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Abstract

Dopamine is thought to directly influence the neurophysiological mechanisms of both per-
formance monitoring and cognitive control—two processes that are critically linked in the
production of adapted behaviour. Changing dopamine levels are also thought to induce
cognitive changes in several neurological and psychiatric conditions. But the working
model of this system as a whole remains untested. Specifically, although many researchers
assume that changing dopamine levels modify neurophysiological mechanisms and their
markers in frontal cortex, and that this in turn leads to cognitive changes, this causal chain
needs to be verified. Using longitudinal recordings of frontal neurophysiological markers
over many months during progressive dopaminergic lesion in non-human primates, we pro-
vide data that fail to support a simple interaction between dopamine, frontal function, and
cognition. Feedback potentials, which are performance-monitoring signals sometimes
thought to drive successful control, ceased to differentiate feedback valence at the end of
the lesion, just before clinical motor threshold. In contrast, cognitive control performance
and beta oscillatory markers of cognitive control were unimpaired by the lesion. The differ-
ing dynamics of these measures throughout a dopamine lesion suggests they are not all
driven by dopamine in the same way. These dynamics also demonstrate that a complex
non-linear set of mechanisms is engaged in the brain in response to a progressive dopa-
mine lesion. These results question the direct causal chain from dopamine to frontal physi-
ology and on to cognition. They imply that biomarkers of cognitive functions are not directly
predictive of dopamine loss.
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Author Summary

To successfully complete a task, we need to monitor our performance. If performance
drops, we need to change our behaviour. We do this by adjusting cognitive control, an
ensemble of processes through which behaviour is adapted to suit the task. In this study,
we first used chronic recordings in the frontal lobe of macaque monkeys to characterise
neurophysiological markers that reflect these processes: a brain potential reflecting perfor-
mance monitoring and a sustained oscillatory signal reflecting cognitive control. It has
been suggested that cognitive control, performance monitoring, and their neurophysiolog-
ical markers are under the influence of dopamine. To understand how the input of dopa-
mine is critical, we followed changes in the markers and performance during slow
dopaminergic depletion. This protocol doubles up as a study of the early phase of Parkin-
son’s disease, when dopaminergic cells are dying but motor symptoms have yet to emerge.
Whilst the performance monitoring potential attenuated at the end of the depletion, the
performance itself did not. The oscillatory signals showed only subtle changes in compari-
son, despite the depletion. Together these results bring into question the simple idea that
dopamine directly modulates frontal cortex, which in turn directly modulates cognition.
We consider how the brain may compensate for a dopamine lesion, and whether the
markers measure what we think they do. Our results question a current idea that neuro-
physiological markers can be directly used to predict dopamine loss in patients with condi-
tions like Parkinson’s disease.

Introduction

Successful and adaptive completion of cognitive tasks requires tight integration between per-
formance monitoring [1,2], which provides information about task outcomes, and cognitive
control [3], which drives behavioural adaptation as necessary. These systems are associated
with neurophysiological markers in the frontal lobes that are modulated by motivation [4].

Error- and feedback-related potentials (error-related negativity [ERN] and feedback poten-
tials [FRPs]) recorded over the medial part of the frontal lobe in electroencephalography
(EEG) [5-71], electrocorticography (ECoG) [8], and local field potential (LFP) [9] differentiate
outcome valences. These performance-monitoring signals are in many cases generated in mid-
cingulate cortex (MCC [10,11]). These signals appear to provide information about the value
of the feedback in terms of behavioural adaptation [12,13], be it for directly driving adaptation
on subsequent trials [14] or for motivating more extended behaviours beyond simple trial-to-
trial adaptation [15-17].

A second key constituent of this integrated system implements the chosen level of control
and is associated with lateral prefrontal cortex (PFC). Control implementation is signaled, for
example, in modification of classical working memory delay activity [18], and has been linked
to PFC beta oscillatory power. In frontal cortex, beta oscillations are implicated in top-down
control of behaviour in cognitively engaging tasks [19-22], whilst also altering within-session
to reflect attentional effort on the task [23].

Dopamine (DA) is proposed to have a critical role in regulating these systems and the
related behaviour [24], and theoretical and computational models support a link between
dopamine dysfunction and a range of cognitive symptoms in neurological disorders [25,26]. A
working model has been proposed that directly links DA to both performance monitoring and
cognitive control in frontal cortex. First, the mesocortical dopaminergic projections are
thought to provide a prediction error signal that regulates performance monitoring functions
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implemented in MCC [10]. However, causal proof for this relation remains sparse [8], dopa-
mine antagonist interventions have variable effects on behavioural outcomes [27,28], and so
the functional significance of this link is debated [29]. Second, dopamine has been directly or
indirectly linked to neurophysiological prefrontal mechanisms of cognitive control [30,31],
working memory [32-34], and motivation [35]. If dopamine has a clear role in these mecha-
nisms, it should be revealed in diseases with an altered dopaminergic system [2], and dopamine
loss should be related to the relevant behavioural and cognitive deficits. But it remains unclear
whether this relationship is as direct and simple as the model proposes [36]. There is evidence
for ERN modification in Huntington’s disease [37] and schizophrenia [38], though the extent
to which these effects are a result of dopaminergic changes is unclear. The dopamine system is
implicated in impairments of cognitive control and motivation in Parkinson’s disease (PD)
[39], yet neurophysiological studies of PD patients provide only mixed evidence for and against
the modification of ERN [40-43], and FRP [44].

Proper testing of this working model requires a systemic approach combining dopaminergic
modulation, neurophysiology of frontal mechanisms, and related cognitive control perfor-
mance. This approach is absent from the literature, and yet this test is a mandatory step to
understanding dopamine-neurophysiology-cognition links, the role of dopamine in driving
frontal functions, and how to target treatments of the relevant conditions.

Here, we reveal the dynamic of performance monitoring, cognitive control, and their neuro-
physiological markers during a progressive lesion of the dopamine system. In particular, we
use a test of cognitive control [18] known to share direct prefrontal neuronal mechanisms with
dopamine-sensitive working memory [45,46]. Contrary to the working model, we found disso-
ciations between evoked markers of performance monitoring (feedback-related potentials) and
performance on the task itself, and between induced markers of cognitive control and motiva-
tion (frontal beta oscillations). Our data, therefore, argue against a simple interaction between
dopamine and frontal functions.

Results

We tested the effect of progressive dopaminergic loss on electrophysiological markers of per-
formance monitoring and cognitive control, using chronic ECoG recordings in monkeys. Sig-
nals were acquired over extended periods (Monkeys R and S: 141 and 213 d, respectively)
whilst inducing a very slow progressive dopaminergic lesion with the neurotoxin 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). We compared this with a substantial pre-lesion
baseline period (referred to as “BL period” throughout: Monkeys R and S: 46 and 55 d, respec-
tively) in a within-monkey design.

Task and BL Period Behaviour

Two monkeys learned the problem-solving task (PST, Fig 1A), [18], a test of cognitive control
during which they had to search (SEA phase) by trial and error using feedback amongst four
visually identical stimuli to find the location rewarded by juice. Once monkeys had found the
rewarded location, they could repeat that rewarded choice three times (repetition phase, REP),
before a signal to change (STC) informed them that the rewarded location had been re-ran-
domized. Previous research has shown that the PST induces high or low cognitive control on
different trials [8,12,18,23]. Low control is sufficient on any repetition trial after correct feed-
back, as the monkey simply has to repeat the previous choice. High control is required when
the outcome of the previous trial necessitates a behavioural adaptation—notably, in three
cases, after an incorrect feedback, after an STC directing a new SEA phase, and after the mon-
key makes a break in fixation or touch. This task is a well-established test of cognitive control
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Fig 1. Task and BL behaviour. Monkeys perform the PST efficiently prior to MPTP treatment, demonstrating
understanding of the task and cognitive control. A. Problem-solving task PST4, with task epochs titled from left to
right. Monkeys sought, by trial and error using feedback, which of the four grey targets was rewarded, and then
repeated this correct choice three times to complete a problem. Delay and feedback epochs for neurophysiological
data are highlighted B. Proportion of non-optimal choices (repeated incorrect choices in SEA, errors in REP).
Monkeys are performing the task well, and the majority of non-optimal choices were on high-control trials. C.
Proportion of optimal problem transitions. Monkeys were near optimal, showing clear use of the STC. D. Reaction
times on low and high control trials. Mk: Monkey (Monkey R and Monkey S). L: Low control trials; H: High control trials.
Raw data for this and all following figures are freely available to download via the link in the Data Availability

Statement. The folder in this download contains a readme file describing the contents.

doi:10.1371/journal.pbio.1002576.9001

with well-established neural correlates, notably delay activity in PFC comparable to working
memory tasks [18] and feedback responses sensitive to dopamine [8]. As such, it allows us to
probe control in terms of both performance monitoring and control implementation.

In the BL period, monkeys were tested for at least 10 weeks with sham injections to establish
baseline performance and neurophysiology. During this time, monkeys’ performance
approached optimality. Their level of non-optimal responses (repeated choices in SEA, errors
in REP; see Materials and Methods) was low, at less than 10% (Fig 1B), and they showed, as
expected, lower levels of non-optimal choice after low-control than high-control trials
(ANOVA, Monkey R: F(;. 56150 = 638, p < 0.0001; Monkey S: F(; 13440) = 563, p < 0.0001, Fig
1B). Furthermore, they showed clear and responsive transition between REP and SEA phases,
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taking into account the STC and changing their choice on the following trial (Fig 1C).
Response times (RTs) over choices also reflected these levels of control, with faster RTs on low-
control trials after a correct response (ANOVA, Monkey R: F(; »6189) = 59, p < 0.0001; Monkey
S: F(1,13440) = 236, p < 0.0001, Fig 1D). A similar effect is present in the reaction times, more
commonly used in human experiments (S2 Fig). Together, these behavioural data demonstrate
that monkeys are able to apply cognitive control to search for and then exploit reward possibili-
ties, as previously shown in this task [12].

Frontal Neurophysiology in BL Period

Monkeys were implanted with grids of 22 and 31 trans-cranial ECoG electrodes covering the
frontal lobes (Monkeys R and S respectively, S1B Fig). We aligned ECoG signals to analyze
individual trials during the delay epoch (Fig 1A), when the monkey awaits the start of the trial,
and the feedback epoch.

In BL, a medial frontal evoked response after feedback differentiated correct (COR) from
incorrect (INC) feedback, with a significant response difference between 50 and 200 ms (grand
average waveforms in Fig 2A, permutation test, p < 0.001 in both monkeys). This FRP there-
fore reflects critical information that might be required to adapt behaviour in the following
trial, as best indexed by the difference curve shown in Fig 2B, a standard measure in the litera-
ture [47]. The FRP signal was highly stable over sessions, as we have previously demonstrated
[8]. The surface Laplacian FRP is located relatively medially over prefrontal cortex, with a max-
imum contralateral to the working arm of each monkey (Monkey R left handed, Monkey S
right handed). We and others have previously reported this marker in monkeys [8] and
humans [5]. It is thought to arise from a source in the MCC [11] and to be sensitive to dopami-
nergic modulations [8,10].

The contrast INC-COR can reveal effects of feedback valence and/or feedback expectancy.
Although the task is not perfectly designed to dissociate the two because monkeys are making
free choices, we can provide evidence for one or the other by focusing on trials from the SEA
phase. This includes INC and first correct (CO1) trials from each problem, excluding repeated
COR feedback, for which the monkey has a higher expectation than CO1. In SEA, the probabil-
ities of observing negative or positive feedback (INC and CO1) are roughly equivalent on aver-
age (S3B Fig, Monkey R: p(INC) = 0.46, 95% CI [0.4, 0.51]; Monkey S: p(INC) = 0.61, 95% CI
[0.57,0.65]; p(CO1) is the complementary in each case). S3A Fig shows that the difference
curve is maintained in BL when considering the contrast INC-CO1. This suggests, therefore,
that it is the valence of the feedback that mainly drives the observed FRP, rather than the expec-
tancy of receiving each type of feedback.

During the delay epoch at the start of a trial, the monkey can prepare the upcoming choice
based on previous choices and outcomes. Both monkeys showed strong induced oscillations in
the beta band (15-30 Hz) throughout the delay (Fig 2C). We analysed the band of beta power
that we had previously identified as being modulated by the cognitive elements of the task in
each monkey [23] (see also Materials and Methods). The absolute value of delay beta power
varies in a trial-by-trial manner with a number of factors. We used linear mixed-effects model-
ing [48] to reveal the contributions of these factors and account for the repeated measures
nature of our design [23]. Importantly, here and throughout the study, we selected a linear
mixed-effects model to describe the data through a model selection procedure. The process
and selected model are presented in detail in the Materials and Methods. All models discussed
herein contain only behavioural factors that have survived model selection. A number of
potential factors notably did not survive model selection, including response times and opti-
mality of choice (in each case, likelihood ratio test between nested models, p > 0.05). Note that
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Fig 2. Frontal neurophysiology in BL. Performance monitoring, cognitive control, and motivation are
represented in neurophysiological markers within prefrontal cortex prior to the onset of MPTP treatment. A.
Feedback potential grand average combining both monkeys, aligned to feedback presentation, showing
clear differentiation of correct (COR) from incorrect (INC) feedback. Black bars: permutation test p < 0.01
between correct and incorrect. B. Difference potentials INC-COR for the FRPs, and spatial representations
of the surface Laplacian of these potentials projected onto a dorsal view of a standard macaque brain. The
peak difference (red) can be seen over the contralateral hemisphere to the working arm of the monkey
(Monkey R left-handed, Monkey S right-handed). C. Time frequency representations of the delay epoch
(black bars) aligned to stimulus onset (ON). D—F: Properties of delay beta power in BL as revealed by linear
mixed effect model selection. For the figures, data are normalized, then combined for the two monkeys. D.
Modulation of delay beta power by the outcome of the previous trial. Power is increased when the previous
outcome instructs application of higher cognitive control. Red bars, high control conditions: BRK: break
fixation/touch, INC: incorrect choice, SWI: problem switch after STC. This is compared to blue bar, low
control condition: COR: correct choice. Normalization is to the COR feedback condition. E. Within-session
increase in beta power. There is no significant interaction between this factor and cognitive control, as
revealed by an increase in beta for both low and high control trials. F. Reduction in beta power with
increasing engagement frequency of the monkey. Conventions as in previous figure.

doi:10.1371/journal.pbio.1002576.9002
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the term “beta” refers to power of high beta oscillations, and never to any form of model beta
(i.e., estimates).

The effect of cognitive control requirements was strong and consistent: any outcome that
required the monkey to adapt behaviour—incorrect feedback, STC, or breaks—Iled to increased
beta power during delay in the following trial, when compared to a positive outcome (“cor-
rect”) that simply led to a repetition of the previous choice (Fig 2D, Wald conditioned F test:
Monkey R: F; 23790y = 370, p < 0.0001; Monkey S: F(511312) = 39, p < 0.0001). In addition to
cognitive control, two factors potentially related to motivation had significant impact on beta
power. First, beta power significantly increased with time “within-session”—that is, in a given
session, power correlated with the time the monkey had spent continuously working (Fig 2E,
Wald conditioned F test: Monkey R: F(; 22790y = 209, p < 0.0001; Monkey S: F(; 11312) = 22,

p < 0.0001). We have previously linked this within-session change to an increase of attentional
effort of the monkey during sustained work, not least because the power increase is “reset” by a
voluntary pause in work [23]. In that study we also showed that this attentional effort effect is
independent of cognitive control. Second, the frequency with which the monkey engaged trials
had a smaller but significant effect on beta power (Fig 2F, Wald conditioned F test: Monkey R:
F(1,22790) = 12, p = 0.0004; Monkey S: F(; 11312) = 5.4, p = 0.02). Engagement is potentially a
measure of the motivation for the task, although its interpretation is not unambiguous. The
interaction between measures of motivation and cognitive control is a significant subject of
interest (and confusion) in the field [4]. Here, trial-by-trial engagement and attentional effort
both influenced beta power, but there were no interactions between these effects (likelihood
ratio test between nested models, Monkey R: p = 0.23; Monkey S: p = 0.57), nor did they inter-
act with cognitive control (same test, p > 0.15 in each case). This clearly suggests three separa-
ble drivers of beta power.

Hence, data presented in Figs 1 and 2 reveal that during the BL period, monkeys were per-
forming the PST near optimally using performance monitoring and cognitive control, and that
these processes are reflected in stable neurophysiological measures in frontal cortex by FRPs
and beta oscillatory power.

MPTP Protocol and Behaviour

Monkeys then received doses of 0.2 mg/kg of MPTP, a dose well established in progressive pro-
tocols [49,50]. MPTP injections were given at most once per week—significantly less frequently
than most other studies. The protocol was designed to induce very slow degeneration whilst
permitting concurrent recordings with sufficient task performance (see Materials and Meth-
ods). The protocol was long (Monkey R: 33 weeks; Monkey S: 56 weeks) so that gradual emer-
gence of neural changes could be observed. Treatment continued until monkeys obtained a
“significantly symptomatic” score of 5 on the Parkinsonian Monkey Rating Scale (PMRS) [50].
Monkeys therefore remained below this significantly symptomatic level throughout the MPTP
period (Fig 3A), and the final period during which monkeys worked before attaining this level
of symptoms is referred to as the “full dose” Whilst the total cumulative dose was different, the
pattern of symptomology across treatment was similar between the two monkeys (Fig 3A).
This pattern is consistent with slow emergence of a dopaminergic lesion with MPTP, in line
with other progressive protocols [49-51]. Note that the PMRS motor scale scoring is included
for evaluation of the Parkinsonian state as applied in the literature. Our aim is to contrast it
with changes in frontal neurophysiology and cognition, and it is not intended as an assessment
of these latter measures.

PMRS scoring acted as the principle measure of lesion progress and determined cessation of
the protocol. The use of a progressive MPTP protocol in conjunction with motor scoring is
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Fig 3. MPTP protocol and behaviour. MPTP lesion induces sub-threshold motor symptoms in the home-
cage, showing that the lesion is occurring, but motor parameters on the task are not slowed. A. Motor
symptom score for each monkey on the PMRS motor scale measured daily in the home-cage and averaged
for each dose. In this and the following figures, MPTP is presented as a proportion of the full dose of MPTP
received (see Materials and Methods). B. Proportion of optimal problem transitions over MPTP treatment.
Monkeys continue to make the same level of optimal transitions as in the BL period. C. Response times in
the PST task. Neither monkey shows a slowing of response in the task, but some speeding is present in both
monkeys. Conventions as in previous figures.

doi:10.1371/journal.pbio.1002576.9003

well established in the literature [49,51]. Monkeys showing full motor symptoms following
MPTP treatment already have significant loss of nigral dopaminergic cells [52], and monkeys
brought to a motor symptomatic state who subsequently recover nevertheless show reduced
tyrosine hydroxylase (TH) cell labeling in the mesencephalon [51]. Previous work in our labo-
ratory has measured the binding potential of the selective dopamine active transporter (DAT)
radiotracer [''C]PE2I in monkeys in a progressive MPTP protocol [53]. The use of this tracer
is also established in patients with Parkinson’s disease [54]. We showed that DAT binding is
increased in the early phases of a progressive MPTP lesion, returning to baseline levels around
the onset of symptoms and then dropping as motor symptoms become persistent. The final
strong motor symptomatic phase is associated with significant striatal TH depletion after
immunohistochemical analyses [53]. On the basis of this previous work, we consider that at
the onset of significant motor symptoms, the monkeys in the current protocol have received a
significant lesion to the nigrostriatal dopamine system. However, we chose not to sacrifice
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these highly trained and implanted animals at this moment of the study, and so we are unable
to provide histological confirmation of this assertion.

Nevertheless, we acquired PET scans during our protocol, again using the ligand [''C]PE2I,
to demonstrate that there was modulation of the DA system as previously observed. S4 Fig con-
firms that across the scans carried out, the MPTP lesion modulates the DA system (repeated
measures ANOVA, main effect of scan, Monkey R: F4 59y = 25.36, p < 0.0001; Monkey S:
F(s,04)=17.91, p < 0.0001). Importantly, as for the motor symptoms, the two monkeys show
the same pattern of modulation over the time-course of the lesion. Specifically, DAT binding is
increased above baseline levels at the start of the lesion and then returns to or drops below
baseline levels at full dose. This pattern replicates our previous result [53]. Vezoli et al. posited
this early increase as a potential compensatory response to DA cell death. Under this interpre-
tation, DA cell death and loss of dopaminergic transmission will be well advanced by the time
DAT binding begins to reduce below baseline levels, as they appear to do at the end of the pro-
tocol. We can, however, draw only limited conclusions from the PET data set with respect to
direct PFC and MCC physiology, due to the low levels of DAT in those regions [55,56]. Binding
of DAT in lateral prefrontal cortex was indeed negligible, but S4 Fig shows binding potential of
the anterior cingulate region of interest (ROI) (derived from [57]), which includes the region
we refer to as MCC [11], as well as for caudate and putamen ROIs. Binding potential in this
cingulate ROI is much lower than the striatum, but as in our previous study, DAT binding in
cingulate was the highest across all cortical regions, and there is support from immunohisto-
chemical localisation for DAT in this region [56]. We provide these data as indicative. Further
studies will require alternative approaches to provide more direct indications of the impact of
MPTP on prefrontal dopamine.

We followed the evolution of behavioural and neurophysiological measures throughout the
protocol. Figures presented, such as Fig 3C, show the measure in BL (boxplots on left), and
then the evolution of the measure with MPTP (lines). The change relative to the BL period is
presented as significance bars on the figures. We also tested, at each time-point in the MPTP
period, whether the effects reported for the BL period were still significant in and of themselves.
These tests are not shown in the figures but are described below.

We considered the RTs to look for early motor changes during the motivated cognitive task.
RTs showed no significant slowing despite the dopaminergic lesion (Fig 3C). In fact, RTs
showed some sessions with significant speeding in both monkeys (colored bars on Fig 3C, non-
parametric comparison with BL using bootstrap, p < 0.01 for both monkeys). The reflection of
cognitive control in the RTs was significant for Monkey S throughout (ANOVA corrected for
multiple comparisons, p < 0.01 throughout) but was lost at the onset of MPTP in Monkey R,
yet later recovered. Hence, despite the lesion, monkeys maintained similar RT in the task.

FRPs in MPTP Period

Outcome-related potentials are modulated in some studies in PD, and so we anticipated modu-
lation of the FRPs as a result of our dopamine lesion. At onset and for much of the lesion, FRP
difference was maintained (Fig 4A). But at full-dose MPTP, at the end of the protocol, the early
peak difference FRP was significantly attenuated in both monkeys (Fig 4A, permutation test
between BL and MPTP full dose, p < 0.01). Furthermore, there was in fact no longer a signifi-
cant difference between the correct and incorrect FRP for Monkey S (Fig 4B, permutation test
between INC and COR, no significant change from distribution of permutations), although
Monkey R did maintain a marginally significant difference (same permutation test, p < 0.05).
As for the BL period, we performed the same analysis restricted to the SEA phase, to further
address whether FRP change is driven by changes in coding the valence of feedback or changes
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Fig 4. FRPs in MPTP period. MPTP full dose diminishes the capacity of FRPs to distinguish feedback. A.
Evolution of the difference peak (INC-COR) of FRPs during the MPTP period. Significant difference emerges
at full dose only in both cases. B. Comparison of the FRP difference wave (INC-COR) between BL and Full
Dose. Black bars: permutation test p < 0.01 between control and full dose. Insets show the anatomical
distribution of the difference in the FRP difference wave (full dose—BL), with projection using the surface

Laplacian. The main region of change (reduction of difference amplitude in blue) matches the location of the
peak differences in BL (see Fig 2B).

doi:10.1371/journal.pbio.1002576.9004

in coding the expectancies. S3C Fig shows that, as in Fig 4A, there is significant attenuation of
the INC-COL1 difference at full dose compared to BL for Monkey R. This effect does not reach
significance for Monkey S, although the difference between the INC and CO1 is not significant
at full dose for this monkey (permutation test between INC and COI, no significant change
from distribution of permutations), with a high variance as can be seen in S3C Fig. It therefore
appears that loss of feedback valence coding, rather than feedback expectancy coding, is driving
the observed effect. As noted above, however, a design that explicitly equalizes the feedback
probabilities would provide a definitive answer.

Analysis of the peak latencies of this difference wave was inconclusive and noisy, and Fig 4B
shows clearly why this is the case; after the full dose, a peak difference is no longer truly
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observed. This attenuation is greatest in the anatomical locations of the original peak (Fig 4B
inset, change in peak difference from BL to full dose). This loss of sensitivity to feedback
valence in the FRPs might therefore predict impaired performance, if it is the case that perfor-
mance monitoring signals provide information necessary to adapt cognitive control and effi-
cient choice.

Cognition and Beta in MPTP Period

Contrary to this prediction, cognitive performance on the PST did not worsen during the
lesion. Fig 5A shows that at no point, for neither monkey, and for neither level of cognitive
control, did choice become less optimal than in the BL period. More optimal choice on low-
control trials was also maintained (ANOVA corrected for multiple comparisons: p < 0.01
throughout for both monkeys). The only significant effect was a slight but significant reduction
of the proportion of non-optimal choices in high control, meaning improved cognitive perfor-
mance, particularly in Monkey R (colored bars on Fig 4A, non-parametric comparison with BL
using bootstrap, p < 0.01). We further tested whether there was an acute effect of MPTP injec-
tions that was subsequently compensated for after a few days of recovery. The number of days
since the last injection had no significant effect on the proportion of non-optimal responses,
despite a trend in Monkey S (Monkey R: F; 35959y = 0.073, p = 0.787; Monkey S: F(; 40231y =
3.73, p = 0.054). Finally, monkeys maintained the same level of optimal problem transitions,
showing that they continued to take into account the STC (Fig 3B, non-parametric comparison
with BL using bootstrap, p > 0.1 throughout).

The lack of impairment on the task was somewhat surprising, given that evidence from the
literature shows the early emergence of cognitive symptoms in monkeys treated with MPTP
[50,58-60] and in cognitively less complex tasks than PST, albeit with higher frequency injec-
tions. We discuss this discrepancy below. We further tested whether monkeys’ strategy of ini-
tial target choice remained the same, by calculating the Shannon entropy of their first two
choices within the SEA phase—that is, how consistent their initial choices were. Notably, this
criterion is independent of optimality—initial choice strategy could change, but if incorrect
choices were never repeated, search could remain optimal. Throughout treatment, this quantity
was maintained (Fig 5B, no change from BL bootstrap, p > 0.1).

We next investigated whether the measures of cognitive control reflected in the beta oscilla-
tions would be affected as the FRPs were. Cognitive control significantly modulated beta power
throughout the MPTP period in both monkeys (statistical model selected on BL and applied
throughout the MPTP period using Wald conditioned F tests corrected for multiple compari-
sons; see Materials and Methods: Monkey R umerator df = 2, denominator df > 1955 P < 0.0001
throughout; Monkey S ,umerator df = 2, denominator df > 2061, P < 0.05 throughout). It is important
to stress, therefore, that in both monkeys the reflection of cognitive control in beta power is
strongly significant throughout. The dynamic of the coefficient is presented in Fig 5C (solid
lines). The significant effect does weaken with respect to BL levels when approaching full dose;
but, critically, at full dose when the FRPs are significantly attenuated, both monkeys main-
tained a significant positive coefficient, Monkey R showing an effect as strong as in BL. We fur-
ther confirmed that cognitive control did indeed contribute to explaining beta power even after
the full dose, by repeating the model selection procedure on full dose data (Fig 5C inset, Wald
conditioned F test: Monkey R: F(, s395) = 83, p < 0.0001; Monkey S: F(, 4511) = 3.55, p = 0.029,
to be compared with Fig 2D). Indeed, the model selection procedure on full dose revealed all of
the same factors to be significant as in BL. As such, beta power continued to reflect cognitive
control throughout, and related performance was maintained.
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Fig 5. Cognition and beta in MPTP period. MPTP lesion does not impair cognitive control. Cognitive
control remains significantly represented in the beta power of the delay. A. Change in choice optimality over
MPTP treatment. Monkeys remain near optimal throughout treatment. Change with respect to BL only
occurs when non-optimal choices reduce, meaning performance improved. B. Shannon entropy of the first
two choices of the search phase during the MPTP period. The search strategy remains unaffected by MPTP
treatment, never varying significantly from BL. C. Model-derived coefficient for the cognitive control factor
(response to previous feedback) during MPTP period. The solid lines indicate that the factor makes a
significant contribution to the model at every point in the MPTP period, so the coefficient remains positive
and significant throughout, whilst the colored bars indicate where the coefficient changes with respect to BL.
This confirms that cognitive control continues to be represented by beta power throughout the lesion,
although the coefficient weakens towards the end of the protocol. Inset: As for Fig 2D, but fitted on data from
the full dose—beta power represents cognitive control in the same manner after MPTP treatment as it did
before. Colored bars: comparison to BL bootstrap, p < 0.01.

doi:10.1371/journal.pbio.1002576.9005

There is, therefore, a striking dissociation pattern in these data, in particular at the full dose
of MPTP just prior to motor symptom emergence. The assumed cognitive control loop breaks
down; the marker of performance monitoring is attenuated at a moment when the cognitive
performance, and the representation of that performance in beta power, is maintained. Fig 6
presents these results at full dose side-by-side for comparison. After MPTP (yellow shading),
the behavioural output and beta oscillatory representation of cognitive control are both main-
tained, whilst the measure of performance monitoring thought to drive these processes was
attenuated or lost when compared to the BL period (grey shading).
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Fig 6. Full dose. Summary of effects on performance, beta power, and FRPs at full dose of MPTP. For both
monkeys, cognitive control remains strongly represented in behavioural and delay beta oscillatory measures,
in BL, and after full-dose MPTP. By contrast, FRPs show a significantly diminished or absent cognitive
control effect at full dose. In each case, the difference measure is shown, and across the measures a zero
difference is aligned, to provide an illustrative comparison. Behaviour: difference between non-optimal
choice proportion for high- and low-control. Beta: difference in raw power between high- and low-control
trials. FRP: peak z-scored Laplacian difference potential between INC and COR trials.

00i:10.1371/journal.pbio.1002576.9006

Motivation and Beta in MPTP Period

Although cognitive performance was maintained, we did record a behavioural effect of the
dopamine lesion—reduced engagement in the task. Engagement is the rate at which the mon-
keys initiate trials offered to them. Fig 7A shows the level of engagement in BL and then the
evolution of this measure over the MPTP period. Monkey R showed reduced engagement
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Fig 7. Motivation and beta in MPTP period. Engagement in the task decreases during the lesion, but putative representations of motivation
in beta power do not show the same pattern. A. Behavioural engagement (frequency with which offered trials were engaged) for the task in BL
and MPTP periods. Inset shows the change between BL and the onset of the MPTP period, showing an immediate reduction in engagement of
R but not S. Reduced engagement emerges later in the protocol in S. B. Model coefficient for within-session increase in delay beta, related to
attentional effort. This coefficient remains positive and significant throughout MPTP treatment, as indicated by the solid line. Bars at the base
indicate change with respect to baseline. C. Model coefficient for engagement factor on delay beta power for BL and MPTP period. In contrast
to (B), here the effect in the model ceases to be significant. At these points, we report the coefficient but display it as a dotted line. There is,
therefore, only a significant effect where the line is solid. As previously, the bars at the bottom indicate change with respect to BL. Again, inset
shows the effect at onset—the influence of engagement on beta is immediately lost at the start of the lesion but is subsequently variable and
different between monkeys.

doi:10.1371/journal.pbio.1002576.9007
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compared to BL throughout the MPTP period. Monkey S showed reduced engagement, but
later in the MPTP period (colored bars Fig 7A, non-parametric comparison with BL using
bootstrap, p < 0.01). Indeed, the effect on engagement was present in monkey R from the very
onset of the MPTP treatment (Fig 7A inset, same test, p < 0.01), demonstrating a rapid effect
of the lesion. We conceived the engagement measure as an index of motivation. It must be
noted, however, that this interpretation is not unambiguous: a motivated monkey will engage
quickly, but a monkey applying high cognitive control might engage more slowly to ensure
optimal performance.

There is therefore a behavioural dissociation between cognitive performance and motiva-
tion. We sought to understand whether the beta power during MPTP lesion reflected the
changing engagement as well as the maintained cognitive control. In the BL period, time
within-session (the attentional effort effect) and engagement frequency both significantly con-
tributed to explain beta power (Fig 2). Both factors could arguably be related to motivation,
and neural markers have been proposed as a manner of understanding the complicated rela-
tionship between motivation and cognitive control [4].

The remainder of Fig 7 shows the dynamic of these influences on beta power throughout
the MPTP period. Within-session time, the factor linked to attentional effort, continued to
significantly influence beta power throughout the MPTP period (Fig 7B, Wald conditioned
F tests as above: Monkey R: ,umerator df = 2, denominator df > 1955, P < 0.015 throughout; Mon-
key S humerator df = 2, denominator df > 2061> P < 0.0001 throughout). So attentional effort modu-
lates beta power despite the dopamine lesion. Fig 7B shows a strengthening of this effect in
the middle of the protocol, potentially signaling a compensatory increase in attentional
effort to maintain the good performance as the lesion continues.

In contrast to this, the trial-by-trial engagement frequency immediately ceased to influence
beta power at the onset of the MPTP period (Fig 7C inset, Wald conditioned F test: Monkey R:
F(1,6216) = 0.53, p = 0.46; Monkey S: F(; 5349y = 0.26, p = 0.61), potentially reflecting the early
behavioural effect, although the behavioural effect at onset is limited to one monkey. But this
loss of effect was not permanent, and indeed Fig 7C shows that the influence of engagement on
the beta power varied non-linearly throughout the protocol, reflecting neither the behavioural
engagement nor the maintained within-session effect.

Discussion

Our data reveal a nonlinear chain of neurophysiological, cognitive, and motor changes that
emerge in response to a progressive dopamine lesion. Monkeys performed near optimally a
test of cognitive control throughout slow low-dose MPTP treatment, before the development
of significant motor symptoms, and in the context of compensatory alterations in DAT levels.
During this time, prefrontal beta oscillatory power continued to represent the cognitive c