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Abstract

Rationale Low doses of psychostimulants such as methylphenidate (MPH), which increase extracellular dopamine and norepi-
nephrine by inhibiting their reuptake, are the most commonly used treatment for attention deficit hyperactivity disorder (ADHD).
Therapeutic doses of these drugs may improve focused attention at the expense of hindering other cognitive functions, including
the ability to adapt behavior in response to changing circumstances—cognitive flexibility. Cognitive flexibility is thought to
depend on proper operation of the prefrontal cortex (PFC) and is also linked to reward processing, which is dopamine-dependent.
Additionally, reward outcome signals have been recorded from the PFC.

Objectives This study tested the hypothesis that therapeutic doses of MPH impair cognitive flexibility and that this impairment in
performance resulted from interference in reward signals within the PFC.

Methods Four rhesus monkeys were given therapeutically relevant doses of oral MPH (0, 3, and 6 mg/kg) while performing an
oculomotor switching task to evaluate its effect on task performance. Single-unit recordings in the PFC of two monkeys were
taken before and after MPH administration during task performance.

Results The results show that MPH does hinder switching task performance, an effect that was correlated with a reduction in the
amplitude of outcome signals found in the discharges of some neurons in the PFC.

Conclusions Methylphenidate impaired task-switching performance, which can be used as a measure of cognitive flexibility. This
detriment may result from degraded outcome signaling within the PFC. This study has implications for the use of MPH in the
treatment of ADHD.
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Introduction

Low doses of psychostimulants, such as methylphenidate
(MPH), are the most commonly used treatment for attention
deficit hyperactivity disorder (ADHD). Methylphenidate blocks
the dopamine (DA) transporter (DAT) and the norepinephrine
transporter (NET) and thereby increases the extracellular levels
of these neurotransmitters (Volkow et al. 2002). While low doses
of MPH, equivalent to those used for the treatment of ADHD,

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00213-020-05478-z) contains supplementary
material, which is available to authorized users.

< Rick L Jenison
rjenison @wisc.edu

Department of Neuroscience, University of Wisconsin-Madison,
3505 WIMR 11, 1111 Highland Ave., Madison, W1 53705, USA

improve the ability to focus attention (e.g., Gamo et al. 2010;
Rajala et al. 2012; Solanto and Wender 1989), it has been sug-
gested that they may do so at the expense of hindering other
higher order functions, such as cognitive flexibility (CF)
(Rajala et al. 2012; Dyme et al. 1982; Robbins and Sahakian
1979; Tannock and Schachar 1992), defined as the ability to
adapt behavior in response to changing circumstances, including
reward value (Cools et al. 2002; Haber and Knutson 2010;
Monchi et al. 2001; Nakahara et al. 2002), for which the prefron-
tal cortex (PFC) is thought to play a central role. In humans, PFC
lesions impair switching, rule application (Milner 1963), and
behavioral adjustment based on feedback (Hornak et al. 2004).
In nonhuman primates (NHPs), neural correlates of rules have
been documented in the discharges of single PFC neurons
(Asaad et al. 2000; Everling and DeSouza 2005; Wallis et al.
2001; White and Wise 1999), and experimental lesions of the
PFC impair the performance of set-shifting tasks (Dias et al.
1996). Cognitive flexibility requires the ability to adapt behavior
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in response to reward feedback. Reward-based learning is
thought to depend on prediction error signals (Dayan and
Balleine 2001; Schultz et al. 1997) encoded by DA neurons in
the ventral tegmental area (VTA) (Schultz et al. 1993, 1997),
which project to the PFC (Bannon and Roth 1983; Glowinski
et al. 1984; Williams and Goldman-Rakic 1993) and the striatum
(Haber and Knutson 2010). The striatum is intricately connected
with the PFC through multiple parallel channels (Parent and
Hazrati 1995). Reward processing signals are also encoded by
PFC neurons, albeit in a different form. Some PFC neurons
discharge in the absence of expected reward (Niki and
Watanabe 1979; Mansouri et al. 2006; Watanabe 1989), and
some dorsolateral PFC (dIPFC) neurons encode correctness re-
gardless of reward (Watanabe 1989). This variety of signals
could encode different contexts and outcomes, consistent with
the PFC’s attributed role underlying CF (Kennerley and Wallis
2009; Marcos et al. 2018). Thus, do therapeutically relevant
doses of MPH hinder CF, and does this hypothesized effect result
from changes in reward-outcome signals in the PFC? We ad-
dressed these questions using NHPs trained to perform a CF task
(Everling and DeSouza 2005), and single-unit recordings from
neurons in the PFC before and after the oral administration of
different doses of MPH. The doses tested, 3 and 6 mg/kg, were
used in a previous study that included three of the four subjects in
this study and produced an inverted U-shaped pattern of perfor-
mance of a working memory task that required a high level of
attention (Fig. 1). In the working memory task (Rajala et al.
2012), subjects had to detect a brief 100 ms visual target and
withhold a timely and accurate saccadic eye movement response
to it for a variable delay period. The delays were randomly mixed
throughout the session resulting in increased difficulty and in-
creased attentional demands (Fig. 1 inset). Consistent with our
prediction (Rajala et al. 2012; Dyme et al. 1982; Robbins and
Sahakian 1979; Tannock and Schachar 1992), the behavioral
results of the present study show that MPH hinders task-
switching performance at the 3 mg/kg dose that had been shown
to improve performance in the attentionally demanding working
memory task (Fig. 1) in the same subjects, and the physiological
results reveal a neural correlate of the behavioral effect in the
form of a reduction in the amplitude of an outcome signal found
in the discharge of some PFC neurons.

Methods and materials
Subjects and experimental details

Four adult male rhesus monkeys (Macaca mulatta) were im-
planted with a head-post, eye coils (Judge et al. 1980) to mea-
sure eye position (Robinson 1963), and a recording chamber
(Rajala et al. 2013, 2018). Rhesus monkeys were selected
because they are the animal preparation with the closest ho-
molog to the human frontal brain available for studies of this
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Fig. 1 Adapted from the Journal of Cognitive Neuroscience (Rajala et al.
2012). Dose response function illustrating inverted U-shaped effect of
MPH on working memory task performance. Control normalized percent
correct plotted as a function of MPH dose. Data from three subjects (all
included in the current study) were averaged; error bars represent standard
error of the mean. Significance was determined using 95% confidence
intervals, *p < 0.05 (two-tailed). The task consisted of the following: (1)
Upon the start of a trial, a fixation light located straight ahead was turned
on, and the subjects were expected to look at it within 750 ms and main-
tain fixation until it was extinguished. (2) During fixation, a 100-msec
visual target was presented. (3) The time between the onset of the target
and the offset of the fixation light, the delay period, was varied randomly
from trial to trial (1-6 s and no delay). (4) The subjects were required to
withhold response to the target until the fixation light was turned off,
which was their cue to respond. The attentional requirements of the ex-
perimental task are illustrated in the inset, showing percent correct as a
function of the number of delays presented in a session. As the number of
randomly intermixed delays increased, performance decreased, indicative
of increased difficulty, and attentional demands. The study consisted of a
mixture of visually guided saccades and six delays, 1-6 s, randomized
across trials within each session thus requiring a high level of attention to
be successful

type (Wise 2008). All surgical procedures were approved by
the University of Wisconsin Animal Care and Use Committee
(IACUC) and were in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
Subjects were trained on the reward-based switching task
(Fig. 2), adapted from (Everling and DeSouza 2005), in which
pro- and antisaccades (Hallett 1978) were presented in alter-
nating blocks with a neutral cue (orange) for both tasks. Visual
stimuli were presented with red/green/orange light emitting
diodes (LEDs). Specifically, on each trial, an orange fixation
LED located straight ahead was turned on, and the subjects
were required to look at it and maintain fixation while lit
(900-1050 ms). Coincident with the offset of the fixation
LED, a target was presented randomly with equal probability
at £10° from the fixation point in either the horizontal or
vertical directions. The offset of the fixation and appearance
of'the target signaled the subject to make a saccadic eye move-
ment. To obtain a reward, subjects had to make the correct
response, i.e., a prosaccade or an antisaccade depending on
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Fig.2 Switching task. Subjects were presented with alternating blocks of
prosaccades and antisaccades. All trials appeared identical. Blocks
consisted of 2642 trials equally assigned to two target locations, left
and right or up and down. Incorrect trials were repeated at the end of each
block until all trials within a block were completed successfully. Once the
prespecified number of successful trials was reached, the task switched
from, e.g., antisaccade to prosaccade or vice-versa. On each trial, an
orange fixation LED located straight ahead was turned on, and the sub-
jects were required to look at it and maintain fixation while lit (900—
1050 ms). Coincident with the offset of the fixation LED, a target was
presented randomly with equal probability at+ 10° from the fixation point
in either the horizontal or vertical directions. The offset of the fixation and
appearance of the target signaled the subject to make an eye movement.

the rule for the particular block, with its end position falling
within an acceptance window of =4°x 4°, within 700 ms after
target presentation. Saccadic eye movements of the incorrect
type, that fell outside the acceptance window, or that were
started 700 ms after target onset, were considered failures.
Subjects were allowed to perform the task until sated. Trials
of either type were presented in blocks of randomly varying
length, 26-42 successful trials. The 2642 trials within a given
block were equally assigned to two target locations, left and
right or up and down. Incorrect trials were repeated at the end
of each block until all trials within a block were completed
successfully. Once the prespecified number of successful trials
was reached, the task requirements changed from, e.g.,
antisaccade to prosaccade or vice-versa. The subjects were
required to detect the rule change and switch from one task
to the other, i.e., to flexibly adapt their behavior in response to
identical external stimuli based solely on reward feedback.

Drug delivery and dosing

Methylphenidate hydrochloride (Sigma Aldrich, St. Louis,
MO) was dissolved in a 1-mL mixture of grape and unsweet-
ened cranberry juice, delivered orally 45 min before the start
of each behavioral experiment while the subjects were in the
primate chair. During behavioral/electrophysiological experi-
ments, MPH was administered while the subject was in the
primate chair after completing 4-5 blocks of the switching
task and while holding a single neuronal recording, which
allowed for the control of the timing of administration and
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To obtain a reward, subjects had to make the correct response with a
saccade end position falling within an acceptance window of +4°x 4°,
within more than 650 ms after target presentation. Saccades that fell
outside the acceptance window, or that were started 650 ms after target
onset, were considered failures. Failed trials were added to the end of the
vector that represented the order for the block and were repeated until all
trials in the block were completed successfully, which is required to
trigger the switch to next block. By trial and error, the subject was ex-
pected to determine the correct type of response, and to continue execut-
ing it while successful, e.g., antisaccades. Lack of reward, signaling an
incorrect response, was expected to trigger a switch from antisaccade to
prosaccade

pro

confirmation that the subjects received the entire dose. Juice
alone (0 mg/kg) was administered on control days. Drug dos-
ing was calculated in mg/kg based on the animals’ weight on
the day of testing. The doses 3 and 6 mg/kg were chosen based
on previous work on the effects of MPH on an attentionally
demanding working memory task (Rajala et al. 2012), which
produced significant improvement and deterioration of perfor-
mance, respectively (Fig. 1). An acute oral dose of 3 mg/kg
MPH produces plasma levels equivalent to doses used thera-
peutically in humans (Doerge et al. 2000).

Behavioral data analysis

Switching performance was analyzed in part with the procedure
reported in (Everling and DeSouza 2005). The proportion of cor-
rect responses was computed for each of the conditions (0, 3, and
6 mg/kg MPH) for each of the subjects separately and averaged.
Data were plotted synchronized to the first trial following task
reversal (trial 0), and the proportion correct on the ten trials pre-
ceding and twenty trials following the switch point was computed
(Fig. 3). Subsequently, the portion of the resulting functions com-
prising the switch, i.e., trials 0-19, were fit with an exponential
function using nonlinear least-squares of this form:

1
)A/Aexp{—Tx}+cx (1)

where the estimated parameter 7 defines the rate of recov-
ery, and the steady state level of performance corresponds to
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Fig. 3 Switching performance. a The proportion of correct responses is
plotted for each condition separately, as a function of trial number
synchronized to the start of each block (trial 0). The last trial of every
block (# — 1) was always a success (proportion correct= 1) because the
subjects were required to complete all trials within a block successfully
before the task reversal. Note the large drop in performance at the
transition between tasks, e.g., antisaccade to prosaccade or vice-versa.
Exponential fits from each condition are overlaid. b The data following

the offset term « given the vector of post-switch times x and
proportion of correct responses y. Failed trials were sorted into
six error types: (1) directional—e.g. subject looked at the tar-
get in an antisaccade block, (2) inaccurate—subject looked in
the correct direction but eye movement was inaccurate, (3)
fixation—subject failed to initiate a trial by not acquiring the
fixation LED within 650 ms or not maintaining fixation for its
full duration, (4) premature—subject initiated a response be-
fore a target was presented, (5) no response—subject did not
respond, and (6) random—subject looked neither to the target
nor its mirror image. Only the first three types were included
in the analyses; the last three constituted less than 1% of all
trials. In addition, trials in which saccade latency was < 50 ms
or > 650 ms were excluded.

Permutation (randomization) tests of exponential parameter
estimates

Both the time constant 7 and the offset & were compared

across conditions using a pairwise randomization test. The
pairwise condition comparison of parameter estimates of
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Methylphenidate dose (mg/kg)

the switch, from trials 0-20 were fit with an exponential function
P= Aexp{—%x} + «. The vertical broken line illustrates the group es-
timates of the time constant 7, and the horizontal broken line the offset .
Colors correspond to dose conditions as in part a. ¢, d Quantification of
the group average of time offset o« and constant 7, respectively, for each
condition, *p < 0.05. Error bars represent standard error of the mean.

the exponential recovery function (Eq. 1) were performed
using a permutation method to construct null sampling dis-
tributions of parameter estimate differences. Two-tailed p-
values were obtained by summing the random difference
samples occurring more extreme than the parameter differ-
ence observed. Session trials were maintained as a group
series and randomly shuffled between dose conditions un-
der the assumption of exchangeability. The exponential re-
covery parameters were then estimated for each condition
(A, B), e.g., A=0 mg/kg and B =3 mg/kg, and the differ-
ence for the time constant A7= 74 — 75 and offset Ax = au
— g computed. This process was replicated 1000 times to
obtain the empirical null sampling distribution. False dis-
covery rate was controlled at the 0.05 level (Benjamini and
Hochberg 1995) across all possible pair-wise comparisons.

Test of rule type switch relationships
The relationship of the proportion of choice errors to MPH

dose and rule switch conditions was examined by fitting the
following mixed-effects general linear model (GLM):
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PEj = B + bo; + (B; + b1;)MPH,
+ (B, + by;) ANTIPRO; + (3;MPH;
x ANTIPROy + ejx (2)

where (3, (1 ,5-and (sare the intercept and slope-fixed effects
for the MPH dose (0, 3, 6 mg/kg), ANTIPRO difference cod-
ing (— 1, 1), and their interaction for the ™ observation, and
by, by;, and b,; are the random effects specific to subject ;.
Random effects are random values that represent deviations
from associations described by fixed effects. Here they are
random intercepts and coefficients representing random devi-
ations for each subject. PEji is the subject specific proportion
of errors (total error count/number of trials), and e is the
random error term (Gelman and Hill 2007). ANTIPRO repre-
sents the difference in error rate between anti-to-prosaccade
switches and pro-to-antisaccade switches for the ten trials after
the rule switch. The mixed effects model was fit using the
Matlab Statistics and Machine Learning Toolbox
(fitlmematrix).

Tests of error type relationships

The relationship of the proportion of choice errors to MPH
dose and pre-post switch condition was examined by fitting
the following mixed-effects GLM:

PES™ = B3y + bo; + (B + b1;)MPH,
+ (B, + by;)PREPOST;. + 33MPH;
x PREPOST} + ej¢ (3)

where 3y, 31, 3>, and (sare the intercept and slope-fixed ef-
fects for the MPH dose (0, 3, 6 mg/kg), PREPOST difference
coding (— 1, 1), and their interaction for the K observation,
and by, byj,and b,; are the random effects specific to subject /.
PEjtykp ® is the subject-specific proportion of errors for each of
the three error types (directional, inaccurate, and fixation), and
ejk is the random error term. PREPOST represents the differ-
ence in error rate before the switch point, during the steady
state, and the ten trials after, during the switch. Mixed effects
models for each error type were fit separately. False discovery
rate (FDR) was controlled at the 0.05 level (Benjamini and
Hochberg 1995) across the three independent fits. Each of the
three error types were analyzed separately using mixed-effects
models to study the relationship of proportion of errors to
various experimental conditions.

Electrophysiological recordings and data analysis

Single-unit recordings were taken from left area 46 using
standard techniques (Rajala et al. 2013, 2018). Each dose of

MPH studied (0, 3, and 6 mg/kg) was preceded with a control
epoch within the same recording session. All data were col-
lected from well-isolated single units. Following isolation,
approximately 4-5 switches were recorded (~200-300 trials)
and used as control. If the recording was stable and the subject
seemed willing to continue working, the experiment was
paused, and MPH (or vehicle) was administered while main-
taining the recording. The shape of the action potential was
saved on a storage oscilloscope before and after the adminis-
tration of MPH (or vehicle) for comparison. Auditory feed-
back was also used to determine if the neuron was lost while
administering the drug. If the recording remained stable, the
experiment resumed, and the subject continued to work until
sated. If the recording was lost, the data were discarded.
Success was achieved in ~25-30% of experiments. The anal-
ysis was focused on the discharge rate within the reward ep-
och of correct and incorrect trials. While in successful trials,
the onset of reward delivery was time stamped, such an event
was not available for failed trials. Inspection of transient neu-
ral activity associated with lack of reward indicated that it
began approximately 500—600 ms after the target onset. The
length of the epoch was estimated by measuring the duration
of the bursts observed following the absence of reward.
Accordingly, a 1000 ms epoch was selected, starting 500 ms
after the target presentation, to capture activity associated with
reward, or lack thereof, in all trials. Only directional and inac-
curate errors were included in this analysis because for fixa-
tion errors no target presentation occurred therefore those tri-
als had no comparable activity. Nonparametric methods were
used to test hypotheses with p-values, as well as standard error
analyses due to the unknown nature of the sampling
distributions.

Permutation (randomization) tests of MPH-dependent
discharge rates

The correct/incorrect difference in average discharge rate for
each dose of MPH studied (0, 3, and 6 mg/kg) across trials
was compared with the difference in the control condition
using the test statistic

—treat —treat
Ry. = abs (rincr;tcct_ co:reélct) (4)

/ abs (r—control _r—comrol )

incorrect correct

where reondition j5 the average discharge rate across correct or
incorrect trials under one of the treatment conditions for the jth
neuron N,. An empirical null distribution was obtained by
randomly shuffling between the treatment and control dis-
charge rates for the incorrect and correct trials independently.
The stated alternative hypothesis is that the treatment correct,
and incorrect absolute difference is less than the control such

that the average R across neurons will be less than one. Trial
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discharge rates were permuted 10,000 times to obtain the em-
pirical null distribution, and the number of surrogates En*ul]

that exceeded the measured R was used to calculate a p-value
for the null hypothesis.

Bootstrapped estimates of error distributions

. . . . . — dt
Trial discharge rates contributing to the calculation of rgg?c(;l;;’;

were resampled with replacement to yield surrogates R ", This
calculation was replicated 10,000 times for each neuron and
averaged across neurons for each dose to obtain the

bootstrapped distribution of R for each dose R (Efron and
Tibshirani 1993). The absolute value operation lower bounds

the null distribution of R at 0 such that the distribution is
skewed positive, and motivated the use of percentiles as error
estimates of R.

Results
Behavioral data

Behavioral data from 62,685 trials, taken from four subjects,
three conditions (0, 3, and 6 mg/kg), and 40 experimental
sessions are presented (subject MI 4 sessions at 0 mg/kg,
2 at 3 mg/kg, 2 at 6 mg/kg; subject SH: 6 at 0 mg/kg, 3 at
3 mg/kg, 2 at 6 mg/kg; subject SW 6 at 0 mg/kg, 3 at 3 mg/kg,
3 at 6 mg/kg; subject CO 5 at 0 mg/kg, 2 at 3 mg/kg, 2 at
6 mg/kg). No sessions were excluded.

Steady state and task-switching performance

Figure 3a shows the average proportion of correct responses
for the three conditions (0, 3, and 6 mg/kg MPH), plotted as a
function of trial number relative to the point of task switching
(trial 0). Each combined dataset was fit with a single exponen-
tial function (Eq. 1), which yielded the offset « representing
the group steady state level of performance, and the group
time constant 7, representing the rate of recovery. For the
parameters « and 7, conditions were compared using the
pairwise randomization test described above.

The steady state level of performance « was 0.8 in the
0 mg/kg condition, which indicates that the NHPs made errors
throughout the blocks of trials, not simply during the
switching epoch. Steady state performance was hindered in
the 3 and 6 mg/kg MPH conditions compared with 0 mg/kg,
and in the 6 mg/kg condition compared with the 3 mg/kg
condition (Fig. 3b, c). In the 6 mg/kg MPH condition,
steady-state performance was just above chance level, 0.56.
As with steady-state performance, the rate of recovery, esti-
mated by 7, was also hindered by the 3 and 6 mg/kg doses of

@ Springer

MPH (Fig. 3d). Specifically, 7 was lengthened in the 3 and
6 mg/kg MPH conditions compared with the control.
Individual subject data are shown in Supplemental Figs. 1
and 2.

Previous studies that have used this type of switching task
(e.g., Everling and DeSouza 2005) documented a difference in
the ability to switch depending direction: prosaccade to
antisaccade, or vice versa. We found no consistent pattern
across the four subjects in the number of errors during the
10 trials after a switch depending on direction, nor was there
evidence of an interaction with MPH dose (Table 1).
Consequently, anti-to-prosaccade and pro-to-antisaccade error
counts were combined for subsequent analyses.

Error types

The proportion of the three types of errors analyzed, averaged
across the four subjects, is shown in Fig. 4. The corresponding
results from the mixed effects model are shown in Table 2.
Errors of fixation depended significantly on MPH dose, re-
gardless of the steady-state vs. switch epoch. Thus, subjects
made more fixation errors across the entire session with MPH
in a dose-dependent manner. For directional errors, the main
effects for MPH dose and for steady-state vs. switch were
significant, without evidence of interaction (Table 2). Thus,
the subjects made more directional errors in the switch epoch
compared with the steady state, which was not differentially
dependent on MPH dose, and they made more directional
errors across the entire session with MPH in a dose-
dependent manner. Errors in response accuracy were not de-
pendent on the steady-state vs. the switch epochs, or MPH
dose (Table 2) and thus were constant across all conditions.

Electrophysiology data

The behavioral results led us to hypothesize that MPH might
have affected the representation of reward outcome signals,
and that a neural correlate of the changes would be observed in
the PFC. We recorded from single neurons in the PFC while
the monkeys performed the switching task before and after the
administration of MPH (n = 4 neurons, 2 per dose level) or the
vehicle 0 mg/kg (n = 5 neurons). Figure 5 illustrates the effects
of the two doses of MPH studied on the responses of example
units. Conspicuous in their discharge was a burst of action

Table 1 Mixed-effects model results for all error types for switching
from anti-to-pro vs pro-to-anti. Italics denote p < 0.05

Condition Estimate P-value
MPH 0.030907 0.0034
ANTIPRO —0.00071504 0.98568
MPH x ANTIPRO —0.00024568 0.96745
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Fig. 4 Effects of methylphenidate on switching task error types. The
proportion of errors of direction, accuracy, and fixation are plotted in
stacks separately for each condition for the 10 trials that preceded the

potentials in incorrect trials during the reward epoch (Fig. 5a,
d). The activity of the same units recorded 45 min after the
administration of 3 and 6 mg/kg MPH is shown in Fig. 5b, e,
respectively. The difference between incorrect and correct re-
ward outcome signals, for the control (orange) and MPH (light
blue) conditions for each unit, is shown in Fig. 5c, f.
Methylphenidate produced a large decrease in the magnitude
of this difference between correct and incorrect trials that dis-
tinguished between rewarded and non-rewarded trials, effec-
tively attenuating an outcome signal that could inform a
switch. To determine if MPH affected this outcome signal
(gray boxes in Fig. 5¢,f), the permutation test described above
was carried out for each of the dose levels. The ratio of control
to treatment in the difference between the discharge rate with-
in the reward-related epoch of unsuccessful and successful
trials, the outcome signal, within each neuron did not differ
significantly from 1 at 0 mg/kg (R = 0.93,p = 0.41), but did
differ significantly at 3 mg/kg(ﬁ =0.14,p < 10_4) and
6 mgkg (R=0.09,p < 10™). Bootstrapped estimates of

R are shown in Fig. 6 for the three MPH doses. These results
indicate that MPH significantly reduced the difference

Table 2 Mixed-effects model results for error types. Italics denote p <
0.05 FDR corrected.

Error type Condition Estimate P-
value
No fixation MPH 0.019295 0.0482
PREPOST —0.0016193 0.9507
MPH x PREPOST —0.0077374 0.080
Directional MPH 0.018167 0.0487
PREPOST 0.072108 0.0361
MPH x PREPOST 0.00039897 0.9507
Accuracy MPH 0.00058019 0.9507
PREPOST —0.017868 0.2876
MPH x PREPOST 0.00011964 0.9507

switch and the 20 trials that followed, as a function of trial number,
synchronized to the task switching point (trial number 0). The statistical
analysis of these data is presented in Table 2

between correct and incorrect trials, and this effect is not a
result of the act of delivering the juice itself.

Discussion

The present data are consistent with the hypotheses that ther-
apeutic doses of MPH hinder task-switching performance, and
that such an effect is correlated with changes in reward out-
come signals in PFC. Several methodological issues must be
considered with regard to these results. First, the switching
task (Everling and DeSouza 2005) was chosen because it re-
lies solely on reward processing. Reward processing, in turn,
relies on dopaminergic signals at some level of the network,
which are a specific target of MPH, which blocks DAT, there-
by increasing extracellular DA levels and directly affects neu-
rotransmission (Rolls et al. 1984). Second, oral administration
of MPH is used for therapeutic treatment in humans (Greenhill
2001), and the doses selected were equivalent to those used
for treating humans with ADHD (Doerge et al. 2000). The
doses selected have also previously been shown to improve
(3 mg/kg) and hinder (6 mg/kg) the performance of another
attentionally demanding cognitive task (Rajala et al. 2012)
requiring the detection and response to a cue (Fig. 1) in three
of the four subjects used in the current study. Third, we chose
to record from single units in area 46 of the macaque brain
because reward signals have been documented in this area
(Niki and Watanabe 1979; Watanabe 1989; Kennerley and
Wallis 2009; Marcos et al. 2018), which is also essential for
CF (Milner 1963). Importantly, we have shown that MPH
alters the functional connectivity between the PFC and the
head of the caudate nucleus, an area where significant in-
creases in extracellular DA were documented following the
oral administration of MPH in rhesus monkeys using simul-
taneous PET/MR imaging (Birn et al. 2019). Fourth, we chose
to administer MPH during recordings, despite the low-yield of
the approach (25-30% success rate), to document, with max-
imal specificity, the effects of the drug on single units. We
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Fig. 5 Effects of methylphenidate (MPH) on single PFC unit activity. a
Single-unit activity from the control condition. Firing rate is plotted as a
function of time, synchronized to the presentation of the target (time =
0 ms), represented by the solid vertical line. Dotted vertical line at time =
—2000 ms represents onset of the fixation. Spike density functions were
generated by convolving a Gaussian function (o =40 ms) (MacPherson
and Aldridge 1979; Richmond and Optican 1987) with dot rasters plot-
ting raw trial-by-trial spike data underneath. Data from correct trials are
plotted in blue, and incorrect trials are plotted in red. Only direction and

addressed the inherently low number of units studied by using
well-established numerical resampling methods to perform
statistical inference based on trial-by-trial data.

The behavioral data show that the doses of MPH studied
significantly impaired the ability to perform the switching
task. We focused on three types of errors to understand the
nature of this effect. Subjects were required to initiate the task
on each trial. A significant increase in the proportion of fixa-
tion errors measured under MPH, and no effect of steady state
vs. switch, suggests that the drug interfered with the subjects’
overall ability to engage with the task (Table 2). We observed
a similar effect of MPH in subjects performing a working
memory task (Rajala et al. 2012). Thus, fixation errors may
not be task specific, but rather point to a more general impair-
ment brought about by the drug. The most important type of
error for evaluating performance in the switching task is the
directional error because it is indicative of the subject’s ability
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inaccurate errors are included in the incorrect plots. The shaded areas
represent 95% confidence intervals. The reward epoch is illustrated by a
gray box extending from 500 to 1500 ms. b Effect of a 3-mg/kg dose
MPH on the same unit as in a recorded 45 min after administration of the
drug. Details as in a. ¢ Difference in firing rate between incorrect and
correct trials in the control and MPH condition, illustrating the effect of
MPH on the reward outcome signal. d, e, f Effect of a 6-mg/kg dose MPH
on a different single unit. Details as in a.

to disengage from one task and engage in the other. Consistent
with previous findings (Everling and DeSouza 2005), subjects
made a significantly larger proportion of directional errors
during the switching epoch compared with the steady-state.
Interestingly, the subjects did not switch tasks immediately
after the large drop in the rate of success resulting from a
switch (Fig. 3), requiring instead several trials to achieve the
steady-state performance level. As hypothesized, directional
errors also depended significantly on MPH dose (Table 2 and
Fig. 4), suggesting that the drug, which blocks DAT, might
have interfered with the integrity of reward outcome signals
that are essential for recovery of performance. Differences
between the proportion of errors between pro- and antisaccade
tasks did not differ significantly contrary to previous findings
(Everling and DeSouza 2005). A post-hoc test of the random
effects coefficients b,; for each subject revealed a balance in
sign (+ and —); however, the magnitudes did not differ
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Fig. 6 Bootstrapped distributions of treatment-to-control ratios. Resampled

trial neural discharge rates were used to generate surrogates R  for measures
of spread as a function of MPH dose. We recorded from single neurons in
the PFC while the monkeys performed the switching task before and after
the administration of MPH (5 neurons 0 mg/kg, 2 neurons 3 mg/kg and 2
neurons 6 mg/kg). Box-whisker plots for the three doses of MPH where the
box bounds correspond to the 25th and 75th percentiles, and whiskers

bound the central 90%. A ratio R of one would be expected if there is
no difference between treatment and control. Bootstrap resampling was

—
performed to estimate the variability of the distribution of R using
quantiles

significantly from 0 (p >.05). Although individual subjects’
differences differ between pro- and antisaccade, the trend is
weak. We conjecture that the subjects in this study may have
been trained more extensively in the performance of the
switching task than previous studies. The lack of significant
differences in accuracy across conditions (Table 2) indicates
that the actual motor component of the responses was consis-
tent across MPH dose and contingency change. Therefore, the
differences in performance can be attributed to effects on
higher order aspects of the task and not motoric effects.
These data have important implications for the use of MPH
and drugs of this type in the treatment of ADHD because,
while therapeutic doses may bring about improvement in
some behaviors or cognitive functions, they may hinder
others. Successful execution of the switching task employed
here requires a negative outcome signal to represent the lack
of reward for an executed action. Accordingly, we focused our
analysis of the effects of MPH on PFC neuronal activity dur-
ing the reward epoch. As indicated at the outset, there is a
variety of neuronal signals in the PFC that can encode differ-
ent contexts and outcomes (Kennerley and Wallis 2009;
Marcos et al. 2018). For instance, two types of reward predic-
tion errors, positive and negative (Asaad and Eskandar 2011;
Matsumoto et al. 2007; Oemisch et al. 2019), have been

postulated, but there is no consensus on how such signals
might be combined and processed by neural circuitry to pro-
duce a decision. Under control conditions, the PFC neurons
studied show a difference in discharge rate during the reward
epoch of incorrect compared with correct trials. This differ-
ence could serve as an outcome indicator, signaling the need
for a change in behavior. Following the administration of
MPH, which significantly impaired behavioral performance,
the data show a significant decrease in this difference (Fig. 5),
consistent with the statistical analysis of all neurons studied
(Fig. 6). This reduction in the magnitude of the neural signals
lead us to hypothesize that it represents a correlate of the
decrease in switching performance. The oral administration
of therapeutically relevant doses of MPH seems to reversibly
deprive cortical decision-making circuits of essential reward
outcome signals, without which reward-guided performance
could be severely affected. The question arises as to where is
the locus of the effects of MPH? In rodents, the effects are
thought to take place directly at the level of the PFC (Berridge
et al. 2006), while in non-human primates changes in extra-
cellular DA resulting from oral MPH have been documented
in the striatum using microdialysis (Kodama et al. 2017), and
in the head of the caudate nucleus using ['*F]fallypride posi-
tron emission tomography (Birn et al. 2019), not in the PFC.
Thus, the effects of MPH observed in the discharge rate of
PFC neurons may likely be the result of a network effect.
There are two possible dopaminergic systems, the mesolimbic
and mesocortical, that could exert changes in the PFC. The
mesocortical pathway projects from the VTA to the PFC.
Methylphenidate has been shown to inhibit VTA neurons,
along with an induced increase in PFC membrane potential
upstate duration, which shifts the functional coupling between
PFC and DA neurons from negative to positive (dela Pena
et al. 2018). This increased coupling with VTA could further
blunt the neural signaling of an unexpected outcome by de-
creasing PFC firing during a prolonged upstate (Lewis and
O’Donnell 2000).

The mesolimbic pathway, on the other hand, projects from
the VTA to limbic structures such as the ventral striatum (VS).
Overall reduced discharge as a consequence of increased DA
has been observed in the striatum (Rolls et al. 1984), which in
turn, could modulate the PFC. In fact, the effects of MPH,
which increases extracellular DA in the striatum (Birn et al.
2019; Kodama et al. 2017), can be observed in area 46, where
a variety of reward-related signals have been documented
(Niki and Watanabe 1979; Mansouri et al. 2006; Watanabe
1989). The thalamus closes the loop providing a corticostriatal
recurrent pathway back to the PFC propagating the effects of
MPH (Haber and Knutson 2010; Haber et al. 1993). Further
evidence supports a distributed encoding of feature-specific
prediction errors observed in the anterior cingulate and PFC,
as well as connected areas in the head of the caudate and VS in
primate during a reversal learning task (Oemisch et al. 2019).
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Collectively, these parallel pathways reflect processes by
which midbrain dopamine neurons could, in a distributed and
recurrent framework (Cortese et al. 2019), affect the observed
reward outcome signals in the PFC, and the attenuation of
these signals by MPH.

Acknowledgements We thank the Animal Care Staff of the UW School
of Medicine and Public Health and the Wisconsin National Primate
Research Center. We also thank Katharine Reininger and Kimberly
Lancaster for help with data collection and Yonghe Yan for computer
programming.

Funding information This work was supported by grants from the
National Institutes of Health (AA018736, DC003693), and the National
Science Foundation (I0OB-051458).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Asaad WEF, Eskandar EN (2011) Encoding of both positive and negative
reward prediction errors by neurons of the primate lateral prefrontal
cortex and caudate nucleus. J Neurosci 31:17772-17787

Asaad WF, Rainer G, Miller EK (2000) Task-specific neural activity in
the primate prefrontal cortex. J Neurophysiol 84:451-459

Bannon MJ, Roth RH (1983) Pharmacology of mesocortical dopamine
neurons. Pharmacol Rev 35:53-68

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate - a
practical and powerful approach to multiple testing. J R Stat Soc Ser
B-Stat Methodol 57:289-300

Berridge CWC, Devilbiss DMD, Andrzejewski MEM, Arnsten AFTA,
Kelley AEA, Schmeichel BB, Hamilton CC, Spencer RCR (2006)
Methylphenidate preferentially increases catecholamine neurotrans-
mission within the prefrontal cortex at low doses that enhance cog-
nitive function. Biol Psychiatry 60:1111-1120

Bim RM, Converse AK, Rajala AZ, Alexander AL, Block WF, McMillan
AB, Christian BT, Filla CN, Murali D, Hurley SA, Jenison RL,
Populin LC (2019) Changes in endogenous dopamine induced by
methylphenidate predict functional connectivity in nonhuman pri-
mates. J Neurosci 39:1436-1444

Cools R, Clark L, Owen AM, Robbins TW (2002) Defining the neural
mechanisms of probabilistic reversal learning using event-related
functional magnetic resonance imaging. J Neurosci 22:4563—4567

Cortese A, De Martino B, Kawato M (2019) The neural and cognitive
architecture for learning from a small sample. Curr Opin Neurobiol
55:133-141

Dayan P, Balleine BW (2001) Reward, motivation, and reinforcement
learning. Neuron 36:285-298

Dela Pena IC, Shen GF, Shi WX (2018) Methylphenidate significantly
alters the functional coupling between the prefrontal cortex and do-
pamine neurons in the ventral tegmental area. Neuropharmacology
131:431-439

Dias R, Robbins TW, Roberts AC (1996) Primate analogue of the
Wisconsin card sorting test: effects of excitotoxic lesions of the
prefrontal cortex in the marmoset. Behav Neurosci 110:872-886

Doerge DR, Fogle CM, Paule MG, McCullagh M, Bajic S (2000)
Analysis of methylphenidate and its metabolite ritalinic acid in

@ Springer

monkey plasma by liquid chromatography/electrospray ionization
mass spectrometry. Rapid Commun Mass Spectrom 14:619-623

Dyme 1Z, Sahakian BJ, Golinko BE, Rabe EF (1982) Perseveration in-
duced by methylphenidate in children: preliminary findings. Prog
Neuro-Psychopharmacol Biol Psychiatry 6:269-273

Efron B, Tibshirani R (1993) An introduction to the bootstrap. Chapman
& Hall, New York

Everling S, DeSouza JFX (2005) Rule-dependent activity for prosaccades
and antisaccades in the primate prefrontal cortex. J Cogn Neurosci
17:1483-1496

Gamo NJ, Wang M, Arnsten AFT (2010) Methylphenidate and
atomoxetine enhance prefrontal function through «2-adrenergic
and dopamine D1 receptors. J Am Acad Child Adolesc Psychiatry
49:1011-1023

Gelman A, Hill J (2007) Data analysis using regression and multilevel/
hierarchical models. Cambridge University Press, New York

Glowinski J, Tassin J, Thierry AM (1984) The mesocortico-prefrontal
dopaminergic neurons. Trends Neurosci 7:415-418

Greenhill LL (2001) Clinical effects of stimulant medication in ADHD.
In: Solanto MV, Armsten AFT, Castellanos FX (eds) Stimulant drugs
and ADHD: basic and clinical neuroscience. Oxford University
Press, Oxford, pp 31-71

Haber SN, Knutson B (2010) The reward circuit: linking primate anato-
my and human imaging. Neuropsychopharmacol 35:4-26

Haber SN, Lyndbalta E, Mitchell SJ (1993) The organization of the de-
scending ventral pallidal projections in the monkey. J Comp Neurol
329:111-128

Hallett PE (1978) Primary and secondary saccades to goals defined by
instructions. Vis Res 18:1279-1296

Hornak J, O'Doherty J, Bramham J, Rolls ET, Morris RG, Bullock PR,
Polkey CE (2004) Reward-related reversal learning after surgical
excisions in orbito-frontal or dorsolateral prefrontal cortex in
humans. J Cogn Neurosci 16:463—478

Judge SJ, Richmond BJ, Chu C (1980) Implantation of magnetic search
coils for measurement of eye position: an improved method. Vis Res
20:535-538

Kennerley SW, Wallis JD (2009) Evaluating choices by single neurons in
the frontal lobe: outcome value encoded across multiple decision
variables. Eur J Neurosci 29:2061-2073

Kodama T, Kojima T, Honda Y, Hosokawa T, Tsutsui K-I, Watanabe M
(2017) Oral administration of methylphenidate (Ritalin) affects do-
pamine release differentially between the prefrontal cortex and stri-
atum: a microdialysis study in the monkey. J Neurosci 37:2387—
2394

Lewis BL, O'Donnell P (2000) Ventral tegmental area afferents to the
prefrontal cortex maintain membrane potential ‘up’ states in pyra-
midal neurons via D-1 dopamine receptors. Cereb Cortex 10:1168—
1175

MacPherson JM, Aldridge JW (1979) A quantitative method of computer
analysis of spike train data collected from behaving animals. Brain
Res 175:183-187

Mansouri FA, Matsumoto K, Tanaka K (2006) Prefrontal cell activities
related to monkeys’ success and failure in adapting to rule changes
in a Wisconsin card sorting test analog. J Neurosci 26:2745-2756

Marcos E, Nougaret S, Tsujimoto S, Genovesio A (2018) Outcome mod-
ulation across tasks in the primate dorsolateral prefrontal cortex.
Neurosci 371:96-105

Matsumoto M, Matsumoto K, Abe H, Tanaka K (2007) Medial prefrontal
cell activity signaling prediction errors of action values. Nat
Neurosci 10:647-656

Milner B (1963) Effects of different brain lesions on card sorting: the role
of the frontal lobes. Arch Neurol 9:90-100

Monchi O, Petrides M, Petre V, Worsley K, Dagher A (2001) Wisconsin
card sorting revisited: distinct neural circuits participating in differ-
ent stages of the task identified by event-related functional magnetic
resonance imaging. J Neurosci 21:7733-7741



Psychopharmacology (2020) 237:1533-1543

1543

Nakahara K, Hayashi T, Konishi S, Miyashita Y (2002) Functional MRI
of macaque monkeys performing a cognitive set-shifting task.
Science 295:1532-1536

Niki H, Watanabe M (1979) Prefrontal and cingulate unit activity during
timing behavior in the monkey. Brain Res 171:213-224

Oemisch M, Westendorff S, Azimi M, Hassani SA, Ardid S, Tiesinga P,
Womelsdorf T (2019) Feature-specific prediction errors and surprise
across macaque fronto-striatal circuits. Nat Commun 10:1-15

Parent A, Hazrati LN (1995) Functional-anatomy of the basal ganglia. 1.
The cortico-basal ganglia-thalamo-cortical loop. Brain Res Rev 20:
91-127

Rajala AZ, Henriques JB, Populin LC (2012) Dissociative effects of
methylphenidate in nonhuman primates: trade-offs between cogni-
tive and behavioral performance. J Cogn Neurosci 24:1371-1381

Rajala AZ, Yan Y, Dent ML, Populin LC (2013) The inferior colliculus
encodes the Franssen auditory spatial illusion. Eur J Neurosci 38:
3056-3070

Rajala AZ, Jenison RL, Populin LC (2018) Neural correlate of auditory
spatial attention allocation in the superior colliculus. J Neurophysiol
119:1450-1460

Richmond BJ, Optican LM (1987) Temporal encoding of two-
dimensional patterns by single units in primate inferior temporal
cortex. II Quantification of response waveform. J Neurophysiol
57:147-161

Robbins TW, Sahakian BJ (1979) “Paradoxical” effects of psychomotor
stimulant drugs in hyperactive children from the standpoint of be-
havioural pharmacology. Neuropharmacol 18:931-950

Robinson DA (1963) A method of measuring eye movement using a
scleral search coil in a magnetic field. IEEE Trans Biomed Eng
10:137-145

Rolls ET, Thorpe SJ, Boytim M, Szabo I, Perrett DI (1984) Responses of
striatal neurons in the behaving monkey. 3. Effects of

iontophoretically applied dopamine on normal responsiveness.
Neurosci 12:1201-1212

Schultz W, Apicella P, Ljungberg T (1993) Responses of monkey dopa-
mine neurons to reward and conditioned stimuli during successive
steps of learning a delayed response task. J Neurosci 13:900-913

Schultz W, Dayan P, Montague PR (1997) A neural substrate of predic-
tion and reward. Science 275:1593—-1599

Solanto MV, Wender EH (1989) Does methylphenidate constrict cogni-
tive functioning? J Am Acad Child Adolesc Psychiatry 28:897-902

Tannock R, Schachar R (1992) Methylphenidate and cognitive persever-
ation in hyperactive children. J Child Psychol Psychiatry 33:1217—
1228

Volkow ND, Fowler JS, Wang GJ, Ding YS, Gatley SJ (2002) Role of
dopamine in the therapeutic and reinforcing effects of methylpheni-
date in humans: results from imaging studes. Eur
Neuropsychopharmacol 12:557-566

Wallis JD, Anderson KC, Miller EK (2001) Single neurons in prefrontal
cortex encode abstract rules. Nature 411:953-956

Watanabe M (1989) The appropriateness of behavioral responses coded
in post-trial activity of primate prefrontal units. Neurosci Lett 101:
113-117

White IM, Wise SP (1999) Rule-dependent neuronal activity in the pre-
frontal cortex. Exp Brain Res 126:315-335

Williams SM, Goldman-Rakic PS (1993) Characterization of the dopa-
minergic innervation of the primate frontal cortex using a dopamine
specific antibody. Cereb Cortex 3:199-222

Wise S (2008) Forward frontal fields: phylogeny and fundamental func-
tion. Trends Neurosci 31:599-608

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer



	Methylphenidate affects task-switching and neural signaling in non-human primates
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods and materials
	Subjects and experimental details
	Drug delivery and dosing
	Behavioral data analysis
	Permutation (randomization) tests of exponential parameter estimates
	Test of rule type switch relationships
	Tests of error type relationships

	Electrophysiological recordings and data analysis
	Permutation (randomization) tests of MPH-dependent discharge rates
	Bootstrapped estimates of error distributions


	Results
	Behavioral data
	Steady state and task-switching performance
	Error types

	Electrophysiology data

	Discussion
	References


