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Summary

Aversive stimuli activate corticotropin-releasing factor (CRF)-expressing neurons in the
paraventricular nucleus of hypothalamus (PVNCRF neurons) and other brain stress systems to
facilitate avoidance behaviors. Appetitive stimuli also engage the brain stress systems, but their
contributions to reward-related behaviors are less well understood. Here, we show that mice work
vigorously to optically activate PVNCRF neurons in an operant chamber, indicating a reinforcing
nature of these neurons. The reinforcing property of these neurons is not mediated by activation
of the hypothalamic-pituitary-adrenal (HPA) axis. We found that PVNCRF neurons send direct
projections to the ventral tegmental area (VTA), and selective activation of these projections
induced robust self-stimulation behaviors, without activation of the HPA axis. Similar to the
PVNCRF cell bodies, self-stimulation of PVNCRF-V/TA projection was dramatically attenuated
by systemic pretreatment of CRF receptor 1 or D1 dopamine receptor (D1R) antagonist, and
augmented by corticosterone synthesis inhibitor metyrapone, but not altered by D2 dopamine
receptor (D2R) antagonist. Furthermore, we found that activation of PVNCRF-VTA projections
increased c-Fos expression in the VTA dopamine neurons, and rapidly triggered dopamine
release in the nucleus accumbens (NAc), and microinfusion of D1R or D2R antagonist into

the NAc decreased the self-stimulation of these projections. Together, our findings reveal an
unappreciated role of PVNCRF neurons and their VTA projections in driving reward-related
behaviors, independent of their core neuroendocrine functions. As activation of PVNCRF neurons
is the final common path for many stress systems, our study suggests a novel mechanism
underlying the positive reinforcing effect of stressful stimuli.

eTOC Blurb:

Xu et al. uncover an unappreciated role of PVNCRF neurons in promoting reward-related behaviors
through a mechanism involving activation of the PVNCRF-VTA-NAC circuitry, independent of
their role in regulation of the HPA axis. This study may reveal an important neuronal circuitry
underlying the positive reinforcing effect of stressful stimuli.

Introduction

Aversive stimuli engage stress systems in the brain, which promotes avoidance behaviors 2.
However, not all stressful stimuli are aversive and promote avoidance. Certain individuals
actively seek stressful situations; for instance, engaging in high-risk sports such as rock
climbing 3. This behavior has also been noted in rodents, such as rats that show a greater
willingness to explore potentially threatening and stress-evoking novel environments °:6.
Acute stress facilitates mesolimbic dopamine transmission /=, which may contribute to the
reinforcing properties of some stressful stimuli. However, the neuronal substrates mediating
the positive reinforcing effect of stress are largely unknown.

Corticotropin-releasing factor (CRF) is a neuropeptide released by populations of neurons
in the brain during exposure to stressful stimuli 10-12, Aversive stimuli that promote
avoidance behaviors are known to activate CRF-expressing neurons throughout the brain
13 However, emerging evidences suggest that of CRF systems can also promote appetitive
behaviors 14-16, Activation of CRF neurons in the paraventricular nucleus of hypothalamus
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(PVN) is a final common path for many stress systems in the brain that engage the
hypothalamic-pituitary-adrenal (HPA) axis to release glucocorticoids from the adrenal
gland 217 Interestingly, rats will volitionally self-administer corticosterone (the major
glucocorticoid in rodents), suggesting that stress-related glucocorticoids can have positive
rewarding properties 18. Recent studies found that CRF neurons in the PVN (PVNCRF
neurons) were rapidly activated by aversive stimuli, and repeated activation of these neurons
induced avoidance behavior in mice 1219, This led to the suggestion that activation of
PVNCRF neurons encoded stress-related aversive behavioral states 1219, However, it was
found that mice subjected to mild stress had improved health outcome through PVNCRF
neurons activation mechanisms 2021, Thus, activation of PVNCRF neurons could potentially
mediate the motivational effects of stress in a dynamic manner, depends on the forms and
strength of the stimuli. Interestingly, it was found that activation of CRF signaling could
enhance the activity of the dopamine neurons in the ventral tegmental area (VTA) and thus
probably involved in the pursuit of appetitive behaviors 22:23. However, whether activation
of PVNCRF neurons can drive appetitive behavior, and how they affect the activity of the
midbrain dopamine neurons and the release of dopamine in the mesolimbic system are still
unknown.

Here in this study, we aimed to address the following questions: 1) Does acute activation

of PVNCRF neurons have positive reinforcing properties. 2) If so, are these reinforcing
properties dependent on the activation of HPA axis? 3) What is the role of the mesolimbic
dopamine system in their reinforcing properties? To answer these questions, we tested
whether activation of PVNCRF neurons supports operant self-stimulation behavior in mice,
an approach adapted from classical intracranial electrical self-stimulation procedures that
can be used to access the reinforcing properties of genetically defined populations of
neurons in the brain and the brain regions to which they project 24. By combining
behavioral, histochemical, pharmacological analyses along with the /n vivo dopamine
imaging techniques, we found that activation of PVNCRF neurons facilitate reward behaviors
through a mechanism involving enhanced VVTA-derived dopamine release in NAc but
independent of HPA axis stress hormones. Thus, our study may have identified a key neural
substrate underlying the positive reinforcing effect of stressful stimuli.

Optical activation of PVNCRF neurons supports self-stimulation behavior

To activate PVNCRF neurons, we injected an adeno-associated virus to express the light-
activated ion channel channelrhodopsin-2 in a Cre-dependent manner (AAV-DIO-ChR2-
mCherry) or a control virus (AAV-DIO-mCherry) into the PVN of the CRF-Cre mice

(Jax 012704), a transgenic line that has been widely used for specific manipulation

of PVNCRF neurons 1219.25-28 The injected mice were referred as PVNCRF-ChR2 and
PVNCRF-mCherry mice in this study, respectively. In brain slices, we verified that blue light
deliveries induced firing of action potentials in the PVNCRF-ChR2 neurons at frequencies
up to 20Hz (Figure S1). To control CRF neurons /n vivo, an optical fiber was implanted
above the PVN for light stimulation in these injected mice (Figures 1A and B). We found
that blue light delivery (473 nm, 10 Hz) induced robust grooming behavior (Video S1)
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and increased plasma corticosterone (CORT) levels in the PVNCRF-ChR2 mice but not in
the control mice (Figures 1C and 1D). Increased grooming time and circulating CORT
levels are typical hallmarks of activation of PVNCRF neurons as demonstrated by previous
findings 1227, Next, we investigated whether acute activation of PVNCRF neurons modified
reward-related behaviors. We began by testing the mice in a real-time place preference/
avoidance (RTPP/A) paradigm using an apparatus with two interconnected chambers (Figure
1E). Mice were tested during 15 min sessions on 2 consecutive days. On day 1, they were
permitted to freely explore both chambers of the apparatus to assess baseline preference

for either chamber in the absence of optical stimulation. On day 2, each entrance into one
side of the chamber (counterbalanced across animals) triggered the activation of a laser

that delivered 10 Hz continuous optical stimulation until the mouse exited the chamber.
The animals were allowed to freely move between chambers during the test. Thus, if
optical stimulation of PVNCRF neurons has reward or aversion related effects, the mice
would be expected to spend more or less time, respectively, in the laser-paired chamber.
We found the average time spent in the laser paired-chamber was not significant different
between the baseline day and RTPP/A test day in either ChR2 group or the control group
(Figures 1F and 1G). However, closer inspection of the data revealed strikingly different
patterns of behavior in the ChR2 group, with 30% of the mice showing robust avoidance
behavior, and 40% showing robust preference behavior (Figure 1G). It was found that,

in some instance, mice would frequently enter and exit the stimulation-paired chamber

for brief stimulation to maximize the reinforcing effect during RTPP/A test 29, Thus, we
also analyzed the number of entries into the laser-paired chamber during baseline and the
RTPP/A test for the PVNCRF-ChR2 mice. We found that the average number of entries into
the stimulation-paired chamber for these mice was not significantly changed in the test day
(Figure S2). The subset of mice which spent less time in the stimulation-paired chamber
(with negative preference score) did not show an increase of entries into the chamber during
the test (Paired t test, p=0.9, n=5 mice) (Figure S2). In fact, most of the PVNCRF-ChR2 mice
showed a decreased number of entries into the laser paired-chamber during the RTPP/A test
(Figure S2). Based on these observations, we speculated that non-volitional stimulation of
PVNCRF neurons was rewarding in some ChR2 nice but aversive in others. Therefore, we
permitted the mice to control the optical activation of PVNCRF neuron using a volitional
self-stimulation procedure. Specifically, mice were given the opportunity to respond freely
at two identical nosepoke ports in operant chambers. A nosepoke at the active port resulted
in 1-20 Hz optical stimulation for 1s duration (Figure 1H). We found that ChR2 mice
permitted to respond for higher frequency optical stimulation (10-20 Hz) and demonstrated
vigorous self-stimulation behavior (Figures 11, S3, and Video S2). By contrast, ChR2 mice
failed to reliably respond for lower frequency (2 Hz) optical stimulation (Figure S3). The
mCherry-expressing control mice failed to reliably respond for optical stimulation (10Hz)
(Figure 1J). Number of self-stimulation responses in ChR2 mice were uncorrelated to their
behavior in the RTPP/A test (Figure 1K). Together, these findings suggest that volitional
activation of PVNCRF neurons has positive reinforcing properties.

PVNCRF projections to VTA promote reward-related behaviors

Next, we sought to define the circuit-based mechanisms by which PVNCRF neurons
elicit reward-related behaviors. Given that dopamine neurons in ventral midbrain play
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well-established roles in appetitive behaviors 3931 we asked whether the VTA was the
downstream target of PVNCRF neurons in mediating the reward-related behavior. First,
immunofluorescence staining from the PVNCRF-ChR2 mice revelated intense mCherry-
positive fibers in the VTA, which coincided the location of tyrosine hydroxylase (TH)-
positive dopamine neurons (Figure S4), suggesting a direct projection to these neurons.
Next, we investigated whether these projections support self-stimulation behavior. To this
end, AAV-DIO-ChR2-mCherry was injected into the PVN of CRF-Cre mice (referred as
PVNCRF_VTA-ChR2 mice), with AAV-DIO-mCherry again used as a control (referred as
PVNCRF.VTA-mCherry mice) (Figure 2A). Optical fibers were implanted above the VTA
of these mice (Figures 2A and 2B). As expected, robust ChR2-mCherry-labeled fibers were
detected in the VTA of these mice (Figure 2B). Optical stimulation (20Hz) of VTA did not
induce grooming behavior or alter plasma CORT levels in the PVNCRF-\VTA-ChR2 mice
or in control mice (Figures 2C and 2D). This suggests that activation of the PVNCRF-\VTA
circuit is unlikely to recruit the HPA axis. Mice were then tested in the RTPP/A assay
according to the same procedure described above (Figure 2E). Optical stimulation delivered
to the VTA induced robust preference for the stimulation-paired chamber in PVNCRF-VTA-
ChR2 mice but not in control mice (Figures 2F and 2G). Mice were then permitted

to volitionally delivered optical stimulation to the VTA using the same self-stimulation
procedure described above (Figure 2H). The PVNCRF.VTA-ChR2 mice engaged in vigorous
self-stimulation behavior when relatively high optical frequency stimulation was available
(20-40 Hz) (Figure S5). Lower frequency stimulation parameters (10 Hz) failed to support
robust self-stimulation behavior (Figure S5).We then performed the operant self-stimulation
experiment on PVNCRF-VTA-ChR2 mice that had received RTPP/A test previously. We
found that all of these mice showed robust and stable self-stimulation behaviors over
consecutive daily sessions (Figure 21 and Video S3). The average number of active port
responses from all of the PVNCRF-VTA-ChR2 mice we have tested in this study was 909,
much higher than their inactive port responses with an average number of 8 (Figure 2J).

By contrast, the average number of active port and inactive responses from the control

mice was 5 and 6, respectively (Figure 2K). Taken together, these data demonstrate that the
PVNCRF.V/TA circuit supports reward-related behaviors independent of the HPA axis.

PVNCRF neurons promote reward-related behaviors independently of HPA axis activation

Activation of PVNCRF neurons by stress is known to drive the HPA axis by triggering the
release of adrenocorticotropic hormone (ACTH) into the blood stream from the pituitary,
then the circulating ACTH subsequently acts in the adrenal cortex to induce the secretion
of CORT, which exerts multiple functions by binding to its receptors in the brain or in

the peripheral organs32. Interestingly, it was found that CORT (the end product of HPA
axis) has positive reinforcing effects in rodents 18. Thus, we wanted to know whether
HPA axis also plays a role in the reinforcing property of PVN CRF neurons. To this

end, we investigated whether pharmacological manipulation of the HPA axis alters the
self-stimulation behaviors in the PVNCRF-ChR2 mice. We found that systemic injection
of CORT, or the ACTH receptors antagonist ACTH 1124y (for blockage of the ACTH
signaling), or the glucocorticoid receptor antagonist RU38486 (for blockage of the CORT
signaling) did not significantly change the operant self-stimulation behaviors in these mice
(Figures 3A-3C and 3I). These results together support that the reinforcing effects of
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PVNCRF neurons are not mediated by their role in activation of the neuroendocrine HPA
axis.

PVNCRF neurons and their projections to VTA act through CRF and dopamine transmission
to promote reward-related behaviors

Our findings suggested the reinforcing effects of PVNCRF neurons are probably mediated by
their projection to VTA. Next, we used the pharmacological approaches to further confirm
this hypothesis. Previous study found that CRF application enhanced the firing rate of VTA
dopaminergic neurons by directly acting on CRF1 receptor (CRFR1) but not on CRF2
receptor (CRFR2) 22, Thus, we tested whether the self-stimulation behaviors were dependent
on the activation of CRFR1. We found that systemic injection of the CRF1 receptor
(CRFR1) antagonist antalarmin attenuated the self-stimulation behaviors in both PVVNCRF-
ChR2 and PVNCRF-VTA-ChR2 mice (Figures 3D, 3I, 3] and 3P). Furthermore, systemic
injection of the dopamine 1 receptor (D1R) antagonist SCH23390 also attenuated the self-
stimulation behaviors in both PVNCRF-ChR2 and PVNCRF-VTA-ChR2 mice, whereas a
dopamine 2 receptor (D2R) antagonist eticlopride had no effect (Figures 3E, 3F, 31, 3K, 3L,
and 3P). A combination of SCH23390 and eticlopride did not result in a further suppression
of the self-stimulation behaviors in the PVNCRF-\VTA-ChR2 mice, when compared with
SCH23390 alone (Figures 3M and 3P). Interestingly, self-stimulation behaviors in PVNCRF-
ChR2 and PVNCRF-VTA-ChR2 mice were both enhanced after pretreatment with the
glucocorticoid synthesis inhibitor metyrapone (Figures 3G, 31, 3N, and 3P). Metyrapone is
known to upregulate CRF levels and enhance the intrinsic excitability of PVN CRF neurons
due to the suppression of CORT-negative feedback 26:33, which likely explains the enhanced
self-stimulation behaviors that we observed. Consistent with this interpretation, physical
stressors known to increase CRF activity in the brain such as tail suspension stress!2 also
enhanced self-stimulation behaviors in PVNCRF-VTA-ChR2 mice (Figures 30 and 3P).
Finally, as oxytocin-producing neurons in the PN have been reported to promote social
rewards 34, we tested whether oxytocin contributes to the reinforcing effects of PVNCRF
neurons. Systemic pretreatment with the oxytocin receptor antagonist L-368,899 did not
affect the self-stimulation behaviors in the PVNCRF-ChR2 mice (Figures 3H and 31). Taken
together, these results suggest that CRF released by PVNCRF neurons acts in the CRFR1
expressing dopamine neurons in VTA to enhance dopamine neurotransmission, which
promotes reward-related behaviors. Moreover, given the similar effects of the blockers
were found in both the PVNCRF-ChR2 and PVNCRF_VTA-ChR2 mice, these results further
support the idea that the reinforcing effects of PVNCRF neurons are mediated by their
projections to the VTA.

Operant self-stimulation behaviors driven by activation of VTA neurons in C57BL/6J mice

Our findings demonstrated a specific dopamine receptor signaling underlying the reinforcing
effects of PVN CRF neurons and the PVNCRF-V/TA neural circuitry. We next investigated
whether this specificity is unique with PVN CRF-dopaminergic neurons interaction in the
VTA, or it is a general effect of stimulating VTA neurons. To this end, we induced ChR2
expression in VTA neurons by unilaterally injecting AAV-hSyn-ChR2-mCherry into the
V/TA region of C57BL/6J mice (referred as C57BL/6J-VTA-ChR2 mice), and implanted

an optical fiber above the VTA assaying self-stimulation behaviors (Figure 4A). VTA
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neuronal activation promoted self-stimulation behaviors in these mice, whereas a much
smaller number of active nose pokes was achieved than that observed in PVNCRF-VTA-
ChR2 mice under similar conditions (Figure 4B). Pharmacological analyses revealed that
the self-stimulation behaviors of these mice were attenuated by pretreatment with D1R or
D2R antagonists alone or with the combination of these antagonists (Figures 4C-4E and
41). Our finding was in line with previous study showing that local antagonism of either
D1R or D2R in NAc attenuated the positive reinforcement effects of VTA dopaminergic
neurons31:35, Furthermore, pretreatment with metyrapone significantly decreased self-
stimulation behaviors in these mice (Figures 4F and 41), which was opposite to the results
obtained via the stimulation of PVNCRF neurons or their terminals in the VTA. Prior acute
restraint stress significantly decreased the self-stimulation behaviors in these mice, whereas
acute tail suspension showed no significant effects (Figures 4G—4l). Taken together, these
findings suggest that the reinforcing property of PVNCRF neurons is mediated by activation
of a unique subpopulation of VTA neurons.

PVNCRF— VTA projections increase neural activity of dopamine neurons in the VTA

Next, we thought to confirm the dopamine neurons in VTA mediate the rewarding effect of
PVNCRF projections. To this end, we conducted immunostaining of c-Fos (an indicator

of neuronal activation) in the VTA-containing brain slices from control and PVVNCRF-
VTA-ChR2 mice that were permitted to perform optical self-stimulation behavior for 90
min (Figure 5A). We detected increased numbers of c-Fos-positive cells, especially in
TH-expressing neurons in the VTA of PVNCRF-VVTA-ChR2 mice relative to control mice
(Figures 5B-5D). As it was found that CRF activated dopamine neuron via directly acting
on CRFR1 but not CRFR2 22, together with our findings that self-stimulation behaviors

of PVNCRF neurons and their projections to VTA were attenuated by CRFR1 antagonist
antalarmin, we speculated that CRFR1 may be the primary receptor in the dopamine
neurons. Thus, we performed cell type-specific nuclear RNA sequencing with the midbrain
tissue of mice using a similar approach as previously described 3. We observed that Crfr1
but not Crfr2 gene transcripts were abundantly expressed by midbrain dopaminergic neurons
(Figure S6). These data together suggest that PVVNCRF projections are likely to enhance the
activity of VTA dopaminergic neurons via CRF1 receptors.

PVNCRFVTA projections stimulate dopamine transmission in the NAc

The NAc is a major projection target of VTA dopaminergic neurons, and the release

of dopamine into this area supports self-stimulation behaviors in rodents 3537, Thus,

we used in vivo photometry recording combined with a genetically encoded dopamine
sensor sensors38 to investigate whether PVNCRF—V/TA projections stimulate dopamine
transmission in the NAc. AAV-DIO-ChR2-mCherry virus was injected into the PVN of
CRF-Cre mice and optical fibers were implanted above the VTA for stimulation. In addition,
AAV-hSyn-DAA4.4 virus was injected in the NAc of the same animal to express the dopamine
sensor GRABpa2om and an optical fiber was implanted above NAc for /n vivo photometric
recording of dopamine signals (Figure 5E). This preparation permitted us to stimulate
PVNCRF—V/TA projections while concurrently monitoring dopamine signaling in the NAc.
We confirmed the expression of GRABpaom sensor was restricted to the NAc (Figure

5F). Moreover, we found that activation of PVNCRF—V/TA projections induced a rapid
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and robust dopamine-related response from the GRABpaom sensor relative to baseline
fluorescence levels (Figures 5G-5 I). Thus, these results demonstrated that activation

of PVNCRF terminals enhanced VTA-derived dopamine neurotransmission in the NAc.
Furthermore, these results are in line with the observation of increased c-Fos positive cells in
the VTA dopamine neurons after stimulation of the PVNCRF— V/TA projections.

The self-stimulation behaviors of PVNCRF—VTA projections require both D1R and D2R
activation in the NAc

Our results suggested that the reinforcing property of PVNCRF—V/TA projection probably
mediated by enhancing dopamine release in the NAc. If so, blockage of dopamine
neurotransmission in the NAc should attenuate the self-stimulation behaviors driven by
the activation of the PVNCRF—V/TA projection. To test this idea, we implanted cannulas
into the NAc of the PVNCRF-\VTA-ChR2 mice and investigated how intra-NAc infusion

of dopamine receptors antagonists affected their operant self-stimulation behaviors (Figure
6A). We found that intra-NAc infusion of D1R antagonist SCH23390 or D2R antagonist
eticlopride significantly decreased the self-stimulation behaviors in these mice (Figures 6B—
6D). Thus, these results further confirmed that the reinforcing property of PVNCRF—-VTA
projection was mediated by dopamine transmission in the NAc, and dependent on the
activation of both D1R and D2R.

Discussion

In the present study, we have revealed an unappreciated role of PVNCRF neurons in
promotive reward-related behaviors through a mechanism involving enhanced VTA-derived
dopamine neurotransmission but independent of HPA axis stress hormones. Given the
important roles of PVNCRF neurons in coordinating physiological and behavioral responses
to acute stressors, our study has uncovered a potential neural substrate underlying the
appetitive qualities of stressful stimuli, and expanded the current understanding of the roles
of these neurons in adaptive coping behaviors of stressful stimuli, independent of their core
neuroendocrine functions 14-16.18,

In our study, we aimed to understand how acute activation of the PVN CRF neurons affects
reward-related behaviors. We began by testing the PVNCRF-ChR2 mice with the RTPP/A
assay. The tests were conducted in a 2-day schedule, with the first day to determine the
baseline preference of the mice and the second day to test their preference to the stimulation-
paired chamber. Our data showed that acute activation of the PVN CRF neurons did not
induce overall significant preference or avoidance during the test day. A previous study has
tested whether activation of the PVN CRF neurons could serve as an unconditioned stimulus
for the formation of aversive memories!2. Their tests were performed in a 6-day schedule,
with the first day to determine the baseline preference of the mice, followed with a 4 day-
conditioning in the RTPP/A assay, and tested the post-conditioning effect on day 6 without
stimulation. They also found that acute activation of PVN CRF neurons did not induce
significant preference or avoidance during the first day of RTPP/A test, which is consistent
with our observation12, Interestingly, the mice started to show a significant avoidance to the
stimulation-paired chamber at day 5, which was after 3 days of stimulation conditioning’2.
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These findings, together with our current results, suggest that repeated activation, but not
acute activation, of the PVN CRF neurons, induces conditioned avoidance behavior and
aversion memory formation in the mice.

Our study found that a subset of PVNCRF-ChR2 mice showed strong avoidance (less time,
less entries) in the stimulation-paired chamber during the RTPP/A but these mice also had
robust operant responding for self-stimulation seems paradoxical (Figure 1K). Although
place conditioning and operant conditioning have been widely used in in parallel to assess
motivational behaviors, but studies showed that they have apparent discrepancies such

as conditioning cues and volitional control by the tested animal3®. In a typical RTPP/A
assay, mice receive optical stimulation once they enter the stimulation paired-chamber and
the stimulation continues until they exit. The longer the time spent in the stimulation
paired-chamber suggests a stronger reinforcing effects, or vise versa. Interestingly, it was
found that mice would frequently enter and exit the stimulation paired-chamber for brief
stimulation to maximize the reinforcing effect and to avoid the aversion after long period
of stimulation2®. Whereas in the operant self-stimulation assay, each nose poke of the mice
resulted in a short and fixed duration of stimulation, the mice would have better control of
the stimulation (volitional) to avoid aversion effects induced by overstimulation. Given that
operant self-stimulation behaviors were found in all of the PVNCRF-ChR2 mice, including
those that exhibited significant avoidance during the RTPP/A test, together with the finding
that repeated stimulation of the PVN CRF neurons induced conditional place avoidancel?,
further supports the notion that overstimulation of these neurons induces aversive rather than
rewarding effects. Thus, the valence of PVN CRF neurons depends on the intensity and
duration of the stimulation. The paradoxical preference shown by PVNCRF-ChR2 mice in
the RTPP/A test (some mice showed preference while others showed avoidance) may be
due to different degrees of excitation of PVN CRF neurons triggered by blue light. Factors
contributing to different sensitivities to light stimulation between animals may include

the total number of CRF cells expressed ChR2, the expression levels of ChR2, and the
locations of the optical fiber tips, etc. The rewarding effects of PVN CRF neurons are most
likely mediated by their projections to the VTA, as stimulation of these projections induces
significant real time place preference and also supports robust operant self-stimulation
behaviors. The downstream brain areas mediating the aversive effects of PVN CRF neurons
may include the lateral hypothalamus or globus pallidus (GPe) 1740, Together, our findings
suggest that activation of PVN CRF neurons may convey both rewarding and avoidance
information, depending on the intensity, novelty, durations and controllability of the stimuli.

VTA CRF signaling has been implicated in stress-induced impairments of motivational
behaviors 4144, Previous studies have demonstrated a complex interaction between CRF
and dopamine systems in the VTA. For instance, it was found that CRF perfusion could
increase firing rates of dopamine neurons in ex vivo brain slices?244; but, in vivo study
found that local infusion of exogenous CRF into VTA decreased dopamine release in

NAc 41, These inconsistent findings could be attributed to the complexity of VTA neurons
and the distribution of the CRF receptors 4246, However, the mechanisms underlying the
regulation of VTA dopaminergic neurons and related motivational behaviors by endogenous
CRF remain unclear. With combination of optogenetic stimulation and simultaneous /in vivo
dopamine sensor recording, we were able to detect rapid dopamine release in the NAc
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while stimulating the PN CRF terminals in the VTA. Given the fast kinetic dopamine
release observed during the experiment, our data suggests that endogenous release of CRF
can rapidly activate the VTA dopamine neurons that projecting to NAc. The increased

DA activity by stimulation of PVNCRF—V/TA projections was unlikely caused by the
disinhibition of VTA interneurons via CRF signaling, as it is known that activation CRF
receptors are primarily signaled by excitatory Gs/Gq protein 47. Although both CRFR1

and CRFR2 have been showed regulating the activity of VTA dopamine neurons, the CRF/
CRFR1 signaling probably plays an important role in mediating the fast excitation effect in
the VTA DA neurons and reward-related behavior, as evidenced by: 1) CRFR1 is the most
abundant CRF receptors in VTA dopamine neurons; 2) The self-stimulation behaviors with
either activation of the PVN CRF cell bodies or their terminals in VTA were attenuated by
CRFR1 antagonist, and augmented by metyrapone which is known to elevate CRF levels

26; 3) Previous study found that CRF increased the firing rate of VTA dopamine neurons
via CRFR1-dependent and CRFR2-independent mechanism in brain slices 22; 4) In contrast
to the direct excitatory effect mediated by activation of CRFR1, the excitatory effect of
CRFR2 on VTA dopamine neurons was found mainly mediated through the enhancement
of glutamatergic synaptic transmission in these neurons, thus requiring the simultaneous
stimulation of the excitatory afferent projections 48. Moreover, the excitatory effect mediated
by CRFR2 was slow and transient 48:49; 5) CRF has a higher affinity for CRFR1 and a low
affinity for CRFR2 50, Consistent with our findings, a recent study found that the CRFR1
expression levels in VTA dopamine neurons determined the motivational properties of acute
stress 44, Together with the observation that self-stimulation of PVN CRF terminals in the
VTA was dependent on D1R and D2R in the NAc, our study suggests that PVN CRF
neurons make synaptic connections with the CRFR1-expressing dopamine neurons in the
VTA, which sending neuronal projections to D1R-expressing and D2R-expressing neurons
in the NAc, and activation of this neural circuitry promotes reward-related behaviors (Figure
7). To the best of our knowledge, our study reveals for the first time how PVYNCRF—VTA
projections regulate VTA neurons and their function in reward-related behaviors.

In summary, we have uncovered a role of PVN CRF neurons in driving reward-related
behavior and a neuronal substrate that may underlie the positive reinforcing effect of stress,
which independently of HPA axis activation. Furthermore, our findings provide the rationale
for investigating the role and function of the PVNCRF-VTA projections in the pathology of
mental disorders such as depression and addiction, which have been linked with dysfunction
of CRF and dopamine transmission 13:30.51,

Limitations of this study

Our current findings have revealed an important role of CRF/CRFR1 signaling in

promoting reward-related behaviors. We have ruled out a potential role of oxytocin in

this regard, however, further study is required to investigate the potential roles of other
neurotransmitters/neuropeptides that may be co-released together with CRF. We have

found that self-stimulation behaviors of the PVNCRF-\VTA-ChR2 mice were significantly
attenuated by intra-NAc infusion of the D2R antagonist Eticlopride, but not altered by
systemic injection of Eticlopride. These observations implicate that D2R expression in other
brain regions are also involved in the rewarding effect of the PVN CRF neurons, and that
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activation of D2R in these regions may counteract the effect of D2R in the NAc. Future
studies are needed to determine the neuronal mechanisms for how D2R signaling in different
brain areas affects the rewarding effect of the PVN CRF neurons. We have identified a
PVNCRF.VVTA-NAC neural circuitry facilitates brain function in normal healthy mice, further
study is required to study its role in the pathology of mental disorders such as anxiety,
depression and drug addiction.

RESOURCE AVAILABILITY
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Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Zuxin Chen (zx.chen3@siat.ac.cn).

Material availability

This study did not generate new unique reagents.

Data and code availability

This paper does not report original code.

Analyzed data and images reported in this paper will be shared by the lead contact upon
request.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL DETAILS

All experimental procedures involving the use of animals in this study were approved by
the Institutional Animal Care and Use Committee (SIAT-IACUC-210913-NS-CZX-A2055)
of the Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences. Adult
(8 to 24 weeks old) CRF-Cre mice (Jax No. 012704) 28 and C57BL/6J mice were used.
Mice were maintained at 22—-25°C on a circadian 12-h light/dark cycle with food and water
available ad libitum.

METHOD DETAILS

AAV injection, optic fiber implantation and cannulation

AAV vectors—The adeno-associated viruses (AAVS) used in this study were as follows:
AAV2/9-hEFla-DIO-mCherry (Shanghai Taitool Bioscience Co., Ltd., China), AAV2/9-
hEFla-DIO-hChR2(H134R)-mCherry and rAAV-hSyn-hChR2(H134R)-mCherry (Shanghai
Taitool Bioscience Co., Ltd. or BrainVTA Co., Ltd., China), and AAV9-hSyn-DA4.4
(Vigene Biosciences Co., Ltd., China). The titer used for AAVs injection was 2—10 x 1012
viral particles/mL.

Stereotaxic surgeries—Stereotaxic surgeries were performed under sodium
pentobarbital (80 mg/kg, 7.p.) anesthesia using a stereotaxic instrument (RWD Life Science
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Co., Ltd., China). The AAVs (200-250 nL) were delivered with a glass pipette connected to
a microsyringe pump (Nanoject 111 #3-000-207, DRUMNOND) unilaterally or bilaterally

at an infusion rate of 60 nL/min. The pipette was withdrawn 10 min after the end

of each injection. For fiber photometry and optogenetic activation experiments, optic

fibers (diameter, 200 um; numerical aperture [NA], 0.37; Inper, China) were chronically
implanted 0.2-0.5 mm above the target area following injection and were secured with
dental cement. Stereotaxic coordinates were as follows relative to Bregma (in mm):

PVN [anteroposterior (AP), —0.60; mediolateral (ML), £ 0.20; dorsoventral (DV), —4.8)],
VTA (AP, -3.20; ML, —0.30; DV, —4.20), NAc (AP, 1.10; ML, -0.80; DV, -4.60). For
optogenetic activation experiments, AAV2/9-hEF1la-DIO-mCherry or AAV2/9-hEFla-DIO-
hChR2(H134R)-mCherry were unilaterally injected in the PVN of CRF-Cre mice and

optic fibers were inserted just above the PVN (for stimulation of PVN CRF neurons) or
VTA (for stimulation of PVN CRF neuronal terminals in the VTA). AAV2/9-hSyn-ChR2-
mcherry virus was unilaterally injected in the VTA of C57BL/6J mice and optic fibers

were implanted above VTA for photostimulation of VTA neurons. For dopamine imaging

in the NAc upon optogenetic stimulation of PVNCRF neuronal terminals in the VTA, AAV9-
hSyn-DA4.4 was injected unilaterally (right hemisphere) in the NAc and AAV2/9-hEFla-
DIO-hChR2(H134R)-mCherry was injected unilaterally (right hemisphere) in the PVN of
CRF-Cre mice. An optic fiber was implanted just above the injection site in the NAc, and
another optic fiber was inserted just above the VTA (right hemisphere). For intra-NAc drug
infusion experiment, AAV2/9-hEF1a-DIO-hChR2(H134R)-mCherry virus were unilaterally
injected in the PVN of CRF-Cre mice and optic fibers were implanted just above VTA, a
bilateral 26-gauge guide cannula was implanted into NAc (AP, 1.10; ML, +0.80; DV, —4.60).
Behavioral experiments were performed after at least 8 weeks of viral expression.

Optogenetic stimulation setup—Prior to behavioral sessions involving optogenetic
stimulation, mice were gently restrained and attached to patch cables (Nanjing Aoguan
Bioscience Co., Ltd., China) that were also linked to bilateral rotary joint (Nanjing Aoguan
Bioscience Co., Ltd., China), which allowed free rotation while transmitting blue light from
a 473 nm blue laser (SLOC Laser Systems). The laser output was measured and adjusted
before each experiment. The pulse duration and stimulation frequency were controlled by

a programmable pulse generator connected to the laser system. For optical self-stimulation
test, the light stimulation parameters will be described in the following section.

Grooming test—The grooming behaviors were recorded in an observational chamber (35
x 35 x 40 cm) with a horizontal video camera. The behaviors of the test mouse were
monitored for 10 min following a 5-5 min examination protocol in which blue light pulses
were delivered in the 2"4 5 min. For stimulation of PVN CRF neurons and their controls,
blue light (473 nm, 20 Hz, 10 ms of pulse width, laser power between 7-15 mW) was
delivered. For stimulation of PVVNCRF neuronal terminals in the VTA and their controls, blue
light (473 nm, 40 Hz, 5 ms of pulse width, laser power between 7-15 mW) was delivered.
The grooming behavior was identified and manually counted by frame-by-frame playback of
video before and during optogenetic stimulation.
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Real-time place preference/ avoidance (RTPP/A)—The custom-made RTPP
apparatus consisted of two rectangular compartments (25 x 17 cm?2) with distinct visual

and tactile environments, and interconnecting corridor separating them was used. Tracks

of mouse movement were captured for 15 min at 30 frames/s with an overhead camera
controlled by custom-developed tracking algorithms running on MATLAB (MathWorks Co.
Ltd., USA). Mice were tested for 15 min for 2 consecutive days. On day 1, as Pre-test, mice
were allowed to explore freely between two sides of the apparatus as a measure of their
baseline preference. On day 2, as RTPP/A test, whenever the mouse entered one side of the
apparatus, it trigged a laser on period until the mouse crossed back to the non-stimulated
side. For PVNCRF- mCherry/ChR2 mice, blue light (473 nm, 10 Hz or 20Hz, 10 ms of pulse
width, laser power 7-15 mW) was delivered. For PVNCRF-VTA-mCherry/ChR2 mice, blue
light (473 nm, 20 Hz with 10 ms of pulse width, or 40Hz with 5 ms of pulse width, laser
power 7-15 mW) was delivered.

Operant self-stimulation—The optical self-stimulation experiments were carried out in
standard mouse operant conditioning chambers located inside the sound-attenuating cubicles
equipped with a ventilation fan (Anlai Technology Co., Ltd., China). Each operant chamber
was configured with 2 nose-poke ports. One port was assigned as the “active” port and

the other as the “inactive” port. Responding in the active port resulted in delivery of a

1 s of light stimulation (473 nm, 10 or 20 Hz, 10 ms of pulse width, laser power 7-15

mW for PVNCRF-mCherry/ChR2 mice; 473 nm, 20 Hz with 10 ms of pulse width, or 40

Hz with 5 ms of pulse width, laser power 7-15 mW for PVNCRF-\VTA-mCherry/ChR2 or
C57BL/6J-VTA-ChR2 mice; ) accompanied by illumination of a cue light above the port. A
nose poke in the inactive port led to an identical light cue above the inactive port without
activating the laser. Optical stimulation and responses in nose-poke ports were controlled
and recorded using Anlai software (Anlai Technology Co., Ltd., China).

Pharmacological manipulations—In order to investigate the potential molecular
mechanisms underlying the optogenetic self-stimulation, pharmacological studies were also
performed. For that purpose, the mice received additional daily optogenetic self-stimulation
training sessions prior to the initiation of drug injection to establish baseline response rates.
Each compound test occurred for 2 consecutive days, with the 15t day being the vehicle
injection and the 2" day being the corresponding drug injection. For systemic injection,

the doses administered, and pretreatment schedule were as follows: antalarmin (30 mg/kg,
30 min prior to testing), SCH23390 (0.05 mg/kg, 20 min prior to testing), eticlopride (0.05
mg/kg, 30 min prior to testing), corticosterone (10mg/kg, 30 min prior to testing), and
metyrapone (150 mg/kg, 120 min prior to testing). The doses of each compound were
selected based on pilot experiments or literature reports, to ensure that drug treatments were
efficacious without producing significant sedation or locomotor inhibition. For the intra-NAc
drug infusion, SCH23390 (0.5pg/side/0.25ul in saline) or eticlopride (0.5pg/side/0.25ul in
saline) was infused into NAc by using a syringe pump (RWD, Shenzhen, China) at a rate of
0.2ul/min via 33 gauge infusers. Infusers were left in place for an additional 3 mins to allow
for drug diffusion. 30mins after the infusions, the mice were placed in the operant chambers
for accessing their self-stimulation behaviors. The doses of the drugs were chosen based on
previous studies, which have consistently shown that microinfusion of the dugs into the NAc
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of rodents do not affect their locomotion 355254, After each drug testing, mice received 2-4
additional days of re-stabilization on optogenetic self-stimulation sessions to re-establish the
baseline responding level.

Corticosterone (CORT) measurement—For measuring the CORT levels, baseline
blood samples were collected from the facial vein 3 days before light stimulation. A second
sample was collected 15 min after the onset of light stimulation during which blue light

was delivered for 5 min. The time was chosen based on a previous study, which shows
optogenetic activation of PVN CRF neurons elevates CORT levels 27, Identical light delivery
protocol was applied as for grooming test. Plasma CORT levels were determined using an
ELISA kit (Abcam) according to the manufacturer’s instructions. The CORT level changes
for each animal were calculated by subtracting baseline values from the corresponding
samples obtained upon optogenetic stimulation.

DA, 4 fluorescence signals photometry recording—Mice were connected to fiber
photometry and optogenetic patch cords and placed in restraint tube to restrict activity.
Mice habituated for 10 min to the restraint condition prior to data acquisition. Fluorescence
signals from the genetically encoded indicator (dopamine sensor DAy 4) in the NAC were
recorded using a Fiber Photometry system (Qianao xingke, Nanjing, China) equipped with
a 470 nm excitation laser to measure dopamine release 38. Optogenetic stimulation of the
PVNCRF terminals in the VTA (473 nm, 40 Hz, 5 ms of pulse width, 2 s duration, laser
power 10 mW) was delivered through the fiber implanted in the VTA, with a 30 s in between
stimulation trials. A total of 40 stimulation trials were performed for each animal, with

the first 20 trials as the sham stimulation during which the laser was off, and the last 20
trials as the experimental stimulation during which the laser was on. Fluorescence signals
were sampled at 50 Hz and normalized to baseline signals to determine AF/F, where AF/F =
(F-F0)/FO0 and FO is the mean value of the integral of the prestimulus signal (2 s).

Histology and Immunohistochemistry—Sections containing the VTA were processed
for mCherry and TH double immunostaining. For the immunostaining, sections were
permeabilized and blocked with 0.3% Triton-PBS containing 10% normal donkey serum
(NDS) (blocking solution) for 2 hours at RT. Following blocking, sections were incubated
with primary antibodies prepared in blocking solution overnight at 4°C. Sections were

then washed with PBS, incubated with respective secondary antibodies for 2 hours and
coverslipped with Vectashield® mounting medium containing DAPI nuclear counterstain
(Vector Labs). Sources and dilutions of primary antibodies were as follows: rabbit anti-
mCherry 1:1000 (#ab167453, Abcam), mouse anti-TH 1:1500 (#MAB318, Millipore),
donkey anti-rabbit AlexaFluor488 and donkey anti-mouse AlexaFluor647, both 1:1000
(Jackson ImmunoResearch). For sections that were not immunostained, they were mounted
with a DAPI counterstain. Images were captured with an Olympus VS120 epifluorescence
microscope with a 10x objective (0.25 NA) and processed using Photoshop and Image J.
The viral expression location and optic fiber placements were confirmed for all mice. Mice
with off-target fiber tip placement and/or absence of viral expression were excluded from
final analyses.
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Acute brain slice preparation—AAV-DIO-ChR2-mCherry virus were unilaterally
injected into the PVN of CRF-Cre mice. 8 weeks after the virus expression, mice were
sacrificed to prepare acute brain slices for patch-clamp recordings. Briefly, mice were deeply
anesthetized with a mixture of Zoletil/Xylazine (50 mg/kg / 5 mg/kg, i.p.) and perfused
transcardially with ice-cold oxygenated chloride—based cutting solution containing (in mM):
93 Choline chloride, 1.2 NaH,PO4, 30 NaHCOg3, 10 MgSQy, 0.5 CaCls, 2.5 KCI, 25
glucose, 3 Sodium pyruvate, 5 (+)-Sodium L-ascorbate, and 20 HEPES. Then mice were
decapitated and the brain was quickly removed for blocking. Coronal brain slices containing
PVN area (200-um thickness) were prepared using a vibratome (VT1200S, Lecia, Germany)
from the blocked brain tissue. The slices were recovered in artificial cerebrospinal fluid
(ACSF) at 32°C for 30 min followed by incubation in ACSF at room temperature (20-24°C)
for an additional 30 min before recordings. ACSF contained (in mM): 125 NaCl, 2.5 KClI,
1.3 NaH,POy, 1.3 (+)-Sodium L-ascorbate, 0.6 Sodium pyruvate, 2 CaCly, 2 MgSOy4, 25
NaHCOg3, 10 glucose and was constantly bubbled with a mixture of 95% 02/5% CO-
throughout whole experiments.

Whole-cell current-clamp recording—PVN slices were transferred to a recording
chamber on a differential interference contrast (DIC) microscope stage (BX51WIF,
Olympus, Japan) and were continuously perfused with oxygenated ACSF maintained at
32°C at a rate of 2-3 ml/min. PVN area was visually located using a 5x objective, as long
wedge shapes on both sides adjacent to the top end of the third ventricle in the hypothalamus
(interaural 3.22 mm, Bregma —0.58 mm to interaural 2.68 mm, Bregma —0.94 mm), within
which neurons were identified using a 40x water immersion objective aided by fluorescence
excited through a 587-nm illumination (pE-300, CoolLED, UK).

Whole-cell patch-clamp recordings were performed on the mCherry positive cells in the
PVN area. Briefly, recording pipettes with resistance of 4-8 MQ were filled with (in
mM): 130 K-gluconate, 10 KCI, 10 HEPES, 1 EGTA, 2 MgATP, 0.4 NaGTP and 2

MgCl, (300 mOsm, pH adjusted to 7.2). To access responses of PVN neurons induced

by optogenetic stimuli, optically-evoked APs were recorded by delivering single 470-nm
optical stimuli with 10-ms or 1-s duration, and a 20Hz stimulation train (20ms on, 1-s
duration), respectively. Electrophysiological signals were amplified using a Multiclamp
700B amplifier (Axon Instruments, Molecular Devices, CA). Data were low-pass filtered at
10kHz and digitized at 20 kHz using Clampex 11.1 software (Molecular Devices, CA) in
conjunction with a Digidata 1550B data acquisition system (Axon Instruments, Molecular
Devices, CA). Clampfit software 11.2 (Molecular Devices, CA) was used to analyze data
offline. Graphs were generated in Origin 2022 (OriginLab, USA).

Methods for mDA nuclear isolation and RNA-Sequencing

Stereotaxic surgery and viral delivery.: Briefly, AAV-KASH-HA virus (AAV-pEFla-
FLEX-HA-VHH-KASH-WPRE, Addgene #129704) was injected using a 30-gauge needle
and was left in place for 5 mins before retracting to ensure proper viral dispersion
throughout midbrain parenchyma of Dat-Cre heterozygous mice.
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Tissue dissection.: Mice were euthanized by inhalation of CO5. Brains were quickly
removed and the VTA was dissected using a scalpel. Samples were immediately frozen
in liquid nitrogen and stored at —80C until processing for nuclear isolation.

Nuclear isolation.: Frozen VTA samples were homogenized in 1 mL ice-cold
homogenization buffer [320 mM sucrose, 5 mM CaCl,, 3 mM Mg(Ac),, 10 mM Tris pH
7.8,0.1 mM EDTA, 0.1% NP40 (Tergitol), 1 mM pB-mercaptoethanol, 0.1 mM PMSF, 1:250
RNasin Plus RNase Inhibitor (Promega), and fill to 10 mL with H20] using a 1 mL Dounce
homogenizer (Wheaton); 30 times with pestle A, followed by 30 times with pestle B. After
10 min of incubation on ice, the homogenate was filtered with a 40 um cell strainer (Fisher),
added to 1 mL of dilution buffer [50% OptiPrep density gradient medium (Sigma), 5 mM
CaCl,, 3 mM Mg(Ac),, 10 mM Tris pH 7.8, 1 mM B-mercaptoethanol, 0.1 mM PMSF, and
fill to 1 mL with H,0] and mixed thoroughly with a pipette. 0.5 mL of the resulting mixture
was then layered on top of 0.5 mL 29% iso-osmolar OptiPrep density gradient medium
solution (in PBS) in a 1.5 mL centrifugation tube and centrifuged at 6000 x g for 10 mins
at 4°C. After removing the supernatant, the nuclei were resuspended in wash buffer [2.5
mM MgCl,, 1% BSA in PBS, 1:250 RNasin Plus RNase Inhibitor (Promega)] for nuclear
immunolabeling.

Nuclear immunolabeling.: Isolated nuclei suspended in wash buffer [2.5 mM MgCI2, 1%
BSA in PBS, 1:250 RNasin Plus RNase Inhibitor (Promega)] were centrifuged (5 mins

at 1000 x g) and supernatant was discarded. Nuclear pellet was resuspended with rabbit
anti-HA (1:200, 3724, Cell Signaling) in 200 pL wash buffer for 1 hr and centrifuged (5
mins at 1000 x g). Supernatant was discarded and nuclear pellet was resuspended in 400 pL
wash buffer for 5 mins, then centrifuged (5 mins at 1000 x g). Supernatant was removed
and the nuclear pellet was then resuspended in donkey anti-rabbit 568 (1:500, A10042,
Invitrogen) in 200 uL wash buffer for 1 hr, and centrifuged (5 mins at 1000 x g). Supernatant
was discarded and pellet was resuspended in 400 pL wash buffer for 5 mins, and centrifuged
(5 mins at 1000 x g). Nuclei were then resuspended with 1% DAPI in 500 uL wash buffer.
All steps for nuclear immunolabeling were performed at 4C.

Fluorescence Assisted Nuclear Sorting.: Immunostained nuclei were then sorted using the
FACS Aria Il Fusion (BD) at the University of Miami Flow Cytometry Core. Nuclei were
sorted based on a live-dead stain (DAPI+ vs DAPI-) and on the presence of the nuclear
bound HA-tag. All intact nuclei were collected and sorted directly into 350 uL RLT Plus
buffer (Qiagen) based on the presence and/or absence of the HA-tag.

RNA-Sequencing.: Total RNA from 500-1000 nuclei was extracted and normalized for
input. RNAs were reverse transcribed and amplified using NEB Next Single Cell/Low Input
RNA Library Prep Kit for Illumina (New England Biolabs). cDNAs were then enzymatically
fragmented following manufacturer’s recommendation (New England Biolabs). The
fragmented cDNAs were end-repaired, adaptor ligated, and amplified using manufacturer’s
recommendations (New England Biolabs). Single-end 100 bp sequencing was performed by
the Sylvester Comprehensive Cancer Center Oncogenomics Core (University of Miami) on a
NextSeq5000 sequencer (IHlumina).
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RNA-Seq analysis.: All RNA-Seq data used in this study (produced by our lab or from
public datasets), were mapped to the mm10 genome. Prior to mapping, raw RNA-Seq
datasets were first trimmed using Trim Galore (v.0.6.6). Illumina sequence adaptors were
removed, after automatic detection of the first 12—-13bp. Next, reads with a length of at least
20-bp were mapped to the genome using STAR (v.2.7.8a) with the following parameters:
—0utSAMtype BAM SortedByCoordinate —outSAMunmapped Within —outFilterType
BySJout —outSAMattributes NH HI AS NM MD XS —outFilterMultimapNmax 20
—outFilterMismatchNoverLmax 0.3 --quantMode TranscriptomeSAM GeneCounts. The
resulting bam files were then passed to StringTie (v.2.1.5) to assemble sequenced alignments
into estimated transcript and gene count abundance given the Gencode GRCm39 (v.M22)
transcriptome assembly.

Differential gene expression analysis.: The R/Bioconductor DESeq?2 package was used for
differential gene expression of HA+ and HA- nuclei. Only genes with transcript abundance

> 10 across samples, showing more than a two-fold expression change and a g-value < 0.05

were considered as differentially expressed.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details (e.g., statistical tests used, exact value of n for each experiment) can be
found in the figure legends. Statistical significance was set at *p < 0.05; **p < 0.01; ***p
<0.001, ****p < 0.0001. Data are presented as means + SEM. We analyzed all data using
Prism 8 (Graphpad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Activation of the PVNCRF neurons or their fibers in VTA supports self-
stimulation

The self-stimulation behaviors are not mediated by the activation of the HPA
axis

Stimulation of PVNCRF—V/TA circuitry enhances VTA-derived DA release in
the NAc

The reinforcing effect of PVNCRF—VTA circuitry requires DA transmission
in the NAc
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Figure 1. Selective activation of PVN CRF cell bodies promotes operant self-stimulation
behaviors.

(A) Schematic map of the strategy for selective activation of PVN CRF neurons. A fiber
was implanted above PVN for optical stimulation. (B) Image shows the expression of the
ChR2 virus in the PVN. Scale bar, 100 pm. (C) Optical stimulation markedly increased
the grooming time in the PVNCRF-ChR2 mice, but not in the control mice. ChR2 mice,

n = 6; mCherry mice, n = 7; ***p < 0.001, Two-way ANOVA, Bonferroni post hoc test.
(D) Optical stimulation significantly increased plasma corticosterone levels in the PVVNCRF-
ChR2 mice compared with those in the control mice (n = 6 in both groups; unpaired t-test,
*p < 0.05). (E) Depiction of the place self-stimulation for RTPP/A behaviors paradigm in
an apparatus with two-connected chambers. One of the chambers was paired with laser
stimulation, entrance into this chamber immediately turned on the laser and continuously
on until the animal exited. (F) Representative locomotor traces during baseline (laser off)
and RTPP/A (laser on) tests from one animal in each group. (G) Summary for the time of
each individual mouse spent in the laser-paired chamber during baseline and RTPP/A tests
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(mCherry, n=11, Laser off vs Laser on: p = 0.9; ChR2, n=10, Laser off vs Laser on: p

=0.9; ns, no significant, Two-way ANOVA, Bonferroni post hoc test). (H) Depiction of the
optogenetic self-stimulation behaviors paradigm in an operant chamber. Animal was trained
to nose poke into an active port to receive optical stimulation; nose poke into an inactive
port would not trigger optical stimulation. (1) The PVVNCRF-ChR2 mice had stable and robust
active port responses over three consecutive daily sessions (30 min for each session) (n

=8 mice; Two-way repeated measures (RM-ANOVA), active nose pokes vs. inactive nose
pokes, F (1,14) = 8.5, **p < 0.01). (J) The control mice had low responses at both active

and inactive port (n = 8 mice; Two-way RM-ANOVA, active nose pokes vs. inactive nose
pokes, F (1, 14) = 0.5, p = 0.8). (K) The active nose pokes number was plotted with the
preference score for each individual animal in the ChR2 group shown in G. The preference
score was calculated as the time spent in the laser paired chamber during RTPP/A test minus
those during baseline test. Note that the 3 mice shown strong avoidance in RTPP/A test also
responded at high levels at active ports. There was no significant correlation between active
nose pokes number and preference score. R=0.15, p=0.75. Data are presented as mean +
S.E.M. See also Figures S1-S3 and Videos S1-S2.
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Figure 2. Selective activation of PVN CRF neuronal projections to VTA promotes reward-related
behaviors.

(A) Schematic map for strategy of selective activation of PVN CRF neuronal projections

to VTA. A fiber was implanted above VTA for optical stimulation. (B) Images showing

the expression of ChR2-mCherry in the VTA which was highlighted with TH positive
cells. Scale bar, 300 um. (C) Optical stimulation didn’t affect grooming behaviors in either
PVNCRF.VTA-ChR2 mice (n = 9) or their control mice (n = 6). Two-way RM ANOVA;
Laser off vs Laser on, F (1, 14) = 0.33, p = 0.57; mCherry vs ChR2, F (1, 14) = 0.4161,

p = 0.53. (D) Optical stimulation didn’t change the plasma CORT levels in either PVNCRF-
VTA-ChR2 mice (n = 9) or the control mice (n = 8). Unpaired t test, p = 0.45. (E)
Depiction of the place self-stimulation for RTPP/A behavior paradigm in an apparatus with
two-connected chambers. (F-G) Optical stimulation induced real time place preference in the
PVNCRF.VTA-ChR2, but not in the control mice. The representative locomotor traces were
shown in F. The time spent in the laser-paired chamber during baseline and RTPP/A tests
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from each individual animal was summarized in G. mCherry, n = 10, Laser off vs Laser on:,
p = 0.79; ChR2, n=13, Laser off vs Laser on; ***p<0.001; Two-way ANOVA, Bonferroni
post hoc test.). (H) Depiction of the optogenetic self-stimulation behavior paradigm in

an operant chamber. (1) The PVNCRF-VTA-ChR2 mice had stable and high active port
responses over 3 consecutive daily sessions (30 mins for each section) (n = 12 mice;
Two-way RM-ANOVA, number of active nose pokes vs inactive nose pokes, F (1, 22) = 9.5,
**p < 0.01; day effect, F(2, 44), p = 0.476). (J, K) Average number of inactive and active
nose pokes during a 30-min operant self-stimulation section from PVNCRF-\/TA-ChR2 (J)
and the control mice (K). The PVNCRF-VTA-ChR2 mice had much higher active nose pokes
than inactive nose pokes, but not the control mice. ChR2 group, n = 20 mice; Mann Whitney
test, ****p < 0.0001. mCherry group, n=9; active nose poke vs; unpaired t test, p = 0.78.
Data are presented as mean + S.E.M. See also Figures S4-S5 and Video S3.
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Figure 3. Manipulations of the operant self-stimulation behaviors in PVNCRF.ChR2 and
PVNCRF./TA-ChR2 mice, respectively.

(A-1) Manipulations of the operant self-stimulation behaviors in the PVNCRF-ChR2 mice
with pharmacological tools via systemic injections. (A) Corticosterone (n =7 mice; p =
0.27); (B) ACTH(11-24) (n = 7 mice; p = 0.22); (C) RU38486 (n = 6 mice; p = 0.14);

(D) Antalarmin (n= 9 mice; *p < 0.05); (E) SCH23390 (n = 9 mice, ***p < 0.001); (F)
Eticlopride (n = 6 mice; p = 0.82); (G) Metyrapone (n = 9 mice; **p < 0.01); (H) L-368,899
(n =9 mice; p = 0.61); () Summary for the effects of pretreatment in the PVNCRF-ChR2
mice. (J-O) Manipulations of the operant self-stimulation behaviors in the PVNCRF-V/TA-
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ChR2 mice with pharmacological tools via systemic injection or with acute stress. (J)
Antalarmin (n =9 mice; *p < 0.05); (K) SCH23390 (n = 15 mice, ****p < 0.0001); (L)
Eticlopride (n = 12 mice, p = 0.26); (M) SCH23390 + Eticlopride (n = 12, **p < 0.01); (N)
Metyrapone (n = 9 mice; **p < 0.01); (O) 2-min tail suspension induced stress (n = 11 mice,
*p < 0.05); (P) Summary for the effects of pretreatments in the PVNCRF-\VTA-ChR2 mice.
The ratio was calculated by dividing the active nosepoke number from the treatment section
to the active nosepoke number from the vehicle or baseline section for each animal. Paired
ratio t test was used for statistics analysis. Data are presented as mean + S.E.M. See also
Figure S6.
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Figure 4. Operant self-stimulation behavior in the C57BL/6J-VTA-ChR2 mice.
(A) Schematic map for strategy of optogenetic activation of VTA neurons (left) and a

representative image shows virus expression and fiber implantation in the VTA (right).
AAV-hSyn-ChR2-mCherry virus was injected unilaterally into the VTA of C57BL/6J mice
and an optic fiber was implanted above the injection site for optical stimulation. (B) The
C57BL/6J-VTA-ChR2 mice had stable and robust active nose pokes over 3 consecutive
daily sessions (30 mins for each section) (n = 10 mice; Two-way RM-ANOVA, number of
active nose-pokes vs inactive nose-pokes, F (1, 18) = 18.26, ***p < 0.001; day effect, F(2,
30), p = 0.5749). (C-1) The number of active nose pokes for self-stimulation was assessed
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with pretreatment of individual drugs and vehicles (i.p injection), or with acute stress. (C)
SCH23390 (n = 9 mice, ***p < 0.0001); (D) Eticlopride (n = 7 mice, *p < 0.05; (E)
SCH23390 + Eticlopride (n =8, **p < 0.01); (F) Metyrapone (n = 9 mice; **p < 0.01); (G)
10-min restraint stress (n = 10 mice, *p < 0.05); (H) 2-min tail suspension induced stress (n
=9 mice, p = 0.93); (1) Summary of the effects of pretreatment in C-H. Paired ratio t test
was used for statistics analyses. Data are presented as mean + S.E.M.
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Figure 5. Activation of PVN CRF projections increases neural activity of TH+ cells in VTA and
induces VTA-deprived dopamine release in NAc.

(A-D) Operant self-stimulation increased c-Fos expression in VTA of PVNCRF.VTA-
ChR2 mice. (A) Experiment procedure. (B) Representative images for TH and c-Fos
immunostaining on VTA brain slices from control mice and PVNCRF-\VTA-ChR2 mice,
respectively. Scale bar, 20 um. (C) Bargraph showing the average number of c-Fos positive
cells per slice in each animal. ***, p<0.001. (D) Bargraph showing the average number

of c-Fos and TH double-positive cells per slice in each animal. **** p<0.0001. 3-5 brain
slices for each animal were analyzed. (E-I) In vivo photometry recording dopamine sensor
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signal in NAc while stimulating the PVN CRF projections to VTA. (E) Schematic map for
strategy of activation of PVN CRF projections to VTA and monitoring in vivo dopamine
release at NAc (left). A representative image shows the ChR2-mCherry expression in the
PVN (right). (F) Representative image showing the expression of dopamine sensor DA 4 in
the NAc. Scale bar, 300 um. (G) Representative heatmap of DA, 4 fluorescence in the NAc
in response to terminal stimulation in the VTA from one mouse. 20 trials were performed
with the laser-off to get the baseline, followed by 20 trials with the laser-on stimulation. At
each trial, stimulation started at 0 s and ended at 2 s. (H, 1) Average of fluorescence traces
(AF/F0O) of DAy 4 at the baseline and that in response to the optogenetic stimulations (H) and
the area under the curve (1) (n = 6 mice; paired t test, *p < 0.05). Data are presented as mean
+S.E.M.
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Figure 6. The positive reinforcing effect of PVNCRF—V/TA projections requires activation of
D1R and D2R in the NAc.

(A) Schematic map for self-stimulation of PVNCRF—VTA projections with drug infusions
intoNAc (left). A representative image shows the ChR2-mCherry expression in the PVN
(right). (B-C) Micro-infusion of D1R antagonist SCH23390 (B) or D2R antagonist
Eticlopride (C) significantly attenuated the self-stimulation behaviors of PVNCRF—-VTA
projections. SCH23390 (n = 5 mice, *p < 0.01); Eticlopride (n=7 mice, *p< 0.01). (D)
Summary of the effects of pretreatments in B-C. Paired ratio ftest was used for statistics
analyses. Data are presented as mean + S.E.M.
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Figure 7. A working hypothesis for the positive rewarding effect of PVN CRF neurons.
Activation of the PVN CRF neurons results in CRF release in the VTA, which excites the

CRFR1-expressing DA neurons and then induces dopamine transmission in the D1R and
D2R-expressing neurons in the NAc. See also Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

mCherry antibody Abcam Cat# ab167453
TH antibody Millipore Cat# MAB318
c-Fos antibody Cell Signaling Cat# 2250S
HA-Tag (C29F4) Rabbit mAb Cell Signaling Cat# 3724

Alexa Fluor® 488 AffiniPure Donkey Anti-
Rabbit 1gG (H+L)

Jackson ImmunoResearch

Cat# 711-545-152 RRID: AB_2313584

Alexa Fluor® 647 AffiniPure Donkey Anti-
Mouse I1gG (H+L)

Jackson ImmunoResearch

Cat# 715-605-151 RRID: AB_2340863

Donkey anti-Rabbit I1gG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™
568

Invitrogen

Cat# A10042

Bacterial and virus strains

AAV2/9-hEF1a-DIO-mCherry

Shanghai Taitool Bioscience Co., Ltd.,
China

Cat# S0197-9

AAV2/9-hEF1a-DIO-hChR2(H134R)-mCherry

Shanghai Taitool Bioscience Co., Ltd.

Cat# S0170-9

AAV2/9-hSyn-hChR2(H134R)-mCherry

BrainVTA Co., Ltd., China

Cat# BC0097

AAV9-hSyn-DA4.4

Vigene Biosciences Co., Ltd., China

Cat# NTA-2012-ZP568

AAV-pEFla-FLEX-HA-VHH-KASH-WPRE Addgene Cat# 129704
Chemicals, peptides, and recombinant proteins

Antalarmin Absin Cat# abs823290
SCH23390 MedChemExpress Cat# HY-19545A
Eticlopride MedChemExpress Cat# HY-03413
Corticosterone Sigma-Aldrich Cat# C2505
Metyrapone Absin Cat# abs816604

Normal Donkey Serum

Jackson ImmunoResearch

Cat# 017-000-121

Normal Goat Serum

Jackson ImmunoResearch

Cat# 005-000-121

DAPI nuclear counterstain

Vector Labs

Cat# SP-8500-15

RNasin® Ribonuclease Inhibitors Promega Cat#f N2111
Critical commercial assays

CORT ELISAKIT Abcam Cat# ah108821
NEB Next Single Cell/ Low Input RNA Library | New England Biolabs Cat# E6420
Prep Kit

Experimental models: Organisms/strains

C57BL/6J mice GemPharmatech N/A
B6(Cg)-Crhtmicre)Zin/j mice Jackson Lab JAX: 012704

Software and algorithms

GraphPad Prism 8

GraphPad Software

https://www.graphpad.com/scientific-software/
prism/

MATLAB

The MathWorks

RRID: SCR_001622
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REAGENT or RESOURCE SOURCE IDENTIFIER
Image J NIH https://imagej.nih.gov/j/

Digidata 1550B data acquisition system

Axon Instruments, Molecular Devices
Co., Ltd., CA

https://www.moleculardevices.com

Clampex 11.1 software

Molecular Devices, CA

https://www.moleculardevices.com/

Other

Stereotaxic instrument RWD Life Science Co., Ltd., China (G1080201

Patch cables Nanjing Aoguan Bioscience Co., Ltd., CFJ-1CT
China

Epifluorescence microscope Olympus VS120

Differential interference contrast microscope Olympus Co., Ltd., Japan BX51WIF
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