w N =

I

00 N O U

10
11

12
13

14
15

16
17
18

19

20
21
22
23
24
25
26
27
28

29

30

31

32

33

34

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.19.599749; this version posted June 22, 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

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

Bidirectional modulation of negative emotional states by parallel
genetically-distinct basolateral amygdala pathways to ventral striatum
subregions

Sarah E. Sniffen’®, Sang Eun Ryu"’, Milayna M. Kokoska'*, Janardhan Bhattarai**,
Yinggi Wang**, Ellyse R. Thomas®, Graylin M. Skates®, Natalie L. Johnson', Andy A.
Chavez', Sophia R. laconis', Emma Janke®, Minghong Ma®, Daniel W. Wesson*

'Department of Pharmacology and Therapeutics, Center for Smell and Taste,
’Department of Neuroscience, University of Florida College of Medicine, Gainesville, FL
32610, USA

3Department of Neuroscience, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, PA 19104, USA

*Indicates co-first author
*Indicates co-2" author

*Correspondence to: Dan Wesson (danielwesson@ufl.edu)

Shortened title: Basolateral amygdala circuitry to ventral striatum

Conflict of interest statement: The authors declare no competing financial interests.

Acknowledgements: We thank Dr. Marc Fuccillo for generously sharing reagents for
synaptophysin-based AAV tracing. This work was supported by R01DC014443 to D.W.,
and RO1DA049545, and R01DC016519 to D.W.W and M.M.. N.L.J. was supported by
NIDCD T32015994 and F31DC020364.. S.E.S. was supported by NIDCD T32015994
and F31DC02188801.


https://doi.org/10.1101/2024.06.19.599749
http://creativecommons.org/licenses/by-nc-nd/4.0/

35

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54

55

56

57

58

59

60

61

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.19.599749; this version posted June 22, 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

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

Summary

Distinct basolateral amygdala (BLA) cell populations influence emotional
responses in manners thought important for anxiety and anxiety disorders. The BLA
contains numerous cell types which can broadcast information into structures that may
elicit changes in emotional states and behaviors. BLA excitatory neurons can be divided
into two main classes, one of which expresses Ppplrlb (encoding protein phosphatase
1 regulatory inhibitor subunit 1B) which is downstream of the genes encoding the D1
and D2 dopamine receptors (drd1l and drd2 respectively). The role of drd1+ or drd2+
BLA neurons in learned and unlearned emotional responses is unknown. Here, we
identified that the drd1+ and drd2+ BLA neuron populations form two parallel pathways
for communication with the ventral striatum. These neurons arise from the basal
nucleus of the BLA, innervate the entire space of the ventral striatum, and are capable
of exciting ventral striatum neurons. Further, through three separate behavioral assays,
we found that the drdl+ and drd2+ parallel pathways bidirectionally influence both
learned and unlearned emotional states when they are activated or suppressed, and do
so depending upon where they synapse in the ventral striatum — with unique
contributions of drd1+ and drd2+ circuitry on negative emotional states. Overall, these
results contribute to a model whereby parallel, genetically-distinct BLA to ventral

striatum circuits inform emotional states in a projection-specific manner.
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Introduction

The ability to evaluate a sensory stimulus and to correctly act upon it is
paramount for survival. Abnormal associations of stimuli and/or abnormal actions
towards stimuli are hallmark features of psychiatric disorders including anxiety
disorders. The basolateral amygdala (BLA) has long been known to support emotional
responses (Kluver and Bucy, 1939; Blanchard and Blanchard, 1972) , including to both
aversive (Weiskrantz, 1956; Cahill and McGaugh, 1990; LeDoux, 1992; Maren et al.,
1996; Cousens and Otto, 1998) and appetitive stimuli (Hatfield et al., 1996; Setlow et
al., 2002; Schoenbaum et al., 2003). Affording the BLA with this capacity are both its
intrinsic plasticity (Rogan et al., 1997; Maren and Quirk, 2004) and its projections into
‘downstream’ structures which can directly influence decisions and behavioral
outcomes. For instance, the BLA innervates the central nucleus of the amygdala and
this input is necessary for the expression of learned avoidance (LeDoux, 2003).
Photostimulating central amygdala projecting BLA neurons evokes avoidance, while
photoinhibition of the same neurons reduces fear learning (Namburi et al., 2015). Other
projections of the BLA can influence appetitive responses, including stimulation of BLA
neurons that project to the ventral striatum’s nucleus accumbens (NAc) (Namburi et al.,
2015). Thus, it is clear that regionally-separable downstream recipients of BLA input are

sufficient to direct emotional responses.

There is also an interplay between BLA projection targets and the cell types
which comprise those projections in how specific BLA outputs influence emotion. The
genetic identity of BLA neurons is highly diverse and these different cell types appear to
be uniquely be engaged following emotional responses (Hochgerner et al., 2023). A
single genetically distinct neuronal population can drive opposing emotional responses
if it were to project to two brain regions (Zhang et al., 2021) and likewise, two genetically
distinct BLA outputs can drive opposing emotional responses if they each project to the
same brain region (Kim et al., 2017). BLA excitatory neurons are divided into two main
genetic classes, which are becoming increasingly understood to have diverse projection
targets and functions. These include the Rspo2 expressing neurons (encoding R-

spondin 2), which can drive aversive behaviors, and the Ppplrlb expressing neurons
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92 (encoding protein phosphatase 1 regulatory inhibitor subunit 1B), which appear to
93  support appetitive behaviors (Kim et al., 2016). BLA neurons distinguished by the
94  expression of the transcription factor Rspo2, are also labeled by Fezf2 (encoding the
95 transcription factor zinc-finger 2) (Zhang et al., 2021), and project to the NAc and also
96 its neighboring ventral striatum subregion, the tubular striatum (TuS, also known as the
97 olfactory tubercle) (Wesson, 2020). Activation of Fezf2 neurons innervating the NAc
98 drives aversive states and contrastingly, activation of Fezf2 neurons innervating the TuS
99 increases appetitive states. Together, these findings indicate that neither the
100 downstream target nor the genetic identity alone sufficiently explain how the BLA
101  broadcasts emotional information. Instead, where this information goes and who within
102 the BLA sends it are both critical for regulating emotional states. Given that
103  Rspo2/Fezf2+ BLA neurons support both appetitive and aversive states depending
104  upon their downstream targeting, we sought to answer the question of whether the
105 Ppplrlb+ BLA neuron population also contribute to aversive states, and do so

106  depending upon their regional innervation within the NAc and TusS.

107 Ppplrlb (also known as Darpp-32, dopamine- and cAMP-regulated neuronal
108  phosphoprotein) is a phosphoprotein regulated by both D1 and D2 dopamine receptors
109  (Ouimet et al., 1984; Nishi et al., 1997; Svenningsson et al., 2004), which are encoded
110  for by the drd1 and drd2 genes, respectively (Scibilia et al., 1992). Dopamine within the
111 BLA is necessary for fear learning (Fadok et al., 2009). We know that drd1+ neurons in
112 the BLA contribute to memory (Zhang et al., 2020a). While the role of drd2+ neurons in
113 the BLA is not understood, prior pharmacological work has indicated a role for the D2
114  receptor in emotional responses (Guarraci et al., 2000; Berglind et al., 2006; de Oliveira
115 et al., 2011). Overall, the respective contributions of drd1+ and drd2+ BLA neurons in
116  regulating emotional states are unknown. Moreover, it is unknown if, like the Fezf2
117  neurons, the influence of drd1+ and drd2+ BLA neurons depends upon their projection
118 targets. Here, using a combination of viral tracing, ex vivo brain slice recordings,
119 chemo- and opto-genetics, and behavior, we identified that the drd1+ and drd2+ BLA
120  neuron populations form two parallel pathways wherein each innervate both the NAc
121 and the TuS for the modulation of negative emotional states depending upon which

122 ventral striatum subregion they innervate. Overall, these results contribute to a model
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123 whereby parallel, genetically-distinct, BLA to ventral striatum circuits inform emotional
124  states in a projection-specific manner and altogether expand our appreciation for how
125 the BLA regulates emotions.

126

127

128

129 Results

130 drd1l+ and drd2+ BLA neurons innervate the ventral striatum.

131 We first sought to determine if BLA drd1+ and drd2+ neurons form a circuit with
132 ventral striatum neurons. We injected a Cre-dependent retrograde (rg) AAV expressing
133 mCherry, rgAAV.hSyn.DIO.mCherry, into either the NAc or the TuS of drd1-Cre and
134  drd2-Cre mice (Gong et al., 2007) (Fig 1A,B & 1E,F) and later inspected the BLA for
135  mCherry+ neurons. mCherry+ cells in both groups of mice were found in the BLA in
136  both drd1l- and drd2-Cre mice (Fig 1C & G), indicating that these neurons indeed
137  project to the ventral striatum. mCherry+ cells were found throughout the entire anterior-
138  posterior extent of the BLA (Fig 1C & G). In contrast to the lateral amygdala (LA) which
139  was largely void of mCherry+ cells, the basal nucleus of the amygdala (BA) displayed
140 dense mCherry+ cells (Fig 1C & G). This organization was observed even when
141 similarly injecting either the NAc or TuS of Ai9. TdTomato Cre reporter mice (Madisen et
142 al., 2010) with rgAAV.hSyn.HI.eGFP-Cre WPRE.SV40, suggesting the BA is a major
143  conduit of ventral striatum input regardless of cell type (Supplementary Fig 1A-C &
144  1D-F). No reciprocal connection from ventral striatum to the BLA was found however

145  (Supplementary Fig 1G-I).

146 To quantify the spatial distribution and to identify the size of the drd1l and drd2
147  neural population innervating both the NAc and TuS, sections were immunolabeled for
148  both NeuN and the red fluorescent protein DsRed (Fig 1Di & 1Hi). This revealed that
149  indeed the vast majority of ventral striatum projecting drd1+ and drd2+ neurons arise
150 from the BA (Fig 1Dii, NAc: drd1+ MLSD=|BA-LA|=18.07, p=0.002, drd2+ MLSD=|BA-
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151  LA|=11.95, p=0.019; Fig 1Hii, TuS: drdl+ MLSD=|BA-LA|=31.0, p<0.001, drd2+
152  MLSD=|BA-LA|=9.24, p<0.001; MLSD=mean least square difference). Further, more
153 drdl+ BA neurons innervate the TuS than those that are drd2+ (Fig 1Hii, TuS:
154  MLSD=|drd1-drd2|=21.6, p<0.001).

155 Where throughout the ventral striatum do BLA neurons innervate? To answer
156  this, we injected drd1-Cre and adora2a (a2a)-Cre mice into the BLA with an AAV
157 encoding a synaptophysin.mRuby fusion protein (AAV.hSyn.FLEX.mGFP-2A-
158  Synaptophysin-mRuby) (Herman et al., 2016) (Fig 2A). A2a-Cre mice were chosen for
159 this and later anterograde AAV-based experiments to attempt to achieve optimal
160  presynaptic expression in drd2+ neurons. This resulted in mRuby+ puncta, indicative of
161  BLA drd1l+ or a2a+ neuronal synapses, throughout both the NAc and TuS (Fig 2B). As
162  expected based upon the retrograde tracing results in Figure 1, drdl mRuby+ puncta
163  were highly visible in comparison to a2a+ (Fig 2B & C). The mRuby+ puncta spanned
164  the entire medial-lateral and anterior-posterior extents of the TuS, and were especially
165  prominent in layer 2 (Fig 2B) which is the densest cell layer. mRuby+ puncta were also
166  observed throughout the medial-lateral and anterior-posterior extents of the NAc, with
167 comparable amounts in both the NAc core and shell (Fig 2C, drd1+ MLSD=|NAcC-
168  NAcSh|=0.035, p>0.999, a2a+ MLSD=|NAcC-NAcSh|=0.241, p>0.999). It is notable,
169  given its roles in associative learning including fear learning (Li et al., 2008; Wilson and
170  Sullivan, 2011), that the ventral striatum receives more BLA drdl+ and less a2a+
171 neuronal input than the neighboring piriform cortex (Fig 2C, drd1l+: F(1,16)=30.8,
172  p<0.001; a2a+: F(1,14)=10.6, p=0.006). Together these tracing results establish that
173 both drd1l+ and drd2+ neurons, largely form the BA, innervate the entire span of the

174  ventral striatum.
175
176  drd1l+ and drd2+ BLA neurons excite ventral striatum spiny projection neurons.

177 Next, we injected a Cre-dependent AAV expressing channelrhodopsin and EYFP
178  (AAV.Ef1a.DIO.hChR2(E123T/T159C)-EYFP) or EYFP alone as a control
179  (AAV.Efla.DIO.EYFP) into the BLA of drd1-Cre and a2a-Cre mice which were crossed

180  with the Ai9 TdTomato Cre reporter line and later took coronal slices of the ventral


https://doi.org/10.1101/2024.06.19.599749
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.19.599749; this version posted June 22, 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
available under aCC-BY-NC-ND 4.0 International license.

181  striatum for ex vivo recordings to determine which ventral striatum spiny projection
182  neurons (SPNs) the BLA neurons make synapses upon. TdTomato+ neurons were
183  identified and used to identify drd1+ or drd2+ SPNs (those expressing TdTomato+ in
184  either drd1-Cre or a2a-Cre mice respectively; Fig 3Ai & Aii). In the same slices we also
185  patched onto TdTomato- SPNs to monitor activity of drd1@ and drd2@ (putative drd2+
186 or drdl+) SPNs, in either drd1-Cre or a2a-Cre mice respectively. During recordings,
187  blue light pulses were delivered to excite ChR2-expressing BLA terminals in the ventral
188  striatum. Importantly, we confirmed in drd1-RFP;drd2-GFP double transgenic mice
189  (Shuen et al., 2008) that there is minimal co-expression of drd1l and drd2 in the same
190 cells (Supplementary Fig 2A & B). Moreover, the BLA to ventral striatum projection is
191  predominantly ipsilateral (Supplementary Fig 2C & D). Current injection into ventral
192  striatum neurons confirmed their firing patterns are as expected for TuS SPNs
193  (Supplementary Fig 3A & B) (White et al., 2019).

194 We found that both BLA cell populations synapse upon both drd1+ and drd2+
195  SPNs, albeit with differing weights and strengths. The majority of drd1+ BLA neurons
196 elicited large monosynaptic currents in drd1+ and drd1@ SPNs (Fig 3B-D). While both
197  ventral striatum cell types were excited by drdl+ BLA neurons, BLA drd1l+ neurons
198 send stronger input (viz., larger evoked excitatory postsynaptic currents [EPSCs]) and
199  do so more predominantly upon drd1+ vs drd1@ (putative drd2+) SPNs (drd1+ vs drd19d
200 monosynaptic: X?(1, N=91)=5.45, p=0.02; drdl+ vs drdl@ polysynaptic: X3(1,
201 N=91)=0.096, p=.757; Fig 3C & E). In a subset of SPNs, monosynaptic glutamatergic
202 connections were verified via pharmacological manipulations (Supplementary Fig 3C
203 & D). Likewise, drd2+ BLA neurons also synapse upon drd2+ and drd2@ SPNs, but
204 compared to the drd1+ BLA input, input from drd2+ BLA neurons was both weaker and
205 not as predominant (Fig 3F-I). A far larger percentage of SPNs displayed monosynaptic
206 EPSCs upon drd1+ BLA neuron terminal stimulation than when stimulating drd2+ BLA
207  terminals (X?(1, N=255)=33.947, p<0.001). Including polysynaptic EPSCs, 13.1 — 15.9%
208 of SPNs (drd2+ and drd2@, respectively) displayed evoked potentials and these were
209 notably modest in amplitude compared to what was observed when stimulating drd1+
210 BLA terminals (e.g., Fig 3B vs 3F). Together these results extend the anatomical
211 circuitry (Figs 1 & 2) by showing that both drd1+ and drd2+ BLA neurons excite ventral


https://doi.org/10.1101/2024.06.19.599749
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.19.599749; this version posted June 22, 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
available under aCC-BY-NC-ND 4.0 International license.

212  striatum spiny projection neurons, albeit with differing likelihood of observing

213  monosynaptic connections.
214

215  drd1+ BLA neurons innervating the NAc and drd2+ BLA neurons innervating the TuS

216  both promote avoidance behavior.

217 Next, we sought to determine a functional role for BLA drd1+ and drd2+ input to
218 the ventral striatum. In the first of three assays, we used an optogenetic approach to
219  excite drd1+ and drd2+ BLA neuron terminals innervating either the NAc or TuS to
220 determine if these pathways influence avoidance or approach behaviors. For this we
221 unilaterally injected drd1-Cre and a2a-Cre mice with
222 AAV.Efl1a.DIO.hChR2(E123T/T159C)-EYFP or AAV.Efla.DIO.EYFP as control into
223 their BLA and later implanted optical fibers into the ipsilateral NAc or TuS (Fig 4A).
224  Given the similar innervation of both the NAc core and shell (Fig 2C), we targeted both
225  NAc subregions for stimulation. Four weeks post injection, we used a 3-chamber real
226 time place preference/aversion assay wherein light was delivered to stimulate the drd1+
227  or drd2+ BLA neuron terminals (465nm, 15ms pulses, 40Hz) on only one side of the
228 chamber, with no optical stimulus in either the center or the opposite chambers (Fig
229  4B). The location of the mice was tracked with infrared photobeams to trigger the

230 optogenetic stimulation and video was captured for off-line quantification.

231 We found that optical stimulation of drd1+ BLA—>NAc neuron terminals resulted
232 in less time spent in the light-paired chamber compared to optical stimulation of drd2+
233  BLA->NAc neuron terminals and EYFP controls (Fig 4Ci & Cii) (One-way ANOVA
234  F(2,18)=5.04, p=0.018). Indeed, compared to the non-stimulated side, mice spent
235 49.70+£11.10 % (mean = SEM) less time on the chamber paired with drd1+ BLA->NACc
236 neuron terminal stimulation (t(6)=2.981, p=0.025). Similarly, we found that optical
237  stimulation of drd2+ BLA->TuS neuron terminals resulted in less time spent in the light-
238  paired chamber compared to optical stimulation of EYFP+ BLA->TuS controls (Fig 4Di
239 & Dii) (Welch’'s ANOVA W(2.00,8.31)=6.02, p=0.024). Compared to the non-stimulated
240  side, mice spent 31.42+6.39 % (mean = SEM) less time on the chamber paired with
241  drd2+ BLA->TuS neuron terminal stimulation (t(5)=2.916, p=0.033). These results show
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242  that activation of drd1+ and drd2+ BLA input to the NAc and TuS respectively lead to

243  avoidance behavior.
244

245 drd1+ BLA neurons innervating the NAc and drd2+ BLA neurons innervating the TuS

246  support Pavlovian fear learning.

247 Next, we wanted to know the possible influence of these pathways on learned
248  emotional behaviors. To do this we employed an odor-shock Pavlovian fear-learning
249  paradigm (Best and Wilson, 2003; Jones et al., 2008; Hegoburu et al., 2011) wherein an
250 otherwise neutral odor is paired with a mild foot shock (Supplementary Fig 4Ai). To
251  quantify learning, we monitored both physical immobility and fear-associated respiratory
252  power (4-6Hz) which increases in power when animals anticipate an aversively-paired
253  stimulus (Hegoburu et al., 2011; Moberly et al., 2018). Mice were placed in a
254  plethysmograph with a custom floor made out of metal connected to a shock stimulus
255  generator. Also connected to the plethysmograph was a tube allowing delivery of clean
256 air or an odor which were both controlled by an odor presentation machine. All
257 behavioral measures and stimuli were controlled by the same computer allowing
258  synchrony in measures and stimulus presentation events. In untreated C57BL/6J mice
259 we validated that only odors paired with shock, were associated with elevations in
260 physical immobility following the conditioning day (Supplementary Fig 4B). We also
261 validated that fear-associated 4-6Hz respiratory power is similarly elevated as mice

262 learn to associate an odor with a shock (Supplementary Fig 4C-H).

263 We used a chemogenetic approach to suppress BLA->ventral striatum input
264  which included six separate groups of mice to establish the roles of each of the
265 BLA—->NAc and BLA->TuS pathways (Fig 5A). These included drd1+ and drd2+ mice
266 injected with rgAAV.hSyn.DIO.hM4D(Gi)-mCherry or rgAAV.hSyn.DIO.mCherry as
267  control. All mice were subsequently implanted with bilateral intracranial cannulae into
268 the BLA for administration of either the DREADD ligand J60 (Bonaventura et al., 2019)
269  or vehicle. J60 or vehicle were administered 30 minutes prior to the learning session
270 following a single behavioral session on a prior day to acclimate the mice to the
271 chamber.
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272 Among both the BLA->NAc and BLA->TuS groups, all control groups displayed
273 elevations in fear-associated respiration by the 10™ trial of odor-shock pairings (Fig
274  5B,C & F,G; NAc mCherry control: Two-way RM ANOVA, trial main effect F(1,27)=86.2,
275 p<0.001; TuS mCherry control: Two-way RM ANOVA, trial main effect F(1,29)=151,
276 p<0.001) indicating that they learned to associate an odor with an aversive outcome. As
277  expected, similar elevations in physical immobility were also observed (Supplementary
278  Fig 4). Importantly, there was no difference in learning between the vehicle and J60
279  infused groups supporting that there are no off-target effects of this DREADD ligand on
280 odor-shock learning (Fig 5B,C & F,G; NAc mCherry controls Trial 10: MLSD=|Vehicle-
281  J60]|=-0.0443, p=0.601, TuS mCherry controls Trial 10: MLSD=|Vehicle-J60|=0.0118,
282  p=0.888).

283 While neither inhibition of drd2+ BLA->NAc and drdl+ BLA->TuS pathways
284 impacted fear-learning (Fig 5E & H, Two-way RM ANOVA, trial main effect: drd2+
285 BLA->NAc: F(1,13)=301, p<0.001; drd1+ BLA>TuS: F(1,13)=85.6, p<0.001), we found
286 that inhibition of drdl+ BLA—>NAc and drd2+ BLA->TuS pathways suppressed the
287 magnitude of the learned association. Both drd1+ BLA->NAc and drd2+ BLA->TuS
288  pathway inhibition resulted in less fear-related respiration by trial 10 in J60 infused mice
289 compares to those infused with vehicle (Fig 5D & [; drdl+ BLA->NAc Trial 10:
290 MLSD=|Vehicle-J60|=0.319, p=0.049, drd2+ BLA->TuS Trial 10: MLSD=|Vehicle-
291  J60]|=0.364, p<0.001). Fear-related physical immobility was likewise reduced upon
292 drd2+ BLA->TuS pathway inhibition, yet interestingly not upon drdl+ BLA->NAc
293  inhibition (Supplementary Fig 5). These results show that drd1+ and drd2+ BLA input
294  to the NAc and TusS respectively are necessary for fear learning in addition to their role

295 in real-time avoidance.
296
297  drd2+ BLA neurons innervating the TuS promote spontaneous avoidance of odors.

298 Finally, given the evidence that BLA to ventral striatum drd1+ and drd2+ neural
299 pathways each influence both spontaneous / real-time aversive states and learned
300 avoidance to odors, we examined if this circuitry might also influence spontaneous

301 attraction or avoidance to odors. For this we used the same mice that completed the
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302 Pavlovian odor-shock fear learning (Fig 5), either a few days before or after the
303 Pavlovian testing, and tested them in a spontaneous odor attraction/avoidance assay
304 following intracranial infusion of either vehicle or J60. One side of the testing arena
305 contained cotton laced with the aversive fox odor compound 2MT (2-Methyl-2-
306 thiazoline), and the other side contained cotton laced with an attractive peanut oil odor
307 (Fig 6A). Both stimuli were housed in clean perforated plastic tubes to prevent touching
308 or tasting the stimulus yet still allowing release of volatiles. Video was collected for
309 quantification of place preference. C57BL/6J mice, whether injected with J60 or vehicle,
310 both spent more time on the peanut scented side of the apparatus than the fox odor
311 side indicating that this approach can assay unlearned valence to odors (Fig 6B;
312 vehicle: t(7)=3.71, p=0.004; J60: t(6)=2.24 p=0.033).

313 As anticipated, among both the BLA->NAc and BLA>TuS mCherry groups, all
314  controls, regardless of J60 or vehicle treatment, spent more time on the peanut scented
315 side of the apparatus compared to the fox odor side (Fig 6C & F) supporting that there
316  are no off-target effects of this DREADD ligand on spontaneous approach or avoidance
317 to odors (J60-inhibited BLA>NACc: t(13)=3.13, p=0.004; vehicle-treated BLA->NACc:
318 t(14)=6.31, p<0.001; J60-inhibited BLA->TuS: t(15)=3.34, p=0.002; vehicle-treated
319 BLA->TuS: t(14)=2.89, p=0.012). In line with our results from the Pavlovian odor-shock
320 fear learning, we found that drd2+ BLA—>TuS pathway inhibition resulted in reduced
321 approach and avoidance for peanut and fox, respectively (Fig 6H; J60-inhibited D2R+
322 BLA->TuS: t(6)=1.171, p=0.143). Unlike in the Pavlovian odor-shock fear learning
323 however, inhibition of drdl+ BLA->NAc pathway did not influence spontaneous
324 approach and avoidance (Fig 6D) (J60-inhibited drdl+ BLA->NAc: 1(8)=2.300,
325 p=0.025). These results show that drd2+ BLA input to the TuS, but not drd1+ input to
326 the NAc, contributes to unlearned odor avoidance in addition to its role in real-time

327 avoidance and Pavlovian fear learning.
328
329 Discussion

330 It is well established that BLA outputs to specific brain regions influence
331 emotional responses (e.g., (Cardinal et al., 2002; Paré et al., 2004; Ambroggi et al.,
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332 2008; Stuber et al., 2011; Janak and Tye, 2015; Namburi et al., 2015; Beyeler et al.,
333  2016)). More recently, several lines of evidence have uncovered divergent valence
334 responding through genetically-distinct neurons within the BLA, including by means of
335 Ppprlrlb and Rspo2 neurons (Kim et al., 2016, 2017; Zhang et al., 2021). Together,
336 both the genetic identity and downstream targets of BLA neurons are necessary to
337 incorporate when understanding the role of BLA cell types in orchestrating the many
338  functions of the BLA.

339 In the present study we focused on defining the contributions of drd1+ and drd2+
340 BLA neurons to emotional responding. The drd1 and drd2 genes encode for the D1 and
341 D2 receptors, respectively (Scibilia et al., 1992), which regulate Ppprlrlb — a marker for
342  one of the two main classes of BLA excitatory neurons. It has been long known that D1
343 and D2 receptors are in the BLA (e.g., (Meador-Woodruff et al., 1991)). We established
344 that both drdl+ and drd2+ BLA neurons innervate the NAc and TuS, and we
345  subsequently focused upon these two pathways (BLA->NAc and BLA->TuS) given the
346  recent evidence of regulation of emotional responses through BLA output into these
347 regions (Zhang et al., 2021). Our findings extend the work of (Zhang et al., 2021) by
348  showing that in addition to the Rspo2/Fezf2 BLA neuron class, both drd1+ and drd2+
349  BLA neurons in the Ppplrlb neuron class also each innervate the NAc and TuS. Far
350 more drd1+ neurons comprise this circuit than drd2+ neurons, with more drd1+ neurons
351 innervating both the TuS and NAc. These neurons originate from nearly the entire
352  anterior-posterior extent of the BLA, and specifically the vast majority from within the BA
353 (Fig 1). Further, our synaptophysin tracing suggests that they innervate nearly all of
354 TuS and NAc space (all layers of TuS and both the NAc core and shell; Fig 2). While
355 the spatial innervation of drd1+ and drd2+ BLA neurons into the ventral striatum is not
356 unlike that reported by (Zhang et al., 2021), it is important to emphasize that Fezf2+
357 BLA neurons do not co-express Ppprlrlb (Zhang et al., 2021) which suggests these

358 three neuron types connecting the BLA with the ventral striatum are distinct.

359 While the synaptophysin tracing suggests synaptic innervation of the ventral
360  striatum by drd1+ and drd2+ BLA neurons, we used brain slice recordings to quantify

361 this. This is interesting given that the primary cell type in the ventral striatum are spiny
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362  projection neurons which also express drd1+ and drd2+. We focused our recordings on
363  TuS spiny projection neurons given the comparable innervation of both structures (NAc
364 and Tus) by drd1+ and drd2+ BLA neurons which allowed us to also perform recordings
365 to identify if there is logic by which ventral striatum neurons these BLA neurons synapse
366 upon. We found that both BLA cell types excite drd1+ and drd2+ (identified in this
367 experiment by expression of A2a) TuS neurons in manners which appeared to be
368 largely glutamatergic, with especially drd1+ BLA neurons sending a large amount of
369 monosynaptic currents (Supplementary Fig 3). Further, drdl+ BLA neurons
370 monosynaptically excited predominately drd1+ TuS neurons, and drd2+ BLA neurons
371 non-preferentially excited a small population of both drd1+ and drd2+ TuS neurons.
372 While these results were initially surprising given that the drd1+ BLA->TuS pathway was
373 dispensable for the fear and avoidance behaviors explored in this work, this may
374 indicate a potential role for this pathway in other behaviors, such as those involved in
375 reward. Thus, BLA input to the TuS, and therefore possibly also the NAc, has an
376  organization which allows for recruitment of specific postsynaptic neurons in the TuS
377  which could therefore allow differential output from the ventral striatum in manners
378  supporting specific outputs into the basal ganglia and other brain networks important for

379  behavioral responses.

380 We found within this circuitry that the parallel pathways generated by the drd1+
381 and drd2+ BLA neuron populations modulates negative emotional states depending
382  upon their ventral striatum projection target (Fig 7). To show this, we used three distinct
383 behavioral paradigms in combination with either projection specific chemo- or
384  optogenetic manipulations. In all behavioral paradigms, we were able to uncover a role
385 for either drd1+ and/or drd2+ neurons, yet, in not all cases did each cell population
386 impact behavior. Instead, the impact on behavior was in most cases also projection
387 target specific. For instance, drdl+ BLA neurons innervating the NAc increased
388 negative valence states in the real-time place preference/aversion paradigm, whereas
389 the same cell population projecting to the TuS did not (Fig 4). Likewise, drd2+ BLA
390 neurons innervating the TuS increased negative valence states in the real-time place
391  preference/aversion paradigm, whereas the same cell population projecting to the NAc
392 did not. Similar differences in how these genetically-distinct BLA cell populations
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393 influenced Pavlovian fear learning and spontaneous valence behaviors were also
394 observed to be cell-type and projection target specific. As mentioned, not in all cases
395 did each pathway impact one of the three behaviors assayed, possibly hinting towards a
396 role for these pathways in other behaviors. These findings lay the foundation for future
397 work to systematically target drd1+ or drd2+ BLA inputs into specific regions within the
398 NAc (core vs shell (West and Carelli, 2016)) or TuS (medial vs lateral (Murata et al.,
399  2015; Zhang et al., 2017)) which may provide even more specific behavioral outcomes.
400 This work extends a role for drd1+ BLA neuron output to the central amygdala which
401 was found to influence extinction memory (Zhang et al., 2020b), into two ventral
402  striatum subregions which are important for valence-based behavioral responses, and

403 by allowing for comparison with the influence of the neighboring drd2+ neurons.

404 Interestingly, when comparing changes in fear-associated respiration (well known
405 to be influenced by sympathetic state (Stevenson and Ripley, 1952; Boiten, 1998;
406 Homma and Masaoka, 2008; Hegoburu et al., 2011; Moberly et al., 2018)) and fear-
407  induced immobility, we saw that manipulation of NAc projecting drd1+ BLA neurons did
408 not similarly influence both of those fear-associated behaviors (Supplementary Fig 5).
409 This may be due to either distinct inputs or outputs (collaterals) of the drd1+ BLA
410 neurons which might differentially guide changes in respiratory behavior versus motor
411  behavior. For instance, differential innervation of the periaqueductal grey might allow for
412  one cell-type to influence respiration over another given the periaqueductal grey’s
413  influence on breathing (Walker and Carrive, 2003; Subramanian and Holstege, 2013).
414  While we did not identify the differential pathway, it is interesting to identify instances
415  wherein fear-related behaviors are not simultaneously displayed. Further manipulation
416  of this pathway while similarly taking multiple measures of fear-related behaviors,
417 including even heart rate, skin conductance, and ultrasonic vocalizations for instance,
418 will help refine our understanding of circuitry which specifically supports each to be

419 displayed during emotional contexts.

420 Top-down glutamatergic inputs to the BLA profoundly influence associative
421 learning and behaviors. Given the fact that these BLA->ventral striatum neurons

422  express dopamine receptors, it is tempting to speculate how this pathway may be
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423  modulated by dopamine. Dopamine within the BLA is necessary for fear learning (Fadok
424 et al.,, 2009). Local antagonism of both D1Rs and D2Rs within the BLA blocks the
425  expression of fear during a potentiated startle paradigm (Lamont and Kokkinidis, 1998;
426  Greba et al., 2001). Antagonism of BLA D1Rs also perturbs the timing of fear behavior
427 (Shionoya et al., 2013), and antagonism of BLA D2Rs attenuates freezing during
428 Pavlovian fear conditioning (Guarraci et al., 2000; de Oliveira et al., 2011; de Souza
429 Caetano et al., 2013). The role of dopamine receptors is similarly mixed in appetitive
430 behaviors, where antagonizing both D1Rs and D2Rs within the BLA attenuates
431  conditioned reward seeking and taking (See et al., 2001; Berglind et al., 2006; Kim and
432  Lattal, 2019). Indeed, local application of D1 agonists increases intrinsic excitability and
433  the evoked firing of BLA neurons (Kroner et al., 2005). D1 receptors have a lower
434  affinity for dopamine than D2 receptors (Richfield et al., 1989; Schultz, 2007). Further,
435 when dopamine levels are low, D2 receptors are agonized, but when DA levels are
436  elevated, like when receiving an emotionally salient stimulus, both D1 and D2 receptors
437  become agonized (Guarraci et al., 1999; Horvitz, 2000; Bristol et al., 2004). It is possible
438  these differential roles of D1 and D2 receptors in the BLA might explain our finding that
439  drd2+ neurons vs drd1l+ neurons contributed differently to the regulation of emotional

440 states.

441 Overall, this work has uncovered that drdl+ and drd2+ neurons within the
442  Ppplrlb BLA neuron class forms parallel pathways which bidirectionally influence
443  emotional states when they are activated or suppressed and do so depending upon
444  where they synapse — with unique contributions of drdl+ and drd2+ BA->NAc vs
445  BA->TusS circuitry on negative valence states. Overall, our results contribute to a model
446  whereby parallel, genetically-distinct BLA to ventral striatum circuits inform emotional
447  states in a projection-specific manner. This work adds to our understanding of the
448  complex interplay between projection cell types and their projection targets, in how the

449  BLA helps orchestrate emotions.
450
451

452
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713
714
715
716  Figure Legends

717  Figure 1. Ventral striatum projecting BLA neurons arise from the BA and are
718 comprised of drd1l+ and drd2+ neurons. (A) Schematic of approach for identifying
719  BLA drd1+ and drd2+ inputs to the NAc. (B) Example of an NAc injection in drd1-Cre
720  (top) and drd2-Cre (bottom) mice (ac = anterior commissure, NAcC & NAcSh=nucleus
721 accumbens core & shell, respectively), and (C) example images of NAc projecting drd1+
722 (top) or drd2+ (bottom) neurons along the anterior-posterior axis of the BLA. Scale
723 bars=500um. (Di) Anti-NeuN and anti-DsRed immunofluorescence images to identify
724  the size of the NAc projecting BLA neural population. Scale bars=40um. (Dii)
725  Quantification of the drd1 (n=3) or drd2 (n=3) expressing BLA cells along the entire AP
726  axis that project to the NAc (Two-way ANOVA, ROI main effect F(1,8)=26.65, p=0.001).
727  (E) Schematic of approach for identifying BLA drd1+ and drd2+ inputs to the TuS. (F)
728  Example of a TuS injection in drd1-Cre (top) and drd2-Cre (bottom) mice (TuS=tubular
729  striatum), and (G) example images of TuS projecting drd1l+ (top) or drd2+ (bottom)
730  neurons along the anterior-posterior axis of the BLA. Scale bars=500um. (Hi) Anti-NeuN
731 and anti-DsRed immunofluorescence images to identify the size of the NAc projecting
732 BLA neural population. Scale bars=40um. (Hii) Quantification of the drd1 (n=3) or drd2
733  (n=3) expressing TuS projecting BLA cells along the entire AP axis (Two-way ANOVA,
734  F(1,8)=295.3, p<0.001). MeanzSEM.

735

736 Figure 2. BLA neurons expressing drd1 and drd2 innervate the entire span of the
737  ventral striatum. (A) Schematic of approach for identifying BLA drd1l+ and drd2+
738  synaptic innervation of the ventral striatum. (B) Representative images showing direct
739  innervation of BLA neurons into the ventral striatum in both drd1- and a2a-Cre mice.
740  Scale bar=500pum. (C) Quantification of synaptophysin puncta in drd1-Cre (n=3) and

741  a2a-Cre (n=3) mice. drd1+ BLA neurons densely innervate the ventral striatum, and
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742  relatively fewer drd2+ BLA neurons innervate the ventral striatum. MeantSEM.
743  PCX=piriform cortex, NAcC and NAcSh=nucleus accumbens core and shell,

744  respectively.

745

746  Figure 3. Synaptic properties of drdl and drd2 expressing ventral striatum
747 neurons receiving BLA neuronal projections. (Ai) Schematic indicating Cre-
748  dependent expression of ChR2 in drd1+ BLA neurons of drd1-Cre;Ai9 mice. In these
749 mice, TdTomato+ neurons are presumably drdl+ and TdTomato- neurons are
750 presumably drd1@. During whole-cell patch clamp recordings, ChR2 expressing BLA
751 terminals were activated by 470nm light. (Aii) Schematic indicating Cre-dependent
752  expression of ChR2 in drd2+ BLA neurons of A2a-Cre;Ai9 mice. TdTomato+ neurons
753  are presumably drd2+, and TdTomato- neurons are presumably drd2@. (B) Example
754  light-evoked monosynaptic EPSCs (top) and light-evoked polysynaptic EPSCs (bottom)
755 from drdl+ TuS neurons under voltage clamp mode. (C) Neurons organized by
756  response type upon stimulation of drdl+ TuS projecting BLA terminals. (D) Example
757 evoked EPSCs from drd1@ TuS neurons. (E) Neurons organized by response type
758 upon stimulation of drd1@ TuS projecting BLA terminals. (F) Example evoked EPSCs
759  from drd2+ TuS neurons. (G) Neurons organized by response type upon stimulation of
760 drd2+ Tus projecting BLA terminals. (H) Example evoked EPSCs from drd2@ TuS
761  neurons. (I) Neurons organized by response type upon stimulation of drd2+ Tus
762  projecting BLA terminals. The holding potential was -70mV.

763

764  Figure 4. BLA drd1+ and drd2+ neurons innervating the ventral striatum promote
765 aversive states depending upon projection target. (A) Paradigm for optic activation
766 of NAc or TuS projecting drd1+ or drd2+ BA neurons and (B) 3-chamber real time place
767  preference/aversion assay where optic stimulation occurs in only one side of the
768  chamber (chamber A, blue glow). (Ci) Optical stimulation of drd1+ BLA->NAc neurons
769  resulted in less time spent in the light-paired chamber (One-way ANOVA, F(2,18)=5.04,
770  p=0.018). (Cii) Stimulation of drd1+ BLA->NAc neurons results in avoidance of the light-
771 paired chamber (upper, t1(6)=2.981, p=0.025), demonstrated by representative heat map
772 of chamber preference from one mouse (lower). (Di) Optical stimulation of drd2+
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773  BLA->TuS neurons resulted in less time spent in the light-paired chamber compared to
774  optical stimulation of EYFP controls (Welch’'s ANOVA W(2.00,8.31)=6.02, p=0.024).
775  (Dii) Stimulation of drd2+ BLA->TuS neurons results in avoidance of the light-paired
776 chamber (upper, t(5), p=2.916), demonstrated by representative heat map of chamber
777  preference from one mouse (lower). Mean+SEM.

778

779  Figure 5. BLA drd1+ and drd2+ neurons innervate the ventral striatum support
780 Pavlovian fear learning depending upon projection target. (A) Paradigm for
781  DREADD induced silencing of NAc or TuS projecting drd1+ or drd2+ BLA cells. (B)
782  Influence of DREADD agonist J60 (100nL, 10nM) on fear learning in all NAc injected
783  mice, (C) left NAc injected mCherry controls (Two-way RM ANOVA, Trial main effect
784  F(1,27)=86.2, p<0.001); middle drd1+ hM4D(Gi) mice (Two-way RM ANOVA, Trial main
785  effect F(1,13)=48.9, p<0.001); and right drd2+ hM4D(Gi) mice (Two-way RM ANOVA,
786  Trial main effect F(1,13)=301, p<0.001). (D) Influence of DREADD agonist J60 (100nL,
787  10nM) on fear learning in all TuS injected mice, (E) left mCherry TuS injected controls
788  (Two-way RM ANOVA, Trial main effect F(1,29)=151, p<0.001); middle drd1+ hM4D(Gi)
789  mice (Two-way RM ANOVA, Trial main effect F(1,13)=85.6, p<0.001); and right drd2+
790 hMA4D(Gi) mice (Two-way RM ANOVA, F(1,12)=7.71, p=0.017). MeantSEM.

791

792 Figure 6. drd2+ BLA neurons innervating the TuS promote spontaneous
793 avoidance to odors. (A) Behavioral schematic of spontaneous odor
794  attraction/avoidance task. (B-H) Influence of DREADD agonist J60 (100nL, 10nM) on
795 spontaneous avoidance in (B) C57BL/6J mice (vehicle: t(7)=3.71, p=0.004; J60:
796  1(6)=2.24, p=0.033), (C) BLA—NAc mCherry control mice (top J60: t(13)=3.13, p=0.004;
797  bottom vehicle: t(14)=6.31, p<0.001, (D) top J60 drd1l+: t(8)=2.30, p=0.025; bottom
798  vehicle drd1+: t(9)=3.840, p=0.002, (E) top J60 drd2+: t(7)=4.4, p=0.002; bottom right
799 trend of drd2+ vehicle: t(6)=1.7, p=0.073). (F) BLA—TuS mCherry control mice (top J60:
800  t(15)=3.34, p=0.002; bottom vehicle: t(14)=2.89, p=0.012, (G) top J60 drd1+: t(6)=3.705,
801 p=0.005; bottom vehicle drdl+: t(7)=2.014, p=0.042, (H) top J60 drd2+: t(6)=1.171,
802  p=0.143; bottom vehicle drd2+: t(6)=5.02, p=0.001). Mean+SEM.

803
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804 Figure 7. Overview of findings illustrating the behavioral consequences of
805 activating (left) or suppressing (right) drd1+ or drd2+ BLA neuron inputs to the
806 NAc and TuS. Dotted lines annotate pathways that are dispensable for regulating the

807 behaviors tested.

808

809

810

811  Materials and Methods
812 Animals

813  Adult male and female mice, 2-5 months of age, were housed in a temperature-
814  controlled vivarium on a 12:12 hour (hr) light/dark cycle with ad libitum access to food
815 and water, except during behavioral testing. All behavioral testing occurred during the
816 light cycle. Mice that only underwent viral injections were group housed (<5 mice/cage)
817 and mice with chronic implants were single housed following surgery. All experimental
818 procedures were conducted within the AALAC animal research program of the
819  University of Florida in accordance with the guidelines from the National Institute of
820 Health, and were approved by the University of Florida Institutional Animal Care and

821 Use Committee.

822  Mouse lines included the following transgenic lines which were maintained on a
823 C57BL/6J background (strain #000664; RRID:IMSR_JAX:000664, The Jackson
824 Laboratory) and were bred in house within a University of Florida vivarium. drd1-Cre
825 (B6.FVB(Cq)-Tg(Drdl-cre)EY262Gsat/Mmucd, RRID:MMRRC_030989-UCD), drd2-Cre
826 (B6.FVB(Cq)-Tg(Drd2-cre)ER44Gsat/Mmucd, RRID:MMRRC_032108-UCD), and aZ2a-
827 Cre (B6.FVB(Cg)-Tg(Adora2a-cre)KG139Gsat/Mmucd, RRID:MMRRC_036158-UCD)
828 mice were obtained from the UC Davis Mutant Mouse Regional Resource Center. Ai9
829 TdTomato  Cre  reporter mice  (B6.Cg-Gt(ROSA)26Sor™mo(CAGtdTomatoHze, 5.
830 RRID:IMSR_JAX:007909, (Madisen et al.,, 2010)) were obtained from the Jackson
831  Laboratory.
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832
833  Viral vectors

834  rgAAV.hSyn.Hl.eGFP-Cre. WPRE.SV40 (Addgene #105540-AAVrg, 7x10% vg/ml),
835 Efla.DIO.Synaptophysin-mRuby and Efla.FLEX.Synaptophysin.GFP (both generous
836 gifts from Dr Marc Fuccillo, University of Pennsylvania) (Herman et al., 2016), and
837 AAV.hSyn.FLEx.mGFP-2A-Synaptophysin.mRuby (Addgene #71760-AAV1, 9.8x10%2
838 vg/mL) were used for tracing. AAV.Efl1a.DIO.hChR2(E123T/T159C)-EYFP (Addgene
839  #35509-AAV5, 1x10™ vg/ml vg/ml) was used for patch-clamp recording and for
840 optogenetic stimulation during the optogenetic real time place preference/avoidance
841 task. AAV.Efla.DIO.EYFP (Addgene #27056-AAV5, 1x10™ vg/ml) was used as a
842 control virus for the optogenetic real time place preference task.
843  rgAAV.hSyn.DIO.hM4D(Gi)-mCherry (Addgene #44362-AAVrg, 1.2x10"* vg/ml) and
844  rgAAV.hSyn.DIO.mCherry (50459-AAVrg, 1.8x10™ vg/ml) were used for chemogenetic
845 inhibition.

846
847  Surgical procedures

848  For all surgical procedures, mice were anesthetized with 2%—-4% isoflurane (IsoFlo,
849  Patterson Veterinary, Greeley, CO) in 17L/min O,, and head fixed in a stereotaxic
850 apparatus while their body temperature was maintained using a 38°C water bath
851 heating pad. The scalp was shaved and cleaned with betadine and 70% ethanol.
852  Following subcutaneous (s.c.) administration of Meloxicam (20 mg/kg) analgesia and
853 local administration of the anesthetic lidocaine (lidocaine, 3" 'mg/kg, s.c., Patterson

854  Veterinary) to the scalp, a small midline cranial incision was made.

855  For viral injections, craniotomies were made above the target regions. A pulled glass
856  micropipette containing the AAV was slowly inserted for injection. For TuS injections,
857  50nl of viral solution was injected bilaterally at the following coordinates: anteroposterior
858 (AP) +1.4mm bregma, mediolateral (ML) £1.2mm lateral midline, dorsoventral (DV) -
859  4.85mm from the brain surface. For NAc injections, 100nl of viral solution was delivered
860  bilaterally (AP 1.5mm, ML +*1.0mm, DV -3.75mm). For BLA injections, 100nl of viral
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861  solution was delivered either unilaterally into the right hemisphere (AP -1.6mm, ML
862 +3.25mm, DV -4.25mm) for Opto-RTPP/A and brain slice electrophysiology
863 experiments, or bilaterally (AP -1.6mm, ML £3.25mm, DV -4.25mm) for tracing
864 experiments. All injections were performed at a rate of 2nl/second (s), with 20-40s
865 intervals using a Nanoject Il (Drummond Scientific). Following injection, at least 5min
866 went by before slowly withdrawing the pipette from the brain. Craniotomies were then

867 sealed with dental wax and the incision was closed with wound clips.

868  For cannula implantation, the skull was scrubbed with 3% H,O, and covered with a thin
869 layer of cyanoacrylate glue (Vetbond, 3M). Bilateral craniotomies were drilled over the
870 BLA and 26-gauge(G) guide cannulae (#C315GMN/SPC, P1 Technologies) extending
871  3.5mm below pedestal were implanted at the coordinates AP -1.3mm, ML £3.2mm.
872  Cannulae were then lowered into the brain and secured to the skull with a small amount
873  of Vetbond followed by dental cement, and dust caps with a 3.5mm projection wire
874 (C315DCMN/SPC, P1 Technologies) were inserted.

875  For optical fiber implantation, following skull preparation for implantation as above, a
876  craniotomy was made and drilled above the ventral striatum on the right hemisphere.
877  Fibers (300uM core diameter, 0.39NA, 6.0mm length) for optogenetic stimulation were
878 lowered into the NAc (AP 1.4mm, ML 1.0mm, DV-3.85mm) or the TuS (AP 1.5mm, ML
879 1.2mm, DV -4.9mm). The fiber was secured with Vetbond followed by dental cement as

880  described for the cannulae implantation.

881  Following surgery, mice were allowed to recover on a heating pad until ambulatory, and
882 were given immediate ad libitum access to food and water. Meloxicam analgesic
883  (20mgl/kg, s.c.) was administered for at least 3 days following surgery. Mice will
884 indwelling cranial implants were single housed and given 7 to 14 days after surgery to

885  recover before the being acclimated to behavioral procedures.
886
887  Histology

888  Immunohistochemistry
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889 Mice were anesthetized with Fatalplus (150mg/kg; Vortech Pharmaceutical Ltd,
890 Dearborn, MI) and transcardially perfused with cold 0.9% NaCl (Physiological Saline),
891 followed by cold 10% phosphate buffered formalin (#SF100-4, Thermo Fisher Scientific)
892 for fixation. Brains were collected and further fixed and cryoprotected in a 30%
893  sucrose/10% formalin solution for 72hr at 471°C. Serial 40um thick coronal sections
894  were collected using a sliding microtome (Leica) and were stored at 4(1°C in a solution
895  of Tris-buffered saline (TBS) with 0.03% sodium azide.

896  Sections from drd1- or drd2-Cre mice injected with Cre-dependent retrograde mCherry
897 AAV underwent antigen retrieval in citrate buffer (pH 6.0) for 30mins at 80°C. After
898  being rinsed with tris buffered saline (TBS; 0.242% Tris base, 2.924% sodium chloride,
899 pH=7.4 + 0.2) and diluting buffer (2% bovine serum albumin (Sigma Aldrich), 0.9%
900 sodium chloride (Sigma Aldrich), 0.4% Triton-X 100 (Sigma Aldrich), and 1% normal
901 goat serum (Sigma Aldrich) in TBS), samples were blocked in 20% normal donkey
902 serum solution, then incubated in the primary antibody overnight at 4°C. Sections were
903 then incubated in the secondary antibody at room temperature and washed with TBS
904  prior to slide-mounting with DAPI Fluoromount-G® mounting medium (SouthernBiotech,
905 catalog #0100-20). Primary antibodies included rabbit anti-DsRed (Takara Bio, catalog
906 #632496, 1:1000) and chicken anti-NeuN/FOX3 (EnCor, catalog #CPCA-FOXS3,
907 1:1000). Secondary antibodies included anti-chicken Alexa Fluor 488, anti-rabbit Alexa
908  Fluor 680 (both from Invitrogen, 1:1000 dilution).

909 Imaging and quantification

910  Brain regions were identified using the mouse brain atlas (Paxinos and Franklin, 2000).
911 Images were acquired using a Nikon Eclipse Ti2e fluorescent microscope. For
912  quantification of the number of drd1+ and drd2+ TuS and NAc projecting BLA neurons,
913 at least three BLA sections from three mice of each genotype and injection site were
914 acquired spanning from -1.10mm to -2.10mm posterior to Bregma. Images were
915 acquired at 20x magnification across both hemispheres and Z-stacked every 4um. For
916  quantification, regions of interest (ROIs) were drawn around the areas of interest (LA,
917 BA). Images were preprocessed to remove background and to enhance local contrast, a

918 rolling ball algorithm was applied to remove background, and images underwent
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919 Gaussian smoothing and Laplace sharpening. A semi-automated thresholding and
920 counting algorithm created within NIS elements (Nikon) software was used to identify
921  cells within selected ROIs, allowing for unbiased estimation of cell numbers. Cells were

922 identified based on fluorescence intensity (via threshold) and diameter.

923  For quantification of drdl+ and a2a+ BLA to ventral striatum synaptophysin puncta
924 within the ventral striatum, at least three sections from three mice of each genotype
925 were acquired spanning from 1.7mm to 0.6mm anterior to Bregma. Images were
926 acquired at 20x magnification for the hemisphere ipsilateral to the injection site, and Z-
927 stacked every 0.9um. For quantification, ROIs were drawn around the areas of interest
928 (TuS, NAcC, NAcSh, PCX). Images were preprocessed to remove the average
929  background. A semi-automated thresholding and counting algorithm created within NIS
930 elements software was used to identify fluorescent puncta within selected ROISs,
931 allowing for unbiased estimation of the number of fluorescent puncta. Puncta were

932 identified based on fluorescence intensity (via threshold) and diameter.
933
934  Brain slice electrophysiology

935  Whole-cell patch-clamp recordings were performed in ex vivo brain slices from drd1-
936  Cre;Ai9 or a2a-Cre:Ai9 mice, in which tdTomato expression was directed within cells
937 expressing either drdl or drd2, respectively. A Cre dependent AAV encoding for ChR2
938 (AAV-Efla-DIO hChR2(E123T/T159C)-EYFP) was injected bilaterally into the BLA of
939 drd1-Cre:Ai9 or a2a-Cre:Ai9 mice, 2—3 months of age. After waiting a minimum of one

940 month to allow for ample AAV expression, acute brain slices were prepared as follows.

941  Mice were deeply anesthetized with intraperitoneal injection of ketamine-xylazine (200-
942 15 mg/kg body weight) and decapitated. The cranium was dissected and the brain was
943 immediately removed and placed in ice-cold HEPES buffered cutting solution containing
944  (in mM): 92 N-methyl-d-glucamine, 2.5 KCI, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25
945 glucose, 5 sodium l|-ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSO4 and 0.5
946 CaCl2 (osmolality ~300 mOsm and pH ~7.4, bubbled with 95% O2 and 5% CQO2).
947  Coronal brain slice (180-200uM) containing the OT were cut using a Leica VT 1200S
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948 vibratome. Brain slices were incubated in oxygenated artificial cerebrospinal fluid
949 (ACSF) containing (in mM): 126 NaCl, 2.5CKCl, 2.4CCaCl2, 1.277MgS0O4,
950 1.4/ 'NaH2PO4, 11liglucose, 25[INaHCO3 and 0.6 sodium L-ascorbate (osmolality
951 ~300mOsm and pH ~7.4, bubbled with 95% O2 and 5% CO2) for 1hr at 31°C and at
952 room temperature thereafter. Slices were transferred to the recording chamber for
953  whole-cell patch-clamp recordings and continuously perfused with oxygenated ACSF. 4-
954  Aminopyridine (4-AP; 200uM) was added to enhance optically evoked synaptic release
955 in ChR2+ axonal terminals. Fluorescent D1-/A2A-tdTomato+ cells in OT were visualized
956  with a 40 X water-immersion objective under an Olympus BX51WI upright microscope
957 equipped with epifluorescence. Electrophysiological recordings were controlled by an
958 EPC-10 amplifier combined with Pulse Software (HEKA Electronic) and analyzed using
959  pulse and Clampfit (Axon instruments). Whole-cell patch-clamp recordings were made
960 in both current and voltage-clamp mode. Patch pipettes were pulled from thin-wall
961 borosilicate glass-capillary tubing (WPI, Sarasota, FL, USA) on a Flaming/Brown puller
962 (P-97; Sutter Instruments Co., Novato, CA, USA). The tip resistance of the electrode
963 was 5-8MQ. The pipette solution contained the following (in mM): 120 K-gluconate, 10
964 NaCl, 1 CaCl2, 10 EGTA, 10 HEPES, 5 Mg-ATP, 0.5 Na-GTP, and 10 phosphocreatine.

965 To activate ChR2 in the OT slices, blue light (pE-300ultra, CoolLED, ~25mW) was
966 delivered through the same 40X objective. Pharmacological reagents including
967 tetrodotoxin (TTX) citrate (Abcam), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), d,I-2-
968 amino-5-phosphonopentanoic acid (AP5), and 4-Aminopyridine (4-AP) (Sigma-Aldrich)

969  were bath perfused during recording.
970
971  in vivo DREADD-based chemogenetic inhibition

972 For DREADD-based chemogenetic inhibition of Gi coupled inhibitory DREADD receptor
973 (hM4Di) expressing neurons, drdl+ and drd2+ mice were injected with
974  rgAAV.hSyn.DIO.hM4D(Gi)-mCherry  (1.2x10%3vg/ml,  100nl/hemisphere in  NAc,
975  50nl/hemisphere in TusS, catalog #44362-AAVrg, Addgene) or
976  rgAAV.hSyn.DIO.mCherry (1.8x10"3vg/ml, 100nl/hemisphere in NAc, 50nl/hemisphere
977 in TuS, catalog #50459-AAVrg, Addgene) as control. All mice were implanted 1-2 weeks
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978 later with bilateral intracranial guide cannulae (Protech International, Inc, catalog
979  #8IC315GMNSPC, 26ga) extending 3.5mm beyond the pedestal, for direct
980 administration of either the DREADD ligand J60 (Bonaventura et al., 2019) or vehicle
981 into the BLA. Dust caps without a projection wire (Protech International, Inc, catalog
982 #B8IC315DCMNSP) were inserted immediately following surgery, and mice were given

983 1-2 weeks to recover.

984  Prior to behavior, mice underwent 2 days of handling in which the dummy cannulae
985 were removed and replaced. On the habituation behavior day, mice received a “mock”
986 infusion, wherein the internal cannulae (Protech International, Inc, catalog
987 #8IC315MNSPC, 5.75mm projection, 33ga) connected to tubing from a 1puL Hamilton
988  Syringe (Hamilton, catalog #86211) were inserted into the guide cannulae, and the
989  Harvard Apparatus 22 Syringe Pump (catalog #PY2 55-2222) was turned on for 2 min
990 to simulate the noise of the infusion. This mock infusion occurred 30 min prior to being
991 placed in the plethysmograph for the Pavlovian fear learning behavioral paradigm, and
992  occurred on a separate day from the spontaneous odor attraction/avoidance assay. On
993 the learning day (Day 2) of the Pavlovian fear learning paradigm, and on the day of the
994 spontaneous odor attraction/avoidance assay, mice were once again tethered to the
995 Hamilton syringe, but this time received an infusion of 100nL of either 10nM J60 or

996 vehicle at a rate of 50nl/min, 30 min prior to the start of the behavioral task.
997

998 Behavioral Tasks

999  Odor-shock Pavlovian fear learning

1000 We used a whole-body plethysmography chamber (Data Sciences International, St.
1001 Paul, MN) that was adapted for the infusion of a neutral odor and the administration of a
1002  mild foot shock for an odor-shock Pavlovian fear learning test, as originally developed
1003 for use in rats (Hegoburu et al., 2011). We constructed an air-dilution olfactometer
1004 (Gadziola et al., 2015; Johnson et al., 2020) and used custom code in Synapse (Tucker
1005 Davis Technologies) to control the delivery of an otherwise neutral odor, isopentyl
1006  acetate (1 torr in liquid state; Sigma Aldrich), at a flow rate of 1 L/min (20s) which co-
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1007 terminated with the presentation of a mild foot shock (0.5mA for 1s). Respiratory
1008 transients were detected using a Data Sciences pressure transducer, gain amplified 100
1009 X (Cygnus Technology Inc), and digitized (0.1-20Hz) at 300Hz in Synapse. Positive
1010 pressure of clean room air was continuously applied to the chamber using a stable-
1011  output air pump (Tetra Whisper). Following each stimulus trial, odor-vaporized air was

1012  exhausted from the plethysmograph through an outlet at the chamber's ceiling.

1013  Mice were acclimated to handling in the behavioral room for two days prior to entering
1014  the plethysmograph. Mice were then acclimated to the plethysmograph by undergoing a
1015  session in which no odors or shock were delivered, but the associated sounds were
1016  present (Supplementary Fig 4). Twenty-four hr later on the acquisition day, mice were
1017  allowed to acclimate to the plethysmograph for a 4-minute (min) period and were then
1018  presented with 10 trials of 20s odor delivery co-terminating with an odor-paired 1s foot
1019  shock (0.5mA) with an inter-trial interval (ITl) of 180s. For the unpaired fear conditioning
1020 task, the foot shock was presented pseudorandomly in the ITI (90s after the foot shock).
1021 For the odor only control mice, the 10 trials consisted of only 20s odor delivery without
1022  the administration of the foot shock. The shocked mice received no odor delivery during
1023  the trials, but received a foot shock either at the end of the trial (trial shock group) or
1024  pseudorandomly in the ITI (ITI-shock group). Mice were then returned to their home
1025 cage. Twenty-four hr later on the retrieval day, the odor was presented for 10 trials
1026  without the foot shock for all groups receiving odor (paired, unpaired, and odor only
1027  groups). Mice who did not previously receive the odor underwent the 10 trials without
1028  odor delivery or foot shock. Mobility behavior was recorded throughout the entire fear
1029  conditioning task using two digital cameras (Microsoft, 10Hz frame rate), and was
1030 scored in 0.4s bins during the 19s of odor presentation prior to shock using ezTrack
1031  (Pennington et al., 2019) to identify periods of physical immobility. Respiration digitized
1032  from the pressure transducer was imported into MATLAB and a MATLAB script was
1033  used to calculate fast-fourier transform (FFT) power spectra of the respiratory signal
1034  during odor (excluding the 1s when the shock co-occurred) as compared to pre-odor

1035 (see Supplementary Fig 4).

1036
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1037  Spontaneous odor attraction or avoidance

1038  To test the spontaneous attraction or avoidance towards odors, a 30.48 x 30.48 x 30.48
1039 cm (length x width x height) dark acrylic chamber was divided into two equal sides by a
1040 transparent acrylic plate with a tunnel in the bottom center to allow mice to pass through
1041 (Fig 6). An infrared video camera was placed above the chamber to record activity of

1042  the mouse in each chamber (12Hz frame rate).

1043  Cotton swabs laced with peanut oil (diluted in mineral oil, 1:12.5), an appetitive odor,
1044  were placed in a perforated microcentrifuge tubes to prevent touching or tasting the
1045  stimulus while still allowing the release of volatiles. Tubes containing this appetitive odor
1046 were placed on one side of the chamber, while perforated microcentrifuge tubes
1047  containing cotton swabs laced with 2-Methyl-2-thiazoline (2MT, 97%, Fisher Scientific,
1048  diluted in mineral oil, 1:50), a component of fox feces, were placed on the opposite side.

1049  These dilutions were selected to achieve a comparable intensity of odor from each tube.

1050 Mice were handled for two days prior to the behavioral assay to acclimate the mice to
1051  experimenter handling, and mice received a mock infusion to acclimate the mice to the
1052  sound of the infusion pump. On the day of the behavioral assay, mice received an
1053  infusion of either J60 or vehicle 30min prior to being placed in the center of the
1054 chamber, with the odors arranged on opposite sides. Mice were allowed to explore the
1055  appetitive peanut oil and aversive fox urine sides for 10min. All testing was performed in
1056 a dark room with a single dim light to illuminate subjects, and infrared video recordings
1057 were used to assess the amount of time spent in each side, after subtracting out the
1058  middle third of the apparatus — i.e. location of the tunnel. Analyses were performed in

1059  ezTrack (Pennington et al., 2019).
1060
1061  Optogenetic real time place preference or aversion test (Opto-RTPP/A)

1062  Mice were gently handled and acclimated to the behavior room the day prior to the opto-
1063  RTPP/A test. Prior to starting the opto-RTPP/A test, mice were gently scruffed, the dust
1064 cap was removed, and the mice were tethered to a 400um, 0.57NA fiber (Thorlabs,
1065 catalog #M58L01) and placed in a 15.24 x 40.64 x 27.94 cm (length x width x height)
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1066  apparatus divided into three chambers. This fiber was connected to an LED (Doric,
1067  465nm) through a rotary joint connected to a 400um, 0.39NA patch cable. Mice were
1068  placed in the center of a three-chamber apparatus and allowed to explore for 30min. An
1069 infrared video camera was placed above the chamber to record activity of the mouse in
1070  each chamber (12Hz frame rate). When mice entered into one of the three chambers,
1071 and subsequently broke the infrared beam path, light stimulation (465nm, 15ms pulse
1072 width, 40Hz) was initiated and continuously delivered until mice left the chamber and
1073  ceased breaking the infrared beams (controlled by an Arduino). At the end of the 30min,
1074  mice were gently restrained and the tether was removed, following which the mice were
1075 returned to their home cage. The mice were euthanized and perfused the same day,
1076  and brains were collected for histological verification of virus injection and optic fiber
1077  placement. Analyses were performed in ezTrack (Pennington et al., 2019) to quantify
1078 the time spent in each chamber and to generate maps of physical space for illustration

1079  purposes.
1080
1081  Data analysis

1082  Data were analyzed for statistical significance in GraphPad Prism. All data are reported
1083 as meanzSEM unless otherwise noted. Specific tests used can be found in the Results
1084  sections or the figure legends. All t-tests were paired. When possible, experimenters

1085 handling the data were blinded to treatment conditions.

1086
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Supplemental Figure 4
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Supplemental Figure 5
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