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SUMMARY

Animals perform innate behaviors that are stereotyped responses to specific evolutionarily
relevant stimuli in the absence of prior learning or experience. These behaviors can be reduced
to an axis of valence, whereby specific odors evoke approach or avoidance. The cortical
amygdala (pICoA) mediates innate attraction and aversion to odor. However, little is known
about how this brain area gives rise to behaviors of opposing motivational valence. Here, we
sought to define the circuit features of pICoA that give rise to innate olfactory behaviors of
valence. We characterized the physiology, gene expression, and projections of this structure,
identifying a divergent, topographic organization that selectively controls innate attraction and
avoidance to odor. First, we examined odor-evoked responses in these areas and found sparse
encoding of odor identity, but not valence. We next considered a topographic organization and
found that optogenetic stimulation of the anterior and posterior domains of pICoA elicits
attraction and avoidance, respectively, suggesting a functional axis for valence. Using single cell
and spatial RNA sequencing, we identified the molecular cell types in pICoA, revealing an
anteroposterior gradient in cell types, whereby anterior glutamatergic neurons preferentially
express Slc17a6 and posterior neurons express Slc17a7. Activation of these respective cell
types recapitulates appetitive and aversive valence behaviors, and chemogenetic inhibition
reveals partial necessity for valence responses to innate appetitive or aversive odors. Finally,
we identified topographically organized circuits defined by projections, whereby anterior neurons
preferentially project to medial amygdala, and posterior neurons preferentially project to nucleus
accumbens, which are respectively sufficient and necessary for innate negative and positive
olfactory valence. Together, these data advance our understanding of how the olfactory system
generates stereotypic, hardwired attraction and avoidance, and supports a model whereby
distinct, topographically distributed pICoA populations direct innate olfactory valence responses
by signaling to divergent valence-specific targets, linking upstream olfactory identity to
downstream valence behaviors, through a population code. This represents a novel circuit motif
in which valence encoding is represented not by the firing properties of individual neurons, but
by population level identity encoding that is routed through divergent targets to mediate distinct
valence.
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INTRODUCTION

Innate behaviors are ubiquitous across the animal kingdom, allowing specific sensory
stimuli to yield stereotypical behavioral responses even in the absence of learning or past
experience. These behaviors include feeding, fighting, fleeing, and mating, among others, and
many can be simplified onto an axis of positive or negative valence representing approach and
avoidance. Innate behaviors are the result of evolutionary selection, guiding initial behaviors that
can be updated by future experiences. Given that innate behaviors are genetically hardwired, it
is thought they should be mediated by simple circuits with specified connections between layers
of the nervous system. Innate behaviors are common across sensory modalities but are
especially prominent in olfaction, whereby diverse chemical signals, critical to survival and
reproduction, must be quickly and robustly detected and processed, in the absence of prior
experience. For instance, predator odors represent a potentially imminent threat and
necessitate a quick, decisive, aversive response.' Conversely, innately appetitive odors
represent potentially rewarding stimuli like food or heterospecifics, inducing attraction.’™ These
odors comprise a small subset of perceptible chemical space, and the detection of specific
odorants is both species-specific and under genetic control.>”’

Valence is a fundamental perceptual feature of olfaction. Motivational valence can be
defined as seeking or avoiding specific stimuli, and it is observed across sensory stimuli in both
innate and learned responses. Multiple circuit motifs have been proposed to mediate such
valence responses.? In the simplest form, labeled line motifs segregate information from
sensation to action throughout the nervous system. This has been observed in the taste and
somatosensory systems, as well as hints of labeled lines in the olfactory system, where
individual glomeruli are necessary and sufficient for innate responses consistent with this
model.®"" Many circuits are organized along divergent path motifs, where a region receives the
same sensory input but instead acts akin to a switchboard, processing and sorting its output to
distinct downstream targets to convey positive or negative signals. This motif is most associated
with the BLA and associated learning processes.®'2 Still other circuits contain opposing
components motifs, in which opposing inputs target a single effector region to control the
balance of one target. It remains unclear which, if any, of these generalized circuit motifs are
present in the olfactory system.

Olfactory sensation begins with olfactory sensory neurons (OSNSs) in the olfactory
epithelium (OE) that express a single receptor, projecting to spatially stereotyped glomeruli in
the olfactory bulb (OB). Postsynaptic mitral/tufted cells within the OB project in parallel to third-
order olfactory areas, including the posterolateral cortical amygdala (pICoA). Unlike in other
third-order olfactory areas, such as piriform cortex, projections from individual glomeruli from the
OB to plCoA are spatially restricted and stereotyped, consistent with genetically hardwired
circuits.”*'® Past work has demonstrated that pICoA is necessary and sufficient for innate
olfactory responses, with spatially ordered labeling of responsive neurons via immediate early
gene labeling.® However, other work suggests that there is no spatial organization to odor
responses or valence encoding in pICoA."” Thus, a further investigation of plICoA organization is
necessary to understand how this structure controls innate olfactory responses.
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Distinct brain areas employ distinct coding strategies to represent information. Neuronal
ensembles within all other major olfactory regions observed thus far, such as the anterior
olfactory nucleus, OB, OE, olfactory tubercle (OT), piriform cortex (PIR), and tenia tecta all
generally perform sparse population encoding of odor identity, despite the major differences in
neuronal composition, organization, and function between the six regions.'>'"° On the other
hand, ensembles within amygdala subnuclei, most notably the basolateral amygdala (BLA),
instead tend to represent the valence of stimuli instead, with considerable heterogeneity based
on a given population’s projection target, molecular identity, and topography.'®'®1® A complete
investigation of the encoding properties and organization of pICoA is needed to determine how
innate olfactory valence emerges from this region.

To identify the pICoA circuitry that underlies innate valence, we investigated multiple
intersecting scales of organization, from single cell transcriptomes and spatial gene expression,
to circuit mapping, manipulation, and physiology. First, we used 2-photon calcium imaging to
find that pICoA ensembles encode odor identity, but not valence. Next, we identify a functional
gradient in plICoA where activation of anterior and posterior neurons drives responses of
opposing valence. Next, we characterized the cell types within pICoA, identifying novel,
molecularly defined populations specific to each domain of pICoA, which are respectively
sufficient and partially necessary for innate olfactory valence. Further, we perform
comprehensive projection mapping to identify downstream projection targets of pICoA,
identifying projections to the medial amygdala (MeA) and nucleus accumbens (NAc) that are
enriched based on molecular and topographic identity. Finally, manipulations of neuronal
ensembles projecting to these targets are sufficient and necessary to control innate olfactory
valence responses. Together, these findings identify a novel topographically distributed circuit
from plCoA to MeA and NAc that controls innate olfactory aversion and attraction, respectively,
consistent with a hybrid model mixing features of labeled lines and divergent path circuit motifs.
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96 RESULTS
97  Population Encoding of Odor Identity in pICoA

98 To better understand how plICoA circuitry mediates innate olfactory valence, we first

99 decided to examine the relationship between its spatial organization and odor-evoked activity.
100  Prior analysis of immediate early gene expression following minutes-long odor exposure
101  suggests that activity in the anterior and posterior domains of pICoA could respectively mediate
102  innate aversive and appetitive odor responses.® However, in vivo electrophysiology with high-
103 density electrode arrays found no evidence for spatial organization or valence encoding in
104  plCoA." These two studies propose contradictory models of plCoA encoding properties that are
105  both plausible, given that the former is common in the extended amygdala and insular cortex,
106  and the latter is ubiquitous across olfactory regions.??3'*2 We speculated that technical
107  differences could be responsible for these opposing findings. Immediate early gene labeling has
108 extremely low temporal resolution and likely requires a high amount of neural activity to activate
109 gene expression. On the other hand, the recording sites in the latter study appear biased
110 towards the middle of pICoA, and odor was given for 2 seconds in interleaved trials, whereas
111 olfactory valence behavior evolves on a minutes-long timescale.>** We wondered if the
112  apparent contradictions in these studies could be resolved by applying a longer odor delivery
113  protocol that both matches the timescale of behavior and balances spatial and temporal
114  resolution.

115 Therefore, we developed an approach to image neural activity in pICoA with a modified
116  odor delivery schedule, expressing GCamP8s targeted towards either the anterior or posterior
117  subsection of pICoA and implanting a gradient-index relay (GRIN) lens above to allow in vivo
118 imaging of calcium transients via head-fixed two-photon microscopy (Figure 1A-C, S1A-B). We
119  then examined calcium responses in these mice during a long odor exposure, where odors were
120 presented repeatedly in 20-trial blocks for 5 seconds each in counterbalanced order (Figure

121 1D). We chose two odorants of each innate valence: the appetitive odors 2-phenylethanol (2PE)
122  and peanut oil (PEA), the neutral odors heptanol (HEP) and isoamyl acetate (IAA), and the

123 aversive odors trimethylthiazoline (TMT) and 4-methylthiazoline (4MT).>"" In total, we recorded
124  Ca* signals from 345 neurons across 13 mice.

125  First, we pooled anterior and posterior plCoA neurons together and performed hierarchical

126  clustering of their trial-averaged responses to the 6 odors to categorize odor responses in an
127  unbiased manner (Figure 1E). Consistent with the previous in vivo electrophysiology study, we
128  found that the majority of pICoA neurons did not seem to selectively respond to odors of one
129  valence group (Figure 1E-F). Across mice, a majority of plICoA neurons did not reliably respond
130 to any of the six odors, and activity was sparse: only 34.5% of pICoA neurons responded to 1 of
131 the 6 odors and 10% to 2 odors, while a much smaller portion of pICoA neurons responded to 3
132  or more odors (Figure 1G). Further, we found no significant relationship between the valence of
133  odor and proportion of responsive neurons, and no difference in the proportion responsive to the
134  different odors across anterior and posterior plICoA, suggesting a lack of bias in responsiveness
135 to aversive or appetitive odors across the anterior-posterior axis (Figure 1H, S1C).

136
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138 Figure 1. The plCoA encodes innately-valenced odor identity using a population code.

139  (A) Schematic representation of virus injection and GRIN lens implantation into apICoA or

140  pplCoA for two-photon microscopy.

141  (B-C) Representative images (B) and traces (C) of fluorescence changes in individual neurons
142  over an approximately 20-minute period.

143 (D) Schematic of odor exposure paradigm. Each trial presented 5 seconds of odor followed by a
144  variable inter-trial interval (20-30s). Odors were present in blocks of 20 trials per odor, with 2
145  counterbalanced block schedules (1 & 2). Six odors were used: the appetitive odors 2-

146  phenylethanol (2PE) and peanut oil (PEA), the neutral odors heptanol (HEP) and isoamyl

147  acetate (IAA), and the aversive odors trimethylthiazoline (TMT) and 4-methylthiazoline (4MT).
148 (E) Heatmap of trial-averaged and Z-scored odor-evoked activity over time from pooled pICoA
149  neurons. Responses are grouped by hierarchical clustering, with the dendrogram (right). Odor
150  delivery marked by vertical red lines.

151  (F) Average of trial-averaged and Z-scored odor-evoked activity for each cluster concatenated.
152  The order of color-coded blocks corresponds to the order of clusters in (E).

153  (G) Proportion of neurons responsive to different numbers of odors. Bars represent the mean
154  across 13 animals and the error bars show SEM.

155  (H) Proportion responsive to each odor for aplCoA (red) or pplCoA (blue).

156  (l) Valence scores of individual neurons. White circles show the median of each distribution,
157  whereas the gray rectangle shows the 25th-75th percentile range.

158  (J) Proportion of neurons with significant valence scores calculated as a function of trial number.
159  Calculated with a 10-trial moving window. Top half shows those with significant positive valence
160  scores, the bottom half shows those with significant negative valence scores.

161 (K) Left, MNR accuracies for all pooled pICoA neurons (data) and a control distribution where
162 the training labels are shuffled (shuffled) in a violin plot. Right, proportion of neurons in each
163  animal that have MNR accuracy greater than the 95th percentile of the shuffled MNRs.

164 (L) Ranked sub-accuracies for single-neuron MNR classifiers in violin plots for those trained on
165 real (top) or shuffled (bottom) data. Black lines connect the median across each rank.

166 (M) Scatter plot of percentage of sub-accuracies above the 95th percentile of the shuffled

167  controls for each animal plotted against the rank of the sub-accuracy. Red and blue lines show
168 the linear and exponential fit, respectively, and a gray dashed line connects data averages.
169  (N) Cross-validated average accuracies of multinomial SVM'’s plotted as a function of the

170  number of neurons used for training during the odor period. Circles represent the mean across
171 100 iterations of random sampling of neurons and error bars show the standard deviation.

172 (O) An example confusion matrix for a multinomial SVM trained with 200 neurons.

173  (P) Comparison of inter-valence and intra-valence confusion across number of neurons used in
174  training the classifiers. Filled circles show the average of the data across 100 iterations, open
175  circles show shuffled controls.

176  (Q) The normalized average distance between odor pairs that have different valence (inter) or
177  same valence (intra).

178  Across panels, ns, not significant. Additional specific details of statistical tests can be found in
179  Supplemental Table 1.
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180 We next attempted to quantify valence encoding by calculating a valence score for each
181 neuron by subtracting the average integrated aversive odor response from the average
182  integrated appetitive odor response and dividing this resulting difference in valence by the

appetitive — Zaversive

183 integrated odor response (V = z ). Although the valence score was more

Ztotal
184  negatively skewed amongst anterior neurons than posterior ones, there was no significant

185  difference in their distributions, failing to support a model in which anterior and posterior plCoA
186  neurons broadly encode opposing innate olfactory valence (Figure 11). Given that the innate
187  aversive and appetitive behaviors evolve over time in freely moving animals, we wanted to
188  assess if odor responses changed between early and late trials. Using a moving window of 5
189 ftrials, we examined if the proportion of neurons with significant aversive or appetitive valence
190  scores differed over time in anterior or posterior plICoA but found no significant interaction

191  between time and imaging location (Figure 1J).

192 We further investigated odor encoding at the single neuron level using multinomial

193  regression (MNR) 6-odor classifiers trained on single neuron data and found that they perform
194  only marginally better than chance, indicating that the majority of single pICoA neurons do not
195  broadly encode discriminatory information about odor identity (Figure 1K). Across mice, only
196  43.1% have overall classification rates above the 95th percentile of shuffled controls, indicating
197  that the majority of single pICoA neurons do not broadly encode discriminatory information

198  about odor identity. Interestingly, when comparing the ranked sub-accuracies for single odors
199  compared to shuffled controls, we found the discrepancy between data and shuffled controls to
200 be accentuated in the 2 highest performing sub-accuracies (Figure 1L). Quantifying the

201 proportion of neurons with sub-accuracies higher than the 95th percentile of the shuffled across
202  biological replicates, we found that the decrease of sub-accuracies down the rank falls

203 exponentially, rather than linearly (Figure 1M). This, paired with the observation that most

204  plCoA neurons respond to one or none of the six odors tested, indicates that individual pICoA
205 neurons are sparsely responsive and carry little information about identity or valence.

206 Surprisingly, we saw no evidence of valence encoding at the single neuron level in either
207  the anterior or posterior pICoA. Instead, the pICoA neurons appear to primarily encode odor
208 identity in a sparse manner much like the other higher-order olfactory areas, known to use a
209 population code. Thus, we next considered identity and valence encoding at the population

210 level. In contrast to the poor single neuron classification, SVMs trained on population-level data
211 vastly outperform the shuffled data, indicating good encoding of identity at the population level
212  (Figure 1N). We further used a confusion matrix to ask whether training the classifier with a
213  given odor could accurately predict the identity of another odor. In the matrix each column

214  corresponds to a predicted class and each column corresponds to the actual class (Figure 10).
215  If the population level activity is similar between odor pairs, we expect the confusion to be

216  higher than less similar pairs. The output of a confusion matrix yields a proportion of true class
217  labels, whereby a high proportion indicates good prediction. We found no difference between
218 the confusion rates for intra-valence classification or inter-valence classification, suggesting a
219 lack of valence encoding at the population level (Figure 1P). The similarity between inter-

220 valence and intra-valence confusion was mirrored when quantifying the range-normalized

221  pairwise Euclidean distance across biological replicates (Figure 1Q, S1D). Thus, pICoA
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222  appears to encode odor identity in a population code like other higher order olfactory regions,
223  with no apparent encoding of valence.

224 A Functional Axis for Valence in plICoA

225 Since we did not observe clear evidence for valence encoding, we considered other
226  organizational principles that could support behaviors of opposing valence. Spatial organization
227  for valence processing has been previously observed in the insular cortex and BLA, whereby
228  discrete subsections of the region contain neurons wired to preferentially signal positive or

229  negative valence.'®'9343% Given pICoA’s spatially-ordered afferent projections from OB, we next
230  hypothesized that pICoA circuitry could still be organized along the anterior-posterior (AP) axis
231  to generate innate olfactory valence. If true, it follows that activation of small ensembles of

232  neurons along the AP axis should generate behavioral responses along a corresponding axis of
233  valence. We tested this prediction by expressing channelrhodopsin (ChR2) in subsets of

234  neurons at different positions along this axis and photostimulating them during behavioral

235  testing in the previously established four-quadrant open field arena.®

236 Based on cytoarchitecture, we more formally parcellated pICoA into three domains: the
237  anterior pICoA (aplCoA), a two-layered region on the ventral surface lateral to the anterior

238  cortical amygdala, the posterior pICoA (pplCoA), a three-layered region on the ventrolateral
239  surface lateral to the posteromedial cortical amygdala, and a middle transition zone (mplCoA)
240  between them (Figure 2A).>* To determine the potential relationship between position on the
241  anterior-posterior axis of plICoA and evoked valence, we performed optogenetic stimulation at
242  points along this entire axis, expressing channelrhodopsin (ChR2) and implanting fibers into
243  each zone (Figures 2B-C, S2A). Valence using the four-quadrant open field assay, where mice
244  freely explored a chamber with or without stimulation, and valence was scored with a

245  performance index measuring quadrant occupancy relative to chance, as well as the mean

246  distance to the corner port. Mice experience a 10 minute baseline period followed by 15 minutes
247  of closed loop optogenetic (470nm, increasing up to a maximum of 10 Hz as the mouse

248  proceeds closer to the corner port) stimulation in one quadrant (Figure 2D).

249 Throughout the trial period, we observed a negative linear relationship between the

250 anterior-posterior position of the photostimulation site and the evoked change in performance
251 index and distance to the corner port in ChR2, but not eYFP-infected mice, where evoked

252  valence shifted from positive to negative as stimulation became more anterior. (Figure 2E-F).
253  We grouped these responses to determine whether these bidirectional responses were specific
254  to the identified pICoA zones. We found that photostimulation in aplCoA significantly reduced
255 time spent in the ‘on’ quadrant and increased the average distance to the corner port during the
256  treatment period, indicating activation of aplCoA neurons is aversive and leads to avoidance of
257  the quadrant paired with stimulation (Figure 2G-l). We also found the opposite was true in

258  pplCoA, where stimulation in that zone instead increased the time in the ‘on’ quadrant and

259 decreased average distance to the corner port, indicating ppICoA neuron activation instead is
260 appetitive and leads to attraction to the stimulation quadrant (Figure 2J-L).
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262 Fig. 2. The pICoA has topographic organization capable of driving approach and
263 avoidance behaviors.

264  (A) Schematic of pICoA domains divided into anterior (aplCoA), middle (mplCoA), and posterior
265 (pplCoA) regions based on histology, positioning, and gradients observed in past

266  observations.*'®

267  (B) Strategy to activate anterior-posterior topographical ensembles via optogenetics.

268 (C) Representative histology and fiber/virus placement for aplCoA and pplCoA ChR2 animals.
269 (D) Schematic of four-quadrant open field behavioral assay with closed-loop photostimulation.
270  (E-F) Linear-fit of change in performance index (E) or mean port distance (F) as a function of
271 anterior-posterior position along pICoA for optical stimulation.

272  (G) Paths traveled during the stimulus period for a representative mouse (left) and baseline-
273  normalized collective heatmaps (right) from both the ChR2- and eYFP-infected groups with
274  aplCoA-localized fiber implants. Lower right stimulus quadrant indicated in blue.

275  (H-l) Mean effect of Photostimulation of aplCoA neurons on time spent in stimulated quadrant
276  (performance index) (K) and distance from the corner (port distance) (l).

277  (J) Paths traveled during the treatment period for a representative mouse (left) and baseline-
278 normalized collective heatmaps (right) from both the ChR2- and eYFP-infected groups with
279  pplCoA-localized fiber implants. Lower right stimulus quadrant marked in blue.

280 (K-L) Mean effect of photostimulation of pplICoA neurons infected with ChR2, but not eYFP, is
281  sufficient to increase time spent in the stimulation quadrant (K) and reduce its average distance
282  from the stimulation port during the stimulation period (L).

283  Abbreviations: aplCoA, anterior zone of posterolateral cortical amygdala; mplCoA, middle zone
284  of posterolateral cortical amygdala; pplCoA, posterior zone of posterolateral cortical amygdala.
285  Across panels, ns, not significant; * p < 0.05; ** p < 0.01; ** p < 0.001. Specific details of

286  statistical tests can be found in Supplemental Table 1.
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287 We further examined the effects of anterior-posterior pICoA stimulation on other

288 behaviors to determine whether these effects were specific to valence, or if they extended to
289  other affective or motor phenomena. Using the elevated plus maze, we found no change in
290 anxiety based on open arm time or entries, across both the length of pICoA or within either
291  aplCoA or pplCoA (Figure S3A-C, S3E-F, S3H-I). In the open field test, we similarly found no
292  changes to thigmotaxis, based on time spent in corners of the open field, or exploration, based
293  ontime spent in the center of the open field (Figure S3K-M, S3EO-P, S3R-S). Further,

294  locomotion remained constant during stimulation across both assays and the entirety of pICoA
295 (Figure S3D, S3G, S3J, S3N, S3Q, S3T). Together, these data indicate that the effects of
296  plCoA neuron activation across the entire anterior-posterior axis are specific to valence, with
297  few other behavioral effects. Overall, we find activation of pICoA neurons is sufficient to drive
298 valence behaviors in a topographically organized and bidirectional manner, where aplCoA
299  drives aversion and pplCoA drives attraction.

300 Molecular Diversity of Transcriptomic plICoA Cell Types Along the Anteroposterior Axis

301 Having identified a functional axis sufficient to produce valence behaviors (Figure 2) that
302 does not appear to encode valence (Figure 1), we next considered if the pICoA could be

303 topographically organized by molecular cell type to support behaviors of opposing valence.

304 Thus, we sought to determine if there is an axis of molecular cell types along the anteroposterior
305 domains of pICoA. To investigate this phenomenon, we performed single-nucleus RNA

306 sequencing (snRNA-seq) to determine the cell type composition and its relationship to the

307 anterior-posterior axis of pICoA.* To simultaneously profile these cell types and identify

308 domain-specific patterns, we separately extracted tissue samples from aplCoA and pplCoA by
309 microdissection, verified accurate dissection by histology, and pooled qualifying samples from
310  the selected pICoA domain for each sequencing run (Figure 3A, S4A-D). We also confirmed
311 there were few region- or batch-specific differences in sequencing depth or nuclear quality

312  markers (Figure S4E-M). Clustering of sequenced nuclei by gene expression allowed us to
313 initially identify all major canonical neuronal and glial cell types in pICoA based on known

314  marker genes identified in past scRNA-seq studies (Figure 3B-C).%=° Neurons in pICoA are
315  80% glutamatergic, while 20% of neurons are GABAergic (Figure 3D). We also identified large
316  numbers of vascular leptomeningeal cells (VLMCs) and arachnoid barrier cells (ABCs), two

317  fibroblast-like meningeal cell types that interface with vasculature and form a barrier between
318  the brain and CSF, likely due to meningeal presence on the cortical surface during extraction.>*-
319 4

320 We further characterized the heterogeneity of glutamatergic and GABAergic neurons
321  within pICoA by re-processing and subclustering both major neuronal cell types. Within

322  glutamatergic neurons, we identified 14 distinct subtypes by gene expression, with largely
323  continuous variation between glutamatergic subtypes (Figure 3E). However, when examining
324  the relationships between these subtypes, we identified two broader groups of glutamatergic
325 neurons via hierarchical clustering, where subtypes within each group displayed a lower

326  Euclidean distance from one another in high-dimensional gene expression space (Figure 3F).
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328 Fig. 3. Transcriptomic heterogeneity of pICoA molecular cell types.

329  (A) Schematic of freeze and-re-pool strategy for shnRNA-seq.

330 (B) Two-dimensional UMAP (n = 47,132 nuclei, see also Figure $4.3), colored by broad cellular
331 identity assigned by graph-based clustering of neuronal and non-neuronal nuclei.

332  (C) Cell-type-specific expression of canonical marker genes indicating broad cellular identity in
333  the brain. Dot size is proportional to percentage of nuclei expressing the marker, with color
334  scale representing normalized expression level.

335 (D) Total proportion of cells of each identified type in each domain of pICoA.

336  (E) Two-dimensional UMAP of glutamatergic neurons, colored by molecular cell type.

337  (F) Clustered heatmap showing Euclidean distance between averages of each subtype

338 positioned based on hierarchical clustering (left), and dot plot of marker genes for all

339  glutamatergic subtypes (right).

340 (G) Two-dimensional UMAP of GABAergic neurons, colored by molecular cell type, like in (E).

341  (H) Clustered heatmap showing Euclidean distance between averages of each subtype
342  positioned based on hierarchical clustering (left), and dot plot of marker genes for all GABAergic
343  subtypes (right), like in (F).
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344  Each of these two broader groups had a marker for every type within either group, where the
345  larger Group 1 of glutamatergic neurons express Slc17a7 (VGLUT1), and the smaller Group 2
346  expresses Sic17a6 (VGLUTZ2). Within each of these glutamatergic groups, most observed

347  marker genes are non-canonical in the amygdala and cortex, suggesting unique glutamatergic
348 ensembles or patterns of gene expression within glutamatergic neurons in pICoA compared to
349  other regions previously described. Two subtypes did fall outside of either broad glutamatergic
350 group, varying in a more discrete manner than most pICoA glutamatergic neuron subtypes.

351 Interestingly, examination of data from the Allen ISH Atlas for their respective marker genes
352  Etv1 and Sim1 showed these two groups fall into adjacent regions outside of pICoA, where

353  Glut.Etv1 neurons localize to the posterior basomedial amygdala and Glut.Sim1 neurons

354  localize to the nucleus of the lateral olfactory tract (Figure S5A-B). However, gene expression
355  patterns for GABAergic neurons displayed an opposing form of heterogeneity, where subtypes
356  are far more discrete, without broad groups linking related subtypes (Figure 3G). Marker genes
357  for GABAergic neurons are also more canonical than those in glutamatergic neurons, whereby
358 most GABAergic neurons in plICoA have interneuron-like identities, expressing canonical marker
359  genes such as Vip, Sst, and Cck (Figure 3H).

360 We hypothesized that differences in these populations’ abundance could potentially be
361 responsible for the difference observed between different pICoA domains, and thus examined
362  potential domain-specific enrichment of certain cell types within pICoA. Visualization of these
363  nuclei showed little clear region-specific structure in dimension-reduced space for any major cell
364 types (Figure 4A). This lack of structure was broadly confirmed quantitatively, where a few low-
365  abundance glial cell types showed significant domain-specific enrichment, but the high-

366  abundance major cell types did not (Figure 4A-B). When looking to other regions, however,
367  heterogeneity is usually more pronounced between subsets of the major cell types, instead of
368 by the quantities of the major cell types themselves.*>** We then examined abundance of

369 differentially expressed genes (DEGs) between pICoA domains for each major cell type. Here,
370  we found that both major neuronal cell types had more abundant DEGs than all major glial cell
371  types (Figure 4C). Glutamatergic neurons DEGs exceeded all other major cell types by a factor
372  of 4, making it likely that differences between the anterior and posterior domains are most likely
373  to be observed via variation in glutamatergic neurons.

374 Upon examination of domain-specific variation in pICoA glutamatergic neurons, we

375 initially observed a greater degree of domain-specific clustering in dimension-reduced space
376  (Figure 4D). Glutamatergic neuron subtypes correspondingly displayed domain-specific

377  enrichment, where more than half of glutamatergic neuron subtypes were significantly enriched
378 in either the anterior or posterior plCoA domain (Figure 4E). Upon closer examination, we found
379 that every glutamatergic subtype in the Slc17a6-expressing Group 1 was enriched in anterior
380 plCoA, while Sic17a7-expressing Group 2 subtypes are evenly distributed across fields or

381  biased towards the posterior, with one exception, Glut.Fign, which likely derives from the

382  aplCoA-adjacent cortex-amygdala transition area CxA, based on Allen ISH data of Fign

383  expression (Figures 4F, S5A). In contrast to glutamatergic neurons, we did not observe

384  significant plICoA domain-specific variation for any GABAergic neuron subtypes (Figure S5D-E).
385  We also found additional heterogeneity within glial cell types, including additional subtypes in
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387  Fig. 4. Glutamatergic neurons subtypes in pICoA are spatially distributed along an
388 anteroposterior molecular gradient.

389  (A) UMAP of all pICoA nuclei colored by zone of origin, with dotted outlines and labels denoting
390 the major cell types.

391 (B) Relative proportion of nuclei from each domain within each broad identity class. Dotted line
392 indicates chance level for all pICoA nuclei.

393 (C) Top, abundance of domain-specific DEGs for each major cell type, either enriched in

394  aplCoA nuclei (top) or pplCoA nuclei (bottom). Bottom, volcano plots for domain-specific DEGs
395 for glutamatergic (left) and GABAergic neurons (right), the two cell types with the greatest

396 degree of domain specific gene expression, where negative log-fold changes indicate

397  enrichment in pplCoA and positive log-fold changes indicate enrichment in aplCoA.

398 (D) UMAP of pICoA glutamatergic neurons colored by domain of origin, with dotted outlines and
399 labels denoting the subtypes on the graph. Groups of glutamatergic neuron types identified

400 previously via Euclidean distance and hierarchical clustering are overlaid on top of the neuron
401  types of interest.

402 (E) Relative proportion of molecular subtypes from each domain within glutamatergic neurons,
403  where relevant subtypes are outlined according to their glutamatergic neuron group. Dotted line
404 indicates chance level for pICoA glutamatergic neuron nuclei.

405 (F) UMAP of all glutamatergic neuron nuclei, colored by expression levels of Sic17a6 (top) or
406  Slc17a7 (bottom).

407  (G) Left, representative images of in situ RNAscope labeling of Sic17a6 RNA (red) and Sic17a7
408 RNA (green) across plCoA domains. Right, proportions of glutamatergic neurons expressing
409  Slc17a6, Sic17a7, or both. Scale bars, 500 ym (main image), 50 ym (inset).

410 (H) UMAP of all plCoA-overlapping Visium capture spots, colored by cluster. Broad spatial

411 position of groups of clusters are overlaid on top of the capture spots of interest.

412  (I) UMAP of all pICoA-overlapping Visium capture spots, colored by expression levels of

413  Slc17a6 (top) or Slc17a7 (bottom).

414  (J) Representative plICoA-overlapping region of one section on a Visium slide capture area, with
415  capture spots colored by cluster.

416  (K) Representative pICoA-overlapping region of one section on a Visium slide capture area, with
417  capture spots colored by expression levels of Slc17a6 (top) or Slc17a7 (bottom).

418 (L) Prediction scores for representative glutamatergic neuron subtypes within Group 1 (left) and
419  Group 2 (right), shown on a UMAP of all pICoA-overlapping capture spots across all sections
420 (top) and on a representative pICoA-overlapping region of one section (bottom).

421 (M) Prediction scores for a representative GABAergic neuron subtype, shown on a UMAP of all
422  plCoA-overlapping capture spots across all sections (top) and on a representative pICoA-

423  overlapping region of one section (bottom).

424  Across panels: * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant. Additional specific

425  details of statistical tests can be found in Supplemental Table 1.


https://doi.org/10.1101/2024.06.26.600895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.26.600895; this version posted July 4, 2024. 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
Howe. Chan. et al.. 2024 available under aCC-BY-ND 4.0 International license. 18

426  astrocytes and VLMCs (Figure S5G-J, O-R). We also observed high-dimensional domain-
427  specific divergence in gene expression for OPCs and astrocytes corresponding to domain-
428  specific DEG differences, though they did not correspond to any observable differences in
429  subtype enrichment (Figure S5F, K-N).

430 To confirm these findings and validate our snRNA-seq data, we directly examined spatial
431 RNA expression patterns. First, we used RNAscope labelling to examine the expression of

432  Slc17a6 and Sic17a7 in situ in the plICoA, quantifying the number of nuclei expressing these
433  genes. We found that anterior pICoA had a much greater proportion of RNAscope-labelled

434  Slc17a6+ nuclei (88%) than Sic17a7+ nuclei (11%) compared to the rest of plCoA, where

435  Slc17a7+ neurons predominate; posterior pICoA nuclei were almost entirely Sic17a7+ (97%)
436  expressing (Figure 4G). It is noteworthy that these numbers were generally consistent with

437  those in our sequencing data. Next, we analyzed spatial gene expression in the pICoA from an
438  existing Visium spatial transcriptomics dataset that contained sagittal sections bisecting the
439  plCoA along the midline (Romero et al., in preparation; Figure S5S). We asked if the domain-
440  specific molecular cell type composition can be recovered directly from spatial information,

441  without depending on inference from dissection histology. All sections used were of similarly
442  high quality and did not display any clearly observable batch effects, with all but one having
443  more than 100 spots covering the plCoA (Figure S5T-W). When clustering directly on spatial
444  data, we observed significant heterogeneity separating into three broad groups (Figure 4H).
445  Like in scRNA-seq, we found highly specific expression of Sic17a6 and Sic17a7 to two of the
446  three broad spot groups (Figure 4l). When examining the spatial configuration of these groups,
447  we found the Slc17a6-expressing group of clusters was in aplCoA, while the Sic17a7-

448  expressing group was in pplCoA, with the third intermediate group corresponding to layer 1

449  (Figure 4J-K). When computationally projecting transcriptomic cell type identities onto spatial
450 data, we observed that Group 1 glutamatergic neuron types would project onto pplCoA spots
451  and Group 2 glutamatergic neuron types would project onto aplCoA spots, while negligible

452  anteroposterior bias could be observed when projecting GABAergic neuron types onto pICoA
453  spots (Figure 4L-M). Overall, these data demonstrate that pICoA contains an extremely diverse
454  population of numerous glutamatergic and GABAergic neuron subtypes, whereas glutamatergic
455  neuron subtypes vary significantly along the anteroposterior axis, such that aplCoA-enriched
456  subtypes express Slc17a6 and pplCoA-enriched subtypes express Sic17a7.

457  Molecularly Defined plCoA Glutamatergic Neuron Populations Are Sufficient to Drive
458 Valence Behavior

459 Given this spatial distribution bias of plICoA®*7#6* neurons into apICoA and pICoAS?7a7*
460 neurons into pplCoA, we further hypothesized that these glutamatergic neuron subtypes could

461 be responsible for the opposing valence responses observed during topographic pICoA

462  stimulation (Figure 2). If distinct molecular cell types mediate opposing valence, the

463  topography-independent activation should elicit opposing responses. To investigate this, we
464  expressed ChR2 in a non-spatially-biased, cell type-specific manner using a Cre-dependent
465  viral construct in Slc17a6::Cre and Sic17a7::Cre transgenic mice, targeting AAV-DIO-hSyn-
466 ChR2 into mpICoA and implanting optic fibers above the injection site (Figures 5A-B, S2B).
467  Using the prior four-quadrant open field task, we found that photostimulation of pICoAS*"7a6*

44,45
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469  Fig. 5. Glutamatergic pICoA5“"7%* and pICoAS"*'””* neurons contribute to innate olfactory
470 behaviors of opposing valence.

471 (A) Schematic for selective photostimulation of distinct glutamatergic cell type. Sic17a6::Cre and
472  Slc17a7::Cre animals were injected with Cre-dependent viral vectors into mplCoA with a fiber
473  optic implant placed just above the injection site.

474  (B) Representative histology from ChR2 viral injection and fiber implantation site in an

475  Slc17a6::Cre animal (top) and an Sic17a7::Cre animal (bottom).

476 (C) Baseline-normalized collective heatmaps from both the ChR2- and eYFP-infected groups in
477  Slc17a6::Cre and Slc17a7::Cre animals with plICoA-localized fiber implants. Lower right stimulus
478  quadrant marked in blue.

479  (D-G) Effect of photostimulation of pICoAS*72¢* neurons (D-E) or pICoA®*"’2™* neurons (F-G) on
480 time spent in the stimulation quadrant (D, F) and distance from the corner (E, G).

481  (H) Behavioral paradigm to assess innate valence responses to odor. Left, schematic of four-
482  quadrant open field behavioral assay for spatially-specific odor delivery. Upper right, within-trial
483 timeline. Lower right, odors delivered and their associated innate valence.?

484 (1) Schematic of strategy for selective chemoinhibition of molecularly defined glutamatergic

485  plCoA neurons.

486  (J-M) Effect of chemoinhibition of pICoA S°’747* neurons on time spent in the odor quadrant (J, L)
487  or decrease in mean port distance (K, M) in response to 2PE (J-K) or TMT (L-M).

488  (N-Q) Effect of chemoinhibition of pICoA S°’7#* neurons on time spent in the odor quadrant (N,
489  P) or decrease in mean port distance (O, Q) in response to 2PE (N-O) or TMT (P-Q).

490 Across panels, ns, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001, **** p < 0.0001.

491  Additional specific details of statistical tests can be found in Supplemental Table 1.
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492  neurons significantly reduced time spent in the ‘on’ quadrant and increased the average

493  distance to the corner port during the treatment period , indicating activation of plCoAS*’7a6*
494  neurons is aversive and leads to avoidance of the quadrant when paired with stimulation

495  (Figure 5C-E). In contrast, photostimulation of the pICoAS®"74"* neurons instead increased the
496 time in the ‘on’ quadrant and decreased average distance to the corner port, indicating

497  plCoA®S*'72™ neuron activation instead is appetitive and leads to attraction to the stimulation
498 quadrant (Figure 5C,F-G). These data indicate that the divergent domain-specific valence

499 effects of pICoA activity are likely due to the divergent molecularly defined neuronal ensembles
500 predominant in each topographical field of pICoA.

501 Next, we sought to determine whether these two glutamatergic populations are

502 respectively required for innate olfactory aversion and/or attraction. We used the above

503 transgenic mouse lines to drive expression of a viral Cre-dependent hM4D(Gi) construct to
504  selectively inhibit these neurons’ activity via chemogenetics (Figure 5l, Figure S6A-C).*° We
505 administered clozapine-N-oxide (CNO) or a vehicle control and used the four-quadrant open
506 field assay to deliver odorants in a quadrant-specific manner to assess their behavioral

507 responses to the innately-attractive 2PE or the innately-aversive TMT to determine the

508 difference in the magnitude of temporally-counterbalanced valence responses when the

509 respective populations are chemogenetically silenced.?

510 We observed that while both transgenic mouse lines preserved the baseline attraction
511  and aversion to both 2PE and TMT following administration of the vehicle control, silencing

512  plCoASc’#* neurons did not affect the response to either odorant (Figure 5J-Q). However,

513  silencing pICoAS*"7a™* neurons abolished the positive valence response to 2PE, without having
514  any effect on TMT-evoked aversion (Figure 5J-Q). In other words, neither group of pICoA

515  glutamatergic neurons are necessary for TMT aversion, but pICoAS*'7"* neurons are required
516  for expression of 2PE attraction behaviors. Further, silencing of either population did not lead to
517  any broader non-olfactory behavior effects as measured by the EPM and OFT assays, including
518  anxiety, exploration, and motility, showing the effects of silencing these neurons are likely

519 limited to valence and/or olfaction alone, instead of exploratory or defensive behaviors (Figure
520  S5C-N). The necessity of pICoAS®"7a™* neurons for 2PE attraction, combined with their ability to
521  drive positive valence responses indicates that these of plICoAS®’”#”* neurons control innate

522  olfactory attraction, but pICoAS’7#%* neurons do not completely control innate olfactory aversion,
523 instead proving sufficient but not necessary.

524 A Topographic Organization of plICoA Defined by Limbic Projection Targets

525 While comprehensively characterizing the circuit features of plICoA, we noted that the
526  anatomical connectivity of the pICoA has not yet been defined in the mouse brain. Further, we
527  posited that the differences in necessity of pICoA cell types could be due to divergent

528 downstream connections instead of divergent molecular features, which may partially, but not
529  completely overlap. Thus, we next sought to identify distinct downstream outputs of pICoA that
530 could explain the bidirectional valence effects of its topography. We first characterized the

531  downstream outputs of pICoA by co-injecting the anterograde viral tracer AAV-DIO-hSyn-

532  mRuby2-T2A-synaptophysin-EGFP and a constitutive AAV-Cre virus into mplCoA to label
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533  presynaptic terminals with EGFP (Figure S7A-B). We observed a high amount of terminal

534  fluorescence within pICoA itself, suggesting the presence of recurrent connections within the
535 region (Figure S6B). In addition, we observed long-range projections to a diverse set of

536 regions, including surrounding extended amygdala subregions, such as MeA and the amygdalo-
537  hippocampal transition area (AHi), regions controlling valence and emotion, like the NAc and the
538  bed nucleus of the stria terminalis (BNST), and regions involved in olfactory processing,

539  primarily PIR and OT (Figure 6A-D).

540 Among these outputs, we hypothesized that the NAc and the MeA could be responsible
541  for the behavioral divergence between anterior and posterior pICoA, given their known

542  involvement in reward expectation and aversion, respectively.*”*® We sought to confirm these
543  differences using retrograde tracing from MeA or NAc, where red retrobeads were injected into
544  MeA or NAc and labeled neurons were quantified along the anterior-posterior axis (Figure 6E).
545  For both downstream targets, we observed opposing gradients of retrobead projector labeling
546  throughout the entire pICoA anteroposterior axis (Figure 6F). MeA-projecting neurons are

547  enriched in aplCoA, and NAc-projecting neurons are enriched in pplCoA, with each having a
548  frequency of around chance level in mplCoA (Figure 6G). Further, the majority of labeled

549  plCoA-MeA projection neurons were in aplCoA, while the majority of labeled pICoA-NAc

550 projection neurons were in pplCoA (Figure 6H). To further confirm the spatial bias in projection
551  targets, we performed anterograde tracing from the aplCoA and pplCoA by injecting viruses
552  expressing either eYFP or mCherry into either domain of pICoA in a counterbalanced manner
553  (Figure S6D-E). Anterograde projection strength from aplCoA and pplCoA revealed that

554  projections to MeA were most dense from aplCoA, and projections to NAc were most dense
555  from pplCoA (Figure 61-K). Proportionally, aplICoA sent a significantly higher proportion of its
556  projections to MeA than pplCoA, whereas pplCoA sent a significantly higher proportion of its
557  projections to NAc (Figure 6L).

558 We reasoned that the topographical valence sufficiency we observed could be explained
559 by cell type-specific divergence in projection target, whereby the topographical biases in

560 downstream targets are recapitulated by their underlying molecular cell type. To determine the
561 relationship between cell types and projection targets, we injected Cre-dependent eYFP into
562 mplCoA in Sic17a6::Cre and Sic17a7::Cre transgenic mice, targeting the middle to ensure
563 differences result from cell type, instead of simply redundant topography (Figure S7F-G).

564 Interestingly, the relationship was not as simple as one cell type, one primary projection target.
565 Instead, both cell types project to both structures in different proportions. The pICoAS©?7a6+
566  neurons primarily project to MeA with a significant bias for that target over NAc, while

567  plCoAS®’a™ neurons project to both MeA and NAc, with a statistically insignificant bias toward
568 NAc (Figure 6M,P). These findings demonstrate that NAc primarily receives projections

569  plCoAS®7e™ neurons, whereas the MeA receives input from both populations. Moreover,

570  projection of both cell types to the MeA may explain why neither population was selectively
571  required for innate aversion (Figure 5J-Q).

572 Given that both cell types project to both MeA and NAc, we sought to determine the
573 extent of collateralization in neurons composing the two pathways. To test whether plICoA-MeA
574  and plCoA-NAc projection neurons also project to multiple or overlapping downstream targets,
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576  Fig. 6. Projections to MeA and NAc from pICoA are Topographically Organized

577  (A) Right, whole-hemisphere view at AP = 0.98 mm from bregma. Scale bar, 500 um. Left,

578  Magnified images of the areas highlighted inside white dashed lines. Scale bar, 200 pym.

579  (B) Right, whole-hemisphere view at AP = -1.06 mm from bregma. Scale bar, 500 uym. Left,
580 Magnified images of the areas highlighted inside white dashed lines. Scale bar, 200 pm.

581  (C) Other pICoA projections not found in cross-sections of the brain found in (A) and (B). Scale
582  bar, 200 pm.

583 (D) Magnitude of anterograde synaptophysin-eYFP fluorescence in primary downstream targets
584  of pICoA projection neurons ordered by total output strength, colored based on each region’s
585  function.

586 (E) Schematic for topographic retrograde mapping strategy from MeA and NAc into pICoA. Red
587  retrobeads are injected into MeA or NAc and topographical projection bias is examined along
588  the anterior-posterior axis.

589  (F) Representative images (top) for injection into MeA (left) or NAc (right) and number of

590 neurons labeled along the anterior-posterior axis as distance (mm) from bregma (bottom). Gray
591 lines denote individual replicates, where colored lines indicate mean + s.e.m.

592  (G) Proportion of retrobead-labeled neurons projecting to MeA or NAc for each 100 um segment
593 as a function of distance from bregma. Dashed line indicates overall balance of all retrobead-
594  labeled neurons across entire pICoA.

595  (H) Proportion of retrobead-labeled neurons from either target within each pICoA zone. MeA-
596 labeled neurons are significantly enriched in aplCoA compared to NAc-labeled neurons, while
597  NAc-labeled neurons are significantly enriched in pplICoA compared to those labeled from MeA.
598 (I) Representative histological images for the injection sites in aplCoA (left) and pplCoA (right)
599 from a representative animal. Scale bar, 200 pm.

600 (J) Representative histological images for MeA from the animal in (J). Scale bar, 200 pm.

601 (K). Representative histological images for NAc from the animal in (J). Scale bar, 200 um.

602 (L) Output strength as a proportion of total fluorescence from aplCoA and pplCoA to MeA and
603 NAc.

604 (M) Representative histological images for the injection site in pICoA from a representative

605  Sic17a7::Cre and Slc17a6::Cre animal. Scale bar, 200 ym.

606 (N) Representative histological images from MeA and NAc from a representative animal of

607  either genotype. Scale bar, 200 pm.

608  (O) Left, output strength as a proportion of total fluorescence from pICoAS*"726* and pICoAS*"7a7
609 neurons to MeA and NAc. Right, comparison of same data, but by target region within genotype.
610 (P) Same data as (0O), but by target region within genotype.

611  (Q-V) Mapping collateral projections from NAc- and MeA projecting neurons.

612  (Q) Representative histological images for the injection site in pICoA from a representative

613  animal receiving retrograde virus into MeA or NAc. Scale bar, 200 ym.

614  (R) Representative histological images of NAc and MeA retro-Cre targeting (red) and outputs
615  (green).

616  (S) Comparison of absolute integrated fluorescence intensities in MeA and NAc when retroAAV
617  was injected into NAc (top) or MeA (bottom).
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618 (T) Quantification of fluorescence in selected downstream brain regions from plCoA originating
619  from pICoA-NAc neurons proportional to eYFP fluorescence in NAc (top) or MeA (bottom).

620  Abbreviations: NAc, nucleus accumbens; BNST, bed nucleus of stria terminalis; MeA, medial
621  amygdala; Pir, piriform cortex; BLA, basolateral amygdala; Ahi, amygdalo-hippocampal

622 transition area; pmCoA, posteromedial cortical amygdala; Str, striatum; OT, olfactory tubercle;
623 EA, extended amygdala; IPAC, inferior peduncle of the anterior commissure; AA, anterior

624  amygdala; LA, lateral amygdala; HDB, horizontal limb of the diagonal band; VP, ventral

625  pallidum; AIC, anterior insular cortex; mfb, medial forebrain bundle; MO, medial orbitofrontal
626  cortex; LOT, lateral olfactory tract; ACo, anterior cortical amygdala; AOA, anterior olfactory area;
627 DG, dentate gyrus; Rt, reticular nucleus; LPO, lateral preoptic area; VMH, ventromedial

628 hypothalamus; DEn, dorsal endopiriform claustrum; LH, lateral hypothalamus; IL, infralimbic
629 cortex; DP, dorsal peduncular cortex; LS, lateral septum; CxA, cortex-amygdala transition area;
630  sox, supraoptic decussation; StHy, striohypothalamic nucleus; GP, globus pallidus; PLH,

631 perirhinal cortex; ZI, zona incerta.

632  Across panels, ns, not significant; * p < 0.05; ** p < 0.01; **** p < 0.0001. Additional specific
633  details of statistical tests can be found in Supplemental Table 1.
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634 we employed a combination of retrograde Cre and Cre-dependent anterograde tracer viral

635  vectors. A retroAAV-hSyn-Cre-mCherry virus was into either MeA or NAc, and AAV-DIO-ChR2-
636 eYFP was injected into pICoA to label outputs of MeA- or NAc-projecting neurons (Figure 6Q-R,
637  ST7H-I). We focused on MeA and NAc, as well as the ancillary primary downstream targets

638 implicated in valence or olfaction.?>**" We found different collateralization patterns for both
639  populations, where NAc-projecting neurons did not collateralize to MeA, but very strongly

640 collateralized to OT. In contrast, MeA-projecting neurons minimally collateralized to NAc and
641  most strongly collateralized to pmCoA (Figure 6S-T). Notably, neither projection of interest

642 significantly collateralized to the other. These data indicate that plICoA-MeA and pICoA-NAc
643  projection neurons are non-overlapping, spatially biased populations that output to different
644  downstream subnetworks.

645 Projections from plCoA NAc to MeA and Respectively Control Innate Olfactory Attraction
646 and Aversion to Odor

647 The topographic separation of MeA- and NAc-projecting neurons are consistent with a
648  model of divergence valence that could support the observed topographic divergence in valence
649  behaviors. To investigate the behavioral contributions of these projections, we first determined
650 whether the neurons projecting to the MeA and NAc are able to drive behavior with optogenetic
651  stimulation. We expressed ChR2 in a non-spatially biased manner by injecting AAV-hSyn-ChR2
652 into mplCoA, and we placed an optic fiber above MeA or NAc for selective optogenetic

653  stimulation at pICoA axon terminals (Figure S1C). We found that photostimulation of the pICoA-
654  MeA circuit in the four-quadrant open field task significantly reduced time spent in the ‘on’

655 quadrant and increased the average distance to the corner port during the treatment period,
656 indicating activation of the plICoA-MeA circuit is aversive and leads to avoidance of the quadrant
657  paired with stimulation (Figure 7A-D). The opposite was true for the pICoA-NAc projection,

658  where stimulation in that zone instead increased the time in the ‘on’ quadrant and decreased
659 average distance to the corner port, indicating activation of the plICoA-NAc circuit is instead

660  appetitive and leads to attraction to the stimulation quadrant (Figure 7B,E-F). We next asked if
661 the effects of stimulating these circuits affecte