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Abstract
Motivational deficits are a key symptom in multiple psychiatric disorders, including major
depressive disorder, schizophrenia and addiction. A likely neural substrate for these motiva-
tional deficits is the brain dopamine (DA) system. In particular, DA signalling in the nucleus
accumbens, which originates from DA neurons in the ventral tegmental area (VTA), has been
identified as a crucial substrate for effort-related and activational aspects of motivation.
Unravelling how VTA DA neuronal activity relates to motivational behaviours is required to
understand how motivational deficits in psychiatry can be specifically targeted. In this study, we
therefore used designer receptors exclusively activated by designer drugs (DREADD) in TH:Cre
rats, in order to determine the effects of chemogenetic DA neuron activation on different
aspects of motivational behaviour. We found that chemogenetic activation of DA neurons in the
VTA, but not substantia nigra, significantly increased responding for sucrose under a progressive
ratio schedule of reinforcement. More specifically, high effort exertion was characterized by
increased initiations of reward-seeking actions. This effect was dependent on effort
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requirements and instrumental contingencies, but was not affected by sucrose pre-feeding.
Together, these findings indicate that VTA DA neuronal activation drives motivational behaviour
by facilitating action initiation. With this study, we show that enhancing excitability of VTA DA
neurons is a viable strategy to improve motivational behaviour.
& 2017 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

Motivational processes regulate the drive to overcome costs
and exert effort in order to obtain a desired goal. Conversely,
deficits in motivation are a key symptom of multiple
psychiatric disorders, including major depressive disorder,
schizophrenia and addiction, which strongly interfere with
functional outcome and quality of life (Fervaha et al., 2016,
2015; Robinson and Berridge, 1993; Wise, 2004). In order to
successfully treat motivational deficits in psychiatric disor-
ders, it is essential to better understand the neurobiological
substrates underlying distinct aspects of motivational beha-
viour. It has been hypothesized that motivational deficits
observed in psychiatric disorders may arise from alterations
in dopamine (DA) neuronal activity (Maia and Frank, 2016;
Whitton et al., 2015). Although the brain DA system has been
widely implicated in regulating motivation (Berridge, 2007;
Salamone and Correa, 2012; Wise, 2004), the exact relation-
ship between midbrain DA neuronal activity and motivational
behaviour remains incompletely understood.

DA signalling in the nucleus accumbens (NAc), originating
from VTA DA neurons, has been identified as a crucial
substrate for motivational behaviour (Nunes et al., 2013;
Salamone and Correa, 2012). Thus, blockade of NAc DA
neurotransmission strongly diminished responding for
rewards under a progressive ratio (PR) schedule of reinfor-
cement in rodents (Aberman et al., 1998; Aberman and
Salamone, 1999; Bari and Pierce, 2005), whilst enhancing
NAc DA signalling increased motivational behaviour (Peciña
et al., 2003; Trifilieff et al., 2013). We have previously
shown that enhanced activity of VTA mesolimbic neurons
increased the motivation for sucrose in rats (Boender et al.,
2014; de Jong et al., 2015). However, it has been suggested
that also the nigrostriatal DA pathway, from SNc towards
dorsal striatum, may play an important role in motivational
processes (Ikemoto et al., 2015; Palmiter, 2008; Wise,
2009). For example, both VTA and SNc DA neurons display
reward prediction errors (Barter et al., 2015; Schultz et al.,
1997), and mice have been shown to self-administer opto-
genetic stimulation of DA neurons in VTA as well as SNc,
suggesting that activation of either of these neuronal
populations is sufficient to reinforce behaviour (Ilango
et al., 2014; Rossi et al., 2013). However, direct evidence
for a role of SNc DA neuron activity in driving motivational
behaviour is lacking. In this study, we directly compared the
effects of chemogenetic activation of DA neurons in the VTA
or SNc on motivational behaviour, using designer receptors
exclusively activated by designer drugs (DREADD) technol-
ogy in TH:Cre transgenic rats.

In addition, it remains unknown which aspects of motiva-
tion are affected by VTA DA neuronal activity that drive the
increase in responding. Mesolimbic DA is thought to be
particularly involved in effort-related and activational
aspects of motivational behaviour (Salamone et al.,
2016a; Salamone and Correa, 2012). For example, DA
depletion selectively impairs instrumental behaviour under
high effort requirements (Aberman and Salamone, 1999).
Recently, it was observed that phasic DA transients in the
NAc were associated with the initiation of actions as well as
the level of effort performed within these actions (Ko and
Wanat, 2016). In the present study, we therefore investi-
gated which aspects of motivational behaviour were
affected by chemogenetic activation of DA neurons. Che-
mogenetic activation of DA neurons enhances the excit-
ability of VTA DA neurons (Boekhoudt et al., 2016). We
hypothesized that this stimulates the initiation of reward-
seeking actions, promoting the animal to engage in motiva-
tional behaviour. We tested this by examining whether the
DA-induced increase in responding was dependent on prior
access to the reinforcer, presence of the reinforcer, effort
requirement, and action-outcome contingencies.

2. Experimental procedures

2.1. Subjects

In total, 49 male rats were used for the experiments. TH:Cre
transgenic rats (Witten et al., 2011) were bred in-house, by crossing
heterozygous TH:Cre+/� (Cre+) rats with wild type Long Evans
mates. TH:Cre�/� (Cre�) littermates were used for control groups.
Animals were socially housed with ad libitum access to regular chow
and water in their home cage, and were kept on a reversed 12-hour
light-dark schedule (lights off 7:00). All experiments were per-
formed in accordance with Dutch laws (Wet op Dierproeven, 1996)
and European regulations (Guideline 86/609/EEC), and were
approved by the Animal Experiments Committee of Utrecht
University.

2.2. Surgical procedures

Experiments were conducted as described previously (Boender
et al., 2014). In brief, rats were injected bilaterally with AAV2.5-
hSyn-DIO-hM3D(Gq)-mCherry (1.0–7.6*E12 molecules/ml) purchased
from UNC Vector Core. Rats were allocated to one of three
experimental groups: 1) VTA:D(Gq)+: Cre+ rats injected with the
DREADD virus into the VTA; 2) SN:D(Gq)+: Cre+ rats injected with
the DREADD virus into the SNc; and 3) Cre-: Cre� rats injected with
the DREADD virus into either the VTA or SNc (control group). Peri-
operative care and anaesthesia were performed as described
previously (Boender et al., 2014). There was a minimum of seven
weeks in between surgery and behavioural testing. All behavioural
experiments were carried out in adult rats.

Experiments were performed in four cohorts. Injection coordi-
nates were adjusted to the rats’ body weight (BW) during surgery.
The first group (n=6 Cre+ + 6 Cre�, mean BW 482 g) received viral
injections into the VTA: AP �5.8, ML +1.3 (51 angle), DV �8.4;
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1.5 μl per hemisphere. The second group (n=7 Cre+ + 5 Cre�,
mean BW 327 g) received injections into the SNc: AP �5.4, ML
+2.2, DV -7.7; 1 μl per hemisphere. The third group (n=19, mean
BW 143 g) was injected into either the VTA (n=6 Cre+ and 6 Cre�;
AP -5.4, ML +1.1 (51 angle), DV �7.4), or SNc (n=6 Cre+; AP �5.2,
ML +2.0 (51 angle), DV 7.0). The fourth group (n=8 Cre+, mean BW
334 g) received injections into the VTA (AP �5.6, ML +1.3 (51
angle), DV �8.2), 1 ml per hemisphere. All coordinates are in mm
relative to Bregma.

2.3. Drugs

The DREADD ligand clozapine-N-oxide (CNO; kindly provided by
Bryan Roth (University of North Carolina, Chapel Hill NC, USA) and
the NIMH Chemical Synthesis and Drug Supply Program) was
dissolved in sterile saline (0.9% NaCl), using 30–60 min of sonifica-
tion (until no precipitate formed). For all experiments, a dose of
0.3 mg/kg CNO was used. This dose was based on previous work
(Boekhoudt et al., 2016, 2014) and a pilot dose-response study.
Dissolved CNO was kept at 4 1C in between injections, for a
maximum of four weeks. All injections were given intra-peritoneally
(i.p.) at 1 ml per kg bodyweight.

2.4. Behavioural apparatus and testing

Experiments were conducted as described previously (Boender et al.,
2014; de Jong et al., 2015; la Fleur et al., 2007). Rats were trained
and tested in twelve sound-attenuated and ventilated operant con-
ditioning chambers (30.5*24.22*1.0 cm; MedAssociates, Georgia, VT,
USA), equipped with two retractable levers, a cue light above each
lever, and a food receptacle in between the levers. Following
habituation and shaping sessions, rats were first trained to lever press
for sucrose pellets under fixed ratio 1 (FR1) schedule of reinforce-
ment, during which a single lever press on the active lever (ALP)
resulted in reward delivery. Presses on the inactive lever (ILP) were
recorded, but had no programmed consequences. Completion of a
ratio resulted in retraction of both levers, presentation of the cue
light above the active lever, and delivery of a sucrose pellet into the
food receptacle. In general, all sucrose pellets were consumed, even
after pre-feeding. Following a 20 s time-out (inter-trial interval), the
cue light went off, and the levers were presented again. Position of
the active lever (left/right) was counter-balanced between animals.
When rats had successfully acquired performance under the FR1
contingency, a PR schedule of reinforcement (first three cohorts) or
FR5 schedule of reinforcement (fourth cohort) was introduced. Under
the PR schedule, ratio requirements were progressively increased
following each reward (n=1, 2, 4, 9, 12, 15, 20, 25, etc.) (Richardson
and Roberts, 1996). PR sessions ended when the animal had not
received a reward for 30 min. FR5 sessions lasted for 30 min. Primary
readouts for instrumental performance were total number of ALP
and ILP. In addition, the total number of rewards obtained and
breakpoint (i.e. the highest number of lever presses that an animal
made for a single reward within a session) were assessed for
performance under a PR schedule; these parameters are directly
related to the number of ALP. Furthermore, the percentage ILP was
calculated (ILP/[ALP+ ILP]*100%), in order to compare ILP across
different levels of ALP.

When all rats showed stable performance under the PR or FR5
schedule (i.e., earning n71 rewards on three consecutive days), the
testing phase started. CNO or saline was administered 30 min before
onset of the task and treatment order was counter-balanced
between animals, with at least 24 h between tests. For sucrose
pre-feeding sessions, the rats were allowed to free-feed on sucrose
pellets (identical to those earned in the instrumental task) for
60 min, in a separate cage, before starting the instrumental task as
usual. Prior to testing, the rats were habituated to the sucrose free-
feeding set-up, to ensure that they would consume the pellets. Also
in these experiments, CNO or saline was administered 30 min prior to
task onset, i.e. 30 min after initial exposure to sucrose free-feeding.
Before testing the effects of CNO treatment on responding in
extinction, rats were subjected to three extinction training sessions,
in order to minimize potential learning effects between the two
consecutive testing days. PR responding with reversed lever con-
tingencies was tested in the third experimental cohort only. In this
group, rats were re-trained on the PR schedule for three days
following extinction, during which they reached their previous PR
baseline performance. During the two reversal sessions, the active
and inactive levers were reversed compared to all prior sessions.
Thus, in order to receive a sucrose pellet, rats had to press the
former inactive lever. The contingency was reversed only once, and
did not change during the reversal sessions. To avoid an interaction of
CNO treatment with learning effects, all rats received CNO on the
first day of reversal. On the following day, all rats were treated with
saline.

Cohorts 1, 2 and 3 were used for testing under PR schedule (both
in non-pre-fed and pre-fed conditions) and in extinction. Cohort
3 was used for reversal testing. Cohort 4 was used for testing under
FR5 schedule, both in non-pre-fed and pre-fed conditions.

To assess the effects of enhanced DA neuronal activity on lever
press patterns during performance of the PR schedule, ALP were
divided into separate bouts. A “bout” was defined as one or more
lever presses, at least 2 seconds separated from adjacent bouts,
based on the study of Ko and Wanat (2016). For each ratio
requirement of the PR task, the following parameters were
calculated: number of ALP bouts, average number of ALP within a
bout (total ALP/number of bouts), bout interval (time between
consecutive bouts), time to complete ratio, lever press rate (total
ALP/time to complete ratio).

2.5. Tissue preparation and immunohistochemistry

DREADD expression was analysed as described previously (Boekhoudt
et al., 2017, 2016). In brief, rats were euthanized using a lethal dose
of pentobarbital, followed by perfusion with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS). Sucrose-saturated brain
tissue was sliced at 40 μm, and stained for hM3D(Gq)-mCherry and
tyrosine hydroxylase (TH) using primary antibodies Rabbit anti-dsRed
(Clontech) and Mouse anti-TH (Millipore), respectively, and second-
ary antibodies Goat anti-Rabbit Alexa 568 (Abcam) and Goat anti-
mouse Alexa 488 (Abcam). Fluorescence was analysed using a Zeiss
Axioscope A1 microscope and Axiovision software. Confocal pictures
(20x magnification) were taken with a Olympus Fluoview 1000
microscope and FluoView software. Image processing and cell counts
were performed with ImageJ.

DREADD expression was evaluated in all rats. In total, two rats
(one VTA:D(Gq)+ rat and one SN:D(Gq)+ rat) were excluded from
behavioural analysis because of poor DREADD expression. Quantifi-
cation of co-localisation of DREADD and TH was carried out in VTA:D
(Gq)+ and SN:D(Gq)+ rats (n=3 per group), in targeted regions,
i.e. VTA or SNc between �5.2 and �6.0 mm from Bregma (4–6
slices per animal).

2.6. Statistical analysis

Statistical tests were performed in SPSS 16.0. Since behavioural
effects of CNO treatment compared to saline did not differ between
experimental cohorts, the data were pooled for analysis. Normal
distribution of the data was assessed using Kolmogorov-Smirnov test
and Q-Q plots. Number of ALP and ILP were transformed by natural
log and square root, respectively, to allow for parametric testing. A
repeated measures general linear model (RM-GLM) was used to test
effects of Group (Cre-/VTA:D(Gq)+/SN:D(Gq)+) and Treatment
(saline/CNO). When a significant Group*Treatment interaction was
found, LSD post hoc tests were carried out to test treatment effects
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Figure 1 Chemogenetic activation of DA neurons in VTA, but not SNc, increases responding for sucrose under a PR schedule of
reinforcement. A) All rats received bilateral injections with Cre-dependent DREADD virus into either VTA or SNc. Representative
examples are shown of DREADD expression in DA (TH+) neurons in VTA or SNc in TH:Cre+ rats. B-F) Effects of chemogenetic
activation of DA neurons in VTA or SNc on responding for sucrose under PR schedule. In VTA:D(Gq)+ rats, CNO treatment increased
ALP (B), ILP (C), rewards (D), breakpoint (E), and percentage ILP (F). CNO treatment did not affect performance in SN:D(Gq)+ rats
or Cre- control groups (VTA:D(Gq)- and SN:D(Gq)-). Data are presented as mean 7 s.e.m. n=6–12/group. **Po0.01, ***Po0.001 CNO
compared to saline (SAL). ALP: active lever presses; ILP: inactive lever presses; TLP: total lever presses (ALP+ ILP).
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per group. For follow-up tests on the effects of VTA:D(Gq)+
activation on behaviour, SN:D(Gq)+ rats as well as SN:D(Gq)- controls
were excluded from the analysis, since no effects were observed on
responding following chemogenetic activation of SNc DA neurons.
Comparisons between groups (for reversal test) were made with
Mann-Whitney U Test (ALP, ILP), or two sample t-test (%ALP). %ALP
was compared to 50% test value with one-sample t-test. Statistical
significance was set at α = 0.05.
3. Results

3.1. Chemogenetic activation of DA neurons in
VTA, but not SNc, increases responding for sucrose

DREADD expression was verified throughout the VTA and SNc
in VTA:D(Gq)+ and SN:D(Gq)+ groups, respectively
(Figure 1A). In the absence of Cre (Cre- control group), no
DREADD expression was observed (data not shown). Consis-
tent with earlier studies (Boekhoudt et al., 2017, 2016),
DREADD was highly co-localised with TH, i.e. 92% in the VTA:
D(Gq)+ group (304/332 cells) and 97% in the SN:D(Gq)+
group (367/379 cells). In the VTA:D(Gq)+ group, approxi-
mately 40% of VTA DAergic neurons was found to express
DREADD (235/573 cells), compared to nearly 80% of SNc DA
cells in the SN:D(Gq)+ group (432/548 cells).

To test whether chemogenetic activation of DA neurons in
either the VTA or SNc affected motivational behaviour,
responding for sucrose under a PR schedule of reinforcement
was tested following treatment with CNO compared to saline.
CNO treatment significantly increased the number of ALP in
the VTA:D(Gq)+ group, but did not affect performance in the
SN:D(Gq)+ group or Cre- control groups (Figure 1B; Group*-
Treatment interaction F3,34=11.841, Po0.0005; post hoc CNO
vs Sal VTA:D(Gq)+ Po0.0005; SN:D(Gq)+, VTA:D(Gq)- and
SN:D(Gq)- P40.05). CNO treatment also increased ILP in the
VTA:D(Gq)+ group, but not in SN:D(Gq)+ or Cre- groups
(Figure 1C; Group*Treatment interaction F3,34=11.011,
Po0.0005; post hoc CNO vs Sal VTA:D(Gq)+ Po0.0005; SN:
D(Gq)+ and Cre- P40.05). Consequent to the increase in ALP,
CNO-treated VTA:D(Gq)+ rats earned more rewards, and
reached a higher breakpoint compared to saline treatment
(Figure 1D+E; Group*Treatment interaction rewards
F3,34=11.428, breakpoint F3,34=11.913, both Po0.0005; post
hoc CNO vs saline VTA:D(Gq)+ both Po0.0005). The percen-
tage ILP was higher following CNO treatment in the VTA:D
(Gq)+ group (Figure 1F, Group*Treatment interaction
F3,34=3.212, P=0.035; post hoc CNO vs Sal VTA:D(Gq)+
P=0.008). Thus, chemogenetic activation of VTA DA neurons
significantly increased responding on both the active and
inactive lever under a PR schedule of reinforcement, whilst
activation of SNc DA neurons had no effect.
Because of the absence of behavioural effects of CNO
treatment in SN:D(Gq)+ rats, only VTA:D(Gq)+ and VTA:D
(Gq)- groups were included in subsequent analyses.
3.2. Increased responding following VTA DA
neuron activation is associated with augmented ALP
bouts

To examine which aspects of motivational behaviour under-
lie the CNO-induced increase in responding in VTA:D(Gq)+
rats, we analysed the animals’ ALP patterns over the course
of the PR sessions (Figure 2). Completion of a higher ratio
requirement (breakpoint) was found to be accompanied by
an increased number of ALP bouts (Figure 2A). Following
CNO treatment, rats performed more than twice the
number of ALP bouts compared to saline conditions
(Figure 2B, t8=�5.768, Po0.0005). The number of lever
presses within a bout or the time between consecutive
bouts were similar across increasing ratios, and were not
affected by CNO treatment (Fig C-F; ALP per bout t8=0.208,
P=0.84; interval t8=0.495, P=0.634). Whilst the rats spent
more time to complete the higher ratio following CNO
treatment (Figure 2G-H; t8=�3048, P=0.016), the overall
response rate was not affected (Figure 2I-J; t8=�0.213,
P=0.823). These results indicate that completion of high
effort ratios following chemogenetic activation of VTA DA
neurons was particularly characterised by an increase in the
number of ALP bouts, rather than longer bouts or a faster
response rate.
3.3. Effects of VTA DA neuron activation on
responding for sucrose are dependent on effort
requirements and lever contingencies, but not
sucrose pre-feeding

Based on these results, we hypothesized that the CNO-
induced increase in responding for sucrose in VTA:D(Gq)+
rats was driven by a continued initiation of reward-seeking
actions, i.e. that enhancing the excitability of VTA DA
neurons promotes the engagement in motivational beha-
viour. This effect may be independent of reinforcer value,
or even the presence of the reinforcer. To test this, we
determined the effects of VTA DA neuron activation on
instrumental responding 1) following prior access to the
reinforcer; and 2) in the absence of the reinforcer. In
addition, we tested whether the increased responding for
sucrose was dependent on effort requirements and instru-
mental contingencies, by determining the effects of VTA DA
neuron activation 3) under low effort requirements; and 4)
following reversal of the active and inactive lever.
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3.3.1. Prior access to reinforcer
To determine whether increased responding following VTA
DA neuron activation is dependent on reinforcement value,
we tested the effect of CNO treatment on responding for
sucrose under a PR schedule of reinforcement, following
sucrose pre-feeding. First, we established that pre-feeding
significantly diminished responding for sucrose (Figure 3A;
main effect of pre-feeding on ALP in saline condition,
compared to baseline, F1,19=55.986, Po0.0005; no effect
on %ILP F1,19=0.006, P=0.941). Next, we found that CNO
treatment increased ALP in the VTA:D(Gq)+ group, irre-
spective of pre-feeding conditions (Figure 3A; Group*Treat-
ment interaction F1,20=17.612, Po0.0005; post hoc VTA:D
(Gq)+ CNO vs saline Po0.0005, Cre- P=0.417), but had no
significant effect on the percentage ILP (Cre- saline
4.071.8, CNO 3.972.7; VTA:D(Gq)+ saline 5.272.1, CNO
12.073.2; Group*Treatment interaction F1,20=2.390,
P=0.138;). The number of ALP of CNO-treated VTA:D(Gq)
+ rats did not differ between non pre-fed and pre-fed
conditions (Figure 3A; paired samples t8=1.124, P=0.26).
3.3.2. Absence of reinforcer
To determine whether CNO-induced enhanced responding
was dependent on reward delivery, we tested responding in
extinction. In the absence of reinforcement, VTA DA neuron
activation enhanced responding. CNO treatment increased
ALP in the VTA:D(Gq)+ group (Figure 3B; Group*Treatment
interaction F1,20=11.301, P=0.003; post hoc CNO vs Sal
VTA:D(Gq)+ P=0.002, Cre- P=0.396), as well as ILP
(Group*Treatment interaction F1,20=16.489, P=0.001;
VTA:D(Gq)+ Sal 13.172.4 vs CNO 54711.2 ILP, Po0.0005,
Cre- Sal 2.671.8 vs CNO 17.771.0, P=0.654) and the
percentage ILP (Figure 3C; Group*Treatment interaction
F1,20=8.545, P=0.008; post hoc VTA:D(Gq)+ P=0.001,
Cre- P=0.96). Although the increase in responding was
modest compared to reinforced responding under the PR
schedule (205740% compared to 5797180% of saline) in
ALP, respectively, cf. Figures 1B to 3B), CNO did increase
reward seeking in the absence of reward delivery.
3.3.3. Effort requirement
To determine whether the increase in instrumental respond-
ing was dependent on the effort requirement, we tested the
effects of VTA DA neuron activation under a low effort FR5
schedule of reinforcement. Similar to the PR schedule,
sucrose pre-feeding diminished ALP (Figure 3D; main effect
of Pre-feeding F1,7=39.425, Po0.0005). However, CNO
treatment did not significantly affect ALP in either the
non-pre-fed or pre-fed condition (Figure 3D; main effect of
Treatment F1,7=0.191, P=0.675; Pre-feeding*Treatment
interaction F1,7=5.302, P=0.055; non-pre-fed CNO minus
Sal -33.5723.7, P=0.201, pre-fed CNO minus Sal
19.75714.1, P=0.203). The percentage ILP was marginally
affected by pre-feeding and CNO treatment (non-pre-fed
saline 0.370.2, CNO 2.371.1; pre-fed saline 3.372.1, CNO
10.074.0; Pre-feeding F1,7=4.240, P=0.078; Treatment
F1,7=4.865, P=0.063; Pre-feeding*Treatment interaction
F1,7=1.228, P=0.304). Notably, the difference in effects
between PR and FR5 schedules could not be attributed to
task duration. The effects of CNO on responding under a PR
schedule remained the same when only the first 30 minutes
of the task were analysed. I.e., CNO treatment increased
ALP in VTA:D(Gq)+ rats (non-pre-fed Sal 209757 vs CNO
356797, P=0.035; pre-fed Sal 62710 vs CNO 227773,
P=0.03), and this did not differ between pre-feeding
conditions (P=0.122). Thus, at low ratio requirements,
chemogenetic activation of VTA DA neurons did not signifi-
cantly affect instrumental performance, and did not dimin-
ish sensitivity to reduction in reinforcement value.
3.3.4. Instrumental contingencies
Finally, to determine whether responding following VTA DA
neuron activation was dependent on instrumental contingen-
cies, we tested sensitivity to reversal of the active and inactive
lever. If CNO treatment would increase lever pressing irrespec-
tive of the outcome, then rats were expected to continue
pressing their preferred former active lever. If, however, their
behaviour remains flexible and outcome-dependent, the rats
were expected to perform more effort, whilst shifting their
preference to the new active lever. The animals were tested
under a PR schedule of reinforcement, without prior reversal
sessions. Under reversed lever contingencies, CNO treatment
increased ALP in the VTA:D(Gq)+ group compared to the Cre-
control group (Figure 3F day 1; VTA:D(Gq)+ vs Cre-
Z=�2.562, P=0.009), but did not affect ILP (Figure 3F; VTA:
D(Gq)+ vs Cre- Z=1.095, P=0.195). The VTA:D(Gq)+ rats
pressed the (new) active lever more often than the (new)
inactive one, whilst Cre- rats showed a preference for the
inactive lever (i.e., the former active lever) (Figure 3F; %ALP
VTA:D(Gq)+ vs Cre- t6.14=4.281, P=0.005; VTA:D(Gq)+ %ALP
450% t4=5.47, P=0.005, Cre- %ALP o50% t5= -2.65,
P=0.045). The preference for the (new) active lever did not
persist in VTA:D(Gq)+ rats during a second session, when all
animals were treated with saline. On this second day, both
VTA:D(Gq)+ and Cre- groups showed no preference for either
lever (Figure 3F day 2; %ALP VTA:D(Gq)+ vs Cre- t9=0.678,
P=0.515; %ALP vs 50% VTA:D(Gq)+ t4=1.493, P=0.21, Cre-
t5=0.125, P=0.905), and the groups performed equally
(Figure 3F; VTA:D(Gq)+ vs Cre- ALP: Z=�0.274, P=0.829;
ILP: Z=�1.905, P=0.329). Thus, VTA DA neuron activation
increased responding under a PR schedule for sucrose, in a
manner that is sensitive to changes in instrumental
contingencies.
3.4. ALP bouts during responding for sucrose
under PR schedule, following pre-feeding or lever
reversal

To examine whether the increase in ALP bouts following VTA
DA neuron activation was also present in modified versions
of the PR schedule, we analysed ALP bouts during respond-
ing following sucrose pre-feeding or lever reversal. After
sucrose pre-feeding, the number of ALP bouts during the
breakpoint was increased following CNO treatment com-
pared to saline (Figure 4A, VTA:D(Gq)+ CNO vs saline
t8=�4.817, P=0.001). During the reversal session, CNO-
treated VTA:D(Gq)+ rats performed on average 45 ALP
bouts during their breakpoint, compared to 11 ALP bouts
in the CNO-treated Cre- control group, showing a trend
towards a similar effect (Figure 4B; Z=�1.776, P=0.095).
Thus, enhanced responding for sucrose under a PR schedule
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Figure 3 Effects of chemogenetic activation of VTA DA neurons on distinct aspects of motivation. To assess which aspects of
motivational behaviour are affected by VTA DA neuronal activation, rats were tested following pre-feeding, in extinction, under a low-effort
schedule, and during reversal of the lever contingencies. A) Sucrose pre-feeding decreased ALP under the PR schedule, whilst CNO
treatment increased ALP in VTA:D(Gq)+ group. B) CNO treatment increased ALP in extinction in VTA:D(Gq)+ group. C) CNO treatment
increased %ILP in extinction in VTA:D(Gq)+ group. D) Under an FR5 schedule, pre-feeding decreased ALP, but CNO treatment did not affect
performance in VTA:D(Gq)+ group. E) CNO increased reversed ALP, but not ILP, in VTA:D(Gq)+ group compared to Cre- control group. F)
Percentage of (new) ALP was higher in CNO-treated VTA:D(Gq)+ group compared to Cre- control group. On the second day, following SAL
treatment, performance did not differ between groups. Data are presented as mean7 s.e.m. n=6–12/group (A), n=9–13/group (B,C), n=8
(D), n=5–6/group (E,F). *Po0.05, **Po0.01, ***Po0.001 CNO vs Sal; $Po0.05, $$$Po0.001 main effect of pre-feeding. ALP: active lever
presses; ILP: inactive lever presses; TLP: total lever presses (ALP+ILP).
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following VTA DA neuron activation was consistently found
to be associated with an increase in ALP bouts.

4. Discussion

In this study, we sought to unravel the impact of enhancing
excitability of midbrain DA neurons on motivational beha-
viour. Using DREADD technology, we assessed whether
chemogenetic activation of DA neurons in either the VTA
or SNc is sufficient to increase the motivation to respond for
sucrose. In addition, we determined which aspects of
motivational behaviour were precisely affected by enhan-
cing DA neuronal excitability.

We found that chemogenetic activation of DA neurons in
the VTA, but not SNc, robustly increased responding for
sucrose under a PR schedule of reinforcement in rats. This
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reward-seeking actions, thereby promoting the animal to
engage in motivational behaviour, and resulting in increased
exertion of effort. This effect was dependent on effort
requirements, but appeared to be independent of reinfor-
cement values, or even the presence of the reinforcer.

4.1. VTA DA neuron activation promotes exertion
of effort, even following prior access to reinforcer

We found VTA DA neuronal activation increased responding
for sucrose under progressively increasing ratio require-
ments, even after sucrose pre-feeding. Whilst pre-feeding
potently reduced exertion of effort for sucrose under saline
treatment conditions, this effect was no longer observed
following chemogenetic activation of VTA DA neurons. This
suggests that elevated DA signalling counteracted or over-
ruled the pre-feeding-induced reduction in the value of
sucrose. However, at low ratio requirements, i.e., under an
FR5 schedule, VTA DA neuron activation did not affect the
responding for sucrose following pre-feeding. This supports
the notion that homeostatic state and mesolimbic DA
activity may affect different aspects of motivational beha-
viour (Aberman and Salamone, 1999; Narayanan et al.,
2010). Whilst satiety (or hunger) may affect the overall
incentive value of the reinforcer, VTA DA neuronal activity
appears to specifically act on activational aspects of moti-
vation, which are particularly taxed under high effort
requirements (Berridge, 2007; Salamone and Correa,
2012). In other words, reward value was not affected by
enhanced VTA DA neuronal activity, but rather the effort the
animals were prepared to invest in order to obtain the
reward.

Thus, responding for (palatable) food in low-effort situa-
tions appears to be primarily affected by homeostatic state,
whilst responding for food in high-effort situations is highly
sensitive to changes in mesolimbic DA signalling. This is
clearly represented in our data, showing that under a low-
effort FR5 schedule, responding is affected by sucrose pre-
feeding, but not chemogenetic activation of VTA DA neu-
rons. In contrast, VTA DA neuronal activation increased
responding under high-effort requirements, even in a
satiated state. These observations are in line with a specific
role for mesolimbic DA in sensitivity to work load (Aberman
and Salamone, 1999; Salamone et al., 2001). This is
consistent with previous studies, showing that NAc DA
depletion selectively impaired instrumental performance
when ratio requirements were high, whilst leaving perfor-
mance at low ratio schedules unaffected (Aberman and
Salamone, 1999; Ishiwari et al., 2004; Salamone et al.,
2001). Our result support this, showing that enhanced VTA
DA neuronal activity promotes reward-seeking behaviour
despite high response costs. Future studies are warranted to
further investigate the mechanisms by which homeostatic
state and mesolimbic DA neuronal activity interact to
regulate motivational behaviour.

4.2. VTA DA neuron activation promotes flexible
reward-seeking

Pre-feeding did not affect motivation to respond for sucrose
in CNO-treated rats, and these animals also showed
enhanced responding in extinction. Moreover, VTA DA neu-
ron activation increased the total number of ILP as well as
the percentage of ILP under a PR schedule of reinforce-
ment, and in extinction sessions. An increase in ILP is often
considered to be the consequence of a general increase in
activity. Previously, we showed that chemogenetic activa-
tion of VTA DA neurons indeed induced locomotor hyper-
activity (Boekhoudt et al., 2016; Boender et al., 2014),
consistent with other studies (Wang et al., 2013). Hence,
enhanced behavioural activity is likely to contribute to the
observed increase in instrumental responding. However, in
the present study, we found that responding under an FR5
schedule of reinforcement was not affected by VTA DA
neuron activation, which should have been increased if our
manipulation indiscriminately augmented behavioural out-
put. Moreover, we also observed that rats could advanta-
geously adjust their behaviour following VTA DA neuron
activation, and switch their lever press preference towards
the former inactive lever when action-outcome contingen-
cies were reversed. This indicates that instrumental
responding was directed towards obtaining the sucrose
reward. Therefore, we argue that increasing VTA DA neuro-
nal excitability does not reduce the goal-directedness of
motivational behaviour, but that the increase in responding
represents enhanced flexible reward-seeking. Increased ILP
may reflect a strategy shift in situations when ALP are not
(immediately) reinforced, e.g.: at high ratio requirements,
in extinction, or following lever reversal. Thus, chemoge-
netic activation of VTA DA neurons promotes behavioural
activation in a flexible and goal-directed fashion.
4.3. DA-induced increases motivational behaviour
are driven by enhanced action initiation

To understand in more detail how VTA DA neuronal activa-
tion increased responding under a PR schedule, we analysed
lever press patterns over the course of progressively
increasing ratio requirements. We reasoned that hyperac-
tivity would be reflected in an increased number of presses
per bout, more rapid lever press rate, and/or reduced
intervals between bouts of lever pressing. However, we
observed no difference in these aspects of lever press
behaviour between saline and CNO treated sessions. Rather,
we found that rats continued to initiate lever pressing under
high ratio requirements. This indicates that chemogenetic
VTA DA neuronal activation resulted in behavioural activa-
tion (in anticipation of a reward).

High breakpoints following VTA DA neuron activation
were particularly characterised by an increase in the
number of ALP bouts. This effect was consistently observed
during responding under a PR schedule, also following
sucrose pre-feeding, and a trend was observed during the
lever reversal session. This suggests that VTA DA neuronal
activation drives motivational behaviour by enhancing the
initiation of reward-seeking actions, even when these
actions are not immediately reinforced. Indeed, a selective
effect on the willingness to repeatedly engage in goal-
directed behaviour, in the anticipation of a reward, also
explains the effort-dependent effect of VTA DA neuronal
activation.
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Recently, it was shown that transient increases in NAc DA
levels – representing phasic activity of VTA DA neurons –

were associated with action initiations during instrumental
performance under a PR schedule in rats (Ko and Wanat,
2016). Although this study has also found relationships
between DA transients and the number of presses per bout
and interval between bouts, our results suggest that these
aspects of responding were not directly affected by
increased VTA DA neuronal excitability. Together, these
findings support a vital role for mesolimbic DA activity in
the initiation of reward-anticipated actions (Hamid et al.,
2015; Ko and Wanat, 2016; Nicola, 2010; Syed et al., 2016),
and provide a neural mechanism for altered sensitivity to
work load.
4.4. No evidence for effects of SNc DA neuron
activation on motivational behaviour

Although it has been suggested that nigrostriatal DA may
be involved in motivational processes as well (Ikemoto
et al., 2015; Palmiter, 2008; Wise, 2009), we found no
effects of chemogenetic activation of SNc DA neurons on
responding for sucrose under a PR schedule of reinforce-
ment. To our knowledge, we are the first to directly test
the effects of increased activity of SNc DA neurons on
incentive motivation. A limited number of studies pre-
viously investigated the effects of altered DA signalling in
the dorsal striatum (the target site of SNc DA neurons).
These studies found that neither lesions of the dorsal
striatum, nor overexpression of DA D2 receptors, affected
motivation to respond for sucrose in rodents (Eagle et al.,
1999; Trifilieff et al., 2013). Pharmacological blockade of
DA receptors in the dorsal striatum has been shown to
dose-dependently decrease the motivation for cocaine in
rats, whereas responding for food under a low ratio
schedule was not affected (Veeneman et al., 2012).
Interestingly, an earlier study did show that dorsal stria-
tum DA receptor blockade reduced responding for food
under a variable interval schedule (Beninger and Ranaldi,
1993). These latter findings are in line with the theory
that the nigrostriatal DA pathway is particularly recruited
during habit formation and habitual behaviour (Balleine
and O’Doherty, 2010). Importantly, in the present study,
the rats were tested under ratio schedules, in which
(unlike interval schedules, see Dickinson et al., 1983)
higher levels of responding result in the delivery of more
reinforcers. In other words, behaviour in the present
study was likely goal-directed rather than habitual.
Future studies should elucidate whether (chemogenetic)
activation of SNc DA neurons does affect behaviour
during or following habit-formation. Together, these data
suggest that SNc DA neuronal activity is not directly
involved in the regulation of motivation for palatable
food, although future studies are needed to substantiate
this.

Importantly, our negative findings on SNc DA neuron
activation are unlikely to results from methodological
issues. We observed substantial DREADD expression in the
SN:D(Gq)+ group, with twice as many DA neurons expres-
sing DREADD in the SNc compared to VTA in the VTA:D(Gq)+
group. Furthermore, we previously showed that effects of
hM3D(Gq) stimulation on neuronal activity in vitro were
similar in VTA and SNc DA neurons (Boekhoudt et al., 2016),
and that chemogenetic activation of SNc DA neurons
increased locomotor activity (Boekhoudt et al., 2016) and
impaired attention (Boekhoudt et al., 2017). With respect
to these and other negative findings in this study, it should
be noted that for all experimental groups and cohorts,
anatomical and functional DREADD functionality was
affirmed. All virus batches used successfully resulted in
DA-specific DREADD expression in both cell bodies and
projection sites, as reported previously (Boekhoudt et al.,
2017, 2016). In addition, a low dose of CNO (0.3 mg/kg)
successfully induced behavioural effects in all cohorts.
Although higher doses of CNO have been shown to produce
certain off-target effects (Maclaren et al., 2016), we
observed no differences between CNO and saline treatment
in the Cre- control group (i.e., in the absence of DREADD
expression).
4.5. Enhancing DA neuronal excitability to relieve
motivational deficits in psychiatry

Mesolimbic DA signalling has been identified as a key
regulator underlying motivational deficits in psychiatric
disorders (Robinson and Berridge, 1993; Salamone et al.,
2015; Whitton et al., 2015; Wise, 2004). Major depres-
sive disorder is characterized by a blunted reward-
anticipation signal in the NAc, which disrupts motiva-
tional processes (Pizzagalli et al., 2009). It has been
hypothesized that this attenuated mesolimbic DA
response is caused by reduced phasic VTA DA neuronal
activity (Whitton et al., 2015). In schizophrenia, aber-
rant DA neuronal activity has been proposed to account
for inappropriate salience processing and motivational
deficits (Howes and Kapur, 2009; Maia and Frank, 2016;
Winton-Brown et al., 2014). Importantly, subjects suf-
fering from motivational deficits may still be able to
experience the pleasure of rewards, yet they are not
motivated to initiate actions to obtain them (Chaudhuri
and Behan, 2004; Salamone et al., 2016b; Whitton et al.,
2015). Our findings indicate that enhanced activity of
VTA DA neurons primarily affects reward-anticipated
action initiation, which becomes particularly apparent
when effort requirements are high. Thus, enhancing VTA
DA neuronal excitability might be a promising approach
to relieve these symptoms. Recently, it was shown that
increased DAergic function could indeed reverse motiva-
tional deficits in a rodent model (Soares-Cunha et al.,
2016). However, certain challenges must be addressed
when adopting this approach in humans. For example, in
schizophrenia, enhanced DA neuronal activity is likely to
exacerbate psychotic symptoms (Grace, 2015; Howes
and Kapur, 2009; Maia and Frank, 2016). Moreover, when
considering (chemogenetic) activation of mesolimbic DA
neurons as treatment, its addiction potential should be
taken into account (Pascoli et al., 2015). Thus, future
studies are needed to elucidate which treatment
is most appropriate for different types of motivational
deficits.



L. Boekhoudt et al.182
4.6. Conclusions

In this study, we show that chemogenetic activation of
VTA DA neurons increased responding for sucrose in rats.
Our results indicate that enhancing excitability of VTA
DA neurons promotes the initiation of reward-seeking
behaviour, and thereby facilitates the exertion of effort.
This is in line with previous findings, indicating that
mesolimbic DA signalling is necessary for high effort
performance (Hart et al., 2014; Nunes et al., 2013). In
line with a role in activational (rather than directional)
aspects of motivation (Salamone et al., 2016a), we found
that responding at both the active and inactive levers
was enhanced in the absence of immediate reinforce-
ment, and that increased effort exertion was particu-
larly characterised by a repeated initiation of reward-
seeking actions. Together, our findings emphasize that
VTA DA neuronal activity acts as a mediator that trans-
lates incentive motivation into physical actions (Balleine
and O’Doherty, 2010). These findings may have implica-
tions for the development of novel treatments for
motivational deficits in psychiatric disorders.
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