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Key points

RESEARCH QUESTION. Melanin-concentrating hormone (MCH) neurons have dense
nerve terminals within the lateral septum (LS), a key region underlying stress- and
anxiety-like behaviours that are emerging roles of the MCH system, but it is not known if
the LS is a MCH target site.

NEUROANATOMY. We found spatial overlap between MCH-immunoreactive fibers,
Mchrl mRNA, and MCHRL1 protein expression especially along the lateral border of the
LS.

ELECTROPHYSIOLOGY. Within MCHR1-rich regions, MCH directly inhibited LS
cells by increasing a chloride conductance in a protein kinase C-dependent manner.
SIGNIFICANCE. Electrophysiological MCH effects in brain slices have been elusive
and even fewer have described the mechanisms of MCH action. Our findings
demonstrated, to our knowledge, the first description of MCHR1 Gqg-coupling in brain
slices, which was previously predicted in cell or primary culture models only. Together,
these findings defined hotspots and mechanistic underpinnings for MCH effects such as

in stress- and anxiety-related behaviours.
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Abstract

Melanin-concentrating hormone (MCH) neurons can coexpress several neuropeptides or
neurotransmitters and send widespread projections throughout the brain. Notably, there is a
dense cluster of nerve terminals from MCH neurons in the lateral septum (LS) that innervate LS
cells by glutamate release. The LS is also a key region integrating stress- and anxiety-like
behaviours that are also emerging roles of MCH neurons. However, it is not known if the MCH
peptide acts within the LS or whether MCH target sites are localized. We analysed the
projections from MCH neurons in male and female mice anteroposteriorly throughout the LS and
found spatial overlap between the distribution pattern of MCH-immunoreactive (MCH-ir) fibers
with MCH receptor Mchrl mRNA hybridization or MCHR1-ir cells. This overlap was most
prominent along the ventral and lateral border of the rostral part of the LS (LSr). Most MCHR1-
labeled LS neurons laid adjacent to passing MCH-ir fibers, but some MCH-ir varicosities
directly contacted the soma or cilium of MCHR1-labeled LS neurons. We thus performed whole-
cell patch-clamp recordings from MCHRZ1-rich LSr regions to determine if and how LS cells
respond to MCH. Bath application of MCH to acute brain slices activated a bicuculline-sensitive
chloride current that directly hyperpolarized LS cells. This MCH-mediated hyperpolarization
was blocked by calphostin C and suggested that the inhibitory actions of MCH were mediated by
protein kinase C-dependent activation of GABAA, receptors. Taken together, these findings
defined potential hotspots within the LS that may elucidate the contributions of MCH to stress-

or anxiety-related feeding behaviours.
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I ntroduction

Neurons that produce melanin-concentrating hormone (MCH) are found primarily within
the lateral hypothalamic area (LHA) (Broberger et al., 1998; Broberger, 1999; Croizier et al.,
2010; Beekly et al., 2020), but they can send widespread projections throughout the brain
(Skofitsch et al., 1985; Bittencourt et al., 1992). MCH neurons can express additional
neuropeptides (Harthoorn et al., 2005; Mickelsen et al., 2017) and neurotransmitters like GABA
(Jego et al., 2013) and glutamate (Chee et al., 2015). MCH has well-established functions in
energy balance (Qu et al., 1996; Shimada et al., 1998; Ludwig et al., 2001; Kokkotou €t al .,
2005; Pissios et al., 2006) and sleep (Verret et al., 2003; Ferreira et al., 2017), but recent
findings have also elaborated on the roles of MCH for regulating stress (Kim & Han, 2016),
motivation (Mul et al., 2011), and memory (Monzon et al., 1999; Adamantidis et al., 2005;
Adamantidis and Lecea, 2009). The diverse functions of MCH thus implicate distinctive target

sites for MCH.

MCH neurons strongly innervate the lateral septum (LS) via direct glutamatergic
projections (Chee et al., 2015), but it is not known whether MCH plays a role in the LS. MCH
immunoreactivity has been detected in the LS of the rat brain (Skofitsch et al., 1985; Bittencourt
et al., 1992), but this has not been examined in detail for the mouse brain. In rats,
immunohistochemical staining showed that the LS comprises moderate levels of MCH-
immunoreactive (MCH-ir) fibers within the LS, with the highest level of immunoreactivity in the
ventral part of the LS (Bittencourt et al., 1992). In addition to the presence of MCH-ir fibers, the
expression of MCH receptors (MCHR) also aid in identifying the LS as a potential target site of
MCH action. There are two known MCH receptors in the human brain, MCHR1 and MCHR2

(Hill et al., 2001), but only MCHR1 is present in the rodent brain (Tan et al., 2002). Similar to
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the widespread distribution of MCH-ir fibers, many brain regions can express Mchrl mRNA
within the rat (Lembo et al., 1999; Saito et al., 2001) and mouse brain (Chee et al., 2013).
Indeed, there is a moderate level of Mchr1l mRNA in both the rat (Lembo et al., 1999; Saito et

al., 2001) and mouse LS (Chee et al., 2013).

MCHR1 is a G-protein coupled receptor that can couple to G;- (Hawes et al., 2000), G-
(Hawes et al., 2000), or Gs-protein-mediated pathways (Pissios et al., 2003). However, MCH
action in the brain is largely inhibitory by hyperpolarizing the membrane and suppressing action
potential firing (Gao, 2009), for example at the lateral hypothalamus (Rao et al., 2008), nucleus
accumbens (Georgescu et al., 2005; Sears et al., 2010), or medial septal nucleus (Wu et al.,
2009). In this study, we assessed the neuroanatomical and electrophysiological premise for MCH

action in the LS and determined whether MCH could inhibit the activity of LS cells.

We described the distribution of MCH-ir fibers, Mchrl mRNA, and MCHRL1 protein in
the mouse LS, and we used these fiber and cell maps to guide patch-clamp recordings to identify
putative sites and mechanisms of MCH action. As the MCH system (Mystkowski et al., 2000;
Mogi et al., 2005; Rondini et al., 2007; Takase et al., 2014; Terrill et al., 2020; Teixeira et al.,
2020) as well as the LS has been shown to be sexually dimorphic, we completed our analyses in
the male and female brain but determined that there were no sex differences in the
neuroanatomical and electrophysiological effects of MCH. We observed similar distribution
patterns between MCH-ir, Mchrl mRNA, and MCHRL1 protein throughout the entire
rostrocaudal extent of the LS and found that MCH directly inhibited LS cells by recruiting
protein kinase C (PKC) and activating a GABAA, receptor-mediated chloride conductance. These
findings indicate that MCH can act in the LS to regulate neuron activity and suggest that the LS

is an important projection site for MCH functions.
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96

97 Materialsand Methods

98 The use of all animals has been approved by the Carleton University Animal Care

99  Committee on Animal Use Protocol 110940 in accordance with guidelines provided by the
100  Canadian Council on Animal Care. All C57BL/6J wild type mice (stock 000664; Jackson
101  Laboratory, Bar Harbor, ME) were bred in house and maintained on a 12-hour light-dark cycle
102 (22-24°C; 40-60% humidity). All mice were given ad libitum access to food (Teklad Global

103  Diets 2014, Envigo, Mississauga, Canada) and water.

104  Neuroanatomy

105 Tissue processing. Mice were anesthetized with an intraperitoneal injection (i.p.) of

106 chloral hydrate (700 mg/kg; MilliporeSigma, Burlington, MA) prepared in sterile saline,

107  transcardially perfused with cold (4°C) saline (0.9% NaCl), then followed by fixation with 10%
108  formalin (VWR, Radnor, PA). The brain was extracted from the skull, post-fixed overnight in
109  10% formalin (24 hr, 4°C), and cryoprotected in phosphate buffered saline (PBS) containing

110  20% sucrose and 0.05% sodium azide (24 hr, 4°C). Mice whose brains were processed for

111 MCHR1 immunohistochemistry were perfused with saline followed by 250 mL of 10% formalin.
112 Brains were post-fixed in 20% sucrose dissolved in 10% formalin (4 hr, 4°C) then cryoprotected

113  as above.

114 All brains were sliced into five series of 30 um coronal sections using a freezing
115  microtome (Spencer Lens Co., Buffalo, NY). Two tissue series remained free-floating in PBS-
116  diluted formalin (comprising PBS-azide and formalin in a 9:1 ratio) prior to

117  immunohistochemical staining for MCH or MCHRL. Three tissue series were mounted onto
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118  Fisherbrand Superfrost Plus Microscope Slides (Fischer Scientific, Waltham, MA) to use for in
119  situ hybridization. One series, designated as probe tissue, was used for Mchr1 hybridization.
120  Two adjacent series served as a positive control and a negative control to the probe tissue. The
121 negative control tissue was later used for Nissl staining to parcellate and define the

122 neuroanatomical boundaries of each slice. After tissues were mounted, the glass slides were air
123 dried at room temperature (RT, 20-23°C; 1 hr), and then at —20°C (30 min) before being stored

124  at-80°C.

125 Single-label immunohistochemistry. To detect MCH immunoreactivity, the tissue was
126 washed in six 5-min exchanges of PBS and pretreated with 10 mM sodium citrate for 5 min

127 (75°C) followed by 0.3% hydrogen peroxide in PBS for 20 min (RT). Following three 10-min
128  PBS exchanges, the tissue was then blocked with 3% normal donkey serum (Jackson

129  ImmunoResearch Laboratories, Inc., West Grove, PA) dissolved in PBS with 0.25% Triton-X
130  (PBT) and 0.05% sodium azide for 2 hr (NDS; RT). After blocking, the tissue was incubated

131 with an anti-rabbit MCH antibody (1:2,000; kindly provided by Dr. E. Maratos-Flier, Beth Israel
132 Deaconess Medical Center; RRID: AB_2314774; (Elias et al., 1998; Chee et al., 2013) overnight
133 in NDS (RT). The following day, the tissue was washed six times in PBS (5 min each) then

134  incubated with a biotinylated goat anti-rabbit antibody (1:500; Jackson ImmunoResearch

135  Laboratories; RRID: AB_2337965) prepared in NDS for 1 hr (RT). The tissue was washed three
136  times in PBS for 10 min each and treated with avidin biotin horseradish peroxidase (PK-6100,
137  Vector Laboratories, Newark, CA) in PBT for 30 min (RT). Tissue was washed in three 10-min
138  PBS exchanges and underwent tyramine signal amplification by treating with PBT comprising
139  0.005% hydrogen peroxide and 0.5% borate-buffered biotinylated (Sulfo-NHS-LC biotin; 21335,

140  Thermo Fisher Scientific, Waltham, MA) tyramine (T90344, MilliporeSigma) for 20 min (RT).
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141 Following three 10-min washes in PBS, the tissue was incubated with an Alexa Fluor 647-

142  conjugated streptavidin antibody (1:500; Jackson ImmunoResearch Laboratories; RRID: AB _
143 2341101) and NeuroTrace 435/455 (1:50; N21479, Thermo Fisher Scientific) in NDS without
144  sodium azide for 2 hr (RT). Slices were then mounted on SuperFrost Plus microscope slides and

145  coverslipped with ProLong Diamond Antifade Mountant (Thermo Fisher Scientific).

146 Dual-label immunohistochemistry. To detect MCHR1 immunoreactivity, tissue was first
147  washed in six 5-min PBS exchanges and pretreated with 0.3% hydrogen peroxide in PBS for 20
148  min (RT). Following a set of three 10-min washes, the tissue was blocked in NDS for 2 hr (RT)
149  and then incubated in anti-rabbit MCHRL1 antibody (1:3,000; Thermo Fisher Scientific; RRID:
150 AB_2541682) prepared in NDS for 48 hr (4°C). The tissue was rinsed with six 5-min PBS

151  exchanges and incubated with a biotinylated goat anti-rabbit antibody (1:5,000) in NDS without
152  azide for 1 hr (RT). Following three 10-minute washes, the tissue was incubated in avidin biotin
153  horseradish peroxidase in PBT for 30 min (RT). The tissue was washed three times (10 min each,
154  RT) and underwent tyramine signal amplification. After washing the tissue three times with PBS
155 (10 min each, RT), it was incubated with a Cy3-conjugated streptavidin antibody (1:200, RT;

156  Jackson ImmunoResearch Laboratories; RRID: AB_2337244).

157 The tissue was then washed three times with PBS (10 min each) and incubated with an
158  anti-rabbit NeuN antibody (1:2,000; MilliporeSigma; RRID: AB_2571567) in NDS overnight
159  (RT). The following day, the tissue was washed in six 5-min PBS exchanges and incubated with
160  a donkey anti-rabbit Alexa Fluor 488-conjugate (1:500; Thermo Fisher Scientific; RRID:

161  AB_2535792) and NeuroTrace 435/455 (1:50) in NDS without azide. Finally, the tissue was
162  washed for 2 hr in PBS (RT) prior to mounting on SuperFrost Plus slides and coverslipped with

163 ProLong Diamond Antifade Mountant. This MCHR1 antibody has been previously validated for
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164  ciliary expression (Diniz et al., 2020) and we have determined that there is no MCHRL1 staining

165 inthe LS of male or female MCHRZ1-knockout mice (data not shown).

166 Triple-label immunohistochemistry. To determine the proximity of MCHR1- and MCH-
167  immunolabeling at NeuN-labeled cells, brain tissues were prepared using procedures for

168  optimized MCHRL1 labeling. Tissues were treated to label MCHR1 immunoreactivity, as

169  described above, followed by tyramine signal amplification and treatment with an Alexa Fluor
170  647-conjugated streptavidin antibody (1:200; Jackson ImmunoResearch Laboratories; RRID:

171 AB_ 2341101). After rinsing with three PBS exchanges (10 min each), they were immediately
172 incubated anti-rabbit MCH (1:2,000; RRID: AB_2314774) and anti-mouse NeuN (1:1,000;

173 HB6429, Hello Bio, Princeton, NJ) in NDS overnight (RT). After the tissues were washed in six
174  5-min PBS exchanges, they were incubated with an NDS cocktail comprising donkey anti-rabbit
175  Alexa Fluor 568-conjugate (1:1,000; Thermo Fisher Scientific; RRID: AB_2534017) and donkey
176  anti-mouse Alexa Fluor 488-conjugate (1:500; Thermo Fisher Scientific; RRID: AB_141607) for
177 2 hr at RT, rinsed with PBS, then mounted onto SuperFrost Plus slides and coverslipped with

178  ProLong Diamond Antifade Mountant.

179 In situ hybridization. We optimized in situ hybridization procedures using a RNAscope
180  Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics (ACD), Newark, CA) and
181  manufacturer instructions for fixed-frozen mouse brain tissue (Document 323100-USM, ACD).
182  To promote tissue adherence, slides were removed from storage at —80°C, baked at 37°C for 45
183  min, dehydrated in an ethanol gradient (50%, 70%, 100%; 5 min each), and then air-dried for 15

184  min (RT) immediately prior to the start of tissue treatments.

185 Tissue was rehydrated in PBS for 5 min (RT), pretreated with 5-8 drops of hydrogen

186  peroxide (323110, ACD) for 10 min (RT), washed twice in distilled water for 1 min each, and
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187  submerged in 100% ethanol for 15 min (RT) to promote tissue adherence. The slides were then
188  placed inside a steamer (Oster, Boca Raton, FL) using a coplin jar filled with preheated distilled
189  water for 10 s (99°C) before transferring into the Target Retrieval Reagent (322000, ACD) for 5
190  min (99°C). Following two 15 s washes in distilled water (RT), the slides were dehydrated in
191  100% ethanol for 3 min, and then washed in three PBS exchanges (1 min each). A hydrophobic
192  Dbarrier was then drawn around each slide with an ImmEdge pen (Vector Laboratories), and the
193  slides were dried overnight (RT). The following day, the slides were washed twice in PBS for 2
194  min and then placed in 10% formalin for 30 min (RT). Slides were then washed twice in PBS for
195 2 min and the tissue was treated with 5-8 drops of Protease Plus (322331, ACD) and incubated
196  ina HybEZ oven (310010, ACD) at 40°C for 30 min. After protease treatment, the slides were

197  washed with two exchanges of distilled water for 1 min each.

198 RNAscope probes for Mm-Ppib (313911, ACD), Bacillus dapB (320871, ACD), and

199 Mm-Mchrl (317491, ACD) were designated for positive control, negative control, or

200  experimental targeting, respectively, and were applied directly to the slides to cover the tissue.
201 The tissue was hybridized for 2 hr at 40°C in the HybEZ oven, then washed with three fresh

202 exchanges (2 min each; RT) of 1x Wash Buffer (310091, ACD). The hybridization signal was
203  amplified by alternating incubations in AMP-1 (40°C, 30 min; 323110, ACD), AMP-2 (40°C, 30
204  min; 323110, ACD), and AMP-3 (40°C, 15 min; 323110, ACD) with two Wash Buffer washes

205 (2 min each).

206 Mchr1 hybridization was then labeled with Cyanine 3 (Cy3) by treating tissue with HRP-
207  C1 (40°C, 15 min; 323110, ACD), washing the tissue twice in Wash Buffer for 2 min (RT), and
208  incubating the tissue with TSA plus Cy3 (1:750; NEL44EQ01KT, PerkinElmer, Waltham, MA)

209  in TSA Buffer (322809, ACD) for 30 min in the 40°C oven. Slides were then washed twice in

10
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210  Wash Buffer (2 min each, RT) and incubated with HRP Blocker (323110, ACD) in the oven at

211 40°C for 15 min.

212 Where applicable, the tissue underwent immunohistochemical staining to label MCH-
213 immunoreactive fibers, as adapted from Mickelsen and colleagues (2019). The tissue was
214 blocked with NDS without sodium azide and applied to each slide for 30 min (RT). After

215  blocking, the tissue was incubated with an anti-rabbit MCH antibody (1:2,000; RRID:

216 AB_2314774) for 1 hr (RT). The tissue was thoroughly rinsed with two exchanges in PBS (2
217 min each) then incubated with a donkey anti-rabbit Alexa Fluor 647 conjugate (1:500;

218  ThermoFisher Scientific; RRID: AB_2536183) for 30 min (RT).

219  After washing the slides twice in Wash Buffer for 2 min (RT), 4-6 drops of 4',6-diamidino-2-
220  phenylindole (DAPI; 323110, ACD) were applied for 30 s, and the slides were coverslipped
221 using ProLong Diamond Antifade Mountant. Slides were dried in the dark overnight at RT and

222  then stored at —20°C.

223 Microscopy

224 All images were acquired using a Nikon Ti2-E inverted microscope (Nikon Instruments

225 Inc., Mississauga, Canada) and processed using NIS-Elements Imaging Software (Nikon).

226 Confocal imaging. Tiled confocal images were acquired with a Nikon C2 confocal
227  system using 405-nm, 488-nm, 561-nm, and 640-nm excitation lasers to visualize DAPI or
228  NeuroTrace, Alexa Fluor 488, Cy3, and Alexa Fluor 647 fluorophores, respectively. Full brain
229  overview images of DAPI-labeled nuclei from Mchr1 stained slices were acquired using a 4x
230  objective (0.20 numerical aperture). Higher magnification images of the LS used for analysis

231 were imaged for DAPI/NeuroTrace, Alexa Fluor 488, Cy3, and/or Alexa Fluor 647 signals with

11
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232 aPlan Apochromat 10x objective (0.45 numerical aperture) or 20x objective (0.75 numerical
233 aperture) at a single image plane and stitched with NIS-Elements Imaging Software. Where

234  applicable, Z-stacks of 1 um optical slices were acquired with a Plan Apochromat 40x objective
235  (0.95 numerical aperture) or 60x objective (1.40 numerical aperture) and displayed as orthogonal
236 XY, XZ, and YZ projections or projected by their maximum intensity values (NIS-Elements

237  Imaging Software).

238 In situ hybridization signals. The negative control slices were imaged at a single image
239  plane using the Plan Apochromat 10x objective and the 561-nm laser. The positive control Ppib
240  hybridization signals were imaged to assess tissue and RNA quality. Images of all the sections
241  containing the LS for both negative control and experimental probe series were acquired using
242  the same settings to ensure that any differences observed between sections were not due to a
243  difference in magnification, scan area, laser power, or gain. Tiled images of the LS from each
244  probe section were then acquired at 10x magnification using the 405-nm, and 561-nm lasers to
245  image DAPI- and Mchr1-labeling. Images were saved and exported such that the different

246  channels could be toggled on and off to allow visualization of individual channels.

247 Brightfield imaging. Large field-of-view images of Nissl-stained tissue were viewed and
248  imaged using a CF160 Plan Apochromat 10x objective lens and acquired with a DS-Ri2 colour
249  camera (Nikon). Shading correction was applied during image acquisition to adjust for

250 illumination inconsistences at the edge of each image tile. The tiled images were stitched with

251 NIS-Elements Imaging Software.

252  Image analysis

12
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253 Plane-of-section analysis. To assess the neuroanatomical distribution of MCH-ir fibers
254  and MCHRL1 protein, we used unique cytoarchitectural features seen in tiled, confocal

255  photomicrographs of NeuroTrace-staining to parcellate and draw boundaries corresponding to
256  brain regions defined in the Allen Reference Atlas (ARA; Dong, 2008) (Supporting Figure 1Ai,

257 Ci).

258 We used tiled, brightfield photomicrographs of Nissl-staining to parcellate tissue used to
259  analyse Mchrl hybridization signals (Supporting Figure 1Bi). Following confocal imaging,

260  coverslipped tissue that served as the negative control was soaked in PBS overnight (RT) until
261  the coverslip slid off. The exposed brain tissue was then treated for Nissl staining, as previously
262  described (Negishi et al., 2020; Bono et al., 2022). Where necessary, DAPI-labeled overview
263 images were aligned with parcellated images of the Nissl-stained tissue. Confocal images of
264  Mchrl mRNA hybridization signal in the LS were imported into Adobe Illustrator 2021 (Adobe
265 Inc., San Jose, CA) and aligned to DAPI-labeled overview images. White matter, ventricles,
266  blood vessels, and other easily identifiable landmarks were used to ensure slices were properly

267  aligned.

268 All parcellations were drawn in Illustrator using an Intuos graphic tablet (Wacom, Kazo,
269  Japan) with reference to nomenclature and atlas levels provided by the ARA.

270 Fiber density. Confocal images of MCH immunoreactivity in the LS were visualized by
271 Alexa Fluor 647 emission. MCH-ir axon fibers and varicosities were traced in a new layer within
272 llustrator using an Intuos graphic tablet (Supportingfigure 1Aii). Fiber tracing was restricted to
273 the LS only and then mapped to ARA brain templates (see Mapping description below). For each
274  atlas level, another layer was added to the Illustrator file so that a filled shape can be drawn to
275  encompass each LS subregion and the entire LS area. A clipping mask of this filled shape was

13
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276  then applied to isolate, as separate image files, the filled shape of the total LS area, filled shape
277  of each subregion, mapped fiber tracing in the full LS, and mapped fiber tracing in each

278  subregion. The images were then analysed in MATLAB (MathWorks, Natick, MA) to determine
279  the total number of pixels encompassing the subregions or entire LS area (pixel Sota) and the

280  number of pixels occupied by the fiber tracings (pixelSiners). AS the LS is a heterogenous three-
281  dimensional structure, we analysed fiber density at all LS levels (Risold and Swanson, 1997a;
282  Risold and Swanson, 1997b). The density of MCH-ir fibers at each ARA level (D) was expressed
283  onaratio scale as: D = 100 (pixel Sivers/ PiX€l Sota) t0 capture nuanced changes in fiber density

284  throughout the rostrocaudal axis of each LS subregion.

285 Quantification of Mchrl mRNA expression. Representative images from negative

286  control tissue, corresponding to each probe slice, were adjusted using lookup table values (LUTS;
287  NIS Elements) until the image appeared black to eliminate background fluorescence from any
288  dapB hybridization. This set of LUTs were averaged and applied to images of Mchr1

289  hybridization signals to subtract background fluorescence resulting from non-specific binding.

290 Mchr1 hybridization was visualized by Cy3 fluorescence and appeared as punctate red
291  dots, which were far fewer after background correction. Only dots colocalizing to a DAPI-

292  stained nuclei were included in our analyses (Supporting Figure 1Bii). A DAPI-stained nucleus
293  colocalizing with clusters of 3+ red dots were labeled as a Mchr1-expressing neuron and marked
294 by ared-filled circle (Supporting Figure 1Bii). In the event that mMRNA dots appeared between
295  two DAPI-labeled nuclei, only one cell would be reported, thus it is possible that we are

296  underestimating the number of Mchrl cells available in the LS. We counted the number of red-

297  filled circles within the LS of each available brain slice.
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298 Quantification of MCHR1 protein expression. Neuronal MCHR1 expression was

299  counted from confocal images of NeuroTrace-labelled cells, ciliary MCHR1, and NeuN

300 immunoreactivity visualized by NeuroTrace 435/455, Cy3, and Alexa Fluor 488 fluorescence,
301 respectively. An orange-filled circle (Illustrator) was placed over NeuroTrace and NeuN-ir
302  neurons marked by an MCHRZ1-ir primary cilium (Supporting Figure 1Cii). The number of

303  circles were quantified within the LS of each available brain slice.

304 Mapping. The fiber tracings and filled circle labels were kept in individual layers of the
305  Adobe Illustrator file so that each layer could be easily separated and mapped onto the

306  corresponding level of the ARA template (Dong, 2008). The collection of fiber and circle labels
307  was copied, resized, and adjusted so that the representation of the experimental LS fit the shape
308  of the LS shown in the atlas reference template. In this way, neurons were mapped to their

309  correct position relative to the unique neuroanatomical boundaries specific to the animal, despite
310 physical differences unique to the animal (such as size and shape of brain regions). Individual
311  subregions of the LS were mapped one-by-one to maintain accuracy in relative position and

312 distribution of fibers and neurons (Supporting Figure 1Aiii, Biii, Ciii).

313 Appositions. Direct physical contact between fiber and soma or cilia was assessed using
314  consecutive confocal Z-stack slices. Fiber contacts were referred to as appositions to the

315  membrane where no visible space appeared between the fiber and cell membrane along the

316  orthogonal XZ and YZ projections (Krimer et al., 1997; Lambe et al., 2000; Bouyer & Simerly,
317  2013). Contacts were determined at a physical zoom magnification of 2400x or greater, which

318  permitted the detection of at least 0.4 um gaps.

319  Electrophysiology
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320 Slice preparation. Mice were anesthetized with an injection of chloral hydrate (700

321 mg/Kkg, i.p.) and transcardially perfused with a carbogenated (95% O,, 5% CO.), ice cold

322 artificial cerebrospinal fluid (ACSF) solution containing (in mM) 118 NaCl, 3 KCI, 1.3 MgSOsy,
323 1.4 NaH,PQOq4, 5 MgCl,, 10 glucose, 26 NaHCO3, 0.5 CaCl, (300 mOsm/L). The brain was

324  removed from the skull and sliced at 250 um using a vibrating microtome (VVT1000s, Leica

325  Biosystems, Buffalo Grove, IL) in cold, carbogenated ACSF. Slices containing the LS were
326  transferred to glucose-based ASCF containing (in mM) 124 NaCl, 3 KClI, 1.3 MgSQO,, 1.4

327  NaH,POqy, 10 glucose, 26 NaHCO3, 2.5 CaCl; (300 mOsm/L) for 10 min (37°C) and then

328  allowed to recover at RT for at least one hour prior to slice recording.

329 Slice recording. Slices containing the LS were bisected and transferred to the recording
330 chamber where they were continuously perfused with carbogenated, glucose-based ACSF

331 (31°C). Slice recordings were performed on three separate electrophysiology rigs. Cells were
332 visualized with infrared differential interference contrast microscopy at 40x magnification on
333  either an Examiner.Al microscope (Zeiss, Oberkochen, Germany) equipped with an AxioCam
334  camera (Zeiss) and Axiovision software (Zeiss), or with an Eclipse FN1 microscope (Nikon)
335  equipped with a pco.panda 4.2 camera (Excelitas PCO GmbH, Kelheim, Germany) and NIS-

336  Elements Imaging software (Nikon).

337 Whole-cell patch-clamp recordings were performed using borosilicate glass pipettes (7-9
338  MQ) backfilled with a potassium-based internal pipette solution containing (in mM) 120 K-

339  gluconate, 10 KCI, 10 HEPES, 1 MgCl,, 1 EGTA, 4 MgATP, 0.5 NaGTP, 10 phosphocreatine
340 (290 mOsm/L, pH 7.24) to assess membrane properties, ionic conductances, and glutamatergic
341  events. Internal pipette solution with an increased chloride concentration contained (in mM) 109

342 K-gluconate, 22 KCI, 10 HEPES, 1 MgCly, 1 EGTA, 0.03 CaCl,, 4 MgATP, 0.5 NaGTP, 9
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343  phosphocreatine (290 mOsm/L, pH 7.24). A cesium-based internal pipette solution used to

344  record GABAergic events contained (in mM) 128 CsMS, 11 KCI, 10 HEPES, 0.1 CaCl,, 1

345 EGTA, 4 MgATP, 0.5 NaGTP (290 mOsm/L, pH 7.24). For recordings measuring membrane
346  properties, 0.4% biocytin (Cayman Chemical, Ann Arbor, MI) was added to the internal pipette
347  solution to allow for post-hoc immunohistochemical labeling and visualization of recorded cells.
348  Recordings of electrical activity were generated using a MultiClamp 700B amplifier (Molecular
349  Devices, San Jose, CA) and digitized by a Digidata 1440A (Molecular Devices) or using an

350  Axopatch 200B amplifier (Molecular Devices) and digitized by a Digidata 1322A (Molecular
351  Devices). All traces were acquired using pClamp 10.3 software (Molecular Devices) and filtered

352 atlkHz.

353 Drug treatment. Following a baseline period of at least 5 min, MCH (3 uM; H-1482;

354  Bachem, Torrance, CA) was bath applied into the recording chamber for approximately 5 min
355  followed by a washout period in ACSF. Where applicable, tetrodotoxin (TTX; 500 nM; T-550,
356  Alomone labs, Jerusalem, Israel), TC-MCH 7c¢ (10 uM; 4365, Tocris, Toronto, Ontario, Canada),
357  and bicuculline (30 uM; 14343, MilliporeSigma) were applied to the slice during the baseline
358  period approximately 10 min prior to MCH application and maintained over the washout period.
359  Calphostin C (100 nM; HB0160, Hello Bio Inc., Princeton, NJ) prepared and maintained in the
360  dark until it was illuminated by a bright light within the slice recording chamber was applied to
361  the slice for 20—-30 min prior to MCH application. Antagonists were only added to cells that were
362  hyperpolarized by a puff of MCH. All drugs were prepared from stock solution then dissolved

363  into ACSF immediately prior to application.

364 Puff application. In experiments elucidating the membrane or intracellular mechanisms

365  underlying the effects of MCH, we first delivered a short puff of MCH to a patched cell to
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366 identify those cells that responded with a reversible membrane hyperpolarization. To deliver the
367  MCH puff, a second borosilicate glass “puff” pipette was filled with 3 uM MCH solution and
368  lowered into the slice within 30—40 um from the patched cell. A gradual positive pressure was
369  manually applied to the puff pipette for 5-10 seconds until the MCH solution reached the

370  patched cell.

371 Biocytin immunohistochemistry. Some brain slices used for electrophysiology

372 recordings were post-fixed with 10% formalin to use for post-hoc immunohistochemical

373  staining. The slices containing the biocytin-filled cells were rinsed in PBS (six 5-min washes),
374  blocked in NDS (2 hours; RT), incubated with a streptavidin-conjugated Cy3 antibody (1:500)
375  prepared in NDS (2 hours; RT), and then washed in PBS for 10 min. The slices were then

376 washed with two more exchanges of PBS containing DAPI (1:2,000; Thermo Fisher Scientific)
377  for 10 min. Brain slices were then mounted to Superfrost Plus microscope slides and

378  coverslipped with ProLong Diamond Antifade Mountant.

379  Experimental design and statistical analyses

380 Anatomical studies. Male and female mice wildtype mice (8-10 weeks) were used in a
381  between-subject design to assess the distribution of MCH-ir fibers, Mchrl mRNA, and MCHR1
382  immunoreactivity. Comparisons between LS subregions or across LS levels were determined by
383  two-way mixed model ANOVA with Tukey post-hoc testing, as not all LS levels can be captured

384 in every brain sample.

385 Slice recording. Acute brain slices were prepared from male and female wildtype mice
386 (38 male, 30 female) aged 5-23 weeks. Cells were recorded from two to three slices containing

387  the LS and corresponding to Bregma 1.145-0.345 mm. Data sets included 1-4 cells per mouse.
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388 Resting membrane potential (RMP). Only neurons that exhibited a stable membrane
389  potential (varied <5 mV) for 5 minutes prior to drug application were included in our data

390 analyses. All voltages were corrected for a +15 mV liquid junction potential. For bath

391 applications, RMP was sampled every 1 s using Clampfit 10.7 (Molecular Devices) and binned
392 into 30 s increments. Control value was the mean RMP averaged over 1 min immediately prior
393  to MCH application. The change in RMP (A RMP) was determined at the peak effect of MCH,
394  which was within 4-8 min of MCH application and following washout 5-10 min later. In puff
395  experiments, RMP was sampled every 500 ms and binned into 2-second increments, the A RMP
396  elicited by MCH was sampled 10-25 s after the puff. Within-group designs comparing control,
397  MCH, and washout conditions were analysed using a repeated measure one-way ANOVA with
398  Tukey post-hoc testing. Comparisons of A RMP over time between two drug treatment

399  conditions were analysed using a repeated measure two-way ANOVA. Comparisons of A RMP
400  after or at peak effect of drug treatment were compared using a one-way ANOVA with Tukey

401  post-hoc testing.

402 |-V curve. lonic conductance was measured in voltage clamp from a holding potential
403 (V) of =75 mV. Descending 10 mV voltage steps (250 ms) were applied from =55 mV to —125
404  mV. The mean reversal potential (V) Was averaged based on the V., for each cell, which was
405  determined as the x-intercept calculated from a line equation where the slope is calculated from
406  the -55 mV and —65 mV steps or from current values at two adjacent voltage steps where the
407  current changes from a negative to a positive value, where applicable. The Ve, was compared to
408  the theoretical equilibrium potential of the chloride ion (Ec) using a one-sample t test. Between-

409  group differences in net currents evoked following MCH application in the absence or presence
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410  of bicuculline were compared using repeated measures two-way ANOVA with Bonferroni post-

411 hoc comparison.

412 Synaptic activity. Spontaneous (sIPSC) or miniature (mIPSC) inhibitory postsynaptic
413  current events were recorded at V, = -20 mV while excitatory post synaptic currents (SEPSC,
414  mEPSC) were recorded at Vi, =—75 mV. The IPSC and EPSC frequency were analysed using
415  MiniAnalysis (Synaptosoft) and binned into 30-second increments. The control value was taken
416  asthe mean of a 1 min sample between 0 and 4.5 min prior to MCH application. The percent
417  change in frequency and amplitude were determined at the peak effect of MCH between 2 and
418 9.5 min after the onset of MCH application. The washout was taken between 10 and 19 min after
419  MCH application. Statistical significance was determined using a repeated measure one-way

420  ANOVA with Tukey post-hoc testing.

421 We generated cumulative probability plots by pooling the amplitude and interevent
422  intervals from 200 IPSC events or 50 EPSC events from each cell from baseline, MCH, and
423 washout recording periods. Differences in the distribution of IPSC or EPSC amplitudes or
424  interevent intervals in cumulative probability plots were analysed using the Kolmogorov-

425  Smirnov t test.

426 Graphsand illustrations. All data graphs were generated using Prism 9 (GraphPad
427  Software, San Diego, CA). Results were considered statistically significant at p < 0.05.
428  Representative sample traces data were exported from Clampfit and plotted in Origin 2018

429  (OriginLab Corporation, Northampton, MA). Manuscript figures were assembled in Illustrator.

430

431 Results
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432 In order to identify potential sites of MCH action within the LS, we quantified the

433  relative expression of MCH-ir fibers (Figure 1A), Mchr1 mRNA (Figure 1B), and MCHR1
434  receptors (Figure 1C) in each subregion and level of the LS and then mapped their distribution
435  throughout the rostrocaudal axis of the LS that spans 2.125 mm between ARA level (L) 36 and

436  LS57.

437  Distribution of MCH-ir fibersthroughout theL S

438 To maximize the detection of MCH-ir fibers, we performed our immunohistochemical
439  stains using tyramide signal amplification. We then traced these fiber projections so that they can
440  be mapped onto ARA templates with reference to Nissl-based parcellations and systematically
441  examine the distribution of MCH-ir fibers throughout the LS. The density and pattern of MCH-ir
442  fiber expression was comparable between males and females (Supporting Figure 2), so their

443  datasets were combined to assess the overall MCH-ir fiber density across the LS.

444 The LS includes the rostral LS (LSr), caudal LS (LSc), and ventral LS (LSv). The LSr
445  comprised the largest cytoarchitectural subdivision of the LS, and majority of MCH-ir fibers in
446  the LS were found in the LSr (F(2, 12) = 10.33, p = 0.0025). Notably, MCH-ir fiber density was
447  more abundant in the ventral than dorsal aspects of the LSr (Figure 1Ai-iii). Near the peak ARA
448 level of MCHe-ir expression, there was a distinctive pattern of MCH-ir fibers that were more

449  concentrated at the midline or along the medial LSr border adjacent to the medial septal nucleus,
450 along the lateral LSr border adjacent to the lateral ventricle, and along the ventral LSr border

451  abutting the nucleus accumbens, lateral preoptic area, or bed nuclei of the stria terminalis (Figure

452  1Alv; see Supporting Figure 2 for MCH-ir fiber maps at all ARA levels of the LS).

21


https://doi.org/10.1101/2023.10.21.562777

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.21.562777; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

453 MCH-ir fiber density differed throughout the anteroposterior axis of the LS (F(16, 99) =
454  4.46, p <0.0001), and MCH-ir fiber density in the LSr gradually increased by nearly two-fold at
455 its peak between L45-L49 and then diminished posteriorly (Figure 1Av). The cytoarchitectural
456  boundary of the LSc is dorsal to the LSr, begins around L44, and then persists throughout the LS.
457  The LSc is a small LS subregion and comprised relatively few dispersed MCH-ir fibers within
458  the overall LS (Figure 1Av). The LSv emerged posteriorly in the LS starting at L52, and the LSv

459  contained a moderate and evenly distributed MCH-ir fiber density (Figure 1Av).

460  Distribution of Mchrl-expressing LS cells

461 To determine if the LS expressed receptors for MCH, we used RNAscope to label Mchrl
462  mRNA hybridization in the LS; positive staining for Mchr1 mRNA appeared as punctate dots.
463  We observed cells that contained 1-2 dots, and while even low amounts of mMRNA may be

464  translated to protein (Greer et al., 2016; Lipo et al., 2022), we only considered cells with 3+ dots
465  to provide a conservative estimation of Mchr1-positive cells (Figure 1B). Similar to the

466  distribution of MCHe-ir fibers, Mchr1 hybridization was more prominent in the LSr (F(2, 72) =
467 116.1, p <0.0001), where Mchr1 cells were most prevalent in the ventral than dorsal LSr (Figure
468  1Bi-iii), where they tend to be along the lateral LSr borders (Figure 1Biv; see Supporting Figure

469 3 for representative maps of Mchrl hybridization at all ARA levels of the LS).

470 The distribution of Mchr1-expressing cells was similar between males and females

471 (Supporting Figure 3). The number of Mchr1 cells differed rostrocaudally within the LS (F(16,
472  72)=3.47,p =0.0001) and peaked at L49 (Figure 1Bv). Of the identified Mchr1-expressing
473 cells, 89% were found in the LSr and only 10% and 1% were located in the LSc and LSy,

474  respectively. In the posterior levels at L52 and L53, there were few Mchr1 cells in the LSr but
475  there was an increasing proportion of Mchr1 cells dorsally in the LSc.
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476  Distribution of MCHR1-expressing L Scells

477 To determine if Mchr1 transcripts were translated to protein, we performed an

478  immunohistochemical stain to label MCHR1 immunoreactivity. As MCHRL is concentrated on
479  the primary cilium of neurons (Diniz et al., 2020), we determined its colocalization to a

480  NeuroTrace and/or NeuN-ir soma (Figure 1C). The vast majority (93%) of MCHR1 cells were in
481  the LSr (F(2, 69) = 84.95, p < 0.001), and the pattern of MCHR1 immunoreactivity was similar
482  to Mchrl mRNA hybridization. MCHRZ1-expressing cells clustered toward the lateral border and
483  ventral half of the LSr, while the medial LSr bordering the medial septum had few MCHRL cells
484  atall levels of the LS (Figure 1Ci—iv; see Supporting Figure 4 for representative maps of

485  MCHRL1-expressing cells at all ARA levels of the LS).

486 MCHRZ1-expressing cells were differentially distributed throughout the anteroposterior
487  axis of the LS (F(16, 69) = 3.65, p <0.0001) and peaked between L48 and L49, where there
488  were 5-fold more MCHRL1 cells than in the anterior or posterior LS (Figure 1Cv). About 5% of
489  MCHRZ1 cells were found in the LSc and were distributed across several ARA levels. The LSv
490  comprised ~2% of MCHRL cells, which emerged posteriorly and were clustered at L55 (Figure
491  1Cv). Interestingly, while 99.9% MCHRZ1-ir cilia in LSr and LSc colocalized to a NeuN-labeled
492  soma, about 56% of MCHR1-ir cilia in the LSv did not colocalize to NeuN, though they were

493  associated with a NeuroTrace-labeled cell.

494  Proximity of MCH-ir fibersat MCHR1-expressing LS cells

495 MCH is known to reach its receptor and target site by volume transmission (Noble et al .,
496  2018). However, as MCH fibers and MCHRL1 are featured in similar LS regions dorsoventrally

497  and rostrocaudally (Figure 1), we also assessed the proximity between MCH-ir fibers and Mchr1
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498  mRNA or MCHRL1 protein expression. MCH-ir fibers were present around Mchr1-expressing
499  cells in the ventral LSr (Figure 2A) and in some cases appeared to be in close contact with an
500 Mchrl-expressing cell (Figure 2B). However, since Mchr1 hybridization was localized to DAPI-
501 labeled nuclei, it was not possible to assess if MCH-ir fibers formed direct appositions with a
502  Mchr1 cell. To determine if MCH fibers may come in direct contact with MCHR1-expressing LS
503  cells, we performed a stain for MCHRL1 protein, MCH-ir fibers, and the neuronal marker NeuN
504  to mark the cell body and examined MCH fiber appositions on the soma or cilia of MCHR1-

505  expressing cells. The majority of MCHR1-expressing LS cells (111 of 123) were not contacted
506 by MCH-ir fibers either at their cell bodies or cilia (Figure 2C). Most MCHR1 cells were not

507 immediately adjacent to visible MCH-ir fibers, and some MCH-ir varicosities came within

508 0.4 um of MCHRZ1-labeled cilia or their affiliated cell body without making direct physical

509  contact (Figure 2D). Interestingly, MCH-ir fibers directly contacted about 10% of MCHR1 LS
510 cells examined, and these appositions may occur at the NeuN-labeled cell body (Figure 2E) or
511  MCHRZ1-ir cilium (Figure 2F). These findings suggested that MCH is preferentially transmitted
512  through diffusion from local MCH fibers in the LS, but MCH fibers may also be in direct contact

513  with LS cells for localized actions.

514 MCH inhibited LS cdlls

515 As local diffusion may be the primary mode of MCH transmission within the LS, we
516  hypothesized that substantive spatial overlap between the distribution of MCH-ir fibers and
517 MCHR1 would define putative hotspots for MCH action. We found that the spatial overlap
518  between the expression of MCH-ir fibers, Mchrl mRNA, and MCHR1 protein in the LS was

519  most prominent toward the lateral and ventral borders of the LSr (Figure 3A), which formed our
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520  focus region for identifying MCH-responsive LS cells and defining the mechanisms of MCH

521  action.

522 We prepared acute brain slices containing the LS and performed whole-cell patch-clamp
523  recordings from cells along the ventrolateral border of the LSr (Figure 3B). Bath application of
524  MCH (3 uM) reversibly hyperpolarized the RMP of LS cells by —6.1 + 1.1 mV (n = 12; F(2, 22)
525  =13.38, p=0.002; Figure 3C). This MCH-mediated hyperpolarization was observed in about
526  half of LSr neurons recorded from both male (7/12 cells) and female (5/9 cells) mice. We did not
527  detect any differences in the magnitude of hyperpolarization between cells from male (-6.3 £ 1.5
528 mV, n=7) or female mice (-5.6 + 2.0, n = 5; t(10) = 0.29, p = 0.78), thus data from both male

529  and female mice were combined.

530 To determine if MCH acts directly on LS cells, we pretreated the slice with TTX (500
531  nM) to block action potential-dependent activity. Subsequent co-application of MCH in the
532  presence of TTX also hyperpolarized LS cells by =7.7 £ 1.5 mV (n=7; F(2, 12) = 16.69, p=

533  0.002; Figure 3D), which indicated that MCH directly inhibited LS cells.

534 MCH-mediated hyperpolarization is M CHR1-dependent

535 We screened for MCH-sensitive LS neurons by applying a short puff of MCH (Figure
536  4Ai). We found that a single MCH puff (MCH,s) produced a small but reversible RMP

537  hyperpolarization (-2.0 £ 0.4 mV, n = 8) that was sufficient to identify an MCH-sensitive neuron
538  (Figure 4Aii). A second MCHyys applied at least three minutes later also produced a similar

539 (-1.6 £0.3 mV, n = 8) hyperpolarization (Figure 4Aii, Aiii). By contrast, a puff application of
540 bath ACSF did not alter the RMP (0.5 0.3 mV, n=9; F(2, 22) = 18.17, p < 0.0001; Figure

541 AAii, Alili).
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542 To confirm that MCH-mediated hyperpolarization was occurring via the MCHR1

543  receptor, we applied MCH in the presence of the MCHR1 antagonist, TC-MCH 7c. After

544  identifying an MCH-sensitive cell (MCHpus: —=1.6 £ 0.3 mV, n = 7), we pretreated the slice with
545 10 uM TC-MCH 7c for 10-15 min. There was a main effect of the MCHR1 antagonist (F(2, 18)
546 =21.24; p<0.0001), as a second MCHyys applied in the presence of TC-MCH 7c¢ no longer

547  produced a hyperpolarization (-0.2 £ 0.2 mV, n = 7; p = 0.013; Figure 4Bi, Biii). Similarly,

548  MCH application via the slice chamber over a longer duration also did not elicit a membrane
549  hyperpolarization in the presence of TC-MCH 7¢ (MCHpgath: 1.2 £ 0.4 mV, n=7; p<0.0001;
550  Figure 4Bii, Biii). These findings indicated that MCHR1 activation mediated the inhibitory

551  effects of MCH.
552 MCH activated a chloride channel to hyperpolarize LS cells

553 We next sought to determine the ionic basis of the MCH-mediated hyperpolarization. We
554  compared the current-voltage (I-V) relationship of MCH-sensitive cells before and after a full
555  bath application of MCH. We determined the -V relationship of the cell by recording the

556  steady-state current change elicited by each voltage step (Figure 5Ai). MCH application elicited
557 amembrane current with a Ve, 0f —=63.7 £ 8.1 mV (n = 8), which corresponded to the predicted
558  Eci (-63.1 mV) under our conditions (t(7) = 0.17, p = 0.87; Figure 5Aii). We then elevated the
559 internal chloride concentration to determine if MCH-mediated inhibition was chloride-

560 dependent. With an elevated chloride internal, MCH activated a smaller amplitude current (n=7;
561  t(13) = 1.8, p=0.047) with a Ve, 0f —48.1 £ 5.1 mV that corresponded with the new predicted

562  Ecjof —-44.8 mV (t(6) = 0.64, p = 0.55; Figure 5Aii, Aiii).

563 The net current elicited by MCH revealed an outward rectification at depolarizing
564  potentials. These properties are consistent with that of ionotropic GABAA receptor currents
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565 (Valeyev et al., 1999) expressed in the LS (Heldt & Ressler, 2007; Hortnagl et al., 2013) and that
566  contribute a tonic chloride conductance (Lee & Maguire, 2014). To determine if the MCH-

567  mediated chloride current is related to the activation of GABAA receptors, we next pretreated the
568  slice with the GABAA receptor antagonist bicuculline (30 uM), and subsequent MCH co-

569  application did not evoke a change in membrane current (t(11) = 2.57, p = 0.026; Figure 5Aiii).
570  There was a significant interaction in the effect of bicuculline on the MCH-mediated current

571  elicited across the voltage range (F(7, 77) = 7.38, p < 0.0001; Figure 5Aii) thus supporting a

572 MCH-mediated activation of a GABAA, receptor.

573 To determine if this GABAA receptor chloride conductance underlies the MCH-mediated
574  hyperpolarization, we applied bicuculline to an MCHps-sensitive cell (-1.3 £0.2 mV, n=9).
575  Bicuculline pretreatment abolished the inhibitory effects of MCH (F(2, 24) = 31.78, p < 0.0001),
576  as neither a short MCHpys (0.1 £ 0.2 mV, n = 9; p=0.027) nor prolonged MCHyan application
577 (2.0+£0.4mV,n=9; p<0.0001) elicited a membrane hyperpolarization (Figure 5B). These

578  findings indicated that a bicuculline-sensitive current underlies the inhibitory effect of MCH at

579 LS cells and suggested that MCH may regulate the activation of a chloride conductance.

580 MCHR1 activation can couple to multiple intracellular G proteins, but most commonly to
581  Gi/G, proteins or Gq proteins (Saito et al., 1999; Hawes et al., 2000). As PKC can be activated
582  following MCHR1 stimulation (Pissios et al., 2003) and is linked to GABAA, receptor activation
583  (Poisbeau et al., 1999) and increased chloride conductance via GABAA, receptors (Lin et al.,

584  1996), we determined if MCH-mediated inhibition was linked to PKC activity. We first

585 identified MCH-responsive cells (MCHpus: —=2.1 £ 0.4 mV, n = 5) and pretreated the LS brain
586  slice with 100 nM calphostin C, a PKC inhibitor. Interestingly, MCH application in the presence

587  of calphostin C did not hyperpolarize the RMP (MCHpus: —0.2 £ 0.2, n = 5; p = 0.038) even

27


https://doi.org/10.1101/2023.10.21.562777

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.21.562777; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

588  when MCH was applied for an extended duration (MCHpan: 2.3 £ 1.1 mV, n =5; p = 0.030).
589  These findings indicated a main effect of calphostin C treatment (F(2, 8) = 11.92; p = 0.004;
590 Figure 5C). Taken together, these results suggested that MCH activated a GABAA, receptor

591  chloride current in a PKC-dependent manner.

592 MCH did not inhibit GABAergic or glutamatergic input on LS cells

593 Previous MCH research showed that MCH can act via a presynaptic mechanism (Zheng
594 etal., 2005), therefore we next determined if MCH also acts presynaptically in the LS. The LS
595  comprises primarily GABAergic neurons with reciprocal connections to other LS cells

596  (Gallagher & Hasuo, 1989; Sheehan et al., 2004; Zhao et al., 2013). We observed a high baseline
597  frequency of sIPSC events (7.2 £ 3.1 Hz, n = 8) that was consistent with high GABAergic tone at
598 LS cells (Carette et al., 2001; Figure 6A). MCH application produced a reversible rightward shift
599 in the distribution of SIPSC interevent intervals (control vs. MCH: n =8; D(8) = 0.27, p<

600 0.0001; MCH vs. wash: n = 8; D(8) = 0.30, p < 0.0001; Figure 6B, C) that reflected a 43%

601  decrease in sIPSC frequency (baseline: 7.2 £ 3.1 Hz; MCH: 5.6 + 2.7 Hz; wash: 6.4 + 3.0 Hz; n
602 =38; F(2,21)=17.39, p<0.0001; Figure 6C inset). In addition to decreasing sIPSC frequency,
603  MCH produced a reversible leftward shift in the distribution of sIPSC event amplitudes (control
604 vs. MCH: n =38, D(8) =0.23, p<0.0001; MCH vs. wash: n = 8, D(8) = 0.30, p < 0.0001; Figure
605  6D) but did not decrease the mean amplitude of sIPSC events (control: 32.2 + 5.0 pA; MCH:

606  29.8 +5.5 pA; wash: 31.9 £5.9 pA; n=8; F(2, 21) = 0.67, p = 0.52; Figure 6D inset).

607 We pretreated the slice with 500 nM TTX to abolish activity-dependent synaptic
608  transmission and recorded mIPSC events to determine if MCH would act on GABAergic
609  presynaptic terminals (Figure 6E—H). Interestingly, co-application of MCH in TTX did not affect
610  the distribution of interevent intervals (control vs MCH: n = 8; D(8) = 0.10; p = 0.27; Figure 6G)
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611  and, accordingly, did not change mIPSC frequency (control: 1.3 £ 0.4 Hz; MCH: 1.2 £ 0.3 Hz;
612  wash: 1.3 £0.4 Hz; n =8; F(2, 21) = 1.09, p = 0.35; Figure 6G inset). Likewise, MCH also did
613  not change the distribution of mIPSC amplitudes (control vs MCH: n =8, D(8) = 0.08, p = 0.47;
614  Figure 6H) or mean mIPSC amplitudes (control: 21.2 + 1.3 pA; MCH: 21.4 + 1.4 pA; wash: 21.0
615 +£1.3pA;n=8;F(2,21)=0.18, p=0.84; Figure 6H inset). These findings suggested that MCH

616  may not regulate presynaptic GABAergic inputs to LS cells.

617 The LS also receives glutamatergic input from different regions such as the hippocampus
618  (Swanson & Cowan, 1977; Risold & Swanson, 1997a), which has also been shown to express
619 MCHR1 (Saito et al., 1999). Therefore, we next examined if MCH can also change excitatory
620  input to the LS. Spontaneous glutamatergic inputs to LS cells occur at a low frequency (1.3 £0.5
621  Hz, n=9), and there was a slow rundown of SEPSC frequency over time (Figure 7A, B) that

622  shifted the distribution of interevent intervals throughout the recording (control vs MCH: n =9,
623  D(9) =0.54, p<0.0001; control vs wash: n =9, D(9) = 0.42, p=0.0003; Figure 7C).

624  Nonetheless, MCH did not alter SEPSC frequency (control: 1.3 + 0.5 Hz; MCH: 1.3 £ 0.5 Hz;
625 wash:1.4+0.6 Hz; n=9; F(2, 16) = 0.60, p = 0.55; Figure 7C inset). MCH application also did
626  not change the amplitude of SEPSC events (control: 15.5 £ 2.6 pA; MCH: 15.3 + 2.3 pA; wash:
627 148+ 2.0pA;n=29; F(2, 16) =0.07, p=0.91), which also reflected a gradual rundown over
628  time (control vs MCH: n =9, D(9) =0.20, p = 0.21; control vs wash: n =9, D(9) = 0.26, p =

629  0.05; Figure 7D).

630 In the presence of TTX, MCH had no effect on the frequency (control: 2.7 + 1.0 Hz;
631 MCH: 2.6 £ 1.0 Hz; wash: 2.6 £ 1.0 Hz; n = 6; F(2, 10) = 1.35; p = 0.32; Figure 7E-G) or the

632  amplitude (control: 10.4 + 1.1 pA; MCH: 10.1 + 1.0 pA; wash: 10.2 £ 1.0 pA; n = 6; F(2, 10) =
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633  0.06; p=0.85; Figure 7H) of mMEPSC events. Taken together, these findings suggested that MCH

634  did not affect excitatory synaptic input.

635

636 Discussion

637 MCHR1-expressing cells concentrated along the ventral and lateral boundaries of the LS
638  and overlapped with the distribution pattern of MCH-ir fibers. We performed patch-clamp

639  recordings from these MCHR1-rich hotspots and revealed a novel mechanism of MCH action in
640  the LS. Pharmacological application of MCH directly hyperpolarized LS cells, but MCH did not
641  alter synaptic input to LS cells. The inhibitory effects of MCH were MCHR1-dependent and

642  mediated by an increased chloride current.

643 The coincident distribution pattern of Mchrl mRNA and MCHR1-ir cells in the LS

644  implicated that these were MCH target sites. Mchr1 hybridization signals can be seen throughout
645  the LS but was most prominent in the LSr. This corresponded with Mchrl mRNA expression in
646  therat LS that was higher in the intermediate (Saito et al., 2001; i.e., mouse LSr) and ventral part
647  of the LS (Bittencourt et al., 1992; i.e., mouse LSv) and lower in the dorsal part of the LS

648  (Hervieu et al., 2000; i.e., mouse LSc). Mchr1 hybridization signals reflected the presence of

649  MCHRL1 cells along the ventrolateral edge of the LSr anteriorly, as well as within the small LSv

650  cluster posteriorly.

651 MCHR1-positive LS cells were distributed within or near MCH-ir fiber fields, which
652  were also more abundant in the LSr than the LSc or LSv. Nerve terminals from MCH neurons
653  are known to terminate in the LSr and form glutamatergic synapses to innervate LS cells (Chee

654  etal., 2015). Interestingly, glutamatergic nerve endings from MCH neurons terminated in the
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655  dorsal zones of the LSr (Chee et al., 2015; Liu et al., 2022), where MCH-ir fibers were relatively
656  sparse. Rather, MCH-ir fibers were prominent within the ventrolateral zones of the LSr where
657  they spatially overlapped with MCHR1-expressing cells. MCH-ir fibers also extend into the

658  medial zones of the LSr from the medial septum, but medially distributed MCH-ir fibers did not

659  overlap with MCHRZ1-rich zones.

660 The proximity between MCH fibers and MCHR1-expressing LS cells implicated hotspots
661  for MCHRL activation. Most MCHRL cells lie adjacent to but were not in contact with passing
662  fibers and suggested that MCH is preferentially released extrasynaptically in the LS. MCH

663  availability within the LS may also be a result of uptake from the lateral ventricle (Ruiz-Viroga
664  etal., 2021) to then reach MCHRL1 LS cells by volume transmission (Noble et al., 2018). This
665  could be facilitated by MCHR1 expression along the primary cilium of neurons (Berbari et al.,
666  2008; Diniz et al., 2020) to detect MCH in the extracellular space (Diniz et al., 2020).

667  Furthermore, like in the nucleus accumbens (Sears et al., 2010) and nucleus of the solitary tract
668  (Zheng et al., 2005) MCH-ir fibers can also be closely associated with LS cells, including

669 MCHR1-expressing cells in the ventrolateral LS that were in direct physical contact with MCH-
670 ir fibers. However, ultrastructural analyses would be required to determine if these contacts

671  reflect active release sites. The functional contributions of local MCH release or MCH uptake
672  from the ventricular space are not known (Ruiz-Viroga et al., 2021) but may influence

673  behaviours that transpire over a longer timeframe. Meanwhile, local sources of MCH like those
674  indirect contact with MCHRL1 LS cells may mediate rapid, acute responses to environmental

675 stressors.

676 Functional MCHR1 activation directly hyperpolarized and suppressed action potential

677  firing of LS cells. While MCH can act presynaptically by inhibiting glutamatergic input (Zheng
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678 etal., 2005), it did not regulate either glutamatergic or GABAergic input to the LS. The

679 inhibitory effect of MCH was mediated by a bicuculline-sensitive chloride current, which

680  suggested the activation of ionotropic GABAA receptors. While MCHRL activation is known to
681  couple to Gi/G,-proteins (Gao, 2009), it can also couple to G4-proteins (Bachner et al., 1999;
682  Pissios et al., 2003). MCHR1 coupling to the G4 pathway may activate chloride currents

683  (Bé&chner et al., 1999) in a PKC-dependent manner (Pissios et al., 2003), as PKC activation can
684  increase chloride influx via GABAA receptors (Lin et al., 1994, 1996b). The postsynaptic

685  mechanisms linked to MCH-mediated inhibition, including at the medial septal nucleus (Wu et
686  al., 2009) and nucleus accumbens (Sears et al., 2010), have involved the activation of potassium
687  channels, thus our findings implicate a novel chloride-mediated mechanism underlying the

688 inhibitory actions of MCH.

689 The LS may integrate MCH roles that increase feeding (Qu et al., 1996; Rossi €t al.,

690  1997; Dilsiz et al., 2020) and anxiety-related behaviours (Smith et al., 2006; Dilsiz et al., 2020)
691 by suppressing LS activity. Photostimulating GABAergic LS cells reduces feeding (Xu et al.,
692  2019), and GABAA and GABAg-mediated inhibition of LS cells can increase feeding (Gabriella
693  etal., 2022; Calderwood et al., 2020). Since MCH can inhibit LS cells, MCH may thus increase
694  feeding by downregulating GABAergic output from the LS. The LS is a notable region that

695  regulates anxiety (Sheehan et al., 2004), and this may be ascribed to its afferent or efferent

696  connections. MCH dampens LS activity, which can elicit anxiogenesis. For example, inhibiting

697  hippocampal projections to the LS increased anxiety-like behaviours (Parfitt et al., 2017).

698 The LSc, LSr, and LSv designations by the Allen Reference Atlas are based on
699  cytoarchitectonic parcellation (Dong, 2008), but LS divisions can also be informed by afferent

700  and efferent connections that overlap with the distribution of MCHRL cells (Risold and
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701 Swanson, 1997a; Risold and Swanson, 1997b). The ventrolateral LSr receives strong

702  glutamatergic input from the ventral hippocampal CA1 (Risold and Swanson, 1997a) to suppress
703  feeding and anxiety (Parfitt et al., 2017). Additionally, there is a concentration of cells

704  expressing the type 2 corticotropin-releasing factor receptor (Crfr2) in the lateral LSr that

705 innervate the anterior hypothalamic nucleus (Risold & Swanson, 1997a; Bang et al., 2022).

706 Activating LS Crfr2 terminals in the anterior hypothalamus promotes anxiety (Anthony et al.,

707 2014).

708 The LS can also be divided into band-shaped domains informed by its chemoarchitecture
709  (Risold and Swanson, 1997b). The distribution pattern of MCHR1-expressing LS cells

710  corresponded to dorsolateral and ventrolateral LSr bands that overlap with enkephalin and

711 urocortin immunoreactive fibers (Risold & Swanson, 1997b; Chen et al., 2011) anteriorly. These
712 fibers have been implicated in feeding and anxiety-regulated behaviours at the LS. Enkephalin
713 immunoreactivity is lower when food is less abundant and may reflect food availability (Kovacs
714 et al., 2005). Enkephalin acts via the p-opioid receptor in the LS (Mansour et al., 1994), and

715  administration of a -opioid receptor agonist into the LSr increases feeding (Calderwood et al .,
716  2020) and anxiety-like behaviour in mice (le Merrer et al., 2006). Urocortin activates CRFR2
717  receptors in the ventrolateral LS (Van Pett et al., 2000; Anthony et al., 2014) and can inhibit

718  feeding during stress (Stengel & Taché, 2014). Urocortin administration into the LS inhibits

719  feeding and increases anxiety-like behaviour (Wang & Kotz, 2002; Bakshi et al., 2007; Noguchi
720 etal., 2013) and activation of Crfr2 LS cells also promotes anxiety (Anthony et al., 2014).

721 Interestingly, urocortin infusion into the LS can reduce orexin-mediated feeding (Wang & Kotz,

722 2002) and given that orexin and MCH have complimentary roles on feeding (Barson et al.,
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723 2013), interactions between urocortin and MCH may modulate feeding behaviour in response to

724 stress.

725 MCH may also act via the LSv to mediate anxiety behaviours. MCHR1-expressing cells
726  inthe LSv may overlap with Substance P-immunoreactive fibers (Risold & Swanson, 1997b),
727  and Substance P can have an anxiogenic effects in the LS (Gavioli et al., 1999, 2002; Ebner et
728  al., 2008). The LSv receives glutamatergic input from the ventral hippocampus to promote

729  coping mechanisms such as stress-induced grooming, which could help relieve feelings of stress
730 and anxiety (Mu et al., 2020). Given the inhibitory actions of MCH on the LS, it may thus act via

731 the LSv to dampen such neuronal coping mechanisms.

732 In conclusion, our findings showed that MCH inhibits the LS and suggests that MCH
733 might converge with enkephalin and urocortin at the LSr, or with Substance P in the LSy, to

734  fine-tune feeding and anxiety-related behaviours. We anticipated that the convergence of MCH
735  fibers and MCHR1-expressing cells would assist in identifying hotspots underlying the action of
736 MCH in the LS, and our electrophysiological recordings in these regions revealed a novel

737 mechanism of MCH-mediated action that inhibited LS cells by increasing chloride conductance.
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1025 Legends

1026  Figure 1. Relative expression of M CH-immunor eactive fibers, Mchrl mRNA, and MCHR1
1027  protein throughout the L S. Representative confocal photomicrographs of MCH-

1028  immunoreactive (MCH-ir) fibers (arrowheads) amid NeuroTrace-labeled soma (Ai) in the dorsal
1029  (Aii) and ventral regions of the LS (Aiii). Coronal map of traced MCH-ir fibers in the LS (Aiv) at
1030  arepresentative Allen Reference Atlas level (ARA; Dong, 2008). Fiber density was expressed as
1031  the percent area covered by MCH-ir fibers at each ARA level in the rostral LS (LSr), caudal LS
1032 (LSc), and ventral LS (LSv; Av). Representative confocal photomicrographs of Mchr1 mRNA
1033  hybridization amid DAPI-labeled nuclei (Bi) showing 1-2 “dots” (open arrowhead; not included
1034  in subsequent analyses) or 3+ dots (white arrowhead) in the dorsal (Bii) and ventral regions of
1035  the LS (Biii). Only dots that surrounded a DAPI-labeled nucleus were included in our analyses.
1036  Coronal map of Mchr1 hybridization distributed within the LS at a representative ARA level
1037  (Biv). Percent of Mchr1 cells (comprising 3+ dots) at the LSr, LSc, and LSv of each ARA level
1038  was relative to the total number of Mchr1 cells per brain (Bv). Representative confocal

1039  photomicrographs of MCHR1 immunoreactivity on the primary cilium (arrowhead) of NeuN-
1040  immunoreactive neurons (Ci) in the dorsal (Cii) and ventral regions of the LS (Ciii). Coronal
1041 map of MCHR1-expressing cells at a representative ARA level (Civ). Percent of total MCHR1
1042  cellsin the LSr, LSc, and LSv at each ARA level (Cv). Only ARA levels captured by our dataset
1043  were included. Scale bar: 200 um (Ai, Bi, Ci), 25 um (Aii, Aiii), 10 um (Bii, Biii), 20 um (Cii,
1044  Ciii). Two-way mixed-effect model ANOVA with Tukey post-hoc testing: ** p < 0.01, **** p
1045  <0.0001. ACB, nucleus accumbens; cc, corpus callosum; CP, caudoputamen; LSc, lateral septal
1046  nucleus, caudal part; LSr, lateral septal nucleus, rostral part; MS, medial septal nucleus; SH,

1047  septohippocampal nucleus; VL, lateral ventricle.
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1048  Figure2. Proximity of MCH-immunor eactive fibersto MCHR1-expressing L S cells.

1049  Representative merged-channel confocal photomicrographs from the lateral and ventral LSr
1050  border (inset, dashed outlined area) of Mchrl mRNA on DAPI stained nuclei (white arrow) in
1051  relation to MCHe-ir fibers (A) in close proximity to Mchr1-expressing cells (B). Representative
1052  merged-channel confocal photomicrographs from the lateral and ventral LSr border (inset,

1053  dashed outlined area) of MCHR1-ir cilia on NeuN-ir neurons in relation to MCH-ir fibers (C),
1054  which may be adjacent but relatively distant (asterisk) from MCHRZ1-ir LS cells. High

1055  magnification confocal photomicrographs with orthogonal projections in the XY-plane of MCH-
1056 ir varicosities in C that are closely associated but do not make physical contact (D, open

1057  arrowhead) or that form appositions (filled arrowhead) at the NeuN-ir soma (E) or associated
1058  MCHRL1-ir cilia (F). Appositions were observed when no visible space was discerned between
1059  the MCH-ir varicosity and NeuN-ir soma or MCHR1-ir cilium in both the XZ- and YZ-plane at
1060  the same optical section (yellow line). Scale bars: 10 um (A-C); 100 um (inset, A, C); X, Y, Z
1061  axis 5 um each (B-D). ACB, nucleus accumbens; cc, corpus callosum; CP, caudoputamen; LSc,
1062 lateral septal nucleus, caudal part; LSr, lateral septal nucleus, rostral part; LSv, lateral septal

1063  nucleus, ventral part; MS, medial septal nucleus; VL, lateral ventricle.

1064  Figure3. MCH directly hyperpolarized L S cells. Overlaid maps of MCH-immunoreactive
1065  (MCH-ir) fibers (blue) with low-Mchr1 (pink circles; Ai), high-Mchrl (red circles; Ai), and
1066 MCHRZ1-ir cells (purple circles; Aii) at Allen Reference Atlas Level 47 (Dong, 2008). Shape of
1067  the LS in acute brain slices guided whole-cell patch-clamp recordings (inset, Bi) from cells near
1068  the ventrolateral border of the LSr (Bi). The position of the biocytin-filled recorded cell (inset,
1069  Bii) was verified by post hoc staining (Bii). Representative sample trace of MCH-mediated

1070  hyperpolarization following bath application of 3 uM MCH (Ci). Time course of the MCH-
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1071 mediated change in RMP (A RMP; Cii) was summarized as the mean A RMP from each cell
1072 before MCH application (con), at the peak effect of MCH, and after MCH washout (wash) (Ciii).
1073  Representative sample trace of MCH-induced hyperpolarization in the presence of 500 nM TTX
1074  (Di). Time course of A RMP (Dii) was summarized as the mean A RMP from each cell before
1075  MCH application (con), at the peak effect of MCH, and after MCH washout (wash) (Diii). Scale
1076  bar: 200 pm (Bi, Bii); 20 pm (Bi inset); 50 um (Bii inset); 25 mV, 2 min (Ci); 4 mV, 2 min (Di).
1077  ACB, nucleus accumbens; ccg, corpus callosum, genu; CP, caudoputamen; LSc, lateral septal
1078  nucleus, caudal part; LSr, lateral septal nucleus, rostral part; MS, medial septal nucleus; VL,

1079 lateral ventricle.

1080 Figure4. MCHR1-mediated hyperpolarization at L S cells. Brightfield photomicrograph

1081  showing the placement of a pipette for puff application during patch-clamp recording (top, Ai).
1082  Representative sample trace of the change in resting membrane potential (A RMP) following a
1083  10-second puff of ACSF or 3 uM MCH (MCH 1) followed by a subsequent MCH puff 3 minutes
1084 later (MCH 2) (bottom, Ai). Comparison of A RMP following a puff of ACSF or 3 uyM MCH
1085  over time (Aii) or immediately after the puff application (Aiii). Comparison of A RMP elicited in
1086  the presence or absence of the MCHR1 antagonist TC-MCH 7¢ (10 uM) by a 10-second puff of
1087  MCH (Bi), 5-minute bath application of MCH over time (Bii), or immediately after MCH

1088  application (Biii). Scale bar: 20 um (top, Ai) 2 mV, 10 s (bottom, Ai).

1089  Figure5. MCH-mediated activation of protein kinase C-dependent GABAA receptors.

1090  Representative current output from MCH-sensitive cells immediately before (control), during a 3
1091  pM MCH application, and following MCH washout (wash) in response to voltage steps (250 ms)
1092  applied at =10 mV increments from —55 mV to —125 mV (bottom right panel) (Ai). Comparison

1093  of the current—voltage relationship of net current elicited by 3 uM MCH in the absence (red filled
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1094  circles) or presence of the GABAA receptor antagonist bicuculline (BIC, 30 uM; blue filled

1095  circles) or with a high internal chloride concentration (green open squares) (Aii). Comparison of
1096  the change in resting membrane potential (A RMP) in the absence or presence of 30 uM BIC by
1097  a 10-second puff application of MCH over time (Bi), 5-minute bath application of MCH over
1098  time (Bii), or immediately after MCH application (Biii). Comparison of A RMP in the absence or
1099  presence of the protein kinase C inhibitor Calphostin C (CalC, 30 uM) by a 10-second puff

1100  application of MCH over time (Ci), 5-minute bath application of MCH over time (Cii), or

1101  immediately after MCH application (Ciii). Scale bar: 100 pA, 100 ms (Ai).

1102  Figure6. M CH suppressed spontaneous but not miniature |PSC eventsat L S cells.

1103  Representative sample traces of spontaneous IPSC (sIPSC; A) and miniature IPSC (mIPSC)
1104  events recorded in the presence of 500 nM TTX (E) were summarized as the change in sIPSC
1105  (B) or mIPSC frequency over time (F). The cumulative distribution of sIPSC (C) and mIPSC
1106  interevent intervals (G) and amplitudes (D, H) were sampled immediately before (con), after
1107  MCH application, or following MCH washout (wash). Percent change in event frequency or

1108  amplitude was summarized in the inset (C, D, G, H). Scale: 50 pA, 150 s (A, B).

1109  Figure7. MCH did not regulate glutamater gic events at L S cells. Representative sample
1110  traces of spontaneous EPSC (SEPSC; A) and miniature EPSC (mEPSC) events recorded in the
1111 presence of 500 nM TTX (E) were summarized as the change in SEPSC (B) or mEPSC

1112 frequency over time (F). The cumulative distribution of SEPSC (C) and mEPSC interevent
1113 intervals (G) and amplitudes (D, H) were sampled immediately before (con), after MCH

1114  application, or following MCH washout (wash). Percent change in frequency or amplitude was

1115  summarized in the inset (C, D, G, H). Scale: 10 pA, 150 s (A); 50 pA, 150 s (B).
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