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ABSTRACT  45 

The hypothalamic paraventricular nucleus (PVN) controls neuroendocrine axes and the 46 

autonomic nervous system to mount responses that cope with the energetic burdens of 47 

psychological or physiological stress.  Neurons in the PVN that express the angiotensin type 1a 48 

receptor (PVNAgtr1a) are implicated in neuroendocrine and autonomic stress responses; 49 

however, the mechanism by which these neurons coordinate activation of neuroendocrine axes 50 

with sympathetic outflow remain unknown.  Here, we use a multidisciplinary approach to 51 

investigate intra-PVN signaling mechanisms that couple the activity of neurons synthesizing 52 

corticotropin-releasing-hormone (CRH) to blood pressure.  We used the Cre-Lox system in male 53 

mice with in vivo optogenetics and cardiovascular recordings to demonstrate that excitation of 54 

PVNAgtr1a promotes elevated blood pressure that is dependent on the sympathetic nervous 55 

system.  Next, neuroanatomical experiments found that PVNAgtr1a synthesize CRH, and 56 

intriguingly, fibers originating from PVNAgtr1a make appositions onto neighboring neurons that 57 

send projections to the rostral ventrolateral medulla (RVLM) and express CRH type 1 receptor 58 

(CRHR1) mRNA.  We then used an ex vivo preparation that combined optogenetics, patch clamp 59 

electrophysiology and Ca2+ imaging to discover that excitation of PVNAgtr1a drives the local, 60 

intra-PVN release of CRH, which activates RVLM-projecting neurons via stimulation of CRHR1(s).  61 

Finally, we returned to our in vivo preparation and found that CRH receptor antagonism 62 

specifically within the PVN lowered blood pressure basally and during optogenetic activation of 63 

PVNAgtr1a.  Collectively, these results demonstrate that angiotensin II acts on PVNAgtr1a to conjoin 64 

hypothalamic-pituitary-adrenal axis activity with sympathetically mediated vasoconstriction in 65 

male mice.      66 
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  67 

SIGNIFICANCE STATEMENT 68 

The survival of an organism is dependent on meeting the energetic demands imposed by 69 

stressors. This critical function is accomplished by the central nervous system’s ability to 70 

orchestrate simultaneous activities of neurosecretory and autonomic axes.  Here, we unveil a   71 

novel signaling mechanism within the paraventricular nucleus of the hypothalamus that links 72 

excitation of neurons producing corticotropin-releasing-hormone with excitation of neurons 73 

controlling sympathetic nervous system activity and blood pressure.  The implication is that 74 

chronic stress exposure may promote cardiometabolic disease by dysregulating the inter-75 

neuronal cross-talk revealed by our experiments.   76 

  77 
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INTRODUCTION 78 

Survival of an organism is dependent on meeting the energetic demands imposed by stressors, 79 

defined broadly, as real or perceived threats to homeostasis.  The central nervous system 80 

coordinates the activity of neuroendocrine axes and the autonomic nervous system to initiate 81 

cardiometabolic responses that anticipate the energetic burdens associated with psychological 82 

or physiological threats. While the secretagogues, nuclei and ganglia controlling the 83 

neuroendocrine and autonomic nodes of the stress response are well-established (Ulrich-Lai 84 

and Herman, 2009), the signaling mechanism(s) governing their integration and coordination 85 

remains to be elucidated.  86 

 87 

The paraventricular nucleus of the hypothalamus (PVN) is recognized as a key integrative center 88 

that moderates cardiometabolic function to cope with homeostatic threats (Sladek et al., 2015).   89 

As such, the PVN contains anatomically and functionally distinct neuronal phenotypes that 90 

release neuroendocrine factors into the systemic circulation or regulate sympathetic outflow to 91 

cardiovascular tissues (Swanson and Sawchenko, 1980).  The firing activity of these neuronal 92 

phenotypes control the neurosecretory and sympathetic outflows from the PVN (Cazalis et al., 93 

1985; Chen and Toney, 2010; Holbein et al., 2018) and are fine-tuned by the combined action of 94 

intrinsic properties, like ionic conductance, or extrinsic properties, like synaptic connectivity  95 

(Bourque et al., 1993; Brown et al., 2013; Colmers and Bains, 2018).  While the intrinsic and 96 

extrinsic mechanisms governing the firing and output of each independent neuronal phenotype 97 

are generally well-understood, the local signals that coordinate their activities to enable 98 

multimodal neuroendocrine and autonomic responses to homeostatic threats remain largely 99 
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unknown.  In this regard, we discovered that within the PVN, the firing of vasopressin neurons 100 

is accompanied by dendritic release of vasopressin that creates a paracrine signal which couples 101 

the secretion of vasopressin into the systemic circulating with augmented sympathetic outflow 102 

to the cardiovascular system (Son et al., 2013).  Still, whether the coordinated activities of the 103 

hypothalamic-pituitary-adrenal (HPA) axis and sympathetic outflow typically observed in the 104 

context of the stress response also involves a local interpopulation signaling mechanism has not 105 

been discerned.   106 

 107 

Within the PVN, the neuropeptide, angiotensin-II and its angiotensin type 1a receptors (Agtr1a), 108 

have long been implicated in orchestrating neuroendocrine and autonomic responses to stress 109 

(Jezova et al., 1998; Saavedra et al., 2004).  Recent studies from our laboratories using 110 

genetically modified mice have found that the activity of neurons in the PVN that synthesize 111 

Agtr1a(s) is intimately coupled to the neuroendocrine and cardiovascular nodes of the stress 112 

response (de Kloet et al., 2017).  Specifically, selective optogenetic excitation of Agrt1a-113 

expressing neurons in the PVN (PVNAgtr1a) promotes activation of the HPA and hypothalamic-114 

pituitary-thyroid (HPT) axes while optogenetic inhibition of these neurons elicits the opposite 115 

effect (de Kloet et al., 2017).  Interestingly, optogenetic excitation was also found to increase 116 

systolic blood pressure (de Kloet et al., 2017); however, selective deletion of Agtr1a(s) from the 117 

PVN blunts cardiovascular reactivity and indices of sympathetic nervous system activity (SNA) 118 

during psychogenic stress (Wang et al., 2016).  Collectively, these results suggest that, during 119 

stress, PVNAgtr1a couple activation of neuroendocrine axes mediating energy utilization with the 120 

increased sympathetic outflow and cardiovascular reactivity that is a hallmark of the fight-or-121 
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flight response.  However, the precise signaling mechanisms that couple the activity of PVNAgtr1a 122 

to alterations in autonomic outflow that affect cardiovascular function remain to be identified. 123 

 124 

To address this gap, we implement a multidisciplinary approach based on the complementary 125 

use of (1) in vivo optogenetics and telemetric cardiovascular recordings, (2) genetic reporting, 126 

fluorescence in situ hybridization and neuronal tract-tracing, and (3) ex vivo optogenetics, patch 127 

clamp electrophysiology and Ca2+ imaging.  We reveal a novel signaling mechanism that couples 128 

the activity of neurons regulating the HPA axis and sympathetically mediated vasoconstriction.  129 

We propose that this novel inter-neuronal cross-talk has important implications for mounting 130 

responses that cope with acute threats to homeostasis, but also contribute to the 131 

neuroendocrine and autonomic dysregulation that occurs with cardiometabolic diseases that 132 

follow chronic stress exposure.  133 

 134 

 135 

  136 
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METHODS 137 

Animals   138 

Studies were conducted in male mice on a C57BL/6J background or in Wistar male rats 139 

(n=4, purchased from Harlan, 4-5 weeks old).  Mice were 8-10 weeks old at the initiation of the 140 

studies.  All animals were maintained in temperature and humidity-controlled rooms on 12:12-141 

h light-dark cycles.  In all cases, food and water were available ad libitum.  All procedures were 142 

approved by the Institutional Animal Care and Use Committees at the University of Florida or 143 

Georgia State University and were conducted in accordance with the National Institutes of 144 

Health Guide for the Care and Use of Laboratory Animals.     145 

The majority of studies were conducted using an Agtr1a-Cre knock-in mouse line.  These 146 

mice were generated by Biocytogen LLC (Worcester, MA) and the University of Florida 147 

(Gainesville, FL), were extensively-validated (de Kloet et al., 2017), and have been made 148 

available at the Jackson Laboratory (Stock # 030553).  In one study, mice homozygous for this 149 

Agtr1a-Cre knock-in gene were bred with mice heterozygous for the Ai32 stop-flox-ChR2-eYFP 150 

gene (Jackson Laboratories, stock #024109).  This leads to two genotypes of offspring: (1) mice 151 

that express the light-sensitive channel-2 rhodopsin (ChR2) and enhanced yellow fluorescent 152 

protein (eYFP) in all cells that express the Agtr1a (referred to as Agtr1a-ChR2 mice) and (2) their 153 

littermates that express only the Agtr1a-Cre gene that serve as controls for the cardiovascular 154 

studies depicted in Figure 1.  155 

Initial neuroanatomical studies used mice that have the red fluorescent protein variant, 156 

tdTomato, directed to either corticotrophin-releasing hormone (CRH)-containing cells or 157 

Agtr1a-containing cells.  These lines are referred to as CRH-tdTomato or Agtr1a-tdTomato mice, 158 
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respectively.  To generate CRH-tdTomato mice, CRH-Cre knock-in mice (Jackson Laboratory 159 

Stock # 012704) were crossed with stop-flox-tdTomato mice (Jackson Laboratories, Stock # 160 

007914).  The fidelity of this approach to label CRH neurons residing in the PVN was previously 161 

validated (Smith et al., 2014).  The same approach was used to generate Agtr1a-tdTomato mice, 162 

which we have previously found exhibit 97% overlap between tdTomato and Agtr1a-mRNA 163 

within the PVN (de Kloet et al., 2017).  164 

 165 

Viral constructs 166 

Adeno-associated viral vectors (AAV) that allow for the Cre-inducible expression of 167 

fluorophores (eYFP or mCherry) and/or light sensitive ion channels were obtained from the viral 168 

vector core at the University of North Carolina (Chapel Hill, NC).  For expression of eYFP and 169 

ChR2, pAAV2-EF1a-DIO-hChR2(H134R)-eYFP-WPRE (referred to as AAV-ChR2-eYFP) was used; 170 

for the expression of only eYFP, pAAV-EF1a-DIO-eYFP (referred to as AAV-eYFP) was used; and 171 

for the expression of mCherry and the red-shifted ChR2: rAAV2/Ef1a-DIO-C1V1-(E122t/E162T)-172 

TS-mCherry (referred to as AAV-rsChR2-mCherry) was used.  In order to retrogradely transfect 173 

neurons, we used AAV vectors (of the AAVrg serotype) that were obtained from Addgene 174 

(Watertown, MA).  These AAVs lead to expression of the calcium indicator, GCaMP7s, under 175 

control of the synapsin promoter (i.e., pGP-AAVrg-syn-JGCaMP7s-WPRE; Cat. No. 104488) or 176 

the tdTomato fluorophore under control of the CAG promoter (i.e., AAVrg-CAG-tdTomato; Cat. 177 

No. 59462).   178 

 179 

Radiotelemetry.  180 
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Radiotelemeters (PAC-10, DSI, St. Paul, MN.) were used to continuously monitor 181 

cardiovascular parameters and locomotor activity during optogenetic stimulation in awake, 182 

freely-moving mice.  Agtr1a-ChR2 mice and their littermate Agtr1a-Cre controls were 183 

anesthetized using isoflurane and administered analgesic (Buprenex; 0.1 mg kg-1 s.c.).  An 184 

incision (~1 cm) was made on the midline of the ventral neck to expose the left carotid artery.  185 

Subsequently, a 1 cm long segment of the carotid artery was separated from the vagus nerve 186 

using two silk sutures (Size: 5-0); the cranial end of the segment was permanently ligated and 187 

the caudal end of the segment was temporally occluded.  Next, the carotid artery was 188 

punctured and the catheter was slid into the artery lumen such that the tip extended into the 189 

aortic arch.  The catheter was then secured in place using suture and the telemetry device was 190 

positioned subcutaneously, in the left flank region.  Skin was closed with 5-0 monofilament 191 

suture, and mice were allowed to recover for at least 7 days prior to undergoing stereotaxic 192 

surgery.  During the study, cardiovascular parameters, were continuously recorded and 193 

analyzed using Ponemah software (Version 6.42, DSI, St. Paul, MN.).   194 

 195 

Stereotaxic Surgery   196 

Stereotaxic surgery was performed to deliver AAVs or the retrograde neuronal tract 197 

tracer fluorogold (FG) into specific brain nuclei.  We also used it to implant fiber optics targeting 198 

the PVN as previously described (de Kloet et al., 2017).  Fiber optic implants allowed for 199 

optogenetic stimulation during cardiovascular recordings obtained in conscious freely-moving 200 

mice or under general anesthesia.  In preparation for aseptic stereotaxic surgery, mice were 201 

anesthetized using isoflurane and administered analgesic (Buprenex; 0.1 mg kg-1 s.c.). To 202 
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retrogradely-label presympathetic neurons of the PVN, Agtr1a-tdTomato mice received 203 

bilateral stereotaxic microiontophoretic injections of FG (6 uA 7 s pulses, 8 min) into the rostral 204 

ventrolateral medulla (RVLM) using the following coordinates from lambda: 1.57 mm posterior, 205 

± 1.3 mm lateral, and 5.07 mm ventral from the surface of the brain.  These same coordinates 206 

were used to deliver AAVrg-syn-JGCaMP7s-WPRE or AAVrg-CAG-tdTomato bilaterally into the 207 

RVLM using a picospritzer III (Parker).  For AAV-mediated gene transfer to the PVN, Cre-208 

inducible AAVs described above were injected bilaterally into the PVN using the following 209 

coordinates from bregma: AP: ± 0 mm, ML: ± 0.25 mm, DV: – 4.75 mm.  For each AAV injection, 210 

the pipette was left in the region of interest for 5 min to allow for diffusion of the AAVs (100-211 

150 nl) into the brain.  Mice administered FG were euthanized seven days after the 212 

microiontophoretic injections in order to collect brains for neuroanatomical studies.  Mice 213 

receiving AAV injections were allowed to recover for at least three weeks prior to subsequent 214 

procedures.   215 

To retrogradely label PVN presympathetic neurons of male rats, rhodamine-labeled 216 

microspheres (Lumaflor) were unilaterally injected into the RVLM as previously described 217 

(Sonner et al., 2011).  A stereotaxic apparatus was used to pressure inject 200 nl of the tracer 218 

into the RVLM (starting from bregma: AP: -12 mm, ML: + 2 mm, DV: -8 mm).  In general, RVLM 219 

injection sites were contained within the caudal pole of the facial nucleus to ∼1 mm more 220 

caudal and were ventrally located with respect to the nucleus ambiguous. The location of the 221 

tracer was verified histologically (Sonner et al., 2011).  Rats were used 3–5 d after surgery. 222 

 223 

RNAscope in situ hybridization and immunohistochemistry   224 
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In order to collect tissue for neuroanatomical studies, mice were anesthetized with 225 

pentobarbital (50 mg kg-1 i.p.) and perfused transcardially with RNase free-isotonic saline 226 

followed by 4% paraformaldehyde.  Brains were then post-fixed for approximately 4 h, after 227 

which they were stored in RNase-free 30% sucrose for up to one week before further 228 

processing.   For RNAscope in situ hybridization (ISH), the PVN (from bregma; -0.22 mm to -1.22 229 

mm) was sectioned at 20 μm into 6 serial sections using a Leica CM3050 S cryostat (Leica, 230 

Buffalo Grove, IL).  Sections were immediately mounted onto Fisherbrand SuperFrost Plus Gold 231 

Microscope Slides (Thermo Fisher Scientific, Waltham, MA).  After air-drying at room 232 

temperature for 20-30 min, slides were dipped in EtOH, again allowed to dry for 10-15 min and 233 

then stored at -80°C until further processing.  For IHC labeling of FG, mouse brains were 234 

sectioned at 30 μm into 4 serial sections and stored in cryoprotective solution at -20°C, until 235 

further processing.   236 

RNAscope® ISH was performed using the RNAscope® V2 Multiplex Fluorescent Reagent 237 

Kit (Advanced Cell Diagnostics, Newark, CA) as per the manufacturer’s instructions with slight 238 

modification to the pretreatment procedure that allows for preservation of the reporter genes 239 

(i.e., tdTomato and/or eYFP), while still providing optimal mRNA signal.  The probes used for 240 

these studies were as follows: Agtr1a (Mm-Agtr1a-O1; Cat. No.481161), Crhr1 (Mm-Crhr1; Cat. 241 

N. 418011), DapB (Negative control probe-DapB; Cat No. 310043); Ubc (Mm-Ubc; Cat. No. 242 

310771). Upon completion of the ISH for Agtr1a that is depicted in Figure 1, slides were 243 

immediately coverslipped using ProlongTM Gold Antifade Mountant (Thermo Fisher Scientific, 244 

Waltham, MA).  For labeling that is depicted in Figure 2, sections underwent IHC for GFP (used 245 

to amplify the eYFP signal) immediately following the ISH protocol.   246 



 

12 
 

Standard IHC protocols were used to amplify FG or eYFP signal (de Kloet et al., 2017).   247 

Primary antibodies and dilutions used are as follows: GFP (Life Technologies, Eugene, OR 248 

[A10262]; 1:1000) and FG (Millipore, Billerica, MA [AB153]; 1:1000). Secondary antibodies were 249 

purchased from Jackson Immunoresearch, raised in donkey and used at a 1:500 dilution.   250 

Briefly, brain sections were rinsed then incubated first in blocking solution (2% normal donkey 251 

serum and 0.2% Triton X in 50 mM KPBS) for 2 h at 25°C and then in the primary antibody 252 

(diluted in blocking solution) for 18 h at 4°C. Sections were again rinsed 5 × 5 min (50 mM KPBS) 253 

before incubation in the secondary antibody in blocking solution for 2 h at 25°C.  After a final 254 

series of rinses, slides were allowed to air dry and then coverslipped using ProlongTM Gold 255 

Antifade Mountant. 256 

 257 

Image capture and processing   258 

Images were captured and processed using Axiovision 4.8.2 software and a Zeiss 259 

AxioImager fluorescent Apotome microscope.   Using the Apotome, z-stacks of the proteins and 260 

mRNAs of interest were captured at 20 × magnification throughout the PVN using 261 

neuroanatomical landmarks (Franklin and Paxinos, 2008).  An average of 10 optical sections 262 

were collected per z-stack (1 μm between z-steps) and these were used to generate projection 263 

images depicted in Figure 3.  For ISH experiments, sections hybridized with the probes of 264 

interest (Agtr1a or Crhr1) were used to determine the exposure time and image processing 265 

required to provide optimal visualization of RNA signal.  As described in detail in (de Kloet et al., 266 

2016), these same parameters were then used to assess background fluorescence in sections 267 

hybridized with the negative control probe (DapB).  Importantly, using these exposure times 268 
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and image processing parameters there was minimal or no fluorescence in sections hybridized 269 

with the negative control probe.   All final figures were then prepared using Adobe Photoshop 270 

2020 and the brightness and contrast was adjusted to provide optimal visualization. 271 

 272 

Slice preparation 273 

Experimental Agtr1a-Cre mice for electrophysiological and in vitro Ca2+ imaging studies 274 

underwent stereotactic surgery (described above) at the University of Florida in order to deliver 275 

the AAVs described above bilaterally into the RVLM and PVN.  After surgical recovery, they 276 

were transported via courier service (Optimize Courier, USA) to Georgia State University for use 277 

in electrophysiological and/or in vitro Ca2+ imaging studies that were conducted approximately 278 

8-12 weeks after stereotactic surgery. 279 

On the day of the experiment, mice and rats were anesthetized with pentobarbital (50 280 

mg kg-1 i.p.) and then perfused transcardially with 30 mL of ice cold aCSF solution with NaCl 281 

replaced by equal-osmol sucrose. This sucrose aCSF solution contained (in mM): 200 sucrose, 282 

2.5 KCl, 1 MgSO4, 26 NaHCO3, 1,25 NaH2PO4, 20 D-Glucose, 0.4 ascorbic acid, and 2.0 CaCl2; pH 283 

7.2; 300-305 mosmol l-1. The animal was then rapidly decapitated, and the brain was 284 

subsequently removed, mounted in the chamber of a vibrotome (Leica VT1200s, Leica 285 

Microsystems, Buffalo Grove, IL, USA), and submerged in the same sucrose solution and 286 

bubbled constantly with 95% O2/5% CO2. Slices were cut at 240 μm thickness and placed in a 287 

holding chamber containing aCSF bubbled with 95% O2/5% CO2. The aCSF is identical in 288 

composition to the sucrose solution, but with 200mM sucrose replaced by 119 mM NaCl. The 289 
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slice chamber was warmed using a water bath at 32°C for 20 minutes before placement at 290 

room temperature. 291 

 292 

Simultaneous imaging and electrophysiology 293 

 Coronal hypothalamic slices were placed into a specimen chamber on the stage of a 294 

Nikon Eclipse FN1 microscope and perfused constantly (~3 ml/min) with aCSF bubbled 295 

continuously with 95% O2/5% CO2 and warmed to 32°C. Neurons expressing GCaMP7s and 296 

mCherry were visualized using the Dragonfly 200 laser spinning disk confocal imaging system 297 

and an iXon 888 EMCCD camera (Andor Technology, Belfast, UK). ChR2 or rsChR2 were 298 

stimulated using an LED excitation wavelength of 460 or 525 nm respectively emitted from a 299 

pE-300 Coolpparatus (Andor Technology, Belfast, UK). The LED stimulus timing interval was 300 

controlled by an Andor Mosaic. ChR2 was stimulated using 30 pulses with a 100 ms pulse width 301 

and 50 ms interval. Images were acquired using Andor Fusion Software and analyzed using 302 

ImageJ. 303 

Whole cell current clamp recordings were obtained from fluorescently-labeled PVN 304 

neurons using pipettes (2.5-4 MΩ) pulled from borosilicate glass (o.d. 1.5 mm) using a P-97 305 

flaming/brown horizontal micropipette puller (Sutter Instruments, Novato, CA). The pipette 306 

internal solution consisted of (in mM): 135 KMeSO4, 8 NaCl, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 6 307 

phosphocreatine, 0.2 EGTA with pH 7.2-7.3 and 285-295 mOsmol (kg H2O)-1. The liquid junction 308 

potential for the KMeSO4 internal was approximately -10 mV and was not corrected. For 309 

current clamp recordings, traces were obtained with an Axopatch 200B amplifier (Axon 310 

Instruments, Foster City, CA) and digitized using an Axon 1440B Digitizer (Axon Instruments, 311 
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Foster City, CA) at 10 kHz on a Dell desktop computer running Clampex 10 software (Molecular 312 

Devices). Data were discarded if series resistance exceeded a 20% change over the course of 313 

the recording. 314 

 315 

Anesthetized assessment of blood pressure in response to optogenetic manipulations   316 

Agtr1a-Cre male mice received stereotactic injections of the Cre-inducible AAV-ChR2-317 

eYFP or AAV-eYFP into the PVN as described above.  Three-four weeks later, mice were 318 

anesthetized using isoflurane and a Millar Catheter (Model SPR1000, Millar, Inc. Houston, TX, 319 

USA) was implanted into the aortic arch by way of the carotid artery using a similar procedure 320 

as described above for the implantation of telemetry devices.  After catheterization, mice 321 

underwent stereotactic surgery to lower a fiber optic into the PVN for optical stimulation using 322 

the following coordinates from bregma: AP: ± 0 mm, ML ± 0.25 mm, DV -3.8 mm.   323 

In order to collect cardiovascular data, the Millar catheter was connected to a PowerLab 324 

signal transduction unit (AD Instruments, Colorado Springs, CO, USA).  Blood pressure and heart 325 

rate data were sampled/recorded at 1 kHz and analyzed using Labchart8 software (AD 326 

Instruments, Colorado Springs, CO, USA).   To test the effect of optical stimulation of Agtr1a 327 

neurons of the PVN on blood pressure, mice were optically-stimulated with 473 nm blue light 328 

for 60 s (10 mW output; 20 ms pulse width; 30 Hz).   Mice then received injections of 329 

hexamethonium (30mg/kg/i.p.) or saline vehicle.  Once blood pressure again stabilized 330 

(approximately 15-20 min after the injections), mice were again subjected to optical stimulation 331 

using the same parameters.  Blood pressure data were condensed into 30 s bins to perform 332 

statistical analyses and to generate the Figures.  333 
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 334 

Anesthetized assessment of blood pressure in response to pharmacological injections 335 

  Age matched C57BL/6J male mice were anaesthetized using isoflurane and a Millar 336 

Catheter was implanted into the aortic arch as described above. Following catheterization, a 337 

glass micropipette (Borosilicate glass with filament, o.d. 1.5 mm, i.d. 0.86 mm, Sutter 338 

Instrument, CA, USA) was lowered into the PVN using a stereotaxic frame with the following 339 

coordinates from bregma: AP: ± 0 mm, ML ± 0.25 mm, DV -4.75 mm.  The PVN was then 340 

microinjected with either Astressin at 50, 100, 200 M (Astressin, Tocris Bioscience, MN, USA), 341 

or vehicle (10% Acetic Acid in H2O; pH= 7.4). Microinjections were carried out at different 342 

orders in all mice, alternating between the right and the left PVN with a 30 min interval 343 

between each microinjection.  The volume of all injections was approximately 100 nl.  At the 344 

end of all microinjections, mice received hexamethonium (30 mg/kg/i.p.) and were then 345 

subjected to a PVN microinjection of Astressin (200 M/100 nl).  Blood pressure was sampled at 346 

30 s every 60 s for 2 min and 10 min prior to and following microinjections, respectively. 347 

 In a different set of experiments, Agtr1a-Cre mice received stereotactic injections of the 348 

Cre-inducible AAV-ChR2-eYFP into the PVN, and following 3 weeks of recovery mice were 349 

anesthetized and a Millar Catheter (Model SPR1000, Millar, Inc. Houston, TX, USA) was 350 

implanted into the aortic arch as described above. Subsequently, a dual optical injector cannula 351 

(Optical Injector, Doric, Canada) was lowered above the PVN, allowing microinjections and 352 

optogenetic stimulation within the same site while blood pressure was simultaneously 353 

recorded. Either vehicle (10% Acetic Acid; pH= 7.4) or Astressin (200 μM) were microinjected 354 

and pulses of 473 nm laser light (10 mW output; 20 ms pulse width; 30 Hz; 1 min) were 355 
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delivered 5 min following microinjections.  Blood pressure was sampled at 30 s every 60 s for 2 356 

min and 5 min prior to and following optical stimulation, respectively. 357 

 358 

Spectral analysis of heart rate and systolic blood pressure variability 359 

 Heart rate variability (HRV) was analyzed using a Heart Rate Variability Analysis Software 360 

provided in Labchart8 (AD Instruments, Colorado Springs, CO, USA), whereas systolic blood 361 

pressure variability was analyzed using a fast fourier transform spectral variation in systolic 362 

blood pressure using Labchart 8.  Briefly, HRV and systolic blood pressure variability were 363 

sampled at 1 min bins prior to and following optogenetic stimulation, and the frequency bands 364 

were; very low frequency (VLF), low frequency (LF) and high frequency (HF) at 0-0.15 Hz, 0.15-365 

1.5 Hz, and 1.5-5 Hz respectively. HRV was expressed as a of LF/HF ratio, which is a surrogate 366 

clinical marker of sympatho-vagal balance to the heart (Tasic et al., 2017).  The low frequency 367 

domain of systolic blood pressure variability indicates the level of sympathetic vasoconstrictor 368 

activity (deBoer et al., 1987; Madwed et al., 1989). 369 

 370 

Statistics 371 

All electrophysiological traces were analyzed in ClampFit 10.7 (Molecular Devices) and 372 

Igor Pro (Wavemetrics Inc.). Calcium data were analyzed in ImageJ and Igor Pro. Statistics were 373 

performed with Prism Graphpad. The following statistical tests were used: Paired samples t-test 374 

(Figures 4C, 6Civ, 9E), and 2-way ANOVA with Tukey’s post hoc test (Figures 5E, 7F, 7G, 8B). All 375 

reported data are represented as mean ± SEM. N values for electrophysiology and ex vivo 376 

imaging data are reported as n= animals/cells. 377 
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Telemetric recordings of blood pressure and activity in awake freely-moving mice were 378 

performed and analyzed using Ponemah software (DSI), while cardiovascular parameters 379 

obtained from anesthetized mice were analyzed in Labchart 8 (AD Instruments, Colorado 380 

Springs, CO, USA). For all cardiovascular parameters, two-way ANOVAs with Tukey’s multiple 381 

comparison tests were performed using GraphPad (Figures 1B, 2C-D, 9B-C, 10C).  Data are 382 

expressed as mean ± SEM. 383 

 384 

385 
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RESULTS 386 

 387 

In vivo optogenetic stimulation of the PVN elicits robust elevations in blood pressure when 388 

ChR2 expression is directed to the Agtr1a gene. 389 

 390 

The PVN coordinates the release of neuroendocrine factors with alterations in autonomic 391 

outflow to maintain blood pressure at levels optimal for survival (Sladek et al., 2015).  Prior 392 

research heavily implicates Agtr1a(s) in the regulation of these processes.  In particular, Ang-II 393 

induced activation of Agtr1a(s) evokes changes in neuronal activity associated with activation of 394 

the HPA and HPT axes, augmented sympathetic outflow, vasopressin release and elevated 395 

blood pressure (Bains et al., 1992; Jezova et al., 1998; Zhu et al., 2005; Li et al., 2006; de Kloet 396 

et al., 2017).  To begin to elucidate the precise signaling mechanisms associating Agtr1a(s), 397 

neuronal activity and cardiovascular function within the PVN, we bred mice homozygous for the 398 

Agr1a-Cre knock-in gene to mice heterozygous for the knock-in of the stop-flox-ChR2-eYFP gene 399 

at the ubiquitous ROSA26 locus.  This breeding scheme resulted in offspring with expression of 400 

the light-sensitive cation ion channel, ChR2, directed to the Agtr1a gene or littermate controls 401 

harboring only the Agtr1a-Cre gene (Figure 1A).  These two groups of male mice were 402 

implanted with radiotelemetry devices and chronic dwelling fiber optics targeting the PVN, 403 

thereby allowing for continuous monitoring of cardiovascular parameters in conscious freely 404 

moving subjects during optogenetic activation of PVNAgtr1a.  After surgical recovery and 405 

habituation to the tethering procedures, fiber optics were connected to a 473 nm laser light 406 

source and mice underwent optical stimulation of the PVN (10 mW; 15 Hz, 5s on/off; 15 min).  407 
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In the absence of optical stimulation, control mice and Agtr1a-ChR2 mice exhibited similar 408 

systolic blood pressures (Agtr1a-Cre = 107.2 ± 2.5 mmHg; Agtr1a-ChR2 = 101 ± 2.5 mmHg; t(8) = 409 

1.643; p = 0.1389) and locomotor activity (Agtr1a-Cre = 0.70 ± 0.49 counts/min; Agtr1a-ChR2 = 410 

1.16 ± 0.93 counts/min; t(8) = 0.44; p = 0.67) .  As illustrated in Figure 1B, relative to controls 411 

harboring only the Agtr1a-Cre gene, optical stimulation of the PVN in Agtr1a-ChR2 mice elicited 412 

pronounced elevations in systolic blood pressure (main effects of genotype [F (1, 8) = 12.3; p = 413 

0.008] and time [F (4.834, 38.67) = 2.92; p = 0.026] and a time by genotype interaction [F (70, 414 

560) = 4.32; p < 0.0001]) and locomotor activity (main effects of genotype [F (1, 8) = 9.815; p = 415 

0.014] and time [F (3.5, 28) = 3.5; p = 0.023] and a time by genotype interaction [F (70, 560) = 416 

4.18; p < 0.0001]) that persisted throughout the period of optical stimulation and, in the case of 417 

blood pressure extended several minutes thereafter.  418 

 419 

 420 

Specific in vivo optogenetic activation of PVNAgtr1a increases blood pressure, an effect that is 421 

abolished by ganglionic blockade. 422 

 423 

The previous experiment established that Cre-Lox mediated direction of ChR2 to the Agtr1a 424 

gene results in altered cardiovascular function when blue-light is pulsed into the PVN; however, 425 

there are caveats to consider.  In particular, Cre recombination that occurs with our breeding 426 

scheme results in production of ChR2 in all cells that express the Agtr1a gene throughout the 427 

course of development, which includes neurons residing outside the PVN.  In this regard, the 428 

subfornical organ and the median preoptic nucleus are brain regions that express Agtr1a(s) that 429 
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send axonal projections into the PVN (Bains et al., 1992; Li and Ferguson, 1993; Krause et al., 430 

2011; Leib et al., 2017; Frazier et al., 2020).  Thus, the optogenetic approach implemented in 431 

the prior experiment, likely excites these axonal projections, as well as the soma of PVNAgtr1a.  432 

To circumvent this caveat and further delineate the specific role that PVNAgtr1a play in 433 

cardiovascular function, we stereotaxically administered Cre-inducible adeno-associated viruses 434 

(AAV2-eYFP or AAV2-ChR2-eYFP) into the PVN of Agtr1a-Cre male mice (Figure 2A).  This 435 

produced mice with ChR2 expression specifically within PVNAgtr1a or controls expressing only the 436 

eYFP fluorophore.  After 3-4 weeks recovery, mice were anesthetized and a Millar catheter 437 

(Model SPR1000, Millar, Inc. Houston, TX, USA) was inserted into the carotid artery to record 438 

cardiovascular parameters.  After the catheter was secured, mice were placed into a stereotaxic 439 

apparatus and a microcraniotomy was performed dorsal to the PVN.  Subsequently, a fiber 440 

optic connected to a laser light source was slowly lowered into the PVN and cardiovascular 441 

responses to pulses of 473 nm light were recorded (10 mW output; 20 ms pulse width; 30 Hz; 1 442 

min).  As shown in Figure 2B-C, optical stimulation had no effect on cardiovascular parameters 443 

when given to Agtr1a-Cre mice administered the control virus producing only eYFP.  In contrast, 444 

pulsing 473 nm light into the PVN of Agtr1a-Cre mice given AAV-ChR2-eYFP reliably produced a 445 

significant increase in blood pressure that was sustained until the cessation of illumination 446 

(Figure 2B-C, PVNAgtr1a-eYFP; -1.0±0.6 mmHg, PVNAgtr1a-ChR2; +4.0±0.9 mmHg at 1 min, main effects 447 

of genotype [F (15, 240) = 2.2; p = 0.0064] and time [F (1, 240) = 58.15; p<0.0001], n=6-11).  448 

However, no effects were observed on heart rate (Figure 2C, PVNAgtr1a-eYFP; +5.7±3.4 bpm, 449 

PVNAgtr1a-ChR2; +7.9±5.2 bpm at 1 min, [F (15, 240) = 0.81; p = 0.6693], n=6-11).  While anesthesia 450 

may have blunted the cardiovascular response to optogenetic stimulation, these results 451 
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indicate that the elevations in the blood pressure observed in the prior experiment cannot be 452 

solely attributed to concurrent increases in locomotor activity.  As mentioned, the PVN contains 453 

neurosecretory and presympathetic neurons that influence cardiovascular function by 454 

controlling the release of endocrine factors into the systemic circulation or sympathetic 455 

nervous activity, respectively.  To gain insight into mechanisms coupling excitation of PVNAgtr1a 456 

to altered cardiovascular function, we combined systemic administration of the nicotinic 457 

receptor antagonist, hexamethonium (30 mg/kg/i.p.), with in vivo optogenetics to determine 458 

whether altered autonomic function contributes to the increase in blood pressure that 459 

accompanies the excitation of PVNAgtr1a.  Figure 2B-C shows that the cardiovascular responses 460 

previously observed with optogenetic excitation of PVNAgtr1a were abolished in the presence of 461 

hexamethonium (Figure 2C, PVNAgtr1a-ChR2; +4.0±0.9 mmHg, PVNAgtr1a-ChR2 (Post-Hex); +0.1±0.4 462 

mmHg at 1 min, main effects of treatment [F (15, 302) = 1.94; p = 0.0197] and time [F (1, 302) = 463 

18.26; p<0.0001], n=10-11).  To further establish that the increases in blood pressure are 464 

sympathetically mediated, we conducted heart rate variability and systolic blood pressure 465 

variability analyses (Figure 2D).  Following blue light stimulation, no changes were observed in 466 

heart rate variability - a surrogate indicator of sympatho-vagal balance to the heart (Figure 2D, 467 

PVNAgtr1a-eYFP; +0.1±0.1, PVNAgtr1a-ChR2; +0.6±0.3 at 1 min, [F (7, 120) = 0.15; p = 0.9931], n=6-11).  468 

This suggests that the selective excitation of PVNAgtr1a does not affect heart rate nor the 469 

autonomic drive to the heart.  Intriguingly, optical stimulation of PVNAgtr1a produced a 470 

significant increase in the low frequency domain of systolic blood pressure variability – an 471 

indicator of sympathetic vasoconstrictor activity (Figure 2D, PVNAgtr1a-eYFP; +2.8±0.1 mmHg2, 472 

PVNAgtr1a-ChR2; +3.4±0.2 mmHg2, [F (7, 120) = 2.76; p = 0.0107], n=6-11).  Changes in the low 473 
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frequency domain of systolic blood pressure variability were attenuated by the systemic 474 

administration of hexamethonium (Figure 2D, PVNAgtr1a-ChR2; +3.4±0.2 mmHg2, PVNAgtr1a-ChR2 475 

(Post-Hex); +1.7±0.2 mmHg2, [F (7, 152) = 2.31; p = 0.0287], n=10-11).  Furthermore, the 476 

administration of hexamothonium decreased the baseline of the low frequency domain of 477 

systolic blood pressure variability, suggesting that hexamothonium does indeed block 478 

autonomic outflow to the vasculature (Figure 2D).  Taken together, these results suggest that 479 

the increased blood pressure that follows selective excitation of PVNAgtr1a is dependent on 480 

increased sympathetic outflow to the vasculature.             481 

 482 

Fibers arising from PVNAgtr1a make appositions onto neighboring neurons that express mRNA 483 

for the CRH1 receptor and send direct projections to the RVLM.  484 

 485 

Follow-up experiments probed the neuroanatomical basis underlying the cardiovascular effects 486 

observed with optogenetic activation of PVNAgtr1a.  A recent study determined that optogenetic 487 

excitation of neurons in the PVN that have direct axonal projections to the rostral ventrolateral 488 

medulla (RVLM) increases sympathetic nervous system activity and blood pressure (Koba et al., 489 

2018).  This prior study, in conjunction with our present results, suggest that optogenetic 490 

activation of PVNAgtr1a may increase blood pressure by exciting RVLM-projecting neurons within 491 

the PVN.  In particular, it is possible that RVLM-projecting neurons synthesize Agtr1a(s) and the 492 

increased blood pressure that is observed with optogenetic stimulation is the result of their 493 

direct excitation.  To confirm or refute this possibility, mice with the red fluorescent protein 494 

variant, tdTomato, directed to the Agtr1a gene were iontophoretically administered the 495 
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retrograde neuronal tract-tracer, Fluoro-Gold (FG), bilaterally into the RVLM (Figure 3A).  496 

Seven-days later, Agtr1a-tdTomato mice were perfused and brains were processed for FG 497 

immunohistochemistry to evaluate whether PVN neurons with identified projections to the 498 

RVLM synthesize Agtr1a(s) as indicated by co-localization with tdTomato.  As shown in Figure 499 

3A, neurons with direct projections to the RVLM, here, deemed presympathetic, mostly 500 

populated the caudal (≈-1.06 mm from Bregma) region of the PVN (Franklin and Paxinos, 2008).  501 

As can be seen, somatic expression of tdTomato in this region was scant and did not co-localize 502 

with FG, suggesting that Agtr1a(s) are not present on presympathetic neurons in the PVN.   503 

 504 

In contrast to the caudal region, the medial region (≈-0.82 mm from Bregma) of the PVN is 505 

densely populated with Agtr1a-tdTomato labeling (de Kloet et al., 2017).  The medial PVN 506 

contains neurosecretory parvocellular neurons that synthesize CRH and initiate activation of 507 

the HPA axis.  Subsequent experiments evaluated whether such neurons express Agtr1a(s).  508 

Towards this end, mice with the tdTomato expression directed to the CRH gene (CRH-509 

tdTomato) were perfused and coronal sections through the PVN were processed for RNAscope 510 

in situ hybridization for Agtr1a mRNA.  Figure 3B depicts tdTomato and blue puncta, indicative 511 

of labeling for CRH-synthesizing neurons and mRNA coding for Agtr1a(s), respectively.  512 

Quantitative analysis revealed that the majority of tdTomato labeled neurons co-localized with 513 

Agtr1a mRNA (176/215 CRH-tdTomato cells express Agtr1a mRNA; n=3 mice), thereby 514 

demonstrating extensive expression of Agtr1a(s) on CRH neurons of the PVN.  Taken together, 515 

these results suggest that PVNAgtr1a are not presympathetic neurons that project to the RVLM, 516 
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but rather, are CRH-synthesizing neurons that coupled their excitation to changes in autonomic 517 

outflow that elevate blood pressure.   518 

 519 

Given that prior studies revealed a local intra-PVN cross-talk amongst peptidergic 520 

neurosecretory and presympathetic neurons (Son et al., 2013; Jiang et al., 2018), we next 521 

sought to determine whether PVNAgtr1a, which synthesize CRH, have processes that come into 522 

close proximity with presympathetic neurons that express CRHR1(s).  To visualize soma and 523 

efferents arising from PVNAgtr1a, we delivered a Cre-inducible anterograde viral tracer (AAV-524 

ChR2-eYFP) into the PVN of Agtr1a-Cre male mice.  The same mice were delivered a pan-525 

neuronal retrograde virus (AAVrg-CAG-tdTomato) into the RVLM to label presympathetic 526 

neurons with tdTomato (Figure 3C).  After 3-4 weeks recovery, mice were perfused and brains 527 

were processed for immunohistochemistry and RNAscope in situ hybridization for eYFP and 528 

CRH 1 receptor (CRH1R) mRNA, respectively.  As shown in Figure 3D-F, PVNAgtr1a send a dense 529 

plexus of fibers (yellow) to the caudal PVN (≈-1.06 mm from Bregma).  These fibers are in close 530 

proximity to neurons retrogradely-labeled with tdTomato (magenta).  Efforts to identify 531 

neurons co-labeled with eYFP and tdTomato were unsuccessful, consistent with our prior 532 

results demonstrating that presympathetic neurons in the PVN are devoid of the Agtr1a.  A 533 

subset of these RVLM-projecting neurons exhibited co-localization of tdTomato and CRHR1 534 

mRNA (magenta soma with blue puncta; Figure 3E-F).  Quantitative analysis revealed that 57% 535 

(181/316 neurons; n = 4 mice) of RVLM-projecting neurons expressed mRNA for the CRHR1.  536 

Interestingly, a subset (43% or 152/351 neurons; n = 4 mice) of PVNAgtr1a were also found to 537 

synthesize CRHR1 mRNA.  Collectively, these results demonstrate that, within the PVN, the 538 
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Agtr1a is robustly expressed on CRH neurons but presympathetic neurons do not produce this 539 

receptor, but rather, synthesize CRHR1(s).  The implication is that excitation of PVNAgtr1a may 540 

trigger the release of CRH, which stimulates CRHR1(s) on neighboring presympathetic neurons 541 

to alter sympathetic outflow and cardiovascular function.         542 

 543 

Ex vivo optogenetic stimulation of PVNAgtr1a evokes excitation of presympathetic neurons that 544 

is mediated by CRHR1(s).  545 

 546 

To probe for functional connectivity between PVNAgtr1a and presympathetic neurons, we utilized 547 

an ex vivo approach that combined optogenetics, patch-clamp electrophysiology and Ca2+ 548 

imaging.   As a first strategy, we delivered a Cre-inducible AAV that expresses ChR2 and eYFP 549 

(AAV-ChR2-eYFP) into the PVN of Agtr1a-Cre mice (Figure 4A).  This allowed selective excitation 550 

of PVNAgtr1a with ex vivo optogenetics.  To determine whether optogenetic excitation of 551 

PVNAgtr1a affects the activity of presympathetic neurons, we obtained patch-clamp recordings 552 

from parvocellular neurons that were in the vicinity of ChR2-eYFP-expressing fibers originating 553 

from PVNAgtr1a, but that were themselves, devoid of fluorescent protein expression.  The 554 

majority of these neurons (n=7/8) exhibited a low-threshold spike and lacked a transient 555 

outward rectification, electrophysiological characteristics often exhibited by presympathetic 556 

neurons (Luther and Tasker, 2000, Stern, 2001).  As shown in Figure 4B, optogenetic stimulation 557 

of PVNAgtr1a (LED 460/488 nm; 20-30 pulse train, 50 ms pulse, 100 ms interval) consistently 558 

evoked a delayed (195.0 ± 19.4 s) excitatory response in putative presympathetic PVN neurons, 559 
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that resulted in a significant increase in firing discharge under control conditions (Figure 4C; t 560 

(3) = 4.73, p = 0.018, paired t-test).   561 

 562 

These results suggest that excitation of PVNAgtr1a spurs neighboring neurons in the PVN to fire 563 

action potentials and subsequent experiments investigated the basis for this coupling.  We 564 

previously determined that PVNAgtr1a neurons express GLUT2 mRNA, a marker for glutamate, 565 

the major excitatory neurotransmitter in the hypothalamus (van den Pol, 1982; de Kloet et al., 566 

2017).  Accordingly, we repeated these experiments in the presence of the NMDA and AMPA 567 

glutamate receptor antagonists, APV (100 μM) and DNQX (20 μM), respectively, to evaluate 568 

whether the concomitant excitation of putative presympathetic neurons was mediated by 569 

glutamate.  As shown in Figure 4C, application of APV and DNQX had no effect on the increased 570 

action potentials exhibited by parvocellular neurons subsequent to optogenetic excitation of 571 

PVNAgtr1a.  That is, similar to what we observed in the previous experiment, optogenetic 572 

stimulation consistently evoked a delayed (mean delay: 145.0 ± 41 s) excitatory response in 573 

putative presympathetic neurons in the presence of the synaptic blockers (Figure 4C; t (5) = 574 

2.64, p = 0.046, paired t-test).  Taken together, these results indicate that activation PVNAgtr1a 575 

evokes an excitatory response in putative presympathetic neurons, and that this inter-576 

population cross-talk displays a slow time course, and is not mediated by glutamate, a fast-577 

acting excitatory neurotransmitter.    578 

 579 

Based on these initial studies and our neuroanatomical results showing the robust expression 580 

of Agtr1a(s) on CRH neurons and the intriguing presence of CRHR1(s) on presympathetic 581 
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neurons, we set up to directly test the hypothesis that presympathetic neurons are responsive 582 

to excitation of PVNAgtr1a, and that this cross-talk is mediated by a slow acting neuropeptide, 583 

namely CRH.  Towards this end, we again delivered a Cre-inducible AAV-ChR2-eYFP into the 584 

PVN of Agtr1a-Cre mice, but this time, we also bilaterally administered into the RVLM a pan 585 

neuronal viral construct (AAVrg-CAG-tdTomato) that promotes retrograde expression of 586 

tdTomato (Figure 5A).  This approach allows for simultaneous optogenetic excitation of 587 

PVNAgtr1a with patch-clamp recordings from known presympathetic neurons identified with the 588 

presence of tdTomato.  First, we obtained patch-clamp recordings from neurons retrogradely 589 

labeled with tdTomato in slices through the PVN that also contained soma and fibers arising 590 

from PVNAgtr1a (Figure 5B).  As expected, we found that eYFP and tdTomato labeled separate 591 

populations of neurons in the PVN and tdTomato-expressing neurons exhibited 592 

electrophysiological characteristics indicative of having direct projections to the RVLM [Figure 593 

5C; (Stern, 2001)].  Optogenetic excitation of PVNAgtr1a (LED 460 nm; 30 pulse train, 50 ms pulse, 594 

100 ms interval) consistently evoked a delayed (157.4 ± 16.1 s) excitatory response in identified 595 

presympathetic neurons, that resulted in a significant increase in firing discharge (~430 % 596 

change, Figure 5Di and 5E; [F (1, 32) = 5.70, p = 0.003], Two-way ANOVA followed by Tukey’s 597 

post hoc test).  This effect was not dependent on the baseline degree of activity of 598 

presympathetic neurons (Pearson r2= 0.08, p=0.4).  Importantly, the increased activity of 599 

presympathetic neurons that was evoked by optogenetic excitation of PVNAgtr1a was abrogated 600 

when slices were preincubated with the CRH receptor antagonist, Astressin (0.5 μM, Figure 5Dii-601 

iii and 5E; [F (1, 32) = 5.70, p = 0.96], Two-way ANOVA followed by Tukey’s post hoc test).  602 

 603 
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Prior work from our group determined that within the PVN, dendritically-released arginine 604 

vasopressin (AVP) evokes excitatory responses in presympathetic neurons by stimulating V1a 605 

receptors (Son et al., 2013). Therefore, it is possible that V1a receptors act as an intermediary 606 

between the activation of PVNAgtr1a and concomitant excitation of presympathetic neurons.  To 607 

rule out this possibility, we repeated our ex vivo experiments in the presence of a V1a receptor 608 

antagonist, [β-Mercapto-β,β-cyclopentamethylenepropionyl1, O-me-Tyr2, Arg8]-Vasopressin 609 

(V1aR-A; 1 μM).  We found that the increase in presympathetic neuronal firing activity following 610 

optogenetic excitation of PVNAgtr1a persisted in the presence of the V1aR-A (baseline: 0.14 ± 0.1 611 

Hz; LED 460: 0.77 ± 0.2 Hz, p< 0.05, n=3).  Taken together, these results support the overall 612 

notion that activity-dependent release of CRH from PVNAgtr1a evokes a CRHR1-mediated 613 

excitatory response in presympathetic neurons.     614 

 615 

Ex vivo optogenetic stimulation of PVNAgtr1a evokes a CRHR1-mediated increase in 616 

intracellular Ca2+ levels in presympathetic neurons.  617 

 618 

Follow-up experiments combined ex vivo optogenetics and ex vivo calcium imaging as a 619 

complementary strategy to further support the functional cross-talk between PVNAgtr1a and 620 

presympathetic neurons.  Accordingly, we delivered an AAV (AAV-rsChR2-mCherry) producing 621 

red-shifted ChR2 (C1V1) and red fluorescent protein (mCherry) into the PVN of Agtr1a-Cre mice 622 

(Figure 6A).  These male mice were also bilaterally administered into the RVLM a viral construct 623 

that allows retrograde expression of the ultrasensitive fluorescent protein calcium sensor, 624 

GCaMP7s, under the control of the synapsin promoter (Figure 6A).  Eight to ten weeks later, 625 
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coronal slices through the PVN revealed efficacious transfection of GCaMP7s (range= 1-5 626 

neurons/slice), particularly in the caudal region of the nucleus (≈-1.06 mm from Bregma; Figure 627 

6B).  To first validate this approach, we bath applied NMDA (50 μM) and observed a robust and 628 

synchronous increase in intracellular calcium ([Ca2+]ic) in several presympathetic neurons 629 

within the slice (Figure 6Ci-iv; t(7) = 4.82, p = 0.006, paired t-test n=2/10).  Additionally, in a few 630 

cases we patched presympathetic neurons expressing GCaMP7s and found clear increases in 631 

[Ca2+]ic following bursts of action potentials evoked by current injection through the patch 632 

pipette (Figure 6Di-iv). These results support efficient retrograde expression and sensitivity of 633 

the genetically encoded Ca2+ sensor in presympathetic neurons.  Next, we utilized the same 634 

viral and Ca2+ imaging approaches to evaluate whether excitation of PVNAgtr1a affected [Ca2+]ic 635 

of presympathetic neurons in the PVN (Figure 7A).  First, we validated that PVNAgtr1a transfected 636 

with rsChR2 responded to pulses of 525 nm of light by patch clamping PVN neurons labeled 637 

with mCherry (Figure 7B). These neurons lacked both a low threshold spike and a delayed 638 

outward rectification (Figure 7B (inset); Luther and Tasker, 2000).  Stimulation of PVNAgtr1a with 639 

varying protocols using the 525 nm LED excitation reliably and consistently evoked firing activity 640 

in the patched neurons (Figure 7C). These results demonstrate that PVNAgtr1a exhibit 641 

electrophysiological characteristics of neurosecretory parvocellular neurons and validate our 642 

ability to optogenetically excite PVNAgtr1a using a red-shifted opsin.   Optogenetic excitation of 643 

PVNAgtr1a (LED 525 nm; 30 pulse train, 50 ms pulse, 100 ms interval) consistently evoked a 644 

delayed (157.9±17.2 s) increase in the frequency (Figure 7F; [F (1, 38) = 10.1, p = 0.001], Two-645 

way ANOVA followed by Tukey’s post hoc test, n=5/15) and amplitude (Figure 7G; [F (1, 38) 646 

=8.4, p = 0.0003], Two-way ANOVA followed by Tukey’s post hoc test, n=5/15) of [Ca2+]ic in 647 
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presympathetic neurons (Figure 7Di-iii).  The delay in the [Ca2+]ic response was not different 648 

from that observed with spiking (see Figure 5D, left, 5Ei-ii). The responses were almost 649 

completely abolished when slices were preincubated with Astressin (0.5 μM and no change was 650 

observed for either frequency (Figure 7F; [F (1, 38) = 10.13, p = 0.64], Two-way ANOVA followed 651 

by Tukey’s post hoc test, n=3/6) or amplitude (Figure 7G; [F (1, 38) = 8.4, p = 0.9], Two-way 652 

ANOVA followed by Tukey’s post hoc test, n=3/6). 653 

 654 

These results indicate that the activity of PVNAgtr1a is coupled to increased firing of 655 

presympathetic neurons via activation of CRHR1(s); however, whether stimulation of Agtr1a(s) 656 

per se also elicits this inter-population cross-talk was not evaluated.  Consequently, follow-up 657 

experiments examined whether application of Ang-II, the endogenous ligand for Agtr1a(s), 658 

evoked a similar CRH-mediated increased firing of PVN presympathetic neurons.  In order to 659 

visualize presympathetic neurons in the PVN, male rats were administered RetroBeads into the 660 

RVLM.  Three to five days later, coronal sections were made through the PVN and patch-clamp 661 

recordings were obtained from identified presympathetic neurons before, during and after bath 662 

application of Ang-II (Figure 8A).  Bath application of Ang-II (0.5 μM, 1 min) significantly 663 

increased the firing frequency of presympathetic PVN neurons (Figure 8B; [F (1, 12) = 10.15, p = 664 

0.003], Two-way ANOVA followed by Tukey’s post hoc test, n=2/4).  Importantly, this increase 665 

was completely abolished when slices were preincubated in Astressin (0.5 μM, Figure 8B; [F (1, 666 

12) = 10.15, p = 0.99], Two-way ANOVA followed by Tukey’s post hoc test, n=2/4).  Collectively, 667 

results from our ex vivo experiments support the notion that within the PVN, Ang-II activates 668 
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Agtr1a(s) expressed on CRH neurons, which evokes a delayed and indirect excitation of 669 

presympathetic neurons that is dependent on stimulation of CRH1R(s). 670 

 671 

In vivo blockade of CRH receptors in the PVN alters cardiovascular function under basal 672 

conditions and during optogenetic excitation of PVNAgtr1a. 673 

 674 

The results from our anatomical and electrophysiological studies predict that excitation of 675 

PVNAgtr1a promotes the release of CRH, which engages CRHR1(s) expressed on presympathetic 676 

neurons to augment sympathetic outflow and elevate blood pressure. Here, we conducted 677 

complementary in vivo and ex vivo studies to test the validity of this prediction.  Initial 678 

experiments used wild type male C57BL/6J mice to evaluate how administering varying doses of 679 

Astressin affects blood pressure.  Toward this end, mice were anesthetized and a Millar 680 

catheter was implanted into the left common carotid artery to record cardiovascular 681 

parameters. Subsequently, a microcraniotomy was performed dorsal to the PVN, using a 682 

stereotaxic frame, and a glass micropipette was lowered into the PVN to perform unilateral 683 

microinjections (100 nl) of either the vehicle (10% Acetic Acid; pH= 7.4) or Astressin (50, 100, 684 

200 μM).  Prior to microinjections, there were no differences in baseline blood pressure 685 

amongst the groups (vehicle; 106.5±9.2 mmHg, Astressin; 110.2±4.7 mmHg, 110.3±8.5 mmHg, 686 

99.2±10.2 mmHg for 50, 100, 200 μM respectively, [F (3, 20) = 0.3775; p=0.7702], n=6 per 687 

group).  However, relative to microinjection of vehicle, Astressin induced a dose-dependent and 688 

transient depressor response in blood pressure (Figure 9A).  Statistical analysis revealed 689 

significant depressor responses induced by Astressin 60s following microinjection (Figure 9B, 690 
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Vehicle; +3.2±2.6 mmHg, Astressin; +1.7±1.3 mmHg, -6.9±3.1 mmHg, -5.9±1.7 mmHg for 50, 691 

100, 200 μM respectively, [F (3, 260) = 13.66; p<0.0001], n=6 per group).  No effects were 692 

observed on heart rate (vehicle; +1.5±6.5 bpm, Astressin; -4.1±5.5 bpm, -0.2.3±4.5 bpm, -693 

4.2±6.0 bpm for 50, 100, 200 μM respectively, [F (36, 260) = 0.6888; p=0.9110], n=6 per group).  694 

These results suggest that under basal conditions, CRHR1(s) in the PVN contribute to the tonic 695 

maintenance of blood pressure.  To evaluate a role for presympathetic neurons in this effect, 696 

we combined ganglionic blockade via systemic administration of hexamethonium with 697 

microinjections of Astressin (200 μM) into the PVN.  As expected, microinjection of Astressin 698 

(200 μM) significantly lowered blood pressure relative to administration of the vehicle; 699 

however, this effect was eliminated in the presence of hexamonethonium (30 mg/kg/i.p.; 700 

Figure 9C, -5.9±1.7 vs. -0.3±1.1 mmHg for Astressin pre (n=6) and post (n=4) hexamethonium 701 

respectively, [F (1, 98) = 4.25; p = 0.0420).   702 

 703 

These results demonstrate that the decreases in blood pressure that follow CRH1R antagonism 704 

in the PVN are dependent on the autonomic nervous system and suggest CRH exerts an 705 

endogenous excitatory tone on presympathetic neurons.  To investigate this possibility, we 706 

performed ex vivo experiments directly assessing the effects of Astressin on basal Ca2+ activity 707 

in retrogradely-labeled presympathetic neurons expressing GCaMP7s.  As shown in Figure 9D, 708 

we found that Astressin per se significantly blunted ongoing basal Ca2+ activity in these neurons, 709 

drastically decreasing both Ca2+ transient frequency (Figure 9E; t (6) = 3.46, p = 0.01, paired t-710 

test, n=7) and amplitude (Figure 9E; t (6) = 4.54, p = 0.004, paired t-test, n=3/7).  These results 711 

further support the notion that endogenous CRH acts on CRHR1(s) expressed on 712 
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presympathetic neurons to promote tonic excitation that contributes to the maintenance of 713 

blood pressure in male mice.      714 

 715 

Final experiments tested the hypothesis that the elevations in blood pressure that follow in vivo 716 

optogenetic excitation of PVNAgtr1a results from the inter-neuronal cross-talk revealed by our 717 

anatomical and electrophysiological studies.  Male Agtr1a-Cre mice were again delivered Cre-718 

inducible AAV-ChR2-eYFP into the PVN (Figure 10A).  After 3-4 weeks recovery, mice were 719 

anesthetized, and a Millar catheter was implanted into the left common carotid artery.  720 

Subsequently, mice were placed into a stereotaxic apparatus and a microcraniotomy was 721 

performed dorsal to the PVN, where a dual optrode/microinjection cannula was lowered above 722 

the PVN.  This allowed microinjections and optogenetic stimulation within the same site while 723 

blood pressure was simultaneously recorded.  Either vehicle (10% Acetic Acid; pH= 7.4) or 724 

Astressin (200 μM) were microinjected into the PVN, and 5 min later, pulses of 473 nm laser 725 

light (10 mW output; 20 ms pulse width; 30 Hz; 1 min) were delivered above the site of 726 

injection.  As shown in Figure 10B-C, optogenetic excitation of PVNAgtr1a reliably produced a 727 

significant increase in blood pressure that was sustained until the cessation of illumination.  728 

This response was replicated when optical stimulation was performed 5 min following the 729 

administration of vehicle. Remarkably, the pressor response induced by optogenetic excitation 730 

of PVNAgtr1a was abolished by pre-treatment with Astressin (200 μM) (Figure 10B-C, PVNAgtr1a-731 

ChR2; +5.1±2.0 mmHg, PVNAgtr1a-ChR2 (Acetic Acid); +7.7±3.1 mmHg, PVNAgtr1a-ChR2 (Astressin); -732 

4.1±3.0 mmHg, [F (2, 223) = 17.58; p<0.0001], n=6 per group).  Taken together, these results 733 

support the overall notion that activity-dependent release of CRH from PVNAgtr1a evokes a 734 
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CRHR1-mediated excitatory response in presympathetic neurons that ultimately increases 735 

blood pressure in male mice. 736 

  737 
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DISCUSSION (1496 words)  738 

 739 

Stressors are met with coordinated neuroendocrine and autonomic responses to cope with the 740 

energetic demands of physiological and psychological threats.  The present study unveils a 741 

paracrine signaling mechanism within the PVN that couples the activity of neurosecretory and 742 

presympathetic neurons mediating these responses.  In this regard, in vivo optogenetic 743 

excitation of PVNAgtr1a was found to significantly increase blood pressure, an effect that was 744 

dependent on recruitment of the autonomic nervous system.  Puzzlingly, PVNAgtr1a did not 745 

exhibit characteristics of presympathetic neurons involved in the regulation of blood pressure, 746 

but rather, were CRH synthesizing neurons that initiate activation of the HPA axis.  Intriguingly, 747 

fibers originating from PVNAgtr1a made appositions onto presympathetic neurons that expressed 748 

mRNA coding for CRHR1(s), thereby providing anatomical and molecular evidence supporting a 749 

local cross-talk between these neuronal phenotypes.  Indeed, ex vivo optogenetic excitation of 750 

PVNAgtr1a elicited increased firing of presympathetic neurons that persisted in the presence of 751 

glutamate receptor antagonists but was completely abolished by Astressin, a CRHR1 antagonist.  752 

Delivery of Astressin into the PVN significantly decreased blood pressure in vivo and suppressed 753 

basal Ca2+ activity within presympathetic neurons ex vivo, indicating that CRHR1(s) exert an 754 

excitatory tone on presympathetic neurons that contributes to the maintenance of blood 755 

pressure.  Additionally, pretreatment with Astressin eliminated elevations in blood pressure 756 

that followed optogenetic excitation of PVNAgtr1a, demonstrating that CRH and its receptors 757 

couple the activity of neurosecretory and presympathetic neurons in the PVN.  Collectively, 758 

these results reveal a novel mechanism underlying inter-neuronal cross-talk within the PVN that 759 
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coordinates neuroendocrine release with autonomic outflow in male mice.  Cross-talk amongst 760 

PVNAgtr1a and presympathetic neurons is likely engaged under conditions of increased RAS 761 

activity, such as hyponatremia, hypotension, or psychogenic stress, that elicit homeostatic 762 

multimodal responses involving coordinated HPA axis, autonomic and behavioral limbs 763 

orchestrated by the PVN.  The implication is that chronic stress may promote cardiometabolic 764 

disease through dysregulation of the cross-talk revealed by our experiments.    765 

 766 

Early studies using rats determined that electrical stimulation of the parvocellular subdivision of 767 

the PVN increases blood pressure and sympathetic nervous system activity (SNA) (Porter and 768 

Brody, 1986; Kannan et al., 1989).  Subsequently, it was reported that microinjections of Ang-II 769 

into the PVN also increase blood pressure and SNA but this effect could be abrogated by Agtr1a 770 

antagonists (Bains et al., 1992; Jensen et al., 1992; Zhu et al., 2002; Li et al., 2006).  Consistent 771 

with these prior studies, our results demonstrate that optogenetic excitation of PVNAgtr1a elicits 772 

elevations in blood pressure that are dependent on engagement of the autonomic nervous 773 

system.  These results suggest that within the PVN, Ang-II acts on Agtr1a(s) to increase firing of 774 

neurons that control autonomic outflow to cardiovascular tissues.  Indeed, prior 775 

electrophysiological studies found that Ang-II depolarizes neurons in the PVN with identified 776 

projections to the hindbrain and spinal cord (Ferguson, 1988; Li et al., 2003; Cato and Toney, 777 

2005) and our results showing that Ang-II increases the firing of presympathetic neurons are 778 

consistent with these earlier findings.  A parsimonious explanation for these effects is that Ang-779 

II binds to Agtr1a(s) expressed on presympathetic neurons to evoke excitation; however, 780 

presympathetic neurons do not appear to express Agtr1a(s), and consistent with prior reports, 781 
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we found that PVNAgtr1a are parvocellular neurosecretory neurons that synthesize CRH (Oldfield 782 

et al., 2001; Wang et al., 2019).  A recent study by Jiang et al used genetically modified mice, in 783 

vitro patch-clamp electrophysiology and viral tract tracing to convincingly demonstrate that 784 

functional CRH1R(s) are present on PVN neurons that project to the hindbrain (Jiang et al., 785 

2018).  Here, we replicate these results by showing that PVN neurons that project to the RVLM 786 

express CRH1R mRNA.  This, in conjunction with the observation that PVNAgtr1a produce CRH 787 

and make appositions onto presympathetic neurons, predicts cross-talk amongst these 788 

neuronal phenotypes that is mediated by CRH1R(s).   789 

 790 

While each neuronal phenotype within the PVN can be linked to a distinct function, there is 791 

growing evidence that a local, interpopulation cross-talk amongst the neurons influences 792 

physiology and behavior (Brown et al., 2013; Son et al., 2013; Pati et al., 2020).  Here, we used 793 

in vitro optogenetics with whole cell patch-clamp electrophysiology and Ca2+ imaging to reveal 794 

that selective activation of PVNAgtr1a is followed by a significant increase in firing discharge of 795 

presympathetic neurons. The activation of the latter was slow and delayed in nature (tens of 796 

seconds following PVNAgtr1a activation) and was not mediated by the fast-acting excitatory 797 

transmitter glutamate.  In fact, our results showing that the PVNAgtr1a to presympathetic 798 

neuronal cross-talk was blunted by Astressin support CRH as the key underlying signaling 799 

mediator.  The slow temporal dynamics of this cross-talk is very similar to the cross-talk 800 

between AVP neurosecretory and presympathetic neurons we recently reported in the PVN 801 

(Son et al., 2013).  We showed the AVP to presympathetic cross-talk was mediated by 802 

dendritically released AVP and its diffusion into the extracellular space (Son et al., 2013).  Still, 803 
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whether the PVNAgtr1a to presympathetic neuronal cross-talk involves dendritic and/or axonal 804 

release of CRH remains to be determined. The fact that presympathetic neurons were activated 805 

following stimulation of PVNAgtr1a neurons either by direct optical stimulation or by Ang-II, the 806 

endogenous ligand of Agtr1a, suggest that this cross-talk is not an artifactual response 807 

associated with optogenetic manipulations.   Finally, indices of cross-talk amongst PVNAgtr1a and 808 

presympathetic neurons were observed in male mice as well as male rats, suggesting that this 809 

unique signaling mechanism coupling neuroendocrine secretion and autonomic outflow maybe 810 

conserved across species.  811 

 812 

Our present results, along with previous reports (Brown et al., 2013; Son et al., 2013; Pati et al., 813 

2020) support the growing notion that neuropeptides are efficient signaling molecules 814 

mediating inter-neuronal communication within the PVN, contributing to the ability of this 815 

nucleus to generate complex, multimodal homeostatic responses.  In this regard, 816 

administration of Astressin (200 μM) into the PVN produced a transient but significant decrease 817 

in blood pressure that was eliminated by systemic hexamethonium, suggesting that CRH 818 

receptors in the PVN contribute to the maintenance of basal blood pressure by influencing 819 

autonomic outflow.  In support of this interpretation, we found that ex vivo application of 820 

Astressin silenced Ca2+ activity within presympathetic neurons of the PVN, thereby revealing 821 

that CRH receptors exert a basal excitatory tone on presympathetic neurons that affects blood 822 

pressure.  To the best of our knowledge, this is the first report of CRH receptor blockade within 823 

the PVN affecting basal blood pressure.  Previous studies found that icv delivery of CRH 824 

increases blood pressure (Tarjan et al., 1995; Yosten and Samson, 2014) and selective delivery 825 
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of CRH into the RVLM also increases blood pressure and SNA, effects that are blocked by 826 

pretreatment with Astressin (Bardgett et al., 2014).   Our final experiments tested the 827 

hypothesis that elevations in blood pressure that followed optogenetic excitation of PVNAgtr1a 828 

were dependent on stimulation of CRH receptors.  Consistent with this hypothesis, 829 

microinjection of Astressin into the PVN prevented increased blood pressure during 830 

optogenetic activation of PVNAgtr1a.  These results are consistent with a recent report by Wang 831 

et al showing that optogenetic excitation of CRH neurons in the PVN increases blood pressure 832 

in mice by stimulating CRH receptors (Wang et al., 2019); however, the same study determined 833 

that optogenetic excitation of nerve terminals in the nucleus of the solitary tract (NTS) that 834 

originated from CRH neurons in the PVN also increase blood pressure (Wang et al., 2019).  835 

While it is established that CRH neurons in the PVN project to hindbrain structures (e.g. NTS, 836 

RVLM) (Sawchenko, 1987; Milner et al., 1993), this pattern of innervation may not reflect that 837 

of PVNAgtr1a, which represent a subset (≈80%) of CRH neurons.  The vast majority of PVNAgtr1a 838 

project to the median eminence and control the activity of the HPA and HPT axes (de Kloet et 839 

al., 2017).  Here, we propose that Agtr1a(s) within the PVN couple the activity of these 840 

neuroendocrine axes to sympathetic outflow and blood pressure to coordinate metabolic and 841 

cardiovascular responses to stress in male mice.   842 

 843 

Cross-talk amongst neurosecretory and presympathetic neurons of the PVN has important 844 

implications for cardiometabolic diseases.  Stress is an established risk factor for 845 

cardiometabolic disease (Yusuf et al., 2004; Penninx, 2017) and impaired HPA axis activity and 846 

autonomic dysfunction are commonly observed in hypertension, myocardial infarction, obesity 847 
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and type 2 diabetes (Lemche et al., 2016).  Conversely, overactivation of the RAS is associated 848 

with stress-related pathologies, like affective disorders (Baghai et al., 2006; Reinecke et al., 849 

2018), which are often comorbid with diabetes, hypertension and cardiovascular disease 850 

(Penninx, 2017; Wallace et al., 2018).  Intriguingly, within the PVN, the expression of Agtr1a(s) 851 

and CRH are upregulated subsequent to chronic stress (Aguilera et al., 1995; Herman et al., 852 

1995; Leong et al., 2002), suggesting enhanced cross-talk amongst PVNAgtr1a and presympathetic 853 

neurons that couples heightened HPA axis activity to augmented sympathetic drive.  Chronic 854 

engagement of neuroendocrine and autonomic limbs of the stress response contributes to the 855 

glucose intolerance and hypertension that is a hallmark of the metabolic syndrome.  Thus, 856 

dysregulation of the cross-talk revealed by our experiments could be a contributing mechanism 857 

linking comorbidity between chronic stress and cardiometabolic disease, thereby representing 858 

a novel therapeutic target.      859 

  860 
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Figures Legends 1029 
 1030 
Figure 1. Systolic blood pressure and locomotor activity are robustly elevated when the PVN 1031 

is optogenetically stimulated in mice with ChR2 expression directed to the Agtr1a gene.  (A) 1032 

Schematic depicting the mouse line and experimental protocol.  In this experiment, Agtr1a-1033 

ChR2 mice and littermate controls undergo optogenetic stimulation (10mW; 15Hz; 5s on/off; 15 1034 

min) of Agtr1a neurons and afferents localized to the PVN. (B) Change in systolic blood pressure 1035 

(SBP) and locomotor activity of mice before, during, and after optogenetic stimulation.  Both 1036 

SBP and locomotor activity were measured using the radiotelemetry transmitters.  Bars = SEM.  1037 

Blue box indicates period of optogenetic stimulation. *, p < 0.05; n= 5 per group. 1038 

 1039 
Figure 2. Optogenetic stimulation of PVNAgtr1a elicits sympathetically mediated increases in 1040 

blood pressure. (A) Schematic depicting the mouse line and experimental protocol.  In this 1041 

experiment, Agtr1a-Cre mice received a Cre-inducible AAV-ChR2-eYFP into the PVN. Following 1042 

recovery, PVNAgtr1a were optogenetically stimulated (10mW; 20 ms pulse width; 30 Hz; 1 min) 1043 

while cardiovascular parameters were recorded via a Millar catheter inserted into the left 1044 

carotid artery.  (B) Representative pulsatile arterial blood pressure traces following blue laser 1045 

stimulation (BLS) in PVNAgtr1a-eYFP mice, PVNAgtr1a-ChR2 mice, or PVNAgtr1a-ChR2 mice following the 1046 

systemic administration of hexamethonium (30 mg/kg/i.p.). (C) Group means demonstrating 1047 

the change in systolic blood pressure (SBP; left), mean arterial pressure (MAP; middle), and 1048 

heart rate (HR; right). (D) Group means demonstrating the change in heart rate variability (left; 1049 

HRV – ratio of the low frequency domain (LF) over the high frequency domain (HF)) and the low 1050 

frequency domain of systolic blood pressure variability (right; LF-SBP). *p< 0.05, **p< 0.05; Two-1051 

way ANOVA followed by Tukey’s post for PVNAgtr1a-eYFP vs. PVNAgtr1a-ChR2, †p< 0.05; Two-way 1052 
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ANOVA followed by Tukey’s post for PVNAgtr1a-ChR2 vs. PVNAgtr1a-ChR2 (Post-Hex), n=6: PVNAgtr1a-1053 

eYFP, n=11: PVNAgtr1a-ChR2, n=10: PVNAgtr1a-ChR2 (Post-Hex). 1054 

 1055 
Figure 3.  Presympathetic neurons of the PVN express CRHR1 mRNA and are juxtaposed to 1056 

processes arising from PVNAgtr1a.  (A; top) Agtr1a-tdTomato mice received fluorogold (FG) 1057 

injections into the RVLM and were perfused 7 days later.  (A; left) In the PVN, tdTomato 1058 

(yellow) depicts Agtr1a neurons and FG-labeling (magenta) depicts RVLM-projecting neurons.  1059 

(A; right) Merged image showing that Agtr1a neurons and RVLM-projecting neurons are 1060 

separate populations. 3v = third cerebral ventricle; Scale = 50 μm. (B; top) Sections through the 1061 

PVN from CRH-tdTomato mice were processed for in situ hybridization for Agtr1a mRNA.  (B; 1062 

left) Projection images through the PVN of a CRH-tdTomato reporter mouse depicting CRH-1063 

Tomato (magenta) and Agtr1a mRNA (cyan).  (B; right) Merged image showing that CRH 1064 

neurons in the PVN robustly express Agtr1a mRNA. Scale = 20 μm.  (C; top) Schematic of the 1065 

AAV injections used to label (C; middle) PVNAgtr1a neurons with eYFP and (C; bottom) 1066 

retrogradely label presympathetic neurons that project to the RVLM with tdTomato.  (D) 20 x 1067 

image of a coronal section through the PVN depicting CRH1R mRNA (cyan), presympathetic 1068 

neurons that project to the RVLM (magenta) and neurons that express Agtr1a (yellow).  (E-F) 40 1069 

x projection images highlighting that presympathetic neurons in the PVN express CRHR1 mRNA 1070 

and are in close proximity to processes arising from PVNAgtr1a. (G) Percentage of RVLM-1071 

projecting or (H) PVNAgtr1a that express CRHR1 mRNA.  n = 4 mice.   1072 

 1073 
Figure 4. Selective optogenetic excitation of PVNAgtr1a evokes a delayed firing response from 1074 

putative presympathetic neurons.  (A) Schematic of the AAV-mediated gene transfer approach 1075 
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used to direct expression of eYFP and ChR2 to PVNAgtr1a.  (B) Current clamp recordings of 1076 

putative presympathetic neurons. LED stimulation evokes increased firing frequency under 1077 

control conditions (top) and in the presence of DNQX/APV (bottom). (C) Summary data showing 1078 

the increased firing of putative presympathetic neurons before and after LED-induced 1079 

excitation of PVNAgtr1a (p <0.05, n=2/4).  The LED-evoked firing increase persisted in the 1080 

presence of DNQX/APV (p < 0.05, n=3/6). 1081 

 1082 
Figure 5. LED stimulation of PVNAgtr1a increases firing frequency of PVN neurons retrogradely-1083 

labeled from the RVLM, which can be abrogated by Astressin. (A) Schematic of the AAV 1084 

injections used to direct the expression of eYFP-ChR2 to PVNAgtr1a while also driving retrograde 1085 

expression of tdTomato in PVN neurons projecting to the RVLM.  (B) Confocal image of coronal 1086 

slice through the PVN depicting RVLM-projecting neurons labeled with tdTomato (yellow) and 1087 

PVNAgtr1a expressing eYFP and ChR2 (green) (Scale bar = 50 μm).  (C) Current clamp recording of 1088 

the I-V relationship of a RVLM-projecting neuron.  The presence of a low-threshold transient 1089 

depolarization confirms that the cell is consistent with electrophysiological properties 1090 

attributed to presympathetic neurons of the PVN.  (Di) Current clamp recording of a patch 1091 

clamped RVLM-projecting neuron. LED stimulation of PVNAgtr1a causes a delayed upregulation in 1092 

firing of RVLM-projecting neurons.  (Dii) Current clamp recording from another RVLM-projecting 1093 

neuron that also exhibits a delayed firing response to LED stimulation of PVNAgtr1a that is 1094 

suppressed in the presence of Astressin (Diii, 0.5 μM). (E) Summary data of firing frequency 1095 

from recordings of RVLM-projecting neurons before and after the LED stimulation. LED 1096 

stimulation of PVNAgtr1a significantly increased the firing frequency of RVLM-projecting neurons 1097 

(p < 0.01, Two-way ANOVA followed by Tukey’s post hoc test, n= 5/11). The LED stimulation of 1098 
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PVNAgtr1a did not significantly increase the firing frequency of RVLM-projecting neurons in the 1099 

presence of Astressin (p > 0.05, Two-way ANOVA followed by Tukey’s post hoc test n= 3/7). 1100 

 1101 
Figure 6. Characterization of GCaMP7s expression in PVN neurons that project to the RVLM. 1102 

(A) Schematic of the AAV injections used to direct the expression of rsChR2-mCherry to 1103 

PVNAgtr1a while also driving retrograde expression of GCaMP7s in PVN neurons projecting to the 1104 

RVLM. Fluorescence intensity is used as a proxy for neuronal firing and can be simultaneously 1105 

recorded from multiple neurons in a slice through the PVN.  (B) 2-photon microscopy depicting 1106 

a coronal section through the PVN with GCaMP7s (green) expression within RVLM-projecting 1107 

neurons and rsChR2-mCherry (red) expression within PVNAgtr1a (scale bar = 50 μm). (C) 2-photon 1108 

microscopy showing the fluorescence intensity of GCaMP7s within RVLM-projecting (Ci) before 1109 

and (Cii) during NMDA (50 μM) application (scale bar = 25 μm).  (Ciii) Corresponding 1110 

measurements of %∆F/F changes in neurons from panel Ci-ii in response to a 50 μM application 1111 

of NMDA. (Civ) Summary data of average peak %ΔF/F changes in response to NMDA. (p =0.006, 1112 

paired t-test, n= 2/10).  (D) Individual GCaMP7s expressing neurons are patch clamped and 1113 

fluorescence is recorded (Di) before and (Dii) during the peak increase after an injection of 1114 

current (scale bar = 25 μm, n=1/2). (Diii) I-V relationship in current clamp mode of the neuron 1115 

from panel Di-ii. This cell exhibited the low-threshold depolarization that is indicative of PVN 1116 

presympathetic neurons.  (Div) Current clamp trace (red) and the corresponding change in 1117 

GCaMP7s fluorescence (black) when current (1 s, 50 pA) is injected into the neuron in panels Di-1118 

ii. 1119 

 1120 
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Figure 7. Optogenetic excitation of PVNAgtr1a augments GCaMP7s fluorescence within PVN 1121 

neurons that project to the RVLM. (A) Schematic of the AAV injections used to direct the 1122 

expression of rsChR2-mCherry to PVNAgtr1a while also driving retrograde expression of GCaMP7s 1123 

in PVN neurons projecting to the RVLM. Fluorescence intensity is used as a proxy for neuronal 1124 

firing and can be simultaneously recorded from multiple neurons in a slice through the PVN. (B) 1125 

2-photon microscopy depicting PVNAgtr1a expressing mCherry (red) and rsChR2 within coronal 1126 

slice through the PVN captured using Dodt gradient contrast imaging. (inset) I-V curve with a 1127 

low threshold depolarization, indicating the patched neurons exhibits electrophysiological 1128 

characteristics of a parvocellular cell. (3V: 3rd ventricle; scale bar = 50 μm). (C) Further 1129 

characterization of a patched PVNAgtr1a neuron with different optogenetic stimulation protocols.  1130 

Stimulus waveforms appear below the neuron’s response.  Note that when pulse interval 1131 

becomes too short, the spikes occur on the same depolarization, but spike count corresponds 1132 

with LED pulses.  A protocol consisting of 30 pulses with a 100 ms width and a 50 ms interval is 1133 

the standard protocol used in these experiments unless otherwise noted. (D) GCaMP7s 1134 

fluorescence within a RVLM projecting neurons (Di) under basal conditions and (Dii) after LED 1135 

stimulation of PVNAgtr1a (scale bar = 25 μm).  (Diii) ROI trace from neuron shown in panels Di-ii 1136 

representing the time course of the increased GCamP7s fluorescence that was observed before, 1137 

during and after LED stimulation of PVNAgtr1a. (E) GCaMP7s fluorescence within a RVLM 1138 

projecting neurons (Ei) under basal conditions and (Eii) after LED stimulation of PVNAgtr1a (scale 1139 

bar = 25 μm) in the presence of Astressin (0.5 μM).  (Eiii) ROI trace from neuron shown in panel 1140 

Ei-ii representing the time course of GCamP7s fluorescence that was observed before, during 1141 

and after LED stimulation of PVNAgtr1a when Astressin (0.5 μM) is present.  (F; left) Ca2+ 1142 
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frequency (Hz), as indicated by GCaMP7s fluorescence within a RVLM projecting neurons, 1143 

increases after LED stimulation of PVNAgtr1a (p= 0.001, Two-way ANOVA followed by Tukey’s post 1144 

hoc test, n= 5/15).  (F; right) Ca2+ frequency (Hz) does not significantly increase after LED 1145 

stimulation of PVNAgtr1a in the presence of Astressin (p=0.64, Two-way ANOVA followed by Tukey’s 1146 

post hoc test, n= 3/6).  (G; left) Ca2+ amplitude (%ΔF/F), as indicated by GCaMP7s fluorescence 1147 

within a RVLM projecting neurons, increases after LED stimulation (p= 0.0003, Two-way ANOVA 1148 

followed by Tukey’s post hoc test, n= 5/15).  (G; right) Ca2+ amplitude (%ΔF/F) does not 1149 

significantly increase in the presence of Astressin (p=0.9, Two-way ANOVA followed by Tukey’s post 1150 

hoc test, n=3/6).  1151 

 1152 
Figure 8. Blockade of CRH1R(s) prevents the firing of PVN presympathetic neurons that 1153 

follows administration of Ang-II.  (A) Representative electrophysiological recordings obtained 1154 

from presympathetic neurons showing an Ang-II mediated increase in firing rate (top), an effect 1155 

that was absent when slices were preincubated in Astressin (0.5 μM) (bottom). (B; left) 1156 

Summary plots showing a significant increase in firing frequency evoked by Ang-II under control 1157 

conditions (p=0.003, Two-way ANOVA followed by Tukey’s post hoc test, n=2/4); this effect that 1158 

was blunted by Astressin (p=0.99, Two-way ANOVA followed by Tukey’s post hoc test, n=2/4).  1159 

 1160 
Figure 9. Blockade CRH1R(s) in the PVN lowers basal blood pressure and diminishes the firing 1161 

activity of presympathetic neurons. (A) Representative pulsatile arterial blood pressure traces 1162 

following PVN microinjection (100 nl) with vehicle, different doses of Astressin (50, 100, 200 1163 

μM), and Astressin following systemic administration of hexamethonium. (B) Grouped data 1164 

demonstrating (left) the change in systolic blood pressure (SBP) and (right) mean arterial 1165 
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pressure (MAP) following the administration of vehicle and the different doses of Astressin into 1166 

the PVN (n=6 per group).   (C) PVN administration of Astressin (200 μM) pre (n=6) or post (n=4) 1167 

the systemic administration of hexamethonium (30 mg/kg/i.p.). *p< 0.05, **p< 0.01; Two-way 1168 

ANOVA followed by Tukey’s post hoc test for vehicle vs. Astressin (100 μM), †p< 0.05, ††p< 0.05; 1169 

Two-way ANOVA followed by Tukey’s post hoc test for vehicle vs. Astressin (200 μM).  Time of 1170 

injection is denoted by arrows. (D) Representative traces of basal GCaMP7s activity in three 1171 

independent recordings obtained from RVLM-projecting neurons (left) before, and (right) 1172 

subsequent to delivery of Astressin (0.5 μM).  (E) Summary data showing mean changes in 1173 

GCaMP7s transients (left) frequency and (right) amplitude evoked by Astressin administration 1174 

(n=3/7).   1175 

 1176 
Figure 10. Blockade of CRH1R(s) within the PVN abolishes the increased blood pressure 1177 

evoked by the optogenetic stimulation of PVNAgtr1a. (A) Schematic depicting the mouse line 1178 

and experimental protocol.  In this experiment, Agtr1a-Cre mice received a Cre-inducible AAV-1179 

ChR2-eYFP into the PVN.  Following recovery, optogenetic stimulation (10mW; 20 ms pulse 1180 

width; 30 Hz; 1 min) of PVNAgtr1a was performed after PVN microinjections using a dual optical 1181 

injector cannula. (B) Representative pulsatile arterial blood pressure traces following blue laser 1182 

stimulation (BLS) in PVNAgtr1a-ChR2, and BLS 5 minutes following the injection of vehicle (10% 1183 

Acetic Acid; pH= 7.4 – PVNAgtr1a-ChR2 (Acetic Acid)) or Astressin (200 μM; PVNAgtr1a-ChR2 (Astressin)) 1184 

into the PVN. (C) Grouped data demonstrating the change in systolic blood pressure (SBP) and 1185 

mean arterial pressure (MAP).*p< 0.05, **p< 0.05; Two-way ANOVA followed by Tukey’s post for 1186 

PVNAgtr1a-ChR2 (Astressin) vs. PVNAgtr1a-ChR2, †p< 0.05; Two-way ANOVA followed by Tukey’s post 1187 

for PVNAgtr1a-ChR2 (Astressin) vs. PVNAgtr1a-ChR2 (Acetic Acid), n= 6 per group.  1188 






















