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Abstract 42 

The periaqueductal gray (PAG) is a significant modulator of both analgesic and fear behaviors in both 43 

humans and rodents, but the underlying circuitry responsible for these two phenotypes is incompletely 44 

understood. Importantly, it is not known if there is a way to produce analgesia without anxiety by 45 

targeting the PAG, as modulation of glutamate or GABA neurons in this area initiates both 46 

antinociceptive and anxiogenic behavior. While dopamine (DA) neurons in the ventrolateral PAG 47 

(vlPAG )/dorsal raphe display a supraspinal antinociceptive effect, their influence on anxiety and fear 48 

are unknown. Using DAT-cre and Vglut2-cre male mice, we introduced Designer Receptors Exclusively 49 

Activated by Designer Drugs (DREADDs) to DA and glutamate neurons within the vlPAG using viral-50 

mediated delivery and found that levels of analgesia were significant and quantitatively similar when DA 51 

and glutamate neurons were selectively stimulated. Activation of glutamatergic neurons, however, 52 

reliably produced higher indices of anxiety, with increased freezing time and more time spent in the 53 

safety of a dark enclosure. In contrast, animals in which PAG/dorsal raphe DA neurons were stimulated 54 

failed to show fear behaviors. DA-mediated antinociception was inhibitable by haloperidol and was 55 

sufficient to prevent persistent inflammatory pain induced by carrageenan. In summary, only activation 56 

of DA neurons in the PAG/dorsal raphe produced profound analgesia without signs of anxiety, 57 

indicating that PAG/dorsal raphe DA neurons are an important target involved in analgesia that may 58 

lead to new treatments for pain. 59 

 60 

Significance Statement  61 

Clinicians have long had the goal of separating analgesia from anxiety when using deep brain electrical 62 

stimulation of the periaqueductal gray (PAG) for difficult to treat pain. Here we show that selective 63 

activation of dopamine neurons within the PAG produces analgesia without other behavioral effects, 64 

while stimulating glutamate neurons mediates stress-induced anxiety and analgesia. Our results 65 

suggest that dopamine agonists may represent a novel class of analgesic drugs and elucidate target 66 

neurons that could mediate their effect. 67 

 68 



 

3 
 

Introduction  69 

The midbrain periaqueductal gray (PAG) plays a significant role in pain and analgesia, fear and 70 

anxiety, and cardiovascular control (Behbehani, 1995; Millan, 2002; Tovote et al., 2016). Electrical 71 

stimulation of the PAG and periventricular gray in both animals (Reynolds, 1969) and humans 72 

(Hosobuchi et al., 1977; Richardson and Akil, 1977) produces profound antinociception, and has been 73 

used clinically to alleviate difficult to treat pain. While some patients receive considerable analgesic 74 

benefit (Bittar et al., 2005), the use of electrical stimulation of the PAG as a clinical analgesic modality 75 

has been limited because of fear and anxiety side effects in some patients (Shapira et al., 2006). A 76 

long-standing question in clinical pain research is whether there is a way to separate the generation of 77 

analgesia from anxiety when targeting the PAG (Fardin et al., 1984). 78 

Early studies examined the effects of location within the PAG on antinociceptive and anxiety 79 

behaviors.  Both electrical and pharmacologic stimulation of dorsal and lateral areas of the PAG 80 

produce flight reactions such as running and jumping, while there appear to be purely analgesic zones 81 

within the ventrolateral PAG (vlPAG) and dorsal raphe (Fardin et al., 1984). However, this is not a 82 

consistent finding, as freezing behavior can be elicited by pharmacologic stimulation of the vlPAG 83 

(Morgan et al., 1998; Kim et al., 2013), suggesting that a specific neuron type within the vlPAG might 84 

be responsible for the purely analgesic effect. 85 

The vlPAG is comprised of a diverse population of neurons including glutamatergic, GABAergic, 86 

serotonergic and dopaminergic cells. GABAergic neurons in the vlPAG have particularly dense mu 87 

opioid receptor expression, and opioids are able to inhibit vlPAG GABAergic interneurons (Vaughan 88 

and Christie, 1997; Vaughan et al., 1997) leading to activation of glutamatergic projections to the rostral 89 

ventral medulla (RVM) (Wiklund et al., 1988; Beitz, 1990; Reichling and Basbaum, 1990). In addition, a 90 

subset of GABAergic neurons also project directly to the RVM (Morgan et al., 2008). This classic 91 

descending pain inhibition circuit terminates at the dorsal horn of the spinal cord and powerfully 92 

modulates ascending nociceptive signals. However, in addition to their antinociceptive effects, opioids 93 

and GABA antagonists microinjected into the vlPAG also produce fear behaviors (Jacquet and Lajtha, 94 

1974; Tomaz et al., 1988) and selective inhibition of local GABAergic vlPAG neurons induce freezing 95 
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(Tovote et al., 2016). Therefore, vlPAG GABAergic neurons cannot be targeted to produce exclusive 96 

analgesia effects.  97 

Glutamatergic neurons in the vlPAG are also involved in antinociception.  Both optogenetic 98 

(Tovote et al., 2016) and chemogenetic (Samineni et al., 2017) activation of vlPAG glutamatergic 99 

neurons produce analgesia, and project to the RVM in the descending pain inhibition circuit. However, 100 

they also serve as the output neurons from the vlPAG in the circuit mediating fear and anxiety 101 

responses to a threat. GABAergic inputs to the vlPAG from the central nucleus of the amygdala and the 102 

posterior hypothalamus (Falconi-Sobrinho et al., 2017) mediate glutamatergic outputs to pre-motor 103 

targets in the magnocellular nucleus of the medulla which mediate freezing (Miguel and Nunes-de-104 

Souza, 2006; Tovote et al., 2016). Therefore, vlPAG glutamatergic neurons also cannot be targeted to 105 

produce exclusive analgesia effects. 106 

One potential target could be vlPAG/dorsal raphe dopamine (DA) neurons. There is an 107 

understudied population of DA neurons in the vlPAG/dorsal raphe which is thought to exert analgesic 108 

effects (Suckow et al., 2013). Chemical lesion of PAG DA neurons attenuates opioid-induced 109 

antinociception (Flores et al., 2004) while local injection of the DA agonist apomorphine into the vlPAG 110 

produces antinociception (Meyer et al., 2009; Schoo et al., 2017). Furthermore, optogenetic activation 111 

of vlPAG/dorsal raphe DA neurons results in DA release in the bed nucleus of the stria terminalis and a 112 

supraspinal antinociceptive effect (Li et al., 2016). The effects of vlPAG/dorsal raphe DA neurons on 113 

fear and anxiety behaviors, however, are completely unknown. In this study, we use a chemogenetic 114 

approach to specifically target dopaminergic and glutamatergic neurons in the vlPAG to test the 115 

hypothesis that dopaminergic neurons are antinociceptive without being anxiogenic.  116 
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Materials and Methods 117 

Experimental animals 118 

Adult male DAT-Cre (Jackson Laboratory, stock number 006660) and vGlut2-ires-Cre mice (Jackson 119 

Laboratory, stock number 016963), weighing 20-25g, were used for all experiments. Mice were kept on 120 

a 12:12 h light/dark cycle (lights on at 7am, lights off at 7pm) with ad libitum access to food and water. 121 

Mice had a minimum of 3 weeks to recover after surgery, and at least 3 days of rest were provided after 122 

each experiment. All animal procedures were reviewed and approved by the authors Animal Care and 123 

Use Committee. 124 

Drugs 125 

The following drugs were used in this study: the Designer Receptors Exclusively Activated by 126 

Designer Drugs (DREADD) activator clozapine N-oxide (CNO, C0832 – Sigma-Aldrich), SCH-23390 127 

(D1 receptor antagonist, D054 - Sigma-Aldrich), raclopride (D2 receptor antagonist, R121 - Sigma-128 

Aldrich), haloperidol (non-specific dopamine receptor antagonist, 67457-426-12 - Mylan) and the 129 

inflammatory agent carrageenan (C1013 - Sigma-Aldrich). All drugs were diluted in saline. 130 

Chemogenetic manipulation  131 

To induce the expression of DREADDs in the vlPAG, 300nl of adeno-associated virus carrying 132 

either the AAV8-hSyn-DIO-hM3D(Gq)-mCherry (excitatory, hM3), AAV8-hSyn-DIO-hM4D(Gi)-mCherry 133 

(inhibitory, hM4) vectors, or a virus containing only a fluorescent tag without a receptor (AAV8-hSyn-134 

DIO-mCherry, UNC vector core, Chapel Hill, NC), were injected bilaterally at -4.7 mm anterior/posterior, 135 

±0.5 mm lateral, and -2.75 mm dorsal/ventral to bregma.  Briefly, mice were anesthetized with 2% 136 

isoflurane and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, California). An incision 137 

was made in the skin and craniotomies were made above the target region. The injections were 138 

performed using a motorized stereotaxic injector (Stoelting, Wood Dale, IL) and the mice recovered for 139 

3 weeks to allow optimal viral expression. 140 

Experimental procedures 141 

Nociceptive behavior testing 142 
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To evaluate nociception, thermal withdrawal latencies and mechanical withdrawal thresholds 143 

were assayed as previously described (Samineni et al., 2017). The Hargreaves test was performed to 144 

evaluate heat sensitivity thresholds, measuring latency of withdrawal to a radiant heat source (IITC Life 145 

Science, Model 390); The radiant heat was applied to the plantar surface of both hind paw and the 146 

latency to evoke a withdrawal was measured. Three to five replicates, measured every 5 min over 20 147 

min, were acquired per hind paw per mouse, and the values for both paws were averaged. At least two 148 

days later, von Frey filaments (Stoetling Co., USA) were used to evaluate the mechanical nociceptive 149 

threshold. Filaments were applied, also to the plantar surface of both hind paws of the mice, five times, 150 

increasing thickness until a withdrawal response was observed three times. The force of the 151 

corresponding filament was recorded as the mechanical nociceptive threshold for each mouse. 152 

For the nociceptive behavior evaluations, mice were habituated to the assessment chambers 153 

starting two weeks after viral injections. The baseline nociceptive thresholds were determined on the 3rd 154 

week post-surgery. Following the baseline measurements, mice received intraperitoneal injection (i.p.) 155 

of saline, CNO alone (1 mg/kg), CNO plus SCH-23390 (0.5 mg/kg), CNO plus Raclopride (0.5 mg/kg), 156 

or CNO plus Haloperidol (0.3 mg/kg), in a blinded fashion. Then, the mice were placed back within their 157 

individual Plexiglas compartments for 60 min before beginning behavioral assessment. Paw withdrawal 158 

latencies or thresholds were collected between the first and second hour after injection. The minimal 159 

dose of CNO needed to activate the DREADDs, and the minimal dose of antagonists required to 160 

achieve peak effect, were determined by previous experiments (not shown).  161 

Fear behavior testing  162 

After thermal nociception testing, mice were individually placed into the center of an open field 163 

test environment of dark acrylic plastic (40cm x 40 cm x 40cm), under dim lit conditions with the same 164 

experimenter in the room. Their movements were recorded for 5 min using a USB camera and video 165 

tracking system (Any-MazeTM, Stoetling Co., USA). At least two days later, following mechanical 166 

nociception testing, mice were individually placed into the dark side of a light-and-dark test environment 167 

of acrylic plastic (40cm x 40 cm x 40cm), and their movements within the light areas of the box were 168 

recorded for 5 min using the video tracking system. 169 
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Inflammatory pain model 170 

To evaluate the role of dopaminergic vlPAG/dorsal raphe neurons in pain produced by 171 

inflammation, 25 μl of a 20 mg/ml solution of carrageenan, dissolved in saline, was injected 172 

subcutaneously into the plantar surface of the hind paw of DAT-cre and vGlut2-cre mice, as previously 173 

described (Hargreaves et al., 1988). 3 h later, mice received i.p. injection of CNO and, 1 h later, paw 174 

withdrawal latency to a thermal stimulus (Hargreaves test) was evaluated. 175 

In Vitro Electrophysiology 176 

Patch Clamp Slice Preparation 177 

Identified mice were anesthetized with isoflurane and swiftly decapitated. The brains were 178 

harvested and rapidly immersed in ice cold carbonated (95% O2 and 5% CO2)-cutting solution 179 

composed of 105 mM N-methyl-D-glucamine, 26 mM NaHCO3,15 mM glucose, 10 mM MgCl2, 2.5 mM 180 

KCl, 1.24 mM NaH2PO4, 0.5mM CaCl2 and 1mM Na ascorbate at an osmolality of 300 mOsm. The pH 181 

of this solution was titrated to 7.3 with HCL. The brain tissue was subsequently blocked and sliced into 182 

350 μm coronal sections with a vibrating blade microtome (VT1200; Leica). Slices that contained the 183 

vlPAG were relocated into an incubation chamber filled with warm (32o C) carbonated cutting solution 184 

for 10 min followed by recovery solution (32o C) containing 50% cutting solution and 50% artificial 185 

cerebral spinal fluid (ACSF) for 20 min. The coronal brain slices were then held in a holding chamber 186 

containing carbonated ACSF (pH 7.3) composed of 119 mM NaCl, 26 mM NaHCO3, 2.5 mM KCl, 2.5 187 

mM CaCl2, 1.3 MgCl2, and 10 mM glucose at an osmolarity of 300 mOsm at room temperature (~23o C) 188 

for at least 1 h before resuming patch experiments. 189 

Electrophysiology recordings 190 

Following at least 1 h of recovery, the coronal brain slices were transferred to a recording 191 

chamber circulated with carbonated ACSF in room temperature (~23o C) at a flow rate of 2 mL/min. A 192 

borosilicate glass pipette (tip resistance between 3 and 6 MΩ) was filled with a solution composed of 193 

130 mM K-gluconate, 10mM KCl, 10 mM Hepes, 4 mM Mg-ATP, 0.2mM EGTA, and 0.5 mM Na-GTP at 194 

an osmolarity of 290 mOsm (pH 7.25). CNO-evoked currents were recorded in voltage-clamp mode 195 

with membrane potential held at −70 mV, and CNO-evoked spikes were recorded in current-clamp 196 
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mode with a holding potential at around −55 mV. DREADD-mCherry–expressing cells were identified 197 

by mCherry expression, and cells were stimulated using 10μM CNO. Data, acquired with an Axon 198 

Multiclamp 700B amplifier and a Digidata 1440 digitizer (Molecular Devices), were analyzed using Axon 199 

Clampfit. Recordings with access resistance greater than 25 MΩ or with changes in access resistance 200 

greater than 15% were discarded. 201 

Immunohistochemistry 202 

After all experiments were completed, viral expression and localization was verified via 203 

histological analysis. Dat-cre animals were perfused with phosphate buffered saline followed by neutral 204 

buffered formalin. The brains were post-fixed in formalin overnight, and sliced at 60 microns using a 205 

Leica VT1200 S vibratome (Leica Microsystems Inc., Buffalo Grove, IL). Specific expression of 206 

DREADDs in DA neurons was confirmed by colocalization of mCherry (from AAV expression) with 207 

immunohistochemical staining for tyrosine hydroxylase (TH), a marker of dopamine neurons (mouse 208 

anti-TH, 1:1000 dilution, Millipore Cat #MAB318, Temeluca, CA), using the secondary antibody of goat 209 

anti-mouse conjugated to Alexa 488 (1:200 dilution, catalog no. A-11001; Invitrogen). Cells were 210 

counterstained with 4’,6-diamidino-2-phenylindole (DAPI, catalog no. H-1200 Vectashield) for nuclear 211 

visualization. Images were taken with a Zeiss Axio M2 microscope (Zeiss, Oberkochen, Germany). 212 

Confirmation of viral expression in the correct brain region was performed by comparing images to a 213 

Mouse Brain Atlas (Paxinos et al., 2001). 214 

Fluorescence in-situ hybridization (FISH) 215 

Brains were swiftly harvested and immediately flash frozen in a beaker filled with a bilayer of 1-216 

methylbutane and 1-bromobutane on dried iced and subsequently stored in -80°C. The brains were 217 

sectioned on a cryostat and mounted on Superfrost Plus Gold slides (25x75mm, Erie Scientific). One 218 

hour prior to sectioning, brains and slides were equilibrated to -20°C in the cryostat. The specified 219 

brains were serially sectioned coronally at 12 μm and mounted onto slides via the warmth of the hand. 220 

The mounted specimens were dried for 1 h inside the cryostat then stored at -80°C.Double-label 221 

fluorescent in-situ hybridization (FISH) was performed using RNAScope Manual Fluorescent Multiplex 222 

Kit User Manual specified for Fresh Frozen Tissue (Advanced Cell Diagnostics). Slides were fixed in 223 
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4% paraformaldehyde (PFA) at 4°C, serially dehydrated, washed twice in phosphate buffered saline pH 224 

7.38 and pretreated with protease IV solution for 30 min. Specimens were then incubated with target 225 

probes for mouse vglut2 (slc17a6 target region 1986-2998, catalog no. 319171, Advanced Cell 226 

Diagnostics) and mcherry (mcherry target region 23-681, catalog no. 431201-C2, Advanced Cell 227 

Diagnostics). Next, the slides underwent four serial amplification incubations the last of which contained 228 

fluorescent probes (Alexa 488 and Atto 550 catalog no. 320850 Advanced Cell Diagnostics Part of 229 

Florescent Multiplex Kit) individually targeted to the slc17a6 and mcherry probes. Finally, the slides 230 

were mounted with ProLong Diamond Antifade Mountant with DAPI (catalog no. P36962, Invitrogen). 231 

Images were taken with a Zeiss Imager M2 microscope (Zeiss, Oberkochen, Germany).  232 

Statistical Analysis 233 

GraphPad Prism 7.02 was used to perform statistical analysis. The Shapiro-Wilk test was first 234 

performed on each set of data to test for normality. To guard against type 1 error, a one-way ANOVA 235 

was applied to data determined to be normally distributed while a Kruskal-Wallis test was applied to the 236 

remaining groups of non-parametric data. As comparisons were made between pre- and post-treated 237 

conditions in the same mouse in the Hargreaves and von Frey data presented in figures 1 and 2, pair-238 

wise comparisons were made using either a paired t-test for the normally distributed DAT-cre mice 239 

Hargreaves data, or the Wilcoxon signed rank test for the remaining paired nonparametric data.  240 

Comparisons of the open field and light/dark test endpoints were made in different groups of animals, 241 

therefore a one-way ANOVA was performed on each group of animals of the same strain whose data 242 

was parametric followed by a Dunnett’s multiple comparison test, while a Kruskal-Wallis test was 243 

followed by a Dunn’s multiple comparisons test in non-parametric data. p<0.05 was considered 244 

significant in all cases. In addition, differences between experimental and control conditions were 245 

calculated, and bootstrapped 95% confidence intervals (CI) were generated using MATLAB as 246 

confirmation of statistical significance. If the CI’s did not include 0, the difference between the 247 

experimental and control conditions was deemed to be statistically significant. Data is reported in the 248 

text as the median difference between experimental and control conditions with 95% CI. Figures 249 

include the raw data as points, with bar graphs depicting the median value with 95% CI’s. 250 
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Results 251 

To determine the neurons within the PAG that could selectively produce antinociceptive 252 

behavioral phenotypes, we used a chemogenetic approach to specifically manipulate the activity of 253 

glutamatergic and dopaminergic neurons in the vlPAG and dorsal raphe.  Glutamatergic neurons were 254 

targeted by local injection of adeno-associated viruses (AAV) into the vlPAG of transgenic mice that 255 

expressed Cre under control of the vesicular glutamate transporter 2 gene (vGlut2-cre) (Fig 1A).  256 

Anesthetized vGlut2-cre mice received targeted injections of adeno-associated virus carrying an 257 

excitatory Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) (AAV8-hM3Dq, 258 

n=8 mice/group), an inhibitory DREADDs construct (AAV8-hM4Di, n=8 mice/group) or a virus only 259 

containing the mCherry fluorescent tag (n=8).  Fluorescence in-situ hybridization demonstrated robust 260 

DREADD expression restricted to glutamate neurons in the the vlPAG and dorsal raphe (Fig. 1B and 261 

D). We observed 83 ± 2% of green labelled vGlut2+ transcripts in the vlPAG and dorsal raphe 262 

colocalized with mcherry labeled neurons expressing vGlut2 RNA, and 95 ± 2% of mcherry labelled 263 

vGlut2 cre-expressing neurons colocalized with green labelled vGlut2+ transcripts as shown in Figure 264 

1C.  Based on this histologic examination, no animals were excluded in the behavioral analysis.  The 265 

transfection specificity and sensitivity were similar to values previously reported.   266 

As shown in Fig 1E, there was no significant difference between paw withdrawal latency to a 267 

thermal stimulus measured before and after i.p. administration of the normally inert ligand CNO (-0.09s, 268 

95% CI [-1.56, 1.50s], Wilcoxon signed rank, df7, p=0.6875).  Likewise, there was no change in paw 269 

withdrawal threshold to a mechanical nociceptive stimulus between control animals before and after i.p. 270 

CNO (0g, 95% CI [-0.14, 0.0g], Wilcoxon signed rank, df7, p=0.592), as shown in Fig 1F.  CNO 271 

activation of vlPAG glutamate neurons increased both paw withdrawal latency (12.06s, 95% CI [7.56, 272 

12.66s], Wilcoxon signed rank, df7, p=0.0078) and mechanical nociceptive threshold (5g, 95% CI [2.66, 273 

5.23g], Wilcoxon signed rank, df7, p=0.0002) in vGlut-2-cre mice, while inhibition decreased paw 274 

withdrawal latencies (-6.85s, 95% CI [-7.83, -3.12s], Wilcoxon signed rank, df6, p=0.0078) and 275 

thresholds (-0.18g, 95% CI [-0.35, -0.14g], Wilcoxon signed rank, df6, p=0.0008).  276 
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Recently it was discovered that CNO does not enter the brain after systemic injection, but rather, 277 

is rapidly converted to clozapine which binds to DREADDs with high affinity and potency and is 278 

responsible for the in vivo effect (Gomez et al., 2017). It is therefore significant that administration of 279 

CNO to mice expressing the mcherry tag but lacking DREADDs produced no significant difference in 280 

paw withdrawal latencies or paw withdrawal thresholds, demonstrating the absence of a non-specific 281 

CNO/clozapine effect. 282 

Mice expressing Cre recombinase under the transcriptional control of the DA transporter 283 

promoter (DAT-cre mice) were similarly prepared, with virus containing either excitatory (hM3), 284 

inhibitory (hM4) or the mCherry tag only targeted to DA neurons in the vlPAG and dorsal raphe (Fig 285 

2A).  Immunohistochemistry demonstrated robust DREADD expression restricted to the vlPAG and 286 

dorsal raphe that colocalized with neurons expressing tyrosine hydoxylase (Fig. 2B and D).  We 287 

observed 61 ± 10% of green labelled tyrosine hydroxylase neurons in the vlPAG and dorsal raphe 288 

colocalized with mcherry labeled neurons expressing DAT protein, and 84 ± 8% of mcherry labelled 289 

DAT cre-expressing neurons colocalized with green labelled tyrosine hydroxylase containing neurons 290 

(Fig 2C).  291 

As shown in Fig 2E, there was no change in thermal sensitivity (paw withdrawal latency) (-0.85s, 292 

95% CI [-1.84, 0.68s], paired t-test, df7, p=0.0.363) nor in mechanical allodynia (Fig 2F) (paw 293 

withdrawal thresholds) (0g, 95% CI [0, 0.22g], Wilcoxon signed rank, df7, p=0.25) in mCherry control 294 

mice before and after injection with CNO. CNO activation of vlPAG DA neurons (hM3, n=9) reduced 295 

both the thermal (9.81s, 95% CI [6.39, 12.10s], paired t-test, df8, p<0.0001) and mechanical sensitivity 296 

(0.44g, 95% CI [0.16, 0.72g], Wilcoxon signed rank, df8, p=0.0313) in DAT-cre mice, while inhibition 297 

(hM4, n=8) caused a significant increase in both thermal (-5.96s, 95% CI [ -6.37, -5.48s], paired t-test, 298 

df7, p<0.0001) and mechanical sensitivity (-0.29g, 95% CI [-0.53, -0.18g], Wilcoxon signed rank, df7, 299 

p=0.0078). 300 

 A separate group of animals was prepared for functional characterization of the hM3 and hM4 301 

DREADDs.  Three weeks after DREADD injection, acute coronal slices of the vlPAG/dorsal raphe (n=4) 302 

were obtained from each group and were prepared for whole cell recordings to demonstrate fidelity of 303 
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the expressed receptors.  hM3-expressing vlPAG/dorsal raphe neurons were held at hyperpolarized 304 

membrane potentials and then were exposed to a bath application of 10 μM CNO (Fig 3A).  This 305 

caused a transient depolarization and robust action potential firing in both vGlut2 (3.7Hz, 95% CI [1.2, 306 

6.4Hz]) and DAT expressing neurons (2.6Hz, 95% CI [1.0, 7.0Hz]).  Neuronal inhibition by hM4Di was 307 

measured by first holding the cells with a depolarizing current, which elicited persistent action potential 308 

firing in both DAT and vGlut2 neurons, and then perfusing the bath with 10 M CNO (Fig 3B).  This 309 

resulted in prolonged membrane hyperpolarization and decreased firing of both vGlut2 (0.2Hz, 95% CI 310 

[0, 0.3Hz]) and DAT expressing neurons (0.2Hz, 95% CI [0.1, 0.3Hz]) (Fig 3C). CNO significantly 311 

depolarized hM3Dq-expressing vGlut2 (Δ membrane potential 17.3mV, 95% CI [6.8, 30.0mV], p<0.05) 312 

and DAT neurons (Δ membrane potential 20.6mV, 95% CI [5.9, 45.2mV], p<0.05), while significantly 313 

hyperpolarizing hM4Di-expressing vGlut2 (Δ membrane potential -8.0mV, 95% CI [-12.8, -6.3mV], 314 

p<0.05) and DAT containing neurons (Δ membrane potential -5.3mV, 95% CI [-8.5, -3.9mV], p<0.05) 315 

(Fig 3D).  316 

Interestingly, while levels of antinociception were significant and quantitatively similar when 317 

dopamine and glutamate neurons in the vlPAG/dorsal raphe were selectively stimulated, it was clear 318 

that the animals’ behavior was noticeably different. Activation of glutamatergic neurons in the vlPAG 319 

reliably triggered strong freezing behavior after administration of CNO, whereas activation of 320 

dopaminergic neurons did not. In order to quantify these differences in behavior, mice were exposed to 321 

a novel context under low-fear conditions, and had the level of anxiety in an open field test, and 322 

preferential exploration of a light area rather than a dark area, evaluated after selective stimulation of 323 

glutamatergic and dopaminergic vlPAG/dorsal raphe neurons. 324 

As shown in Fig 4A, CNO activation of glutamatergic vlPAG/dorsal raphe neurons (hM3, n=8) 325 

produced behaviors consistent with anxiety including decreased distance traveled (from 13.3m, 95% CI 326 

[9.0 to 17.6m] in the control, to 5.3m, 95% CI [1.4 to 9.3m] in hM3, ANOVA with Dunnetts, df7, 327 

p=0.0036), travel velocity (from 0.044m/s, 95% CI [0.03 to 0.058m/s] in the control, to 0.018m/s, 95% 328 

CI [0.005 to 0.031m/s] in hM3, ANOVA with Dunnetts, df7, p=0.0037) and time spent in the center of 329 

the open field (from 19.7s, 95% CI [1.5 to 37.9s] in the control, to 0.5s, 95% CI [-0.1 to 1.2s] in hM3, 330 
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Kruskal-Wallis with Dunns, df7, p=0.014) as well as increased freezing time (from 109.8s, 95% CI [41.3 331 

to 178.3s] in the control, to 270.3s, 95% CI [254.3 to 286.2s] in hM3, ANOVA with Dunnetts, df7, 332 

p=0.0001). CNO inhibition of glutamatergic vlPAG/dorsal raphe neurons (hM4, n=8) had no effect on 333 

these end points (11.4m, 95% CI [8.5 to 14.4m], ANOVA with Dunnetts, df7, p=0.624; 0.0.38m/s, 95% 334 

CI [0.028 to 0.048m/s], ANOVA with Dunnetts, df7, p=0.658; 14.8s, 95% CI [5.1 to 24.5s], Kruskal-335 

Wallis with Dunns, df7, p>0.999; 109.4s, 95% CI [82.9 to 135.9s], ANOVA with Dunnetts, df7, 336 

p=0.9997). DREADD activation or inhibition of dopaminergic vlPAG/dorsal raphe neurons (hM3, n=8) 337 

also had no effect on distance traveled, travel velocity, center time or freezing time (distance traveled: 338 

15.9m, 95% CI [12.6 to 19.2m] control, 17.8m, 95% CI [14.9 to 20.7m] hM3, 18.8m, 95% CI [14.6 to 339 

23.0m] hM4, ANOVA, df7, p=0.39; travel velocity: 0.053m/s, 95% CI [0.042 to 0.064m/s] control, 340 

0.059m/s, 95% CI [0.050 to 0.069m/s] in hM3, 0.063m/s, 95% CI [0.049 to 0.077m/s] in hM4, ANOVA, 341 

df7, p=0.40; time in the center: (23.0s, 95% CI [11.9 to 34.1s] control, 22.5s, 95% CI [14.4 to 30.7s] 342 

hM3, 17.5s, 95% CI [11.8 to 23.1s] hM4, ANOVA, df7, p=0.52; freezing time: 98.9s, 95% CI [68.9 to 343 

128.9s] control, 85.2s, 95% CI [65.03 to 105.4s] hM3, 90.5s, 95% CI [62.6 to 118.4s] hM4, ANOVA, df7, 344 

p=0.68). 345 

In the light/dark test, activation of vlPAG/dorsal raphe glutamatergic neurons lead to decreased 346 

distance traveled (from 4.6m, 95% CI [2.2 to 7.0m] in the control, to 0.3m, 95% CI [-0.4 to 0.9m] in hM3, 347 

Kruskal-Wallis with Dunns, df7, p=0.0009), travel velocity (from 0.062m/s, 95% CI [0.048 to 0.077m/s] 348 

in the control, to 0.003m/s, 95% CI [-0.004 to 0.009m/s] in hM3, Kruskal-Wallis with Dunns, df7, 349 

p<0.0001) and time spent in the light side of the chamber (from 72.3s, 95% CI [37.7 to 106.9s] in the 350 

control, to 9.5s, 95% CI [-9.7 to 28.7s] in hM3, Kruskal-Wallis with Dunns, df7, p=0.011) as well as 351 

increased time spent in the dark, enclosed side of the chamber (from 227.7s, 95% CI [193.1 to 262.3s] 352 

in the control, to 290.5s, 95% CI [271.3 to 309.7s] in hM3, Kruskal-Wallis with Dunns, df7, p=0.011) as 353 

show in Fig 4B.  CNO inhibition of glutamatergic vlPAG/dorsal raphe neurons (hM4, n=8) had no effect 354 

on these end points (3.1m, 95% CI [1.8 to 4.4m], Kruskal-Wallis with Dunns, df7, p=0.890; 0.0.39m/s, 355 

95% CI [0.031 to 0.048m/s], Kruskal-Wallis with Dunns, df7, p=0.0974; 84.2s, 95% CI [26.6 to 141.7s], 356 

Kruskal-Wallis with Dunns, df7, p>0.999; 215.9s, 95% CI [158.3 to 273.4s], Kruskal-Wallis with Dunns, 357 
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df7, p>0.999).  DREADD activation or inhibition of dopaminergic vlPAG/dorsal raphe neurons (hM3, 358 

n=8) also had no effect on distance traveled, travel velocity, or time spent on the light side of the 359 

enclosure nor on time spent in the dark, enclosed side (distance traveled: 4.4m, 95% CI [1.5 to 7.3m] 360 

control, 5.8m, 95% CI [4.7 to 6.9m] hM3, 5.2m, 95% CI [3.5 to 6.9m] hM4, Kruskal-Wallis, df7, p=0.475; 361 

travel velocity: 0.05m/s, 95% CI [0.022 to 0.078m/s] control, 0.055m/s, 95% CI [0.047 to 0.063m/s] in 362 

hM3, 0.052m/s, 95% CI [0.044 to 0.059m/s] in hM4, ANOVA, df7, p=0.885; time in the light: 78.2s, 363 

95% CI [45.5 to 110.8s] control, 104.4s, 95% CI [91.4 to 117.4s] hM3, 100.5s, 95% CI [66.9 to 134s] 364 

hM4, Kruskal-Wallis, df7, p=0.271; time in the dark: 221.8s, 95% CI [189.2 to 254.5s] control, 195.6s, 365 

95% CI [182.6 to 208.7s] hM3, 199.6s, 95% CI [166 to 233.1s] hM4, Kruskal-Wallis, df7, p=0.271). 366 

In summary, vGlut2-cre animals consistently showed higher indices of anxiety, with increased 367 

freezing time and more time spent in the safety of the dark area when administered CNO, suggesting 368 

that vlPAG glutamatergic neuron activation mediated the anxiogenic effect. In contrast, DAT-cre mice 369 

with hM3 DREADD expression in the vlPAG/dorsal raphe failed to show anxiety behavior when 370 

administered CNO, suggesting that activation of DA neurons in this region is analgesic without being 371 

anxiogenic. 372 

To determine the receptors mediating the vlPAG/dorsal raphe dopaminergic antinociceptive 373 

effect, subtype selective dopamine receptor antagonists were administered systemically. Pretreatment 374 

with the selective D1 receptor antagonist SCH-23390 (0.5mg/kg) (4.94s, 95% CI [3.85, 9.57s], paired t-375 

test, df8, p<0.0001) or the selective D2 receptor antagonist raclopride (5mg/kg) (1.15s, 95% CI [3.35, 376 

8.53s], paired t-test, df8, p=0.0176) failed to prevent the increase in paw withdrawal latency exhibited 377 

by CNO activation of vlPAG DA neurons (9.81s, 95% CI [6.39, 12.10s], paired t-test, df8, p<0.0001). In 378 

contrast, the nonspecific DA receptor antagonist haloperidol (0.3mg/kg) (-0.20s, 95% CI [-0.44, 0.21s]) 379 

was effective in blocking the antinociceptive effect, resulting in no significant difference in paw 380 

withdrawal latency from baseline (paired t-test, df8, p=0.413) (Fig 5A). The results were similar when 381 

mice were exposed to a mechanical nociceptive stimulus (Fig 5B), with only haloperidol effectively 382 

preventing vlPAG DA neuron-mediated antinociception (-0.24g, 95% CI [-0.32, 0.08g], Wilcoxon signed 383 

rank, p=0.371).  However, treatment with SCH-23390 (0.5mg/kg) (0.44g, 95% CI [0.29, 0.62g], 384 
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Wilcoxon signed rank, df7, p=0.0078) or Raclopride (0.5mg/kg) (0.24g, 95% CI [0.13, 0.50g], Wilcoxon 385 

signed rank, df7, p=0.0313) had no effect on the CNO-mediated increase in paw withdrawal threshold 386 

(0.44g, 95% CI [0.16, 0.72g]). 387 

Finally, carrageenan was injected into the hind paw of DAT-cre mice as a model for 388 

inflammatory pain to determine if the antinociceptive effect of vlPAG DA activation was potent enough 389 

to inhibit persistent pain.  Fig 6A shows the characteristic decrease in paw withdrawal thermal 390 

threshold in the carrageenan-treated hind paw, which reached steady state about 3 h after injection. 391 

Baseline measurements were made prior to carrageenan hind paw injection. 3 h later, mice received i.p. 392 

CNO injection followed, an hour later, by paw withdrawal latency measurements (Fig 6B). Control mice 393 

who expressed mcherry but lacked DREADDs demonstrated a significant decrease in withdrawal 394 

latencies in the carrageenan-treated paw compared with the uninflamed paw (-6.13s, 95% CI [-6.53, -395 

5.45s], paired t-test, df6, p<0.0001) (Fig 6C), and CNO administration did not produce any effect (-396 

5.49s, 95% CI [-7.02, -5.01s], paired t-test, df6, p<0.0001).  However, CNO activation of vlPAG DA 397 

neurons in mice expressing hM3 DREADDs induced an analgesic effect, significantly increasing the 398 

paw withdrawal latency of the carrageenan-inflamed paw (1.3s, 95% CI [0, 2.16s], paired t-test, df8, 399 

p=0.0115), indicating that activation of vlPAG DA neurons was sufficient to inhibit persistent 400 

inflammatory pain.  401 
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Discussion 402

Here we report that chemogenetic activation of vlPAG glutamatergic or dopaminergic neurons 403

significantly attenuates both thermal and mechanical nociception, and that dopaminergic 404

antinociception is prevented by the nonspecific dopamine receptor antagonist haloperidol. In addition, 405

inhibiting either glutamatergic or dopaminergic neurons causes thermal and mechanical hypersensitivity. 406

Despite similar antinociceptive effects, activating vlPAG glutamatergic neurons induced fear behaviors 407

such as increased freezing time in the open field test and decreased light area exploration in the 408

light/dark test, while there was no increase in fear behaviors with chemo-activation of vlPAG 409

dopaminergic neurons. Finally, vlPAG DA neuron activation was sufficient to inhibit the persistent 410

nociception caused by carrageenan-induced inflammation. These results demonstrate that there is a 411

way to separate the generation of analgesia from anxiety when targeting the vlPAG, by selectively 412

targeting DA neurons.413

The antinociceptive and anxiogenic effects of vlPAG glutamatergic neurons have been studied 414

for many years (Bandler et al., 1985; Bandler and Carrive, 1988; Jacquet, 1988; Jones and Gebhart, 415

1988; Jensen and Yaksh, 1989; Carstens et al., 1990; Tovote et al., 2016; Samineni et al., 2017).  416

However, it was only recently that an amygdala–PAG–medullary circuit responsible for generating 417

freezing behavior was elucidated (Tovote et al., 2016).  A subpopulation of vlPAG glutamatergic 418

neurons project to pre-motor cells located in the magnocellular nucleus (Mc) of the medulla and cause 419

freezing when excited.  Disinhibition of this vlPAG Mc pathway occurs by way of a disynaptic 420

GABAergic micro-circuit receiving inhibitory input from central nucleus of the amygdala (CEA).  The 421

CEA sends GABAergic projections to the vlPAG that preferentially target vlPAG GABAergic cells.422

These vlPAG GABAergic interneurons integrate multiple inhibitory and excitatory inputs and help to 423

regulate the selection of either freezing or flight behaviors.  Specifically, inhibition of the vlPAG 424

GABAergic cells by GABAergic CEA inputs causes excitation of the vlPAG glutamatergic neurons that 425

project to the Mc and produce passive, freezing behavior.  In contrast, excitation by glutamatergic 426

inputs from the dlPAG inhibits the projections to the Mc causing the animals to exhibit active, flight 427

behavior.   428
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Global activation of vlPAG glutamate neurons, as was achieved in the present study, also 429 

produces antinociception.  However, as demonstrated by Tovote et al, there was no antinociceptive 430 

effect when excitation was restricted to the subpopulation of glutamate neurons projecting to the Mc, 431 

suggesting that another glutamatergic circuit is mediating the antinociceptive effects.  Based on 432 

pharmacologic studies, a glutamatergic pathway appears to connect the vlPAG with the RVM and is 433 

directed at RVM OFF-cells specifically.  Activation of these cells by morphine administration or any other 434 

means produces antinociception (Tortorici and Morgan, 2002; Morgan et al., 2008).  These results 435 

strongly suggest that subpopulations of glutamatergic neurons within the vlPAG exert different effects 436 

based on the anatomic location of their projections. 437 

We chose to use the known antinociceptive and anxiogenic effects of vlPAG glutamatergic 438 

activation as a positive control to compare and contrast the new observation that vlPAG/dorsal raphe 439 

dopaminergic neurons produce antinociceptive without anxiogenic behavioral effects.  In contrast to 440 

vlPAG glutamatergic neurons, vlPAG dopaminergic neurons do not project to the RVM.  Instead, they 441 

project up to the ventral tegmental area (VTA), the nucleus accumbens (NAc), the bed nucleus of the 442 

stria terminalis (BNST) and central nucleus of the amygdala (CeA) (Li et al., 2016).  Recent studies 443 

demonstrate that direct VTA DA neuron stimulation attenuates neuropathic allodynia and activates 444 

exercise induced hypoalgesia (Kami et al., 2018; Watanabe et al., 2018).  Therefore, vlPAG/dorsal 445 

raphe DA neurons may be exerting their antinociceptive effects by modulating DA levels in the VTA and 446 

NAc, rather than working through the classic descending inhibition pathway.  Our studies also suggest 447 

the vlPAG/dorsal raphe neurons do not directly interact with the amygdala–PAG–medullary circuit, as 448 

these animals failed to show anxiogenic behavioral effects.  Studies have been conducted to elucidate 449 

the electophysiologic effect of GABA neurons on vlPAG/DA function.  However, no study has yet 450 

investigated the local microcircuit effects that these DA neurons exert within the PAG.451 

It is well known that VTA DA neurons are an essential part of the circuit mediating locomotion, 452 

and it has been demonstrated that chemogenetic activation of VTA DA neurons increases distances 453 

traveled in the open field test (Wang et al., 2013; Boekhoudt et al., 2016).  However, vlPAG/dorsal 454 

raphe DA neurons do not appear to affect locomotion, as chemogenetic activation of vlPAG DA 455 
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neurons failed to increase the distance traveled in the open field test, both in the present study as well 456 

as in studies by others (Li et al., 2016), suggesting that the decrease in freezing time and activity in the 457 

light/dark tests can be attributed to effects on anxiety behaviors rather than on movement directly. 458 

Previous attempts to characterize the analgesic efficacy of vlPAG DA neurons stimulation have 459 

used acute, episodic pain stimuli including measuring hot plate latency and the tail flick test (Flores et 460 

al., 2004; Meyer et al., 2009; Li et al., 2016). In addition to acute, episodic pain, we have demonstrated 461 

that the analgesic effect is sufficient to decrease persistent inflammatory pain as well.  However, 462 

additional studies are needed to determine if the antinociception produced by activation of vlPAG DA 463 

neurons is sufficient to treat other forms of chronic pain, including neuropathic and cancer pain. 464 

In this regard, while the use of chemogenetic or optogenetic techniques are not currently 465 

available as clinical treatments, the observation that selective DA neurons activation provides analgesia 466 

could be clinically significant.  DA agonists and stimulants are commonly used in the treatment of 467 

Parkinson’s disease and Attention Deficit Disorder, but are not currently used for the relief of pain. Pre-468 

clinical studies in rodents suggest that DA agonists and psychostimulants such as ᴅ-amphetamine and 469 

methylphenidate (MPH), are effective analgesics and provide synergistic effects with opioids. Several 470 

groups have demonstrated that 1) DA agonists produce analgesia alone (Dennis and Melzack, 1983; 471 

Lin et al., 1989; Morgan and Franklin, 1990); 2) when combined with opioids, DA agonists potentiate 472 

opioid analgesia (Burrill et al., 1944; Goetzl et al., 1944; Ivy et al., 1944); 3) opioid analgesia is in part 473 

mediated through the actions of DA (Morgan and Franklin, 1991); 4) both D1 and D2 receptors are 474 

involved in the effect (Morgan and Franklin, 1991; Flores et al., 2004; Meyer et al., 2009); 5) the VTA 475 

contributes to both the rewarding and analgesic actions of DA (Morgan and Franklin, 1990; Matsui et al., 476 

2014; Schifirnet et al., 2014; Fields and Margolis, 2015; Trang et al., 2015); and 6) DA neurons in the 477 

ventral PAG play key roles in DA-mediated analgesia (Flores et al., 2004; Meyer et al., 2009; Chiou et 478 

al., 2013). 479 

There is also clinical evidence supporting the analgesic effects of these medications (Burrill et 480 

al., 1944; Goetzl et al., 1944; Ivy et al., 1944; Evans, 1962; Evans and Bergner, 1964; Evans and Smith, 481 

1964; Evans, 1967). In the only large, double-blinded, prospective clinical trial investigating the effects 482 
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of ᴅ-amphetamine on analgesia, the combination of morphine and 10 mg ᴅ-amphetamine was twice as 483 

potent as morphine alone in providing pain relief to patients undergoing abdominal and orthopedic 484 

surgical procedures and generally offset the sedation and loss of alertness that usually accompanied 485 

morphine use (Forrest et al., 1977). Despite these promising results, there have been no additional 486 

follow-up trials, and DA agonists have never become a clinical tool for the relief of pain. There is 487 

therefore need for further investigation to understand the mechanisms by which ᴅ-amphetamine and 488 

other DA agonists produce antinociception and to determine the relationship between DA-mediated 489 

analgesia and reward. 490 

While we specifically targeted dopamine transporter-containing neurons, midbrain DA neurons 491 

have been shown to co-release neurotransmitters such as GABA or glutamate (Hnasko et al., 2010; 492 

Stuber et al., 2010; Tecuapetla et al., 2010; Tritsch et al., 2012; Li et al., 2016). It is therefore possible 493 

that the behavioral effects may not be purely DA-mediated.  To gain insight into this question, 494 

antagonists selective for dopamine receptor subtypes were given systemically to block the analgesic 495 

response.  Previous studies showed conflicting results with regards to which DA receptor mediated 496 

PAG analgesic effects; one study suggested it was through D1 receptors (Flores et al., 2004) while 497 

another showed that D2 receptors were crucial (Meyer et al., 2009). In the current experiments, the 498 

antinociception produced by vlPAG DA neuron stimulation was incompletely prevented by selective 499 

blockade of dopamine D1 receptor or D2 receptor, and completely prevented by the non-specific DA 500 

receptor antagonist haloperidol, suggesting that both receptors may contribute to the antinociceptive 501 

effect. 502 

Here we show that selective stimulation of DA neurons within the vlPAG/dorsal raphe produced 503 

antinociception without anxiety, and further characterized a novel analgesic target, as there are no 504 

medications used clinically which specifically target dopaminergic circuits for the relief of pain. 505 
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FIGURE LEGENDS 660 

Figure 1. Glutamatergic neurons in the vlPAG produce antinociception 661 

A. Glutamatergic neurons were targeted by local vlPAG injection of adeno associated virus in 662 

transgenic mice that expressed Cre under control of the vesicular glutamate transporter 2 gene (vGlut2-663 

cre). B. DREADDs expression in the vlPAG/dorsal raphe of vlgut2-cre mice (RNA-FISH). C. 83 ± 2% of 664 

green labelled vGlut2+ transcripts in the vlPAG and dorsal raphe colocalized with mcherry labeled 665 

neurons expressing vGlut2 RNA, and 95 ± 2% of mcherry labelled vGlut2 cre-expressing neurons 666 

colocalized with green labelled vGlut2+ transcripts. D. DREADDs are expressed in vlPAG/dorsal raphe 667 

vGlut2+ neurons as demonstrated by colocalized expression in the merged image. E-F.  Bar graphs 668 

represent the median value of the data, while the error bars are the 95% CI.  White bars indicate 669 

nociceptive testing prior to i.p. clozapine-N-oxide (CNO) injections while green bars indicate nociceptive 670 

testing 1hr after CNO administration.  Pair wise comparisons with a Wilcoxon signed-rank test indicated 671 

no significant behavioral difference in mCherry animals (n=7) after CNO treatment.  CNO activation of 672 

vlPAG glutamate neurons (hM3, n=8) produced analgesia as indicated by increased paw withdrawal 673 

latencies to thermal (p=0.0078) and mechanical stimuli (p=0.0002) in vGlut2-cre mice, while inhibition 674 

(hM4, n=8) caused increased sensitivity to both thermal (p=0.0078) and mechanical stimuli (p=0.0008). 675 

 676 

Figure 2. Dopaminergic neurons in the vlPAG produce antinociception 677 

A. Dopaminergic neurons were targeted by local vlPAG injection DREADD containing AAV into 678 

transgenic mice expressing Cre under control of the dopamine transporter gene (DAT-cre).  B. 679 

DREADDs expression in the vlPAG/dorsal raphe of DAT-cre mice (immunohistochemistry). C. 61 ± 680 

10% of green labelled tyrosine hydroxylase (TH) neurons in the vlPAG and dorsal raphe colocalized 681 

with mcherry labeled neurons expressing DAT protein, and 84 ± 8% of mcherry labelled DAT cre-682 

expressing neurons colocalized with green labelled TH containing neurons. D. DREADDs are 683 

expressed in vlPAG/dorsal raphe TH+ neurons as demonstrated by colocalized expression in the 684 

merged image. E-F. Bar graphs represent the median value of the data, while the error bars are the 685 

95% CI. White bars indicate nociceptive testing prior to i.p. clozapine-N-oxide (CNO) injections while 686 
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green bars indicate nociceptive testing 1hr after CNO administration.  Pair wise comparisons with a 687 

Wilcoxon signed-rank test indicated no significant behavioral difference in mcherry animals (n=8) after 688 

CNO treatment. CNO activation of vlPAG dopamine neurons (hM3, n=9) produced analgesia, with 689 

increased paw withdrawal latencies to both thermal (paired t-test, df8, p<0.0001)) and mechanical 690 

stimuli (Wilcoxon signed rank, df8, p=0.0313) in DAT-cre mice, while inhibition (hM4, n=8) caused a 691 

significant decrease in paw withdrawal latencies to both thermal (paired t-test, df7, p<0.0001) and 692 

mechanical stimuli (Wilcoxon signed rank, df7, p=0.0078). 693 

 694 

Figure 3. Functional characterization of hM3 and hM4 DREADDs in vlPAG/dorsal raphe neurons 695 

of vGglut2-Cre and DAT-cre mice.  696 

A. Whole-cell current-clamp recording from an hM3Dq-expressing vlPAG neuron. Brief bath application 697 

of 10M CNO (red box) caused a transient depolarization and robust action potential firing in both vGlut2 698 

and DAT neurons. Blue lines represent individual spike events.  These were then aggregated into 5s 699 

bins and the frequency plotted as shown in the green histogram. B. Voltage trace showing that bath 700 

perfusion with 10M CNO caused prolonged membrane hyperpolarization and silencing of both vGlut 701 

and DAT vlPAG/dorsal raphe neurons. C. Quantification of the CNO effects on neuron firing rate in 702 

grouped vGlut2 and DAT neurons (n=4). D. Quantification of the CNO effects on membrane potential. 703 

(All values are mean ±SEM. * = p<0.05). 704 

 705 

Figure 4.  Glutamatergic neurons in the vlPAG drive fear responses, as assessed using open field 706 

and Light/Dark behavioral tests. (mCherry = controls, hM3 = excitatory DREADD, hM4 = inhibitory 707 

DREADD). A. Open field test. DREADD activation (hM3, n=8) of vlPAG glutamate neurons in vglut-2-708 

cre mice produced decrease in distance traveled, velocity of travel and time spent in the center of an 709 

open field along with increase in the time spent frozen when compared with control mice, while 710 

inhibition (hM4, n=8) had no effect on these endpoints (ANOVA with Dunnetts multiple comparison test, 711 

* p<0.05, **p<0.001). In contrast, DREADD activation (hM3, n=8) or inhibition (hM4, n=8) of 712 

dopaminergic vlPAG/dorsal raphe neurons in DAT-cre mice had no effect on distance traveled, travel 713 
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velocity, center time or freezing time (one-way ANOVA). B. In the light/dark test, DREADD activation 714 

(hM3, n=8) of vlPAG/dorsal raphe glutamatergic neurons lead to decreased distance traveled, travel 715 

velocity and time spent in the light side of the chamber as well as increased time spent in the dark, 716 

enclosed side of the chamber (Kruskal-Wallis with Dunn’s multiple comparison test, * p<0.05, 717 

**p<0.001). CNO inhibition of glutamatergic vlPAG/dorsal raphe neurons (hM4, n=8) had no effect on 718 

these end points. In contrast, DREADD activation or inhibition of dopaminergic vlPAG/dorsal raphe 719 

neurons (hM3, n=8) also had no effect on distance traveled, travel velocity, or time spent on the light 720 

side of the enclosure nor on time spent in the dark, enclosed side (Kruskal-Wallis). 721 

 722 

Figure 5. Haloperidol inhibits vlPAG dopaminergic neuron mediated analgesia 723 

A-B. Changes in paw withdrawal latencies to a thermal test were significant (one-way ANOVA, 724 

p<0.0001) as were changes in paw retraction force (Kruskal-Wallis, p<0.0001). Pair wise comparisons 725 

indicated that only the nonspecific DA receptor antagonist Haloperidol (0.3mg/kg) prevented the 726 

analgesia induced by activation of vlPAG dopamine neurons by clozapine-N-Oxide (CNO, 1mg/kg), as 727 

paw withdrawal latencies (paired t-test, p=0.413) and retraction forces (Wilcoxon signed rank, p=0.371) 728 

showed no significant change from baseline. In contrast, treatment with the selective D1 receptor 729 

antagonist SCH-23390 (0.5mg/kg) or the selective D2 receptor antagonist raclopride (0.5mg/kg) were 730 

ineffective in preventing the analgesia. 731 

 732 

Figure 6. Effect of vlPAG dopaminergic neuron activation on carrageenan-induced thermal 733 

sensitivity 734 

A. A stable and significant reduction in paw withdrawal time to a thermal stimulus was achieved 180 735 

min following carrageenan injection into the left hind paw of DAT-cre mice. B. Pre-carrageenan paw 736 

withdrawal latencies were measured to obtain a baseline. 3 h post-carrageenan injection, experimental 737 

and control mice received i.p. CNO injections. One hour later, paw withdrawal latencies were recorded 738 

for the inflamed and control paws. C. In mice expressing the hM3Dq DREADDs (hM3), CNO activation 739 
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of vlPAG dopamine neurons produced an analgesic effect by significantly increasing the paw 740 

withdrawal latency of the carrageenan-inflamed paw (†, paired t-test, df8, p=0.0115). 741 














