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Abstract
Evidence suggests that brain insulin availability acutely modulates arterial ba-
roreflex function. However, little is known about the impact of blocking brain 
insulin receptor (IR) signaling on arterial baroreflex. We hypothesized that block-
ade of IR signaling in the brain acutely impairs arterial baroreflex function. Our 
hypothesis was tested using baroreflex open-loop analysis to evaluate the two sub-
systems of the arterial baroreflex: the carotid sinus pressure (CSP)–sympathetic 
nerve activity (SNA) relationship (the neural arc) and the SNA–arterial pressure 
(AP) relationship (the peripheral arc). In anesthetized healthy male rats, the bilat-
eral carotid sinus baroreceptor regions were surgically isolated from the systemic 
circulation, and then CSP was changed stepwise from 60 to 180 mmHg before 
and over 120 min after lateral intracerebroventricular (ICV) administration of ei-
ther artificial cerebrospinal fluid (control solution) or IR antagonist GSK1838705. 
ICV injection of GSK1838705 significantly decreased renal SNA (RSNA), AP, and 
heart rate during stepwise CSP input over a period of 120 min after administra-
tion (p < .05). The maximum gain of the neural arc was significantly reduced 
120 min after ICV injection of GSK1838705 (p = .002). Furthermore, GSK1838705 
significantly attenuated the operating-point RSNA (p = .025) and AP (p < .001) as 
estimated by the baroreflex equilibrium diagram. Moreover, 120-min baroreflex 
stimulation via stepwise CSP input significantly increased c-Fos expression in 
IR-positive neurons in medullary cardiovascular centers (p < .001). Our findings 
suggest that IR signaling in the brain can modulate AP regulation via alteration 
of the neural arc of the arterial baroreflex.
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1   |   INTRODUCTION

Insulin in the periphery is well known to play an import-
ant role in the regulation of glucose and lipid metabo-
lism.1 Increasing evidence demonstrates that insulin also 
modulates neural activity in the central nervous system. 
For example, exogenous insulin delivery into the brain 
activates the sympathetic nervous system.2–5 However, it 
remains to be fully elucidated how brain insulin modifies 
autonomic cardiovascular regulation.

The arterial baroreflex is a negative feedback system that 
modulates autonomic nerve activity to maintain arterial 
pressure (AP) at rest and during physical activity. Arterial 
baroreflex dysfunction is known to induce AP lability,6 mak-
ing high AP variability a risk factor for the development of 
cardiovascular disease and mortality.7 Evidence suggests 
that brain insulin availability may acutely modulate arterial 
baroreflex function. For example, Pricher et al.8 reported that 
lateral intracerebroventricular (ICV) injection of insulin po-
tentiates arterial baroreflex function. Additionally, Daubert 
et al.9 found impaired arterial baroreflex function and de-
creased cerebrospinal fluid (CSF) insulin levels in pregnant 
animals. Furthermore, a follow-up study demonstrated that 
ICV infusion of insulin improves the impaired arterial baro-
reflex function in pregnant rats.10 Moreover, it is well known 
that the action of insulin depends not only on the amount 
of insulin available, but also on the downstream signaling 
pathway at the insulin receptor (IR).11,12 In support of this 
concept, impaired brain IR signaling, observed in diabetes 
mellitus (DM),13,14 has been implicated in the generation 
of AP lability due to baroreflex impairment.15 However, to 
date, it remains to be elucidated whether changes in down-
stream IR signaling (achieved experimentally by blocking 
endogenous IR directly) alter baroreflex function.

The arterial baroreflex is divided into the following two 
principal subsystems: the neural arc, which determines 
sympathetic nerve activity (SNA) in response to a barorecep-
tor pressure input, and the peripheral arc, which determines 
AP in response to SNA.16 Under normal physiological con-
ditions, the arterial baroreflex operates as a closed-loop neg-
ative feedback system. However, the neural and peripheral 
arcs usually cannot be evaluated under the baroreflex closed-
loop conditions since AP cannot be separated into the input 
and output pressures. Furthermore, for the same reason, 
the baroreflex closed-loop conditions usually do not allow 
evaluation of baroreflex control of AP (i.e., the total reflex 
arc that determines the AP in response to the baroreceptor 

pressure input). With these experimental considerations in 
mind, to precisely assess arterial baroreflex function, a baro-
reflex open-loop analysis must be performed. This can be 
established by surgically isolating the carotid sinus barore-
ceptor area from the systemic circulation.16

The purpose of this study was therefore to investigate 
the effects of an ICV injection of IR antagonist on arte-
rial baroreflex function under open-loop conditions in 
healthy male rats. We hypothesized that the blockade of 
IR signaling in the brain acutely impairs arterial barore-
flex function via alterations in the neural arc, but not the 
peripheral arc, independent of circulating insulin and glu-
cose levels. It is well known in the sympathetic baroreflex 
that carotid sinus baroreceptors project via sensory affer-
ents to the nucleus tractus solitarius (NTS) followed by the 
caudal ventrolateral medulla (CVLM) and then the rostral 
ventrolateral medulla (RVLM) in sympathetic baroreflex 
function.17,18 Moreover, insulin receptors are known to be 
expressed in numerous areas throughout the brainstem 
involved in regulating the cardiovascular system.19 Thus, 
we further investigated 1) whether IR-positive neurons 
co-localize with c-Fos (a marker of neuronal activation)-
positive neurons activated by baroreflex stimulation in the 
NTS, the CVLM, and the RVLM by using immunofluores-
cence staining, and 2) whether blockade of IR signaling 
potentiates AP lability against hypertensive/hypotensive 
stress using baroreflex equilibrium diagram simulation.

2   |   METHODS

2.1  |  Ethical approval

This study was performed in accordance with the U.S. 
Department of Health and Human Services NIH Guide for 
the Care and Use of Laboratory Animals. The Institutional 
Animal Care and Use Committee of the University of 
Texas Southwestern Medical Center approved this study 
(no. 2019–102 849), and all experimental procedures were 
conducted following approved institutional guidelines 
and regulations.

2.2  |  Animals

Thirty-five healthy male Sprague–Dawley rats 
(12–16 weeks, body weight: 384 ± 26 g) (Inotiv, West 
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Lafayette, IN, USA) were used for the fluorescence im-
munohistochemistry and the baroreflex open-loop in vivo 
experiment. The animals had free access to food and clean 
water and were kept one to four per cage under a 12 h 
light–dark cycle in an air-conditioned room (22–24°C) 
until required for terminal experiments.

2.3  |  Fluorescence 
immunohistochemistry

In six anesthetized rats, the bilateral carotid sinus ba-
roreceptor regions were surgically isolated from the 
systemic circulation. The surgical and anesthesia pro-
cedures for the preparation of the baroreflex stimula-
tion under the open-loop conditions were described in 
the “Open-loop baroreflex in  vivo experiment” section 
below. We confirmed the adequacy of anesthesia by lack 
of a withdrawal response to tail pinch. In the barore-
flex stimulation treated group (n = 3), following the 60-
min post-surgery recovery period, repetitive baroreflex 
stimulation was performed. By the procedure described 
below, carotid sinus pressure (CSP) was first decreased 
to 60 mm Hg for 4 min and then increased in a stepwise 
manner up to 180 mmHg in increments of 20 mmHg 
every minute. Peak c-Fos expression is known to occur 
approximately 60–120 min following the neural acti-
vation.20,21 Thus, the CSP input cycle was repeated for 
120 min, followed by a 60-min resting period under the 
closed-loop conditions where CSP was matched to AP. In 
contrast, the control group (n = 3) was under the closed-
loop conditions for the same period (i.e., 3 h) after the 
60-min post-surgery recovery period. Immediately after 
the 60-min resting period, transcardial perfusion with 
physiological saline was performed for 15 min followed 
by 15-min 4% paraformaldehyde for tissue fixation. 
Thus, the tissue fixation was achieved within approxi-
mately 90 min after the baroreflex stimulation period. 
The brain tissue was harvested and post-fixed over-
night in 4% paraformaldehyde followed by dehydrated 
sequentially in 10% and 20% sucrose.

The present immunofluorescence staining was adopted 
from our previous study.22 Briefly, after submerging in an 
optimal cutting temperature medium and freezing on dry 
ice, the brainstem tissue was sectioned at 35 μm using a 
cryostat (2800 Frigocut, Reichert Jung/Leica, Deer Park, 
IL, USA). The sections were washed in phosphate-buffered 
saline (PBS). After blocking with an antibody buffer solu-
tion (PBS, 0.5% Triton-X100, 5% normal goat serum [NGS], 
and 10 mg/mL bovine serum albumin [BSA]) for 60 min, 
co-immunostaining for IR and c-Fos was performed by 
incubation with the primary antibodies (mouse anti-IRβ, 

1:100, cat. no. sc-57 342, RRID#AB_784102, Santa Cruz 
Biotechnology, Dallas, TX, USA; rabbit anti-c-Fos, 
1:1000, cat. no. 2250, RRID#AB_2247211, Cell Signaling 
Technology, Danvers, MA, USA) overnight at room tem-
perature. The sections were rinsed in PBS with 5% NGS 
and 10 mg/mL BSA and then incubated with fluorescence-
conjugated secondary antibodies (goat anti-mouse Cy3, 
1:500, cat. no. 115–165-146, RRID#AB_2338690, Jackson 
ImmunoResearch Laboratories, West Grove, PA, USA; 
goat anti-rabbit Alexa Fluor Plus 488, 1:500, cat. no. 
A32731, RRID#AB_2633280, Thermo Fisher Scientific, 
Waltham, MA, USA) for 60 min at room temperature. 
We previously used the same primary and secondary an-
tibody combinations to perform the triple labeling of IR, 
c-Fos, and DAPI in the NTS.22 Then, sections were rinsed 
with PBS with 5% NGS and 10 mg/mL BSA and pure 
water, and then fixed onto charged slides. The mount-
ing medium with 4′,6-diamidino-2-phenylindole (DAPI) 
(Mounting Medium With DAPI, cat. no. ab104139, Abcam, 
Cambridge, MA, USA) was applied to charged slides be-
fore coverslipping with micro cover glass. We performed 
negative control experiments to ensure the specificity of 
the antibodies.

A fluorescence microscope system (Axio Imager A2, 
Zeiss, Oberkochen, Germany) was used for observing 
and obtaining the fluorescence images as described pre-
viously.22,23 To evaluate whether c-Fos-positive neurons 
activated by baroreflex stimulation were specifically ob-
served in medullary cardiovascular centers (the NTS, 
CVLM, and RVLM), we additionally investigated the de-
gree of IR, c-Fos, and DAPI overlap in the spinal trigemi-
nal nucleus (Vsp) which is believed not to be activated by 
arterial baroreflex. The NTS, CVLM, RVLM, and Vsp were, 
respectively, determined as the regions from about −15.4 
to −13.6 mm, −13.4 to −13.0 mm, −12.4 to −12.0 mm, and 
−15.4 to −12.0 mm to the bregma based on the rat brain 
atlas and previous studies.22–24 For quantitative analysis, 
the sections of the NTS (10 sections each rat), CVLM (3 
sections each rat), and RVLM (3 sections each rat) were se-
rially selected at approximately 2-mm intervals from each 
rat. As for the Vsp, we collected three sections from −15.4 
to −13.6 mm to the bregma region and one section each 
from −12.4 to −12.0 mm to the bregma and from −13.4 
to −13.0 mm to the bregma regions (i.e., total 5 sections 
each rat). A series of grayscale photomicrographs at 10× 
magnification were acquired, and then we performed tri-
ple overlap analysis using image analysis software (FIJI; 
National Institute of Health, Maryland, USA) as we did 
previously.22 Briefly, the image background was subtracted 
within the region of interest. Subsequently, individualized 
thresholds (Triangle threshold, c-Fos; Otsu threshold, IR 
and DAPI), and then particle size filters were applied for 
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each binary image. Finally, IR+, c-Fos+, and DAPI+ areas 
were each calculated, as well as calculating the overlap be-
tween IR+/c-Fos+/DAPI+ areas.

2.4  |  Open-loop baroreflex in vivo 
experiment

2.4.1  |  General surgical experimental 
procedures

Rats were initially anesthetized with an intraperitoneal 
injection of a cocktail consisting of urethane (800 mg/kg) 
and α-chloralose (65 mg/kg), and then mechanically ven-
tilated with 100% oxygen gas after intubation. To main-
tain the depth of anesthesia, a 7-fold dilution of the above 
anesthetic cocktail was continuously infused via the right 
femoral vein at a rate of 3–5 mL/h/kg. The depth of an-
esthesia was evaluated and monitored by tail pinch until 
all protocol was completed. Body temperature was main-
tained at approximately 36.5–37°C using a heating pad 
and a heat lamp. A catheter was inserted into the right 
femoral artery and connected to a pressure transducer 
(MLT0670, ADInstruments, Sydney, Australia) to meas-
ure AP. Electrocardiogram (ECG) recordings were ob-
tained using needle electrodes. For recording renal SNA 
(RSNA), a branch of the isolated left renal nerve was at-
tached to the electrodes (Platinum, AM Systems, Sequim, 
WA, USA) and covered with silicone glue (Kwik-Sil, World 
Precision Instruments, Sarasota, FL, USA) for insulation 
and fixation. To validate that most of the RSNA record-
ing was obtained from postganglionic renal sympathetic 
fibers, hexamethonium bromide (60 mg/kg) was adminis-
tered intravenously after all experiments were completed. 
Additionally, RSNA background noise was measured 
over a 30-min period after animals were euthanized by 
intravenous injection of saturated potassium chloride 
(4 M, 2 mL/kg) under anesthesia. For ICV injection, ani-
mals were placed on a stereotaxic head unit (David Kopf 
Instruments, Tujunga, CA, USA). A small hole was first 
drilled into the skull, and then a 35-gauge needle (WPI, 
Sarasota, FL, USA) was implanted in the right lateral ven-
tricle using coordinates of 0.9 mm caudal, 1.8 mm lateral, 
and 3.6 mm ventral to the bregma.24

To create an open-loop baroreflex condition, the bi-
lateral carotid sinus baroreceptor regions were isolated 
from the systemic circulation using previously described 
methods.25–27 In brief, the external carotid artery was li-
gated close to the carotid bifurcation. Subsequently, the 
internal carotid artery was embolized with 0.8-mm diam-
eter steel balls (SBM-SUJ-0.8, Tsubaki Nakashima, Nara, 
Japan), and the common carotid artery was catheterized. 
Physiological saline was then used to fill the isolated 

carotid sinuses and catheters. Using a servo-pump sys-
tem (ET-126, Labworks, Costa Mesa, CA, USA), CSP was 
controlled via catheters inserted into the common carotid 
arteries. To minimize cardiovascular reflexes from the car-
diopulmonary region and aortic arch, bilateral vagal and 
aortic depressor nerves were sectioned at the neck.

Following the 60 min post-surgery recovery period, 
CSP was first decreased to 60 mmHg for 4 min, and then 
increased stepwise from 60 to 180 mmHg in increments 
of 20 mmHg every minute according to previous stud-
ies.25,26,28 The stepwise CSP input cycle was repeated 
throughout the protocol.26,29 Before evaluating AP, RSNA, 
and heart rate (HR) responses to the stepwise CSP input, 
blood was collected from the tail vein for assessing blood 
glucose and plasma insulin levels in some animals. Blood 
was obtained from the tail vein to reduce the potential 
negative impact that collecting blood from the jugular 
vein could have on arterial baroreflex function. Then, ICV 
injection of either 1 mM GSK1838705 (Sigma-Aldrich, 
St. Louis, MO, USA) (1 μL/1 min), an IR antagonist, or 
artificial cerebrospinal fluid (aCSF, Harvard Apparatus, 
Holliston, MA, USA) (1 μL/1 min) as a control solution was 
commenced by using a microsyringe (Hamilton syringe; 
VWR, Missouri City, TX, USA) mounted on a micropump 
(UMP3, WPI). The final concentration of GSK1838705 
was 1 mM, diluted in a solution of aCSF containing 50% 
dimethyl sulfoxide (DMSO, Sigma-Aldrich) (1:1 aCSF and 
DMSO). Since it has been reported that RSNA increases 
approximately 120 min after the ICV injection of insulin,4 
we anticipated that it would take several hours before sig-
nificant effects of the ICV injection of the IR antagonist 
on arterial baroreflex function would manifest. Thus, we 
recorded AP, RSNA, and HR responses to the CSP input 
at 30, 60, 90, and 120 min after ICV injection. As a set of 
corollary experiments, we tested whether the 1:1 aCSF 
and DMSO solution changes the open-loop baroreflex 
function. Again, venous blood was collected from the tail 
vein after recording the 120-min data after ICV injection 
in some animals.

The collected blood sample was assessed for blood 
glucose by using a handheld glucose meter (FreeStyle 
Precision Neo; Abbott, Chicago, IL, USA). Plasma insu-
lin was assayed using an enzyme-linked immunosorbent 
assay kit (Ultra-Sensitive Rat Insulin ELISA Kit, catalog 
no. 90060, Crystal Chem, Elk Grove Village, IL, USA).

2.4.2  |  Data analysis

RSNA, AP, CSP, and ECG signals were amplified, filtered, 
and continuously recorded on a computer at a 1 kHz sam-
pling rate via the analog-to-digital converter (PowerLab 
8/30, ADInstruments). Data analysis was performed by 
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LabChart  8 application software (ADInstruments). HR 
was calculated from the ECG recording. For analyzing 
RSNA, the preamplified nerve signal was band-pass fil-
tered at 100–1000 Hz (Neuro Amp EX; ADInstruments) 
and then low-pass filtered with a cutoff frequency of 30 Hz 
using the LabChart 8 application software. Full-wave rec-
tified signals of RSNA were subsequently used for quan-
tification. AP, RSNA, and HR data were averaged for the 
last 10 s at each CSP level. To quantify the RSNA response 
to the stepwise CSP input, the RSNA value of the last 10 s 
at a CSP of 60 mmHg before ICV injection was designated 
as 100% baseline, and the stimulation-induced changes in 
RSNA were expressed as a percentage of this baseline.

The input–output relationships between CSP and 
RSNA (the neural arc), between CSP and AP (the total 
reflex arc), and between CSP and HR (HR control) were 
described by fitting the following four-parameter logistic 
function to the data points as follows.16,30

where y represents the output value (RSNA, AP, or HR), P1 
is the response range, P2 is the slope coefficient, P3 is the 
midpoint pressure on the CSP axis, and P4 is the minimum 
value of output. The maximum gain of the logistic function 
was calculated from −P1P2/4.

The input–output relationship between SNA and AP 
(the peripheral arc) was described by linear regression as 
follows16:

where b0 and b1 represent the intercept and slope of the re-
gression line, respectively.

To estimate the operating point, using RSNA as the 
common abscissa and CSP or AP as the ordinate, the baro-
reflex equilibrium diagram was drawn by plotting data 
from the neural and peripheral arcs averaged for the last 
10 s at each CSP level.16,31 The operating-point RSNA and 
AP were determined from the intersection of the fitted 
neural and peripheral arcs on the baroreflex equilibrium 
diagram.

2.5  |  Baroreflex equilibrium diagram 
simulation under hypertensive and 
hypotensive stresses

Following previously described methods,32 the imposition 
of external disturbance (hypertensive stress [+5, +10, +15, 
and +20 mmHg] and hypotensive stress [−5, −10, −15, 
and −20 mmHg]) was simulated using the data from the 
open-loop baroreflex in vivo experiment. The peripheral 

arc in the baroreflex equilibrium diagram was shifted up-
ward (+5, +10, +15, and +20 mmHg) to mimic hyperten-
sive stress and downward (−5, −10, −15, and −20 mmHg) 
to simulate hypotensive stress. Then, the operating-point 
AP was estimated by the intersection of the neural arc and 
peripheral arc whose intercept was changed under hyper-
tensive/hypotensive stress before and after ICV injection 
of control or IR antagonist solution. We determined the 
operating-point AP rise and fall (Δoperating-point AP) 
by calculating the difference in operating-point AP from 
before to after hypertensive or hypotensive stress for 
evaluating AP lability against the imposition of external 
disturbance.

2.6  |  Statistical analysis

The Shapiro–Wilk test was first performed to confirm 
data normality. In the histological data, we performed 
an unpaired t-test or the Mann–Whitney U-test, ap-
propriately. Additionally, for evaluating the distribu-
tion of IR, c-Fos, and DAPI expression, as well as the 
overlap area between IR, c-Fos, and DAPI expression in 
the NTS, a two-way repeated measures analysis of vari-
ance (ANOVA) was performed (group-by-coordinate). 
If an interaction and/or a main effect was significant, 
Bonferroni's multiple comparison test was conducted. 
In the physiological data, RSNA, AP, and HR at each 
CSP level before and 30, 60, 90, and 120 min after ICV in-
jection of each solution were analyzed using a two-way 
repeated measures ANOVA (time-by-CSP). If an inter-
action and/or a main effect was significant, Bonferroni's 
multiple comparison test was performed. For the analy-
sis of parameters of static characteristics of the neural 
arc, peripheral arc, total reflex arc, heart HR control, 
operating-point AP and RSNA, blood glucose, and 
plasma insulin before and 120 min after ICV injection 
control and GSK1838705 solutions, a two-way repeated 
measures ANOVA was performed (solution-by-time). 
If an interaction and/or a main effect was significant, 
we performed Bonferroni's multiple comparison test. A 
one-way repeated measures ANOVA or Friedman test 
was utilized for the parameters of static characteristics 
before and 30, 60, 90, and 120 min after ICV injection 
of 1:1 aCSF and DMSO solution. If a one-way repeated 
measures ANOVA or Friedman test detected signifi-
cance, Bonferroni's or Dunn's multiple comparisons test 
was performed. A paired t-test or Wilcoxon signed-rank 
test was used for analyzing blood glucose and plasma 
insulin before and 120 min after ICV injection of the 
1:1 aCSF and DMSO solution as appropriate. In the 
simulation data, a two-way repeated measures ANOVA 
was performed (time-by-pressure). If an interaction 

y =
P1

1 + exp
[

P2
(

CSP − P3
)] + P4

AP = b0 + b1 × RSNA
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and/or a main effect was significant, Bonferroni's multi-
ple comparison test was used. Moreover, we calculated 
the changes in ΔAP from before to 120 min after ICV 
injection of control or IR antagonist, and a two-way 
repeated measures ANOVA was performed (solution-
by-pressure). If an interaction and/or a main effect was 
significant, we performed Bonferroni's multiple com-
parison test.

All statistical analyses were computed using statisti-
cal software (SPSS Statistics 28, IBM, Armonk, NY, USA). 
Statistical significance was defined as p < .05. Data are pre-
sented as the mean ± SD.

3   |   RESULTS

3.1  |  Fluorescence immunohistochemistry

Figure  1A shows the individual representative images 
and co-localization of IR, c-Fos, and DAPI in neurons 
in the NTS, CVLM, RVLM, and Vsp. The representa-
tive images were pseudo-colored from grayscale for 
illustration. The area of DAPI- and IR-positive neu-
rons in the NTS, CVLM, and RVLM did not differ sig-
nificantly between baroreflex stimulation and control 
groups (Figure  1B). The 120-min repetitive baroreflex 
stimulation significantly increased c-Fos protein in the 
NTS, CVLM, and RVLM, but not in the Vsp (Figure 1B). 
Furthermore, the overlap area between IR+/c-Fos+/
DAPI+ in the NTS, CVLM, and RVLM was significantly 
increased by the baroreflex stimulation (Figure 1B). The 
IR, c-Fos, and DAPI overlap area in the Vsp, as the nega-
tive control area, was not significantly different among 
trials (Figure  1B). Figure  2 shows the distribution of 
IR+, c-Fos+, and DAPI+, as well as the overlap between 
IR+, c-Fos+, and DAPI+ in the NTS. In DAPI- and IR-
positive neurons, there were no significant differences 
between the groups at any coordinates in the NTS. Areas 
of c-Fos-positive neurons and the triple overlap in the 
baroreflex stimulation group were significantly greater 
than those in the control group at several coordinates 
in the NTS.

3.2  |  Open-loop baroreflex in vivo 
experiment

As compared to the baseline, blood glucose and plasma 
insulin were not significantly changed 120 min after 
ICV injection of control (aCSF) and GSK1838705 solu-
tions (blood glucose; before: 132 ± 30 mg/dL, 120 min: 
132 ± 21 mg/dL in control solution [n = 5] vs. before: 
122 ± 9 mg/dL, 120 min: 125 ± 14 mg/dL in GSK1838705 

solution [n = 5]; solution effect: p = .436; time effect: 
p = .775; interaction: p = .775; plasma insulin; before: 
2.0 ± 0.8 ng/mL, 120 min: 1.2 ± 0.3 ng/mL in control 
solution [n = 5] vs. before: 3.3 ± 1.6 ng/mL, 120 min: 
2.6 ± 2.5 ng/mL in GSK1838705 solution [n = 3]; solu-
tion effect: p = .168; time effect: p = .086; interaction: 
p = .903). ICV injection of aCSF containing 50% DMSO 
(GSK1838705 vehicle solution) also did not significantly 
change the blood glucose (before: 119 ± 22 mg/dL vs. 
after: 125 ± 30 mg/dL, p = .22 [n = 5]) and plasma insu-
lin (before: 1.8 ± 0.7 ng/mL vs. after: 1.1 ± 0.3 ng/mL, 
p = .067 [n = 5]).

Figure 3 shows representative recordings of AP, RSNA, 
and HR responses to stepwise CSP input before and 30, 
60, 90, and 120 min after ICV injection of control and 
GSK1838705 solutions. We successfully measured AP 
and HR in 24 rats and RSNA in 22 rats. A stepwise in-
crease in CSP decreased RSNA, AP, and HR. Analysis 
of trial-averaged static characteristics of the baroreflex 
demonstrated that the interactions (time-by-CSP) of the 
neural arc, total reflex arc, and HR control were signifi-
cant in GSK1838705 but not in the control trial (Figure 4). 
Moreover, ICV injection of GSK1838705 but not that of 
control significantly decreased AP, RSNA, and HR at each 
CSP level (Figure 4). Since the effects of GSK1838705 were 
more pronounced at 120 min after the ICV injection, we 
used the values before and 120 min after ICV injection for 
comparisons of each parameter of the neural arc, periph-
eral arc, total reflex arc, and HR control.

Table 1 shows the parameters of static characteristics 
of the neural arc, peripheral arc, total reflex arc, and HR 
control before and 120 min after ICV injection of con-
trol and GSK1838705 solutions. In the neural arc, while 
the response range (P1), slope coefficient (P2), midpoint 
pressure (P3), and minimum value (P4) were not sig-
nificantly changed by ICV injection of the GSK1838705 
solution, the maximum gain (Gmax) was significantly 
decreased after ICV injection of GSK1838705. In the 
peripheral arc, intercept (b0) and slope (b1) were not 
significantly altered by ICV injection of either test solu-
tion. In the total reflex arc, although the response range 
(P1) and midpoint pressure (P3) were significantly de-
creased regardless of the test solutions, the significant 
interaction between solution (control vs. GSK1838705) 
and time (before vs. 120 min) was not observed in any 
parameters of the total reflex arc. In HR control, ICV 
injection of both solutions significantly decreased the 
response range (P1) without significantly changing the 
slope coefficient (P2) and midpoint pressure (P3). The 
minimum value (P4) after ICV injection of GSK1838705 
was significantly lower than that after ICV injection of 
the control solution. GSK1838705, but not the control, 
significantly decreased the maximum gain (Gmax).
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F I G U R E  1   The area of insulin receptor (IR), c-Fos, and 4′,6-diamidino-2-phenylindole (DAPI) expression, and the overlap area between 
IR, c-Fos, and DAPI expression in the nucleus tractus solitarius (NTS), caudal ventrolateral medulla (CVLM), rostral ventrolateral medulla 
(RVLM), and spinal trigeminal nucleus (Vsp) in control and baroreflex stimulation (BARO) treated rats. Representative image of the 
expression of IR, c-Fos, and DAPI and co-localization with IR, c-Fos, and DAPI in the NTS, CVLM, RVLM, and Vsp (A). The sections of 
the NTS (10 sections each rat), CVLM (3 sections each rat), RVLM (3 sections each rat), and Vsp (5 sections each rat) were collected from 
three control and three BARO-treated rats. In the BARO-treated group, carotid sinus pressure (CSP) was changed stepwise under open-
loop conditions, while control rats were rested under closed-loop conditions (CSP was matched to arterial pressure by using a servo-pump 
system). The magnification is ×10. The white scale bar is 100 μm. The data were analyzed by an unpaired t-test or the Mann–Whitney U-test 
(B). Data are shown as mean ± SD.
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Operating-point RSNA and AP were determined from 
the baroreflex equilibrium diagram constructed from the 
fitted neural and peripheral arcs (Figure 5A). ICV injec-
tion of GSK1838705, but not the control solution, sig-
nificantly decreased both operating-point RSNA and AP 
(Figure 5B).

Figure  6 shows the trial-averaged static characteristics 
of the baroreflex before and 30, 60, 90, and 120 min after 
ICV injection of a vehicle solution containing DMSO. We 
succeeded in measuring AP and HR in 5 rats and RSNA 
in 4 rats. The vehicle solution did not significantly change 
RSNA, AP, and HR responses to the stepwise CSP input. 
Moreover, none of the parameters of static characteristics 
of the neural arc, peripheral arc, total reflex arc, and HR 
arc, and operating-point RSNA and AP were significantly 
altered after ICV injection of the vehicle solution (Table 2).

3.3  |  Baroreflex equilibrium diagram 
simulation under hypertensive and 
hypotensive stresses

Figure  7A shows the simulation of hypertensive stress 
before and 120 min after ICV injection of control and IR 
antagonist solutions. Although Δoperating-point AP was 
not significantly changed by ICV injection of control so-
lution under hypertensive stress, there was a significant 
interaction in the GSK1838705 trial. Furthermore, the 
changes in Δoperating-point AP from before to 120 min 
after ICV injection in the GSK1838705 trial were signifi-
cantly higher than those in the control trial under all lev-
els of hypertensive stress (+5, +10, +15, and +20 mmHg) 
(Figure  7A). Δoperating-point AP was not significantly 
altered by ICV injection of control and GSK1838705 solu-
tions under any levels of hypotensive stress (−5, −10, −15, 
and −20 mmHg) (Figure 7B).

F I G U R E  2   Distribution of insulin receptor (IR), c-Fos, and 
4′,6-diamidino-2-phenylindole (DAPI) expression, and the overlap 
area between IR, c-Fos, and DAPI expression at each bregma level 
of the nucleus tractus solitarius (NTS) in control and baroreflex 
stimulation (BARO) treated rats. In the BARO treated group, 
carotid sinus pressure (CSP) was changed stepwise under open-
loop conditions while control rats were rested under closed-loop 
conditions (CSP was matched to arterial pressure by using a 
servo-pump system). Sections of the NTS (10 sections each rat) 
were serially collected from three control and three BARO treated 
rats. The data were analyzed by a two-way repeated measures 
ANOVA (group-by-coordinate) followed by Bonferroni's multiple 
comparison test. *p < .05 vs. control group. †p < .05 vs. −13.6 mm to 
the bregma. The gray dashed and solid lines show individual data 
from the control and the BARO treated groups, respectively. Data 
are shown as the mean ± SD.
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4   |   DISCUSSION

The major findings from this investigation are as fol-
lows: 1) IR and c-Fos activated via baroreflex stimula-
tion by stepwise CSP input were observed to co-localize 
in the NTS, CVLM, and RVLM; 2) ICV injection of an 

IR antagonist acutely decreased RSNA, AP, and HR 
during stepwise CSP input; 3) blockade of IR in the 
brain acutely impaired neural arc function but not pe-
ripheral arc function; 4) the operating-point RSNA 
and AP were acutely decreased by IR blockade in the 
brain under open-loop conditions; and 5) ICV injection 

F I G U R E  3   Representative recordings of arterial pressure (AP), renal sympathetic nerve activity (RSNA), and heart rate (HR) responses 
to stepwise carotid sinus pressure (CSP) input before and 30, 60, 90, and 120 min after intracerebroventricular injection of artificial 
cerebrospinal fluid (control) and insulin receptor antagonist (GSK1838705). Gray and black lines in the RSNA show rectified raw data and 
normalized data, respectively.
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of an IR antagonist increased the operating-point AP 
rise by hypertensive stress using numerical simulation. 
Importantly, the effects of the IR antagonist were in-
dependent of circulating insulin and glucose levels. To 
date, brain insulin levels have been suggested to modu-
late arterial baroreflex function. The present findings 
further suggest that not only the availability of insulin 
but also brain IR signaling is important for arterial ba-
roreflex control of AP.

It is well known that the signal from carotid sinus baro-
receptors projects via sensory afferents to the NTS followed 
by CVLM and then RVLM in the sympathetic baroreflex 
function.17,18 As such, we examined whether repetitive 
baroreflex stimulation activates c-Fos in central neurons, 
and whether c-Fos co-localizes with IR. Activation of the 
arterial baroreflex has been reported to increase c-Fos in 
the NTS, CVLM, and RVLM.33–37 Consistent with these 
findings, we observed that c-Fos-positive neurons in the 
NTS, CVLM, and RVLM were increased by 120-min step-
wise CSP input stimulation under open-loop conditions. 
To the best of our knowledge, this is the first study show-
ing that the NTS, CVLM, and RVLM are populated with 
IR-positive neurons co-expressing c-Fos that are activated 
by baroreflex stimulation.

4.1  |  Possible mechanism of impairing 
arterial baroreflex function by brain IR 
blockade

It has long been appreciated that acute ICV insulin infu-
sion increases SNA.2–5 Rahmouni et  al.4 demonstrated 
that ICV administration of a high dose of insulin (500 mU) 
increases RSNA in rats. We found that ICV injection of 
an IR antagonist significantly reduced RSNA during step-
wise CSP input. Furthermore, the operating-point RSNA 
was decreased by the IR antagonist. It is well known that 
changes in the circulating levels of glucose and insulin alter 
SNA.38–40 We found that ICV injection of GSK1838705 did 
not significantly change blood glucose and plasma insulin 
levels in the present study. Thus, it is plausible that the 
decrease in RSNA is induced by impairment of IR signal-
ing in the brain, independent of circulating glucose and 
insulin levels.

The most important finding of this study is that the 
maximum gain of the neural arc was decreased by ICV 
injection of an IR antagonist, indicating that the neural 
arc function was impaired by IR blockade in the brain. 
In contrast, the slope and intercept of the regression line 
in the peripheral arc were not altered by the IR antago-
nist GSK1838705. The neural arc determines the SNA 
response to baroreceptor pressure input, while the pe-
ripheral arc determines AP as a result of cardiovascular 
responses to SNA input.16 Thus, these results suggest that 
IR signaling in the brain is involved in arterial baroreflex 
function via central nervous system mechanisms without 
affecting peripheral SNA-induced vasoconstrictive func-
tion. It is noted that the operating-point RSNA was sig-
nificantly decreased by ICV injection of the IR antagonist. 
This suggests that the blockade of IR in the brain reduces 
baseline RSNA. Thus, it is challenging to exclude the pos-
sibility that the reduction of baseline RSNA per se would 
attenuate the neural arc gain. However, this is beyond the 
scope of the present investigation, and further research is 
warranted.

We recently found that IRs are highly expressed in 
the NTS, and that microinjection of an IR antagonist 
(GSK1838705) into the NTS acutely increases the pres-
sor response to electrically induced muscle contrac-
tions in baroreceptor-intact rats but not in denervated 
rats.22 The results suggest that acute blockade of IR 
signaling in the NTS increases the exercise pressor re-
flex through interactions with baroreflex neurons in the 
NTS. Sensory information from the carotid sinus nerve 
projects to the NTS and further to the CVLM within the 
medulla oblongata. These neurons then project to the 
RVLM.17,18 Critical neurotransmission from the CVLM 
to the RVLM is mediated through the inhibitory amino 
acid GABA, which inhibits sympathoexcitatory neurons 
in the RVLM, resulting in a decrease in SNA and AP.17,18 
The binding of insulin to IR activates phosphoinositide 
3-kinase, which converts phosphorylated phosphati-
dylinositol 4,5-bisphosphate into (3,4,5)-trisphosphate 
(PIP3) through phosphorylation.41,42 PIP3 is known to 
activate ATP-dependent potassium channels, resulting 
in hyperpolarization of neurons and decreased neuro-
nal firing rate.43 Furthermore, it has been demonstrated 
that the microinjection of insulin into the NTS decreases 

F I G U R E  4   Open-loop static characteristics of the neural arc, peripheral arc, total reflex arc, and heart rate (HR) control before and 
30, 60, 90, and 120 min after intracerebroventricular injection of artificial cerebrospinal fluid (control) and insulin receptor antagonist 
(GSK1838705). CSP, carotid sinus pressure; RSNA, renal sympathetic nerve activity; AP, arterial pressure. The data were analyzed by a two-
way repeated measures ANOVA (time-by-CSP) followed by Bonferroni's multiple comparison test. a, b, c, and d show significant differences 
between before and 30, 60, 90, or 120 min, respectively (p < .05). Since the x-axis in the peripheral arc was RSNA, which varied between 
animals, a two-way repeated measures ANOVA was not performed for the peripheral arc. Data are shown as the mean ± SD.
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T A B L E  1   Parameters of static characteristics of the neural arc, peripheral arc, total reflex arc, and heart rate (HR) control before and 
120 min after intracerebroventricular injection of artificial cerebrospinal fluid (control) and insulin receptor antagonist (GSK1838705).

Before 120 min Solution Time Interaction

Neural arc

P1, Response range (%) Control (n = 10) 62.0 ± 26.8 64.4 ± 25.3 p = .382 p = .501 p = .155

GSK1838705 
(n = 12)

58.3 ± 19.4 51.8 ± 18.0

P2, Slope coefficient 
(mmHg−1)

Control (n = 10) 0.215 ± 0.242 0.196 ± 0.244 p = .217 p = .003 p = .107

GSK1838705 
(n = 12)

0.146 ± 0.031 0.088 ± 0.021

P3, Midpoint pressure 
(mmHg)

Control (n = 10) 141.9 ± 17.0 139.5 ± 14.4 p = .461 p = .091 p = .301

GSK1838705 
(n = 12)

142.0 ± 10.5 132.3 ± 12.5

P4, Minimum value (%) Control (n = 10) 40.4 ± 24.9 42.7 ± 27.9 p = .651 p = .287 p = .115

GSK1838705 
(n = 12)

43.2 ± 18.1 31.7 ± 22.3

Gmax, Maximum gain 
(%/mmHg)

Control (n = 10) −2.38 ± 1.17 −2.39 ± 1.47 p = .077 p = .024 p = .021

GSK1838705 
(n = 12)

−2.17 ± 0.89 −1.14 ± 0.49*†

R2, Coefficient of 
determination

Control (n = 10) 0.964 ± 0.069 0.978 ± 0.040 p = .374 p = .600 p = .045

GSK1838705 
(n = 12)

0.989 ± 0.011 0.981 ± 0.014

Peripheral arc

b0, Intercept (mmHg) Control (n = 10) 6.9 ± 33.6 10.4 ± 32.2 p = .990 p = .336 p = .760

GSK1838705 
(n = 12)

5.0 ± 32.5 11.9 ± 37.1

b1, Slope (mmHg/%) Control (n = 10) 1.354 ± 0.376 1.249 ± 0.398 p = .593 p = .823 p = .170

GSK1838705 
(n = 12)

1.345 ± 0.405 1.490 ± 0.801

R2, Coefficient of 
determination

Control (n = 10) 0.947 ± 0.076 0.954 ± 0.035 p = .639 p = .853 p = .509

GSK1838705 
(n = 12)

0.949 ± 0.031 0.937 ± 0.042

Total reflex arc

P1, Response range (mmHg) Control (n = 11) 84.9 ± 34.7 72.2 ± 23.6 p = .315 p = .001 p = .977

GSK1838705 
(n = 13)

75.7 ± 17.0 62.9 ± 17.0

P2, Slope coefficient 
(mmHg−1)

Control (n = 11) 0.182 ± 0.218 0.213 ± 0.267 p = .914 p = .435 p = .143

GSK1838705 
(n = 13)

0.240 ± 0.272 0.139 ± 0.049

P3, Midpoint pressure 
(mmHg)

Control (n = 11) 137.7 ± 16.4 129.6 ± 13.4 p = .394 p = .004 p = .569

GSK1838705 
(n = 13)

135.5 ± 10.0 123.9 ± 13.2

P4, Minimum value (mmHg) Control (n = 11) 63.7 ± 29.0 70.1 ± 16.3 p = .826 p = .414 p = .300

GSK1838705 
(n = 13)

68.9 ± 16.6 68.1 ± 15.2

Gmax, Maximum gain 
(mmHg/mmHg)

Control (n = 11) −2.86 ± 1.84 −3.00 ± 2.56 p = .747 p = .224 p = .171

GSK1838705 
(n = 13)

−4.45 ± 5.71 −2.11 ± 0.77
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the spontaneous discharge of baroreflex-sensitive NTS 
neurons in anesthetized rats.44 Therefore, although 
speculative in nature, ICV injection of an IR antago-
nist may inhibit IR signaling-induced decreases in 
NTS neuron activation by reducing hyperpolarization, 
which in turn reduces the activation of sympathoexcit-
atory neurons in the RVLM, resulting in the inhibition 
of the reflex response to changes in CSP. Furthermore, 
astrocytes in the NTS have been suggested to play a 
role in the arterial baroreflex.45,46 NTS astrocytes might 
be involved in the brain IR blockade-induced impair-
ment of arterial baroreflex function. Alternatively, 
as Cassaglia et  al.47 reported that the arcuate nucleus 
is the primary site of action where insulin enhances 
baroreflex function, it is therefore possible that block-
ade of IR signaling in the arcuate nucleus could also 
lead to impairment of arterial baroreflex function. In 
contrast, it has been reported that the nanoinjection of 
an IR antagonist into the arcuate nucleus does not sig-
nificantly decrease lumbar SNA, AP, and HR in anes-
thetized healthy rats.48 Thus, it is unlikely that the IR 
antagonist-induced arterial baroreflex dysfunction can 
be fully explained by its action in the arcuate nucleus. 

Of note, however, our study did not identify the site of 
action of the IR antagonist in the brain. Future studies 
should investigate this point.

Blockade of IR in the brain decreased both AP during 
CSP input and operating-point AP, which is consistent 
with results of the neural arc and operating-point RSNA. 
Since previous studies examined the effects of brain in-
sulin on the baroreflex under closed-loop conditions, the 
arterial baroreflex control of AP has not been investigated. 
To the best of our knowledge, therefore, our study is the 
first to demonstrate that brain IR signaling has a crucial 
role in AP regulation via arterial baroreflex control of 
SNA. The operating point under open-loop conditions is 
determined from the intersection between the neural and 
peripheral arcs on the baroreflex equilibrium diagram.16,31 
The present study showed that ICV injection of IR antag-
onist altered the neural arc by attenuating the maximum 
gain while the peripheral arc did not change. Therefore, 
the brain IR blockade-induced reduction in AP may occur 
by impairing the neural arc function in arterial baroreflex 
control of SNA.

IR antagonist injection in the brain impairs HR con-
trol by reducing the maximum gain. Since bilateral 

Before 120 min Solution Time Interaction

R2, Coefficient of 
determination

Control (n = 11) 0.973 ± 0.073 0.974 ± 0.079 p = .377 p = .703 p = .767

GSK1838705 
(n = 13)

0.993 ± 0.006 0.993 ± 0.011

HR control

P1, Response range (bpm) Control (n = 11) 43.0 ± 16.6 34.6 ± 12.0 p = .578 p = .031 p = .742

GSK1838705 
(n = 13)

39.0 ± 13.9 32.7 ± 16.1

P2, Slope coefficient 
(mmHg−1)

Control (n = 11) 0.151 ± 0.168 0.180 ± 0.268 p = .386 p = .946 p = .127

GSK1838705 
(n = 13)

0.125 ± 0.035 0.099 ± 0.029

P3, Midpoint pressure 
(mmHg)

Control (n = 11) 145.6 ± 19.7 141.8 ± 15.0 p = .325 p = .059 p = .441

GSK1838705 
(n = 13)

143.3 ± 8.5 134.5 ± 11.5

P4, Minimum value (bpm) Control (n = 11) 347.9 ± 28.3 357.0 ± 29.2 p = .158 p = .901 p = .017

GSK1838705 
(n = 13)

343.3 ± 17.9 333.3 ± 25.3†

Gmax, Maximum gain 
(bpm/mmHg)

Control (n = 11) −1.58 ± 2.16 −1.50 ± 2.27 p = .361 p < .001 p = .005

GSK1838705 
(n = 13)

−1.20 ± 0.46 −0.73 ± 0.28*

R2, Coefficient of 
determination

Control (n = 11) 0.992 ± 0.011 0.987 ± 0.011 p = .143 p = .215 p = .735

GSK1838705 
(n = 13)

0.986 ± 0.011 0.977 ± 0.030

Note: The data were analyzed by a two-way repeated measures ANOVA (solution-by-time) followed by Bonferroni's multiple comparison test.
*Significant difference from before (p < .05).
†Significant difference from control (p < .05). Data are shown as the mean ± SD.

T A B L E  1   (Continued)
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F I G U R E  5   The baroreflex equilibrium diagram (A) and operating-point arterial pressure (AP) and renal sympathetic nerve activity 
(RSNA) (B) before and 120 min after intracerebroventricular (ICV) injection of artificial cerebrospinal fluid (control) and insulin receptor 
antagonist (GSK1838705). The baroreflex equilibrium diagram was constructed from the fitted neural (sigmoid curve) and peripheral (linear 
regression line) arcs (A). In this diagram, the open and filled circles indicate operating-point AP and RSNA before and 120 min after ICV 
injection of control and insulin receptor antagonist, respectively. The open (Before) and filled (120 min) circles represent individual data 
(B). The data were analyzed by a two-way repeated measures ANOVA (solution-by-time) followed by Bonferroni's multiple comparison test. 
Data are shown as the mean ± SD.

F I G U R E  6   Open-loop static characteristics of the neural arc, peripheral arc, total reflex arc, and heart rate (HR) control before and 30, 
60, 90, and 120 min after intracerebroventricular injection of a 50% dimethyl sulfoxide solution. CSP, carotid sinus pressure; RSNA, renal 
sympathetic nerve activity; AP, arterial pressure. The open (Before) and filled (120 min) circles represent individual data. The data were 
analyzed by a two-way repeated measures ANOVA (time-by-CSP). Since the x-axis in the peripheral arc was RSNA, which varied between 
animals, a two-way repeated measures ANOVA was not performed for the peripheral arc. Data are shown as the mean ± SD.
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vagal and aortic depressor nerves were sectioned in this 
study, the changes in HR would mainly result from its 
response to CSP via SNA. Although we did not measure 
cardiac SNA, a previous study reported that the open-
loop static characteristics of baroreflex control of car-
diac SNA parallel those of RSNA.49 Hence, IR blockade 
may impair arterial baroreflex control of HR via car-
diac SNA. Furthermore, this is consistent with an ear-
lier study, which found that baroreflex gain of HR was 

decreased in pregnant rabbits with a decrease in CSF in-
sulin.9 Taken together, our findings suggest that arterial 
baroreflex control of HR is impaired by decreasing brain 
IR signaling.

RSNA during stepwise CSP input was significantly 
decreased at 120 min after ICV injection of the IR an-
tagonist, while AP and HR were significantly reduced 
from 30 to 60 min after the injection. It has been shown 
that the activation of RSNA is slowly increased by ICV 

T A B L E  2   Parameters of static characteristics of the neural arc, peripheral arc, total reflex arc, and heart rate (HR) control and operating-
point arterial pressure (AP) and renal sympathetic nerve activity (RSNA) before and 30, 60, 90, and 120 min after intracerebroventricular 
injection of 50% dimethyl sulfoxide solution.

Before 30 min 60 min 90 min 120 min p value

Neural arc (n = 4)

P1, Response range (%) 50.2 ± 13.9 69.2 ± 22.1 60.3 ± 23.2 56.7 ± 8.5 41.4 ± 9.9 .262

P2, Slope coefficient (mmHg−1) 0.131 ± 0.070 0.068 ± 0.007 0.090 ± 0.031 0.069 ± 0.039 0.096 ± 0.036 .107

P3, Midpoint pressure (mmHg) 128.3 ± 20.2 138.4 ± 16.4 134.1 ± 21.1 145.1 ± 24.5 130.5 ± 19.6 .257

P4, Minimum value (%) 51.1 ± 14.4 52.7 ± 14.8 61.4 ± 31.2 44.4 ± 24.9 57.3 ± 20.8 .493

Gmax, Maximum gain (%/
mmHg)

−1.53 ± 0.53 −1.16 ± 0.32 −1.32 ± 0.54 −0.96 ± 0.55 −1.04 ± 0.60 .359

R2, Coefficient of 
determination

0.984 ± 0.016 0.986 ± 0.014 0.994 ± 0.004 0.982 ± 0.007 0.987 ± 0.012 .185

Peripheral arc (n = 4)

b0, Intercept (mmHg) −15.9 ± 32.6 −11.6 ± 8.3 −16.6 ± 35.4 −13.8 ± 28.7 −18.1 ± 29.0 .903

b1, Slope (mmHg/%) 1.611 ± 0.172 1.401 ± 0.336 1.374 ± 0.108 1.596 ± 0.264 1.656 ± 0.223 .265

R2, Coefficient of 
determination

0.978 ± 0.007 0.963 ± 0.008 0.980 ± 0.008 0.985 ± 0.003 0.973 ± 0.008 .185

Total reflex arc (n = 5)

P1, Response range (mmHg) 78.9 ± 15.9 84.2 ± 16.3 80.9 ± 15.1 82.4 ± 14.9 75.2 ± 19.9 .530

P2, Slope coefficient (mmHg−1) 0.109 ± 0.038 0.089 ± 0.019 0.090 ± 0.034 0.073 ± 0.026 0.081 ± 0.027 .304

P3, Midpoint pressure (mmHg) 128.8 ± 14.2 133.9 ± 9.5 132.5 ± 14.3 137.4 ± 13.6 131.4 ± 12.4 .451

P4, Minimum value (mmHg) 67.7 ± 7.5 67.4 ± 11.6 72.4 ± 11.4 67.3 ± 14.6 75.3 ± 15.6 .284

Gmax, Maximum gain (mmHg/
mmHg)

−2.13 ± 0.71 −1.89 ± 0.59 −1.85 ± 0.83 −1.57 ± 0.73 −1.55 ± 0.71 .231

R2, Coefficient of 
determination

0.999 ± 0.001 0.997 ± 0.005 0.997 ± 0.002 0.994 ± 0.007 0.997 ± 0.002 .385

HR control (n = 5)

P1, Response range (bpm) 34.1 ± 17.4 35.8 ± 14.3 34.1 ± 11.6 44.2 ± 14.2 39.4 ± 12.7 .221

P2, Slope coefficient (mmHg−1) 0.315 ± 0.314 0.215 ± 0.233 0.177 ± 0.141 0.095 ± 0.043 0.096 ± 0.044 .475

P3, Midpoint pressure (mmHg) 132.8 ± 16.0 136.4 ± 16.4 139.3 ± 17.0 141.9 ± 18.8 136.6 ± 17.4 .411

P4, Minimum value (bpm) 349.1 ± 14.0 350.1 ± 17.2 357.0 ± 15.7 341.5 ± 23.0 346.9 ± 22.8 .126

Gmax, Maximum gain (bpm/
mmHg)

−1.61 ± 1.13 −1.39 ± 0.71 −1.21 ± 0.49 −0.98 ± 0.46 −0.86 ± 0.31 .406

R2, Coefficient of 
determination

0.963 ± 0.065 0.994 ± 0.007 0.993 ± 0.003 0.995 ± 0.005 0.994 ± 0.005 .938

Operating point (n = 4)

Operating-point RSNA (%) 83.2 ± 19.0 102.2 ± 32.0 103.1 ± 34.1 87.3 ± 25.6 85.5 ± 23.0 .493

Operating-point AP (mmHg) 119.2 ± 7.7 123.8 ± 7.8 122.5 ± 12.4 121.5 ± 11.3 120.5 ± 12.0 .523

Note: The data were analyzed by a one-way repeated measures ANOVA or Friedman test. Data are shown as the mean ± SD.
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injection of insulin compared to lumbar SNA.4 In addi-
tion, Pricher et al.8 demonstrated that the gain of baro-
reflex control of HR and lumbar SNA was improved 
within 60 min after brain insulin infusion. Therefore, it 
is plausible, albeit speculative, that decreased lumbar 
and cardiac SNA might induce attenuation of AP and 
HR before a remarkable decrease in RSNA. That being 
said, 120 min after IR antagonist injection, the changes 
in the total reflex arc were similar to those of the neural 
arc. Additionally, both operating-point RSNA and AP 
were decreased. Therefore, there is no doubt that the 
decrease in AP is at least partially attributable to the at-
tenuation of RSNA.

4.2  |  Clinical implications

Our findings suggest that IR signaling in the brain plays 
a crucial role in AP regulation via modulation of arterial 
baroreflex function. Arterial baroreflex dysfunction has 

been well documented to induce AP lability.6 AP labil-
ity is often observed in patients with diabetes mellitus 
(DM), leading to orthostatic hypotension and exercise 
intolerance.15 Moreover, evidence suggests that high 
short-term AP variability increases the risk of cardio-
vascular disease in DM patients.50,51 Circulating insulin 
is transported into the brain across the blood–brain bar-
rier.52 Hyperinsulinemia and peripheral insulin resist-
ance, particularly in the early stage of type 2 DM, have 
been reported to induce a deficit in insulin transport 
across the blood–brain barrier.53–55 Increasing evidence 
suggests that reduced brain insulin levels impair arte-
rial baroreflex function.9,10 Notably, earlier studies have 
demonstrated that type 1 and type 2 DM animals have 
decreased brain IR signaling, suggesting that DM induces 
an impaired IR signaling pathway in the brain.13,14 Taken 
together with the findings of the present study, the de-
crease not only in brain insulin availability but also in IR 
signaling in the medullary cardiovascular centers may, at 
least in part, induce AP lability in this disease.

F I G U R E  7   Baroreflex equilibrium diagram simulation under hypertensive (A) and hypotensive (B) stresses before and 120 min after 
intracerebroventricular injection of artificial cerebrospinal fluid (control) and insulin receptor antagonist (GSK1838705). The operating-
point arterial pressure (AP) under hypertensive/hypotensive stress was simulated by the intersection of the neural and peripheral arcs, 
whose intercept was shifted upward (+5, +10, +15, and +20 mmHg [hypertensive stress]) and downward (−5, −10, −15, and −20 mmHg 
[hypotensive stress]) in the baroreflex equilibrium diagram. Δoperating-point AP; the difference in operating-point AP from before to after 
hypertensive and hypotensive stresses. The data were analyzed by a two-way repeated measures ANOVA (time-by-pressure or solution-by-
pressure) followed by Bonferroni's multiple comparison test. Data are shown as the mean ± SD.
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In this study, the numerical simulation using the barore-
flex equilibrium diagram revealed that brain IR antagonist 
raised the operating-point AP in response to hypertensive 
stress. This suggests that brain IR blockade may reduce 
the responsiveness of sympathetic baroreflex regulation 
against external perturbation, especially in the high AP 
range. The exaggerated AP response to exercise has often 
been observed in patients56–58 as well as animals59–63 with 
DM. Therefore, IR signaling dysfunction in the brain seen 
in DM might partially explain the AP lability in the high 
AP range. Since we studied only normal healthy rats in the 
present investigation, future investigations should track the 
causal relationship between brain IR signaling dysfunction 
and baroreflex failure using animals and patients with DM.

4.3  |  Limitations

We also acknowledge several limitations in the present 
study. First, the acute effect of IR blockade in the brain 
on the arterial baroreflex was investigated in anesthetized 
rats. Thus, the present results may not be directly applica-
ble to conscious individuals. Second, as discussed above, 
because we performed ICV injection for delivering IR an-
tagonist into the brain, the site of action in the brain was 
not identified. Third, only male rats were used in this study. 
Because the menstrual/estrous cycle has been suggested to 
influence baroreflex function,64,65 it is unknown whether 
the interpretation of our results applies to females. Further 
studies are required to elucidate these points. Fourth, the 
stepwise CSP input was repeated for 120 min in the present 
study. Prolonged baroreflex activation has been reported to 
acutely decrease AP levels.66 Although open-loop barore-
flex function and operating-point AP and RSNA did not 
significantly change over 120 min in the control trial, the 
potential impact of repeated CSP input on arterial barore-
flex function, as well as the operating-point AP or RSNA, 
cannot be fully excluded. Lastly, GSK1838705 was diluted 
in aCSF containing 50% DMSO. To investigate the effect 
of DMSO, aCSF with a 50% DMSO solution was adminis-
tered intraventricularly. As a result, the significant effects 
seen with ICV injection of GSK1838705 were not observed. 
Additionally, given the total CSF volume in adult rats,67 the 
concentration of DMSO after dilution in brain CSF would 
be expected to be less than about 0.5%. As such, it is un-
likely that DMSO caused transient impairments in arterial 
baroreflex function.

5   |   CONCLUSION

The data demonstrate that the blockade of IR in the brain 
acutely alters arterial baroreflex function and decreases 

operating-point RSNA and AP by impairing the neural arc 
function under open-loop conditions. These results suggest 
that IR signaling in the brain plays an important role in AP 
regulation via the neural arc function of arterial baroreflex.
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