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ABSTRACT

BACKGROUND: Many neuropsychiatric disorders involve dysregulation of the dopaminergic (DA) input to the
forebrain. DA afferents from the midbrain ventral tegmental area (VTA) are particularly relevant. A key neuro-
modulatory influence on DAY™ neurons arises from lateral hypothalamic area hypocretin/orexin (OX) neurons.
Despite being a major input, the differential actions of OX peptides A and B on their receptors (OX4R and OXzR) in DA
neurons are poorly understood.

METHODS: Using genetically engineered mice whose DA cells selectively lack OX input via Hertr1 (D or
Hertr2 (DAP*2F-KO) we assessed DAV™ neuron intrinsic excitability ex vivo and evaluated behavioral phenotypes
across socioemotional and cognitive domains.

RESULTS: We discovered previously unrecognized effects of OX peptides on DAV™ cell response. While OXA
enhanced DAY™ neuron firing via OX;Rs, OXB diminished firing via OX,Rs. Behaviorally, DA OX;R loss generated
anxiety-like responding and context-dependent hyperactivity, while DA OX,R loss decreased sociability and
compromised aversion-driven learning. Loss of either OX4Rs or OX,Rs in DA cells elicited impulsivity and
compulsivity-like behavioral patterns.

CONCLUSIONS: We evidenced distinct functions of OX4R versus OX,;R signaling in modulating the intrinsic
excitability of DAY™ neurons and influencing DA-related behaviors. Our data implicate OX — DA signaling pathways
in neuropsychiatric endophenotypes relevant to obsessive-compulsive, attention-deficit/hyperactivity, and autism
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spectrum disorders and inform therapeutic strategies targeting OX receptors.

https://doi.org/10.1016/j.biopsych.2026.05.022

By altering neuronal excitability and synaptic efficacy, neu-
romodulators reconfigure neural circuits and drive brain state
shifts, often acting via volume transmission and engaging both
synaptic and extrasynaptic receptors. Among them, dopamine
(DA) and hypocretin/orexin (OX) are 2 key modulators of
arousal and motivation (1) whose interplay remains
underexplored.

Orexin peptides A and B are exclusively produced by a
small set of lateral hypothalamic area (LHA) glutamatergic
neurons that send brainwide projections and signal via 2 G
protein-coupled receptors: Hcrtr1 gene-encoded OX;R and
Hcrtr2-encoded OX;R. Orexin A (OXA) is reported to bind both
receptors with high affinity, whereas orexin B (OXB) has high
affinity only for OXzRs (2,3).

OX cells fire maximally during active wakefulness, but they
also fire transiently during non-rapid eye movement (REM)
sleep (4) and phasic REM sleep (5) and are key sleep/wake
state regulators. Accordingly, OX deficiency severely

compromises the integrity, stability, and sequence of vigilance
states (6,7), causing narcolepsy type 1 (8).

Although dog and mouse genetics point to stronger OX;R
involvement in state regulation, many studies focused on
OXA/OX4R, leaving OX4R versus OXoR differential functions
underexplored, despite their suspected involvement in
neuropsychiatric disorders (9).

Beyond sleep/wake control, OXs are central for energy
homeostasis, reward, autonomic, endocrine functions, and
mood-related behaviors (10,11). OX neurons innervate all
wake-promoting monoaminergic and cholinergic nuclei and
their targets in the neocortex, thalamus, forebrain, and spinal
cord, specifically the basal forebrain, locus coeruleus, dorsal
raphe, extended amygdala, ventral tegmental area (VTA), nu-
cleus accumbens (NAc), and medial prefrontal cortex (mPFC)
(12-14). Among OX targets, DA stands out as a major OX
effector. Narcolepsy type 1’s hallmark symptoms—daytime
sleepiness and cataplexy—both result from OX deficiency,
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but while engaging distinct mechanisms (15), both respond to
dopaminergic drugs (16,17). OX neurons densely innervate
DAY™ neurons, which express both Hcrtr? and Hertr2 (18),
positioning the OX-"*— DAY™ circuit as a critical component
of OX-DA interactions (11,19-25). Electron microscopy
studies have revealed that many VTA OX axons are en-
passant fibers, with numerous dense-cored vesicles sug-
gesting nonsynaptic effects (26).

DAY™ subpopulations exhibited varied responses to OXs.
OXA elevated [Ca®"]oytosoiic in isolated DA™ cells (27) and
enhanced firing in slices, while OXB enhanced firing in some
cells but elicited alternate periods of hyperpolarization and
firing in others (28).

OXA is thought to stimulate DAVTA activity both by direct
somatodendritic  OXR activation and indirect glutamatergic
afferent potentiation (28-30). OXA potentiates DAV™ cell NMDA
receptor transmission, while intra-VTA OX4R antagonism blocked
mouse locomotor sensitization to cocaine and ex vivo DAY™
AMPA/NMDA ratio increase, a proxy for plasticity, normally
observed after cocaine exposure (29). Optical stimulation of VTA
OX terminals did not increase NAc DA release but did so when
paired with intra-VTA electrical stimulation (31), suggesting that
OXA/OX4R signaling potentiates DAV™ — NAc transmission by
recruiting glutamatergic afferents.

To cell autonomously interrogate OX effects in DA cells, we
selectively inactivated the Hcrtr1 or Hcrtr2 gene in DA cells.
DA-specific Ox2R loss led to electrocortical hyperarousal and
improved reward-based learning and attention but caused
impulsive and compulsive-like behaviors (18). Here, we sys-
tematically investigated the electrophysiological correlates of
deleting Hertr1/Ox1R versus Hcrtr2/Ox2R in DAV™ cells and
further evaluated behavioral effects. We revealed strikingly
distinct functions of OX4Rs versus OX,;Rs and uncovered an
unsuspected OX,R-mediated DAY™ cell inhibition, thereby
raising important questions for OXR-targeted therapeutics
development.

METHODS AND MATERIALS

Animals

All procedures followed Swiss National Institutional Guidelines
on Animal Experimentation, approved by Cantonal Veterinary
Office Committee, except dissociated DA™ cell ex vivo re-
cordings, which were performed in Italy, following Italian laws,
approved by the Italian Ministry of Health and local Ethical
Committee.

Patch-Clamp Recording of Dissociated DA™
Neurons

Cells were dissociated from acute brain slices of postnatal day
13 to postnatal day 18 wild-type C57BL/6J or Hertr24/4 mice
(Figure 1). DA cells were identified by slow spontaneous firing
and rapid firing blockade by 100 pM DA (32). Patch-clamp
recordings were performed in cell-attached or perforated-
patch configuration.

Patch-Clamp Recording of DAV™ Neurons in Slices

To examine the impact of selective Ox7R or Ox2R knockout
(KO), we performed patch-clamp recordings of DAV™ neurons
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in slices from DAP*'AXO and DAP*2A-XO mice and controls,

targeting the lateral VTA (Figure 2A), reported to contain OX-
responding NAc-projecting DA cells (33). To isolate intrinsic
excitability in response to OXs, we stimulated DAV™ cells to
fire at regular intervals by applying depolarizing current
injections.

Behavior

After showing that OXA and OXB peptides exert opposite
actions on DA™ cell intrinsic excitability and that their impact
is lost in DAPXRKO gnd DACRKO mice, respectively, we
sought to determine the behavioral correlates of the 2 diver-
gent OX— DA pathways by exposing mice to a panel of tests.
We selected paradigms representing 4 axes heavily depen-
dent on OX and DA transmission (Figure S2): positive affect
(rewarding: sociability) and negative affect (aversive: active
avoidance)-related, anxiety-like (open field, elevated plus
maze [EPM]), and cognitive (3-choice serial reaction time task
[3-CSRTT]) behaviors. All tests were performed in the light
phase after ensuring similar results in light and dark phases
(Figure S3).

Further description of the Methods and Materials is pro-
vided in the Supplement.

RESULTS

Opposite Effects of OXA Versus OXB on
Dissociated DAV™ Neurons

OXA was reported to increase firing of DA neurons in rat
VTA slices, whereas OXB could induce phasic firing (28). To
assess cell-autonomous modulation by OXs, we performed
patch-clamp recordings of dissociated DA cells from wild-
type VTA slices. Spontaneous action currents were recor-
ded in cell-attached mode in 1-minute bins before, during,
and after OX application (34). OXA (100 nM) increased
DAVTA spontaneous activity in 80% of tested cells, consis-
tent with previous data in slices (28,33), with a slow re-
covery (Figure 1A, Ci). In contrast, within 1 to 2 minutes of
exposure, OXB (100 nM) decreased DAY™ cell firing fre-
quency by 20% to 25% in 70% of cells, with relatively rapid
recovery upon peptide removal (Figure 1Cii). Stronger firing
decrease (~40%) was elicited by the OX;R-selective
agonist [Ala'",D-Leu’®]-OXB (OXB-AL) (35) (200 nM)
(Figure 1B top, Ciii). To complement cell-attached mea-
surements, OXB-AL was also tested in perforated-patch
condition, with similar results (Figure 1B, bottom). Given
OXB’s high OXzR affinity but poor OX4R binding, we tested
DAVTA cells from Hertr24/4 mice, which lack the Hertr2 gene,
and thus OX2Rs, in all cells (18). OXB (100 nM) only exerted
minor effects on DAY™ cells from Hcrtr24’4 mice
(Figure 1Cii), validating the predominantly OX,R-dependent
effect of OXB. To substantiate these results, we measured
DAV™ response to a nonpeptidic OX,R agonist, YNT-185
(Figure 1D). Consistent with OXB and OXB-AL, YNT-185 (2
uM) inhibited DAV cell firing by 30% on average. The YNT-
185 concentration-response curve resembled that of Ox2R-
transfected cell (36) (Figure 1Di), with half maximal effective
concentration = 250 nM, about one order of magnitude
lower than for Ox7R. At 5 uM, YNT-185 inhibitory effects

780 Biological Psychiatry October 1, 2026; 100:779-795 www.sobp.org/journal



OX1R/OX2R Opposite Dopamine Cell Activity and Behavior

A B

Cell-attached __150pA
20s
Perforated patch
mw% L ZFISSO PA 0— J40 mv
L 205
5s

o
0

Ciii

10 OXB 100 nM 10
I~ 'ease = ) -
£s . £ 5
Iy g 4| Bincrease 2 };
g ° s :
g 4 _‘éﬂ ® E’— g}—
i =——- & £

0 0
o“\‘o & o"e‘d
s
Di 4, ° Dii & Diii  yNT-185 1 um
@ Fractional inhibition R WT 100
— % Absolute inhibition E ®
o - o
R 754y EC,, [} > 4 YNT-185 1 uM 207
g g * 5
£ 50 3 s
% g I g 050
= 25 Ll ;') 2 8 =
— ©
T H[E
[T
0.01 0.1 1 10 0 © 2 = 00
YNT-185 (M) o M\ ae®

Figure 1. OXA increases while OXB and OX,R-specific agonists decrease firing of dissociated DA™ cells from WT mice. DA cells were acutely isolated
from VTA slices of C57BL/6J (WT) or Hcrtr24/4 (OX,R-deficient) (18) mice at 2 to 3 weeks of age. Spontaneous firing activity was assessed by recording action
currents in cell-attached mode (A-D) or action potentials in perforated patch mode (B), before (control), during, and after (recovery) bath application of OXA
(100 nM), OXB (10 or 100 nM), or the OX;R-specific agonists OXB-AL (200 nM) or YNT-185 (10 nM-5 uM). (A) Representative trace showing spontaneous
firing of a WT DA cell exposed first to DA (inset) and next to OXA. (B) (Top) Representative trace showing spontaneous firing of a WT DA cell exposed to OXB-
AL. (Bottom) Voltage trace showing spontaneous firing recorded through perforated patch of a WT DA cell exposed to OXB-AL, before (control), during (OXB-
AL 200 nM), and after (recovery) application of the peptide (representative of 3 experiments). (Ci) Firing frequencies calculated before (control; 2 minutes),
during the second minute of OXA exposure (purple), or after washout (recovery). Bar graphs: control: 1.36 + 0.717 Hz; OXA: 2.374 = 1.05 Hz; recovery: 2.11
+ 0.79 Hz (42, = 6, p = .0498; Friedman ANOVA; post hoc Wilcoxon-Nemenyi-McDonald-Thompson test between control and OXA: p = .043, n = 7). (Inset)
Relative effect of OXA on firing activity in individual WT DA cells. Each data point (purple) is the OXA firing frequency of an individual cell, normalized to its
control value (white). Pie chart: number of cells responding positively (yellow) or negatively (red) to OXA. (Cii) Firing frequencies calculated before (control; 2
minutes), during the first minute of OXB exposure (red), or after washout (recovery). Left bar graphs (WT): control: 2.42 =+ 0.63 Hz; OXB 100 nM: 1.955 + 0.59
Hz (42, = 8.17, p = .01685; Friedman ANOVA; post hoc WNMT test between control and OXB: p = .022; n = 12); recovery: 2.42 + 0.64 Hz. Middle bar graphs
(WT): control: 1.54 + 0.44 Hz; OXB 10 nM: 1.39 + 0.43 Hz (F = 0.09834, p = .78, repeated-measures 1-way ANOVA; n = 4); recovery: 1.54 *= 0.81 Hz. Right
bar graphs (Hcrtr24/4) depict data recorded from DA neurons isolated from VTA slices from Hertr24/4 mice: control 2.46 + 0.79 Hz; OXB 100 nM: 2.28 *+ 0.62
Hz (%% = 3.25, p = .197; Friedman ANOVA; n = 8); recovery: 2.195 + 0.65 Hz. (Inset) Relative effect of OXB 100 nM (red) on firing activity in individual WT DA
cells, calculated as in (Ci). Pie chart: number of cells responding positively (yellow), negatively (red), or not responding (green; <2% absolute response) to
OXB 100 nM. (Ciii) (Right) Firing frequencies calculated before (control, 2 minutes), during the first minute of OXB-AL exposure (orange), or after washout
(recovery). Bar graphs: control: 1.8 + 0.293 Hz; OXB-AL: 1.06 + 0.137 Hz (F = 12.16, p = .002; repeated-measures 1-way ANOVA; post hoc Holm-Sidak test
between control and OXB-AL: p = .0008, n = 6); recovery: 1.61 + 0.31 Hz. (Inset) Relative effect of OXB-AL (orange) on firing activity in individual WT DA cells,
calculated as in (Ci). Pie chart: All cells responded negatively to OXB-AL. (Di) Different concentrations of YNT-185 were tested on WT DA cell spontaneous
firing frequency, as in (A-C). Stars: average percentage inhibitory effect of the indicated agonist concentrations. Circles: average inhibitory effect normalized
to the maximal effect (at 2 IM); continuous lines are Hill-type functions best fitting the experimental data points (half-effective inhibitory concentration: 0.23 +
0.22 pM; Ny = 0.79 * 0.398). (Dii) Detailed statistics for 1 tM YNT-185 (control: 1.75 =+ 0.145 Hz; YNT-185: 1.382 =+ 0.152 Hz; F = 4.86, p = 2.4 X 10°5;
repeated-measures 1-way ANOVA; post hoc Holm-Sidak test between control and OXB-AL: p =.007, n = 10); recovery: 1.633 = 0.199 Hz. (Diii) (Left) Relative
effect of YNT-185 1 uM (navy) on firing activity in individual WT DA cells, calculated as in (Ci). Pie chart: number of cells responding positively (yellow),
negatively (red), or not responding (green; <2% absolute response) to the agonist. (Right) Same as left panel for YNT-185 5 pM. *p < .05, **p < .01. ANOVA,
analysis of variance; DA, dopamine; ECso, half maximal effective concentration; ns, nonsignificant; OXA, orexin A; OXB, orexin B; VTA, ventral tegmental area;
WT, wild-type.
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0 DAOXRCT. _ cells per genotype). OXA increased firing in DA%"A-CT
DA ) ° DAOx1R—K0:|: S but not DA%AO mice (2-way ANOVA for effect ge-
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40 mV 0 5 10 15 20 25 *«@n‘ *\gx@ Frequency-current relationship of action potential dis-
500 ms time (min) 0?9 0P9 charges shows no difference between genotypes
F (2-way ANOVA for effect genotype Fq14 = 0.457,
.y OXRCT OXRKO OXORCT fimee p = .510). (H) Examples of neuronal firing prior to and
DS:;’::;O DA DA 75 2 Bﬁw_m((:;?) after bath application of OXB (100 nM) in DA™ cells
N from DAP2CT and DAP? O mice. (I) Mean firing
- frequency values normalized to the first 10 minutes
» .' % 50 (n=9:7 cells, CT:KO). OXB transiently decreased firing in
3 DAOZRCT (naired t test; ts = 3.546, p = .008) but not
7 20mv L 55 DA®2RKO mjice, which instead showed a tendency to-
> 500 ms g’ i i ward increased firing (ts = 2.132, p = .077, paired t test).
& 2 Two-way ANOVA revealed a genotype effect (F114 =
| 11200 pA 0 0 100 200 300 400 500 .14.87, p= .002) and a significant genotype X treatment
injected current (pA) !nteractlon (F28’383.= 6.484,p < :(.)01)..(J) Averaqe OXB-
Ox2R-CT
induced change in neuronal firing in DA and
H 100 nM OXB | 100 nM OXB J *okk DAP2RHKO mice (tip7o = 4.729, p < .001, t test). (K)
150+ 200 Examples of neuronal firing before and after bath
> = application of OXB (100 nM) in DA™ neurons from
DA™ §100_ “‘“’M % 150 T C57BL/6J mice under 3 conditions: control (without
% Saeeee 24 =2 blockers), in the presence of the OX,R antagonist
= & 100 o ® TCS-0X2-29 (10 pM), and in the presence of synaptic
DAOx2RKO ,g 50 ?,, blockers (10 pM DNQX, 50 pM D,L-APV, 100 uM
S ODAOXZRCT]; é 50 picrotoxin). (L) Mean firing frequency normalized to
° ® DA%ZRHO the first 10 minutes for each experimental group (1 =8, 6,
40 mV 0 0 5 10 15 20 25 30 0 e 7, respectively). OXB (Eiecreased firing ir1the ctrcondition
500ms time (min) OPg* OPQ* W= 732, p=.023, Wilcoxon test) andinthe presence of
synaptic blockers (ts =2.634, p = .039, paired t test),
K C57BL/6J L M but not when OX3,R receptors were blocked (tg =
N 150 100 nM OXB 200 = 1.662, p = .148, paired t test). A mixed-effects
100 nM OXB analysis revealed a significant effect of OXB
o M jU/u/L ‘:’ ;\3150 (F30,570 =2.787, p < .001) and a significant effect of
e ° the blockers (F>,15 = 6.433, p < .01). (M) Average
g §100 = OXB-induced change in neuronal firing across the 3
TCS J‘M M ey 5 groups (F».15 = 6.815, p = .006, 1-way ANOVA, fol-
;g_ 2 50 lowed by Holm-Sidak’s multiple comparisons test).
b|gck_ R E Bar graphs show individual values and mean =*
| | i 0 SEM. Timelines show mean = SEM. *p < .05, *p <
40 mV 0 5 10 15 20 25 30 & o o™y .01, **p < .001. ANOVA, analysis of variance; CT,
500 ms time (min) < PN control genotype mouse group; ctr, control; DA,
dopamine; KO, knockout genotype mouse group;
OXA, orexin A; OXB, orexin B; syn. bloc., synaptic
blockers; VTA, ventral tegmental area.
were less pronounced, and data points were more scattered These findings confirm that OXA increases DA™ neuronal
(Figure 1Dii, Diii), which we attribute to partial engagement firing and reveal that OXB-mediated OXoR signaling can
of OX4Rs at concentrations >2-3 uM (36). decrease DAY™ neuronal firing, underscoring previously
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unrecognized differences between OX4R and OX;R dopami-
nergic transduction.

Opposite Effects of OX;R Versus OX,R Activation
on DAV™ Cell Firing in Slices

To corroborate the results from dissociated cells and examine
the impact of selective Ox7R- or Ox2R-KO, we performed
patch-clamp recordings of DAY™ neurons in slices from
DAPXF-KO and DA®*2FKO mice and respective controls
(DASXTR-CT and DAP*?R-CT). We examined intrinsic excitability
of DAV™ cells through patch-clamp recordings in the lateral
VTA (Figure 2A).

Depolarizing current injections (Figure 2A, B) revealed no
DASXR-KO yersus DA®'ACT genotype differences in firing
frequency-current relationships, indicating that Ox7R-KO
does not alter basal DAV™ cell intrinsic excitability. To
examine OX impact on DAY™ excitability, we bath applied
OXA (100 nM) and measured firing elicited by brief de-
polarizations of constant amplitude (33) (Figure 2C, D).
Whereas OXA increased firing rate in controls, it had no effect
in DA®XTAKO cells (Figure 2D, E), consistent with reports
showing that OXA-induced DA™ firing increase is OX;R
dependent and cell autonomous (i.e., preserved when syn-
aptic receptors are blocked) (33). The lack of an OXA effect in
DA R-KO mice suggests that OXA-driven OXoR signaling
does not significantly modulate DA cell firing.

Electrophysiological properties of DAY™ cells lacking Ox2R
were examined next (Figure 2F). DA9*2F-KO and DAO@R-CT
mice showed no differences in basal intrinsic excitability
(Figure 2F, G). Strikingly, upon exposure to bath-applied OXB
2,3), DA™ neurons from control mice exhibited decreased
firing (Figure 2H-J and Figure S1). This effect was abolished in
DAC*2A-KO mice, demonstrating the OX,R dependency of the
effect. In fact, DA92A-KO mice’s DAV™ cells displayed a trend
toward increased OXB-induced firing (pre- vs. post-OXB
spiking: p = .077) (Figure 2l), potentially reflecting some level
of OXB-driven OX4R activation, despite the reported lower
OXB/OX;R affinity.

OXB-driven decreased DAY™ cell firing was confirmed in
wild-type mice (Figure 2K-M) and abolished by TCS-OX2-29-
mediated OX,R blockade but unaffected by ionotropic syn-
aptic receptor blockade, ruling out indirect actions on DAY™
cell excitability, e.g., by glutamatergic transmission (30). These
data are consistent with dissociated cells observations,
revealing opposite OXA versus OXB effects on DAY™ firing
and their absence, respectively, in DA®X"R-KC and DAO*2A-KO
mice.

Dopaminergic Ox71R Ablation Reduces Exploration
and Novelty Reactivity in an Open Field

To interrogate OX— DA neuromodulation in locomotor and
exploratory behaviors, we exposed mice to an open field (OF)
test (Figure 3A, left). DA%X"FK0 and DASXR-CT mice traveled
similar distances across the arena (Figure 3C, left). However,
DACXTA-KO mice spent more time in wall zones and less time in
the arena center than controls, suggesting increased thig-
motaxis (37) and anxiety-like behavior (Figure 3B, C). A small
object was then placed in the OF center, and mice were
allowed 5 minutes of further exploration (novel object [NO]
test) (Figure 3A, right). Again, DA K0 mice spent less time
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in the OF center and object proximity (Figure 3E). DA9*2R-KO

and DA®?"-CT mjce showed no differences in distance trav-
eled, times spent in wall or center zones (Figure S4A, B), or
novel object exploration (Figure S4C, D). Altogether, our data
reveal that dopaminergic Ox7R-KO enhances anxiety-like
behavior during OF exploration and reduces approach to-
ward an object placed in the OF’s most anxiogenic zone.

Dopaminergic Ox1R-Ablated Mice Show
Hyperactivity and Atypical Behavior in the EPM

Next, we evaluated DA®"FKO mice in the EPM, commonly
used to assess anxiety-like responding in rodents (Figure 3F).
DASXR-KO mice traveled a greater distance (Figure 3G) and
performed more interzone crossings (Figure 3H) than controls.
However, percentages of time spent in open or closed arms
were unchanged (Figure 3l, J). Therefore, DA-Ox1R-KO in-
duces context-dependent hyperactivity but no reduced open
arm exploration. Thus, DA%"FXC mice show misaligned
anxiety-like behavioral responding in the EPM and OF tests.

Consistent with OF data, DA*2F-K0 and DAP*?R-CT mice
did not differ in any EPM end point measures (Figure S4E-H),
indicating unaltered locomotion or anxiety-like behavior.

The EPM test is considered to be a 1-trial tolerance (i.e.,
nonrepeatable) test, as wild-type mice run through a second
EPM trial almost totally avoid open arms (38-40). Because
orexinergic modulation of DA targets is critical in risk
assessment (41) and executive control (18), we asked whether
a second EPM exposure would reveal behavioral changes
suggesting altered risk assessment, impulse control, or
phobic-like open arm avoidance (42,43): 24 hours after the
first EPM trial, we exposed mice to a second trial. As expected,
total distance traveled was reduced between the first and sec-
ond trials in all 4 genotype groups (DASX'F-CT DAOXTR-KO
DAO@RCT - DAC2RKO)  (Figure S5). Interestingly, however,
whereas DA*"F-CT mice spent less time in open arms during trial
2 compared with trial 1, DA%"#4 mice did not (Figure 3K-L).
The absence of reduced open arm occupancy in trial 2 cannot be
attributed to DAZX"AXC mice’s hyperactivity, as they showed
similar traveled distances and number of open arm visits during
trial 2 as controls (Figure S6B, D). DA?2FKC and DA®?A-CT mice
both showed the expected pattern of reduced open arm occu-
pancy in trial 2 (Figure S4I-L).

In sum, our findings implicate DA-OX4R signaling, but not
OX;R signaling, in context-dependent hyperactivity and
anxiety-like behavior. DA%*"FK0 mjce’s lack of reduced open
arm occupancy in EPM trial 2 may reflect altered behavioral
adaptation, risk assessment, and/or impulse control.

Dopaminergic Ox1R-Ablated Mice Exhibit
Increased Impulsive and Compulsive Responding
in a Reward-Driven Operant Task

DASXF-KO mice were next exposed to the 3-CSRTT, an op-
erant conditioning paradigm assessing reward-based learning
and attention, analogous to the human continuous attention
performance task (44) (Figure 4A).

As the 3-CSRTT comprises mild food restriction, body
weight was monitored but indicated no intergroup differences
(Figure 4B-D). DA®'AKO and DA®*'ACT mice displayed
similar 3-CSRTT learning rates (Figure 4E). However, during
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an EPM. DA®"R-CT and DA®"A-KO mice were subjected to the OF, reactivity to NO, and EPM tests. (A) Schematic design of the OF and NO tests conducted in
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the first 10 training days, DA®*""K° mice completed more

total trials (Figure 4F) and premature (Figure 4K) and incorrect
responses (Figure 4G) than controls, while correct responses,
accuracy, and omissions were unchanged (Figure 4H-J). They
also exhibited increased repetitive nosepoking in apertures
(Figure 4L) and a trend toward perseverative nosepoking in the
food magazine (Figure 4M), suggesting compulsivity (44).

These data assess early training, when individual mice are
in different training stages depending on performance in a
learning paradigm lasting several weeks. When assessed
under matched training stages, no group differences
appeared either under easy (stage 3) (Figure S7A-E) or chal-
lenging (stage 5) (Figure S7F-J) task contingencies, indicating
that performance eventually normalizes.

As both dopaminergic O,;R- and O,,R-KO cause compul-
sivity, OXR— DA signaling appears to be protective against
this trait. Interestingly, although both mutants display
compulsivity, this is combined with enhanced reward learning
and accuracy only in DA?27K0 mice.

Dopaminergic Ox1R-Ablated Mice Show Normal
Aversion-Driven Instrumental Learning

Next, we tested associative learning driven by negative affect
using the active avoidance task (Figure 5A). In this 2-day task,
mice learn to avoid an electric shock preceded by a 10-
second tone by transiting to an adjacent chamber. DAX"#-
KO mice and controls displayed similar learning, with compa-
rable counts of avoidances (i.e., chamber transitioning during
the shock-predicting tone, considered as an index of suc-
cessful learning) (Figure 5D), escapes (chamber transitioning
after shock onset) (Figure 5F), and premature responses
(chamber transitioning preceding the tone) (Figure 5B). Pre-
mature response latencies were similar (Figure 5C), but
DA%"RKO mice exhibited briefer avoidance latencies than
controls on day 1 (Figure 5E). Escape latencies were similar
across genotypes on either day (Figure 5G). All DACX'A-CT
mice (11/11) learned the task, while 1 of 11 DA®XFKC mice
was classified as a nonlearner (Figure 5I).

Therefore, while DA Ox;R-KO compromises inhibitory
control in positive affect-driven tasks, it does not affect
negative affect-based learning. DA®X"KC mice’s faster
shock-avoidance responding may reflect impulsivity, consis-
tent with premature responding in reward-driven tasks.

Biological
Psychiatry

Dopaminergic Ox2R-Ablated Mice Show Impaired
Aversion-Based Instrumental Learning

While DA®*2R-KO mice overperform in a reward-driven operant
task (18), they severely underperformed in active avoidance,
displaying fewer avoidances (i.e., chamber transitioning during
the tone before shock onset) (Figure 5L), and incurred more
shock exposure, since they displayed more escapes (chamber
transitioning after shock onset) (Figure 5N). Premature re-
sponses were unchanged (Figure 5J).

Because task learning here is based on pain sensitivity,
compromised active avoidance could result from a sensory deficit
(45). However, this appears unlikely as, compared with controls,
DAPRKO mjce exhibited shorter escape latencies on day 1
(Figure 50) and more escapes throughout (Figure 5N), suggesting
that they perceived the shock but failed to learn task contin-
gencies efficiently. When classifying mice into learners and non-
learners, only 2 of 19 controls were nonlearners (Figure 5P), while
6 of 12 DA%?RKO mice were classified as nonleamers (Figure 5Q).

Dopaminergic Ox2R-Ablated Mice Show Reduced
Sociability

Given the role of DA (46-48) and OX (49-51) neurons in social
behavior, we tested whether dopaminergic Ox7R- or Ox2R-
KO affects social interaction, using the 3-chamber sociability
test, where mice explore an empty enclosure or one con-
taining an unfamiliar juvenile mouse (Figure 6A).

DACXTR-KO mice displayed hyperlocomotion during cham-
ber habituation, with greater distance traveled (Figure 6B) and
more interchamber crossings (Figure 6C). However, during
sociability testing, distance traveled was normal (Figure S8),
and both DA®"AKO gnd DAPX"R-CT mice displayed intact so-
ciability, spending more time near the juvenile than the empty
enclosure (Figure 6E, F) and showing longer exploration bouts
around the social versus inanimate stimulus (Figure 6G, H).

DA®*2F-KO mice manifested no hyperlocomotion during
habituation (Figure 6l, J) or sociability testing (Figure S8).
However, unlike controls, they did not prefer the juvenile
conspecific over the empty enclosure (Figure 6K-M) and did
not show longer exploration bouts around the juvenile than the
object (Figure 6N, O). Thus, our data uncover a critical role of
OX2R — DA neurotransmission in male mice sociability.

a 45 X 45 (cm) ground floor arena. Mice were allowed to explore the OF for 10 minutes. Immediately afterward, an object was placed in the arena center, and
mice were allowed to explore the arena and the object for another 5 minutes (NO). The dashed-lined square delineates the center zone, defined as within 7 to
8 cm from the walls. (B) Heatmap (top) and trail map (bottom) of representative DA®"-CT (left) and DA®X"F© (right) mice during the 10-minute OF
exploration. Red and green indicate maximum and minimum occupancy, respectively. (C) (Left) Total distance traveled in the OF for DA®*"#-CT and DA®X7R-KO
mice (t19 = 0.911, p =.370, t test); (middle) time in the wall zone during the OF test (t19 = 2.183, p = .042, t test); (right) time in the center zone during the OF test
(t19 = 2.186, p = .041, t test). (D) Heatmap (top) and trail map (bottom) of representative DAX"7-CT (left) and DA®"XO (right) mice during the 5-minute NO test.
(E) (Left) time in the wall zone during the NO test (19 = 2.513, p = .021, t test); (middle) time in the center zone during the NO test (t1g = 2.523, p = .021, t test);
(right) time in the center zone at 15 cm of the NO (t;o = 3.039, p = .007, t test) (n = 11 DA®"A-CT 10 DA%¥"AKO)_(F) Schematic design of the EPM test. Mice
were subjected to an EPM trial for 5 minutes and, 24 hours later, reexposed to a second EPM trial for another 5 minutes. (G) Distance moved during EPM trial
1 revealed a higher distance traveled by DA®X"A40 ys. DACXTA-CT mice (t1 = 2.777, p = .012, t test) and (H) higher number of interzone crossings in KO vs. CT
(t19 = 2.931, p = .009, t test). (I) Time in open arms (t19 = 1.625, p = .121) and (J) time in closed arms (t19 = 1.790, p = .089, t test) did not significantly differ
between KO and CT. (K) Representative heatmaps depicting location of a DA®’#CT (top) and a DA%*"#X0 mouse (bottom) during EPM trials 1 and 2.
Heatmap occupancy color scale from red (maximum) to dark blue (minimum). (L) DA®*"CT mice spent less time in open arms during EPM trial 2 than trial 1,
as is commonly observed in rodents (W = —51, p = .006, Wilcoxon test). In contrast, DAPXTAKO mice did not spend less time in open arms during EPM trial 2
relative to trial 1 (t;o = 0.652, p = .530, paired t test). Bar graphs depict mean = SEM (n = 10 DA%X'RCT n = 11 DASX'RK0) *p < 05, *p < .01. CT, control
genotype mouse group; DA, dopamine; EPM, elevated plus maze; KO, knockout genotype mouse group; NO, novel object; OF, open field.
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DISCUSSION

Both OX and DA neurons are neural hubs encoding past and
current salient information critical to adaptive regulation of
arousal, motivation, and stress. While OX""*—DAY™ con-
nectivity appears central for reward- and aversion-driven be-
haviors relevant to motivational states and neuropsychiatric
disorders (11,22-24), differential modulation by OX;Rs versus
OX,Rs within this pathway remains poorly defined.

Therefore, we generated mice with DA-specific loss of
Hertr1/Ox1R or Hertr2/Ox2R and examined OX— DA circuit
function across behavioral domains. Given DAY™ neurons’
central role in OX/DA interactions, we interrogated DAVTA
underlying electrophysiology and uncovered profoundly
divergent orexinergic modulation of DAY™ cell activity and
function by OX;Rs versus OX,Rs (Figure 7).

DAP*"R-KO Mouse Behavior: Anxiety and
Hypermotricity

DASXF-KO mice showed context-dependent hyperactivity,

impulsivity, and repetitive behaviors, as evidenced by
increased distance traveled and interzone crossings in the
EPM and 3-chamber assays; elevated trial number; and pre-
mature, incorrect, and perseverative responses during 3-
CSRTT acquisition. Exploratory behavior was increased
compared with controls in confined arenas (EPM, 3 chamber)
but reduced in the OF, consistent with anxiety-like behavior.
This was not mirrored in the EPM, where open arm occupancy
was unchanged. Such OF/EPM dissociation has been re-
ported previously (52) and may reflect differences in habitua-
tion, temporospatial configuration, or end point measures (53).
Occlusion of the EPM trial 2 1-trial tolerance effect suggests
altered behavioral adaptation or risk assessment.

Reduced OF exploration contrasts with the findings of Xiao
et al. (54). This discrepancy likely reflects model differences:
Our mice express Hcrtr1 and Hcrtr2 in >80% of ventral
midbrain tyrosine hydroxylase-positive neurons (18) and
use a Dat*/*s"Cr® driver with normal DA levels (55) and loco-
motion (56), whereas Xiao et al.’s (54) used Dat™°™ mice

Biological
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hyperlocomotion (57,58). Arena size may also contribute (27 X
27 cm vs. in our case 45 X 45 cm) to different outcomes.
Strengthening this interpretation, although DA®*"A° mice
show reduced OF exploration, they show hyperactivity in
confined arenas.

Task-locked DA-sensor photometry in the NAc and mPFC
should clarify the mechanisms underlying DA% RHC mice’s
behavioral deficits. Altered OX;R-dependent DA release in
mesocortical (DAY — mPFC) and/or mesolimbic (DA™ — NAc)
pathways may be involved. Hyperactivity, altered exploration,
premature and repetitive responses, and faster avoidance
could reflect inefficient saliency processing due to altered
DA™ mPFC signaling, causing suboptimal goal-directed
behavior and motor output (59-62). Meanwhile, DAV™ pro-
jections to the NAc and basolateral amygdala are implicated in
fear extinction (63,64); thus, lower activity in mesolimbic path-
ways could promote anxiety states.

DAC*2R-KO Nouse Behavior: Constitutively
Hyperaroused, Strong in Reward-Based but
Compromised in Avoidance-Driven Learning and
Sociability

DA-specific Ox2R loss yields a mixed phenotype combining
strengths and weaknesses. Mice show elevated electrocortical
alertness markers, enhanced theta-gamma coupling, and
improved learning and attention in reward-driven operant tasks
(18) but impaired impulse control (18) and severely compromised
aversion-based learning. Thus, DA OXyR-dependent hyper-
arousal benefits processing of positive stimuli but impairs re-
sponses to negative cues, indicating distinct effector pathways for
reward versus aversive learning. Comparable trade-offs occur
across strains: C57BL/6 mice excel in reward-driven tasks but
underperform in aversive tasks, whereas DBA/2J mice display
heightened anxiety and moderate avoidance learning but dimin-
ished reward motivation, reflecting reward-sensitive versus
punishment-sensitive cognitive styles (65,66).

DAC*2R-KO mice’s enhanced 3-CSRTT performance may
reflect disinhibition of DAY™ neurons, thereby increasing

with reduced Dat expression, increasing DA levels, and attentional engagement with reward-predictive cues. DAY™

showed no difference between KO and CT groups (time: Fag 404 = 19.881, p < .001; genotype: F; 13 = 0.061, p = .808; time X genotype: Fzg 494 = 0.363,
p = 1.000, repeated-measures 2-way ANOVA). (C) Body weight of DA%*"FX© and DA%"R-CT mice before food restriction (t13 = 0.417, p = .683, t test) and
(D) at 3-CSRTT procedure start (t3 = 0.200, p = .844, t test) did not differ (1 = 7 DA%X'F-CT_ 8 DACX'AKO) (E) DA®X"KO mjce showed a tendency to learn faster
than DA AT mice during initial training days (training stages 1-3), as shown by comparing the number of days to reach the next training stage (time: Fy 12 =
15.517, p = .002; genotype: F; 1 = 1.827, p = .201; time X genotype interaction: Fy 1, = 3.379, p = .091, repeated-measures 2-way ANOVA). (F) DA%*'7-KO
mice completed more total trials than DAXTA-CT |ittermates (time: F.605,31.497 = 0.653, p = .567; genotype: F4 1, = 5.235, p = .041; time X genotype inter-
action: Fes531.497 = 1.183, p = .328; repeated-measures 2-way ANOVA) and (G) more incorrect responses during the initial 10 training days (time:
F3s51,42611 = 14.670, p < .001; genotype: F 1, = 8.389, p = .013; time X genotype: F3s51,42.611 = 4.413, p = .006; repeated-measures 2-way ANOVA).
However, DA%A-KO mice did not differ from DA®X"#CT mice in (H) number of correct responses (time: F;.77.23.710 = 1.614, p = .220; genotype: Fy 15 = 0.863,
p =.371; time X genotype: F1 97723710 = 0.762, p = .476; repeated-measures 2-way ANOVA) or (I) response accuracy (time: F 372,28 461 = 8.731, p < .001;
genotype: Fq 12 = 0.320, p = .582; time X genotype: F» 37228461 = 1.258, p = .304; repeated-measures 2-way ANOVA) or (J) number of omissions (time:
F2.630,31.563 = 5.033, p = .008; genotype: F1 12 = 0.009, p = .928; time X genotype: Fy g30,31.563 = 1.380, p = .268; repeated-measures 2-way ANOVA) during the
first 10 training days. (K) DA®*"-XO mice exhibited more premature responses than DA®*""-°T mice during the first 10 training days (time: F.175 26.100 = 1.573,
p = .226; genotype: Fy 12 = 5.775, p = .033; time X genotype: F5 17526.100 = 1.767, p = .189; repeated-measures 2-way ANOVA), (L) more repetitive nose-
poking responses in any of the 3 apertures (time: F3_.456,41.468 = 13.310, p < .001; genotype: F1 12 = 6.294, p = .027; time X genotype: F3 456.41.468 = 2.478,p =
.067; repeated-measures 2-way ANOVA), and (M) a trend toward a higher number of repetitive nosepoking responses in the food magazine (time:
F.753,33.031 = 1.451, p = .247; genotype: F; 1o = 4.501, p = .055; time X genotype: F5 75333031 = 1.677, p = .194; repeated-measures 2-way ANOVA). Bar
graphs and timelines depict mean + SEM (n = 7 DA®R-CT 7 DACXTA-KO) * denotes a significant genotype effect, and * denotes a significant time X genotype
effect in repeated-measures 2-way ANOVA. 3-CSRTT, 3-choice serial reaction time task; ANOVA, analysis of variance; CT, control genotype mouse group;
DA, dopamine; KO, knockout genotype mouse group.
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Figure 5. Dopaminergic Ox2R-ablated mice show
impaired aversion-driven instrumental learning. Per-
formance of DA%AKO ys DACXTA-CT gng DACZRKO
vs. DA®27-CT mice in an active avoidance task. (A)
Schematic of the active avoidance shuttle box and
experimental design. An interchamber run during the
pretrial is a premature response, an interchamber run
during the tone is an avoidance response (indicative
of successful learning), and an interchamber run
during the shock is an escape response. (B) Numbers
of premature responses did not differ between
DAPTRCT and DA mice across the 2 testing
days (time: F 23304668 = 7.511, p < .001; genotype:
Fioo = 1374, p = .255; time X genotype:
F123324.668 = 0.878, p = .380; repeated-measures 2-
way ANOVA). (C) Similar premature response la-
tencies in DAX"FCT and DA% mice (day 1, left:
t13 = 0.400, p = .695; day 2, right: t,o = 1.082, p =
.292; t tests). (D) Numbers of avoidance responses
did not differ between DA%X"F-CT and DA% RO mice
across the 2 testing days (time: F1 126 22519 = 97.899,
p < .001; genotype: F1 20 = 0.369, p = .550; time X
genotype: Fy 126, 20519 = 0.502, p = .507; repeated-
measures 2-way ANOVA). (E) DA%'RXO mice
showed shorter avoidance response latencies than
DARCT mice on the first testing day, indicating a
faster avoidance response (day 1, left: t,o =2.796, p =
.011; day 2, right: too = 0.290, p = .775; t tests). (F)
Number of escape responses did not differ between
DACX'R-CT and DAP"RKC mijce across the 2 testing
days (time: Fy.1s623.113 = 102.588, p < .001; geno-
type: Fi150 = 0.003, p = .960; time X genotype:
F1.156.23.113 = 0.200, p = .695; repeated-measures 2-
way ANOVA). (G) Similar escape response latencies
in DA%'RCT and DASX'FKO mice (day 1, left: tyy =
0.048, p = .962; day 2, right: U = 51.50, p = 0.573; t
test and Mann-Whitney test, respectively). (H, 1) Pie
charts of learners vs. nonlearners in DA%"RCT and
DAC¥TA-KO mijce show that both genotypes learned
efficiently (n = 11 DAP'RCT 11 DAXTRKO) ()
Numbers of premature responses did not differ be-
tween DA®?ACT and DA%?RKO mice across the 2
testing days (time: F1 30337779 = 12.325, p < .001;
genotype: F1 9 = 0.744, p = .396; time X genotype:
F1.303,37.779 = 2.178, p = .143; repeated-measures 2-
way ANOVA). (K) Similar premature response la-
tencies in DA?7CT and DA%27O mice (day 1, left:
trg = 0.290, p = .774; day 2, right: t1g = 0.528, p =
.604; t tests). (L) DA%ZR4O mice show a decreased
number of avoidance responses compared with
DAPRCT mice across the 2 testing days (time:
Fi1a633242 = 46.938, p < .001; genotype: Fy29 =
4.507, p = .042; time X genotype: Fi14633242 =
2.084, p = .156; repeated-measures 2-way
ANOVA). (M) Similar avoidance response latencies
in DA2RCT and DA mice (day 1, left: toy =
1.185, p = .248; day 2, right: t,s = 0.111, p = .912; ¢t

tests). (N) DA®?C mice show a higher number of escapes (interchamber run after shock exposure) than DA®?7-CT mice, with both genotype and time X
genotype significant effects (time: F 286 37.084 = 126.005, p < .001; genotype: F1 09 = 6.354, p = .017; time X genotype: F1 g6, 37.084 = 3.833, p = .048; repeated-

measures 2-way ANOVA). (0) DA?*?A-KO mijce nevertheless show shorter escape response latencies than D

AC*2R-CT mice on the first testing day, suggesting that

they are sensitive to the electric shock (day 1, left: U = 62, p = .035; day 2, right: U = 113, p = .984; Mann-Whitney tests). (P, Q) Pie charts of learners vs.

nonlearners in DA%?7-CT and DA®*?AKO mijce highlight the markedly reduced leaming efficiency observed among D.

AO2RKO mice. Bar graphs and timelines

depict mean + SEM (n = 19 DA%®RCT 12 DACRKO) + denotes a significant genotype effect, and * denotes a significant time X genotype effect in repeated-
measures 2-way ANOVA. ANOVA, analysis of variance; CT, control genotype mouse group; DA, dopamine; KO, knockout genotype mouse group; ns,

nonsignificant.
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activation may in turn enhance NAc DA release, and because
DA inhibits D2N*° cells involved in learned risk avoidance (67),
this may contribute to mice’s active avoidance deficits. It
should be noted that direct OX — D2NA° excitation contributes
to innate risk avoidance (41) and may also contribute to
learned avoidance.

The neocortex is also an area where OX-DA interactions are
prominent (68,69). Stimulating D1aR-expressing, OX;R-
responding layer 6b neurons (70,71) boosts neocortical
excitability (72), while silencing them causes anxiolytic effects
(69). Altered OX,R— DA transmission may also impact intra-
cortical activity by affecting presynaptic DA release (73,74).

DA%*2R-KO mice display endophenotypes reminiscent of
autism spectrum disorder (ASD): selective learning enhance-
ment, compulsivity, and social interaction difficulties (75-79).
Prior studies implicated OX neurons in social behavior (49,80)
but lacked cell-type specificity. Here we showed that DA-
selective Ox,R-KO, but not Ox;R-KO, reduced time spent
interacting with a conspecific. Using mice as ASD models is
debated (76,77); nevertheless, altered DAY™—NAc/mPFC
pathways are implicated in ASD-related traits (78,79), and
probing DA release in these circuits in DA?27XC mice may
highlight underlying circuitry.

Compulsivity and impulsivity-like endophenotypes were the
only behavioral traits that we found in both DA®X"AX° and
DAC*¥2R-KO mjce. Impaired executive control in the form of
premature or repetitive responding may represent a
converging effect of disrupting OX— DA pathways.

Linking Mouse Behavioral Profiles With Ex Vivo
DAV™ Cell Electrophysiology

DAOXF-KO and DAP*2F-KO mijce’s contrasting behaviors
suggest distinct contributions of OX4Rs and OX,Rs to DA
cell activity and synaptic circuits. Our patch-clamp re-

OX1R/OX2R Opposite Dopamine Cell Activity and Behavior

DAV firing in wild-type and DA®*R-CT byt not DASXFKO,
mice indicating that, although OXA is reported to bind
equally well to OX;Rs and OX,Rs, OXA responses are pri-
marily OX4R driven, consistent with blockade by OX4R
antagonists (33). In contrast, OXB and the OX,R-selective
agonist OXB-AL induced OX;R-dependent inhibition. The
OXB-mediated firing decrease was abolished in DAC*2F-KO
mice, with a trend toward increased firing, likely reflecting
residual OX4R activation by OXB. Stronger inhibition by
OXB-AL and YNT-185 than by OXB supports this
interpretation.

In sum, OXA— OX4R signaling stimulates DAV™ neurons,
while OXB— OXzR signaling inhibits them. Ox2R deletion-
mediated disinhibition thus facilitates excitatory effects,
consistent with DA®*?FKO mjce theta-enriched wakefulness
(18). OX4Rs may promote reward-related behaviors, while
OX3Rs restrain overexcitation to maintain behavioral flexibility.

Our findings contrast with reports (28) of DAV™ excitation by
both OXA and OXB in rat slices. However, these authors recor-
ded spontaneous firing, reflecting both intrinsic and network in-
puts, whereas we stimulated DAV™ cells to fire at regular
intervals, thus isolating intrinsic excitability in response to OXs.

Intracellular mechanisms whereby OX,R signaling is intrin-
sically inhibitory in DAY™ neurons remain to be elucidated.
Although OX,R signaling is excitatory in various cell types, such
as histaminergic neurons (81), OXR signaling is cell specific
(82), and inhibition has been reported in pro-opiomelanocortin-
expressing neurons, suprachiasmatic nucleus neurons, and
some melanin-concentrating hormone-producing neurons
(83-86). Given DAY™ neuron relatively depolarized V., (87),
reduced spiking could arise from modulation of K* channels
active near spike threshold. OX;Rs couple to both Gog and
Gay/o (82), which can modulate K™ currents (88). Ga,-depen-
dent Ca?* mobilization may activate SK/Kg, channels (89),

expressed in DAV™ neurons (90) and implicated in autistic-like
traits (91). GPy subunits may modulate potassium

cordings using dissociated DAY™ neurons or intact slices
revealed opposing OXA versus OXB effects. OXA increased

during which the mouse is allowed to freely explore the arena, and 2) a subsequent 10-minute social preference phase during which 2 grided enclosures are
located in 2 opposite chambers, 1 empty and 1 containing a same-sex unfamiliar juvenile mouse, and the experimental mouse is allowed to freely explore the
3 chambers and interact with the juvenile using olfactory, visual, auditory, and tactile cues. During habituation, DA®*R-%C mjce (B) traveled across a longer
distance (to = 2.972, p = .007, t test; n = 11 DA%X'A-CT 11 DAP*"F-KO) and (C) performed more interzone crossings relative to DA®*"ACT mice (too = 3.224, p =
.004, t test; n = 11 DASX'ACT 11 DAOXRKO) (D) Representative heatmaps of location of a DA%'#-CT and a DA®*"#¥C mouse during habituation (left) and
social preference (right) phases. “S” denotes the social stimulus—containing enclosure, and “O” denotes the object (empty) enclosure. Both DA®X'A-CT (E)
and DACXA-KO (F) mice spent a higher percentage of the total time within proximity to the social than the inanimate target (main effect of stimulus: Fy 19 =
18.318, p < .001; main effect of genotype: F1 19 = 1.736, p = .203; genotype X stimulus interaction: F 19 = 0.006, p = .940; mixed 2-way ANOVA, followed
by post hoc paired t tests: DAXRCT: t, = 2.840, p = .019; DA%'FKO: t,, = 3.230, p = .009). Both DA®X"A-CT (G) and DA®*"7-K© (H) mice displayed longer
exploration bouts within proximity to the social than the inanimate target (main effect of stimulus: F 19 = 28.254, p < .001; main effect of genotype: Fy 19 =
3.812, p = .066; genotype X stimulus interaction: F; 1¢ = 0.130, p = .722; mixed 2-way ANOVA, followed by post hoc paired t tests: DA%"7-CT: t, = 3.564,
p = .006; DA®TFAKO: .o = 3.987, p = .003) (n = 10 DA®'R-CT 11 DAPX'AKO) |n contrast to DA®*"#KC mice, during habituation, DA®*?A-%O mice did not
exhibit differences in distance traveled (L) or in the number of interchamber crossings (J) compared with DA%27-CT mice (total distance moved: DA9*27-CT
vs. DAO2R-KO 1.0 = 0.065, p = .949, t test; n = 19 DAY*?R-CT 12 DAO*2RKO; total interchamber crossings: DA®27-CT vs, DA®2R-KO (j = 110.5, p = .897,
Mann-Whitney test; n = 19 DA®2R-CT 12 DA2R-KO) (K) Representative heatmaps of a DA®*?R-CT and a DA®*?R-KC mouse during habituation (left) and
social preference (right). Analysis of social preference in DA®?7-CT and DA®*?A-KC mice revealed that while control mice show normal social preference
(L), DA®*2R-KO mice spend similar times exploring the juvenile and inanimate object (M) (main effect of stimulus: Fy 59 = 9.140, p = .005; main effect of
genotype: Fq 9 = 4.949, p = .034; genotype X stimulus interaction: F; o9 = 0.748, p = .394; mixed 2-way ANOVA, followed by post hoc paired t tests:
DAOCX2R-CT 't . = 3.386, p = .003; DA®*?R-KO v = 30.00, p = .266, Wilcoxon test). Moreover, DA®*27-CT mice show longer average exploration bouts for the
social than for the inanimate target (N), whereas DA®*?"-€C mice showed only a trend (O) (main effect of stimulus: F; 55 = 7.818, p = .009; main effect of
genotype: Fq 5 = 5.094, p = .032; genotype X stimulus interaction: F o5 = 0.050, p = .825; mixed 2-way ANOVA, followed by post hoc paired t tests:
DACX2R-CT: ¢ . = 2,393, p = .028; DACX?RKO: ¢, = 1.927, p = .083). Bar graphs show individual values and mean + SEM (n = 19 DA*2R-CT 12 DAOx2R-KO)
*p < .05, *p < .01, **p < .001. ANOVA, analysis of variance; CT, control genotype mouse group; DA, dopamine; KO, knockout genotype mouse group;
ns, nonsignificant.
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Figure 7. Summary schematic depiction of
divergent neuromodulation of dopaminergic neu-
rons by hypocretin/orexin receptors 1 and 2 as
reflected at electrophysiological and behavioral
levels. (A) OX"HA—DAY™ neurotransmission. (B)
signal sequence QNS B GHR, GRR DAOX1R-KO and DAOXZH‘-KO mice exhibit widely
distinct DAV™ electrophysiological, EEG brain ac-
tivity, and behavioral phenotypes. However, both
proteolytic processing show enhanced compulsivity- and impulsivity-like

. behaviors. (C) Summary and future directions.
Asterisks denote data from Bandarabadi et al. (18).
3-CSRTT, 3-choice serial reaction time task; aa,
amino acids; CT, control genotype mouse group;
2 v v DA, dopamine; EEG, electroencephalography;
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voltage-gated channel subfamily Q (KCNQ) channels (92,93), Limitations

while Giy can activate inwardly rectifying K™ channels, as in While we use pan-neuronal (Dat-driven) mouse models, our
DA™ cell D, autoreceptor-mediated inhibition (94). electrophysiological analyses focus on DAY™ neurons as well-

Biological Psychiatry October 1, 2026; 100:779-795 www.sobp.org/journal 791



characterized OX targets involved in behavioral end points of
interest. Other DA populations, including nigral, hypothalamic,
and dorsal raphe DA neurons (95-100), may also contribute to
observed phenotypes if they express Ox;R and/or OxoR. DA cell
heterogeneity in receptor expression, electrophysiology, and
connectivity confounds interpretation of all pan-DA studies (101).
Moreover, developmental compensation may occur, with OxR
inactivation happening at ~embryonic day 17 (55), while OX
neurons mature postnatally (102). Adult-specific, nucleus-tar-
geted Cre delivery should clarify this.

Only male mice were studied. Given sexual dimorphism in OX-
and DA-mediated behaviors (49,103,104), females may show
distinct phenotypes (105). Females show heightened OX activa-
tion, contributing to different stress responses and cognitive flex-
ibility (103), traits relevant to neuropsychiatric conditions
disproportionately affecting women. Inclusion of females will
enable better understanding of the mechanisms underlying sex-
specific vulnerabilities in OX- and DA-dependent disorders.

Implications for Neuropsychiatry

We identified a genetically defined link between direct OX— DA
neurotransmission and socioemotional and executive functions,
revealing a receptor-specific dichotomy in DA™ regulation:
OXB suppresses DA neuron activity via OXoRs, whereas OXA
increases excitability via OX;Rs. These findings may be relevant
to mechanisms underlying obsessive-compulsive disorder
(OCD), attention-deficit/hyperactivity disorder, and ASD.

With ongoing development of OXR-targeted therapeutics —
selective and dual agonists/antagonists for substance abuse,
eating, OCD, anxiety, pain, and sleep disorders
(9,94,106-109)—understanding receptor-specific effects is
essential. Dual OXR antagonists, used for insomnia and
explored for opioid addiction (107), may exacerbate compul-
sivity/impulsivity, enhanced in DA®*"FK0 and DA®*27K0 mijce.
OX;R-selective antagonists may treat addiction or compulsive
disorders without promoting sleep (110), but DA-Ox71R-KO-
induced anxiety suggests potential anxiogenic effects.

As OXB and OX,R agonists reduce DAY™ excitability,
monitoring DA-related traits in subjects treated with OX;R-se-
lective agonists for narcolepsy or obstructive sleep apnea is
critical. Because DA™ neuron-inhibiting D, agonists aggravate
cataplexy (111), similar effects could be anticipated; however,
OX,R agonist TAK-861 8-week trial in NT1 reported cataplexy
improvement (112,113), suggesting limited dopaminergic circuit
engagement in current therapeutic contexts. Whether prolonged
OX,R agonism induces anhedonia via sustained DAV™ sup-
pression (114) is unknown. Overall, these findings have broad
implications for emerging OXR neuropharmacology.
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