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1 | INTRODUCTION

Abstract

Chlorisondamine (CSD) has been used to assess the neurogenic contribution to blood
pressure (BP) and vasomotor sympathetic tone in animal models. It is assumed that the
reduction in BP following CSD administration is associated to decreases in cardiac out-
put (CO) and peripheral resistance, reflecting cardiac and vasomotor sympathetic tone,
respectively. Surprisingly, this has not been characterized experimentally in mice, de-
spite the extensive use of this animal model in cardiovascular research. We hypothesize
that a specific dose of CSD can selectively block the sympathetic vasomotor tone. To
test this hypothesis, we evaluated the effects of different doses of CSD (intraperitoneal)
on BP and heart rate (HR) using telemetry, and on CO using echocardiography. BP and
HR in normotensive C57B1/6] mice reduced to a similar extent by all CSD doses tested
(1-6 mg/kg). CSD at 6 mg/kg also reduced CO without affecting left ventricular stroke
volume or fractional shortening. On the other hand, lower doses of CSD (1 and 2 mg/
kg) produced significantly larger BP and HR reductions in DOCA-salt—induced hyper-
tensive mice, indicating a greater neurogenic BP response. In addition, all doses of CSD
reduced CO in hypertensive mice. Our data suggest that the BP response to CSD in mice
likely reflects reduced CO and vasomotor sympathetic tone. We conclude that CSD can
be used to assess the neurogenic contribution to BP in mice but may not be appropriate

for specifically estimating vasomotor sympathetic tone.
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hypertension (Lamprea-Montealegre et al., 2018). The

Hypertension is one of the main risk factors for the devel-
opment of cardiovascular diseases, which were responsi-
ble for more than 400,000 deaths in the United States in
2016 (Ritchey et al., 2018). Applying the new thresholds
established by the ACC/AHA (Whelton et al., 2018), a
recent study reported that 44% of adults are affected by

pathophysiology of hypertension is complex (Fisher &
Paton, 2012; Lerman et al., 2019); however, it has been
shown that sympathetic hyperactivity is a contributing fac-
tor to the development and maintenance of hypertension in
humans (Fisher & Paton, 2012; Grassi et al., 2015; Mancia
& Grassi, 2014) and animal models of hypertension
(Lerman et al., 2019). Hence, sympathetic activity, often
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assessed using pharmacological approaches, is a com-
monly estimated parameter in studies using animal models
of hypertension (Barman & Yates, 2017).

Chlorisondamine (CSD) is a nicotinic receptor antag-
onist and ganglionic blocker that was initially developed
for the treatment of hypertension (Bakke & Darvill, 1957;
Grimson et al., 1955). Initial tests were promising, showing
that CSD did indeed reduce blood pressure (BP), supporting
the importance of sympathetic activity in BP; however, it
was not well tolerated by hypertensive subjects due to its
side effects (Bakke & Darvill, 1957; Grimson et al., 1955).
CSD has also been widely used by many research groups,
including our laboratory, to assess autonomic function and
vasomotor sympathetic tone in animal models of hyperten-
sion (Li et al., 2012, 2014, 2015; Souza et al., 2019; Xu
et al., 2019; Xu, Sriramula, et al., 2017). Early studies in
dogs and humans showed decreases in peripheral resistance
and cardiac output (CO) following the administration of
CSD, with decreases in peripheral resistance accounting
for approximately 70% of the CSD-induced reduction in BP
(Trapold Joseph & Sullivan, 1956; Trapold Joseph et al.,
1957). Nevertheless, it has remained unclear whether the ef-
fects of CSD on BP in mice are specifically associated with
a decrease in peripheral resistance or whether decreases in
CO also play a role.

We hypothesize that a specific dose of CSD can selec-
tively block the sympathetic vasomotor tone. To test this
hypothesis, here in this study, by evaluating the impact of a
series of doses of CSD on BP and CO in normotensive and
hypertensive mice, we examined whether a certain dose of
CSD could be used to specifically assess sympathetic vaso-
motor tone. We found that, in general, the reduction in BP
observed following the administration of CSD was associ-
ated with a bradycardic response and a decrease in CO. Thus,
we conclude that CSD can be used to estimate the overall
neurogenic contribution to BP in mice but is not suitable for
specifically assessing sympathetic vasomotor tone.

2 | MATERIALS AND METHODS

2.1 | Animals and treatments

Male and female wild-type (WT) mice (12-14 weeks old)
in a C57BI1/6J background were used in this study. All mice
were maintained in the animal facility at the University of
Nevada, Reno, under a 12-h light-dark cycle and room tem-
perature of 21-23°C with ad libitum access to a standard
chow diet (0.1% sodium, catalog #2019; Envigo) and water.
The effects of different doses of CSD (1, 2, 3, or 6 mg/kg)
on BP and cardiac function were tested in normotensive
mice and DOCA-salt-induced hypertensive mice, the lat-
ter of which were produced by subcutaneously implanting

WT mice with a 50 mg DOCA pellet (21-day release;
Innovative Research of America, Sarasota, FL). CSD solu-
tions for in vivo studies were prepared in sterile 0.9% saline
and administered by intraperitoneal (i.p.) injection on dif-
ferent days, allowing at least 48 hours for recovery; 0.9%
saline was used as a vehicle. Mice in both normotensive
and hypertensive groups were provided ad [libitum access
to standard chow and either tap water or 0.9% NaCl solu-
tion, as previously described (Li et al., 2014, 2015; Souza
et al., 2019; Trebak et al., 2018). Since preliminary stud-
ies revealed no sex differences in BP or cardiac function,
data from both genders were combined for all analyses per-
formed in this study. All procedures were conducted in ac-
cordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee at the
University of Nevada, Reno.

2.2 | Telemetric determination of
BP and HR

Mice were anesthetized using 4%—5% isoflurane in 100%
O,, flushed at 1 L/min for 2 min. Anesthesia was then main-
tained using 0.75-1.5% isoflurane. After the neck was shaved
and sterilized with alcohol swabs, an incision (~1 cm) was
made to separate the oblique and tracheal muscles and ex-
pose the left carotid artery. The catheter of a radio telemetry
transmitter (PA-C10; Data Science International, Harvard
Bioscience, Inc.) was surgically implanted into the left ca-
rotid artery and secured. The body of the radio transmitter
was embedded in a subcutaneous pocket under the right
arm. Mice were allowed to recover for 14 days (Souza et al.,
2019). Maximum changes in mean arterial pressure (MAP)
and HR in response to i.p. injections of CSD were analyzed
(Souza et al., 2019).

2.3 | Echocardiographic evaluation of
cardiac function

Echocardiograms (Visualsonics VEVO 2100; Fujifilm)
were performed in both normotensive and DOCA-salt hy-
pertensive mice at baseline and 30 min after i.p. injection
of CSD. Anesthesia was induced with 5% isoflurane (1 L/
min) and maintained with constant 1.5% isoflurane (1 L/
min). ECG electrodes were placed in a standard limb con-
figuration for monitoring HR. Ultrasound 2D images of par-
asternal long and short axes of the left ventricle (LV) at the
level of papillary muscles were obtained using a 40 MHz
linear transducer. M-mode echocardiographic images were
analyzed using Vevo Lab software 3.1.1 (Visualsonics).
Measurements of CO, LV stroke volume, ejection fraction,
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LV end diastolic volume (LVEDYV), and fractional shorten-
ing were acquired, and measurements from long and short
axes (three different cardiac cycles) of the LV for each vari-
able were averaged.

2.4 | Measurement of cardiac and renal
hypertrophy

After 21 days of sham or DOCA-salt treatment, mice used in
the echocardiography study were euthanized by cervical dis-
location. Body weight (g), heart and left kidney weight (mg),
and the length of the right tibia (mm) were measured. Cardiac
and renal hypertrophy were then determined by normalizing
heart and kidney weights to body weight and tibia length.

2.5 | Statistical analysis

Data are presented as means + standard errors (SE) and were
compared using Prism 9.0.0 software (GraphPad). For the
comparison of BP, HR, and cardiac function and account
for possible interactions between the independent variables
condition (normotensive or hypertensive) and treatment with
CSD (1, 2, 3, or 6 mg/kg), data were compared with two-way
ANOVA followed by the Fisher's LSD post-hoc test. Data
were checked if the data pass the assumptions to perform
statistical comparisons using this test. Importantly, outliers
were checked using the ROUT method and data were tested
for variance homogeneity (Spearman's test) and Gaussian
distribution (Kolmogorov—Smirnov test). For anthropomet-
ric measurements, data were assessed for the presence of
outliers (ROUT method) and tested for variance homogene-
ity (F-test) and Gaussian distribution (Shapiro-Wilk test).
Parametric Student's #-tests or nonparametric Mann—Whitney
tests were used for the statistical comparisons. No data were
removed in this study. A p-value <0.05 was considered sta-
tistically significant.
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3 | RESULTS
3.1 | CSD reduces BP and CO in

normotensive mice

To investigate the cardiovascular effects of CSD in normo-
tensive mice, we assessed BP and HR responses to different
doses of CSD (1, 2, 3, and 6 mg/kg; i.p.) using a telemet-
ric recording system. We found that all doses of CSD sig-
nificantly reduced BP, decreasing mean arterial (AMAP) by
16.7 +3.3,25.5 +3.3,31.1 £ 3.4, and 31.0 + 7.0 mmHg at
1, 2, 3, and 6 mg/kg, respectively, compared with vehicle
(—0.49 + 2.9 mmHg; p < 0.0001; Figure 1a), indicative of
a sympathetic contribution to BP. CSD also significantly re-
duced HR in normotensive mice at 1 mg/kg (—14.3 + 16.3
beats/min), 2 mg/kg (—-59.1 + 16.8 beats/min), 3 mg/
kg (—87.5 + 6.6 beats/min), and 6 mg/kg (—111.4 + 22.8
beats/min) compared with vehicle (+46.4 + 12.2 beats/min;
p < 0.01; Figure 1b). Interestingly, changes in BP and HR
were not significantly different among groups treated with
different doses of CSD (Figure 1a,b).

We further examined the effects of CSD on cardiac func-
tion in mice using in vivo 2D-guided M-mode echocardi-
ography. We found that CSD significantly reduced CO in
normotensive mice only at the dose of 2, 3, and 6 mg/kg com-
pared with baseline values (p < 0.01; Figure 2a). In addition,
CSD significantly reduced HR in normotensive mice, reduc-
ing it to 380.3 + 11.7 beats/min at 1 mg/kg, 395.5 + 10.9
beats/min at 2 mg/kg, and 373.3 + 10.9 beats/min at 6 mg/
kg, when compared with the baseline (p < 0.05; Figure
2b). Interestingly, there was a significant higher stroke vol-
ume when normotensive mice were treated with 1 mg/kg of
CSD, which was related to no reduction in CO in this dose
(Figure 2a). There was no change in stroke volume following
all other doses of CSD administration in normotensive mice
when compared to baseline (Figure 2c). Ejection fraction,
LVEDYV, or fractional shortening (Figure 3a—c) were similar
among baseline and any dose of CSD. The data suggest that
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FIGURE 2 The nicotinic receptor antagonist CSD changes cardiac function in normotensive and DOCA-salt hypertensive mice. Cardiac
output (a), heart rate (b), and stroke volume (c) in normotensive and DOCA-salt hypertensive mice (n = 4-9 mice/group; *p < 0.05, **p < 0.01,

two-way ANOVA followed by Fisher's LSD post hoc test). B, Baseline
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FIGURE 3 The nicotinic receptor antagonist CSD changes cardiac function in normotensive and DOCA-salt hypertensive mice. Ejection
fraction (a), LVEDV (b), fractional shortening (c) in normotensive, and DOCA-salt hypertensive mice (n = 4-9 mice/group; #p < 0.05 vs. Baseline
in DOCA-salt hypertension;Tto-way ANOVA followed by Fisher's LSD post hoc test). B, Baseline

CSD-induced reductions in BP in normotensive mice are as-
sociated with reduction in cardiac output.

3.2 | CSD decreases BP and CO in DOCA-
salt hypertensive mice

In hypertension, increased BP is associated with increased
sympathetic tone to the heart and blood vessels (Fisher
& Paton, 2012; Lerman et al., 2019). Here, we used the
DOCA-salt-induced hypertension model, which exhibits a
well-characterized increase in sympathetic activity (Lerman
et al., 2019; Li et al., 2014; Souza et al., 2019), in conjunc-
tion with a radiotelemetry system to examine BP and HR re-
sponses to CSD. We found that CSD significantly decreased
BP and HR in hypertensive mice. CSD decreased MAP by
46.0 + 6.5 and 54.2 + 6.3 mmHg at doses of 1 and 2 mg/
kg, respectively, compared with i.p. injection of vehicle
(AMAP: —-0.5 + 2.9 mmHg; p < 0.0001), and producing cor-
responding reductions in HR of 152.7 + 39.6 beats/min and
197.5 + 77.5 beats/min versus a AHR of +46.4 + 12.2 beats/
min in vehicle-injected (i.p.) mice (p < 0.01; Figure 1). There

was no significant difference in BP or HR responses between
1- and 2-mg/kg doses of CSD (Figure 1). It is important to
highlight that BP and HR reductions following the admin-
istration of the same doses of CSD (1 and 2 mg/kg) were
significantly larger in DOCA-salt hypertensive mice when
compared to normotensive mice (Figure 1).

To investigate the effects of CSD administration on car-
diac function in hypertensive mice, we again used echocar-
diography. We found that CSD significantly decreased CO
in DOCA-salt hypertensive mice at all doses, reducing it to
11.9 + 2.3 ml/min at 1 mg/kg, 12.3 + 2.4 ml/min at 2 mg/
kg, 11.2 + 1.0 ml/min at 3 mg/kg, and 13.6 + 1.5 ml/min at
6 mg/kg compared with a baseline value of 21.6 + 1.9 ml/min
(p < 0.01; Figure 2A). These results confirm that ganglionic
blockade with CSD changes cardiac output in hypertensive
mice. In addition, CSD at the doses of 1 and 2 mg/kg sig-
nificantly reduced HR in DOCA-salt hypertensive mice, re-
ducing it to 361.0 & 41.6 beats/min at 1 mg/kg, 371.3 +45.2
beats/min at 2 mg/kg, 346.9 + 11.7 beats/min at 3 mg/kg, and
385.7 = 19.1 beats/min at 6 mg/kg when compared with a
baseline value of 553.8 + 27.1 beats/min (p < 0.0001; Figure
2b). There was no significant difference in stroke volume



SOUZA ET AL.

The © | 50f8

(Figure 2c) or ejection fraction (Figure 3a) at any dose of
CSD due to data variability, although both parameters trended
lower. There was no difference in LVEDV (Figure 3b) at any
dose of CSD. Fractional shortening exhibited a similar ten-
dency toward a reduction with different doses of CSD that
was significant only at a dose of 3 mg/kg (25.1% =+ 1.2%)
compared with baseline (42.6% +5.8%; p < 0.05; Figure 3c¢).

To confirm that mice used for echocardiography were
hypertensive, at the end of the echocardiography study, we
determined ratios of heart weight (HW) and kidney weight
(KW) to body weight (BW) or tibia length (TL). As expected,
DOCA-salt hypertensive mice developed cardiac (Figure
4a,b) and renal (Figure 4c,d) hypertrophy.

4 | DISCUSSION

Autonomic dysfunction and sympathetic hyperactivity have
been shown to play important roles in the development and
maintenance of hypertension in both humans (Esler et al.,
1991; Grassi et al., 2015; Mancia & Grassi, 2014) and ani-
mal models of hypertension (Basting & Lazartigues, 2017;
Lerman et al., 2019; Li et al., 2014; Souza et al., 2019).
Pharmacological approaches for assessing sympathetic tone
in chronic experiments have been widely used because they
can be performed at different time points in conscious freely
moving mice (Barman & Yates, 2017). Effects of gangli-
onic blockade on BP have been reported in different species,
including humans (Grimson et al., 1955; Page & Olmsted,
1963), dogs (Grimson et al., 1955; Maxwell et al., 1956;
Trapold Joseph & Sullivan, 1956; Trapold Joseph et al., 1957),
rats (Santajuliana et al., 1996), mice (Li et al., 2012, 2014,
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2015; Lu et al., 2009; Souza et al., 2019; Xu et al., 2019; Xu,
Sriramula, et al., 2017), and pigeons (Chadman & Woods,
2004). In particular, CSD has been used by different groups
to assess autonomic function (Marina et al., 2020; Nomura
et al., 2019; Xu, Lu, et al., 2017; Xu et al., 2019) or as part
of an attempt to distinguish between the overall sympathetic
contribution to BP and sympathetic activity toward blood
vessels, called sympathetic vasomotor tone (Cerutti et al.,
1994; Li et al., 2012, 2014, 2015; Lu et al., 2009; Sabharwal
et al., 2016; Souza et al., 2019). Surprisingly, whether the BP
reductions observed following administration of CSD are a
consequence of a decrease in sympathetic vasomotor tone
specifically or a decrease in the overall sympathetic tone has
not been characterized experimentally in mice. We report here
that, in normotensive mice, most doses of CSD reduced BP
and HR, while in hypertensive mice, even doses of CSD as
low as 1 mg/kg reduced BP, HR, and CO. Since CO is deter-
mined by both HR and stroke volume and we did not observe
significant changes in stroke volume following the adminis-
tration of CSD, it is likely that changes in CO were associated
mostly with a negative chronotropic effect (HR) rather than
an inotropic effect (stroke volume) on the heart. These data
suggest that CSD is appropriate for use in assessing the over-
all neurogenic contribution to BP in mice, but may not be ac-
curate for specifically assessing vasomotor sympathetic tone.

In this study, we observed similar reductions in BP with
administration of different doses of CSD in both normoten-
sive and hypertensive mice, confirming comparable results on
normotensive animals reported in previous studies (Chadman
& Woods, 2004; Santajuliana et al., 1996). In addition, we
found that CSD produced a peak BP response of approxi-
mately 20-30 mmHg in normotensive mice and ~55 mmHg
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in hypertensive mice. These results suggest a larger contribu-
tion of the sympathetic nervous system to the maintenance of
BP in hypertension, as previously shown by our group and
others in Ang II (Lerman et al., 2019; Li et al., 2012; Nunes
& Braga, 2011) and DOCA-salt (Banek et al., 2019; Basting
& Lazartigues, 2017; Li et al., 2014, 2015; Souza et al., 2019;
Xu et al., 2019; Xu, Sriramula, et al., 2017) hypertensive
mouse models. Indeed, it is well characterized in the liter-
ature that the neurogenic component plays a key role in the
development and maintenance of DOCA-salt hypertension
(Basting & Lazartigues, 2017; Lerman et al., 2019).

We further found that, in awake freely moving mice,
CSD administration not only reduced BP but also resulted
in a bradycardic response in both normotensive and hyper-
tensive mice. The reductions in HR in hypertensive mice
are significantly larger when compared with normotensive
mice. However, there was no difference in the HR response
to CSD when different doses of CSD were compared either
among the normotensive or hypertensive mice. Early studies
from the 1950s showed that CSD decreases BP through re-
ductions in total peripheral resistance and cardiac output in
dogs (Trapold Joseph & Sullivan, 1956; Trapold Joseph et al.,
1957). In rats, Santajuliana and colleagues (Santajuliana
et al., 1996) compared the effect of three ganglionic block-
ers (CSD, hexamethonium, and trimethaphan) on HR and
reported a bradycardic response in normotensive rats. This
bradycardic response to the administration of ganglionic
blockers has also been demonstrated by other studies (Huang
et al., 1994; Nakata et al., 1991). Since decreases in HR usu-
ally lead to a reduction in CO, and both CO and peripheral
resistance are determinants of BP (Mayet & Hughes, 2003),
these previous observations, taken together with our current
results, suggest that the reductions in BP induced by CSD
may be caused by a combination of decreased vasomotor and
cardiac sympathetic tone. However, to our knowledge, the
effect of CSD on cardiac function or cardiac output in mice
have not been previously examined.

To investigate whether the effects of CSD on BP are as-
sociated with a decrease in CO in mice, we evaluated cardiac
function using echocardiography. We found that administra-
tion of CSD reduced CO in both normotensive and DOCA-
salt hypertensive mice, an effect that was associated with
a bradycardic response of the heart. In agreement with the
results of our study, Trapold Joseph et al. (1957), using an
open-chest preparation with a cannulated heart, found that
CSD (0.3 mg/kg) reduced both CO and peripheral resistance
in dogs. In their study, the decrease in peripheral resistance
accounted for ~70% of the decrease in BP, whereas the ef-
fect of CO (30%) was associated with a decrease in venous
return to the heart. In another study in awake and cannulated
dogs, Page and Olmsted (1963) tested the effect of intrave-
nous injection of CSD (1 mg/kg) and reported that most dogs
exhibited a drop in BP, CO, SV, and peripheral resistance in

association with an increase in HR after the administration of
CSD. Taken together, the results from the current study and
previous studies suggest that reductions in CO may play a role
in the BP reductions that follow the administration of CSD.

The results of our study regarding BP, HR, and CO in
mice generally align well with previous results obtained in
other species. We observed consistent reductions in HR with
the administration of CSD in both normotensive and hyper-
tensive mice. Interestingly, lower doses of CSD (1 mg/kg)
reduced HR but not CO in normotensive mice, whereas the
lower doses of CSD significantly reduced both HR and CO
in hypertensive mice. Collectively, these results suggest that
hypertensive mice respond more strongly or are more sensi-
tive to ganglionic blockade—an indication of elevated sym-
pathetic tone (Basting & Lazartigues, 2017; Li et al., 2012,
2014, 2015; Souza et al., 2019). Although no study to date
investigates if the affinity to CSD is different in hypertensive
mice versus normotensive mice, we could not rule out this
possibility that might play a role in the difference in dose—
response observed between normotensive and hypertensive
mice in our study. We did not observe statistically significant
reductions in stroke volume and contractility (ejection fraction
and fractional shortening) for all the CSD doses tested in this
study; however, we note that there was a tendency toward a
reduction in contractility with the higher dose of CSD in nor-
motensive mice and with all CSD doses in hypertensive mice.
One reason we might have not observed differences in stroke
volume and cardiac contractility following the administra-
tion of CSD could be that cardiac function was assessed after
30 min of CSD administration. In this condition, it is possible
that compensatory humoral mechanisms activated by BP re-
ductions, like the increase in Ang II (Stocker et al., 2000) and
vasopressin (Ohman et al., 1990; Schiltz et al., 1997) levels,
might have masked the effects of CSD on cardiac contractility
and LV preload. Nevertheless, from these data, we summarize
that the major contribution for the decrease in cardiac output
is probably the reduction in heart rate in response to CSD.

A limitation of this study is that BP and HR responses
to CSD were assessed in awake freely moving mice using
a telemetric system, whereas the CO response to CSD was
evaluated in anesthetized mice using echocardiography.
Currently, there is no approach available for evaluating CO
in conscious freely moving mice. However, although iso-
flurane has been reported to alter autonomic function and
BP (Constantinides et al., 2011; Seagard et al., 1983), it is
important to highlight that, in the current study, CO was
measured under anesthesia at both baseline and after the
administration of CSD; thus, we were able to isolate the ef-
fect of CSD on cardiac function. In addition, similar reduc-
tions in HR in response to the administration of CSD were
observed in both awake and anesthetized mice, indicating
a consistent bradycardic response to CSD that was not af-
fected by isoflurane. A second limitation of this study is that
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we did not monitor the BP of DOCA-salt—treated hyperten-
sive mice used for the echocardiography study so as to avoid
ligation of the carotid artery and associated surgical impacts
on cardiac function. However, this is a well-established ani-
mal model of hypertension in our laboratory (Li et al., 2014,
2015; Souza et al., 2019; Trebak et al., 2018) and we are
confident that these mice developed hypertension. Indeed,
to confirm that these mice developed hypertension, we mea-
sured heart weight-to-tibia length and kidney weight-to-
tibia length ratios, a commonly used method for estimating
cardiac and renal hypertrophy (Thibodeau et al., 2014; Yin
et al., 1982) induced by hypertension.

In summary, we report here that the ganglionic blocker
CSD decreases BP and HR in association with a reduction
in cardiac output, suggesting that the BP response to CSD is
a combination of blockade of cardiac and vasomotor sym-
pathetic tone in both normotensive and hypertensive mice.
We conclude that CSD is appropriate for use in assessing
the overall neurogenic contribution to BP in mice but may
not be sufficiently accurate to assess vasomotor sympa-
thetic tone. We propose that a ganglionic blocker that can
reduce BP without affecting heart rate would be a better re-
agent should sympathetic vasomotor tone be the interest of
investigation.
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