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Abstract

Increased sympathetic nerve activity and the activation of the central renin-angiotensin system are
commonly associated with cardiovascular disease states such as hypertension and heart failure, yet
the precise mechanisms contributing to the long-term maintenance of this sympatho-excitation are
incompletely understood. Due to the established physiological role of neurotrophins contributing
towards neuroplasticity and neuronal excitability along with recent evidence linking the renin-
angiotensin system and brain-derived neurotrophic factor (BDNF) along with its receptor (TrkB),
itis likely the two systems interact to promote sympatho-excitation during cardiovascular disease.
However, this interaction has not yet been fully demonstrated, /n vivo. Thus, we hypothesized that
central angiotensin 11 (Ang I1) treatment will evoke a sympatho-excitatory state mediated through
the actions of BDNF/TrkB. We infused Ang Il (20 ng/min) into the right lateral ventricle of male
Sprague-Dawley rats for twelve days with or without the TrkB receptor antagonist, ANA-12 (50
ng/h). We found that ICV infusion of Ang Il increased mean arterial pressure (+40.4 mmHg),
increased renal sympathetic nerve activity (+19.4% max activity), and induced baroreflex
dysfunction relative to vehicle. Co-infusion of ANA-12 attenuated the increase in blood pressure
(-20.6 mmHg) and prevented the increase in renal sympathetic nerve activity (-22.2% max) and
baroreflex dysfunction relative to Ang Il alone. Ang Il increased thirst and decreased food
consumption, and Ang Il + ANA-12 augmented the thirst response while attenuating the decrease
in food consumption. We conclude that TrkB signaling is a mediator of the long-term blood
pressure and sympathetic nerve activity responses to central Ang Il activity. These findings
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demonstrate the involvement of neurotrophins such as BDNF in promoting Ang Il-induced
autonomic dysfunction and further implicate TrkB signaling in modulating presympathetic
autonomic neurons during cardiovascular disease.

Keywords
BDNF; blood pressure; baroreflex; neurotrophins

1. Introduction

Increased central renin-angiotensin system (RAS) activation is a hallmark of many
cardiovascular diseases such as hypertension and heart failure (Biancardi et al., 2014;
Francis, 1985; Guyenet, 2006; Zucker et al., 2012). Although the contribution of the RAS to
increased sympathetic tone is well established, the mechanisms contributing to the
maintenance and establishment of long-term changes to sympathetic activation remain less
well understood. One potential mechanism contributing to this long-term maintenance of
sympathetic tone and elevation of blood pressure is neuroplasticity in cardiovascular control
centers that potentiate pro-sympathetic pathways driven by neurotrophic factors (Johnson et
al., 2015). Neurotrophic factors not only contribute to synaptic connectivity but also mediate
changes in neuronal excitability (Benarroch, 2015; Blum et al., 2005; Cao et al., 2010; Rose
et al., 2004). To this end, recent studies have investigated the contribution of the ubiquitous
neurotrophin brain-derived neurotrophic factor (BDNF) toward promoting autonomic
imbalance during RAS activation (Becker et al., 2016; Becker et al., 2015; Clayton et al.,
2014; Erdos et al., 2015a; Schaich et al., 2016).

In a recent study where BDNF was overexpressed in the paraventricular nucleus of the
hypothalamus (PVN) of rats, an increase in mean arterial pressure (MAP) and an increased
hemodynamic (pressor and tachycardia) response to acute stressors such as water and
restraint stress was shown (Erdos et al., 2015a). The authors demonstrated that BDNF
overexpression augments angiotensin 11 (Ang I1) signaling through the angiotensin type 1
receptor (AT1R). Unfortunately, the role of the BDNF receptor, the Tyrosine receptor kinase
B (TrkB) in Ang Il signaling was not investigated. BDNF/TrkB signaling may be typical of
cardiovascular disease states where central RAS activity may be elevated (Biancardi et al.,
2014; Francis, 1985; Zucker et al., 2012). In addition to BDNF, TrkB can bind to
neurotrophin 4 (NT4) (Huang et al., 2003; Minichiello, 2009), although the role of NT4/
TrkB signaling in sympathetic control of blood pressure is even less well understood than
BDNF/TrkB signaling.

Central Ang Il evokes hypertension and increased sympathetic nerve activity (SNA)
(Camara et al., 1998; Gao et al., 2014; Gao et al., 2005; Osborn et al., 1997) and arterial
baroreflex dysfunction (Gao et al., 2008; Pan et al., 2007). Central Ang Il has also been
shown to modulate metabolic function through increased thirst (Fitzsimons, 1998) and
promotion of cachexia, a catabolic state (Brink et al., 2001; Brink et al., 1996; Yoshida et al.,
2012). Many of these effects are mediated by Ang Il signaling through the AT1R in
presympathetic areas of the brainstem and hypothalamus (Gao et al., 2005; Gao et al., 2008;
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Zucker et al., 2009) and involve reactive oxygen signaling (Chan et al., 2005; Sheh et al.,
2007; Yin et al., 2010; Zimmerman et al., 2004). However, little is understood about how
AT1R activation by Ang Il induces long-term changes relating to neuronal excitability and
synaptic plasticity of presympathetic centers, which ultimately results in long-term
sympatho-excitation. Signaling mechanisms such as activation of mitogen-activated protein
kinase have been implicated in both AT1R (Chan et al., 2005; Gao et al., 2010; Xiao et al.,
2013) and TrkB signaling (Becker et al., 2015; Kim et al., 2012; Revest et al., 2014)
suggesting a potential convergent signaling mechanism between the two pathways.

Here we aimed to demonstrate, /n vivo, the connection between central Ang Il and TrkB
signaling pathways in mediating sympatho-excitation. Based on recent literature, we propose
TrkB signaling as a potential mechanism by which Ang Il causes long-term, persistent
changes to central autonomic control centers that promote sympatho-excitation. As we have
previously demonstrated 7 vitro Ang Il treatment causes an increase in BDNF expression
and results in perturbations to K* currents (Becker et al., 2015), here we hypothesize that
central Ang Il treatment will evoke a sympatho-excitatory state mediated through the actions
of TrkB signaling. We tested our hypothesis by antagonizing TrkB with ANA-12, a specific
TrkB antagonist (Cazorla et al., 2011), during ICV Ang Il infusion and evaluated
hemodynamic, metabolic, and autonomic responses.

2. Materials and Methods
2.1 Animal Model

For these experiments, male Sprague-Dawley rats with starting weights ranging between 350
and 400 g were used. Starting weights between groups were not different (p = 0.15 via one-
way ANOVA). The experimental protocols were approved by the Institutional Animal Care
and Use Committee of the University of Nebraska Medical Center and were carried out
under the guidelines of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. A total of 23 animals were used for these studies, 1 Ang Il + ANA-12
animal was excluded due to early death on day 5 of infusion.

2.2 Animal Preparation and ICV Infusions

Blood pressure was measured in conscious, freely moving rats using radiotelemetry as
previously described (Haack et al., 2014). In brief, animals were anesthetized with 2-4%
isoflurane via inhalation. The left femoral artery was dissected and a DSI telemetry unit
(TA11PA-40, Data Science International, Minneapolis, MN) catheter was inserted and
advanced into the abdominal aorta. The telemetry unit was placed in a pocket formed under
the abdominal skin and tied in place. Immediately following telemetry implantation,
anesthetized rats were positioned in a stereotaxic apparatus. The skull was exposed and
Bregma was identified. A small hole was bored in the skull at 0.8 mm caudal to Bregma and
1.75 mm lateral to the midline. An Alzet (Cupertino, CA) Brain Infusion Kit 2 cannula was
inserted through the hole, and the tip of the cannula was positioned 4 mm deep to the surface
of the skull into the right lateral ventricle. The cannula was fixed to the skull with dental
acrylic with jewler’s screws positioned both rostrally and caudally to the cannula for
support. The cannula was attached to a catheter connected to a subcutaneous osmotic
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minipump (Alzet 2002; 0.5 pl/h 14 day capacity) containing vehicle. The skin was closed
over the skull, and the animal was allowed to recover.

After one week of recovery, rats were placed in metabolic cages for 48 h to acclimate.
Following acclimation, baseline metabolic and hemodynamic recordings were collected for
seven days. Rats were then anesthetized with 2-4% isoflurane a small incision was made
close to the osmatic minipump, and pumps were removed and exchanged with a pump
(Alzet 2002) containing either Ang I1, Ang Il + ANA-12, ANA-12 alone, or vehicle.

Ang Il (catalog # A9525) and ANA-12 (N-[2-[[(Hexahydro-2-oxo-1H-azepin-3-
yl)amino]carbonyl]phenyl]-benzo[b]thiophene-2-carboxamide; catalog # SML0209) were
purchased from Sigma-Aldrich. An effective ICV dose of 20 ng/min Ang Il was used based
on a survey of the literature (Camara et al., 2001; Camara et al., 1998; Clayton et al., 2014;
Fitzsimons, 1998) and through preliminary dose-response studies (data not shown). ANA-12
was infused ICV at 50 ng/h alone or in combination with Ang Il. The dosage of ANA-12
was determined by separate preliminary experiments. All drugs were dissolved in vehicle
composed of a 1:1 solution of aCSF to DMSO. Rats were then followed over the subsequent
11 days as described below before acute experiments were completed on day 12 in order to
operate within the infusion period (2 weeks) of the minipumps.

2.3 Conscious Hemodynamic and Metabolic Measurements

Blood pressure telemetry recordings were collected in freely-moving conscious animals and
were recorded between the hours of 11 am to 3 pm using LabChart® software (AD
Instruments, Colorado Springs, CO) at a sampling rate of 1 kHz (Bhatia et al., 2010).
Periods of 1.5 hr duration without excessive movement artifacts were extracted from the
total recordings and used for analysis. Mean arterial pressure (MAP) and heart rate (HR)
were extracted from the telemetry pulse wave. Heart rate variability (HRV) measurements
were analyzed by the HRV analysis module in LabChart® extracted from the pulse wave
after passing through a 45 Hz low-pass filter. Normal to normal intervals were triggered by
the maximal derivative of the pulse wave as this best correlates the interval extrapolated
from the pulse wave to intervals generated by electrocardiogram (Pellegrino et al., 2014).
Standard deviation of normal to normal (SDNN), root mean squared of the successive
differences (RMSSD), and the low frequency (LF) (0.2 — 0.6 Hz) to high frequency (HF)
(1.0-3.0 Hz) ratio (Erdos et al., 2015b) (LF/HF) were calculated using LabChart® software.
The pulse wave recordings were exported to the freely available HemoLab Software (lowa
City, IA) for processing of spontaneous baroreflex sensitivity (BRS). Traces were filtered
through a Butterworth low-pass filter with a corner frequency of 20 Hz and the baroreflex
gain was determined by the sequence method of BRS (Bertinieri et al., 1985; Stauss et al.,
2006). In brief, baroreflex sequences were defined by a minimum of three consecutive beat-
to-beat intervals of either increasing or decreasing systolic pressure associated with
increasing or decreasing pulse interval, respectively. No time delay was applied between
pressure and pulse interval changes, and no threshold for pressure changes was used. Only
sequences with a correlation coefficient > 0.8 between pressure and pulse interval were used
with the slope of the resultant linear correlation equation set as the baroreflex gain.
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Metabolic cage measurements of water and food intake and urine and feces excretion were
made gravimetrically once every 24 h at approximately 3 PM following completion of the
day’s telemetry recordings.

2.4 Acute Animal Preparation

For the acute, terminal experiments, rats were prepared as previously described (Becker et
al., 2016). In brief, animals were anesthetized with urethane (800 mg/kg ip) and a-
chloralose (40 mg/kg ip), and appropriate level of anesthesia was determined by absence of
reflexive withdrawal from painful stimulus such as foot pinch prior to beginning surgery.
The trachea was cannulated, and a Millar catheter (SPR 524; size, 3.5-Fr; Millar
Instruments, Houston, TX) was advanced through the right carotid artery into the aorta and
left in place to record arterial pressure. Heart rate was derived from the arterial pressure
pulse with a PowerLab® model 16S (ADInstruments, Colorado Springs, CO) using
LabChart® software. The right jugular vein was cannulated for intravenous injections, and
the rats were then paralyzed with pancuronium bromide (1 mg/kg iv, 0.1 mg/kg thereafter as
needed) and ventilated artificially with room air supplemented with 100% oxygen.
Supplemental doses of a-chloralose (20 mg/kg, iv) were administered every 1.5 h thereafter
to maintain an appropriate level of anesthesia or if blood pressure increased by more than 10
mmHg following a strong painful stimulus such as toe pinch. Body temperature was
maintained at ~37°C with an animal temperature controller (ATC1000; World Precision
Instruments).

2.5 Renal Sympathetic Nerve Recording

Renal sympathetic nerve activity (RSNA) was recorded as previously described (Becker et
al., 2016; Wang et al., 2014). Generally, the left kidney, renal artery, and nerves were
exposed through a left retroperitoneal flank incision. Sympathetic nerves running on or
beside the renal artery were identified. The renal nerve was cut distally to avoid recording
afferent activity. The renal sympathetic nerves were placed on a pair of platinum-iridium
recording electrodes and then were covered with a fast-setting silicone (Kwik-Sil; World
Precision Instruments). Nerve activity was amplified (x10000) and filtered (bandwidth: 100
to 3000 Hz) using a Grass P55C preamplifier. The nerve signal was monitored on an
oscilloscope (model 121 N; Tektronix, Beaverton, OR). The signal from the oscilloscope
was displayed on a computer where it was rectified, integrated, sampled (1 kHz), and
converted to a digital signal by the PowerLab® data acquisition system. Maximal nerve
activity was observed shortly after euthanasia after stopping the heart with a 1 ml iv infusion
of air, and the background noise for sympathetic nerve activity was recorded 15-20 min
after the rat was euthanized. For description of resting nerve activity (Figure 3 and 4), nerve
activity was normalized for each individual rat by setting the maximal activity to 100% and
subtracting out the noise floor from the integrated signal. Resting activity was then described
as a % of max (Wang et al., 2010).

2.6 Arterial Baroreflex Curves

Baroreflex curves were generated by measuring the HR and RSNA responses to decreases
and increases in arterial pressure by intravenous administration of sodium nitroprusside (25
ug) followed by phenylephrine (10 pg) as previously described (Gao et al., 2005; Pan et al.,
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2007; Wang et al., 2014). The RSNA response (Figure 5 and Table 2) was normalized as a
percent of baseline by designating the nerve activity prior to infusion of sodium
nitroprusside as 100%. A sigmoid logistic function was fit to the data using a nonlinear
regression program (SigmaPlot version 8.0). Four parameters were derived from the
following equation: %RSNA or HR = A/1 + exp[B(MAP - C)]} + D; where A is the RSNA
or HR range, B is the slope coefficient, C is the pressure at the midpoint of the range (BP50),
and D is minimum RSNA or HR. The peak slope [or maximum gain (Gainmax)] was
determined by taking the first derivative of the baroreflex curve described by the equation
(Kent et al., 1972).

2.7 Data Analysis and Statistics

3. Results

Hemodynamic and metabolic responses to ICV infusion were split into two phases for
analysis. The early phase represents the average change from baseline mean (days -3 to —1)
of days 3-5 of infusion, and the late phase represents the average change from baseline
mean of days 9 to 11 of infusion.

Group and time interactions were compared using a one or two-way ANOVA with a Tukey’s
post-hoc test. A p value < 0.05 was considered statistically significant. All data was analyzed
using Graphpad Prism 7 software.

3.1 Hemodynamic and Sympathetic Responses to ICV Ang I

Rats administered 20 ng/min Ang Il ICV demonstrated an immediate and sustained increase
in MAP with a peak increase of approximately 50 mmHg (Figure 1A-B). Co-infusion of
ANA-12 with Ang Il also increased MAP relative to baseline with a peak increase of
approximately 20 mmHg (Figure 1A-B); however, this increase was attenuated as compared
to Ang Il alone (Figure 1B). Heart rate increased soon after infusion in Ang Il treated
animals as evidenced by an increase in HR relative to baseline during the early period that
was absent in the Ang Il + ANA-12 treated groups (Figure 1C-D). However, HR was
similarly increased relative to baseline in the late period in both Ang Il and Ang Il +
ANA-12 treated groups (Figure 1C-D). Infusion of vehicle or ANA-12 alone had no effect
on MAP or HR during either early or late phase.

None of the treatments had an effect on LF/HF or SDNN in either the early or late phases
relative to baseline nor was there an effect between treatments (2-way ANOVA, LF/HF
pTreatment = 0.92; SDNN pTreatment = 0.98) (Table 1). Treatment with Ang Il decreased
RMSSD in both early and late phases, this decrease was not observed in rats co-treated with
Ang Il and ANA-12 (Table 1). Only Ang Il reduced spontaneous BRS relative to baseline
during both early (p = 0.0001) and late (p = 0.002) periods (Figure 2). Although it did not
reach statistical significance, there was a strong trend toward decreased BRS in rats infused
with Ang Il compared to vehicle controls, which was not observed in animals co-infused
with ANA-12 or ANA-12 alone (Figure 2).

At the end of the ICV infusion protocol (day 12 or 13) rats were anesthetized and
instrumented for measurement of RSNA and baroreflex sensitivity. Resting RSNA levels
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were significantly elevated in ICV Ang Il rats compared to vehicle controls. Co-infusion of
ANA-12 with Ang Il attenuated this increased RSNA. Vehicle or ANA-12 alone had no
effect on RSNA as compared to control (Figures 3 and 4A). The MAP recorded under
anesthesia at the same time as the RSNA measurements were not different across groups
(Figure 4B).

Baroreflex control of RSNA exhibited a trend toward a blunted response in range, max gain,
and midpoint were significantly altered in Ang Il treated animals compared to vehicle
controls. Ang Il + ANA-12 trended to restore RSNA range and max gain compared to Ang
Il alone but were not statistically significant. ANA-12 alone had no effect compared to
vehicle controls (Table 2 and Figure 5A-B). Rats given Ang Il ICV exhibited baroreflex
dysfunction with a blunted HR range compared to vehicle controls and max gain (Table 2
and Figure 5C-D). Ang Il + ANA-12 attenuated the blunted HR baroreflex range and max
gain. Although there was a trend toward a rightward shift in the midpoint of the HR
baroreflex curve to higher blood pressures following Ang 11, this did not reach statistical
significance. ANA-12 alone had no effect compared to vehicle (Table 2 and Figure 5C-D).

3.2ICV Ang Il and ANA-12 Alter Metabolic Balance

Following ICV Ang Il, daily water intake dramatically increased over the course of the two
weeks of infusion to levels approximately 4-5 times the baseline daily intake during the late
period (Figure 6A-B). Concurrent with the dipsogenic response, daily urine output also
increased by the late period of infusion (Figure 6C-D). Co-infusion of ANA-12 with Ang 1l
resulted in an immediate increase in water intake and urine excretion during the early period
of infusion that converged. During the late period, co-infusion of Ang Il with ANA-12 was
similar as Ang Il infusion alone (Figure 6A-D). Rats receiving ICV Ang Il also displayed
appetite suppression as seen by a decrease in daily food intake and fecal output (Figure 6E—
H). Co-infusion of ANA-12 with Ang Il attenuated the suppression of appetite as compared
to IVC Ang Il alone (Figure 6E-F). Infusion of ANA-12 alone or vehicle had no effect on
water intake, urine output, food intake, or fecal output over the course of the ICV infusion
relative to baseline (Figure 6).

Concomitant with the decrease in appetite, rats receiving ICV Ang Il had lower final body
weight compared to vehicle controls (Figure 6E; Table 3). Although animals receiving Ang
Il + ANA-12 did not exhibit an appreciable decrease in food intake (Figure 6E-F), final
body weight was significantly lower than vehicle controls. Due to the decrease in body
weight of Ang Il and Ang I1+ANA-12 animals, organs such as the heart, wet lung, and
kidneys also displayed reductions in absolute weight or when normalized to tibia length.
When organ weights were normalized relative to body weight, differences between groups
were mostly absent.

4. Discussion

The major findings of the current study are that TrkB antagonism by ANA-12 attenuated the
increased MAP, RSNA, and baroreflex dysfunction caused by central Ang Il signaling.
Other important findings include a potentiated dipsogenic and polyuric response to ICV Ang
Il by co-infusion of ANA-12 and decreased appetite and cachexia caused by central Ang Il
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infusion. These /n vivo observations implicate the importance of endogenous BDNF/TrkB
signaling in Ang ll-induced sympatho-excitation and suggest potentially disparate signaling
mechanisms involved in sympathetic control vs. thirst/metabolic balance following central
Ang Il

The finding that BDNF/TrkB signaling is important in mediating the sympatho-excitation
following ICV Ang Il is in agreement with our previous /17 vitro observations that Ang Il
increases BDNF expression and induces BDNF-mediated decrease of K* currents (Becker et
al., 2015). Because antagonizing TrkB with ANA-12 attenuates the increased MAP (Figure
1) and completely prevents the increased RSNA (Figures 3 and 4) following Ang |1, we
conclude that BDNF/TrkB signaling is an important component in Ang ll-mediated
sympatho-excitation. A previous study has indicated that overexpression of BDNF in the
PVN is sufficient to induce hypertension (Erdos et al., 2015a) implicating BDNF signaling
in presympathetic centers of the brain as being hypertensive. Furthermore, acute injections
of BDNF into presympathetic areas such as the RVLM in anesthetized rat preparations
increases MAP (Wang et al., 2002). However, /n vivo interactions between BDNF and Ang
Il in promotion of sympathetic nerve activity are lacking. Here we extend these previous
reports suggesting a sympatho-excitatory effect of BDNF and integrate BDNF/TrkB
signaling with centrally mediated Ang Il-induced sympathetic activity, which itself has long
been appreciated (Biancardi et al., 2014; Patel et al., 2012; Xiao et al., 2013; Zimmerman et
al., 2004; Zucker et al., 2012).

Recently Schaich et al. (2016) demonstrated that microinjections of BDNF into the PVN
result in an acute increase in MAP that are attenuated by prior treatment with the AT1R
antagonist losartan in both conscious and anesthetized rats. The authors suggest that there
may be interplay between AT1R and TrkB signaling mechanisms in modulating sympathetic
neuronal activity. Our present study lends support to this suggestion in a conscious model of
central Ang Il application. Future work will be instrumental in deciphering the precise
molecular interactions and signaling cascades at play in the interaction between BDNF and
Ang Il

Although ANA-12 completely prevented the increase in RSNA caused by central Ang Il,
ANA-12 only partially attenuated the hypertension and had no measurable impact on HR
changes from Ang Il. In addition, Ang Il only affected RMSSD and not LF/HF or SDNN
parameters. One potential explanation for some of these disparities could relate to the nature
of the measurements as RMSSD is specifically related to parasympathetic tone whereas
SDNN and the LF component of HRV are under mixed sympathetic and parasympathetic
influence (Billman, 2013; Houle et al., 1999). Alterations to both sympathetic and
parasympathetic arms may offset one another and be unnoticed by these measurements. It is
also possible that during these conscious measurements of autonomic tone that the
parasympathetic arm is affected more. This is suggested by the robust decrease to RMSSD
and sBRS following Ang Il and the attenuation of these decreases with co-infusions of
ANA-12.

The effect of Ang Il may also vary across different sympathetic nerve beds. For instance, the
renal sympathetic bed may be more directly influenced by an Ang 1I-BDNF interaction than
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the cardiac sympathetic bed, which would result in an observable difference in RSNA, but
not HR or markers of HRV. Vasomotor sympathetic tone may be under mixed influence from
BDNF/TrkB-dependent and BDNF/TrkB-independent presympathetic centers thus
antagonism of TrkB may only partially prevent an Ang ll-induced hypertensive response.
The answers to these questions are beyond the scope of the current study, and future work
will be important in exploring the particular autonomic centers impacted by an Ang 11-
BDNF/TrkB signaling mechanism. In a salt-loaded model, previous studies have found that
renal denervation blunts the hypertensive response of ICV Ang Il (Osborn et al., 1997). Thus
the renal nerves may play a predominant role in mediating central Ang ll-induced
hypertension, and RSNA may be preferentially activated relative to other sympathetic nerve
beds.

Central administration of Ang Il is well known to evoke a potent and immediate drinking
response (as comprehensively reviewed by Fitzsimons, 1998). This response is a primary,
neurogenic dipsogenic response as adrenalectomized, hypophysectomized (Avrith et al.,
1980b) or bilaterally nephrectomized rats (Avrith et al., 1980a) still respond to central bolus
injections of Ang Il. Interestingly, in rats receiving 6 pug/h (100 ng/min) in the lateral
cerebral ventricle for 7 days, there was only a transient dipsogenic response that the authors
speculated was due to thirst inhibition by the sustained increase in MAP (Dinicolantonio et
al., 1982). The dose used in the present study was lower than used by Di Nicolantonio et al.
(1982) and evoked a less drastic hypertensive response, which could explain the lack of a
complete pressor-mediated suppression of Ang ll-induced thirst. Furthermore, in animals
receiving coinfusion of ANA-12, there was a more robust and immediate increase in daily
water intake following Ang 1, suggesting a potential uncoupling of the inhibitory feedback
control of Ang Il-induced thirst. Previous studies investigating the influence of arterial
pressure and baroreflex input on the dipsogenic response of central Ang Il found a reciprocal
relationship between MAP and central Ang Il-induced thirst that was not affected by sino-
aortic denervation, indicating the relationship is baroreflex independent (Thunhorst et al.,
1993). Similarly, acute hypertension has been shown to inhibit thirst (Stocker et al., 2001).
Due to the observation that co-infusion of ANA-12 attenuated the increase in MAP in
response to central Ang Il, this lower pressure would have reduced negative feedback on
Ang ll-induced thirst. Hence, it is likely that ANA-12 is predominately attenuating the
increase in sympathetic tone following central Ang Il and the potentiating effect on thirst is a
secondary response to attenuated MAP. Although there was an initial potentiation of thirst
by co-infusion of ANA-12 with Ang I, both groups exhibited similar drinking behavior by
the end of the infusion protocol. To our knowledge, few studies have investigated this
relationship for longer infusion periods as most studies are acute or conclude by day 7 of
ICV infusion. The convergence of drinking behavior at the later stages of infusion suggests a
withdrawal of the pressure-mediated inhibition of drinking and provides observations
warranting further study in long-term, chronically instrumented animals.

We observed changes to baroreflex function in both the Ang Il and Ang Il + ANA-12
groups. Previous work has implicated central Ang Il signaling in altered baroreflex (Gao et
al., 2014; Gao et al., 2005; Pan et al., 2007) particularly through its action on AT1R and
promotion of sympatho-excitation in presympathetic areas such as the PVN and RVLM.
Here we altered the baroreflex through central infusion of Ang Il eliciting a neurogenic form
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of hypertension. Only the Ang Il group had an observable decrease in spontaneous BRS in
both the early (days 3-5) and late (days 9—11) periods of infusion. Co-infusion of ANA-12
exhibited improvements on a number of baroreflex parameters such as significantly
attenuating the decrease in heart rate range and RSNA gain observed in the Ang Il alone
group. ANA-12 also tended to attenuate the rightward shift of the baroreflex after 12 days of
infusion in the acute, anesthetized preparation (Table 2 and Figures 5). These results suggest
that the altered baroreflex function following central Ang Il is mediated through TrkB
signaling.

The direct effects of ANA-12 on modulating the baroreflex through its actions on central
autonomic neurons cannot be excluded. As we have previously demonstrated, ANA-12 in
the dmNTS inhibits baroreflex function, a finding that at first appears in conflict with the
results presented here (Becker et al., 2016). An important distinction between these two
studies is the route of ANA-12 delivery. In the previous study, ANA-12 was directly
microinjected into the dmNTS, thereby isolating its effects to a specific, sympatho-
inhibitory autonomic center. Conversely, in the present study, ANA-12 was infused ICV and
would likely affect multiple autonomic centers, particularly those presympathetic areas of
the SFO and PVN relatively close to the site of infusion, which are sensitive to factors
circulating in the CSF (Buggy et al., 1978; Buggy et al., 1984; Fitzsimons, 1998;
Mangiapane et al., 1980). These sites also contain a high concentration of AT1R protein
making them likely targets for the action of ICV Ang Il (Allen et al., 2000; Lenkei et al.,
1997; Song et al., 1992). Therefore, we speculate that the predominant actions of ICV
infusion of Ang 1l and ANA-12 are on control of neuronal activity of presympathetic sites
close to infusion. It is less likely through actions on areas such as the NTS that is further
from the infusion site. Furthermore, the SFO, PVN, and RVLM are autonomic integration
sites that provide excitatory sympathetic output ultimately projecting to the intermediolateral
(IML) spinal cord. Thus, even if central Ang Il and ANA-12 have an effect on the NTS, the
effect may be buffered by the direct effects on these autonomic centers with direct outflow to
the peripheral sympathetic nervous system. The method of delivery via ICV infusions is a
limitation of our study as we are unable to conclusively pinpoint the involvement of these
areas over others. Furthermore, we cannot exclude the possibility that Ang Il and ANA-12
are acting on completely separate brain nuclei and that our observed physiological outcomes
are the result of an integrative effect of presympathetic neurons. For example, it is possible
that Ang Il could act predominately through the SFO, and ANA-12 could inhibit neurons in
the PVN. This would have similar effects to what we observe without requiring an
interaction between Ang Il and TrkB signaling in the same individual neurons. Future work
will be necessary addressing these areas specifically in order to reach the conclusions
speculated here.

Another observation from this study is the marked cachexia and appetite suppression
following ICV Ang Il. Peripheral Ang Il signaling results in cachexia through direct actions
on skeletal muscle and activation of neurchumoral factors (Brink et al., 2001; Brink et al.,
1996). The central actions of Ang Il on metabolic state, appetite, and muscle wasting are
less known; however, previous work from the Grobe and Sigmund laboratories has also
demonstrated central Ang Il signaling in energy balance and thirst (Claflin et al., 2015;
Coble et al., 2015; Coble et al., 2014). ICV Ang Il infusion also demonstrated a decrease in
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appetite and severe fat and muscle tissue wasting concurrent with a decrease in orexic
peptides such as neuropeptide Y and orexin in the hypothalamus (Yoshida et al., 2012). The
present study demonstrates a similar finding with a robust decrease in body mass and food
intake following ICV infusion of Ang Il. Interestingly, co-infusion with ANA-12 prevented
the depressed appetite followingAng Il and attenuated the decrease in body mass relative to
Ang Il alone, but did not normalize body mass to that of vehicle controls. This indicates that
BDNF/TrkB signaling may be involved in the appetite suppressant actions of central Ang Il,
but may only be partially effective in reducing the sympathetic-driven cachexia (Hryniewicz
et al., 2003; Laviano et al., 2008). Consistent with a decrease in total body mass, most organ
masses were reduced following ICV Ang Il or Ang Il + ANA-12 (Table 3). When
normalized to body mass, most organ masses were similar across groups indicating that the
reduction in organ mass was proportional to the reduced body weight.

One limitation of our current study is the use of only male rats. As recent attention has
highlighted the importance of sex on cardiovascular function (Blenck et al., 2016; Sandberg
et al., 2012), evaluating the effect of sex on Ang Il and BDNF/TrkB signaling interactions
may provide interesting avenues for clarifying sex differences. However, as the importance
of the Ang Il, BDNF/TrkB pathway is only recently being described, studies such as ours
demonstrating the existence of an interaction in either sex are important first steps toward
understanding the pathways involved. Future studies are warranted to further clarify the role
of biological sex.

In conclusion, antagonizing BDNF/TrkB signaling with ANA-12 attenuated parameters of
sympatho-excitation and hypertension following ICV Ang Il infusion further implicating the
necessity of TrkB signaling in partially mediating the neuronal effects of Ang 11. ANA-12
however did not prevent all effects of ICV Ang Il such as cachexia and water balance,
suggesting differential control of the Ang Il - BDNF/TrkB axis in mediating various organ
bed sympathetic tone, thirst, and metabolism.
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Early

Late

Co-infusion of ANA-12 attenuated the increase in mean arterial pressure following ICV Ang
I1. A) Mean arterial blood pressure as measured by telemetry over the course of the
experiment. B) Change in MAP relative to baseline (days —3 to —1) in early (days 3-5) and
late (days 9-11) periods. C) Heart rate over the course of the experiment. D) Change in HR
relative to baseline in early and late periods of ICV infusion. a, p < 0.05 vs. Vehicle; b, p <

0.05 vs. Ang II.
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Figure 2.

Change in spontaneous baroreflex sensitivity (BRS) relative to baseline (days -3 to —1) in
early (days 3-5) and late (days 9-11) of ICV infusion. a, p < 0.05 vs. baseline within group;
b, p<0.05vs. Ang Il.

Auton Neurosci. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Becker et al.

D 150 -
T

€ 100-

(m

n 50-

AB

0 -
6-
4 -
2.

Page 18

Vehicle

180- Ang Il

100-

ABP (mmHg)

RSNA (uV)

o @
o o
' '

i
o
'
-
wn
1]
v

RSNA (%Max)
S

o

Ang Il + ANA-12 ANA-12

RSNA (uV)

RSNA (%Max)

Figure 3.
Representative traces of arterial blood pressure (ABP), raw renal sympathetic nerve activity

(RSNA), and rectified and integrated channel displayed as percent max RSNA elicited
following euthanasia from acute experiments performed on day 12 of ICV infusion.
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Infusion of Ang Il ICV increases renal sympathetic nerve activity (RSNA), which is
attenuated by co-infusion of ANA-12. A) RSNA quantified as percent of max elicited
following euthanasia. B) MAP measured under anesthesia at same time as RSNA. a, p <
0.05 vs. Vehicle; b, p <0.05 vs. Ang 1l.
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Figure 5.
Baroreflex curves of renal sympathetic nerve activity (RSNA) and heart rate (HR) changes

to increased mean arterial pressure (MAP) in response to administration of sodium
nitroprusside and phenylephrine. A) RSNA response to increases in MAP quantified as a %
of baseline where 100% represents the activity before infusion of sodium nitroprusside. B)
Gain of RSNA baroreflex across MAP. Symbols represent max gain of baroreflex. C) HR
response to increases in MAP. D) Gain of HR baroreflex across MAP. Symbols represent
max gain of baroreflex. a, p < 0.05 vs. Vehicle; b, p < 0.05 vs. Ang II.
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Metabolic parameters following ICV infusion of Ang Il, Ang Il + ANA-12, ANA-12, or
Vehicle. A) Twenty-four hour water intake across the treatment period. B) Change in water
intake relative to baseline (days —3 to —1) in early (days 3-5) and late (days 9-11) periods.
C) Twenty-four hour urine output across the treatment period. D) Change in urine output
relative to baseline in early and late periods. E) Twenty-four hour food intake across the
treatment period. F) Change in food intake relative to baseline in early and late periods. G)
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Twenty-four hour fecal ouput across the treatment period. H) Change in fecal output relative
to baseline in early and late periods. a, p < 0.05 vs. Vehicle; b, p <0.05 vs. Ang Il
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Final Body and Organ Weight

Table 3

Vehicle Ang 11 Ang Il + ANA-12 ANA-12
n 5 7 6 4
Body weight (g) 4800£258  2057+2254  390.0+1650 5025+ 15.60C
Tibia (cm) 5.88 +0.03 5.63+0.08 5.73+0.07 5.85+0.07
Heart weight (mg) 15717+ 1151 11196+ 78.44 1296.1 +61.8 1555.5 + 14.67
HW/BW (mg/g) 33£0.2 38+0.1 33201 314010
HW/TL (mg/cm)  267.0£188 197041212 2258+9.2 266.0 + 2.00
Wet Lung (mg) 2089.4+89.4  15175+103.12 1539.9 + 41.54 1776.0 £ 25.2
WL/BW (mg/g) 45+04 52+03 40+0410 36+010
WL/TL (mg/lem) 3556165 686+ 1567 268.6 + 6.24 303.7+438
Liver (g) 177209 109+084 1224084 18.7+080¢
LW/BW (mg/g) 34.4+12 37.0+15 314+18 37.2+13
LW/TL (g/em) 30£0.2 194012 214012 3.2+ 0.20¢
LeftKidney (mg) ~ 16955+17.0 13736+103.1  16516+1064  2008.0%63.7
Right Kidney (mg) ~ 1660.9£24.0  1426.4+94.3 16449896  2043.6+729
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BW = body weight; HW = heart weight; TL = tibia length; LW = liver weight;
ap < 0.05 vs. Vehicle,
b

p <0.05vs. Ang II;

% <0.05vs.

Ang Il + ANA-12; one-way ANOVA
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