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N E U R O S C I E N C E

Opposite effects of stress on effortful motivation in high 
and low anxiety are mediated by CRHR1 in the VTA
Ioannis Zalachoras1*, Simone Astori1*, Mandy Meijer1,2, Jocelyn Grosse1, Olivia Zanoletti1, 
Isabelle Guillot de Suduiraut1, Jan M. Deussing3, Carmen Sandi1*

Individuals frequently differ in their behavioral and cognitive responses to stress. However, whether motivation 
is differently affected by acute stress in different individuals remains to be established. By exploiting natural variation 
in trait anxiety in outbred Wistar rats, we show that acute stress facilitates effort-related motivation in low anxious 
animals, while dampening effort in high anxious ones. This model allowed us to address the mechanisms underlying 
acute stress–induced differences in motivated behavior. We show that CRHR1 expression levels in dopamine neurons 
of the ventral tegmental area (VTA)—a neuronal type implicated in the regulation of motivation—depend on 
animals’ anxiety, and these differences in CRHR1 expression levels explain the divergent effects of stress on both 
effortful behavior and the functioning of mesolimbic DA neurons. These findings highlight CRHR1 in VTA DA 
neurons—whose levels vary with individuals’ anxiety—as a switching mechanism determining whether acute 
stress facilitates or dampens motivation.

INTRODUCTION
Acute exposure to stressors activates a set of adaptive responses in 
the brain and peripheral physiological systems that orchestrate behav-
ioral changes to cope with life threats (1, 2). Despite its important 
motivational functions, the effect of acute stress in motivated be-
haviors is not clear. As opposed to the consensus that both chronic 
stress and stress-related psychopathologies are characterized by 
impaired motivation (3–6), findings on the motivational effects of 
acute stress are mixed (7–11). Although brief exposure to physical 
stressors tends to result in impaired motivation (7–11), some 
studies have reported improved performance (12) or no effects (8). 
Although differences in the characteristics of the stressors may con-
tribute to this discrepancy, the existence of individual variability in 
the behavioral and cognitive responses to stress (13–18) may be key 
to understanding acute stress effects in motivated performance. This 
variability has been documented in other domains but remains 
unknown for motivation. For example, acute stress affects learning 
and memory (19, 20), but only a subset of individuals shows detri-
mental performance under high stress, while others thrive (18, 21). 
Similarly, stress affects social competitiveness (22), boosting domi-
nant behaviors in some individuals while inducing subordination 
in others (23, 24).

Anxiety, as a personality trait or temperamental predisposition, 
has been revealed as a key moderator of acute stress effects in both 
learning (18, 21, 25, 26) and social behaviors (23, 24). However, 
whether trait anxiety may explain variance in the modulation of 
motivated behaviors by stress is not known. Motivation—the pro-
cess that facilitates overcoming the cost of an effortful action to 
achieve a desired outcome (27)—is crucial for both success and 
well-being (28, 29). Therefore, identifying factors that account for 
individual differences in acute stress effects in motivated behavior 

could help both, revealing their neurobiological underpinnings and 
developing strategies to foster motivation under stress.

At the neurobiological level, a promising mechanism to mediate 
the interaction between anxiety and the neural substrates of moti-
vated behavior is the regulation of the mesolimbic system by corti-
cotropin-releasing hormone (CRH) actions through CRH receptor 1 
(CRHR1) (30). On the one hand, the mesolimbic dopaminergic (DA) 
system, comprising DA projections from the ventral tegmental area 
(VTA) to the nucleus accumbens (NAc), is critical for motivation 
(31, 32). On the other hand, CRH actions through CRHR1—the 
predominantly expressed CRH receptor in VTA DA neurons (33–35)—
are central components of the physiological stress response and are 
involved in the regulation of anxiety phenotypes (33, 36). In the VTA, 
acute stress has been shown to trigger CRH release (10) and CRHR1 
to mediate stress-induced impairments in motivated behaviors 
(9, 11). Given that mice with genetic deletion of Crhr1 in DA—but 
not gamma-Aminobutyric acid (GABA)-ergic—neurons show in-
creased anxiety (37), we hypothesize here a role for CRHR1 in DA 
neurons on anxiety-dependent effects of stress in motivated behaviors.

Here, we investigate anxiety-related differences in motivated 
behaviors under stress and their underlying mechanisms. We use 
outbred Wistar rats, a natural model of variation in trait anxiety 
(24, 38), and assess effort to obtain rewards in an operant task under 
a progressive ratio schedule following acute stress exposure. By 
combining behavioral, genetic, electrophysiological, histochemical, 
and molecular analyses along with pharmacological and genetic 
manipulations, we show opposite motivational effects of stress de-
pending on individuals’ anxiety and implicate differences in the ex-
pression levels of CRHR1 in the VTA DA neurons in these effects.

RESULTS
Acute stress has opposite effects in motivated behavior 
in low anxious and high anxious rats
First, we classified animals as either low (LA) or high (HA) anxious 
according to their performance in the elevated plus maze (EPM; 
Fig. 1A) and following established criteria (24). Then, LA and HA 
rats were trained in an operant conditioning task under a fixed ratio 
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1 (FR1) schedule to obtain palatable food rewards in which both 
groups showed similar performance [two-way repeated-measures 
analysis of variance (ANOVA) revealed a nonsignificant session × 
anxiety interaction (F5,125 = 1.519, P = 0.189); fig. S1B]. However, 
when subsequently tested in a progressive ratio schedule (PR test; 
fig. S1C), either under basal conditions or following acute stress ex-
posure [i.e., exposure to an elevated platform (EP) during 15 min; 
Fig. 1B], we found a key interaction between stress and anxiety trait 
(Fig. 1C). We confirmed that exposure to the EP elicited a robust 
stress response regardless of anxiety, as indicated by marked in-
creases in plasma corticosterone levels that did not correlate with 
animals’ basal anxiety (fig. S1A). Whereas performance did not dif-
fer between the two anxiety groups under basal conditions (LA-ctr 
and HA-ctr), stress increased motivated behaviors in LA rats (LA-
stress) but had the opposite, detrimental effect in HA (HA-stress) 
rats. Thus, LA-stress and HA-stress differed from their respective 
control groups for breakpoint [two-way ANOVA revealed a signif-
icant stress × anxiety interaction (F1,36 = 15.46, P = 0.0004); Fig. 1C], 
number of correct nosepokes [two-way ANOVA revealed a signifi-
cant stress × anxiety interaction (F1,36 = 12.35, P = 0.001); Fig. 1D], 
and number of obtained rewards [two-way ANOVA revealed a sig-
nificant stress × anxiety interaction (F1,36 = 12.42, P = 0.001); Fig. 1E]. 
In addition, LA-stress rats showed superior performance than HA-
stress for all those parameters (Fig. 1, D and E). Although stress led 
to fewer incorrect nosepokes (in the inactive port; fig. S1D), there 
were no group differences in the number of correct nosepokes during 
the timeout period (fig. S1E). Moreover, there were no group differ-
ences in the consumption of 20 pellets in a free access test (i.e., the 
same type of pellets and in an amount equivalent to the maximal 
number they could obtain as rewards in the PR test; fig. S1F), sug-
gesting that the observed performance differences in the PR test are 
not due to stress-induced changes in the perceived palatability of the 
pellets or on animals’ motivation to eat, but rather related to their 
motivation to exert effort to obtain the reward.

To corroborate these findings, we performed another experiment 
with a new cohort of animals but, this time, instead of using different 
rats for each condition (control or stress) as above, we tested the 
same animals in the PR test first under control and then under stress 

conditions. Again, performance of LA and HA rats was equivalent 
under basal conditions, but diverged following acute stress expo-
sure. LA rats significantly improved their motivated behavior after 
stress and showed better performance than HA rats for breakpoint 
[two-way ANOVA revealed a significant stress × anxiety interaction 
(F1,19 = 9.949, P = 0.0052); fig. S1G] for correct nosepokes [two-way 
ANOVA revealed a significant stress × anxiety interaction (F1,19 = 
25.57, P < 0.0001); fig. S1H] and number of obtained rewards [two-way 
ANOVA revealed a significant stress × anxiety interaction (F1,19 = 
13.04, P = 0.0019); fig. S1I].

Crhr1 common variant is associated with anxiety
To investigate whether the CRH system is a potential substrate for 
the behavioral differences observed above, we then asked whether 
genetic variants in intron 1 of Crhr1 are associated with anxious 
behavior. In total, 26 HA, 32 intermediate anxious (IA), and 35 LA rats 
were genotyped (Fig. 2), and variation in a known single-nucleotide 
polymorphism (SNP; rs106600307, chr10:92191940) was identified. 
Haplotype distribution was associated with anxious behavior mea-
sured by the EPM (Kruskal-Wallis 2 = 6.2139, df = 2, P = 0.04474) 
in an overdominant fashion (Fig. 2A). Heterozygote animals were 
less anxious than homozygote animals for either the reference (G/G) 
or the alternative (A/A) allele (Wilcoxon rank sum test, W = 1397.5, 
P = 0.01309), possibly caused by altered Crhr1 expression and activity 
levels (Fig. 2B). Moreover, our analyses revealed that a higher pro-
portion of LA rats are heterozygous for this SNP, whereas a higher 
proportion of HA rats are homozygous, confirming that the hetero-
zygous SNP is associated with lower anxiety in Wistar rats (Fig. 2C).

LA rats have higher CRHR1 expression in VTA DA neurons 
than HA rats
To verify that expression patterns of CRHR1 are implicated in anxious 
behavior and motivation, we then asked whether LA and HA rats 
display a differential CRHR1 expression in the VTA. Given that CRHR1 
deletion in different cell types induces opposing effects on anxiety 
(i.e., anxiogenic in DAergic neurons, while anxiolytic in GABAergic 
neurons) (37), we performed a cell type–specific quantitative analysis 
of Crhr1 mRNA and protein levels. RNAscope fluorescence in situ 
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Fig. 1. Effects of acute exposure to stress on PR test performance. (A) All rats were phenotyped for trait anxiety in the EPM before the beginning of experiments. Bar 
graphs represent the distribution of the time spent in the open arms (%OA) in a representative batch of 130 rats. (B) Scheme describing the experiment probing the ef-
fects of acute stress exposure on PR test performance of LA and HA rats. (C) Stress exposure resulted in a higher breakpoint in LA rats compared to HA rats. Two-way 
ANOVA revealed a significant stress × anxiety interaction (F1,36 = 15.46, P = 0.0004), but no significant effects of anxiety or stress (F1,36 = 3.736, P = 0.061 and F1,30 = 0.1244, 
P = 0.726, respectively, n = 9 to 11 per group). (D) LA rats exposed to stress performed significantly more nosepokes than HA rats exposed to stress. Two-way ANOVA re-
vealed a significant stress × anxiety interaction (F1,36 = 12.35, P = 0.001), but no significant effects of anxiety or stress (F1,36 = 3.010, P = 0.091 and F1,36 = 0.141, P = 0.71, 
respectively, n = 9 to 11 per group). (E) LA rats exposed to stress acquired more rewards than HA rats exposed to stress. Two-way ANOVA revealed a significant stress × 
anxiety interaction (F1,36 = 12.42, P = 0.001), but no significant effects of anxiety or stress (F1,36 = 3.304, P = 0.077 and F1,36 = 0.0001, P = 0.99, respectively, n = 9 to 11 per 
group). Asterisks denote significant differences in the respective post hoc tests (**P < 0.01, *P < 0.05, and #P < 0.1).
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Fig. 2. Trait anxiety is associated with a Crhr1 common variant and with different CRHR1 expression in VTA DA neurons. (A to C) All rats (n = 26 HA, n = 32 IA, and 
n = 35 LA) were genotyped for SNP on rs106600307 located on chr10:92191940. (A) Allele pair distribution is associated with time spent in the open arms in the EPM 
(Kruskal-Wallis 2 = 6.2139, df = 2, P = 0.04474). (B) Heterozygous rats spent significantly more time in the open arms of the EPM compared to homozygous rats (Wilcoxon 
rank sum test, W = 1397.5, P = 0.01309). Bars represent the percentage of time spent in the open arms (%OA) for the different allele pairs. (C) A significantly higher propor-
tion of LA rats than HA rats are heterozygous for the Crhr1 SNP (2 test6.146,1, P = 0.0132). (D to F) CRHR1 expression in DA cells in the VTA was probed with RNAscope. 
Expression of CRHR1 mRNA (red) in TH+ cells (green), along with nuclear staining with DAPI (blue) and merged image in the VTA of LA (D) and HA (E) rats. (F) Left: Higher 
magnification images of the marked area of panels in (D) and (E) in LA and HA rats. Right: LA rats had higher CRHR1 mRNA expression in DA neurons in the VTA than HA 
rats (Mann-Whitney test, U = 2.000, P = 0.032). (G) Left: CRHR1 expression in GABAergic cells in the VTA. Merged images of expression of CRHR1 mRNA (red) in GAD1+ cells 
(magenta), along with nuclear staining with DAPI (blue) in LA and HA rats. Right: CRHR1 mRNA expression was not different between LA and HA rats in GABAergic neurons 
(Mann-Whitney test, U = 11.00, P = 0.816) and when quantified in all nuclei (Mann-Whitney test, U = 8.500, P = 0.46). *P < 0.05. Scale bars, 100 m.
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hybridization analysis in the VTA revealed a significantly higher 
Crhr1 expression in DA [tyrosine hydroxylase–positive (TH+)] neu-
rons of LA rats than in those of HA rats (Fig. 2, D to F), but no differ-
ences in Crhr1 expression in GABAergic (GAD1+) neurons or when 
counting expression in all cell nuclei [stained with 4′,6-diamidino-
2-phenylindole (DAPI); Fig. 2G]. To corroborate our findings in 
DA neurons, we performed a double immunofluorescence staining 
for CRHR1 and TH in the VTA. CRHR1 immunofluorescence in DA 
neurons in the VTA of LA rats was higher than in that of HA rats 
(fig. S1, J to L), indicating that the observed anxiety-related differ-
ences in CRHR1 expression in VTA DA neurons are also reflected 
at the protein level. Together, these data reveal that trait anxiety 
differences are coupled to differences in CRHR1 expression in VTA 
DA neurons, pointing at CRHR1 in VTA DA neurons as a potential 
substrate for the anxiety-dependent divergent effects of stress in 
motivated behavior.

Intra-VTA CRH treatment mimics the effects of stress 
on motivated behavior in LA and HA rats
CRH actions in the VTA can mimic detrimental effects of acute stress 
in motivated behavior (9, 11). Given our findings on anxiety-dependent 
differential expression of VTA CRHR1 levels, we hypothesized that 
intra-VTA CRH effects may differ depending on animals’ anxiety trait, 
mimicking the divergent motivational effects induced by acute stress 
in LA and HA rats. To test this hypothesis, following cannulation 
and then FR1 training (there were no group differences in perfor-
mance; fig. S2A), LA and HA rats were bilaterally infused with vehicle 
(LA-Veh, HA-Veh) or CRH (LA-CRH, HA-CRH) and then tested 
in the PR test (Fig. 3A). Mirroring the acute stress results, CRH in-
fusion improved performance in LA rats (LA-CRH versus LA-Veh) 
but impaired performance in HA rats (HA-CRH versus HA-Veh), 
and LA-CRH showed superior performance than HA-CRH [two-
way ANOVA revealed a significant treatment × anxiety interaction 
(F1,26 = 21.50, P < 0.0001), for breakpoint, Fig. 3B; two-way ANOVA 
revealed a significant treatment × anxiety interaction (F1,26 = 17.93, 
P = 0.0003), for correct nosepokes, Fig. 3C; two-way ANOVA re-
vealed a significant treatment × anxiety interaction (F1,26 = 21.50, 

P < 0.0001), for obtained rewards, Fig. 3D]. No differences were 
observed in training performance between LA and HA rats following 
cannulation (fig. S2A), in incorrect nosepokes during PR (fig. S2B), 
in the correct nosepokes during the timeout period (fig. S2C), or in 
the total number of pellets eaten when given 15-min free access to 
them (fig. S2D) regardless of treatment or anxiety group. Further-
more, in a new cohort of animals, microdialysis experiments (fig. S2E) 
indicated that while LA-Veh and HA-Veh showed similar levels of DA 
and DOPAC (3,4-dihydroxyphenylacetic acid) in the NAc (fig. S2F), 
LA-CRH rats displayed higher levels of both DA and DOPAC (fig. 
S2G). This confirms a differential responsiveness of the mesolimbic 
DAergic system to VTA CRH actions depending on trait anxiety.

Differential action of CRH on VTA DA firing in LA and HA rats
Given our findings here that (i) CRHR1 levels in DA VTA neurons 
differ between LA and HA rats and (ii) intra-VTA CRH actions exert 
opposite effects in LA and HA rats’ motivated behavior, we postu-
lated that the substrate for the latter may rely on a differential respon-
siveness of VTA DA neurons to CRH in the two anxiety groups. To 
test this possibility, we conducted ex vivo patch clamp recordings 
from DA neurons—identified based on their electrophysiological sig-
nature (see Materials and Methods and fig. S3, A to C). DA VTA 
neurons from LA and HA rats displayed comparable intrinsic excit-
ability, with overlapping frequency-current relationships when firing 
was elicited by somatic current injections, as well as comparable 
rheobase and firing threshold (fig. S3, E to G), and hyperpolarization-
activated cyclic nucleotide–gated (HCN) channel-induced Ih currents 
(fig. S3, H to J). To examine the acute effects of CRH on spontaneous 
DA VTA neuron firing, we bath-applied CRH (500 nM), which in 
LA rats induced a reversible increase that was prevented by the 
CRHR1 antagonist CP-154526 (3 M). Notably, in HA rats, the fa-
cilitating effect of CRH on DA VTA neuron spiking was blunted 
(>4-fold smaller than in LA rats; Fig. 4A). The dose-response curves 
confirmed a significant difference between LA and HA rats throughout 
the submillimolar range (Fig. 4B). Recordings of spontaneous cell 
firing ex vivo revealed that DA neurons from LA rats were generally 
silent under basal conditions, whereas DA neurons from HA rats 
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exhibited higher spiking rates (Fig. 4C). Accordingly, the effect of 
CRH on the absolute values of firing frequency revealed that the nearly 
silent activity observed in LA cells under baseline conditions switched 
to high firing levels upon CRHR1 activation, reaching a maximal 
firing rate similar to the one recorded in HA rats upon basal and CRH 
conditions (Fig. 4D). Thus, as opposed to the blunted effects observed 
in HA rats, in LA rats CRH leads DA VTA neurons to change dy-
namically from low to high firing rate. On its turn, this is supposed 
to lead to a pronounced increase in DA release in VTA targets (39), 
consistent with the higher NAc DA levels found in LA rats, but not 
HA rats, after CRH infusion in the VTA (fig. S2, F and G).

VTA interneurons express presynaptic CRHR1 that can potenti-
ate GABA release onto DA neurons (40). We thus tested whether 
the differential outcome of acute CRH application on DA VTA cell 
firing could be brought about by a differential modulation of the 
GABAergic tone in LA and HA rats. However, when inhibitory 

transmission was blocked, the different responsiveness in firing 
frequency to CRH in the two anxiety groups was preserved (Fig. 4E). 
Moreover, non-DA VTA neurons did not change their sponta-
neous firing when exposed to CRH (fig. S3D). We further verified 
that CRHR1 expressed in DA VTA neurons is necessary to induce 
the change in cell firing by using a tamoxifen-inducible DAT-
CRHR1 mouse model (41), in which CRHR1 knockout (KO) was 
selectively induced in DA cells. CRHR1 KO in the VTA was veri-
fied using quantitative polymerase chain reaction (qPCR; Fig. 4F). 
Bath application of CRH (500 nM) led to a reversible increase in 
firing in wild-type (WT) mice, which was completely absent in 
DAT-CRHR1-KO mice (Fig. 4G). Collectively, these data indicate 
that CRH impinges primarily on intrinsic excitability mechanisms 
of DA VTA neurons, with a divergent responsiveness in LA and HA 
rats that is consistent with their differential expression of CRHR1 in 
VTA DA neurons.
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values in the shaded area, U = 2, P = 0.0317, n = 5 to 6). Color-coded representative traces recorded before and during CRH application on the left. *P < 0.05.
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Lower motivated performance under stress by  
down-regulation of CRHR1 expression in the VTA
From the previous results, we hypothesized that down-regulation of 
CRHR1 expression in the VTA would block the effects of stress on 
PR performance. To investigate the causal involvement of CRHR1 in 

the mediation of stress effects on motivated behavior, we undertook 
two approaches. First, we induced a down-regulation of CRHR1 
expression in the VTA of LA rats using an antisense oligonucleotide 
(AON; Fig. 5, A and B), previously shown to be effective (42). Rats 
cannulated in the VTA were first trained in an FR1 schedule and 

A B

24 hours

R
el

at
ive

 C
R

H
R

1 
ex

pr
es

sio
n

0

50

100

150

B
re

ak
po

in
t

*

0

200

400

0 5 10 15 20
Time (min)

Fi
rin

g 
fre

qu
en

cy
 (%

) CRH Mismatch (n = 5)

CRHBaseline

AON (n = 8)

10 s

40 mV

 B
as

al
 fi

rin
g 

fre
qu

en
cy

 (H
z)

0

5

10

15

20

40 mV
4 s
− 40 mV

*

−60
−40
−20

0

V
m

ea
n (

m
V)

Mismatch AON

Mismatch AON

Mis.
 ct

r

Mis.
 st

res
s

AON ct
r

AON st
res

s
0

200

400

600

0

5

10

15

20

0

50

100

150

C
or

re
ct

 n
os

ep
ok

es

R
ew

ar
ds

Mis.
 ct

r

Mis.
 st

res
s

AON ct
r

AON st
res

s

Mis.
 ct

r

Mis.
 st

res
s

AON ct
r

AON st
res

s

**
C D

F

E

G

****

VTA

Mismatch/
AON

*

* * #

Fig. 5. Antisense-mediated CRHR1 down-regulation in the VTA blocks stress effects on PR performance in LA rats. (A) Schematic representation of AON treatment 
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significant treatment effect, and a nonsignificant effect of stress on breakpoint (two-way ANOVA: F1,24 = 6.789, P = 0.016, F1,24 = 10.27, P = 0.004, and F1,24 = 1.872, P = 0.184, 
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tion, a significant effect of AON treatment, and a nonsignificant effect of stress on the number of rewards (F1,24 = 5.526, P = 0.027, F1,24 = 9.566, P = 0.005, and F1,24 = 0.75, 
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application of CRH (500 nM) induced a reversible increase in cell firing in LA rats, which was partially blocked by AON treatment (Mann-Whitney test comparing mean 
values in the shaded area, U = 6, P = 0.0451, n = 5 to 8). Representative voltage traces are shown at the top. Asterisks denote significant differences in the respective 
post hoc tests (**P < 0.01, *P < 0.05, and #P < 0.1).
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subsequently injected with AONs or mismatch (mis.) oligonucleotides 
for three consecutive days before PR test. The two groups did not 
differ in performance at training (fig. S4A). The expected stress-
induced improvement in performance was verified in mismatch-
treated LA rats but was prevented by AON treatment [two-way ANOVA 
revealed a significant AON treatment × stress interaction for break-
point (F1,24 = 6.789, P = 0.016; Fig. 5C), number of correct nose-
pokes performed (F1,24 = 6.346, P = 0.019; Fig. 5D), and number of 
obtained rewards (F1,24 = 5.526, P = 0.027; Fig. 5E)]. Stress-exposed 
mismatch-treated rats exhibited improved performance as com-
pared to control rats and to stress-exposed rats treated with AONs 
targeting CRHR1. No effects of CRHR1-AON treatment or stress 
exposure were observed on the number of incorrect nosepokes 
(fig. S4B) during the PR test or in the number of correct nosepokes 
during the timeout period (fig. S4C).

To verify that the AON treatment effectively induced CRHR1 
down-regulation in the VTA, and to examine the resulting changes 
in the DA neuron excitability and responsiveness to CRH, we con-
ducted ex vivo patch clamp recordings from AON- and mismatch-
treated rats. DA neurons from rats treated with AONs targeting 
CRHR1 exhibited higher rates of spontaneous firing (Fig. 5F), with-
out further changes in basal cellular properties (fig. S4, D to I). Bath 
application of CRH (500 nM) induced a reversible increase in cell 

firing in DA neurons, which was significantly smaller in AON-treated 
rats than in mismatch-treated rats (Fig. 5G). Thus, AON-treated DA 
neurons from LA rats exhibit a CRH responsiveness that is compa-
rable to DA neurons from HA rats.

CRHR1 overexpression in VTA → NAc projection neurons 
improves motivated behavior under stress
Next, we investigated whether overexpressing CRHR1 in the VTA 
in rats high in anxiety would be sufficient to improve their motivated 
behavior under stress. To this end, we applied an intersection ap-
proach to specifically target VTA → NAc projecting neurons. Spe-
cifically, we infused (i) an AAVrg-pgk-Cre virus with retrograde 
infection properties, expressing Cre recombinase in the NAc, and 
(ii) either a CRHR1-overexpression virus (pAAV-CBA-Stop-CRHR1-
WPRE, CRHR1 OE rats) or a green fluorescent protein (GFP)–
expressing virus (pAAV-Stop-GFP) as control (GFP rats) in the 
VTA (Fig. 6). RNAscope analyses in samples obtained 4 weeks after 
viral infusion indicated that ~85% of the neurons that expressed the 
virus were DA neurons, in line with previous studies that have shown 
that the majority of neurons that project from the VTA to the NAc 
are DA neurons (fig. S5, D and E) (43). Moreover, CRHR1 expression 
was higher in DA neurons expressing the CRHR1 OE virus than in 
those expressing GFP (fig. S5F). Then, in a separate group of animals, 
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Fig. 6. Genetic manipulation of CRHR1 expression affects motivated behavior after stress. (A) Schematic representation of the viral strategy for CRHR1 OE or GFP 
expression in NAc-projecting VTA neurons in HA rats, generating CRHR1 OE rats and control GFP rats, which were tested for PR performance following stress exposure. (B 
to D) CRHR1 OE rats reached a higher breakpoint (F1,19 = 12.43, P = 0.0027), performed more nosepokes (F1,19 = 13.23, P = 0.0018), and obtained more rewards (F1,19 = 
12.06, P = 0.0025) both under basal conditions and after stress. (E) PR performance after stress was tested in DAT-CRHR1 mice in which CRHR1 was selectively down-
regulated in DA neurons. (F to H) Stress in DAT-CRHR1 mice led to impaired performance. (F) Stress in DAT-CRHR1 mice led to a lower breakpoint. Two-way repeated-measures 
ANOVA revealed a significant stress × genotype interaction (F1,20 = 8.028, P = 0.01), a marginally nonsignificant genotype effect, and a nonsignificant stress effect 
(F1,20 = 4.016, P = 0.059 and F1,20 = 0.004, P = 0.95, n = 7 to 15). (G) Stress reduced the number of correct nosepokes in DAT-CRHR1 mice. Two-way repeated-measures 
ANOVA revealed a significant stress × genotype interaction (F1,20 = 5.836, P = 0.025), a marginally nonsignificant genotype effect, and a nonsignificant stress effect (F1,20 = 
4.013, P = 0.059 and F1,20 = 0.056, P = 0.82, n = 7 to 15). (H) Stress in DAT-CRHR1 mice reduced reward acquisition. Two-way repeated-measures ANOVA revealed a signifi-
cant stress × genotype interaction (F1,20 = 10.14, P = 0.005), a significant effect of genotype, and a nonsignificant effect of stress (F1,20 = 7.150, P = 0.014 and F1,20 = 0.416, 
P = 0.53, n = 7 to 15 per group). Asterisks denote significant differences in the t test or post hoc test (**P < 0.01, *P < 0.05, and #P < 0.1).
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rats started training in an FR1 schedule 4 weeks after viral infusions. 
CRHR1 OE and GFP rats did not differ in their training performance 
(two-way repeated-measures ANOVA: interaction effect F5,125 = 1.883, 
P = 0.101, AON effect F1,25 = 0.563, P = 0.46, time effect F5,125 = 51.35, 
P < 0.0001; fig. S5A). However, CRHR1 OE rats showed superior 
performance than GFP rats when performing the PR test both un-
der control conditions and under stress (breakpoint: Fig. 6B; num-
ber of correct nosepokes: Fig. 6C; and number of obtained rewards: 
Fig. 6D). There was no difference in the number of incorrect nose-
pokes performed during the PR test (fig. S5B), but CRHR1 OE rats 
performed more correct nosepokes in the timeout period (fig. S5C). 
The fact that CRHR1 OE rats already showed superior performance 
under basal conditions suggests that the surgery procedures may have 
reduced the threshold to display anxiety in this cohort of animals. 
Together, these data further support a role for CRHR1 in VTA → 
NAc projecting neurons in motivated performance.

CRHR1 deletion in DA neurons impairs motivated behavior 
under stress
AONs effectively down-regulated VTA responsiveness to CRH in 
rats but did not target CRHR1 in a cell type–specific manner. To 
investigate the effect of CRHR1 deregulation in DA neurons, we 
used DAT-CRHR1 mice, which is a tamoxifen-inducible model of 
CRHR1 deletion selectively in DA neurons and their Cre− litter-
mates (41). Following tamoxifen or vehicle treatment and habitua-
tion to the reversed light cycle, mice were trained in a FR1 schedule 
and were subsequently exposed to two progressive ratio test ses-
sions on two consecutive days, first without exposure to stress (con-
trol) and then after a 15-min exposure to an EP (Fig. 6E). Our data 
show that, although there was no difference between WT and KO 
mice in the control progressive ratio test session, stress exposure 
resulted in a significantly better performance in WT mice compared 
to KO mice [breakpoint: two-way repeated-measures ANOVA 
revealed a significant stress × genotype interaction (F1,20 = 8.028, 
P = 0.01), Fig. 6F; correct nosepokes: two-way repeated-measures 
ANOVA revealed a significant stress × genotype interaction (F1,20 = 
5.836, P = 0.025), Fig. 6G; rewards: two-way repeated-measures 
ANOVA revealed a significant stress × genotype interaction (F1,20 = 
10.14, P = 0.005) and a significant effect of genotype (F1,20 = 7.150, 
P = 0.014), Fig. 6H]. For the comparison between WT and KO mice, 
we pooled Cre− tamoxifen–treated, Cre− vehicle–treated, and DAT-
CRHR1 vehicle–treated mice as WT groups, after confirming 
lack of significant differences among them (fig. S6, B to D). When 
mice were given free access to sucrose pellets, there was no differ-
ence in consumption between WT and KO mice, with or without 
prior stress exposure (fig. S6E). Moreover, the number of inactive 
nosepokes was not different between genotypes or after stress expo-
sure compared to control (fig. S6F). Last, there was no difference 
between WT and KO mice in training performance, suggesting that 
the CRHR1 KO in DA neurons did not have an effect in learning 
(fig. S6G).

DISCUSSION
In this study, we reveal divergent effects of acute stress in motivated 
behavior depending on individuals’ anxiety and identify the CRH 
system in the VTA as a critical mediator of those distinct stress 
effects. Specifically, we show that acute stress exposure facili-
tates effort exertion to obtain rewards in LA rats, but it has the 

opposite—i.e., inhibitory—effect in effort exertion in HA rats, while 
not changing animals’ interest to consume the rewards. We also 
underscore the crucial role for CRHR1 in the VTA in tuning the 
impact of stress both on the functioning of mesolimbic DA neurons 
and in the regulation of motivated behavior.

The existence of individual variation in the behavioral and cog-
nitive effects of acute stress is being increasingly recognized (13–18), 
and its understanding is proving critical for progress in the field 
(44–48). However, it is unknown whether motivation is distinctly 
affected by acute stress in different individuals. Most reports to date 
have emphasized negative effects of acute stress in working for food 
rewards (8, 9, 11). Positive motivational qualities of acute stress have 
been barely recognized (7) and are much less understood (49). Most 
evidence on positive motivational effects of stress has been generated 
using pharmacological stressors and focusing on relapse to drugs of 
abuse (50) or on seeking for previously primed high-energy content 
food (12). In contrast to most studies in the field focusing on moti-
vation for palatable food, in our study, we avoided restricting rats’ 
access to food, which may create additional stress and, therefore, a 
different baseline. Here we show that acute exposure to natural 
stressors does not only dampen motivation as previously reported 
(8, 9, 11) but it can also invigorate work for primary rewards in a 
subset of individuals as it would be expected from the activating 
properties elicited by stress to facilitate survival (1, 2, 49). Acknowl-
edging that acute stress exerts dichotomic effects in different indi-
viduals offers a more integrative view of the motivational impact of 
stress than the expectation of a homogeneous type of behavioral 
adaptation throughout the population. The understanding that un-
der stress we are not all equal is in good agreement with the evolu-
tionary view that the triggering of response variation by stress is a 
key mechanism of adaption (51).

Identifying trait anxiety as a critical phenotype moderating the 
motivational response to stress provides a useful tool to investigate the 
underlying mechanisms. The focus in the CRH system is grounded 
on its crucial role for the regulation of both stress and anxiety (33, 36). 
Genetic variants in the Crhr1 intron 1 region have been consistently 
associated with anxious behavior and gene × environment interac-
tions in mice (52) and humans (53). In our study, we identified an 
SNP in intron 1 of Crhr1 for which heterozygous rats are more likely 
to be LA than HA, indicating that heterozygosity in this SNP is as-
sociated with lower anxiety in Wistar rats. This intronic Crhr1 variant 
breaks a CpG site located in a CpG island (54), likely determining 
differential DNA methylation profiles regulating gene expression. 
DNA methylation in the Crhr1 gene has been related to anxiety dis-
orders in humans (55). In addition, previous work implicated CRHR1 
actions in the NAc in appetitive behaviors (30, 56–58), while CRHR1 
actions in the VTA in deleterious motivational effects of acute stress 
(9, 11). Future research is warranted to investigate the effects of the 
identified SNP at the molecular level.

Our results here go well beyond those previous findings by iden-
tifying VTA CRHR1 as a key differential substrate for the opposite 
regulation of motivated behavior by a common stressful experience 
in individuals in the two sides of the anxiety spectrum. Specifically, 
by taking advantage of natural phenotypic variation in anxiety-like 
behaviors in outbred rats, we show that HA rats show lower CRHR1 
expression in VTA DA, but not GABAergic, neurons than LA rats, 
possibly driven by genetic variations. These data are congruent with 
the increased anxiety observed in mice with genetic deletion of CRHR1 
in DA, but not in GABAergic, neurons (37). Then, consistent with 
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the observed differences in VTA CRHR1 expression levels, CRH 
administration in the VTA mimicked stress effects in motivated be-
havior, leading to opposite outcomes in HA and LA rats. CRH also 
had a differential impact on VTA DA neuron firing frequency, trig-
gering a marked increase from basal firing in LA animals while 
leading to a blunted responsiveness in HA rats. Although the effect 
of bath-applied CRH on VTA DA firing in our electrophysiological 
experiments was significantly different in the physiological submil-
limolar range (33), the dose-response curves for LA and HA rats 
appeared to converge at higher concentrations. This suggests that, 
in addition to a differential expression of the CRHR1, the agonist 
may also act with a different potency on CRHR1 in LA and HA rats 
to initiate the intracellular signaling leading to increased excitability.

The CRH-induced increase in VTA DA cell firing in LA rats re-
lied on CRHR1—in agreement with previous findings (59)—but 
not on GABAergic activation. These differential changes in VTA 
DA cell firing were matched by greater DA levels in the NAc in LA 
than in HA rats following intra-VTA CRH injection. These results 
are in accordance with studies showing a correspondence between 
VTA DA neuron activity and DA release in the NAc (60–62) and 
align well with the DA decrease in the NAc observed upon reward 
delivery in demotivated animals injected with CRH into the VTA 
(11). Therefore, our data suggest that the higher VTA CRHR1 ex-
pression in LA rats enables DA neurons to steeply increase their 
firing upon stress and boost DA release in the NAc (11, 63), which 
is critical for the proper orchestration of motivated behavior, in-
cluding behavioral activation, exertion of effort, and energy expen-
diture (64, 65). On the other hand, the blunted cellular effects of 
intra-VTA CRH may explain the impaired performance HA rats 
exhibited in the PR test following stress exposure and intra-VTA 
CRH treatment.

We provide evidence in support of this hypothesis through ex-
periments that establish the causal involvement of VTA CRHR1 in 
the opposite pattern of performance under acute stress for rats at 
the two sides of the anxiety spectrum. Specifically, we show that 
(i) CRHR1 OE in VTA → NAc projecting neurons, the majority of 
which was DA neurons, in HA and IA rats enables better motivated 
performance and (ii) conversely, AON-induced CRHR1 down-
regulation in the VTA in LA rats prevents both stress-induced facil-
itation of motivated behavior and CRH-induced increase in VTA 
DA neuron firing frequency. It should be noted that whereas the 
experiment involving AON-induced CRHR1 down-regulation in 
the VTA yielded no difference between control and stress on the 
breakpoint, DAT-CRHR1 mice showed a decrease in PR under 
stress. This difference is likely to be due to the different impact of 
the two knockdown approaches in both terms of cell specificity and 
extent of the DA neurons affected. The KO is restricted to DA neu-
rons in DAT-CRHR1 mice, while the AON approach is not cell 
specific. In addition, the level of down-regulation of CRHR1 ex-
pression achieved through the AON strategy, while demonstrated 
in our study, is unlikely to be as exhaustive as the complete elimina-
tion of CRHR1 expression in DA neurons achieved through the 
Cre-recombinase system in DAT-CRHR1 mice. Last, we corrobo-
rate the involvement of CRHR1 in DA neurons in both stress-
induced facilitation of motivated behavior and CRH increase of 
VTA DA neuronal firing frequency using mice lacking CRHR1 
expression selectively in TH neurons. Current evidence indicates 
the existence of different opposing CRH-driven forces at play in the 
VTA: (i) direct actions on CRHR1 in DAergic cells resulting in an 

increase in DA neuron firing rate (59) and (ii) actions on VTA 
GABAergic neurons, ultimately leading to the inhibition of DA 
neuron firing (40). Hence, lower CRHR1 levels in VTA DA neurons 
reduce the possibility of increasing neuronal firing in response to 
CRH but may also allow higher susceptibility of VTA DA neurons 
to GABA-mediated inhibition (40) [which may be accompanied 
also by direct modulation of NAc neurons by GABAergic projec-
tions from the VTA (66)]. Together, our data establish that the lev-
els of CRHR1  in VTA DA neurons—that vary with individuals’ 
anxiety—act as a switching mechanism determining whether acute 
stress facilitates or dampens effortful motivation.

In addition, we find anxiety-dependent differences in the tonic 
firing of VTA DA neurons that may represent a further substrate to 
define stress susceptibility. Unlike in vivo, DA neurons in slices do 
not fire in bursts but display tonic pacemaking firing, due to lacking 
afferent control (67). The propensity of VTA  →  NAc projecting 
neurons to fire under basal conditions has emerged as a marker of 
vulnerability to chronic stress. Specifically, these neurons increase 
their tonic firing in slices from mice that developed depression-like 
behaviors following social defeat stress, but not in those resilient to 
stress (68–70). In addition, optogenetically induced phasic DA fir-
ing combined with a subthreshold chronic social defeat stress para-
digm was sufficient to induce depression-like behaviors (71). Our 
ex vivo data indicating that higher levels of anxiety are associated 
with higher rates of spontaneous VTA DA firing regardless of stress 
exposure suggest that a priori susceptibility to stress may be reflect-
ed by differential firing properties in these neurons and may not 
only be the results of stress-induced adaptation. Our data also imply 
a key role for a differential expression of CRHR1 in these neurons in 
defining this latent susceptibility.

The fact that this latent susceptibility at the interface between 
CRHR1 and the VTA DA neurons is related to individuals’ anxiety 
may be particularly relevant, given that high trait anxiety is emerging as 
a risk factor for the development of stress-related psychopathologies 
(16, 72) that are often accompanied by motivational disturbances 
(4, 8). Therefore, our findings reveal a differential latent predisposi-
tion to respond to motivational challenges under acute stress that is 
congruent with the higher vulnerability shown by HA individuals—
as compared to LA ones—to develop passive coping behaviors when 
exposed to stressful challenges (44, 46, 48).

In conclusion, the present study reveals that acute stress affects 
motivational adaptations in opposite ways for individuals at the two 
sides of the anxiety spectrum, i.e., “invigorating” LA while “inhibit-
ing” drive in HA individuals. This recognition of a differential sen-
sitivity of individuals to exert incentivized effort under stress can 
help guide both personalized training and interventions to manage 
stress levels addressed to improve performance and productivity at 
work and educational settings. Furthermore, our study highlights 
CRHR1 in VTA DA neurons as a neurobiological substrate for 
anxiety-related motivational differences under stress, as both a bio-
marker and a potential target for therapeutic interventions.

MATERIALS AND METHODS
Animals
Rats
Adult male Wistar rats (Charles Rivers, Saint-German-Nuelle, France) 
weighing 250 to 275 g at the beginning of the experiment were used 
for all experiments. Rats were individually housed in cages in 
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housing colonies on a 12-hour/12-hour light-dark cycle with lights 
on at 7:00, apart from the rats used for operant conditioning exper-
iments, which were placed in a reversed cycle (lights on at 20:00, 
lights off at 8:00). Food and water were available ad libitum. Follow-
ing a week of acclimatization to the animal facilities, rats were han-
dled for 2 min per day for 3 days before the start of the experiments 
to habituate to the experimenters. Sample sizes were calculated on 
the basis of previous experiments in our laboratory and similar ex-
periments published in the literature. Within each anxiety subgroup, 
animals were randomly allocated to each experimental treatment or 
manipulation. Experiments were performed by experimenters blinded 
to anxiety phenotype or prior experimental manipulations.
Mice
For the selective KO of CRHR1  in midbrain DA neurons, DAT-
CreERT2 × Crhr1floxed/floxed (f/f) mice (DAT-CRHR1) were used 
(41). Mice were group-housed two to four per cage in housing col-
onies on a 12-hour/12-hour light-dark cycle with lights on at 7:00. 
For induction of the mutation, mice were treated with tamoxifen 
(50 mg/kg) (Baar, Switzerland) intraperitoneally or an equal vol-
ume of sunflower seed oil as control (Sigma-Aldrich, Darmstadt, 
Germany), once a day for five consecutive days, at least 4 weeks 
before behavioral experiments. Cre− Crhr1f/f mice were treated sim-
ilarly with tamoxifen or sunflower seed oil. Two weeks before the 
onset of operant conditioning training, mice were placed in a hous-
ing room where the day-night cycle was reversed (lights on at 20:00, 
lights off at 8:00) and stayed there until the end of the experiment. 
For analyses, Cre− Crhr1f/f mice treated with tamoxifen or sunflow-
er seed oil and DAT-CRHR1 mice treated with sunflower seed oil 
were grouped together as WT mice and compared to DAT-CRHR1 
mice treated with tamoxifen (KO mice). Sample sizes were decided 
on the basis of previous experiments in our laboratory and geno-
type availability. Within each genotype, animals were randomly al-
located to each treatment (tamoxifen or vehicle). Experiments were 
performed by experimenters blinded to prior treatment. All experi-
ments were performed with the approval (authorization number: 
VD3126) of the Cantonal Veterinary Authorities (Vaud, Switzerland) 
and carried out in accordance with the European Communities 
Council Directive of 22 September 2010 (2010/63/EU).

Anxiety classification
All rats were first tested in the EPM test to determine anxiety-related 
behavior, as previously described (24). Briefly, the EPM consisted 
of two open and two closed arms (45 cm × 10 cm each) extending 
from a 10 cm × 10 cm central area. Closed arms had 10-cm-high 
walls. Lighting was maintained at 16 to 17 lx in the open arms, 10 to 
11 lx in the central area, and 5 to 7 lx in the closed arms. Rats were 
placed on the central area, facing a closed arm, and were allowed to 
explore freely for 5 min. Every animal was recorded, and tracking 
was performed using EthoVision software (Noldus, Wageningen, 
The Netherlands). Depending on their performance, they were clas-
sified as LA (more than 20% of time spent in the open arms), IA 
(between 5 and 20% of time spent in the open arms), or HA (less 
than 5% of time spent in the open arms) (24).

Genotyping
Genomic DNA was extracted from rats’ brain tissue (26 HA, 32 IA, 
and 35 LA) using the DNeasy Blood and Tissue Kit (Qiagen AG, 
Hombrechtikon, Switzerland) as per the manufacturer’s instruc-
tions. We targeted region crh10: 92189373-92191965, using seven 

primer pairs (table S2). This genomic region includes the proximal 
Crhr1 promoter, where polymorphisms have been previously de-
scribed (73, 74), as well as part of the first intron of the gene. For 
each PCR, 6 l of repliQa HiFi ToughMix (Quanta Bio, Beverly, 
MA, USA) was used, together with 0.5 l of forward and reverse 
primer, 4.5 l of water, and 0.5 l of DNA for each sample. PCR 
started with a denaturation step at 95°C for 10 min, followed by 40 
cycles of 15 s at 95°C and 1 min at 68°C, with a final extension step 
at 68°C for 10 min. Subsequently, the seven PCR products of each 
sample were pooled together in a single tube and library prepara-
tion continued using the Nextera XT Kit for library tagging and am-
plification, as per the manufacturer’s instructions. Subsequently, 
DNA libraries were purified using the Agencourt AMPure XP re-
agent (Beckman Coulter, Nyon, Switzerland), as per the manufac-
turer’s instructions.

Sequencing was performed using the MiSeq Illumina system to 
generate a total of 25 million reads. Quality control of the raw se-
quencing data was performed with FastQC version 0.11.9 (75). Sub-
sequent adapter trimming of the data was performed with bcl2fastq 
version 2.20.0. Minimal read length tolerated post-trimming was 
35 base pairs (bp). The reads were aligned to the Rattus norvegicus 
reference genome rn6 using the STAR aligner with default parame-
ters (GenBank assembly accession: GCA_000001895.4) (76). The 
BAM files produced by the STAR aligner were analyzed using the 
bcftools mpileup and call utilities to produce the variant calls (77) 
(10.5281/zenodo.5749998).

Stereotactic surgery
VTA cannulation–NAc microdialysis guide cannula 
implantation
Rats were anesthetized by isoflurane inhalation (4%, for 4 min) in 
an induction chamber and maintained afterward with 2% isoflu-
rane with a flow of 4 liters/min. Stereotactic surgery was performed 
as previously described (24, 38, 78). Briefly, rats were mounted on a 
stereotactic frame (Kopf Instruments, Tujunga, CA, USA), an inci-
sion was made along the midline of the skull, the periosteum was 
removed, and small holes were drilled for the implantation of guide 
cannulae (Invivo1, Roanoke, VA, USA). Coordinates were taken from 
the Paxinos and Watson brain atlas, relative to bregma, as follows: 
anterior-posterior: −5.8, mediolateral: ±2.2, dorsoventral: −6.45. VTA 
guide cannulae were inserted at an angle of 11o. For microdialysis, a 
CMA 12 guide cannula (CMA Microdialysis AB, Kita, Sweden) was 
implanted unilaterally in the NAc in the following coordinates, rel-
ative to bregma: anterior-posterior: +1.2, mediolateral: −1.5, dorso-
ventral: −6.5. NAc guide cannulae were inserted at an angle of 0o. 
Cannulae were fixated on the skull with three anchoring screws and 
Paladur acrylic dental cement (Kulzer, Hanau, Germany). Correct 
cannula placement was confirmed in the end of experiments.
CRHR1 OE
To overexpress CRHR1 in the VTA neurons that project to the NAc, 
HA and IA rats were treated with a retrograde Cre recombinase 
(Cre)–expressing virus (AAVrg-pgk-Cre available from P. Aebischer, 
Addgene viral preparation no. 24593) in the NAc (anterior-posterior: 
+1.2, mediolateral: ±1.5, dorsoventral: −7.5). A total of 1 l at a 
rate of 0.1 l/min was infused. During the same surgery, rats were 
infused in the VTA (anterior-posterior: −5.8, mediolateral: ±0.7, 
dorsoventral: −8.45) with a Cre-inducible CRHR1-expressing adeno-
associated virus (pAAV-CBA-Stop-CRHR1-WPRE, a generous gift 
from A. Hansson, T. Klügmann, and G. von Jonquieres) (79) or a 
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Cre-inducible GFP-expressing adeno-associated virus (pAAV pCAG-
FLEX-EGFP-WPRE, a gift from H. Zeng, Addgene viral prepara-
tion no. 51502-AAV2), as control. A total of 1 l at a rate of 0.1 l/min 
was infused.

Stress exposure
For experiments involving exposure to stress, rats were placed on 
square EPs (20 cm × 20 cm, at a height of 95 cm) under intense light 
(600 lx) for 15 min, immediately before the beginning of the pro-
gressive ratio sessions. Mice were placed on smaller square elevated 
(10 cm × 10 cm, at a height of 95 cm) platforms under intense light 
(600 lx) for 15 min, immediately before the beginning of the pro-
gressive ratio sessions.

Corticosterone assays
For the assessment of corticosterone concentration in the plasma 
upon stress exposure, blood samples were collected at different time 
points at the offset of the EP exposure into ice-cold heparin-coated 
capillary tubes (Sarstedt, Switzerland) and chilled until centrifuga-
tion (10,000 rpm at 4°C for 4 min). The control group was com-
posed of rats taken from their home cage. Plasma was collected into 
new tubes and stored at −20°C until subsequent analysis. Free cor-
ticosterone was measured in the plasma samples (dilution 1:20) us-
ing an enzymatic immunoassay kit, performed according to the 
manufacturer’s instructions (Enzo Life Sciences, Switzerland). Lev-
els were calculated using a standard curve method.

Drug infusions
Behavioral experiments were generally performed 30 min after CRH 
or vehicle administration. CRH (Bachem, Bubendorf, Switzerland) 
was dissolved in artificial cerebrospinal fluid (aCSF) at a concentra-
tion of 2 g/l. For local intracerebral infusions, the dummy cannu-
lae were removed and injectors were inserted extending 2 mm from 
the guide cannulae. CRH or vehicle was bilaterally infused intra-
VTA at a volume of 0.5 l per hemisphere at a rate of 0.15 l/min. 
The injector remained in place for one additional minute after infu-
sion to allow proper diffusion.

Operant conditioning
At least 10 days after surgery or after introduction to the reversed 
light-dark cycle (15 days in mice), animals started training in an 
FR1 reinforcement schedule. Operant chambers (Coulbourn In-
struments, Holliston, MA, USA), placed in sound attenuating cubi-
cles, were equipped with a grid, underneath which a tray with 
standard bedding material was placed for collection of feces and 
urine after each training session. Each chamber had one food tray 
and two ports placed on either side of the tray. A cue light was 
placed in each port and the food tray, whereas a house light was 
placed above the food tray. The right-hand side port of each cham-
ber was designated as “active,” meaning that spontaneous nosepok-
ing would result in the drop of one 45-mg (20 mg for mice) food 
pellet (Bio-Serv, Flemington, NJ, USA) to the food tray. Upon nose-
poking in the active port, the cue and house lights turned off, while 
the tray light turned on and the pellet dropped to the food tray. The 
two ports remained inactive for 20 s, during which nosepokes would 
not result in the delivery of a new pellet (timeout period). Subse-
quently, the chamber returned to its initial condition. Each training 
session lasted maximally 2 hours or until a rat acquired 100 pellets 
(4 hours or 60 pellets, respectively, for mice). Each rat received six 

training sessions (one training on each day for five consecutive 
days, followed by 2 days without training and one more training 
session on day 8). Only rats that finished at least two training ses-
sions acquiring 100 pellets before the 2-hour mark were used for 
progressive ratio reinforcement schedule (progressive ratio test) ex-
periments. The criterion for mice was acquisition of >50% of the 
maximum possible number of pellets in at least two training ses-
sions out of a total of seven training sessions.

To test motivated behavior, rats were exposed to a progressive 
ratio test. Progressive ratio test sessions were identical to training 
sessions except that the operant requirement in each trial (T) was 
the integer (rounded down) of the function 1.4(T−1) starting at one 
nosepoke for the first three trials and increasing in subsequent trials 
for rats, as has been previously described (11). For mouse experi-
ments, the operant requirement for each trial (T) was the integer of 
the function [5e(T)*0.2] − 5, as has been described (80). Correct nose-
pokes (i.e., nosepokes in the active port and outside the timeout pe-
riod, thus resulting in food delivery), number of obtained sucrose 
pellets (rewards), and the last ratio completed (breakpoint) were 
calculated to evaluate behavioral performance (80, 81). Data from at 
least two batches of animals were pooled for the final analysis of 
each experiment.

Free pellet consumption
Approximately a week after the end of the progressive ratio test ses-
sion, animals were put in cages similar to their home cage, but with-
out bedding material (to facilitate detection of pellets), and were 
given access to 20 sucrose pellets, identical to the ones used for op-
erant conditioning sessions, for 15 min. In the end of the 15-min 
period, the remaining pellets (if any) were counted. Before the begin-
ning of the session, animals were treated similarly to the progressive 
ratio test sessions (e.g., stress exposure-control or vehicle-CRH 
intra-VTA administration).

Fluorescence in situ hybridization (RNAscope) and confocal 
microscopy
HA and LA rats were decapitated, and their brains were then har-
vested and snap-frozen in isopentane on dry ice. Brains were stored 
at −80°C. Coronal sections at a thickness of 16 m containing the 
VTA were cut using a Leica CM cryostat at −20°C and mounted on 
Superfrost plus glass slides (Electron Microscopy Sciences, Hatfield, 
PA, USA). Slides were stored at −80°C until further processing. Flu-
orescence in situ hybridization was performed using RNAscope 
(Advanced Cell Diagnostics, Newark, CA, USA), as per the manu-
facturer’s instructions (82). Briefly, slides were fixed in 10% neutral 
buffered formalin for 20 min at 4°C. Slides were washed 2 × 1 min 
with 1× phosphate-buffered saline (PBS), before dehydration with 
50% ethanol (1 × 5 min), 70% ethanol (1 × 5 min), and 100% etha-
nol (2 × 5 min). Subsequently, slides were dried at room tempera-
ture (RT) for 10 min. A hydrophobic barrier was drawn around the 
sections using a hydrophobic pen and allowed to dry for 15 min at 
RT. Sections were then incubated with Protease Pretreat-4 solution 
for 20 min at RT. Slides were washed with ddH2O (2 × 1 min), be-
fore being incubated with the appropriate probes for 2 hours at 
40°C in the HybEZ oven. The following probes were purchased: Rn-
Crhr1-C1 (catalog no. 318911), Rn-Gad1-C2 (catalog no. 316401), 
and Rn-TH-C3 (catalog no. 314651). Following incubation with the 
appropriate probes, slides were subjected to a series of amplification 
steps (Amp 1 at 40°C for 30 min, Amp 2 at 40°C for 30 min, and 
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Amp 3 at 40°C for 15 min). A DAPI-containing solution was ap-
plied to sections at RT for 20 s. Last, slides were coverslipped using 
ProLong Gold Antifade mounting media and stored at 4°C until 
imaging on a confocal microscope (LSM700, Zeiss, Feldbach, Swit-
zerland). Confocal images were analyzed using a plugin for Fiji (83). 
The number of Crhr1 puncta in the areas of colocalization of DAPI 
with TH or GAD1 was calculated in 6 to 12 images in two sections for 
each animal, and the result was presented as the number of dots/the 
total area of colocalization between DAPI and TH or DAPI and GAD1.

To study whether viral vectors were preferentially expressed in 
DA neurons, we used a similar protocol, targeting CRHR1 [Rn-Crhr1-C1 
(catalog no. 318911)], TH [Rn-TH-C3 (catalog no. 314651)], and 
WPRE [Woodchuck Hepatitis Virus Posttranscriptional Regulatory 
Element WPRE-O1-C2 (catalog no. 450261-C2)], which was com-
mon for both GFP and CRHR1 OE virus and could only be expressed 
if cells were also expressing the retro-cre virus. Subsequently, we 
used QuPath to quantify the number of cells expressing the GFP or 
CRHR1 OE virus and how many of them were also DA neurons 
(TH+), using 6 to 12 images per animal. Last, we quantified the ex-
pression of CRHR1 in the areas of the VTA in the images, where 
WPRE and TH expression was colocalized.

Immunofluorescence staining and confocal microscopy
Immunofluorescence analysis was performed as previously de-
scribed (38). Briefly, rats were anesthetized with a lethal dose of 
pentobarbital (Esconarkon, Streuli Pharma, Uznach, Switzerland) 
and euthanized by transcardial perfusion using a 0.9% saline solu-
tion followed by perfusion with a solution of 4% paraformaldehyde 
(Electron Microscopy Sciences, Hatfield, PA, USA) in PBS (pH 7.5). 
The brains were harvested, postfixated overnight in 4% paraformal-
dehyde/PBS at 4°C, and cryoprotected in 30% sucrose/PBS. Coro-
nal sections (30 m thick) were cut on a CM3050 S cryostat (Leica, 
Wetzlar, Germany) and stored in antifreeze solution at −20°C, until 
further processing. Free-floating sections were triple labeled for 
CRHR1, DAPI, and TH. Free-floating sections were washed 
three times for 10 min with PBS, then blocked for 1 hour in PBS–0.1% 
Triton X-100 (Sigma-Aldrich, Darmstadt, Germany)–5% normal 
donkey serum (Jackson ImmunoResearch, Cambridge, UK), and 
incubated overnight at 4°C with rabbit anti-CRHR1 (NLS1778, 
Novus Biologicals, Littleton, CO, USA; 1:250) and chicken anti-TH 
(ab134461, Abcam, Cambridge, UK; 1:250). Subsequently, sections 
were washed three times for 10 min and then incubated for 2 hours 
at RT with the following secondary antibodies, as needed: donkey 
anti-rabbit conjugated with an Alexa Fluor 568 fluorophore (A10042, 
Invitrogen, Carlsbad, CA, USA; 1:1000) and goat anti-chicken con-
jugated with an Alexa Fluor 488 fluorophore (A-11039, Invitrogen; 
1:1000). Last, sections were incubated at RT for 10 min in a DAPI/
PBS solution (Invitrogen; 1:10,000) and finally rinsed and mounted 
with Fluoromount-G (Southern Biotech, Birmingham, AL, USA).

Images were captured with a confocal microscope (LSM700, 
Zeiss, Feldbach, Switzerland) using a 20× objective. For visualiza-
tion purposes, representative specific sections were zoomed and 
enhanced in a linear manner for brightness and contrast using FIJI 
software. Quantification was performed on original, unenhanced 
images only. To quantify CRHR1 expression, the background of 
each channel was measured at three different random areas around 
the section and averaged together to generate a mean background 
for each channel. This mean background was then subtracted from 
each channel. The total positive area of TH immunoreactivity was 

calculated, and CRHR1 expression was presented as percentage of 
TH or positive pixels that were also positive for CRHR1 over the 
total number of TH-positive pixels, for each section. Sections were 
then averaged to provide one value per animal per cell type of interest. 
For validation of antisense-mediated down-regulation of CRHR1, 
the total number of pixels positive for the fluorophore of the AONs 
was used for calculations. For quantification, the percentage of 
CRHR1-positive pixels was calculated over the total number of pixels 
positive for CRHR1 or DAPI staining.

Microdialysis
Rats were habituated to a plexiglass bowl, in which microdialysis 
took place, for 3 days for 20 min each day, before the beginning of 
microdialysis sessions. On the day of testing, animals were connect-
ed to a microdialysis setup by means of a microdialysis probe (CMA 
12 Elite 8+1 mm, CMA Microdialysis AB, Kita, Sweden) inserted 
into the brain through which freshly made and filtered aCSF was 
pumped (CMA 4004 microdialysis pump, CMA) at a flow of 2 l/
min. Samples (20 l) were collected every 20 min for 2 hours in a 
cooled (4°C) fraction collector (Microbiotech, Stockholm, Sweden) 
in vials containing perchloric acid (Sigma-Aldrich) (0.1  M in the 
samples) to prevent neurotransmitter breakdown. After 2 hours, 
CRH or vehicle was bilaterally infused intra-VTA and for the fol-
lowing 80-min samples were collected to investigate treatment ef-
fects. The average of the last three measurements before treatment 
was calculated and used as baseline for every rat. Posttreatment 
neurotransmitter release data are presented as percent of baseline.

High-performance liquid chromatography
DA and its metabolite, the intraneuronal DOPAC, were assayed by 
high-performance liquid chromatography (HPLC) with electro-
chemical detection. NAc perfusates in 0.1 M perchloric acid (20 l) 
were used for determination of DA and DOPAC using HPLC.

The chromatograph HTEC-500 (Eicom, Ireland) was equipped 
with the Eicompak SC-3ODS column (Eicom) for monoamine 
analysis. The mobile phase consisted of 0.1 M citrate-acetate buffer 
(pH 3.5), sodium octane sulfonate (220 mg/ml), EDTA-2Na (5 mg/
liter), and 20% methanol. The flow rate was maintained at 400 l/
min. DA and DOPAC were quantified by peak area comparisons with 
standards run on the day of the analysis (Eicom Envision EPC-700 
software) and normalized as percentage of baseline metabolite levels 
before the vehicle or CRH treatment.

Ex vivo electrophysiology
Animals were anesthetized with isoflurane and decapitated. The 
brain was quickly removed, and horizontal brain slices (200 m 
thick) containing the midbrain were prepared using a vibrating tis-
sue slicer (Campden Instruments, Loughborough, UK) in oxygen-
ated (95% O2/5% CO2) ice-cold modified aCSF containing 105 mM 
sucrose, 65 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM 
NaH2PO4, 7 mM MgCl2, 0.5 mM CaCl2, 25 mM glucose, and 
1.7 mM l(+)-ascorbic acid. Slices recovered for 1 hour at 35°C in 
standard aCSF containing 130 mM NaCl, 25 mM NaHCO3, 2.5 mM 
KCl, 1.25 mM NaH2PO4, 1.2 mM MgCl2, 2 mM CaCl2, 18 mM glu-
cose, and 1.7 mM l(+)-ascorbic acid and complemented with 2 mM 
sodium pyruvate and 3 mM myo-inositol. In the recording cham-
ber, slices were superfused with oxygenated standard aCSF at nearly 
physiological temperature (30° to 32°C). Neurons in the VTA were 
patched in the whole-cell configuration with borosilicate glass 
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pipettes (TW150F-3, WPI, Worcester, USA) pulled with a DMZ-Zeitz 
puller (Zeitz-Instruments, Martinsried, Germany). Patch pipettes 
(2 to 4 megohms) were filled with 130 mM potassium gluconate, 10 mM 
KCl, 10 mM Hepes, 10 mM sodium phosphocreatine, 0.2 mM EGTA, 
4 mM Mg–adenosine triphosphate, and 0.2 mM Na–guanosine tri-
phosphate (290 to 300 mOsm, pH 7.2 to 7.3). Recorded neurons 
were considered as DA if they exhibited Ih current/sag in response 
to hyperpolarizing voltage/current steps, as well as a >3-mV hyper-
polarization upon perfusion of the GABABR agonist baclofen (1 M) 
at the end of the recording (see fig. S3, A to C) (84). Spontaneous 
cell firing was monitored in >30-s long gap free current clamp re-
cordings with no current injection within the first 5 min after estab-
lishment of the whole-cell condition. Input-output curves of evoked 
spiking were constructed by providing 2-s-long incremental somatic cur-
rent injections, while the membrane potential was held at −60 mV. The 
effect of CRH (500 nM) on spontaneous neuronal firing was tested 
after 5 min of stable baseline recording. In cells that exhibited no 
spontaneous spikes, firing during baseline was promoted by small 
current injections (<50 pA) that were kept constant throughout the 
recording.

Membrane voltage values were not corrected for liquid junction 
potential. Data were acquired through a Digidata 1550A digitizer. 
Signals were amplified through a MultiClamp 700B amplifier (Molecu-
lar Devices, Sunnyvale, USA), sampled at 20 kHz, and filtered at 10 kHz 
using Clampex 10 (Molecular Devices). Clampfit 10 (Molecular Devices) 
was used for data analysis. Dose-response curves for CRH were 
fitted in GraphPad using the function Y = Bottom + (Top − Bottom)/
(1 + 10^((LogEC50 − X)*HillSlope)), where Bottom and Top are 
the plateau minimal and maximal responses, respectively.

AON treatment
Guide cannulae were implanted in the VTA as described above. Anti
sense (AON, sequence: CTGCGGGCGCCGTCC) and mismatch 
(sequence: CTTCGGGTAACGACC) DNA oligonucleotides (Euro-
gentec, Liege, Belgium), previously validated (85) with a full phos-
phorothioate backbone, were bilaterally infused (1 l at a concentration 
of 1 g/l) in the VTA once per day for 3 days before the progressive 
ratio test, with the last infusion performed approximately 24 hours 
before the progressive ratio test. For experiments validating CRHR1 
down-regulation, both oligonucleotides were labeled with an Alexa 
Fluor 488 fluorophore (Eurogentec).

Quantification of CRHR1 expression in the VTA of rats 
treated with AONs targeting CRHR1 and in DAT-CRHR1 mice
Rats treated with AONs targeting Crhr1 or mismatch oligonucle-
otides or rats treated with pAAV-stop-CRHR1 or pAAV-stop-GFP 
were euthanized by rapid decapitation, and the brain was flash-fro-
zen in ice-cold isopentane and then stored at −80°C. The VTA was 
dissected by punching 200-m-thick section on a cryostat. Total RNA 
was extracted with the RNAqueous-Micro Kit (Thermo Fisher Sci-
entific, Waltham, MA, USA) including deoxyribonuclease treatment. 
RNA (200 ng per sample) was converted into complementary DNA 
(cDNA) using qScript cDNA SuperMix (Quant Biosciences, Beverly, 
MA, USA). For qPCR, PCRs were performed in triplicates of cDNA 
using Power SYBR Green PCR Master Mix (Applied Biosystems, 
Thermo Fisher Scientific). Quantification was performed on a 
QuantStudio 6 Flex real-time PCR system (Applied Biosystems). 
Crhr1 expression was calculated using the Pfaffl method (86) and 
normalized against the geometric mean of the expression of g-actin, 

EEf1, and TATA-box binding protein (TBP). Primers were as follows: 
actin G1 (forward: 5′-TAGTTCATGTGGCTCGGTCA-3′; reverse: 
5′-GCTGGGGACTGACTGACTTT-3′) ,  EEF1A1 (forward: 
5′-TGTGGTGGAATCGACAAAAG-3′; reverse: 5′-CCCAGGCATAC
TTGAAGGAG-3′), and TBP (forward: 5′-CCCACCAGCAGTTCA
GTAGC-3′; reverse: 5′-CAATTCTGGGTTTGATCATTCTG-3′). Primers 
for Crhr1 were 5′-TCCGCTACAACACGACAAAC-3′ (forward) 
and 5′-AGAATCTCCTGGCACTCAGAA-3′ (reverse). To quantify 
Crhr1 expression in the VTA of DAT-CRHR1 mice and control litter-
mates, a similar procedure was followed. CRHR1 expression was 
calculated using the Pfaffl method (86) and normalized against the 
geometric mean of the expression of -actin and EEF1A1. Primers were 
as follows: -actin (forward: 5′-AGAGGGAAATCGTGCGTGAC-3′; 
reverse: 5′-CAATAGTGATGACCTGGCCGT-3′), Eef1a1 (forward: 
5′-TCCACTTGGTCGCTTTGCT-3′; reverse: 5′-CTTCTTGTC-
CACAGCTTTGATGA-3′), and Crhr1 (forward: 5′-TCCGCTACAACAC
CACAAAC-3′; reverse: 5′-AGAATCTCCTGGCACTCAGAA-3′).

Statistics
The choice of parametric or nonparametric tests was based on normal 
distribution of the data (D’Agostino-Pearson normality test). When 
two groups were compared, one- or two-tailed t test or Mann-Whitney 
test was applied, as appropriate. When the effect of more than one 
independent variable was analyzed, two- or three-way ANOVA was 
used, followed by post hoc tests, as appropriate (Holm-Sidak or Fisher’s 
least significant difference post hoc test). Outliers were detected and 
excluded using Grubb’s test. Statistical analyses were performed with 
Prism 6 (GraphPad Software Inc., San Diego, CA) or Statistical Package 
for the Social Sciences (SPSS) version 17 (SPSS Inc., Chicago, IL, USA). 
Detailed parameters from statistical tests are reported in figure legends 
and in table S1. Statistical significance was set at  < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj9019

View/request a protocol for this paper from Bio-protocol.
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