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Inhibition of noradrenergic signalling in
rodent orbitofrontal cortex impairs the
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Abstract In a constantly changing environment, organisms must track the current relationship
between actions and their specific consequences and use this information to guide decision-making.
Such goal-directed behaviour relies on circuits involving cortical and subcortical structures. Notably,
a functional heterogeneity exists within the medial prefrontal, insular, and orbitofrontal cortices
(OFC) in rodents. The role of the latter in goal-directed behaviour has been debated, but recent
data indicate that the ventral and lateral subregions of the OFC are needed to integrate changes

in the relationships between actions and their outcomes. Neuromodulatory agents are also crucial
components of prefrontal functions and behavioural flexibility might depend upon the noradrenergic
modulation of the prefrontal cortex. Therefore, we assessed whether noradrenergic innervation of
the OFC plays a role in updating action-outcome relationships in male rats. We used an identity-
based reversal task and found that depletion or chemogenetic silencing of noradrenergic inputs
within the OFC rendered rats unable to associate new outcomes with previously acquired actions.
Silencing of noradrenergic inputs in the prelimbic cortex or depletion of dopaminergic inputs in the
OFC did not reproduce this deficit. Together, our results suggest that noradrenergic projections to
the OFC are required to update goal-directed actions.

Editor's evaluation

The capacity to flexibly modify our actions in order to seek goals relies upon specific brain regions
and neurochemicals. Here, Cerpa et al., identify norepinephrine (but not dopamine) within the
ventrolateral orbitofrontal cortex (OFC) as key to updating identity-specific action-outcome asso-
ciations when environmental conditions change. These conclusions are well supported by the data
and will be of interest to behavioural neuroscientists studying the function of OFC or noradrenaline
signalling, as well as researchers studying associative learning more broadly.

Introduction

Animals use their knowledge of an environment to engage in behaviours that meet their basic needs
and desires. In a dynamic environment, an animal must also be able to update its understanding of
the setting, particularly when the outcomes or consequences of its actions change. Numerous studies
indicate that goal-directed behaviours are supported by the prefrontal cortex (PFC), and current
research suggests a parcellation of functions within prefrontal regions in rodents (for reviews, see
O’Doherty et al., 2017, Coutureau and Parkes, 2018). Specifically, the prelimbic region or Area 32
(A32) in Paxinos and Watson, 2014, of the medial PFC is needed to initially acquire goal-directed
actions and learn the relationship between distinct actions and their outcomes (Hart et al., 2018;
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Killcross and Coutureau, 2003; Tran-Tu-Yen et al., 2009), whereas the gustatory region of the insular
cortex is required to recall the current value of these outcomes to guide choice between competing
actions (Balleine and Dickinson, 2000; Parkes and Balleine, 2013, Parkes et al., 2015). In addition,
the ventral (VO) and lateral (LO) subregions of the orbitofrontal cortex (OFC) are required for goal-
directed actions (Gremel and Costa, 2013; Gremel et al., 2016; Zimmermann et al., 2017; Rhodes
and Murray, 2013; Fiuzat et al., 2017; Malvaez et al., 2019; Sias et al., 2021, Wassum, 2022),
specifically to update previously established instrumental associations (Parkes et al., 2018).

Behavioural flexibility also requires activity in noradrenergic (NA) neurons of the locus coeruleus
(LC), which are thought to track uncertainty in the current situation (Bouret and Sara, 2004; Cope
etal., 2019; Jahn et al., 2018; McGaughy et al., 2008, Tait et al., 2007, Tervo et al., 2014; Uematsu
et al., 2017). Most notably, compelling theoretical models hypothesize that the LC interacts with the
PFC to support behavioural flexibility (Sara and Bouret, 2012). Taken together, these data raise the
intriguing possibility that LC NA innervation of the OFC might be needed to update previously estab-
lished goal-directed actions (Chandler et al., 2013; Agster et al., 2013; Sadacca et al., 2017, Cerpa
et al., 2019; Cerpa et al., 2021). To investigate this possibility, we examined whether LC NA inputs
to the OFC are required to learn that a specific outcome associated with a given action has changed,
and to recall this information to guide choice.

Specifically, after learning initial action-outcome (A-O) associations, rats were required to flexibly
encode and use new associations during an instrumental reversal task. First, we depleted NA fibres
using anti-DBH saporin (SAP) and observed a profound deficit in the ability to use the reversed A-O
associations to guide choice. We then found that this deficit is not present when we depleted dopa-
minergic (DA) signalling in the OFC. Finally, we investigated the temporal and anatomical specificity
of this effect using viral vector-mediated expression of inhibitory DREADDs. We found that silencing
LC:Y9FC¢, but not LC:**2, projections impaired the ability to acquire and express the reversed instru-
mental contingencies. Collectively, these data suggest that LC NA projections to the OFC are likely
required for both encoding and recalling the identity of an expected instrumental outcome, specifi-
cally when that identity has changed.

Results
Initial goal-directed learning does not require NA signalling in the OFC

We first assessed if the initial acquisition and expression of goal-directed actions requires NA signal-
ling in the OFC using the behavioural design shown in Figure 1A. To deplete NA projections, rats
were given bilateral injections of the toxin anti-DBH SAP targeting the ventral and lateral regions of
the OFC (vIOFC). Animals from the control (CTL) group were injected with inactive IgG SAP. Rats
in the Pre group were injected with either anti-DPH SAP (group Pre-SAP n=15) or inactive IgG SAP
(group Pre-CTL n=14) before the initial instrumental training, during which responding on one action
(A1) earned O1 (sucrose or grain pellets, counterbalanced), and responding on the other (A2) earned
02 (grain or sucrose pellets, counterbalanced). Rats in group Post were similarly trained, but were
injected with either anti-DBH SAP (group Post-SAP n=15) or inactive IgG toxin (group Post-CTL n=13)
following this initial stage.

We first quantified the loss of NA fibres using DBH immunostaining in the vIOFC (VO and LO) and
Area 32 dorsal (A32d) and ventral (A32v), as shown in Figure 1B-C (for additional photomicrographs,
see Figure 1—figure supplement 1). SAP infusion resulted in extensive NA fibres loss in the VO
and LO, as revealed by a main effect of group (Fus3 = 277.33, p<0.001) and region (Fjs3 = 12.25,
p<0.01). A significant group (CTL vs. SAP) x region (VO vs. LO) interaction effect was also detected
(Fus53=12.41, p<0.01) and simple effect analyses revealed that NA fibres volume was greater in the VO
compared to LO for the CTL group (F; 53 = 23.38, p<0.001), a result consistent with previous findings
(Cerpa et al., 2019), but this was not the case for the SAP group (F 53 = 0.00, p>0.975). Significant
fibres loss was also observed in A32 (F 55 = 163.64, p<0.001; Figure 1C), as well as medial orbitof-
rontal cortex (MO; F(; 49 = 171.92, p<0.001), secondary motor cortex (M2; F;s3 = 175.49, p<0.001),
and insula cortex (F(; 4 = 63.5, p<0.001) (Figure 1—figure supplement 2).

As shown in Figure 1D, all rats acquired the lever pressing response, with their rate of lever pressing
increasing across days (Fj; 53 = 508.30, p<0.001). No differences were found between Pre and Post
groups (F( 53 = 0.96, p=0.33) or between CTL and SAP groups (F 53 = 0.287, p=0.59) and there were
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Figure 1. Initial goal-directed learning does not require NA signalling in the OFC. (A) Experimental timeline for
rats injected with anti-DBH saporin (SAP) or the inactive control (CTL) toxin before (Pre) and after (Post) initial
instrumental training and outcome devaluation (Pre-CTL n=14, Pre-SAP n=15, Post-CTL n=13, Post-SAP n=15).

(B) Regions where dopamine beta hydroxylase (DBH)-positive fibres were quantified (Area 32 dorsal: A32d; Area 32

Figure 1 continued on next page
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Figure 1 continued

ventral: A32v; ventral orbitofrontal cortex: VO; lateral orbitofrontal cortex: LO); schematics adapted from Figure 9
of The Rat Brain in Stereotaxic Coordinates (Paxinos and Watson, 2014). (C) Representative photomicrographs
of noradrenergic (NA) depletion and DBH fibres volume (%) in VO (+3.7 mm from Bregma), LO (+3.0 mm from
Bregma), and A32d (+4.4 mm from Bregma) following toxin injection. (D) Rate of lever pressing across initial
training (A1-01; A2-02), collapsed across the two actions. (E) Initial instrumental test in extinction following
satiety-induced devaluation (Ndev: non-devalued; Dev: devalued). (F) Rate of lever pressing across reversal training
(A1-02; A2-01), collapsed across the two actions. (G) Reversal instrumental test in extinction following satiety-
induced devaluation. The inlet shows data grouped for CTL (Pre and Post) and SAP groups (Pre and Post). Data
are presented as mean + SEM. *p<0.05, ***p<0.001, 1p<0.05 LO vs. VO CTL group. Scale bars: 100 um. A1: action
1; A2: action 2; O1: outcome 1; O2: outcome 2; FR1: fixed ratio 1; RR: random ratio. Data provided in Figure 1—
source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Source files for the quantification of dopamine beta hydroxylase (DBH)-positive fibres (ventral
orbitofrontal cortex [VO], lateral orbitofrontal cortex [LO], and Area 32 [A32]) and behavioural data for rats injected
with saporin and inactive saporin.

Figure supplement 1. Whole-brain (2.5x) and zoomed-in (20x) photomicrographs showing the volume of
dopamine beta hydroxylase (DBH)-positive fibres (%) in the ventral orbitofrontal cortex (VO), lateral orbitofrontal
cortex (LO), and Area 32 (A32) of a representative control (CTL) animal and of two saporin (SAP)-treated rats, one
with the maximum (MAX) depletion and one with the minimum (MIN) depletion.

Figure supplement 2. Quantification of dopamine beta hydroxylase (DBH)-positive fibres in other prefrontal
cortex regions.

Figure supplement 2—source data 1. Source files for the quantification of dopamine beta hydroxylase (DBH)-
positive fibres (medial orbitofrontal cortex [MO], secondary motor cortex [M2], and insula) for rats injected with
saporin and inactive saporin.

Figure supplement 3. Consumption tests performed immediately after the initial (A) and reversal (B) instrumental
tests (Ndev: non-devalued; Dev: devalued).

Figure supplement 3—source data 1. Source files for the consumption tests for rats injected with saporin and
inactive saporin.

no significant interactions (all F 53 values < 3.7, p-values > 0.05). All groups also showed sensitivity
to the change in outcome value during the outcome devaluation test, indicating that rats learned
the A-O associations and the current value of the outcomes, that is, goal-directed behaviour was
intact (Figure 1E). Indeed, we found a significant effect of devaluation (Ndev vs. Dev; F; 55 = 79.62,
p<0.001), but no effect of group (Pre vs. Post; F 53 = 0.21, p=0.65) or treatment (CTL vs. SAP; F; 53
= 0.15, p=0.70), and no significant interactions between these factors (all F; 53 values <1.78, p-values
>0.18). In addition, when given concurrent access to both outcomes, all groups consumed more of
the non-devalued outcome, thereby demonstrating the efficacy of the satiety-induced outcome deval-
uation procedure (Figure 1—figure supplement 3A). Thus, NA depletion in PFC regions does not
appear to affect the initial learning or expression of goal-directed actions.

NA signalling in the OFC is required to adapt to changes in outcome
identity

Next, we tested whether NA depletion affected the ability to encode and express new A-O asso-
ciations using an instrumental outcome-identity reversal paradigm. We found that performance
increased across reversal training days (F( 53 = 22.73, p<0.001), but there was no effect of group
(Fis3 = 0.81, p=0.37), treatment (Fs3 = 0.08, p=0.78), or any significant interactions between
these factors (all ;53 values < 1.86, p-values > 0.17) (Figure 1F). We then evaluated if the rats
were able to use these reversed associations in the outcome devaluation test (Figure 1G). While
the CTL groups reduced their responding on the action associated with the devalued outcome,
NA-depleted animals did not. Statistical analyses confirmed this observation revealing no main
effects of group, treatment, or devaluation (all F; 55 values <2.89, p-values >0.10), and no significant
devaluation x group interaction (F;s3 = 0.007, p=0.93). However, there was a significant devalu-
ation x treatment interaction (F; 53 = 5.00, p<0.05) and simple effect analyses confirmed that the
CTL groups biased their responding toward the lever associated with the non-devalued outcome
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(Fi 53 = 7.35, p<0.01), while rats in the depleted groups did not (Fj; 53 = 0.15, p=0.70). Importantly,
all groups rejected the devalued food during the consumption test (Figure 1—figure supplement
3B). These results show that depletion of NA innervation to the OFC and other prefrontal regions
renders rats unable to associate new outcomes to acquired actions. Importantly, this deficit was
present in rats that received NA depletion before (group Pre) and after (group Post) learning the
initial A-O associations.

DA signalling in the OFC is not required to adapt to changes in
outcome identity

Next, we examined whether DA signalling in the OFC is required for updating goal-directed actions.
We first assessed the impact of full catecholaminergic (CA) depletion on outcome-identity reversal
by infusing the CA-targeting toxin 6-OHDA in the OFC (6-OHDA n=12; CTL n=8). We then depleted
DA afferents by combining the 6-OHDA infusion with a systemic injection of desipramine (Desi) to
protect NA fibres (6-OHDA+Desi, n=9; CTL n=8). The quantification of NA and DA afferents was
assessed in VO, LO, A32d, and A32v, as shown in Figure 2 (for additional photomicrographs, see
Figure 2—figure supplement 1). Depletion of CA afferents was assessed via TH immunostaining
(Figure 2B). In the OFC, we found a significant within-subject effect of region (VO vs. LO; F; 5 = 8.17,
p<0.01) and fewer TH-positive fibres in the 6-OHDA group (n=12), as compared to the CTL (n=8) and
6-OHDA+Desi (n=9) groups (F12 = 41.14, p<0.001), which also differed (F; 5, = 15.7, p<0.01). There
was also a significant interaction between these factors (F; ) = 15.17, p<0.01) and simple effects
revealed fewer immunoreactive TH fibres in the VO vs. the LO for the 6-OHDA+Desi group (F 2 =
20.66, p<0.001), but not for the CTL (F; 5 = 1.14, p=0.3) or the 6-OHDA groups (Fj; 26 = 2.74, p=0.11).
Importantly, significantly fewer TH-positive fibres were also present in A32 for the 6-OHDA group
(Fu2e = 12.24, p<0.01), as compared to the CTL and the 6-OHDA+Desi groups, which did not differ
(Fi1 2y = 0.56, p=0.46) (Figure 2B).

The quantification of DBH-positive fibres is shown in Figure 2D (for additional photomicrographs,
see Figure 2—figure supplement 1). In the OFC, main effects analyses revealed a significant within-
subject effect of region (VO vs. LO; Fy 5, = 53.25, p<0.001) and fewer DBH-positive fibres in the
6-OHDA group (n=12), as compared to the CTL (n=8) and the 6-OHDA+Desi groups (n=9) (F( 2 =
511.47, p<0.001), which did not differ (F; , = 3.24, p=0.08). There was also a region x treatment
interaction (Fj; 5 = 9.52, p<0.01) and simple effect analyses revealed that 6-OHDA induced a signifi-
cant reduction in the volume of NA fibres in both the VO (F(; 25 = 400.75, p<0.001) and the LO (F; 2,
= 459.37, p<0.001). Significantly fewer DBH-positive fibres were also observed for the 6-OHDA+Desi
group in the LO (F 5 = 6.41, p<0.05), but not in the VO (F; 2 = 0.83, p=0.37). A significant reduc-
tion in NA innervation was also observed in A32 for the 6-OHDA group compared to the CTL and
the 6-OHDA+Desi groups (F; 2 = 137.7, p<0.001), which did not differ (F; 2, = 0.05, p<0.001). This
further indicates that our depletion was not specific to the OFC (see also Figure 1C). As shown in
Figure 2—figure supplement 2 6-OHDA lesions also led to a significant decrease in NA innervation in
MO (F 25 = 79.9, p<0.001) and M2 (F(; ,7, = 21.08, p<0.001), but not in the insula cortex (F ,3 = 1.81,
p=0.19). The volume of DBH fibres did not differ between the CTL and the 6-OHDA+Desi groups in
any of these regions (largest F=1.12, p=0.3).

All rats first underwent instrumental training and an initial outcome-specific devaluation test (see
Figure 3—figure supplement 1 and Figure 3—figure supplement 2 for behavioural results from
this initial phase). Following surgery and recovery, the animals were then trained with reversed instru-
mental associations. We found that rats with 6-OHDA infusions (n=12) responded more during reversal
training than the CTL (n=8; F15 = 14.74, p<0.01) (Figure 3B). There was also an overall increase in
response rate (F; 15 = 44.69, p<0.001) across training and a significant group x day interaction (F; 14
= 7.25, p<0.05), indicating that this increase in responding was greater for the 6-OHDA group than
for CTL.

During the outcome devaluation test following reversal training (Figure 3C), CTL rats successfully
adjusted their behaviour according to the new A-O contingencies, but the 6-OHDA group did not.
Statistical analysis revealed no main effect of group (F1:5 < 0.001, p>0.975), but a main effect of
devaluation (F1g = 8.72, p<0.01) and a group x devaluation interaction that approached statistical
significance (F 15 = 3.90, p=0.06). Simple effect analyses confirmed that CTL rats responded more on
the lever associated with the devalued outcome (F; 14 = 10.12, p<0.01), while 6-OHDA rats did not
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Figure 2. Regions where tyrosine hydroxylase (TH, panel A) and dopamine beta hydroxylase (DBH, panel C) positive fibres were quantified (Area 32
dorsal: A32d; Area 32 ventral: A32v; ventral orbitofrontal cortex: VO, lateral orbitofrontal cortex: LO); schematic adapted from Figure 9 of The Rat Brain
in Stereotaxic Coordinates (Paxinos and Watson, 2014). Representative photomicrographs and quantification of fibres in VO, LO, and A32d for TH
(B) and DBH immunostaining (D) in each of the three groups. Data are presented as mean + SEM. **p<0.01, ***p<0.001, 'p<0.05 vs. CTL group. Scale
bars: 100 pm. 6-OHDA: 6-hydroxydopamine; 6-OHDA+Desi: 6-hydroxydopamine+desipramine; CTL: control. Data provided in Figure 2—source data
1.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Source files for the quantification of tyrosine hydroxylase (TH)-positive and dopamine beta hydroxylase (DBH)-positive fibres
(ventral orbitofrontal cortex [VO], lateral orbitofrontal cortex [LO], and Area 32 [A32]) for rats injected with é6-hydroxydopamine (6-OHDA) or
6-OHDA+desipramine.

Figure supplement 1. Whole-brain (2.5x) and zoomed-in (20x) photomicrographs showing the volume of dopamine beta hydroxylase (DRH)-
positive fibres (%) in the ventral orbitofrontal cortex (VO), lateral orbitofrontal cortex (LO), and Area 32 (A32) of a representative control (CTL),
6-OHDA+desipramine (6-OHDA+Desi), and 6-OHDA animal.

Figure supplement 2. Quantification of dopamine beta hydroxylase (DBH)-positive fibres in other prefrontal cortex regions.

Figure supplement 2—source data 1. Source files for the quantification of tyrosine hydroxylase (TH)-positive and dopamine beta hydroxylase (DBH)-
positive fibres (medial orbitofrontal cortex [MO], secondary motor cortex [M2], and insula) for rats injected with 6-hydroxydopamine (6-OHDA) or
6-OHDA+desipramine.

show this preference (F; 1 = 0.6, p=0.45). Importantly, when given access to both rewards, all groups
consumed more of the non-devalued than of the devalued food (Figure 3—figure supplement 1D).

Figure 3D shows responding during reversal training for the 6-OHDA+Desi (n=9) and the CTL (n=38)
groups. Lever pressing increased across reversal training days (F; 15 = 15.76, p<0.01) and there was no
main effect of group (F; 15y = 0.52, p=0.48) or group X day interaction (F; 15y = 0.15, p=0.70). Moreover,
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Figure 3. NA, but not DA, signalling in the OFC is required to adapt to changes in outcome identity.

(A) Experimental timeline. After the initial instrumental training and outcome devaluation testing, rats

were injected in the orbitofrontal cortices (OFC) with either vehicle (CTL n=8; CTL n=8), 6-OHDA coupled

with desipramine (to specifically target DA neurons, 6-OHDA+Desi n=9) or 6-OHDA alone (to target all
catecholaminergic [CA] neurons, n=12). (B, D) Rate of lever pressing across reversal training, data is presented
collapsed across the two actions. (C, E) Reversal instrumental test in extinction following satiety-induced
devaluation (Ndev: non-devalued; Dev: devalued). Data are presented as mean + SEM. *p<0.05, **p<0.01,
***<0.001. 6-OHDA: 6-hydroxydopamine; 6-OHDA+Desi: 6-hydroxydopamine+desipramine; CTL: control; A1l:
action 1; A2: action 2; O1: outcome 1; O2: outcome 2; FR1: fixed ratio 1; RR: random ratio. Data provided in Figure
3—source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 3:
Source data 1. Source files for the behavioural data from the reversal phase for rats injected with

Figure 3 continued on next page
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Figure 3 continued

6-hydroxydopamine (6-OHDA) or 6-OHDA+desipramine.

Figure supplement 1. Initial training and test for rats to be injected with 6-OHDA (n=12) and control rats (CTL;
n=8).

Figure supplement 1—source data 1. Source files for the behavioural data from the initial phase for rats injected
with é-hydroxydopamine (6-OHDA).

Figure supplement 2. Initial training and test for rats to be injected with 6-OHDA+Desi (n=9) and control rats
(CTL; n=8).

Figure supplement 2—source data 1. Source files for the behavioural data from the initial phase for rats injected
with é-hydroxydopamine (6-OHDA)+desipramine.

we found that both groups showed goal-directed behaviour and biased their choice towards the
action associated with the non-devalued outcome (Figure 3E). Statistical analyses confirmed a main
effect of devaluation (F;5 = 5.25, p<0.05), but no main effect of group (F; 15 < 0.001, p>0.975) or
group X devaluation interaction (F; 15, = 0.17, p=0.69). Both groups also consumed more of the non-
devalued food during the consumption test (Figure 3—figure supplement 2D).

These results further support a role for NA in updating previously learned goal-directed actions. We
show that full CA depletion (DA + NA) in the OFC, A32, and M2 impairs performance in an outcome-
identity reversal task, while depletion restricted to DA innervation leaves performance intact.

Selective expression of inhibitory DREADDs in LC: ¥°F¢ or LC:*32 NA
projections

In the previous two approaches, we used pharmacologic ablation to target NA signalling in the OFC.
However, injection of anti-DHpB SAP or 6-OHDA in the OFC also caused a significant reduction of fibres
in other regions of the PFC, most likely because of NA fibres crossing the OFC before entering these
other prefrontal regions (Chandler and Waterhouse, 2012). Most notably, in both of the previous
experiments, we observed depletion of NA fibres in A32 (or prelimbic cortex), a region that has been
heavily implicated in goal-directed behaviour (Corbit and Balleine, 2003; Killcross and Coutureau,
2003; Tran-Tu-Yen et al., 2009). As such, while we were able to demonstrate that NA, but not DA,
signalling in the PFC is necessary to adapt to changes in outcome identity, we could not conclusively
attribute our behavioural effects to NA depletion in the OFC and not in A32. Moreover, given that our
approach involved permanent lesions of NA fibres, we were unable to ascertain if NA signalling was
required to encode and/or recall the new A-O associations.

Therefore, to address the regional and temporal specificity of the behavioural effect, we gener-
ated CAV2-PRS-hM4Di-mCherry, a canine adenoviral vector containing PRS, an NA-specific promoter,
driving an HA-tagged hM4Di, an inhibitory DREADDs, and an mCherry expression cassette (Figure 4A).
The validation of the construct is described in the Methods section and the corresponding results are
shown in Figure 4—figure supplement 1. CAV2 vectors are readily taken up at presynapse and traf-
ficked via retrograde transport to the soma of projecting neurons. CAV2-PRS-hM4Di-mCherry was
infused in either the OFC or A32 to target either LC:"° or LC:**? NA projections. Figure 4C shows
retrograde transport of the vector and mCherry in NA cells of the LC following injection of CAV2-PRS-
hM4Di-mCherry in the OFC. Figure 4D shows the colocalization of mCherry and HA immunoreactivity
in the LC, indicative of a selective expression of HA-hM4Di. As expected, while mCherry staining is
present at injection sites, reflecting local cortico-cortical connections that are not NA dependent
(Figure 4B), HA-immunoreactive cell bodies were found exclusively in the LC (Figure 4D). These data
are consistent with NA-specific expression of the HA-tagged hM4Di due to PRS, and nonselective
expression of mCherry which is under the control of hSyn.

Silencing of LC:"'°F¢, but not LC:*%*, projections impairs adaptation to
changes in the A-O association

Rats received bilateral injections of CAV2-PRS-hM4Di-mCherry in either the OFC (n=25) or the A32
(n=17). Rats were then trained and tested as shown in Figure 5A. Following the initial instrumental
training and outcome devaluation testing (Figure 5—figure supplement 1A-C for LC:"°% and
Figure 5—figure supplement 2A-C for LC:**?), both groups were further divided into two according
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Figure 4. Histological examination following CAV2-PRS-hM4Di-mCherry injections.Validation of the CAV2-
PRS-hM4Di-mCherry construct. (A) CAV2-PRS-hM4Di-mCherry, a vector bearing a noradrenergic (NA)-specific
promoter (PRS) that drives the expression of inhibitory DREADDs tagged with HA (hM4Di), and an mCherry
expression cassette under the neuronal-specific promoter hSyn. (B) Extent of viral expression across subjects
and representative whole-brain photomicrographs (2.5x) showing injection sites stained for mCherry. Schematics

Figure 4 continued on next page
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Figure 4 continued

adapted from Figures 8, 9 and 11 of The Rat Brain in Stereotaxic Coordinates (Paxinos and Watson, 2014).

(C) Immunofluorescent staining for dopamine beta hydroxylase (DBH) and mCherry in the locus coeruleus (LC)

of a representative rat injected with CAV2-PRS-hM4Di-mCherry in the orbitofrontal cortices (OFC). (D) High
colocalization of immunofluorescent staining for HA (tag of inhibitory DREADDs) and mCherry in the LC of the
same representative rat injected in the OFC. (D) Comparison of antero-posterior DAB staining for HA in two
representative rats, one injected in the OFC, the other in A32. Scale bar panel B: 1 mm. Scale bars panels C, D, E:
100 pm.

The online version of this article includes the following source data and figure supplement(s) for figure 4:
Figure supplement 1. Validation of the CAV2-PRS-hM4Di-mCherry construct.

Figure supplement 1—source data 1. Source file for the quantification of locus coeruleus (LC) hM4Di/C-Fos-
positive cells.

to their initial performance: one group that would receive vehicle (Veh; n=12 for OFC-injected rats;
n=8 for A32-injected rats) and one group that would receive deschloroclozapine dihydrochloride
(DCZ; n=13 for OFC-injected rats; n=9 for A32-injected rats), a high affinity and selective DREADDs
agonist (Nagai et al., 2020; Nentwig et al., 2021, Oyama et al., 2022), during the reversal training.

A linear trend across reversal training sessions was detected for OFC-injected rats (Figure 5B; F; 3
= 37.53, p<0.001), but not A32-injected rats (Figure 5D; F 15, = 0.16, p=0.69), with no difference
between the Veh and the DCZ groups for either OFC- (F; 3 = 0.39, p=0.54) or A32-injected rats (F(; 15
= 0.01, p=0.92), and no interactions between these factors (largest F ,; value = 2.82, p=0.11). All
rats underwent two outcome devaluation tests, once under vehicle (-), once under DCZ (+), with the
order counterbalanced. This yielded a 2 (between) x 2 (within) factorial design with four conditions of
interest: vehicle during training and test (-/-), vehicle during training and DCZ during test (-/+), DCZ
during training and vehicle at test (+/-), and DCZ during training and test (+/+).

For rats injected in the OFC (Figure 5C), we found that only the CTL group (-/-) showed goal-
directed behaviour and performed the action associated with the non-devalued outcome more than
the action associated with the devalued outcome. By contrast, rats with bilateral LC:°"© NA projec-
tions silenced during the reversal training (+/-), or the outcome devaluation test (-/+), or during both
phases (+/+) failed to display this preference in responding. Statistical analyses confirmed no signif-
icant between- or within-subject main effects (largest F; 4, value = 1.22, p=0.28), but a significant
three-way interaction (devaluation x treatment during acquisition x treatment during test: F .3 =
5.45, p<0.05). Simple effects analyses confirmed that only rats that received vehicle during both
training and test (-/-) biased their choice towards the lever associated with the non-devalued outcome
(Fu23 = 7.10, p<0.05), while rats in the -/+ (F(; 23 = 0.09, p=0.77), +/- (F1.23 = 1.93, p=0.18), and +/+
conditions (F 23 = 0.01, p=0.92) did not.

By contrast, silencing LC:*% NA projections left goal-directed behaviour intact (Figure 5E). Indeed,
we found a main effect of devaluation (F; ;5 = 5.76, p<0.05), but no effect of treatment during acqui-
sition (F 15 = 0.35, p=0.56) or treatment during test (Fj 15, = 0.53, p=0.47), and no significant interac-
tions between these factors (largest F; 15 value = 1.62, p-values > 0.21).

Importantly, consumption tests performed immediately after the reversal tests revealed that all
groups consumed more of the non-devalued outcome indicating that the satiety-induced devaluation
was effective and that DCZ injections did not disrupt the rats’ ability to distinguish between devalued
and non-devalued rewards (Figure 5—figure supplement 1D and Figure 5—figure supplement 2D
for LC: V¢ and LC:*%2, respectively). Together, these results indicate that LC NA projections to the
OFC, but not to A32, are required to both encode and recall changes in the identity of the expected
outcome.

Discussion

Goal-directed actions are the expression of learned associations between an action and the outcome
it produces. These associations are however flexible, being amenable to updating when the identity of
the outcome changes. Our data demonstrate that NA inputs to the OFC might be an essential compo-
nent of this updating process. This conclusion is based on a body of complementary evidence. First,
we demonstrated that animals with a loss of NA inputs in the OFC can initially learn and express A-O
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Figure 5. Silencing of LC:"°", but not LC:**, projections impairs adaptation to changes in the A-O association.

(A) Timeline for rats injected with CAV2-PRS-hM4Di-mCherry in either the orbitofrontal cortices (OFC) or Area 32
(A32). Each rat was injected with either vehicle (-) or DCZ (+) during the reversal training and then tested twice,
once under DCZ and once under vehicle, with the test order counterbalanced. (B) Reversal training in rats injected
in the OFC (Veh n=12; DCZ n=13), data is presented collapsed across the two actions. (C) Reversal instrumental
test following satiety-induced devaluation in rats injected in the OFC (Ndev: Non-devalued; Dev: devalued).

(D) Reversal training in rats injected in A32 (Veh n=8; DCZ n=9), data is presented collapsed across the two actions.
(E) Reversal instrumental test following satiety-induced devaluation in rats injected in A32. Data are presented as
mean + SEM. *p<0.05. A1: action 1; A2: action 2, O1: outcome 1; O2: outcome 2; FR1: fixed ratio 1; RR: random
ratio; DCZ: deschloroclozapine; LC: locus coeruleus. Data provided in Figure 5—source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 5:
Source data 1. Source file for the behavioural data from the reversal phase for LC:¥°F and LC:* rats.

Figure 5 continued on next page
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Figure 5 continued

Figure supplement 1. Initial training and test for rats injected with CAV2-PRS-hM4Di-mCherry in the orbitofrontal
cortex (OFC).

Figure supplement 1—source data 1. Source file for the behavioural data from the initial phase for LC:"°€ rats.
Figure supplement 2. Initial training and test for rats injected with CAV2-PRS-hM4Di-mCherry in area 32 (A32).

Figure supplement 2—source data 1. Source file for the behavioural data from the initial phase for LC:** rats.

contingencies, but are impaired when the identity of the outcome has been modified. Importantly,
such deficits were also observed when NA depletion occurred immediately before the encoding
of the new A-O contingencies. We then showed that this impairment was selective to NA inputs,
because combined depletions of DA and NA, but not of DA alone, induced a profound deficit in
outcome reversal. Finally, we investigated the temporal and anatomical specificity of this effect using
an NA-specific retrograde virus carrying inhibitory DREADDs to selectively target either LC:°F¢ or
LC:*32 pathways. We found that silencing LC:"°F¢, but not LC:**, projections impaired the rats’ ability
to acquire and express the reversed instrumental contingencies.

NA inputs into the OFC, but not the A32, are required for A-O
updating

The use of the SAP toxin led to a dramatic decrease of NA fibres density in all analysed cortical areas
(Figure 1B and Figure 1—figure supplement 2A). This may be due to diffusion of the toxin from the
injection site or to the existence of collateral LC neurons and/or fibres passing through the ventral
portion of the OFC, but targeting other cortical areas (Cerpa et al., 2019). However, injection of
6-OHDA led to less offsite NA depletion suggesting that a large part of the previous observation is
toxin-specific. Indeed, no significant loss of NA fibres was visible in the insula cortex (Figure 2—figure
supplement 2B), which has been previously implicated in goal-directed behaviour (Balleine and Dick-
inson, 2000; Parkes and Balleine, 2013; Parkes et al., 2015). We did nevertheless observe an offsite
depletion in more proximal prefrontal areas (prelimbic/A32 and MO), albeit a more modest depletion
that what was observed using the SAP toxin. Several studies have described the projection pattern of
LC cells. These studies, using various techniques, indicate that LC cells mainly target a single region,
and that only a small proportion of LC neurons collateralize to minor targets (Plummer et al., 2020,
Kebschull et al., 2016; Uematsu et al., 2017; Chandler et al., 2014). Therefore, even if the OFC
NA innervation is presumably specific (Chandler et al., 2013), we cannot rule out a possible collat-
eralization of some neurons toward neighbouring prefrontal areas (including A32 and MO). We have
previously discussed that the posterior ventral portion of the OFC is an entry point for LC fibres en
passant, which ultimately target other prefrontal areas (Cerpa et al., 2019).

We then used a CAV2 vector carrying the NA-specific promoter PRS to target either the LCY°™ or
the LC:**? pathway (Hayat et al., 2020; Hirschberg et al., 2017). It has been shown that the CAV2
vector can infect axons-of-passage, however the vector does not spread more than 200 um from the
injection site (Schwarz et al., 2015). Therefore, when targeting the OFC, we injected anteriorly to
the level where the highest density of fibres of passage is expected (Cerpa et al., 2019) in order to
minimize infection of such fibres and restrict inhibition to our pathway of interest.

Overall, the current behavioural results are in line with our previous work showing that the ability
to associate new outcomes to previously acquired actions is impaired following chemogenetic inhibi-
tion of the VO and LO (Parkes et al., 2018) or disconnection of the VO and LO from the submedius
thalamic nucleus (Fresno et al., 2019). These results point to a role for the ventral and lateral parts
of the OFC and its NA innervation in updating A-O associations. However, it is worth mentioning that
different subregions of the OFC, both along the medio-lateral and antero-posterior axes of OFC,
display clear functional heterogeneities (Bradfield and Hart, 2020, Izquierdo, 2017, Panayi and
Killcross, 2018; Bradfield et al., 2018; Barreiros et al., 2021). Therefore, while we have previously
focused on the anatomical heterogeneity of the NA innervation in these prefrontal subregions (Cerpa
et al., 2019), a thorough characterization of its functional role in each of these subregions still needs
to be addressed. We must also acknowledge that only male rats were used in the current study. The
LC displays some anatomical and physiological variations between male and female rats (Joshi and
Chandler, 2020), therefore a thorough characterization would also need to integrate this sex factor.
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Our key finding is that NA inputs to the OFC are required for updating the association between an
action and its outcome. Indeed, a similar impairment was observed when NA depletion was performed
either prior to initial training or prior to reversal training, which indicates that the reversal period is
critically reliant on NA inputs. In addition, chemogenetic silencing of the LC:"° ¢ pathway before the
reversal training, or before testing also produced similar impairments, which further demonstrates
that OFC NA inputs are required for both the encoding and the recall of new A-O associations. These
results are consistent with recent views on the role of the OFC in goal-directed behaviour (Parkes
et al., 2018, Panayi and Killcross, 2018; Cerpa et al., 2021).

In contrast to NA inputs to the OFC, our results show that NA inputs to A32 (the prelimbic cortex)
are not required for responding based on initial or reversed instrumental contingencies. These data add
to the current literature indicating a major dissociation in the role of NA inputs to different prefrontal
regions (Robbins and Arnsten, 2009). Indeed, NA inputs to the medial wall of the PFC are required
for attentional regulation. Specifically, lesioning NA inputs (McGaughy et al., 2008; Newman et al.,
2008) or chemogenetic inhibition of NA inputs to the mPFC (Cope et al., 2019) alters attentional set-
shifting, while NA recapture inhibition via atomoxetine improves it (Newman et al., 2008). OFC NA
depletion can also alter cue-outcome reversal, but not dimensional shift, in an attentional set-shifting
task (Mokler et al., 2017). Recently, it was also shown that reversible inactivation of the medial OFC
(mOFC) decreased performance accuracy on a two-armed bandit task in rats (Swanson et al., 2022).
Interestingly, performance accuracy was also impaired following systemic, but not intra-mOFC, admin-
istration of an NA antagonist (Swanson et al., 2022). This result seems consistent with our finding
showing that reversal learning and expression is intact when the LC:**? pathway is silenced and may
suggest a potential role for the ventral and lateral regions of OFC, rather than mOFC, in this effect.

NA, but not DA, inputs to the OFC are required for A-O updating

Using a strategy which allows for a differential depletion of DA and/or NA fibres, we found that
NA-dependent mechanisms are required during the encoding and recall of new A-O. The role of
cortical DA-dependent mechanisms in goal-directed behaviour remains poorly understood, but
we have previously shown that DA signalling in the prelimbic cortex/A32 plays a critical role in the
detection of contingency degradation (Naneix et al., 2009). Such detection is likely to involve the
processing of non-expected rewards which induces, at the level of A32, a DA-dependent reward
prediction error signal (Montague et al., 2004; Schultz and Dickinson, 2000). These results therefore
raise the possibility that the coordination of goal-directed behaviour under environmental changes
might depend on a DA-A32 system to adapt to causal contingencies and an NA-OFC system to adapt
to changes in outcome identity (Cerpa et al., 2021). However, it is not yet clear if the NA-OFC system
is also involved in detecting the causal relationship between an action and its outcome (see Cerpa
et al., 2021, for a discussion). Some have reported impaired adaptation to contingency changes
following inhibition of VO and LO or BDNF knockdown in these regions (Whyte et al., 2021; Zimmer-
mann et al., 2017), while another study showed that inhibition of VO/LO leaves sensitivity to degra-
dation intact, at least during an initial test (Zimmermann et al., 2018). Interestingly, a recent paper
in marmosets demonstrates that inactivation of anterior OFC (Area 11) improves instrumental contin-
gency degradation, whereas overactivation impairs degradation (Duan et al., 2021). The potential
role of the rodent ventral and lateral regions of OFC, and of NA innervation to the OFC, in adapting
to degradation of instrumental contingencies requires further investigation.

Updating goal-directed behaviour

When trained on reversed contingencies, animals encode the new A-O associations (Fresno et al.,
2019; Parkes et al., 2018). Under similar experimental conditions, past research has shown that
reversal learning performance is the result of updating prior existing A-O contingencies without
unlearning the initial contingencies (Bradfield and Balleine, 2017). In other words, the animals build
a partition between a state for the new contingencies and the initial state of old contingencies (Hart
and Balleine, 2016). Current research has proposed that the OFC is critically involved in this partition
of information when task states change without explicit notice (McDannald et al., 2011, Wilson et al.,
2014; Sadacca et al., 2017, Wikenheiser and Schoenbaum, 2016). Consistent with this view, chemo-
genetic inhibition of the OFC (ventral and lateral) impairs goal-directed responding following identity
reversal (Parkes et al., 2018, Howard and Kahnt, 2021). Here, we found a similar deficit following
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lesion of NA inputs to the OFC. Given that the deficit in goal-directed behaviour was restricted to
the reversal phase, including both reversal training and the test based on reversed contingencies, it
is likely that NA-OFC is involved in both creating new states and in the ‘online’ use of the informa-
tion included in this new state. Such a proposal is in accordance with popular LC-NA system theories
suggesting that a rise in NA activity allows for behavioural flexibility when a change in contingencies
is detected (Aston-Jones et al., 1997, Bouret and Sara, 2005; Sadacca et al., 2017).

Conclusion

Our results provide evidence for the involvement of NA inputs to ventral and lateral OFC in the
updating and use of new A-O associations. Recent research has revealed a remarkable parcellation
of cortical functions in goal-directed action (Fresno et al., 2019; Turner and Parkes, 2020, Dalton
et al., 2016). The current study provides a clear basis for an in-depth understanding of the cortical
coordination involved in executive functions.

Methods

Additional

or resource Designation Source or reference Identifiers information

Antibody Anti-DBH (mouse monoclonal) Merck Millipore Cat# MAB308 1:1000

Antibody Anti-TH (mouse monoclonal) Merck Millipore Cat# MAB318 1:2000

Antibody Anti-RFP (rabbit polyclonal) MBL International Corporation Cat# PM005 1:2000

Antibody Anti-HA (rabbit monoclonal) Cell Signaling Technology Cat# C29F4 (#3724) 1:1000

Antibody Anti-c-Fos (rabbit monoclonal) Cell Signaling Technology Cat# 9F6 (#2250) 1:1000
Anti-mouse biotin-conjugated (goat

Antibody polyclonal) Jackson ImmunoResearch Cat# 115-065-062  1:1000
Anti-rabbit biotin-conjugated (goat

Antibody polyclonal) Jackson ImmunoResearch Cat# 111-065-003  1:1000
Anti-mouse FITC-conjugated (goat

Antibody polyclonal) Jackson ImmunoResearch Cat# 115-095-003  1:400
Anti-rabbit TRITC-conjugated (goat

Antibody polyclonal) Jackson ImmunoResearch Cat# 111-025-003  1:200
Anti-rabbit AF488-conjugated (goat

Antibody polyclonal) Jackson ImmunoResearch Cat# 111-545-003  1:1000

Chemical compound, drug Streptavidin-Alexa 488 Thermo Fisher Scientific Cat# 511223 1:500

Chemical compound,

drug Anti-DBH saporin Advanced Targeting Solutions Cat# KIT-03

Chemical compound,

Cat# IT-18 sold as

drug Mouse 1gG saporin (inactive) Advanced Targeting Solutions KIT-03

Chemical compound,

drug Diaminobenzidine (DAB) Sigma-Aldrich Cat# D5905

Chemical compound, Injectable volume
drug Deschloroclozapine (DC2) MedChemExpress Cat# HY-42110 0.1 mg/kg
Chemical compound, 6-OHDA

drug hydrochloride Sigma-Aldrich Cat# H4381

Continued on next page
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Continued

Reagent type (species) Additional

or resource Designation Source or reference Identifiers information
Chemical compound,

drug Desipramine Sigma-Aldrich Cat# D3900

Commercial assay or kit Avidin-biotin-peroxydase (ABC kit) ~ Thermo Fisher Scientific Cat# 32020

Transfected construct CAV2 PRS HA-hM4Di E1 hSyn https://plateau-igmm.pvm.cnrs.fr/?

(human) mCherry E3 vector=cav-prs-ha-hm4di Titre 3.5%10'? pp/mL

Animals and housing

A total of 136 male Long-Evans rats, aged 2-3 months, were obtained from the Centre d’Elevage
Janvier (France). Rats were housed in pairs with ad libitum access to water and standard lab chow
prior to behavioural experiments. Rats were handled daily for 3 days prior to the beginning of the
experiments and were put on food restriction 2 days before behaviour to maintain them at approxi-
mately 90% of their ad libitum feeding weight. The facility was maintained at 21 = 1°C on a 12 hr light/
dark cycle (lights on at 8:00 am). Environmental enrichment was provided by tinted polycarbonate
tubes and nesting material, in accordance with current French (Council directive 2013-118, February 1,
2013) and European (directive 2010-63, September 22, 2010, European Community) laws and policies
regarding animal experimentation. The experiments received approval from the local Bordeaux Ethics
Committee (CES0).

Stereotaxic surgery

For all experiments, rats were anaesthetized with 5% inhalant isoflurane gas with oxygen and placed
in a stereotaxic frame with atraumatic ear bars (Kopf Instruments) in a flat skull position. Anaesthesia
was maintained with 1.5% isoflurane and complemented with a subcutaneous injection of ropivacaine
(a bolus of 0.1 mL at 2 mg/mL) at the incision site. After each injection, the injector was kept in place
for an additional 10 min before being removed. Rats were given 4 weeks to recover following surgery.
Injection sites were confirmed histologically after the completion of behavioural experiments.

In the first experiment (n=57), we used a toxin selective for NA neurons (SAP) to target and deplete
NA terminals in the VO and LO. For half of the rats (‘Pre’ groups, n=29), surgery was performed before
the initial instrumental training and testing phase, for the other half surgery was performed after the
initial training and testing ('Post’ groups, n=28). Intracerebral injections were made using repeated
pressure pulses delivered via a glass micropipette connected to a pressure injector (Picospritzer llI,
Parker). For SAP groups (Pre n=15; Post n=15), 0.1 pL of anti-DBH SAP (0.1 pg/pL) was bilaterally
injected at one site targeting both VO and LO, while CTL rats (Pre n=14; Post n=13) received 0.1 pL
of inactive IgG SAP (0.1 pg/pL). Injection coordinates (in mm from Bregma) were determined from the
atlas of Paxinos and Watson, 2014: +3.5 antero-posterior (AP), +2.2 medio-lateral (ML), and -5.4
dorso-ventral (DV).

We then used a toxin selective for CA neurons (6-OHDA hydrochloride) and a noradrenaline
uptake-blocker (Desi) to target and deplete DA neurons in the VO and LO. All rats underwent surgery
after the initial instrumental training phase. Rats were then allocated to the full CA depletion condition
(group 6-OHDA n=12; CTL n=8) or the specific DA depletion condition (6-OHDA+Desi n=9; CTL n=8).
6-OHDA (4 pg/pL) was dissolved in vehicle solution containing 0.9% NaCl and 0.1% ascorbic acid. A
volume of 0.2 pL of 6-OHDA was bilaterally injected in the OFC at the same coordinates as for the
first experiment. Animals in the CTL group received injections of the vehicle solution. Thirty minutes
before the surgical procedure, animals in the 6-OHDA+Desi group received a systemic (i.p.) injection
of Desi (25 mg/mL) at a volume of 1 mL/kg.

In the chemogenetic experiments (n=42), we employed a canine adenovirus type 2 (CAV2)
vector equipped with an NA-selective synthetic promoter (PRS) and inhibitory DREADDs (hM4Di) to
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specifically target LC:"°7 and LC:**2 NA projections. This viral construct was designed and tested at
the Plateforme de Vectorologie de Montpellier, Institute of Molecular Genetics, Montpellier, https://
plateau-igmm.pvm.cnrs.fr/?vector=cav-prs-ha-hm4di. All rats underwent surgery before the initial
instrumental training phase. All animals received 1 pL bilateral injections of the adenovirus (titre
3.5%10" pp/mL), which were performed using a 10 pL Hamilton syringe and a stereotax-mounted
injection pump (World Precision Instruments) at a flow rate of 100 nL/min. To target both VO and LO,
rats (n=25) were injected at the following coordinates (mm from Bregma): +3.7 AP, £2.0 ML, -5.0 DV,
and +3.2 AP, +2.8 ML, -5.2 DV (2 injection sites per hemisphere). To target A32 (prelimbic cortex),
rats (n=17) were injected at the following coordinates (mm from Bregma): +3.2 AP, +0.6 ML, -3.6 DV
(1 injection site per hemisphere).

Validation of the CAV2-PRS-hM4Di-mCherry construct

Although previous studies have validated the use of the CAV2-PRS construct using a range of actua-
tors, including excitatory and inhibitory opsins, as well as potassium channels (Howorth et al., 2009a;
Howorth et al., 2009b; Hickey et al., 2014; Li et al., 2016), we used a separate cohort of rats to
verify the functional effect of our DREADDs construct in vivo by quantifying changes in the expression
of c-Fos, a recognized marker of neuronal activation, upon administration of DCZ. In order to obtain
a high baseline of c-Fos activation, rats underwent a stress procedure. As shown in Figure 4—figure
supplement 1B, rats were administered i.p. with either vehicle or DCZ (0.1 mg/kg) 45 min before
being placed in a Plexiglas shock chamber equipped with stainless steel rods on the floor and a
circuit generator connected to a scrambler and a timing unit. Rats received five shocks (0.5 s, 0.8 mA)
randomly interspersed over 10 min (stress condition). As a control of c-Fos activation, we included in
the experimental design animals administered with vehicle, but left untouched in their home cage
(no stress condition). Rats were perfused 90 min after the procedure and coronal slices collected as
described in the Histology section. For hM4Di/c-Fos colocalization analysis, sections were taken (see
Figure 4—figure supplement 1—source data 1) from antero-posterior levels of the LC from -9.50 to
-10.0 mm from Bregma (vehicle/no stress, n=2; vehicle-stress, n=4; DCZ-stress, n=4). Quantification
of the percentage of LC hM4Di-positive cells (mCherry, red) that co-express c-Fos (Alexa 488, green)
was performed by a trained observer blind to the experimental conditions.

Behavioural apparatus

For all behavioural experiments, training and testing was conducted in eight identical operant cham-
bers (40 cm width x 30 cm depth x 35 cm height, Imetronic, Pessac, France) individually enclosed
in sound and light-resistant wooden chambers (74 x 46 x 50 cm?®). Each chamber was equipped
with two pellet dispensers that delivered grain (Rodent Grain-Based Diet, 45 mg, Bio-Serv) or sugar
(LabTab Sucrose Tablet, 45 mg, TestDiet) pellets into a food port when activated. For instrumental
conditioning, two retractable levers were located on each side of the food port. Each chamber had a
ventilation fan producing a background noise of 55 dB. During the session, the chamber was illumi-
nated by four LEDs in the ceiling. Experimental events were controlled and recorded by a computer
located in the room and equipped with the POLY software (Imetronic).

Behavioural protocol

Initial training and test

The training procedure was adapted from Parkes et al., 2018. On days 1-3, rats were trained to
retrieve food pellets from the food port. During each daily session, 40 sugar and 40 grain pellets were
delivered pseudo-randomly every 60 s, on average. Following food port training, rats received 12
daily sessions of instrumental training, during which they were required to learn initial A-O associa-
tions. During these sessions, each lever, in alternation, was presented twice for a maximum of 10 min
or until 20 outcomes were earned. The inter-trial interval between lever presentations was 2.5 min
(i.e., the session could last up to 50 min and the rats could obtain a maximum of 80 food pellets). The
A-O associations and the order of lever presentations were counterbalanced between rats and days.
During the first three sessions, lever pressing was continuously reinforced with a fixed ratio (FR) 1
schedule. Then, the probability of receiving an outcome was reduced, first with a random ratio (RR) 5
schedule (days 4-6), then with an RR10 (days 7-9,) and an RR20 schedule (days 10-12).
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Outcome devaluation tests were performed 1 day after the last instrumental training session. First,
to induce sensory-specific satiety (Rolls et al., 1986), rats received access to one of the two outcomes
(20 g) for 1 hrin a set of plastic feeding cages to which they were previously habituated. Immediately
after the satiety procedure, rats were returned to the operant chambers where they were given a
choice test in extinction (i.e., unrewarded) with both levers available for 10 min. The devalued (sated)
food was counterbalanced between rats. Following the extinction test, animals were returned to the
plastic feeding cages and given a consumption test of satiety-induced devaluation, during which they
received 10 min concurrent access to both types of food pellets (10 g of each). The amount consumed
of each pellet type was measured to confirm that the satiety-induced devaluation was effective and
that rats were able to distinguish between the sensory features of the different food pellets.

Reversal training and test

Following the initial phase, rats were trained on reversed A-O associations with a procedure adapted
from previous studies in our laboratory (Fresno et al., 2019; Parkes et al., 2018). Specifically, the
identity of outcomes was switched so that rats had to update previously established A-O associations,
always keeping a RR20 schedule of reinforcement. Following reversal training, outcome devaluation
tests were conducted in the same manner as previously described.

Chemogenetics

The DREADD agonist deschloroclozapine (DCZ) was dissolved in dimethyl sulfoxide (DMSO) to a
final volume of 50 mg/mL, aliquoted in small tubes (50 pL) and stored at —80°C (stock solution). For
behavioural experiments, our stock solution was diluted in physiological saline to a final injectable
volume of 0.1 mg/kg and administered systemically (i.p.) 40-45 min prior to testing at a volume of
10 mL/kg. Fresh injectable solutions were prepared from stock aliquots on the day of the usage. DCZ
was prepared and injected under low light conditions.

Histology
At the end of all behavioural experiments, rats were injected with a lethal dose of sodium pentobar-
bital (Exagon Euthasol) and perfused transcardially with 60 mL of saline followed by 260 mL of 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). Brains were removed and post-fixed in the
same PFA 4% solution overnight and then transferred to a 0.1 M PB solution or to a 0.1 M PB with
30% saccharose solution (6-OHDA experiment). Subsequently, 40 pm coronal sections were cut using
a VT1200S Vibratome (Leica Microsystems) or freezing microtome for the 6-OHDA experiment. Every
fourth section was collected to form a series. DAB staining was performed for DBH (for the SAP and
the 6-OHDA experiments), TH (6-OHDA experiment), HA, and mCherry (chemogenetic experiments).

Free-floating sections were first rinsed (4x5 min) in 0.1 M phosphate buffer saline (PBS) containing
0.3% Triton X-100 (PBST) and then incubated in PBST containing 0.5% (for mCherry) or 1% (for DBH
and TH) hydrogen peroxide solution (H,O,) for 30 min in the dark. Further rinses (4x5 min) in PBST
and a 1 hr incubation in blocking solution (PBST containing 3% goat serum) followed. Sections were
then incubated with the primary antibody (mouse monoclonal anti-DBH, 1/1000; mouse monoclonal
anti-TH, 1/2000; rabbit monoclonal anti-HA, 1/1000; rabbit polyclonal anti-RFP, 1/2000) diluted in
blocking solution for 24 hr (for mCherry) or 48 hr (for DBH and TH) at 4°C. After rinses (4x5 min) in
PBS (for DBH and TH) or PBST (for mCherry), sections were placed in a bath containing the secondary
antibody (biotinylated goat anti-mouse, 1/1000; biotinylated goat anti-rabbit, 1/1000) diluted in PBS
(for DBH and TH) or PBST containing 1% goat serum (for mCherry) for 2 hr at room temperature.
Following rinses (4x5 min) in PBS (for DBH and TH) or PBST (for mCherry), they were then incubated
with the avidin-biotin-peroxydase complex (1/200 in PBS for DBH and TH; 1/500 in PBST for mCherry)
for 90 min in the dark at room temperature. H,O, was added to the solution before the final staining
with DAB was made (10 mg tablet dissolved in 50 mL of 0.1 M Tris buffer). Stained sections were finally
rinsed with 0.05 M Tris buffer (2x5 min) and 0.05 M PB (2x5 min), before being collected on gelatin-
coated slides using 0.05 M PB, dehydrated (with xylene for DBH and TH), mounted and cover-slipped
using the Eukitt mounting medium.

Immunofluorescence staining was also performed for DBH, mCherry, and HA (chemogenetic exper-
iments). Free-floating sections were first rinsed in PBS (4x5 min) and PBST (3x5 min), before being
incubated in blocking solution for 1 hr at room temperature. Sections were then incubated with the

Cerpa, Piccin et al. eLife 2023;12:e81623. DOI: https://doi.org/10.7554/eLife.81623 17 of 23


https://doi.org/10.7554/eLife.81623

e Llfe Research article

Neuroscience

primary antibody (mouse monoclonal anti-DBH, 1/1000; rabbit polyclonal anti-RFP, 1/1000; rabbit
monoclonal anti-HA, 1/1000) diluted in blocking solution for 24 hr at 4°C. Following rinses in PBS
(4x5 min), they were then incubated with the secondary antibody (goat polyclonal anti-mouse FITC-
conjugated, 1/400; goat polyclonal anti-rabbit TRITC-conjugated, 1/200; with goat polyclonal anti-
rabbit, 1/1000) diluted in PBS for 2 hr in the dark at room temperature. Stained sections were finally
rinsed with PSB (4x5 min), before being collected on gelatin-coated slides using 0.05 M PB, dehy-
drated, mounted and cover-slipped using Fluoroshield with DAPI mounting medium.

Sequential immunofluorescence staining was performed for c-Fos and mCherry. Free-floating
sections were first incubated overnight with an anti-c-Fos antibody (rabbit monoclonal anti-c-Fos,
1:1000), followed by a 2 hr incubation with the secondary antibody (biotinylated goat anti-rabbit,
1:1000) and an overnight incubation with streptavidin-Alexa 488 (1:500). Sections were then incu-
bated overnight with an anti-RFP antibody (rabbit polyclonal anti-RFP, 1:1000), followed by a 2 hr
30 min incubation with the secondary antibody (goat anti-rabbit-TRITC, 1:200). Sections were washed
with PBS in-between each step (3x10 min).

Fibres loss quantification

To measure fibre density in the SAP and 6-OHDA experiments, we used the protocol described in
Cerpa et al., 2019. We examined sections at +4.4, +3.7, and+3.0 (mm from Bregma) using a Nano-
zoomer slide scanner with a 20x lens (Hamamatsu Photonics). Digital photomicrographs of regions
of interest (ROI, square windows of 300x300 pm?, 1320x1320 pixels) in each hemisphere were exam-
ined under a 20x virtual lens with the NDP.view 2 freeware (Hamamatsu Photonics). Each ROl was
outlined according to Paxinos and Watson, 2014. Quantification of DBH- and TH-positive fibres was
performed using an automated method developed in the laboratory with the ImageJ software (Cerpa
et al., 2019). Specifically, a digitized version of the photomicrograph was converted to black and
white by combining blue, red, and green channels (weights 1, -0.25, and -0.25), subjected to a median
filter (radius 3 pixels) in order to improve the signal-to-noise ratio, smoothed with a Gaussian filter
(radius 8), and subtracted from the previous picture to isolate high spatial frequencies. Large stains
were further eliminated by detecting them in a copy of the image. The picture was then subjected
to a fixed threshold (grey level 11) to extract stained elements, and the relative volume occupied by
fibres estimated by the proportion of detected pixels in the ROI. As a control for poor focus, the same
images were analysed a second time while allowing lower spatial frequencies (Gaussian filter radius
20). The ratio between the proportions of pixels detected by the two methods was used as a criterion
to eliminate blurry images.

Experimental design and data analysis

Each rat was assigned a unique identification number that was used to conduct blind testing and
statistical analyses. Behavioural data and fibres volume were analysed using sets of between and
within orthogonal contrasts controlling the per contrast error rate at alpha = 0.05 (Hays, 1963).
Simple effects analyses were conducted to establish the source of significant interactions. Statistical
analyses were performed using PSY Statistical Program (Bird et al., 2022) and graphs were created
using GraphPad Prism.

All experiments employed a between- x within-subjects behavioural design. In the first experiment,
the between-subject factors were group (Pre vs. Post) and treatment (CTL vs. SAP) and the within-
subject factors were training day (acquisition data) or devaluation for the test data (responding on
lever associated with non-devalued or devalued outcome). In the 6-OHDA experiments, the between-
subject factor was group (CTL vs. 6-OHDA or CTL vs. 6-OHDA+Desi) and the within-subject factor was
training day (acquisition data) or devaluation (test data).

To analyse DBH and TH fibres volume, the between-subject factor was group (experiment 1: CTL
vs. SAP; experiment 2: CTL, 6-OHDA+Desi, or 6-OHDA) and the within-subject factor was region (VO
vs. LO) for the OFC. There was no within-subject factor for the quantification of fibres in the other
regions of PFC. In the final chemogenetics experiment, the between-subject factor was treatment
during reversal acquisition (vehicle vs. DCZ) and the within-subject factors were training day (acqui-
sition data) or treatment during reversal test (vehicle vs. DCZ) and devaluation (test data). To analyse
hM4Di/c-Fos colocalization, a Student’s t-test was used to compare vehicle- and DCZ-treated animals
within the stress condition.

Cerpa, Piccin et al. eLife 2023;12:e81623. DOI: https://doi.org/10.7554/eLife.81623 18 of 23


https://doi.org/10.7554/eLife.81623
http://www.psy.unsw.edu.au/research/research-tools/psy-statistical-program

e Llfe Research article

Neuroscience

Acknowledgements

This work was supported by the French National Research Agency (CE37-0019 NORAD to EC and
EJK) and by the Fondation pour la Recherche Médicale (FRM grant number ECO20160736024 to
J-CC). Funding sources had no further role in study design, in the collection, analysis, and interpre-
tation of data, in the writing of the report and in the decision to submit the paper for publication.
Microscopy was completed at the Bordeaux Imaging Centre, a service unit of CNRS-INSERM and
Bordeaux University and member of the national infrastructure, France Biolmaging. The authors thank
Hadrien Plat and Angélique Faugere for help with immunofluorescence and Yoan Salafranque (CNRS,
INCIA, CNRS, UMR 5287) for expert animal care. The authors are grateful to Alain Marchand for his
help in this project.

Additional information

Competing interests
Mathieu Wolff: Reviewing editor, eLife. The other authors declare that no competing interests exist.

Funding

Funder Grant reference number Author

Agence Nationale de la CE37-0019 NORAD Eric J Kremer
Recherche Etienne Coutureau
Fondation pour la EC0O20160736024 Juan Carlos Cerpa

Recherche Médicale

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Juan Carlos Cerpa, Data curation, Funding acquisition, Investigation, Methodology, Writing — orig-
inal draft; Alessandro Piccin, Data curation, Validation, Investigation, Methodology, Writing — review
and editing; Margot Dehove, Investigation; Marina Lavigne, Validation, Methodology; Eric J Kremer,
Conceptualization, Funding acquisition, Methodology; Mathieu Wolff, Conceptualization, Supervi-
sion, Writing — review and editing; Shauna L Parkes, Conceptualization, Formal analysis, Supervision,
Writing — original draft, Writing — review and editing; Etienne Coutureau, Conceptualization, Super-
vision, Funding acquisition, Methodology, Writing — original draft, Project administration, Writing —
review and editing

Author ORCIDs

Alessandro Piccin @ http://orcid.org/0000-0001-9566-3808
Mathieu Wolff @ http://orcid.org/0000-0003-3037-3038
Shauna L Parkes @ http://orcid.org/0000-0001-7725-8083
Etienne Coutureau ® http://orcid.org/0000-0001-6695-020X

Ethics

Experiments were performed in accordance with current French (Council directive 2013-118, February
1, 2013) and European (directive 2010-63, September 22, 2010, European Community) laws and poli-
cies regarding animal experimentation. The experiments received approval from the local Bordeaux
Ethics Committee (CE50).

Decision letter and Author response
Decision letter https://doi.org/10.7554/¢elife.81623.sa
Author response https://doi.org/10.7554/elife.81623.sa2

Cerpa, Piccin et al. eLife 2023;12:e81623. DOI: https://doi.org/10.7554/eLife.81623 19 of 23


https://doi.org/10.7554/eLife.81623
http://orcid.org/0000-0001-9566-3808
http://orcid.org/0000-0003-3037-3038
http://orcid.org/0000-0001-7725-8083
http://orcid.org/0000-0001-6695-020X
https://doi.org/10.7554/eLife.81623.sa1
https://doi.org/10.7554/eLife.81623.sa2

e Llfe Research article

Neuroscience

Additional files

Supplementary files
e MDAR checklist

Data availability
All data generated or analysed during this study are included in the supporting file.

References

Agster KL, Mejias-Aponte CA, Clark BD, Waterhouse BD. 2013. Evidence for a regional specificity in the density
and distribution of noradrenergic varicosities in rat cortex. The Journal of Comparative Neurology 521:2195-
2207. DOI: https://doi.org/10.1002/cne.23270, PMID: 23184811

Aston-Jones G, Rajkowski J, Kubiak P. 1997. Conditioned responses of monkey locus coeruleus neurons
anticipate acquisition of discriminative behavior in a vigilance task. Neuroscience 80:697-715. DOI: https://doi.
org/10.1016/s0306-4522(97)00060-2, PMID: 9276487

Balleine BW, Dickinson A. 2000. The effect of lesions of the insular cortex on instrumental conditioning:
Evidence for a role in incentive memory. The Journal of Neuroscience 20:8954-8964. DOI: https://doi.org/10.
1523/JNEUROSCI.20-23-08954.2000, PMID: 11102506

Barreiros IV, Ishii H, Walton ME, Panayi MC. 2021. Defining an orbitofrontal COMPASS: Functional and
anatomical heterogeneity across anterior-posterior and medial-lateral axes. Behavioral Neuroscience 135:165-
173. DOI: https://doi.org/10.1037/bne0000442, PMID: 34060873

Bird K, Hadzi-Pavlovic D, Isaac A. 2022. PSY: A program for contrast analysis. School of Psychology, University of
New South Wales. http://www2.psy.unsw.edu.au/psy/

Bouret S, Sara SJ. 2004. Reward expectation, orientation of attention and locus coeruleus-medial frontal cortex
interplay during learning. The European Journal of Neuroscience 20:791-802. DOI: https://doi.org/10.1111/].
1460-9568.2004.03526.x, PMID: 15255989

Bouret S, Sara SJ. 2005. Network reset: A simplified overarching theory of locus coeruleus noradrenaline
function. Trends in Neurosciences 28:574-582. DOI: https://doi.org/10.1016/.tins.2005.09.002, PMID:
16165227

Bradfield LA, Balleine BW. 2017. Thalamic control of dorsomedial striatum regulates internal state to guide
goal-directed action selection. The Journal of Neuroscience 37:3721-3733. DOI: https://doi.org/10.1523/
JNEUROSCI.3860-16.2017, PMID: 28242795

Bradfield LA, Hart G, Balleine BW. 2018. Inferring action-dependent outcome representations depends on
anterior but not posterior medial orbitofrontal cortex. Neurobiology of Learning and Memory 155:463-473.
DOI: https://doi.org/10.1016/j.nIm.2018.09.008, PMID: 30243849

Bradfield LA, Hart G. 2020. Rodent medial and lateral orbitofrontal cortices represent unique components of
cognitive maps of task space. Neuroscience and Biobehavioral Reviews 108:287-294. DOI: https://doi.org/10.
1016/j.neubiorev.2019.11.009, PMID: 31743727

Cerpa JC, Marchand AR, Coutureau E. 2019. Distinct regional patterns in noradrenergic innervation of the rat
prefrontal cortex. Journal of Chemical Neuroanatomy 96:102-109. DOI: https://doi.org/10.1016/].jchemneu.
2019.01.002, PMID: 30630012

Cerpa JC, Coutureau E, Parkes SL. 2021. Dopamine and noradrenaline modulation of goal-directed behavior in
orbital and medial prefrontal cortex: Toward a division of labor? Behavioral Neuroscience 135:138-153. DOI:
https://doi.org/10.1037/bne0000426, PMID: 34060871

Chandler D, Waterhouse BD. 2012. Evidence for broad versus segregated projections from cholinergic and
noradrenergic nuclei to functionally and anatomically discrete subregions of prefrontal cortex. Frontiers in
Behavioral Neuroscience 6:20. DOI: https://doi.org/10.3389/fnbeh.2012.00020, PMID: 22661934

Chandler DJ, Lamperski CS, Waterhouse BD. 2013. Identification and distribution of projections from
monoaminergic and cholinergic nuclei to functionally differentiated subregions of prefrontal cortex. Brain
Research 1522:38-58. DOI: https://doi.org/10.1016/j.brainres.2013.04.057, PMID: 23665053

Chandler DJ, Gao WJ, Waterhouse BD. 2014. Heterogeneous organization of the locus coeruleus projections to
prefrontal and motor cortices. PNAS 111:6816-6821. DOI: https://doi.org/10.1073/pnas.1320827111, PMID:
24753596

Cope ZA, Vazey EM, Floresco SB, Aston Jones GS. 2019. DREADD-mediated modulation of locus coeruleus
inputs to mpfc improves strategy set-shifting. Neurobiology of Learning and Memory 161:1-11. DOI: https://
doi.org/10.1016/j.nIm.2019.02.009, PMID: 30802603

Corbit LH, Balleine BW. 2003. The role of prelimbic cortex in instrumental conditioning. Behavioural Brain
Research 146:145-157. DOI: https://doi.org/10.1016/}.bbr.2003.09.023, PMID: 14643467

Coutureau E, Parkes SL. 2018. Cortical determinants of goal-directed behavior. Morris R, Bornstein A, Shenhav A
(Eds). Goal-Directed Decision Making. Academic Press. p. 179-197. DOI: https://doi.org/10.1016/B978-0-12-
812098-9.00008-5

Dalton GL, Wang NY, Phillips AG, Floresco SB. 2016. Multifaceted contributions by different regions of the
orbitofrontal and medial prefrontal cortex to probabilistic reversal learning. The Journal of Neuroscience
36:1996-2006. DOI: https://doi.org/10.1523/JNEUROSCI.3366-15.2016, PMID: 26865622

Cerpa, Piccin et al. eLife 2023;12:e81623. DOI: https://doi.org/10.7554/eLife.81623 20 of 23


https://doi.org/10.7554/eLife.81623
https://doi.org/10.1002/cne.23270
http://www.ncbi.nlm.nih.gov/pubmed/23184811
https://doi.org/10.1016/s0306-4522(97)00060-2
https://doi.org/10.1016/s0306-4522(97)00060-2
http://www.ncbi.nlm.nih.gov/pubmed/9276487
https://doi.org/10.1523/JNEUROSCI.20-23-08954.2000
https://doi.org/10.1523/JNEUROSCI.20-23-08954.2000
http://www.ncbi.nlm.nih.gov/pubmed/11102506
https://doi.org/10.1037/bne0000442
http://www.ncbi.nlm.nih.gov/pubmed/34060873
http://www2.psy.unsw.edu.au/psy/
https://doi.org/10.1111/j.1460-9568.2004.03526.x
https://doi.org/10.1111/j.1460-9568.2004.03526.x
http://www.ncbi.nlm.nih.gov/pubmed/15255989
https://doi.org/10.1016/j.tins.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16165227
https://doi.org/10.1523/JNEUROSCI.3860-16.2017
https://doi.org/10.1523/JNEUROSCI.3860-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28242795
https://doi.org/10.1016/j.nlm.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30243849
https://doi.org/10.1016/j.neubiorev.2019.11.009
https://doi.org/10.1016/j.neubiorev.2019.11.009
http://www.ncbi.nlm.nih.gov/pubmed/31743727
https://doi.org/10.1016/j.jchemneu.2019.01.002
https://doi.org/10.1016/j.jchemneu.2019.01.002
http://www.ncbi.nlm.nih.gov/pubmed/30630012
https://doi.org/10.1037/bne0000426
http://www.ncbi.nlm.nih.gov/pubmed/34060871
https://doi.org/10.3389/fnbeh.2012.00020
http://www.ncbi.nlm.nih.gov/pubmed/22661934
https://doi.org/10.1016/j.brainres.2013.04.057
http://www.ncbi.nlm.nih.gov/pubmed/23665053
https://doi.org/10.1073/pnas.1320827111
http://www.ncbi.nlm.nih.gov/pubmed/24753596
https://doi.org/10.1016/j.nlm.2019.02.009
https://doi.org/10.1016/j.nlm.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/30802603
https://doi.org/10.1016/j.bbr.2003.09.023
http://www.ncbi.nlm.nih.gov/pubmed/14643467
https://doi.org/10.1016/B978-0-12-812098-9.00008-5
https://doi.org/10.1016/B978-0-12-812098-9.00008-5
https://doi.org/10.1523/JNEUROSCI.3366-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/26865622

e Llfe Research article

Neuroscience

Duan LY, Horst NK, Cranmore SAW, Horiguchi N, Cardinal RN, Roberts AC, Robbins TW. 2021. Controlling one'’s
world: identification of sub-regions of primate pFc underlying goal-directed behavior. Neuron 109:2485-2498..
DOI: https://doi.org/10.1016/j.neuron.2021.06.003, PMID: 34171290

Fiuzat EC, Rhodes SEV, Murray EA. 2017. The role of orbitofrontal-amygdala interactions in updating action-
outcome valuations in macaques. The Journal of Neuroscience 37:2463-2470. DOI: https://doi.org/10.1523/
JNEUROSCI.1839-16.2017, PMID: 28148725

Fresno V, Parkes SL, Faugere A, Coutureau E, Wolff M. 2019. A thalamocortical circuit for updating action-
outcome associations. eLife 8:e46187. DOI: https://doi.org/10.7554/elife.46187, PMID: 31012845

Gremel CM, Costa RM. 2013. Orbitofrontal and striatal circuits dynamically encode the shift between goal-
directed and habitual actions. Nature Communications 4:2264. DOI: https://doi.org/10.1038/ncomms3264,
PMID: 23921250

Gremel CM, Chancey JH, Atwood BK, Luo G, Neve R, Ramakrishnan C, Deisseroth K, Lovinger DM, Costa RM.
2016. Endocannabinoid modulation of orbitostriatal circuits gates habit formation. Neuron 90:1312-1324. DOI:
https://doi.org/10.1016/j.neuron.2016.04.043, PMID: 27238866

Hart G, Balleine BW. 2016. Consolidation of goal-directed action depends on MAPK/ERK signaling in rodent
prelimbic cortex. The Journal of Neuroscience 36:11974-11986. DOI: https://doi.org/10.1523/JNEUROSCI.
1772-16.2016

Hart G, Bradfield LA, Fok SY, Chieng B, Balleine BW. 2018. The bilateral prefronto-striatal pathway is necessary
for learning new goal-directed actions. Current Biology 28:2218-2229.. DOI: https://doi.org/10.1016/j.cub.
2018.05.028, PMID: 30056856

Hayat H, Regev N, Matosevich N, Sales A, Paredes-Rodriguez E, Krom AJ, Bergman L, Li Y, Lavigne M,

Kremer EJ, Yizhar O, Pickering AE, Nir Y. 2020. Locus coeruleus norepinephrine activity mediates sensory-
evoked awakenings from sleep. Science Advances 6:eaaz4232. DOI: https://doi.org/10.1126/sciadv.aaz4232,
PMID: 32285002

Hays WL. 1963. Statistics for Psychologists. New York: Holt, Rinehart and Winston.

Hickey L, Li Y, Fyson SJ, Watson TC, Perrins R, Hewinson J, Teschemacher AG, Furue H, Lumb BM, Pickering AE.
2014. Optoactivation of locus ceruleus neurons evokes bidirectional changes in thermal nociception in rats. The
Journal of Neuroscience 34:4148-4160. DOI: https://doi.org/10.1523/JNEUROSCI.4835-13.2014, PMID:
24647936

Hirschberg S, Li Y, Randall A, Kremer EJ, Pickering AE. 2017. Functional dichotomy in spinal- vs prefrontal-
projecting locus coeruleus modules splits descending noradrenergic analgesia from ascending aversion and
anxiety in rats. eLife 6:e29808. DOI: https://doi.org/10.7554/eLife.29808, PMID: 29027903

Howard JD, Kahnt T. 2021. To be specific: The role of orbitofrontal cortex in signaling reward identity. Behavioral
Neuroscience 135:210-217. DOI: https://doi.org/10.1037/bne0000455, PMID: 33734730

Howorth PW, Teschemacher AG, Pickering AE. 2009a. Retrograde adenoviral vector targeting of nociresponsive
pontospinal noradrenergic neurons in the rat in vivo. The Journal of Comparative Neurology 512:141-157.
DOI: https://doi.org/10.1002/cne.21879, PMID: 19003793

Howorth PW, Thornton SR, O'Brien V, Smith WD, Nikiforova N, Teschemacher AG, Pickering AE. 2009b.
Retrograde viral vector-mediated inhibition of pontospinal noradrenergic neurons causes hyperalgesia in rats.
The Journal of Neuroscience 29:12855-12864. DOI: https://doi.org/10.1523/JNEUROSCI.1699-09.2009, PMID:
19828800

Izquierdo A. 2017. Functional heterogeneity within rat orbitofrontal cortex in reward learning and decision
making. The Journal of Neuroscience 37:10529-10540. DOI: https://doi.org/10.1523/JNEUROSCI.1678-17.
2017, PMID: 29093055

Jahn CI, Gilardeau S, Varazzani C, Blain B, Sallet J, Walton ME, Bouret S. 2018. Dual contributions of
noradrenaline to behavioural flexibility and motivation. Psychopharmacology 235:2687-2702. DOI: https://doi.
org/10.1007/s00213-018-4963-z, PMID: 29998349

Joshi N, Chandler D. 2020. Sex and the noradrenergic system. Clinical Neurology 175:167-176. DOI: https://doi.
org/10.1016/B978-0-444-64123-6.00012-6, PMID: 33008523

Kebschull JM, Garcia da Silva P, Reid AP, Peikon ID, Albeanu DF, Zador AM. 2016. High-Throughput mapping of
single-neuron projections by sequencing of barcoded RNA. Neuron 91:975-987. DOI: https://doi.org/10.1016/
j-neuron.2016.07.036, PMID: 27545715

Killecross S, Coutureau E. 2003. Coordination of actions and habits in the medial prefrontal cortex of rats.
Cerebral Cortex 13:400-408. DOI: https://doi.org/10.1093/cercor/13.4.400, PMID: 12631569

Li Y, Hickey L, Perrins R, Werlen E, Patel AA, Hirschberg S, Jones MW, Salinas S, Kremer EJ, Pickering AE. 2016.
Retrograde optogenetic characterization of the pontospinal module of the locus coeruleus with a canine
adenoviral vector. Brain Research 1641:274-290. DOI: https://doi.org/10.1016/j.brainres.2016.02.023, PMID:
26903420

Malvaez M, Shieh C, Murphy MD, Greenfield VY, Wassum KM. 2019. Distinct cortical-amygdala projections drive
reward value encoding and retrieval. Nature Neuroscience 22:762-769. DOI: https://doi.org/10.1038/
s41593-019-0374-7, PMID: 30962632

McDannald MA, Lucantonio F, Burke KA, Niv Y, Schoenbaum G. 2011. Ventral striatum and orbitofrontal cortex
are both required for model-based, but not model-free, reinforcement learning. The Journal of Neuroscience
31:2700-2705. DOI: https://doi.org/10.1523/JNEUROSCI.5499-10.2011, PMID: 21325538

McGaughy J, Ross RS, Eichenbaum H. 2008. Noradrenergic, but not cholinergic, deafferentation of prefrontal
cortex impairs attentional set-shifting. Neuroscience 153:63-71. DOI: https://doi.org/10.1016/j.neuroscience.
2008.01.064, PMID: 18355972

Cerpa, Piccin et al. eLife 2023;12:e81623. DOI: https://doi.org/10.7554/eLife.81623 21 0of 23


https://doi.org/10.7554/eLife.81623
https://doi.org/10.1016/j.neuron.2021.06.003
http://www.ncbi.nlm.nih.gov/pubmed/34171290
https://doi.org/10.1523/JNEUROSCI.1839-16.2017
https://doi.org/10.1523/JNEUROSCI.1839-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28148725
https://doi.org/10.7554/eLife.46187
http://www.ncbi.nlm.nih.gov/pubmed/31012845
https://doi.org/10.1038/ncomms3264
http://www.ncbi.nlm.nih.gov/pubmed/23921250
https://doi.org/10.1016/j.neuron.2016.04.043
http://www.ncbi.nlm.nih.gov/pubmed/27238866
https://doi.org/10.1523/JNEUROSCI.1772-16.2016
https://doi.org/10.1523/JNEUROSCI.1772-16.2016
https://doi.org/10.1016/j.cub.2018.05.028
https://doi.org/10.1016/j.cub.2018.05.028
http://www.ncbi.nlm.nih.gov/pubmed/30056856
https://doi.org/10.1126/sciadv.aaz4232
http://www.ncbi.nlm.nih.gov/pubmed/32285002
https://doi.org/10.1523/JNEUROSCI.4835-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24647936
https://doi.org/10.7554/eLife.29808
http://www.ncbi.nlm.nih.gov/pubmed/29027903
https://doi.org/10.1037/bne0000455
http://www.ncbi.nlm.nih.gov/pubmed/33734730
https://doi.org/10.1002/cne.21879
http://www.ncbi.nlm.nih.gov/pubmed/19003793
https://doi.org/10.1523/JNEUROSCI.1699-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19828800
https://doi.org/10.1523/JNEUROSCI.1678-17.2017
https://doi.org/10.1523/JNEUROSCI.1678-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/29093055
https://doi.org/10.1007/s00213-018-4963-z
https://doi.org/10.1007/s00213-018-4963-z
http://www.ncbi.nlm.nih.gov/pubmed/29998349
https://doi.org/10.1016/B978-0-444-64123-6.00012-6
https://doi.org/10.1016/B978-0-444-64123-6.00012-6
http://www.ncbi.nlm.nih.gov/pubmed/33008523
https://doi.org/10.1016/j.neuron.2016.07.036
https://doi.org/10.1016/j.neuron.2016.07.036
http://www.ncbi.nlm.nih.gov/pubmed/27545715
https://doi.org/10.1093/cercor/13.4.400
http://www.ncbi.nlm.nih.gov/pubmed/12631569
https://doi.org/10.1016/j.brainres.2016.02.023
http://www.ncbi.nlm.nih.gov/pubmed/26903420
https://doi.org/10.1038/s41593-019-0374-7
https://doi.org/10.1038/s41593-019-0374-7
http://www.ncbi.nlm.nih.gov/pubmed/30962632
https://doi.org/10.1523/JNEUROSCI.5499-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21325538
https://doi.org/10.1016/j.neuroscience.2008.01.064
https://doi.org/10.1016/j.neuroscience.2008.01.064
http://www.ncbi.nlm.nih.gov/pubmed/18355972

e Llfe Research article

Neuroscience

Mokler DJ, Miller CE, McGaughy JA. 2017. Evidence for a role of corticopetal, noradrenergic systems in the
development of executive function. Neurobiology of Learning and Memory 143:94-100. DOI: https://doi.org/
10.1016/j.nlm.2017.02.011, PMID: 28219751

Montague PR, Hyman SE, Cohen JD. 2004. Computational roles for dopamine in behavioural control. Nature
431:760-767. DOI: https://doi.org/10.1038/nature03015, PMID: 15483596

Nagai Y, Miyakawa N, Takuwa H, Hori Y, Oyama K, Ji B, Takahashi M, Huang X-P, Slocum ST, DiBerto JF, Xiong Y,
Urushihata T, Hirabayashi T, Fujimoto A, Mimura K, English JG, Liu J, Inoue K-I, Kumata K, Seki C, et al. 2020.
Deschloroclozapine, a potent and selective chemogenetic actuator enables rapid neuronal and behavioral
modulations in mice and monkeys. Nature Neuroscience 23:1157-1167. DOI: https://doi.org/10.1038/s41593-
020-0661-3, PMID: 32632286

Naneix F, Marchand AR, Di Scala G, Pape J-R, Coutureau E. 2009. A role for medial prefrontal dopaminergic
innervation in instrumental conditioning. The Journal of Neuroscience 29:6599-6606. DOI: https://doi.org/10.
1523/JNEUROSCI.1234-09.2009, PMID: 19458230

Nentwig TB, Obray JD, Vaughan DT, Chandler LJ. 2021. Behavioral and Slice Electrophysiological Assessment of
DREADD Ligand, Deschloroclozapine (DCZ) in Rats. [bioRxiv]. DOI: https://doi.org/10.1101/2021.10.25.
465454v1

Newman LA, Darling J, McGaughy J. 2008. Atomoxetine reverses attentional deficits produced by
noradrenergic deafferentation of medial prefrontal cortex. Psychopharmacology 200:39-50. DOI: https://doi.
org/10.1007/s00213-008-1097-8, PMID: 18568443

O’'Doherty JP, Cockburn J, Pauli WM. 2017. Learning, reward, and decision making. Annual Review of
Psychology 68:73-100. DOI: https://doi.org/10.1146/annurev-psych-010416-044216, PMID: 27687119

Oyama K, Hori Y, Nagai Y, Miyakawa N, Mimura K, Hirabayashi T, Inoue K-I, Takada M, Higuchi M, Minamimoto T.
2022. Chronic behavioral manipulation via orally delivered chemogenetic actuator in macaques. The Journal of
Neuroscience 42:2552-2561. DOI: https://doi.org/10.1523/JNEUROSCI.1657-21.2021, PMID: 35110390

Panayi MC, Killcross S. 2018. Functional heterogeneity within the rodent lateral orbitofrontal cortex dissociates
outcome devaluation and reversal learning deficits. eLife 7:e37357. DOI: https://doi.org/10.7554/elife.37357,
PMID: 30044220

Parkes SL, Balleine BW. 2013. Incentive memory: Evidence the basolateral amygdala encodes and the insular
cortex retrieves outcome values to guide choice between goal-directed actions. The Journal of Neuroscience
33:8753-8763. DOI: https://doi.org/10.1523/JNEUROSCI.5071-12.2013, PMID: 23678118

Parkes SL, Bradfield LA, Balleine BW. 2015. Interaction of insular cortex and ventral striatum mediates the effect
of incentive memory on choice between goal-directed actions. The Journal of Neuroscience 35:6464-6471.
DOI: https://doi.org/10.1523/JNEUROSCI.4153-14.2015, PMID: 25904797

Parkes SL, Ravassard PM, Cerpa JC, Wolff M, Ferreira G, Coutureau E. 2018. Insular and ventrolateral
orbitofrontal cortices differentially contribute to goal-directed behavior in rodents. Cerebral Cortex 28:2313-
2325. DOI: https://doi.org/10.1093/cercor/bhx132, PMID: 28541407

Paxinos G, Watson C. 2014. The Rat Brain in Stereotaxic Coordinates. Seventh edition. San Diego: Academic
Press.

Plummer NW, Chandler DJ, Powell JM, Scappini EL, Waterhouse BD, Jensen P. 2020. An intersectional viral-
genetic method for fluorescent tracing of axon collaterals reveals details of noradrenergic locus coeruleus
structure. ENeuro 7:ENEURO.0010-20.2020. DOI: https://doi.org/10.1523/ENEURO.0010-20.2020, PMID:
32354756

Rhodes SEV, Murray EA. 2013. Differential effects of amygdala, orbital prefrontal cortex, and prelimbic cortex
lesions on goal-directed behavior in rhesus macaques. The Journal of Neuroscience 33:3380-3389. DOI:
https://doi.org/10.1523/JNEUROSCI.4374-12.2013, PMID: 23426666

Robbins TW, Arnsten AFT. 2009. The neuropsychopharmacology of fronto-executive function: Monoaminergic
modulation. Annual Review of Neuroscience 32:267-287. DOI: https://doi.org/10.1146/annurev.neuro.051508.
135535, PMID: 19555290

Rolls ET, Murzi E, Yaxley S, Thorpe SJ, Simpson SJ. 1986. Sensory-specific satiety: food-specific reduction in
responsiveness of ventral forebrain neurons after feeding in the monkey. Brain Research 368:79-86. DOI:
https://doi.org/10.1016/0006-8993(86)91044-9

Sadacca BF, Wikenheiser AM, Schoenbaum G. 2017. Toward a theoretical role for tonic norepinephrine in the
orbitofrontal cortex in facilitating flexible learning. Neuroscience 345:124-129. DOI: https://doi.org/10.1016/j.
neuroscience.2016.04.017, PMID: 27102419

Sara SJ, Bouret S. 2012. Orienting and reorienting: The locus coeruleus mediates cognition through arousal.
Neuron 76:130-141. DOI: https://doi.org/10.1016/j.neuron.2012.09.011, PMID: 23040811

Schultz W, Dickinson A. 2000. Neuronal coding of prediction errors. Annual Review of Neuroscience 23:473-
500. DOI: https://doi.org/10.1146/annurev.neuro.23.1.473, PMID: 10845072

Schwarz LA, Miyamichi K, Gao XJ, Beier KT, Weissbourd B, DeLoach KE, Ren J, Ibanes S, Malenka RC,

Kremer EJ, Luo L. 2015. Viral-genetic tracing of the input-output organization of a central noradrenaline circuit.
Nature 524:88-92. DOI: https://doi.org/10.1038/nature 14600, PMID: 26131933

Sias AC, Morse AK, Wang S, Greenfield VY, Goodpaster CM, Wrenn TM, Wikenheiser AM, Holley SM, Cepeda C,
Levine MS, Wassum KM. 2021. A bidirectional corticoamygdala circuit for the encoding and retrieval of
detailed reward memories. elLife 10:e68617. DOI: https://doi.org/10.7554/elife.68617, PMID: 34142660

Swanson K, Averbeck BB, Laubach M. 2022. Noradrenergic regulation of two-armed bandit performance.
Behavioral Neuroscience 136:84-99. DOI: https://doi.org/10.1037/bne0000495, PMID: 34647770

Cerpa, Piccin et al. eLife 2023;12:e81623. DOI: https://doi.org/10.7554/eLife.81623 22 of 23


https://doi.org/10.7554/eLife.81623
https://doi.org/10.1016/j.nlm.2017.02.011
https://doi.org/10.1016/j.nlm.2017.02.011
http://www.ncbi.nlm.nih.gov/pubmed/28219751
https://doi.org/10.1038/nature03015
http://www.ncbi.nlm.nih.gov/pubmed/15483596
https://doi.org/10.1038/s41593-020-0661-3
https://doi.org/10.1038/s41593-020-0661-3
http://www.ncbi.nlm.nih.gov/pubmed/32632286
https://doi.org/10.1523/JNEUROSCI.1234-09.2009
https://doi.org/10.1523/JNEUROSCI.1234-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19458230
https://doi.org/10.1101/2021.10.25.465454v1
https://doi.org/10.1101/2021.10.25.465454v1
https://doi.org/10.1007/s00213-008-1097-8
https://doi.org/10.1007/s00213-008-1097-8
http://www.ncbi.nlm.nih.gov/pubmed/18568443
https://doi.org/10.1146/annurev-psych-010416-044216
http://www.ncbi.nlm.nih.gov/pubmed/27687119
https://doi.org/10.1523/JNEUROSCI.1657-21.2021
http://www.ncbi.nlm.nih.gov/pubmed/35110390
https://doi.org/10.7554/eLife.37357
http://www.ncbi.nlm.nih.gov/pubmed/30044220
https://doi.org/10.1523/JNEUROSCI.5071-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23678118
https://doi.org/10.1523/JNEUROSCI.4153-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25904797
https://doi.org/10.1093/cercor/bhx132
http://www.ncbi.nlm.nih.gov/pubmed/28541407
https://doi.org/10.1523/ENEURO.0010-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/32354756
https://doi.org/10.1523/JNEUROSCI.4374-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23426666
https://doi.org/10.1146/annurev.neuro.051508.135535
https://doi.org/10.1146/annurev.neuro.051508.135535
http://www.ncbi.nlm.nih.gov/pubmed/19555290
https://doi.org/10.1016/0006-8993(86)91044-9
https://doi.org/10.1016/j.neuroscience.2016.04.017
https://doi.org/10.1016/j.neuroscience.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27102419
https://doi.org/10.1016/j.neuron.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23040811
https://doi.org/10.1146/annurev.neuro.23.1.473
http://www.ncbi.nlm.nih.gov/pubmed/10845072
https://doi.org/10.1038/nature14600
http://www.ncbi.nlm.nih.gov/pubmed/26131933
https://doi.org/10.7554/eLife.68617
http://www.ncbi.nlm.nih.gov/pubmed/34142660
https://doi.org/10.1037/bne0000495
http://www.ncbi.nlm.nih.gov/pubmed/34647770

ELlfe Research article

Neuroscience

Tait DS, Brown VJ, Farovik A, Theobald DE, Dalley JW, Robbins TW. 2007. Lesions of the dorsal noradrenergic
bundle impair attentional set-shifting in the rat. The European Journal of Neuroscience 25:3719-3724. DOI:
https://doi.org/10.1111/j.1460-9568.2007.05612.x, PMID: 17610591

Tervo DGR, Proskurin M, Manakov M, Kabra M, Vollmer A, Branson K, Karpova AY. 2014. Behavioral variability
through stochastic choice and its gating by anterior cingulate cortex. Cell 159:21-32. DOI: https://doi.org/10.
1016/j.cell.2014.08.037, PMID: 25259917

Tran-Tu-Yen DAS, Marchand AR, Pape JR, Di Scala G, Coutureau E. 2009. Transient role of the rat prelimbic
cortex in goal-directed behaviour. The European Journal of Neuroscience 30:464-471. DOI: https://doi.org/10.
1111/j.1460-9568.2009.06834.x, PMID: 19614748

Turner KM, Parkes SL. 2020. Prefrontal regulation of behavioural control: evidence from learning theory and
translational approaches in rodents. Neuroscience and Biobehavioral Reviews 118:27-41. DOI: https://doi.org/
10.1016/j.neubiorev.2020.07.010, PMID: 32707346

Uematsu A, Tan BZ, Ycu EA, Cuevas JS, Koivumaa J, Junyent F, Kremer EJ, Witten IB, Deisseroth K, Johansen JP.
2017. Modular organization of the brainstem noradrenaline system coordinates opposing learning states.
Nature Neuroscience 20:1602-1611. DOI: https://doi.org/10.1038/nn.4642, PMID: 28920933

Wassum KM. 2022. Amygdala-cortical collaboration in reward learning and decision making. eLife 11:e80926.
DOI: https://doi.org/10.7554/eLife.80926, PMID: 36062909

Whyte AJ, Trinoskey-Rice G, Davies RA, Woon EP, Foster SL, Shapiro LP, Li DC, Srikanth KD, Gil-Henn H,
Gourley SL. 2021. Cell adhesion factors in the orbitofrontal cortex control cue-induced reinstatement of
cocaine seeking and amygdala-dependent goal seeking. The Journal of Neuroscience 41:5923-5936. DOI:
https://doi.org/10.1523/JNEUROSCI.0781-20.2021, PMID: 34074735

Wikenheiser AM, Schoenbaum G. 2016. Over the river, through the woods: Cognitive maps in the hippocampus
and orbitofrontal cortex. Nature Reviews. Neuroscience 17:513-523. DOI: https://doi.org/10.1038/nrn.2016.
56, PMID: 27256552

Wilson RC, Takahashi YK, Schoenbaum G, Niv Y. 2014. Orbitofrontal cortex as a cognitive map of task space.
Neuron 81:267-279. DOI: https://doi.org/10.1016/j.neuron.2013.11.005, PMID: 24462094

Zimmermann KS, Yamin JA, Rainnie DG, Ressler KJ, Gourley SL. 2017. Connections of the mouse orbitofrontal
cortex and regulation of goal-directed action selection by brain-derived neurotrophic factor. Biological
Psychiatry 81:366-377. DOI: https://doi.org/10.1016/j.biopsych.2015.10.026, PMID: 26786312

Zimmermann KS, Li CC, Rainnie DG, Ressler KJ, Gourley SL. 2018. Memory retention involves the ventrolateral
orbitofrontal cortex: Comparison with the basolateral amygdala. Neuropsychopharmacology 43:674. DOI:
https://doi.org/10.1038/npp.2017.219, PMID: 29326434

Cerpa, Piccin et al. eLife 2023;12:e81623. DOI: https://doi.org/10.7554/eLife.81623 23 of 23


https://doi.org/10.7554/eLife.81623
https://doi.org/10.1111/j.1460-9568.2007.05612.x
http://www.ncbi.nlm.nih.gov/pubmed/17610591
https://doi.org/10.1016/j.cell.2014.08.037
https://doi.org/10.1016/j.cell.2014.08.037
http://www.ncbi.nlm.nih.gov/pubmed/25259917
https://doi.org/10.1111/j.1460-9568.2009.06834.x
https://doi.org/10.1111/j.1460-9568.2009.06834.x
http://www.ncbi.nlm.nih.gov/pubmed/19614748
https://doi.org/10.1016/j.neubiorev.2020.07.010
https://doi.org/10.1016/j.neubiorev.2020.07.010
http://www.ncbi.nlm.nih.gov/pubmed/32707346
https://doi.org/10.1038/nn.4642
http://www.ncbi.nlm.nih.gov/pubmed/28920933
https://doi.org/10.7554/eLife.80926
http://www.ncbi.nlm.nih.gov/pubmed/36062909
https://doi.org/10.1523/JNEUROSCI.0781-20.2021
http://www.ncbi.nlm.nih.gov/pubmed/34074735
https://doi.org/10.1038/nrn.2016.56
https://doi.org/10.1038/nrn.2016.56
http://www.ncbi.nlm.nih.gov/pubmed/27256552
https://doi.org/10.1016/j.neuron.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24462094
https://doi.org/10.1016/j.biopsych.2015.10.026
http://www.ncbi.nlm.nih.gov/pubmed/26786312
https://doi.org/10.1038/npp.2017.219
http://www.ncbi.nlm.nih.gov/pubmed/29326434

	Inhibition of noradrenergic signalling in rodent orbitofrontal cortex impairs the updating of goal-­directed actions
	Editor's evaluation
	Introduction
	Results
	Initial goal-directed learning does not require NA signalling in the OFC
	NA signalling in the OFC is required to adapt to changes in outcome identity
	DA signalling in the OFC is not required to adapt to changes in outcome identity
	Selective expression of inhibitory DREADDs in LC: ﻿vlOFC﻿ or LC:﻿A32﻿ NA projections
	Silencing of LC:﻿vlOFC﻿, but not LC:﻿A32﻿, projections impairs adaptation to changes in the A-O association

	Discussion
	NA inputs into the OFC, but not the A32, are required for A-O updating
	NA, but not DA, inputs to the OFC are required for A-O updating
	Updating goal-directed behaviour
	Conclusion

	Methods
	Animals and housing
	Stereotaxic surgery
	Validation of the CAV2-PRS-hM4Di-mCherry construct
	Behavioural apparatus
	Behavioural protocol
	Initial training and test
	Reversal training and test

	Chemogenetics
	Histology
	Fibres loss quantification
	Experimental design and data analysis

	Acknowledgements
	Additional information
	﻿Competing interests
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


