced by large
doses of clonidine in mice. Jpn J Pharmacol. 1977;27:437– 444.
23. Duka I, Gavras I, Johns C, Handy DE, Gavras H. Role of the postsynaptic
alpha(2)-adrenergic receptor subtypes in catecholamine-induced vasoconstriction. Gen Pharmacol. 2000;34:101–106.
24. Urban R, Szabo B, Starke K. Involvement of peripheral presynaptic
inhibition in the reduction of sympathetic tone by moxonidine, rilmenidine and UK 14304. Eur J Pharmacol. 1995;282:29 –37.
25. Janssen BJ, Smits JF. Autonomic control of blood pressure in mice: basic
physiology and effects of genetic modification. Am J Physiol Regul Integr
Comp Physiol. 2002;282:R1545–R1564.
26. Gehrmann J, Meister M, Maguire CT, Martins DC, Hammer PE, Neer EJ,
Berul CI, Mende U. Impaired parasympathetic heart rate control in mice
with a reduction of functional G protein betagamma-subunits. Am J
Physiol Heart Circ Physiol. 2002;282:H445–H456.
27. Robertson HA, Leslie RA. Noradrenergic alpha 2 binding sites in vagal
dorsal motor nucleus and nucleus tractus solitarius: autoradiographic
localization. Can J Physiol Pharmacol. 1985;63:1190 –1194.
28. Tank J, Diedrich A, Szczech E, Luft FC, Jordan J. Alpha-2 Adrenergic
Transmission and Human Baroreflex Regulation. Hypertension. 2004;(in
press).
29. Makaritsis KP, Johns C, Gavras I, Gavras H. Role of alpha(2)-adrenergic
receptor subtypes in the acute hypertensive response to hypertonic saline
infusion in anephric mice. Hypertension. 2000;35:609 – 613.
30. Makaritsis KP, Handy DE, Johns C, Kobilka B, Gavras I, Gavras H. Role
of the alpha2B-adrenergic receptor in the development of salt-induced
hypertension. Hypertension. 1999;33:14 –17.
31. Jones PP, Shapiro LF, Keisling GA, Jordan J, Shannon JR, Quaife RA,
Seals DR. Altered autonomic support of arterial blood pressure with age
in healthy men. Circulation. 2001;104:2424 –2429.

Downloaded from http://hyper.ahajournals.org/ by guest on May 10, 2016

Clonidine Improves Spontaneous Baroreflex Sensitivity in Conscious Mice Through
Parasympathetic Activation
Jens Tank, Jens Jordan, André Diedrich, Michael Obst, Ralph Plehm, Friedrich C. Luft and
Volkmar Gross
Hypertension. 2004;43:1042-1047; originally published online March 29, 2004;
doi: 10.1161/01.HYP.0000125884.49812.72
Hypertension is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2004 American Heart Association, Inc. All rights reserved.
Print ISSN: 0194-911X. Online ISSN: 1524-4563

The online version of this article, along with updated information and services, is located on the
World Wide Web at:
http://hyper.ahajournals.org/content/43/5/1042

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Hypertension can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial
Office. Once the online version of the published article for which permission is being requested is located,
click Request Permissions in the middle column of the Web page under Services. Further information about
this process is available in the Permissions and Rights Question and Answer document.
Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints
Subscriptions: Information about subscribing to Hypertension is online at:
http://hyper.ahajournals.org//subscriptions/

Downloaded from http://hyper.ahajournals.org/ by guest on May 10, 2016

