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38  Abstract

39 The hypothalamus plays a vital role in coordinating essential neuroendocrine,
40  autonomic, and somatomotor responses for survival and reproduction. While previous
41  studies have explored population-level projections of hypothalamic neurons, the
42  specific innervation patterns of individual hypothalamic axons remain unclear. To
43  understand the organization of hypothalamic axon projections, we conducted a
44  comprehensive reconstruction of single-cell projectomes from 7,180 mouse
45  hypothalamic neurons expressing specific neuropeptides. Our analysis identified 31
46  distinct subtypes based on projectome-defined characteristics, with many exhibiting
47  long-range axon collateral projections to multiple brain regions. Notably, these
48  subtypes selectively targeted specific subdomains within downstream areas, either
49  unilaterally or bilaterally. Furthermore, we observed that individual peptidergic
50 neuronal types encompassed multiple projectome-defined subtypes, explaining their
51 diverse functional roles. Additionally, by examining intra-hypothalamic axon
52  projections, we uncovered six modular subnetworks characterized by enriched
53  intramodular connections and distinct preferences for downstream targets. This
54  modular organization of the intra-hypothalamic network likely contributes to the
55  coordinated organization of hypothalamic outputs. In summary, our comprehensive
56  projectome analysis reveals the organizational principles governing hypothalamic axon
57  projections, providing a framework for understanding the neural circuit mechanisms

58  underlying the diverse and coordinated functions of the hypothalamus.
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63

64  Main text

65 The hypothalamus is an evolutionarily ancient brain structure at the ventral base of
66  the brain, comprising at least 40 tightly packed nuclei and millions of intricately

67 connected neurons'™.

It regulates neuroendocrine, autonomic, and somatomotor
68  responses in a coordinated manner for essential behaviors and maintains homeostasis
69 of many physiological processes. For example, the hypothalamus controls body
70  temperature, metabolism, hormone secretion, eating, drinking, fluid balance, sleep-
71 wake cycle, circadian rhythm, stress responses, predator defense, reproductive
72 behaviors, and reward processing. Yet, despite the well-recognized importance of the
73 hypothalamus, the organization of hypothalamic axon projections that underlies its
74  coordinated regulation of this plethora of physiological and behavioral functions
75  remains to be fully understood.

76

77 By injecting an anterograde tracer such as Phaseolus vulgaris leucoagglutinin into

78 specific rat hypothalamic nuclei, previous studies have revealed extensive

79  hypothalamic projections throughout the brain and intricated reciprocal intra-
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80  hypothalamic connections® %, These macroscopic studies have illuminated the overall
81 axon projections of some hypothalamic nuclei, but axon projections of molecularly
82  defined neuronal subtypes within the same nucleus could not be differentiated.
83  Furthermore, an overview of the axon organization of the entire hypothalamus remains
84  to be explored.

85 More recently, single-cell RNA-seq (scRNA-seq) analyses were used to identify
86  neuronal types in the mouse hypothalamus based on gene expression patterns!*!°.
87 Many transcriptome-defined hypothalamic neuron types express genes encoding
88  specific neuropeptides such as agouti-related peptide (Agrp), proopiomelanocortin
89  (Pomc), oxytocin (Oxt), and Orexin, which are evolutionarily conserved
90 neuromodulators of essential functions'®. Additionally, virus-mediated anterograde
91 tracing has delineated projections of these neuropeptide-expressing neurons at a
92  population level'”!°. However, local activation or inhibition of neuronal populations
93  expressing a single neuropeptide often affects multiple behaviors and physiological
94  processes’®?!. This suggests that transcriptionally similar neurons may exert distinct
95 functions by innervating separate sets of downstream targets via axon collaterals,
96 thereby regulating multiple processes in a coordinated manner. In other words, distinct
97  projection-based subtypes may exist within a single transcriptome-defined neuron type
98 to promote functional diversity. Thus, delineating the whole-brain projection pattern of

99 single axons (projectomes) is pivotal for understanding neural mechanisms underlying

100  hypothalamic functions.
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101

102 In this study, we used a recently developed axon tracing method based on
103  fluorescence micro-optical sectioning tomography (fMOST)??> and constructed the
104  single-cell projectomes of ~7000 hypothalamic neurons that express specific
105  neuropeptide genes. This provides the largest known single-neuron projectome dataset
106  for the hypothalamus. We further identified 31 projectome-defined subtypes, many of
107  which sent projections to specific ipsilateral or bilateral subdomains of targeted regions
108  via their axon collaterals. Notably, each neuropeptide-defined population comprised
109 multiple projectome-defined subtypes, providing a structural basis for its diverse but
110  coordinated functions. Moreover, by analyzing intra-hypothalamic axon projection
111  patterns, we identified six modular subnetworks with enriched recurrent intra-modular
112 connections, each showing preferences for distinct target areas. Such a modular
113  subnetwork organization may serve as an intra-hypothalamic coordination of
114  physiological homeostasis and innate behaviors. Overall, this single-neuron projectome
115  dataset reveals organization principles of hypothalamic axon projections and provides
116  avaluable resource for future functional studies.

117

118  Tracing single-cell projectomes of hypothalamus peptidergic neurons

119 To achieve bright, sparse, and specific labeling of molecularly defined
120  hypothalamic neurons, we injected the hypothalamus with adeno-associated virus

121  (AAVs) carrying Cre-dependent GFP in genetically modified mice that expressed Cre
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122 recombinase under the control of a neuropeptide promoter; alternatively, we injected
123 AAVs that expressed GFP driven by an Orexin promotor in wild-type mice to label
124 Orexin-expressing neurons (Fig. 1a, Extended Data Fig.1, Supplementary Tablel, see
125  Methods). After sufficient viral expression, brain samples were processed and imaged
126 by fMOST, which could achieve a high spatial resolution (0.32um * 0.32um * 1pm)
127  for the whole-brain tissue. We traced the projection of individually labeled axons by a
128  streamlined semi-automatic procedure previously described? (Fig. 1a, see Methods).
129  To permit cross-sample comparison, we registered all traced projections onto the Allen
130 mouse brain common coordinate frame (CCFv3)** (Extended Data Fig.2a,
131  Supplementary Table 2 for brain structure abbreviations). In total, we reconstructed the
132 brain-wide projectome of 7180 individual neurons from 16 peptidergic populations
133  whose somata were registered to the hypothalamus (Fig. 1a-1b).

134

135 The soma distribution of these reconstructed neurons closely matched the known
136  expression patterns of these neuropeptides. Specifically, substantially more neurons
137  were obtained for broadly expressed neuropeptides (Adcyapl, Nts, Penk, Pdyn, Sst,
138  Tacl, Tac2, Trh) than those for more restrictedly expressed ones (Agrp, Avp, Crh,
139  Orexin, Oxt, Pmch, Pomc, Vip) (Extended Data Fig.2b). Overall, reconstructed neurons
140  occupied most hypothalamic nuclei, showing a whole-hypothalamus coverage of our
141  dataset (Fig. 1b, Extended Data Fig.2c). Furthermore, these 16 selected neuropeptides

142  served as molecular markers for about half of the 66 transcriptional-defined neuronal
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143 types in the mouse hypothalamus (Extended Data Fig.3)'?, covering both excitatory and
144 inhibitory neuronal types, and some neuropeptides such as Orexin and Pomc marking
145  single transcriptome-defined neuron types. Moreover, the total axon arbors of these
146 7180 neurons covered ~ 21.8% and ~ 10.2% of the voxels (voxel size 25 pm) for the
147  entire brain volume on the ipsilateral and contralateral side, respectively (Fig. 1¢). Thus,
148  our single-neuron projectome dataset reasonably represents mouse hypothalamic
149  neurons.

150

151 Single-cell projectome-based classification of hypothalamic neurons

152 At first glance, individual hypothalamic neurons showed high variation in their
153  axon arborization patterns and target areas (Fig. 1d), making classification based on
154  simple projection target selectivity unrealistic. We thus calculated morphological
155  similarity between neuronal pairs by computing the weighted average of the closest
156  distances for all traced points of the reconstructed neuron (Fig. 1e, see Methods). Using
157  hierarchical agglomerative grouping of the similarity matrix, we identified 31
158  projectome-defined neuronal subtypes, as shown in Fig. 1f. Moreover, each subtype
159  encompassed multiple peptidergic populations (Supplementary Table 3).

160

161 These 31 subtypes could be roughly grouped into three major classes based on
162  whether they projected to the midbrain and medulla: (1) Intra-hypothalamic class

163  (subtypes #1 to #15); (2) medulla and midbrain class (subtypes #16 to #21); and (3)
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164  midbrain only class (subtypes #22 to #31). Neuronal projections to other brain areas
165 (e.g., cortex, pallidum, thalamus, striatum, hippocampus, and olfactory area) did not
166  show such group selectivity, although each projectome subtype had distinct preference
167  for these targeted brain areas (Fig. 1f). The emergence of target selectivity among
168  projectome-defined subtypes supports our classification method.

169

170 To examine whether the projectome-defined neuron subtypes/classes described
171  above were specific to peptidergic neurons, we used the method described above (now

172 published as a Python library (https://pypi.org/project/pyswcloader/) to analyze the

173  projectome of 77 hypothalamic neurons in a previous dataset®> generated by using a
174  pan-neuronal labeling method and light-sheet imaging. We found that these 77
175  hypothalamic neurons could be similarly grouped into the above three classes
176  (Extended Data Fig.4). Thus, projectome-defined hypothalamic neuron classes and
177  subtypes could be generalized to hypothalamic neurons reconstructed via other labeling
178  and imaging methods. Taken together, we have identified three major classes and 31
179  projectome-defined subtypes of hypothalamic neurons.

180

181  Characteristics of the intra-hypothalamic projecting class

182 Intra-hypothalamic projecting subtypes #1 to #15 innervated mainly hypothalamic
183  nuclei and lacked long-range projections to midbrain regions (Fig. 1f). Nevertheless,

184  neurons in nearly half of these subtypes made preferential long-range projections to
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185  non-midbrain areas, including the amygdala, cortex, hippocampus, and thalamus (Fig.
186  2a), providing part of the features that differentiated these subtypes among the intra-
187  hypothalamic projecting class. For example, subtypes #1 and #5 neurons showed strong
188  projections to the central amygdala nucleus (CEA) and medial amygdala nucleus (MEA)
189 and modest projections to the posterior amygdala nucleus (PA) (Fig. 2b). By
190 comparison, subtype #4 neurons showed modest projections to amygdala nuclei and
191  prominent projections to CA1 of the hippocampus (Fig. 2¢). Meanwhile, subtype #2
192  specifically projected to the substantia nigra (SNr) (Fig. 2d), whereas subtype #3
193  projected to both the anterior cingulate area (ACA) and somatomotor areas (MO) (Fig.
194  2e). Subtype #8 and #9 neurons projected to thalamic nuclei, with disparate preferences
195 to lateral habenula (LH), mediodorsal nucleus of the thalamus (MD), and
196  paraventricular nucleus of the thalamus (PVT) (Fig. 2f).

197

198 Axons of the rest of subtypes of the intra-hypothalamic projecting class more
199  frequently terminated within and around the hypothalamus. The subtypes #6 and #7
200 neurons projected only locally around the soma, whereas the subtypes #10 to #15
201 neurons projected more extensively to other hypothalamic nuclei such as medial
202  preoptic area (MPO), lateral preoptic area (LPO), ventral medial hypothalamic nucleus
203 (VMH), and dorsal medial nucleus of the hypothalamus (DMH) (Fig. 2g-j), as well as
204  to bed nuclei of stria terminalisis (BST) and lateral septum (LS) outside of the

205 hypothalamus. An exception was subtype #13 neurons, which showed restricted
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206  projections to the median eminence (ME) and arcuate nucleus (ARH) (Fig. 2i). In line
207  with previous studies on neurohypophysis*®?’, the soma of subtype #13 neurons was
208 located primarily in PVH, and 180 out of the 306 subtype #13 neurons expressed Oxt
209  (Supplementary Table 3).

210

211 Characteristics of the midbrain projecting classes

212 As shown in Fig. 1f, subtypes #16 to #31 differed significantly from #1 to #15 by
213  their projections to midbrain areas. Interestingly, within the hypothalamus, these
214  midbrain-projecting neurons also showed higher projection strength (as defined by the
215  total length of axon arbors covering the targeted region) in the lateral hypothalamic area
216  (LHA), posterior hypothalamus nucleus (PH), and zona incerta (ZI) and lower strength
217  in the medial preoptic nucleus (MPN), ARH, ventral premammillary nucleus (PMv),
218  and the ventral part of the tuberomammillary nucleus (TMv) (Extended Data Fig.5a),
219  as compared to non-midbrain-projecting neurons. Among all midbrain projecting
220  neurons, 23% had collaterals projecting to the medulla (subtypes #16 to #21) (Fig. 1f),
221  most of which projected strongly to motor-related areas in the medulla (Extended Data
222 Fig.5b). Some also innervated distinct unilateral and bilateral non-motor targets of the
223  medulla and pons areas (Extended Data Fig.5¢c—d). Thus, individual axons emanating
224  from the medulla-projecting neurons arborize extensively, and their collateral branches
225  could innervate multiple regions in the midbrain, pons, and medulla (Extended Data

226  Fig.5e).

10
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227

228 Among the midbrain areas receiving hypothalamic projections, the most prominent
229  was the periaqueductal gray (PAG) (Extended Data Fig.6a), which includes anterior
230 PAG (aPAG) and rostral nuclei (INC, Su3, ND, and PRC), as well as four longitudinally
231  organized PAG columns (Paxino) - dorsomedial (dm), dorsolateral (dl), lateral (1), and
232 ventrolateral (vl) PAG (Fig. 3a). Among all PAG-projecting neurons, 74.4% and 12.4 %
233 exhibited ipsilateral and contralateral preferences, respectively. Moreover, neurons of
234  different subtypes showed distinct projection preferences (Fig. 3b-d). For example,
235  subtypes #23 and #31 mainly projected ipsilaterally, whereas #27 slightly preferred the
236  contralateral side (Fig. 3c-d). We next determined the column/nucleus preferences of
237  PAG-projecting neurons on the ipsilateral side by calculating the fold difference of
238  projection density (total arbor length divided by the volume of targeted area) for a
239  particular column/nucleus relative to the average projection density for all areas. With
240  the criterion of 3-fold difference, we found that PAG-projecting neurons that preferred
241 distinct PAG regions (Extended Data Fig.6b). Column/nucleus preferences also varied
242  among various subtypes (Fig. 3e). Furthermore, the column/nucleus preferences of
243  bilateral PAG-projecting neurons exhibited striking similarity between the two
244 hemispheres (Fig. 3f), providing a structural basis for bilateral control of PAG functions
245 by a single bifurcating hypothalamic axon.

246

11
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247 Taking advantage of the single-cell resolution of our dataset, we further examined
248  projection patterns of individual PAG-projecting neurons regardless of their subtypes,
249  focusing only on the ipsilateral side. We discovered some intriguing patterns. First,
250 most PAG-projecting neurons targeted multiple columns/nuclei (Fig. 3g). Second, the
251  pattern of PAG co-innervation was non-random, with VIPAG/IPAG pairing and
252  dmPAG/dIPAG pairing frequently observed (Fig. 3g). Such co-innervation of different
253  PAG columns/nuclei implies the co-regulation of PAG neurons across anatomically
254  defined boundaries. To re-define PAG subdomains based on hypothalamic co-
255  innervation patterns, we subdivided PAG into 100 pm-size cubes, calculated the pair-
256  wise correlation of hypothalamic axon arbors within each cube, and performed
257  clustering analysis of the correlation matrix (Fig. 3h). This yielded seven PAG
258 subdomains, each exhibiting highly correlated hypothalamic projections (Fig. 3i).
259  These innervation-based PAG subdomains rearranged the previously defined PAG
260 columns and nuclei, with the overall dorsoventral and anterio-posterior patterns
261  preserved (Fig. 3i-j). Interestingly, based on the published singe-cell projectomes of
262  prefrontal cortex neurons®, a similar correlation analysis identified PAG subdomains
263  that closely matched those defined by hypothalamic singe-cell projectomes (Extended
264  Data Fig.6¢), supporting the notion that these projectome-defined PAG subdomains
265  might be functionally relevant. Thus, single-cell projectomes have revealed complex
266  and patterned arborization of midbrain-projecting hypothalamic neurons within distinct

267 PAG subdomains.

12
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268

269  Multiple projectome subtypes of Orexin-expressing neurons

270 Having categorized hypothalamic neurons based on single-cell projectomes, we
271  further inquired whether there are distinct projectome-defined subtypes within a
272  transcriptome-defined neuron type, which could offer a structural explanation for its
273  functional diversity. To examine this question, we first focused on Orexin-expressing
274  neurons, a population often characterized as a single transcriptionally defined
275  excitatory neuron type by scRNA-seq analysis (Extended Data Fig.3) but known to
276  exert complex regulatory functions on behaviors®®. Previous studies have described

277  axon projections of Orexin neurons at the population level'’

, indicating four projection
278  routes: the ventral or dorsal ascending and descending pathways (Fig. 4a). However,
279  whether individual Orexin axons project through one or more paths and their targeting
280  patterns was unclear.

281 We here analyzed single-cell projectomes of all 102 Orexin neurons in our dataset
282  and found their somata were primarily localized to LHA, as expected (Fig. 4b). Their
283  axon projections extended broadly throughout the brain, innervating many downstream
284  targets in the forebrain, thalamus, and midbrain structures (Fig. 4c-d). Notably,
285 individual Orexin neurons exhibited large variability in their morphology and axon
286  projection patterns (Fig. 4e¢). Morphology-based clustering analysis (see Fig. 1) of these

287 102 Orexin neurons yielded five projectome-defined subtypes, named “¢&’ through “&”

288  (Fig. 4e). Although the somata of these projectome subtypes were intermingled

13
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289  (Extended Data Fig.7a), their axons showed systematic differences among projections
290 along the four pathways described above. Specifically, subtype a mainly projected
291  through the ascending pathways, whereas subtype o and ¢ projected via descending
292  pathways; subtype fand yprojected through both ascending and descending pathways.
293  Consistently, subtypes ¢, £, and yshowed strong innervation of the cortex and forebrain
294  structures. Subtypes O and ¢ had very few cortical targets with ¢ subtype projecting
295  solely posteriorly to the medulla (MY) and &subtype showing strong projections mainly
296 to PAG and pons (Fig. 4e-h). Differences also existed among the subtypes &, S, and y
297 in their cortical targets. The extensiveness of their cortical arborizations could be
298  roughly ordered as y> > « (Fig. 4f, Extended Data Fig.7b). For example, the visual
299  areas (VIS) and the retrosplenial area (RSP) were preferentially innervated by subtype
300 y(Extended Data Fig.7b). Correlation analysis of the projection strength of individual
301 neurons further revealed coordinated targeting of cortical domains by individual Orexin
302 neurons (Extended Data Fig.7¢). Thus, Orexin neurons comprise multiple projectome
303  subtypes of distinct axon innervation patterns. Such organization of projection patterns
304 may provide a structural basis for the diverse functions of Orexin neurons.

305

306  Distinct projectome subtypes with arcuate Agrp and Pomc neurons

307 We next compared the single-cell projectomes of Agrp (n=62) and Pomc (n=129)
308 neurons located within the arcuate nucleus of the hypothalamus in the dataset (Fig.5a).

309 These two transcriptome-defined neuron types (Extended Data Fig.3) exert antagonistic

14
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310 actions on the feeding behavior: activation of Agrp and Pomc neurons promotes and
311 inhibits the mouse feeding behavior, respectively?>*’. While previous studies have
312 traced the axons of these two neurons at the population level'®!°, how individual Agrp
313  or Pomc neurons innervate their downstream targets has yet to be examined by
314  anterograde tracing of axons.

315

316 Initial qualitative inspection of axon projections of all arcuate Agrp vs. Pomc
317  neurons showed prominent projections of Pomc but not Agrp neurons to the midbrain,
318 pons, and medulla regions (Fig.5b). This was further quantified by higher percentages
319 and a stronger projection strength of individual Pomc neurons in PAG, MRN, SCm,
320 and VTA (Fig.5c-d). By contrast, individual 4grp neurons showed more robust
321  projections to hypothalamic targets, including PVH, PVHd, AVPV, and ME (Fig.5d).
322 Moreover, morphology-based clustering of these Agrp and Pomc neurons yielded four
323  subtypes, with subtypes "M", "L", "A", and "I" characterized by strong projection to
324  Midbrain areas, Locally within the arcuate nucleus, medial and central Amygdala on
325 the contralateral side, and Intra-hypothalamically, respectively (Fig.Se-f). Consistently,
326 we also found a significant enrichment (p = 0.035) of "M" neurons in the Pomc
327  population (Fig.5g).

328

329 In addition, we observed that individual Agrp neurons often innervated multiple

330 targets through axon collaterals in various brain regions, including BST, LHA, PVH,
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331 PAG, PVT, CEA, and PB (Extended Data Fig.8). Our findings of extensive Agrp axon
332  collateralization contrasted with previous retrograde tracing studies, which suggested
333  that distinct and dedicated pools of Agrp neurons project to separate downstream targets
334  with little co-innervation®!. This discrepancy could be potentially attributed to the
335 infection bias or the dependence on innervation strength in retrograde labeling methods.
336  Taken together, our single-neuron projectome analysis revealed complex but divergent
337  projection patterns of individual Agrp and Pomc neurons.

338

339  Comparison of single-cell projectomes across hypothalamic subnuclei

340 Having established that individual peptidergic populations comprised multiple
341  projectome-defined subtypes, we further examined whether regional differences in
342  projectome-defined subtypes could shed light on functional differences of distinct
343  hypothalamic areas, taking advantage of the full hypothalamus coverage of our dataset.
344  Previous studies have shown that activating the medial preoptic area (mPOA) elicits

32-35

345 male mating and parental care’ >, activating the ventrolateral division of VMH

346 (VHMvl) promotes territorial and maternal aggression®®*

, and activating the
347  dorsomedial division of VMH (VMHdm) promotes predatory defense*' (Fig.6a). We
348  postulated that differences in long-range axon projection patterns of individual neurons
349  in these three regions might account for their functional differences in driving distinct

350 behaviors.

351
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352 To this end, we manually demarcated the mPOA, VMHvl, and VMHdm areas
353  within the Allen CCFv3 template and identified 799, 470, and 364 neurons in our
354  dataset whose somata were localized in these three regions, respectively (Fig.6b).
355  Interestingly, there was a strong regional bias in the distribution of projectome-defined
356  subtypes, especially some midbrain-only projecting subtypes, across these three regions
357 (Fig.6¢c). For example, subtypes #25 and #27, characterized by bilateral and
358 contralateral co-innervation of PAG, preferred VMHv]l and VMHdm; on the other hand,
359  subtypes #30 and #31, with co-innervation of ipsilateral vVIPAG and IPAG, favored
360 mPOA (Fig.6¢, Fig. 3b-e).

361

362 Next, we performed graph theory-based network analysis of the extra-
363  hypothalamic targets of individual mPOA, VMHvIl, and VMHdm neurons to pinpoint
364 downstream targets critical for driving behaviors controlled by these hypothalamic
365 neurons. For this analysis, we considered each target region as a node in the network
366 and the axon trajectories passing through the target regions as directed edges between
367  the nodes. Although neurons in the mPOA, VMHvl, and VMHdm regions had many
368 similar downstream targets, as reflected by shared network nodes, there were
369 remarkable differences in the network configuration, as shown by differences in the
370  edges between nodes (Fig.6d). Most notably, a VTA node was present in the projection
371  network of mPOA neurons but absent in those of VMHvl and VMHdm neurons; by

372  contrast, SCm was a prominent node for VMHvl and VMHdm but not the mPOA

17


https://doi.org/10.1101/2023.05.25.542241
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.25.542241; this version posted May 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

373  network. Moreover, although VMHv] and VMHdm networks were more similar to each
374  other than the mPOA network, they differed in several aspects. For example, the
375 module comprising MEA and CEA nodes was more prominent in the VMHvI than in
376  the VMHdm network.

377

378 These distinctions among mPOA, VMHvI], and VMHdm targeting networks were
379  further corroborated by single-cell projectome analysis of individual mPOA, VMHvI,
380 and VMHdm neurons (Fig.6e). We observed that mPOA neurons send strong ipsilateral
381 projections to IPAG and vIPAG with frequent collateral projections to VTA. By
382  contrast, VMHvVI neurons tended to innervate all columns of the ipsilateral PAG with
383 few collaterals to VTA. Meanwhile, VMHdm neurons showed strong bilateral
384  projections to dmMPAG, dIPAG, and SCm. These projection characteristics of individual
385 neurons thus underlie the configuration features of the targeting network for each
386  hypothalamic region. Furthermore, these results of targeting network analysis support
387 the notion that VTA is a critical downstream target in promoting mating and parental
388  care’**?, whereas SCm and MEA are important for promoting predatory defense and

389 territorial aggression, respectively*

. We envision similar analysis could be
390 performed for other hypothalamic neurons in the database to elucidate other neural
391  circuits underlying diverse hypothalamic functions.

392

393  Modular subnetwork organization of intra-hypothalamic projections
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394 An additional outcome of our single-neuron projectome analysis was the
395 elucidation of extensive intra-hypothalamic connectivity (see Fig. 1f), which is well-
396  known but difficult to characterize by bulk tracing methods due to the small size and
397  the densely-packed organization of the hypothalamus. In our dataset, the registered
398 intra-hypothalamic projections covered 83.6% of the ipsilateral and 25.7 % of the
399 contralateral volume of the hypothalamus (at the 10-pum voxel resolution), respectively,
400 providing a comprehensive high-resolution view of the intra-hypothalamic connectivity.
401 To further analyze intra-hypothalamic connectivity patterns, we divided the
402  hypothalamus into 7425 cubes (100 pm * 100 um * 100 pm), among which 3445
403  contained at least one soma. Using the Louvain algorithm previously described®*, we
404  constructed a network of intra-hypothalamic connectivity based on reciprocal
405  projections between the cubes that contained both soma and axon (Fig.7a). We found
406 that intra-hypothalamic connectivity could be characterized by six subnetworks
407  enriched with recurrent intra-subnetwork connections (Fig.7a).

408

409 Mapping these subnetwork modules onto the brain template showed that each
410 module corresponded to a distinct set of previously identified hypothalamic nuclei, with
411  the prominence of a few: DMH and PVH in module 1, MPO and LPO in module 2,
412 LHA and PH in module 3, LHA and MBO in module 4, VMH and AHN in module5,
413  and MPN, ARH, and PMv in module 6 (Fig.7b-¢). In support of the notion that these

414  modular subnetworks may be functionally relevant, we found that modules 5 and 6
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415  corresponded well to the known hypothalamic “defensive” and “reproductive”
416  networks. Moreover, module 6 also placed ARH in the “reproductive” network of the
417  hypothalamus (Fig.7b-c). The functional significance of these modules was further
418  supported by the distinct preference for the downstream targets displayed by each
419 module (Fig.7d). We surmise that this modular subnetwork of intra-hypothalamic
420  connections may organize hypothalamic outputs for regulating physiological functions
421  and innate behaviors.

422

423  Discussion

424 We have built an extensive dataset of whole-brain projectomes of ~7000
425  peptidergic neurons from nearly all hypothalamic regions and identified 31 projectome-
426  based subtypes. A critical point demonstrated by the present study is the lack of one-
427  to-one correspondence between projectome-defined and transcriptome-defined
428  subtypes. We found that the expression of neuropeptides, which sometimes mark
429  individual transcriptome-defined excitatory or inhibitory neuron types, was always
430 found in multiple projectome-defined subtypes. Conversely, each projectome subtype
431  expressed multiple neuropeptides of distinct combinations with preferential enrichment
432 of a few. Similar combinatorial correspondence between projectome- and
433  transcriptome-defined subtypes was also found for PFC projection neurons®*. Thus,
434  axon projection and gene expression patterns reflect different facets of neuronal

435  features that are likely to be interdependent. Moreover, by analyzing single-neuron

20


https://doi.org/10.1101/2023.05.25.542241
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.25.542241; this version posted May 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

436  projectomes for multiple molecular markers across distinct hypothalamic regions, we
437  may gain insights into neural circuit mechanisms underlying the diverse and specific
438  hypothalamic functions mediated by different neuronal types.

439

440 Our analyses revealed extensive axon collateralization and arborization in some
441  projectome subtypes that enable a single hypothalamic neuron to simultaneously
442  innervate multiple brain areas, corresponding areas in both hemispheres, and distinct
443  subdomains of a given area. Previous studies using conventional retrograde tracer or
444  viral tracing strategy have identified hypothalamic neurons that appeared to project to
445  single prominent downstream targets®'*>. However, our anterograde tracing method
446  that directly labels the axon arbors throughout the whole brain projection rarely
447  revealed single-target axon projection. Noteworthily, our analysis used total arbor
448  length or density instead of synaptic site counts over an area to define the innervation
449  strength at the target. This is because the synaptic counts tended to be directly
450  proportional to the arbor length (Supplementary Table 4). Furthermore, neuropeptides
451  are likely released from non-synaptic sites along the axon arbor*®. Moreover, our
452  conclusion of extensive axon collateralization was confirmed by the analysis of
453  hypothalamic neurons previously reported by the MouseLight project?® (Extended Data
454  Fig.4). Thus, extensive axon collateralization likely represents a general principle of
455  hypothalamic projections, which may facilitate coordinated downstream actions of

456  hypothalamic projection neurons. Whether or how co-release of classical
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457  neurotransmitters with hypothalamic neuropeptides, such as glutamate for Orexin and
458  Pomc neurons or GABA for Agrp neurons, in selected target subdomains could regulate
459  various brain functions remains to be studied.

460

461 Additionally, while extensive intra-hypothalamic connectivity has been shown
462  previously?’, our study provided important new information in characterizing the
463  organization patterns of intra-hypothalamic connectivity. We found six modular
464  subnetworks enriched with intra-modular reciprocal projections, implicating organized
465  cross-talks among hypothalamic peptidergic neurons. Two of the six identified modules
466  roughly matched the previously known hypothalamic “defensive” and “reproductive”
467  networks*®, supporting the functional relevance of these modular subnetworks.
468  Whether neurons in the modules are synaptically connected remains to be examined.
469  Modular subnetworks generally allow localized information processing before more
470  global integration®'. Identifying modular subnetworks within the hypothalamus
471 indicates potential functional specializations of distinct hypothalamic subdomains,
472  which may facilitate the instantiation of internal brain states®’, such as arousal or
473  emotion states, associated with hypothalamic activation.

474 Finally, considering the hypothalamus as an example of subcortical structures, the
475  present work illustrates the complexity of both long-range projections and local
476  connections and their potential relevance for understanding neural circuit functions of

477  the subcortical structure. As our single-neuron tracing is restricted to axon projections,
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478  mapping the input connections to each hypothalamic neuron subtype is required to
479  delineate the complete connectivity of the neuron within the neural network, which is
480 necessary to understand their functional roles fully in the future. Further integration of
481  transcriptomic and other x-omic information into the connectivity-defined subtypes
482  will allow complete characterization of distinct neuronal subtypes marked by molecular
483  and connectivity features. To accomplish this goal, we advocate using a consensual
484  annotation framework®® to facilitate the integration of information generated in
485  different labs. These analyses of neuronal subtypes, coupled with immediate early gene
486  analysis and functional manipulation, would eventually reveal how coordinated
487  hypothalamic neuronal activities give rise to behavioral and physiological changes in
488  the body.

489

490

23


https://doi.org/10.1101/2023.05.25.542241
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.25.542241; this version posted May 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

491 Methods

492  Animals. Genetically modified mouse lines including Adcyapl-2A-Cre (B6.Cg-
493  Adcyapl™!1Ccotz/7ak]  Cat#030155), Agrp-IRES-Cre (STOCK Agrp™!(crotovl/y
494  Cat# 012899), Avp-IRES-Cre (B6.Cg-Avp™!-1CHze/] “Cat# 023530), Crh-IRES-Cre
495  (B6(Cg)-Crh™iCroZib/y - Cat#012704), Nts-IRES-Cre (B6;129-Nts™m!(croMemy/y - Cat#
496  017525), Oxytocin-IRES-Cre (B6;129S-Oxt™!-1crobolsn/ - Caty 024234), Pdyn-IRES-
497 Cre (B6;129S-Pdyn"™!-1CcroMikiT owl],  Cat#027958), Penk-IRES-Cre (B6;129S-
498  Penk™XCroHzy - Cat# 025112), Pmch-Cre (STOCK Tg(Pmch-cre)lLowl/J, Cat#
499  014099), Pomc-Cre (STOCK Tg(Pomcl-cre)16Lowl/J, Cat# 005965), Sst-IRES-Cre
500 (STOCK Sstm21r)Zil/y Cat# 018973), Tacl-IRES-Cre (B6;129S-Tac]™m!-1crotze/y
501 Cat# 021877), Tac2-Cre (B6.129-Tac2™!1(roQma/j Catyt 018938), Trh-IRES-Cre
502  (B6;129S-Trhim! oMk owl], Cat# 032468), Vip-IRES-Cre (STOCK Vip'™!(cre)zih/y,
503  Cat#010908) were purchased from the Jackson Laboratory and bred in house. Wildtype
504  mice of the C57BL/6J background were purchased from Slac Laboratory. All mice were
505 housed on a 12 h light / dark cycle with water and food ad libitum in the institute’s
506 animal facility. Only adult males over 8§ weeks old were used in the study. All
507  experimental protocols were approved by the Animal Care and Use Committee of the
508 Center for Excellence in Brain Science and Intelligence Technology, Chinese Academy
509  of Sciences, Shanghai, China (IACUC No.NA-016-2016)

510
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511  Virus. We used various methods to achieve sparse labeling neurons with cell-type
512  specificity. For virus injected into Cre animals, these methods included diluting AAVs
513  expressing Cre-dependent green fluorescent proteins of different versions, or mixing
514 AAVs expressing Cre-dependent FlpO and AAVs expressing Flpo dependent
515  fluorescent protein at a ratio. Viral mixing was achieved by either combining two AAVs
516  produced separately or by co-transfection of mixed plasmids for both AAVs to cells
517  during the viral production step as described >3. In addition, to label Orexin neurons,
518 we injected AAVs encoding mNeoGreen under the control of the Orexin promoter
519 (PPORX) into wildtype males.

520 The following virus were used in this study: AAV-CAG-DIO-FIpO (titer, 5.0%10°
521  genomic copies / mL) were purchased from Shanghai Taitool Bioscience, Co. Ltd.
522 AAV-EF1a-fDIO-EYFP (titer, 1.31*10'® genomic copies / mL); AAV-EFla-DIO-
523  Ypet-2A-mGFP (titer, 2.82*10'? genomic copies / mL); AAV-EF1a-DIO-FlpO (titer,
524  3.2*10° genomic copies / mL or 4.1*10° genomic copies / mL or 1*10° genomic copies
525 / mL or 4.0¥10'° genomic copies / mL,1.25%10° genomic copies / mL); AAV-EF1la-
526  fDIO-Ypet-P2A-mGFP (titer, 7.4*10'? genomic copies / mL or 6.3*10'? genomic
527  copies / mL or 9.8*10'? genomic copies / mL or 2.31*¥10'% genomic copies / mL or
528  1.05*10'?genomic copies / mL or 5.5*10'? genomic copies / mL). The JS series of virus
529  were a mixture of AAV-hSyn Con/Fon EYFP and AAV- EFla-FlpO generated at
530 different ratio during the virus package step (1:4000 , titer, 5.2*10'% genomic copies /

531 mL; 1:8000, titer, 1.41*10'3 genomic copies / mL; 1:40000, titer, 5.1*10'% genomic
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532  copies / mL); AAV-PPORX-mNeoGreen (titer, 1.0*10'* genomic copies / mL); AAV-
533  EF1a-DIO-EYFP (titer, 1.0*10'2 genomic copies / mL) were produced by the Gene
534  Editing Core Facility at the institute.

535

536  Surgery. Stereotaxic surgeries were performed to inject AAVs to the subregion of the
537  hypothalamus according to the Paxinos and Franklin Mouse Brain Atlas (2nd edition)
538 as previously described. The detailed information of AAVs injected, injection
539  coordinates, and injection volume for each brain sample was listed in Supplementary
540 Table 1.

541  Histology. Animals were anesthetized with 1% pentobarbital sodium (50 mg/kg, i.p.;
542  Merck) and perfused with DEPC-treated PBS followed by ice-cold 4% PFA in PBS.
543  Brains were post-fixed in PFA overnight at 4 °C and dehydrated with 30% sucrose in
544  DEPC-PBS. Afterward, brains were sectioned at 20 um thickness and mounted onto
545  SuperFrost Plus Slides (Fisher Scientific, Cat# 12-550-15). After drying in the air, brain
546  sections were stored in -80 °C. The in situ hybridization was performed using the
547  RNAscope kit (ACD Bio.), following the user manual. Probes used in the experiment
548  against specific peptide mRNA were ordered from ACD Bio. After in situ process, brain
549  sections were blocked in 2.5% BSA (Sigma Cat #V900933) for one hour and then
550 stained overnight at 4 °C with primary antibody Chk pAb to GFP (Abcam Cat# ab13970,
551  dilution 1:300). In the next day, the brain sections were rinsed three times with 1xPBS,

552  then incubating with the secondary antibody, goat-anti-chicken Alexa Fluor 488
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553  (Jackson Immuno Research Laboratories, Cat# 103-545-155, dilution 1:300) for 2
554  hours. After that, brain sections were rinsed three times with 1xPBS, and finally
555  counter-stained with DAPI (Sigma, Cat# d9542, Smg/ml, dilution 1:1000). Images were
556  captured under a 20/40X objective using a confocal microscope (Nikon C2/Olympus
557  FV3000).

558 fMOST imaging, tracing and registration.

559  Imaging. The fMOST imaging was acquired as previously described 2*. Briefly, the
560 dissected brains were post-fixed in 4% paraformaldehyde and then embedded in
561  Lowicryl HM20 resin (Electron Microscopy Sciences, 14340). The resin-embedded
562  brains were imaged in a water bath containing propidium iodide (PI) under an fMOST
563  microscope at a voxel resolution of 0.32 um x 0.32 pm % 1 pm. Briefly, the sample
564  surface in a coronal plane was imaged for GFP (for neuron tracing) and PI channels
565  (for brain registration), then removed at 1 um step by a fixed diamond knife. The
566  imaging-sectioning cycle was continued until the entire brain sample was fully imaged.
567

568  Tracing. A new software tool, Fast Neurite Tracer (FNT), was developed in-house to
569 trace long-range axon projection in tera-bytes datasets generated by light microscopy
570 2. Briefly, the original image data are split into smaller 3D data cubes by a program
571  called “slice2cube” in FNT. At any time, about eight neighboring cubes around a
572  position are loaded into computer memory automatically and visualized in 3D for

573  tracing. The tracing process involves finding a putative path, examining the path, and
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574  extending the current neurite tree. At each step, confirmation from a user was required
575 to proceed, thereby ensuring the correctness of tracing. An axon projection can be
576  traversed in this way until completion. Different neurons in the same sample were
577  traced by different personnel in parallel and cross-validated after completion. In
578  addition, each traced neuron was independently checked by another person to ensure
579  accuracy and each brain sample was subjected to random post-tracing quality check.
580

581  Registration. The whole brain with all reconstructed neurons’ information was
582  registered into the standard Allen CCFv3 2* using a previously described method .
583  Briefly, we segmented several brain regions as landmarks through cytoarchitecture
584  references. We performed diffeomorphic transformation and symmetric image
585 normalization in Advanced Normalization Tools (ANTSs) to acquire transformation
586  parameters based on these landmarks. These transformation parameters were applied to
587  all the traced neurons within the brain sample to remap the reconstructed neuron onto
588 the Allen brain template.

589

590  Data analysis

591  Neuron exclusion. All neurons were manually checked to ensure that they were
592  correctly traced. Neuron found to have erroneous tracing data were excluded from

593  further analysis. Additionally, neurons whose soma location were outside the
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594  hypothalamus were also excluded. In total, we included 7180 neurons in our analysis.

595  We mirrored all neurons to the same hemisphere before the analysis procedures.

596

597  Parameter calculation. Base on the standard Allen CCFv3 annotation file

598  (http://download.alleninstitute.org/informatics-archive/current

599  release/mouse ccf/annotation/cct 2017/), we calculated the soma location, axon length

600 and terminal number for each neuron in each brain region using a self-developed neuron

601  visualization and analysis software — NeuronView

602  (https://gitee.com/bigduduwxf/NeuronView). To show the data in a more reader-

603 friendly way, we manually combine some small brain areas to bigger ones for plotting.
604  To calculate other parameters including Max Distance from soma, Max EucDistance

605 from soma, Mean Contraction of each edge, Mean Partition asymmetry and Mean

606  Fractal Dim we used L-measure® (http://cng.gmu.edu:8080/Lm/help/index.htm).
607
608  Neuron visualization. All 3D neuron showcase were plot using a self-developed python

609 package — nmeuron-vis (https:/gitee.com/bigduduwxf/neuron-vis). Colors were

610 randomly assigned to individual neurons plotted at a population level. For zoom-in
611  views of the axon projections in particular areas in a 2D view, we picked 3 neurons in
612  each subtype that had the highest axon length in chosen brain region and plotted their
613  axons on the center coronal section of the brain region in the Allen template brain.

614
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615  Projectome-based neuron classification. We calculated a modified Hausdorff match
616  distance’ as the similarity index of neuron pairs in our dataset. Briefly, we broke each
617  neuron traces into sets of evenly spaced points in the 3D Allen template brain space to

73T
1

618  generate two sets of points for a neuron pair, A and B. For a given point “i” in the set
619 A, we then calculated all the distances to every single point in the set B and picked out
620 the smallest value, i.e. the closest distance to neuron B. This value is defined as d (Ai,
621  B). We re-iterated this process for all points on neuron A, generating a collection of d
622  (Aii—j,B), defined as D (A, B), from which we calculated the mean and the max value
623 of the collection. We then calculated a weighted average by taking into the
624  consideration of the ratio, a, of points in the set A that had d (Ai, B) smaller than the
625 mean value. Thus d (A — B) was directional A — B distance and was calculated as o
626 * Mean (D (A, B) + (1- o) * Max (D (A, B)). The directional distance B — A was

627  calculated in the same manner. The similarity index between neuron pair A and B is the

628 mean of d (A — B) and d (B — A). The formulas were as following:

629
630 d(4;,B) = Minl|i,jll.j €B
631 D(A,B) = Ud(Al-,B)

i€EA
632 d(A - B) = axMean(D(4,B)) + (1 — a) x Max(D(4, B))
633 d(A,B) = d(B,A) = Mean(d(A - B),d(B - A))

634  After generating the similarity index of all neuron pairs, we performed hierarchical
635 clustering of the matrix using Ward’s linkage to identify projectome-defined neuron
636  subtypes. The clustering threshold was at a distance equaling to or smaller than 8000.

637  This yielded 31 projectome-defined subtypes.
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638

639  Validation of image registration. To calculate the registration accuracy, we randomly
640 picked four brain samples and manually labelled three brain areas in the 3D space, fi,
641 ME and IPN, before the registration. We then got the coordinates of these brain areas
642  after registration, calculated the mass center, and measured their Euclidean distance to
643  the mass center of fi, ME and IPN as defined by the standard Allen brain template, to
644  illustrate the registration accuracy.

645

646  Selection of selective target areas for each subtype. To select the brain areas that were
647  preferentially targeted by a given projectome-defined subtype in dot plots, we
648  compared the percentage of neurons in each subtype and the number of neurons in the
649  remaining subtypes that project to a given brain area by Fisher’s exact test. We chose
650 the target brain areas the showed most significant differences for each subtype to plot.
651

652  PAG contralateral/ipsilateral preference index. Briefly, we first calculated the total

653 axon projection lengths of the ipsilateral and contralateral PAG, and then calculated
654 the contralateral/ipsilateral preference index using the following formula:
655 preference index = ipsilateral—contralatral % 100

ipsilateral+contralateral

656  Neurons with the preference index >30, or <-30, or in-between were defined as

657 ipsilaterally, contralaterally, and bi-laterally projecting, respectively.
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658  PAG column/nucleus preference. Only axon projections in the ipsilateral PAG were
659  considered. We first calculated axon projection density in each PAG column/nucleus
660 and in the whole PAG by dividing the total axon projection lengths in each region by
661 the corresponding volume. We then divided the axon projection density for each
662  column/nucleus by that for the whole PAG to get to preference score for each domain.
663

664  PAG subdomains defined by hypothalamic co-innervation. In the standard Allen brain
665 template, the PAG was not subdivided to columns as in the Paxinos and Franklin Mouse
666  Brain Atlas. We therefore manually annotated the PAG into four columns, dmPAG,
667 dIPAG, vIPAG and IPAG, in the standard Allen brain template using the Paxinos and
668  Franklin Mouse Brain Atlas as the reference. We labeled the anterior section of the
669  PAG that was not included in the four columns as the aPAG. To analyze co-innervation
670 patterns of individual hypothalamic neurons, we first divided the ipsilateral PAG into
671 2117 cubes of 100 pm x 100 um x 100um size. For each PAG-projecting neuron, we
672  calculated their axonal project length in each of 2117 these cubes. After obtaining the
673  projection strength matrix, we conducted hierarchical clustering using Spearman’s rank
674  correlation coefficient as the distance measure between neuron pairs and Ward’s
675 linkage to obtain clustered cubes receiving highly correlated hypothalamus inputs. This
676  method identified 7 PAG subdomains.

677

678  Graph-theory-based analysis of target network
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679  We constructed the adjacency matrix for directed weighted graphs using the routes of
680 each neuron to determine the community characteristics of the target regions of mPOA,
681 VMHvl, and VMHdm neurons. We traversed each neuron's points from soma to the
682  terminal and extracted the projection source region A for each target region B, labeling
683  the connection as A->B = 1. With each neuron having its own directed adjacency matrix,
684  we summed these matrices for mPOA, VMHvl, and VMHdm neurons to obtain the
685 final adjacency matrix for each region. The target areas served as nodes, with area-area
686  connections as edges, downstream connections as direction, and the number of neurons
687  with such connections as edge weight. To eliminate outliers, we only kept nodes with
688  a projection density greater than 20% of the population's non-zero projection density
689  (density>= 4.29 um/ mm?®) and connections shared by more than 20% of the neurons.
690  We also excluded the hypothalamus regions and regions with connections to less than
691  20% of all nodes in the network from our analysis for the simplicity of our network.
692  We then performed modularity-based community detection ¢ to better determine the
693 internal structures of these target regions.

694

695  Modular subnetwork organization of intra-hypothalamic projections. To analyze the
696  intra-hypothalamic projection patterns, we divided the hypothalamus volume into 7425
697  cubes of 100 um % 100 um X% 100 um size considering only the hemisphere where the
698 soma of all neurons was located. Of these 7425 cubes, 3445 had both neuron and axon

699  projections in it. For each neuron, we calculated their axonal length in these 3445 cubes.
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700 To investigate the modular structure of connectivity, we used the Louvain community

701  detection  algorithm  from  the  Brain = Connectivity = Toolbox %’

702  (https://sites.google.com/site/betnet/) to find a consistent modular structures within

703  these cubes. The final modular structure was obtained at y = 1, with 6 intra-
704  hypothalamus modules identified.

705

706  Statistical analysis

707  Statistical analysis was performed in GraphPad Prism 7 or Python. Two-sided unpaired
708  t-test and Fisher’s exact test were used to test for statistical significance. Statistical
709  parameters including the exact value of n and statistical significance are reported in the
710  text and in the figure legends. The significance threshold was 0.05 (*, P < 0.05; **, P <
711 0.01; ***, P <0.001).

712
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894  Fig. 1. Single-cell projectomes of hypothalamic peptidergic neurons.

895 a. The labeling and imaging procedure. We sparsely labeled hypothalamic neurons
896  expressing one of the 16 indicated neuropeptides (left, bottom) and imaged the brain
897  sample on an fMOST platform (right). The fluorescent image shows the processes of a
898 labeled neuron. Scale bar, 50 um.

899 b. Soma distribution of the 7180 reconstructed peptidergic neurons in various
900 hypothalamic nuclei (color-coded, see Supplementary Table 2 for nomenclature) in a

901 3D view. All neurons were mapped to the same hemisphere of the brain.

40


https://doi.org/10.1101/2023.05.25.542241
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.25.542241; this version posted May 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

902 c¢. Axon projections of all 7180 reconstructed neurons throughout the brain. Each
903  neuron was labeled with a different color.

904 d. Examples of the reconstructed morphology of individual neurons in a whole-brain
905  view. The expressed neuropeptide and the soma location of the neuron were indicated
906 above the brain.

907 e. The algorithm for calculating the similarity between neuron pairs. Briefly, for each
908 point in neuron A, we calculated the closest distance to points in neuron B, defined as
909  dis (Ai), as shown on the left. For all points in neuron A, we calculate a mean and max
910 value of all dis (Ai)s. We weighted these mean and max values by the portion of points
911  in neuron A that had a dis (Ai) value below or above the mean and defined this as the
912  directional A— B distance. The distance between the A&B neuron pair was the average
913  of the two directional (A—B & B—A) distances.

914  f. A summary of axon projection length (in um) in each brain area labeled on the left
915  (in rows) for the 31 projectome-defined subtypes, labeled #1-#31. We divided these
916  subtypes into three major classes (color-coded, blue, intra-hypothalamic; pink, medulla
917 & midbrain projecting; green, only midbrain projecting). Each tick represents the value
918  of the axon projection length of a single neuron in a heatmap fashion with the scale
919  shown above.

920  See also Extended Data Fig.1-4, Supplementary Table 1-3.

921

41


https://doi.org/10.1101/2023.05.25.542241
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.25.542241; this version posted May 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

922

923

924

925

926

927

928

929

930

931

932

made available under aCC-BY-NC-ND 4.0 International license.

o

Target seletivity of different subtypes

Subtype 5

3000 Subtype 1

2500

Subtypes

B
1 £
5 ec000¢ ]
i oo e0 .00 s J 2000
2 ° 000 § | 1500
3 ° o ([ 1) o | 1000
8 ° 000 | 7 5
9 @0 eoe o ¢
6 <
7

- 20
° 40
® 60
* @ 80

of neurons

Subtype 9

9 Subtype 6 Subtype 7 h

Subtype 10 Subtype 11 Subtype 12

I Subtype 13 J Subtype 14 Subtype 15

= PR

Fig. 2. Characteristics of the intra-hypothalamic projecting class.

a. A dot plot depicting selective projections of each subtype (row) in each brain area
(column). The dot circle's size and color intensity indicate the percentage of neurons in
each subtype that projected to the indicated brain area and the average projection length
(in um) in a heatmap fashion, respectively, with the scale on the right.

b-j. The total axon projections of neurons of the indicated subtype are plotted in a 3D
brain on the left. Zoom-in views of representative axon projections from three
representative neurons (color-coded) from each subtype in defined subdomains of the

indicated target areas are shown on the right. Scale bar, 500 pm.

42


https://doi.org/10.1101/2023.05.25.542241
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.25.542241; this version posted May 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

a b
Bregma Subtype 23 Subtype 25 Subtype 27 Subtype 31 3000
254mm¢”)( \PRC - PRC E
{ ; 7 INC 3
| Su3 5
aPAG 5 ND H R
S| aPAG (X N ) <
D |dmPA ) 4
2 |dmPAG
@ | dIPAG [ X) o || 1000
334 mm o IPAG ) e o @e-e o
o VIPAG e o oco0o c@|2
sPA © PRC <Up
@ = INC
IEZ S ® Su3
4.14 mm e - % ND 20
- =| aPAG 2
/@; £ |dmpac ° S 40
L GIPAG. S| dIPAG ° 2
[ A (ipac) ©| ipac ° 5 © 60
| IPAG™/ VIPAG =@ g
NGO

1617 18 1920 21 22 23 24 25 26 27 28 29 30 31
II - dmPAG_ipsi

_ dmPAG_contra c%
- dIPAG_ipsi [0 5
. dIPAG _contra

v\PAG _contra -‘05

Ipsilateral

INC_ipsi | | |
PRC_ipsi | | |I T o I‘ | LB
aPAG_ipsi ||| [l [ |

d Hemisphere preference e Column/nucleus preference
4mPAG_ipsi | \l‘ | i |
dIPAG_ipsi H ‘ ‘ ‘
PaG_ipsi | | L]

TWOII Y ND_ipsi ‘\ [ 1| [ | | I
Lmo vipac_ipsi [l UH.P 1 |u L | I} im Il I

Su3_ipsi | ‘ ‘
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 Ti7hel 21 T23 24 25 26 27 28 29 30 31

Enrlchmen( ratio

ERNY e epep?

T T

Preference index
o

Contralateral

2N w
S &
3 S

=]
3

Intersection size

0 .
105588 PRC_ipsi .

o B U i*;; }zl ¥;{ m

2376 NN PAG_jpsi®

2000 0

No. of neurons
h o i J
PAG divided into R A PAGav\
2117 cubes 8
¢ 050403020100 “/‘?
Corr 5 |} { )
I h

B ®

3

< 2

I E}

5 E

e} c

2 £

F 3

o 8

= %)

4

o

WrAGad EIPAGY
e B PAGav lIPAGpd v
e PAGd PAGpV
P
WPace PAGC

934  Fig.3.Complex and correlated axon patterns of midbrain projecting hypothalamic
935 neurons in PAG.

936  a. Schematics showing the nuclei and column structures of the PAG, which includes
937  anterior PAG (aPAG) and rostral nuclei (INC, Su3, ND, and PRC), as well as four
938 longitudinally organized PAG columns - dorsomedial (dm), dorsolateral (dl), lateral

939 (1), and ventrolateral (vl) PAG
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940 b. Zoom-in views of representative axon projections of three neurons (color-coded)
941  from the indicated subtype in a coronal (top) and sagittal (bottom) plane of a PAG
942  section. Scale bar, 500 pm. Dashed lines showed the position of the coronal section
943  on the sagittal plane.

944  ¢. A dot plot depicting selective projections of each subtype (row) in each PAG
945  column/nucleus on the ipsilateral or contralateral side. The dot circle's size and color
946 intensity indicate the percentage of neurons in each subtype that projected to the
947  indicated brain area and the average projection length (in pm) in each column/nucleus
948  in a heatmap fashion with the scale shown on the right.

949 d. Violin plots of the preference index for the ipsilateral or contralateral PAG,
950 calculated as the differences between the hemisphere divided by the sum of both
951 hemispheres for each neuron in each subtype, represented by individual circles.
952 e. Heatmap representation (sorted) of column/nucleus preference score for projections
953 intheipsilateral PAG, calculated as the fold difference of projection density (total arbor
954  length divided by the volume of targeted area) for a particular column/nucleus relative
955 to the average projection density for all areas, of individual neurons in each subtype.
956 f. Correlation (corr) analysis of preference index in the ipsilateral (ipsi) and
957  contralateral side (contra) of the indicated PAG column/nucleus for bilaterally PAG-
958 projecting neurons. Representative images on the bottom show a coordinated
959 innervation pattern of similar column/nucleus in both hemispheres by two bilaterally

960 PAG-projecting neurons.
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961 g. An upset plot showing the intersection size of PAG-projecting neurons targeting
962  each PAG column/nucleus and combinations of different PAG subdomains. Most PAG-
963  projecting neurons target multiple column/nucleus.

964  h-j. New PAG subdomains defined by co-innervation patterns of hypothalamic axons.
965 h. We divided the PAG into 2117 100 um-size cubes and calculated the pair-wise inter-
966  cube correlation (corr) of hypothalamic projections. This way, seven modules (color-
967  coded) showed higher intra-module than the inter-module correlation of hypothalamic
968  axon projections. i. These seven subdomains were plotted in a 3D (left) and a 2D view
969 (right) of the PAG. ad, anterio-dorsal; av, anterio-ventral; d, dorsal; ¢, central; v, ventral;
970  pd, posterio-dorsal; pv, posterio-ventral. j. Schematics showing spatial correspondence
971  between the newly defined PAG subdomains with atlas-defined PAG columns/nuclei.
972  These innervation-based PAG subdomains rearranged the previously defined PAG
973  columns and nuclei, with the overall dorsoventral and anterio-posterior patterns
974  preserved.

975  See also Extended Data Fig.5-6.

976
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978  Fig. 4. Multiple projectome subtypes of Orexin-expressing neurons.

979  a.Schematics depicting four axon projection pathways (color-coded) of Orexin neurons
980  described in previous studies: the ventral ascending (red), dorsal ascending (green),
981  ventral descending (blue), and dorsal descending pathways (purple).

982  b. The soma location of the 102 Orexin neurons is shown in a coronal section.

983  c¢. Axon projections of the 102 Orexin neurons (color-coded) throughout the brain.
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984  d. Axon projections intensity of the 102 Orexin neurons in indicated brain areas. Each
985 circle represents an individual neuron.

986 e. Five projectome-defined subtypes of Orexin neurons, termed “o” through “£”, were
987 identified via morphology-based clustering analysis. Projections of a representative
988  neuron (up panels) and all neurons (lower panels) for each subtype were plotted.

989 f. A summary of axon projection length (in pm) for individual neurons of the five
990 projectome-defined subtypes in each brain area labeled on the left. Each tick represents
991 the value of the axon projection length of a given neuron in a heatmap fashion with the
992  scale shown above.

993  g-h. Violin plot of the projection length (in um) of individual neurons in the five
994  projectome-defined subtypes in specific target areas along the ascending (g) or
995  descending (h) pathways. Each circle represents an individual neuron.

996  See also Extended Data Fig.7

997
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Fig.5. Arcuate Agrp and Pomc neurons differ in projectome subtypes.

a. The soma location of the 62 Agrp neurons (blue dots) and 129 Pomc neurons (yellow
dots) in the arcuate nucleus.

b. The total axon projections of all Agrp (left) and Pomc neurons (right) throughout the

brain. Each neuron was labeled with a different color.
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1004  c-d. The percentage of neurons projected to (c) and the axon projection length of
1005 individual neurons (d) in indicated brain regions. Images in d show axon projections
1006  from a representative Agrp or Pomc neuron in PAG or PVH. Scale bar, 500 pm.

1007 e. Morphology-based clustering analysis revealed four projectome-defined subtypes of
1008  Agrp and Pomc neurons, termed “M”, “L”, “A” and “I”. The top panels show the
1009 projection of a representative neuron in each subtype, and the bottom panels show all
1010  axon projections of neurons in each subtype.

1011  f. A dot plot depicting selective projections of each subtype (row) in each brain area
1012  (column). The dot circle's size and color intensity indicate the percentage of neurons in
1013  each subtype that projected to the indicated brain area and the average projection length
1014  (in um) in a heatmap fashion, respectively, with the scale on the right. (¢)MEA and
1015 (c)CEA indicate contralateral projection.

1016  g. The number of Agrp and Pomc neurons in each projection subtype.

1017  See also Extended Data Fig.§

1018
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1020  Fig. 6. Comparison of single-cell projectome across hypothalamic subnuclei.

1021  a. Schematics showing the anatomic location of mPOA, VMHvl, and VMHdm in a
1022  sagittal (top) and coronal view of the mouse brain.

1023 b. The soma location of the 799 mPOA neurons, 470 VMHv] neurons, and 364

1024 VMHdm neurons.
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1025  c¢. The percentage of mPOA, VMHvI], and VMHdm neurons in the 31 projectome-
1026  defined subtypes. No neurons from these three regions were found in subtype #2 or #22.
1027  d. Graph theory-based network analysis of the extra-hypothalamic targets of individual
1028 mPOA, VMHv], and VMHdm neurons. Colored nodes denote brain regions in the same
1029  module.

1030 e. A summary of normalized axon projection length in the ipsilateral (ipsi) and
1031  contralateral (contra) side of each brain area indicated on the right for each row. Each
1032  tick represents the normalized value of the axon projection length of a single neuron in
1033  a heatmap fashion with the scale shown upper left. Color strips above the heatmap
1034  represent each neuron's location, with mPOA/VMHvVI/VMHdm represented by

1035  pink/light blue/blue, respectively.

1036
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1037

1038  Fig. 7. Modular subnetwork organization of intra-hypothalamic projections.
1039  a. Schematics illustrating the procedure to identify hypothalamic subnetwork modules
1040  enriched for intra-modular connectivity. Briefly, the brain volume of the hypothalamus
1041  was divided into 7425 cubes, and sets of cubes enriched for intra-cube reciprocal
1042  connections were identified through the Louvain community detection algorithm. In
1043  total, six hypothalamic subnetwork modules (color-coded) were identified.

1044  b. The six hypothalamic subnetwork modules are plotted in serial coronal sections

1045  spaced 100 um apart. Scale bar, 500 pm.
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1046  c¢. Correspondence between identified subnetwork modules and anatomically defined
1047  hypothalamic nuclei.

1048 d. Heatmap representing the percentage of the average axon length in a target area that
1049  were from each hypothalamic subnetwork module.

1050

1051
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1053

1054 Extended Data Fig.1. Viral strategies for sparsely labeling hypothalamic

1055 peptidergic neurons, related to Fig. 1.

1056  a. To sparsely label neuropeptide-expressing populations listed at the bottom, the virus
1057  or virus mixture listed was injected into wildtype mice (for Orexin-expressing neurons)
1058  or Cre-expressing mice for all other peptidergic populations.

1059 b. Representative images showing co-localization of EYFP or GFP signal with in situ

1060 or immunohistochemistry signals of the indicated neuropeptide (red). The
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1061  quantification shows the estimated percentage (%) of EYFP or GFP labeled cells that
1062  co-expressed the neuropeptide. The images on the right highlight regions within the

1063  white box on the left. Scale bar, left, 100 um; right, 20 um.

1064
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1066 Extended Data Fig.2. Brain registration and soma distribution of each peptidergic

1067  population, related to Fig. 1.
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1068  a. Validation of image registration across different brain samples. Left, representative
1069  images showing the dispersion of the indicated structure (fi, ME, IPN) from four brain
1070  samples on the registered brains. Right, quantification of mass center distance (see
1071  Method). Data are presented as mean + SEM.

1072 b. 3D view of the soma distribution of each of the 16 peptidergic neurons in various
1073  hypothalamic nuclei (outlined on the contralateral side, color-coded). The number of
1074  reconstructed neurons for each peptidergic population was indicated within the
1075  parenthesis.

1076  c. A bar graph depicting the number of reconstructed neurons with soma in the indicated

1077  hypothalamic nuclei.

1078
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66 neuronal

ion in

Extended Data Fig.3. Distribution of neuropeptide express

1080

types defined by scRNA-seq in the mouse hypothalamus, related to Fig. 1.

1081

Each column indicates a sScRNA-seq-defined neuron type, with blue labeling indicating

1082

excitatory and red inhibitory neurons. Orexin, Oxt, Agrp, Pmch, Pomc, and Vip appear

1083

to label a single transcriptionally defined neuronal type.

1084
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Extended Data Fig.4. Morphology-based clustering analysis of 77 hypothalamic

neurons reported previously, related to Fig. 1.

a. We searched the published dataset and found 77 neurons whose soma location was

within the hypothalamus. We classified these 77 neurons using the same algorithm

described in Fig. 1.

b. Several morphological parameters appear comparable between the 77 and 7180

neurons we reconstructed. Data are presented as median (center line) with 25/75

percentile (box) and min and max of the data points (whiskers)

¢. We clustered these 77 neurons into five projectome-defined subtypes. The total axon

projections of neurons in each subtype were plotted in a 3D brain.
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d. A summary of axon projection length (in pm) of the given projectome-defined
subtypes, divided into three major classes, in each brain area (color-coded, left). Each
tick represents the axon projection length of a single neuron in each area in a heatmap

fashion with the scale shown above.
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1102

1103 Extended Data Fig.5. Characteristics of midbrain-projecting hypothalamic
1104  peptidergic neurons, particularly the medulla and midbrain class, related to Fig.
1105 3.

1106  a. Comparison of the average axon projection length in the indicated hypothalamic
1107  nuclei for neurons in the intra-hypothalamic projecting subtypes (#1 - #15) versus those
1108 in the midbrain-projecting subtypes (#16 - #31). Data are presented as mean + SEM.
1109  Each circle represents one subtype.

1110  b. The total axon projection length of medulla and midbrain-projecting class (subtypes

1111  #16- #21) in various medulla and pon areas.
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1112 c. A dot plot of the percentage of neurons within each subtype (column) projecting to
1113  the indicated areas in pons or medulla on the ipsilateral or contralateral side (row). The
1114  color intensity within the circle indicates the average projection length emanating from
1115 neurons of each subtype. Scales are shown on the right.

1116  d. Representative images showing axon projection of neurons of the indicated subtypes
1117  (left) in the labeled brain areas (top). Scale bar, 500 um.

1118 e. A 3D view of axon projections of two representative medulla and midbrain-
1119  projecting neurons on the left with images on the right showing axon collaterals in

1120 indicated brain areas.

1121
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1123  Extended Data Fig.6. PAG subdomains defined through analysis of single-neuron
1124  projectome, related to Fig. 3.

1125  a. Bar graphs showing the total axon projection length of midbrain-projecting neurons
1126  (subtype #16 - #31) in various midbrain areas.

1127  b. Representative images showing strong PAG column/nucleus preference of projecting
1128  neurons.

1129  c¢. Correspondence between PAG subdomains defined by analysis of PFC or

1130  hypothalamus single-neuron projectomes.

1131
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Extended Data Fig.7. Projectome-defined Orexin neuron subtypes, related to Fig.

4.

a. The soma location of neurons in the five projectome-defined Orexin subtypes.

b. Violin plots of individual neurons' projection length (in pm) for the five projectome
subtypes in specific cortical areas. Each circle represents an individual neuron.

c. Correlation (corr) analysis of the projection length of individual Orexin neurons in

different cortical domains identifies co-innervated areas highlighted in red boxes.
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1141

1142  Extended Data Fig. 8. Axon collaterals of arcuate Agrp neurons, related to Figure
1143 5.

1144  Top, An upset plot showing the intersection size of Agrp neurons that send axons to
1145 multiple brain areas indicated on the left. Bottom, axon projections of two
1146  representative Agrp neurons in 3D brain view on the left and the indicated target areas

1147  on the right. Both neurons projected to multiple targets.

1148

65


https://doi.org/10.1101/2023.05.25.542241
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.25.542241; this version posted May 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

1149  Supplementary Tables

MOST | Neuron Age | Virus express Target Target] Titer-1 Titer2 | _injection
Mouse © | number | ™| (Days) | timo(days) i Virus| y Gimi) Virus-2| (v Giml) | velumefnl)
192710 38 Pomc 112 56 ARH (-16£0358) AAV-CAG-DIC-FIpO|_5.00E+09 AAV-EF1a-DIO-EYFP| 13E+13 100
192711 20| Pomc 112 56 ARH £0359) AAV-CAG-DIO-FIpO|_5.00E+09 AAV-EF1a-DIO-EYFP|_13E+13 100
192712 23] Pomc 112 56 ARH 5:0.359) AAV-CAG-DIC-FIpO| 5.00E+09 AAV-EF12-DI0-EYFP| 1.3E+13 100
192713 23] Pomc 112 56 ARH £0359) AAV-CAG-DIO-FIpO|_5.00E+09 AAV-EF1a-DIO-EYFP|_13E+13 100
192714 11| _Pomc 112 56 ARH 5.:0.359) AAV-CAG-DIC-FIpO|_5.00E+09 AAV-EF1a-DIO-EYFP| 1.3E+13 100
195037 58 Oxt a2 55 PVH (-082,:025247) AAV-EF 12-DIO-Ypet-2A-m GFP|_2.82E+12 10
195038 43 Oxt a2 55 PVH (08202547 AAV-EF 1a-DIO-Ypel-2AmGFP| 282E+12 0
195039 62 Oxt a2 55 PVH (-082.-025247) AAV-EF 12-DIO-Ypet-2A-m GFP| 282E+12 10
201221 33 Wis 105 62 LHA| (19,0.75.25)| ARV-EF1a-DIO-FIpO| 3.20E+09| AAV-EF 1a-1DIO-Ypel-PZAMGFP| 74E+12 100
201223 86|  Nis 105 62 LHA| (-19.0.7,525)| AAV-EF12-DIC-FIpO|_320E+08| AAV-EF 12-DIO-Ype-PZA-mGFP| 74E+12 100
201224 0] Nis 133 58] MPOLHA| (04-0553),-18.0.75.25) ARV-EF1a-DIO-FIpO|_3.20E+08| AAV-EF 1a-DIO-Ypel-PZAmMGFP| 74E+12 100
201225 92|  Nis 133 58] MPOLHA| (04-0.553);(-1.9.0.7.5.25) AAV-EF12-DIO-FIpO|_3.20E+09| AAV-EF 12-DIO-Ype-P2AmGFP| 7.4E+12 100:100
201226 76 Mis 126 56 [ (0.4.0553) AAV-EF1a-DIO-FIpO|_3.20E+09] AAV-EF 1a-1DIO-Ypel-P2A-mGFP| 74E+12 100:100
201227 37| Mis 126 58 [8) (04-055.3)] AAV-EF12-DIO-FIpO|_3.20E+09| AAV-EF 12-DIO-Ype-PZAmGFP| 7.4E+12 100
201228 51 Nis 126 58 PO (04-0553)] AAV-EF12-DIO-FIpO| 3 20E+08| AAV-EF 12-fDIO-Ype-PZA-mGFP| 7 4E+12 100
201229 18] Tact Bl 49 AN (-0.8.20.5,5.3) AAV-EF12-DIO-FIpO|_3.20E+09| AAV-EF 12-DIO-Ype-PZAmGFP| 7.4E+12 100
201230 €8] Tact 91 49 AN (:08:20.553) AAV-EF12-DIO-FIpO| 3 20E+08| AAV-EF 12-fDIO-Ype-PZA-mGFP| 7 4E+12 100
201232 54| Tact o 49 PV (-24,0.55,5.5)] AAV-EF1a-DIO-FIpO| 3.20E+09| AAV-EF 1a-1DIO-Ypel-PZAmGFP| 74E+12 100
201578 50[  wis 105 49 6] (0.4-0553) AAV-EF12-DIC-FIpO|_4.10E+08| AAV-EF 12-DIO-Ypel-PZA-mGFP| 6.3E+12 100
201580 a1 Nis il 6 LHA| (17.0753) AAV-EF1a-DIO-FIpO|_4.10E+08| AAV-EF 1a-DIO-Ypel-PZAmGFP| 6.3E+12 100
201789 a7 Pdyn o1 30 PVH 0.2.47)| AA-hSyn ConfFon EVEP, AAV- EF1a-FipO) T41E13 100
201793 56| _Payn a1 30 PVH (0.7,02.47) AAV-hSyn ConfFon EYFP; AAV- EF1a-FIpO: 1: 8000| 141E+13 100
201795 36 Paym il 30 PVH .7.-0.2.4.7)]AAVhSyn ConfFon EYFP:_AAV- EF1a-FIpO 1HE13 100
201796 70[__ Tact a1 47 VAMH (-15.:0.45,5.4) AAV-EF1a-DIO-FIpO|_3.20E+09] AAV-EF 1a-1DIO-Ypel-P2AMGFP| 74E+12 100
201797 76| Tact Ell a7 VMH AAV-EF12-DIO-FIpO|_3.20E+09| AAV-EF 12-DIO-Ype-PZAmGFP| 7.4E+12 100
201892 20|Adcyap1 70 20 VAMH (-160.75,5.75)|_AAV-hSyn ConiFon EYFP:_AAV- EFla-FIpO: 141E+13 50
201893 59 |Adcyap( 70 20 VAMH (-1.6.0.75,5.75)|_AAV-hSyn ConiFon EYFP. AAV- EFfa-FIpO TAH1E13 50
201894 a4]Adcyap1 70 20 VAH (-16.0.75,5.75)|_AAV-hSyn ConiFon EYFP: AAV- EF 1a-FIpO. 141E+13 50
201895 26| Tacz 84 26 MPO)| (0.2,0.35,5.1)]_AAV-hSyn Con/Fon EYFP: AAV- EF1a-FIpO: 1: 8000| 141E+13 100
201896 13 Tacz ) 26 MPO| (02.0.35,5.1)]_AAV-hSyn ConiFon EYFP:_AAV- EF1a-FIpO 141E+13 100
201922 60|  ns 119 43 [ (02,0.455) AAV-EF1a-DIG-FIpO|_2.10E+09| AAV-EF 1a-1DIO-Ype-P2AmGFP| 6.9E+12 100
201924 135 Nis 105 a2 MPO)| AAV-EF12-DIO-FIpO|_2.10E+03| AAV-EF 12-DIO-Ypet-PZA-mGFP| 6.9E+12 100
201925 69 Nis 105 2 MPO (0.2,-0.4, AAV-EF1a-DIO-FIpO| 2.10E+09] AAV-EF 1a-DIO-Ypet-P2AMGFP| 6.9E+12 100
201926 18] Penk 77 21 LHA| (-1.81,+1.0,5.1)]_AAV-hSyn ConiFon EYFP; AAV- EF1a-FIpO: 1 141E+13 100
201929 30 Sst 84 34 DMH (-146.0.50,5.40) | AAV-nSyn ConfFon EYFP: AAV- EF1a-FIpO 141E+13 70
202166 45| Penk o1 a7 VMH (-1.46.-0.50,5.40) | AAV-hSyn ConfFon EYFP: AAV- EF1a-FIpO 141E+13 100
202167 10 __Penk 91 a7 VAMH (-1.46.-0.50,5.40) | AAV-hSyn GoniFon EYFP: AAV- EF1a-FIpO 141E+13 100
202168 24| Penk o1 37 VMH (-1.46.-0.50,5.40) | AAV-hSyn Con/Fon EYFP: AAV- EF1a-FIpO: 1. 8000| 141E+13 100
202170 71]__Penk 91 37 VAMH (-1.46.-0.50,5.40) | _AAVenSyn ConiFon EYFP: AAV- EF1a-FIpO 141E+13 100
202171 84| Penk a1 37 VMH (-1.46.-050,5.40) | AAV-hSyn ConiFon EYFP: AAV- EF1a-FIpO: 1A1E+13 100
202172 1 Sst B4 32 DMH (-1.94,0.40,4.88)]_AAVenSyn ConfFon EYFP:_AAV- EF1a-FIpO 141E+13 70
202174 a7 Sst 84 32 DMH (-1.94,0.40.4.88)] _AAv-nSyn ConfFon EYFP: AAV- EF1a-FIpO 141E+13 70
202175 9 Sst ) 32 DMH (-1.94,0.40,4.88)] AAVhSyn ConfFon EYFP; AAV- EFfa-FIpO: 1: 8000| 141E+13 70
202275 23| Tact 126 56 VAMH (-15:0.455.4) AAV-EF12-DIG-FIpO| 1.00E+08| AAV-EF 12-fDIO-Ypet-P2AmGFP| 6.9E+12 100
202276 10 Tact 126 56 VAMH (-15.0.455.4) AAV-EF1a-DIO-FIpO| 1.00E+08| AAV-EF 1a-fDIO-Ype-PZA-mGFP| 6.9E+12 100
202455 54 Penk 91 43 PO ARV-hSyn Con/Fon EVEP. AAV- EF1a-FIpO: 1: 8000| 141E+13 100
202456 25 Penk o1 43 PO ARV-hSyn ConfFon EVFP, AAV- EF1a-FIpO: 1: 8000| 141E+13 100
202457 53| _Pomc 105 63 ARH AAV-CAG-DIO-FIpO|_5.00E+09|_AAV-EF 1a-fDIO-Ypet-p2A-mGFP| 9.8E+12 100
202458 51| Pomc 105 63 ARH AAV-CAG-DIC-FIpO| 5.00E+09| AAVEF 1a-TDIO-Ypel-p2A-mGFP| 9.8E+12 100
202459 45| _Pomc 105 63 ARH AAV-CAG-DIO-FIpO|_5.00E+09| _AAV-EF 1a-fDIO-Ypet-p2A-mGFP| 9.8E+12 100
202460 40| Pomc 105 63 ARH AAV-CAG-DIC-FIpO|_5.00E+09 | AAVEF1a-IDIO-Ypel-p2AmGFP| 9.8E+12 100
202557 33 Ssi| 112 35 DMH (-1.94,0.40,488)] _AAV-hSyn ConfFon EYFP; AAV- EF1a-FIpO: 1: 8000| 141E+13 70
202558 36 Ssi| 112 35 DMH (-1.94,0.40,4.88)]_AAVhSyn ConfFon EYFP:_AAV- EF1a-FIp0 14HE3 70
202559 45|  Tacz 77 30 AHN (-0.6-0.55.15)] AAV-hSyn ConiFon EYFP; AAV- EF1a-FIpO: 141E3 100
202560 30| Tacz 77 30 AR (-0.6,0.55.15)[ AAV-hSyn ConiFon EYFP: AAV- EF1a-FIpO THE3 100
202561 41 Tac? 77 30 AHN (-06.-05515)| AAV-hSyn ConiFon EYFP: AAV- EF1a-FipO 141E+13 100
202562 73] Tac2 77 30 LHA| (-1.81.1.0.5.1)] AAVenSyn ConiFon EYFP: AAV- EF1a-FIpO 141E+13 100
202564 18] Tac? 7 30 LHA| (-1.81.1.0,5.1)] AAVehSyn ConfFon EYFP: AAV- EF1a-FIpO 141E+13 100
202570 14| Penk 91 29 PO (05.0.4.50)| AAV-nSyn Con/Fon EVFP; AAV- EF1a-FIpO: 1: 8000| 1.41E+13 100
202571 140[  Pdyn 88 28 LHA| (140.£1.1.5.1)| AAV-hSyn ConiFon EYFP: AAV- EFia-FIpO 14E13 150
202572 87| Pdyn 88 28 LHA| (-140.£1.1,5.1)| AAV-hSyn ConfFon EYFP: AAV- EFla-FIpO; 1: B000| 141E+13 150
202600 5 Oxt 57 49 PVH (-0.62,£0.25 4.72) AAV-EF12-DIO-FIpO| _4.00E+10| AAV-EF 12-DIO-Ype-PZAmGFP| 2.3E+12 200
202601 110 Oxt 57 49 PVH (-0.82,£0.25 4 72) AAV-EF12-DIO-FIpO|_4.00E+10] AAV-EF 12-fDIO-Ype-PZA-mGFP| 23E+12 200
202602 28 Oxt 57 5] PVH (-0.82,£0.25 4.72) AAV-EF1a-DIO-FIpO| 4.00E+10| AAV-EF 1a-1DIO-Ypel-PZAmGFP| 23E+12 200
202603 21 Oxt 57 49 PVH 2,025 4.72) AAV-EF12-DIC-FIpO|_4.00E+10| AAV-EF 12-DIO-Ype-PZA-mGFP| 23E+12 200
202614 A 59 36 PVH (-0.82,£0.25 4.72) ARV-EF1a-DIO-FIpO| 4.00E+10] AAV-EF 1a-1DIO-Ypel-PZAMGFP| 23E+12 200
202616 29 st 71 35 LHA| (:0.84,12,4.75)| AAV-hSyn Con/Fon EYFP: AAV- EFfa-FIpO. 14113 40
202617 109 st 71 35 LHA| (054,12, 4.75)|_AAV-hSyn ConfFon EYFP:_AAV- EFla-FIpO: 1: B000| 141E+13 40
202618 68 st 71 35 LHA| AAV-hSyn Con/Fon EVFP:_AAV- EF1a-FlpO! 141E13 40
202619 110 st 71 35 LHA| AAV-hSyn ConfFon EYFP:_AAV- EF1a-FIpO. 1A1E13 40
202620 74 st 71 35 LHA| AMV-hSyn Con/Fon EYFP:_AAV- EF1a-FIpO: 1: 8000| 1.41E+13 40
202662 2| Orexin 53 45 LHA) ARV-PPOI 1.00E+13 20
202792 22| Pdm a1 28 DMH (-1.79,-0.45,5.10)|_AAV-hSyn ConFon EYFP: AAV- EF1a-FIpO: 1: 8000| 141E+13 100
202793 5] Payn 81 28 DMH (-1.79,-0.45,5.10)|_AAV-hSyn Con/Fon EYFP: AAV- EF fa-FIpO. 141E+13 100
202812 28] Agmp 150 56 ARH (16:20358) AAV-CAG-DIO-FIpO| 5.00E+09| AAV-EF1a-fDIO-Ypel-p2A-mGFP| 9.8E+12 100
202813 32[ _Agm 150 56 ARH AAV-CAG-DIO-FIpO|_5.00E+09|_AAV-EF 1a-fDIO-Ypet-p2A-mGFP| 9.8E+12 100
202814 5 Agm 150 56 ARH .£0.3,5.9) AAV-CAG-DIO-FIpO|_5.00E+09| AAV-EF 1a-DIO-Ypel-p2A-mGFP| 9.8E+12 100
202815 27 Agmp 150 56 ARH (-1.6:20.359) AAV-CAG-DIC-FIpO| 5.00E+09| AAVEF 1a-DIO-Ypel-p2A-mGFP| 9.8E+12 100
202816 10[  Agm 150 56 ARH (-16.£0.359) AAV-CAG-DIO-FIpO|_5.00E+09| AAV-EF 1a-fDIO-Ypel-p2A-mGFP| 9.8E+12 100
202817 2 Oxt 59 42 S0 (-0.80.-1.45,5.35)| AAV-EF12-DIO-FIpO| 4.00E+10| AAV-EF 12-DIO-Ypel-PZA-mGFP| 1.1E+12 150
202818 2 ont 59 12 50| (-0.80,-1.25,5.35) AAV-EF1a-DIO-FIpO| 4.00E+10] AAV-EF 1a-DIO-Ypet-P2AMGFP| 1.1E+12 150
202820 3 Oxt 59 42 S0 (-0.80,-1.40,5.35)| AAV-EF12-DIO-FIpO| _4.00E+10| AAV-EF 12-DIO-Ype-PZAmGFP| 1.1E+12 150
202822 3 Vip 62 36 SCH (-0.45.-0.25,5.60)| AAV-EF1a2-DIO-FIpO|_4.00E+10] AAV-EF 1a-fDIO-Ypet-PZA-mGFP| 1.1E+12 200
202824 13 Vip &2 36 SCH (-0.45,-0.25,5.60)| AAV-EF1a-DIO-FIpO| 4.00E+10| AAV-EF 1a-1DIO-Ypel-P2AmGFP| 1.1E+12 200
202825 0] Awp 67 E) PVH (-0.82,£0.25 4.72) AAV-EF12-DIO-FIpO|_4.00E+10] AAV-EF 12-DIO-Ypet-PZA-mGFP| 11E+12 200
202626 28]  Aw 67 34 PVH (-0.82,40.25 4.72) AAV-EF1a-DIG-FIpO|_4.00E+10] AAV-EF 1a-1DIO-Ypel-P2AmMGFP| 1.1E+12 200
210004 1| Penk B4 37 PO (0.14,0.35,5.50)] AAV-hSyn ConfFon EVFP; AAV- EF1a-FIpO: 1 14113 100
210006 a7|__Penk B4 a7 [ (0.14,0.35,5.50)] _AAV-nSyn ConfFon EYFP:_AAV- EF1a-FIpO 141E+13 100
210007 93] Pmch o8 55 LHA| (-2.00,1.00.4.8) ARV-PPOI 1.00E+13 20
210016 48| penk B4 37 [ (014 0.35,5.50)]_AAV-nSyn ConfFon EYFP:_AAV- EF1a-FIpO 141E+13 100
210073 42| Penk (2] 35 [ (-2.80.0.5,525)| AAV-hSyn Con/Fon EYFP: AAV- EFia-FIpO: 1: 14HE3 100
210074 20| Penk B4 35 | (-2.80,0.5,525)| AAV-hSyn Con/Fon EYFP: AAV- EFfa-FIpO: 141E13 100
210104 29| Orexin 77 0 LHA| (-2.00,1.00.4.8) ARV-PPORX-mMNeoGreen(rev)| 1.00E+13 20
210105 12| Orexin 77 40 LHA| (-2.00,-1.00.4.8) ARV-PPORXY-mNeoGreen(rev)| 1.00E+13 20
210245 E] Oxt 55 34 S0 (-0.78.-1.25,5.52)| ARV-EF1a-DIO-FIpO|_4.00E+10] AAV-EF 1a-1DIO-Ypel-P2AMGFP| 11E+12 50
210247 42| Pdyn a0 3t ARH (-2.00,0.20,5.75)] AAv-hSyn Con/Fon EYFP: AAV- EF1a-FIpO: 1: 8000| 1.41E+13 100
210660 23] Penk 7 38 LHA| (-2.30,-0.75,5.25)|_AAV-hSyn Con/Fon EYFP: AAV- EF fa-FIpO. 141E+13 100
210672 19[Adcyap1 77 30 [ (0.2,0.35,5.1)] AAV-hSyn Con/Fon EYFP,_AAV- EF1a-FlpO: 1. 40000| 5.10E+12 40
210673 38|Adcyapt 77 30 6] (02.0.35,5.1)] AV-hSyn ConlFon EYFP: AAV- EFia- 1. 40000 5.10E+12 40
210674 13 |Adcyap! 77 30 MPO (0.2,0.35,5.1)] AA-hSyn Gon/Fon EYFP; AAV- EF1a-FIpO: 1. 40000] 5.10E+12 10
210757 24| Pdn 80 26 PVHD (-1.30.0.7.4.60)| AAV-hSyn ConiFon EYFP: AAV- EFia-FIpO 141E13 100
210758 4] Pdyn 80 24 Pvp (-2.45,0.2,5.60)|_AAV-hSyn ConiFon EYFP:_AAV- EF1a-FIpO. 141E+13 100
210796 3| Pdyn a0 28 PVl (150, 02, 52) | AAV-hSyn ConfFon EYFP: AAV- EF1a-FIpO TAHE13 100
210797 62 Pdyn 80 28 RCH (-1.0. 05, 57) | AAV-hSyn Con/Fon EYFP: AAV- EFfa-FIpO. 14113 100
210951 10 _Pmoh 84 a1 LHA| (-2.00,1.00.4.8) AAV-EF1a-DIO-EYFP-EYFP| 1.00E+12 100
210952 4] Pmeh B4 4 LHA| (-2.00,-1.00.4.8) AAV-EF1a-DIO-EYFP-EYFP| 1.00E+12 100
210953 9| _Pmah B4 ] LHA) (-2.00,1.00.4.8) AAV-EF1a-DIO-EYFP-EYFP| 1.00E+12 100
210975 66] Tact 112 “ LHA (-18.1.350) AAV-EF12-DIO-FIpO| 1.25E+09| AAV-EF 12-1DIO-Ype-PZA-mGFP| 5.6E+12 100
210989 26| Orexin 91 29 LHA| (-2.00,-1.00.4.8) ARV-PPO] 1.00E+13 20
210990 15| Orexin Ell E) LHA| (-2.00,-1.00.4.8) AAV-PPORY-mMNeoGreen(rev)| 1.00E+13 20
210991 19| Orexin o1 29 LHA| (-2.00,-1.00.4.8) AAV-PPORYmNeoGreen(rev)| 1.00E+13 20
210992 44 |Adcyap] 70 30 LHA| (05,08 5.1)| AAV-hSyn ConlFon EYFP:_AAV- EFia- 40000] 5.10E+12 50
210993 35[Adcyapt 70 30 LHA| (:0.9.0.8.5.1)] AAV-hSyn CaniFon EYFP: S10E+12 50
210994 34|AdcyapT 70 30 LHA| (:0.9.0.8,-5.1)| AAV-hSyn Con/Fon EYFP: 510E+12 50
210995 48 |Adcyap! 70 29 PV, (-2.4.0.55.53)| AAV-hSyn Con/Fon EYFP: 510E+12 60
210996 10[AdcyapT 70 29 PV, (-24,0.55.93)[ AAV-hSyn Gon/Fon EYFP: 510E+12 60
210997 52|Adcyap1 70 29 PV, (-2.4.0.55.93)| AAV-hSyn Con/Fon EYFP: 510E+12 60
211028 38 Sst o1 27 LHATU (-1.7.1.049)(-17.-1.055)| AAV-hSyn ConfFon EVFP 141E+13 50:50
211266 55 _Payn fed 26 VLPO (0.02.£0.6,58)|_AAV-hSyn ConiFon EYFP 141E+13 50
211267 38]  Payn 7 26 S0 (:0.7.£1.5,5.5)] AAV-hSyn ConiFon EYFP: 141E13 50
211268 63| Pdyn 7 26 ASO| (-1.06.0. 55j| ARV-hSyn Con/Fon EYFP 141E+13 50
211269 72| Tacz 70 36 DMH (-1.750.4530)| AAV-hSyn ConiFon EYFP 520E+12 100
211270 27 Tacz 70 36 DMH (~1.75,0.4,5.30)| AAV-hSyn Con/Fon EYFP. 1 520E+12 100
211271 38|Adcyap1 70 27 PND (-2.402,0.5,5.35)| AAV-hSyn ConfFon EYFP:_AAV- EFla] 1: 40000| 5.10E+12 60
27 PND (-2.402,0.5,55.35)| AAV-hSyn ConlFon EYFP; AAV- EF1a-FlpO. 1. 40000] 5.10E+12 60

1 1 5 0 211272 22 |Adcyapt 70
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211273 31[AdcyapT 70 27 PMD (-2.402,0.5,5.35)] AAVehSyn ConlFon EYFP: AAV- EFfa-FIpO; 1: 40000] 510E+12 60
211275 49 |Adoyap1 70 27 PO (0.4-0.2.5.15)] AAV-hSyn Gon/Fon EYFP: 1: 40000| 5.10E+12 50
211276 84 Adcyap 70 27 PO (0.2.-0.25.15) | AAVhSyn ConlFon EYFP: 1. 40000 5.10E+12 50
211353 121]Adcyap1 77 30 AHN (:0.7,1.75 5.75) | AAV-hSyn Con/Fon EYFP: 1: 40000| 5.10E+12 50
211354 81]Adcyap? 77 30 AN (-0.7.1.75 5.75)| AAV=hSyn ConlFon EYFP: 1. 40000 5.10E+12 50
211355 48 |Adcyap1 77 30 AHN (07.1755 Tﬁﬂ AAV-hSyn GonlFon EYFP: 1. 40000 5.10E+12 50
211392 31|Adcyap? 77 29 VMH (-1.6.0.75 5.75)| AAV=hSyn ConlFon EYFP: 1. 40000 5.10E+12 50
211393 126 Adcyap1 77 29 VVH (-1.6,0.75 5 75) | AAV-hSyn Con/Fon EYFP: < 1. 40000] 5.10E+12 50
211458 A1 Tact 119 58 PVH AAV-EF12-DIO-FIpO| 1.25E+08| AAV-EF 12-1DIO-Ypel-P2A-m GFP| 5.6E+12 100
211460 86 Nts 119 58 | AAV-EF12-DIO-FIpO|_1.25E+03| AAV-EF 12-DIO-Ypet-P2A-mGFP| 56E+12 100
211461 a7 is 119 58 PV AAV-EF12-DIO-FIpO| 1.25E+08| AAV-EF 12-IDIO-Ypel-P2A-m GFP| 5.6E+12 100
211462 13 Nts 119 58 NBO| AAV-EF12-DIO-FIpO|_1.25E+03| AAV-EF 12-DIO-Ypet-P2A-mGFP| 56E+12 100
211463 13 is 119 58 U AAV-EF12-DIO-FIpO| 1.25E+08| AAV-EF 12-1DIO-Ypel-P2A-m GFP| 5.6E+12 100
211464 33 Tac2 126 64 DMH ARV-hSyn Con/Fon EVFP; AAV- EF1a-FIpO; 1: 4000| 520E+12 100
211485 27| Tac2 126 2] DWH ARVhSyn ConlFon EYFP:_AAV- EF 1a-FipO: 5.20E+12 100
211491 7] Tac2 84 32 ARH 95)| AAVehSyn ConlFon EYFP: AAV- EFfa-FIpO; 1: 520E+12 50
211493 1] Tac2 84 32 ARH (-1.75,%0.18. 5%‘ ARV-hSyn Con/Fon EVEP: AAV- EF1a-FIpO: 1: 4000| 520E+12 50
211494 59| Penk 77 28 PVH (-0.75,0. Zﬂ‘d,ﬂ{ AAV-hSyn Con/Fon EYFP: AAV- EFfa-FIpD: 1: 8000| 141E+13 100
211525 58] Penk 70 25 (Y] (1750, )(-0.7.:0.25 4 8)|_ AAVehSyn ConlFon EYFP: AAV- EF1a-FIpD: 1: B000| 141E+13 100:100
211526 15| Penk 70 25 MMZI (-1.75.0.25.,5.25),(-0.7-0.25.4.8)|_AA-hSyn Con/Fon EVFP: AAV- EF1a-FipO: 1: 8000| 1.41E+13 100:100
211551 72 st 105 23]  PVHARC (-0.6.0,48)(-17.-025573) AAV-hSyn Con/Fon EYFP: AAV-EF1a-FIpO: 1: 8000[ 141E+13 5050
211552 64 st 105 23] PVHARC 7.-025573)] AAVhSyn ConlFon EYFP: AAV- EFfa-FIpO: 1: 8000] T41E+13 50.50
211553 125 st 105 29]  PVHARC 7-0.25573)] AAV-nSyn ConlFon EYFP; AAV- EF1a-FIpD: 1: B000| 141E+13 50:50
211554 124 st 105 25 LHATU 7:1.055)| AAVhSyn Con/Fon EYFP: AAV-EFla-FipO: 1: 8000| 1.41E+13 5050
211555 59 st 105 29 LHATU .1.0,5.0),(-1.7.-1.0,5.5)]_AAV-hSyn ConlFon EYFP: AAV- EFfa-FIpO; 1: 8000| 141E+13 5050
211556 2| Tac2 112 35 PO (0.4-0.25.15)] AAV-hSyn Con/Fon EYFP: AAV-EFia-FIpO: 1: 4000| 520E+12 100
211557 23| Tac2 112 35 WP (0.4-02515)| AAV-hSyn Con/Fon EYFP: AAV- EFa-FIpO; 1: 4000 520E+12 100
211558 91| Tac2 112 3 ZLLHA| (-0.75,15,4 5)4-0.9.-0.8,5.1)|_AAV-hSyn Con/Fon EYFP: AAV- EF1a-FIpO: 1: 4000| 5.20E+12 100:100
211559 24 Tac2 112 34 ZLLHA| (-0.75.1.5,-45)(-0.9,-08.-5.1)| AAV-hSyn Con/Fon EYFP: AAV- EFfa-FIpD; 1. 4000 520E+12 100,100
211595 72 st ] 23] PVH.DMH (:0.8.0.25 5);(-1.7,-0.4,5.3)|_AAVhSyn ConlFon EYFP: AAV-EF1a-FlpO: 1: 8000| 1.41E+13 50,50
211596 a2 st B4 23] PVH:DMH (-0.8.0.255),(-17.-04,53)] AAV-hSyn ConlFon EYFP: AAV- EFfa-FIpD: 1: B000| 141E+13 5050
211597 20 st B4 22| PVH.DMH (:0.8.0.25 5);(-17.-04,53)| AAVhSyn ConlFon EYFP: AAV- EFla-FipO: 1: 8000] 141E+13 50.50
211600 9 st [7] 21]  AHN.ARH (-0.6.-0.5,5.15):(-1.7.0.25.5.73);| AAV-hSyn Con/Fon EYFP: AAV- EF1a-FIpO: 1: 8000] 1.41E+13 50:50
211601 14 st B4 20 ARH (17,0255 73)| AAV-NSyn Gon/Fon EYFP: AAV- EF1a-FIpO: 1: 8000| 141E+13 50
211889 121]  Pdyn 77 38 ARHLLHA| (-2.00.0.20,5.70);(-1 AAV-hSyn Con/Fon EYFP: AAV- EF1a-FipO: 1: 8000| 1.41E+13 100:150
211890 40 _Pdyn fid 33]__ ARHLLHA| (-2.00,0.20,5.70),( ARhSyn Con/Fon EYFP:_AAV- EF1a-FIpO: 1: 8000| 1.41E+13 100;150
212201 57 Trh 105 50 PVH (0.7.20.2.4.7) AAV-hSyn Con/Fon EYFP: AAV-EFia-FIpO: 1: 8000[ 1.41E+13 50
212202 42 Trh 105 50 PVH (0.7.40.2.47)| AAV-hSyn ConlFon EYFP: AAV- EFla-FIpD; 1: B000| 141E+13 50
212247 13 cm o 29 PVH (-0.75.-0.20,4.60)) AAV-EF1a-DIO-EYFP-EYFP| 1.00E+12 100
212248 6]  cm £ 29 PVH (-0.75.-0.20 4.60) 1.00E+12 100

57 PVH (-0.75.-0.20,4.60)) 1.00E+12 100

1 1 5 1 220102 47 Crh 98

1152  Supplementary Table 1. Information of the brain samples imaged, related to Fig.
1153 1. Inthis table, we listed the age (in days) and genotype of the animals used for injection
1154  for each brain sample, and the volume and titer of viruses injected, and the injection
1155  coordinates. We also listed the number of neurons successfully reconstructed from each
1156  imaged sample. Note that all reconstructed neurons underwent several quality check

1157  rounds and only represent a fraction of neurons labeled in each brain sample.
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region full region full
ACA Anterior cingulate area PCG Pontine central gray
ACB Nucleus accumbens PD Posterodorsal preoptic nucleus
ADP Anterodorsal preoptic nucleus PERI Perirhinal area
AHN Anterior hypothalamic nucleus PGRNI Paragigantocellular reticular nucleus, lateral part
Al Agranular insular area PH Posterior hypothalamic nucleus
AM Anteromedial nucleus PIL Posterior intralaminar thalamic nucleus
AOB Accessory olfactory bulb PIR Piriform area
AON Anterior olfactory nucleus PL Prelimbic area
APN Anterior pretectal nucleus PMd Dorsal premammillary nucleus
APr Area prostriata PMv Ventral premammillary nucleus
ARH Arcuate hypothalamic nucleus PN Paranigral nucleus
ASO Accessory supraoptic group POL Posterior limiting nucleus of the thalamus
AT Anterior tegmental nucleus POST Postsubiculum
AUD Auditory areas PP Peripeduncular nucleus
AV Anteroventral nucleus of thalamus PPN Pedunculopontine nucleus
AVP Anteroventral preoptic nucleus PR Perireunensis nucleus
AVPV Anteroventral periventricular nucleus PRC Precommissural nucleus
B Barrington's nucleus PRE Presubiculum
BLA Basolateral amygdalar nucleus PRNc Pontine reticular nucleus, caudal part
BMA Basomedial amygdalar nucleus PRNr Pontine reticular nucleus
BST Bed nuclei of the stria terminalis PS Parastrial nucleus
CA1 Field CA1 PST Preparasubthalamic nucleus
CA2 Field CA2 PSTN Parasubthalamic nucleus
CA3 Field CA3 PT Parataenial nucleus
CB Cerebellum PTLp Posterior parietal association areas
CEA Central amygdalar nucleus PVH Paraventricular hypothalamic nucleus
CLI Central linear nucleus raphe PVHd Paraventricular hypothalamic nucleus, descending division
COA Cortical amygdalar area PVT Paraventricular nucleus of the thalamus
CP Caudoputamen PVa Periventricular hypothalamic nucleus, anterior part
Cs Superior central nucleus raphe PVi Periventricular hypothalamic nucleus, intermediate part
CTXpl Cortical plate PVp Periventricular hypothalamic nucleus, posterior part
CTXsp Cortical subplate PVpo Periventricular hypothalamic nucleus, preoptic part
CUN Cuneiform nucleus PeF Perifornical nucleus
DG Dentate gyrus PoT Posterior triangular thalamic nucleus
DMH Dorsomedial nucleus of the hypothalamus ProS Prosubiculum
DMX Dorsal motor nucleus of the vagus nerve RCH Retrochiasmatic area
DP Dorsal peduncular area RE Nucleus of reuniens
DR Dorsal nucleus raphe RN Red nucleus
ECT Ectorhinal area RR Midbrain reticular nucleus, retrorubral area
ENT Entorhinal area RSP Retrosplenial area
EP Endopiriform nucleus RT Reticular nucleus of the thalamus
FC Fasciola cinerea SBPV Subparaventricular zone
FRP Frontal pole, cerebral cortex SCH Suprachiasmatic nucleus
GPe Globus pallidus, external segment SCm Superior colliculus, motor related
GRN Gigantocellular reticular nucleus SCs Superior colliculus, sensory related
GU Gustatory areas SF Septofimbrial nucleus
HATA Hippocampo-amygdalar transition area SGN Suprageniculate nucleus
HPF Hippocampal formation Sl Substantia innominata
HY Hypothalamus SMT Submedial nucleus of the thalamus
1A Intercalated amygdalar nucleus SNr Substantia nigra, reticular part
IC Inferior colliculus SO Supraoptic nucleus
IF Interfascicular nucleus raphe SOC Superior olivary complex
IG Induseum griseum SPA Subparafascicular area
ILA Infralimbic area SPFm Subparafascicular nucleus, magnocellular part
INC Interstitial nucleus of Cajal S8 Somatosensory areas
10 Inferior olivary complex STN Subthalamic nucleus
IPN Interpeduncular nucleus STR Striatum
IRN Intermediate reticular nucleus SUB Subiculum
IVn trochlear nerve SUM Supramammillary nucleus
IntG Intermediate geniculate nucleus Su3 Supraoculomotor periaqueductal gray
Isocortex Isocortex TEa Temporal association areas
LC Locus ceruleus TH Thalamus
LDT Laterodorsal tegmental nucleus ™ Tuberomammillary nucleus
LH Lateral habenula TMd Tuberomammillary nucleus, dorsal part
LHA Lateral hypothalamic area TMv Tuberomammillary nucleus, ventral part
LP Lateral posterior nucleus of the thalamus TR Postpiriform transition area
LPO Lateral preoptic area 1T Taenia tecta
LS Lateral septal nucleus TU Tuberal nucleus
LT Lateral terminal nucleus of the accessory optic tract |VIS Visual areas
MARN Magnocellular reticular nucleus VISC Visceral area
MB Midbrain VLPO Ventrolateral preoptic nucleus
MBO Mammillary body VM Ventral medial nucleus of the thalamus
MD Mediodorsal nucleus of thalamus VMH Ventromedial hypothalamic nucleus
MDRNd Medullary reticular nucleus, dorsal part VMPO Ventromedial preoptic nucleus
ME Median eminence VTA Ventral tegmental area
MEA Medial amygdalar nucleus Xl Hypoglossal nucleus
MEPO Median preoptic nucleus Xi Xiphoid thalamic nucleus
MG Medial geniculate complex Zl Zona incerta
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MM Medial mammillary nucleus cic inferior colliculus commissure

MO Somatomotor areas CSC superior colliculus commissure
MOB Main olfactory bulb fi fimbria

MPN Medial preoptic nucleus fiber tracts fiber tracts

MPO Medial preoptic area fx columns of the fornix

MRN Midbrain reticular nucleus mfb medial forebrain bundle

MS Medial septal nucleus ml medial lemniscus

MT Medial terminal nucleus of the accessory optic tract |mlf medial longitudinal fascicle

MY Medulla mp mammillary peduncle

MY-mot Medulla, motor related opt optic tract

MY-sat Medulla, behavioral state related pc posterior commissure

MY-sen Medulla, sensory related rust rubrospinal tract

ND Nucleus of Darkschewitsch scp superior cerebelar peduncles
NDB Diagonal band nucleus sm stria medullaris

NLL Nucleus of the lateral lemniscus stc commissural branch of stria terminalis
NLOT Nucleus of the lateral olfactory tract sup supraoptic commissures

NPC Nucleus of the posterior commissure vid ventral tegmental decussation
NTS Nucleus of the solitary tract aPAG Periaqueductal gray (anterior part)

OLF Olfactory areas dmPAG Periagueductal gray (dorsomedial part)
ORB Orbital area dIPAG Periagueductal gray (dorsolateral part)
oT Olfactory tubercle IPAG Periagu ctal gray (lateral part)

P Pons vIPAG Periagueductal gray ntrolateral part)
P-mot Pons, motor related PAGad Periagueductal gray (anterodorsal part)
P-sat Pons, behavioral state related PAGav Periagu ctal gray (ante ntral part)
P-sen Pons, sensory related PAGc Periagueductal gray (central part)
PA Posterior amygdalar nucleus PAGv ictal gray (ventral part)

PAA Piriform-amygdalar area PAGd ctal gray (dorsal part

PAG Periaqueductal gray PAGpd Periaqueductal gray (posterodorsal part)

PAL Pallidum PAGpv Periaqueductal gray (posteroventral part)

PAR Parasubiculum mPOA Medial preoptic area

PARN Parvicellular reticular nucleus VMHdm Ventromedial hypothalamic nucle dorsomedial part
PB Parabrachial nucleus VMHvI Ventromedial hypothalamic nu S trolateral part

1162

1163  Supplementary Table 2. Nomenclature and Abbreviation of brain structures,
1164  relatedto Fig. 1-7. All listed brain areas' names were consistent with the Allen CCFv3.0
1165  except for colored ones, which were based on the Paxinos and Franklin Mouse Brain

1166  Atlas (2nd edition) or manual demarcation.

1167
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Subtypes|Adcyap1| Agrp | Avp Crh Nts Oxt | Pdyn | Penk | Pmch | Pomc | Sst | Tac1 | Tac2 | Trh | Vip |Orexin
1 29 6 0 0 12 3 17 17 2 19 16 11 12 7 0 1
2 8 0 0 0 27 1 1 1 0 0 0 0 1 0 0 1
3 0 0 0 0 0 0 0 2 1 2 0 2 1 3 0 5
4 36 1 0 3 11 0 7 31 2 1 6 15 7 3 1 2
5 6 3 0 0 2 1 6 8 1 11 6 3 7 2 0 4
6 4 0 1 3 10 17 4 7 1 1 36 8 5 2 0 0
7 22 0 0 4 15 0 21 9 3 1 31 10 9 2 0 1
8 49 2 0 3 31 0 13 12 5 3 34 15 12 2 1 0
9 60 1 1 2 56 1 19 22 7 24 59 25 34 7 3 0
10 58 4 1 2 23 1 10 13 3 15 45 20 11 4 3 4
11 33 20 0 1 23 1 7 18 2 18 42 9 17 10 0 0
12 73 18 1 1 59 3 63 47 10 40| 125 24 30 17 1 2
13 6 0 23 23 5[ 180 29 1 0 1 8 23 0 7 0 0
14 22 17 0 2 27 5 32 30 5 26 52 12 9 0 0 0
15 34 6 0 2 31 5 47 24 6 21 76 13 24 5 1 0
16 16 0 3 4 14 68 32 10 2 2 17 3 4 1 0 9
17 21 0 0 5 14 17 55 18 3 5 14 5 12 2 0 2
18 5 0 0 0 2 2 11 4 1 3 3 3 2 0 0 37
19 8 0 0 1 23 1 13 7 2 7 14 1 35 1 0 0

20 7 0 2 6 0 25 16 1 1 0 0 0 0 0 0 4
21 33 0 2 0 95 5 29 42 6 4 73 18 54 0 0 8
22 32 0 0 0 20 0 13 9 0 0 0 3 24 0 0 0
23 34 7 0 1 35 0 13 18 0 14 42 7 36 0 0 5
24 22 0 0 2 25 1 21 35 2 6 54 5 50 0 0 2
25 42 0 0 2 26 1 127 34 2 19 48 93 32 0 0 2
26 57 1 0 2 32 0 24 34 2 1 93 18 38 0 0 5
27 17 0 0 0 7 0 21 6 1 8 8 12 16 0 0 0
28 129 3 4 5 142 3 86 45 19 16| 114 88 58 14 2 0
29 56 1 1 0 43 2 57 26 7 24 33 25 22 3 0 2
30 73 0 1 0 103 3 16 59 10 2 66 23 27 4 4 6
31 56 2 1 2 126 2 45 59 10 10 80 32 74 3 0 1

1168

1169  Supplementary Table 3. The number of neurons in each subtype (#1-#31) that

1170  expressed various neuropeptides, related to Fig. 1-2.
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area corr area corr
LHA 0.88 PVT 0.88
AHN 0.90 MD 0.87
TU 0.84 LH 0.95
MPO 0.90 Thalamus PT 0.85
VMH 0.90 SPA 0.83
DMH 0.86 PR 0.91
Hypothalamus MPN 0.89 SPFm 0.82
PeF 0.85
RCH 0.85 area corr
ARH 0.81 BST 0.86
MM 0.90 Pallidum SI 0.88
PMv 0.86 NDB 0.89
SUM 0.85
PVHd 0.85 area corr
PMd 0.85 LS 0.94
TMv 0.83 Striatum MEA 0.84
ME 0.83 CEA 0.88
ACB 0.88
area corr
PAG 0.89 area corr
MRN 0.91 MO 0.60
SCm 0.90 SS 0.85
PPN 0.87 Isocortex ACA 0.95
Midbrain VTA 0.85 ORB 084
PRC 0.90 VIS 0.87
NPC 0.89
DR 0.84 area corr
IC 0.87 COA 0.86
area corr Olfactory ,Fi,lg N 8;;
areas :
PARN 0.83 TR 0.91
IRN 0.85 MOB 0.91
Medulla MDRNd 0.81
GRN 0.87 area corr
NTS 0.87 Cortical BMA 0.83
10 0.86 subplate PA 094
PGRNI 0.78 BLA 0.87
MARN 0.84
area corr
area corr CA1 0.91
PRNr 0.87 Hippocampal |CA2 0.92
Pon PB 0.83 formation  [CA3 0.93
PCG 0.89 DG 1.00
PRNc 0.87 SuB 0.72

1172

1173  Supplementary Table 4. Correlation co-efficiency of axon projection length and
1174  synaptic terminal counts in each brain region. Correlation in all brain regions were
1175  highly significant with the p value approaching 0.
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