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Systematic modulations of microsaccades have bbsareed in humans during covert

orienting. We show here that monkeys are a switaidel for studying the neurophysi-

ology governing these modulations of microsaccaddsing various cue-target saccade
tasks, we observed the effects of visual and anditoes on microsaccades in monkeys.
As in human studies, following visual cues theres\sa early bias in cue-congruent mi-

crosaccades followed by a later bias in cue-inaoegr microsaccades. Following audito-
ry cues there was a cue-incongruent bias in lefsanly. In a separate experiment, we
observed that brainstem omnipause neurons, whithajbhsaccades, also paused during
microsaccade generation. Thus, we provide eviddrateat least part of the same neuro-
circuitry governs both large saccades and micreshes

Keywords: covert orienting, cue-target task, omnipause neurons, fixational eye
movements, crossmodal attention, oculomotor control

1953) in about 80ms (Coppola and Purves, 1996) and
these small eye movements prevent this from hapgeni

Introduction Among these small eye movements, microsaccades

Small, involuntary and unperceivable eye movementgroduce the largest displacements and are theréfiere
occur during visual fixation and are classifiedoinhree ~ €asiest to study. These eye movements have the sam
types: tremor, drift and microsaccades (Barlow, 2t95 Vvelocity amplitude relationship as larger sacca@eser

Ratliff and Riggs, 1950; Steinman, Haddad, Skaviensket al., 1965). The study of microsaccade metrichu-
and Wyman, 1973; Martinez-Conde et al., 2004). Aldmans has revealed that biases in the inherent nameis

though there is some debate as to their functiee (s Of microsaccades can be produced under certaini-cond
Rolfs, 2009 and Martinez-Conde et al., 2009 foiews),  tions and these biases may reveal underlying néysdp

it appears that these fixational eye movementsesasva ological processes (Hafed and Clark, 2002; Engbedt
means of introducing stochastic displacement toréhe Kliegl, 2003; Galfano et al., 2004; Laubrock et a2DO05;
tinal image in order to aid in counteracting refiadapta-  Rolfs et al., 2004; Rolfs et al., 2005; Martinezrde and
tion (Ditchburn et al., 1959; Martinez-Conde et, al. Macknik, 2007).

2006b; Troncoso et al., 2008). If all eye moversemere The pattern of microsaccades is biased in covert
suppressed while viewing a visual scene, the iM&We jenting tasks. Where our eyes are oriented (atéen-
the retina would eventually fade away (Riggs, et alqny and where our attention is actually focuseovért
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attention) can be separated with cueing tasks @psnunderlying oculomotor processing that occurs during

1980). A visual cue can be presented during fixain a
predictive (in the same location) or non-predict{ire a
diametrically opposite location) location of an aptng
target.
target (the CTOA — cue-target onset asynchronyjrtsh

reaction times to cue congruent targets were obderv

This has been referred to as reflexive capturdtefiion

(Jonides, 1981; Posner and Cohen, 1984; Remington €

al., 1992). This early capture of attention iddaled by
a later epoch that results in longer reaction titeesue
congruent targets and this has been referred tohés-
tion of return (IOR) (Posner and Cohen, 1984; Poshe
al., 1985; Maylor and Hockey 1985).

By reducing the time between the cue &md t

covert orienting.

As we attempt to understand the neurophysiologly tha
underlies microsaccades and their relationship tidtim
sensory input and integration, attention and ocokom
control, cell recording in animal models is necegsa
Monkeys have been used extensively as a model for
studying the neurophysiology of the oculomotor and
attention systems (Fecteau and Munoz, 2006). While
there have been studies on microsaccades in monkeys
(Van Gisbergen et al., 1981; Martinez-Conde 2008r-M
tinez-Conde et al., 2002; Horwitz, et al., 2003;rlifeez-
Conde et al., 2006a; Hafed et al., 2009), as vebther
animals (Martinez-Conde and Macknik, 2008), to our

In human studies, it has been observed that microsaknowledge there exists only a brief descriptiomuéro-

cade properties are modulated during these cuesigst
but the modulation varies depending on the typeus
and experimental conditions used. First, microadec
rate is affected by the sudden onset of both arydaad
visual cues (Engbert and Kliegl, 2003; Rolfs et 2005).
During steady fixation of a fixed visual displayjcno-

saccades have a baseline rate of around one pamdsec

but following the appearance of a cue in the pefiph
there is an early decrease in frequency of micaesdes
around 150 ms after cue onset, followed by a later
crease in frequency of microsaccades that peatsiced

that of baseline around 350 ms after cue onsee €Hnly
decrease in frequency was expected as this issalsp
for larger saccades (Reingold and Stampe, 2002)heu

later increase is novel to microsaccades (Engbedt a
Second, many studies have shown th

Kliegl, 2003).
microsaccade direction is affected by cue locatidafed
and Clark 2002; Engbert and Kliegl, 2003; Galfahalg
2004; Laubrock et al., 2004; Rolfs et al., 2004{fRet
al., 2005). Following a peripheral cue, microsaeca
directions are first biased towards the cue dutting
period of capture of attention and then biased af@y
the cue during the period of inhibition of retutdafed
and Clark, 2002; Galfano et al., 2004; Laubroclalet
2004; Rolfs et al., 2004; Rolfs et al., 2005.) Thagni-
tude of the influence of microsaccades on behasistill
debated (Horowitz et al., 2007a, Horowitz et aD0?b
and Laubrock et al., 2007) and appears to be muetii-s
er and more complicated (Kliegl et al., 2009),tlthe
influence of the cue.
nature of microsaccades can be biased by spatei-at
tion, the connection of attention to saccade prognang
is reinforced and they present an opportunity tasthe

2
DOI 10.16910/jemr.3.2.4

However, because the stdichas
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saccade characteristics during covert orientinggusion-
predictive cues (Corneil et al., 2008). Therefateis
important to verify that equivalent microsaccadbawsor

is observed in monkeys. Saccade behavior in mankey
during cue-target tasks is consistent with thabumans
(Fecteau et al.,, 2005). We therefore hypothedizd t
microsaccade metrics will be modulated analogotrsly
what has been observed previously in human experi-
ments. This analogy must be established before- com
mencing detailed neurophysiological studies.

In order to verify the modulation of microsaccade-m
trics in monkeys, we used cue-target experimerita(e
1A), similar to that of Posner (1980). In the ffiset of
experiments we investigated the modulation of nsame
cades during a purely visual task using predictwel

a

non-predictive visual cues. In a follow up experithwe
investigated the modulation of microsaccades dugng
multisensory cueing task using auditory cues asdali
targets. We then compared these results to thmsedf
previously in humans. Finally, we present prelianin
data showing how the discharge of brainstem ommsipau
neurons is modulated during the generation of rs&re
cades. Omnipause neurons are brainstem neurdractha
as a gating mechanism for the initiation of saceg@&ee
Scudder et al., 2002 for review). We hypothesdi, tif
microsaccade modulation is a result of saccadergnog
ming during covert attention, omnipause neuronsiksho
pause for microsaccades just as they do for lasger
cades.
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Methods

Two male rhesus monkeys (Macaca mulatta) h-
ing approximately 7 and 10 kgerforme« in this study.
All protocols were approved by the Queen’s Univgr
Animal Care Committee and were in full compliat
with the Canadian Council on Animal Care polifor the
use of laboratory animals.

Cue-target Experiments

We investigatedthe effects of visual and audito
cues on microsaccade rates and directions dian ocu-
lomotor version of the cue-target ta$kigure :A). Sepa-
rate analyses from these experiments were previ
publishedto study the neural mechanisms of cue
independent of microsaccades (Balkl. 200; Fecteau et
al., 2004). Here, we reanabd these same data, but
in the context of microsaccadletectio and analysis.

Figure 1A depicts the cuerget tas used in these
experiments. All tasks began with the animal fixgiton
a fixation point (FP)in the center of evisual screen.
After a variable amount of fixationime a cue was
flashed in the peripheryAfter anothervariable amount
of fixation time, the target appearatithe same locatic
as the cue or at a diametrically opposite loci. The
time between cue and target onset is defined asub
target onset asynchrony (CTOA)The aiimal was re-
quired to make a saccadic eye movemethe target and
was rewarded for doing sdl'he cue and target appea
left or right and in any combination for all of setask
with random probability.

Three separate, blocked experiments wereormed
using variations of the cue-target task experiment 1,
the cue and target were visual and the cue dighreatict
the target (Fecteau et &004). In experiment, the cue
and target were visual, but the cue predicted dbation
of the targe 75% of the time (Fectecet al., 2004). In
experiment 3, the cue was auditatye target was visu,
andthe cue was not predictive of the tar(Bell et al.,
2004). The auditory cuwas placed in a position th
was commensurat&ith the position athe visual target.
In experiments 1 and e first fixation period was 5\
1000ms long, the cue was flashed for 30ms and CT
of 50, 100, 200, 500 and 120@s were used. In exfi-
ment 3, the first fixation periodlas 60(-800 ms long, the
cue was presentedr 50ms and CTOAs of 60, 160 a
610 ms were usedNote that because all of these eii-
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ments were originally designed for neurophysiical
recording, the actugbositions of targets and cues w
aligned to the receptive fields of the neuroeing stu-
died in the superior collicul.. Therefore, we excluded
all blocks of trialswhere thecue and target locations
deviated more than 20from the horizontal meridian.
This also meant that cue and target eccentricitiese
variable, ranging from 2-2@Figure 1B.

A
L] L] °
L] L]
(] [ ] [ )
Fixation (FP) Cue Fixation Target
| CTOA |

Number of trials

2 4 6 8 16 12 14 16 18 2‘0
Eccentricity of cue/target (degrees)

Figure 1. (A) Schematic representation of the cue-target tasks
used. Each trial began with the animal fixating on a central
fixation point (FP). After a variabletimea brief visual or
auditory cue was presented on the left or theright. The animal
then maintained fixation again for another variabletime: the
cue-target onset asynchrony (CTOA). The fixation point was
then extinguished and a visual target appeared to the left or
right at the same eccentricity asthe cue. These tasks were
preformed in separate experiments such that the animals
performed blocks with visual cues that were either non-
predictive or predictive or separate blocks in which auditory
cues were non-predictive. (B) Histograms of cue-target
eccentricities used in each experiment.

Horizontal and vertical eye position dawvere record-
ed with thesearch coil system and were digiti at
1KHz for experiments 1 and 2 a500Hz for experiment
3. This technique has a spatial retion of 0.L. In our
analysis we concérated on the long CTOA trie (500ms
and 1200ms foexperiments 1 and and 610ms for expe-
riment 3 for each experimentWe also only used data
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from trials where the animal performed the taskextty. was used as a threshold such that we were onlyested
We detected the microsaccades during the fixatesiod  in microsaccades that were between 0.2-2

(i.e., from when the animal first started fixatitiee cen- ) )

tral FP until the target appeared) using the allyori Microsaccade Analysis

outlined below. We analyzed microsaccade direction using a tech-
nigue developed by Rolfs and colleagues (Rolfslet a
2005). In order to identify when microsaccade sate
In a separate set of experiments (Everling ett@8b8) differed from randomness significantly over timeg w
we recorded previously from brainstem omnipause neiplotted them against randomized data. After remgvi
rons (OPNs) in a gap s@de task. Here we describe thevertical microsaccades (those greater thdrir6@irection
discharge of OPNs modulated during the generation away from horizontal), we shuffled the directiorfsatl
microsaccades from this same data set. microsaccades from the original data, but mainthithe
microsaccade onsets (i.e., the direction of oneosac-
cade was randomly assigned to another microsacratle
this was done for each microsaccade). This shgfftif
girections maintained any overall biases in dimc@nd
any changes in the rate of microsaccades. Theegsoc
was done 100 times and the rates of congruentreomchi
gruent microsaccades were calculated for eachtigara
A congruent microsaccade was one in which the timec
was towards the cue location, whereas an incongruen
microsaccade was one in which the direction wasyawa
from the cue location. A 100 ms rectangular filteas
applied to the individual rates to compensate fiittsrg
the data. The rates were then averaged to gedtrébdr
tion representing the null hypothesis that theres wa
significant difference in congruent and incongruenit
Microsaccade Detection crosaccades. We then calculated the actual rateh-
ruent and incongruent microsaccades and smoothed
hose with a 100 ms rectangular filter. Finally plotted
the rate deviation of the actually congruent arubngru-
ent microsaccades from the corresponding null idistr
tions (e.g., Figures 3B-6B). We also plotted twandard
deviations away from the randomized data (the ghade

Recording Omnipause Neurons and Microsaccades

In the gap saccade task, the animal began eatbyria
fixating on a central FP. In this task there wascne.
After a fixation period of 500-1000 ms the FP disap
peared and, following a 200ms gap when nothing wa
present on the screen, a target then appearétb ltbe
left or right. The animal was required to makeaacade
to the target. The monkeys performed several Islaxdk
this gap saccade task. Horizontal and vertical po&-
tion data was digitized at 500Hz. Neuron actiwitgs
sampled at 1kHz after passing through a windowrdisc
minator that filtered for action potentials that tnimth
amplitude and temporal constraints. We detectentami
saccades during the fixation period using the digor
outlined below. Data from one monkey is presented.

Microsaccades were detected using an algorithm sim
lar to that of Martinez-Conde and colleagues (Mhedi
Conde et al., 2000). We first differentiated tlye @osi-
tion data to produce instantaneous horizontal amtical
velocities. These velocity data were smoothed gusin

21ms rectangular filter. From the velocity traces area of Figures 3B-6B). The rate deviation wasifiig

Cal_Cl':la\tf/d tt:e Tﬁtan:]aTdeo;fhspeef[d andl d'reft'(::? cant when it differed from the corresponding ranthemh
point. Ve then thresholded these two values lertene .., by more than two standard deviations. We only

yvhen the eyes were s.tat|onary and when 'Fhey wete M3considered deviations that lasted more than 20 sis a
ing a saccade. The instantaneous direction ofejfees significant.

could not change more than®1® be considered a sac-

cade. The instantaneous speed of the eyes hael & b

least 8°/sec. This speed threshold was chosen such that it

gave the best main sequence as described by Zuober a

colleagues (1965) (see the results section forxame We first calculated the main sequence relationghip

ple). A saccade was then defined as a sequenceWheriy our microsaccade detection algorithm (Figaje
the eye was moving for a period of at least SmsonF  rpis” fi re depicts the expected linear relatiopshe-

the eye .movement data we then calculatgd the @mset y\eon saccade amplitude and peak velocity of 612 m
termination of all saccades, the peak yeIOC|ty,sm@cade crosaccades from both monkeys during experiment 1.
vector and the saccade amplitude. Finally, thelitumle

Results
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There was a correlation coefficient of 589 (p < 0.5)
between the two variablesd a linear regression to se
points had a slope of 0.6868 deg/sec/mi with an in-
tercept of 4.4182 deg/secThese results veri the algo-
rithm, based on the fact that microsaccades follow
same amplitudeelocity relationship as larger sacce
(Zuber et al., 1965).

1201
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60+

Peak Velocity (deg/sec)

50f
40¢

30

200

1o HEL ‘ ‘ ‘ .
20 40 60 80 100 120

Amplitude (min arc)

Figure 2. The main sequence plot for monkey A collapsed over
all visual cueing experiments. The expected linear relationship
between amplitude and peak vel ocity was observed.

Experiment 1: non-predictive visual cues

Behavior. In this experiment, cue location did r
predict target location. See Fectesal. (2004) for the
original analysis of behavior. Athe short CTOA
(50ms), saccadic reaction timasre significantlyshorter
when the cue appeared at the same location asriie,
compared to when the cue and target appeareoppo-
site sides. This has been called attention capt How-
ever, at longer CTOAs (100200ms), saccadic reacti
times were significantly longaxhen the cue appeared
the same location as the targé@tis has been refeed to
as inhibition or return.

Microsaccade dtatistics. Figure 3A summarizes tt
average microsaade rate from 2 monke during the
fixation period of the visual nopredictive cueing task
The monkeys performed 51%fals and4275 microsac-
cades were detected. The rate for eadimal was also
smoothed using a 10 ms rectangdiker. There was an
overtepresentation of microsaccades early in the fixe
epoch before cue appearance that was likely ¢ small
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corrective saccades after the animal reached xagidn
window around the centrdF. Just before the cue ap-
peared there was a stalilaselinerate of about 0.5 sac-
cades/s. Following cue onset, microsaccade raarbe
decrease after about 30s and reached a minimum
about 0.2saccades/s during the interval -250 ms after
cue onset. The rate then began to increase agal
reached a peak of about Gdccades/s 4/ ms after cue
onset. We chose 3 epochs to test these rates qative-
ly. t1 refers to a 50ms epoch before the onsétetue.
t2 refers to aa epoch 1A%B0Oms after onset of the cue ¢
is used to test for a decrease in microsaccadesmain
after cue onset. t3 refers to an epoch-450ms after
onset ofthe cue and is used to test fol increase in mi-
crosaccade rai@fter cue onset. Usg a t-test we found a
significant decrease in microsaccade rate duringvkzn
compared to t1 (p < 0.5mnd a significant increase
microsaccade rate during t3, when compared (p <
0.5).

15 A
B 3 o o
+ 0O
g
2
<]
£ o5
0
0.1 B
Congruent
0.05 ++

0

-0.05

Incongruent

Rate deviation from random data (1/s)

-0.1
-200 -100 0 100 200 300 400 500

Time relative to cue onset (ms)

Figure 3. The modulation of microsaccade rates during
fixation in a visual non-predictive cue-target task. Average
microsaccade rate is plotted relative to cue onset (A). t1, t2 and
t3, refer to time epochs chosen to analyze changes in rate after
stimulus presentation. The rate deviation of congruent and
incongruent microsaccades from randomized data is also
plotted (B). Congruency refersto cue and microsaccade
direction. The shaded area represents two standard deviations
from the mean of 100 randomized data sets. Hence, when the
rate deviation is greater than or larger than the shaded area,
the deviation is significant.

Two significant deviations from the randomizeata
were observed for nopredictive visual cues. The fir
significant differenceoccurrec 112-150 ms after cue
appearance (see * in Figu3®). During this period ther
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was a significant increase in caengruent micosac-
cades and a brief, busignificant decrease ircue-
incongruent microsaccades (i.microsaccades tended
point in the direction of the cue)lhe second significat
differences occured 28075ms after the ci (see ++ in
Figure 3B). During this time there was a significi
decrease in cue-congruemticrosaccades and a sid-
cant increase in cuecongruent ncrosaccades (i.e.,
microsaccades tended to point in the opposite titirecf
the cue).

Experiment 2: predictive visual cues

Behavior. In this experiment, cue location wase-
dictive of targetlocation on 75% of trialsSee Fecteau et
al., 2004 for the original anais of behavir. For targets
appearing at the same location as cue, it was found
that predictive cues enhanced the effects of capti
attention.  Specifically, accadic rection times were
faster for predictive cues than for npredictive cues an
this enhancement effect was present for all butidhg-
est CTOA (1200 ms). Forrgets appearing at the co-
site location to the cue, themhancemereffect was not
present. However, for the 58s CTO/#, saccadic reac-
tion times were faster for nguredictive cues than fi
predictive cues.

Microsaccade datistics. Figure 4A summarizes tt
average microsaccade rate for blocks of trialgzirni
predictive cues. 6302 trials weperformed between tt
two animals and 3306nicrosaccades were tected.
Similar to the norpredictive cues, we observed a e-
line of about 0.5saccades/s before cue presentat
Following cue presentation, microsaccade rate estaid
decline at about 8fths and reached a minimum about
0.05 saccades/s at 120-20%. The rate then began
increase steadily until it reached a peaabout 0.7 sac-
cades/s at approximately 450msAgain, we found a
significant decrease in microsaccade rate duringvken
compared to t1 (p < 0.5), and a significant inceeas
microsaccade rate during t3, when compared to t&
0.5).

To study microsaccade directions we performed
null distribution analysis. Similar deviations ffinoren-
domness to the non-predictiveaing task could beb-
served during the predictive dog task (Figur 4B).
Specifically, there was an early significant in@ean
congruent saccades and consequently a significe-
crease in incongruent saccades atl50 ms (see * in
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Figure 4B). Ths was followed by a later and moreo-
nounced significant decrease in congruent saccade
significant increase in incongruent saccades atax-
imately 280-500 ms (see -+ Figure 4B).

5 A \
2 3 N ]
Z
E-]
[
2 o5
0
0.05 B
Congruent *
++

=]

Incongruent

=
=]
5]

Rate deviation from random data (1/s)

-200 -100 0 100 200

Time relative to cue onset (ms)

300 500

Figure 4. The modulation of microsaccade rates during
fixation in a visual predictive cue-target task. Thisfigure was
created using the same analysisasin Fig. 3.

Experiment 3: non-predictive auditory cues

Behaviour. We also emplged auditory cues to der-
mine their effect on microsaccaproduction. See Bell et
al., 2004 for the original analysis of havior.  In con-
trast to what was observefibr predictive and non-
predictive visual cues, treuditory cus we used preced-
ing a vsual target did not have any significant effect
reaction time for either short or long CTO

Microsaccade statistics. Microsaccade ras for audi-
tory cues (Figure 5A) weranalyzed in the same mant
as for visual cues. 77#8als were performed bween the
two animals and 70#icrosaccades were detected.
baseline microsaccade rate wabout 0.8 saccades/s
before cue presentation. The rate began to de2(-30
ms after cue presentation and reached a min of 0.3
about saccades/s at 150-206 after cue onset. The r:
then increased and reached a maxit of about 1.1 sac-
cades/s at 450mdAgain, we found a significant decree
in microsaccade rate during t2, when compared {p &
0.5), and a significant increase in microsaccatke der-
ing t3, when compared totl (p <0

Microsaccade directions were again analyzed L
the null distribution method. No significant detigas
from randomness could be observed for either carg
or incongruent microsaccades (Fig 5B), but there were
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late trendsof decreased congruent microsaccades

increased incongruent microsaccades a-450 ms after
cue onset, which was consistent with the tr observed
in the visual cueing experiments. To further irigege

this trend, we split the congent and incongruerdata
sets into their respective teéind right cue conditior
(Figure6). In this analysis, we observed that auditory
cues were responsible for this late trend towandsn-

gruent microsaccades. This trendsveagnificant for let

cues at approximately 350-425 nimut did not exist for
right cues (see ++ in Figure 6).

0.8 A

t1
Cue

t2

t3

0.6

0.4

MS rate (1/s)

0.2

=}

B

Congruent

S
[N}

=}

s

Incongruent

&S
[N

Rate deviation from random data (1/s)
o

200 100 0 100 200 300 400 500
Time relative to cue onset (ms)

Figure5. The modulation of microsaccade rates during
fixation in an auditory non-predictive cue-target task. This
figure was created using the same analysisasin Fig. 3.

Experiment 4: recording from omnipause neurons

We had the opportunity to assess the activity
brainstem OPNs during microsaccade generation a-
nalyzing data thawas published previously (Everliret
al., 1998). OPNsre tonically active for fixation ar
pause for all macrosaccades, thgreyatin¢ the occur-
rence of saccades (see Scudder et2@D2 for review).
Our goal here was to determine whether OPNs
paused for microsaccades. We recorded f18 OPNs
in one monkey and collapsed the data. The anier-

formed 1306 trials and we identifi&bC microsaccades.

The lower number of microsaccades was likely duthdx
limited fixation period analyzed andetabsence of cue.
Figure 7 summarizes the activity cOPNs aligned on
microsaccade onset for those microsaccades where
was at least 10fs of fixation before and after micrc-
cade occurrence (177 trials)We identified two time
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periods to analyz the firing rate of OPNs.The first
epoch, t1, refers to 35-5@s before microsaccaconset
and was used as the baseline firing raThe second
epoch, t2, refers to 0-1Bs after microsaccade or.

The baseline firing rate was 162 spikes/s (t1) ®as the
rate directly after microsaccade onset was 62 sfs
(t2). A ttest revealed that this difference was signific
(p < 0.). Thus, OPNs pause for microsaccades ju
for larger macro saccades (i.e. °amplitude).
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Figure 6. The modulation of horizontal microsaccade rates
during fixation in an auditory non-predictive cue-target task.
The rate deviation of left and right microsaccades from
randomized data during left and right cuesis plotted. This
figure was created using the same analysisasin Fig. 3.

Discussiol

Using peripheralisual and auditory cues in a
target paradigm, we have shown that microsacprop-
erties are modulated duringflexive and voluntary co-
vert shifts of visual attention in monkeys. Micaccade
rates decreased quickly after cue presentatiochiieg a
minimum approximately 100ns later. This early de-
crease of micreaccade frequen was followed by a later
enhancement, reaching a maximum aximately 400
ms after cue presentatioifhis early drop in rate is si-
lar to saccade inhibition produced transient changes in
the visual display (Reingold and Stampe, 2C Micro-
saccade directions were also biased by cue préisent
For visual cues there was an early cue congruest in
microsaccades, followed by a later and more prooed
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cue inconguent bias. For auditory cues there was or
cue incongruent biaend only for cues to the le

Trials ..o -t

Spike
Density

100 spikes/s

t1 t2

Eye

-50 -40 -30 -20 -10 0 10 20 30 40 50

Time relative to saccade onset (ms)

Figure 7. The modulation of omnipause neuron activity during
microsaccade generation. Theindividual action potentials for
177 trials are plotted at the top. Followed by the spike density
function representing the relative average number of spikes
(convolved with a Gaussian function of width 10ms) and the eye
position traces of microsaccades. t1 refersto a period 35-50ms
before microsaccade onset and was used to calculate a baseline
rate of neuronal activity. t2 refersto a period 0-15ms after
microsaccade onset and was used to calculate the rate of
neuronal activity during microsaccades.

Several studies have investigated the effects oént
orienting on microsaccades in humans using-target
paradigms. Our resultfom monkeysare largely in
agreement with the results pfevious huma studies.
The modulation of microsaccades rates following
presentation was first observed in humans by Engiet
Kliegl (2003) using predictive, endogenous visuaés
Immediately following cue gesentation, theobserved
an inhibition of microsaccades to 20% of baselieash-
ing a minimum approximately 15@s later. Following
this, they observedn enhancement of microsaccade
double the baseline rate, reaching a maximum -
imately 350 ms after cue presentatidhis characteristi
pattern was also seen in monkéygures 3, 4, although
the inhibition appeared to occur earlier and reachiri-
mum earlier than in the human studicThey also found
a baseline rate of 1 saccade/s durimgtfon, whereas w
found a baselia rate closer to 2 saccades/s. The r-
ences in time course and baseline rates could beta
many factors, such as experimental conditispecies
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differences or extensive ovmining in the monkeys, but
the overallpattern was the sameThey also found that
this modulation occurred during neutral cues thdtrobt
convey any information about the target. They aoted
that any visual transient was sufficient to prodticis
result. This was supported by subsedly studies that
found this characteristic modulation regardless thod
type or meaning of the cue (Galfano, 4 — non-
predictive exogenous visual cues;ubrock, 2004 — non-
predictive endogenous and exnous visual cues; Rolfs
et al.,, 2004 - predictivexogeous, visual and auditory
cues; Rolfs et al., 2007 - mhetive visual cues). Our
results areconsistent with these findingsecause we
observed this modulation in both predictive ancn
predictive cues, as well as widuditory cues.

Several stud® have examined the effects of vis
cues on microsaccade direction. Hafed and ClaDRZ}
first observed the characteristic pattern of a -
congruent microsaccade bias soon after the preassnm
of a predictive cue, followed ka cue-incongruent micro-
saccade bias. They correlated these biases irogec-
cade direction with behawial differences and suggesi
that microsaccadesere influenced L covert attentional
shifts. Their experimental set up used a cue tead
always on and involved multif targets on the horizontal
and vertical meridian Despite the differeces between
their task and our horizontal ¢-target tasks, our results
are consistent with theirs. In separate studiasibtock
and colleages (2005) and Rolfs and colleages (2(¢ed
cuetarget paradigms with prective, transient visual
cues and also found this characstic pattern. Both
studies identified an early cw®ngruent bias at approx-
imately 50-150ms after cue presentation, followlater
by a cueincongruent bias atpproximately 250-550 ms.
We found similar epochs in our results for predie
visual cues (Figurel). Galfano and colleagues (20(
used peripheral, nopredictive visual cues, but whi
they did find the cuéacongruent bias at 300ms after ¢
presentton, they did not observe the early -congruent
effect that we found in our n-predictive visual cueing
task (Figure3). This could be the result of species «-
ences or the amount of training that monkunderwent
prior to data collection This nay also be the result of
different task conditions. First, we use flasheéhs for
our cues, whilgsalfano and colleagues (20! used box-
es that were always on and became thicker and
intense when cued. Hence, itpossible that our cues
eliciteda stronger capture of antion response. Second,
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we use saccades to targets to signify a responde aunse cell recording to elucidate these pathways haowd
measure behavior, while they used manual buttossprethe activation of the visual system during coveiémting
responses. Because the monkeys were required\te manfluences the behaviour of microsaccades.

their eyes towards the target, the effect of trsual cue
may have been enhanced.

We examined the modulation of brainstem OPNactiv-
ity during microsaccade generation (Figure 7). ddaf

Support for visual cues enhancing covert attentiomnd Clark (2002) suggested that because microsascad
responses in microsaccades comes from Rolfs and cdbllow the same velocity-amplitude relationshiplager

leagues (2005) who also observed the effects afayd
cues on microsaccade direction. They found thaa in
purely auditory task (i.e., auditory cues and te&ggthere

saccades (Zuber et al., 1965) and reflect the @tien of
covert visual attention, it is likely that the sam&urocir-
cuitry governing larger saccades is responsibletiier

were no early cue-congruent or late cue-incongruergeneration and modulation of microsaccades. Omne co

biases. There was only a cue-congruent bias thpt h
pened later, and only for left cues, around 200afisr
target presentation. They argued that this wassaltr of
decreased occulomotor control resulting from a latk
visual information in the purely auditory tasks.ccar-
dingly, when human subjects performed a task witfi-a

ponent of this circuitry is OPNs, which are bragmst
neurons that are tonically active and only pausendu
saccade generation (Cohen and Henn 1972, Kellet,197
Luschei and Fuchs 1972). Specifically, OPNs argécto
inhibitors of burst neurons located in the paramedi
pontine reticular formation and the rostral intibest

tory cues and visual targets, they observed a cuewcleus of the medial longitudinal fasciculus (Seghs

incongruent bias 300-400 ms after cue presentdtion
cues to the left. These results agree with owtirfigs for

auditory cues and visual targets in monkeys, wivege
found cue-incongruent biases for cues to the lefaa
similar epoch (Figure 6). Rolfs and colleaguesOg0

suggested that this left-hemisphere bias could e eal., 2002 for a review).

plained by a left-hemisphere advantage to brieftand
cues (Brown and Nicholls, 1997, Nicholls et al.99por
by a right-hemisphere bias of attention (Reuterebaret
al., 1990).

We provide further support that microsaccades ctfle
the orientation of covert spatial attention. Asstudies

with humans, we observed microsaccade directioas th

were consistent with an early capture of attentod a
later inhibition of return. Fecteau and colleag(@304)
observed the largest capture of attention effeatnam-
keys at the 50ms CTOA in both predictive and non
predictive visual cueing. During this time period saw

a significant bias in cue-congruent microsaccadesr
CTOAs of 100-1200 ms they saw an inhibition of ratu
response in both experiments that peaked at a CoOA
200ms and then gradually declined. During thisetim
period we saw a significant bias in cue-incongrumit
crosaccades. Both microsaccade rate and directami
ulations in monkeys during cue-target tasks aresistent
with that found in human studies. From these tssué
conclude that monkeys are a suitable model forystad
the neurological pathways involved in the generatiad
manipulation of microsaccades. Future experimeats

9

DOI 10.16910/jemr.3.2.4
Creative Commons Attribution

Thisarticleislicensed under a

et al., 1985 for a review). These burst neuromsipce
high-frequency discharges during saccades andhimes
the opposite discharge pattern of OPNs. Hence, OPN
act to stabilize the visual system and act as imgyahe-
chanism for the generation of saccades (See Scudder
It is reasonable thent tihey
would also gate microsaccades and indeed, thishat w
we observed. OPNSs paused for microsaccades (Figure
as they do for larger saccades. Everling and aglles
(1998) observed that OPNs displayed a small burst i
activity approximately 60 ms after target preseatat
during regular-latency saccades. This burst oceprs
proximately the same time that we observed theadiver
microsaccade rate to decrease after cue presentdtics
possible that increased OPN activity during thimeti
triggered the decrease in microsaccade rate. I¥inal
OPNs were also implicated by Ashe et al., (1991nas

cause for microsaccadic flutter, which is a rargodier
characterized by saccadic oscillations. From tHiegk
ings it seems likely that OPNs are involved in gouey
microsaccades.

Van Gisbergen and colleagues (1981) found that burs
neurons and motoneurons burst or paused in time wit
microsaccades, supporting the hypothesis that Imengt
rons are controlling the generation and inhibitafrmi-
crosaccades. More recently, Hafed and colleagu@39)2
found that, during a fixation task, neurons in thstral
pole of the superior colliculus (SC) burst befongl alur-
ing microsaccades and were selective for the andgdit
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and direction of these saccades. They also fohatl t periods to generate an accurate picture of the tiouese
inactivation of these neurons resulted in a deeréaas of microsaccade production.
microsaccade rate.

Behavioural studies have also provided insight into
possible neural mechanisms governing microsaccades.

Rolfs and colleagues (Rolfs et al., 2006) showedisu- We thank Ann Lablans for outstanding technical as-
al and memory guided tasks, that saccadic readitio®  sistance and members of the Munoz lab for commgntin
was increased when microsaccades occured within 1%h an earlier draft of the manuscript. This worksw
ms of a required saccade. They further showedrtirat supported by research grants from the Canadiaitutest
crosaccade rate decreases steadily towards zeowebefof Health Research. Douglas P. Munoz was suppirged

saccade onset. They hypothesized that this prsvidghe Canada Research Chair Program.

support for microsaccades resulting from activitythe

rostral pole of the SC, since larger saccades tauger-

come this fixation activity before they are exedute References
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