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Insulin enhances the gain of arterial baroreflex control of
muscle sympathetic nerve activity in humans

Colin N. Young', Shekhar H. Deo!, Kunal Chaudhary*®, John P. Thyfault>*® and Paul J. Fadel'>
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Recent animal studies indicate that insulin increases arterial baroreflex control of lumbar
sympathetic nerve activity; however, the extent to which these findings can be extrapolated
to humans is unknown. To begin to address this, muscle sympathetic nerve activity (MSNA)
and arterial blood pressure were measured in 19 healthy subjects (27 &£ 1 years) before, and for
120 min following, two common methodologies used to evoke sustained increases in plasma
insulin: a mixed meal and a hyperinsulinaemic euglycaemic clamp. Weighted linear regression
analysis between MSNA and diastolic blood pressure was used to determine the gain (i.e.
sensitivity) of arterial baroreflex control of MSNA. Plasma insulin was significantly elevated
within 30 min following meal intake (A34 £ 6 ulU ml™!; P < 0.05) and remained above base-
line for up to 120 min. Similarly, after meal intake, arterial baroreflex-MSNA gain for burst
incidence and total MSNA was increased and remained elevated for the duration of the protocol
(e.g. burst incidence gain: —3.29 % 0.54 baseline vs. —5.64 £ 0.67 bursts (100 heart beats)™"
mmHg™! at 120 min; P < 0.05). During the hyperinsulinaemic euglycaemic clamp, in which
insulin was elevated to postprandial concentrations (A42 £ 6 uIU ml™'; P < 0.05), while glucose
was maintained constant, arterial baroreflex-MSNA gain was similarly enhanced (e.g. burst
incidence gain: —2.44 + 0.29 baseline vs. —4.74 +0.71 bursts (100 heart beats)™! mmHg™!
at 120 min; P < 0.05). Importantly, during time control experiments, with sustained fasting
insulin concentrations, the arterial baroreflex-MSNA gain remained unchanged. These findings
demonstrate, for the first time in healthy humans, that increases in plasma insulin enhance the
gain of arterial baroreflex control of MSNA.
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Abbreviations MSNA, muscle sympathetic nerve activity.

common risk factor shown to be present in hypertensive
patientsisinsulin resistance (Ferrannini et al. 1987; Reaven
et al. 1996). Interestingly, a number of recent studies have

Introduction

The arterial baroreflex modulates beat-to-beat oscillations

in arterial blood pressure via the control of efferent
sympathetic outflow to the vasculature. Due to the
importance of the arterial baroreflex in the regulation
of blood pressure a large body of research has been
dedicated to understanding alterations in baroreflex
sensitivity (i.e. gain) in physiological (e.g. exercise) as
well as pathophysiological conditions (Fadel et al. 2003;
Joyner, 2006; Skrapari et al. 2006). With regard to the
latter, numerous studies have indicated that hypertensive
conditions are typically associated with reductions in
arterial baroreflex sensitivity (Bristow et al. 1969; Gribbin
etal. 1971; Eckberg, 1979; Matsukawa et al. 1991). Another
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indicated that several conditions exhibiting reductions in
insulin sensitivity may also demonstrate impairments in
arterial baroreflex function and hypertension, including
obesity (Grassi et al. 1995; Schreihofer et al. 2007; Huber
& Schreihofer, 2010), and the metabolic syndrome (Grassi
et al. 2005). Although not causative, the concomitant
occurrence of insulin resistance with reductions in arterial
baroreflex function clearly suggests a link between the two
that warrants investigation.

Emerging evidence from studies in experimental animal
models has begun to establish a role for insulin in the
central control of the arterial baroreflex. Recently, Pricher
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et al. (2008) demonstrated that increases in insulin within
the brain, via lateral ventricular infusion, enhanced the
gain of arterial baroreflex control of lumbar sympathetic
nerve activity in rats. Other studies have indicated
that neurons in central baroreflex regulatory regions
(i.e. nucleus tractus solitarius) are responsive to insulin
(Ruggeri et al. 2001). Collectively, these findings indicate
that insulin can directly influence arterial baroreflex
function within central neural cardiovascular control
pathways. However, to date, no work has been performed
in humans evaluating the potential influence of insulin on
arterial baroreflex control of sympathetic nerve activity,
and therefore the extent to which these findings in
experimental animals can be translated to humans remains
unknown.

Therefore, the purpose of the current study was to
examine a role for insulin in arterial baroreflex control of
sympathetic nerve activity in humans. Although, insulin
is not produced in significant amounts within the brain,
increases in circulating insulin gain access to the central
nervous system via transport-mediated uptake across the
blood—brain barrier (Woods et al. 2003; Banks, 2004).
Thus, we utilized two common methodologies to raise
plasma insulin concentrations. First, a mixed meal was
used as a physiological method to evoke increases in
plasma insulin. In addition, to further isolate the influence
of insulin on arterial baroreflex control we also performed
hyperinsulinemic euglycemic clamps, in which insulin
concentrations were elevated to a similar extent as post-
prandial conditions, without concomitant increases in
plasma glucose. We hypothesized that increases in plasma
insulin would enhance the gain of arterial baroreflex
control of muscle sympathetic nerve activity in healthy
humans.

Methods
General procedures

Nineteen healthy male subjects (age, 27+ 1 years;
height, 180 =+ 1 cm; weight, 80 =+ 3 kg) volunteered for
participation in these studies. No subject had a history
or symptoms of cardiovascular, pulmonary, metabolic, or
neurological disease and none were taking medication.
Subjects were instructed to abstain from caffeinated
beverages and food for 12 h, alcohol for 24 h, and physical
activity for 48 h prior to the experimental sessions. After
receiving a detailed verbal and written explanation of
the intended experimental protocol and measurements,
each subject provided written informed consent. All
experimental procedures and protocols conformed to
the Declaration of Helsinki and were approved by the
University of Missouri Health Sciences Institutional
Review Board.
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Experimental measurements

Subjects were studied in the supine position at
a constant ambient room temperature of 22-23°C.
Heart rate was continuously monitored using a lead II
electrocardiogram. Arterial blood pressure was measured
on a beat-to-beat basis using servo-controlled finger
photoplethysmography (Finometer, Finapres Medical
Systems, Amsterdam, The Netherlands). In addition,
arterial blood pressure was measured with an automated
sphygmomanometer (Welch Allyn, Skaneatles Falls, NY,
USA) to confirm the Finometer measurements of absolute
blood pressure. Respiratory movements were monitored
using a strain-gauge pneumograph placed in a stable
position around the abdomen (Pneumotrace, UFI, Morro
Bay, CA, USA).

Multiunit recordings of postganglionic muscle
sympathetic nerve activity (MSNA) were obtained
by inserting unipolar tungsten microelectrodes
percutaneously through the intact, unanaesthetized
skin and positioned into muscle nerve fascicles of the
peroneal nerve near the fibular head. The nerve signal was
processed by a pre-amplifier and an amplifier (Dept of
Bioengineering, University of lowa, Iowa City, IA, USA),
band pass filtered (bandwidth 700-2000 Hz), rectified,
and integrated (time constant, 0.1s) to obtain a mean
voltage neurogram. MSNA recordings were identified by
their characteristic pulse-synchronous burst pattern and
increased neural activity in response to an end-expiratory
apnoea or Valsalva manoeuvre, without any response to
arousal stimuli or stroking of the skin. MSNA was first
identified by visual inspection and was then analysed using
custom-designed software (MatLab, The Math Works,
Natick, MA, USA), as previously described (Hamner &
Taylor, 2001; Young et al. 2010). The amplitude of the
largest burst at baseline was assigned a value of 1000
(arbitrary units; AU) and all other bursts within a trial
were normalized with respect to this value. All variables
were sampled at 1000 Hz and stored for off-line analysis
(Chart v5.2 and Powerlab, ADInstruments, Bella Vista,
NSW, Australia).

Plasma insulin and glucose were measured from venous
blood samples drawn from an antecubital (Protocol 1)
or a hand (Protocol 2 and 3) intravenous catheter.
Insulin was determined using chemiluminescent enzyme
immunoassay (Immulite 1000 Analyzer, Diagnostic
Products Corp., Los Angeles, CA, USA) and glucose was
determined using the glucose oxidase method (Thermo,
Waltham, MA, USA or Beckman Instruments, Brea, CA,
USA).

Experimental protocols

Protocol 1: arterial baroreflex control of MSNA following
a mixed meal. A mixed meal was utilized as a
physiological method to evoke sustained increases in
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plasma insulin (n=12). MSNA, arterial blood pressure,
heart rate and respiration were measured before, and
for 120 min following, ingestion of a liquid mixed meal
(Ensure Plus, Abbott Laboratories, Columbus, OH, USA;
57% carbohydrate, 28% fat, 15% protein), corresponding
to 20% of the subject’s estimated energy expenditure
calculated from body weight (Mifflin et al. 1990). All
neuro-cardiovascular variables were measured at baseline
for 20 min and for a 5 min period, every 30 min, following
consumption of the mixed meal. Venous blood samples
were similarly collected from an antecubital intravenous
catheter and the resulting plasma was stored at —80°C for
later analysis of plasma insulin and glucose.

Protocol 2: arterial baroreflex control of MSNA during
a hyperinsulinaemic euglycaemic clamp. To further
isolate the influence of insulin on arterial baroreflex
control of MSNA, hyperinsulinaemic euglycaemic clamps
were performed (n = 8) in which insulin was elevated to
postprandial concentrations while glucose was maintained
constant (DeFronzo et al. 1979). Intravenous catheters
were placed in a left antecubital vein and a right-hand vein
for the infusion of insulin/glucose and blood sampling,
respectively. The right hand was placed in a heated
box (50°C) for determination of arterialized venous
blood samples (Liu et al. 1992). Insulin (Humulin, Eli
Lilly, Indianapolis, IN, USA) was diluted in 0.9% saline
with 5ml of the subject’s blood and a 10 min priming
insulin infusion was followed by a constant infusion at
30mUm ™2 min~!, for a total of 120 min. Glucose was
maintained at euglycaemic concentrations throughout via
a variable 20% dextrose infusion. Plasma glucose was
determined every 5 min and plasma was stored at —80°C
for later insulin analysis. MSNA, arterial blood pressure,
heart rate and respiration were collected for 20 min at
baseline and for a 5min period, every 30 min, during
the hyperinsulinaemic euglycaemic clamp. The glucose
infusion rate during the last 30 min of the clamp was used
as an index of each subject’s insulin sensitivity (DeFronzo
etal. 1979).

Protocol 3: arterial baroreflex control of MSNA during
time control experiments. In a subset of subjects (n=4)
time control experiments were also performed in which
0.9% saline was infused to match the volume administered
during the hyperinsulinaemic euglycaemic clamp, while
insulin was sustained at fasting concentrations.

Data analysis

Baseline MSNA, arterial blood pressure and heart rate
were calculated as mean values over a 6 min period.
Following consumption of the mixed meal and during the
hyperinsulinaemic euglycaemic clamp or time controls,
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3min averages were calculated from the 5min data
segments collected every 30 min. The same segments were
used to evaluate arterial baroreflex control of MSNA
by analysing the relationship between spontaneously
occurring fluctuations in diastolic blood pressure and
MSNA, as previously described (Sundlof & Wallin, 1978;
Kienbaum et al. 2001; Keller et al. 2006; Ogoh et al.
2007). Briefly, the diastolic blood pressure for each cardiac
cycle within a data collection period was grouped into
3 mmHg pressure bins. The burst incidence within each
pressure bin was calculated by determining the percentage
of heart beats that were associated with a burst of
MSNA and expressed as bursts (100 heart beats)™!. In
addition, total MSNA was determined for each pressure
bin by calculating the total area of all MSNA bursts,
relative to the number of cardiac cycles, and expressed as
arbitrary units (AU) beat™". The slope of the relationship
between MSNA variables and diastolic blood pressure
was identified using linear regression analysis (SPSS
v17.0, SPSS Inc., Chicago, IL, USA), with a minimum
r value of 0.5 used as a criteria for accepting slopes.
The mean r value for all of the time points during each
protocol was: Protocol 1, —0.88 0.01 (range: —0.56 to
—0.99); Protocol 2, —0.90 % 0.01 (range: —0.78 to —0.99);
and Protocol 3, —0.86 £ 0.21 (range: —0.74 to —0.98),
indicating adequate fit of the linear regression analyses.
All data were weighted to account for the number of
cardiac cycles within each pressure bin; thus removing
bias due to bins containing a small number of cardiac
cycles. The diastolic blood pressure range used for the
linear regression analyses was approximately 20 mmHg
under resting conditions (mixed meal, 21 £ 1; hyper-
insulinaemic euglycaemic clamp, 21 £ 2; time control,
19+ 1) and importantly the range was the same at all
time points examined.

The slope of the relationship between spontaneous
fluctuations in MSNA burst incidence and diastolic blood
pressure was recently shown to be highly correlated with
slopes derived using the more invasive modified Oxford
approach for assessing arterial baroreflex-MSNA gain (i.e.
bolus sodium nitroprusside and phenylephrine) (Hart
et al. 2010). In addition, van Schelven et al. (2008)
have reported that arterial baroreflex burst incidence
gain was not altered from baseline during steady-state
nitroprusside infusions in which MSNA was robustly
increased, demonstrating the stability of these measures.
Furthermore, during a variety of manoeuvres, including
exercise (Fadel et al. 2001; Keller et al. 2004; Ogoh et al.
2007), postexercise ischaemia (Cui et al. 2001; Kamiya et al.
2001; Ichinose et al. 2004; Ogoh et al. 2009) and increases
in plasma osmolality (Charkoudian et al. 2005; Wenner
et al. 2007), similar changes in MSNA baroreflex gain
have been demonstrated using the spontaneous analysis
method and traditional baroreflex approaches. Overall,
there is a wealth of recent data supporting and validating
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the use of the burst incidence-diastolic blood pressure
measures to assess arterial baroreflex control of MSNA,
providing the rationale for using these measures in the
current study. In addition, a priori we reasoned that
the serial measurements needed to address our question
precluded repetitive application of the modified Oxford
for such an extended period of time (2 h). Also, given the
vasodilatory actions of insulin, comparisons of responses
to nitroprusside and phenylephrine between baseline and
the mixed meal or clamps might prove difficult.

Because insulin may also affect the baroreflex control
of heart rate (Daubert et al. 2007; Pricher et al. 2008;
Brooks et al. 2010), at baseline and every 30 min following
meal intake or during the hyperinsulinaemic euglycaemic
clamp, 3 min beat-to-beat time series of systolic blood
pressure and heart rate or R-R interval were analysed using
the sequence technique for estimating cardiac baroreflex
sensitivity (Nevrokard, Izola, Slovenia). Briefly, sequences
of three or more consecutive beats where blood pressure
and heart rate changed in the opposite direction or blood
pressure and R-R interval changed in the same direction
were identified as arterial baroreflex sequences. A linear
regression was applied to each individual sequence, and
only those sequences in which R* was >0.85 were accepted.

A Mixed Meal

MSNA (V)

B Hyperinsulinaemic Euglycaemic Clamp

MSNA (V)

Baseline

Figure 1
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The slopes of the systolic blood pressure-heart rate (or
R-R interval) relationships were calculated as measures
of spontaneous cardiac baroreflex sensitivity. Adequate
sequences could not be obtained for one subject during
the mixed meal protocol and therefore, this subject was
not included in the presented data.

Statistical analysis

Univariate repeated measures ANOVA was used
and significant main effects were evaluated with
Bonferroni post hoc analyses when appropriate. Statistical
significance was set at P < 0.05. Results are presented as
mean = standard error of the mean (S.E.M.).

Results
MSNA and cardiovascular parameters

As anticipated, following the mixed meal and during
the hyperinsulinaemic euglycaemic clamp, MSNA burst
frequency, burst incidence and total MSNA were increased
within 30 min and remained above baseline for the
remainder of the protocol (Fig. 1). Systolic and diastolic

A e

120 minutes 10s

Original records illustrating muscle sympathetic nerve activity (MSNA) at baseline and at 120 min following the
mixed meal (A) and during the hyperinsulinaemic euglycaemic clamp (B). V, volts.

© 2010 The Authors. Journal compilation © 2010 The Physiological Society



J Physiol 588.18

Insulin and sympathetic baroreflex gain

3597

Table 1. Sympathetic nerve activity and cardiovascular responses to a mixed meal, hyperinsulinaemic euglycaemic clamp and time

control experiments

Time (min)
Baseline 30 60 90 120
Mixed meal MSNA burst frequency (bursts min=") 12 £ 2 19 + 2* 22 + 2* 23 £+ 2* 23 £+ 2¢
MSNA burst incidence (bursts (100 Hb)~") 21 £ 3 29 + 3* 34 + 3* 34 + 4* 32 + 3*
Total MSNA (AU beat~") 32+ 4 49 + 5* 64 + 6* 66 + 11* 64 + 10*
Heart rate (beats min~") 590 + 2 67 + 3* 66 + 2* 68 + 2* 70 + 3*
Systolic blood pressure (mmHg) 116 £ 2 119 +3 119 + 3 118 + 2 120 + 3*
Diastolic blood pressure (mmHg) 69 £+ 2 70 £ 2 70 £ 3 71 £ 3 72 £ 2%
Hyperinsulinaemic ~ MSNA burst frequency (bursts min—") 1M1 +£2 17 + 2% 19 + 2* 20 + 2* 23 + 2*
euglycaemic clamp  MSNA burst incidence (bursts (100 Hb)~") 18 +£ 3 26 + 3* 31 + 3* 32 + 3* 36 + 3*
Total MSNA (AU beat~") 30£5 45 + 6* 55 + 7* 54 + 7* 74 + 8*
Heart rate (beats min~") 61 + 3 65 + 3 62 + 3 64 + 3 65 + 4
Systolic blood pressure (mmHg) 114 +3 114 +3 115 +£ 3 112 + 3 113 £ 3
Diastolic blood pressure (mmHg) 65 + 2 64 + 1 64 + 1 62 + 3 61 + 2
Time Control MSNA burst frequency (bursts min—") 12 £ 2 13+ 1 1M1 +2 10 £ 2 12+ 2
MSNA burst incidence (bursts (100 Hb)~") 21 + 2 24 + 3 19 +4 19+6 20 + 3
Total MSNA (AU beat~") 34 £5 35+£5 30 £ 8 27 £ 9 31+ 6
Heart rate (beats min~") 57 £ 4 56 + 3 57 £5 57 £ 4 57 £ 3
Systolic blood pressure (mmHg) 1M1 +£2 110+2 110 £ 2 112 +1 112 £ 1
Diastolic blood pressure (mmHg) 63 + 2 64 +£5 63 + 3 64 + 4 62 + 1

Hb, heart beats; AU, arbitrary units. Values are mean + s.e.m. *P < 0.05 vs. baseline.

blood pressures, as well as heart rate, were slightly,
but significantly increased following consumption of
the mixed meal. Arterial blood pressure and heart
rate remained unchanged during the hyperinsulinaemic
euglycaemic clamp and time control experiments

(Table 1).

Increased arterial baroreflex-MSNA gain following
a mixed meal

Mixed meal intake induced a significant rise in plasma
insulin, as well as plasma glucose (Fig. 2). The
arterial baroreflex gain of MSNA burst incidence was
significantly enhanced (i.e. more negative) within 30 min
(A—1.91 £ 0.53 bursts (100 heart beats) ' mmHg™!) and
remained elevated for the duration of the study
(e.g. 120 min: A—1.82 & 0.37 bursts (100 heart beats) ™
mmHg™') (Fig. 3). Similarly, arterial baroreflex control
of total MSNA was increased at 30 min, and thereafter
remained above baseline up to 120 min.

Increased arterial baroreflex-MSNA gain during
a hyperinsulinaemic euglycaemic clamp

During the hyperinsulinaemic euglycaemic clamp, plasma
insulin was increased similarly to that after the mixed
meal; however, euglycaemia was maintained throughout
at fasting concentrations (Fig. 2). Importantly, in line with
the findings from the mixed meal, similar and robust
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increases in the gain of arterial baroreflex control of MSNA
burst incidence (e.g. 120 min: A—2.30 4 0.62 bursts
(100 heart beats)”! mmHg™') and total MSNA were
observed with the concomitant increase in plasma insulin
(Fig. 4). In contrast, during the time control experiments,
in which plasma insulin and glucose were not changed
(data not shown), the gain of the arterial baroreflex was
not different from baseline at any time point (Fig. 4).
Interestingly, the increase in arterial baroreflex-MSNA
gain during the hyperinsulinaemic euglycaemic clamp
was inversely correlated to the glucose infusion rate, such
that the subjects with the highest glucose infusion rate
(i.e. highest insulin sensitivity) demonstrated the largest
increase in the gain of arterial baroreflex control of MSNA
(Fig. 5).

Cardiac baroreflex sensitivity

The spontaneous relationship between systolic blood
pressure and heart rate remained unchanged following
consumption of the mixed meal (baseline, —1.13 &= 0.09;
60 min, —1.2240.15; 120min, —1.19+0.16Dbeats
min~! mmHg™'; P>0.05) and during the hyper-
insulinaemic euglycaemic clamp (baseline, —1.16 4 0.12;
60 min, —1.17 £ 0.11; 120 min, —1.12 = 0.11 beats min*
mmHg™'; P > 0.05). Similar results were found when R-R
interval was used as the dependent variable (data not
shown).
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Discussion

The primary novel finding of this investigation is
that increases in plasma insulin enhanced the gain
of arterial baroreflex control of MSNA. Indeed,
physiological elevations in plasma insulin following the
mixed meal were associated with an increased slope
of the relationship between diastolic blood pressure
and MSNA. Furthermore, during the hyperinsulinaemic
euglycaemic clamp, in which insulin was increased to post-
prandial concentrations, while glucose was maintained at
euglycaemia, arterial baroreflex control of MSNA burst
incidence was also augmented. Overall, these findings
strongly support a role for insulin in the modulation
of the sympathetic arterial baroreflex in healthy
humans.

In addition to the well-described sympathoexcitatory
effect(s) of insulin (Muntzel et al. 1995; Landsberg, 2001),

A ~@- Mixed Meal
60 - -O- Hyperinsulinaemic Euglycaemic Clamp
50 - *
’:E‘ 40
2
= 30 -
£
3
£ 20
10 A
0 . . ‘ . :
0 30 60 90 120
Time (min)
B —@- Mixed Meal
140 -O- Hyperinsulinaemic Euglycaemic Clamp
x *
120 .
*
3
g 100
(0]
8
o 80 4
=
O]
60 -
40 ‘ \ y w ;
0 30 60 90 120
Time (min)
Figure 2

Mean plasma insulin (A) and glucose concentrations (B) at baseline
(time 0) and for 120 min following consumption of the mixed meal
and during the hyperinsulinaemic euglycaemic clamp. *P < 0.05 vs.
baseline.
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recent findings obtained in animals illustrate a role for
insulin in the central modulation of the arterial baroreflex
(Pricher et al. 2008). During lateral ventricular infusion
of insulin in rats, robust increases in the gain of arterial
baroreflex control of lumbar sympathetic nerve activity
have been demonstrated, illustrating that acute increases
in insulin within the brain modulate arterial baroreflex
control of sympathetic outflow (Pricher et al. 2008). The
findings from the current study support and extend these
findings by demonstrating for the first time in healthy
humans that acute increases in insulin are associated with
an enhanced arterial baroreflex-MSNA gain. Importantly,
the enhanced sympathetic arterial baroreflex control was
noted during modest increases in plasma insulin under
both postprandial (mixed meal) and experimental (insulin
clamp) conditions, supporting a role for insulin within
a normal physiological range in the modulation of the
arterial baroreflex.

Insulin is not produced in large quantities in the central
nervous system; however, plasma insulin gains access
to the brain via saturable transport-mediated uptake
across the blood—brain barrier (Woods et al. 2003; Banks,
2004). As such, circulating insulin can influence arterial
baroreflex control via central neural pathways and indeed,
insulin receptors are present in numerous, yet distinct
cardiovascular regulatory regions, including the hypo-
thalamus and brainstem (Werther et al 1987;
Schulingkamp et al. 2000). In this context, Schwartz
et al. (1991) have previously demonstrated in dogs
that cerebrospinal fluid concentrations of insulin are
increased within 30 min after systemic infusion of insulin,
in line with our finding of an increase in arterial
baroreflex-MSNA gain within 30 min after the mixed
meal or during the hyperinsulinaemic euglycaemic clamp.
Moreover, the half-life of insulin within cerebrospinal
fluid has been reported to be approximately 140 min
(Schwartz et al. 1990b), which may explain the sustained
enhancement in arterial baroreflex control of MSNA
demonstrated in the current study.

Interestingly, the increase in arterial baroreflex-MSNA
gain was noted for the relationships between diastolic
blood pressure and both MSNA burst incidence as well
as total MSNA. In this regard, previous investigations
have suggested that the occurrence of a sympathetic
burst (incidence) and the area of a burst may reflect
distinct central sites involved in arterial baroreflex control
of MSNA (Kienbaum et al. 2001; Keller et al. 2006).
The current data demonstrate that during elevations in
insulin, for a given change in diastolic blood pressure
there is a greater change in MSNA burst incidence and
total MSNA (area/beat), relative to fasting conditions.
As such, our findings suggest that insulin may influence
central pathways involved in both the occurrence of a
burst of MSNA as well as the size of a given burst.
Due to the peripheral vasodilatory effect of insulin,
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the physiological significance of an enhanced arterial
baroreflex control over the occurrence and size of a
burst of MSNA may provide optimal protection of
arterial blood pressure during acute elevations in plasma
insulin. Interestingly, it should be noted that arterial
blood pressure was well maintained throughout the mixed
meal and hyperinsulinaemic euglycaemic clamp in the
present study. Furthermore, autonomic failure patients
demonstrate robust falls in arterial blood pressure after
meal consumption (Robertson et al. 1981), illustrating
the importance of the sympathetic nervous system in the
maintenance of blood pressure during periods of increased
circulating insulin.

Of note, although we found an increase in arterial
baroreflex gain for the control of MSNA burst occurrence
and area (i.e. total MSNA), methodological considerations
of the use of MSNA burst incidence, in comparison to
total MSNA, to derive spontaneous baroreflex measures
is warranted. In this regard, previous findings have
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demonstrated that the gain of arterial baroreflex control
of MSNA burst incidence was similar to sympathetic
baroreflex sensitivities obtained using pharmacological
manipulations of arterial blood pressure (van Schelven
et al. 2008; Hart et al. 2010), demonstrating the usefulness
of these measurements. In contrast, spontaneous arterial
baroreflex gains calculated from measurements using
MSNA burst area (e.g. total MSNA) have been suggested to
be influenced more by non-baroreflex inputs (Kienbaum
et al. 2001; Hart et al. 2010), which may limit the
interpretation of such measures. Indeed, several studies
have reported weak relationships between burst area
and diastolic blood pressure, whereas burst incidence
consistently demonstrates strong relationships with
diastolic blood pressure (Rudas et al. 1999; Kienbaum et al.
2001; Keller et al. 2006; Ogoh et al. 2007; Hart et al. 2010).
Thus, although robust increases in arterial baroreflex
control of total MSNA were observed following the mixed
meal and during the hyperinsulinaemic euglycaemic
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0 30 60 90 120

o °
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MSNA Burst Incidence Gain
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Linear relationships between MSNA and diastolic blood pressure from one subject (left), as well as group summary
data (right) illustrating the gain of arterial baroreflex control of MSNA burst incidence (A) and total MSNA (B) at
baseline (time 0) and for 120 min following consumption of the mixed meal. Hb, heart beats; AU, arbitrary units;
R2, coefficient of determination. *P < 0.05 vs. baseline. 1P < 0.05 vs. 30 min.
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clamp, we focused our interpretation on baroreflex
measures of burst incidence.

From these human studies, although we cannot
determine the precise region(s) of insulin action on
arterial baroreflex control of MSNA, several areas are
worthy of consideration. The aforementioned work in
rats using lateral ventricular infusion of insulin suggests
a hypothalamic region, such as the paraventricular
nucleus, may play a major role (Pricher et al. 2008).
In addition, neurons from brainstem regions involved
in arterial baroreflex afferent processing (e.g. nucleus of
the tractus solitarius) are responsive to insulin (Ruggeri
et al. 2001). Furthermore, neural projections from the
circumventricular organs, which lack a blood-brain
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barrier, could also impact arterial baroreflex function
during elevations in plasma insulin (Woods et al. 2003).
Indeed, the investigation of insulin effects on arterial
baroreflex control of sympathetic outflow is in its infancy;
however, this area undoubtedly deserves further attention.

Previous animal investigations have suggested that,
in addition to an influence on sympathetic baroreflex
gain, insulin may also enhance the gain of the cardiac
baroreflex (Daubert et al. 2007; Pricher et al. 2008; Brooks
et al. 2010). Although not the focus of the current study,
we assessed spontaneous cardiac baroreflex sensitivity
following consumption of the mixed meal and during the
hyperinsulinaemic euglycaemic clamp. Interestingly, we
did not find any changes in baroreflex control of heart
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rate. Although the reason for the differences between
these findings and those of previous animal studies
is unclear, several points should be considered. First,
although the plasma concentration of insulin observed in
the current study has been shown to modulate MSNA, this
concentration of insulin has not been shown to influence
heartrate (Hausberg efal. 1995). In addition, we studied all
male subjects and therefore sex-specific effects of insulin’s
action on baroreflex control of heart rate cannot be
excluded. In this regard, although subtle, insulin may have
agreater influence on cardiac baroreflex function in female
rats (Pricher et al. 2008). Furthermore, a caveat to the use
of the sequence technique is the number of sequences
that can be obtained. Indeed, only 10-18% of the cardiac
cycles within each time segment analysed was associated
with a sequence. In contrast, the spontaneous analysis
for the sympathetic baroreflex utilized every cardiac cycle
(~180-200 per segment). Overall, further examination of
the influence of insulin on the gain of the cardiac baroreflex
is warranted.

Perspectives

A number of conditions that are typically characterized
by reductions in arterial baroreflex gain, including hyper-
tension (Bristow et al. 1969; Gribbin et al. 1971; Eckberg,
1979; Matsukawa et al. 1991), metabolic syndrome (Grassi
et al. 2005) and pregnancy (Daubert et al. 2007; Brooks
et al. 2010), also exhibit decreases in insulin sensitivity.
Emerging evidence indicates that insulin-resistant states
are accompanied by reduced cerebrospinal fluid insulin
concentrations, probably emanating from an attenuated
transport of insulin into the central nervous system
(Schwartz et al. 1990a; Israel et al. 1993; Kaiyala et al. 2000;
Kern et al. 2006; Daubert et al. 2007; Brooks et al. 2010).

Insulin and sympathetic baroreflex gain
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In line with this, Brooks and colleagues have advanced the
hypothesis that a certain level of insulin within the brain is
essential for normal arterial baroreflex function (Pricher
et al. 2008). Therefore, in insulin-resistant conditions, a
decrease in brain insulin may reverse the normal effect of
insulin to support optimal baroreflex control. The present
findings lend support to this growing body of literature by
demonstrating for the first time that insulin can modulate
the sympathetic arterial baroreflex in healthy humans.
However, whether chronic alterations in insulin transport
and/or signalling in the central nervous system contribute
to a decreased sympathetic arterial baroreflex gain in
insulin-resistant conditions remains to be determined.

Interestingly, in the present study, we found a strong
relationship between insulin sensitivity and the increase
in arterial baroreflex-MSNA gain during the hyper-
insulinaemic euglycaemic clamp (Fig. 5). Albeit a small
cohort, these data support the concept that, aside
from the beneficial peripheral effects to increase glucose
uptake, increasing insulin sensitivity in patients, either
pharmacologically (Daubert et al. 2007) or with exercise
training (Mousa et al. 2008; Thyfault, 2008), may
also improve arterial baroreflex control of sympathetic
nerve activity. Given the increased prevalence of insulin
resistance, future studies, from experimental animals
to humans, are warranted to delineate the precise
neural pathways and mechanism(s) of insulin action on
neurocardiovascular control in health and disease.

In summary, for the first time, we found that physio-
logical increases in plasma insulin following a mixed
meal and during a hyperinsulinemic euglycemic clamp
enhanced the gain of arterial baroreflex control of MSNA
in humans. Collectively, these findings extend recent
studies in animals and strongly support a role for insulin
in the modulation of the sympathetic arterial baroreflex.
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