
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2019 Marciante et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International license, which
permits unrestricted use, distribution and reproduction in any medium provided that the original work is properly attributed.

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Article: New Research | Integrative Systems

Selectively inhibiting the median preoptic nucleus attenuates angiotensin
II and hyperosmotic-induced drinking behavior and vasopressin release in
adult male rats

Alexandria B. Marciante1, Lei A. Wang1, George E. Farmer1 and J. Thomas Cunningham1

1Department of Physiology and Anatomy, University of North Texas Health Science Center, 3500 Camp Bowie
Blvd., Fort Worth, TX 76107

https://doi.org/10.1523/ENEURO.0473-18.2019

Received: 6 December 2018

Revised: 29 January 2019

Accepted: 26 February 2019

Published: 7 March 2019

A.B.M., L.W., G.E.F., and J.T.C. designed research; A.B.M., L.W., and G.E.F. performed research; A.B.M., L.W.,
and G.E.F. analyzed data; A.B.M. and J.T.C. wrote the paper.

Funding: http://doi.org/10.13039/100000050HHS | NIH | National Heart, Lung, and Blood Institute (NHLBI)
P01 HL088052
R01 HL142341

Funding: http://doi.org/10.13039/100000049HHS | NIH | National Institute on Aging (NIA)
T32 AG020494

Conflict of Interest: Authors report no conflict of interest.

Correspondence should be addressed to J. Thomas Cunningham at Tom.Cunningham@unthsc.edu

Cite as: eNeuro 2019; 10.1523/ENEURO.0473-18.2019

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully formatted version of
this article is published.



 

 

1. Selectively inhibiting the median preoptic nucleus attenuates angiotensin II and 1 
hyperosmotic-induced drinking behavior and vasopressin release in adult male rats  2 
 3 
2. MnPO inhibition and homeostatic responses  4 
 5 
3. Alexandria B. Marciante, Lei A. Wang, George E. Farmer, J. Thomas Cunningham 6 
Department of Physiology and Anatomy, University of North Texas Health Science 7 
Center, 3500 Camp Bowie Blvd., Fort Worth, TX 76107 8 
 9 
4, Author Contributions: ABM, LAW, GEF and JTC designed research; ABM, LAW and 10 
GEF performed research; ABM, LAW, GEF analyzed data; ABM and JTC wrote the 11 
paper. 12 
 13 
5. Correspondence should be addressed to: J. Thomas Cunningham 14 
                                              CBH 351 15 
                                              Department of Physiology and Anatomy 16 
                                              UNT Health Science Center at Fort Worth 17 
                                              3500 Camp Bowie Blvd. 18 
             Fort Worth, TX 76107 19 
                                              Tom.Cunningham@unthsc.edu 20 
 21 
 22 
6. Number of Figures: 9 23 
7. Number of Tables: 2 24 
8. Number of Multimedia: 0 25 
9. Number of words for Abstract: 250 Words 26 
10. Number of words for Introduction: 732 Words 27 
11. Number of words for Significance Statement: 114 Words 28 
12. Number of words for Discussion: 1994 Words 29 
 30 
13. Acknowledgements: The authors would like to acknowledge the technical 31 
assistance of J.T. Little, M. Bachelor and J. Kiehlbauch.  32 
 33 
14. Conflict of Interests: Authors report no conflict of interest. 34 
 35 
15. Funding sources: This work was supported by R01 HL142341, P01 HL088052, and 36 
T32 AG020494. 37 
 38 

  39 



 

2 
 

 40 
Abstract  41 

The median preoptic nucleus (MnPO) is a putative integrative region that contributes 42 

to body fluid balance. Activation of the MnPO can influence thirst but it is not clear how 43 

these responses are linked to body fluid homeostasis. We used Designer Receptors 44 

Exclusively Activated by Designer Drugs (DREADDs) to determine the role of the MnPO 45 

in drinking behavior and vasopressin release in response to peripheral angiotensin II 46 

(ANG II) or 3% hypertonic saline in adult male Sprague-Dawley rats (250-300g). Rats 47 

were anesthetized with isoflurane and stereotaxically injected with an inhibitory 48 

DREADD (rAAV5-CaMKIIa-hM4D(Gi)-mCherry) or control (rAAV5-CaMKIIa-mCherry) 49 

virus in the MnPO. After 2 weeks’ recovery, a subset of rats were used for extracellular 50 

recordings to verify functional effects of ANG II or hyperosmotic challenges in MnPO 51 

slice preparations. Remaining rats were used in drinking behavior studies. Each rat was 52 

administered either 10mg/kg of exogenous clozapine-N-oxide (CNO) to inhibit 53 

DREADD-expressing cells or vehicle ip followed by a test treatment with either 2mg/kg 54 

ANG II or 3% hypertonic saline (1mL/100g bw) sc, twice per week for two separate 55 

treatment weeks. CNO-induced inhibition during either test treatment significantly 56 

attenuated drinking responses compared to vehicle treatments and controls. Brain 57 

tissue processed for cFos immunohistochemistry showed decreased expression with 58 

CNO-induced inhibition during either test treatment in the MnPO and downstream nuclei 59 

compared to controls. CNO-mediated inhibition significantly attenuated treatment-60 

induced increases in plasma vasopressin compared to controls. The results indicate 61 

inhibition of CaMKIIa-expressing MnPO neurons significantly reduces drinking and 62 

vasopressin release in response to ANG II or hyperosmotic challenge.  63 
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Significance Statement 64 

The MnPO is an important regulatory center that influences thirst, cardiovascular and 65 

neuroendocrine function. Activation of different MnPO neuronal populations can inhibit 66 

or stimulate water intake. However, the role of the MnPO and its pathway-specific 67 

projections during ANG II and hyperosmotic challenges still have not yet been fully 68 

elucidated. These studies directly address this by using DREADDs to acutely and 69 

selectively inhibit pathway-specific MnPO neurons, and uses techniques that measure 70 

changes at the protein, neuronal, and overall physiological and behavioral level.  More 71 

importantly, we have been able to demonstrate that physiological challenges related to 72 

extracellular (ANG II) or cellular (hypertonic saline) dehydration activate MnPO neurons 73 

that may project to different parts of the hypothalamus. 74 

  75 
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 76 

Introduction 77 

The median preoptic nucleus (MnPO) is a midline nucleus that is part of the 78 

lamina terminalis, or anteroventral 3rd ventricle (AV3V) region. It plays an important role 79 

in receiving and integrating signals related to homeostasis and further propagating  80 

information to the hypothalamus (McKinley et al., 2015). Neurons in the MnPO 81 

contribute to the central regulation of sleep, core temperature, body fluid balance, 82 

hormone release, and autonomic function (McKinley et al., 2015). These studies focus 83 

on the role of the MnPO in regulating body fluid homeostasis through drinking behavior 84 

and vasopressin release.  85 

The MnPO receives projections from two circumventricular organs (CVOs), the 86 

organum vasculosum of the lamina terminalis (OVLT) and the subfornical organ (SFO), 87 

that lie just ventral and dorsal to the MnPO along the anterior wall of the third ventricle, 88 

respectively. CVOs respond to fluctuations in plasma osmolality and other humoral 89 

factors, like angiotensin II (ANG II) (Johnson et al., 1996).  The OVLT and SFO project 90 

to several hypothalamic regions that contribute to homeostasis through behavioral, 91 

endocrine, and autonomic responses. These pathways include, but are not limited to, 92 

the supraoptic nucleus (SON), paraventricular nucleus of the hypothalamus (PVN) and 93 

the MnPO (Miselis, 1982; McKinley et al., 2004).  The MnPO has reciprocal connections 94 

with the OVLT and SFO and also projects to the SON and PVN (McKinley et al., 2015). 95 

Studies have also shown that the MnPO has projections to the lateral hypothalamus 96 

(LH) and paraventricular thalamus (PVT) to regulate drinking behavior (Leib et al., 97 
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2017). The role, however, of the MnPO and its relationship to specific challenges 98 

regarding body fluid homeostasis are not completely understood. 99 

Body fluid homeostasis involves orchestrated physiological responses to cellular 100 

or extracellular dehydration (Fitzsimons, 1972; Adler and Verbalis, 2006). Cellular 101 

dehydration results from changes in body fluid solute content that is detected by 102 

osmoreceptors the in peripheral and central nervous system (Bourque, 2008). 103 

Extracellular dehydration is related to changes in body fluid volume that influence 104 

several hormonal and neural systems (Mecawi Ade et al., 2015; Dampney, 2016). 105 

Changes in the function of these systems contribute to several pathophysiological 106 

states (Adler and Verbalis, 2006). The contribution of the CNS to this physiology and 107 

pathophysiology has been the subject of previous investigations. 108 

Lesions of the rat AV3V region produce a life threatening adipsia (Johnson et al., 109 

1996). If properly maintained, however, rats can recover some spontaneous water 110 

intake but do not respond to experimental challenges that mimic aspects of homeostatic 111 

thirst, such as ANG II or osmotic stimulation (Johnson et al., 1996).  112 

Studies using electrolytic or chemical lesions of the MnPO have produced 113 

conflicting results. For example, electrolytic lesions of the MnPO are reported to 114 

increase baseline drinking and prevent vasopressin release (Gardiner and Stricker, 115 

1985; Gardiner et al., 1985). Excitotoxin lesions of the MnPO inhibit experimentally-116 

induced drinking behavior without affecting basal water intake (Cunningham et al., 117 

1992).  118 

A recent study by Allen et al. (2017) used a new technique involving the induction 119 

of Fos in neurons, a measurement for acute neuronal activation, co-transfected with 120 
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TRAP creating an in-frame fusion to characterize MnPO neurons based on their 121 

activation by water deprivation or changes in body temperature. This study showed that 122 

putative thirst-related neurons in the MnPO are different from those that respond to 123 

body temperature. However, water deprivation is a complex, progressive physiological 124 

challenge characterized by increased plasma osmolality, hypovolemia, and activation of 125 

the renin-angiotensin system. It is not clear if MnPO neuronal activation associated with 126 

water deprivation is segregated by the physiological stimulus or stimuli associated with 127 

water deprivation. The MnPO also contributes to other aspects of body fluid 128 

homeostasis in addition to thirst. 129 

Recently developed chemogenetic and optogenetic techniques have been used 130 

to study neuronal circuitry responsible for mediating thirst in the lamina terminalis. A 131 

study by Augustine, et al. (2018) recently used these approaches to characterize MnPO 132 

neurons that stimulate or inhibit thirst. Their results provide important information about 133 

the neurochemical phenotype of these two cell populations, however, the physiological 134 

stimuli that regulate the activity of these cell types is not clear. 135 

In the current study, AAV vectors with CaMKIIa promoters were used to express 136 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) in the MnPO 137 

to inhibit CaMKIIa-expressing neurons with clozapine-N-oxide (CNO). Conscious rats 138 

were administered CNO during protocols that simulate extracellular (ANG II) or 139 

intracellular dehydration (hypertonic saline) to assess the role of the MnPO in 140 

behavioral and neuroendocrine responses to specific homeostatic challenges.  141 

 142 

Materials and Methods 143 
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Animals 144 

Adult male Sprague-Dawley rats (250-300 g bw), Charles River Laboratories, 145 

Wilmington, MA) were used for experiments. All rats were individually housed in a 146 

temperature-controlled (25 °C) room on a 12:12 light/dark cycle with light onset at 0700 147 

h.  Food and water was available ad libitum except on the day of perfusions. Rats were 148 

weighed daily and their food and water intake monitored. Experiments were performed 149 

according to the National Institute of Health guide for the care and use of laboratory 150 

animals and the Institutional Animal Care and Use Committee.  151 

 152 

Microinjection Surgeries 153 

Rats were anesthetized with 2% isoflurane and received stereotaxic microinjections of 154 

the inhibitory (AAV5-CaMKIIa-hM4D(Gi)-mCherry) Cre-independent DREADD or control 155 

(AAV5-CaMKIIa-mCherry-Cre) virus (both from the UNC VectorCore) into the MnPO 156 

(microinjector angled at 8º from medial to lateral to avoid the septum, 0.0 mm anterior, 157 

0.9 mm lateral, -6.7 mm ventral from bregma). A burr hole was then drilled at the 158 

measured site and a 30-gauge stainless steel injection needle was lowered to the 159 

MnPO, where 200-300 nL of AAV was delivered at a rate of 200 nL/min. The injector 160 

was connected to a Hamilton 5 μL syringe (#84851, Hamilton, Reno, NV) by calibrated 161 

polyethylene tubing that was used to determine the injection volume. The injector 162 

remained in place for 5 minutes to allow for absorption and then slowly withdrawn. Gel 163 

foam was packed in to the drilled hole in the cranium. Absorbable antibiotic suture was 164 

used to close the incision site and minimize post-surgical infection. Each rat was given 165 
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carprofen (Rimadyl, Bio-Serv, 1 mg) orally to minimize pain following surgery. Rats were 166 

allowed time for recovery and viral transfection for two weeks.  167 

 168 

In Situ Hybridization 169 

In situ hybridization experiments were performed in order to characterize the neuronal 170 

phenotype of CaMKIIa-positive MnPO neurons transfected by the control virus. After the 171 

two-week recovery period, rats were anesthetized using 100 mg/kg inactin (Sigma-172 

Aldrich, St. Louis, MO) ip and transcardially flushed first with RNase-free PBS.  Rats 173 

were then perfused using 4% paraformaldehyde (PFA). Brains were dehydrated in 174 

RNase-free 30% sucrose. Twenty μm coronal sections of each brain were cut using a 175 

cryostat (Leica). Six sets of serial MnPO sections were collected in RNase-free PBS, 176 

mounted on to glass microscope slides, and left at room temperature overnight to 177 

dehydrate. Slides were then stored at -80ºC until used for in situ hybridization 178 

experiments. In situ hybridization was performed for vesicular glutamate transporter 2, 179 

or vGLUT2, (RNAScope, Advanced Cell Diagnostics Inc., Newark, CA) using a 180 

previously established protocol (Smith et al., 2014). 181 

 182 

Electrophysiology 183 

Slice Preparation. Hypothalamic slices containing the MnPO were prepared as 184 

previously described (Farmer et al., 2018). Experimental animals were anesthetized 185 

with isoflurane and decapitated. Coronal slices (300 μm) containing the MnPO were cut 186 

using a Microslicer DTK Zero 1 (Ted Pella, Inc.) in ice cold (0-1° C), oxygenated (95% 187 

O2, 5% CO2) cutting solution consisting of (in mM): 3.0 KCl, 1.0 MgCl2-6H2O, 2.0 CaCl2, 188 
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2.0 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, 10 D-Glucose, 206 Sucrose (300 mOsm, pH 189 

7.4). Slices were incubated at room temperature in oxygenated (95% O2, 5% CO2) 190 

artificial cerebrospinal fluid (aCSF) containing (in mM): 126 NaCl, 3.0 KCl, 2.0 CaCl2, 191 

2.0 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, 10 and D-Glucose (300 mOsm, pH 7.4) for a 192 

minimum of 1 hour prior to recording. 193 

Electrophysiology Protocols. Slices containing the MnPO were transferred to a 194 

submersion recording chamber and superfused with aCSF (31 + 1°C). Slices were 195 

visualized using an upright epifluorescent microscope (BX50WI, Olympus, Center 196 

Valley, PA) with differential interference contrast optics.  197 

 Whole cell (intracellular) recordings were performed in current clamp mode and 198 

conducted in order to measure if CNO and DREADD-induced inhibition caused off-199 

target effects that would influence the local circuitry. Recordings were obtained using 200 

borosilicate glass micropipettes (3-8 MΩ). The internal filling solution consisted of (in 201 

mM): 145 K-gluconate, 10 HEPES, 1.0 EGTA, 2.0 Na2ATP, and 0.4 NaGTP (300 202 

mOsm, pH 7.2). A tight gigaohm seal on MnPO neurons were made and had an access 203 

resistance of less than 25 MΩ. Neurons were slightly depolarized with current injection 204 

(2-5 pA) to generate a regular spiking activity (range, -50 to -40 mV), as previously 205 

described (Grob et al., 2004). Loose patch voltage clamp (extracellular) recordings were 206 

obtained using borosilicate glass micropipettes (1-3 MΩ) containing aCSF as the 207 

internal solution. Voltage was clamped at 0 mV to measure changes in current.  208 

Electrophysiological signals (voltage and current) were amplified and digitized 209 

using Multiclamp 200B and Digidata 1440A, respectively (Axon Instruments). Signals 210 

were filtered at 2 KHz and digitized at 10 KHz. Recordings from MnPO neurons were 211 
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made by targeting both mCherry-expressing and non mCherry-expressing neurons in 212 

slices prepared from rats injected with the AAV. Electrophysiological signals were 213 

analyzed using 10s bins. 214 

In the first set of experiments, intracellular or extracellular recordings were 215 

performed on MnPO neurons. Baseline membrane potential (for intracellular recordings) 216 

or action potential firing (for extracellular recordings) was recorded for 5 minutes. Then, 217 

CNO (10μM) was focally applied for 10s using a Pico spritzer (8 psi) with a patch pipette 218 

containing the drug placed 150-200 μm upstream of the recording electrode followed by 219 

an additional 10 min of recording. CNO (Tocris, Mineapolis, MN) was dissolved in 220 

DMSO and diluted in aCSF to final concentration of 10 μM (< 0.01% DMSO).  221 

In the ANG II experiments, baseline action potential firing was recorded for 5 min 222 

in either an aCSF bath solution containing CNO (500 nM) or aCSF alone (for Gi 223 

DREADD-labeled neuronal controls). Then, ANG II (10 μM) was focally applied for 10s 224 

using a Pico spritzer (8 psi), as in the first set of electrophysiology experiments, followed 225 

by 10 min of recording. ANG II (A9525, Sigma-Aldrich) was dissolved and diluted in 226 

aCSF to a final concentration of 10 μM.  227 

In the hyperosmotic challenge experiments, baseline action potential firing was 228 

recorded for 5 min in an aCSF bath solution containing CNO (500 nM). Then for 2 min, 229 

the bath solution was switched to CNO (500 nM) in hypertonic aCSF (HTN-aCSF; 330 230 

mOsm) followed by 2 min of bath application of HTN-aCSF (330 mOsm). For the 231 

remaining 5 min of recording, aCSF was bath applied. Bath application of hyperosmotic 232 

solution was used instead of focal application because it allowed for a more exact 233 

control of the extracellular NaCl concentration that would not be possible with focal 234 
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application. To control for Gi DREADD-labeled neuronal activity, experiments were 235 

performed following the same time course, however the protocol was 5 min in aCSF 236 

bath, 4 min in HTN-aCSF (330 mOsm), then 5 min aCSF bath. Additional NaCl was 237 

dissolved in aCSF to raise osmolality to 330 mOsm.  238 

 239 

Drinking Study—Angiotensin II 240 

Prior to microinjections, rats were pretested with subcutaneous (sc) injection of ANG II 241 

twice, separated by 48-72 hr, to determine individual drinking response to peripherally 242 

administered ANG II (consume > 5mL of water over the course of 3 h). Rats that 243 

responded were then microinjected with either the Gi DREADD or control virus and 244 

allowed recovery for two weeks. For each test, rats were intraperitoneally (ip) injected 245 

with 10 mg/kg CNO (dissolved in DMSO and diluted to the working concentration with 246 

0.9% saline) or vehicle for CNO, VEH (DMSO and 0.9% saline in 1:4 ratio). Thirty 247 

minutes later, rats were administered ANG II (2 mg/kg sc diluted to the working 248 

concentration in 0.9% saline) or the same volume of 0.9% saline. Water consumption 249 

was measured over the course of 3 hr from the time ANG II was administered to 250 

measure drinking response and duration of CNO-induced inhibition. The substances 251 

injected for each test were administered in a randomized counter balanced order. The 252 

tests were separated by 48-72 hours and were repeated 2 and 3 weeks after 253 

microinjection surgeries. 254 

 255 

Drinking Study—3% Hypertonic Saline 256 
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A separate group of rats was used for drinking studies with 3% hypertonic saline (3% 257 

HTN). Rats were pretested consistent with those in the ANG II drinking study to 258 

determine individual drinking response to peripherally administered 3% HTN (consume 259 

> 5mL of water over the course of 3 hr). Rats that responded were microinjected with 260 

the Gi DREADD or control virus and allowed recovery for two weeks. After the recovery 261 

period, animals were injected ip with CNO or VEH and 3% HTN (1 mL per 100 g bw) or 262 

the same volume of 0.9% saline. Study design and duration was consistent with the 263 

ANG II drinking study.  264 

 265 

Perfusions—Tissue and Body Fluid Collection 266 

After the final treatment week for each drinking study, rats were administered ip CNO 267 

and sc ANG II or 3% hypertonic saline, and denied food and water access the following 268 

90 minutes. Animals were then anesthetized using 100 mg/kg inactin (Sigma-Aldrich) ip. 269 

Blood was collected by cardiac puncture (3 mL) and transferred to an EDTA vacutainer 270 

containing 100 μL of Aprotinin (Catalog # RK-APRO, Phoenix Pharmaceuticals, Inc.) 271 

per mL of blood (300 μL total) immediately preceding the perfusion in order to measure 272 

plasma AVP and osmolality. Rats were transcardially flushed first with PBS and then 273 

perfused using 4% paraformaldehyde (PFA). Brain tissue was fixed overnight in 4% 274 

PFA before being dehydrated in 30% sucrose. 275 

 276 

Arginine Vasopressin 277 

Plasma AVP concentrations were measured by specific EIA (Phoenix Pharmaceuticals, 278 

Inc., Burlingame, CA) following peptide extraction, as recommended by the 279 
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manufacturer (Catalog # EK-065-07, Phoenix Pharmaceuticals, Inc.). The volume of 280 

plasma used was 500 μL per sample for peptide extraction. One hundred μL from each 281 

sample was recovered from the extraction and assayed in duplicate (50 μL assayed). 282 

The total peptide concentration of each sample was calculated according to the 283 

directions provided by the manufacturer of the extraction kit. The intra- and inter-assay 284 

coefficients of variation averaged <10% and <15%, respectively, as provided by the 285 

manufacturer (Phoenix Pharmaceuticals, Inc.).  286 

Immunohistochemistry 287 

Forty μm coronal sections of each previously perfused brain were cut using a cryostat.  288 

Three sets of serial sections were separately collected in cryoprotectant (Hoffman et al., 289 

1992) and stored at -20 oC until they were processed for immunohistochemistry. 290 

Separate sets of serial sections from brains injected with DREADD or control virus were 291 

stained for cFos (sc-253-G, goat polyclonal anti-Fos antibody, Santa Cruz 292 

Biotechnology, 1:1000). After 48 hr, sections were washed using phosphate buffer 293 

solution (PBS) and transferred to a secondary antibody (BA-9500, biotinylated anti-goat, 294 

Vector Laboratories) for DAB reaction and labeling. After the DAB reaction, the sections 295 

were washed and placed in the primary antibody (ab167453, rabbit polyclonal anti-296 

mCherry, Abcam 1:500) and incubated for an additional 48 hr followed by incubation 297 

with a CY3 conjugated anti-rabbit antibody (711-165-152, Jackson ImmunoResearch, 298 

West Grove, PA) for 4-5 hr. The sections were then mounted on gelatin-coated slides, 299 

dried, and coverslipped with Permount for imaging. All antibodies were diluted to the 300 

final concentration with PBS diluent (0.25% Triton, 3% horse serum, and 96.75% PBS).  301 
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Sections were examined using light microscopy to identify Fos-positive cells. 302 

Excitation wavelengths of 550-570 nm were used for emission of mCherry 303 

immunofluorescence. Images were captured using an epifluorescent microscope 304 

(Olympus BX41, Olympus, Center Valley, PA, USA) equipped with a digital camera 305 

(Olympus DP70) to image sections. Care was taken to ensure that sections included in 306 

this study were sampled from the same plane in each brain section. Co-localization was 307 

determined by quenching produced in cells with nuclear fos staining and cytosolic 308 

mCherry staining, as previously described (Grindstaff et al., 2000). Brightfield and 309 

fluorescent images were merged for analysis of the MnPO using ImageJ (NIH). Fos-310 

positive neurons and their co-localization in the MnPO was determined blind to 311 

experimental conditions of the subjects.   312 

 313 

Statistics 314 

Electrophysiology data were tested for differences in baseline activity, changes in peak 315 

firing rate (defined as the 10 s bin with the lowest firing rate), and percent change 316 

baseline firing rate using one-way analysis of variance (ANOVA) or two-way repeated 317 

measures ANOVA. Two-way repeated measures ANOVA was used to compare 318 

changes in water consumption between the Gi DREADD-injected group and control 319 

group and treatment (CNO vs. VEH), followed by Tukey’s post-hoc test. Analyses of 320 

plasma vasopressin concentrations, plasma osmolality, and cell counts for neuronal 321 

phenotyping were figured using one-way ANOVA followed by Tukey’s post-hoc test. 322 

Tukey’s post-hoc analysis was used when performing multiple comparisons. Holm-323 

Sidak post-hoc test was used in order to perform comparisons to a determined control. 324 



 

15 
 

Statistical significance is defined at an α level of 0.05 and exact p-values are reported. 325 

Values are reported as mean + SEM. All statistics were performed in SigmaPlot.v.12.0 326 

(Systat Software, San Jose, CA). 327 

 328 

Results 329 

CaMKIIa neurons in the MnPO signal through excitatory pathways 330 

Experiments were conducted to determine the neurochemical phenotype of MnPO 331 

neurons that were targeted by the viral vectors with CaMKIIa promoters used in this 332 

study. In situ hybridization for vGLUT2 was used to identify putative excitatory MnPO 333 

neurons (n = 5 rats, 2-3 sections per rat). An example of vGLUT2 in situ hybridization 334 

and CaMKIIa immunohistochemistry in the dorsal MnPO is shown in Figure 1. The 335 

results show that 89.17+1.32% of CaMKIIa neurons that express the viral construct co-336 

localize with vGLUT2 message, indicating that the CaMKIIa-expressing neurons in the 337 

MnPO are primarily glutamatergic and would likely be involved in excitatory signaling. 338 

Electrophysiology Results 339 

CNO significantly attenuates basal firing rate in Gi DREADD-expressing neurons 340 

Intracellular Recordings: In order to verify that CNO was not having off-target effects, 341 

whole cell current clamp experiments (intracellular recordings) were conducted for more 342 

direct measurements on Gi DREADD (n = 5, 3 rats, 2 slices per rat) and Gi DREADDx 343 

(n = 7, 4 rats, 2 slices per rat) neurons within the same section. As previously described 344 

(Grob et al., 2004), neurons were slightly depolarized with current injection to generate 345 

a regular spiking activity (range, -50 to -40 mV) and allowed to stabilize in aCSF for 5 346 

min before CNO exposure. There was a significant effect of treatment on neuron type 347 
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(data not shown; F(3, 20) = 21.175, p < 0.001, one-way ANOVA).  CNO exposure 348 

caused a significant membrane hyperpolarization in Gi DREADD neurons between 349 

aCSF baseline and peak response (-6.1 + 0.9 mV; p = 0.001) but no significant change 350 

in membrane potential of the Gi DREADDx neurons in the presence of CNO compared 351 

to aCSF baseline (2.1 + 0.9 mV; p = 0.979). These results indicate that CNO and the 352 

DREADD-induced inhibition of the Gi DREADD neurons did not have an effect on local 353 

circuitry.  354 

Extracellular Recordings: Loose cell recordings were made from brain slices containing 355 

the MnPO two weeks after the rats were injected with AAVs containing either Gi 356 

DREADD or the control (CTRL) construct. Cells expressing the constructs were easily 357 

identifiable by expression of the mCherry reported (Figure 2A). There were no 358 

differences in the rates of spontaneous activity of MnPO neurons transfected with either 359 

virus (Gi DREADD, 3.37 + 0.08 Hz; n = 17, 6 rats, 2 slices per rat; CTRL, 3.30 + 0.05 360 

Hz; n = 13, 6 rats, 2 slices per rat) or unlabeled cells in slices from rats injected in the 361 

MnPO with the Gi DREADD (Gi DREADDx, 3.45 + 0.05 Hz; n = 19, 6 rats, 2 slices per 362 

rat; F(2, 48) = 1.234, p = 0.301, one-way ANOVA).  363 

Focal CNO application (10μM) significantly decreased the spontaneous activity of 364 

the Gi DREADD MnPO neurons (Figure 2B; F(1, 32) = 16.22, p < 0.001, one-way 365 

ANOVA). When calculated as a percent change from baseline, only Gi DREADD 366 

neurons showed a significant decrease in activity from baseline, or peak response 367 

(Peak; defined as the 10 s bin with the lowest firing rate), that recovered after 172.4 + 368 

37.8 s (Figure 2D; F(2, 48) = 6.862, p = 0.002, one-way ANOVA; Tukey’s post-hoc,  369 

Baseline vs. Peak p = 0.004 and Baseline vs Recovery, p = 0.005). There was also a 370 
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significant difference in peak response to CNO in the Gi DREADD neuron firing rate 371 

(F(2, 46) = 6.089, p = 0.005, one-way ANOVA) compared to CTRL (p = 0.014) and Gi 372 

DREADDx neurons (p = 0.009) using Holm-Sidak post-hoc test.  373 

Analysis of the firing rates (Hz) of neurons from each group produced similar 374 

results (Figure 2C). Focal CNO application did not significantly influence the 375 

spontaneous activity of the Gi DREADDx (F(2, 33) = 1.059, p = 0.358, one-way 376 

ANOVA) or CTRL neurons (Figure 2D; F(2, 57) = 0.443, p = 0.644, one-way ANOVA).  377 

Additional experiments were therefore conducted to determine if CNO could block 378 

changes in activity in CaMKIIa MnPO neurons produced by either ANG II or HTN. 379 

CNO blocks ANG II-induced excitation in Gi DREADD-expressing neurons 380 

Next, the effects of CNO on ANG II evoked responses in Gi DREADD MnPO neurons 381 

were tested. In these experiments, focally applied ANG II (10 uM) was administered 382 

during bath applications of CNO (500 nM).  Bath application of CNO containing aCSF 383 

significantly reduced the spontaneous activity of Gi DREADD neurons (n = 15, 6 rats, 2 384 

slices per rat) as compared to aCSF alone (n = 7, 3 rats, 2 slices per rat). In contrast 385 

bath application of CNO did not affect the activity of Gi DREADDx neurons from the 386 

same slices (n = 15, 6 rats, 2 slices per rat). In the Gi DREADD positive neurons, this 387 

inhibition of spontaneous activity by CNO bath application was significant at 170 s after 388 

the start of CNO exposure and was maintained throughout the duration of the protocol 389 

(Figure 3A and 3B; F(2, 39) = 5.577, p = 0.007, two-way repeated measures ANOVA). 390 

When analyzed as a percent change from aCSF baseline, the activity of Gi DREADD 391 

cells was significantly reduced to 20% of baseline during CNO bath application, 392 
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whereas Gi DREADDx cells were not affected (Figure 3C and 3D; F(58, 1131) = 4.221, 393 

p < 0.001, two-way repeated measures ANOVA).  394 

During aCSF bath application, focally applied ANG II significantly increased the 395 

firing rate of 7 out of 7 Gi DREADD neurons (n = 7, 3 rats, 2 slices per rat). The activity 396 

of Gi DREADDx neurons was increased by focal ANG II during CNO bath application 397 

(F(3, 66) = 840.408, p < 0.001, one-way ANOVA). However, CNO bath application 398 

blocked the responses of 10 out of 15 Gi DREADD labeled neurons to focally applied 399 

ANG II (Figure 3D; p = 0.258, Tukey’s post-hoc test). There was no significant 400 

difference in baseline firing rates between Gi DREADD neurons prior to CNO exposure 401 

or Gi DREADDx neurons during CNO or aCSF exposure (F(3, 51) = 2.253, p = 0.093, 402 

one-way ANOVA). 403 

CNO significantly attenuates excitation produced by hypertonic saline in Gi DREADD-404 

expressing neurons 405 

The effects of DREADD mediated inhibition on responses produced by bath application 406 

of hypertonic aCSF (HTN-aCSF; 330 mOsm) was tested using MnPO neurons 407 

transfected with Gi DREADD or unlabeled cells in the same brain slices (Gi DREADDx). 408 

The activity of 7 out of 7 Gi DREADD neurons was significantly increased by HTN bath 409 

solution. As observed in the previous experiments, bath application of CNO decreased 410 

the basal activity of cells transfected with the Gi DREADD construct but did not affect 411 

the activity of Gi DREADDx cells (Figure 4A and 4B). 412 

Bath application of CNO did not influence the spontaneous activity or prevent 413 

increases in firing rate produced by HTN-aCSF in Gi DREADDx neurons compared to 414 

aCSF baseline (Figures 4A). In contrast, CNO decreased spontaneous activity in Gi 415 
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DREADD cells as compared to activity in normal aCSF (Figure 4A; F(2, 41) = 112.004, 416 

p < 0.001, Holm-Sidak post-hoc analysis).  Gi DREADD neurons did not show a 417 

significant increase in firing rate associated with HTN-aCSF in the presence of CNO 418 

(Figure 4C). Although the Gi DREADD cells appeared to be more active during bath 419 

application of CNO and HTN-aCSF, their average firing frequency was not different from 420 

CNO alone (Figure 4C). The changes in firing rate of MnPO neurons was influenced by 421 

both the treatment and time as indicated by a statistically significant interaction (F(89, 422 

2403) = 2.712, p < 0.001, two-way repeated measures ANOVA).  423 

CNO bath application significantly attenuated changes in activity expressed as 424 

percent of baseline activity in Gi DREADD neurons (n = 15, 6 rats, 2 slices per rat, 425 

p<0.001, Tukey’s post-hoc analysis). This was not the case for Gi DREADDx neurons (n 426 

= 14, 6 rats, 2 slices per rat) compared to aCSF bath applied Gi DREADD neurons 427 

(Figures 4A and 4B; n = 7, 2 rats, 2 slices per rat). HTN-aCSF significantly increased 428 

the firing rate of unlabeled cells compared to baseline and aCSF recordings (Figure 4C; 429 

F(11, 132) = 470.137, p < 0.001, one-way ANOVA). Gi DREADDx neurons had 430 

significantly increased firing rates when exposed to HTN-aCSF with or without CNO 431 

(Figure 4C; p < 0.001, Tukey’s post-hoc analysis). When the bath solution was changed 432 

to normal aCSF from HTN-aCSF, the activity of Gi DREADDx cells significantly 433 

decreased to a rate that was no different from CNO and normal aCSF (Figure 4C; p = 434 

0.301 baseline compared to aCSF). When Gi DREADD were exposed to HTN-aCSF 435 

without CNO, their firing rate significantly increased as compared to the aCSF baseline 436 

(Figure 4C; p < 0.001 for all time points, Tukey’s post-hoc analysis) and compared to 437 
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CNO (p < 0.001 for all time points, Tukey’s post-hoc analysis), but not when compared 438 

to Gi DREADDx  neurons exposed to CNO. 439 

In Gi DREADD neurons, there was a significant decrease in firing rate during 440 

CNO and HTN exposure compared to aCSF bath application (F(3, 56) = 30.084; p < 441 

0.001, one-way ANOVA; p = 0.001, Tukey’s post-hoc analysis). Although there was a 442 

trend for increased activity in Gi DREADD neurons exposed to HTN-aCSF after CNO 443 

was washed out (Figure 4C), this change was not significantly different from CNO with 444 

HTN-aCSF (p = 0.917, Tukey’s post-hoc analysis).  445 

Drinking Responses 446 

Based on the results of the electrophysiological studies, we tested the effects of ip CNO 447 

(10 mg/kg) on drinking responses produced by ANG II (2 mg/kg sc) in one group of rats 448 

and 3% HTN (1 ml/100 g bw sc) in a separate group of rats. Control experiments using 449 

equal volumes of 0.9% saline (SAL) tests were also conducted for each group.  450 

Acute CNO-induced inhibition significantly attenuates ANG II-induced thirst responses 451 

When rats were pretreated with CNO or VEH injections followed by ANG II treatment, 452 

there was an associated increase in water consumption by rats during the 3 hr time-453 

period in both the Gi DREADD rats (n = 10) and CTRL rats (n = 10). Two-way repeated 454 

measures ANOVA analysis indicated a significant AAV variant dependent difference in 455 

water consumption (Figure 5A; F(1, 18) = 18.925, p < 0.001, two-way repeated 456 

measures ANOVA) and treatment (VEH or CNO) received (F(5, 86) = 69.735, p < 457 

0.001, two-way repeated measures ANOVA). There was no significant difference 458 

between groups during the 0.9% SAL tests (first treatment p = 0.989, last treatment p = 459 

0.935, first treatment vs last treatment p = 0.999 (CTRL) and p = 0.998 (Gi DREADD)) 460 



 

21 
 

or during VEH and ANG II test (p = 0.074) in the first treatment. During the CNO and 461 

ANG II test, however, the Gi DREADD group had approximately a 50% reduction in 462 

water consumed over the 3 hr period compared to the CTRL group (p < 0.001, first 463 

treatment). This was also the case compared to the VEH and ANG II exposure (p = 464 

0.005, first treatment). Independent of VEH or CNO treatment, ANG II still resulted in 465 

significantly elevated drinking response compared to physiological saline volume control 466 

studies (all groups, p < 0.001, Tukey’s post-hoc analysis).  467 

One week later, ANG II significantly increased drinking behavior in the same 468 

manner compared to 0.9% SAL tests (all groups p < 0.001, Tukey’s post-hoc analysis). 469 

There was no significant difference in thirst response between Gi DREADD or CTRL 470 

groups during VEH and ANG II exposure (p = 0.292, last treatment). During the CNO 471 

and ANG II treatment, however, the Gi DREADD group had approximately a 50% 472 

reduction in water consumed over the 3 hr period compared to the CTRL group, similar 473 

to what was observed in the first treatment (p < 0.001, last treatment).  474 

Acute CNO-induced inhibition significantly attenuates hypertonic saline-induced thirst  475 

A separate cohort of rats were injected in the MnPO with either Gi DREADD (n = 6 rats) 476 

or CTRL (n = 6 rats) virus and used to test whether or not CNO pretreatment would 477 

block the effects of 3% HTN injections on drinking behavior. As in the ANG II drinking 478 

studies, there was a significant interaction between AAV variant, pretreatment and 3% 479 

HTN exposure (Figure 5B; F(5, 71) = 3.317, p = 0.015, two-way repeated measures 480 

ANOVA). When either of the groups were pretreated with VEH followed by 3% HTN, 481 

rats drank a significant amount of water over the 3 hr time period compared to 0.9% 482 

SAL tests (Figure 5B; Tukey’s post-hoc analysis, 0.9% SAL vs. CTRL + VEH + 3% HTN  483 
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p < 0.001, 0.9% SAL vs. Gi DREADD + VEH + 3% HTN p < 0.001, CTRL + VEH + 3% 484 

HTN vs. Gi DREADD + VEH + 3% HTN group p = 0.794). However, when groups were 485 

pretreated with CNO prior to 3% HTN, the drinking response of the rats injected with Gi 486 

DREADD were significantly attenuated as compared to their responses to VEH and 3% 487 

HTN treatment (Figure 5B; Tukey’s post-hoc analysis; 0.9% SAL vs. CTRL + CNO + 3% 488 

HTN p < 0.001, 0.9% SAL vs. DREADD + CNO + 3% HTN p < 0.001, CTRL + CNO + 489 

3% HTN vs. DREADD + CNO + 3% HTN p = 0.011). Rats were injected with the same 490 

volume of 0.9% SAL and this treatment did not significantly affect water intake between 491 

groups (Figure 5B; p = 0.799, Tukey’s post-hoc analysis).  492 

After one week, the same rats were retested. Injections of HTN significantly 493 

increased water intake compared to 0.9% SAL tests (all groups, p < 0.001, Tukey’s 494 

post-hoc analysis). There was no significant difference in water intake between groups 495 

during VEH and 3% HTN exposure (p = 0.319, last treatment). During the CNO and 3% 496 

HTN treatment, the Gi DREADD group had approximately a 50% reduction in water 497 

consumed over the 3 hr period compared to the CTRL group, similar to what was 498 

observed during the first treatment (p = 0.028, last treatment).  499 

Arginine Vasopressin Responses 500 

Two days after completing the last drinking tests, rats were injected with VEH or CNO 501 

(10 mg/kg ip) followed by either ANG II (2 mg/kg sc), 3% HTN (1 ml/100 g bw sc) or 502 

0.9% SAL (volume control) 30 minutes later, as described in the drinking tests. Blood 503 

samples were taken and analyzed for plasma AVP concentrations.  504 

CNO-induced inhibition significantly attenuates ANG II-induced plasma vasopressin 505 

release 506 
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The effects of DREADD inhibition in the MnPO on ANG II-induced AVP release was 507 

tested. Rats injected in the MnPO with the control vector (CTRL) that were pretreated 508 

with CNO and administered ANG II (CTRL + CNO + ANG II) had significantly increased 509 

plasma AVP (Figure 6A; F(2, 23) = 44.963, p < 0.001, one-way ANOVA). This increase 510 

in plasma AVP associated with ANG II treatment was significantly decreased by CNO-511 

induced inhibition in the Gi DREADD (Gi DREADD + CNO + ANG II) group (p < 0.001, 512 

Tukey’s post-hoc analysis). However, the changes in plasma AVP observed in the Gi 513 

DREADD + CNO + ANG II were significantly increased compared to the vehicle control 514 

group (CTRL + CNO + 0.9% SAL) suggesting the ANG II-induced AVP release was 515 

significantly attenuated, but not reduced to control levels by MnPO inhibition (Figure 6A; 516 

p < 0.001).  517 

CNO-induced inhibition blocks hypertonic saline-induced plasma vasopressin release 518 

Plasma AVP concentration was significantly different between groups treated with 3% 519 

HTN compared to 0.9% SAL (Figure 6B; F(2,15) = 6.443, p = 0.010, one-way ANOVA), 520 

as well. Subcutaneous injection of 3% HTN significantly increased plasma AVP levels in 521 

the CTRL + CNO + 3% HTN from the vehicle controls (CTRL + CNO + 0.9% SAL) 522 

group (p = 0.016; Tukey’s post-hoc analysis). Consistent with the ANG II plasma AVP 523 

results, CNO-pretreatment significantly attenuated this increase in the Gi DREADD + 524 

CNO + 3% HTN group (p = 0.008, Tukey’s post-hoc analysis). There was no significant 525 

difference in plasma AVP concentrations between the CTRL + CNO + 0.9% SAL and 526 

the Gi DREADD + CNO + 3% HTN group (p = 0.893, Tukey’s post-hoc analysis). 527 

  528 

Functional Neuroanatomy 529 
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Brains harvested from perfusions were analyzed for Fos and mCherry expression 530 

associated with the AAVs. MnPO injections were verified by detecting the presence of 531 

mCherry immunofluorescence (Figure 7A). Rats included in the study had mCherry 532 

expression isolated to the MnPO. Rats with injections or mCherry labeling outside of the 533 

MnPO were excluded from the study. 534 

CNO-induced inhibition during ANG II exposure significantly blocks CaMKIIa+ Fos 535 

expression in the MnPO 536 

In rats treated with the control vector injections of CNO followed by sc injection of 0.9% 537 

saline (CTRL + CNO + 0.9% SAL) produced Fos staining in the MnPO that was not 538 

different from Fos staining associated with VEH injections paired with 0.9% saline sc 539 

(CTRL + VEH + 0.9% SAL; Figure 7B & Table 1). Rats treated with the control vector 540 

and injected with CNO and ANG II (CTRL + CNO + ANG II) had a significant increase in 541 

Fos staining in the MnPO (F(3, 24) = 32.575, p < 0.001, one-way ANOVA, Figure 7B & 542 

Table 1). 543 

  In the Gi DREADD + CNO + ANG II group (n = 10, 2-4 MnPO sections per rat), 544 

the increase in Fos staining in the MnPO was significantly decreased as compared to 545 

the CTRL + CNO + ANG II group (n = 10, 2-4 MnPO sections per rat; Tukey’s post-hoc 546 

analysis, p < 0.001) but not different from the Fos staining observed in CTRL + VEH + 547 

0.9% SAL (p = 0.170) or CTRL + CNO + 0.9% SAL(p = 0.531) rats. Fos staining in the 548 

MnPO was significantly increased in CTRL + CNO + ANG II rats compared to either the 549 

CTRL + VEH + 0.9% SAL (p < 0.001) or CTRL + CNO + VEH (p < 0.001) rats. Elevated 550 

MnPO Fos expression was blunted in Gi DREADD + CNO + ANG II rats (p < 0.001). 551 
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There was no significant difference between CTRL groups treated with either VEH or 552 

CNO (p = 0.916) and 0.9% SAL.  553 

Table 1. Colocalization of ANG II-induced Fos expression with CaMKIIa neurons in the 554 
MnPO  555 

Treatment Total cFos+   Total CaMKIIa+  Total DL Cells % DL cFos+ 

Control  

CNO + 0.9% 

SAL 

21.0 + 10.0 182.8 + 54.8 8.8 + 1.25 50.2 + 17.9% 

Control  

VEH + 0.9% SAL 
25.8 + 7.8 181.5 + 37.5 15.1 + 3.4 60.0 + 4.8% 

Control  

CNO + ANG II  
79.8 + 8.7** 195.0 + 57.6 44.0 + 7.8** 54.4+ 6.7% 

Gi DREADD 

CNO + ANG II 
41.9 + 7.2 206.5 + 41.0 2.9 + 1.0 6.5 + 2.9%** 

 556 

CaMKIIa neuron inhibition in the MnPO significantly decreases ANG II-evoked effects in 557 

downstream nuclei  558 

As expected, ANG II significantly increased Fos staining in CaMKIIa+ neurons (F(3, 12) 559 

= 17.430, p < 0.001, one-way ANOVA). The numbers of Fos and CaMKIIa labeled in 560 

MnPO were significantly higher in the CTRL + CNO + ANG II group compared to the 561 

CTRL + VEH + 0.9% SAL (n = 4, 2-4 MnPO sections per rat; p < 0.001) and CTRL + 562 

CNO + 0.9% SAL (n = 4, 2-4 MnPO sections per rat; p = 0.003) groups. About half 563 

(54.4%) of the Fos positive cells in the MnPO were also CaMKIIa positive in the CTRL + 564 

CNO + ANG II rats. The percentages of Fos and CaMKIIa positive cells were 50.2% and 565 



 

26 
 

60.0% for CTRL + CNO + 0.9% SAL and CTRL + VEH + 0.9% SAL rats, respectively. 566 

The increase in Fos and CaMKIIa staining cells associated with ANG II was significantly 567 

attenuated in the Gi DREADD+ CNO + ANG II rats (Figure 7B; n = 4, 2-4 MnPO 568 

sections per rat; p < 0.001). The percentage of Fos positive cells that were also 569 

CaMKIIa positive was reduced to 6.5%. This result indicates that over 90% of the 570 

remaining Fos positive cells in the MnPO of rats injected with Gi DREADD were not 571 

CaMKIIa positive cells, which is significantly greater than the other three treatment 572 

groups (Figure 7B and Table 1; F(3, 12) = 6.010, p = 0.010, one-way ANOVA; Tukey’s 573 

post-hoc analysis, all p < 0.001). Since these cells do not appear to express CaMKIIa 574 

they would not have been transfected with the AAV vector used in this study. There was 575 

no significant difference in CaMKIIa-positive neurons between any of the 4 groups (F(3, 576 

12) = 0.0901, p = 0.964, one-way ANOVA) 577 

Gi DREADD-mediated inhibition of the MnPO also influenced Fos staining 578 

associated with ANG II in regions connected to the MnPO (Gi DREADD + CNO + ANG 579 

II group: n = 6-10, 2-4 sections per nucleus per rat; CTRL + CNO + ANG II group: n = 4-580 

10, 2-4 sections per nucleus per rat). In rats injected with the CTRL AAV vector and 581 

pretreated with CNO, ANG II significantly increased Fos staining in each region that we 582 

examined (Figure 8). However, the effects of Gi DREADD MnPO inhibition on ANG II 583 

induced Fos staining varied as a function of region. In the rats injected with Gi 584 

DREADD, CNO pretreatment did not significantly affect ANG II induced Fos staining in 585 

SFO, OVLT, LH, or PVT (Figure 8B).  586 

In other regions Gi DREADD-mediated inhibition of the MnPO did influence Fos 587 

staining. In the SON, CNO pretreatment in rats injected in the MnPO with Gi DREADD 588 



 

27 
 

was associated with a significant decrease in ANG II-induced Fos (Figures 8A and 8B; 589 

F(3, 24) = 19.328, p < 0.001, one-way ANOVA). Fos staining in the SON of CTRL + 590 

CNO + ANG II rats was significantly higher as compared to all of the other groups 591 

(Figures 8A and 8B; Tukey’s post-hoc analysis, all p < 0.001). Similar results were seen 592 

in the RVLM (Figures 8A and 8B). ANG II injections significantly increased Fos staining 593 

in the CTRL + CNO + ANG II rats but not in the Gi DREADD + CNO + ANG II rats (F(3, 594 

16) = 29.480, p < 0.001, one-way ANOVA).   595 

In the PVN, CNO and ANG II significantly increased Fos staining in CTRL rats 596 

and there was a statistical trend for decreased Fos staining in the Gi DREADD + CNO + 597 

ANG II as compared to CTRL + CNO + ANG II (F(3, 24) = 18.302, p < 0.001, one-way 598 

ANOVA; Tukey’s post-hoc analysis, p = 0.084). However, significant effects of Gi 599 

DREADD-mediated inhibition on Fos staining were observed in specific subregions of 600 

the PVN (Figure 8C). For example, the posterior magnocellular (PM) part of PVN Fos 601 

staining was significantly increased by ANG II in CTRL rats while CNO significantly 602 

decreased Fos staining associated with ANG II in Gi DREADD rats (F(3, 22) = 49.423, p 603 

< 0.001, one-way ANOVA; Tukey’s post-hoc analysis, CTRL + CNO + ANG II; p < 0.001 604 

from all other groups). Fos staining in the PM of Gi DREADD + CNO + ANG II rats was 605 

still significantly higher when compared to Fos staining in rats pretreated with either 606 

CNO or VEH followed by 0.9% SAL (Tukey’s post-hoc analysis; p = 0.05 and p = 0.097, 607 

respectively). DREADD-mediated Inhibition of the MnPO influenced Fos staining in the 608 

medial parvocellular region (MP) of the PVN as well. In the medial parvocellular (MP) 609 

part of the PVN, Fos staining associated with CNO and ANG II injections in CTRL rats 610 

was significantly greater than Fos staining observed in any of the other groups (F(3, 22) 611 
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= 13.789, p < 0.001, one-way ANOVA; Tukey’s post-hoc analysis, all p < 0.001). The 612 

Fos staining in the MP of Gi DREADD + CNO + ANG II rats was not significantly 613 

different from the CTRL rats pretreated with either CNO or VEH followed by 0.9% SAL 614 

(Tukey’s post-hoc analysis; p = 0.097 and p = 0.050, respectively). This suggested that 615 

in the MP region of the PVN inhibition of the MnPO reduced ANG II-induced Fos 616 

staining comparably to control levels. Similar results were observed in the ventrolateral 617 

parvocellular region (vlp). Fos staining was increased in CTRL + CNO + ANG II rats and 618 

this increase was significantly different from all of the other groups (F(3, 22) = 3.734, p = 619 

0.026, one-way ANOVA). Fos staining in the dorsal parvocellular part of the was 620 

increased by ANG II (F(3, 22) = 11.903, p < 0.001, one-way ANOVA) but CNO-induced 621 

inhibition did not significantly decrease it (CTRL + CNO + ANG II vs Gi DREADD + CNO 622 

+ ANG II, p = 0.258, Tukey’s post-hoc analysis).  623 

CNO-induced inhibition in the MnPO and Fos staining associated with 3% HTN 624 

In rats treated with the control vector, Fos staining in the MnPO was significantly 625 

increased by 3% HTN (CTRL + VEH + HTN and CTRL + CNO + HTN; Figures 9A & B; 626 

F(3, 16) = 4.982, p = 0.002, one-way ANOVA). Half of the cells that were Fos positive 627 

were also positive for CaMKIIa (Table 2) suggesting that HTN affected cells that were 628 

not transfected with the vector.  629 

Unlike our results with ANG II, Fos staining associated with 3% HTN in the 630 

MnPO was not significantly decreased by CNO pretreatment in Gi DREADD rats (Gi 631 

DREADD + CNO + HTN). Fos staining in the MnPO of the Gi DREADD + CNO + HTN 632 

group (n = 6 rats, 2-4 MnPO sections per rat) was significantly increased as compared 633 

to either of the CTRL groups injected with 0.9% SAL (CTRL + CNO + 0.9% SAL, n = 6 634 
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rats, 2-4 MnPO sections per rat; CTRL + VEH + 0.9% SAL, n = 6 rats, 2-4 MnPO 635 

sections per rat; p = 0.019 and p = 0.006, respectively). Fos staining in the Gi DREADD 636 

+ CNO + HTN was not different from CTRL + CNO + 3% HTN rats (p = 0.893, Tukey’s 637 

post-hoc analysis).  638 

In contrast, the number of Fos positive cells that were also labeled for CaMKIIa 639 

was significantly decreased (Table 2). As indicated above, half of the Fos positive cells 640 

were CaMKIIa-positive in the CTRL + CNO + 3% HTN rats. In the Gi DREADD + CNO + 641 

3% HTN rats, only 5% of the Fos positive cells were also positive for CaMKIIa meaning 642 

95% of the cells had a different phenotype and may have intrinsic osmotic sensitivity. 643 

There were no significant differences in the numbers CaMKIIa-positive neurons 644 

between any of the 4 groups (Table 2; F(3, 12) = 0.287, p = 0.834, one-way ANOVA). 645 

This suggests that the apparent  lack of CNO inhibition on HTN-mediated Fos staining 646 

in the MnPO was due to activation of non-CaMKIIa expressing cells.  647 

Table 2. Colocalization of hypertonic saline-induced Fos expression with CaMKIIa 648 

neurons in the MnPO  649 

Treatment Total cFos+   Total CaMKIIa+  Total DL Cells % DL cFos+ 

Control  

CNO + 0.9% 

SAL 

16.1 + 3.7 226.4 + 50.9 8.6 + 2.2 63.3 + 16.9% 

Control  

VEH + 0.9% 

SAL 

22.1 + 4.0 202.9 + 47.3 11.3 + 2.1 74.6 + 1.3% 
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Control  

CNO + 3% HTN 
74.4 + 17.6* 194.3 + 59.4 30.0 + 8.3** 49.5 + 16.7% 

Gi DREADD 

CNO + 3% HTN 
64.6 + 6.5* 165.4 + 22.1 3.4 + 1.0 5.4 + 1.9%** 

 650 

CaMKIIa neuron inhibition in the MnPO significantly decreases 3% HTN-evoked effects 651 

in select downstream nuclei  652 

Analysis of Fos staining was performed in the same downstream nuclei as in the ANG II 653 

experiments above. While all of the regions except the SFO showed significant 654 

increases in Fos staining associated with the 3% HTN injections, only the SON and LH 655 

were affected by Gi DREADD-mediated inhibition of the MnPO (Figure 9). In the SONs 656 

of CTRL + CNO + 3% HTN rats, Fos staining was significantly increased compared to 657 

all of the other groups (Figure 9A and B; F(3, 16) = 52.418, p < 0.001, one-way ANOVA; 658 

all p < 0.001, Tukey’s post-hoc analysis). In the SONs of Gi DREADD rats, CNO 659 

pretreatment significantly reduced Fos staining associated with 3% HTN as compared 660 

to CTRL + CNO + 3% HTN rats (p = 0.012, Tukey’s post-hoc analysis) but did not 661 

reduce the staining to control levels (vs. CTRL + VEH + 0.9% SAL, p < 0.001; vs. CTRL 662 

+ CNO + 0.9% SAL, p < 0.001).  663 

Similar results were observed in the LH. Rats in the CTRL + CNO + 3% HTN 664 

group had significantly more Fos staining in the LH compared to the other three groups 665 

(Figure 9B; F(3, 16) = 18.937, p < 0.001, one-way ANOVA;all p < 0.001, Tukey’s post-666 

hoc analysis). Fos staining in the LH of Gi DREADD + CNO + 3% HTN rats had 667 

significantly less Fos expression than the CTRL + CNO + 3% HTN treated rats (Figure 668 

9B; p = 0.001, Tukey’s post-hoc analysis) and significantly higher than both the 0.9% 669 
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SAL treated groups (Figure 9B; both p < 0.001, Tukey’s post-hoc analysis). For the 670 

remaining regions (OVLT, PVN, PVT, and RVLM) Fos staining associated with CNO 671 

and 3% HTN was not different between the CTRL virus and Gi DREADD-injected rats 672 

and both of these groups were significantly increased as compared to the two CTRL 673 

groups that received the 0.9% SAL injection (Figure 9A and B). This result was also 674 

observed in the posterior magnocellular and medial parvocellular regions of the PVN 675 

(Figure 9C) while 3% HTN did not influence Fos staining in either the dorsal or 676 

ventrolateral parvocellular regions. 677 

  678 
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Discussion 679 

These studies tested the role of putative excitatory MnPO neurons in behavioral and 680 

physiological responses produced by peripheral administration of ANG II or 3% HTN. 681 

The virally-mediated chemogenetic inhibition was employed in these studies in order to 682 

remotely and selectively reduce the activity of CaMKIIa-expressing MnPO neuronal 683 

population in the least invasive manner. These experiments showed that acutely 684 

inhibiting the CaMKIIa-expressing neurons in the MnPO significantly attenuated water 685 

intake and vasopressin release produced by either ANG II or 3% HTN. The results, 686 

however, suggest several differences in how the MnPO contributes to these responses.  687 

In previous studies of the lamina terminalis and its role in water consumption, the 688 

SFO and OVLT have been linked to body fluid homeostasis. Studies performed in 689 

sheep using electrolytic lesions placed along the ventral lamina terminalis, including the 690 

OVLT, decreased water intake stimulated by cellular dehydration (McKinley et al., 691 

1999). Chemogenetic activation of the CaMKIIa neuronal phenotype in the SFO has 692 

also been shown to influence drinking behavior (Nation et al., 2016). Studies performed 693 

by Oka, et al. showed that 48-hour water deprivation induced Fos immunoreactivity and 694 

were able to identify that in the SFO all of the neurons expressing Fos co-localized with 695 

CaMKIIa and nNOS (Oka et al., 2015). The SFO and the OVLT both project to the 696 

MnPO as well as other regions involved in body fluid homeostasis (McKinley et al., 697 

2004). Recent studies conducted by Augustine, et al. (2018) implicated the MnPOnNOS 698 

neuronal phenotype in regulating drinking behavior stimulated by water deprivation and 699 

salt-loading. The current study shows that CNO-induced inhibition of DREADD-700 

transfected CaMKIIa MnPO neurons significantly attenuates extracellular and cellular 701 
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thirst. The result of the Fos studies indicate, however, that the homeostatic responses 702 

could involve different pathways from the MnPO.  703 

These studies specifically targeted CaMKIIa neurons in the MnPO, which as 704 

shown in the in situ hybridization studies, is highly co-localized with vGLUT2. This 705 

indicates that CaMKIIa neurons in the MnPO are primarily glutamatergic. This is an 706 

important consideration since the MnPO has been shown to contain cells that can 707 

stimulate or inhibit water intake (Oka et al., 2015). The results of the current study 708 

extend the observations of Oka et al. (2015) by demonstrating that water intake related 709 

to extracellular and cellular dehydration is mediated by putative excitatory neurons in 710 

MnPO.  711 

The CaMKIIa MnPO neurons transfected by the virus were sensitive to both ANG 712 

II and HTN-aCSF. The design of the experiments prevented us from being able to test 713 

the same cells with both ANG II and HTN-aCSF. Previous studies have defined a set of 714 

sodium sensitive MnPO neurons that likely contribute to body fluid balance (Grob et al., 715 

2004) and additionally characterized ANG II-sensitive MnPO neurons in earlier 716 

experiments, consistent with our findings (Bai and Renaud, 1998). The relationship 717 

between ANG II and HTN-aCSF in the regulation of the MnPO neurons will be the focus 718 

of future investigations. 719 

The CNO-mediated inhibition of CaMKIIa-positive neurons in the MnPO 720 

completely blocked ANG II-induced excitatory responses. However, during osmotic 721 

challenges, CNO-mediated inhibition was only able to significantly attenuate osmotic-722 

induced excitatory response, in contrast to the complete inhibition of ANG II-induced 723 

excitation. This is consistent with studies conducted by Grob, et al. (2004) describing a 724 
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specific MnPO neuronal phenotype with intrinsic sodium sensitivity. Recordings 725 

performed in the current experiments also verify that Gi DREADDx neurons, or MnPO 726 

neurons that do not express CaMKIIa, are also sensitive to ANG II and osmotic 727 

challenges (Grob et al., 2004).  728 

Results from these Fos studies further support the electrophysiology findings and 729 

suggest that ANG II and 3% HTN mediated responses could involve different 730 

populations of CaMKIIa-expressing MnPO neurons. Fos immunohistochemistry and its 731 

co-localization with CaMKIIa in the MnPO was analyzed. Neurons in the MnPO both 732 

expressing CaMKIIa and Fos were significantly elevated in groups injected with the 733 

control virus and administered ANG II or 3% hypertonic saline. During DREADD-734 

mediated inhibition using CNO, however, there were significantly reduced numbers of 735 

CaMKIIa-positive cells that were also positive for Fos in the MnPO. While this lead to a 736 

significant decrease in the total number of Fos positive cells associated with ANG II, the 737 

overall decrease in the MnPO was not significant after hypertonic saline. This could be 738 

related to the electrophysiology data showing that CNO did not completely block the 739 

hyperosmotically-stimulated excitation as strongly as the ANG II responses in the Gi 740 

DREADD-transfected neurons.  741 

The differences observed for Fos staining in the MnPO could be related to the 742 

nonspecific effects of the hypertonic saline injections. While hypertonic saline is widely 743 

used as an osmotic stimulus, Fos staining associated with its administration may be a 744 

result of visceral pain related to the route of injection, and therefore, not specific. 745 

However, a study conducted by Xu, et al. (2003) compared Fos staining produced by ip 746 

versus iv administration of 2.0 M NaCl in several of the regions included in the current 747 



 

35 
 

study (MnPO, OVLT, PVN, and SON). They concluded that the increases in Fos 748 

staining observed in areas such as the MnPO were related osmotic stimulation and fluid 749 

balance and not nociception. Similar conclusions were made about Fos staining in the 750 

LH produced ip administration of 1.5 M NaCl (Pirnik et al., 2004). It should be noted that 751 

the concentration of NaCl used in the current study are approximately four times lower 752 

than the concentration used by Xu et al. (2003) and that this study used sc injections to 753 

avoid producing visceral pain associated with ip injections. Therefore, the Fos staining 754 

produced by hypertonic saline is more likely related to osmotic stimulation but the 755 

contribution of nociceptive stimulation at the injection site cannot be ruled out.           756 

There were also observed differences in Fos staining in several other regions 757 

that receive projections from the MnPO that were stimulus-dependent. In rats 758 

administered ANG II, CNO-induced inhibition of Gi DREADD was associated with 759 

significant decreases in Fos staining in the SON, PVN, and RVLM. When rats were 760 

injected with hypertonic saline, Gi DREADD mediated inhibition of the MnPO 761 

significantly attenuated Fos staining in the SON and LH but not the PVN or RVLM. The 762 

central effects of ANG II and hypertonic saline are mediated by circumventricular organs 763 

(Ferguson, 2014). These regions project not only to the MnPO but also to the SON, 764 

PVN, and LH (McKinley et al., 2004; Ferguson, 2014; McKinley et al., 2015). This 765 

creates a series of redundant pathways from the lamina terminalis to regions 766 

contributing to hormone release and water intake. Our results suggest that, despite 767 

these possible redundancies, the MnPO significantly contributes to the activation of 768 

SON, PVN, and LH in a stimulus dependent manner.   769 
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As shown in these studies, Gi DREADD inhibition of the MnPO was associated 770 

with significant decreases in Fos staining in the SON after either ANG II or 3% HTN. 771 

These results are consistent with observed reductions in AVP release associated with 772 

Gi DREADD inhibition of the MnPO during ANG II or 3% HTN exposure, with ANG II 773 

inducing a greater release of AVP than 3% HTN between groups. This may be due to 774 

how each stimulus induces its effects in the local circuitry. In ANG II-treated rats, Gi 775 

DREADD inhibition of the MnPO reduced Fos staining in the PVN and RVLM, while 776 

these regions were not influenced by MnPO inhibition in hypertonic saline treated rats. 777 

Fos staining in the LH that was associated with hypertonic saline was significantly 778 

decreased by Gi DREADD inhibition. Recent studies suggest that the PVN, PVT, and 779 

LH receive projections from the MnPO that are related to water intake (Leib et al., 780 

2017). Results from the current study are generally consistent with these findings and 781 

suggest that these pathways might be differentially regulated by extracellular 782 

dehydration versus cellular dehydration (Fitzsimons, 1972). Differences in MnPO 783 

neurons that contribute to extracellular versus cellular was first proposed based on the 784 

results of studies using excitotoxins (Cunningham et al., 1991). The current results 785 

provide evidence that MnPO neurons mediating water intake associated with 786 

extracellular dehydration project to the PVN while MnPO neurons participating in 787 

cellular thirst project to the LH. These data also suggest that there are MnPO neurons 788 

participating in both extracellular and cellular dehydration that project to the SON. 789 

Findings from the current study also demonstrate that Fos expression was 790 

significantly decreased in the RVLM during ANG II, but not hypertonic saline exposure 791 

during Gi DREADD-mediated inhibition. The RVLM contains sympathetic motor neurons 792 
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that contribute to blood pressure regulation. These results suggest that the MnPO may 793 

contribute to increases in sympathetic tone related to activation of the Renin-794 

Angiotensin System but not high salt. This is consistent with previous studies on the role 795 

of the lamina terminalis in ANG II-dependent models of hypertension (Ployngam and 796 

Collister, 2007; Collister et al., 2014; Shell et al., 2016). The decreased Fos staining in 797 

the RVLM could be related to the decreased Fos expression observed in the PVN, 798 

which has also been linked to hypertension (Llewellyn et al., 2012; Basting et al., 2018). 799 

Lesions of the AV3V have been shown prevent or reverse several ANG II dependent 800 

models of hypertension (Brody et al., 1978). The results of the current study suggest 801 

that CaMKIIa neurons in the MnPO that project to the PVN could contribute to this 802 

aspect of AV3V function.  803 

Interestingly, ANG II was much more effective at inducing differential Fos 804 

expression, water intake, and AVP release compared to 3% HTN. Studies by 805 

Fitzsimons  showed that water consumption associated with hypovolemic dehydration 806 

can result in a greater volume of water intake as compared to cellular dehydration of 807 

similar magnitude (Fitzsimons, 1998). While it is difficult to determine the equivalence of 808 

extracellular versus cellular dehydration, the differences in the magnitude of the 809 

response could be related to the position of the doses used in their respective dose-810 

response curves. 811 

It is important to note how increases in arterial pressure associated with ANG II 812 

may alter its dipsogenic effects. Early studies addressing ANG II in relation to arterial 813 

pressure and thirst have been conducted. Rettig and Johnson (1985) studied the role of 814 

ANG II, among other stimuli, on drinking in sinaortic denervated rat models to 815 
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hypovolemia, and found no effect on water intake (Rettig and Johnson, 1986). In other 816 

studies conducted by Evered et al. (1988), the interaction between the dipsogenic and 817 

pressor effects of ANG II at various concentrations were tested using diazoxide, a 818 

vasodilator, to counteract the increases in blood pressure (Evered et al., 1988). It was 819 

concluded from these studies that intravenous infusions of ANG II in water-replete rats 820 

stimulate thirst in a dose-dependent manner, but water intake may be attenuated due to 821 

the concurrent increase in blood pressure. The rise in arterial pressure may also 822 

produce increases in urinary water and solute excretion, resulting in dehydration that 823 

could eventually contribute to thirst as well (Evered et al., 1988). Most physiological 824 

situations characterized by activation of the renin-angiotensin system include 825 

hypovolemia and hypotension. In this context, the increase in blood pressure produced 826 

by ANG II may allow the rats to be behaviorally competent enough to ingest water 827 

(Evered et al., 1988).   828 

In summary, these studies used ANG II and hypertonic saline injections to 829 

simulate aspects of extracellular and cellular dehydration in order to better understand 830 

the contribution of the MnPO to the integrative physiology of body fluid homeostasis. 831 

Both of these stimuli act through circumventricular organs to affect the MnPO, 832 

Additionally, hypertonic saline can directly influence the activity of sodium sensitive 833 

MnPO neurons. The chemogenetic inhibition of putative excitatory MnPO neurons 834 

inhibited vasopressin release and drinking behavior produced by either ANG II or 835 

hypertonic saline. In contrast, the effects of inhibiting CaMKIIa MnPO neurons was 836 

associated with different patterns of Fos staining. Fos staining in the SON, PVN, and 837 

RVLM associated with ANG II injections was significantly decreased by chemogenetic 838 
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inhibition of the MnPO. After injections of hypertonic saline, MnPO inhibition affected the 839 

LH and SON. Thus, extracellular and cellular dehydration appear to influence different 840 

populations of CaMKIIa-expressing MnPO neurons based on their afferent projections 841 

but can result in converging behavioral outcomes.  842 
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Figure Legends 949 

Figure 1. CaMKIIa-positive MnPO neurons are glutamatergic. Representative image of 950 

the dorsal MnPO (dMnPO) with CaMKIIa-positive MnPO neurons (red) and 951 

colocalization with vGLUT2 (green), as indicated in the inset by white arrows. Scale bar, 952 

50 μm. Anterior commissure, a.c. 953 

 954 

Figure 2. CNO-mediated inhibition significantly attenuates basal firing rate in Gi 955 

DREADD-labeled neurons. A, Representative image showing loose-cell patch recording 956 

of a Gi DREADD-labeled (Gi DREADD) neuron (red). Scale bar, 20 μm. B, 957 

Representative raw trace recordings of a control (CTRL) neuron (top, n = 13 neurons, 6 958 

rats), Gi DREADD-unlabeled (Gi DREADDx) neuron (middle, n = 19 neurons, 6 rats), 959 

and Gi DREADD neuron (bottom, n = 17 neurons, 6 rats). Scale bar, 10 s. C, CNO-960 

mediated inhibition significantly attenuated basal firing rate of Gi DREADD neurons 961 

(peak response) compared to baseline and recovery,and compared to CTRL and Gi 962 

DREADDx. D, CNO-mediated inhibition significantly attenuated basal firing rate of Gi 963 

DREADD neurons (peak response), represented as a percent baseline, compared to Gi 964 

DREADDx and CTRL neurons.  *p < 0.050, compared to peak response between 965 

groups; #p < 0.050, compared to baseline within group. Data are presented as mean 966 

and SEM. 967 

 968 

Figure 3. CNO-mediated inhibition blocks ANG II-induced excitation. A, CNO bath 969 

application significantly inhibits basal firing rate of Gi DREADD neurons (n = 15 970 

neurons, 6 rats), but does not affect spontaneous activity in control (n = 7 neurons, 3 971 
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rats) or Gi DREADD-unlabeled (Gi DREADDx) neurons (n = 15 neurons, 6 rats). **p < 972 

0.050 compared to each group. B, Gi DREADD neurons during CNO bath application 973 

reduced firing rate to 20% of percent aCSF baseline but did not affect baseline of Gi 974 

DREADDx neurons. C, Representative raw trace recordings of a Gi DREADD neuron 975 

during aCSF (control conditions) exposure (top), Gi DREADDx neuron (middle) and Gi 976 

DREADD neuron (bottom) with the two latters exposed to CNO during baseline. Scale 977 

bar, 10 s. D, Focal ANG II application significantly increased firing rate of Gi DREADDx 978 

neurons during CNO exposure and Gi DREADD neurons during aCSF exposure. ‡p < 979 

0.001. CNO-mediated inhibition blocked ANG II excitation of Gi DREADD neurons and 980 

displayed significantly reduced firing rate compared to Gi DREADDx neurons. *p < 981 

0.001. Data are presented as mean and SEM. 982 

 983 

Figure 4. CNO-mediated inhibition attenuates firing rate during hyperosmotic 984 

challenges. A, Representative raw trace recordings of a Gi DREADD neuron in the 985 

absence of CNO, using aCSF for control conditions (top), Gi DREADD-unlabeled (Gi 986 

DREADDx) neuron (middle) and Gi DREADD neuron (bottom), both latter neurons 987 

exposed to CNO. Scale bar, 10 s. Hypertonic aCSF, HTN-aCSF. B, CNO significantly 988 

inhibits basal firing rate compared to percent aCSF baseline of Gi DREADD neurons. C, 989 

Hyperosmotic challenges significantly increased firing frequency of Gi DREADD 990 

neurons during aCSF exposure and Gi DREADDx neurons during CNO exposure 991 

(unaffected). CNO significantly attenuated firing rate of Gi DREADD neurons compared 992 

to Gi DREADDx neurons. There was an observed increase in firing rate in the absence 993 

of CNO during HTN-aCSF bath application, which became significant during aCSF bath 994 
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application. *p < 0.001 compared to Gi DREADDx neurons exposed to CNO and Gi 995 

DREADD neurons during aCSF exposure, #p < 0.005 compared to time points within 996 

group. Data are presented as mean and SEM. 997 

 998 

Figure 5. Acute MnPO inhibition attenuates evoked drinking responses. A, ANG II 999 

significantly increased water consumption compared to volume control tests (VEH + 1000 

0.9% SAL) in both Gi DREADD and CTRL (VEH + ANG II) rats (n = 10 rats). CNO-1001 

mediated inhibition significantly attenuated this increase in Gi DREADD (CNO + ANG II) 1002 

rats (n = 10 rats). B, Hypertonic saline ( 3% HTN) significantly increased water 1003 

consumption compared to VEH + 0.9% SAL tests in both Gi DREADD and CTRL (VEH 1004 

+ 3% HTN) rats (n = 6 rats) and CNO-mediated inhibition significantly attenuated this 1005 

increase in Gi DREADD rats (n = 6 rats). *p < 0.005 compared to VEH + 0.9% SAL in 1006 

respective group (A or B), ‡p =  < 0.050 compared to VEH and ANG II (A) and 3% HTN 1007 

(B) exposure in respective group, #p < 0.015 compared to CTRL + CNO + ANG II (A) 1008 

and CTRL + CNO + 3% HTN (B). Data are presented as mean and SEM. 1009 

 1010 

Figure 6. CNO-induced inhibition of CaMKIIa MnPO neurons significantly attenuates 1011 

evoked increases of plasma AVP. A, ANG II significantly increased plasma AVP 1012 

concentration in CTRL rats (CTRL + CNO + ANG II), but this increase was significantly 1013 

attenuated during CNO-mediated inhibition in Gi DREADD (Gi DREADD + CNO + ANG 1014 

II) rats. B, Hypertonic saline (3% HTN) significantly increased plasma AVP 1015 

concentration, but this increase was blocked during CNO-mediated inhibition in Gi 1016 

DREADD (Gi DREADD + CNO + 3%HTN) rats. *p < 0.005 compared to respective 1017 
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controls (CTRL +CNO + 0.9% SAL), ‡p < 0.050 compared to VEH and 3% HTN 1018 

exposure, #p = <0.005 compared to CTRL +CNO + 0.9% SAL. Data are presented as 1019 

mean and SEM. 1020 

 1021 

Figure 7. ANG II significantly increases Fos expression in the MnPO in control virus-1022 

injected rats, but is blocked during CNO-mediated inhibition in Gi DREADD-injected 1023 

rats. A, Diagram showing representative mCherry labeling from AAV transfection in the 1024 

MnPO. Scale bar, 250 μm. Third ventricle, 3V; anterior commissure, a.c.; dorsal MnPO, 1025 

dMnPO; ventral MnPO, vMnPO. B, Representative Fos staining in the dMnPO of control 1026 

virus-injected (CTRL) rats treated with CNO vehicle (VEH) and ANG II vehicle (0.9% 1027 

SAL) (n = 4, 2-4 sections per rat), upper left panel, CTRL rats treated with CNO and 1028 

0.9% SAL (n = 4, 2-4 sections per rat), upper right panel, CTRL rats treated with CNO 1029 

and ANG II (n = 10, 2-4 sections per rat), lower left panel, and Gi DREADD-injected rats 1030 

treated with CNO and ANG II (n = 10, 2-4 sections per rat), lower right panel. Scale bar, 1031 

100 μm. 1032 

 1033 

Figure 8. ANG II significantly increases Fos expression in regions downstream of the 1034 

MnPO compared to controls and is blunted during CNO-induced inhibition in Gi 1035 

DREADD-injected rats. A, Representative Fos staining in the SON (top row), PVN 1036 

(middle row), and RVLM (bottom row) for each group tested. Scale bar, 100 μm. 1037 

Supraoptic nucleus, SON; optic tract, ot: paraventricular nucleus, PVN; posterior 1038 

magnocellular, pm; dorsal parvocellular, dp; medial parvocellular, mp; ventral lateral 1039 

parvocellular, vlp; rostral ventral lateral medulla, RVLM. B, ANG II significantly 1040 
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increases Fos expression in the SFO, OVLT, PVN, and PVT but this increase was 1041 

significantly attenuated during CNO-mediated inhibition in the MnPO, SON, LH, and 1042 

RVLM. Subfornical organ, SFO; organum vasculosum of the lamina terminalis, OVLT; 1043 

paraventricular thalamus, PVT; lateral hypothalamus, LH.C, ANG II significantly 1044 

increases Fos staining in cardiovascular and neuroendocrine-regulating regions of the 1045 

PVN, but is significantly attenuated by CNO-mediated inhibition in the pm and mp 1046 

subregions.*p < 0.005 compared to VEH (CTRL + VEH + 0.9% SAL) and CNO (CTRL + 1047 

CNO + 0.9% SAL)  controls, #p < 0.001 Gi DREADD-injected rats compared to control 1048 

virus-injected rats treated with CNO and ANG II (Gi DREADD + CNO + ANG II and 1049 

CTRL + CNO + ANG II, respectively). Data are presented as mean and SEM. 1050 

 1051 

Figure 9. Hypertonic saline significantly increases Fos expression in the MnPO and in 1052 

regions downstream, but is attenuated during CNO-induced inhibition in Gi DREADD-1053 

injected rats. A. Representative Fos staining in  control virus-injected (CTRL) rats (n = 1054 

6, 2-4 sections per rat), left, and Gi DREADD rats (n = 6, 2-4 sections per rat), right, 1055 

treated with CNO and 3% hypertonic saline (3% HTN); dMnPO (top row), SON (second 1056 

row), PVN (third row), RVLM (bottom row) . B, 3% HTN significantly increases Fos 1057 

expression in the OVLT, MnPO, PVN and PVT but this increase was significantly 1058 

attenuated during CNO-mediated inhibition in the SON and LH. Scale bar, 100 μm. 1059 

Subfornical organ, SFO; organum vasculosum of the lamina terminalis, OVLT; 1060 

paraventricular thalamus, PVT; lateral hypothalamus, LH.C, 3% HTN significantly 1061 

increases Fos staining in cardiovascular and neuroendocrine-regulating regions of the 1062 

PVN, the pm and mp subregions.*p < 0.005 compared to VEH (CTRL + VEH + 0.9% 1063 



 

49 
 

SAL) and CNO (CTRL + CNO + 0.9% SAL) controls, #p < 0.001 Gi DREADD rats 1064 

compared to CTRL rats treated with CNO and 3% HTN (Gi DREADD + CNO + 3% HTN 1065 

and CTRL + CNO + 3% HTN, respectively). Data are presented as mean and SEM. 1066 

 1067 

Table Legends 1068 

Table 1. ANG II exposure significantly increases Fos expression in the MnPO, 1069 

specifically in CaMKIIa-positive neurons. CNO-mediated inhibition significantly 1070 

attenuated ANG II-induced Fos expression in the MnPO in Gi DREADD-injected rats, 1071 

with inhibition of the CaMKIIa neuronal phenotype. **p < 0.001 compared to all groups. 1072 

Data are presented as mean + SEM. 1073 

 1074 

 1075 

Table 2. Hypertonic saline exposure significantly increases Fos expression in the 1076 

MnPO, not only in CaMKIIa-positive neurons, but also other neuronal phenotypes. 1077 

CNO-mediated inhibition did not significantly attenuate total hypertonic saline-induced 1078 

Fos expression in the MnPO in Gi DREADD-injected rats. *p < 0.050 compared to 1079 

vehicle controls. **p < 0.001 compared to all groups. Data are presented as mean + 1080 

SEM. 1081 

 1082 




















