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ABSTRACT (250/250 words) 116 

 Relaxin-3 is an insulin-family peptide neurotransmitter expressed primarily in 117 

neurons of the nucleus incertus (NI) of the pontine tegmentum, with smaller populations 118 

located in the deep mesencephalon (DpMe) and periaqueductal gray (PAG).  Here we 119 

have used targeted recombination at the Rln3 gene locus to generate an Rln3Cre 120 

transgenic mouse line, and characterize the molecular identity and axonal projections of 121 

Rln3 expressing neurons.  Expression of Cre recombinase in Rln3Cre mice, and the 122 

expression of Cre-mediated reporters, accurately reflect the expression of Rln3 mRNA 123 

in all brain regions.  In the NI, Rln3 mRNA is expressed in a subset of a larger 124 

population of tegmental neurons that express the neuropeptide neuromedin-b (NMB).  125 

These Rln3 and NMB expressing neurons also express the GABAergic marker GAD2, 126 

but not the glutamatergic marker Slc17a6 (VGluT2).  Cre-mediated anterograde tracing 127 

with adeno-associated viruses shows that the efferents of the Rln3 expressing neurons 128 

in the DpMe and PAG are largely confined to the brain regions in which they originate, 129 

while the NI-Rln3 neurons form an extensive ascending system innervating the limbic 130 

cortex, septum, hippocampus, and hypothalamus.  Viral anterograde tracing also 131 

reveals the potential synaptic targets of NI-Rln3 neurons in several brain regions, and 132 

the distinct projections of Rln3 expressing and non-expressing neurons in the pontine 133 

tegmentum.  Rabies virus-mediated trans-synaptic retrograde tracing demonstrates a 134 

probable synaptic link between NI-Rln3 neurons and GABAergic neurons in the septum, 135 

with implications for the modulation of neural activity in the septo-hippocampal system.  136 

Together these results form the basis for functional studies of the NI-Rln3 system.   137 

 138 

SIGNFICANCE STATEMENT (118/120 words) 139 

 Relaxin-3 (Rln3) is a peptide neurotransmitter expressed mainly in the nucleus 140 

incertus of the pons.  Rln3 neurons project to the limbic cortex, septum, hippocampus, 141 

and hypothalamus, in a way that resembles the ascending brain systems expressing 142 

dopamine, serotonin, and norepinephrine.  Roles in arousal and stress responses have 143 

been proposed for NI-Rln3 neurons, but their function is not well understood.  We have 144 

defined the molecular signature of NI-Rln3 neurons in terms of the expression markers 145 

for GABA, the principal inhibitory neurotransmitter of the CNS, and neuromedin-b, 146 
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another neuropeptide expressed in the pons.  A transgenic mouse model for the Rln3 147 

system has allowed the projections of the Rln3 neurons to be mapped in detail, and will 148 

facilitate functional studies of this pathway.   149 

 150 

INTRODUCTION  (680/750 words) 151 

 Relaxin-3 (Rln3) is an insulin-family peptide neurotransmitter with very restricted 152 

expression in the CNS.  Rln3 expressing cell bodies are found primarily in the nucleus 153 

incertus (NI), with smaller populations located in the deep mesencephalon (DpMe) and 154 

periaqueductal gray (PAG).  In contrast, Rln3-containing fibers and the principal Rln3 155 

receptor, Rxfp3, are widely distributed in the rodent (Ma et al., 2007; Smith et al., 2010) 156 

and primate (Ma et al., 2009a) forebrain and diencephalon.  The specific location of the 157 

Rln3 expressing neurons that give rise to this distributed system has not been precisely 158 

defined, but anatomical projections from the area of the NI are known to innervate wide 159 

brain regions (Goto et al., 2001; Olucha-Bordonau et al., 2003).  Thus the NI-Rln3 160 

system resembles the dopamine, serotonin, and noradrenergic systems in that it 161 

consists of a tegmental nucleus that sends ascending projections to multiple regions 162 

important to behavioral regulation, including the limbic cortex, septum, hippocampus, 163 

and hypothalamus.   164 

 Consistent with the wide distribution of the Rln3 projections, several roles have 165 

been proposed for this system in the regulation of behavior.  Mice with null mutations in 166 

Rxfp3 are viable and fertile, but have a number of subtle behavioral deficits including 167 

reduced running wheel activity (Hosken et al., 2015), and changes in operant sucrose 168 

seeking (Walker et al., 2015a) and stress-related alcohol consumption (Walker et al., 169 

2015b).  Rln3 null mice are also viable, but show subtle changes in anxiety measures 170 

(Watanabe et al., 2011).  Based on these genetic models, and also on pharmacological 171 

studies using Rln3 agonists and antagonists, Rln3/Rxfp3 have been postulated to 172 

modulate arousal and stress responses (Smith et al., 2014; Ma and Gundlach, 2015).  173 

However, genetic and pharmacological manipulations of Rln3 and its receptor Rxfp3 174 

system only partly address the function of this neural pathway, because the principal 175 

neurotransmitter of the NI-Rln3 system is GABA, which is co-expressed with the Rln3 176 

peptide (Ma et al., 2007).   177 
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 Much of the prior work on the function of the NI has focused on its role in the 178 

regulation of hippocampal theta rhythm, an EEG pattern characterized by coherent 179 

oscillations of local field potential and phase-locked neuronal firing in the 4–10 Hz 180 

frequency band observable during active awake behavior (Pignatelli et al., 2012).  181 

These oscillations have been described as being related to sensorimotor integration, 182 

spatial navigation and memory (Buzsaki and Moser, 2013; Hasselmo and Stern, 2014). 183 

Theta activity is observed in multiple brain regions receiving Rln3 fibers, including CA1 184 

and CA3 of the hippocampus, the medial septum (MS), and the retrosplenial cortex (Ma 185 

et al., 2007; Smith et al., 2010).  The function of the NI in modulation of theta activity 186 

has recently been explored using transgenic mouse models.  One transgenic system 187 

allowed the manipulation of all GABAergic neurons in the area of the NI (Szőnyi et al., 188 

2019), and another targeted a specific population of neurons in the region that express 189 

the neuropeptide neuromedin b (NMB, Lu et al., 2020). These studies reported inhibition 190 

and enhancement of HC theta activity, respectively, with the stimulation of these cell 191 

populations.  However, the identity of the neurons examined in these studies with 192 

respect to the ascending NI-Rln3 system has not been completely defined.  193 

 Here we have used targeted recombination at the Rln3 gene locus in embryonic 194 

stem cells to generate an Rln3Cre transgenic mouse line.  Crosses of Rln3Cre mice with 195 

genetic reporter mouse strains faithfully reproduced the expression of Rln3 mRNA in the 196 

mesencephalon and NI.  The NI neurons labeled by Rln3Cre are GABAergic, and are a 197 

subset of a larger group of NMB expressing neurons in the pontine tegmentum.  Using 198 

Rln3Cre-driven expression of adeno-associated viruses (AAV), we performed 199 

anterograde tracing of the distinct projections of the Rln3 expressing neurons in the NI, 200 

DpMe, and PAG.  The NI-Rln3 neurons also project to distinct target areas compared to 201 

their Rln3 negative neighbors in the pons.  Consistent with a role in regulating theta 202 

activity in the septohippocampal system, NI-Rln3 neurons make synaptic connections 203 

with GABAergic neurons in the septum.  The Rln3Cre transgenic mouse strain will 204 

provide an important new tool for specific functional studies of the Rln3 expressing brain 205 

systems.   206 

 207 
 208 
 209 
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METHODS 210 
 211 

 Targeting the Rln3 gene locus in embryonic stem cells and generation of 212 

Rln3Cre mice.  Rln3Cre mice were generated by gene targeting in G4 129S6B6F1 hybrid 213 

mouse embryonic stem (ES) cells (George et al., 2007).  ES cells were electroporated 214 

with a gene targeting construct encoding an IRES, GFP-Cre fusion protein, and PGK-215 

neomycin expression cassette.  The insertion was targeted to the 3’untranslated region 216 

of the Rln3 gene, encoded on the (-) strand of mouse Chr8, immediately downstream of 217 

the Rln3 stop codon at Chr8:84,043,093-84,043,095 (NCBI mouse genome 218 

GRCm38/mm10).  The short arm 5’ to the insertion site consisted of 2037 nucleotides 219 

spanning Chr8: 84,043,073-840,45,109, and the long arm 3’ to the insertion site 220 

consisted of 4,109 nucleotides from Chr8:84,038,958-84,043,066.  NEO-resistant ES 221 

cell clones were screened first by polymerase chain reaction using oligonucleotides 222 

spanning the 5’ (short) homology arm, then by Southern hybridization using a probe 223 

within the 3’ (long) homology arm.  ES cells with the correctly targeted gene structure 224 

were used to generate founder animals by blastocyst injection.  In order to excise the 225 

Neomycin selection cassette, founder mice were interbred with the strain 226 

Gt(ROSA)26Sortm1(FLP1)Dym/J (“FLPeR” mice, Jax #003946) and the absence of the NEO 227 

coding sequence was confirmed in the F1 by PCR.  NEO-excised mice on a mixed 228 

genetic background were subsequently bred to C57BL/6NCrl (Charles River) and 229 

maintained on this genetic background.   230 

 Other mouse strains.  Other mouse strains included the Cre-dependent 231 

tdTomato reporter strain Ai14 (Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, Madisen et al., 2010, 232 

Jax #007914), the Cre-dependent ZsGreen reporter strain Ai6 (Gt(ROSA)26Sortm6(CAG-233 
ZsGreen1)Hze/J, Madisen et al., 2010, Jax #007906), and Gad2IRES-Cre (Gad2tm2(cre)Zjh/J, 234 

Taniguchi et al., 2011, Jax #010802).  All strains were maintained on a C57BL/6NCrl 235 

genetic background.  Both male and female mice were used for anatomical and gene 236 

expression studies.   237 

 Immunofluorescence and in situ hybridization.  Mouse brain tissue was 238 

prepared by fixation via transcardial perfusion with 4% paraformaldehyde.  Brains were 239 

then removed and equilibrated in graded sucrose solutions, frozen at -80C in OCT 240 
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solution, and cryosectioned at 25μm for fluorescence/immunofluorescence imaging.  241 

Tissue processed in this way was suitable for imaging of endogenous protein 242 

fluorescence, immunofluorescence, and fluorescence in situ hybridization (FISH).  243 

Primary antiserum used included rabbit anti-Tyrosine Hydroxylase (AB152, EMD 244 

Millipore, RRID:AB_390204). The endogenous fluorescence of the tdTomato reporter 245 

was enhanced with rabbit anti-red fluorescent protein (600-401-379, Rockland 246 

Immunochemicals, RRID:AB_2209751).  Immunofluorescence for Rln3 peptide was 247 

performed in the laboratory of Andrew Gundlach, Florey Institute, Melbourne, using a 248 

mouse monoclonal antibody (mAb), and data were provided as unpublished results.  249 

The development of the hybridoma HK4-144-10 producing a mAb recognizing a 250 

conserved N-terminal Rln3 peptide (Kizawa et al., 2003), the use of this mAb for 251 

immunostaining in the NI of the rat, including blocking of the signal by the immunizing 252 

peptide (Tanaka et al., 2005), and the validation of the specificity of the mAb in Rln3 253 

knockout mice (Watanabe et al., 2011), have been previously published.  Multi-channel 254 

fluorescence in situ hybridization (FISH) was performed with the RNAscope Multiplex 255 

Fluorescent V2 kit, according to the manufacturer’s instructions (Advanced Cell 256 

Diagnostics, Newark, CA).  The probes used included: Cre recombinase, #312281-C2 257 

(channel 2); EGFP, #400281-C2; Mm-Gad2, #439371-C2; Mm-Nmb, #459931-C3 258 

(channel 3); Mm-Rln3 (channel 1), #459921; Mm-Slc17a6 (channel 1), #319171 259 

(VGluT2).   260 

 Anterograde and retrograde tracing: general methods.  The targeted 261 

coordinates for each anterograde or retrograde tracing injection, based on a standard 262 

atlas (Paxinos and Franklin, 2001), appear in the Figure Legends.  The detailed 263 

methods used here for anterograde tract tracing with iontophoretic injection of AAV 264 

have been published in conjunction with the Allen Mouse Brain Connectivity Atlas 265 

(Harris et al., 2012; Oh et al., 2014).  Animals were fixed by transcardial perfusion with 266 

4% paraformaldehyde at 14-21 days after injection, and processed as described above.   267 

 Anterograde tract tracing: viruses.  Anterograde tracing was performed using 268 

adeno-associated virus (AAV), including Cre-activated (Flex) and Cre-silenced (Fas) 269 

vectors (“Cre-on, Cre-off” system).  Viral stocks were prepared at the University of 270 

Pennsylvania Gene Therapy Program Vector Core (https://gtp.med.upenn.edu/core-271 
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laboratories-public/vector-core).  All viruses used were AAV capsid strain 1.  For Cre-272 

dependent labeling of cell bodies and axons we used AAV 273 

pCAG.FLEX.tdTomato.WPRE (“FLEX-tdT”, Addgene Plasmid #51503) or AAV 274 

pCAG.FLEX.EGFP.WPRE (“FLEX-GFP”, Addgene Plasmid #51502).  Enhanced 275 

labeling of presynaptic areas was performed by Cre-dependent viral expression of a 276 

synaptophysin-EGFP fusion protein (sypGFP). The plasmid 277 

pCAG.Flex.sypEGFP.WPRE (“FLEX-sypGFP”) was constructed by replacing the EGFP 278 

moiety of pCAG-FLEX-EGFP-WPRE with the sypEGFP construct from phSyn1(S)-279 

FLEX-tdTomato-T2A-SypEGFP-WPRE (Addgene #51509) by Julie Harris, Karla 280 

Hirokawa and Hong Gu of the Allen Institute for Brain Science (gift of Julie Harris).  In 281 

most experiments the tdTomato axonal tracer and the sypGFP synaptic tracer viruses 282 

were co-injected.  Cre-inactivated expression was performed with pAAV-Ef1a-FAS-283 

tdTomato-WPRE (“FAS-tdT”, Addgene #37092, Saunders et al., 2012), which was co-284 

injected with the FLEX-GFP or FLEX-sypGFP virus.   285 

 Transsynaptic tracing.  For monosynaptic retrograde tracing, the helper virus 286 

AAV1-Syn-DIO-TVA66T-dTom-CVS N2cG, (AAV1-N2cG) a tricistronic virus which 287 

expresses the pseudotyping receptor TVA, tdTomato, and the rabies glycoprotein G (Lo 288 

et al., 2019) was injected by pressure injection into the medial septum (MS) of Gad2Cre 289 

mice, followed by the rabies virus EnvA CVS-N2cΔG-histone-eGFP (RV-GFP), injected 290 

21 days later into the same location.  The injection coordinates were: AP: 0.74, ML: 291 

0.00, DV: 4.2, and the injected volume was 200nl.  AAV1 and RV for transsynaptic 292 

tracing were the gifts of Shenqin Yao and Ali Cetin (Allen Institute for Brain Science, 293 

Seattle, WA).  Further details regarding rabies reagents are available on request from 294 

S.Y. and A.C.  Mice were euthanized 10 days later and the brains were processed as 295 

described above to visualize the nuclear GFP signal or virally expressed GFP mRNA in 296 

presynaptic neurons in the pontine tegmentum.   297 

 298 
RESULTS 299 

 Generation of an Rln3Cre transgenic mouse strain.  Rln3Cre transgenic mice 300 

were generated by gene targeting in embryonic stem cells (ESCs).  A targeting 301 

construct encoding an IRES, a GFP/Cre fusion protein, and a neomycin (NEO) 302 
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resistance cassette (NEO) was targeted to  3’-untranslated region of the Rln3 locus, in a 303 

location immediately downstream from the stop codon in the Rln3 open reading frame 304 

(Figure 1A, and Methods).  Neomycin resistant ESC clones were screened first by PCR 305 

across the 5’-homology arm of the targeting construct, then for correct integration by 306 

Southern blotting using a probe to the 3’-homology arm (Figure 1B).  Two ESC clones 307 

were selected for blastocyst injection to generate founder lines.  For Flp-recombinase 308 

mediated excision of the NEO cassette, the highly chimeric male founders from one 309 

founder line were interbred with female mice bearing the Flp-deleter allele 310 

Gt(ROSA)26Sortm1(FLP1)Dym/J (“FLPeR” mice, Jax #003946) and the absence of the NEO 311 

coding sequence was confirmed in the F1 generation by PCR.  NEO-excised mice on a 312 

mixed genetic background were subsequently bred to C57BL/6 (Charles River) and 313 

maintained on this genetic background. 314 

 To test the fidelity of Cre expression in Rln3Cre mice, we first compared Cre 315 

mRNA expression to endogenous Rln3 mRNA expression using fluorescence in situ 316 

hybridization (FISH, RNAscope, Figure 1C-H).  An exact correspondence was observed 317 

between Cre and Rln3 expression in the NI at all rostrocaudal levels, indicating the 318 

Rln3-IRES-Cre/GFP transgene is efficiently and specifically transcribed.  However, 319 

examination of Rln3 peptide immunoreactivity, using a well characterized monoclonal 320 

antibody (Kizawa et al., 2003; Watanabe et al., 2011; Haidar et al., 2017), revealed 321 

decreased expression in the NI of Rln3Cre/+ mice, and very low (or negligible) signal in 322 

Rln3Cre/Cre mice, indicating that the Rln3Cre allele is hypomorphic (A.L Gundlach and S. 323 

Ma, The Florey Institute of Neuroscience and Mental Health, Melbourne, Australia, 324 

unpublished data).  We interpret the attenuated Rln3 immunoreactivity to mean that, for 325 

an unknown reason, the Rln3 peptide is not efficiently translated from the dicistronic 326 

Rln3-IRES-Cre mRNA.  All experiments reported here were performed with Rln3Cre/+ 327 

mice.   328 

 NI-Rln3 neurons lie within the central gray of the pons (CG), where they 329 

comprise a relatively small fraction of the total cell population, as can be seen using 330 

gene expression data from a public database (Figure 1I, Ng et al., 2009).  Although NI-331 

Rln3 neurons have been reported to be GABAergic (Ma et al., 2007), many of the 332 

surrounding cells also express the GABA transporter VGAT (Figure 1I,J), so the 333 
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GABAergic phenotype does not distinguish NI-Rln3 neurons from their neighbors.  In 334 

order to confirm the GABAergic phenotype of NI-Rln3 neurons, we performed FISH 335 

using probes for Rln3 and GAD2, a GABA biosynthetic enzyme (Figure 1K).  GAD2 336 

mRNA expression was widespread in the CG, including, as expected, all of the Rln3 337 

expressing neurons.  These results show why it is not possible to specifically target the 338 

NI for functional experiments, such as optogenetic activation or silencing, using a 339 

transgenic driver targeting a widely-expressed marker like Gad2Cre, or by injection into 340 

animals without any genetic targeting system.   341 

 In order to test Cre-mediated gene expression throughout the entire neural axis 342 

of Rln3Cre mice, we interbred this strain with a genetic reporter line Ai6, which exhibits 343 

Cre-dependent expression of the fluorescent reporter ZsGreen (Figure 2A).  Rln3Cre/Ai6 344 

brain sections were aligned with Rln3 mRNA expression images from the Allen Brain 345 

Atlas (Ng et al., 2009).  Examination of the entire CNS rarely revealed ZsGreen-labeled 346 

neurons outside of the brain regions previously described as containing Rln3 neurons 347 

(Smith et al., 2010).  The only exception noted was very sporadic expression in the 348 

dentate gyrus (Figure 2B,C).  Otherwise, ZsGreen expression strongly resembled that 349 

of endogenous message Rln3 mRNA, including the deep mesencephalic area (DpMe) 350 

and periaqueductal gray (PAG) of the mesencephalon (Figure 2D-G), the rostral part of 351 

the NI cell group residing in the pontine raphe (Figure 2H-J), and in the central part of 352 

the NI (Figure 2K-M).  This result is important not only because it demonstrates the 353 

spatial fidelity of Cre expression, but also because it excludes other areas of Rln3Cre 354 

expression in the developing brain, since recombination of the reporter locus during 355 

development would lead to persistent expression in the adult. 356 

 A subset of neurons in the pontine tegmentum express the neuropeptide 357 

neuromedin B (NMB), and NMBCre mice have been used to target the NI in tract-tracing 358 

and optogenetic experiments (Lu et al., 2020).  In order to understand the relationship 359 

between the Rln3 and NMB expressing neuron populations in this area, we used dual-360 

label FISH for Rln3 and NMB mRNA in serial sections throughout their entire extent of 361 

expression in the pons (Figure 3).  In the rostral and central parts of the NI, Rln3 and 362 

NMB transcripts were co-localized in most NI neurons (Figure 3A-C).  A subset of cells 363 

expressing NMB alone were observed, but cells expressing only Rln3 were rare at any 364 
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level.  At the caudal pole of the NI, at a level where the Rln3 neurons become sparse, 365 

neurons detected in the CG expressed only NMB (Figure 3D).  These NMB-only 366 

neurons continued to the caudal end of the pons, to the level of the PDTg, in areas 367 

outside the NI in standard atlases (Figure 3E-F).  We conclude that Rln3 expressing 368 

neurons are a subset of the NMB expressing neurons.  Within the CG, the extent of 369 

Rln3 expression corresponds best to the anatomical region usually designated as the 370 

NI, while NMB is expressed more extensively in the pontine tegmentum.   371 

 All or nearly all NI-Rln3 neurons express GABAergic markers and are presumed 372 

to be GABAergic (Figure 1K, Ma et al., 2007).  However, intermingled glutamatergic 373 

neurons have also been identified in the NI (Cervera-Ferri et al., 2012).  In order to 374 

ascertain the fast neurotransmitter in NMB expressing neurons in the pontine 375 

tegmentum, we used dual-label FISH for NMB mRNA together with either GAD2 or 376 

VGluT2, the principal subcortical glutamate transporter, throughout the extent of the NI 377 

(Figure 4).  GAD2 mRNA expression was extensive in the pontine tegmentum, including 378 

the DTg, CG and NI (Figure 4A-C).  Confocal imaging for cellular co-localization of the 379 

markers demonstrated that all identified NMB expressing neurons also expressed 380 

GAD2.  VGluT2 expressing neurons were present in areas adjacent to the NI, but only 381 

rare colocalization with NMB was observed, probably representing cellular overlap in 382 

densely packed areas (Figure 4D-F).  We conclude that all, or nearly all, of the NMB 383 

neurons in the pons are GABAergic.  Thus the NMB expressing neurons are a subset of 384 

a very large set of GABAergic neurons in the pons, and Rln3 expressing neurons are in 385 

turn a subset of the NMB expressing cells, largely restricted to the NI and the adjacent 386 

pontine raphe nucleus (PnR, Figure 4G).    387 

 Anterograde tracing of mesencephalic Rln3 expressing neurons.  The 388 

neuroanatomy of the ascending Rln3 system has been described in the mouse using 389 

immunostaining for Rln3-containing fibers (Smith et al., 2010), but this method does not 390 

determine the source of these fibers, since multiple brain nuclei express Rln3.  In order 391 

to better understand the relationship of Rln3 expressing neurons to their targets, we 392 

injected Cre-dependent tract-tracing AAVs expressing fluorescent markers into each 393 

brain region containing Rln3 expressing neurons, including the DpMe, the PAG, and the 394 

NI.  In order to trace the efferents of Rln3Cre neurons in the deep mesencephalic area 395 



 

13 
 

(DpMe), we injected transgenic mice genetically engineered to express a tdTomato 396 

reporter in all Rln3Cre neurons (Figure 5A), with a Cre-dependent  AAV encoding 397 

axonally targeted EGFP (AAV-Flex-EGFP, Figure 5B), resulting in very efficient 398 

unilateral labeling of this cell group (Figure 5C-D).  Labeling of the DpMe cell group 399 

revealed very limited projections within the mesencephalon, medial and lateral to the 400 

injection site (Figure 5E).  Labeled fibers were not detected in other areas known to 401 

receive Rln3 inputs, such as the cerebral cortex, septum, lateral hypothalamus, and 402 

raphe (data not shown).   403 

 Injection of AAV-Flex-EGFP was also used to label Rln3Cre neurons in the PAG 404 

(Figure 6A,B).  Generally five or fewer labeled cells were observed per section in this 405 

area, but this appears to reflect the actual sparse nature of this cell group (Figure 2D).  406 

Injection of PAG resulted in a few labeled fibers in the lateral hypothalamus (LH), 407 

posterior hypothalamus (PH) and zona incerta (ZI), but labeled fibers were not observed 408 

in the septum, hippocampus, or neocortical areas (Figure 6C and data not shown).  409 

Predominantly, labeled fibers were observed within the deep mesencephalic area, 410 

frequently running mediolaterally within the coronal plane of section (Figure 6D-F).  The 411 

densest innervation was observed in the posterior intralaminar thalamic nucleus (PIL), 412 

an area just inferior to the medial geniculate (MG, Figure 6E,F); these fibers appeared 413 

to condense to join the supraoptic decussation (sox, Figure 6C,D), which is known to 414 

connect the MG hemispheres.  No descending projections were identified for these 415 

neurons.  These findings show that the Rln3 expressing PAG neurons are part of a very 416 

specific mesencephalic pathway, of unknown function.   417 

 Anterograde tracing of NI-Rln3 expressing neurons.  Three AAV-mediated 418 

strategies were used to map the projections of Rln3Cre neurons in the NI.  In Strategy 1 419 

we injected transgenic mice genetically engineered to express a tdTomato reporter in all 420 

Rln3Cre neurons with AAV-FLEX-EGFP, as described for mapping the DpMe and PAG 421 

(Figure 7A,B).  In Strategy 2, we injected a mixture of two Cre-activated AAVs, one 422 

expressing tdTomato that predominantly labeled cell bodies, axons, and fibers of 423 

passage, and the other expressing a sypGFP fusion protein that predominantly labeled 424 

presynaptic terminals (FLEX-tdT and FLEX-sypGFP, Figure 7C).  Thus, where fibers 425 

labeled with both markers run in the plane of section through an area of synaptic 426 
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contact, they resemble “green beads on a red string” (Figure 7D,E).  In Strategy 3, we 427 

used a “Cre-on, Cre-off” strategy to trace NI efferents, combining a FLEX-GFP virus 428 

activated by Cre, and a FAS-tdTomato virus inactivated by Cre, injected into Rln3Cre 429 

mice (Figure 7F, Saunders et al., 2012).  In such a strategy, projections from Rln3Cre  430 

neurons should be labeled with GFP, and those from Rln3-negative NI neurons labeled 431 

with tdT, allowing a direct comparison of the areas receiving efferents from Rln3 432 

expressing and non-expressing neurons in the CG.     433 

 Injection of AAV-FLEX-GFP into Rln3Cre mice was used to map the ascending NI-434 

Rln3 system throughout the CNS.  In the neocortex, fibers were prominent in the 435 

infralimbic (IL) and dorsal peduncular (DP) areas (Figure 8A,B), and in the retrosplenial 436 

cortex (RS, Figure 8C,D,F,G).  Functional studies of the NI have focused on its input to 437 

the septohippocampal system (Martinez-Bellver et al., 2015; Martinez-Bellver et al., 438 

2017; Szőnyi et al., 2019; Lu et al., 2020).  In the hippocampus, labelled fibers were 439 

prominent in CA3, and sparse in CA1, and lacking in the dentate gyrus (DG, Figure 440 

8C,D,F,G).  In the septal complex (Figure 8I-K), labeled fibers were prominent in the 441 

intermediate part of the lateral septum (LSI), the medial septum (MS) and the ventral 442 

limb of the diagonal band (VDB).  In the diencephalon, fibers were noted in the lateral 443 

hypothalamus (LH) and posterior hypothalamus (PH), but not in ventral hypothalamic 444 

nuclei (Figure 8E,F,H; Figure 9A,B). At the transition from the hypothalamus to the 445 

ventral tegmental area (VTA), strongly labeled fibers were observed between the VTA 446 

and supramammillary nucleus (SuM, Figure 9C,D).  At more caudal levels, these fibers 447 

run between the VTA and interpeduncular nucleus (IP, Figure 9E-J).  Since all of the 448 

ascending fibers from NI-Rln3 neurons must pass through this area, we hypothesized 449 

that many of these are fibers of passage, and examined this using the synaptic labeling 450 

strategy, as described below.  At the level of the decussation of the superior cerebellar 451 

peduncle (xscp), fibers were seen throughout the median raphe (MnR) and paramedian 452 

raphe (PMnR, Figure 9K,L).   453 

 In order to better distinguish areas in which NI-Rln3 neurons potentially make 454 

synaptic connections from those containing fibers of passage, we examined the brain 455 

areas receiving inputs from NI-Rln3 neurons using AAV-FLEX mediated expression of 456 

GFP fused to the synaptic protein synaptophysin (sypGFP) plus the cytoplasmic/axonal 457 
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label tdTomato encoded by a separate AAV, both activated by Rln3Cre (Strategy 2).  In 458 

the neocortex, tdT labeled fibers and punctate sypGFP labeling were observed in the 459 

prelimbic cortex (PrL, Figure 10A,C), the cingulate cortex (Figure 10A,C,N,P,R,S), the 460 

DP, and the IL (Figure 10D,E and data not shown).  Labeled fibers and sparse 461 

synapses were also seen in the olfactory bulb (Figure 10A,B).  In prior studies using 462 

immunohistochemical methods, Rln3 fibers have been identified in the claustrum (Smith 463 

et al., 2010); although tdT labeled fibers were evident there, sypGFP expression was 464 

low (Figure 10D,F,J,M).  Strong sypGFP labeling was observed in every part of the 465 

septal complex including the LSI, the dorsal lateral septum (LSD), the MS, and the VDB 466 

(Figure 10G-L,N,Q).  Fibers in CA3 of the hippocampus were also accompanied by 467 

punctate sypGFP expression, implying synaptic contacts (Figure 11A,C).  Overall, the 468 

fiber and synaptic labeling in the septal nuclei was markedly denser than that observed 469 

in hippocampus.  In the hypothalamus, fibers were accompanied by sypGFP labeling in 470 

the lateral preoptic nucleus (LPO, Figure 10N,O), which is continuous with the LH at 471 

more caudal levels (Figure 10R,T; Figure 11A,B,E,F).  Fiber and synaptic labeling was 472 

noted in the retrosplenial cortex, continuous with cortical afferents seen at more rostral 473 

levels (Figure 10G).  Fiber terminals were sparse in the VTA and IP, but tdT-labeled 474 

fibers of passage appeared just lateral to the IP (Figure 11H-K), marking the only 475 

identifiable ascending tract containing the NI efferents.  Synaptic labeling was also 476 

observed throughout the MnR/PMnR (Figure 11M-S), and in the inferior part of the 477 

dorsal raphe (Figure 11Q-R).  A summary of the areas in which the NI-Rln3 neurons 478 

make potential synaptic contacts is presented in Table 1. 479 

 The NI is often identified by its characteristic Rln3 expression, yet this anatomical 480 

region contains both Rln3 expressing and non-expressing neurons, and it is not clear 481 

whether these populations project to distinct targets.  In order to distinguish the 482 

projections of Rln3 expressing and non-expressing neurons in the NI, we employed a 483 

dual AAV strategy in which GFP expression is activated by Rln3Cre, and tdTomato 484 

expression is inactivated (FLEX-GFP/FAS-tdT, Strategy 3, Figure 7F).  The cortex and 485 

septum appeared to be preferentially innervated by Rln3 expressing neurons (Figure 486 

12A-F).  In contrast, Rln3 non-expressing neurons showed preferential innervation of 487 

the medial thalamus (Figure 12G), the lateral mammillary nucleus (LM, Figure 12I,J), 488 
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and the IP (Figure 12M,N).  The VDB showed input from both sources (Figure 12D), as 489 

did the LH and adjacent VTA (Figure 12H-L), and the MnR/PMnR (Figure 12O,P), 490 

whereas the rhabdoid nucleus (RB) showed input from Rln3 non-expressing neurons 491 

only.  Dense fiber inputs to the central part, and only the central part, of the inferior olive 492 

(IO) were noted, exclusively from Rln3 non-expressing neurons (Figure 12Q,R).  These 493 

results indicate that the NI/Rln3 neurons give rise to a set of efferents that are often 494 

distinct from their immediate neighbors, and that a targeted genetic strategy is 495 

necessary to selectively label and manipulate the function of the NI-Rln3 pathway.   496 

 Prior work on NI function has focused on its input to the septohippocampal 497 

system (Nunez et al., 2006; Ma et al., 2009b; Cervera-Ferri et al., 2012; Martinez-498 

Bellver et al., 2015; Martinez-Bellver et al., 2017), and the NI has been suggested as a 499 

modulator of hippocampal theta rhythm.  The presence of dense NI-Rln3 fiber endings 500 

in the septum suggest a pathway for the modulation of theta, in that MS GABAergic 501 

neurons project to CA1, where they synapse on other GABAergic neurons, which in turn 502 

modulate hippocampal pyramidal cell activity (Unal et al., 2015).  Both enhancement 503 

and inhibition of theta activity by the manipulation of the NI have been reported (Szőnyi 504 

et al., 2019; Lu et al., 2020), but the relevant synaptic pathway from NI-Rln3 neurons to 505 

the septohippocampal system has not been determined.   506 

 In order to test whether NI-Rln3 neurons, and/or other cell types in the NI, have a 507 

direct synaptic connection to septal GABAergic neurons we employed rabies virus (RV) 508 

transsynaptic tract-tracing using the modified rabies virus EnvA CVS-N2cΔG-histone-509 

eGFP (RV-GFP, Lo et al., 2019) and a tricistronic, cre-dependent helper AAV1, that 510 

expresses the pseudotyping receptor TVA, tdTomato, and the rabies glycoprotein G 511 

(AAV1-N2cG, Figure 13A, Methods).  AAV1 was activated by transgenic Cre-512 

recombinase expression in Gad2Cre mice.  AAV1-N2cG was injected on day 1 of the 513 

labeling protocol, followed by RV-GFP 21 days later, in order to allow for expression of 514 

the AAV-encoded RV proteins, followed by an additional 10 days to allow for retrograde 515 

labeling before harvesting the brain tissue.  AAV-expressed tdTomato and RV-516 

expressed nuclear GFP were observed in the septum and adjacent brain regions 517 

(Figure 13B-D).  One case, which heavily labeled the MS and LS, resulted in frequent 518 

labeling of both Rln3-positive and a smaller population of Rln3-negative cells in the NI 519 



 

17 
 

(Figure 13E-G); retrograde labeling was also observed in neurons in the inferior dorsal 520 

raphe (DRI, Figure 13E) and in dorsal part of the locus coeruleus, identified by the 521 

expression of tyrosine hydroxylase (Figure 13H).  A second case is also shown in which 522 

the AAV/RV injection was placed more caudally, in the caudal part of the septal 523 

complex, extending into the BST, where few NI fibers terminate.  This resulted in a 524 

sparser but qualitatively similar pattern of NI labeling, including both Rln3-positive and 525 

Rln3-negative NI neurons (Figure 13I,J).  526 

 In order to better determine the relationship between the neuronal cell types in 527 

the NI region and the likelihood of retrograde RV-mediated labeling from the septum we 528 

used triple-label FISH to assess RV-GFP expression in Rln3+/NMB+ and Rln3-/NMB+ 529 

NI neurons (Figure 14).  Rln3+/NMB+ neurons were concentrated in the rostral and 530 

central NI (Figure 14A-C, F-H), and in this area, 59% of Rln3+/NMB+ neurons were 531 

GFP-positive.  Rln3-/NMB+ neurons were concentrated in the central to caudal NI 532 

(Figure 14C-E, H-J), where 15% of Rln3-/NMB+ neurons expressed RV-GFP.  In the 533 

central NI Rln3-/NMB+ neurons are found mainly near the midline (arrows, H).  Rln3-534 

/NMB+ neurons were less likely at all levels to be labeled by RV-GFP from septal 535 

projections, and in the most caudal sections, Rln3-/NMB+ neurons projecting to the 536 

septum were rare.  These results support the conclusion that the Rln3+/NMB+ and 537 

Rln3-/NMB+ neurons are specialized with respect to both their anatomical distribution 538 

and their projections, and that the Rln3-/NMB+ neurons make much less of a 539 

contribution to the NI-septal pathway.   540 

 541 

DISCUSSION 542 

 Defining cell populations in the NI and adjacent pontine tegmentum.   In the 543 

present study we have used transgenic expression of Cre-recombinase in Rln3 544 

expressing neurons to characterize the cellular phenotype and efferent projections of 545 

NI-Rln3 neurons, and also to define the specific projections of smaller populations of 546 

Rln3 expressing neurons in the PAG and DpMe.  Expression of Rln3 has been used as 547 

a defining marker of the NI in rodents and primates (Burazin et al., 2002; Ma et al., 548 

2007; Ma et al., 2009a), although the area encompassing the anatomical NI contains a 549 

mixture of Rln3 expressing and non-expressing neurons (Ma et al., 2007).  Recently, 550 
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expression of Cre-recombinase targeted to the Nmb gene has also been used for 551 

functional studies of the NI (Lu et al., 2020).  The present results help to clarify the 552 

neurotransmitter identity of neurons in this region of the pontine tegmentum as a basis 553 

for future functional studies.  Lu et al. reported that about 50% of NMB expressing 554 

neurons in the NI also express Rln3, although only a single anatomical level was 555 

described (Lu et al., 2020).  Here, in the region usually defined as the NI, we observe a 556 

higher degree of co-expression of NMB and Rln3 mRNA, with a minor population of 557 

neurons expressing NMB alone.  However, at the caudal pole of the NI, NMB-positive, 558 

Rln3-negative neurons predominate, and neurons with this molecular signature extend 559 

caudally within the pontine CG into areas not usually defined as part of the NI, to the 560 

level of the PDTg and the appearance of the facial (7th) nerve at the transition from the 561 

pons to the medulla.  We conclude that Rln3 expression is specifically correlated with 562 

the area usually defined as the NI, and that NMB expressing neurons encompass the NI 563 

plus additional neurons in the caudal pontine tegmentum that may or may not have 564 

similar functions.     565 

 NI-Rln3 neurons have been previously shown to express GABAergic markers 566 

(Ma et al., 2007).  Here, we observed that both Rln3- and NMB expressing neurons 567 

within the NI consistently co-expressed mRNA for the GABAergic marker GAD2, and 568 

co-expression of mRNA for the glutamatergic marker VGluT2 was rarely if ever 569 

observed.  Using a virally-introduced reporter for NMB-Cre, Li et al reported that 76% of 570 

the NI NMB expressing neurons are GABAergic based on co-expression of the 571 

vesicular GABA transporter VGAT, but they did not examine co-expression with a 572 

glutamatergic marker.  Given that imaging of mRNA is a more direct method of 573 

assessing these markers than Cre-mediated viral expression of a fluorescent protein, 574 

we conclude that both Rln3- and NMB expressing neurons within the NI and adjacent 575 

pontine tegmentum are all or nearly all GABAergic.   576 

 Efferent pathways of Rln3 expressing neurons.  The distribution of Rln3 577 

expressing fibers in the mouse and rat brain has been previously examined by 578 

immunostaining (Ma et al., 2007; Smith et al., 2010), but this does not by itself reveal 579 

the source of the Rln3 immunoreactive fibers.  Here we have shown, using Cre-580 

mediated viral tract-tracing, that the two relatively minor populations of Rln3 expressing 581 
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neurons in the DpMe and PAG have restricted projections, and account for only a small 582 

part of the wide distribution of Rln3-immunoreactive fibers previously identified.  583 

Labeling of the DpMe cell group revealed very limited projections within the 584 

mesencephalon, close to the site of injection.  Labeling of Rln3 expressing neurons in 585 

the midbrain PAG resulted in a few labeled fibers in the lateral hypothalamus (LH), 586 

posterior hypothalamus (PH) and zona incerta (ZI), but predominately labeled a tract 587 

running just inferior to the MG, and in the supraoptic decussation, which is known to 588 

connect the MG hemispheres.  In contrast, injection of viral tracers into the NI of Rln3-589 

Cre mice revealed extensive efferents, including projections to the hypothalamus, 590 

septum, hippocampus, and neocortical areas known from anatomical studies to receive 591 

extensive input from the NI (Olucha-Bordonau et al., 2003).  Anterograde tracing results 592 

from Rln3Cre neurons in the DpMe, PAG, and NI described here, if taken together, 593 

recapitulate the entire set of Rln3 immunoreactive fiber terminals previously reported in 594 

the mouse (Smith et al., 2010).   595 

 Rln3 expressing neurons are a subset of the NMB expressing neurons in the 596 

pontine tegmentum, and a comparison of the efferents of these neurons using Rln3Cre 597 

and NMBCre mice suggests that Rln3+/NMB+ and Rln3-/NMB+ neurons may serve  598 

specific pathways.  A prior anterograde tracing study in NMBCre mice showed many 599 

projections in common with the Rln3 expressing neurons examined here, including 600 

efferents to the septohippocampal system, LH/LPO, and cortex (Lu et al., 2020).  601 

However, NMBCre tract-tracing also prominently labeled pathways that are sparsely 602 

labeled or unlabeled using Rln3Cre, including the interpeduncular nucleus (IP, including 603 

its major rostral and caudal subdivisions IPR and IPC), the lateral mammillary nucleus 604 

(LM), and the inferior olive (IO).  We observed strong fiber labeling in these areas only 605 

when the pontine tegmentum was injected with an AAV tracer that was not dependent 606 

on Rln3Cre (Figure 12).  Consistent with these results, Rln3 immunoreactive fibers are 607 

either absent (IP, excepting the dorsomedial part, IPDM), or sparse (LM, IO) in these 608 

areas (Smith et al., 2010).  Since the main population of Rln3-/NMB+ neurons are found 609 

in a caudal region of the tegmentum that extends beyond the anatomical NI, the 610 

projections that are unique to NMBCre mice are likely to arise from this area.  These 611 

specific projections suggest distinct functions for the rostral Rln3+/NMB+ neurons and 612 
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the caudal Rln3-/NMB+ neurons.  The Rln3+/NMB+ neurons are the most likely 613 

candidates for interaction with the septohippocampal system and the regulation of 614 

hippocampal theta activity.  Two areas that appear to receive input from Rln3-/NMB+ 615 

neurons, the LM and IO, are both implicated in motor function and motor learning, 616 

specifically head direction control (Clark and Taube, 2012) and cerebellar motor 617 

learning (Schweighofer et al., 2013), respectively.  These neurons may be the best 618 

candidates for mediating the changes in locomotion noted with the optogenetic 619 

activation of NMB expressing tegmental neurons (Lu et al., 2020), and are less likely to 620 

be mediated by the NI as usually defined.  Specific, combinatorial genetic strategies will 621 

be needed to resolve the function of these pontine cell types.   622 

 Much of the prior work on NI function has focused on its input to the 623 

septohippocampal system and the regulation of hippocampal theta rhythm.  Theta 624 

activity is observed in multiple regions of the extended hippocampal system, including 625 

CA1, CA3 and the dentate gyrus, the MS/DBB, and the retrosplenial and entorhinal 626 

cortex, many of which receive NI-Rln3 inputs. In urethane-anesthetized rats, which 627 

exhibit slow (3-4Hz) theta rhythms, electrical stimulation of the NI increases 628 

hippocampal theta (Nunez et al., 2006).  Some NI neurons are synchronized to induced 629 

(Martinez-Bellver et al., 2015) or spontaneous (Ma et al., 2013) hippocampal theta, and 630 

stimulation of the NI can shift the phase of theta (Martinez-Bellver et al., 2017).      631 

 The presence of dense NI-Rln3 fiber endings in the septum suggest a pathway 632 

for the modulation of theta.  Many neurons in the MS fire at theta frequency in vivo 633 

(Borhegyi et al., 2004), and silencing the MS with nonspecific but reversible blockers 634 

eliminates theta activity in the hippocampus, and impairs spatial memory (Mizumori et 635 

al., 1989; Mizumori et al., 1990; McNaughton et al., 2006).  In freely moving animals, 636 

the infusion of an Rln3 antagonist into the MS decreases theta power during arena 637 

exploration (Ma et al., 2009b).  MS GABAergic neurons project to CA1, where they 638 

synapse on other GABAergic neurons, which in turn modulate hippocampal pyramidal 639 

cell activity (Unal et al., 2015).  Here, using transsynaptic RV tracing, we have shown 640 

evidence for a direct link between NI-Rln3 neurons and septal GABAergic neurons that 641 

is a potential pathway for regulation of theta rhythms by the NI, although the sparser but 642 
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widespread direct input of NI-Rln3 neurons to the hippocampus must also be 643 

considered.   644 

 The Rln3Cre mice used here, and the NMBCre mice employed in a prior study (Lu 645 

et al., 2020), both allow for the labeling and manipulation of well-defined classes of 646 

GABAergic neurons in the tegmentum.  However, another recent study of NI function 647 

used VgatCre transgenic mice to virally label “NI GABAergic neurons” as a single 648 

population (Szőnyi et al., 2019).  Here we have compared the restricted expression of 649 

Rln3 and NMB mRNA to the widespread expression of GABAergic markers in the 650 

tegmentum (Figure 1I-K), and these results suggest that it is not feasible to specifically 651 

target the NI using Cre expressed in all GABAergic neurons.  Consistent with this, 652 

reporter expression following viral injection of the pontine tegmentum in VgatCre mice 653 

was not restricted to the NI.  Thus some caution is warranted in attributing the 654 

physiological and behavioral results obtained using VgatCre-driven optogenetic 655 

stimulation specifically to the NI.  This study reported an inhibition of hippocampal theta 656 

power upon NI stimulation, while other studies, each with its own limitations, have 657 

reported enhancement of theta activity (Nunez et al., 2006; Martinez-Bellver et al., 658 

2017; Lu et al., 2020).  A clear understanding of the relationship of NI activity and 659 

hippocampal theta rhythm will require the application of more specific tools that access 660 

specific cell types in the tegmentum with inputs to this system.   661 
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 671 

FIGURE LEGENDS 672 

Figure 1.  Generation and characterization of an Rln3-Cre transgenic line.    (A)  673 

Targeting of the Rln3 gene locus.  A transgenic construct encoding a Cre-GFP fusion 674 

protein and a neomycin (NEO) resistance marker was prepared targeting to the 3’-675 

untranslated part of exon 2 of the Rln3 gene, and electroporated into ES cells 676 

(Methods).  ES cell clones were selected for neomycin resistance and were initially 677 

screened by PCR across the 5’-flanking arm, then by Southern hybridization using a 678 

1.9kb probe to the 3’-flanking arm.  (B)  Autoradiogram of a Southern blot of an Xba1 679 

genomic digest detecting a >10kb band in the native Rln3 locus and a novel 6kb band in 680 

the targeted locus.  Asterisks indicate ES cell lines with correct targeting.  Clone 9 has a 681 

randomly integrated transgene, and was negative in the initial PCR screen for correct 682 

targeting.  Clones 8,13, 48 and 69 have the digestion pattern expected for a single 683 

correct integrant.  (C-H)  FISH showing co-expression of mRNA for Cre and Rln3 in the 684 

rostral (C-D), central (E-F), and caudal (G-H) nucleus incertus of a heterozygous Rln3Cre 685 

mouse.  Insets in (F) show complete concordance of Cre and Rln3 expression.  (I-J)  686 

Expression of Rln3 (L) and VGAT (M) mRNA in the NI and surrounding CG; ISH data 687 

are derived from the Allen Brain Atlas (Ng et al., 2009), case numbers 73929581 and 688 

72081554, respectively.  (K) Confocal images of FISH using probes for Rln3 and VGAT 689 

mRNA, at a rostrocaudal level similar to that shown in (E,F).  The left NI is shown.  Rln3 690 

expression is restricted to the NI, while VGAT is widely expressed in the surrounding 691 

CG.  All of the NI-Rln3 neurons in the field co-express VGAT.  Legend:  4V, 4th ventricle; 692 

CG, central pontine gray; DRI, dorsal raphe, interfascicular part; DTg, dorsal tegmental 693 

nucleus; LDTg, laterodorsal tegmental nucleus; NI, nucleus incertus; PnR, pontine 694 

raphe nucleus.  Scale: D,K 200μm. 695 

 696 

Figure 2.  Fidelity of Rln3Cre-driven genetic reporter expression.    (A) Transgenic 697 

reporter strategy:  Rln3Cre mice were interbred with the genetic reporter strain Ai6, which 698 

conditionally expresses a ZsGreen reporter from the Gt(Rosa)26Sor locus.  At each 699 

brain level, induced expression of the reporter was compared with endogenous 700 

expression of Rln3 mRNA in the Allen Brain Atlas (Allen Atlas case 73929581). (B-C) 701 
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Isolated examples of rare neurons showing ectopic reporter expression in the 702 

hippocampus.  (D-G) Expression in the midbrain at a level corresponding to bregma -703 

3.5 in a standard atlas (Paxinos and Franklin, 2001). Reporter expression appears in 704 

the midbrain periaqueductal gray (E) and in an area dorsal to the substantia nigra (F).  705 

(H-J) Expression in the pontine raphe/rostral nucleus incertus, bregma -5.2.  The view 706 

in (J) is slightly caudal to the views in (H) and (I), and includes more neurons dorsal to 707 

the mlf.  (K-M) Expression in the central part of the nucleus incertus, bregma -5.40.  708 

Scale: B, 100μm;  E,I,L, 200μm; G,J,M, 1mm. 709 

 710 

Figure 3.  Expression and co-expression of Rln3 and NMB in the pontine central 711 

gray.  (A-F)  FISH was used to examine Rln3 and NMB mRNA expression in six equally 712 

spaced sections at levels corresponding to bregma -5.0 to bregma -5.8 in a standard 713 

atlas (Paxinos and Franklin, 2001).  Z-stacks of confocal images of the cells in the 714 

boxed area of each panel are shown at right.  Panel (A) shows an area rostral to the NI 715 

at bregma -5.0.  Rostral, central, and caudal in (B-D) represent NI levels approximately 716 

equivalent to the images in Figure 1, but are shifted slightly caudally relative to that 717 

figure. (B) corresponds to bregma -5.16 relative to a standard atlas, (C) at 718 

bregma -5.32, and (D) at bregma -5.48. Sections (E,F) lie caudal to the area designated 719 

NI in a standard atlas, (E) at bregma -5.64, and (F) at bregma -5.80.  The numerical 720 

values in (B-F) in the lower right of the panels represent cell counts for neurons 721 

expressing Rln3 alone (red), NMB alone (green), and both markers (yellow).  In the 722 

rostral and central NI, neurons expressing NMB alone were identified dorsal and ventral 723 

to the NI-Rln3 neurons, near the midline (B,C, arrows); in the caudal NI cells expressing 724 

NMB alone predominate (D).  The area posterior to the NI has a large population of 725 

cells which express NMB alone (E,F).  (G) Graphical representation of the distribution of 726 

Rln3 and NMB expression in images (B-E).  Legend:  4V, 4th ventricle; 7n, seventh 727 

nerve; CG, central pontine gray; DRI, dorsal raphe, interfascicular part; DTg, dorsal 728 

tegmental nucleus; LDTg, laterodorsal tegmental nucleus; NI, nucleus incertus; PDTg, 729 

posterodorsal tegmental nucleus.  Scale: A, 200μm.   730 

 731 
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Figure 4.  Fast neurotransmitter markers in NMB expressing neurons in the 732 

pontine tegmentum.  FISH was used to co-expression of NMB mRNA and GAD2  or 733 

VGluT2 in the rostral, central, and caudal NI, corresponding to bregma -5.34, bregma -734 

5.40/-5.52 and bregma -5.68 in a standard atlas. Z-stacks of confocal images of the 735 

cells in the boxed area of each panel are shown at right.  (A-C)  NMB and GAD2 736 

expression.  No NMB expressing neurons were identified which did not also express 737 

GAD2.  (D-F)  NMB and VGluT2 expression.  No cells with clear co-expression of NMB 738 

and VGluT2 were identified.  A rare case of convergent signal in the confocal image 739 

appears to result from overlapping cellular profiles in a densely packed area, not cellular 740 

co-expression (arrow, F1).  (G) Schematic of the relationship of the neurotransmitter 741 

phenotypes in the pontine tegmentum, derived from combined data in Figures 3 and 4.  742 

Legend:  4V, 4th ventricle; CG, central pontine gray; DRI, dorsal raphe, interfascicular 743 

part; DTg, dorsal tegmental nucleus; LDTg, laterodorsal tegmental nucleus; NI, nucleus 744 

incertus; PDTg, posterodorsal tegmental nucleus.  Scale: A, 200μm. 745 

 746 

Figure 5.  Anterograde viral labeling of Rln3 neurons in the deep mesencephalic 747 

area.  (A) Strategy for genetic labeling of Rln3Cre mice bearing the Gt(ROSA)26-748 

targeted tdTomato reporter allele Ai14.  Genetic labeling of Rln3tdT neurons in this way 749 

allows assessment of the efficiency of viral labeling.  (B) Injection of AAV: FLEX-GFP 750 

into the deep mesencephalic area, dorsal to the substantia nigra, at a level 751 

corresponding to bregma -3.4 in a standard atlas (Paxinos and Franklin, 2001).  752 

Targeted coordinates: AP: -3.50, ML: 1.15, DV: 3.00.  (C)  Expression of genetically 753 

expressed tdTomato, virally expressed EGFP, and both markers together in the injected 754 

area.  (D) Rln3Cre-induced tdTomato expression on the side contralateral to the 755 

injection.  (E) Labeled cell bodies and fibers in the deep mesencephalic area.  Labeled 756 

fibers from Rln3Cre neurons in the DpMe were not detected outside the mesencephalon.  757 

Legend: DpMe, deep mesencephalic area; IP, interpeduncular nucleus; MG, medial 758 

geniculate; PAG, periaqueductal gray; pc, posterior commissure; SC, superior 759 

colliculus; SNR, substantia nigra, pars reticulata.  Scale: C, 200μm, E, 500μm.   760 

 761 
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Figure 6.  Anterograde viral labeling of Rln3 neurons in the mesencephalic 762 

periaqueductal gray.  (A,B) Cell bodies of Rln3Cre neurons in the periaqueductal gray 763 

labeled by injection of AAV:FLEX-GFP.  Targeted coordinates:  AP: -2.80, ML: 0.1, DV: 764 

3.00.  (C) Sparse labeled fibers in the hypothalamic area and supraoptic decussation 765 

(arrows), at a level corresponding to bregma -2.0 in a standard atlas.  (D) Labeled fibers 766 

in the mesencephalon and supraoptic decussation (same section as in A), bregma -2.8.  767 

(E) Labeled fibers in the mesencephalon and inferior to the medial geniculate (same 768 

section as in B), bregma -3.1.  (F) Labeled fibers in the mesencephalon and inferior to 769 

the medial geniculate, bregma -3.4.  Legend: 3V, third ventricle; cp, cerebral peduncle; 770 

csc, commissure of the superior colliculus; DLG, ; DpMe, deep mesencephalic area; IP, 771 

interpeduncular nucleus; LH, lateral hypothalamus; MG, medial geniculate; MM, medial 772 

mammillary nucleus; opt, optic tract; PAG, periaqueductal gray; pc, posterior 773 

commissure; PH, posterior hypothalamus; PIL, posterior intralaminar thalamic nucleus; 774 

PP, peripeduncular nucleus; PT, pretectum; R, red nucleus; SC, superior colliculus; sox, 775 

supraoptic decussation; SNR, substantia nigra, pars reticulata; STh, subthalamic 776 

nucleus; ZI, zona incerta. Scale: A, 100μm;  C, 200μm. 777 

 778 

Figure 7.  Anterograde viral labeling strategies for the projections of NI/Rln3 779 

neurons.  (A-B) Injection of AAV:FLEX-GFP into Rln3Cre mice bearing the 780 

Gt(ROSA)26-targeted tdTomato reporter allele Ai14.  This genetic labeling of Rln3tdT 781 

neurons allow assessment of the efficiency of viral labeling.  The injected AAV efficiently 782 

labels the entire rostrocaudal extent of the NI, with labeling predominantly on the left.  783 

Targeted coordinates: AP: -5.40, ML: 0.10, DV: 3.95.  Anterograde tracing data appear 784 

in Figures 8-9.  (C-E)  Co-injection of AAV:FLEX-sypGFP and AAV:FLEX -tdTomato 785 

into Rln3Cre mice.  Expression is largely restricted to the right side.  In (D,E), individual 786 

labeled fibers can be seen in red, with presumptive synaptic areas labeled in green. 787 

Targeted coordinates: AP: -5.40, ML: 0.10, DV: 4.15.  Anterograde tracing data appear 788 

in Figures 10-11.  (F) Injection of AAV:FLEX-GFP and AAV:FAS-tdTomato into Rln3Cre 789 

mice.  In this “Cre-on, Cre-off” strategy, the expression cassette in the FAS-tdTomato 790 

virus is inactivated rather than activated by Cre recombinase. This allows the specific 791 

labeling of the Rln3Cre-negative neurons in the injected area, and allows the efferents of 792 



 

26 
 

the Cre expressing and non-expressing NI neurons to be distinguished.  Labeling of 793 

Rln3Cre neurons is bilateral, but labeling of the surrounding area with FAS-tdT is more 794 

extensive on the left.  In some Cre expressing neurons, the inactivation of FAS-tdT was 795 

incomplete, and these neurons appear yellow in the merged version.  Targeted 796 

coordinates: AP: -5.40, ML: 0.10, DV: 4.15.  Anterograde tracing data appear in Figure 797 

12.  Scale: 200μm.  798 

 799 

Figure 8.  Projections of NI/Rln3 neurons to the rostral CNS using AAV: FLEX-800 

GFP.  The injected area appears in Figure 7A,B.  (A,B) Labeled fibers appear in the 801 

prelimbic and cingulate cortex, at a level corresponding to bregma 1.34 in a standard 802 

atlas (Paxinos and Franklin, 2001).  (C,E)  Fibers in the retrosplenial cortex and 803 

hippocampus (D) and the rostral lateral hypothalamus (E), bregma -1.06.  (F,H) Labeled 804 

fibers in the retrosplenial cortex and hippocampus (F) and caudal lateral hypothalamus 805 

(H), bregma -1.70.  (I,K) Fibers in the septum and diagonal band, bregma 0.98.  Due to 806 

the tilt of the sections, (J) corresponds to the dorsal level of the schematic, and (K) 807 

corresponds to the ventral level of the schematic.  Legend: CA1, CA3, hippocampal 808 

regions CA1, CA3; cc, corpus callosum; Cg, cingulate cortex; CPu, caudate/putamen; 809 

DG, dentate gyrus; DM, dorsomedial hypothalamus; DP, dorsal peduncular cortex; 810 

ICjM, islands of Calleja; IL, infralimbic cortex; LH, lateral hypothalamus; LS, lateral 811 

septum; LV, lateral ventricle; MS, medial septum; RS, retrosplenial cortex; VDB, ventral 812 

diagonal band; VM, ventromedial hypothalamus.  Scale A,C,F,I: 1mm; B,D,G,J: 500μm. 813 

 814 

Figure 9  Projections of NI/Rln3 neurons to the mesopontine tegmentum and 815 

raphe using AAV:FLEX-GFP.  (A,B)  Labeled fibers in the lateral and posterior 816 

hypothalamus, at a level corresponding to bregma -2.30 in a standard atlas. (C,D) 817 

Fibers in and near the VTA, bregma -2.92. (E,F) Fibers in the tegmentum, adjacent to 818 

the rostral interpeduncular nucleus, bregma -3.28. (G,H) Projections in the tegmentum, 819 

adjacent to the caudal interpeduncular nucleus, bregma -3.40. (I,J) Fibers in the 820 

tegmentum, adjacent to the rostral median raphe, bregma -3.88. At this level, fibers of 821 

the ascending NI tract in the pontine reticular nucleus (PnO) move toward the midline 822 

(arrows).  (K,L) Fibers in the median raphe and PnO, bregma -4.48.  Legend: 3V, third 823 



 

27 
 

ventricle; Arc, arcuate nucleus; CLi, caudal linear nucleus of raphe; IP, interpeduncular 824 

nucleus: IPC, caudal part; IPR, rostral part; LH, ; MM, medial mammillary nucleus; PAG, 825 

periaqueductal gray; PH, posterior hypothalamus; Pn, pontine nucleus; PnO, pontine 826 

reticular nucleus; R, red nucleus; RLi, rostral linear nucleus of raphe; scp, superior 827 

cerebellar peduncle; SnR, substantia nigra, pars reticulata; SuM, supramammillary 828 

nucleus; VTA, ventral tegmental area; xscp, decussation of the superior cerebellar 829 

peduncle.  Scale: A, 1mm;  B, 500μm. 830 

 831 

Figure 10.  Projections of NI/Rln3 neurons to the rostral CNS using co-injection of 832 

AAV:FLEX-sypGFP and AAV:FLEX-tdTomato.  The injected area appears in Figure 833 

7C-E.  (A-C) Fibers and sparse presumptive synapses in the olfactory area (B), and in 834 

the cingulate cortex (C1-3), at a level corresponding to bregma 2.2 in a standard atlas. 835 

(D-F) Fibers and sparse synapses in the rostral septum (E) and claustrum (F), bregma 836 

1.54.  (G-I) Fibers and synapses in the medial and lateral septum, bregma 1.18. (J-M) 837 

Fibers and synapses in the medial septum (K), diagonal band (L), and claustrum (M), 838 

bregma 0.98. (N-Q) Fibers and synapses in the lateral preoptic nucleus (O), cingulate 839 

cortex (P), and caudal septum (Q), bregma 0.02. (R-T) Fibers and synapses in the 840 

cingulate cortex (S) and lateral hypothalamus (T), bregma -0.70.  Legend: Cg, cingulate 841 

cortex; Cl, claustrum; CPu, caudate/putamen; DG, dentate gyrus; DM, dorsomedial 842 

hypothalamus; DP, dorsal peduncular cortex; f, fornix; gcc, genu of the corpus callosum; 843 

LH, lateral hypothalamus; LPO, lateral preoptic area; LS, lateral septum, LSD, dorsal 844 

part, LSI intermediate part; MS, medial septum; VDB, ventral diagonal band; VM, 845 

ventromedial hypothalamus.  Scale: all atlas views, 1mm; all fluorescence views, 846 

200μm. 847 

 848 

Figure 11.  Projections of NI/Rln3 neurons to the mesopontine tegmentum and 849 

raphe using co-injection of AAV:FLEX-sypGFP and AAV:FLEX-tdTomato.  (A-D) 850 

Fibers and presumptive synapses in the lateral hypothalamus (B) and hippocampus (C), 851 

at a level corresponding to bregma -1.70 in a standard atlas.  Projections were not 852 

detectable in the medial or lateral habenula (D).  (E-G) Fibers and projections in the 853 

caudal part of the LH and the posterior hypothalamus (F) and the retrosplenial cortex 854 
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(G), bregma -2.70. (H-I) Fibers of passage lying between the interpeduncular nucleus 855 

and ventral tegmental nucleus, bregma -3.40.  The label is very sparse within the IP and 856 

VTA.  Green signal in the red nucleus is an autofluorescence artifact.  (J-K) Fibers and 857 

synapses in the rostromedial tegmental nucleus, adjacent to the caudal part of the 858 

interpeduncular nucleus, bregma -3.88.  Signal in the red nucleus in K is 859 

autofluorescence.  (L-N) Fibers and synapses in the median raphe/paramedian raphe 860 

(M) and periaqueductal gray (N), bregma -4.16.  (O-P)  Fibers and synapses in the 861 

MnR/PMnR, and the pontine reticular nucleus, bregma -4.72.  At this level, ascending 862 

projections of NI/Rln3 neurons run in the plane of section from a lateral tract in PnO to a 863 

more medial tract, to eventually reach the position adjacent to IP shown in (I) and (K).  864 

Sparse synapses are also observed in the dorsal raphe.  (Q-S)  Fibers and synapses in 865 

the DR (R), MnR/PMnR, and PnO (S), bregma -4.96. Sections caudal to this level are 866 

included in the images of the injection site.  Legend:  3, oculomotor nucleus; ATg, 867 

anterior tegmental nucleus, also identified as the caudal RMTg (Quina et al., 2015); 868 

CA1, CA1 of hippocampus: oriens layer, Or, pyramidal layer, Py, stratum radiatum, Rad; 869 

DR, dorsal raphe, DRD, dorsal part, DRI, interfascicular part; IP, interpeduncular 870 

nucleus: IPC, caudal part; IPDL, dorsolateral part, IPL, lateral part, IPR, rostral part; LH, 871 

lateral hypothalamus; LHb, lateral habenula; mfb, medial forebrain bundle; MHb, medial 872 

habenula; mlf, medial longitudinal fasciculus; PH, posterior hypothalamus; MnR, median 873 

nucleus raphe; PMnR, paramedian nucleus raphe; PnO, pontine reticular nucleus; R, 874 

red nucleus; SuMM, supramammillary nucleus, median part; ZI, zona incerta. Scale: all 875 

atlas views, 1mm; all fluorescence views, 200μm. 876 

 877 

Figure 12.  Projections of NI Rln3-positive and Rln3-negative neurons using co-878 

injection of AAV:FLEX-GFP and AAV: FAS-tdTomato.  The injected area appears in 879 

Figure 7F.  (A,B) Projections to the limbic cortex and rostral septum, at a level 880 

corresponding to bregma 1.54 in a standard atlas. (C,D) Projections to the medial 881 

septum and ventral diagonal band, bregma 0.98.  In (B) and (D), it appears that fibers of 882 

Rln3(+) and Rln3(-) neurons project to the ventral parts of the septum, but only Rln3(+) 883 

neurons project to the dorsal septum and limbic cortex.  (E-H) Projections to the 884 

retrosplenial cortex and hypothalamus, bregma -1.22. Only Rln3(+) neurons appear to 885 
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project to the RS (F); Rln3(-) neurons appear to innervate a unique territory in the 886 

medial thalamus (G); Rln3(+) and Rln3(-) neurons both innervate the lateral 887 

hypothalamus/medial forebrain bundle (H). (I,J) Projections to the caudal hypothalamus, 888 

bregma -2.70.  Fibers from Rln3(-) neurons predominate in the lateral mammillary 889 

nucleus, while Rln3(+) and Rln3(-) neurons both innervate the LH and PH.  (K,L)  890 

Projections to the area at the transition from the caudal LH to the rostral VTA, 891 

bregma -3.08.  Fibers from Rln3(+) and Rln3(-) neurons have a similar distribution.  892 

Fibers of passage may predominate here since synaptic labeling of the VTA from 893 

Rln3(+) neurons is sparse (Figure 11I). (M,N) Projections to the caudal midbrain 894 

tegmentum, bregma -3.88.  Rln3(+) and Rln3(-) neurons both innervate the rostromedial 895 

tegmental nucleus, while only projections of Rln3(-) neurons terminate within the 896 

interpeduncular nucleus.  NI fibers are sparse in the VTA at this level.  (O,P) Projections 897 

to the raphe, bregma -4.72.  Fibers from Rln3(+) neurons predominate in the pontine 898 

reticular nucleus; fibers of both Rln3(+) and Rln3(-) neurons are found in the 899 

MnR/PMnR, but in a somewhat different distribution in this diverse area.  The rhabdoid 900 

nucleus is innervated exclusively by Rln3(-) neurons. Fibers from Rln3(-) neurons can 901 

also be seen ascending more dorsally in the mlf.  (Q,R)  Projections to the inferior olive, 902 

bregma -7.46.  Labeled fibers are seen only in the dorsal, central part of the IO, and 903 

originate exclusively in Rln3(-) neurons.  Legend: AcbSh, accumbens nucleus, shell; 904 

CA1, CA1 of hippocampus; CPu, caudate/putamen; DR, dorsal raphe, DRD, dorsal part; 905 

DRI, interfascicular part; DTT, dorsal tenia tecta; fmi, forceps minor of the corpus 906 

callosum; IOC, inferior olive, central part; IOD, inferior olive, dorsal part; IP, 907 

interpeduncular nucleus: IPC, caudal part; IPDL, dorsolateral part, IPL, lateral part, IPR, 908 

rostral part; ipf, interpeduncular fossa; LH, lateral hypothalamus; LM, lateral mammillary 909 

nucleus; LSI, ; mfb, medial forebrain bundle; MnR, median nucleus raphe; PH, posterior 910 

hypothalamus; PMnR, paramedian nucleus raphe; PnO, pontine reticular nucleus; 911 

PrL/IL, prelimbic/infralimbic cortex; Rbd, rhabdoid nucleus; ROb, raphe obscurus 912 

nucleus; SuM, supramammillary nucleus; VTA, ventral tegmental area; VTg, ventral 913 

tegmental nucleus; xscp, decussation of the superior cerebellar peduncle.  Scale: all 914 

atlas views, 1mm; all fluorescence views, 200μm. 915 

 916 
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Figure 13.  Trans-synaptic tracing of the NI projection to GABAergic neurons in 917 

the septum.  (A)  Strategy for the trans-synaptic labeling of the NI projection to 918 

GABAergic neurons in the septum (Methods).  Results from two out of six injected 919 

cases are shown.  (B,C) Injected area from Case 1, shown in sections corresponding to 920 

bregma 0.74 (B) and bregma 0.14 (C) in a standard atlas.  (D) Injection case 3, 921 

corresponding to bregma 0.38. (E-G) Sections through the rostral, central, and caudal 922 

NI from Case 1, showing the expression of endogenous Rln3 mRNA and RV-encoded 923 

GFP RNA using FISH.  (H)  A section from the central NI in Case 1 adjacent to (F) 924 

showing expression of endogenous tyrosine hydroxylase immunoreactivity and virally-925 

encoded GFP protein expression.  (I,J)  Sections through the NI in Case 3, which 926 

exhibited sparser retrograde labeling in a pattern similar to Case1.  Legend: aca, 927 

anterior commissure; BST, bed nucleus stria terminalis; DRI, dorsal raphe, 928 

interfascicular part; LS, lateral septum; LSD, dorsal part; LSI, intermediate part; MS, 929 

medial septum; NI, nucleus incertus.  Scale: B, 400μm; E-J, 200μm.   930 

 931 

Figure 14.  Trans-synaptic retrograde labeling of NI Rln3/NMB and NMB-only 932 

neurons from the septum.  Triple-label FISH for Rln3, NMB, and GFP mRNA was 933 

performed on a series of sections encompassing the NI and the areas immediately 934 

rostral (pre) and caudal (post) to the NI.  Sections are from an extended series from the 935 

same injected case and adjacent to those shown in Figure 13 E-G.  Co-localization of 936 

mRNA signals was verified using confocal microscopy.  GFP expression was assessed 937 

in Rln3/NMB and NMB-only neurons.  Neurons expressing Rln3 alone were rarely 938 

observed.  (A-E)  FISH for Rln3 and NMB, together with DAPI nuclear staining to show 939 

the anatomical localization of the sections.  (F-J) Images of the same sections shown in 940 

(A-E) with co-localization of Rln3, NMB, and GFP, and cell counts for the expression of 941 

GFP in the Rln3/NMB and NMB-only populations.  NMB-only neurons are concentrated 942 

at the midline of the central NI (arrows, H) and in the caudal part of the nucleus (I-J), 943 

and are less likely at all levels to be labeled by RV-GFP from septal projections.  Scale: 944 

200μm.    945 
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Area Abbr sypGFP Reference 
Olfactory area    

anterior olfactory n. AO + Figure 10B 
Telencephalon    

Cerebral cortex    
cingulate cortex Cg ++ Figure 10C,P,S 
claustrum Cl + Figure 10F,M 
dorsal peduncular cortex DP + Figure 10I 
infralimbic cortex IL +  
orbital cortex, medial MO +  
prelimbic cortex Prl + Figure 10C 
retrosplenial cortex RS ++ Figure 11G 

Hippocampus    
CA1 field, oriens layer CA1 + Figure11C 
CA2 field, oriens layer CA2 + Figure11C 
CA3 field, oriens layer CA3 +  
Dentate gyrus DG +  

Striatum/pallidum    
dorsal tenia tecta DTT ++ Fig 10E 

Nucleus diagonal band    
horizontal limb HDB ++  
vertical limb VDB +++ Fig 10H,L 

Septum    
lateral septal n., dorsal LSD + Fig 10 I,Q 
lateral septal n., intermediate LSI ++ Fig 10H,I,Q 
medial septal n. MS +++ Fig 10H,I.K 
septofimbrial n.   SFi +  
triangular septal n. TS +  

Diencephalon    
Thalamus    

zona incerta ZI + Figure 11B 
Hypothalamus    

lateral hypothalamic area LH +++ Figure 10T, 11B,F 
posterior hypothalamic area PH ++ Figure 11F 
preoptic area, lateral LPO +++ Figure 10O 
supramammillary n. SuM +  

Mesencephalon     
dorsal raphe n., dorsal part DRD + Figure 11R 
dorsal raphe n., inferior part DRI ++ Figure 11P,R,S 
interpeduncular nucleus1  IP +/- Figure 11I,K 
rostromedial tegmental n.2  RMTg +++ Figure 11K 
ventral tegmental area3 VTA +/- Figure 11I,K 
Periaqueductal gray PAG + Figure 11N 

Rhombencephalon    
central grey, pontine PnO ++ Figure 11M,P,S 
median raphe n. MnR + Figure 11M,P,S 
nucleus incertus (cell bodies) NI/O +++ Figure 7 
paramedian raphe n. PMnR +++ Figure 11M,P,S 
anterior tegmental n.4 (caudal RMTg) ATg ++ Figure 11M 
    

Table 1.  Summary of areas receiving potiential synaptic input from the NI.  The NI of 
Rln3Cre mice was injected with a mixture of Cre-dependent AAV expressing sypGFP and tdT 
as shown in Figure 7, strategy 2. The summary is based on the case appearing in Figure 10-



 

32 
 

11 but further supporting data was derived from the case shown in Figure 12-13, and injected 
cases not shown.  The density of afferents from the NI was scored from + to +++ based on 
the appearance of punctate sypGFP fluorescence, which is consistent with presynaptic 
labeling.  The designation +/- is reserved for areas in which tdT-labeled fibers were observed, 
but little or no sypGFP, suggesting labeled fibers of passage.   No consistent Rln3Cre-
dependent labeling was observed in areas caudal to the pons.  Notes:  1Labeled fibers 
appear immediately adjacent to the IP, but little synaptic labeling is seen within the nucleus.  
2The rostromedial tegmental nucleus is not defined in standard atlases (Paxinos and 
Franklin, 2001), but resides just dorsolateral to the IP; this area is known to send GABAergic 
input to the VTA (Quina et al., 2015).  3sypGFP labeling is defined within the VTA as 
anatomically defined, but it does not appear adjacent to DA neurons in this area.  4The area 
defined as the anterior tegmental nucleus in standard atlases has been show contain 
neurons with similar properties to the RMTg, and has been labeled the caudal RMTg 
(cRMTg, Quina et al., 2015).   
 946 
 947 
 948 

  949 
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