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Looking and reaching are controlled by different brain regions and are coordinated
during natural behaviour’. Understanding how flexible, natural behaviours such as
coordinated looking and reaching are controlled depends on understanding how
neurons in different regions of the brain communicate®. Neural coherenceina
gamma-frequency (40-90 Hz) band has been implicated in excitatory multiregional
communication?. Inhibitory control mechanisms are also required to flexibly control
behaviour*, but little is known about how neurons in one region transiently suppress
individual neuronsin another to support behaviour. How neuronal firing in a sender
region transiently suppresses firing in areceiver region remains poorly understood.
Here we study inhibitory communication during a flexible, natural behaviour, termed
gaze anchoring, inwhich saccades are transiently inhibited by coordinated reaches.

During gaze anchoring, we found that neuronsin the reach region of the posterior
parietal cortex caninhibit neuronal firing in the parietal saccade region to suppress
eye movements and improve reach accuracy. Suppression is transient, only present
around the coordinated reach, and greatest when reach neurons fire spikes with
respect to beta-frequency (15-25 Hz) activity, not gamma-frequency activity. Our
work provides evidence in the activity of single neurons for a novel mechanism of
inhibitory communication in which beta-frequency neural coherence transiently
inhibits multiregional communication to flexibly coordinate natural behaviour.

Theflexible control of behaviour depends on both excitatory and inhibi-
tory mechanisms to route information flow between cortical regions®
Excitatory projection neurons can drive increases in activity in down-
stream regions by recruiting correlated® and coherent>®’” temporal
patterns of neural activity. Inhibitory control mechanisms also guide
behaviour in the face of changing goals*. Whether and how increased
firing of neurons in one cortical region can improve behavioural per-
formance by suppressing firing in another cortical region remain poorly
understood.

In primates, saccadic eye movements are naturally coordinated with
armmovements to make accurate reach-and-grasp movements®, Subre-
gions of the posterior parietal cortex are interconnected by excitatory
projections across short white matter tracts called U-fibres®'°. Silencing
neuralfiringinthe parietal reach region (PRR) alters reaching and not
saccades made alone, whereas silencing firing in the parietal saccade
region (the lateral intraparietal area (area LIP)) alters saccades but
not reaching™2. Thus, communication between neurons in the PRR
and neurons in area LIP may support coordinated visual behaviour.

In humans, behavioural inhibition improves reach performance
through gaze anchoring®. Gaze is naturally ‘anchored’ to the target
ofanongoingreach and new eye movementsare inhibited, extending
target foveation in time and improving reach accuracy. Neurons in
the reachregion guiding the reach may inhibit response selection in
neurons in the saccade region that are responsible for the upcoming
saccade. We therefore tested the activity of individual neurons in the

PRR and the saccade region (area LIP) for evidence of inhibitory com-
munication during gaze anchoring (Fig. 1a).

Inhibitory communication modulates gaze

We trained two non-human primates (Macaca mulatta) to performa
reach-saccade (RS) task, which should naturally elicit gaze anchoring, and
asaccade-only (SS) task, which should not elicit gaze anchoring (Fig. 1b,
Extended DataFig.1a; Methods). Inthe RStask,each monkey madeareach
andsaccadetoatarget, followed by asecond saccadetoanewly presented
target. We presented the second saccade target at one of two spatial loca-
tions unexpectedly following reach completion (second target delay,
0-800 ms). Inthe SStask, each monkey made two saccades and noreach.

Both monkeys exhibited gaze anchoring naturally during the RS task
(Methods). Second saccade reaction times (SSRTs) were significantly
longer on RS peri-reach trials, when the second target appeared within
300 ms of the reach, than on RS post-reach trials, when the second
target appeared 500-800 ms after reach completion (Fig. 1c). On
peri-reach trials, reaching was significantly more accurate ontrials with
longer SSRTs, whereas on post-reach trials, the association between
reach accuracy and SSRTs was inconsistent (Fig. 1d). SSRTs covaried
withreachreactiontimesintheRS task, but not withthe saccadereac-
tiontimesinthe SStask (Extended Data Fig.1b-g). Thus, gaze anchoring
occurs briefly during the RS peri-reach trials, and involves changes in
reach and saccade movement performance.
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Fig.1| Coordinated behaviour and multiregional communication.

a, Schematic. b, RS task and SS task, indicating the hand and eye positions for
thetaskepoch. The dashed arrowinthe RS taskillustrates slowed saccade RT
compared with the solid linein the SS task. ¢, SSRT against a second target
delay for RS (green) and SS (pink) tasks. Peri-reach (light green) monkey 1 (M1)
P=5x107%, n=8,140 trials; monkey 2 (M2) P=5x107%%,n=10,245 trials.
Post-reach (dark green)M1P=1x1073 n=2,872trials;M2P=0.54,n=3,903
trials; Student’s t-test versus SS second target delay matched. d, SSRT against
reacherror (RE). Peri-reach (light green) M1R =-0.33, slope = -17.8 ms per
degree, P=1x10";M2R=-0.15,slope =-7.5 ms per degree, P=2 x 107>,
Post-reach (dark green) M1R =-0.069, slope =-2.3 ms per degree, P=2x107%;
M2R=0.061,slope=1.5ms perdegree, P=6 x1075, All Student’s t-test. Rwas
measured using Pearson correlation. e, f, PRR (¢) and LIP (f) firing rates. The
inset showsreach onset aligned. The arrows indicate suppressed LIP firing.
Mean fractional difference (MFD) = (RS - SS)/SS. RS task move versus pre-move
MFD =-0.18, P=0.01.SS task MFD = 0.01, P= 0.10. All signed-rank test. The

Reachinginhibits saccade firing

To obtainevidence of inhibitory communication during gaze anchor-
ing, we recorded from 120 spatially selective neurons in the parietal
reach and saccade systems (PRR: 34 neurons, area LIP: 86 neurons;
Methods; Extended Data Fig. 2). For each task, we presented the first
movement targetintheresponsefield of aPRR neuronand the second
targetinthe response field of anarea LIP neuron. Consistent witharole
in guiding the reach™, PRR neurons fired more during coordinated

dashedlineisthe gaze-anchoring epoch. Rasters: reach start (squares), reach
stop (diamond) and second saccade (triangle). PRR firing did not significantly
differ before the first target after controlling for initial eye-hand position
(Methods; P=0.87, permutation test). g, PRR population MFD (peri-reach
MFD =0.49,P=3.7 x107*; post-reach MFD = -0.17, P=0.24) and LIP population
MFD (peri-reachMFD =-0.11, P= 0.001; post-reach MFD = -0.04, P= 0.51). All
signed-rank test. The dark barsindicate significance of individual neurons
(P<0.05). Theblack outline denotes example cells. Downward triangles
indicate the population MFD.**P<0.01: the population MFD is significantly
different from 0. h, Firing rates against SSRT. PRR (peri-reachRho=0.11,
slope=0.44 ms/(sps™),P=0.001; post-reachRho=-0.06, P=0.35; saccade
Rho=-0.12,slope=-0.31ms/(sps™), P=0.004) and LIP (peri-reach
Rho=-0.10,slope=-0.37 ms/(sps™),P=7x107; post-reachRho=-0.03,
P=0.2;saccadeRho=-0.02, P=0.54). All permutation test. Rho was measured
using Spearman’s correlation. Inc-fand h, dataareshown as mean +s.e.m.

reaches than during saccades made alone (Fig. 1e). Consistent with
arolein guiding saccades®, neurons in area LIP fired more when the
second target wasin the response field (Fig. If).

During the gaze-anchoring epoch, activity in area LIP was transiently
suppressed duringRStrialsaround the reach, starting at reach onset (Fig. 1f
and inset). Comparing RS and SS trials, PRR neurons fired significantly
moreandareaLIP neuronsfired significantly less during gaze anchoring,
but not 500 ms after the reach (Fig. 1g). Therefore, firing of PRR neurons
maydriveinhibitionand suppress firinginareaLIP during gaze anchoring.
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Fig.2|Behavioural performance and coherent neural dynamics.
a, Schematicshowing neural recordings.b, ¢, Voltage traces of RS task (b) and SS
task (c) exampletrials. The dashed box indicates the gaze-anchoring epoch. The
arrowsindicate example spikes occurring at representative phases.
d, Peri-reach (n=4,814; left), post-reach (n=2,116; middle) and saccade
(n=3,583; right) trials showing the mean beta-LFP phaseineach cortical areaand
corresponding SSRT (colour scale). Marginals show SSRT against the beta-LFP
phaseineachareaalone (SSRT versus PRR only: peri-reach P=0.09; post-reach
P=0.40;saccade P=3.7 x 102, SSRT versus LIP only: peri-reach P=0.025;
post-reachP=6.4 x107% saccade P=0.12). e, SSRT against the dual-coherent
beta-LFP phase for each trial type (peri-reach P=2.2 x107; post-reach
P=1.40x10"*, preferred phase =120°; saccade P=0.5). The solid lines present
SSRT fitted by a von Mises function. f, Peri-reach and post-reach trials showing
themeanbeta-LFP phaseineach cortical areaandthe corresponding RE (colour
scale). Marginals show the RE against the mean PRR spike beta-LFP phaseineach
areaalone (PRRonly: peri-reach P= 6.4 x1073, variationin RE: 0.15°, 7% fractional
change (ARE/mean(RE)); post-reach P=1.LIP only: peri-reach P=0.36; post-reach
P=0.2).g,REagainstthe dual-coherentbeta-LFP phase foreach trial type
(peri-reachvariationin RE = 0.45°,22% fractional change, P= 0; post-reach
variationin RE =0.25°12% fractional change, P=4.2 x107%); conventionsasine.
The downward triangles present the mean of the von Mises fit dual-coherent
beta-LFP phase onperi-reach trials at the maximum SSRT (e) or the minimum RE
(g). Thedashedlinesind and findicate the dual-coherent phase shown by the
downward trianglesineand g. All Pvaluesreport thelikelihood-ratio test.
Ind-g,dataareshownas mean +s.e.m.

ChangesinareaLIPand PRRfiringratereflected gaze anchoring. PRR
neurons fired more and area LIP neurons fired less on peri-reach trials
with longer SSRTs, but not with shorter SSRTs (Fig. 1h). This inverse
relationship was transient and task-dependent: neural gaze-anchoring
effects were specific to coordinated movements and were not observed
at other times. Firing of a subset of simultaneously recorded area LIP
and PRR neurons was negatively correlated during gaze-anchoring tri-
als, but was positively correlated during other trials (32 pairs, peri-reach
trial R=-0.07,P=0.02; post-reach trial R= 0.2, P=5 x107%; saccade trial
R=0.08, P=0.01; Spearman’s correlation).

Beta coherence modulates gaze anchoring

Correlationsinfiring rate suggest that gaze anchoringis due toneurons
inthe PRR communicating with neuronsin areaLIP. If so, behavioural
performance should vary with reach-to-saccade communication. We
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therefore analysed how performance varies with neural activity on
peri-reach trials compared with post-reach and saccade trials.

We sought to find out how one region might exert a transient,
task-dependentinhibitory or suppressive effect on another. Neuronal
coherenceis the correlated timing of neural activity across groups of
neurons measured by the phase of local field potential (LFP) activity
in specific frequency bands'. As the strength of neural interactions
depends onthe timing of neuronal activity with respect to neural excita-
bility, multiregional communication may depend on the phase of neural
coherence. Neural activity in the beta-frequency band reflects sup-
pression of movement initiation'*'”'¥, motor processing'®?, top-down
feedback?*and multiregional integration”* and may supportinhibi-
tory communication. If so, inhibition between the PRR and area LIP,
and behavioural performance, should covary with spike timing with
respectto the phase of beta-frequency activity inthe PRRand area LIP.

We conducted 151 experimental sessions with PRR spiking recorded
simultaneously with LFPs in the PRR and area LIP (Fig. 2a). In the RS
task, LFP activity in area LIP and the PRR synchronized around the
reach, with spiking in the PRR tending to occur at a particular phase
ofbeta-frequency LFPactivity inboth areas (Fig. 2b). On SS trials, spik-
ingin the PRR tended to occur at a different phase of beta-frequency
LFP activity in both areas (Fig. 2c, Extended Data Fig. 3).

We next investigated whether the beta-frequency spike-LFP phase
predicted changesin coordinated behaviour (Methods). The PRR-only
phase did not predict SSRTs on peri-reach or post-reach trials, but
did predict SSRTs on saccade trials, whereas the LIP-only phase was
inconsistent with gaze anchoring and most strongly predicted SSRTs
on post-reach trials (Fig. 2d). These data show that PRR spiking with
respect to the single-region phase does not predict variations in per-
formance at times whenreach-to-saccade communicationis expected,
during peri-reach trials.

Recent work links multiregional communication to spike timing with
respect tothe phase of beta-frequency coherenceinbothregions, termed
dual coherence?. Multiregional communication may therefore occur
whenbeta-frequency coherence has a consistent phase difference across
thereach-and-saccade system and may be suppressed at other times.

We computed the dual-coherent phase for each trial (Methods). Vari-
ations in performance with the dual-coherent phase were consistent
with gaze anchoring. On peri-reach trials, SSRTs significantly varied
with the dual-coherent phase and were slowest on trials with a preferred
dual-coherent phase of approximately 75° (Fig. 2e; Methods). SSRTs did
not significantly vary with the dual-coherent phase on saccade trials
(Fig.2e).SSRTs on peri-reach trials with non-preferred dual-coherent
phases did notincrease compared with saccade trials (SSRT peri-reach
versussaccadetrials at-112°, P= 0.25, permutation test). SSRTs signifi-
cantly varied with the dual-coherent phase on post-reach trials (Fig. 2e),
but slowing of the post-reach SSRT (6 ms) was smaller than slowing of
the peri-reach SSRT (17 ms).

These data demonstrate that the relationship between slowing
of the SSRT and dual-coherent PRR spike timing is consistent with
reach-to-saccade communication onreach trials and not saccade trials.

We analysed whether PRR spike timing also predicted reach accuracy.
PRR spiking with the LIP-only phase did not predict improved reach
accuracy, whereas PRR spiking with the PRR-only phase predicted reach
accuracy on peri-reach but not post-reach trials, albeit weakly (Fig. 2f).
By contrast, reach accuracy significantly and strongly depended on
the dual-coherent phase (Fig. 2g). On post-reach trials, reach accuracy
also significantly depended on the dual-coherent phase, albeit more
weakly than on peri-reach trials (Fig. 2g).

Variations of reach accuracy and SSRT with the dual-coherent phase
were consistent with acommon underlying mechanism of communi-
cation. On peri-reach trials, reaches were most accurate and SSRT was
slowestatasimilar dual-coherent phase (reachaccuracy: 91°, SSRT: 75°).
Variations with a single-region phase were not consistent with a com-
mon underlying mechanism.
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Parametrically fitting SSRT and reach accuracy to phase trial-by-trial
showed that the dual-coherent phase had agreater likelihood and less
generalizationerror than the single-region phase (Methods; Extended
DataFig.4). Non-parametric analysis of SSRT, reach accuracy and phase
trial-by-trial provided convergent evidence consistent with the absence
of reach-to-saccade communication on saccade trialsand more com-
munication on peri-reach trials than on post-reach trials.

Dual coherence on peri-reach trials may be driven by the evoked
LFP phase change at reach onset. However, reach-onset-aligned dual
coherence predicted slowing of the SSRT even after explicitly subtract-
ing the evoked LFP response (Extended DataFig. 5).

Additional analyses emphasized PRR spike timing with respect to
the beta-frequency dual-coherent phase. Variations in the phase of the
beta-frequency LFP phase alone did not predict gaze-anchoring-related
slowing of the SSRT (Extended Data Fig. 6). Beta-frequency coherence
has a period of 50 ms, which implies that spike timing changes every
quarter-cycle, forexample,12.5 ms. We thereforejittered PRR spike timeson
eachtrial (Methods). The PRR-spike dual-coherent phase on peri-reach trials
predicted SSRT only whenjittering by less than10 ms (Extended DataFig. 7).

Effects were specific to dual coherence inthe betafrequency (20 Hz),
but not in the gamma frequency (40 Hz). The gamma-frequency
dual-coherent phase had a small but significant effect on SSRT
on peri-reach trials that was significantly smaller than for the
beta-frequency dual-coherent phase (Extended Data Fig. 8).

AsthespikerateinareaLIP predicted slowing of the SSRT, we asked
whether the spike timingin area LIP with respect to the dual-coherent
phase also predicted slowing of the SSRT. Whereas the LIP-spike
beta-frequency dual-coherent phase had a small but significant cor-
relation with the SSRT on peri-reach trials, the SSRT varied with the
PRR spike dual-coherent phase significantly more than with the LIP
spike dual-coherent phase (Extended Data Fig. 9).

Consequently, spike timingin the PRR may drive behavioural inhibi-
tion during gaze anchoring to slow the SSRT and improve reach accu-
racy withrespect to the beta-frequency dual-coherent phase compared
with the single-region beta-frequency phase, LFP coherence phase,
gamma-frequency coherence and LIP spike timing.

Areach-to-saccade communication channel

As spiking in the PRR does not generally guide saccades, PRR spiking
may suppress saccades depending on modulation of areach-to-saccade
communicationchannel. According to this channel modulation hypoth-
esis, when the channel opens, the SSRT lengthens because firing in
the PRR is more effective at suppressing saccades. When the channel

modulationstate functions fit to PRR firing rate bins.
Thegreenlineindicates the mean SSRT. e, Gain factor
functionfit to thescaled peaks of the modulation
state functions presented ind foreach PRR firing rate
bin. Adjusted R*=0.76. R was measured by Pearson
correlation. Sample sizereported in Fig. 2.

closes, the SSRT shortens because firing in the PRR is less effective at
suppressing saccades. We analysed PRR spiking and SSRTs for evidence
of state-dependent reach-to-saccade communication.

Firingin the PRR covaried with gaze-anchoring-related increasesin
SSRTs on trials when the dual-coherent phase was preferred, but not
when the dual-coherent phase was non-preferred (Fig. 3a), and not
during post-reach or saccade trials (Fig. 3b, ¢). Thus, the SSRT may
depend on a state-dependent gain in which input drive from the PRR
is gain-modulated by channel state, for example, the dual-coherent
phase. During certain modulation states, large changes in PRR activity
are compressed with small gain and the channel is effectively closed.
During other modulation states, the same changesin PRR activity can
lead to changes with larger gain and the channel is effectively open.

To better understand channel gain and modulation, we divided tri-
alsbased onthelevel of PRR firing and fit SSRT with the dual-coherent
phase (Fig. 3d). This analysis revealed a gain mechanism. As the firing
rate in the PRR increased, the SSRT slowed more on trials when the
channel was more open. The gain factor revealed anon-linear slowing
ofthe SSRT with PRR activity (Fig. 3e). State-dependent non-linear gain
underlies how the channel can be more open or closed.

Neuronsinthe PRR fired the same number of spikes acrosstrialsinde-
pendent of the dual-coherent phase during gaze anchoring (Extended
DataFig.10). This suggests that the firing ratein the PRRis not modulated
by channelstate andis consistent with the role of asender in this circuit.

Channel modulation predicts suppression

The channel modulation model explains how gaze anchoring is con-
trolled by reach-to-saccade communication according to PRR firing,
dual-coherent phase and SSRT. The model also makes testable predic-
tions about how the saccade system in general, and firing in area LIP
in particular, should depend on PRR firing and dual-coherent phase.
Figure4aillustrates the modeland predictions. According to the model,
sender activity inthe PRRacts asinput to the communication channel. The
channeltransforms the PRRinput tosuppressactivityinarea LIPfromthe
pre-move epochtothe move epoch, and saccade behaviour, accordingto
two dissociable components:a‘gain’ functionmodels the inhibitory gain
for the PRR firing on that trial, and a‘modulation’ state function models
the state of the dual-coherent phase on that trial (Methods).

We modelled and fit the input gain and the modulation state using
saccade behaviour without directly observing neural activity in the
saccade system. Input gain and modulation state were observed and
fit using PRR firing and the dual-coherent phase from Fig. 3. Moreo-
ver, asinthe model area LIP reflects the output of the communication
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Fig.4|Channel modulation predicts LIP firing rates. a, Channel modulation
modeltakesinputs asthe PRRfiring rate and the dual-coherent beta-LFP phase.
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phase. The channel modulation model had the lowest mean squared error:
channel modulation model =175; gain only =177; modulation only = 185;
regression =247. ¢, Simultaneously observed PRR and LIP firing rates on
saccade trials (n = 942; pink) and the predicted LIP firing rates from the model

channelthat guides saccade behaviour, the model predicts activityin
areaLIP.Firinginarea LIP should be suppressed from the move epoch
during the RS task but not during the SS task. The suppression should
follow the strength of PRR firing, which determines the gain, and the
dual-coherent phase, which determines the modulation state. The
model never observes activity in area LIP during the move epoch that
reveals gaze anchoring (Methods).

Totest the model, we analysed simultaneously recorded firing of PRR
neurons, area LIP neurons, SSRT and dual-coherent phase (32 spatially
selective PRR-LIP neuron pairs; 88 spike-spike-LFP-LFP sessions;
Methods). We measured PRR firing rates and the dual-coherent phase
and used the model to predict simultaneously recorded LIP firing on
each trial. Although PRR firing did not vary with the dual-coherent
phase, inthe experimental data, firing in area LIP significantly covaried
with the dual-coherent phase (Fig. 4b, green) and was maximally sup-
pressed at the same preferred phase angle as the SSRT variations with
the dual-coherent phase (minimum rate at 92°, von Mises fit). These
features were predicted by the model from the observed PRR firing
and dual-coherent phase (Fig. 4b, black).

We evaluated the contributions of the input gain, modulation state
and their combination using reduced models (Methods). The channel
modulation model best predicted the observed firing rates in area LIP
duringthe RStask. Removing the gainterm degraded the predictionmore
thanremovingthe modulationterm. A regression fit using simultaneous
recordings of neuron firing in the PRR and area LIP performed worse.
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(black) against the dual-coherent beta-LFP phase. The channel modulation
model had the lowest mean squared error: channel modulation model =137;
gainonly =138; modulation only = 285; regression=232.Inband ¢, dataare
shownasmean +s.e.m.d, Schematic showingactivity inthe PRR leads to
suppressedactivityintheareaLIP.e, Thisinhibitionis predicted by the channel
modulation model, which consists of aninput gain function that ranges from
weak to strong and amodulation state function that ranges between openand
closed.f, High sender activity during the RS task may lead to strong inhibitory
input, whichon‘open’-state trials leads to suppressioninthe saccadearea.
Whereas low reach activity during the SS task means that the inhibitory input
gainisweak and does not drive suppression regardless of the modulation state.

Atlower PPRfiringrates, asinthe SStask, the model predicted weak modu-
lation of LIP firing rates (Fig.4a). Firing ratesinarea LIPin the SS task were
also predicted from PRR firing and the dual-coherent phase on each trial
(Fig.4c). Themodelling results suggest that PRR firing caninfluence area
LIP firing during gaze anchoring to coordinate looking and reaching.

Discussion

Here we investigated the mechanisms of inhibitory communication
during eye-hand coordination in the activity of individual neurons??,
Behavioural task design allowed us to decompose a naturally expressed
behaviour, gaze anchoring, into components to establish that multi-
regional communication features dissociable gain and modulation
components. Gaze anchoring ensured that communication went from
the reach system to the saccade system. Activity in area LIP related to
the second saccade could not be responsible for signals in the PRR that
improve reach accuracy because we presented the second saccade tar-
get after the reach and placed the two saccade targets such that neural
response fields in area LIP did not spatially overlap. As gaze anchoring
is naturally expressed, confounding influences due to training are also
relatively absent.

Our results suggest that beta-frequency neural coherence modu-
lates how muchreach-related firing suppresses saccade-related firing
(Fig.4e,f). Whenreach activity is high, input gainis strong and the sac-
caderegionis more or less suppressed depending on the modulation



state. When reach activity is low, input gain is weak and the saccade
region does not depend on the modulation state (Fig. 4g).

We have shown thatinhibitory communicationinvolves betacoherence
and notgamma coherence?. Slower saccades and accurate reaches occur
with arelative phase of approximately 75°. As beta-frequency (20 Hz)
activity hasaperiod of 50 ms, 75° corresponds to anapproximately 10-ms
time difference and is consistent with atime delay due to the latency for
presynaptic spike propagation in the PRR across U-fibres to area LIP,
as well as postsynaptic hyperpolarization in area LIP due to inhibitory
GABA synapses. This result dissociates the excitability of spikinginagiven
brain region from behavioural effects of spiking across multiple brain
regions. Although PRR spikes tend to occur for a specific combination
of beta-frequency phases in the PRR and area LIP, the beta-frequency
phase may reflect PRR excitability (Extended Data Fig. 3). However, as
the impact of PRR spikes to slow saccades for accurate reaching varies
with therelative phase and not aspecific combination of phases (Fig. 2),
multiregional communication depends onatime delay. The effect of PRR
spikingonareaLIPisgreatest when PRR beta coherence differs fromarea
LIP beta coherence with an approximately 10-ms time delay.

Previous work has alsolinked beta coherence to GABAergic activity
experimentally****and through modelling®. Our results suggest that
beta coherence may specifically engage feedforward inhibition by
suppressing synaptic influences from the PRR on area LIP across an
inhibitory feedforward pathway®*. Note that our results do not imply
that LFP activity exerts causal influences on brain function. Interacting
populations of neurons may instead exert causal influences that are
measured by arelative LFP phase.

Ourwork constrains theoretical explanations for how multiregional
neural population dynamics exert causal effects on behaviour. We have
shown that the mechanism of modulation depends on spike timing at
5-10-mstimescales. Neural population dynamics at slower 50-100-ms
timescales may explain the gain component but not the modulation
component. Therefore, relatively fast firing dynamics are needed to
explain the mechanisms of behaviourally relevant communication.

Inhibitory control mechanisms have been implicated in flexible,
coordinated behaviour”**¢, visual attention®*” and dual-task perfor-
mance®. We have shown thatanincreasein the reach-related firing of
individual neurons in the PRR is associated with net suppression of
firing by individual neuronsinareaLIP, and the slowed initiation of sac-
cadesto visual targets presented unexpectedly at different spatial loca-
tions. Net suppression and slowed saccade initiationis consistent with
suppressed attentional selection throughout area LIP. Consequently,
beta-frequency modulation may allow the reach system to transiently
suppress attentional selectionin the saccade system. Beta-frequency
multiregional communication may reflect a general mechanism of
inhibitory cognitive control necessary for flexible behaviour.
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Methods

Experimental preparation

Two male rhesus monkeys (M. mulatta) participated in the experiments
(monkey 1, 9.5 kg and monkey 2, 6.5 kg). Animals were not assigned
to groups, so there was no randomization or blinding to group. Each
animal was firstimplanted with an MRI-compatible head cap under gen-
eralanaesthesia. A structural MRIwas obtained with 0.5 mmisotropic
voxels and was used to guide the placement of a recording chamber
over the posterior parietal cortex of the hemisphere contralateral to
the reaching arm (monkey 1: right reaching arm and left hemisphere;
monkey 2: left reachingarm and right hemisphere) inasecond surgical
procedure. Chamber placement and electrode recording sites were
registered to the structural MRI to within 1 mm (BrainSight, Rogue
Research). The structural MRIs were also used to estimate recording
locations for area LIP and PRR (see Extended Data Fig. 2). All surgical
and animal care procedures were done inaccordance with the National
Institutes of Health guidelines and were approved by the New York
University Animal Care and Use Committee.

Behavioural experiments

Experimental hardware and software. Eye position was monitored
with avideo-based eye tracker (I-Scan). Visual stimuli were generated
using an array of tristate light-emitting diodes (LEDs; Kingbright) situ-
ated directly behind a touch screen (ELO Touchsystems). The LEDs
formed a grid with points spaced at 10° intervals. The use of LEDs to
present visual stimuli allowed for precise temporal control of stimu-
lus onset and offset. LEDs also ensured that there was no source of
background illumination that could influence reach accuracy. Reach
accuracy was measured as the reach error by calculating the Euclidean
distance between the target LED and the position of the hand on the
touch screen. Trials for which the hand position at reach completion
wasmorethan 5° fromthe target were excluded from further analysis.
The visual stimuliwere controlled via custom LabVIEW (v8.5, National
Instruments) software executed on a real-time embedded system (NI
PXI1-8184, National Instruments).

Experimental design. Each monkey first performed a centre-out
saccade task to map the spatial saccade response fields of neurons.
On a subset of sessions, each monkey also performed a centre-out
reach-and-saccade task to map spatial reach response fields of neurons.
Each monkey then performed the reach-and-saccade double-step task
(RStrials) or the saccade-saccade double-step task (SS trials) to study
gaze anchoringinamanner that was consistent with natural behaviour.
On asubset of catch trials (percent of trials: monkey 1: 15% (13-18%),
monkey 2:17% (15-23%), median (interquartile range)), subjects per-
formed only the first step of the double-step tasks with no second target
to suppress anticipation. All RS, SS and catch trial conditions were
randomly interleaved.

Centre-out tasks. At the start of each trial, ocular fixation and manual
touchwereinstructed by agreentargetand aredtarget, placed centrally
sidebyside. The greentargetindicated the start position for the hand
touch, and the red target indicated the start position for the eye. The
subject fixated while touching the screen for avariable baseline period
of 500-800 ms. In the centre-out saccade task, a red saccade target
would appear in the periphery. In the centre-out reach-and-saccade
task, ayellowsaccade target would appearin the periphery. There were
eight possible target locations in each task. Each monkey then main-
tained fixation and touch for avariable delay period 0f1,000-1,500 ms.
After the delay period, the central fixation target would extinguish,
cueing eachmonkey tosaccadeto thetargetlocation while maintaining
hand position at the initial touch position for the centre-out saccade
task, or thereach-and-saccade to the target location for the centre-out
reach-and-saccade task.

Reach-and-saccade double-step task (RS task). Initial fixation and
touchwere againinstructed by ared target and agreentarget, respec-
tively. The initial position was placed 10° to the left (monkey 1) or the
right (monkey 2) of the central target on the horizontal axis,ipsilateral to
therecording chamber. Each monkey touched and fixated for a variable
baseline of period of 500-800 ms, after which a yellow target would
appear at the centrallocation. After avariable delay 0of1,000-1,500 ms,
theinitial touch and fixation were extinguished cueing areach and sac-
cadetotheyellow target. The second saccade target was presented after
the reach was completed after an interval of 10-800 ms. The second
saccade target was ared LED cueing a saccade alone, presented after
the reach was completed after an interval of 10-800 ms and placed
eitherinthe response field of the area LIP neuron under study or atan
alternative target location also positioned in the contralateral visual
field but outside the response field.

Saccade-saccade double-step task (SS task). Initial fixation was
cued by ared target 10° away horizontally from the central target and
theinitial touchwas cued by agreen target at the central target location.
The first saccade target also appeared at the central location, cuing
the first saccade towards the hand. As aresult, the hand-eye position
beforethe second saccade was identical to that during the RS task. After
the baseline period, ared target would appear at the central location.
After a variable delay of 500-800 ms, the initial fixation target was
extinguished cueing asaccade alone to the central target. Asinthe RS
task, thesecond target was ared LED cueing asaccade alone. The second
target was presented 10-1,000 ms after the first saccade.

We matched the timeinterval from thefirst saccade to presentation
ofthesecond saccade target across the SS and RS tasks. Monkeys were
not rewarded for making fast or slow eye movements in either task.
Overall, visual and oculomotor spatial and temporal contingencies were
matched between the two tasks so that the tasks were naturalistic, did
notrequire dedicated training and differed according to whether the
subject made areach. In pilot experiments, we also observed that pre-
senting the second saccade target after the first saccade and during the
reachresultedin changesin coordinated visual behaviour that altered
the timing of the coordinated reach and saccade and led to inconsistent
task performance. This was probably due to confusion about the cues,
and their interference with ongoing visual processes needed to guide
the first movement, such as attention. As presenting second saccade
targets during the reach would require training to ensure consistent
task performance, we only studied presentations of the second sac-
cadetargetafter the reach was completed, which both monkeys could
perform successfully without the need for additional training.

Behavioural database. We collected a database of trials from each
monkey for each task (monkey 1:10,324 RS task, 8,372 SS task; monkey
2:12,840RStask, 8,452 SS task) across 10 task conditions that were ran-
domlyinterleaved. This allowed us to analyse the relationship between
thelatency of the second saccade and the variables of the two tasksin
sufficient detail to identify and test multiregional communication.
Trialsin which saccade and reach reaction times, for both steps, were
not within a100-500-ms window were discarded. This ensures that
on all trials analysed, the subject was neither anticipating nor being
inattentive to the targets.

SSRT versus second target delay. We compared second saccade re-
actiontime to second target delay from the first saccade (both tasks),
second target delay fromreach completion, reachreactiontime, reach
duration, and reach reaction time minus saccade reaction time for the
firststep (RStask only). For presentation, we mapped theindependent
variablein10-msbinsonagraph (Fig. 1c). Eachbinneeded a minimum
of 20 trials to be included in the analysis, although the average num-
ber of trials was usually much greater (monkey 1: RS task, 198 + 130



mean +s.d. (118-195 interdecile range); SS task, 162 + 29 mean + s.d.
(75-387 interdecile range); monkey 2: RS task, 263 + 178 mean * s.d.
(29-220 interdecile range); SS task, 158 + 63 mean + s.d. (49-493 in-
terdecile range)).

SSRT versus reach accuracy. We measured the associationbetween the
second saccadereactiontime and the accuracy of the reach by perform-
inglinear regression and reporting the slope, statistical significance and
correlation coefficient separately for peri-reach trials and post-reach
trials (Fig. 1d; monkey 1: 3,825 peri-reach trials, 2,921 post-reach trials;
monkey 2: 6,635 peri-reach trials, 4,329 post-reach trials).

Neurophysiological experiments

Experimental design. We performed neuronal recordings during a
subset of task conditions used to study behaviour. In the RS task, the
second target was either presented 10-300 ms after the reach comple-
tion, which we refer to as peri-reach trials, or 500-800 ms after reach
completion, which we refer to as post-reach trials. In the SS task, the
second target was presented 200-1,000 ms after the first saccade
to temporally match the second target presentation to that in the RS
task, accounting for the duration of the reach, which we refer to as
saccadetrials. Onaverage, thereach wasinitiated 165 + 39 ms (monkey
1, mean + s.d., 124-218 interdecile range) or 123 + 65 ms (monkey 2,
mean +s.d., 94-153 interdecile range) after the Go cue withareach du-
ration of 171+ 42 ms (monkey 1, mean * s.d.,128-211interdecile range)
or 122 + 33 ms (monkey 2, mean + s.d., 91-159 interdecile range). We
defined the 350-ms time period before the onset of the second target as
the gaze-anchoring epoch. Onperi-reach trials, the gaze-anchoring ep-
ochincluded activity related to reach execution, reach preparation and
the coordinated saccade. On post-reachtrials and saccade trials, these
processes were weaker or absent during the gaze-anchoring epoch.

Neuralrecordings were made from area LIP and the PRR on the lateral
and medial banks of the intraparietal sulcus using multiple-electrode
microdrives (Double MT, Alpha Omega; Extended Data Fig.2). Neurons
were recorded within 5-8 mm of the cortical surface. Spiking and LFP
activity were recorded with glass-coated tungsten electrodes (Alpha
Omega) withimpedance 0.7-1.4 MQ measured at1kHz (Bak Electron-
ics). Neural signals were amplified (x10,000; TDT Electronics), digitized
at20 kHzwith12bits per sample (National Instruments), and continu-
ously streamed to disk during the experiment (custom Cand MATLAB
2019a code). Broadband neural activity was preprocessed to obtain
single-unit spike times and LFP activity. All significant differences in
firing rates for this study were determined using arandom permutation
test with 10,000 permutations.

During the experiment, we analysed the activity of each neuron
from area LIP recorded in the centre-out saccade task to assess spa-
tial selectivity. If the LIP neuron appeared to show spatial selectivity,
the double-step tasks were run, including all of the test conditions
described above. We placed the second target for the double-step tasks
either within the response field for an area LIP neuron being recorded,
or at an alternative location in the same visual hemi-field outside the
response field. During the experiment, PRR neurons wereisolated and
recorded regardless of their response properties.

Area LIP neuronal database. Area LIP neurons were isolated and
mapped for spatial selectivity using a visually guided, centre-out, de-
layed saccade to eight possible target locations, as described above.
After the experiment, if the cell showed asignificantincreasein activity
during the delay period of the centre-out task relative to the baseline
period for a given target (P < 0.05, permutation test), the cell was de-
termined to be spatially selective and that target was labelled as being
in the preferred direction of the cell. Each LIP cell was recorded for a
minimum of 10 trialsin the preferred direction for each task condition
(peri-reach, post-reach and saccade trials). If the LIP cell met these two
criteria (spatial selectivity in a centre-out task and minimum number

ofttrials), the cellwasincluded in the database. There were noinclusion
or exclusion criteria for the LIP neurons based on neural responses in
either of the double-step tasks.

PRR neuronal database. After the experiment, we analysed the activ-
ity of each PRR neuron for responses to planning and executing the
reach. In the database we only included PRR neurons that contained
asignificant response during the delay and reach execution periods
of the RS task when compared to the baseline epoch of that task. For a
minority of PRR neurons (13 of 34 neurons), we also confirmed that the
location of the first movement was in the response field by mapping
theresponse field inthe centre-out reach-and-saccade task using 4-8
targets. PRR neurons that did not respond to the first movement of
the RS task compared to the baseline and PRR neurons with responses
to other target locations were excluded from further analysis. Conse-
quently, the first movement of the RS task was in the reach response
field of the PRR neurons under study.

Firing rate RS/SS task selectivity. We estimated peri-stimulus time
histograms with a20-ms smoothing window. We defined atask selectivity
index that measured the mean fractional difference (MFD) infiring rate
betweenthe RSandSStask trials ((RS-SS)/SS) during the gaze-anchoring
epoch. Wetested for significant differences between the RS and SS task
trialsby comparing the measured task selectivity index with a null distri-
bution of task selectivity indices when randomly permuting the RSand
SStasklabels on each trial. Results are presented in Fig. 1g.

Firing rate versus SSRT. We measured the association between the
second saccade reaction time and the firing rate of area LIP and PRR
neurons by performing linear regression and reporting the slope, statis-
tical significance and correlation coefficient separately for peri-reach,
post-reach and saccade trials. Results are presented in Fig. 1h.

LFP phase. We subtracted the mean LFP response fromeach trial to sup-
press theinfluence of responses evoked by the stimuliand responses.
We then band-pass filtered the LFP at 20 Hz to study beta-frequency
activity and at 40 Hz to study gamma-frequency activity. Band-pass
filtering was performed with multitaper methods (T=200 ms, W=5Hz
(ref.*)). Owing to variability in the timing of the coordinated reach and
saccade and the temporal smoothing necessary to resolve band-limited
LFP phase, the peri-reach interval, and not the post-reach interval,
potentially includes reach execution, reach preparation and the co-
ordinated saccade.

Dual-coherent LFP phase. For each trial, we measured the phase of
LFP activity at the time of the spiking activity by calculating the spike
times within the analysis window and computing the phase of
band-pass-filtered LFP activity at these times. The mean phase was
calculated for each trial by calculating the circular mean across all
spikes within the analysis window. We refer to this value as the
spike-triggered dual-coherent LFP phase. For spike-LFP-LFP sessions,
we calculated the spike-triggered LFP phase for each spike-LFP pair
(Ppgg @nd (pup)and thenthecircular distance between the two phases,
which we refer to as the dual-coherent phase (¢, )

elPprr

¢Dua] = angle[ ] (1)

elPup

The circular statistics toolbox in MATLAB (The Mathworks) was
used to perform statistical tests*°. Results are presented in Fig. 2 and
Extended Data Figs. 3, 5-9.

Phase analysis also allowed us to analyse trial-by-trial variations
between the neural responses and behavioural effects such as the reac-
tiontime for the second saccade and accuracy of the reach, described
below.
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LFP phase difference and SSRT. For each trial, we measured the ef-
fect of the LFP phase alone on SSRT. For each area, we calculated the
circular mean of the phase of the LFP across the analysis window. We
then calculated the circular distance between the two phases in each
areausing Eq.1above. Results are presented in Extended Data Fig. 6.

Dual-coherent LFP phase versus SSRT (parametric approach). We
modelled the SSRT from peri-reach, post-reach and saccade trials
using a von Mises fit in which SSRT varies across trials accordingtoa
gamma distribution /(k,0) with constant scale, k, and arate, 0, that
dependsonthephase, ¢, onthat trial during the last 350 ms preceding
the onset of the second target according to a von Mises function,
0=A+ B exp(k cos(¢ — 1)). We defined three different versions of the
model each containing the same number of parametersin which phase
was set by the PRR-only phase, the LIP-only phase or the dual-coherent
phase. Thegamma-scale parameter, k, and the von Mises fit parameters,
A, B, k, 1, were estimated using maximum likelihood. The null hypoth-
esiswas that SSRT varied across trials according toagamma distribution
with constant scale and rate parameters and did not vary with phase.
For eachversion of the model, the likelihood was maximized using the
function mle in MATLAB (MATLAB 2019a, Mathworks). We fitted pa-
rameters using atwo-step procedure. Instep1, weinitialized parameters
based on heuristics derived from the SSRT versus phase tuning curve.
The offset, A, was initialized at the minimum of the tuning curve. The
magnitude, B, was initialized using the range of the tuning curve. The
preferred phase, u, was initialized at the phase with the maximum of
the tuning curve. The dispersion, k, was initialized at 0.5 based on vis-
ual inspection of the tuning curves. The scale, k, was also initialized at
20 based on visual inspection of the SSRT distributions. When tuning
was weaker, the fitsbased oninitializing founded on heuristics became
trapped inlocal minima. In such cases, we pursued step 2. In step 2, we
generated surrogate datasets by jittering the SSRT observations by
addingarandomvalueless than1% of the original data and refitting the
data using the same heuristics as before. We then used the parameter
fits obtained from the surrogate data to initialize the optimization for
the original data and repeated the optimization based on these initial
conditions. We tested the significance of the von Mises fit for each ver-
sion of the model against the null hypothesis using a likelihood-ratio
test. We selected between the models based on the dual-coherent phase,
the LIP-only phase and the PRR-only phase according to the difference
inthe maximized log likelihood according to Akaike information crite-
rion (AIC). Foreachmodel, we also estimated and compared the gener-
alization error using k-fold cross-validation with 10 folds. Results are
presented in Fig.2d and Extended Data Fig. 4a, b.

Totest the dependence of the dual-coherent phase on spike timing,
we repeated the analysis described above after jittering the spike times
oneachtrialaccordingto a Gaussian distribution with standard devia-
tion of 2 ms, 5 ms,10 ms or 20 ms. Results are presented in Extended
DataFig. 8.

Dual-coherent LFP phase versus reach accuracy (parametric
approach). We modelled the accuracy of the reach on peri-reach and
post-reachtrialsaccording to avon Mises fit in which reacherror varies
across trials according to agamma distribution /(k, 6) with constant
scale, k,and arate, 8, that depends onthe phase, ¢, on that trial during
thelast 350 ms preceding the onset of the second target according to
avon Mises function, 8=A+ B exp(k cos(¢ — 1)) . We defined three
different versions of the model, each containing the same number of
parameters in which the phase was set by the PRR-only phase, the
LIP-only phase or the dual-coherent phase. For each model, the
gamma-scale parameter, k, and the von Mises fit parameters, A, B, k, i,
were estimated using maximum likelihood. The null hypothesis was
thatreacherror varied across trials according toagammadistribution
with constant scale and rate parameters and did not vary with phase.

Thelikelihood was maximized using the function mlein MATLAB 2019a
(Mathworks) using the same two-step procedure as detailed above for
SSRT. We tested the significance of the von Mises fit for each version
of the model against the null hypothesis using a likelihood-ratio test.
We selected between the models based on the dual-coherent phase,
the LIP-only phase and the PRR-only phase according to the difference
in the maximized log likelihood according to AIC. For each model, we
also estimated the generalization error using k-fold cross-validation
with 10 folds. Results are presented in Fig. 2f, Extended Data Fig. 4c, d.

Reach accuracy and SSRT versus phase (hon-parametric approach).
We performed a non-parametric test of the effects of phase on behav-
ioural performance, reach error and SSRT. For each metric, we com-
puted theresultant vector using eight equally spaced and sized phase
bins. To determine significance, we performed a permutation test by
permuting the phase on each trial and recalculating the resultant vec-
tor (10,000 permutations).

Two-sample non-parametric phase tuning. We used a non-parametric
test of the effects of phase on behavioural performance to compare
resultant vectors across different phase measurements (for exam-
ple, beta-LFP versus gamma-LFP dual coherence). We performed the
permutation test by calculating the difference in resultant vectors
and comparing to the resultant when permuting the phases across
populations (10,000 permutations). Results are presented in Extended
DataFigs. 8, 9.

Reach-start aligned analysis. We analysed the relationship between
LFP phase, SSRT and reach error during a 350-ms time epoch aligned
to the start of the reach. The reach-start analysis window extends
from 200 ms before the start of the reach until 150 ms after the start
of the reach. As the reach duration was typically 100-200 ms (see Ex-
tended Data Fig. 1), the reach-start analysis window spans the reach
execution period. This interval was chosen to be close in time to the
gaze-anchoring window while avoiding confounding influences due to
presentation of the Go cue and the second saccade target. Earlier time
intervalsincluded the onset of the Go cue, whereas later time intervals
included the onset of the second saccade target. Results are presented
in Extended Data Fig. 5.

Dual-coherent LFP phase, firing rate and SSRT. We measured the as-
sociation between the SSRT and the firing rate of PRR neurons for trials
grouped by spike-triggered phase by performing linear regression. We
report the statistical significance of the preferred and null phase bins.
Results are presented in Fig. 3a-c.

Dual-coherent LFP phase versus firing rate. We modelled the firing
rate on peri-reach, post-reach and saccade trials according to a von
Mises fitin which spike count varies across trials according to a Poisson
distribution with rate, A, that depends on the phase, ¢, on that trial
duringthelast 350 ms preceding the onset of the second target accord-
ingtoavonMises function, A=A + B exp(k cos(¢ — u)). The von Mises
fit parameters, A, B, k, 1, were estimated using maximum likelihood.
The null hypothesis was that spike count across trials varied according
to aPoissondistribution with constant rate parameter. The likelihood
for each model was maximized using the function mle in MATLAB
(Mathworks). We tested for significance of the von Mises fit against the
null hypothesis using a likelihood-ratio test. Results are presented in
Fig.4c,d and Extended Data Fig. 10.

Inhibitory channel modulation model. We modelled the firing rate
of LIP neurons(Rate, ;p) trial-by-trial as a function of the LIP base firing
rateonthattrial, (Base, p), the PRR spike rate on that trial (Ratepgg)and
the dual-coherent beta-LFP phase on that trial (¢, ) according to an
inhibitory channel modulation model. The model operates according



to two functions (see Fig. 4a): inhibitory input gain function models
theinhibitory gain (/,) based on the PRR firing on that trial, and amod-
ulation state function models the modulation state (M,) based on the
dual-coherent beta-LFP phase on that trial:

Ratey p = Baseyp — (I, xM,) (2)

The inhibitory input gain function and modulation state function
were fit by binning trials based on the PRR spike rate and fitting a von
Mises function to the SSRTsin each bin according to the dual-coherent
phase (see Fig.3a). Trials were grouped inincrements of 8 spikes per sec-
ond. The inhibition scale factor for each firing rate bin was measured
asthe weighted difference between the peak of the von Mises function
fittothatbinand the mean SSRT across all peri-reach trials (see Fig. 3d).
Theinhibitory gain on each trial (/) was defined according to an expo-
nential function consisting of two parameters (a, 8) and the PRR firing
rate on that trial (Rateppg):

I,= aexp(BRatepgg) — @ (3)

The parameters of the inhibitory input gain function («, §) were fit
using the scale factors of the von Mises fit to each firing rate bin (see
Fig.3e). The modulation state for each trial was defined according to
a von Mises distribution with two parameters (k, u) and the
dual-coherent beta-LFP phase on that trial (¢Dual):

M, =exp(kcos(@y,,, ~ 1)) )

The parameters of the modulation state function (x, u) were cal-
culated from the average of the von Mises parameters fit across bins
of PRRfiring rates and SSRTs (k=1.5, u = 65; see Fig.3d). We describe
the goodness of fit (R?) using the adjusted R*value, whichis the ratio
of the sum of the squared error to the sum of the squared total,
scaled to account for the number of observations and the number
of predictors.

LIP spike rates were not used infitting either the inhibitory gain func-
tion or the modulation state function. The inhibitory channel model
only depends onthe LIP spiking activity for abase rate starting point for
the model on each trial. The LIP base rate (Base, ;) on each trial (¢) was
defined by the average LIP firing rate recorded before suppression of
thefiringrateis observed (MeanPreMove) and the difference between
the LIPfiring rate before movement onset (preMove(¢t)) and before the
onset of the second target (preTarg(¢)) on each trial such that:

Base, p(£) = MeanPreMove + (preMove(t) — preTarg(t)) ©)

We characterized the performance of the model by calculating the
mean squared error (MSE) between the observed LIP firing rate on
each trial and the predicted LIP firing rate on each trial according to
the model. For comparison, we also calculated the MSE for an input
gain function-only model, which did notinclude the modulation state
function, a modulation state-only model, which did not include the
inhibitory input gain function, and alinear regression model. The lin-
ear regression, unlike the other models, was fit using the observed LIP
firing rates on each trial.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1|Coordinated andindependent movement tasks.
a,Reachandsaccadedouble-step task (RS) and Saccade double-step task (SS),
indicating hand (H) and eye (E) positionateach epoch. Dashed linesindicate
period of gaze-anchoringin the RS task, and temporally matched epochsinthe
SStask. Theslowing of the second saccadereaction time (SSRT) was tied to the
coordinated movement. b, The coordination of the first movement was
established by the strong correlation between the reaction times for the reach
andsaccadein the first movement (Monkey 1(M1):R=0.34, slope = 0.21 ms/ms,
p=3x10",Monkey 2 (M2):R=0.45, slope =0.25 ms/ms, p = 0, Pearson
pairwiselinear correlation). c, SSRT correlated with the difference between the
reactiontimes of thereachandsaccadein the first movement (M1:R=0.20,
slope=0.26 ms/ms,p=2x10"*,M2:R=0.22,slope=0.39 ms/ms,p=2x1078,
Pearson pairwise linear correlation). d, Specifically, SSRT correlated with the

reaction time (ms)

reaction time of the reach (M1:R=0.23, slope = 0.29 ms/ms, p =4 x 107, M2:
R=0.20,slope=0.32ms/ms, p=2x107%, Pearson pairwise linear correlation).
e, The SSRTwas notdependenton the reactiontime of the saccade inthe RS
task (M1:R=0.05, slope =0.09 ms/ms, p =8 x10~*,M2:R=0.006,

slope=0.02 ms/ms, p=0.63, Pearson pairwise linear correlation). f, SSRT did
notdepend onthe duration of thereach (M1:R=0.07,slope=0.08 ms/ms,
p=1x107%,M2:R=0.001, slope = 0.002 ms/ms, p = 0.91, Pearson pairwise
linear correlation). g, SSRT only weakly correlated with the SRT in the SS task
(M1:R=0.06,slope=0.08 ms/ms,p=1x1073,M2:R=0.12,slope =0.17 ms/ms,
p=7x107", Pearson pairwise linear correlation). Therefore, the slowing of the
SSRT wastied to coordinated movement, and primarily the timing of the reach.
Monkey 1: RS task, n=10,324 trials, SS task, n = 8,372 trials; Monkey 2: RS task,
n=12,840trials, SS task n = 8,452 trials. All error bars show mean + SEM.
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R=-0.14, LIP-only: 0.24 deg, R=-0.02, Null: 0.24 deg). Non-parametric
analyses: Peri-reach trials: SSRT: dual-coherent: resultant =6.2x 1073,
p<107¢,LIP-only: p=0.28, PRR-only: resultant=2.3x 107, p=0.02, RA:
dual-coherent:resultant=1.6 x 10, p = 0. LIP-only: p = 0.33. PRR-only:
resultant=5.3x107°,p=1.6 x 107 Post-reach trials for dual coherent phase:
SSRT:resultant=5.7 x107%,p = 0. post-reach RA: resultant=2.1x10™*,
p=1.2x107.Saccade trials: SSRT: p = 0.89. Peri-reach: n = 4814 trials,
Post-reach: n=2116 trials, Saccade: n =3583 trials (same dataset shownin
Figs.2,3).
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Extended DataFig.7|Spike timing dependence of dual coherent 3-LFP
phase. a-1,Foreachtrial, spike times werejittered according to a Gaussian
distribution with standard deviation2 ms (a-c), 5 ms (d-f), 10 ms (g-i) and

20 ms (j-1).Second saccade reaction time (SSRT) as a function of dual-coherent
B-LFP phase foreach task trial type (Saccade, pink; Peri-reach, lightgreen;
Post-reach, dark green) during the gaze anchoring epoch was recomputed with
thejittered spike times. Solid lines present changes in SSRT fitted by von Mises
function (a, Peri-reach: p=1x107', preferred phase = 82°. Post-reach:
p=5x107, preferred phase =126°. Saccade: p = 0.68.d, Peri-reach: p=3x107,
preferred phase = 73°. Post-reach: p =7 x 1075, preferred phase =108°. Saccade:
p=0.23.g, Peri-reach: p=0.22.Post-reach: p=0.29.Saccade: p = 0.90.

j, Peri-reach: p=0.11. Post-reach: p=1.Saccade: p =0.38. likelihood-ratio test).
For peri-reachtrials, the phase of spike-8-LFP coherencein each cortical area
were computed for thejittered spike times (PRR B-LFP coherence, y axis; LIP 8
-LFP coherence x axis) and influence on SSRT (colorscale). Marginals show

SSRT as afunction of B-LFP phase coherence ineach areaalone (b, PRR-only
p=0.10, LIP-only, p=0.10, e, PRR-only p = 0.04, preferred phase =-127°,
LIP-only, p=0.47,h, PRR-only p=0.68, LIP-only, p=0.63,k, PRR-only p=0.52,
LIP-only, p = 0.71, likelihood-ratio test). Spike-LFP coherence between PRR
spikingand each cortical area alone forjittered spike times on peri-reach trials
(PRRLFP phase, y-axis, LIP LFP phase x-axis, colorscale: proportion of trials).
Marginals show the proportion of trials as a function of phasein each area
(c,PRRp=2x10"*,mean=137°,LIPp=8x10"*, mean=175°f, PRRp=2x107,
mean=139°,LIPp=1x1073 mean=167°i,PRRp=3x10"°, mean=132°,LIP
p=0.04, mean=-140°1,PRRp=0.84,LIPp =0.79, Rayleigh’s test of
non-uniformity, circular mean phase). Black trianglesindicate mean phase,
starsindicate that the distributionis non-uniform (one star, p < 0.05; twostars,
p <0.01, exact p-values above). Peri-reach: n = 4814 trials, Post-reach: n = 2116
trials, Saccade: n =3583 trials (same dataset shownin Figs. 2, 3). Allerror bars
show mean + SEM.
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Extended DataFig. 8| Dual coherent y-LFP phase. Dual-coherent phase was
calculated between PRR spiking and the y-LFP phase (40 Hz) in each cortical
area.a, Second saccade reaction time (SSRT) against dual-coherenty-LFP
phase for each RS task trial type (Peri-reach = light green; Post-reach = dark
green).Solid lines present changesin SSRT fitted by von Mises function
(Peri-reach: p=8x107*, preferred phase =—6°. Post-reach: p = 0.04, preferred
phase =26°.Saccade: p = 0.1likelihood-ratio test). b-d, Mean y-LFP phase in
each cortical area (PRRy-LFP phase, y axis; LIP y-LFP phase x axis) and their
influence on SSRT (colorscale). Marginals show SSRT against mean y-LFP phase
ineachareaalone (Peri-reach: PRR-only p = 0.55,LIP-only p=0.02, preferred
phase =112°. Post-reach: PRR-only p = 0.02, preferred phase = -25°. LIP-only

p=4x107% preferred phase = 78°. Saccade: PRR-only p = 0.13, LIP-only p = 0.04,
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preferred phase =17°, likelihood-ratio test). e-g, y-LFP phase in PRR (y-axis) and
LIP (x-axis, colorscale: proportion of trials). Marginals show the proportion of
trials against phase in each area (Peri-reach: PRR p = 4x107%3, mean = -177°, LIP
p=0.02, mean =-125° Post-reach: PRRp=2x10"%, mean=148° LIPp=3x107*,
mean =-159°.Saccade:PRRp=1x10"*, mean=153°,LIP p = 0.33, Rayleigh’s test
of non-uniformity). Black triangles indicate mean phase, starsindicate that the
distributionis non-uniform (one star, p < 0.05; two stars, p < 0.01, exact
p-values above). Peri-reach SSRT slowing with gamma-frequency phase was
significantly reduced compared to that with beta-frequency dual-coherent
phase (resultant=2.9x1073, p=1x10"*. permutation test). Peri-reach: n = 4814
trials, Post-reach: n =2116 trials, Saccade: n =3583 trials (same dataset shownin
Figs.2,3). Allerror barsshow mean + SEM.
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Extended DataFig. 9 |LIP-spike dual coherent -LFP phase. Dual-coherent
phase was calculated between LIP spiking and the S-LFP phase (20 Hz) in each
corticalarea.a, Second saccadereaction time (SSRT) asafunction of LIP
dual-coherent B-LFP phase for each RS task trial type (peri-reach trials, light
green; post-reach trials, dark green) and SS task trials (saccade trials). Solid
lines presentchangesin SSRT fitted by von Mises function (peri-reach:
p=1x107* preferred phase =-122°. post-reach: p=0.21.saccade:p=1x1073,
preferred phase =-157°. likelihood-ratio test). SSRT varied with PRR-spike
dual-coherent phase significantly more than with LIP-spike dual-coherent
phase (resultant=1.2x107, p <107°, permutation test). b-d, Mean LIP-spike
B-LFP phaseineach cortical area (PRR S-LFP phase, y axis; LIP 8-LFP phase x
axis) and theirinfluence on SSRT (colorscale). Marginals show SSRT as a
function of mean LIP-spike B-LFP phasein each areaalone (Peri-reach: PRR-only

p=0.23.LIP-only p =0.49. Post-reach: PRR-only p =6 x 10*, preferred

phase =109°. LIP-only p = 0.48.Saccade: PRR-only p=5x10~°preferred

phase =-25°.LIP-only p = 0, preferred phase = -142°, likelihood-ratio test).
e-g, LIP-spike B-LFP phasein PRR (y-axis) and LIP (x-axis, colorscale:
proportion of trials). Marginals show the proportion of trials as a function of
phaseineacharea (Peri-reach: PRR: p=2x10~°, mean=160°,LIP:p=1x107,
mean =97°. Post-reach: PRRp=2x1075, mean=11°,LIPp=5x10"*, mean = 67°.
Saccade:PRRp=2x10"°,mean=100°LIP p=4x107", mean =103°, Rayleigh’s
test of non-uniformity, circular mean). Black triangles indicate mean phase,
starsindicate that the distribution is non-uniform (one star, p < 0.05; two stars,
p <0.01, exact p-values above). Peri-reach: n = 7782 trials, Post-reach: n =36 04
trials, Saccade:n=8603 trials. All error bars show mean + SEM.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

X

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

XX X XD

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O 000 00d0gs

[ X X
X OO X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Eye position was monitored with a video-based eye tracker (I-Scan). Visual stimuli were generated using an array of tristate light-emitting
diodes (LEDs, Kingbright, USA) situated directly behind a touch screen (ELO Touchsystems). The visual stimuli were controlled via custom
LabVIEW (8.5, National Instruments) software executed on a real-time embedded system (NI PXI-8184, National Instruments).

Neural recordings were made using multiple-electrode microdrives (Double MT, Alpha Omega). Spiking and LFP activity were recorded with
glass-coated tungsten electrodes (Alpha Omega) with impedance 0.7-1.4 MQ measured at 1 kHz (Bak Electronics). Neural signals were
amplified (x10,000; TDT Electronics), digitized at 20 kHz with 12 bits/sample (National Instruments), and continuously streamed to disk during
the experiment (custom C and Matlab 2019a code) .

Data analysis Data analysis was performed using custom MATLAB 2019a code. The circular statistics toolbox in Matlab (2019a The Mathworks) was used to
perform circular statistical tests (Berens, 2009).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data availability: The datasets generated during the current study are available at https://github.com/mauhagan/Hagan2022Nature
Code availability: Matlab code for current study are available at https://github.com/mauhagan/Hagan2022Nature
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were based on previous work in the lab (eg Dean et al 2012; Hawellek et al 2016) that determined the necessary sample size for
determining statistical significance to estimate the expected number of trials per day the subjects would complete, and how many trials were
necessary to have the power to detect behavioral and neural effects.

Data exclusions  Cells were isolated and mapped for spatial selectivity using a visually-guided, center-out, delayed saccade task to eight possible target
locations, as described above. If the neuron appeared to show spatial selectivity, the double-step tasks were run, including all of the test
conditions described above. Each cell was recorded for a minimum of 10 trials in the preferred direction for each task condition (peri-reach,
post-reach and saccade trials). If the cell met these two criteria (spatial selectivity in a center-out task and minimum number of trials), the cell
was included in the database. Importantly, there were no inclusion or exclusion criteria based on neural responses in either of the double-step
tasks.

Replication Results were replicated across two subjects. Furthermore, the subjects were counter-balanced for cortical hemisphere (M1 - recordings were
made in the left posterior parietal cortex; M2 - recordings were made in the right posterior parietal cortex). Replication was successful.

Randomization  Each monkey first performed a center-out saccade task to map the spatial response fields of neurons. In this task, trials contained saccade
targets one of eight different locations and were randomly interleaved. Each monkey then performed the reach-and-saccade double-step
task, RS trials, or the saccade-saccade double-step task, SS trials, to study gaze-anchoring in a manner that was consistent with natural
behaviour. On a subset of catch trials (percent of trials: 1028, meanSTD), subjects performed only the first step of the double-step tasks with
no second target to suppress anticipation. All RS, SS and catch trial conditions were randomly interleaved.

Blinding Subjects were not allocated to different groups, therefore blinding is not relevant for this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
|:| Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Two male rhesus monkeys (Macaca mulatta) participated in the experiments (Monkey 1, 9.5 kg, age 6 years and Monkey 2, 6.5 kg,
age 9 years).
Wild animals No wild animals were used in this study

Field-collected samples  No field collected samples were used in this study.

Ethics oversight All surgical and animal care procedures were done in accordance with National Institute of Health guidelines and were approved by
the New York University Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Magnetic resonance imaging

Experimental design

Design type Anatomical MRI
Design specifications Anatomical MRI was performed for the purpose of localizing the recording chamber over the posterior parietal cortex.

Behavioral performance measures  Animals were anesthetized for the duration of the scan.

Acquisition

Imaging type(s) Structural MRI

Field strength 3T

Sequence & imaging parameters 2 pairs of forward/reverse MPRAGE T1-weighted scans with 0.5mm isotropic resolution covering the whole head and
extending to include fiducial markers necessary for surgical co-registration using the Brainsight system from Rogue
Research (v1.7.10 Canada)

Area of acquisition Whole brain scan

Diffusion MRI [ ] used [ ] Not used

Preprocessing

Preprocessing software Scans were preprocessed using FSL v5 to register and average images across scans with the commands fsimaths and flirt. The
resulting volume was then loaded into the Brainsight software suite v1.7.10 where they were further preprocessed to localize
MR-visible electrode registration features. We did not preprocess the images to extract the brain or skull.

Normalization Neuroimaging data were not normalized because they were used only for anatomical co-registraton of the recording
electrodes and the sulcal recording sites in the posterior parietal cortex.

Normalization template The data were not normalized.

Noise and artifact removal We did not need to remove artifacts from the structural MRI because at the time of imaging animals were implanted with
MR-compatible materials (ceramic screws and chambers manufactured from ultem and peek).

Volume censoring We did not perform volume censoring.

Statistical modeling & inference
Model type and settings N/A

Effect(s) tested N/A

Specify type of analysis: <] Whole brain [ | ROI-based [ ] Both

Leoc Y210y

Statistic type for inference N/A
(See Eklund et al. 2016)

Correction N/A




Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

|:| Graph analysis

|:| & Multivariate modeling or predictive analysis

Multivariate modeling and predictive analysis

We created a model to predict LIP firing rates based on PRR inputs. Model parameters were estimated using
PRR firing rates and the behavioral data using maximum likelihood. Importantly, LIP spike rates were not
used in fitting either the inhibitory gain function or the modulation state function. The inhibitory channel
model only depends on LIP spiking activity for a base rate starting point for the model on each trial. We
characterized the performance of the model by calculating the mean squared error (MSE) between the
observed LIP firing rate on each trial and the predicted LIP firing rate on each trial according to the model.
For comparison, we also calculated the MSE for an input gain function only model, which did not include the
modulation state function, a modulation state only model, which did not include the inhibitory input gain
function, and a linear regression model. The linear regression, unlike the other models, was fit using the
observed LIP firing rates on each trial.
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