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Preface
The thalamic pulvinar, the largest and one of the most diversely interconnected
subcortical regions in primates is a mysterious one, and perhaps, one of the most difficult
brain regions to describe functionally. Streams of interest on the region have sparked and
faded from time to time. Early last century, for example, a lesion study hinted a potential
link of pulvinar (together with other thalamic nuclei) to goal-directed behavior in primates
(Walker, 1938). In his study, Walker reported complete degeneration of pulvinar cells after
ipsilateral hemidecortication of a chimpanzee. Based on his, and previous findings of
cortical and pulvinar size increase in primates, he speculated that there could be a link
between complex upper limb behavior and the notable growth of cortex and thalamic nuclei
in primates.

Recent ongoing efforts from several branches of neuroscience are providing a more
comprehensive view of thalamic nuclei within the rich circuitry of the brain. These new
functions of the thalamus span well beyond the relay of information from peripheral organs
to the cortex as it was once thought to be. The functions of the pulvinar, however, remain
underexplored. Taking another look at the pulvinar in action during goal-directed behaviors
might help us illuminate questions that have lingered in the mind of neuroscientists for
several decades.
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Introduction
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i.1 Visual processing streams
The primate brain has grown and developed during evolution as have our complex
interactions with the environment. Primates, particularly humans, have extensive
association cortices whose defining feature is the lack of direct inputs from sensory areas or
projections to motor command centers. Association areas are interconnected to each other,
but also share projections to subcortical regions; in particular, dense connectivity has been
reported to dorsal sub regions of the pulvinar nuclei of the thalamus (Asanuma et al., 1985;
Kaas and Lyon, 2007; Buckner and Krienen, 2013). The functions observed in association
cortices often reflect integration of information that is used to generate future actions.

A large part of the information to be integrated by association cortices comes via the visual
system. Vision is represented across several cortical and subcortical regions in the brain, in
the cortex only, over 30 areas are known to represent visual features (Ungerleider and
Haxby, 1994). The visual information not only allows us to scrutinize and categorize our
surroundings but also to interact with them in an efficient way. Many brain regions are
involved in distinct aspects of visual processing e.g. its meaning, retrieval, and emotional
content. Other areas are involved in the use of such information for the planning and
execution of actions (Goodale and Milner, 1992). Of particular interest for primates are the
parietal and frontal cortices, as they have been identified to be linked in the planning of eye
and hand movements (Snyder et al., 1997, 2000a; Battaglia-Mayer et al., 2003; Caminiti et
al., 2015)

The widely accepted canonical nature of the visual system (Mishkin et al., 1983;
Ungerleider and Haxby, 1994) has allowed vision researchers to study simple to
increasingly complex features of the visual world across the information flow hierarchy. In
general terms, the early visual pathway drives information from the visible part of the
electromagnetic spectrum, detected by the ganglion cells in the retina, through the optic
tract to the lateral geniculate nucleus of the thalamus, while in parallel, other fiber bundles
3

project to tectal and pretectal areas of the midbrain. These multiple projections are thought
to be part of a system that also optimizes motor commands (Guillery, 2003, 2005). From
the thalamus, the information continues through optic radiations to its first cortical target,
the striate visual cortex.

The primary visual cortex routes visual information to two functionally distinct visual
streams (Figure i.1): The first stream includes the primary visual area (V1), V2, V4, as well
as occipital temporal and inferior temporal cortices while 2) a second stream includes
mainly occipital parietal cortices, V1 and V2 in addition to areas V3, MT, MST, and
regions in the posterior parietal cortex and superior temporal sulcus. The functional
characterization of the ventral and dorsal streams was made possible largely by the
observation of deficits after brain to distinct brain regions in both humans and monkeys.
Damage to regions in the ventral stream was found to cause extensive deficits in object
discrimination and retrieval, while damage to areas in the dorsal stream mainly impaired
performance in tasks with spatial-relevant components (Mishkin et al., 1983; Ungerleider
and Haxby, 1994). Initially, the classification of the distinct visual areas was proposed to
heavily depend on the presence of strong perceptual or spatial properties in the area, i.e. the
widely known “what” and “where” pathways. Further study of perceptual and motor
deficits in patients with parietal and temporal damage contributed to refining the role of the
dorsal stream as one with not only spatial components but action-oriented properties, i.e.
the ¨how¨ pathway (Goodale and Milner, 1992; Goodale et al., 2005).

4

Figure i.1 Organization of the visual streams in the macaque brain

Visual inputs travel from the retina via the optic tract to the LGNd, and then to V1 via optic
radiations. From early visual areas V1 and V2, the visual information diverges in two
pathways. The first one modulated by the physical properties of objects which contribute to the
creation of semantic representations of our visual surroundings at multiple processing levels in
the visual hierarchy (ventral stream). The second stream is more sensitive to spatial and goaldirected properties of our visual environment (dorsal stream). An additional input to the dorsal
stream emerges from the retina and bypasses the LGNd, relaying information to V3/MT
through the SC and pulvinar or directly via pulvinar. Composite figure from and with
permission of (de Haan and Cowey, 2011) and (Goodale, 2011). LGNd, Dorsal lateral geniculate
nucleus; MT, Medial temporal area; V1, Visual area 1 (primary visual cortex)

In addition to the often encountered canonical nature of the visual system (Mishkin et al.,
1983; Ungerleider and Haxby, 1994), there are processes for which the parallel recruitment
of different cortical areas, in addition to the known sequential processing in the visual
streams might be required (de Haan and Cowey, 2011). As our brains need not only to
integrate complex visual inputs but also to generate visually-guided motor commands, a
visuo-motor network that dynamically and rapidly is able to recruit neural populations
across several brain regions seems to be a cost-effective solution. Brain regions with
extensive bidirectional connections with the central nervous system are of relevance, as
they might act as hubs that facilitate the generation and integration of visually-guided
actions.
5

Multiple brain regions are involved in the active exploration of the environment. A
structure with a central position, both physically and more importantly, functionally, is the
thalamic complex. The thalamus is in a privileged position to participate in information
modulation, as all sensory modalities (except for the olfactory) possess a thalamic relay.

i.2 Thalamus
The thalamus, a group of several nuclei of diencephalic origin is crucially involved
in the relay of information from peripheral sensory organs to the cortex and in addition, in
the transfer of information between different cortical areas. The relevance of the thalamus,
at least an obvious one, is that most sensory inputs coming from the sensory organs will
reach the cortex through it. An exception are the olfactory inputs which relay directly to the
olfactory bulb, a structure whose functions resemble those of thalamic nuclei (Kay and
Sherman, 2007). In other words, our representation of the world is, at some level, relayed
and modulated through the thalamus.
Relay neurons in the thalamus display two types of channel gates, Na+ and T-type Ca2+
gates (Sherman, 2009). Depending on their gate type, thalamic neurons also present
different refractory periods and resting potentials. This diversity of gate types contributes to
the complex burst and tonic firing patterns in thalamic neurons, these firing patterns likely
add up computation power to the processes involving these nuclei.

Inputs to the thalamus differ in nature. In general, thalamic inputs can be classified in one
of two categories: drivers and modulators (Sherman and Guillery, 2002; Guillery, 2005;
Sherman, 2009). A driver input is one that carries a message from one region to another. A
modulator, on the other hand, has the function of modifying the message carried by a driver
without having a message on its own. Modulators represent most of the synaptic inputs to
the thalamus from the cortex. Driver information can come from peripheral systems, as the
6

retinal inputs that reach the lateral geniculate nucleus (LGN) for vision, or directly from the
cortex, creating cortico-thalamo-cortical loops.

Inputs to the thalamus from the cortex or peripheral nervous system end up in two types of
nuclei, first order and higher order nuclei. First order thalamic nuclei carry information that
will reach the cortex for the first time, either from sensory organs or from other sub-cortical
structures. A classic example of first order thalamic nuclei is the LGN, whose driving input
comes directly from the ganglion cells in the retina. In contrast, higher order thalamic
nuclei receive driving inputs directly from the cortex and not from the peripheral nervous
system. An example of higher order thalamic nuclei is the pulvinar complex, whose
anatomical connectivity largely comprises cortical areas belonging to the ventral and dorsal
visual streams. Even though both, first and higher order thalamic nuclei, receive cortical
inputs, the nature of such inputs varies. The LGN as well as other first order (and higher
order) thalamic nuclei receive inputs from layer 6 of the cortex, which are of modulatory
nature, while the pulvinar and other higher order thalamic nuclei additionally receive inputs
from layer 5, which carries driving information via the thalamus to cortical areas and also
branches off to subcortical motor regions such as the basal ganglia, and the amygdala.

For some time now, there has been an effort to leave behind the preconception of thalamic
nuclei acting solely as relay areas, and they are now seen to be involved in other functions,
such as a central role in cortico-cortical communication (Sherman and Guillery, 2002;
Guillery, 2005; Sherman, 2009; Saalmann and Kastner, 2015; Sherman, 2016). It has also
been shown that sensory-motor pathways involving the thalamus present an additional
pathway to motor centers, e.g. spinal cord and the brain stem (Sherman and Guillery, 2011)
(Figure i.2). The duplication of information might be the basis for the optimization of
complex sensory-motor commands. Under the perspective of optimization and integration,
of interest is the thalamic pulvinar, connected to practically all areas in the primate cortex,
which can serve as a good proxy for the study of complex and goal-directed processing
taking place in the thalamus. It is important to note however that a large portion of the
anatomical work providing insights in thalamic function (from Sherman, Guillery and
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colleagues) has been performed in rodents, and further exploration of thalamic properties in
primates are still highly valuable.

Figure i.2 Corticocortical and cortico-thalamo-cortical pathways

Information from the periphery travels to the cortex and to motor centers via the thalamus. For
first and high order thalamic nuclei (orange circle and magenta hexagons respectively) there
are projections from cortical layers 6, and 5 and 6 respectively. An additional pathway sends
projections directly to motor centers (brain stem and spinal cord). From (Sherman and
Guillery, 2011). FO, first order thalamic nuclei; HO, high order thalamic nuclei; black solid
arrows, feedforward connections; black dotted arrows, feedback projections (these are also
modulatory inputs to thalamus); green solid arrows, inputs to the thalamus

i.3 Pulvinar complex
The thalamic pulvinar is located in the posterior pole of the thalamus. In primates, it
shares broad connectivity to association areas in the cortex. The pulvinar has greatly
8

expanded during primate evolution in comparison to other thalamic nuclei. It represents
about a quarter of the total mass of the thalamus. The development of both association areas
in the cortex and the pulvinar has been proposed to be linked to enhanced cognitive
functions in primates (Stepniewska, 2004). Even though the pulvinar has expanded in
primates, pulvinar-resembling structures, particularly of visual nature, can be found in all
mammals under different names, e.g. the lateral posterior nucleus (Kaas and Lyon, 2007).

Pulvinar is regarded as a high order thalamic nucleus; however, in some animals it has been
found that pulvinar also receives input from peripheral systems. In the galago, the
superficial layers of the superior colliculus carry information from the optic tract to the
caudal pulvinar (Harting et al., 1973). Along the same line, there have been observed in the
common marmoset anatomical connections from the retina to the inferomedial subdivision
of the pulvinar. In the macaque retinal inputs have been traced to the inferior pulvinar
(O’Brien et al., 2001). These findings are interesting as they position the pulvinar not only
as a high order but also a first order thalamic nucleus (Warner, 2010). As the evolutionary
development of the pulvinar came hand in hand with the parallel development of the
neocortex in primates (Ogren, 1982) and complex behaviors, it is interesting to hypothesize
about which of pulvinar populations were of most recent development.

A recurrent problem for the characterization of pulvinar functions arises from the extensive
connectivity of pulvinar to the cortex, and its lack of clear anatomical organization (Figure
i.3). There have been efforts to understand how the pulvinar is organized at a microscopic
and macroscopic level. Early on, the pulvinar was anatomically divided into: 1) an anterior
region connected to somatosensory cortical areas, the oral or anterior pulvinar. More
caudally, the pulvinar was divided to 2) inferior, 3) lateral, 4) and medial nuclei. The more
ventral and lateral regions of the pulvinar are mainly connected to early visual cortical
areas. Mediodorsally, the pulvinar shows stronger connectivity to a multitude of cortical
areas in the parietal, frontal, orbital, and cingulate cortices (Grieve et al., 2000).

The division of pulvinar to a ventral and a dorsal region is anatomically facilitated by a
dense branch of fibers known as the “brachium” of the superior colliculus. This separation
9

however is not clear-cut, as according to certain parcellations (Gutierrez et al., 2000; Kaas
and Lyon, 2007), the inferior pulvinar slightly extends above the brachium. The dorsal
pulvinar is the least understood of the two largely due to the complexity of its anatomical
organization. The dorsolateral pulvinar is connected to parietal cortex and dorsolateral
prefrontal cortex. The dorsomedial pulvinar is connected to extrastriate area V4, inferior
temporal cortex, and posterior parietal cortex as well as auditory and somatosensory areas.
In addition, the dorsomedial pulvinar also connects to higher order processing areas such as
the superior polysensory cortex and the amygdala (Gutierrez et al., 2000; Kaas and Lyon,
2007).

Recently, immunohistochemistry has helped refine anatomically-described segmentations
of pulvinar made possible by cytoarchitectonics, as it can aid to the targeting of specific
molecules and neurotransmitters from the area of interest, which potentially share similar
functional properties (Stepniewska, 2004). By its chemoarchitecture, up to nine different
subdivisions have been identified in pulvinar. Regardless of the classification method, it
has been consistently reported that there is a gradient of connectivity in the pulvinar. The
ventrolateral region is bidirectionally connected to early striate and extrastriate visual areas
while the most dorsomedial regions are connected to higher processing cortical areas.
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Figure i.3 Subdivisions of the macaque pulvinar

Localization of the thalamic pulvinar and main connectivity of its dorsal subdivisions in the
macaque. Left: sagittal (top) and coronal (bottom) views of the location of the pulvinar complex
in the macaque brain. Right: pulvinar subdivisions and connectivity of the dorsal subdivisions.
Macaque brain sagittal template from: (Culham and Kanwisher, 2001). Pulvinar modified
from: (Stepniewska, 2004; Kaas and Lyon, 2007). Macaque brain coronal template from:
https://scalablebrainatlas.incf.org/macaque/CBCetal15. Connectivity also from (Asanuma et al.,
1985; Romanski et al., 1997; Cappe et al., 2009). BrSC, Brachium of the superior colliculus;
PMm, medial subdivision of medial pulvinar; PMl, lateral subdivision of medial pulvinar;
PLdm, dorsomedial subdivision of lateral pulvinar; PLvl, ventrolateral subdivision of lateral
pulvinar; PIcl, central lateral nucleus of the inferior pulvinar; PIcM, central medial nucleus of
the inferior pulvinar; PIm, medial nucleus of the inferior pulvinar; PIp, posterior nucleus of the
inferior pulvinar.

In addition to its bidirectional projections to the cortex, the pulvinar also receives inputs
from the superior colliculus. The superficial layers of the superior colliculus project to the
more ventral parts of pulvinar while intermediate layers project to the dorsal regions
(Grieve et al., 2000).

11

Regarding pulvinar’s development, pulvinar seems to have different ontogenetic origin in
humans and monkeys (Rakić and Sidman, 1968; Ogren and Rakić, 1981). In humans, the
ontogenetic development of pulvinar starts late compared to other thalamic nuclei, with the
largest stream of pulvinar cell increase around the gestational weeks 31 to 37. The late
development of pulvinar comes as the result of late migration of telencephalic cells from
the corpus ganglio thalamicus, a temporary brain structure in the human fetus. Reports
from experiments using supravital incorporation of triated thyamidine into DNA in human
embryonic cells of 18.5 week fetuses, showed that the ependymal of the third ventricle of
the diencephalon ceases neuron production while the human pulvinar is only recently
developing (Rakić and Sidman, 1969). In other words, the diencephalic structure
participating in pulvinar’s development does not account for the large mass of cell bodies
that it encompasses in humans.

In the Rakić study of 1968 it was shown that the ganglionic eminence of the telencephalon,
which gives rise to the basal ganglia, also sends migrating cells to a temporary structure,
the corpus gangliothalamicus. In the corpus gangliothalamicus a second stream of pulvinar
development begins later; at 13 weeks there is a small pulvinar which development
accelerates from weeks 16 to 37 (Rakić and Sidman, 1969). This late stream of
telencephalic pulvinar cells has been found only in humans, as experiments using Macaca
mulatta have shown that all cells in their pulvinar are of diencephalic origin (Ogren and
Rakić, 1981).

The difference in developmental origin of pulvinar poses an interesting question of how
much is possible to extrapolate structural and functional findings of the macaque pulvinar
to the one in humans. Still, even with differences in ontogeny, the pulvinar in different
primate species seems to have similar connectivity properties, which agree with a shared
evolution and recent separation from a common primate ancestor no more than 25 million
years ago (Buckner and Krienen, 2013).

Speculation of pulvinar relevance and function has been around for some time. The
chimpanzee’s pulvinar, both in absolute and relative terms, has an intermediate size
12

between macaques and humans. Connectivity data obtained after chimpanzee
hemidecortication has shown complete degeneration of three main subnuclei of the pulvinar
after 69 days of survival (Walker, 1938). This is anatomical evidence of a shared
connectivity between the neocortex and the pulvinar. Even when in this study other nuclei
in the thalamus suffered similar degeneration, this was not a generalized effect. Additional
reports have demonstrated pulvinar connectivity to high order brain areas such as the
temporal lobe, assessed by retrograde degeneration of medial pulvinar after localized
cortical lesions. These results have been shown to be true in non-human primates, as well
as in humans as noted by pathology observations (Simpson, 1952).

The rich connectivity of the pulvinar, particularly of the dorsal region with the frontoparietal network, makes the pulvinar outstandingly interesting to explore in the context of
visually influenced goal-directed behavior. Even with its anatomical connectivity to high
level processing areas, still not much is known about pulvinar´s role in relation to its
cortical counterparts.
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i.4 Pulvinar functions
It is a hard task to characterize a structure such as the pulvinar. Different, thoughtful
and elegant experimental designs have been used and their findings have been broad but not
conclusive. A multitude of functions have been correlated to pulvinar, mainly involving the
use of visual information. For the ventral pulvinar, its functional properties seem to reflect
visual properties coming from its inputs in early visual cortices. For the dorsal pulvinar on
the other hand, its functions seem to be broad, and behavior dependent.

Some of the most relevant findings of pulvinar function for this thesis are described in this
section; however, it is worth pointing out that especially when talking about cell encoding
properties, a great diversity is the common denominator.

The ventral subdivision of the pulvinar presents visual related activity (Petersen et al.,
1985; Robinson et al., 1991) congruent to its connectivity to striatal, extra striatal, and to
superficial layers of the superior colliculus. Such activity seems to exist under the influence
of a retinotopically organized reference frame that is additionally modulated by the eye
position (Robinson et al., 1990). It is important to note that even in this subdivision of the
pulvinar, connected to early visual areas, and to a lesser extent, to higher order brain
regions, the influence of reference frames (other than eye-centered) is already present. It
would be interesting to explore if there is any specificity of the influence of reference
frames in ventral and dorsal subdivisions of the pulvinar according to their connectivity. If
connectivity plays a role in the coordinate system influencing pulvinar it would not be
surprising that for example dorsal pulvinar shared similar characteristics as posterior
parietal or frontal cortices. Biological systems are usually not compartmentalized in
functions however, for example, area 7a and LIP in the macaque, strongly connected to
dorsal pulvinar, share similar gaze position influences in firing rate to ventral pulvinar
(Asanuma et al., 1985; Andersen et al., 1990).
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At least two retinotopic maps in the ventral pulvinar have been found, in the ventrolateral
nucleus of the lateral pulvinar, and in the central lateral nucleus of the inferior pulvinar.
The retinotopic maps in the lower part of the pulvinar mainly represent contralateral upper
visual quadrants. Still, it is possible to find non-retinotopically organized regions. These
regions correspond to the posterior, medial and central medial nuclei of the inferior
pulvinar which are connected to the dorsal stream. Retinotopic maps have not been found
in dorsal pulvinar. Even with a gradient that favors ventral pulvinar connections to the
ventral stream and dorsal pulvinar to the dorsal stream, there are areas in both subdivisions
connected to the opposite stream.

In the greater galago, Otolemur garnettii, pulvinar exerts strong influences in early stages
of visual processing (Purushothaman et al., 2012). By pharmacologically inactivating
lateral pulvinar neurons with matching receptive fields in supra granular layers of V1, V1´s
receptive fields become unresponsive to visual stimulation. Additionally, lateral pulvinar
has differential modulatory effects on V1´s receptive fields according to their level of
overlap. When pulvinar-V1´s receptive fields overlap there is an enhancement of
responsivity in V1. When pulvinar receptive field is stimulated but only partially matches
V1´s receptive field, the V1 cell modifies its receptive field to one resembling the one in
pulvinar. If on the other hand the receptive field of V1 is stimulated but does not match the
one with excited pulvinar there is a suppression in V1, demonstrating strong modulation of
pulvinar in early visual cortices.

It has been proposed that two subcortical regions are involved in the control of attention,
the superior colliculus and the pulvinar (Shipp, 2004). There is evidence that ventral
pulvinar regulates information transmission between cortical areas by regulating brain
oscillations. In an attentional task, pulvinar exerted influence in cortical alpha oscillations
in areas V4 and TEO as assessed by conditional Granger causality (Saalmann et al., 2012).
After ventral pulvinar inactivation, cortical area V4 showed a reduction of gamma
frequency oscillations during an attentional task as well as of visual stimulation responses.
Additionally, inactivation of pulvinar increased low frequency oscillations in V4 in the
range of 0.5 Hz to 20 Hz (Zhou et al., 2016) which the authors suggest could be linked to a
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role of pulvinar on alertness. Taken together these results provide correlational and causal
evidence on the influence of pulvinar-driven oscillations on attentional and alertness
processes.

Petersen and collaborators (Petersen et al., 1985) characterized the neuronal activity of
multiple regions of the pulvinar nuclei in the macaque. They found that the inferior and
lateral pulvinar, and the dorsomedial pulvinar had marked differences in their
responsiveness to visual stimuli and to behavioral tasks. The dorsomedial pulvinar had
longer latencies to visual stimuli and a stronger modulation to attentional tasks when
compared to the more ventral subdivisions. A later study from Petersen and collaborators
(Petersen et al., 1987) looked at the causal participation of the dorsomedial pulvinar in
behavioral tasks. Monkeys were tested in fixation, saccade, and target detection tasks using
bar releases. As the experimenters aimed to see if dorsomedial pulvinar was causally linked
to attentional performance they used GABA agonists and antagonists (muscimol and
bicuculline respectively) to assess changes in attention. Using a task which involved a
congruent or incongruent spatial presentation of cues and targets before and after the
injection of drugs, it was observed that muscimol had an impeding role in attentional shifts
while bicuculline had a facilitatory effect. The findings from the electrophysiological and
causal studies from Petersen and collaborators suggest that the functions of the different
subdivisions of pulvinar well correspond to the established ventral and dorsal visuo-motor
streams.

Opposite to the strong influence of visual inputs to the ventral pulvinar, in the dorsal
pulvinar of monkeys goal-directed behavior seems to play a larger role than vision. In the
caudal lateral part, receptive fields tend to be large (>12°) and often extend from foveal
vision to the periphery (Benevento and Miller, 1981). Receptive fields are commonly found
in the contralateral hemispace to the recorded pulvinar and in fewer cases they are bilateral
or ipsilateral. Visual responsivity of pulvinar neurons vary, neurons have been found to
either be enhanced or suppressed in their firing rate, and even vary according to the type of
visual stimulation (monocular or binocular).
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The importance of goal-directed behavior for dorsal pulvinar is exemplified by findings in
oculomotor tasks. In the dorsolateral and medial parts of the pulvinar of macaques,
neuronal firing is modulated during purposeful saccades in either light or dark conditions,
but not during spontaneous saccades (Benevento and Port, 1995). In this saccade or stay
task there was firing attenuation to visual stimuli when the saccade was not required, on the
other hand, when monkeys were presented with the same visual stimuli, but a saccade was
not part of the task contingency, such attenuation was not present. The observation of goal
dependent modulation in dorsal pulvinar will be of great importance in the context of
results described in Chapter II. It seems from Benevento & Port’s results, as well as from
our own, that the task contingencies strongly influence the type of tuning that pulvinar cells
display.

Another oculomotor study exemplifying the diverse tuning properties of dorsal pulvinar
showed that around sixty percent of the cells in dorsomedial pulvinar are responsive to
saccades in light (Robinson et al., 1986). Most of the cells responded with excitatory
modulation, while some presented either inhibitory or biphasic modulation. Saccade related
cells often had visual responsivity and some also responded to saccades in the dark. It has
also been reported that both dorsal and ventral pulvinar, but not LGN, encode for the
perceptual offset of a target evoked by a generalized flash suppression paradigm (Wilke et
al., 2009). There seems to be a selective and more cognitively-driven modulation in
pulvinar firing than in LGN.

As stated before, dorsal pulvinar neurons are responsive to visual stimulation, but more
than that, they are sensitive to the behaviorally relevant parts of it. A recent line of research
has focused on the effects of visual stimuli that might have been of evolutionary relevance
for primate-specific behavior in pulvinar. It has been observed that neurons in the medial
and dorsolateral pulvinar of monkeys are more responsive and show shorter visual response
latencies when subjects are presented with threatening stimuli in comparison to neutral
stimuli (Van Le et al., 2013). These neuronal properties could have the purpose of
facilitating the generation of an appropriate motor response.
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A few studies have focused on the functions of the pulvinar in humans, mostly by means of
neuroimaging. Using fMRI it has been shown that in inferior pulvinar of humans there is
contralateral representation of visual stimuli, whether attended or unattended (Cotton and
Smith, 2007), resembling findings of the visually responsive and retinotopically organized
inferior pulvinar in the macaque. Additionally, a different fMRI study (Li et al., 2012)
showed that pulvinar activation and connectivity is likely to be linked to attention related
changes in children. Subjects with ADHD which performed a sustained visual attention
task displayed decreased connectivity of both left and right pulvinar to the right prefrontal
lobe. Also, the connectivity between right pulvinar and both occipital cortices was
increased, suggesting a circuit of attention that requires pulvinar function. Not only visual
representation and attention have been linked to pulvinar function. Arend and collaborators
have explored different behavioral aspects of patients after pulvinar damage. They have
found that that the medial subdivision of the pulvinar is related to emotional features of
working memory updating (Arend et al., 2015). They have also proposed a separation of
temporal and spatial deficits depending on the anterior-posterior location of the damage, i.e.
greater spatial deficits after anterior pulvinar damaged and greater temporal deficits after
posterior pulvinar damage (Arend et al., 2008). It is particularly difficult to investigate
deficits that are specific to pulvinar in humans because patients with such lesions
commonly have damage extending to other thalamic nuclei or even to the cortex. Van der
Stigchel and collaborators tested pulvinar-damaged patients with a distractor task. There,
there was decreased filtering of distractors in the contralesional hemispace when
simultaneously presented with an ipsilesional target, as well as increased reaction times for
target captures in both hemispaces. Additional deficits were found while exploring saccade
inhibition. In this task, normal subject saccade trajectories usually go “away” from
distractors when acquiring targets. Here, it was found that there was reduced inhibition to
distractors presented in the contralesional hemispace (Van der Stigchel et al., 2010).

In addition to correlation studies using single cell recordings, a few inactivation studies
have been performed to study the causality of pulvinar function on behavior. Interestingly,
in the two studies that will be described below, the effects seemed to be context-dependent.
First, researchers inactivated the dorsal region of the pulvinar with either muscimol or
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THIP while monkeys performed 1) visually-guided, direct or delayed, instructed or choice,
saccades to peripheral targets, 2) reaches to food items with either the ipsilesional,
contralesional, or either hand, relative to the inactivated pulvinar and 3) visual exploration
in an illuminated room (Wilke et al., 2010). It was observed that after inactivation there is
facilitation of reaction times to saccades to the ipsilateral hemispace of the lesion. In
addition, there is increased target selection of ipsilesional targets even when the acquisition
of non-preferred targets in single-target trials is unaffected. These inactivation effects
suggest that dorsal pulvinar is indeed not causally involved in visual perception but that it
participates in target selection. In the same study, during free visual exploration, the
ipsilesional hemispace was explored for longer periods of time, which might reflect
reduced desirability of the contralesional hemispace. Furthermore, when choosing between
hands, after pulvinar inactivation, monkeys preferred reaching and grasping items by using
their ipsilesional hand rather than the contralesional one, and items in the ipsilesional
hemispace were more often acquired first. Grasping made with the contralesional hand was
observed to be more impaired than when using the ipsilesional hand, Errors in grasping
included abnormal hand pre-shape when reaching for food items, and frequent drop of such
items.

As a follow up, the authors performed a memory-guided saccade choice paradigm study,
where monkeys’ dorsal pulvinar was inactivated with THIP as they were allowed to choose
between target options with different reward amounts (Wilke et al., 2013). The observation
of ipsilesional bias after inactivation was present as in the previous study, however, the
deficit was alleviated by offering higher-reward targets in the contralesional hemispace.
Again, these effects seemed to be particular of the choice condition, since monkeys were
still able to perform saccades to the contralesional hemispace in single target trials. To
differentiate between desirability or motivational and saliency effects of the reward the
authors performed an additional experiment. In this experiment they modified the
luminance of the two saccade targets without modifying the reward that each target
provided. They observed that even though there was partial alleviation of the deficit, the
effect was not as large as when the parameter modulated was the reward amount. It is
important to note that the authors did not try to match the bias created by the luminance
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change and reward modulation, which makes a direct comparison of results difficult,
especially under the light that both modulations caused at least at some degree, an
alleviation of the ipsilesional bias. Wilke and collaborators’ findings suggest that goaldirected related mechanisms and not bottom-up ones better explain the deficits observed
after pulvinar disruption.

Finally, two groups have worked on the characterization of the neuronal properties of
pulvinar during reach behavior, one in monkeys and one in humans.

In Macaca fascicularis, the lateral posterior-pulvinar complex has reach-related neurons
(Acuña et al., 1986). But even when the lateral posterior nucleus and the pulvinar present
reach-related neurons, they do not show similar characteristics. While lateral posterior
neurons were found to be largely active not only during active but also during passive
reaches, pulvinar firing rate was only increased while the monkeys were actively
performing the task. The pulvinar cells responsive to reaches in this study were located
mainly in the oral and lateral pulvinar, and in smaller proportion in the medial pulvinar. In
Cebus apella the oral, lateral and medial pulvinar are also responsive to reaches and hand
manipulation (Acuña et al., 1983), particularly, cells were modulated when the object to be
reached and grasped was of behavioral interest, like a piece of fruit or a target that would be
followed by reward. In Macaca nemestrina, a small group of cells in the pulvinar-lateral
posterior complex precede activity in the parietal and motor cortices, potentially indicating
intentionality to perform a movement (Cudeiro et al., 1989)

There is one early electrophysiological study from preoperative recordings of medial
pulvinar units from seven patients (Martin-Rodriguez et al., 1982). The authors recorded
spontaneous spike activity, as well as LFPs during manual manipulations. The authors
found different patterns of pulvinar bursts depending on if the patients performed active or
passive grasping. Forty six percent of the units (13/28) showed firing modulation during
voluntary handle presses but not during passive presses. These results in humans are in line
with the findings of Acuña’s group in monkeys.
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The purposeful performance of reaches could be an appropriate tool to study higher
pulvinar functions. Thus, a general understanding of reach-related circuits and the
transformations of the visual information guiding it might prove to be enlightening.

i.5 Eye-hand representations and interactions
Our ability to perform goal-directed actions requires a broad brain circuitry. A
simple task such as turning a page from a newspaper requires in broad terms: 1) Spatial
information about the location of the newspaper. 2) Information about our own position in
respect to the newspaper to reach and grasp it. 3) Spatial transformations from a purely
retinotopic representation of the newspaper in the visual cortex to one that considers the eye
position in the orbit, the head position in respect to the body, the body in respect to the
hand, and the hand in respect to the object. 4) And a central motor system that delivers
precise signals to motor neurons in the periphery and can be updated by feedback according
to the current state of the action.

The reach system of primates, often guided by visual information, as the rest of the brain,
was optimized by interactions with our environment. In lemurs for example, the
development of occipital and temporal lobes is linked to an increased use of their visual
system as arboreal organisms requiring intensive processing of visual information (Harting
et al., 1973). Likewise, efficient prehension is achieved by our primate-shared skills for
reaching and grasping, for which we do not rely only on visual inputs, but also on the
functional and semantic properties of the objects to be manipulated. It has being proposed
that the temporal cortex could be linked in the determination of causality of object-function
interactions, while parietal areas is more involved in a broader manipulation of unfamiliar
tools (Johnson-Frey, 2003). Brain areas linked to efficient usage of objects are widely
represented in frontal, parietal and temporal cortices (Frey, 2007). Actions that involve
complex behavior where semantic information is needed to interact with the objects to be
grasped have been found to be lateralized to the left hemisphere in humans in areas such as
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the inferior frontal, inferior parietal, and posterior temporal cortices. Shared skills in
humans and other primates for the planning and execution of reaches make the reach
system an attractive one to study purposeful actions in a monkey model. Reaches might
function under general primate-specific rules, not as strongly influenced by further
specializations like semantic information of the object to be grasped as proposed for
humans (Johnson-Frey, 2003; Frey, 2007).

Within the flow of information for the planning of visually- and internally-guided
purposeful movements the parietal cortex is of special interest. Areas in the posterior
parietal cortex (PPC) encode effector specific movements i.e. eye movements in the lateral
intraparietal area (LIP) (Colby et al., 1996; Snyder et al., 1997), visually-guided reaches in
area V6A (Galletti et al., 1997) and parietal reach region PRR (Snyder et al., 1997), and
grasping, area 7 (Taira et al., 1990), and AIP (Sakata et al., 1995; Murata et al., 1996,
2000). In parallel, areas in the prefrontal cortex with broad connectivity to the motor cortex
and to parietal areas are involved in effector specific motor preparation (Caminiti et al.,
2015).

Visual information coming from the environment is represented in a retinotopic fashion in
the primary visual cortex. In other words, there is a relation between neighboring parts of
the visual field and their representation in neighboring areas in the retina responsive to
these visual stimuli. As visual information travels through the dorsal stream, this
representation will be transformed to account for the location of the image in relation to the
eye position, the eye position to the head, the head to the body, and the body to the physical
location of the object. All these transformations seem to be well distributed across the
primate’s brain circuitry.

In visually-guided reaches, it is especially relevant to assess at which level of the visuomotor hierarchy the spatial transformations take place. It has been proposed that association
areas might account for such transformations. Eye- and hand-movement-related activity can
be found in the parietal cortex, and the spatial transformations influencing such movements
have been explored. It has been shown that area LIP has a retinotopic organization which is
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influenced by the gaze position of the observer, showing transformations accounting for
more than pure visual information (Andersen et al., 1990). Oculo-motor activity in areas 7a
and LIP of the macaque are modulated by the current and even future gaze location of the
target in respect to the cell’s receptive field (Andersen et al., 1985; Duhamel et al., 1992).
Furthermore, a large proportion of movement related neurons in the ventral premotor cortex
(PMv), around 40%, are modulated by the direction of gaze during the execution of
memory-guided reaches (Mushiake et al., 1997). There, the modulation of neuronal firing
was influenced by the position of the target in respect to the eye fixation and not to the
position of the target in respect to the center of the trunk of the subject.

These findings could be seen as a consequence of strong visual influences acting on
posterior parietal cortex, which seem to integrate retinal and orbital signals, as during
reaches, parietal cells better correlate with eye-centered than with limb-centered reference
frames (Batista et al., 1999). Importantly, as neuronal signals travel upstream to motor and
premotor regions like dorsal premotor cortex, the reference frames better represent the
specific effector that will be used for performing a reach, i.e. using a body centered
reference frames (Beurze et al., 2010).

Effector specificity is very relevant in association areas, neurons in PPC are highly specific
and even encode the limb used when one of two arms is instructed to perform a reach
(Chang and Snyder, 2012). This limb specific preference is higher for the limb contralateral
to the recorded hemisphere (approximately one third versus one sixth of cells for the
contralateral and ipsilateral limb respectively). Interestingly, this firing rate enhancement
has also been correlated to the reaction time of contralateral but not ipsilateral reaches.

Movement related neurons in the posterior parietal cortex reflect intentional components of
performing an effector-specific movement (Snyder et al., 1997). The neuronal coding of a
preferred direction for a saccade or a reach in monkeys trained to perform dissociated
saccades and reaches can be dissociated for one of the effector-specific movements. This
result shows that activity in the posterior parietal cortex best reflects motor intention than
visual stimuli or spatial attention. Finally, neurons in effector-specific regions of the
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parietal cortex that encode properties of different effectors but do not reflect planning of
such movements could indicate a crosstalk between effectors that is potentially relevant for
eye-hand coordination or to help represent movement goals (Snyder et al., 2000b).

Some relevant behavioral observations are that for our reach system to efficiently work, it
requires to integrate visual, and proprioceptive information (Prablanc et al., 1979b). In a
series of experiments in humans set to test how the availability of visual information
modifies the execution of eye- and arm-movements, Prablanc and collaborators made
several valuable observations. Both eye and hand reaction time increase with eccentricity of
the targets to acquire, and for targets located farther than 30 deg the coordination properties
of eye and limbs seem to differ, i.e. eye movements tend to start later than the reach. Also,
there is a decreasing performance depending on the availability of visual information of the
target and the hand while performing a reach. If the hand and eye are visible during the full
trial there is a better performance than if the information is available only from the start of
the movement and finally better than performing a reach with proprioceptive information
only (Prablanc et al., 1979a, 1979b). Visual information optimizes the reach and this
optimization can be further improved by adding visual information of the effector used to
the proprioceptive inputs. The idea of multimodal integration as a way to improve goaldirected behavior has recently been confirmed by Dadarlat and colleagues (Dadarlat et al.,
2014). By stimulating primary somatosensory cortex, it has been shown that monkeys have
more accurate reaches when they use a combination of artificial proprioceptive and visual
information than when using either type of information in an individual manner.

Under most conditions reach behavior is linked to oculomotor behavior, and there are
influences of one on the other. An interesting example of these influences has been shown
with a look and point, versus look and grasp paradigm in humans, where the purpose of a
limb movement influenced saccadic performance (Bekkering and Neggers, 2002). Subjects
presented with a rectangular sample block with a certain color and with orientation were
required to find a match among distractors for either one or both parameters and either
grasp the target or point at it. Subjects did more saccade orientation errors, more saccades
to non-matching orientation distractors, when the task required them to point in comparison
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to when they were asked to grasp the object. In contrast, subjects had similar errors to
saccade to erroneous colors regardless of if the task required them to point or grasp the
target. These results show that the cognitive weight of the arm movement can improve the
performance of saccadic behavior. The involvement of a reach also dominates which
targets will be looked at (Horstmann and Hoffmann, 2005). It has been shown that the
selection to a target with a coordinated reach-saccade is more strongly correlated to the
selection to a target doing dissociated reaches than using dissociated saccades. These
findings stress the notion that a saccade is not an independent movement once it’s coupled
to a reach. Also, it has been shown that humans’ reach reaction time to a congruent side of
the reaching limb is shorter and deviate less from the target center than when the reach is
performed to the contralateral side (Carey and Liddle, 2013). The parameter that better
explains such ipsilateral reaction time advantage is the hemispace to which the reach is
performed and not the hemifield. This result shows that the biomechanical restrains to the
ipsilateral hemispace are smaller than the ones to the contralateral hemispace, regardless of
where the visual stimuli are presented.

I have stressed the tight interactions of different effectors involved in visuomotor behavior,
and how several regions in association cortices are involved in the planning and generation
of visually-guided reaches. A convincing case to link neural and behavioral findings on
reach-related behavior is the observation of visuo-motor deficits after parietal disruption
like the ones reported by Hwang and collaborators in a monkey model of optic ataxia
(Hwang et al., 2012). Optic ataxia is a deficit often present in patients who suffered damage
to the parietal cortex (Andersen et al., 2014). Optic ataxia´s defining characteristic is an
increased difficulty to perform extra foveal reaches, while foveal reaches appear less
impaired, and it often involves damage to the parietal cortex in human patients.

In addition to the classic characteristics of optic ataxia, patients with posterior parietal
damage present difficulties for rapid visuomotor control (Gaveau et al., 2008). In a task
looking at the role of timing on reach performance control subjects and optic ataxia patients
were asked to acquire a target whose location was synchronously updated either with the
onset or offset of a saccade. If the visual update occurred by the onset of the saccade
25

controls could reprogram their movement while optic ataxia patients could not; presenting
1) hypometric saccades followed by additional corrective saccades or 2) delayed saccades
with slightly better accuracy. In contrast, when the target update happened at the offset of
the saccade, both controls and patients presented the same deficits as the patients in the first
experiment, showing that optic ataxia is likely linked to a disruption in the update of visual
information. It has also been reported that in optic ataxia the absolute location of the target
is not the determining factor for the strength of the deficit (Khan et al., 2005). By asking
patients to either reach to a remembered target in the ipsilateral or contralateral side,
subjects had more reach errors to the contralesional side of space. However, when subjects
were asked to make a reach to a remembered location from an updated eye position in the
opposite hemispace it was observed that the errors depended on where the target was
relative to the updated location of the eye. This finding showed how parietal cortex plays a
role in the integration of dynamic multi-effector actions. In summary, ataxia seems to
reflect a disruption in the dynamic integration of eye position and reach planning, and it’s
heavily dependent on damage to brain regions within the dorsal stream

I have elaborated on how the parietal cortex is part of a complex limb and eye movement
network. I have focused on this lobule and not on the prefrontal cortex as the parietal cortex
is located earlier in the visuo-motor hierarchy, thus being strongly influenced by early
sensory and proprioceptive inputs (Snyder et al., 1997; Caminiti et al., 2015). Parietal
cortex is tightly linked to several brain areas linked to eye and hand movement generation,
and some of these connections are likely to have relays via the dorsal pulvinar. This
connectivity suggests that similar functions might be encountered in both regions. Finding
how the least understood region of this circuitry, the dorsal pulvinar, functions and interacts
with the cortex will help us to add more pieces to our understanding of how goal-directed
behavior is generated in the primate brain.
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i.6 Chasing function || Research rationale
Even though the initial purpose of my thesis was to explore the role of the dorsal
pulvinar in eye-hand coordination, pulvinar is a region of possibilities for cognitive
exploration and as it’s often the case in science, a finding leads to new questions. To
address my main aim, I narrate different aspects of pulvinar function in three independent
but interconnected chapters.
In Chapter I, we1 aimed to confirm pulvinar’s involvement in saccade target selection. For
this purpose, we electrically stimulated dorsal pulvinar, which is known to bias saccades to
the ipsilesional hemispace when inactivated (Wilke et al., 2010, 2013). Our findings,
however, revealed a more complex and time-dependent effect that varied with the time of
the stimulation. There was indeed a target selection bias effect, but this effect ranged from
increasing choices to the ipsiversive hemifield when stimulating early in the trial to the
expected contraversive choice increase when stimulating closer to the saccade execution.
The choice findings were accompanied by biphasic reaction time effects that were specific
for dorsal pulvinar as compared to other pulvinar subdivisions. These results suggest that
the participation of dorsal pulvinar in purposeful behavior might be more complex than
previously thought. To test this hypothesis, we made an initial assessment of the
electrophysiological properties of pulvinar cells during saccades. We found a great variety
of firing rate modulation properties in dorsal pulvinar. Neurons were modulated around the
saccade onset, during the saccade, or around the offset, as well as during the movement
preparation. This activity could be larger to the contralateral or ipsilateral hemispace and
could be of facilitatory or suppressive nature with a great diversity of receptive fields. A
similar range of neuronal responses as the ones in our study has been reported in early
studies (Benevento and Port, 1995). In addition to the inspection of pulvinar properties
during saccades to single targets we recorded the same units while monkeys performed
saccade choices and saccades to single targets from different starting fixation positions to
1

Chapter 1 is a joint project with equal contribution of Adán Ulises Domínguez-Vargas and Lukas Schneider
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deepen our knowledge on the participation of the region in target selection and spatial
transformations.

In Chapter II and III I tackle the unified question of if and how pulvinar is involved in
visually-guided reaches from two fronts. Chapter II is devoted to characterizing the
electrophysiological properties of dorsal pulvinar neurons during volitional eye- and handmovements. Previous studies have provided some evidence of pulvinar’s involvement in
motor behavior in different species. Such studies include models like Felis catus (Wei and
Marczynski, 1979), Macaca nemestrina (Acuña et al., 1986; Cudeiro Mazaira et al., 1989;
Acuña et al., 1990), Cebus apella (Acuña et al., 1983), Macaca fascicularis (MagariñosAscone et al., 1988), and in human (Martin-Rodriguez et al., 1982). Even when previous
studies have approach the question of how pulvinar encodes motor commands or the
interactions between motor and visual (or auditory) stimulation, the topic is far from being
fully resolved. In this study, the functional properties of pulvinar cells during coordinated
and dissociated eye-hand tasks will be described, and it will probe if the region is involved
not only in the representation of movements and visual inputs but potentially in the
integration of such behavior. I will describe hand-specific tuning when a particular hand is
expected to perform the movement and in some cases, complex interaction of eye and hand
movements.

Finally, in Chapter III I will revisit the results of a study from our group (Wilke et al.,
2010), with a similar array of tasks as for Chapter II to provide quantifiable data on the
effects of dorsal pulvinar inactivation on the coordination of eye and hand movements.
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Chapter I

Electrical Microstimulation of the Pulvinar Biases
Saccade Choices and Reaction Times in a TimeDependent Manner
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Introduction
Goal-directed actions in primates often involve eye, arm and hand movements.
Early visual areas follow a similar representation of the visual space as it was captured by
the retina i.e. they show retinotopy. Later, this information is integrated with proprioceptive
and spatial properties of the location of the objects in respect to the agent performing the
action. To perform an efficient movement e.g. a visually-guided reach, we need information
about the position of the target in respect to the retina, the eye in the orbit, the head on the
body, and the limb position in space, and this information needs to be constantly updated as
the visuo-motor plan evolves to program an efficient movement path, and kinematics
(Batista et al., 1999; Snyder, 2000; Buneo et al., 2002; Crawford, 2004; Beurze et al.,
2010). As primates, a large portion of our neural circuitry is devoted to vision and motor
execution. It is not surprising that different brain areas represent spatial information using
different reference frames as the hierarchy shifts from sensory to motor.

The thalamic pulvinar is positioned in a privileged spot, as it shares projections with a
variety of visual and high order cortices as well as with subcortical brain regions. Ventrally
it’s connected to early striatal and extra striatal cortices, as well as to the superficial layers
of the superior colliculus. Dorsally it mainly projects to areas in the fronto-parietal network
and intermediate layers of the superior colliculus (Asanuma et al., 1985; Grieve et al., 2000;
Stepniewska, 2004; Kaas and Lyon, 2007; Bridge et al., 2016). Fronto-parietal cortices are
modulated during the planning and execution of goal-directed actions, with spatial signals
encoded in an eye-, head-, or body-centered reference frames (Boussaoud and Bremmer,
1999; Andersen and Cui, 2009; Beurze et al., 2010).

Neurons in the posterior parietal cortex (area 7 and LIP) of macaques, known to present
retinotopic representations of space, are also influenced by the current location of the gaze
while the monkeys perform behavioral tasks (Andersen and Mountcastle, 1983; Andersen
et al., 1990). This influence on the firing rate tends to be linear, and dependent on the
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eccentricity and direction of the gaze location. The linear increase in the sensitivity of the
response that does not influence the properties of what the neurons respond to is termed
gain field (Salinas and Abbott, 2001). Gain fields are now known to be a generalized
phenomenon across different cortical areas and are thought to reduce computations in areas
influenced by different reference frames (Zipser and Andersen, 1988). In association areas
LIP and MIP it has been observed that there can be mixed influences to visual and auditory
stimulation with both eye- and head-centered reference frames (Mullette-Gillman et al.,
2009). Not only cortical but also subcortical structures are part of the spatial
transformations circuitry. It has been reported for example that the central thalamus also
participates in the relay of eye position signals from subcortical structures to the cerebral
cortex (Tanaka, 2007).

Also in the thalamus, there are reports of ventral pulvinar being relevant for spatial
transformations. Robinson and collaborators (Robinson et al., 1990) found that visual
responses in ventral pulvinar can be modulated by gaze position. The reference frame under
which visual information is represented in dorsal pulvinar, is however still an open
question. Answering this question could provide insights on how subcortical structures
highly connected to association areas participate in spatial transformations for action-based
behaviors.

Although there are several association cortices and subcortical regions involved in motor
preparation, the processes taking place in such regions are rich and diverse, a few examples
being: 1) The selection of motor plans in the frontoparietal network (Pesaran et al., 2008;
Pastor-Bernier and Cisek, 2011; Shadlen and Kiani, 2013). 2) The integration of perceptual
and motor properties found in the caudate nucleus (Yamamoto et al., 2012). 3) Target
selection in saccade and reach tasks being related to dorsal pulvinar function (Wilke et al.,
2010), 4) And the cognitive nature of such function (Wilke et al., 2013). Focusing on dorsal
pulvinar, it has also being shown that dorsal pulvinar is involved in perceptual
categorization tasks (Komura et al., 2013). Furthermore, it has been observed that electrical
stimulation of dorsal pulvinar has time-dependent effects on saccade choices (see Chapter
I).
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Causal evidence suggests that dorsal pulvinar is involved in target selection. How is it
involved in target selection at a neuronal level? And is dorsal pulvinar’s firing influenced
by the multiple coordinate systems that have been found to influence association areas?
Here, we performed two additional experiments to characterize electrophysiological
properties in dorsal pulvinar during purposeful oculomotor behavior. In the first
experiment, single cells from dorsal pulvinar were recorded during a memory-guided
saccade task in which the starting gaze position was shifted to one of three different
locations before monkeys performed a center out saccade to one of eight peripheral
positions relative to the fixation spot. Firing rates were analyzed in respect to the starting
location, movement direction or physical location of the target, to speculate about
pulvinar’s place in visuo-motor transformation hierarchy. In a second experiment, single
cells from dorsal pulvinar were recorded while monkeys performed a free-choice task like
the one in Chapter I, to assess the role of the pulvinar in the processing of competing visual
information and eye movement plans.
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Materials and methods
The reader is referred to the Materials and Methods in Chapter I for aspects of animal
preparation, as well as for general properties of the stimuli and electrophysiological
analysis as Monkey C and L were also used for these experiments.

For the target selection task neurons from the left dorsal pulvinar of Monkey L are also
included. For specifics of chamber planning in Monkey L’s left pulvinar the reader is
referred to the Materials and Methods in Chapter II.

Gaze modulation experiment
Trials were performed in pseudorandomized interleaved trials varying the initial fixation
gaze position of the monkey (Figure Ib.1). Monkeys had to perform memory-guided center
out saccades to targets selected from a rectangular array with eight peripheral target
positions. From the gaze center, peripheral targets were located -15 °, 0°, or 15°
horizontally and -10°, 0°, or 10° vertically.

At the beginning of each trial, monkeys had to acquire a dim red fixation spot with a 1°
diameter, within a 5° radius window. Once the fixation spot was acquired it brightened up
and the monkey had to hold fixation for 0.5 s. Next, one peripheral cue was flashed for 280
ms at the location of a future saccade. Monkeys were required to maintain fixation
throughout the cue period and the subsequent memory period of 1 s. The fixation spot
offset served as a Go signal, allowing the monkeys to saccade to the instructed location.
After a saccade to, and the fixation hold of the remembered location for 200 ms, the target
became visible and bright. Monkeys were required to hold their gaze position for 0.5 s for
the trial to be considered successful. Between trials there was an inter trial interval of 2.5 s
for successful trials, and 2 s for failed trials. Monkeys had to perform 10 hits to each target
location per fixation offset accounting on average for 240 hit trials per block
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Figure Ib.1 Gaze position modulation display and expectations

Dorsal pulvinar neurons were recorded while monkeys performed memory saccades from the
fixation spot to one of eight targets in the periphery. Bottom panel: the full array of targets and
the fixation spot were either centered or shifted 15° to the left or right of the monkey’s midline
(cyan, blue and green frames respectively), creating three arrays of partially overlapping
targets. The arrays allowed the examination of firing rate changes due to: the position of the
target on the retina, by additional components such as the physical location of the target on the
screen, the position of the eye relative to the head, or by their interactions. Upper panels:
hypothesized firing rates of pulvinar when influenced by the retinotopic position of the cue, and
by additional non-purely retinotopic factors.

Neuronal population

For the gaze modulation dataset 179 and 166 units for monkey L and C were recorded from
their left and right pulvinar respectively. From those, 144 and 95 units were identified as
stable during the recording and were classified as single units by inspection of spike
clusters (comparing principal component 1 and 2 and principal component 1 vs timestamp).
From those, 138 and 83 had a minimum spike count and trial number criteria (50
spikes/unit, 60 trials/task) and are reported here.

Analysis of firing activity
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Neurons were sorted offline using Offline Sorter v.4.0.0 and v.2.8.8 (Plexon, USA) using
either a waveform template algorithm, a principle component analysis with k-means
clustering algorithm, manual contour definitions, or a combination. Spike density functions
for each trial were derived by convolution of the discrete spike arrival times with a
Gaussian kernel (SD 20 ms). For each trial, and each epoch of interest (Table 1b.1), firing
rates were computed by counting the spikes in each epoch and dividing the sum by the
epoch duration. Ten behaviorally relevant epochs were selected for analysis.

Table 1b.1 Epochs of interest

For each of the epochs of interest (top row) the table shows a reference event (bottom row) and
the time window relative to the event for the epoch definition and calculation of average firing
rates.

Electrophysiological analysis of gaze modulation task
For each task epoch, a two-way ANOVA with factors initial fixation and target position
relative to the fixation spot was performed to look for main effect of fixation, movement
direction and interactions. In addition, a second two-way ANOVA with factors initial
fixation (initial gaze) and physical target position on the screen was performed.

Memory-guided saccade choice task rationale
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To address the question of dorsal pulvinar modulation by the presence of an additional
stimulus and an additional movement option a two-alternative free choice paradigm (subset
from data of Chapter I) was performed.

The task sequence has been reported in Chapter I and is identical to control choice trials
from the memory saccade task in the microstimulation experiment, except for use of three
additional target pairs with a 12 deg eccentricity.

In summary, a total of 420 single and multiunits were recorded for the memory-guided
saccade task (365 right pulvinar) and 296 for the visually-guided task (230 right pulvinar).

Electrophysiological analysis of free choice task
Additionally to the 365 and 230 units recorded from Monkey’s L and C right pulvinar, 55
and 66 units were added to the dataset from Monkey L’s left pulvinar for the memoryguided and visually-guided saccade tasks respectively. Units maintained a spatial label to
the recorded hemisphere after being compiled to assess either contralateral or ipsilateral
stimulus influences in firing rate according to the recorded pulvinar.

To assess influences of target selection options, a non-paired two-tailed t-test was
performed for each epoch, comparing the responses to the (not necessarily significantly)
preferred hemispace in instructed trials with choice trials where the same hemispace was
selected (to test the effect of an additional movement option in the memory late and presaccadic period). In this analysis epochs where visual stimulation was present need to be
taken cautiously as firing rate changes involve not only a difference in the action planning
but also the physical differences of the input. To compare the firing rate of trials with
choice trials to the ipsilateral and contralateral hemispace to the recorded dorsal pulvinar
paired two-tailed t-tests were used.
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Results
Gaze modulation effects

Does pulvinar encode space in purely retinotopic (gaze-centered) manner, or spatial
transformations exert a strong influence on dorsal pulvinar firing? To address this question,
monkeys performed a task in which their initial gaze position before performing a memory
saccade was shifted 15° to the left or right from a central location. Figure Ib.1 shows the
raster and peri-stimulus time histograms (PSTHs) of three example units during the fixation
hold period. The trials were compiled by initial gaze in this representation. In all three
subpanels, the PSTH during the fixation period “Fix” is expected to look similar regardless
of the initial gaze location when there are no postural effects influencing pulvinar. The
neuron in Figure Ib.1A presents a decrease of firing rate as the fixation is shifted to the
right (contralateral increase to the recorded hemisphere). This neuron represents units
where postural effects exert influence an in pulvinar. The neuron in Ib.1B preferred the
right initial gaze position and was less modulated at other eccentricities. This cell was also
recorded from the left hemisphere. The neuron in Ib.1C recorded in the right hemisphere of
monkey C had an increased firing when fixating to the right. Even with a significant initial
position preference in different units, from single cell examples it was difficult to observe
an apparent contralateral or ipsilateral preference to the recorded hemisphere.
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Figure Ib.1 Example neurons with gaze position preference during the fixation hold
epoch

Each colored raster plot and PSTH per panel represents action potentials and peri stimulus
time histogram (PSTH) in 20 ms bins for trials with same initial gaze position in three example
neurons, locations being: -15° horizontal, 0° vertical (blue), 0° horizontal, 0° vertical (cyan), and
15° horizontal, 0° vertical (green). Each panel displays the initial fixation until the onset of the
movement cue. Color conventions and periods of interest are consistent across plots for this
dataset. Light red traces are the horizontal gaze positions across trials; dark traces are the
vertical ones. A. For this unit as the monkey’s initial gaze went from the left to the right there
was a decrease of firing rate with the strongest firing at the -15° horizontal, 0° vertical
position. B and C. Units with a higher firing rate for the 15° horizontal, 0° vertical fixation
position. Additionally, in (C) there was firing suppression around the saccade. Fix, fixation

From the cells with a main effect of gaze position during fixation hold in the ANOVA
(gaze position) 46% (102 out of 221 units) showed gaze position modulation. Of these 48%
(49 out of 102 units) showed a monotonous increase of firing during that period. The
increase was 59% towards the ipsilateral side and 41% to the contralateral. This population
might reflect cells in which there is a gain field like modulation when retinotopic influences
are present.

To confirm the effect of movement direction on the firing of neurons as suggested by
findings in Chapter I, trials per neuron were resorted to represent matching trials by
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movement vector relative to the initial gaze. This resulted in a matrix with a similar number
of relative movement directions starting from the fixation spot.
The neuron in Figure Ib.2 shows retinotopic tuning during the cue presentation with no
further influence of gaze position. The modulation is most evident in the top panel.
Figure Ib.2 Retinotopic cue modulation

Each panel represents one of the eight available movement directions sorted by initial fixation
position: leftward (blue traces and raster), central (cyan traces and raster), and rightward
(green traces and raster). This unit was retinotopically influenced during the cue period. The
cue-related firing enhancement was mainly to the 0° horizontal, 10° vertical movement
direction regardless of the initial gaze position. In addition, there was suppression for the to
the 15° horizontal, 0° vertical, movement directions.

On the other hand, Figure Ib.3 shows a neuron with firing rate enhancement during the cue
period (top right, and right panels). This enhancement was not only retinotopic but also
modulated by the current gaze position, commonly known as gain field.
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Figure Ib.3 Example neuron with an effect of gaze position

This unit was responsive during the cue period to the 15° horizontal, 10° vertical movement
direction and to the 15° horizontal, 0° vertical movement direction. Crucially, not only the
visual stimulation modulated this neuron, but also the initial gaze position.

Another potential scenario is that cells in dorsal pulvinar encode the physical location of a
cue, and thus, the planning of a movement is influenced by its fixed location. To observe
this modulation a last sorting based on the physical location of the target on the screen was
performed. On a single-cell level however, this type of encoding was not visually apparent.

To assess how the population of units was represented in each of the categories observed by
visual inspection, two two-way ANOVAs with factors fixation and movement direction,
and fixation and physical target location were performed per epoch. The results of the
ANOVAs with factors fixation and movement direction (inner circle in the pie plot from
Figure Ib.4) revealed that during the cue period, 43% of all cells tested were modulated,
15% of the units were modulated in a retinotopic fashion, while 14% were modulated by
the gaze position. This agrees with findings seen across several visuo-motor areas
influenced by a retinotopically based reference frame. Additionally, 14% of the cells also
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had an interaction of effects or both main effects. This indicates that dorsal pulvinar does
not only encode visual information in a retinotopic reference frame but might also be
influenced by gaze position, potentially facilitating the generation of gain fields. The largest
percentage of task modulation was found during “target visible hold” after the monkey was
given visual feedback of correct performance. In this period, there was a considerable
interaction of the gaze position and the movement direction; this was possibly due to both
the preferred gaze position plus the influence of the recently executed saccade. The second
ANOVA (outer circle in the pie plot) revealed that, as predicted by visual inspection, only a
small percentage of units were modulated by the physical location of the target in space.
Only a small proportion of the cells during the cue period were uniquely modulated by the
absolute target location. Supporting the idea of dorsal pulvinar sharing similar properties
with the posterior parietal cortex, a retinotopic coordinate system influenced by gaze
location and/or additional reference points dependent on the effector used.
Figure Ib.4 Summary: dorsal pulvinar neurons are not purely retinotopic

For each of the behaviorally relevant epochs the inner circle in the pie plot contains the results
of a two-way ANOVA with factors Fixation (F) (initial gaze) and Movement direction (M)
showing effects for F, M, both main effects F+M, and interactions (F+M+FxM, F+FxM,
M+FxM, and FxM), or no effects. The outer circle shows the main effects of target position (T)
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or its interactions with fixation. Inner circle: During cue presentation and subsequent memory
period there was a large modulation of the starting gaze position (14% and 17% “cue” and
“early memory”) and by the movement direction (15% and 20% “cue” and “early memory”). An
early main effect of movement direction shows that there is influence of a retinotopic-based
reference frames in these cells. After the saccade, during the target hold period there was in
addition to the main effects of fixation and movement direction an interaction (F+M+FxM) of
14%, potentially due to the cells´ retinotopic encoding influenced by the starting gaze position
of the recently executed movement. Outer circle: There was almost no cell percentage
influenced by the absolute location of the target. Around the saccade the maximum percentage
of cells modulated purely by the physical location of the target was 4%. The overall encoding of
these cells was mostly an interaction of initial fixation position and movement direction,
suggesting an intermediate processing stage for dorsal pulvinar in spatial transformations.

Target selection
Does the possibility of freely choosing among two saccade options influence the visual or
motor firing rate in dorsal pulvinar during saccades? To address this question, a control
experiment was performed where monkeys’ dorsal pulvinar neurons were recorded during
an equally rewarded free-choice saccade task. Responses to saccades to single targets were
reported in Chapter I.

First, the baseline-subtracted average population PSTHs for instructed and choice memoryand visually-guided saccade trials were plotted to allow a direct comparison of potential
spatial tuning differences when more than one cue/target are available. Figure Ib.5 shows
the population firing for the memory-guided saccade task. During the cue presentation,
there was an increased firing if a cue was presented in the contralateral hemispace to the
recorded pulvinar. Furthermore, in the cue period there was a short increment of firing rate
when monkeys chose the contralateral hemispace in comparison to when the ipsilateral
hemispace was chosen. Trials with ipsiversive instructed cues had smaller firing differences
to baseline than the other three conditions. Later, the firing was enhanced by the direction
the movement and mostly after the saccade offset. There were no apparent differences
between single- or two-target trials to saccade either to the contralateral or ipsilateral
hemispaces. The effects observed in dorsal pulvinar during the memory-guided task reflect
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1) a broad contralateral spatial preference during the cue and early memory periods and 2) a
post motor influence on firing determined by the previous action but not by the visual
stimuli that evoked such action.
Figure Ib.5 Memory-guided saccade task´s PSTHs for instructed and choice trials

Baseline corrected population PSTH (solid traces), and SE (shaded bars) of instructed and
choice trials. Spikes were sorted according to the target location for instructed trials and to the
chosen target in choice trials. Red horizontal traces are significant differences per bin between
hemispaces for instructed trials derived from two-tailed non-paired t-tests. Blue horizontal
traces are significant differences per bin between choices to the contralateral hemispace and to
the ipsilateral hemispace derived from two-tailed paired t-tests. During the cue presentation,
there was enhanced firing to cues if they were present in the contralateral hemispace. During
cue presentation there was also an increase of firing when monkeys chose a contralateral
target in comparison to when they chose an ipsilateral one. When a single stimulus was shown
in the ipsilateral hemispace there was only a modest increase in firing in comparison to
baseline. In other words, as long as there was a target in the contraversive side of space the
cells were unaffected by the presence or absence of an ipsilateral stimulus. During the memory
period, there was a modest increase of firing for instructed and chosen contraversive targets, as
well as for chosen ipsiversive targets. Around and after the saccade the firing reflected the
hemispace of the movement and not its instructed or choice nature. Later, after the saccade
the PSTHs for instructed and choice trials largely overlapped. Analysis periods: Facq, fixation
acquisition; Fhol, fixation hold; MemE, memory early; MemL, memory late; PreS, pre saccade;
PeriS, peri saccade; Thol, target hold
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In the visually-guided saccade task, (Figure Ib.6), the population had a similar response as
in the memory task (Figure Ib.5) by the presence of a contralateral target. For instructed
ipsiversive trials there was no big influence of the target in the firing modulation. The
modulation around the saccade had a similar pattern, larger firing rate to contralateral
targets than to ipsilateral targets. It is important to mention that as the onset of the target
functions as the “Go” signal, the constant visual stimulation is inevitably a confound for the
analysis of independent internally-generated processes in this specific task.
Figure Ib.6 Visually-guided saccade task´s PSTHs for instructed and choice trials

Conventions as in Figure Ib.5. For neurons recorded during direct saccades, at the Go signal
there was a strong firing rate enhancement when the target was presented in the contralateral
hemispace of the recorded pulvinar in comparison to a sole ipsilateral presentation. There was
a strong visuo-motor influence of the preferred hemispace on pulvinar firing, however, the
dissociation between visually-triggered and internally-generated planning or motor signals is
not possible in this condition. Cue + Go, target onset which functions simultaneously as a Go
signal; Tacq, target acquisition.
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Discussion
In this addendum to Chapter I we aimed to address two important questions about the
electrophysiological properties of dorsal pulvinar during oculo-motor behavior.
First: Are neurons in dorsal pulvinar, modulated in a 1) purely retinotopic reference frame?
or 2) is dorsal pulvinar influenced by the current gaze position of the monkey?

The second question: Is there a neuronal correlate of target selection for oculo-motor
behavior in dorsal pulvinar? Namely, is there visual competition, or choice selectivity
during the cue period? This question was motivated by previous causal perturbation studies
where after pulvinar disruption either by pharmacological inactivation (Wilke et al., 2010,
2013) or by electrical microstimulation (Chapter I) there were among other effects, changes
in target selection patterns for saccade behavior. Directly assessing if target selection is in
any way represented in dorsal pulvinar has not been tested before.

D.Ibis.1 A subset of dorsal pulvinar neurons showed encoding in not purely
retinotopic reference frame

Visual neurons in the inferior and lateral subdivisions of ventral pulvinar of the macaque
are modulated by gaze position (Robinson et al., 1990). No similar data exist characterizing
gaze influences on visual responsivity in the dorsal pulvinar. For this experiment we were
particularly interested in the dorsal region as it shares a broader connectivity to parietal and
frontal cortices in monkeys (Grieve et al., 2000; Kaas and Lyon, 2007), and in humans2
(Leh et al., 2008) than ventral pulvinar. We hypothesized that dorsal pulvinar could likely
display complex modulations to visual stimulation influenced by gaze position. With the
purpose of gaining intuition on the topic, we recorded single neurons while monkeys
performed a standard center-out memory saccade task. Critically, at the beginning of each
trial the monkeys held their gaze at one of three possible fixation spots, straight ahead, to
2

In this study the authors did not distinguish between dorsal and ventral pulvinar.
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the left, or to the right of the monkeys’ primary gaze. The saccades were made to one of
eight peripheral targets from a rectangular array, some of these locations overlapped across
fixation conditions, creating an array of similar movement directions with distinct and
partially overlapping target spatial locations.

Figure Ib.4 shows that neurons in dorsal pulvinar had a firing rate increase dependent on
the 1) position of the visual cue on the retina (15% at “cue”, main effect Movement
direction), 2) an interaction of the movement direction and the initial gaze position, or both
main effects (14% at “cue”), or in a smaller percentage a 3) an increased firing rate by the
physical location of the target (2% at “cue”, main effect Target location). There were also
cells influenced in their firing solely by the gaze position (8% at “cue”, main effect
Fixation). Along this line it has been shown that there is an influence of gaze position on
visual responsivity in parietal cortex (Andersen and Mountcastle, 1983). This effect now
referred as ¨gain field¨ is suggested to facilitate the execution of actions (specifically,
actions performed with limbs) computed in a different coordinate system (Zipser and
Andersen, 1988). Also in early visual areas such as V3a, with connectivity to ventral
pulvinar, neurons´ firing rate has been shown to be influenced by the eye position (Galletti
and Battaglini, 1989), which could explain why gain fields are also encountered in the more
visual part of pulvinar. In area V3a there is additionally preferential enhancement of firing
to contralateral gaze shifts relative to the recorded hemisphere. The directionality of gain
fields in our dataset is something we will explore in the future, although cells with a
monotonic firing increase during the fixation hold period did not show hemispatial
preference (41% and 59% of the cells to the contralateral and ipsilateral hemispace
respectively).

Dorsal pulvinar neurons influenced by the gaze position only ranged from 3% to 23%
across epochs (median 14%, excluding cells modulated during the fixation acquisition) and
can be regarded as postural units. The large percentage of units with an effect of movement
direction during the cue and early periods of the task reflects that pulvinar preferentially is
influenced not only by retinotopic reference frames but also gaze-, head-, or body-centered
systems. It has been shown that in brain areas involved in movement planning the reference
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frame in which visual signals are processed commonly depend more on the position of the
targets in the retina (Snyder, 2000) than in the head or body (Flanders et al., 1992). Using
common types of coordinate systems across brain areas is a more economical solution
when independent and constantly updated actions are planned and involve a high number of
computations with different effectors.
Looking back at the Andersen and Mountcastle (1983) study, the gain field effect was only
present when the monkeys were actively engaged in the task. Spatial transformations in the
primate brain seem to depend on if there is an upcoming action. Background firing in area
LIP of parietal cortex also differs dependent on the type of action expected to be performed
(Colby et al., 1995). We have some evidence of dorsal pulvinar cells encoding
preferentially for specific hands before the trial has started if the hand to be used can be
predicted (See Chapter II). It is interesting to wonder if different coordinate frames would
influence pulvinar’s firing patterns when there is the expectancy of upcoming actions using
multiple effectors.

Among the limitations of this experiment a relevant one is that due to technical limitations
our target array did not fully overlap for all target locations when starting from different
gaze positions. With such overlap, a target per target comparison could have been
performed to assess more precisely if the physical location of the cues causes a change on
the firing rate of dorsal pulvinar neurons. Interpreting such comparison in our current setup
however could still prove to be a hard task. Classic visual electrophysiology studies relied
on the visibility of illuminated targets in otherwise completely darkened rooms. Our current
setup requires that the targets are presented in monitors. The use of monitors creates a dim
but visible background illumination which might provide unwanted reference points to the
monkeys which could lead to confounds. Finally, our study required the monkeys to have
their head restrained. To achieve a better dissociation between a retinotopic and a head-,
body-, or object-centered coordinate systems additional experiments with no head fixation,
and head position manipulation are required. It has been shown even in areas like the
superior colliculus that the manipulation or free movement of the head has influences on
neural firing (Walton et al., 2007; DeSouza et al., 2011). The effects related to the head
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position would help us create a better picture of the interactions between eye and head
movement potentially represented in dorsal pulvinar.

D.Ibis.2 Dorsal pulvinar is modulated by the location of a cue in the preferred
hemispace and to a target to be chosen in the preferred hemispace.

To assess the potential modulation of the selection of one freely chosen target in
comparison to a movement to an instructed single target in dorsal pulvinar we trained two
monkeys to perform a standard free-choice task in a visually- or memory-guided context.
We did not aim to modulate their natural bias to any of the target options. The targets were
always rewarded equally, as well as presented equidistantly from the viewing gaze of the
monkeys.
There was contralateral spatial tuning to the recorded pulvinar (Figure Ib.5). This increase
in amplitude was true in instructed and less in choice trials. As reported in Chapter I there
was a general preference for cues presented in the contralateral hemispace. In addition,
during the cue period in choice trials there was higher firing rate when monkeys later chose
the contralateral target than when they chose the ipsilateral one, suggesting choice
processing during the cue period. However, this pattern was largely lacking during the
memory period. For visually-guided trials (Figure Ib.6) there was a similar response
favoring contralateral targets, however due to the lack of a memory period we cannot make
many interpretations of that dataset.

It has been suggested for other subcortical regions like the superior colliculus (Krauzlis and
Dill, 2002; Port and Wurtz, 2009) that target selection and saccade generation are
intertwined and might be non-separable. If a tight choice-saccade link in the time domain is
needed for dorsal pulvinar to influence decisions, it might explain the lack of an apparent
change in firing rate during the late memory period and the higher firing during the cue
period for choice trials where the contralateral target was later chosen.

59

Given reports of the role of pulvinar in attentional processes (Petersen et al., 1987;
Desimone et al., 1990; Snow et al., 2009; Saalmann et al., 2012). It would be interesting to
explore the differences of perceptual decisions and free choices in the dorsal pulvinar. It
has been observed in FEF in perceptual tasks requiring monkeys to select targets from
distractors that the firing of simultaneously recorded neurons with matching receptive fields
cooperate by spike timing synchrony. Perceptual tasks would also be useful to address
difficulties of estimating decision times in a free choice task, as most of the current
definitions of when decisions occur at a neuronal level refer to the statistical difference in
receptive field firing rate between a correct and incorrect targets (Cohen et al., 2010)

Given that our task always presented one target in the contralateral and another in the
ipsilateral hemispace, and that dorsal pulvinar neurons show large receptive fields and a
preference to the contralateral hemispace, it might be worth to assess choice-related firing
in vertically arranged target options in each hemispace individually, so that horizontal
preference is not an additional variable that might preclude the observation of choice
encoding in dorsal pulvinar.

Among the analysis that is still required we need to address on a cell by cell basis if there
was a different response during the cue period when a target inside the neuron’s receptive
field was presented with an additional target outside of the receptive field. This comparison
will allow us to look for signs of visual competition or enhancement when multiple target
options are available. This analysis will require offline estimation of receptive fields, as
there was no mapping performed before the recordings. Additionally, choice selectivity on
a cell by cell basis during the cue and memory periods need to be assessed.

Taken together these findings provide evidence of dorsal pulvinar largely encoding spatial
properties of visual stimuli not only using a retinotopic reference frame, but one that is
influenced by the current gaze position or by additional spatial reference points according
to the behaviorally relevant epochs of the task. Additionally, further electrophysiological
analyses of the influence of choice on saccade-related neuronal activity will enhance our
understanding of how target selection is represented in the dorsal pulvinar.
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Chapter II

Electrophysiological correlates of pulvinar function
during reach behavior
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Abstract
The pulvinar, the largest thalamic complex in primates has largely expanded during
primate evolution, along with association cortices. Its dorsal part is anatomically connected
to the fronto-parietal network, involved in the planning and generation of purposeful eye,
arm, and hand movements. Early studies have identified neural correlates of reach-related
behavior in pulvinar cells in different species. Such reports however are very sparse, even
though insightful and revealing. Thus, the formulation of a hypothesis of dorsal pulvinar
involvement in visually-guided reaches is largely speculative. Here, we recorded neurons
from dorsal pulvinar of two Macaca mulatta performing delayed, visually-guided foveal
and extrafoveal reaches and saccades with active hand engagement to characterize pulvinar
response properties during purposeful visuo-motor behavior. We found spatial influence on
firing rates with preferences to the contralateral or ipsilateral hemispace (to the recorded
hemisphere), which varied according to the period of interest in the task. We found that the
firing pattern for saccades was mostly suppression during the movement and strong
enhancement after saccade offset. The enhancement of firing rate for reaches appeared
before the movement onset and lasted during the reach. We found cells responsive to the
usage of a specific effector, two effectors, specific hand usage, and space-hand interactions.
In addition, we found that after repeatedly using one hand for performing the tasks in
right/left hand blocks, some cells showed a hand-specific tuning even before start of the
trial. These results add evidence to dorsal pulvinar involvement in visually-guided reach
planning and execution, besides the now known visuospatial encoding.
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Introduction
Primates excel at visuo-motor tasks. Of special interest is how and at which levels
visual information is integrated with proprioceptive inputs to later be transformed into
motor commands. Several cortical regions have been shown to take part in the planning and
execution of grasping and reaches, e.g. areas 7, V6A and MIP (Taira et al., 1990; Galletti et
al., 1997; Snyder et al., 2000a). Reaches are a good proxy to study goal-directed behavior,
as they likely involve actions of similar skillfulness across most primate species. On the
other hand grasping can be influenced by the semantic properties of the object of interest in
humans, and such influence does not seem to be present in all primate species (JohnsonFrey, 2003; Frey, 2007). Furthermore, reaches provide a behavioral output rich enough for
the analysis of spatial and temporal properties that can be traced to their neural generators.

Under natural conditions, primates perform volitional reaches guided by visual information.
This guidance is additionally integrated with body, head and eye movements. Since the
introduction of periods that dissociate purely visual influences from motor actions
(Hikosaka and Wurtz, 1983) the visuo-motor circuitry of behaving macaques has been an
important focus of study of system neuroscientists. It has been found for example that the
oculomotor system involves a rich circuitry of frontal and parietal association cortices, as
well as subcortical brain regions (Schiller et al., 1987; Snyder et al., 1997; Barash, 2003).
For the generation of reaches several cortical association areas have been identified
(Caminiti et al., 2015) however, less is known about the role of subcortical regions.

Neurons in association cortices are modulated during the planning and execution of reaches
and saccades. As association cortices, the thalamic pulvinar has greatly and
disproportionally expanded during primate evolution. The pulvinar is anatomically
connected to the cortex in a ventro-dorsal gradient to the ventral and dorsal streams
(Asanuma et al., 1985; Stepniewska, 2004; Kaas and Lyon, 2007; Bridge et al., 2016).
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Dorsal pulvinar is strongly connected to the fronto-parietal network. It has been linked to
processes like spatial attention (Petersen et al., 1987), target selection using saccades
(Wilke et al., 2010; Dominguez-Vargas et al., 2017), modulation by motivational
components (Wilke et al., 2013), confidence in perceptual categorization (Komura et al.,
2013) and purposeful reach and grasping behavior (Wilke et al., 2010). Pulvinar neurons
display reach-related firing in: Macaca fascicularis (Acuña et al., 1986; Magariños-Ascone
et al., 1988), Cebus capucinus (Acuña et al., 1983), Macaca nemestrina (Cudeiro et al.,
1989) and humans (Martin-Rodriguez et al., 1982). Common denominators in these studies
are a higher responsiveness to active reaches in comparison to passive manipulations of the
arm, and stronger firing rate for reaches to objects of interest. In Macaca nemestrina the
firing rate enhancement of pulvinar due to reaches comes before that of parietal and motor
cortices, which could mean reach preparation in pulvinar (Cudeiro et al., 1989). Also in the
Cudeiro et al. study it was shown that neurons were more responsive to reaches in the
lateral and oral pulvinar in comparison to the medial subdivision. It was also noted that
pulvinar´s responsivity to visual stimulation does not follow a retinotopic representation
(Acuña et al., 1983), this is particularly true in the mediodorsal pulvinar (Kaas and Lyon,
2007). Most importantly, in the Cebus capucinus study from Acuña and colleagues, in
humans (Martin-Rodriguez et al., 1982) and in Macaca nemestrina (Cudeiro et al., 1989),
the intentionality of performing a movement was crucial to modify the firing rate of
pulvinar neurons, suggesting the critical relevance of pulvinar in goal-directed actions.
Furthermore, another study (Wilke et al., 2010) showed that inactivation of pulvinar causes
deficits in reach-to-grasp tasks, the deficits were suggested to resemble optic ataxia- and
visual extinction-like symptoms in Macaca mulatta, although their design did not allow to
delineate the deficit with such precision. Optic ataxia (OA) is of interest as it involves the
planning and execution of visually-guided movements. The defining characteristic of OA is
that there is difficulty to successfully perform extrafoveal reaches, while foveal reaches are
less impaired (Andersen et al., 2014). The exploration of multiple eye-hand coordination
and dissociation conditions while using causal techniques in dorsal pulvinar are still needed
to elucidate if the region is causally involved in optic ataxia or other visuo-motor behaviors
requiring a cognitive control and will be addressed in Chapter III.
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The available literature about reach encoding in the dorsal pulvinar is scarce and additional
characterization of pulvinar engagement during visually-guided reach planning and
execution is needed. Many open questions remain: Is the population of dorsal pulvinar
neurons preferentially modulated by visual stimulation, planning of upcoming movements,
or the execution of visually-guided movements? Would all dorsal pulvinar population fire
to the same events or would it reflect the diverse connectivity of pulvinar? Would saccades
and reaches be encoded similarly? Would the presence of more than one active effector
influence the activity of dorsal pulvinar? Would there be hand specific tuning?

Here, we analyzed single cell recordings from the dorsal pulvinar of two macaques trained
to perform delayed visually-guided foveal and extrafoveal reaches as well as saccades with
hand engagement to characterize the functions of dorsal pulvinar during purposeful actions.
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Materials and methods
Ethics, experimental approval and disclosures

All experimental procedures were conducted in accordance with the European Directive
2010/63/EU, the corresponding German law governing animal welfare, and German
Primate Center institutional guidelines. The procedures were approved by the responsible
government agency (LAVES, Oldenburg, Germany).

During training or experimental days, monkeys worked for water/juice until satiated. On
weekends or non-training days, monkeys had unlimited access to liquids (water and
fruits/vegetables). Food with low water content was unrestricted and available at all time.
Monkey L’s right pulvinar was studied in a previous report and the following procedures
have partially been reported Chapter I. That study looked at the effects of electrical
microstimulation on oculomotor behavior and free-choice decision-making. For such study,
the right pulvinar of L was stimulated using bipolar trains of current ranging from 100 μA
to 300 μA in 48 experimental sessions.

Animal preparation

Two adult male rhesus macaques (Macaca mulatta) L and F weighing 9 kg and 11 kg
respectively were used. In an initial surgery, under aseptic conditions, anesthetized and
monitored, monkeys were implanted with a PEEK MRI-compatible headpost. The headpost
was embedded in a bone cement head-cap (Palacos with Gentamicin, BioMet, USA)
anchored by ceramic screws (Rogue Research, Canada). Markers were drilled in the headcap for the planning of recording chambers. The chamber planning was performed using an
MRI-guided navigation software (Ohayon and Tsao, 2012). In a second surgery monkey L
was implanted with two 22 mm inner diameter PEEK MRI-compatible chambers in both
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hemispheres plus a craniotomy in the right hemisphere to allow pulvinar access (right
hemisphere: center at -3.12P / 20.2L mm, tilted: -18P / 37L, left hemisphere: center at -4.3P
/ 21.7L mm, tilted: -18P / 38L L). Monkey F was implanted with a 22 mm chamber and
craniotomy in the left hemisphere (center at -6.4P / 12.4L mm, tilted: -15P / 32L L).
Monkey L underwent a third craniotomy surgery to give access to the left pulvinar. The
dura mater and surrounding tissue were routinely kept sealed by a silicon elastomer (Kwiksil, World Precision Instruments, USA) to reduce tissue growth above the dura mater. The
tissue exposed inside the chambers was monitored by frequent exudate samples and
maintained by a routine cleaning procedure.

Recording chambers were cleaned every third day in addition to before and after every
recording session. A silicon elastomer protecting the tissue above the dura matter was
removed and the chamber was flushed several times with saline solution. The chamber
inner walls were cleaned with 3% H2O2 moistened swabs. A 7.5% Povidone-Iodine-based
antiseptic solution Braunol (B. Braun Melsungen AG, Germany) was placed inside the
chamber for 10 minutes before it was rinsed with saline solution. The chamber inner walls
were then cleaned with alcohol moistened swabs. Surgical soap Lavasorb (Fresenius Kabi,
Germany) was placed inside the chamber and remained there for additional 10 minutes. The
chamber was again flushed, and finally new elastomer was placed over the tissue covering
the dura matter before it was sealed.

MR imaging

Monkeys were scanned in a 3 Tesla MRI scanner (Siemens Magnetom TIM Trio at the
University Medical Center Göttingen or Siemens Magnetom Prisma at the German Primate
Center Functional Imaging building). Similar MRI sequences were obtained as the ones
reported in Chapter I.

Pulvinar targeting
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The dorsal pulvinar was localized on anatomical basis using MR images. The upper, medial
and lateral boundaries were readily localized by changes in contrast of grey and white
matter in T1 and T2 weighted images. The lower boundary was defined by the beginning of
the brachium of the superior colliculus. Even though some parcellation schemes also show
a small portion of ventral (inferior) pulvinar above the brachium (Gutierrez et al., 2000;
Stepniewska, 2004; Kaas and Lyon, 2007), the brachium-based dorsal/ventral division is
the best anatomical pulvinar segmentation reference without histological confirmation.

General experimental setup

Monkeys sat in a vertical primate chair facing a display with their heads restrained by a
PEEK head holder attached to the implanted headpost in a darkened room with an eye-toscreen distance of 30 cm (Figure II.1). Infrared cameras were placed inside the room to
monitor jaw movements. To maintain stable recordings a motion detection system model
MD2001 single channel analog video motion detector (Pelco, USA) was used. The motion
detector triggered a TTL pulse whenever motion was present, resulting in aborted trials.

Stimuli presentation and behavioral recording

Task controller and stimuli were programmed in Matlab (The MathWorks, Inc. USA) using
the Psychophysics Toolbox (Brainard, 1997). Stimuli were presented on a 27’’ LED
display (60 Hz refresh rate, model HN274H, Acer Inc. USA). Reaches were performed to a
transparent

surface

acoustic

wave

touchscreen

model

SCN-IT-FLT27.8-001-006

(IntelliTouch, ELO touchsystems). The touchscreen was placed in front of the 27’’ stimuli
display. Horizontal and vertical coordinates of finger position were recorded as analogue
channels of a data acquisition card after passing a custom-made digital to analog converter.
Real-time eye tracking was performed using a 220 Hz ViewPoint system, model MCU02
(Arrington Research Inc. USA) running on a separate PC. The infrared camera was placed
just above the task display to get a close to straight angle from the gaze position. Before
training and experimental sessions, a linear calibration was performed using the task
controller to adjust the offset and gain of the eye signals.
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Figure II.1 Experimental setup

The monkeys performed reaches and saccades inside an isolated booth next to a control room
where the experimenter remotely recorded their behavioral and neuronal signals. The room’s
illumination was turned off and only 0.16 cd/m2 of luminance from the monitor at monkey’s
viewing distance of 30 cm was available. Jaw motion was monitored to ensure that non-task
related movements were kept at a minimum. Hand sensors (L and R, placed close to monkeys’
left and right hands) were used to prevent the monkey from using un-cued hands. Eye, touch,
initial hands resting position, and neuronal signals were recorded during the experimental
sessions.

Eye-hand movement rationale
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To assess neuronal properties of dorsal pulvinar cells during visually-guided behavior,
monkeys were trained to acquire ipsilateral or contralateral targets using their gaze or their
ipsilateral or contralateral hand (in respect to the recorded hemisphere).

Trial sequence reach task

For monkey F, all tasks were performed as pseudorandomized interleaved trials of effector
and required hands. For monkey L, the task was performed with the required hand blocked
or interleaved. Also in monkey L task types were either blocked or interleaved.

Delayed visually-guided tasks

For all task types (Figure II.2), a trial started with the monkey resting both hands in two
sensors positioned in front of them for 0.5 s. Next, two dim fixation spots appeared in the
center of the display: a small and dim 0.5° radius red circle (eye fixation) above a larger and
dim 4° radius green or blue circle (hand fixation) located at the horizontal center of the
screen at monkey’s gaze height. A green hand fixation cued monkeys to use their right arm;
a blue one cued the left arm. If an un-cued hand was lifted from the sensor at any time
during the trial such that trial was immediately aborted and went back in the pool of
pseudorandomized conditions. Monkeys were required to look at the eye fixation and touch
the hand fixation within 1.5 s from presentation; then the fixation circles would brighten up
and the monkeys had to maintain fixation for 0.5 s to start the contingency-specific part of
the trial. A dim peripheral stimulus at 24° to the right or left of the central fixation circles
cued the location and effector of a future movement: a red circle indicated a future saccade,
a green/blue circle a future reach. In addition to purely horizontal targets, two targets with
the same eccentricity of 24° were presented 20° of angular degrees above or below the
horizontal gaze center for a total of three target locations to the left and three to the right.
Monkeys were instructed to respond when either one or both fixation spots disappeared in
the center of the screen after a delay of 1.28 s. For reaches, if only the hand fixation
disappeared monkeys had to make a reach while keeping their gaze at the eye fixation
(dissociated reaches). If both fixations disappeared monkeys had to make a reach while they
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could freely look around for the rest of the trial (free gaze reaches). For eye movements,
monkeys had to make a saccade while keeping their hands at the hand fixation (dissociated
saccades). Once the movement took place, the targets would brighten up, and the monkeys
had to maintain their gaze/hand position for 0.5 s on the target. After each successful or
failed trial, there was a 2.5 s or 2 s inter trial interval respectively. In total, monkeys had to
achieve 10 hits to each target location for the block to be completed. The luminance of the
dim/bright targets for saccade, left arm and right arm cues were: 9.4 cd/m2 33 cd/m2; 34
cd/m2 87 cd/m2; and 22.5 cd/m2 94 cd/m2 respectively with a 0.16cd/m2 background.

Figure II.2. Tasks layout

A trial started when the monkey rested both hands in touch sensors. Then two fixation spots, a
red for eye, and either a green or blue for the right or left hand respectively appeared.
Monkeys could perform a peripheral movement only after at least one of the central fixations
spots was extinguished, signaling which effector to use to acquire a peripheral target. Monkeys
had to prepare a dissociated saccade (arm resting in the center of the monitor for the duration
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of the trial) or a reach. The reach could be a free gaze (likely foveally-guided) or a dissociated
reach (eye fixation in the center).

Saccade definitions

A saccade was detected whenever there was a change in eye trace instant velocity larger
than 200°/s in Euclidean distance. Saccade offsets reflected the time when saccade
velocities dropped below 50°/s. Saccade velocities were derived from interpolated (220 Hz
to 1 kHz) and smoothed eye position traces with a 15 ms moving average rectangular
window, which was then smoothed again with a second 15 ms moving average rectangular
window.

Saccade latency was defined as the time between fixation spot(s) offset and the moment
when the first saccade was detected during the target acquisition period in each trial.
Saccade duration was defined as the time between saccade onset and offset. Saccade peak
velocity was defined as the maximum instant velocity across the duration of the saccade of
interest.

Reach definitions

Reach latency (reaction time) was defined as the time between fixation spot(s) offset and
the moment when the hand lost contact with the touchscreen during the target acquisition
period in each trial. Reach duration was defined as the time from the reach latency to the
next touchscreen contact.

Statistics

For all tasks, for behavioral analysis successful trials to targets to the left and to the right
hemi spaces were combined. All data analysis was performed using MATLAB R2012b and
the Statistics Toolbox. To test for changes in mean movement latency, duration, velocity,
and accuracy we used independent t-tests.
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Electrophysiological recordings

For the reach dataset 285 units recorded from monkey L (220 and 65 from left and right
hemisphere, respectively) and 172 units from monkey F. From these 233 (182 left, 51 right,
monkey L) and 145 (monkey F) were used after an exclusion criterion according to the unit
stability and/or its classification as a single cell. An additional exclusion criterion was also
used: if there were less than 60 trials per hand per task or there were less than 50 spikes per
unit the unit was not analyzed. This led to a final dataset of 220 (168 left, 52 right) and 129
units for monkey L and F, respectively. For population analyses we combined the data from
both hemispheres of monkey L. The total count of units per task was: Monkey L 180
dissociated saccades (97 blocked hands), 193 dissociated reaches (97 blocked hands), 159
free gaze reaches (87 blocked hands), and 129 for monkey F for all tasks.

Analysis of firing rate

Neurons were sorted offline using Offline Sorter v.4.0.0 and v.2.8.8 (Plexon, USA) using
either a waveform template algorithm, a principle component analysis with k-means
clustering algorithm, manual contour definitions, or a combination. Spike density functions
for each trial were derived by convolution of the discrete spike arrival times with a
Gaussian kernel (SD 20 ms). Epochs of interest are described in Table II.1.
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Table II.1 Epochs of interest, reach-saccade dataset

For each of the epochs of interest (top row) the table shows a reference event (middle row) and
the time window relative to it for the calculation of average firing rates. All firing rate epoch
comparisons were done taking the reference event for each trial and comparing it to a baseline
(bottom panel).

For population analysis, trials in the same hemispace relative to the recorded hemisphere
were combined. For each unit, if for a given neuron information from both hands was
available, a three-way ANOVA including hand, hemispace and epoch as factors was
performed, otherwise a two-way ANOVA using hemispace and epoch as factors was used.
The hemispace with the higher firing rate was marked if there was a significant difference
determined by unpaired t-tests. A similar approach was used to determine hand specific
tuning. Enhancement or suppression of neuronal firing was defined for each epoch relative
to a baseline specified independently for each epoch (see Table II.1) using paired t-tests
comparing firing rates for ipsilateral and contralateral hemifields independently and
regardless of hand. Enhancement or suppression was reported if either ipsilateral,
contralateral, or both types of trials showed significant difference from baseline, regardless
of the used hand. In cases where one hemifield showed significant enhancement, while the
other had suppression, the unit was reported to have a bidirectional response.
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For baseline-corrected population PSTHs, the average firing rate during the late period of
the inter-trial interval that immediately preceded the trial start (fixation spot onset) was
subtracted from the spike density function, separately for each trial. Responses for each unit
were derived by averaging raw firing rates across all trials for the respective condition.
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Results
Single cell examples

To address the questions of if dorsal pulvinar participates in the planning and/or execution
of upper limb movements, the integration of eye and hand movements, or even in the
dissociation of movement plans into specific effectors, a series of tasks were performed by
two monkeys. In these tasks, the monkeys were required to do natural free-gaze (i.e. likely
foveally-guided) or dissociated (only one effector performing the action) eye-hand
movements. Dorsal pulvinar neurons displayed an array of responses e.g. visual
modulation, spatial tuning, pre, peri and post movement enhancement or suppression and
combinations. Given that many units were recorded during all three tasks: dissociated
saccades, dissociated (extrafoveal) reaches, and free gaze (likely foveal) reaches, it was
possible to visually inspect putative firing differences due to different effectors. Figures
II.3 to II.9 illustrate some of the most salient characteristics of single cell examples.

Figure II.3 Visual unit

Raw average peri-stimulus time histograms (PSTHs) per task per hemispace during delayed
visually-guided tasks. Each row shows PSTHs from one of the three tasks presented to the
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monkeys: dissociated saccades (top row), dissociated reaches (middle row), and free gaze
reaches (bottom row). Trials performed to targets to the left and to the right of the fixation
were pooled together (per hemispace) and according to the hand used for a maximum of four
traces per panel. The color code used here is consistent across single cell plots: rightward trials
using right hand (yellow trace), leftward trials using right hand (olive trace), leftward trials
using left hand (magenta trace) and rightward trials using left hand (blue trace). Panels in
each row are divided to represent the alignment to: onset of fixation hold, onset of the cue, and
the onset of the movement, saccade for dissociated saccades and free gaze reaches, and reach
for dissociated and free gaze reaches. Labels above the top panel mark the location of relevant
task or behavioral events. Vertical red and green line-pairs are the onset plus average duration
of saccade and reach respectively. This representation is consistent across single cell examples.
This example neuron increased its firing rate by visual inputs presented in the left hemispace.
Top, for dissociated saccades there was enhancement of firing by the presentation of a cue to
the left. After a rightward saccade, either the left or right hand remained to the left of the fovea
(containing the receptive field of the unit), which made the “tuning” shift as after the eye
movement to the right. Middle, in dissociated reaches as the hand moves to the left but the eye
stays at the display’s center it makes the cell’s receptive field to keep its tuning properties
consistent for the trial duration. Bottom panel, in free gaze reaches the cue tuning remains like
the other tasks. At the time of the movement, once the saccade happens and brings the stimuli
away from the receptive field and to the fovea there is a drop in the firing rate to baseline level.
Note that a small peak during “fixation acquisition” is there for all tasks when fixing left hand.
This peak revealed to be visually influenced by the movement of the hand from the resting
sensor to the center of the monitor as it passed through the cell’s receptive field.

Figure II.3 shows the average firing of a unit whose modulation was clearly visual and
tuned to the contralateral hemispace (left visual field, right dorsal pulvinar recorded for this
unit). During dissociated saccades, where the monkey was required to keep its contralateral
or ipsilateral hand at the center of the display (left or right hand for this example cell) cue
tuning was enhanced to the left hemispace. This pattern was consistent in all tasks. There
was either an apparent shift of tuning after a saccade to the right (the hand is still at the
fixation, so the receptive field tuned to a left cue is now responsive to the largely leftward
location of the hand). If a reach was performed but no saccade the tuning was maintained to
the left hemispace. If there was a free gaze (likely foveal) reach, the left receptive field of
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the neuron stopped being stimulated as soon as the target was foveated, which made the
unit to stop firing.

A few movement-specific units like the one in Figure II.4 were suppressed during the
reach both to the fixation spot and to the peripheral targets and had hand specific
enhancement or suppression during movement preparation.

Figure II.4 Unit suppressed by reaches

For all tasks, there was suppression of firing while the monkey reached from the resting
sensors to the central fixation spot regardless of the hand used. Later, saccade and reach cue
presentation had an enhancing influence on the firing rate of the unit. This effect was highest
close to the onset of the reach (middle panel), and suppressed during the actual movement. A
similar effect was present when eye movements could accompany the reach (bottom panel).
Such firing rate decrease did not happen during the saccade task (top panel) but a similar
suppression was also seen in the post saccade period.

The unit from Figure II.5 was enhanced by a dissociated saccade, suppressed by an
extrafoveal reach and enhanced by a foveal reach but only after the reach was performed
i.e. not modulated by the saccade.
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Figure II.5 Interaction of saccade and reach, suppression for reach only

For all panels, this unit’s firing increased at the start and end of the reach to the fixation spot.
During dissociated saccades (upper panel), there was a clear peri saccade increase of firing rate
for leftward saccades. During dissociated reaches (middle panel), there was suppression of the
firing rate around the movement. During free gaze reaches (bottom panel) there was reach and
post reach enhancement of firing.

A unit modulated only by visually-guided reaches is shown in Figure II.6. This unit was
space specific and responded for the free gaze condition before and until the end of the
visually-guided reach.
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Figure II.6 Firing rate enhancement for combined effector movements

For all panels, there was enhancement of firing during reaches to the initial fixation spot. This
increase was similar for both hands. Later and for all tasks, there was no modulation during
the cue presentation and the delay period. For the free gaze reach condition (bottom panel)
there was enhancement of firing rate to the left hemispace well before the reach was
performed.

Other complex interactions between effector and space are shown in Figure II.7 where an
increase of firing occurred for dissociated saccades, in contrast to the dissociated reach and
free gaze reach tasks. Additionally, the firing rate was higher for the ipsilateral hand (left
hand for this unit).
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Figure II.7 Space, hand, task and epoch delay related firing

For all tasks, this unit was responsive to the presentation of a cue in the right hemispace. The
firing to cue was different for future reach and saccade movements. Due to non-matching
luminance for the saccade and reach cue the higher firing for the saccade cue due to the
difference in luminance for these stimuli, however, the reach cue would likely evoke the largest
response as its luminance was higher (see Methods). For dissociated saccades (top panel) the
unit’s modulation continued to increase until the saccade execution. This enhancement was
higher when using the left hand than when using the right one. For both reach tasks, after the
initial transient firing increase at cue’s presentation there was a decrease back to baseline
during the delay and movement execution.

Figure II.8 Shows the influence of hemispace during the preparation and execution of a
movement to the contralateral hemispace when the ipsilateral hand (left) is used both for
reaches and saccades. For this cell, the largest responsivity was not purely visual as there
was no fast firing rate increase to the onset of the initial fixation spot or cue, but there was a
strong slow ramping up of firing during the delay period and well until the offset of the
reach.
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Figure II.8 Early preparation of a movement for a specific side and effector

For all tasks, there was a ramping up of firing after the cue’s presentation until the end of the
movements. This firing rate increase was specific for the left arm and the right hemispace. The
enhanced firing was present for saccades and reaches.

Finally Figure II.9 shows a high firing unit during the free gaze reach task. The unit’s
firing increased preferentially for the contralateral hand (right) to a reach to the fixation and
later increased to plan a likely foveally-guided reach to the right hemispace with the
ipsilateral hand. The unit was enhanced until shortly before the movement for all
conditions.
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Figure II.9 Interactions

This unit was recorded for the dissociated reach condition only. It had firing rate enhancement
at fixation onset; this effect was stronger when the monkey used its right arm. During the
fixation hold and before cue onset the firing was suppressed, mostly while fixating with the
right arm. Suppression during the central fixation (with a residual effect of hand still
apparent) was followed by increase of firing during cue presentation and a ramping up of firing
for movements to the right using the left hand.

Reach population grouping
To assess how the different visual and motor responses were represented in the population
firing of dorsal pulvinar two groups were made. For the first group, data from both
monkeys where they performed the tasks with a randomized use of hands were combined
(157 units, two monkeys combined). A second group was done to assess the effects of
instructing the arm to be used in blocks (87 units recorded during the free gaze task and 97
units recorded during the dissociated saccade and reach tasks for monkey L only, as for
monkey F the tasks were always performed with interleaving the hand and task).

Table II.2 and II.3 summarize behavioral patterns found in monkey L and F for reaches
and saccades respectively. This summary encompasses both subgroup datasets (where the
hands were blocked and interleaved) as from the moment when the hand was in the central
89

fixation spot monkeys’ behavior is expected to be similar. Importantly, for monkey L in
five sessions each block contained one effector type only, which could cause faster mean
reaction times as the monkey potentially knows beforehand what movement to perform. In
general, Monkey L had a tendency for longer reach latencies than monkey F in all
conditions regardless of hand, hemispace, and task contingencies (p<0.05 in all conditions
but dissociated reaches to the left hemispace with the left hand p=0.07).

Some of the general observations regarding the differences between monkeys were that
Monkey F took up to 70 ms longer to finalize a reach in comparison to monkey L, who had
mean reach duration of 171 ms + 7 ms (+ SE) across conditions. Saccades latencies ranged
between 170 ms and 210 ms across conditions and monkeys, with durations between 50 ms
and 60 ms.

Table II.2 Behavioral summary per monkey for reaches

Descriptive statistics for behavioral parameters in monkey L and F and inferential statistics
between monkeys L and F with effect size F-L. For delayed reach tasks. inferential tests were
performed to assess the similarity of reach latency and duration across monkeys. Reaches
performed to the left hemispace are in the upper panel (magenta shaded) while reaches to the
right hemispace are in the bottom panel (orange shaded). Trials performed with the left hand
are shaded in cyan while trials performed with the right hand are shaded in green. The pvalues were derived from two-tailed non-paired t-tests across sessions for all electrophysiology
recording sessions (bold p<0.05, italics p<0.1). Reaches that occurred before 200 ms from the
Go signal were excluded from all behavioral analysis as they are considered express
movements. In general monkeys had substantial differences in both latency and duration of
reaches. The periods of interest for spike analysis were defined relative to the movement or
using periods suitable to both monkeys according to their behavior. LH, left hand; RH, right
hand; SE, standard error of the mean, df, degrees of freedom
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Table II.3 Behavioral summary per monkey for saccades

Like Table II.2, descriptive statistics for behavioral parameters in monkey L and F and
inferential statistics for delayed saccade tasks between monkeys L and F with effect size F-L.
Saccades performed to the left hemispace are in the upper and lower left panels (magenta
shaded) while saccades to the right hemispace are in the middle and lower right panel (orange
shaded). Trials that involved the left hand are shaded in cyan while trials involving the right
hand are shaded in green. The p-values were derived from two-tailed non-paired t-tests across
sessions for all electrophysiology recording sessions (bold p<0.05, italics p<0.1). Saccades that
occurred before 80 ms from the Go signal were excluded from this analysis as they are
considered express movements. In general monkeys had differences in both latency and
duration of saccades when the usage of a hand was required for completing the trial.

Raw PSTHs during saccade and reach behavior
The baseline-subtracted raw (with no tuning property as preselection) average PSTH of
dorsal pulvinar units in the interleaved hand design are plotted for the three eye-hand tasks.
Figure II.10 panel A shows population (n=157) properties during the dissociated saccade
task. The PSTH traces are colored according to the recorded hemisphere. The largest
population response was due to visual stimulation to the contralateral hemispace. In
addition, peri and strong post saccade suppression and enhancement respectively were
present for movements to both hemispaces and regardless of the engaged arm. As for all
subsequent PSTHs, the alignment was done to the beginning of the fixation holding period.
With this alignment, an initial peak of firing when using the contralateral hand (magenta
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versus yellow traces) seemed to reflect an earlier response for the usage of the contralateral
hand. However, realigning that period to the onset of the fixation spots in monkey F
revealed that the peak to the fixation spot occurred at a similar time (as seen in Figure II.10
panel B). For this comparison Monkey F was chosen because it had the largest hand
reaction time difference between ipsilateral and contralateral hand, 286 ms vs 367 ms.

Figure II.10 Dissociated saccades raw PSTH

Main panels (A-B): Baseline corrected population PSTH (solid traces), and SE (shaded bars)
combined for cells recorded during the dissociated saccade task. Trials were sorted according to
the hemispace and hand used relative to the recorded hemisphere. Straight lines above the
PSTH signify spatial tuning for the ipsilateral and contralateral hand (green and blue traces
respectively) and hand tuning to the ipsilateral and contralateral hemispace (orange and
magenta traces respectively). Subpanels are aligned to the fixation hold, cue onset and
movement onset. Grey bars in the bottom signify analyses windows. Red bars in the bottom
signify saccade analyses windows. C: PSTH line color conventions. Colors are referred in
respect to the recorded hemisphere: Yellow for ipsilateral hand ipsilateral hemispace, Olive for
ipsilateral hand contralateral hemispace, Blue for contralateral hand ipsilateral hemispace and
Magenta for contralateral hand contralateral hemispace. A) For dissociated saccades, there
was a clear firing enhancement by the cue onset as well as a spatial preference to the
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contralateral hemispace. In addition, after the fixation onset, there was what appeared to be a
delay in the onset of ipsilateral hand influence on the firing rate. This effect was however not
present when realigning the PSTH to the fixation onset as in B. Around the saccade there was
suppression of firing prior to the onset of the saccade, followed by peri and post saccade firing
enhancement.

In the dissociated reach task (Figure II.11) there was similar tuning to the contralateral
presentation of a cue. In addition, there was enhancement of firing during the late portion of
the delay period, which was strengthened during and until after reach offset. In contrast to
the dissociated saccade task, the firing enhancement around the reach time appeared earlier
(in opposition to suppression before and during the saccade and post saccade
enhancement). This finding suggests a potential participation of dorsal pulvinar in the
planning of reaches.

Figure II.11 Dissociated reaches raw PSTH

During dissociated reaches, there was cue-related firing rate enhancement to the contralateral
hemispace. The main difference to dissociated saccades was an earlier onset of firing rate
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increase to perform a reach. In addition, the firing was sustained until the offset of the reach,
and there was no suppression of firing around the movement as for dissociated saccades. Green
bars in the bottom signify reach analyses windows. Other conventions as in Figure II.10.

Finally, during free gaze reaches, where the monkey could perform a foveally-guided
reach, the tuning largely resembled the saccade tuning (movement panel aligned to saccade
in Figure II.12) as well as having a modest modulation for reaches to the contralateral
hemispace using the contralateral hand. These results are consistent with our previous
finding of strong spatial contralateral tuning in the cue response in Chapter I and Ibis. In
addition, these results confirm the presence of reach related neurons in dorsal pulvinar,
whose firing comes earlier and has a different pattern than the firing preceding saccadeonly behavior.

Figure II.12 Free gaze reaches raw PSTH

In the free gaze reach task, there was no evident firing rate suppression before saccade onset.
Also, when compared with dissociated reaches (Figure II.11) the firing rate enhancement
returned to baseline earlier, which could reflect a mixed influence of both saccades and reaches

94

in dorsal pulvinar. Red and Green bars in the bottom signify saccade and reach analyses
windows respectively. Other conventions as in Figure II.10.

PSTHs grouped by spatial tuning properties

The combined dataset from both monkeys from hand interleaved trials was resorted to
represent dorsal pulvinar subpopulations which were spatially-tuned at different taskrelevant epochs (main effect of space for the epoch of interest in the corresponding
ANOVA). For reaches, the period selected was the peri reach. Reach-related firing
enhancement was found in subpopulations tuned to each hemispace (n=36 and n=22 cells
tuned to the contralateral and ipsilateral hemispaces respectively, Figure II.13) well before
the onset of the reach. It is important to note that for dissociated reaches it is possible that
the planning of small saccades within the fixation window contributed to firing changes
before the reach. This is an unlikely possibility however, as saccade related changes in
dorsal pulvinar had a different pattern which was not sustained until after the reach offset.

Figure II.13 Dorsal pulvinar neurons spatially tuned in the peri reach epoch

This and subsequent population plots represent cells that had a significant increase of firing
rate in the epoch of interest (here, around the reach). For units with an ANOVA main effect of
space in this epoch, the hemispace for which the neuron had the highest firing determined the
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spatial preference. The spatial preference could be either contralateral or ipsilateral (top and
bottom panels respectively) to the recorded hemisphere. In dissociated reaches with spatial
tuning in the peri reach period, neurons displayed a larger increase of firing around the cue
onset to the contralateral hemispace. In addition, there was enhanced firing before, during and
after the reach for reaches to both hemispaces.

For the dissociated saccade task when aligning to the peri saccade epoch (Figure II.14)
only a modest enhancement of firing in units which preferred the contralateral hemispace
was observed. For units which preferred the ipsilateral hemispace there was in addition to
the enhancement to the ipsilateral hemispace a marked suppression of firing rate when the
stimulus was presented in the contralateral hemispace.

Figure II.14 Dorsal pulvinar neurons spatially tuned in the peri saccade epoch

Firing rate enhancement in neurons with spatial preference in the peri saccade period showed
a strong suppression to the non-preferred hemispace in the same time window, followed by
enhancement after the saccade. This suppression is more apparent when looking at cells
classified as enhanced to the ipsilateral hemispace around the saccade period when looking at
the contralateral hemispace PSTHs.

When the alignment was made to the post saccade period (Figure II.15) there was firing
enhancement for both contralaterally and ipsilaterally tuned units after the movement.
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Interestingly, for cells tuned for the ipsilateral hemispace as soon as the saccade happened
there was a quick drop of firing for trials to the contralateral hemispace.

Figure II.15 Dorsal pulvinar neurons spatially tuned in the post saccade epoch

In pulvinar units with a spatial preference in the post saccade period, there was a firing
enhancement to each of the hemispaces, but stronger to the preferred hemispace. In neither
this nor the peri saccade subset there was significant cue response to the ipsilateral or
contralateral hemispaces.

Cell counts
ANOVAs with main factor hemispace and epoch were performed to further characterize the
spatial and tuning properties of pulvinar cells during the three recorded tasks. Figure II.16
revealed that during the dissociated saccade task 25% of the cells had spatial tuning during
the cue presentation (inner circle in the pie plot, 20% contralaterally tuned, 5%
ipsilaterally).
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Figure II.16 Spatial tuning for the dissociated saccade task, interleaved hands

Cell percentage summary showing hemispace and firing modulation type for each epoch of
interest in the dissociated saccade task. The inner pie plot contains the percentage of units
with a main effect of hemispace (ipsilateral or contralateral to the recorded pulvinar) while the
outer pie shows the nature of the modulation i.e. enhancement, suppression, or both effects per
subpopulation. There was increased firing to the contralateral hemispace both during cue
presentation and during the delay period as well as in the movement period. There was
suppression of firing around the time of the saccade for spatially- but also for non-spatiallytuned units. After saccade offset there was a large enhancement of firing in the three
subpopulations. This representation is consistent across similar summaries.

Later, during the delay period the tuning was equalized to the contralateral (9%) and
ipsilateral (11%) hemispaces. For contralaterally tuned neurons (outer circle in the pie plot)
there was in firing enhancement except for time before and around the saccade where units
were strongly suppressed (6%) or showed no firing modulation. Non-spatially tuned cells
were largely suppressed around the saccade (21% suppression versus 6% enhancement).
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This suppression was reduced during the target hold period (15% and 21% suppression and
enhancement respectively). The main difference of dissociated reaches (Figure II.17) to
saccades (Figure II.16) was a large enhancement around the reach time that was present
for ipsilaterally-, contralaterally- and non-spatially-tuned units (8% enhancement from 14%
of ipsilaterally tuned neurons, 16% from 23%, contralaterally tuned, and 25% from 63%
non-tuned units) in the peri reach period. Spatial tuning patterns were similar across tasks.

Figure II.17 Spatial tuning for the dissociated reach task, interleaved hands

Cell counts summary per hemispace and tuning types, for each epoch of interest in the
dissociated reach task. There was a large enhancement of spatially- and non-spatially- tuned
cells prior and during the reach opposite to findings in the dissociated saccade task (Figure
II.16). The firing enhancement later decreased during the target holding period. This
difference between firing across tasks might reflect a different involvement of pulvinar in the
planning and execution of saccades and reaches in the visuo-motor hierarchy.
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Importantly, in the free gaze reach task (Figure II.18) both tuning effects were present,
large suppression around the saccade and enhancement around the reach.

Figure II.18 Spatial tuning for the free gaze task, interleaved hands

Cell counts summary per hemispace and tuning types, for each epoch of interest in the free
gaze reach task. Dorsal pulvinar neurons had firing rate changes according to the movement
type. In the pre and peri saccade periods there was a larger suppression than enhancement
with an increased proportion of bidirectional modulation in contralaterally tuned units. In the
peri reach period there was a large enhancement in spatially tuned and non-tuned units to
both hemispaces.

Figures II.19-21 show for the interleaved hand design the main effects of hand and
hemispace as well as their interactions during, dissociated saccades, reaches, and free gaze
reaches respectively. The largest influence on the firing rate of cells prior to the onset of a
cue was contralateral hand tuning in the fixation period in dissociated saccades (12%),
dissociated reaches (8%), and free gaze reaches (8%). Also, there was a modest number of
units enhanced to movements with engagement of the ipsilateral hand in Fhol. Contralateral
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spatial tuning dominated during the cue presentation and was similarly tuned for the
contralateral and ipsilateral hemispace around the delay period.

Figure II.19 Hand-space tuning for the dissociated saccade task, interleaved hands

Cell counts summary with hemispace, hand and interactions, for each epoch of interest in the
dissociated saccade task, using interleaved hands. The inner pie plot contains the percentage of
units with a main effect of hemispace (ipsilateral or contralateral to the recorded pulvinar),
hand, or hand and hemispace. The outer pie shows the nature of the interactions, i.e. all
uncrossed conditions: ipsi hand, ipsi space, and contra hand, contra space larger; or all crossed
conditions: ipsi hand, contra space, and contra hand, ipsi space larger. A large percentage of
the tuning was explained by single main effects. Particularly, the modulation to the
contralateral hemispace and the usage of the contralateral hand had large influence on the
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firing of a large proportion of cells. Interaction effects were minimal and benefitted both
crossed and uncrossed conditions.

Figure II.20 Hand-space tuning for the dissociated reach task, interleaved hands

Cell counts summary with hemispace, hand and interactions, for each epoch of interest in the
dissociated reach task, using interleaved hands. The largest difference when comparing to the
dissociated saccade task was a larger proportion of interactions around the movement in the
pre and peri reach conditions. The interaction in both periods was preferentially crossed,
suggesting spatial- and effector-related influences on dorsal pulvinar. For this task involving a
purposeful reach there were units modulated by hemispace (contralateral) and with the
ipsilateral hand. Conventions as in Figure II.19
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Figure II.21 Hand-space tuning for the free gaze reach task, interleaved hands

Cell counts summary with hemispace, hand and interactions, for each epoch of interest in the
free gaze reach task, using interleaved hands. For trials where the monkey performed a reach
which it could foveate the effects were like the described independently per effector, both for
the spatial tuning properties and for the hand preference. Conventions as in Figure II.19

Figures II.22-24 show for monkey L ANOVA results from the blocked hand design (main
effects of hand and hemispace as well as their interactions during the three visuo-motor
tasks). The main difference with the interleaved hand design was that during the full
duration of the trial there was a large proportion of neurons with hand preference tuning
(e.g., around 30% during the Fixation hold period for all tasks). This hand preference was
not for a specific hand relative to the recorded hemisphere. Apart from this strong hand
preference, the tuning of the cells largely resembled results from the interleaved hand task.
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Figure II.22 Hand-space tuning for the dissociated saccade task, blocked hands

Cell counts summary with hemispace, hand and interactions, for each epoch of interest in the
dissociated saccade task, for blocked hands. As in Figure II.19, the inner pie plot contains the
percentage of units with a main effect of hemispace (ipsilateral or contralateral to the recorded
pulvinar), hand, or hand and hemispace. The outer pie shows the nature of the interactions, i.e.
all uncrossed conditions: ipsi hand, ipsi space, and contra hand, contra space larger; or all
crossed conditions: ipsi hand, contra space, and contra hand, ipsi space larger. A large
proportion of the neurons preferred the usage of either the ipsilateral or contralateral hand to
the recorded hemisphere across the duration of the trial. This preference was also present
before the hand was cued, as it would be predictable per block of trials. In this task, dorsal
pulvinar cells had a slightly larger representation of the ipsilateral hand.
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Figure II.23 Hand-space tuning for the dissociated reach task, blocked hands

Cell counts summary with hemispace, hand and interactions, for each epoch of interest in the
dissociated reach task, using blocked hands. As in the interleaved hand task, there was a
larger interaction of (mostly) crossed conditions around the movement, meaning an interaction
of a hand and the contralateral hemispace to it.
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Figure II.24 Hand-space tuning for the free gaze reach task, blocked hands

Cell counts summary with hemispace, hand and interactions, for each epoch of interest in the
free gaze reach task, using blocked hands. As in the dissociated tasks there was a large hand
preference from early stages of the trial. There were similar firing rate modulation patterns
around the movements as in the dissociated tasks.

106

Discussion
In this chapter, we aimed to gain a better understanding of how dorsal pulvinar is involved
in the execution of visually-guided reaches. As put in the Research rationale, the
assessment of the electrophysiological properties of pulvinar during purposeful reaches is
the first of two methods we used to address such question. The causal role of pulvinar in
eye-hand behavior will be explored in Chapter III.

There are no recent systematic reports of the neuronal correlates of pulvinar function during
the execution of reaches. However, early reports provided promising evidence of reach to
grasp related activity across monkey species (Acuña et al., 1983, 1983, 1986; MagariñosAscone et al., 1988; Cudeiro et al., 1989), as well as in humans (Martin-Rodriguez et al.,
1982).

Dorsal subnuclei in the pulvinar are connected to different areas in the fronto-parietal
network (Grieve et al., 2000; Stepniewska, 2004; Kaas and Lyon, 2007), and thus reach
activity is likely to exist there. Whether this happens to be a reflection of the reach plans
and actions originated elsewhere in the motor planning regions in the brain, or in the
pulvinar itself as suggested by the temporal properties of such tuning (Cudeiro et al., 1989)
is still a matter of debate as recent reports addressing this question are lacking.

As we have shown in Chapter 1 and Ibis, dorsal pulvinar neurons are tuned to both the
contralateral and less markedly to the ipsilateral hemispace to the recorded hemisphere. In
addition, dorsal pulvinar neurons are modulated by saccades and by fixation; the visual or
motor responsiveness of some cells is influenced by the gaze position at the time of visual
stimulation and saccade execution. Similar modulation during preparation in a gaze
centered frame exists in movement planning cortical areas like the posterior parietal cortex
(Andersen and Mountcastle, 1983; Andersen et al., 1985; Colby et al., 1995; Snyder, 2000;
Crawford, 2004). It is possible that dorsal pulvinar does not only participate in spatial
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transformations for oculomotor behavior, but to also participate in the coordination of
spatial transformation between distinct effector systems, or even in the generalized
planning of movements.

Visual-, saccade- and reach-related firing has been reported in dorsal pulvinar. This is
consistent with findings from our own results. We recorded dorsal pulvinar neurons from
two monkeys while they performed delayed visually-guided saccade and reach tasks. These
tasks demanded either the 1) central fixation of one of the hands to the touch display while
they saccade to the periphery, a 2) central fixation of the eyes while they made a peripheral
reach, or 3) the performance of a free gaze (likely foveal) reach.

The rationale behind using foveally-guided reach tasks was that one of the questions we
aimed to address and have started exploring in this chapter is to assess if during periods of
visual stimulation, reach planning or execution there is additional firing rate changes due to
the presence of a second effector, and which is the nature of this combined activity.

D.II.1 Dorsal pulvinar’s tuning is stronger for space than for hand in randomized
(interleaved hands) conditions.

Across tasks, we found a significant contralateral spatial tuning during the cue presentation,
regardless of the hand used (21% of the cells tuned contralaterally from ANOVA
significant units). Hand tuning was weaker in this period. This is evidence of dorsal
pulvinar’s strong spatial selectivity during early visual processing and early planning of an
action. While the largest modulation for hand tuning was during the fixation hold period
“Fhol” we exemplify the results from the cue period as it was the first period with spatial
information. In this period, for dissociated saccades, reaches, and free gaze reaches there
was a tuning of 18%, 17% and 18% of the units being spatially selective to the contralateral
hemispace, and 4%, 0% and 3% to the ipsilateral space; while there was 3%, 4%, and 4%,
and 3%, 4%, and 4% of units for the contralateral and ipsilateral hands respectively (n=157,
interleaved hands dataset). Contralateral tuning preferences have been reported in the
posterior parietal cortex during reach tasks (Hwang and Andersen, 2011; Hadjidimitrakis et
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al., 2014). It is possible that the change in the influences of firing rate according to the trial
epoch is a sign of pulvinar diverse and dynamics functions in the planning of actions.
D.II.2 Dorsal pulvinar’s firing modulation varied according to the effector used and
the current task epoch; enhancement during reach preparation and suppression
before and during eye movements

For all tasks, an overall contralateral spatial preference was observed, although it was not
the only finding. We observed epoch specific firing enhancement or suppression modulated
by the task being performed. In dissociated saccades (Figure II.16) as the trial approached
the execution of the movement (e.g. peri-saccade period “PeriS”) the firing rate in a
significant proportion of cells was suppressed. From the subpopulation of non-tuned
neurons 23% and 8% neurons were enhanced or suppressed in the cue period versus 6%
and 21% in the peri-saccade period respectively. This suppression might be caused by the
selective activity of dorsal pulvinar neurons according to the effector.
Interestingly, a large enhancement of pulvinar firing happened only after the saccade
occurred in the target hold period: 21% and 15% of non-spatially-tuned neurons were
enhanced and suppressed relative to the reference period (Fixation hold). If this was an
isolated result it would be fair to hypothesize that pulvinar is related to visual updating after
a saccade has occurred. This explanation however, does not fully fit with our findings
reported in Chapter I. There, we described that the disruption of the saccade behavior by
the injection of current not only affected target selection but also saccade execution. It is
possible that suppressed units in the pre saccade period interact with the smaller population
that was enhanced in the same period for the execution of a saccade. The large firing
enhancement observed after the saccade offset might be 1) signaling of the end of a saccade
or 2) a corollary discharge for updating visual information as it has been proposed for
saccade related cells in PRR whose largest enhancement mainly happens after the saccade
(Snyder et al., 2000a).

For reaches there was no peri-reach suppression but an enhancement of the firing close to
the time of the reach onset. In some single units, it was possible to see ramping up of firing
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rate from the cue onset until the end of the movement which agreed with the results in the
population cell counts. The firing enhancement was present well before the reach onset
until the reach offset, similar to what was found in a small subset of dorsal pulvinar neurons
in Macaca nemestrina (Cudeiro et al., 1989) and in PRR/MIP (Galletti et al., 1997; Snyder
et al., 1997). Pre reach firing rate enhancement was consistent, however, this effect seems
smaller than reach planning firing in the posterior parietal cortex (Snyder et al., 1997,
2000a).

D.II.3 Dorsal pulvinar is modulated by the interaction of the effectors involved in an
action

At the single cell level, interesting interactions between effectors are to be mentioned.
Some cells such as the one in Figure II.6 showed clear enhancement for coordinated
movements but not for the dissociated saccade or reach conditions. Other cells were
suppressed for decoupled movements, but enhanced for combined movements (Figure
II.5), among other variations. The existence of these different cell response types might
indicate that there is participation of dorsal pulvinar in the integration of visually-guided
reaches at different levels of movement generation.

D.II.4 Dorsal pulvinar shows strong hand preference if the hand usage is predictable
It has been observed in LIP that neurons “anticipate” and present different background
firing according to the task to be performed even before a stimulus is available (Colby et
al., 1995). In our study, we found that if the usage of an arm was expected in a block,
tuning for a contralateral or ipsilateral arm were present in a large portion of cells in
monkey L (Figure II.22-24). It has been reported that many cells in PRR/MIP, which is
interconnected with the dorsal pulvinar, encode reaches with either contralateral or
ipsilateral hand, with a mild contralateral preference on a population level (Chang et al.,
2008).
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Single cell examples and population data i.e. after subtracting background firing in the
blocked hand condition (not shown), suggest that hand tuning can be found in dorsal
pulvinar. This modulation was additionally influenced by spatial tuning and task epoch.
Taken together our results show that dorsal pulvinar is involved in the preparation,
execution and potentially integration of saccades and reaches, as shown by their complex
modulation patterns.
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Abstract
The dorsal pulvinar in primates is strongly connected to cortices of the frontoparietal network. Previous studies have found reach and saccade related activity in dorsal
pulvinar. Furthermore, findings from our group have shown that after dorsal pulvinar
inactivation monkeys display a wide range of deficits from target selection to reach and
grasp deficiencies, hinting at important roles of pulvinar in purposeful visuo-motor
behavior. Here, we aimed to quantitatively characterize the aftereffects of pulvinar
disruption using an array of visually-guided foveal and extrafoveal reach tasks as well as
saccade tasks with the active involvement of the hand. Using MRI-guided reversible
pharmacological inactivation of dorsal pulvinar with the GABA-A agonist THIP we
quantified the effects of dorsal pulvinar silencing in a monkey. The main observed deficits
were a decrease in the correct usage of the contralesional hand to the inactivated
hemisphere, which translated to decreased hit rate, as well as a slow hand selection of the
contralesional hand. In addition, we found less efficient execution of reaches to the
contralesional hemispace after inactivation. There was a decreased eye-hand reaction-time
correlation while eye movement properties were largely unaffected. These results suggest
that dorsal pulvinar has a large involvement in the preparation of visually-guided reaches.
Changes in saccade execution after inactivation might be compensated by other of the
several regions known to participate in their planning.
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Introduction
The dorsal aspect of the thalamic pulvinar, one of the largest and more densely
connected subcortical structures to association cortices in the primate brain, i.e. frontal and
parietal areas (Grieve et al., 2000; Gutierrez et al., 2000; Kaas and Lyon, 2007), might
participate in the integration of eye and hand movements. Reach-related neurons have been
found in the oral and lateral pulvinar across monkey species (Acuña et al., 1983, 1990). In
Macaca nemestrina reach signals precede parietal and motor cortices signals, suggesting a
role of pulvinar in the planning of reaches (Cudeiro et al., 1989). In addition, neurons in
dorsal and ventral pulvinar are modulated by the planning and execution of eye movements
as well as by saliency and attentional processes (Petersen et al., 1985, 1987; Robinson et
al., 1986; Robinson and Petersen, 1992). The strong influence of visual, as well as of eyeand arm-movement signals in pulvinar could reflect involvement of the nucleus,
particularly of its dorsal region, in the planning and execution of visually-guided reaches,
the integration of visual information and proprioceptive signals for the execution of
reaches, or the coordination of the oculomotor and reach systems.

Data from our group (Wilke et al., 2010, 2013) has shown that dorsal pulvinar inactivation
with GABAergic agonists THIP, and muscimol (Krogsgaard-Larsen et al., 2002) causes
strong disruption of saccades, reaching and grasping, some of which appear to be of
cognitive nature. After inactivation, when monkeys were required to perform visual
exploration, they developed bias to explore the ipsilesional hemispace for longer periods.
There was an increased selection of ipsiversive saccade targets without impairments to
acquire single contraversive targets. Finally, monkeys seemed exhibited deficiencies in
reaching and grasping for food objects, especially when they used their contralesional arm
and performed reaches to the contralesional hemispace. Here, we aimed to quantify the
after-effects of pulvinar inactivation in tasks which require the coordination or dissociation
of eye and hand, to gain further traction on the role of the thalamic pulvinar in coordinated
and purposeful actions.
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Materials and methods
Ethics and experimental approval and general notes

All experimental procedures were conducted in accordance with the European Directive
2010/63/EU, the corresponding German law governing animal welfare, and German
Primate Center institutional guidelines. The procedures were approved by the responsible
government agency (LAVES, Oldenburg, Germany).

For general aspects of animal preparation, and experimental setup the reader is referred to
Materials and Methods from Chapter I (main section) and Chapter II as they have been
reported there.
An adult male rhesus macaque (Macaca mulatta) L weighing 9 kg was used. Monkey L’s
pulvinar nucleus was studied in two previous reports. The first study looked at the effects of
electrical microstimulation in oculomotor behavior and free-choice decision-making
(Chapter I), while the second study explored the function of pulvinar in different aspects of
eye-hand encoding and integration (Chapter II). In the microstimulation study the right
pulvinar of L was stimulated using currents ranging from 100 μA to 300 μA over 48
sessions. In the electrophysiology study both right and left pulvinar of monkey L were
recorded acutely using Thomas Recording 5 channel mini matrix (36 successful recording
sessions in the right hemisphere, 46 in the left hemisphere).

Behavioral tasks
Monkey L performed blocks of pseudorandomized, interleaved visually-guided direct
saccades, dissociated saccades, dissociated reaches and free gaze reaches (Figure III.1),
with either the right or left hand (Figure III.2) to single targets.
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Figure III.1 Tasks layout

Four behavioral tasks were presented to the monkey in control and inactivation sessions. The
monkey could perform a peripheral movement only after at least one of the fixations were
extinguished, signaling which effector was allowed for acquiring the peripheral target. The
monkey had to prepare a dissociated saccade (arm resting in the center of the monitor for the
duration of the trial), a saccade only (both hands in sensors during the duration of the trial) or
a reach. The reach could be a free gaze (most likely foveally-guided) or a dissociated reach (eye
fixation in the center).

Direct visually-guided tasks

General aspects of the task were like the ones described in Chapter II, with the difference
of 1) The instruction to perform the center-out eye or hand movement was done by the
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onset of the peripheral cue(s) and the simultaneous offset of one or both fixations, 2) The
peripheral stimuli were positioned at either 12° or 24° to the left or right of the central
fixations but there were no fixed vertically offset targets. Either purely horizontally
displaced targets (5 inactivation sessions) or horizontally displaced targets within a 4°
radius variability window (1 inactivation session) were presented. For eye movements, the
monkey had to make a saccade while keeping its hand at the resting sensors. Once the
targets were acquired they would brighten up, and the monkey had to maintain its
gaze/hand position for 0.5 s on the target. After each successful or failed trial, there was a 2
s inter trial interval. In total, the monkey had to achieve 10 hits to each target condition.

Figure III.2 Visually-guided direct tasks

Reaches to the ipsilateral or contralateral hemispace were performed using the ipsilateral or
contralateral arm depending on a green or blue fixation spot at the beginning of each trial.
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Pulvinar localization and injection diffusion estimation

Before the experimental sessions, inside a custom-made MR compatible horizontal chair,
Monkey L was sedated and put inside the MR scanner. T1- and T2-weighted MR images
were taken before the MR contrast agent gadolinium (Magnevist, Berlex Imaging,
Montville, USA) was co-injected with saline solution into dorsal pulvinar (Figure III.3).
The injection rate was set to a constant 0.5 μl/min until 3.3 μl were injected. Immediately
after injection, MR images were taken to assess the diffusion of the contrast agent in the
area around pulvinar to plan future inactivation sessions. The gadolinium injection was
performed using a sterile 31 gauge, 60 mm long cannula attached to a high precision
microinjection syringe pump (Harvard Apparatus, USA). The cannula was placed inside a
custom-made 27 gauge metallic guide tube resting on a 22 mm circular grid (with help of a
silica stopper) and fixed to the chamber of the monkey’s right hemisphere (Figure III.4
and Table III.1). This setup allowed for a smooth and movement free targeting and
injection to areas around the dorsal pulvinar.

Figure III.3 Injection approach

An in-house built guide tube (with or without (w/o) an attached injection canal to ease the pass
of a 31G cannula) was placed in the appropriate grid hole to target dorsal pulvinar through
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which a microinjection cannula connected to a microinjection system delivered the liquid
solution.

Figure III.4 Injection sites

T1 weighted MR images of injection sites in the pulvinar of Monkey L. Images are displayed in
neurological orientation (image’s right is head’s right). Left: coronal slice showing spread of
gadolinium co-injected with isotonic solution Image was taken after five inactivation sessions
and the gadolinium spread is like the expected during inactivation. A lesion in the lateral
border of dorsal pulvinar is observed as a black circular blob. Right: Close up of the right
pulvinar showing gadolinium spread mostly encompassing the dorsal subdivisions of the
pulvinar.

Table III.1 Volume injection of GABA-A agonist THIP
Inactivation
session

THIP
injected

Rate of
volume
injected

volume (μl)
(μl/s)
(& total
volume if
multiple
injections)

L20160610

3.2

0.5

Waiting
time after
injection
start before
run 1

Waiting
time after
injection
start before
run 2

Waiting
time after
injection
start before
run 3

(min)

(min)

(min)

(& total hits)

(& total hits)

(& total hits)

27 (307)

67 (278)

-

Baseline
in same
session

Yes
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L20160615

2, 2, 3 (7)

0.5, 1,1

49 (560)

-

-

Yes

L20160624

2.7,0.3 (3)

1,1

30 (560)

-

-

Yes

L20160701

5

0.5

42 (560)

129 (560)

-

No

L20160708

4

0.5

40 (560)

113 (560)

193 (460)

No

L20160805

3

0.5

41 (560)

131 (556)

-

No

In six inactivation sessions THIP was injected at a rate of 0.5 μl/min to 1 μl/min. Total volumes
varied from 3 μl to 7 μl (mean 4.2 μl + 1.57 μl).

Behavioral parameters
For all analyses saccades with reaction times shorter than 80 ms from target presentation
and reaches with reaction times shorter than 200 ms were excluded. This criterion removed
6 trials from control sessions and 53 trials from the inactivation sessions (34 from the
session six).

Saccade definitions

A saccade was detected whenever there was a change in eye trace instant velocity larger
than 200°/s of Euclidean distance. Saccade offsets reflected the time when saccade
velocities dropped below 50°/s. Saccade velocities were derived from interpolated (220 Hz
to 1 kHz) and smoothed eye position traces with a 15 ms moving average rectangular
window, which was then smoothed again with a second 15 ms moving average rectangular
window.
Saccade latency was defined as the time between fixation spot(s) offset and the moment
when the first saccade was detected during the target acquisition period in each trial.
Saccade duration was defined as the time between saccade onset and offset. Saccade peak
velocity was defined as the maximum instant velocity across the duration of the saccade of
interest.
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Reach definitions

Reach latency was defined as the time between fixation spot(s) offset and the moment when
the hand lost contact with the touchscreen during the target acquisition period in each trial.
Reach duration was defined as the time from the reach latency to the next touchscreen
contact. Reach inaccuracy was defined as either the signed mean offset independently for
vertical and horizontal offsets, or as the Euclidean distance: the square root of the sum of
squared means for each axis. Reach imprecision was the standard deviation of the reach
offsets across trials to each target, either independently for both axes or as the square root
of the sum of squared standard deviations for each axis.

Statistics

For all tasks, successful trials to targets to the left and right hemispaces were combined
regardless of eccentricity. All data analysis was performed using MATLAB R2012b and
the Statistics Toolbox. To test for changes in mean movement latency, duration, velocity,
precision, and accuracy as a result of inactivation independent t-tests were used. Means as
well as t-values, and p-values are reported in tables III.2 and III.3 for all relevant
comparisons. Reaction times of saccades and reaches in the free gaze reach condition were
assessed using Pearson’s correlation.
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Results
The dorsal pulvinar of a monkey was inactivated in six sessions using the GABA-A agonist
THIP to quantify effects in saccade and reach performance in tasks that allowed or
prevented the use of foveal guidance for visually-guided reaches. Table III.2 and III.3
summarize the descriptive and inferential statistics in the control (before inactivation) and
after inactivation conditions for reaches and saccades respectively.

In control conditions, which could come from runs right before inactivating dorsal pulvinar
(3/6 sessions) or from the day before inactivation (3/6 sessions), the reaction times of the
saccade-only task were in the range of previously reported in Chapter I, 166 ms + 4 ms
(SE) and 155 ms + 6 ms for left (contralesional once inactivated) and right hemispaces
respectively. There were mixed effects of hand engagement for the performance of
dissociated saccades. When the monkey performed saccades during the dissociated saccade
task to the left hemispace using the left hand the reaction times were shorter (152 ms + 2
ms, p<0.01) than in the saccade only task, but not when the monkey used its right hand
(166 ms + 6 ms, p>0.05). For the right hemispace when the monkey used its left hand the
reaction times were larger (179 ms + 3 ms, p<0.01) and also when the monkey used its
right hand (189 ms + 6 ms, p<0.01). During the free gaze condition saccade reaction time
for the left space with the left hand was 163 ms + 3 ms and 159 ms + 2 ms for the right
hand. For the right space using its left hand the reaction time was 164 ms + 4 ms and for the
right hand was 168 ms + 2 ms.

Visually-guided (likely foveal) reaches had reaction times of 376 ms + 7 ms and 372 ms +
7 ms to the left side using its left and right hands respectively, and 437 ms + 7 ms and 368
ms + 5 ms to the right side using its left and right hands respectively. For extrafoveal
reaches the reaction times were no significantly different before and after inactivation with
neither hand and to neither hemispace. Unexpectedly the distance to target for reaches to
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the left with the right hand was more accurate when reaching without foveal guidance than
with it (1.42° + 0.15° and 2.58° + 0.14° respectively, p<0.01).

A negative correlation of residual saccade and reach reaction times was significant in two
out of six sessions for the left hemispace using the left hand (r=-0.96, p<0.01; and r=-0.61,
p<0.01) and had a correlation trend in one session (r=-0.46, p=0.07). For movements to the
left using the right hand there was a positive correlation in four out of six sessions (r=0.71,
p<0.05; r=0.69, p<0.05; r=0.58, p<0.05; r=0.56, p<0.05). Similarly, a positive correlation
was found in two sessions when the monkey reached to the right hemispace using its left
hand (r=0.71, p<0.05, and r=0.54, p<0.05). Finally, only one session for movements to the
right hemispace using the right hand had a positive correlation coefficient for saccade and
reach reaction times (r=0.8, p<0.01).

The graphical representation of the main findings from table Tables III.2 and III.3 on the
effects of THIP injection in visually-guided behavior of monkey L are presented in Figures
III.5 to III.16.

Table III.2 Inactivation effects on reaches

Descriptive statistics for behavioral parameters in monkey L before and after dorsal pulvinar
inactivation (control and inactivation) and inferential statistics between control and
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inactivation sessions with effect size (Inactivation – Control); during direct reach tasks to the
contralesional and ipsilesional hemispaces (magenta and orange shaded panels respectively).
Reaches performed with the contralesional hand are blue shaded while reaches performed with
the ipsilesional hand are green shaded. The p-values are derived from two-tailed non-paired ttests across sessions for six inactivation sessions (bold p<0.05, italics p<0.1). Reaches that
occurred before 200 ms from the Go signal were excluded from this analysis as they were
considered express movements.

Table III.3 Inactivation effects on saccades

Descriptive and inferential statistics similar to Table III.2 during delayed saccade tasks.
Saccades performed with involvement of the contralesional hand are in the upper and lower
left panels (magenta shaded) while saccades performed with ipsilesional hand involvement are
in the middle and lower right panels (orange shaded). The p-values are derived from two-tailed
non-paired t-tests across sessions (bold p<0.05, italics p<0.1). Saccades that occurred before 80
ms from the Go signal were excluded from this analysis as they are considered express
movements.
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Inactivation effects

After dorsal pulvinar inactivation there were two apparent effects involving hand selection
and sensor release latency. Figure III.5 shows the probability of wrong hand selection after
the initial fixation spots appeared at the display’s center. After inactivation, there were
increased number of attempts to use the ipsilesional hand when the contralesional hand was
cued (5% erroneous attempts and 10% in control and inactivation conditions respectively,
p<0.001). Correspondingly, errors of incorrectly releasing the ipsilateral sensor decreased,
as the monkey attempted to use this hand more often regardless of the cued hand (7%
erroneous attempts and 3% in control and inactivation conditions respectively, p<0.001).
This agrees with previous findings of monkeys’ decreased selection of the contralesional
hand to reach and grasp for objects if they are free to use any hand (Wilke et al., 2010).
When the monkey correctly selected the hand to be engaged in the trial there was an
increased reaction time for the initiation of the reach to the center of the screen with the
contralesional hand (Figure III.6) (445 ms + 10 ms vs 473 ms + 7 ms before and after
inactivation respectively, p<0.05) but not for the ipsilesional hand (379 ms + 8 ms and 375
ms + 4 ms before and after inactivation respectively, p>0.05). In free gaze reaches there
was an increased latency for movements to the contralesional hemispace with the
ipsilesional hand (Figure III.7) (Effect size Inactivation - Control (I-C) 27 ms, p=0.02). A
similar but milder effect was found when the monkey reached to the ipsilesional hemispace
using its ipsilesional hand (Effect size I-C 15 ms, p=0.07). The duration of the reach
(Figure III.8) when the monkey had to perform an extrafoveal reach to the contralesional
hemispace with the contralesional hand was larger after inactivation (Effect size I-C 27 ms,
p=0.03).

Figure III.5 Hand selection error
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Hand selection errors per hand (blue and green circles for contralesional and ipsilesional hands
respectively) defined as the probability of using wrong (an un-cued) hand before and after
inactivation (light and dark colors respectively). Control data comes from blocks of trials in
either the same day and before the inactivation took place (n=3), or from an immediate session
before (n=3). For contralesional hand trials there was an increase of wrong ipsilateral sensor
releases (p<0.001). For ipsilesional hand trials there was a decrease of wrong contralesional
sensor releases (p<0.001). For all panels, statistical differences between groups were tested
using a Fisher´s exact test across trials. * p<0.05, ** p<0.01, *** p<0.001; con, control; ina,
inactivated

Figure III.6 Sensor release reaction time

Effects of dorsal pulvinar inactivation on sensor release reaction time. Sensor release reaction
time after inactivation was larger for the contralesional hand. For the ipsilesional hand, there
were no effects of dorsal pulvinar inactivation. For this representation, all trial types were
compiled as at this stage no task-specific information (besides the hand usage) was provided to
the monkey. The color conventions are as in Figure III.5. For all panels, statistical differences
between groups were tested using a two-tail independent t-test across sessions. Insert shows
the cumulative distribution function of reaction times per condition. * p<0.05, ** p<0.01, ***
p<0.001
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Figure III.7 Reach reaction time

Upper panel: Mean and SE reach reaction time, from the fixation towards peripheral targets
sorted by hemispace (magenta and orange shades for contralesional (Cntr) and ipsilesional
(Ipsi) hemispaces respectively). Color conventions and testing as in

Figure III.5. Bottom panel:

Cumulative distribution of reaction times across trials for control and inactivation sessions
displayed by hemispace but maintaining the four potential eccentricities, -24°, -12°, 12°, 24°.
Closer target trials are shown as dim and dotted traces while far ones are shown continuous
and bolder. If statistical differences were found for an eccentricity this one is also displayed in
the corresponding panel and with the matching brightness. Representation of reach and
saccade are consistent across plots (for saccade plots eye movements in the saccade-only task
are displayed in shades of red).
There were larger reaction times after inactivation in the free gaze reach task, specifically to
the contralesional hemispace when using the ipsilesional hand for both close and far targets. In
addition, there was reaction time delay for reaches to the ipsilesional hemispace with the
ipsilesional hand for far targets.
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Figure III.8 Reach duration.

Reaches performed with the contralesional hand had a larger duration across conditions. This
effect was significant when the monkey could not foveate the target in the same hemispace as
the hand used. When separating the data by eccentricity, the effect was true for far
eccentricities only.

Even though the precision of reaches was unaffected after the THIP injection (Figure III.9
middle and top panel) there was a small drop in accuracy for free gaze reaches which was
significant for the ipsilesional hemispace with the contralesional hand (bottom panel),
where there was an overshooting in the vertical plane. There was a drop of performance for
extrafoveal reaches to the contralesional hemispace using the contralesional hand (Figure
III.10). This effect was present both for close and far targets (p<0.05, and p<0.001
respectively)
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Figure III.9 Reach accuracy

Upper panel: endpoint spread or “precision” as the Euclidean distance. Middle panel: endpoints
of reaches in the extrafoveal (dissociated) and likely foveal (free gaze) reach conditions. The
ellipses represent the horizontal and vertical endpoint mean standard deviations per target
across sessions. Bottom panel: endpoint inaccuracy as the Euclidean distance. There was no
difference in precision for any of the tasks after inactivation. The reach inaccuracy to target,
however, increased when the monkey used the contralesional hand to reach for the target in
the ipsilesional hemispace.

Figure III.10 Reach hit rate

Probability of successful trials in the foveal and extrafoveal reach tasks. When the monkey
could guide its reaches by visual information, there was a performance above 95% across all
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conditions and there was no difference in success probability before and after inactivation
(p>0.05). Performance for reaches in the dissociated task dropped after inactivation,
particularly for reaches to the contralesional hemispace using the contralesional hand, where
there were 24% more errors after inactivation (p<0.01).

For saccades (Figure III.11) there were longer reaction times in the free gaze reach task to
the ipsilesional hemispace when the contralesional hand was engaged (Effect size I-C 12
ms, p=0.04). In addition, there was a greater velocity (Figure III.12) when performing
dissociated saccades to the ipsilesional hemispace while the ipsilesional hand was engaged
(Effect size I-C 24.7°/s, p<0.001). For the rest of the conditions, duration, accuracy, and
precision (Figures III.13 and III.14) there were no effects after inactivation. However, it
was observed in one session that three hours after inactivation rightward nystagmus
occurred, and the last trials of a run were collected with this condition.
Figure III.11 Saccade reaction time

In the saccade-only task, there were no effects of inactivation in reaction times. Saccades to the
contralesional side had a weak trend to be delayed (p=0.11). For dissociated saccades, there
were no reaction time effects of inactivation. For free gaze movements, saccades to the
ipsilesional hemispace were delayed when also using the contralesional hand.
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Figure III.12 Saccade velocity

Saccade peak velocity tended to be higher after inactivation. There was a significant increase
for the dissociated saccade task when the movements where performed to the ipsilesional
hemispace using the ipsilesional hand.

Figure III.13 Saccade duration

The duration of saccades was unaffected by the inactivation regardless of the eccentricity of the
target, the presence of a hand engaged in the trial, and the condition type.
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Figure III.14 Saccade accuracy

Similar conventions as in Figure III.9. Saccade Euclidean distance accuracy and precision was
unaffected after inactivation. This was true for when combining data per hemispace and for
target-wise comparisons.

Two effects related to eye-hand coordination disruption were observed. First, by
subtracting the saccade reaction time to the reach in the free gaze reach condition an
increase in the difference was present for the contralesional hemispace when using the
ipsilesional hand (Figure III.15). In addition, the eye-hand trial by trial correlation of
reaction time residuals dropped for both the ipsilesional and contralesional hands (Figure
III.16).
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Figure III.15 Reaction time difference (Reach – saccade)

Eye-hand coordination as seen by the relationship of saccade and reach reaction time. The
average saccade reaction time per session was subtracted from the reach reaction time to
observe if the effects found for reaches were accompanied by similar changes in saccades. There
was a larger reaction time difference in the free gaze reach condition to the contralesional
hemispace with the engagement of the ipsilesional hand. Although there was a similar pattern
for the rest of the conditions, these did not reach significance.

Figure III.16 Saccade-reach correlations

Correlation coefficients from trial by trial residuals of reach and saccade reaction times. The
RT data was linearly detrended per condition and per session. Saccades which started earlier
than 80 ms after target onset, and reaches that started earlier than 200 ms after target onset,
were excluded as they were considered express movements. Left: correlation of residuals for
saccades and reaches to the contralesional hemispace (green and blue: ipsilesional and
contralesional hand, respectively; light and dark shading: control and inactivation conditions
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respectively). There was a loss of correlation trend when the monkey used the contralesional
hand after inactivation. Right: correlation of residuals for saccades and reaches to the
ipsilesional hemispace. There was a slight decrease of correlation when the monkey used the
ipsilesional hand and a loss of correlation when it used its contralesional hand.

The effects that we observed after the injection of THIP in dorsal pulvinar were mainly on
the selection and execution of reaching movements. Saccades were largely unaffected in
their latency, duration, velocity and accuracy. However, there were changes in eye-hand
coordination which could indicate a disruption in either the integration of such movements
supported by dorsal pulvinar function or just because one of the effectors i.e. reaches was
impaired and this caused changes in the estimation of coordination even when not both
effectors were affected.
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Discussion
In this chapter, we aimed to revisit and expand previous findings from our group in which
after dorsal pulvinar inactivation there were a series of deficits when monkeys performed
reach to grasp tasks as well as saccades and visual exploration. The effects observed in this
study made the authors to speculate that the dorsal pulvinar might be a subcortical center
involved in eye and hand coordination (Wilke et al., 2010).

We have presented in Chapter II that dorsal pulvinar neurons have strong firing well before
the onset of purposeful reaches and only after the offset of saccades in dissociated saccade
(e.g. Figures II.13 II.15 and II.18). Similar findings have been reported in of a subset of
cells of the pulvinar latero-posterior nuclei where pulvinar neurons respond up to 495 ms
before reach onset (Cudeiro et al., 1989). On the other hand, during saccade tasks, pulvinar
neurons also show suppression before and around the movement, when no hand was
involved (Chapter I) or when a hand was engaged in the task (Chapter II). These findings,
in addition to open question from previous reports of inactivation effects (Wilke et al.,
2010, 2013) (e.g. mixed effects regarding the presence or absence of contralesional increase
of reaction times), make the re-exploration of behavioral deficits caused by dorsal pulvinar
inactivation necessary.

The effects of inactivating dorsal pulvinar in the 2010 study resembled deficits found in
patients with two separate conditions, optic ataxia, and hemispatial neglect. Optic ataxia is
characterized by difficulties to perform peripherally visually-guided reaches, particularly
when there are time constraints to perform the action (Rossetti et al., 2003). By temporary
silencing the posterior parietal cortex of monkeys it has been possible to cause deficits that
resemble those of ataxic patients (Hwang et al., 2012). This makes the characterization of
potentially similar deficits caused by subcortical damage so relevant. Neglect on the other
hand is a deficit where there is lack of awareness of the contralesional hemispace after
damage to one of the brain hemispheres and often involves the parietal cortex (Karnath et
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al., 2002). Visual extinction, a condition similar to neglect manifests only when two target
options are presented, one in each hemispace, only then the contralesional hemispace is
ignored. In our study we did collect data during choice conditions, but we do not present
the results in the context of this thesis.

In the current study, we addressed methodological concerns that facilitate the dissection
and nature of the observed deficits in the previous report from our group.
However, as additional data from the studied monkey and a second dataset are to be added
we will try to keep this discussion succinct to effects likely to be true after additional data
has been collected.

We discuss preliminary results from one monkey trained to perform direct visually-guided
foveal and extrafoveal reaches as well as saccades and dissociated saccades to targets in a
touch display.

D.III.1 Impairment in hand selection

One of the conditions used by Wilke and collaborators (Wilke et al., 2010) was to present
monkeys either with a free choice between arms to perform a reach to grasp food pieces, or
the forced use of one of the hands by placing a barrier between the non-wanted hand and
the food pieces. So, a free choice plus a motor component where involved in the task, or
only the latter. In our study, we trained the monkey to perform a movement with the arm
that was cued by the color of the fixation spot. The initial performance of the monkey to
release the correct sensor for the contralesional hand dropped from 95% to 90% and the
usage of the ipsilesional hand improved from 93% to 97% across trials. In addition, there
was an increase of sensor release reaction time when the monkey used correctly the
contralesional arm (contralesional hand 445 ms + 10 ms to 473 ms + 7 ms before and after
inactivation respectively, p<0.05; and no effect in ipsilesional hand 379 ms + 8 ms and 375
ms + 4 ms, p>0.05). It is likely that the system guiding movement the contralesional hand
was impaired. As seen in Chapter II we did not find a general hand preference when
looking at firing rate, but we did find units with preference to either hand. The arm specific
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effect in reaction time could have alternatively involved other processes tangentially
manifested in the sensor release latency. These effects could have been related for example
to a decrease of the desirability, or awareness of the contralesional effector. It has been
suggested that motivational factors modulate the effect of inactivation in saccade tasks
(Wilke et al., 2013), and a similar behavioral effect might be present when there is a hand
instruction. Alternatively, changes in attentional processes could also be the cause of these
behavioral effects. It has been reported that the lateral pulvinar participates in attentional
processes (Desimone et al., 1990) but this effects have been reported by the competition of
two stimuli. If the selection of an effector, or other processes benefiting from embodied
actions, share circuits with decision making systems, attentional changes might also be
observed after pulvinar inactivation. Embodiment has been shown to exist during free
choices in monkeys and perceptual decision in humans (Filimon et al., 2013; Kubanek and
Snyder, 2015). If dorsal pulvinar shares or reflects properties of posterior parietal cortex, it
is possible that its modulation is linked to action selection, integrated on basis of visual
properties and the action goal. A way to address how the motor and attentional networks
are represented in dorsal pulvinar would be by observing BOLD activity while monkeys
perform goal-directed actions before and after inactivation of pulvinar using fMRI.

D.III.2 Mixed effects after pulvinar inactivation

After inactivation of dorsal pulvinar we encountered different deficit levels for reaches and
saccades. For saccades, there were no significant effects when dividing our dataset by
hemispace for reaction time, duration, imprecision magnitude and velocity. For reaches on
the other hand the reaction time of the ipsilesional hand significantly increased in the free
gaze task when reaching to the contralesional hemispace (Figure III.7). The overall effect
in reach duration was an increase in the dissociated reach task to the contralesional space
using the contralesional hand. This suggests that the spatial component of the task is
strongly represented in the pulvinar as also shown by our electrophysiological findings. The
difference in saccade and reach effects seem to agree with a stronger participation of
pulvinar in the generation of reaches than in saccades.
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It has been found that inactivation of the parietal reach region (PRR) produces similar
effects to the ones found in patients with optic ataxia, such as decreased accuracy to the
contralesional side, specifically undershooting (Khan et al., 2005; Hwang et al., 2012;
Andersen et al., 2014). We hypothesized that pulvinar inactivation could cause similar
deficits in accuracy. However, we did not find such effects. The only difference between
inactivation and control sessions was a slight overshoot in the upward direction for the free
gaze reach task when the monkey performed a reach to the ipsilesional hemispace with the
contralesional hand (Figure III.9). In our data we did not find undershooting in extrafoveal
reaches after inactivation as we would expect from optic ataxia. Furthermore, striking
differences between foveal and extrafoveal performance after inactivation were lacking. In
other words, the changes in performance according to hemispace, direction of effect, or task
type do not reflect ataxia-like deficits.

We also observed a decrease in the hit rate for performing dissociated reaches. This
decrease was largely caused by the break fixations during the delay period towards the cue.
In previous studies measuring reaction times of saccades there have been either increased
latencies to the contralateral hemispace or decreased to ipsilateral targets. Although we did
not find significant effects to any of the directions across sessions the average reaction
times for both hemispaces have the corresponding directionalities, increased reaction time
for contralateral saccades and decrease for ipsilateral.

D.III.3 Dorsal pulvinar reduces eye-hand coordination

In order to perform visually-guided reaches primates need to prepare a motor plan using the
target location in respect to the current position and orientation of the limbs (Desmurget
and Grafton, 2000; Gaveau et al., 2003). This motor plan is optimized by the availability of
visual information and the evaluation of motor errors between target and limb computed in
the posterior parietal cortex (Gaveau et al., 2003). The availability of visual information of
the limb and target strongly influences the performance of reach tasks (Prablanc et al.,
1979a, 1979b). In our study we found deficits after dorsal pulvinar inactivation not only on
extrafoveal but also on foveal reaches and thus, we looked at the reaction time difference of
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saccades and reaches and at the eye-hand reaction time correlation of residuals. Both
parameters were disrupted by the inactivation. By subtracting the reaction time of the
saccade to the reach we observed an increased reaction time difference to the contralesional
hemispace using the ipsilesional hand. This was likely influenced by the increase reaction
time of reaches after inactivation for that condition but not for saccades. The trial by trial
reaction time correlation of residuals for reaches and saccades was lower (Spearman
correlation coefficient r=0.17, p=0.09 to r=0.06, p=0.42 for the contralesional hemispace
with the contralesional hand; r=0.34, p<0.01 to r=0.25, p<0.01 for the ipsilesional
hemispace with the ipsilesional hand; r=0.23, p=0.02, and r=0.12 p=0.1 to the ipsilesional
hemispace with the contralesional hand).
A final aspect to consider is the drug spread. Even when in our own assessments the drug
diffusion seen with Gadolinium shows a reliable spread of the drug in dorsal pulvinar it is
standard to be cautious about the time range from which the data collected is used for the
analysis, to ensure that the effects found are mostly related to functions of the area of study
(see (Purushothaman et al., 2012)). A comparison of effects separated in several periods
after the inactivation and the online monitoring of drug diffusion over a long period of time
might be of use to test for effects specificity.
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General discussion: Summary, limitations, and
project outlook
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The aim of this thesis was to explore the putative participation of the dorsal
subdivision of the thalamic pulvinar during eye-hand coordination. Several new questions
arose during the development of our research. These questions led to a series of behavioral,
electrophysiological, and causal experiments and to the collection of multiple but
conceptually interconnected datasets, addressing now a more global question: What is the
role of dorsal pulvinar in goal-directed behavior? The results of this thesis have been
described and discussed in previous Chapters. Taken together, our findings provide novel
evidence of the participation of dorsal pulvinar in goal-oriented behavior, namely target
selection, spatial transformations, saccade and reach generation and likely their integration.
These results opened many experimental questions, some of them already being addressed
by our ongoing research. In the following section, I will briefly revisit our main findings
and expand on the limitations from each study exploring pulvinar function.

Main findings

Target selection and saccade behavior

In Chapter I we aimed to understand how dorsal pulvinar might be involved in saccade
generation and oculomotor target selection. This was motivated by studies from our group
(Wilke et al., 2010, 2013), where inactivating dorsal pulvinar biased target selection to the
ipsilateral hemispace from the inactivated hemisphere. To address this question, we applied
trains of biphasic pulses of electrical stimulation in dorsal pulvinar starting at different task
periods: before, around or after the onset of the target for a visually-guided saccade task.
Additionally, we performed similar stimulations before or after the onset of a visual cue, or
before or after a “Go” signal during a memory-guided saccade task. We also performed
control stimulations at different depths in ventral pulvinar during visually-guided saccade
tasks to test for the specificity of the effects we will describe. Finally, we characterized the
visual and motor properties of dorsal pulvinar neurons during the execution of similar
visually- and memory-guided saccade tasks.
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Our findings revealed that dorsal pulvinar stimulation exerts influence in target selection
and saccade generation. This influence was time, site, and task specific. First, in the
visually-guided task we found that the selection of targets in the ipsilateral hemispace to the
stimulated hemisphere was increased after early pulvinar stimulation i.e. when the
stimulation started before the onset of the saccade target. Importantly, for all conditions, the
stimulation trains lasted 200 ms, so in all conditions there was overlap of the stimulation
with the visual stimuli onset, and in some cases with the normal saccade reaction time.
Similar enhancement of ipsiversive target selection during early stimulation periods has
been reported for perceptual decisions in the caudate nucleus (Ding and Gold, 2012), but
not for free choices as in our study. Also for early stimulation periods, we found a decrease
of reaction time to saccades to the ipsilateral hemispace but not for the contralateral
hemispace.

When we stimulated later, i.e. starting after the onset of the targets, we found an increased
bias to targets in the contralateral hemispace as well as increased saccade reaction time to
either hemispace. Delays of reaction times regardless of hemispace after late stimulation
have been reported in oculomotor areas, e.g. frontal eye fields (Izawa, 2004) and superior
colliculus (Munoz and Wurtz, 1993). The delay effect could be either facilitation of holding
the current gaze position or an inhibition of saccade generation. The saccade delay for late
stimulation was stronger for ipsilateral saccades. This delay as discussed in Chapter I, has
been found in cortical but not subcortical brain regions. It is interesting to hypothesize that
the resemblance of the effect of pulvinar stimulation to that of cortical structures might be
related to similar roles in purposeful behavior. When the task was memory-driven, saccade
reaction times were affected, but target selection was not. This could indicate that either 1)
the presence of a visual influence is needed for the selection network to be affected, or that
2) the time dissociation between the cue presentation and the Go signal disrupt an otherwise
integrated motor and target selection system in the pulvinar which is not present
individually. One way to address these possibilities would be to perform a similar
behavioral paradigm where instead of a memory-guided saccade; a visually-guided but
delayed saccade is required. This would allow having the same time dissociation with the
availability of visual information.
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Coming back to the target selection, one of our most interesting findings was that the
stimulation effect was not purely contralateral, but a smooth transition from ipsilateral to
contralateral preference. In addition, the electrophysiological tuning properties of the dorsal
pulvinar also varied according to the period of interest. In general, we observed
contralateral spatial tuning during cue period and more balanced spatial tuning during the
peri saccade and target hold periods. This dynamic tuning was a repeated finding across our
electrophysiological studies (See Chapter I, Ibis, and II). For stimulation happening closer
to the saccade onset, the tuning was still contralateral, which could have created facilitation
to select targets in the corresponding contralateral hemispace. The fact that the spatial
tuning and the behavioral effects of microstimulation in the late stimulation periods
correspond suggests that the stimulation enhanced normal firing activity (Clark et al., 2011)
instead of disrupting it.

In Chapter Ibis, we continued exploring the electrophysiological properties of dorsal
pulvinar in oculomotor behavior. We addressed two specific questions, one looking at
target selection and the second one at spatial transformations.

Electrophysiological findings on target selection

We aimed to asses if the target selection effects from Chapter I had a neural correlate in
dorsal pulvinar. We recorded pulvinar responses while monkeys performed visually- and
memory-guided free-choice tasks. At a population level, there was a short increase of firing
rate for choices to the contralateral hemispace during the cue period in comparison to
choices to the ipsilateral hemispace (Figure Ib.5). This suggests that there might be targetselection influence from dorsal pulvinar on free choices when visual information is still
available. In our stimulation experiment there was a change in target selection patterns only
when the cue acted also as a Go signal, i.e. no memory processes involved. The
electrophysiological evaluation of firing rate changes during the visually-guided task are
however challenging as the visual inputs are always present along with the
internally/generated processes of our interest. This visual confound makes it difficult to
assess at which point the firing rate corresponds to each process. As discussed in Chapter
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Ibis, it is possible that the time dissociation between the cue presentation and the Go signal
account for differences in the firing patterns. Alternatively, if the constant availability of
visual information during the target selection is the determining factor for dorsal pulvinar to
participate in target selection in the visually-guided task, this might explain the lack of
effects or firing rate modification in memory periods. There was lower firing in the singleipsilateral-cue condition than in the rest of the conditions, not only during the cue period,
but also during the memory epochs. At this stage the neural firing enhanced in choice
conditions is likely to represent the spatial preference instead of an early signal of target
selection (Shadlen and Kiani, 2013). Dorsal pulvinar might participate in multiple visuomotor processes, e.g. target selection and saccade generation, which cannot be decoupled
unless a temporal offset between individual processes. Alternatively, some processes
involving dorsal pulvinar might emerge only when a specific set of conditions arise, e.g. a
role in target selection when visual information is actively involved. It has also been shown
that colliculi cells with projections to the pulvinar show target selection activity close to the
onset of the stimuli, the action, and even before the target onset (Port and Wurtz, 2009) and
this target selection can hardly be dissociated from the action itself. The execution of a
visually-guided and delayed tasks will contribute to the disentanglement of the participation
of dorsal pulvinar on target selection at a single cell level.

Gaze effect

Are the visual and oculomotor properties of dorsal pulvinar influenced by shifts in the gaze
position? As the main purpose of this thesis was to explore the properties of dorsal pulvinar
during eye and hand movements and their interactions, the coordination system under
which they operate is a particularly interesting topic. The proficiency of primates to
perform visually-guided reaches relies on an elegant system that transforms visual
information captured by the retina with an organization similar to that of the visual field to
one which considers the current position of the limb in respect to the object of our interest
(Gaveau et al., 2003). These transformations are influenced by the properties of visuomotor hierarchies and also require the computation of the position of the orbit in the head,
the position of the head on the body, and the body relative to the limb (Flanders et al.,
159

1992). In association areas such as the parietal cortex, strongly connected to dorsal
pulvinar, eye-centered coordinate systems are the most common (Snyder, 2000). However,
as noted in the introduction of Chapter Ibis an eye-centered coordinate system is not the
only one influencing the firing of neurons in association cortices. It has been reported for
example that mixed reference frames influence the activity of visually (and auditory)
signals in the posterior parietal cortex (Mullette-Gillman et al., 2009).

We wanted to assess if dorsal pulvinar neurons encode visual information using a
retinotopic coordinate system or potentially a more complex one. Indeed, we found a subset
of dorsal pulvinar neurons that encode visual information in a purely retinotopic way. But
more interestingly, we also found that pulvinar neurons were modulated by additional
factors. Due to experimental constraints in which neurons might have been activated by
spatial static cues from the dimly lit setup itself, and not only by the spatial location of the
targets, the non-purely eye-centered firing rate modulation is difficult to categorize, but
likely involves the monkeys’ gaze position, and the absolute location of the target. Gaze
position firing rate modulation has been well documented in association areas (Andersen
and Mountcastle, 1983; Andersen et al., 1985, 1990). The earliest reports of visually-driven
firing influenced by the position of the eye in the orbit were done from studies in the
parietal cortex (Andersen and Mountcastle, 1983). This influence has been hypothesized to
help reduce computational costs of performing actions under separate coordinate systems
(Zipser and Andersen, 1988). The fact that pulvinar neurons showed similar modulation by
gaze position as parietal cortex does suggests the existence of shared functional roles
between pulvinar and the high order cortical areas with shared connectivity.

Electrophysiological properties during reaches

In Chapter II we looked at pulvinar function during the planning and execution of reaches.
We did so by recording single cells while monkeys performed delayed visually-guided
dissociated, and free gaze reaches, in addition to dissociated saccades with engagement of
each arm. We observed a large variety of neuronal response modulations on a single cell
level. There were cells modulated by the visual stimuli only, by the space only, or by the
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combination of hand and eye, among others. The main difference between saccade and
reach related firing was in the timing and the directionality of the effects (even when there
were subpopulations modulated differently at particular task periods). In general, while for
dissociated saccades, there was suppression of firing before and around the saccade,
followed by a large enhancement after saccade offset, for dissociated reaches there was a
modest enhancement before and until the offset of the reach. Even when this was the
overall population trend it was possible to identify dorsal pulvinar subpopulations with
different tuning properties e.g. with pre saccade enhancement, this diversity can be seen in
single cell examples from Figures II.3 to II.9.
In some cells, ramping up of firing rate started soon after the onset of the cue and lasted
until reach offset. Even on a population level the ramping up activity was visible a couple
of hundred of milliseconds before the mean onset of the reach. Importantly, for free gaze
reaches both main types of modulation were present, suppression followed by enhancement
in saccades, and the enhancement for reaches. Could these firing rate patterns during
saccades and reaches be part of a single process under natural conditions? In other words,
could the post-saccade firing in pulvinar aid the optimization of a reach? It has been shown
in the parietal reach region that saccade related activity exists (Snyder et al., 2000a), and
that this activity, observed around and after the movement is potentially participating in the
coupling of the saccade and reach systems. Our data from the dorsal pulvinar might prove
to be a similar signature of eye-hand integration however additional analyses need to be
performed, amongst these are the study of the properties of local field potentials and how
they relate to actions potentials in dorsal pulvinar. Additionally, we need to look at brain
networks using functional connectivity and combinations of disruptive techniques and
observation of changes in neuronal activity.

Behavioral findings after pharmacological reversible inactivation

Finally, we collected preliminary data from one monkey performing tasks such as in
Chapter II (and in addition a saccade only task) but without the delay component, before
and after inactivation of dorsal pulvinar. This experiment was conceived as a follow up on a
previous study from our group (Wilke et al., 2010). In that experiment heads were
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unrestrained while monkeys performed reach to grasp movements to food objects; the
experimenters reported apparent changes in the patterns of reach execution after
inactivation. The monkeys did not seem to direct their heads and eyes to guide reaches as
they did before the inactivation. It could have been that monkeys were unable to perform
foveally-guided movements, or that postural, spatial or motor deficits were present after
pulvinar disruption. In either case, an evaluation of their performance while explicitly
instructing them to perform dissociated or coordinated movements was lacking. Our
hypothesis supported by previous findings was that after inactivating dorsal pulvinar,
potentially involved in the integration of eye and hand movements, there would be a
decreased coordination of eye-hand movements and potentially of the overall performance
of visually-guided, foveal reach tasks. Alternatively, if dorsal pulvinar was involved in the
generation or execution of only one of the movements, reaches or saccades but not in their
integration, we would expect a decrease in the performance of that specific movement with
a mostly unaffected movement with a different effector.
In the 2010 paper there were behavioral changes both for the execution of saccades and
reaches, however our study found mainly changes in reach performance, although in one
session after more than three hours of inactivation nystagmus was observed.
There were four clear effects after inactivation: 1) an increased proportion of errors for the
usage of the correct contralesional hand cued at the beginning of the trial; 2) an increased
sensor release reaction time in cases where that hand was correctly selected; 3) a decrease
of hit rate in the dissociated reach task with the contralesional hand to the contralesional
hemispace and a 4) drop of performance for dissociated, extrafoveal reaches but not for free
gaze, foveal reaches. This last finding suggests that the disruption of dorsal pulvinar does
not affect foveally-guided reaches as much as it does the non-foveally-guided ones. At this
point however, this is largely speculative as there was a lower hit rate for extrafoveal
reaches in control sessions compared to foveal reaches, which might result in different
effects post inactivation. We did not find reach undershooting in extrafoveal reaches, as it
would be expected from patients with optic ataxia. The post inactivation effects we found
could be due to the lack of online update of the hand position in respect to the targets in the
affected hemispace. This however seems unlikely as most errors were caused by the break
of eye fixation during the delay period in that condition and not by misreaches. This effect
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could also be a manifestation of attentional disruptions. It has been shown that pulvinar
damage increases the capture of contralateral distractors in patients (Van der Stigchel et al.,
2010) and pulvinar is involved in attentional processes in monkeys (Petersen et al., 1987;
Desimone et al., 1990). However as mentioned before, the specificity of this deficit is not
only linked to the hemispace, but inherently to the arm used. Damage to the parietal cortex
also causes spatial deficits, some of which resemble clinical manifestations of ataxic
patients (Rossetti et al., 2003; Hwang et al., 2012; Andersen et al., 2014). Up to which
point is dorsal pulvinar involved in eye hand integration and coordination like association
cortices is a question that will be the focus of our research in the immediate future.

General conclusion

We have provided evidence suggesting the participation of dorsal pulvinar in saccade
generation (Chapters I, Ibis, and II), and target selection (Chapters I). Spatial tuning in
dorsal pulvinar was mainly to the contralateral hemispace of the recorded hemisphere, but
dependent on behavioral contingencies, e.g. neurons with strong contralateral tuning around
cue periods and neurons with both contralateral and ipsilateral spatial tunings closer to
saccade and reach execution (Chapters I, Ibis, and II). In addition, gaze position influenced
cue-related activity in a subpopulation of dorsal pulvinar neurons. Other subpopulations
encoded visual stimuli with a classical retinotopic reference frame (Chapter Ibis). Pulvinar
participation in target selection during free choices might be dependent on the coupling or
de-coupling of target presentation and the execution of oculomotor actions (Chapters I and
Ibis). Dorsal pulvinar showed different patterns of firing rate for the execution of saccades
and reaches. There was enhancement of firing prior and during the execution of reaches
(Chapter II), and mainly suppression prior and during saccade execution, followed by
enhancement at saccade offset (Chapters I, Ibis, and II). Pulvinar might exert different roles
in the planning and execution of effector specific actions, or more appealingly, in the
integration of multi-effector, or coordinated behavior. Although probably not directly (see
Chapter II), dorsal pulvinar inactivation disrupted the use of the contralateral limb (see
Chapter II and III for arm specificity findings or the lack of thereof). Finally, dorsal
pulvinar disrupted the performance of non-foveally-guided (extrafoveal) reaches when the
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action was directed with the contralesional hand and to the contralesional hemispace. The
coordination of eye and hand movements appeared to be correlated to normal pulvinar
function. In summary, this thesis contributes from multiple angles to the hypothesis of
dorsal pulvinar playing a crucial in purposeful actions. It also opens several research lines
that will help enrich our understanding of how visually-guided goal-oriented behavior is
encoded in the primate brain.

Limitations

Characterizing the neuronal properties of a brain region with complex connectivity to
cortical and subcortical brain areas such as the pulvinar (Clark and Northfield, 1937;
Asanuma et al., 1985; Grieve et al., 2000; Shipp, 2003; Stepniewska, 2004; Cappe et al.,
2007; Kaas and Lyon, 2007; Cappe et al., 2009; Bridge et al., 2016) is not an easy task. The
initial purpose of this study was to provide further insights about the nature of potential eye
and hand movement disruptions motivated by findings from Wilke and collaborators
(2010). As several additional lines of research were derived from our initial questions new
experimental and interpretation considerations emerged.

Looking at our microstimulation experiments the stimulation parameters themselves are
worth considering (Tehovnik, 1996). As we produced trains with a fixed duration,
frequency and polarity we also reduce the possibility of generalization of our results to
studies in other brain areas using different methodology. A study addressing the
characterization of behavioral changes produced by the sole manipulation of stimulation
protocols for dorsal pulvinar would prove a great usefulness. Even when in our study we
did not systematically vary all stimulation parameters we did not only evaluate how
stimulation affected our area of interest, the dorsal pulvinar, but also the ventral pulvinar.
Ventral pulvinar stimulation did not evoke the paradoxical effects on behavioral target
selection nor reaction time patterns as in dorsal stimulation. This specificity supports the
idea that the effects observed were particular of dorsal pulvinar and not an effect of the
stimulation paradigm. Moreover, the reaction time effects and target selection changes were
specific for the visually-guided and memory-guided tasks, suggesting that the cognitive
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demands were important for observing specific behavioral changes. The current strength is
crucial but widely variable across experiments as well as the effects evoked e.g. in the
thalamus (Crommelinck et al., 1977; Maldonado et al., 1980). For our study, the current
strength used was operationally defined to match the one used in our neuroimaging studies
looking at pulvinar connectivity. However, the estimation of different stimulation strengths
and frequencies that evoke behavioral responses would enrich the interpretation we can
derive from the behavioral patterns evoked.

In our gaze modulation experiment a technical concern was that opposite to early
electrophysiological experiments addressing coordinate systems using tangent screens in
fully darkened rooms, we used monitors to display the visual stimuli. Even when our
monitors had a very low background luminance (0.16cd/m2), we cannot completely rule out
the possibility that the brightness of the display could create additional reference points in a
coordinate system relevant for pulvinar neurons. An additional and important limitation
was that the tasks required the monkeys to be fixated with the head straight ahead to the
monitor. In previous studies it has been shown that subcortical regions such as the superior
colliculus respond not only to eye position modifications, but also to the location of the
head in respect to the targets. Head and eye manipulation would have greatly improved our
data interpretation as it reflects a more natural way in which primates interact with their
surroundings. In our recordings from the eight independent movement types only a small
subset of target locations was acquired from all three distinct starting gaze locations. These
target locations were selected because of the distance range under which the eye
movements could still be reliably tracked with our recording system and displayed on our
27 inch monitor. A larger set of targets would allow performing target per target
comparisons of the influence of target locations in a more comprehensive manner.

For our main question we looked at electrophysiological properties of the dorsal pulvinar,
previous reports have related pulvinar firing to reach behavior (Martin-Rodriguez et al.,
1982; Acuña et al., 1983, 1983, 1986; Magariños-Ascone et al., 1988; Cudeiro Mazaira et
al., 1989). Importantly it has been shown that dorsal pulvinar does not present a retinotopy
as areas in the ventral subdivisions (Benevento and Miller, 1981; Petersen et al., 1985;
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Robinson et al., 1991). In our study, we did not perform an online estimation of receptive
fields before the visuo-motor experiments. Additionally to the lack of retinotopy a technical
reason not to estimate the receptive fields was due to the large number of trials required to
assess receptive field of each neuron. As our tasks involve the execution of reaches, more
demanding and time consuming than fixation or saccade only tasks, monkeys would not
have performed enough trials for electrophysiological analysis. Along the same line, the
isolation of neurons in dorsal pulvinar usually required a significant amount of time, which
resulted in a small timeframe in which useful datasets could be collected. The lack of
mapping represents a problem for data analysis as many established methods rely on clear
responses inside and outside of the receptive fields for vision and decision-making
experiments. We currently address this methodological concern by the offline evaluation
and classification of cell subgroups based on their firing responsivity. As the firing patterns
of dorsal pulvinar are likely to be as diverse as its connectivity, studying the response of
different pulvinar subpopulations is undoubtedly advantageous. Currently only the
electrophysiological characterization of dorsal pulvinar cells is being studied, however we
did not only collect action potentials but also local field potentials. The relation between
action potentials and oscillations will likely reveal different aspects of pulvinar function in
visuomotor behavior.

A particularity of our studies in target selection is that our model of decision relies on free
choices and not on correct responses to perceptual discrimination. We think that one of our
defining characteristics as primates is based in our free exploration and will, and so, free
choices are a natural output of fully internally generated decisions in the brain. In this type
of decisions however, is easy for the monkeys to develop a bias to the selection of specific
targets. This bias makes it difficult to compare behavior performed across different task
contingencies e.g. when looking at the firing rate across choice conditions per trial when
there is a preference for a subset of targets. This problem could be addressed by modulating
the expected values in value-based choices, although the validity of the term free choice
would become more difficult to justify.
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In the inactivation experiment we performed six THIP injections in dorsal pulvinar. The
tissue damage by repeated injections could affect the normal function of the pulvinar over
time or lead to gradual changes in brain networks making the estimation of behavioral
changes before and after inactivation difficult. Also, the time frame for the observation of
inactivation effects is critical, as the spread of THIP to neighboring regions might lead to
spurious effects. It has been estimated that the solution spread in other subcortical tissues is
around 1 mm/hr (Hikosaka and Wurtz, 1985). For our dataset, we considered trials up to
four hours after injection to dorsal pulvinar´s center, which roughly fall within the limit of
estimated spread (five millimeters diameter in pulvinar´s widest dimension). A separation
of trials into different time windows might be helpful for a better characterization of effects
according to the drug’s spread.

In both the reach electrophysiology and inactivation studies we constantly recorded the eye
position of the monkeys, however the kinematics of the arm were not, and thus a full
characterization of purely reach-related deficits is not present. We currently rely solely on
reach endpoints, making hypothesis related to reach execution or kinematics relationships
between saccades and reaches not possible to address.

Lastly, the large set of tasks and methodological approaches used for the realization of this
thesis made the data collection a priority that now must be matched by several approaches
of data analysis. This will add more levels of richness to our data. Among others, a
systematic classification of our electrophysiological datasets is needed as pulvinar cells
displayed a broad range of firing patterns. Additionally, we need to perform correlation
tests to assess the links of our electrophysiological and behavioral datasets. We need to
expand our behavioral analysis, as this is the foundation for the interpretation of all our
datasets, particularly our causal experiment. Finally, looking at the properties of local field
potentials in dorsal pulvinar and their relation to action potentials in the same region or
other brain regions during goal-oriented behavior will provide insights to our current
interpretation of pulvinar functions.
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Project outlook

Our findings leave a series of open questions to be addressed in the future regarding the
variety of processes in which dorsal pulvinar has shown to be involved. Some of these
processes in which pulvinar is involved are: saccade and reach generation and integration,
target selection, and potentially spatial transformations. I will list a few of interesting
questions some of which are currently being addressed by our own research or research
from our collaborators:

1) Are the dorsal pulvinar time-dependent microstimulation effects on target selection
and saccade generation driven by motor vectors or by attentional and/or saliency
properties in the region?
As our microstimulation study looked at free gaze target selection it is interesting to
speculate about how the influence of pulvinar would be if there was a correct target to be
selected and additional targets were meant to distract. Would different periods of
stimulation in the pulvinar enhance or suppress the saliency or attention of specific targets
or specific hemispaces in a time dependent manner?

2) Would the coordinate system for spatial transformations in dorsal pulvinar display
similar characteristics if not only the eye but also a hand was involved in the task?
Would pulvinar firing reflect the engagement of the arm for how it encodes
reference frames?
Because of pulvinar’s connectivity to the fronto-parietal network it is reasonable to think
that it could also be influenced by reference frames that encode stimuli relative to the limbs
and not to the retina or gaze. The modulation of the head and trunk position of the monkey
would of course provide very valuable information about pulvinar’s function in spatial
transformations, but in the immediate future the hand involvement would be an insightful
addition to our datasets.
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3) Expanding in our results from Chapter I, would target selection modulation in
dorsal pulvinar neurons be similar when the visual information is available for the
whole duration of the trials but there is de-coupling of the cue presentation to the
action in oculomotor behavior?
This question is a straightforward one to answer and of paramount importance for our
current interpretation of how pulvinar is involved in oculomotor decision making.

4) How does dorsal pulvinar interact with association cortices during the planning of
purposeful actions?
To answer this question an elegant approach would be to pharmacologically inactivate
dorsal pulvinar unilaterally while the neuronal activity of areas in the ipsilateral frontoparietal network is recorded using multielectrode arrays to allow the evaluation of spike
and LFP activity potentially modulated by the disruption of pulvinar as the monkey
performs saccade and reach tasks. The disruption of the pulvinar might cause increase,
decrease or mixed effects on LFP power at different frequencies. In addition, looking at the
opposite dorsal pulvinar with single cell recordings would help complete the picture of how
not only interareal interactions within hemisphere exist but also interhemispheric ones.

5) How are brain networks modified by the unilateral and bilateral disruption of dorsal
pulvinar?
A combination of behavioral and inactivation experiments performed in the context of
functional imaging would likely enrich our electrophysiological findings on a network
level.
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Abstract



7KHSXOYLQDUFRPSOH[LVH[WHQVLYHO\LQWHUFRQQHFWHGZLWKEUDLQUHJLRQVLQYROYHGLQVSDWLDOSURFHVVLQJDQG



H\H PRYHPHQW FRQWURO 5HFHQW LQDFWLYDWLRQ VWXGLHV KDYH VKRZQ WKDW WKH GRUVDO SXOYLQDU SOD\V D UROH LQ



VDFFDGHWDUJHWVHOHFWLRQ+RZHYHULWUHPDLQVXQNQRZQZKHWKHULWH[HUWVHIIHFWVRQYLVXDOSURFHVVLQJRUDW



SODQQLQJH[HFXWLRQ VWDJHV :H HPSOR\HG HOHFWULFDO PLFURVWLPXODWLRQ RI WKH GRUVDO SXOYLQDU ZKLOH



PRQNH\V SHUIRUPHG VDFFDGH WDVNV WRZDUGV LQVWUXFWHG DQG IUHHO\FKRVHQ WDUJHWV 7LPLQJ RI VWLPXODWLRQ



ZDV YDULHG VWDUWLQJ EHIRUH DW RU DIWHU RQVHW RI WDUJHW V  6WLPXODWLRQ DIIHFWHG VDFFDGH SURSHUWLHV DQG



WDUJHWVHOHFWLRQLQDWLPHGHSHQGHQWPDQQHU6WLPXODWLRQVWDUWLQJEHIRUHEXWRYHUODSSLQJZLWKWDUJHWRQVHW



VKRUWHQHG VDFFDGLF UHDFWLRQ WLPHV IRU LSVLYHUVLYH WR WKH VWLPXODWLRQ VLWH  WDUJHW ORFDWLRQV ZKLOH



VWLPXODWLRQ VWDUWLQJ DW DQG DIWHU WDUJHW RQVHW FDXVHG V\VWHPDWLF GHOD\V IRU ERWK LSVLYHUVLYH DQG



FRQWUDYHUVLYH ORFDWLRQV 6LPLODUO\ VWLPXODWLRQ VWDUWLQJ EHIRUH RQVHW RI ELODWHUDO WDUJHWV LQFUHDVHG



LSVLYHUVLYHWDUJHWFKRLFHVZKLOHVWLPXODWLRQDIWHUWDUJHWRQVHWLQFUHDVHGFRQWUDYHUVLYHFKRLFHV3URSHUWLHV



RI GRUVDO SXOYLQDU QHXURQV DQG VWLPXODWLRQ HIIHFWV ZHUH FRQVLVWHQW ZLWK DQ RYHUDOO FRQWUDYHUVLYH GULYH



ZLWK YDU\LQJ RXWFRPHV FRQWLQJHQW XSRQ EHKDYLRUDO GHPDQGV 5HDFWLRQ WLPH DQG FKRLFH HIIHFWV ZHUH



ODUJHO\ FRQJUXHQW LQ WKH YLVXDOO\JXLGHG WDVN EXW VWLPXODWLRQ GXULQJ PHPRU\JXLGHG VDFFDGHV ZKLOH



LQIOXHQFLQJUHDFWLRQWLPHVDQGHUURUVGLGQRWDIIHFWFKRLFHEHKDYLRU7DNHQWRJHWKHUWKHVHUHVXOWVVKRZ



WKDW WKH GRUVDO SXOYLQDU SOD\V D SULPDU\ UROH LQ DFWLRQ SODQQLQJ DV RSSRVHG WR YLVXDO SURFHVVLQJ WKDW LW



H[HUWVLWVVWURQJHVWLQIOXHQFHRQVSDWLDOFKRLFHVZKHQGHFLVLRQDQGDFWLRQDUHWHPSRUDOO\FORVHDQGWKDW



WKLVFKRLFHHIIHFWFDQEHGLVVRFLDWHGIURPPRWRUHIIHFWVRQVDFFDGHLQLWLDWLRQDQGH[HFXWLRQ



Key words:SXOYLQDUPLFURVWLPXODWLRQGHFLVLRQPDNLQJFKRLFHVDFFDGHVHOHFWURSK\VLRORJ\



Significance



'HVSLWH D UHFHQW VXUJH RI LQWHUHVW WKH FRUH IXQFWLRQ RI WKH SXOYLQDU WKH ODUJHVW WKDODPLF FRPSOH[ LQ



SULPDWHVUHPDLQVHOXVLYH7KLVXQGHUVWDQGLQJLVFUXFLDOJLYHQWKHFHQWUDOUROHRIWKHSXOYLQDULQFXUUHQW













WKHRULHV RI LQWHJUDWLYH EUDLQ IXQFWLRQV VXSSRUWLQJ FRJQLWLRQ DQG JRDOGLUHFWHG EHKDYLRUV EXW



HOHFWURSK\VLRORJLFDODQGFDXVDOLQWHUIHUHQFHVWXGLHVRIGRUVDOSXOYLQDUDUHUDUH%XLOGLQJRQRXUSUHYLRXV



VWXGLHV WKDW SKDUPDFRORJLFDOO\ VXSSUHVVHG GRUVDO SXOYLQDU DFWLYLW\ IRU VHYHUDO KRXUV KHUH ZH XVHG



WUDQVLHQWHOHFWULFDOPLFURVWLPXODWLRQDWGLIIHUHQWSHULRGVZKLOHPRQNH\VSHUIRUPHGLQVWUXFWHGDQGFKRLFH



H\H PRYHPHQW WDVNV WR GHWHUPLQH WLPHVSHFLILF FRQWULEXWLRQV RI SXOYLQDU WR VDFFDGH JHQHUDWLRQ DQG



GHFLVLRQPDNLQJ:HVKRZWKDWVWLPXODWLRQHIIHFWVGHSHQGRQWLPLQJDQGEHKDYLRUDOVWDWHDQGWKDWHIIHFWV



RQFKRLFHVFDQEHGLVVRFLDWHGIURPPRWRUHIIHFWV



Introduction



7KH DELOLW\ WR IOH[LEO\ GHFLGH EHWZHHQ UHVSRQVH RSWLRQV LV D FUXFLDO DWWULEXWH RI DGDSWLYH EHKDYLRU 2QH



IXQGDPHQWDOFRPSRQHQWRIWKLVSURFHVVLVWKHJXLGDQFHRIH\HPRYHPHQWVH[SORULQJVSDWLDOORFDWLRQVRI



SRWHQWLDOLQWHUHVW5HSUHVHQWDWLRQVRIGLYHUVHYDULDEOHVFRQWULEXWLQJWRVDFFDGLFGHFLVLRQVKDYHEHHQIRXQG



LQPDQ\FRUWLFDODQGVXEFRUWLFDOEUDLQUHJLRQV $QGHUVHQDQG&XL6KDGOHQDQG.LDQL %DVHG



RQWKHH[WHQVLYHDQDWRPLFDOFRQQHFWLYLW\WRWKRVHUHJLRQVWKHWKDODPLFSXOYLQDUKDVEHHQVXJJHVWHGDVD



KXE IRU WKH FRRUGLQDWLRQ RI PRYHPHQWV IRU JRDOGLUHFWHG YLVXDOO\JXLGHG EHKDYLRU *ULHYH HW DO 



:LONH HW DO   ,Q SULPDWHV WKH SXOYLQDU IRUPV WKH ODUJHVW WKDODPLF FRPSOH[ DQG FDQ EH FRDUVHO\



VXEGLYLGHG LQWR YHQWUDO DQG GRUVDO DVSHFWV .DDV DQG /\RQ  3UHXVV   7KH YHQWUDO DVSHFW LV



UHWLQRWRSLFDOO\RUJDQL]HGDQGLVFRQQHFWHGZLWKVWULDWHDQGH[WUDVWULDWHYLVXDOFRUWLFHV7KHGRUVDODVSHFW



GRHVQRWVHHPWRFRQWDLQDQRUGHUO\UHWLQRWRSLFWRSRJUDSK\DQGLVUHFLSURFDOO\LQWHUFRQQHFWHGZLWKDUHDV



WKDWFRPELQHVSDWLDODWWHQWLRQDQGH\HPRYHPHQWIXQFWLRQVVXFKDVSDULHWDOVXSHULRUWHPSRUDOSRVWHULRU



FLQJXODWH DQG SUHIURQWDO FRUWLFHV *XWLHUUH] HW DO  -RQHV  6HOW]HU HW DO   %RWKYHQWUDO



DQGGRUVDOSXOYLQDUUHFHLYHLQSXWIURPWKHVXSHULRUFROOLFXOXV 6& WKHYHQWUDOSXOYLQDUIURPWKHXSSHU



DQG WKH GRUVDO SXOYLQDU IURP WKH ORZHU DQG LQWHUPHGLDWH OD\HUV RI WKH 6& %HUPDQ DQG :XUW] 



6WHSQLHZVND   7KXV DQDWRPLFDO FRQQHFWLYLW\ RI WKH SXOYLQDU VXJJHVWV WKDW LW LV LQYROYHG LQ WKH



VHOHFWLRQDQGSODQQLQJRIH\HPRYHPHQWVDQGVSDWLDODWWHQWLRQ













&RQYHUJLQJ HYLGHQFH LV DOVR SURYLGHG E\ HOHFWURSK\VLRORJLFDO DQG OHVLRQLQDFWLYDWLRQ VWXGLHV 9LVXDOO\



UHVSRQVLYHSXOYLQDUQHXURQVHQKDQFHILULQJIRUVWLPXOLWKDWDUHDWWHQGHGDQGRUDUHWDUJHWRIDQXSFRPLQJ



VDFFDGH %HQGHUDQG<RXDNLP3HWHUVHQHWDO5RELQVRQDQG3HWHUVHQ6DDOPDQQHWDO



 =KRX HW DO   ,Q DGGLWLRQ PDQ\ SXOYLQDUQHXURQV H[KLELW VDFFDGHUHODWHG DFWLYLW\ LQFOXGLQJ



VSDWLDOO\VSHFLILFHQKDQFHPHQWRUVXSSUHVVLRQDVVRFLDWHGZLWKWKHRQVHWRIWKHYLVXDOWDUJHWDQGRURQVHW



RU RIIVHW RI WKH VDFFDGH %HUPDQ DQG :XUW]  3HWHUVHQ HW DO  5RELQVRQ HW DO   



6WXGLHVRIQHXUDOUHVSRQVHVLQH\HPRYHPHQWVWDVNVLQWKHQRQUHWLQRWRSLFGRUVDOSDUWRIWKHSXOYLQDUDUH



SDUWLFXODUO\VSDUVHEXWVXJJHVWDGLYHUVLW\RIVDFFDGHUHODWHGSURSHUWLHVZLWKQHXURQVH[KLELWLQJVSDWLDOO\



XQWXQHG RU GLUHFWLRQGHSHQGHQW SHUL DQGRU SRVWVDFFDGLF GLVFKDUJHV %HQHYHQWR DQG 3RUW 



5RELQVRQ HW DO   6RPH PHGLDO GRUVDO SXOYLQDU QHXURQV KDYH WZR SHDN UHVSRQVHV RQH FORVHO\



IROORZLQJ WKH RQVHW RI WKH YLVXDO WDUJHW DQG WKH RWKHU WULJJHUHG WR WKH RQVHW RU RIIVHW RI WKH VDFFDGH



%HQHYHQWRDQG3RUW 



3XOYLQDU OHVLRQV LQ KXPDQV RU PRQNH\V GR QRW UHVXOW LQ SULPDU\ YLVXDO RU VDFFDGH JHQHUDWLRQ GHILFLWV



%HQGHU DQG %DL]HU  %HQGHU DQG %XWWHU  9DQ GHU 6WLJFKHO HW DO  :LONH HW DO 



  DOWKRXJK PRGHVW OHVLRQLQGXFHG LQFUHDVH RI FRQWUDOHVLRQDO VDFFDGH ODWHQFLHV KDV EHHQ UHSRUWHG



5DIDO HW DO  :LONH HW DO   0RUH SURQRXQFHG DUH ³KLJKHURUGHU´ VSDWLDO DWWHQWLRQ DQG



GHFLVLRQPDNLQJLPSDLUPHQWV 5RELQVRQDQG3HWHUVHQ6DDOPDQQDQG.DVWQHU 6SHFLILFDOO\



VWUXFWXUDO DQG UHYHUVLEOH OHVLRQV LQ WKH YHQWUDO DQGRU GRUVDO SXOYLQDU LPSDLU WKH DELOLW\ WR VKLIW YLVXDO



DWWHQWLRQWRZDUGVWKHFRQWUDOHVLRQDOKHPLILHOGDQGUHVXOWLQDQLSVLOHVLRQDOVSDWLDOH[SORUDWLRQDQGVDFFDGH



FKRLFHELDV $UHQGHWDO.DUQDWKHWDO5DIDODQG3RVQHU6QRZHWDO:LONHHW



DO=KRXHWDO :KLOHWKRVHOHVLRQLQDFWLYDWLRQVWXGLHVSURYLGHVWURQJHYLGHQFHWKDW
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7KH DLP RI WKH FXUUHQW VWXG\ ZDV WR LQYHVWLJDWH SXWDWLYH SXOYLQDUGULYHQ LQWHUDFWLRQV EHWZHHQ WDUJHW



VHOHFWLRQ DQG VDFFDGH JHQHUDWLRQ LQ D WHPSRUDOO\VSHFLILF PDQQHU 7R WKLV HQG ZH DSSOLHG WUDQVLHQW













HOHFWULFDO PLFURVWLPXODWLRQ LQ WKH SXOYLQDU ZKLOH PDFDTXH PRQNH\V SHUIRUPHG YLVXDOO\ RU PHPRU\



JXLGHG VDFFDGHV WR VLQJOH LQVWUXFWHG  WDUJHWV RU FKRVH EHWZHHQ WZR WDUJHWV LQ RSSRVLWH KHPLILHOGV



&UXFLDOO\ ZH YDULHG WKH WLPLQJ RI PLFURVWLPXODWLRQ VWDUWLQJ LW EHIRUH DW RU DIWHU RQVHW RI WKH VDFFDGH



WDUJHW V  2XU UHVXOWV GHPRQVWUDWH D WHPSRUDOVSHFLILF LPSDFW RI WKH SXOYLQDU RQ VSDWLDO FKRLFHV DQG



VDFFDGHJHQHUDWLRQIXUWKHUHOXFLGDWLQJLWVLQYROYHPHQWLQJRDOGLUHFWHGEHKDYLRUV



Materials and Methods



$OOH[SHULPHQWDOSURFHGXUHVZHUHFRQGXFWHGLQDFFRUGDQFHZLWKWKH(XURSHDQ'LUHFWLYH(8WKH



FRUUHVSRQGLQJ *HUPDQ ODZ JRYHUQLQJ DQLPDO ZHOIDUH DQG *HUPDQ 3ULPDWH &HQWHU LQVWLWXWLRQDO



JXLGHOLQHV7KHSURFHGXUHVZHUH DSSURYHGE\WKHUHVSRQVLEOHJRYHUQPHQWDJHQF\ /$9(62OGHQEXUJ



*HUPDQ\ 



Animal preparation



7ZRDGXOWPDOHUKHVXVPRQNH\V Macaca mulatta &DQG/ZHLJKLQJDQGNJUHVSHFWLYHO\ZHUHXVHG



,Q DQ LQLWLDO VXUJHU\ PRQNH\V ZHUH LPSODQWHG ZLWK D PDJQHWLF UHVRQDQFH LPDJLQJ 05,  FRPSDWLEOH



SRO\HWKHUHWKHUNHWRQH 3((. KHDGSRVW HPEHGGHGLQDERQHFHPHQWKHDGFDS 3DODFRV ZLWK *HQWDPLFLQ



%LR0HW 86$  DQFKRUHG E\ FHUDPLF VFUHZV 5RJXH 5HVHDUFK &DQDGD  XQGHU JHQHUDO DQHVWKHVLD DQG



DVHSWLFFRQGLWLRQV05YLVLEOHPDUNHUVZHUHHPEHGGHGLQWKHKHDGFDSWRDLGWKHSODQQLQJRIWKHFKDPEHU



LQVWHUHRWD[LFVSDFH 0RQNH\&ULJKWKHPLVSKHUHFHQWHUDW$/PPWLOWHG3/GHJUHHV



0RQNH\ / ULJKW KHPLVSKHUH FHQWHU DW 3  / PP WLOWHG 3  / GHJUHHV  ZLWK WKH 05



JXLGHG VWHUHRWD[LF QDYLJDWLRQ VRIWZDUH 3ODQQHU 2KD\RQ DQG 7VDR   $ VHSDUDWH VXUJHU\ ZDV



SHUIRUPHGWRLPSODQWD3((.05,FRPSDWLEOHFKDPEHU LQVLGHGLDPHWHUPP DOORZLQJDFFHVVWRWKH



ULJKWSXOYLQDU$IWHUFRQILUPLQJFKDPEHUSRVLWLRQLQJZLWKDSRVWVXUJLFDO05,DSDUWLDOFUDQLRWRP\ZDV



PDGH LQVLGH WKH FKDPEHU 7KH H[SRVHG GXUD ZDV FRYHUHG ZLWK D VLOLFRQH HODVWRPHU .ZLNVLO :RUOG



3UHFLVLRQ,QVWUXPHQWV86$ WRUHGXFHWKHJUDQXODWLRQWLVVXHJURZWKDQGGXUDWKLFNHQLQJ













MRI imaging



0RQNH\V ZHUH VFDQQHG LQ D 7 05, VFDQQHU 6LHPHQV 0DJQHWRP 7,0 7ULR  )XOOKHDG 7ZHLJKWHG



VFDQV ' PDJQHWL]DWLRQSUHSDUHG UDSLG JUDGLHQWHFKR 035$*(  PP LVRPHWULF  ZHUH DFTXLUHG



EHIRUH DQG DIWHU FKDPEHU LPSODQWDWLRQ LQ DZDNH PRQNH\ &  RU DQDHVWKHWL]HG PRQNH\ /  VWDWH XVLQJ



HLWKHU EXLOWLQ JUDGLHQW ERG\ WUDQVPLW FRLO DQG FXVWRP VLQJOH ORRS UHFHLYH FRLO RU FXVWRP VLQJOH ORRS



WUDQVPLWDQGFKDQQHOUHFHLYHFRLO :LQGPLOOHU.ROVWHU6FLHQWLILF86$ 



,QDGGLWLRQWRSUHDQGSRVWLPSODQWDWLRQVFDQVVLPLODU7ZHLJKWHGVFDQVDVZHOODV7ZHLJKWHG UDSLG



DFTXLVLWLRQ ZLWK UHOD[DWLRQ HQKDQFHPHQW 5$5(  PP LQ SODQH  PP VOLFH WKLFNQHVV  VFDQV ZHUH



SHULRGLFDOO\DFTXLUHGGXULQJWKHFRXUVHRIH[SHULPHQWVHLWKHULQDZDNH PRQNH\& RUVHGDWHG PRQNH\



/ VWDWHWRFRQILUPHOHFWURGHSRVLWLRQLQJ7DQG7ZHLJKWHGVFDQVZHUHFRUHJLVWHUHGDQGWUDQVIRUPHG



LQWR³FKDPEHUQRUPDO´ DOLJQHGWRWKHFKDPEHUYHUWLFDOD[LV DQGWR$33&VSDFHIRUHOHFWURGHWDUJHWLQJ



DQG YLVXDOL]DWLRQ 7KHVH LPDJHV ZHUH DFTXLUHG ZLWK WKH FKDPEHU DQG WKH JULG ILOOHG ZLWK JDGROLQLXP



0DJQHYLVW %D\HU *HUPDQ\ VDOLQH VROXWLRQ SURSRUWLRQ   ZLWK WXQJVWHQ URGV LQVHUWHG LQ



SUHGHILQHGJULGORFDWLRQVIRUDOLJQPHQWSXUSRVHV



Pulvinar targeting



7KHORFDWLRQRIWKHHOHFWURGHZDVHVWLPDWHGIRUHYHU\VWLPXODWLRQVLWHEDVHGRQDQDWRPLFDO05,&XVWRP



PDGH05FRPSDWLEOHSRO\HWKHULPLGH 8OWHP JULGV PPKROHVSDFLQJPPKROHGLDPHWHU DQG



FXVWRPPDGHSODVWLF;<=PDQLSXODWRUGULYHV GHVLJQFRXUWHV\RI'U6HEDVWLDQ0RHOOHU 0RHOOHUHWDO



 ZHUHXVHGWRSRVLWLRQSODWLQXPLULGLXPHOHFWURGHV )+&,QF86$VHHGHWDLOHGVSHFVLQWKHQH[W



VHFWLRQ  LQ WKH FRUUHVSRQGLQJ JULG KROH DQG HVWLPDWHG GHSWK 'XULQJ WKH SHQHWUDWLRQ WKH HOHFWURGH ZDV



SURWHFWHG E\ D FXVWRPPDGH 05,FRPSDWLEOH IXVHG VLOLFD JXLGH WXEH  P LQQHU GLDPHWHU  P



RXWHU GLDPHWHU 3RO\PLFUR 7HFKQRORJLHV 86$  RU D FXVWRPPDGH VWDLQOHVV VWHHO JXLGH WXEH  P



RXWHUGLDPHWHUJDXJH6SLQRFDQ%UDXQ0HOVXQJHQ$**HUPDQ\ $VWRSSHU PLQQHUGLDPHWHU



 P RXWHU GLDPHWHU  JDXJH 0LFUR)LO :RUOG 3UHFLVLRQ ,QVWUXPHQWV 86$  HQVXUHG WKDW WKH JXLGH













WXEHRQO\SHQHWUDWHGWKHGXUDDQGPLQLPDOO\WKHFRUWH[EHORZ3ULRUWRSHQHWUDWLRQWKHHOHFWURGHWLSZDV



DOLJQHGWRWKHJXLGHWXEHWLSDQGZDVKHOGLQSODFHE\DGURSRIPHOWHG9DVHOLQH7KHJXLGHWXEHZDVILOOHG



ZLWK VWHULOH VLOLFRQH RLO SULRU WR HOHFWURGH LQVHUWLRQ WR HQVXUH VPRRWK HOHFWURGH WUDYHO DQG WR SUHYHQW



EDFNIORZRIFHUHEURVSLQDOIOXLG



7KHUH DUH PXOWLSOH SDUFHOODWLRQ VFKHPHV DYDLODEOH IRU WKH SXOYLQDU -RQHV  6WHSQLHZVND  



+HUH WKH SXOYLQDU ZDV GLYLGHG LQWR GRUVDO G3XO  DQG YHQWUDO Y3XO  DVSHFWV XVLQJ WKH EUDFKLXP RI



VXSHULRUFROOLFXOXVDVDODQGPDUNDVKDVEHHQGRQHLQVHYHUDOVWXGLHV *XWLHUUH]HWDO.RPXUDHW



DO  :LONH HW DO   7KH GRUVDO SXOYLQDU G3XO  LQFOXGHV PHGLDO SXOYLQDU DQG GRUVDO SDUW RI



ODWHUDOSXOYLQDU DOVRGHQRWHGDV3/GPRU3GPLQHDUOLHUSDSHUVE\5RELQVRQ3HWHUVHQDQGFROOHDJXHV



5RELQVRQ DQG 3HWHUVHQ   ZKHUHDV YHQWUDO SXOYLQDU FRQWDLQV LQIHULRU SXOYLQDU DQG YHQWUDO SDUW RI



ODWHUDO SXOYLQDU DOVR GHQRWHG DV 3/YO  .DDV DQG /\RQ  5RELQVRQ HW DO   6LQFH FXUUHQWO\



DYDLODEOHRQOLQHDQGGRZQORDGDEOHDWODVHVXVHWKHWUDGLWLRQDOVFKHPHVHJUHJDWLQJPHGLDO 03XO ODWHUDO



/3XO  DQG LQIHULRU ,3XO  DQG VRPHWLPHV DQWHULRURUDO  QXFOHL &DODEUHVH HW DO  5RKOILQJ HW DO



 ZHDGRSWHGWKLVVFKHPHIRUWKHORFDOL]DWLRQRIVWLPXODWLRQDQGUHFRUGLQJVLWHV



$V FDQ EH VHHQ LQ )LJXUH  WKH VWLPXODWLRQ VLWHV LQ WKH PDLQ H[SHULPHQW FRUUHVSRQGHG WR WKH GRUVDO



SXOYLQDU PRVWO\ WR WKH PHGLDO SDUW 03XO  EXW ZHUH DOVR FORVH WR WKH GRUVDO DVSHFW RI WKH ODWHUDO SDUW



/3XO 7KHEUDFKLXPRI WKHVXSHULRU FROOLFXOXV EVF DQGRWKHU QHLJKERULQJVWUXFWXUHVVXFKDVUHWLFXODU



WKDODPLFQXFOHXVDQGWDLORIWKHFDXGDWHQXFOHXVZHUHDYRLGHG



Electrical microstimulation



$Q 6; GXDO RXWSXW VTXDUH SXOVH VWLPXODWRU *UDVV 3URGXFWV 1DWXV 1HXURORJ\ 86$  WULJJHUHG  E\ D



0$7/$%EDVHGWDVNFRQWUROOHUJHQHUDWHGPVWUDLQVRIWZLQSXOVHVDW+]ZKLFKLQWXUQWULJJHUHG



D FRQVWDQW FXUUHQW VWLPXOXV LVRODWRU $ :RUOG 3UHFLVLRQ ,QVWUXPHQWV 86$  WR SURGXFH  ELSKDVLF



SXOVHV7KHFXUUHQW ȝ$VHHEHORZ ZDVGHOLYHUHGXVLQJVLQJOHPRQRSRODUHOHFWURGHV PP



OHQJWKSODWLQXPLULGLXPȝPWKLFNFRUHLQLWLDOFPJODVVFRDWHGZLWKDQH[SRVHGWLSRIȝPWRWDO












WKLFNQHVVRIȝPLQFOXGLQJSRO\DPLGHWXELQJFRDWLQJ8(3/()66 8(,. )+&,QF86$ DUHWXUQ



UHIHUHQFH  WXQJVWHQ URG ZDV SODFHG LQ WKH FKDPEHU ILOOHG ZLWK VDOLQH 9ROWDJH GURS DFURVV D  Nȍ



UHVLVWRU LQ VHULHV ZLWK WKH HOHFWURGH ZDV PRQLWRUHG XVLQJ D  FKDQQHO *6V 7HNWURQL[ 7'6&



RVFLOORVFRSH



7KHPDQXIDFWXUHUVSHFLILHGLPSHGDQFHRIHOHFWURGHVZDVNȍWKHLQLWLDOLPSHGDQFHPHDVXUHGDW



+]EHIRUHWKHH[SHULPHQWZDVNȍ6LQFHWKHLPSHGDQFHGURSSHGGUDPDWLFDOO\DIWHUDIHZ



VWLPXODWLRQWUDLQVZHUHDSSOLHGEHIRUHHDFKVHVVLRQWUDLQVZHUHGHOLYHUHGWRWKHHOHFWURGHLPPHUVHGLQ



VDOLQHXVLQJȝ$FXUUHQWLQRUGHUWREULQJWKHHOHFWURGHLPSHGDQFHWRDPRUHVWDEOHUHJLPH)ROORZLQJ



WKLVSURFHGXUHWKHLPSHGDQFHUDQJHGIURPNȍWRNȍIRUHOHFWURGHVXVHGLQPRQNH\&DQGNȍ



WRNȍLQHOHFWURGHVXVHGLQPRQNH\/ 7DEOH 



Electrophysiological recordings



,Q  VHVVLRQV LQ PRQNH\ & DQG  VHVVLRQV LQ PRQNH\ / ULJKW GRUVDO SXOYLQDU QHXURQDO DFWLYLW\ ZDV



UHFRUGHGZLWKXSWRWKUHHLQGLYLGXDOO\PRYDEOHVLQJOHSODWLQXPWXQJVWHQ  TXDUW]JODVVLQVXODWHG



HOHFWURGHV ZLWK LPSHGDQFH UDQJLQJ IURP  0ȍ WR  0ȍ IRU PRQNH\ & DQG  0ȍ WR  0ȍ IRU



PRQNH\/XVLQJDFKDPEHUPRXQWHGFKDQQHO0LQL0DWUL[PLFURGULYH 7KRPDV5HFRUGLQJ*HUPDQ\ 



7KHUHFRUGLQJWDUJHWORFDWLRQVZHUHHVWLPDWHGVLPLODUO\WRWKHVWLPXODWLRQVHVVLRQVXVLQJWKHVDPHJULGV



6LPLODUWRPLFURVWLPXODWLRQH[SHULPHQWVVLQJOHFXVWRPPDGHVWDLQOHVVVWHHOJXLGHWXEHV JDXJH ILOOHG



ZLWKWKHVLOLFRQHRLO 7KRPDV5HFRUGLQJ ZLWKD6SLQRFDQIXQQHODWWDFKHGWRWKHGULYHQR]]OHZHUHXVHG



WRSURWHFWHOHFWURGHVGXULQJGXUDSHQHWUDWLRQ$UHIHUHQFHWXQJVWHQURGRUDVLOYHUZLUHZHUHSODFHGLQWKH



FKDPEHU ILOOHG ZLWK VDOLQH DQG ZHUH FRQQHFWHG WR WKH FKDVVLV RI WKH GULYH 1HXURQDO VLJQDOV ZHUH



DPSOLILHG [ KHDGVWDJH 7KRPDV 5HFRUGLQJ [  RU  FKDQQHO 3= SUHDPSOLILHU 7XFNHU'DYLV



7HFKQRORJLHV 86$  GLJLWL]HG DW  N+] DQG  ELW UHVROXWLRQ DQG VHQW YLD ILEHU RSWLFV WR DQ 5=



%LR$PS3URFHVVRU 7XFNHU'DYLV7HFKQRORJLHV86$ IRURQOLQHILOWHULQJGLVSOD\DQGVWRUDJHRQDKDUG



GULYHWRJHWKHUZLWKEHKDYLRUDODQGWLPLQJGDWDVWUHDPV













Behavioral tasks



0RQNH\VVDWLQDGDUNURRPLQFXVWRPPDGHSULPDWHFKDLUVZLWKWKHLUKHDGVUHVWUDLQHGFPDZD\IURP



D¶¶/('GLVSOD\ +]UHIUHVKUDWHPRGHO+1+$FHU,QF86$ 7KHJD]HSRVLWLRQRIWKHULJKW



H\H ZDV PRQLWRUHG DW  +] XVLQJ D 0&8 9LHZ3RLQW LQIUDUHG H\HWUDFNHU $UULQJWRQ 5HVHDUFK ,QF



86$ 0RQNH\IDFHDQGERG\ZHUHPRQLWRUHGZLWKLQIUDUHGFDPHUDVWRHQVXUHWKDWPLFURVWLPXODWLRQGLG



QRWHOLFLWDEUXSWPRYHPHQWVRUVLJQVRIGLVFRPIRUW$OOVWLPXOXVSUHVHQWDWLRQDQGEHKDYLRUDOFRQWUROWDVNV



ZHUHSURJUDPPHGLQ0$7/$% 7KH0DWK:RUNV,QF86$ DQGWKH3V\FKRSK\VLFV7RROER[ %UDLQDUG



 



Fixation task and evoked saccades



,Q HDFK PLFURVWLPXODWLRQ VHVVLRQ EHIRUH WKH PDLQ YLVXDOO\JXLGHG VDFFDGH WDVN VHH EHORZ  ILYH WR VL[



EORFNV RI  IL[DWLRQ WULDOV )LJ $  ZHUH SHUIRUPHG WR GHWHUPLQH WKH SUHVHQFHDEVHQFH RI HYRNHG



VDFFDGHVDVDFRQVHTXHQFHRIHOHFWULFDOVWLPXODWLRQ$GLPUHGVSRWRIGLDPHWHU OXPLQDQFHFGP 



DSSHDUHGLQWKHFHQWHURIWKHPRQLWRU FGP 2QFHWKHPRQNH\VGLUHFWHGWKHLUJD]HLQWRDUDGLXV



ZLQGRZ VXUURXQGLQJ WKH IL[DWLRQ VSRW LW EHFDPH EULJKWHU  FGP  WR VLJQDO IL[DWLRQ DFTXLVLWLRQ



0RQNH\VZHUHUHTXLUHGWRPDLQWDLQWKHLUJD]HSRVLWLRQIRUDUDQGRPL]HGSHULRGUDQJLQJIURPPVWR



PVWRVXFFHVVIXOO\FRPSOHWHDWULDOEHIRUHUHFHLYLQJOLTXLGUHZDUG7KHLQWHUWULDOLQWHUYDOZDV



PVWRPV,QKDOIRIWKHWULDOVRIHDFKEORFNDVWLPXODWLRQZDVDSSOLHGVWDUWLQJPVDIWHUIL[DWLRQ



ZDV DFTXLUHG (DFK VHVVLRQ VWDUWHG ZLWK D EORFN RI  ȝ$ DQG LQ HDFK VXEVHTXHQW EORFN FXUUHQW ZDV



LQFUHDVHG E\  ȝ$ XQWLO WKH  ȝ$ OLPLW ZDV UHDFKHG 7KLV UDQJH RI FXUUHQWV ZDV VHOHFWHG WR PDWFK



UHODWHG RQJRLQJ I05,PLFURVWLPXODWLRQ H[SHULPHQWV LQ RXU ODE 7KH SUHVHQFH RU DEVHQFH RI HYRNHG



VDFFDGHVLQDJLYHQEORFNZDVDVVHVVHGE\RQOLQHPRQLWRULQJDQGDOOVHVVLRQVZHUHFKDUDFWHUL]HGRIIOLQH



VHH EHORZ  ,I QR HYRNHG VDFFDGHV ZHUH REVHUYHG ZLWK DQ\ RI WKH FXUUHQWV WKH IROORZLQJ WDVNV ZHUH



SHUIRUPHG ZLWK  ȝ$ HOVH WKH FXUUHQW ZDV VHW WR  ȝ$ EHORZ WKH ORZHVW LQWHQVLW\ WKDW HYRNHG



VDFFDGHV,IDOOFXUUHQWVWUHQJWKVHYRNHGVDFFDGHVDQGDFFRUGLQJWRRXU05,EDVHGHVWLPDWHVDIWHUPRYLQJ



WKH HOHFWURGH LW VWLOO ZRXOG EH ZLWKLQ  PP RI WKH WDUJHWHG SXOYLQDU QXFOHXV ERUGHUV WKH HOHFWURGH ZDV












PRYHGE\PPRUPPXSRUGRZQDQGILYHEORFNVRIIL[DWLRQWULDOVZHUHUXQDJDLQ RXWRI



VHVVLRQV LQ PRQNH\ &  RXW RI  LQ PRQNH\ /  $OWHUQDWLYHO\ WKH KLJKHVW FXUUHQW WKDW GLG QRW HYRNH



PRUH VDFFDGHV WKDQ WKH  $ FXUUHQW ZDV XVHG  RXW RI  VHVVLRQV LQ PRQNH\ &  RXW RI  LQ



PRQNH\/ ,QRXWRIVHVVLRQVLQPRQNH\&WKHHOHFWURGHZDVPRYHGDQGWKHFXUUHQWZDVORZHUHG



EHORZ$HYHQDIWHUPRYLQJWKHHOHFWURGH



7KH RIIOLQH DQDO\VLV FRQILUPHG RQOLQH REVHUYDWLRQV :KHQ GDWD IURP DOO IL[DWLRQ WULDOV ZDV FRPELQHG



0RQNH\/GLGQRWVKRZDQ\GLIIHUHQFHLQDPRXQWRIVDFFDGHVGXULQJVWLPXODWLRQDVFRPSDUHGWRWKHVDPH



SHULRGGXULQJFRQWUROWULDOV DQGUHVSHFWLYHO\FRQWUDYHUVLYHDQGLSVLYHUVLYHLQHDFKFDVH 



0RQNH\ & ZKR LQFLGHQWDOO\ KDG PRUH IUHTXHQW ³IL[DWLRQDO´ VDFFDGHV ZLWKLQ WKH  UDGLXV IL[DWLRQ



ZLQGRZ HYHQ LQ FRQWURO WULDOV H[KLELWHG SUHGRPLQDQWO\ FRQWUDYHUVLYH VDFFDGHV GXULQJ WKH VWLPXODWLRQ



SHULRG )LJ&RIVWLPXODWLRQWULDOVFRQWUDYHUVLYHLSVLYHUVLYHRIFRQWUROWULDOVLQWKH



FRUUHVSRQGLQJ SHULRG  FRQWUDYHUVLYH  LSVLYHUVLYH  &RQWUDYHUVLYH VDFFDGHV ZHUH W\SLFDOO\



IROORZHGE\LSVLYHUVLYHVDFFDGHV  ZLWKLQXSWRPVDIWHUVWLPXODWLRQRIIVHW6LQFHWKHPRQNH\



ZDVUHTXLUHGWRPDLQWDLQIL[DWLRQGXULQJWKHVWLPXODWLRQDQGWKHVHLSVLYHUVLYHVDFFDGHVZHUHGLUHFWHGEDFN



WR WKH IL[DWLRQ VSRW ZH FDOO WKHP ³UHWXUQ´ VDFFDGHV  RI UHWXUQ VDFFDGHV ZHUH SUHFHGHG E\



FRQWUDYHUVLYH RQHV  )RU IXUWKHU DQDO\VLV ZH FODVVLILHG DV HYRNHG VDFFDGHV RQO\ FRQWUDYHUVLYH VDFFDGHV



GXULQJWKHVWLPXODWLRQSHULRGWKDWZHUHIROORZHGE\UHWXUQVDFFDGHV:HQRUPDOL]HGWKHSUREDELOLWLHVRI



HYRNLQJVDFFDGHVSHUFXUUHQWVWUHQJWKIRUHDFKVLWHE\VXEWUDFWLQJWKHPHDQYDOXHVIRUHDFKVLWHDQGIRXQG



WKDWWKHQRUPDOL]HGSUREDELOLW\RIHYRNLQJVDFFDGHVFRUUHODWHGZLWKWKHFXUUHQWVWUHQJWK 6SHDUPDQ¶V5 



S $VLPLODUDQDO\VLVIRUHYRNHGVDFFDGHDPSOLWXGHVDOVRVKRZHGDSRVLWLYHFRUUHODWLRQZLWK



WKH FXUUHQW VWUHQJWK 6SHDUPDQ¶V 5   S   $FURVV DOO VLWHV WKDW ZHUH ODWHU XVHG LQ WKH PDLQ



H[SHULPHQW DQG DFURVV DOO WHVWHG FXUUHQWV WKH SUREDELOLW\ RI HYRNLQJ VDFFDGHV LQ PRQNH\ & ZDV 



IRUWKHFXUUHQWVVHOHFWHGIRUWKHPDLQH[SHULPHQW7DEOH IRUFRPSDULVRQRQO\RIFRQWURO



WULDOV ZRXOG KDYH EHHQ FODVVLILHG DV ³HYRNHG´ XVLQJ WKH DERYH DSSURDFK  7KH DPSOLWXGH RI HYRNHG



VDFFDGHV ZDV    PHDQ  6( VWDQGDUG HUURU RI PHDQ  DFURVV VLWHV    PHDQ  6'













VWDQGDUG GHYLDWLRQ DFURVV WULDOV  ZLWK D ODWHQF\ RI    PV DIWHU VWLPXODWLRQ RQVHW 6LPLODU HIIHFWV



LQFUHDVHG SUREDELOLW\ RI FRQWUDYHUVLYH PRYHPHQWV GXULQJ VWLPXODWLRQ SHULRG  ZHUH REVHUYHG LQ VHYHUDO



VHVVLRQV ZKHUH ZH GHOLYHUHG WKH VWLPXODWLRQ GXULQJ IUHHJD]H H[SORUDWLRQ cf. *ROGEHUJ HW DO 



:DWDQDEH DQG 0XQR]   ZLWK WKH H[FHSWLRQ RI QRW REVHUYLQJ LSVLYHUVLYH UHWXUQ VDFFDGHV 2XU



REVHUYDWLRQV DUH LQ OLQH ZLWK ODWHUDO SRVWHULRU QXFOHXVSXOYLQDU PLFURVWLPXODWLRQ VWXGLHV LQ FDWV ZKLFK



UHSRUWHG HLWKHU DEVHQFH RI HYRNHG VDFFDGHV 0DOGRQDGR HW DO   RU FRQWUDYHUVLYH VDFFDGHV ZLWK



FXUUHQWVWUHQJWKVEHWZHHQ$ &URPPHOLQFNHWDO 



$OWKRXJKHYRNHGVDFFDGHVZHUHSUHVHQWRQO\LQVRPHVLWHVZLWKOHVVWKDQSUREDELOLW\DQGRQO\LQ



RQH PRQNH\ ZH EULHIO\ DGGUHVV UHOHYDQW PHWKRGRORJLFDO FRQVLGHUDWLRQV 'XH WR VPDOO DPSOLWXGHV WKH



YLVXDO DQG SRVLWLRQDO FRQVHTXHQFHV RI WKHVH VDFFDGHV DUH H[SHFWHG WR EH UHODWLYHO\ PLQRU &DUHOOR DQG



.UDX]OLV   DOWKRXJK ZH FDQQRW H[FOXGH WKH SRVVLELOLW\ RI SHUFHSWXDODWWHQWLRQDO HIIHFWV VLPLODU WR



FRQVHTXHQFHVFDXVHGE\IL[DWLRQDOVDFFDGHV +DIHGHWDO *LYHQWKHWDUJHWHFFHQWULFLW\LQWKH



VDFFDGHWDVNV VHHODWHU WKHVHGLVSODFHPHQWVZHUHQRWHQRXJKWRODQGWKHJD]HZLWKLQWKHWDUJHWZLQGRZ



DQG WKH\ GLG QRW VHHP WR DIIHFW WKH HQVXLQJ FKRLFH )RU H[DPSOH GXULQJ FKRLFH WULDOV ZKHQ D VPDOO



FRQWUDYHUVLYH VKLIW ZDV DSSDUHQW LQ WKH RQOLQH GLVSOD\ DQG ODWHU GXULQJ LQVSHFWLRQ RI WULDO H\H SRVLWLRQ



WUDFHV DVRIWHQDVQRWWKHPRQNH\ZRXOGJRRQWRVHOHFWWKHLSVLYHUVLYHWDUJHWHYHQWKRXJKKLVJD]HZDV



DOUHDG\FORVHUWRWKHFRQWUDYHUVLYHWDUJHW



$WWKRVHVLWHVZKHUHPLFURVWLPXODWLRQHYRNHGVPDOOVDFFDGHVUHTXLUHGFXUUHQWVWUHQJWKZDVFRQVLGHUDEO\



KLJKHU WKDQ UHSRUWHG IRU VXSHULRU FROOLFXOXV 6&  FDXGDWH QXFOHXV RU IURQWDO H\H ILHOGV )()  HJ



5RELQVRQDQG)XFKV7HKRYQLNHWDO<DPDPRWRHWDO ,QVWHDGWKHUDQJHRIHYRNHG



VDFFDGHWKUHVKROGVEHWZHHQߤ$ZDVPRUHVLPLODUWRUHTXLUHGFXUUHQWVLQYLVXRPRWRUUHJLRQVVXFK



DVSRVWHULRUSDULHWDOFRUWH[ 6KLEXWDQLHWDO7KLHUDQG$QGHUVHQ DQGGRUVRPHGLDOIURQWDO



FRUWH[ '0)&  7HKRYQLNHWDO 



Visually-guided saccade task













$WULDOVWDUWHGZLWKWKHRQVHWRIWKHIL[DWLRQVSRW$IWHUPRQNH\DFTXLUHGDQGKHOGIL[DWLRQZLWKLQD



UDGLXV IRU D UDQGRPL]HG SHULRG UDQJLQJ IURP  PV WR  PV WKH IL[DWLRQ VSRW  GLDPHWHU  ZDV



H[WLQJXLVKHGDQGHLWKHURQHWDUJHW LQVWUXFWHGWULDOV RUWZRWDUJHWV FKRLFHWULDOV DSSHDUHGVLPXOWDQHRXVO\



)LJ$ 7KLVWLPHSRLQWZLOOEHUHIHUUHGWRDVWKH³*RVLJQDO´7DUJHWV GLDPHWHU ZHUHSUHVHQWHGLQ



WKHOHIWDQGRUULJKWVLGH V RIWKHIL[DWLRQVSRWDWHFFHQWULFLW\ZLWKWKUHHSRWHQWLDODQJOHVUHODWLYHWR



WKH KRUL]RQWDO D[LV   RU    DQG  YHUWLFDO HFFHQWULFLW\  0RQNH\V KDG WR PDNH D



VDFFDGHZLWKLQPVDQGNHHSWKHLUJD]HSRVLWLRQIRUPVLQVLGHDUDGLXVZLQGRZVXUURXQGLQJWKH



WDUJHWWRVXFFHVVIXOO\FRPSOHWHDWULDODQGREWDLQDOLTXLGUHZDUGDIWHUDGHOD\RIPV,QFKRLFHWULDOV



PRQNH\VZHUHDOORZHGWRIUHHO\FKRRVHRQHRIWKHWDUJHWVERWKFKRLFHWDUJHWVZHUHDOZD\VSUHVHQWHGDW



WKHVDPHKHLJKWDQGSURYLGHGHTXDOUHZDUG7KHLQWHUWULDOLQWHUYDOIRUERWKVXFFHVVIXODQGXQVXFFHVVIXO



WULDOVZDVPVRUPV,QVHYHQRXWRIHLJKWWULDOVDPVVWLPXODWLRQWUDLQZDVDSSOLHGDWRQH



RXWRIVHYHQGLIIHUHQWSHULRGVLQERWKLQVWUXFWHGDQGFKRLFHWULDOV7KHWUDLQVVWDUWHGHLWKHUEHIRUHWKH*R



VLJQDO PVPVRUPVHDUO\VWLPXODWLRQSHULRGV VLPXOWDQHRXVO\ZLWKWKH*RVLJQDORUDIWHU



WKH*RVLJQDO PVPVRUPVODWHVWLPXODWLRQSHULRGV 1RWHWKDWVLQFHWKHWUDLQGXUDWLRQ



ZDVPVVWLPXODWLRQDOZD\VHQGHGDIWHUWKH*RVLJQDO$OOWULDOW\SHVWDUJHWORFDWLRQVDQGVWLPXODWLRQ



FRQGLWLRQV ZHUH SVHXGRUDQGRPL]HG $ PLQLPXP RI  LQVWUXFWHG WULDOV SHU VWLPXODWLRQ SHULRG DQG SHU



KHPLILHOGZHUHFROOHFWHGLQHDFKVHVVLRQ H[FHSWLQRQHVHVVLRQZKHUHWKHUHZDVDPLQLPXPRIWULDOV



IRUWKHOHIWKHPLILHOGDQGDVHVVLRQZLWKWULDOVIRUWKHULJKWKHPLILHOG 



Memory-guided saccade task



6LPLODUO\WRWKHYLVXDOO\JXLGHGVDFFDGHWDVNPRQNH\VKDGWRDFTXLUHDQGKROGIL[DWLRQIRUPV



1H[W RQH RU WZR SHULSKHUDO FXHV ZHUH GLVSOD\HG IRU  PV DW WKH ORFDWLRQ V  VLJQDOLQJ WKH XSFRPLQJ



VDFFDGHWDUJHW V 7KHVHFXHVKDGWKHVDPHVSDWLDOFKDUDFWHULVWLFVDVWKHWDUJHWVLQWKHYLVXDOO\JXLGHGWDVN



0RQNH\VZHUHUHTXLUHGWRPDLQWDLQIL[DWLRQWKURXJKRXWWKHFXHSHULRGDQGDOVRWKURXJKRXWWKHVXEVHTXHQW



PHPRU\ SHULRG UDQJLQJ IURP  WR  PV  DIWHU ZKLFK WKH FHQWUDO IL[DWLRQ VSRW GLVDSSHDUHG *R



VLJQDO DOORZLQJPRQNH\VWRVDFFDGHWRWKHLQVWUXFWHGORFDWLRQRUPDNHDGHFLVLRQWRJRWRRQHRIWKHWZR













FXHGORFDWLRQV$IWHUWKHVDFFDGHWRDQGIL[DWLRQRIWKHUHPHPEHUHGWDUJHWORFDWLRQIRUPVWRPV



WKHWDUJHWEHFDPHYLVLEOHDQGDIWHUDGGLWLRQDOPVRISHULSKHUDOIL[DWLRQWKHWULDOZDVFRPSOHWHG:H



DSSOLHGVWLPXODWLRQLQIRXURXWRIILYHWULDOVLQRQHRXWRIIRXUSHULRGVVWDUWLQJEHIRUHRUDIWHUWKHFXHRQVHW



PVPV RUEHIRUHRUDIWHUWKH*RVLJQDO PVPV 



Target selection equalization



'XULQJWUDLQLQJZHFRQVLVWHQWO\REVHUYHGDVWURQJVHOHFWLRQELDVWRWKHULJKWVLGHRIVSDFHLQFKRLFHWULDOV



LQ ERWK PRQNH\V 7KLV ELDV ZDV SRWHQWLDOO\ GXH RI WKH IDFW WKDW ERWK PRQNH\V ZHUH LQLWLDOO\ WUDLQHG WR



SHUIRUPUHDFKHVZLWKWKHLUSUHIHUUHGULJKWDUPLQWKHFRQWH[WRIDQRWKHUH[SHULPHQWLQZKLFKWKH\PLJKW



KDYH GHYHORSHG D VWURQJ ULJKWZDUG ELDV 7R EH DEOH WR DVVHVV SRWHQWLDO WDUJHW VHOHFWLRQ FKDQJHV LQ ERWK



GLUHFWLRQVGXHWRVWLPXODWLRQZHXVHGDPHWKRGVLPLODUWR6FKHUEHUJHUDQGFROOHDJXHV 6FKHUEHUJHUHWDO



 WRHTXDOL]HWKHFRQWUROWDUJHWVHOHFWLRQE\VKLIWLQJWKHHQWLUHVWLPXOXVDUUD\KRUL]RQWDOO\WRZDUGWKH



SUHIHUUHGULJKWKHPLILHOGZLWKRXWPRGLI\LQJWKHHFFHQWULFLW\IURPWKHIL[DWLRQVSRWWRWKHWDUJHWV7KH



PHDQ VKLIW DFURVV YLVXDOO\JXLGHG WDVN VHVVLRQV ZLWK VWLPXODWLRQ LQ GRUVDO SXOYLQDU ZDV    IRU



PRQNH\&DQGIRUPRQNH\/WRWKHULJKW PHDQ6(7DEOH 7KHVHVKLIWVUHVXOWHGLQWKH



DQGOHIWZDUGVHOHFWLRQLQSUHVWLPXODWLRQUXQVWKDWZHUHXVHGIRUWKHHTXDOL]DWLRQSURFHGXUH



PRQNH\V&DQG/UHVSHFWLYHO\PHDQ6(7DEOH +RZHYHUGXULQJWKHDFWXDOVWLPXODWLRQH[SHULPHQW



WKHOHIWZDUG FRQWUDYHUVLYH VHOHFWLRQGURSSHGWRDQGLQQRQVWLPXODWLRQWULDOV PRQNH\V



&DQG/UHVSHFWLYHO\ 7KHVDPHWDUJHWSRVLWLRQVZHUHXVHGIRULQVWUXFWHGWULDOV



Summary of the course of a session



$IWHUDGYDQFLQJWKHHOHFWURGHWRWKHGHVLUHGORFDWLRQWKHIL[DWLRQWDVN ZLWKWKHIL[DWLRQVSRWDOZD\VLQWKH



FHQWHU RI WKH VFUHHQ  ZDV XVHG WR WHVW IRU HYRNHG VDFFDGHV 7KLV SURFHGXUH GHILQHG WKH ILQDO HOHFWURGH



GHSWKDQGWKHFXUUHQWVWUHQJWK1H[WDYLVXDOO\JXLGHGVDFFDGHWDVNZDVSHUIRUPHGZLWKRXWVWLPXODWLRQ



DQG WKH VWLPXOXV DUUD\ ZDV VKLIWHG WR ILQG D UHJLPH LQ ZKLFK WKH OHIW DQG ULJKW WDUJHW VHOHFWLRQ ZDV



DSSUR[LPDWHO\ HTXDOL]HG VHH ³7DUJHW VHOHFWLRQ HTXDOL]DWLRQ´ VHFWLRQ DERYH  $IWHU WKDW WKH FRQWURO DQG



VWLPXODWLRQ GDWD IRU WKH PDLQ YLVXDOO\JXLGHG WDVN ZDV FROOHFWHG )RU VHVVLRQV LQ ZKLFK PRQNH\V DOVR












SHUIRUPHGWKHPHPRU\JXLGHGVDFFDGHWDVNWDUJHWVHOHFWLRQZDVHTXDOL]HGLQGHSHQGHQWO\IRUWKHPHPRU\



WDVNEHFDXVHWDUJHWSUHIHUHQFHGLIIHUHGEHWZHHQWKHWZRWDVNV



Data analysis



Saccade definitions



6DFFDGHYHORFLW\ZDVFDOFXODWHGVDPSOHE\VDPSOHDVWKHVTXDUHURRWRIWKHVXPRIVTXDUHGLQWHUSRODWHG



+]WRN+] DQGVPRRWKHG PVPRYLQJDYHUDJHUHFWDQJXODUZLQGRZ KRUL]RQWDODQGYHUWLFDOH\H



SRVLWLRQWUDFHVDQGWKHQVPRRWKHGDJDLQ PVPRYLQJDYHUDJHUHFWDQJXODUZLQGRZ 6DFFDGHRQVHWZDV



GHILQHG DV H\H SRVLWLRQ FKDQJH WKDW H[FHHGHG D VWDUWLQJ YHORFLW\ WKUHVKROG DQG WKH VDFFDGH RIIVHW DV



UHDFKLQJDQHQGLQJYHORFLW\WKUHVKROG)RUWKHIL[DWLRQWDVNWKHVWDUWLQJDQGHQGLQJWKUHVKROGVZHUHV



DQGVUHVSHFWLYHO\)RUYLVXDOO\JXLGHGDQGPHPRU\JXLGHGVDFFDGHVWKHVWDUWLQJYHORFLW\RIV



DQGWKHHQGLQJYHORFLW\RIVZHUHXVHG)RUUHWULHYLQJWKHVDFFDGHGLUHFWLRQVLQHUURUWULDOVWKHVWDUWLQJ



WKUHVKROGZDVORZHUHGWRVEHFDXVHH\HSRVLWLRQZDVQRWUHFRUGHGDIWHUIL[DWLRQEUHDNVDQGWKXVLQ



VRPHFDVHVWKHUHFRUGHGYHORFLW\GLGQRWUHDFKDKLJKHQRXJKYDOXHEHIRUHWKHWULDODQGWKHUHFRUGLQJZHUH



DERUWHG6DFFDGHHQGSRLQWZDVGHILQHGDVWKHH\HSRVLWLRQZKHQWKHVDFFDGHYHORFLW\UHDFKHGWKHHQGLQJ



WKUHVKROG,QFDVHVZKHQVHYHUDOFRQVHFXWLYHH\HPRYHPHQWVLQWKHWLPHLQWHUYDOIURPWKH*RVLJQDOXQWLO



WKH WDUJHW DFTXLVLWLRQ ILWWHG WKH DERYH FULWHULD HJ GXH WR LQWHUUXSWHG VDFFDGHV VHH 5HVXOWV  WKH ILUVW



VDFFDGHZDVVHOHFWHGIRUWKHUHDFWLRQWLPHDQDO\VLVDQGWKHODVWRQHIRUWKHHQGSRLQWDFFXUDF\SUHFLVLRQ



DQDO\VLV



Statistical analysis of behavioral data



$OO GDWD DQDO\VLV ZDV SHUIRUPHG XVLQJ 0$7/$% 5E 7R WHVW IRU FKDQJHV LQ WDUJHW VHOHFWLRQ



SUHIHUHQFH ZLWKLQ HDFK VHVVLRQ DQG WKH KLW UDWHV )LVKHU V H[DFW WHVW ZDV XVHG )RU DOO FRPSDULVRQV



EHWZHHQ WZR FRQGLWLRQV DFURVV VHVVLRQV QRQSDUDPHWULF WHVWV ZHUH XVHG :KHQHYHU SRVVLEOH LH VDPH



H[SHULPHQWDOFRQGLWLRQVRXWFRPHVSUHVHQWLQDOOVWLPXODWLRQSHULRGVDQGLQDOOVHVVLRQV SDLUHG)ULHGPDQ



WHVW ZLWK SRVWKRF :LOFR[RQ VLJQHGUDQN WHVWV ZHUH XVHG 2WKHUZLVH .UXVNDO:DOOLV WHVW ZLWK SRVWKRF













0DQQ:KLWQH\8WHVWVZHUHXVHG%HFDXVHWKHHIIHFWVRIPXOWLSOHVWLPXODWLRQSHULRGVZHUHWHVWHGDJDLQVW



WKHFRQWUROFRQGLWLRQIRUDOOSRVWKRFWHVWVDQGIRU)LVKHU¶VH[DFWWHVWVWKH%RQIHUURQLPHWKRGZDVXVHG



WRFRUUHFWIRUPXOWLSOHFRPSDULVRQV7RWHVWIRUWKHUHODWLRQVKLSEHWZHHQWZRYDULDEOHVDFURVVVHVVLRQVRU



DFURVV VWLPXODWLRQ SHULRGV 6SHDUPDQ¶V FRUUHODWLRQ FRHIILFLHQWV ZHUH XVHG 6WDWLVWLFDO VLJQLILFDQFH ZDV



UHSRUWHGDWS



WKHILJXUHVDQGLQWKHWH[WVWDQGDUGGHYLDWLRQ 6' ZDVXVHGZKHQDYHUDJLQJDFURVVWULDOVDQGVWDQGDUG



HUURURIPHDQ 6( ZKHQDYHUDJLQJDFURVVVHVVLRQV



Analysis of neuronal activity



,Q WKH GDWD IURP ERWK PRQNH\V  VLQJOH DQG PXOWLXQLWV IRU WKH YLVXDOO\JXLGHG VDFFDGH WDVN 



PRQNH\ &  PRQNH\ /  DQG  XQLWV IRU WKH PHPRU\JXLGHG VDFFDGH WDVN  PRQNH\ & 



PRQNH\ /  IXOILOOHG DQDO\VLV VHOHFWLRQ FULWHULD DW OHDVW  VSLNHV GXULQJ WKH WDVN SHULRGV DW OHDVW 



LQVWUXFWHG WULDOV W\SLFDOO\  LQVWUXFWHG WULDOV  LQVWUXFWHG WULDOV IRU HDFK RI WKH  WDUJHWV  )RU



UHFRUGLQJVWKHIL[DWLRQKROGSHULRGZDVPVWKHPHPRU\SHULRGPV,7,SHULRGPVRWKHU



SDUDPHWHUVZHUHVDPHDVLQWKHVWLPXODWLRQUXQV7DUJHWHFFHQWULFLWLHVZHUHDQGDUUDQJHGDORQJ



WKHKRUL]RQWDOD[LVRUDWDQJOHIURPWKHKRUL]RQWDOD[LV6SLNHVRUWLQJZDVGRQHXVLQJ2IIOLQH6RUWHU



YDQGY 3OH[RQ86$ IRUPRQNH\V&DQG/UHVSHFWLYHO\XVLQJHLWKHUDZDYHIRUPWHPSODWH



DOJRULWKPRUDSULQFLSOHFRPSRQHQWDQDO\VLVZLWKNPHDQVFOXVWHULQJDOJRULWKP



)RUHDFKWULDODQGHDFKHSRFKRILQWHUHVWILULQJUDWHVZHUHFRPSXWHGE\FRXQWLQJWKHVSLNHVZLWKLQWKH



HSRFKDQGGLYLGLQJWKHFRXQWE\WKHHSRFKGXUDWLRQ7KHHSRFKVDQDO\]HGLQWKHYLVXDOO\JXLGHGVDFFDGH



WDVNZHUH³LQWHUWULDOLQWHUYDO´ PVWRPVEHIRUHWKHRQVHWRIWKHFHQWUDOIL[DWLRQVSRW ³IL[DWLRQ



DFTXLVLWLRQ´  PV WR  PV DIWHU DFTXLULQJ FHQWUDO IL[DWLRQ  ³IL[DWLRQ KROG´ ODVW  PV RI FHQWUDO



IL[DWLRQ ³WDUJHWRQVHW´ PVWRPVDIWHUWDUJHWRQVHW ³SUHVDFFDGLF´ WRPVEHIRUHVDFFDGH



RQVHW ³SHULVDFFDGLF´ PVEHIRUHWRPVDIWHUVDFFDGHRQVHW ³WDUJHWDFTXLVLWLRQ´ PVWRPV



DIWHU DFTXLULQJ WDUJHW IL[DWLRQ  DQG ³WDUJHW KROG´ ODVW  PV RI IL[DWLQJ WKH SHULSKHUDO WDUJHW  )RU WKH



PHPRU\JXLGHGVDFFDGHWDVN³FXHRQVHW´ PVWRPVDIWHURQVHWRIWKHFXH UHSODFHGWKH³WDUJHW



DQGS

6SHFLILFVWDWLVWLFDOWHVWVDUHOLVWHGIRUHDFKLQGLYLGXDODQDO\VLV,Q










RQVHW³±ERWKZLOOEHUHIHUUHGWRDV³VWLPXOXVRQVHW´DQG³WDUJHWKROGLQYLVLEOH´ ILUVWPVRIIL[DWLQJ



WKHLQYLVLEOHSHULSKHUDOWDUJHW UHSODFHG³WDUJHWDFTXLVLWLRQ´7ZRDGGLWLRQDOHSRFKVZHUHDOVRDQDO\]HG



³HDUO\ PHPRU\´ ILUVW  PV RI WKH PHPRU\ SHULRG  DQG ³ODWH PHPRU\´ ODVW  PV RI WKH PHPRU\



SHULRG 



)RU SRSXODWLRQ DQDO\VLV GDWD IURP  OHIW DQG  ULJKW KHPLILHOG WDUJHWV ZHUH FRPELQHG )RU HDFK XQLW D



WZRZD\$129$ZDVSHUIRUPHGDFURVVDOOILULQJUDWHVLQHDFKRIWKHUHVSHFWLYHHSRFKVIURPVXFFHVVIXO



LQVWUXFWHGWULDOV VDPHFULWHULDDVLQ³%HKDYLRUDOWDVNV´VHFWLRQ XVLQJKHPLILHOGRIWKHWDUJHWSRVLWLRQDQG



HSRFK DV IDFWRUV IRU GHWHUPLQLQJ D PDLQ HIIHFW RI HSRFK KHPLILHOG DQG LQWHUDFWLRQ EHWZHHQ WKH WZR



6SDWLDOWXQLQJLQHDFKHSRFKZDVGHWHUPLQHGE\XQSDLUHGWWHVWVFRPSDULQJILULQJUDWHVLQLSVLODWHUDOWULDOV



WRILULQJUDWHVLQFRQWUDODWHUDOWULDOV7KHKHPLILHOGZLWKWKHKLJKHUILULQJUDWHZDVPDUNHGLIWKHUHZDVD



VLJQLILFDQW GLIIHUHQFH 7KLV DQDO\VLV ZDV SHUIRUPHG RQO\ RQ XQLWV WKDW VKRZHG HLWKHU D PDLQ HIIHFW RI



KHPLILHOGRU>KHPLILHOGîHSRFK@LQWHUDFWLRQ



(QKDQFHPHQWRUVXSSUHVVLRQRIQHXURQDODFWLYLW\ UHODWLYHWRIL[DWLRQEDVHOLQH³IL[DWLRQKROG´HSRFK LQ



HDFK VXEVHTXHQW HSRFK ZDV GHILQHG E\ SDLUHG WWHVWV FRPSDULQJ ILULQJ UDWHV IRU LSVLODWHUDO DQG



FRQWUDODWHUDO WULDOVLQGHSHQGHQWO\7KLVDQDO\VLVZDV RQO\SHUIRUPHGRQXQLWVWKDWVKRZHGHLWKHUD PDLQ



HIIHFW RI HSRFK RU >KHPLILHOG î HSRFK@ LQWHUDFWLRQ (QKDQFHPHQW RU VXSSUHVVLRQ ZDV UHSRUWHG LI HLWKHU



LSVLODWHUDOFRQWUDODWHUDORUERWKW\SHVRIWULDOVVKRZHGVLJQLILFDQWGLIIHUHQFHWRIL[DWLRQEDVHOLQH,QUDUH



FDVHVLQZKLFKRQHKHPLILHOGZRXOGVKRZDVLJQLILFDQWHQKDQFHPHQWZKLOHWKHRWKHUKHPLILHOGVKRZHG



VXSSUHVVLRQWKHXQLWZDVUHSRUWHGWRKDYHELGLUHFWLRQDOUHVSRQVH H[DPSOHXQLWFRXQWVPHPRU\JXLGHG



WDVNPRQNH\&PRQNH\/FXHSHULVDFFDGHWDUJHWKROGYLVXDOO\JXLGHGWDVNPRQNH\&



PRQNH\/WDUJHWRQVHWSHULVDFFDGHWDUJHWKROG 



)RU UHVSRQVH ILHOG 5)  HVWLPDWLRQ DQ LQGHSHQGHQW RQHZD\ $129$ ZDV SHUIRUPHG RQ ILULQJ UDWHV



GXULQJ WKH VWLPXOXV RQVHW HSRFK IRU HDFK XQLW WR GHWHUPLQH WKH HIIHFW RI WDUJHW SRVLWLRQ )RU GHILQLQJ D



KHPLILHOGSUHIHUHQFHWKHKHPLILHOGZLWKWKHKLJKHUILULQJUDWHZDVPDUNHGLIWKHUHZDVDQHIIHFWRIWDUJHW













SRVLWLRQ)RUDOOXQLWVWKDWVKRZHGDQHIIHFWRIWDUJHWSRVLWLRQUHVSRQVHPRGXODWLRQGHSWKIRUHDFKWDUJHW



SRVLWLRQZDVFDOFXODWHGE\DYHUDJLQJILULQJUDWHVDFURVVWULDOVVXEWUDFWLQJWKHORZHVWDYHUDJHILULQJUDWH



DFURVVSRVLWLRQVDQGFRQYHUWLQJWRSHUFHQWDJHRIPD[LPDOPRGXODWLRQGHSWK7RHVWLPDWHFHQWHUDQGVL]H



RI WKH 5)V D ' *DXVVLDQ ZDV ILWWHG WR WKH PRGXODWLRQ GHSWK SDWWHUQ 6L[ ILWWLQJ SDUDPHWHUV ZHUH



GHWHUPLQHGXVLQJDQLWHUDWLYHOHDVWVTXDUHVPHWKRG LWHUDWLRQV DOORZLQJHOOLSWLF5)VZLWKSHDNVDWWKH



FHQWHU 7KH VL]H RI WKH 5) ZDV GHILQHG E\ WZR VWDQGDUG GHYLDWLRQV LQ HDFK GLUHFWLRQ VHPLPLQRU DQG



VHPLPDMRU D[HV  7KH ILWWLQJ SDUDPHWHUV ZHUH   WKH PRGXODWLRQ GHSWK LQ WKH FHQWHU RI WKH 5)  



KRUL]RQWDODQG  YHUWLFDOORFDWLRQRIWKH5)FHQWHU DQG HOOLSVHPDMRUD[LVGHILQHGE\VWDQGDUG



GHYLDWLRQVDQGPLQRUD[LVE\DVSHFWUDWLRDQG  DQDQJOHRIHOOLSVHURWDWLRQ,PSRUWDQWO\WKH5)FHQWHU



ZDVDOZD\VNHSWZLWKLQWKHGLPHQVLRQVRIWKHWDUJHWDUUD\ WRKRUL]RQWDOO\DQGWR



YHUWLFDOO\ 7KHDPSOLWXGHZDVERXQGHGE\DQGRIWKHRULJLQDOPRGXODWLRQGHSWKHOOLSVHD[HV



ZHUHERXQGHGE\ PD[LPXPKRUL]RQWDOGLVWDQFHEHWZHHQWDUJHWV DQG WDUJHWDUUD\H[WHQW DQG



PD[LPXPDVSHFWUDWLR0D[LPXPPRGXODWLRQGHSWKWKHDYHUDJHRIPRGXODWLRQGHSWKZHLJKWHGWDUJHW



SRVLWLRQV 5)³FHQWHURIPDVV´ LQWHUPHGLDWHPDMRUPLQRUD[HV  DQGDURWDWLRQRIZHUHXVHG



DVVWDUWLQJYDOXHVIRUWKHILWV



$QDYHUDJHGUDGLXV U DSSUR[LPDWLQJWKH5)VL]HZDVFDOFXODWHGE\WDNLQJWKHVTXDUHURRWRIWKHSURGXFW



RIWKHWZRD[HVRIWKHHOOLSWLF5)7KLVZD\Uð SLDOZD\VPDWFKHVWKHDUHDFRYHUHGE\WKHHOOLSWLF5)5)



VL]HLVUHSRUWHGDVWKHGLDPHWHURIWKH5) U



)RUWDUJHWKROGDQG³VWLPXOXVRQVHW´HSRFKV FXHRQVHWIRUPHPRU\JXLGHVDFFDGHVDQGWDUJHWRQVHWIRU



YLVXDOO\JXLGHGVDFFDGHV FRQWUDODWHUDOWXQLQJLQGH[HV &, IRUHDFKXQLWZHUHFDOFXODWHGDV&,  )5FRQWUD



)5LSVL  )5FRQWUD)5LSVL ZKHUH)5FRQWUDDQG)5LSVLDUHWKHDYHUDJHILULQJUDWHIRUDOOWULDOVZLWKWDUJHWVLQWKH



FRQWUDODWHUDO DQG LSVLODWHUDO KHPLILHOG 3RVLWLYH LQGH[HV LQGLFDWH FRQWUDODWHUDO SUHIHUHQFH DQG QHJDWLYH



LQGH[HVLQGLFDWHLSVLODWHUDOSUHIHUHQFH













7R FDOFXODWH SRSXODWLRQ 367+V VSLNH GHQVLW\ IXQFWLRQV RI HDFK WULDO GHULYHG E\ FRQYROXWLRQ RI WKH



GLVFUHWHVSLNHDUULYDOWLPHVZLWKD*DXVVLDQNHUQHO 6'PV ZHUHEDVHOLQHFRUUHFWHGE\VXEWUDFWLQJWKH



DYHUDJHRQJRLQJILULQJUDWHLQWKHODWHSHULRGRIWKHLQWHUWULDOLQWHUYDOWKDWLPPHGLDWHO\SUHFHGHGWKHWULDO



VWDUW IL[DWLRQVSRWRQVHW $YHUDJHUHVSRQVHVIRUHDFKXQLWZHUHWKHQGHULYHGE\DYHUDJLQJWKHEDVHOLQH



FRUUHFWHGVSLNHGHQVLW\IRUHDFKXQLWDFURVVDOOWULDOVIRUWKHUHVSHFWLYHFRQGLWLRQ0HDQDQG6(RIWKHVH



EDVHOLQHFRUUHFWHGDQGDYHUDJHGVSLNHGHQVLWLHVDFURVVXQLWVRIDJLYHQVXESRSXODWLRQZHUHFDOFXODWHGWR



GLVSOD\ SRSXODWLRQ UHVSRQVHV )RU EHWWHU YLVXDOL]DWLRQ RI WDUJHW SRVLWLRQGHSHQGHQW SRSXODWLRQ FXH



UHVSRQVHLQVWHDGRIVXEWUDFWLQJDEDVHOLQHWKHUHVSRQVHZDVQRUPDOL]HGE\GLYLGLQJHDFKXQLW¶VUHVSRQVH



LQDOOFRQGLWLRQVE\WKHVDPHIDFWRU7KDWIDFWRUZDVGHILQHGDVWKHSHDNILULQJUDWHGXULQJWKHFXHRQVHW



HSRFKFDOFXODWHGDFURVVDOOWULDOV UHJDUGOHVVRIWDUJHWSRVLWLRQ LQWKHSUHIHUUHGKHPLILHOG



Results



8VLQJDQ05,JXLGHGDSSURDFK 0DWHULDOVDQG0HWKRGV ZHVWLPXODWHGWKHULJKWGRUVDOSXOYLQDU G3XO



)LJ  7DEOH   DQG FRQWURO VLWHV LQ WKH YHQWUDO SXOYLQDU Y3XO VHH ODWHU VHFWLRQ  LQ WZR PRQNH\V



SHUIRUPLQJWKUHHRFXORPRWRUWDVNVIL[DWLRQYLVXDOO\JXLGHGDQGPHPRU\JXLGHGVDFFDGHV WRLQVWUXFWHG



RUFKRVHQORFDWLRQV 7KHIL[DWLRQWDVN )LJ$ ZDVXVHGWRWHVWIRURFFXUUHQFHRIHYRNHGVDFFDGHVDQG



WRFKDUDFWHUL]HWKHPLISUHVHQW0RQNH\/GLGQRWH[KLELWHYRNHGVDFFDGHVLQWKHUHJLPHWHVWHGPRQNH\&



VKRZHGSUHGRPLQDQWO\VPDOO  FRQWUDYHUVLYHVDFFDGHVDWPVDIWHUWKHVWLPXODWLRQRQVHW )LJ



& 0DWHULDOV DQG 0HWKRGV  7KH YLVXDOO\JXLGHG WDVN ZDV XVHG LQ WKH PDLQ H[SHULPHQW DQG WKH



PHPRU\JXLGHGWDVNZDVXVHGDVDFRQWUROIRUGLVVRFLDWLQJFXHSURFHVVLQJPRWRUSODQQLQJDQGH[HFXWLRQ



SKDVHV VHHODWHU %RWKVDFFDGHWDVNVLQFOXGHGVLQJOHWDUJHWLQVWUXFWHGWULDOVDQGFKRLFHWULDOV



EHWZHHQ WZR HTXDOO\ UHZDUGHG WDUJHWV ORFDWHG HTXLGLVWDQWO\ IURP WKH FHQWUDO IL[DWLRQ VSRW DW WKH VDPH



KHLJKW



Visually-guided task: time-dependent reaction time facilitation and delay













,Q WKH YLVXDOO\JXLGHG VDFFDGH WDVN 0DWHULDOV DQG 0HWKRGV  LQ VWLPXODWLRQ WULDOV D  PV WUDLQ ZDV



GHOLYHUHGDWGLIIHUHQWSHULRGVUHODWLYHWRWKHWDUJHW V RQVHWDQGV\QFKURQRXVIL[DWLRQVSRWRIIVHWUHIHUUHG



WR DV ³*R´ VLJQDO EHIRUH ³*R´ early SHULRGV EOXHF\DQ FRORUV  DW ³*R´ RU DIWHU ³*R´ late SHULRGV



JUHHQRUDQJH FRORUV  )LJ $  $OO WULDO FRQGLWLRQV ± LQVWUXFWHGFKRLFH FRQWUDYHUVLYHLSVLYHUVLYH LQ



UHVSHFWWRWKHVWLPXODWHGULJKWKHPLVSKHUH OHIWKHPLILHOG±FRQWUDYHUVLYHULJKWKHPLILHOG±LSVLYHUVLYH 



VWLPXODWLRQQRVWLPXODWLRQDQGGLIIHUHQWVWLPXODWLRQSHULRGV±ZHUHUDQGRPO\LQWHUOHDYHG



,QLQVWUXFWHGWULDOV VLQJOHWDUJHWV WKHVWLPXODWLRQGLGQRWDIIHFWWKHKLWUDWH WKHIUDFWLRQRIVXFFHVVIXOO\



FRPSOHWHG WULDOV  ZKLFK UHPDLQHG FRQVLVWHQWO\ KLJK 7DEOH   +RZHYHU VWLPXODWLRQ FDXVHG PLOGO\



K\SRPHWULFVDFFDGHVIRUFRQWUDYHUVLYHORFDWLRQVVDFFDGHVZHUHVWLOOLQLWLDWHGLQWKHFRUUHFWGLUHFWLRQEXW



RIWHQXQGHUVKRWUHVXOWLQJLQUHGXFHGHQGSRLQWDFFXUDF\DQGLQFUHDVHGVFDWWHUDORQJWKHVDFFDGHWUDMHFWRU\



D[LV SUHGRPLQDQWO\ LQ ODWH VWLPXODWLRQ SHULRGV GXULQJ SUHPRYHPHQW DQG PRYHPHQW SKDVHV )LJ % 



VLPLODUWRILQGLQJVLQ6& 6FKODJHWDO DQGSUH60$ ,VRGD 



7KHPDLQHIIHFWRIWKHVWLPXODWLRQRQVDFFDGHSHUIRUPDQFHFRQVLVWHGRIFKDQJHVLQUHDFWLRQWLPHV 57 



7R LOOXVWUDWH WKLV ZH SORWWHG WKH KRUL]RQWDO H\H SRVLWLRQ DV D IXQFWLRQ RI WLPH LQ WKH FRQWURO QR



VWLPXODWLRQ  WULDOV DQG LQ WKH GLIIHUHQW VWLPXODWLRQ SHULRGV IRU WZR WDUJHW SRVLWLRQV LQ WZR H[DPSOH



VHVVLRQVLQHDFKPRQNH\ )LJ& 7KUHHDSSDUHQWHIIHFWVRIVWLPXODWLRQFDQEHJOHDQHGIURPWKHVHSORWV



 57GHOD\LQPRVWSHULRGVZLWKVDFFDGHRQVHWVHLWKHUVWHUHRW\SLFDOO\GHIHUUHGXQWLODIWHUWKHVWLPXODWLRQ



RIIVHW XSSHUH[DPSOHLQHDFKPRQNH\ RUGHOD\HG\HWLQLWLDWHGGXULQJWKHVWLPXODWLRQ ORZHUH[DPSOHLQ



HDFK PRQNH\  IRU VDFFDGHV LQ ERWK GLUHFWLRQV   57 facilitation IRU LSVLYHUVLYH VDFFDGHV LQ HDUO\



VWLPXODWLRQSHULRGVDQG RFFXUUHQFHRILQWHUUXSWHGVDFFDGHV PRYHPHQWVWRSSLQJLQWKHPLGIO\ LQWKH



ODWHVWLPXODWLRQSHULRGVHVSHFLDOO\IRUWKHFRQWUDYHUVLYHWDUJHWV



)LJXUHTXDQWLILHV57HIIHFWVDFURVVVHVVLRQV,QFRQWUROWULDOV JUD\ ERWKPRQNH\VKDGFRPSDUDEOH57V



ZLWK XQLPRGDO GLVWULEXWLRQV 7KH 57 GLVWULEXWLRQV IRU GLIIHUHQW VWLPXODWLRQ SHULRGV FRQILUPHG WKDW WKH



VWLPXODWLRQ SUHGRPLQDWHO\ GHOD\HG WKH VDFFDGH LQLWLDWLRQ )LJ $ XSSHU SDQHOV LQ HDFK PRQNH\  7KH













HIIHFW UHDFKHG VLJQLILFDQFH LQ D ODUJH SURSRUWLRQ RI LQGLYLGXDO VHVVLRQV )LJ $ ORZHU SDQHOV LQ HDFK



PRQNH\   7ZR GLVWLQFW PRGHV ZHUH HYLGHQW XSRQ LQVSHFWLRQ RI 57 GLVWULEXWLRQV LQ *R DQG ODWH SHULRG



VWLPXODWLRQWULDOV$VLOOXVWUDWHGLQH[DPSOHVVKRZQLQ)LJXUH&WKHILUVWPRGHFRQWDLQHGVDFFDGHVWKDW



VWDUWHGduringWKHVWLPXODWLRQWUDLQWKHVHFRQGPRGHLQFOXGHGVDFFDGHVWKDWVWDUWHGafterWKHVWLPXODWLRQ



RIIVHW %RWK HIIHFWV ZHUH SUHVHQW LQ ERWK PRQNH\V DOWKRXJK PRQNH\ / KDG IHZHU VHVVLRQV ZKHUH WKH



VHFRQGPRGHZDVHYLGHQWHVSHFLDOO\IRUFRQWUDYHUVLYHWDUJHWV PVSHULRGVHVVLRQVLQPRQNH\/



VHVVLRQV LQ PRQNH\ &  PV SHULRG  VHVVLRQ LQ PRQNH\ /  VHVVLRQV LQ PRQNH\ &  ,QWHUHVWLQJO\



WKHUHZDVDFRUUHODWLRQEHWZHHQWKHGHSWKRIWKHPLFURVWLPXODWLRQVLWHDQGWKHSUREDELOLW\RILSVLYHUVLYH



GHIHUUHG VDFFDGHV LQ ERWK PRQNH\V VXJJHVWLQJ WKDW WKH RFFXUUHQFH RI GHIHUUHG VDFFDGHV LV VLWH VSHFLILF



EXW QRW PRQNH\ VSHFLILF   ,Q WKH VXEVHTXHQW DQDO\VLV ZH VHSDUDWHG WKH VDFFDGHV LQWR WKHVH WZR



FDWHJRULHV ³GXULQJ VWLPXODWLRQ´ ³DIWHU VWLPXODWLRQ´  DQG FDOFXODWHG D PHDQ 57 IRU HDFK VWLPXODWLRQ



SHULRG DFURVV WULDOV LQ HDFK VHVVLRQ DQG WKHQ DFURVV VHVVLRQV )LJ %&  )LJXUH % SORWV WKH GDWD



VHSDUDWHO\ IRU HDFK PRQNH\ DQG IRU HDFK YHUWLFDO WDUJHW SRVLWLRQ GHPRQVWUDWLQJ WKH FRQVLVWHQF\ RI 57



HIIHFWV0RQNH\/VKRZHGZHDNHUGHOD\VIRUVDFFDGHVWKDWVWDUWHGGXULQJVWLPXODWLRQ )LJ%WRSURZ 



HVSHFLDOO\IRUFRQWUDYHUVLYHLQVWUXFWHGWULDOVEXWHYHQLQKLVGDWDWKHGHOD\ZDVVLJQLILFDQWDFURVVVHVVLRQV



FRQWUDYHUVLYHLQVWUXFWHGPVVLPXODWLRQSHULRGSLSVLYHUVLYHLQVWUXFWHG*RPVPV



VWLPXODWLRQ SHULRGV S .UXVNDO:DOOLV IROORZHG E\ %RQIHUURQLFRUUHFWHG 0DQQ:KLWQH\8 WHVW 



6HVVLRQVZLWKVDFFDGHVWKDWZHUHGHIHUUHGXQWLODIWHUVWLPXODWLRQRIIVHWZHUHDOVRSUHVHQWLQERWKPRQNH\V



)LJ%ERWWRPURZ 7KHUHIRUHLQWKH)LJXUH&ZHFRPELQHGGDWDIURPERWKPRQNH\V



$FURVVDOOYHUWLFDOWDUJHWSRVLWLRQVVDFFDGHVWKDWVWDUWHGGXULQJVWLPXODWLRQZHUHGHOD\HGE\PVWR



PV PLQWRPD[ LQWKH*RDQGODWHVWLPXODWLRQSHULRGVZLWKDPD[LPDOGHOD\RFFXUULQJLQWKHPVRU



 PV VWLPXODWLRQ SHULRGV 7KH VDFFDGHV ZKRVH RQVHWV ZHUH GHIHUUHG XQWLO WKH HQG RI WKH VWLPXODWLRQ



ZHUH LQLWLDWHG    PV FRQWUDYHUVLYH  DQG    PV LSVLYHUVLYH  IROORZLQJ WKH VWLPXODWLRQ RIIVHW
PVDQGPVLQPRQNH\&DQGPVDQGPVLQPRQNH\/ 















7KHPDLQGLIIHUHQFHEHWZHHQWKHHIIHFWVLQWKHWZRYLVXDOKHPLILHOGVZDVWKH57facilitation, SUHVHQWRQO\



IRUipsiversiveVDFFDGHVLQHDUO\VWLPXODWLRQSHULRGV PVDQGWRDOHVVHUH[WHQWPV ZKLFKDOOIHOO



LQ WKH ³DIWHU VWLPXODWLRQ´ FDWHJRU\ )LJ &  7KLV LSVLYHUVLYH IDFLOLWDWLRQ    PV LQ WKH  PV



SHULRG ZDVHYLGHQWLQWKH57GLVWULEXWLRQV cf.JUD\DQGEOXHGLVWULEXWLRQV ZDVVLJQLILFDQWLQRXWRI



VHVVLRQVLQPRQNH\&DQGLQRXWRIVHVVLRQVLQPRQNH\/DQGZDVVLJQLILFDQWLQHDFKPRQNH\



DFURVVVHVVLRQV SPRQNH\&SPRQNH\/)ULHGPDQWHVWZLWKSRVWKRF:LOFR[RQVLJQHGUDQN



WHVW $QRWKHUGLIIHUHQFHEHWZHHQWKHHIIHFWVLQWKHWZRKHPLILHOGVZDVWKDWZKLOH57GHOD\VIROORZHGD



VLPLODUSDWWHUQIRUFRQWUDYHUVLYHDQGLSVLYHUVLYHVDFFDGHVWKHHIIHFWZDVVWURQJHUIRUWKHLSVLYHUVLYHVLGH



LQGLYLGXDOO\ LQ HDFK PRQNH\ S IRU DOO ODWH VWLPXODWLRQ SHULRGV )ULHGPDQ WHVW ZLWK SRVWKRF



:LOFR[RQ VLJQHGUDQN WHVW %RQIHUURQL FRUUHFWHG  )RU H[DPSOH LQ WKH  PV VWLPXODWLRQ SHULRG WKH



GHOD\ ZDV    PV IRU FRQWUDYHUVLYH DQG    PV IRU LSVLYHUVLYH VDFFDGHV S  7KLV



REVHUYDWLRQZLOOEHFRQVLGHUHGZKHQORRNLQJDWWKHFKRLFHEHKDYLRU VHHODWHU 



7KHUHODWLRQVKLSRI57GHOD\VEHWZHHQFRQWUDYHUVLYHDQGLSVLYHUVLYHVDFFDGHVLVIXUWKHULOOXVWUDWHGE\WKH



VFDWWHU SORW RI LSVLYHUVLYH YV FRQWUDYHUVLYH GHOD\V LQ WKH  PV VWLPXODWLRQ SHULRG 57 GLIIHUHQFH



VWLPXODWLRQPLQXVFRQWURO DFURVVVHVVLRQVVKRZLQJDVWURQJFRUUHODWLRQEHWZHHQWKHWZRGHOD\V )LJ$



6SHDUPDQ¶V 5  S  1R VLJQLILFDQW FRQWUDYHUVLYHLSVLYHUVLYH FRUUHODWLRQ ZDV IRXQG IRU 57



HIIHFWVDWPVVWLPXODWLRQSHULRG



:H DOVR WHVWHG LI WKHUH ZDV D UHODWLRQVKLS EHWZHHQ IDFLOLWDWLRQ DQG GHOD\ HIIHFWV DFURVV VHVVLRQV LQ WZR



UHSUHVHQWDWLYHHDUO\ PV DQGODWH PV VWLPXODWLRQSHULRGVIRULSVLYHUVLYHVDFFDGHVWKDWVKRZHG



ERWK HIIHFWV ,QGHHG WKHUH ZDV D VWURQJ FRUUHODWLRQ EHWZHHQ WKH IDFLOLWDWLRQ DQG WKH GHOD\ )LJ %



6SHDUPDQ¶V 5    S  6HVVLRQV WKDW VKRZHG more IDFLOLWDWLRQ LQ WKH HDUO\ VWLPXODWLRQ SHULRG



DOVR KDG more GHOD\ LQ WKH ODWH VWLPXODWLRQ SHULRG LQGLFDWLQJ D VKDUHG LQIOXHQFH RI VHVVLRQE\VHVVLRQ



YDULDWLRQV LQ VWLPXODWLRQ HIIHFWLYHQHVV 7KLV UHODWLRQVKLS LV LQ FRQWUDVW WR WKH RSSRVLWH HIIHFW OHVV



IDFLOLWDWLRQPRUHGHOD\ IRXQGLQWKHFDXGDWHQXFOHXV :DWDQDEHDQG0XQR] 













)LQDOO\ YHU\ VLPLODU HIIHFWV RQ VDFFDGLF UHDFWLRQ WLPHV ZHUH IRXQG IRU FKRLFH WULDOV LQFOXGLQJ WKH



IDFLOLWDWLRQRILSVLYHUVLYHVDFFDGHVLQHDUO\VWLPXODWLRQSHULRGV )LJ DQGDODUJHUGHOD\IRULSVLYHUVLYH



FKRLFHVFRPSDUHGWRFRQWUDYHUVLYHFKRLFHV PVVWLPXODWLRQSHULRGPVFRQWUDYHUVLYH



PVLSVLYHUVLYHS.UXVNDO:DOOLVZLWKSRVWKRF0DQQ:KLWQH\8WHVW%RQIHUURQLFRUUHFWHG 



Visually-guided task: time-dependent spatial choice modulation



,QDJUHHPHQWZLWKSUHGLFWLRQVIURPRXUSUHYLRXVSXOYLQDULQDFWLYDWLRQUHVXOWV :LONHHWDO 



G3XOVWLPXODWLRQLQFUHDVHGFRQWUDYHUVLYHWDUJHWVHOHFWLRQEXWRQO\LQODWHVWLPXODWLRQSHULRGVLQZKLFKWKH



WUDLQZDVGHOLYHUHGDIWHUWKHWDUJHWRQVHW*RVLJQDOGXULQJGHFLVLRQDQGPRWRUSUHSDUDWLRQSKDVH )LJ



$ 6XUSULVLQJO\WKHVWLPXODWLRQLQHDUO\SHULRGVZKLFKVWDUWHGEHIRUHEXWHQGHGDIWHUWKHWDUJHWRQVHW



OHG WR D GHFUHDVH LQ FRQWUDYHUVLYH VHOHFWLRQ )LJ $  7KLV ELSKDVLF PRGXODWLRQ RI VSDWLDO FKRLFH



SUHIHUHQFHZDVDFRQVLVWHQWSDWWHUQDFURVVVHVVLRQV )LJ%& VKRZLQJPD[LPDOLSVLYHUVLYHELDVLQWKH



PVRUPVSHULRGVDQGPD[LPDOFRQWUDYHUVLYHELDVLQWKHPVSHULRG)XUWKHUPRUHWKLVSDWWHUQ



ZDVFRQVLVWHQWDFURVVXSSHUKRUL]RQWDODQGORZHUYHUWLFDOWDUJHWSRVLWLRQV )LJ' 



*LYHQ WKH UHVHPEODQFH RI WKH FKRLFH HIIHFW WR WKH PRGXODWLRQ RI LSVLYHUVLYH UHDFWLRQ WLPHV ILUVW



IDFLOLWDWLRQ WKHQ GHOD\  ZH HYDOXDWHG LI WLPHFRXUVHV RI FKDQJHV LQ UHDFWLRQ WLPHV DQG WDUJHW VHOHFWLRQ



DFURVV VWLPXODWLRQ SHULRGV ZHUH VLPLODU 7R WKLV HQG ZH FRUUHODWHG WKH PHDQ SHUFHQW RI FRQWUDYHUVLYH



VHOHFWLRQ ZLWK WKH PHDQ LSVLYHUVLYH FKRLFH UHDFWLRQ WLPH DFURVV VWLPXODWLRQ SHULRGV WKH LSVLYHUVLYH



FKRLFH 57 ZDV FKRVHQ WR FRPSULVH ERWK GHOD\ DQG IDFLOLWDWLRQ 57 HIIHFWV  DQG IRXQG D VWURQJ OLQHDU



FRUUHODWLRQ 6SHDUPDQ¶V5 SPRQNH\&5 S PRQNH\/DVLPLODUHIIHFWZDV



IRXQG IRU WKH FRUUHODWLRQ ZLWK LSVLYHUVLYH LQVWUXFWHG 57V 5   S  PRQNH\ & 5  



SPRQNH\/ 7KLVGHPRQVWUDWHVWKHWHPSRUDOFRQJUXHQF\RIFKRLFHDQGUHDFWLRQWLPHHIIHFWVLQ



HDUO\ VWLPXODWLRQ SHULRGV WKH LSVLYHUVLYH FKRLFH ELDV ZDV DFFRPSDQLHG E\ WKH LSVLYHUVLYH  57



IDFLOLWDWLRQDQGDVVWLPXODWLRQRQVHWVSURJUHVVHGWRZDUGVWKHODWHUGHFLVLRQDQGPRWRUSODQQLQJSKDVHVRI



DWULDOWKHFRQWUDYHUVLYHFKRLFHELDVZDVDFFRPSDQLHGE\WKH57GHOD\













7R LQYHVWLJDWH ZKHWKHU LSVLYHUVLYH ELDV LQ HDUO\ VWLPXODWLRQ SHULRGV DQG FRQWUDYHUVLYH ELDV LQ ODWH



VWLPXODWLRQ SHULRGV PLJKW UHSUHVHQW PDQLIHVWDWLRQV RI WKH VDPH QHXUDO PHFKDQLVP ZH FRUUHODWHG WKH



VWUHQJWK RI ERWK HIIHFWV DFURVV VHVVLRQV )RU WKH HDUO\  PV SHULRG ZH IRXQG RQO\ DQ LQVLJQLILFDQW



WHQGHQF\IRUDVWURQJHULSVLYHUVLYHELDVWREHDVVRFLDWHGZLWKDZHDNHUFRQWUDYHUVLYHELDVLQWKHODWH



PVSHULRG )LJ$6SHDUPDQ¶V5 S  :HDOVRWHVWHGWKHPVSHULRGLQVWHDGRIPV



SHULRGDQGIRXQGDVWURQJHUSRVLWLYHFRUUHODWLRQ 6SHDUPDQ¶V5 S 1RWHWKDWWKHSRVLWLYH



FRUUHODWLRQ VLJQLILHV DQ inverse UHODWLRQVKLS EHWZHHQ VWUHQJWK RI HDUO\ LSVLYHUVLYH DQG ODWH FRQWUDYHUVLYH



ELDV7KXVDWOHDVWRQDVHVVLRQE\VHVVLRQOHYHOWKHUHODWLRQVKLSEHWZHHQWKHVWUHQJWKRIWKHWZRHIIHFWVLV



QRW VWUDLJKWIRUZDUG VXJJHVWLQJ WKDW IDFWRUV RWKHU WKDQ RYHUDOO VWLPXODWLRQ HIIHFWLYHQHVV IRU H[DPSOH



YDULDWLRQV RI VHVVLRQVSHFLILF VSDWLDO SUHIHUHQFHV PLJKW SOD\ D UROH 1RWDEO\ WKLV LV WKH RQO\ DVSHFW ZH



IRXQGWREHLQFRQJUXHQWEHWZHHQGLUHFWLRQVRIWKHDFURVVVHVVLRQVWUHQGVIRU57DQGFKRLFHUHFDOOWKDWIRU



WKHLSVLYHUVLYH57DVWURQJHUHDUO\IDFLOLWDWLRQZDVDVVRFLDWHGZLWKDVWURQJHUQRWZHDNHUODWHGHOD\ cf.



)LJ% 



,WLVLPSRUWDQWWRHPSKDVL]HKRZHYHUWKDWPRVWVHVVLRQVH[KLELWHGDELSKDVLFFRXUVHRIFKRLFHPRGXODWLRQ



)LJ &  DQG LQ  VHVVLRQV ERWK HIIHFWV UHDFKHG VLJQLILFDQFH HYHQ DIWHU WKH FRQVHUYDWLYH %RQIHUURQL



FRUUHFWLRQIRUDOOVWLPXODWLRQSHULRGV )LJ$ 7KHUHIRUHWKHELSKDVLFFKRLFHPRGXODWLRQLOOXVWUDWHGLQ



)LJXUH $ LV QRW D FRQVHTXHQFH RI DYHUDJLQJ DFURVV VHVVLRQV ZLWK HLWKHU RQO\ HDUO\RU RQO\ ODWH SHULRG



HIIHFWV



6LPLODUO\WRWHVWWKHUHODWLRQVKLSEHWZHHQWKHFKRLFHELDVDQGWKHUHDFWLRQWLPHHIIHFWVZHFRUUHODWHGWKH



VWLPXODWLRQLQGXFHG FKDQJHV LQ WKH 57 ZLWK WKH FKDQJHV LQ FKRLFH SUHIHUHQFH DFURVV VHVVLRQV 7KH



LQFUHDVHRIFRQWUDYHUVLYHFKRLFHVLQWKHODWHPVSHULRGFRUUHODWHGZLWKWKH57GHOD\IRULSVLYHUVLYH



LQVWUXFWHGVDFFDGHVEXWQRWZLWKWKH57GHOD\IRUFRQWUDYHUVLYHLQVWUXFWHGVDFFDGHV )LJ%6SHDUPDQ¶V



5   S   U   S   IRU FRQWUDYHUVLYH LQVWUXFWHG DQG LSVLYHUVLYH LQVWUXFWHG 57



UHVSHFWLYHO\ 7KHVDPHGHSHQGHQF\ZDVREVHUYHGIRUFKRLFH57GHOD\ U S U S



IRUFRQWUDYHUVLYHFKRLFHDQGLSVLYHUVLYHFKRLFH57UHVSHFWLYHO\ 2QWKHRWKHUKDQGWKHGHFUHDVH












LQFRQWUDYHUVLYHFKRLFHVLQWKHHDUO\PVSHULRGZDVRQO\ZHDNO\DQGLQVLJQLILFDQWO\FRUUHODWHGZLWK



WKH57FKDQJHVLQERWKFRQWUDYHUVLYHDQGLSVLYHUVLYHLQVWUXFWHGVDFFDGHV7KXVWKHFRQWUDYHUVLYHFKRLFH



ELDVLQWKHODWHSHULRGVZDVDVVRFLDWHGZLWKVWURQJHUOLNHO\VXEMHFWLYHO\XQGHVLUDEOHLSVLYHUVLYHGHOD\V



7KLV UHDVRQLQJ LV IXUWKHU VXSSRUWHG E\ VWURQJ SRVLWLYH FRUUHODWLRQV EHWZHHQ WKH FRQWUDYHUVLYH VHOHFWLRQ



LQFUHDVH YV >LSVLYHUVLYH ± FRQWUDYHUVLYH@ 57 GLIIHUHQFH LQ DOO EXW WKH WZR HDUOLHVW VWLPXODWLRQ SHULRGV



6SHDUPDQ¶V5!SIRU*RDQGSHULRGV5 S IRUSHULRG 



:H LQWHUSUHW WKH RSSRVLWH GLUHFWLRQ HIIHFWV LQ WKH HDUO\ DQG WKH ODWH VWLPXODWLRQ SHULRGV DV GLIIHUHQW



PDQLIHVWDWLRQV RI WKH VDPH VWLPXODWLRQLQGXFHG PHFKDQLVP 'HFUHDVH RI FRQWUDYHUVLYH FKRLFHV DQG



VKRUWHQLQJRILSVLYHUVLYH57VVXJJHVWDQLSVLYHUVLYHRULHQWLQJWHQGHQF\GXHWRWKHVWLPXODWLRQLQWKHHDUO\



SHULRGVVWDUWLQJEHIRUHWKH*RVLJQDO2QWKHRWKHUKDQGLQFUHDVHRIFRQWUDYHUVLYHFKRLFHVDQGVWURQJHU



LSVLYHUVLYH 57 GHOD\ LQ WKH ODWH VWLPXODWLRQ SHULRGV SRLQW WR D FRQWUDYHUVLYH GULYH 7R UHFRQFLOH WKHVH



ILQGLQJV ZH SURSRVH WKDW WKH HIIHFW RI SXOYLQDU DFWLYDWLRQ LV LQYDULDEO\ FRQWUDYHUVLYH DQG WKH DSSDUHQW



LSVLYHUVLYHRULHQWLQJLVWKHFRQVHTXHQFHRIDFRPSHQVDWRU\SURFHVVWKDWWDNHVSODFHGXHWREHKDYLRUDOWDVN



GHPDQGV,QEULHIZKHQWKHVWLPXODWLRQLVGHOLYHUHGLQWKHHDUO\SHULRGVZKLOHPRQNH\VDUHWDVNHGZLWK



PDLQWDLQLQJIL[DWLRQWKH\DUH DWOHDVWSDUWLDOO\ VXSSUHVVLQJRURSSRVLQJWKHGHWULPHQWDOFRQWUDYHUVLYH



H\HPRYHPHQWVDQGWKLVLSVLYHUVLYHSXVKEDFNDJDLQVWWKHVWLPXODWLRQLQGXFHGFRQWUDYHUVLYHGULYH³VSLOOV



RYHU´ EH\RQG WKH VWLPXODWLRQ RIIVHW WR WKH LQWHUYDO DIWHU WKH *R VLJQDO ZKHQ WKH GHFLVLRQ DQG PRWRU



SUHSDUDWLRQWDNHSODFH,QDJUHHPHQWZLWKWKLVLQWHUSUHWDWLRQEXWRQDORQJHUWLPHVFDOHDFURVVWULDOVLQ



EORFNVRIWULDOVZLWKRXWVWLPXODWLRQWKHFRQWUDYHUVLYHWDUJHWVHOHFWLRQZDVKLJKHUWKDQLQWKHFRQWURO QR



VWLPXODWLRQ  WULDOV LQWHUOHDYHG ZLWK WKH VWLPXODWLRQ WULDOV GXULQJ VWLPXODWLRQ EORFNV VXJJHVWLQJ WKDW



PRQNH\V H[KLELWHG DQ LSVLYHUVLYH WHQGHQF\ ZKHQ ³UHOHDVHG´ IURP VWLPXODWLRQ EORFNHGLQWHUOHDYHG



GLIIHUHQFHSIRUPRQNH\&SIRUPRQNH\/PHDQ6(:LOFR[RQ



VLJQHG UDQN WHVW RQ GLIIHUHQFHV  7KLV DQG RWKHU DOWHUQDWLYH H[SODQDWLRQV DUH IXUWKHU FRQVLGHUHG LQ WKH



'LVFXVVLRQ



Visually-guided task: dorsal vs. ventral pulvinar












7KH HIIHFWV RI GRUVDO SXOYLQDU VWLPXODWLRQ ZHUH UREXVW DQG FRQVLVWHQW DFURVV PXOWLSOH VLWHV LQ ERWK



PRQNH\V 7R WHVW IRU WKH VLWH VSHFLILFLW\ RI WKRVH HIIHFWV ZH FRQGXFWHG D VHULHV RI FRQWURO VWLPXODWLRQ



H[SHULPHQWV LQ WKH YHQWUDO SXOYLQDU Y3XO  WDUJHWLQJ GLIIHUHQW GHSWKV DORQJ WKH HOHFWURGH WUDFN )LJ



$%  )LJXUH & VXPPDUL]HV WKH UHVXOWV RI WKH H[SHULPHQWV DV D IXQFWLRQ RI HOHFWURGH GHSWK 7KH



VWLPXODWLRQ LQ VKDOORZ Y3XO VLWHV ZKLFK FRUUHVSRQG WR WKH YHQWURODWHUDO SXOYLQDU QXFOHXV 3/YO 



DFFRUGLQJ WR WKH SDUFHOODWLRQ RI .DDV DQG FROOHDJXHV .DDV DQG /\RQ   UHVHPEOHG WKH SDWWHUQV



REWDLQHGLQWKHPDLQG3XOH[SHULPHQWZLWKWKHH[FHSWLRQRIELODWHUDO QRWRQO\LSVLYHUVLYH 57IDFLOLWDWLRQ



DQGQRFOHDULSVLYHUVLYHFKRLFHELDVLQWKHHDUO\VWLPXODWLRQSHULRGV'HHSHUVLWHV ³PHGLXPY3XO´ DWWKH



HVWLPDWHGERUGHUEHWZHHQWKHYHQWURODWHUDODQGLQIHULRUSXOYLQDUVKRZHGVLPLODUEXWZHDNHUVWLPXODWLRQ



HIIHFWV ,Q FRQWUDVW GHHSHVW VLWHV ³GHHS Y3XO´  LQ WKH LQIHULRU SXOYLQDU H[KLELWHG D GLVWLQFW SDWWHUQ D



FRQWUDYHUVLYHELDVLQDOOEXWYHU\ODWHVWLPXODWLRQSHULRGVDFRQWUDYHUVLYH57IDFLOLWDWLRQ QRGHOD\ LQWKH



VDPH SHULRGV DQG RQO\ YHU\ VPDOO 57 HIIHFWV IRU WKH LSVLYHUVLYH VDFFDGHV ,W LV ZRUWK QRWLQJ WKDW LQ 



FDVHV IRU PRQNH\ & DQG  FDVHV IRU PRQNH\ / DW OHDVW WZR GLIIHUHQW HOHFWURGH GHSWKV ZHUH XVHG LQ WKH



VDPHSHQHWUDWLRQDQGRQVXFKGD\VWKHQHLJKERULQJVLWHVZHUHVHSDUDWHGRQO\E\PPEXWVWLOOHOLFLWHG



GLVWLQFW EHKDYLRUDO SDWWHUQV 7KLV VXJJHVWV WKDW WKH HIIHFWV RI VWLPXODWLRQ ZHUH PDUNHGO\ ORFDOL]HG WR



VSHFLILFSRUWLRQVRIVXUURXQGLQJWLVVXH



Memory-guided task: dissociating cue processing and motor planning phases



7KH ODWH VWLPXODWLRQ SHULRGV LQ WKH YLVXDOO\JXLGHG WDVN VWDUWHG GXULQJ WKH YLVXDO WDUJHW SUHVHQWDWLRQ



FRQFXUUHQWO\ZLWKWKHHQVXLQJGHFLVLRQDQGVDFFDGHSODQQLQJ7RDVVHVVZKHWKHUWKHVWLPXODWLRQHIIHFWRQ



FKRLFHVZDVGXHWRDIIHFWHGYLVXDOGHFLVLRQRUPRWRUSURFHVVLQJVWDJHVZHHPSOR\HGDPHPRU\JXLGHG



VDFFDGHWDVNDQGGHOLYHUHGWKHVWLPXODWLRQWRWKHG3XOLQIRXUGLIIHUHQWWULDOSHULRGVEHIRUHFXHRQVHWDIWHU



FXHRQVHWEHIRUHWKH*RVLJQDODQGDIWHUWKH*RVLJQDO )LJ$ $VVKRZQLQ)LJXUH%WKHUHZDVQR



HIIHFW RQ WDUJHW VHOHFWLRQ LQ DQ\ RI WKH VWLPXODWLRQ SHULRGV DOWKRXJK VWLPXODWLRQ LQ WKH VDPH VLWHV DQG



VHVVLRQVGXULQJWKHYLVXDOO\JXLGHGWDVNHOLFLWHGDFRQVLVWHQWELSKDVLFFKRLFHELDVDVGHVFULEHGDERYH )LJ



& $WWKHVDPHWLPHDQGFRQVLVWHQWZLWKWKHYLVXDOO\JXLGHGWDVNPHPRU\VDFFDGHUHDFWLRQWLPHVLQWKH












FRQWUDYHUVLYHVSDFHZHUHGHOD\HGZLWKVWLPXODWLRQEHIRUHDQGHVSHFLDOO\DIWHUWKH*RDQGWKHLSVLYHUVLYH



VDFFDGHVZHUHIDFLOLWDWHGE\WKHVWLPXODWLRQEHIRUHWKH*RDQGVWURQJO\GHOD\HGE\WKHVWLPXODWLRQDIWHU



WKH*R )LJ' 



,QDGGLWLRQWKHVWLPXODWLRQDIIHFWHGWKHPHPRU\JXLGHGWDVNKLWUDWHV 7DEOH7DEOH 6SHFLILFDOO\WKH



WZRFRQGLWLRQVLQZKLFKWKHKLWUDWHGURSSHGEHORZLQWKHVWLPXODWLRQWULDOVLQERWKPRQNH\VZHUH 



LQVWUXFWHG ipsiversive WULDOV ZKHQ WKH VWLPXODWLRQ VWDUWHG EHIRUH FXH  PV FXH  DQG   LQVWUXFWHG



contraversiveWULDOVZKHQWKHVWLPXODWLRQZDVDSSOLHGDIWHUWKH*RVLJQDO PVIURP*R (UURUWULDO



H\HSRVLWLRQWUDMHFWRULHV )LJ( VKRZHGWKDWPRVWHUURUVLQWKHLQVWUXFWHGLSVLYHUVLYHWULDOVZHUHIL[DWLRQ



DERUWVGXHWRVDFFDGHVWRZDUGVWKHLSVLYHUVLYHFXH RIHUURUWULDOVZLWKWKHVWLPXODWLRQRQVHWEHIRUH



WKHFXH ZLWKDODWHQF\RIPV PHDQ6' DIWHUVWLPXODWLRQRIIVHW7KHVDPHHIIHFWZDVREVHUYHG



LQFKRLFHWULDOV±HYHQLQWKHSUHVHQFHRIWZRRSSRVLWHFXHVPRQNH\VWHQGHGWREUHDNIL[DWLRQE\PDNLQJ



VDFFDGHV WR WKH LSVLYHUVLYH VLGH  RI HUURU WULDOV ZLWK WKH VWLPXODWLRQ RQVHW EHIRUH WKH FXH  7KXV



PRQNH\V KDG GLIILFXOW\ VXSSUHVVLQJ UHIOH[LYH VDFFDGHV WR WKH LSVLYHUVLYH FXHV DIWHU VWLPXODWLRQ RIIVHW



ZKLFK LV LQ OLQH ZLWK RXU LQWHUSUHWDWLRQ RI LSVLYHUVLYH RULHQWLQJ LQ WKH HDUO\ VWLPXODWLRQ SHULRGV LQ WKH



YLVXDOO\JXLGHGWDVN1RWHWKDWWKLVGRHVQRWFRQWUDGLFWWKHDEVHQFHRIVWLPXODWLRQHIIHFWRQFKRLFHVLIWKH



IL[DWLRQZDVPDLQWDLQHGDQGWKXVWULDOVZHUHQRWDERUWHGVXEVHTXHQWFKRLFHVZHUHQRWDIIHFWHG



0RVW HUURUV LQ WKH VHFRQG FRQGLWLRQ WKH FRQWUDYHUVLYH WULDOV ZHUH GXH WR FRQWUDYHUVLYH XQGHUVKRRWLQJ



RILQVWUXFWHGDQGRIFKRLFHHUURUWULDOVZLWKWKHVWLPXODWLRQRQVHWDIWHUWKH*RVLJQDO 0RQNH\V



ZHUH PRUH VHYHUHO\ DIIHFWHG E\ WKH VWLPXODWLRQ GXULQJ WKH PRWRU SUHSDUDWLRQ DQG UHVSRQVH SKDVH ZKHQ



WKHUH ZHUH QR YLVLEOH WDUJHWV WR JXLGH LW DV FRPSDUHG WR WKH YLVXDOO\JXLGHG WDVN ZKLFK VKRZHG PLOGHU



K\SRPHWULD ZLWK QR GURS LQ KLW UDWHV cf. )LJ % DQG 7DEOH    %XW HYHQ WDNLQJ LQWR DFFRXQW WKRVH



XQGHUVKRRWLQJ HUURU FKRLFH WULDOV WKDW ZHUH GLUHFWHG WRZDUGV FRQWUDYHUVLYH WDUJHWV WKH FKRLFH ZDV QRW



VLJQLILFDQWO\PRGXODWHGE\WKHVWLPXODWLRQLQIURP*RSHULRGLQDQ\RIWKHVHVVLRQV S!)LVKHU¶V



H[DFWWHVW 













*LYHQWKHODFNRIFKRLFHHIIHFWVZHFRQVLGHUHGWKHSRVVLELOLW\WKDWWKHGHOD\HG57VDUHDFRQVHTXHQFHRI



VWLPXODWLRQLQWHUIHULQJZLWKWKHSURFHVVLQJRIIL[DWLRQSRLQWRIIVHW LH*RVLJQDO EXWZHGHHPLWXQOLNHO\



JLYHQ WKH VLPLODULW\ WR 57 GHOD\V LQ WKH YLVXDOO\JXLGHG WDVN ZKHUH SHULSKHUDO WDUJHW RQVHW FRLQFLGLQJ



ZLWK WKH IL[DWLRQ RIIVHW VHUYHG DV HYHQ PRUH DSSDUHQW *R VLJQDO  DQG WKH VSDWLDOO\VSHFLILF GLIIHUHQFH



EHWZHHQFRQWUDODWHUDODQGLSVLODWHUDO57GHOD\V LSVLYHUVLYHGHOD\!FRQWUDYHUVLYHGHOD\ 



7KHVH UHVXOWV JLYH ULVH WR VHYHUDO LPSRUWDQW LPSOLFDWLRQV )LUVW WKH FKRLFHUHOHYDQW DVSHFWV RI FXH



SURFHVVLQJVHHPXQDIIHFWHGZKHQWKH\DUHWHPSRUDOO\GLVVRFLDWHGIURPWKHPRWRUUHVSRQVH6LPLODUO\WKH



VWLPXODWLRQGRHVQRWVHHPWRDIIHFWWKHFKRLFHZKHQWKHGHFLVLRQFDQEHIRUPHGLQDGYDQFHRIWKHDFWLRQ



QHLWKHU LQ WKH FXHPHPRU\ SHULRG QRU MXVW EHIRUH RU GXULQJ WKH PRWRU UHVSRQVH 7KLUG WKH 57 DQG WKH



FKRLFHHIIHFWVZKLFKZHUHODUJHO\FRQJUXHQWLQWKHYLVXDOO\JXLGHGWDVNZHUHGLVVRFLDWHGLQWKHPHPRU\



JXLGHGWDVNDQGPLJKWWKXVQRWFULWLFDOO\GHSHQGRQHDFKRWKHU7KLVGLVVRFLDWLRQLVUHPLQLVFHQWRIUHFHQW



SHUFHSWXDO GHFLVLRQ VWXG\ LQ WKH FDXGDWH 'LQJ DQG *ROG   /LNH EDVDO JDQJOLD WKH SXOYLQDU LV



LQYROYHG LQ PXOWLSOH IXQFWLRQDO ORRSV 6KHUPDQ DQG *XLOOHU\   DQG GLIIHUHQW SRSXODWLRQV RU



SDWKZD\VPLJKWHQFRGHGLVWLQFWSURFHVVHV7DNHQWRJHWKHUWKHUHVXOWVRIYLVXDOO\JXLGHGDQGPHPRU\



JXLGHG WDVNV LQGLFDWH WKDW WKH WUDQVLHQW SXOYLQDU VWLPXODWLRQ FRQWULEXWHV WR WKH VSDWLDO GHFLVLRQ SURFHVV



RQO\ZKHQWKHFKRLFHPXVWEHIRUPHGDQGH[HFXWHGFORVHLQWLPH



Neuronal properties in the dorsal pulvinar



7R EHWWHU XQGHUVWDQG WKH QHXUDO FRQWULEXWLRQ RI G3XO WR WKH EHKDYLRUDO HIIHFWV RI PLFURVWLPXODWLRQ ZH



DQDO\]HGWKHDFWLYLW\RIG3XOXQLWVUHFRUGHGLQWKHYLVXDOO\JXLGHGVDFFDGHWDVNDQGG3XOXQLWVLQ



WKH PHPRU\JXLGHG VDFFDGH WDVN LQ DQG DURXQG WKH VDPH VWLPXODWLRQ VLWHV 0DWHULDOV DQG 0HWKRGV 



'RUVDOSXOYLQDUXQLWVSUHGRPLQDQWO\VKRZHGORZILULQJUDWHV PHDQILULQJUDWHDFURVVDOOWDVNSHULRGV



DQGVSLNHVVPHGLDQDQGVSLNHVV6'DQGVSLNHVVIRUWKHYLVXDOO\JXLGHGDQGPHPRU\



JXLGHGWDVNUHVSHFWLYHO\ 













9LVXDO UHVSRQVH ILHOGV 5)V  ZHUH HVWLPDWHG RIIOLQH XVLQJ DQ DUUD\ RI  WDUJHW SRVLWLRQV  DQG 



HFFHQWULFLW\ &XHUHVSRQVHVIRUHDFKWDUJHWSRVLWLRQLQWKHPHPRU\JXLGHGVDFFDGHWDVNZHUHILWWHGZLWKD



'*DXVVLDQSURILOH 0DWHULDOVDQG0HWKRGV 7KHSRVLWLRQRIWKH*DXVVLDQSHDNDQGWKHDUHDFRYHUHG



E\WZR*DXVVLDQ6'VWRHDFKVLGHGHILQHGFHQWHUDQGVL]HRIWKH5))LJXUH$LOOXVWUDWHVILULQJSDWWHUQV



DQG5)HVWLPDWLRQLQRQHH[DPSOHXQLW+HUHZHUHIHUWRWKH YLVXDO UHVSRQVHILHOGVDVWKRVHFRPSXWHGLQ



WKHFXHHSRFKEXWUHVSRQVHILHOGVFRXOGDOVREHFRPSXWHGGXULQJH\HPRYHPHQWVDQGSHULSKHUDOIL[DWLRQ



$VFDQEHVHHQLQWKHH[DPSOHIRUWKHSHULSKHUDOWDUJHWKROGHSRFKLQ)LJXUH$SRVWVDFFDGLF5)VFDQ



GLIIHUIURPYLVXDO5)VDVKDVEHHQUHSRUWHGLQWKHODWHUDOSDUWRIWKHGRUVDOSXOYLQDU3/GP 5RELQVRQHW



DO 



7KH UHVSRQVH ILHOG HVWLPDWLRQ ZDV SHUIRUPHG RQ DOO XQLWV VKRZLQJ D PDLQ $129$ HIIHFW RI VWLPXOXV



SRVLWLRQ GXULQJ WKH FXH SHULRG  XQLWV  :H VHSDUDWHG WKLV VXEVHW IXUWKHU E\ HDFK XQLW¶V SUHIHUUHG



KHPLILHOGDQGORRNHGDWWKHSRSXODWLRQFXHUHVSRQVHIRUHDFKRIWKHWDUJHWSRVLWLRQVLQFRQWUDODWHUDOO\



DQG LSVLODWHUDOO\WXQHG VXEVHWV )LJ %  (YHQ WKRXJK WKH FRQWUDODWHUDO VXEVHW ZDV PXFK ODUJHU 



XQLWV WKDQWKHLSVLODWHUDOVXEVHW XQLWV FRQWUDODWHUDOSRSXODWLRQFXHUHVSRQVHZDVPRUHWLPHORFNHG



WKDQ LSVLODWHUDOO\WXQHG UHVSRQVHV $GGLWLRQDOO\ FRQWUDODWHUDO UHVSRQVHV VHHPHG WR EH PRUH FRQVLVWHQW



DFURVVWDUJHWVZLWKDVPDOOSUHIHUHQFHIRUORZHUDQGPRUHSHULSKHUDOWDUJHWV



)LJXUH&LOOXVWUDWHVWKH HVWLPDWHGUHVSRQVHILHOGV DWD VFDOHRI LQDSORWUHSUHVHQWLQJWKHYLVXDO



WDUJHWDUUD\ILHOGZLWKFRORUVUHSUHVHQWLQJGLIIHUHQWUHFRUGLQJVLWHV5)FHQWHUVZHUHVFDWWHUHGDFURVVWKH



HQWLUHWHVWHGYLVXDOILHOGDQGWKHLUVL]HYDULHGVXEVWDQWLDOO\1RWHWKDWEHFDXVH5)FHQWHUVZHUHFRQVWUDLQHG



WR WKH GLPHQVLRQV RI WKH WDUJHW DUUD\ LW PD\ VHHP DV LI PDQ\ 5)V DUH FOXVWHUHG DORQJ WKRVH ERUGHUV



+RZHYHURXUPDSSLQJDQGILWWLQJDSSURDFKGLGQRWDOORZGUDZLQJFRQFOXVLRQVDERXWSRWHQWLDO5)FHQWHUV



RXWVLGHWKHWDUJHWDUUD\7\SLFDOO\5)HVWLPDWHVZHUHODUJH  DQGPRVWRIWKHPKDGWKHLUFHQWHUV



LQ WKH FRQWUDODWHUDO KHPLILHOG PHDQ HFFHQWULFLW\  LQ WKH FRQWUDODWHUDO KHPLILHOG PHGLDQ 



6'   ZLWK D WHQGHQF\ IRU ORZHU SHULSKHUDO SRVLWLRQV :H GLG QRW ILQG D FRQVLVWHQW WRSRJUDSKLFDO



RUJDQL]DWLRQDORQJWKHHOHFWURGHUHFRUGLQJWUDFWVVLPLODUO\WRWKHSUHYLRXVGRUVDOSXOYLQDUVWXG\ 3HWHUVHQ












HW DO   7KH ODFN RI UHWLQRWRSLF RUJDQL]DWLRQ LV FRQVLVWHQW ZLWK IDLUO\ XQLIRUP PLFURVWLPXODWLRQ



HIIHFWV DFURVV VLWHV DQG WDUJHW SRVLWLRQV )XUWKHUPRUH ODUJHO\ KRUL]RQWDO GLUHFWLRQV RI VPDOO HYRNHG



VDFFDGHVLQPRQNH\&PLJKWKDYHUHVXOWHGIURPDYHFWRUVXPPDWLRQRIXSZDUGKRUL]RQWDODQGGRZQZDUG



5)VZLWKDFRQWUDODWHUDOELDVSRVVLEO\VLPLODUWRDSRSXODWLRQFRGLQJLQWKHGHHSHUOD\HUVRIWKHVXSHULRU



FROOLFXOXV /HHHWDO 



,QWKHYLVXDOO\JXLGHGWDVNWKHUHZDVDOVRDVWURQJHUSRSXODWLRQUHVSRQVHIRUFRQWUDODWHUDOVWLPXOXVRQVHW



WDUJHWRQVHWHSRFK³7RQVHW´)LJXUH$ ,QDGGLWLRQSRSXODWLRQUHVSRQVHVKRZHGDWUDQVLHQWDQGWKHQ



VXVWDLQHG HQKDQFHPHQW IROORZLQJ FHQWUDO IL[DWLRQ DFTXLVLWLRQ ³)L[´  DQG WUDQVLHQW SRVWVDFFDGLF SHDN



³3RVWVDF´  VWURQJHU IRU FRQWUDODWHUDO WKDQ IRU LSVLODWHUDO WDUJHWV 1RWH WKDW WKH ZHDN SHULVDFFDGLF



SRSXODWLRQUHVSRQVHLVGXHWRGLIIHUHQWVXEVHWVVKRZLQJHLWKHUSHULVDFFDGLFHQKDQFHPHQWRUVXSSUHVVLRQ



VHHEHORZ 



2YHUDOO  RI XQLWV ZHUH PRGXODWHG E\ WKH YLVXDOO\JXLGHG WDVN PDLQ HIIHFW RI HSRFK RU HSRFK î



KHPLILHOGLQWHUDFWLRQ DQGVKRZHGVSDWLDOVSHFLILFLW\LQDWOHDVWRQHHSRFK PDLQHIIHFWRIKHPLILHOG



RU HSRFK î KHPLILHOG LQWHUDFWLRQ  (SRFKVSHFLILF HQKDQFHPHQW RU VXSSUHVVLRQ UHODWLYH WR WKH IL[DWLRQ



EDVHOLQHZDVDQDO\]HGIRUWKHILUVWVXEVHW  DQGHSRFKVSHFLILFVSDWLDOWXQLQJZDVDQDO\]HGLQWKH



ODWWHUVXEVHW  7KHORZHUSDQHOVLQ)LJXUH$VXPPDUL]HWKHPDLQSDWWHUQVRIVSDWLDOWXQLQJDQG



HQKDQFHPHQWVXSSUHVVLRQ LQ WKH WKUHH HSRFKV ³WDUJHW RQVHW´ ³SHULVDFFDGLF´ DQG ³WDUJHW KROG´ 7KH



VLJQLILFDQW WXQLQJ ZDV SUHGRPLQDQWO\ WR WKH FRQWUDODWHUDO KHPLILHOG LQ WKH ³WDUJHW RQVHW´ HSRFK EXW



EHFDPH PRUH HTXDOL]HG LQ ³SHULVDFFDGLF´ DQG HVSHFLDOO\ LQ ³WDUJHW KROG´ HSRFKV 6SDWLDOO\WXQHG XQLWV



VKRZHGSUHGRPLQDQWO\HQKDQFHPHQWRIILULQJUHODWLYHWRWKHIL[DWLRQEDVHOLQH UHGRXWHUVHFWRUV IRUWDUJHW



RQVHWHSRFKZKLOHDOORWKHUVXEVHWVKDGPRUHHTXDOSURSRUWLRQVRIHQKDQFHPHQWDQGVXSSUHVVLRQ



3RSXODWLRQUHVSRQVHLQWKHPHPRU\JXLGHGVDFFDGHWDVN )LJ% DGGLWLRQDOO\UHYHDOHGSUHIHUHQFHIRU



FRQWUDODWHUDO WULDOV GXULQJ WKH PHPRU\ SHULRG DQG LQ WKH SRVWVDFFDGLF SHULSKHUDO IL[DWLRQ HSRFK LQ



DEVHQFHRIYLVXDOVWLPXOXVEHIRUHWDUJHWRQVHW ³WDUJHWKROGLQYLVLEOH´ 6LPLODUO\WRLQWKHYLVXDOO\JXLGHG













WDVNRIXQLWVZHUHWDVNPRGXODWHG PDLQHIIHFWRIHSRFKRUHSRFK[KHPLILHOGLQWHUDFWLRQ DQG



VKRZHG D PDLQ HIIHFW RI KHPLILHOG RU HSRFK î KHPLILHOG LQWHUDFWLRQ (SRFKVSHFLILF HQKDQFHPHQW RU



VXSSUHVVLRQ UHODWLYH WR WKH IL[DWLRQ EDVHOLQH ZDV DQDO\]HG IRU WKH ILUVW VXEVHW   DQG WKH HSRFK



VSHFLILF VSDWLDO WXQLQJ ZDV DQDO\]HG LQ WKH ODWWHU VXEVHW   7KH ORZHU SDQHOV LQ )LJXUH %



VXPPDUL]H WKH PDLQ SDWWHUQV RI VSDWLDO WXQLQJ DQG HQKDQFHPHQWVXSSUHVVLRQ LQ WKH WKUHH HSRFKV ³FXH



RQVHW´ ³SHULVDFFDGLF´ DQG ³WDUJHW KROG´ $JDLQ WKH VLJQLILFDQW WXQLQJ ZDV SUHGRPLQDQWO\ WR WKH



FRQWUDODWHUDO KHPLILHOG LQ WKH ³FXH RQVHW´ HSRFK EXW LW EHFDPH PRUH HTXDOL]HG LQ ³SHULVDFFDGLF´ DQG



HVSHFLDOO\LQ³WDUJHWKROG´HSRFKV8QLWVWKDWZHUHFRQWUDODWHUDOO\WXQHGLQWKHFXHHSRFKSUHGRPLQDQWO\



VKRZHG HQKDQFHPHQW RI ILULQJ UHODWLYH WR WKH IL[DWLRQ EDVHOLQH %HVLGHV VSDWLDOO\WXQHG UHVSRQVHV DQ



DGGLWLRQDO  XQLWV   VKRZHG UREXVW FXHUHODWHG HQKDQFHPHQW WKDW ZDV QRW VSDWLDOO\ VHOHFWLYH QR



PDLQ HIIHFW RI WDUJHW SRVLWLRQ DQG QR KHPLILHOG WXQLQJ  1RQVSDWLDOO\WXQHG XQLWV LQ WKH SHULVDFFDGLF



HSRFK VKRZHG SUHGRPLQDQWO\ VXSSUHVVLRQ ZKLOH DOO RWKHU VXEVHWV KDG PRUH HTXDO SURSRUWLRQV RI



HQKDQFHPHQWDQGVXSSUHVVLRQ )LJ% 



7R IXUWKHU DVVHVV WKH GLIIHUHQFHV LQ VSDWLDO WXQLQJ LQ ³FXH RQVHW´ DQG ³WDUJHW KROG´ HSRFKV SRSXODWLRQ



UHVSRQVHVIRUVXEVHWVWKDWVKRZHGVLJQLILFDQWWXQLQJLQWKRVHHSRFKVZHUHGHULYHG )LJ&OHIWDQGULJKW



FROXPQV   7KH XQLWV WKDW ZHUH FRQWUDODWHUDOO\ WXQHG LQ WKH FXH HSRFK RQ DYHUDJH GLG QRW VKRZ VSDWLDO



WXQLQJLQWKHSRVWVDFFDGLFDQGWKHWDUJHWKROGHSRFKVVXJJHVWLQJWKDWWKHWXQLQJLQWKHODWWHULQWHUYDOVFDQ



EHFRQJUXHQWRULQFRQJUXHQWZLWKWKHYLVXDOFXHWXQLQJ7KLVLVIXUWKHUHYLGHQFHGE\ZHDNFRQWUDODWHUDO



FXHWXQLQJLQERWKVXEVHWVWKDWVKRZHGVLJQLILFDQWO\WXQHGHLWKHULSVLODWHUDORUFRQWUDODWHUDOWDUJHWKROG



UHVSRQVH )LJ&ULJKWFROXPQ 



$ FORVHU ORRN DW IXOOWULDO SRSXODWLRQ UHVSRQVHV IRU XQLWV VKRZLQJ SHULVDFFDGLF VXSSUHVVLRQ  XQLWV



)LJ&PLGGOHFROXPQWRSURZ UHYHDOHGWKDWPDQ\RIWKHVHXQLWVLQFUHDVHGILULQJGXULQJFHQWUDO



IL[DWLRQ RXWRI 7KRVHUHVSRQVHVPLJKWUHVHPEOHVRFDOOHG³IL[DWLRQFHOOV´UHSRUWHGLQWKHIURQWDO



H\H ILHOG )()  DQG LQ WKH VXSHULRU FROOLFXOXV 6&  ,]DZD HW DO  0XQR] DQG :XUW] D 



+RZHYHUUHFHQWZRUNE\+DIHGDQGFROOHDJXHVGHPRQVWUDWHGWKDWDWWKHOHYHORIWKH6&WKHWRQLFDFWLYLW\












GXULQJIL[DWLRQHQFRGHVIL[DWLRQDOPLFURVDFFDGHVRUDUHWLQDOHUURUE\QHXURQVWXQHGWRIRYHDOORFDWLRQVRI



YHU\VPDOOHFFHQWULFLW\ +DIHGDQG.UDX]OLV LWUHPDLQVWREHVHHQZKHWKHUVRPHSXOYLQDUQHXURQV



PLJKW EH VLPLODUO\ UHODWHG WR IL[DWLRQ PDLQWHQDQFH )XUWKHUPRUH PDQ\ ³IL[DWLRQ UHVSRQVH´ FHOOV LQ RXU



VDPSOHVKRZHGDGHFUHDVHGILULQJGXULQJWKHPHPRU\GHOD\DVFRPSDUHGWRWKHLQLWLDOIL[DWLRQ RXWRI



XQLWVWKDWVKRZHGHQKDQFHGILULQJGXULQJIL[DWLRQUHODWLYHWR,7, VXJJHVWLQJWKDWVSDWLDOO\VSHFLILF



DVSHFWVVXFKDVYLVXDOPHPRU\RUPRWRUSODQQLQJFDQPRGXODWHWKHLUDFWLYLW\ )LJ&PLGGOHFROXPQ



WRS URZ  &RQYHUVHO\ XQLWV WKDW VKRZHG SHULVDFFDGLF HQKDQFHPHQW )LJ & PLGGOH FROXPQ ERWWRP



URZ DOVRH[KLELWHGDQLQFUHDVHGILULQJLQFRQWUDODWHUDOWULDOVIURPWKHFXHRQVHWDQGGXULQJWKHPHPRU\



GHOD\ UDPSLQJ XS SULRU WR DQG SHDNLQJ VRRQ DIWHU WKH VDFFDGH VLPLODU WR YLVXRPRWRU QHXURQV LQ



IURQWRSDULHWDODUHDV



7RVXPPDUL]HVSDWLDOWXQLQJSURSHUWLHVZHFDOFXODWHGFRQWUDODWHUDOWXQLQJLQGH[HV &, IRUVWLPXOXVRQVHW



DQGSHULSKHUDOIL[DWLRQ ³WDUJHWKROG´ UHVSRQVHVIRUERWKWDVNV)LJXUH'VKRZVGLVWULEXWLRQRI&,VIRU



WKHVXEVHWRIXQLWVWKDWZHUHUHFRUGHGLQERWKWDVNVIRUHDFKPRQNH\)RUERWKWDVNVDFURVVDOOUHFRUGHG



XQLWV &,V ZHUH VLJQLILFDQWO\ SRVLWLYH LH FRQWUDODWHUDO  GXULQJ ³VWLPXOXV RQVHW´ HSRFKV YLVXDOO\JXLGHG



WDVN  PHPRU\JXLGHG WDVN  S WZRWDLOHG RQH VDPSOH WWHVW  IRU WKH VXEVHW



UHFRUGHG LQ ERWK WDVNV RQO\ PHPRU\JXLGHG WDVN LQGH[HV ZHUH VLJQLILFDQWO\ SRVLWLYH YLVXDOO\JXLGHG



WDVNS PHPRU\JXLGHGWDVNS 7KHUHZDVQRVLJQLILFDQWWXQLQJDFURVV



WKH VDPSOH LQ WKH WDUJHW KROG HSRFK UHIOHFWLQJ QHDUO\ HTXDO FRQWUDODWHUDOO\ DQG LSVLODWHUDOO\WXQHG



SRSXODWLRQV )RU ERWK HSRFKV WKHUH ZDV D FRUUHODWLRQ EHWZHHQ WXQLQJ LQGH[HV LQ WKH WZR WDVNV



6SHDUPDQ¶V5 SIRU³VWLPXOXVRQVHW´DQG5 SIRU³WDUJHWKROG LQGLFDWLQJ



WKDWWKHVSDWLDOUHVSRQVHSURSHUWLHVLQWKHVHWZRHSRFKVDUHODUJHO\FRQVLVWHQWDFURVVWKHWZRWDVNV



:KLOHWKHIXOODQDO\VLVRIFRPSOH[QHXURQDOSURSHUWLHVLQWKHUHFRUGHGSRSXODWLRQLVEH\RQGWKHVFRSHRI



WKH SUHVHQW VWXG\ WKHVH GDWD SURYLGH VHYHUDO SRLQWV DLGLQJ WKH LQWHUSUHWDWLRQ RI WKH VWLPXODWLRQ UHVXOWV



)LUVWPRVWUHFRUGHGQHXURQVZHUH PRGXODWHGE\WKHYLVXDODQGRURFXORPRWRUFRQWLQJHQFLHVRIWKHWZR



WDVNV6HFRQGWKHRYHUDOOFRQWUDODWHUDOWXQLQJLQUHVSRQVHWRWKHYLVXDOVWLPXOXV HJWDUJHWDQGFXHRQVHW












HSRFKV DV ZHOODVLQWKHSUHVDFFDGLF QRWVKRZQ DQGWKHSHULVDFFDGLFHSRFKVLVFRQVLVWHQWZLWKWKH



FRQWUDYHUVLYHGULYHHOLFLWHGE\WKHVWLPXODWLRQDQGWKHODFNRIWRSRJUDSKLFRUJDQL]DWLRQRI5)VLVLQOLQH



ZLWK VLPLODU VWLPXODWLRQ HIIHFWV DFURVV GLIIHUHQW VLWHV DQG WDUJHW SRVLWLRQV 7KLUG WKH IDFW WKDW WKH



SRSXODWLRQWXQLQJLVVWLOOPRUHFRQWUDODWHUDOWKDQLSVLODWHUDOLQWKHSHULVDFFDGLFHSRFKVVXJJHVWVWKDWWKH



VWURQJHU57GHOD\VIRULSVLYHUVLYHVDFFDGHVLQWKHODWHVWLPXODWLRQSHULRGVDUHQRWDGLUHFWFRQVHTXHQFHRI



GLVUXSWLQJLSVLODWHUDOO\WXQHGSRSXODWLRQVPRUHWKDQFRQWUDODWHUDOO\WXQHGRQHV)RXUWKDVXEVHWRIXQLWV



cf.)LJ$%SHULVDFFDGLFHSRFKVRXWHUEOXHVHFWRUVFRUUHVSRQGLQJWRVSDWLDOO\QRQWXQHGSRSXODWLRQV



DQG)LJ&PLGGOHWRSSDQHO GLVFKDUJHGYLJRURXVO\GXULQJIL[DWLRQLQWHUYDOVEXWSDXVHGILULQJLQWKH



SHULVDFFDGLF SHULRG SRWHQWLDOO\ FRQWULEXWLQJ WR VWLPXODWLRQLQGXFHG VDFFDGH GHOD\V cf. <DQJ HW DO



  )LQDOO\ PDQ\ XQLWV KDG VSDWLDO WXQLQJ ERWK FRQWUDODWHUDO DQG LSVLODWHUDO  LQ WKH ODWHU SDUW RI WKH



WDUJHW KROG SHULRG VWDUWLQJ DW OHDVW  PV DIWHU WKH VDFFDGH RIIVHW ZKHQ WKH LPPHGLDWH SRVWVDFFDGLF



HIIHFWV DUH SUREDEO\ JRQH  VXJJHVWLQJ D FRQWULEXWLRQ RI WKH GRUVDO SXOYLQDU WR WKH HQFRGLQJ RI JD]H



VLPLODUWRWKHUHWLQRWRSLFLQIHULRUODWHUDOSXOYLQDU 5RELQVRQHWDO



Discussion



(OHFWULFDO PLFURVWLPXODWLRQ RI WKH GRUVDO SXOYLQDU LQIOXHQFHG VHOHFWLRQ DQG H[HFXWLRQ RI JRDOGLUHFWHG



VDFFDGHVLQVSDWLDOO\DQGWLPHGHSHQGHQWPDQQHU7KHGLVFXVVLRQIRFXVHVRQWKHWKUHHPDLQILQGLQJV 



,Q WKH YLVXDOO\JXLGHG WDVN VWLPXODWLRQ VWDUWLQJ SULRU WR WDUJHW RQVHW *R VLJQDO  UHGXFHG LSVLYHUVLYH



UHDFWLRQ WLPHV 57  ZKLOH VWLPXODWLRQ DW DQG DIWHU WDUJHW RQVHW FDXVHG D V\VWHPDWLF LQFUHDVH LQ 57 IRU



ERWK LSVLYHUVLYH DQG FRQWUDYHUVLYH GLUHFWLRQV   6WLPXODWLRQ SULRU WR RQVHW RI WDUJHWV LQFUHDVHG



LSVLYHUVLYHFKRLFHVVWLPXODWLRQDIWHURQVHWRIWDUJHWVLQFUHDVHGFRQWUDYHUVLYHFKRLFHV ,QWKHPHPRU\



JXLGHGWDVNVWLPXODWLRQH[HUWHGHIIHFWVRQ57EXWQRWRQFKRLFHV



Effects of microstimulation on saccade generation



%LODWHUDO57GHOD\VZLWKPLFURVWLPXODWLRQDIWHUWKH*RVLJQDOKDYHEHHQUHSRUWHGIRUVWUXFWXUHVLQYROYHG



LQ VDFFDGH FRQWURO e.g. GO3)& :HJHQHU HW DO   )() ,]DZD D  6() DQG SUH60$ ,VRGD














<DQJHWDO FDXGDWH :DWDQDEHDQG0XQR] DQGURVWUDO6& 0XQR]DQG:XUW]



E  ,Q FRUWH[ GHOD\V ZHUH W\SLFDOO\ VWURQJHU IRU LSVLYHUVLYH VDFFDGHV ,VRGD  ,]DZD E



:HJHQHU HW DO   ZKLOH WKH RSSRVLWH SDWWHUQ ZDV REVHUYHG LQ 6& DQG FDXGDWH 0XQR] DQG :XUW]



E :DWDQDEH DQG 0XQR]   7KH GHOD\ FDQ EH LQWHUSUHWHG DV VXSSUHVVLRQ RI JD]HVKLIWLQJ



IDFLOLWDWLRQ RI JD]HKROGLQJ DQGRU LQKLELWLRQ RI D PHFKDQLVP WKDW VZLWFKHV EHWZHHQ WKH WZR EHKDYLRUDO



PRGHVDQGPLJKWEHH[SODLQHGE\GLUHFWRULQGLUHFWXQFURVVHGDQGFURVVHGSURMHFWLRQVWRVXEVWDQWLDQLJUD



SDUVUHWLFXODWD6&DQGRUEUDLQVWHPVDFFDGHJHQHUDWRUQXFOHL ,VRGD,]DZDE 



8QOLNH6&DQGFDXGDWHDQGVLPLODUWRIURQWDOFRUWLFDODUHDVLSVLYHUVLYH57GHOD\VZHUHVWURQJHULQWKH



GRUVDO SXOYLQDU DOWKRXJK LSVL DQG FRQWUDYHUVLYH GHOD\V ZHUH FRUUHODWHG VXJJHVWLQJ D FRPPRQ



PHFKDQLVP HJ WKH HQJDJHPHQW RI IL[DWLRQ QHXURQV RU QHDUO\ EDODQFHG UHFUXLWPHQW RI LSVLODWHUDO DQG



FRQWUDODWHUDOSRSXODWLRQVDVZHOODVXQWXQHGQHXURQV



,QFRQWUDVWWRVWLPXODWLRQDIWHUWKH*RVLJQDOVWLPXODWLRQVWDUWLQJEHIRUHWKH*RVKRUWHQHGWKHLSVLYHUVLYH



57 VLPLODUO\ WR 6() SUH60$ ,VRGD  <DQJ HW DO   DQG FDXGDWH :DWDQDEH DQG 0XQR]



  +RZHYHU WKH DERYH VWXGLHV UHSRUWHG ERWK FRQWUDYHUVLYH DQG LSVLYHUVLYH IDFLOLWDWLRQ LQGLFDWLQJ D



JHQHUDO PRWRU SRWHQWLDWLRQ RU UHOHDVH IURP JD]HKROGLQJ VLJQDOV ,Q FDXGDWH UHOHDVH RI 6&)() IURP



LQKLELWLRQDQGVXEVHTXHQWUHERXQGRULQWHUSOD\EHWZHHQGLUHFWDQGLQGLUHFWSDWKZD\VZHUHVXJJHVWHGWR



H[SODLQ WKH IDFLOLWDWLRQ :DWDQDEH DQG 0XQR]   7R DFFRXQW IRU WKH LSVLYHUVLYHVSHFLILF 57



IDFLOLWDWLRQ LQ WKH GRUVDO SXOYLQDU ZH SURSRVH D GLIIHUHQW GLUHFWLRQDO PHFKDQLVP VDPH DV IRU WKH



LSVLYHUVLYHFKRLFHELDV VHHEHORZ 



Effects of microstimulation on choices



8QOLNH WKH HIIHFWV RI PLFURVWLPXODWLRQ RQ VDFFDGH H[HFXWLRQ LQWHUIHUHQFH RQ FKRLFHV KDV EHHQ OHVV



VWXGLHG ZLWK PRVW ZRUN IRFXVLQJ RQ SHUFHSWXDO GHFLVLRQV &DUHOOR DQG .UDX]OLV  &LFPLO HW DO



)HWVFKHWDO+DQNVHWDO0XUDVXJLHWDO EXWVHH 0LUSRXUHWDO2SULV



HWDO 7KHUHIRUHRQHPDMRUTXHVWLRQZDVZKHWKHUDQGZKHQSXOYLQDUPLFURVWLPXODWLRQLQIOXHQFHV













IUHHFKRLFH WDUJHW VHOHFWLRQ 2XU SUHYLRXV ZRUN ZLWK SKDUPDFRORJLFDO LQDFWLYDWLRQ RI GRUVDO SXOYLQDU



DOUHDG\LPSOLFDWHGLWLQWKHVSDWLDOGHFLVLRQPDNLQJ :LONHHWDO EXWLWZDVLPSRUWDQWWRWHVW



LI WKH VWLPXODWLRQ SRWHQWLDWHV WKH ³IXQFWLRQLQJ´ RI WKH SXOYLQDU WKXV ELDVLQJ FKRLFHV LQ WKH GLUHFWLRQ



RSSRVLWH WR WKH LQDFWLYDWLRQ LH FRQWUDYHUVLYH YV LQDFWLYDWLRQLQGXFHG ipsilesional ELDV  ,QGHHG



VWLPXODWLRQ DIWHU WKH *R VLJQDO LQFUHDVHG FRQWUDYHUVLYH VHOHFWLRQ DQG WRJHWKHU ZLWK WKH FRQWUDODWHUDO



QHXURQDO WXQLQJ LQ WKH FRUUHVSRQGLQJ HSRFK WKLV VXJJHVWV WKDW LW GLG QRW PHUHO\ GLVUXSW WKH QRUPDO



IXQFWLRQLQJ &DUHOORDQG.UDX]OLV 7KLVLVFRQVLVWHQWZLWKFRUWLFDODQG6&VWXGLHVZKLFKW\SLFDOO\



VKRZDFRUUHVSRQGHQFHEHWZHHQWKHQHXURQDOWXQLQJDQGWKHGLUHFWLRQRIPLFURVWLPXODWLRQHIIHFWV &ODUN



HWDO 



+RZHYHU HYHQ DVVXPLQJ D IDFLOLWDWRU\DFWLYDWLRQ E\ VWLPXODWLRQWKH VWLPXODWLRQ HIIHFWV ZHUH QRW MXVW D



³PLUURULPDJH´RILQDFWLYDWLRQ:KHQVWLPXODWLRQVWDUWHGGXULQJIL[DWLRQSULRUWRWDUJHWVRQVHWLWFDXVHG



HQVXLQJipsiversiveELDVFRQFXUULQJZLWKWKHLSVLYHUVLYH57IDFLOLWDWLRQ6XFKLSVLYHUVLYHHIIHFWVRQWDUJHW



VHOHFWLRQKDYHEHHQUDUHO\UHSRUWHG2QHVWXG\VKRZHGWKDWPLFURVWLPXODWLRQLQXSSHUOD\HUVRI9ELDVHV



FKRLFHV DZD\ IURP WKH VWLPXODWHG 5)V 7HKRYQLN HW DO   VLPLODUO\ FDXGDWH VWLPXODWLRQ LQFUHDVHG



LSVLYHUVLYHSHUFHSWXDOFKRLFHVDZD\IURPFRQWUDODWHUDO5)V 'LQJDQG*ROG 



2QHK\SRWKHVLVLVWKDWWKHLSVLYHUVLYHVHOHFWLRQLVWKHPDQLIHVWDWLRQRIDVWLPXODWLRQLQGXFHGFRQWUDYHUVLYH



GULYH ZKLFK KDV WR EH FRXQWHUDFWHG GXULQJ WKH IL[DWLRQ 6XFK SXWDWLYH LSVLYHUVLYH FRPSHQVDWRU\



PHFKDQLVPPLJKWEHHQJDJHGXQWLOWKHHQGRIWKHVWLPXODWLRQSHULRGDQGH[WHQGEH\RQGWKHVWLPXODWLRQ



RIIVHW DIWHUWKH*RVLJQDO LQWRPRWRUSODQQLQJH[HFXWLRQHSRFK3OHDVHQRWHWKDWWKLVK\SRWKHVLVGRHVQRW



QHFHVVDULO\ LPSO\ WKDW WKH PRQNH\V ZHUH DZDUH RI WKH VWLPXODWLRQ 0XUSKH\ DQG 0DXQVHOO   DQG



FRPSHQVDWHGLQWHQWLRQDOO\



$UHODWHGK\SRWKHVLVLVWKDWWKHWLPLQJRIVWLPXODWLRQoffsetUHODWLYHWRVDFFDGH57VLVLPSRUWDQW(DUO\



VWLPXODWLRQ SHULRGV HQGLQJ a PV EHIRUH WKH W\SLFDO FRQWURO 57V a PV  OHG WR DQ LSVLYHUVLYH



³DGYDQWDJH´ LQ 57V DQG FKRLFHV ZKHUHDV VWLPXODWLRQ SHULRGV RYHUODSSLQJ ZLWK WKH 57V OHG WR D













FRQWUDYHUVLYHELDV:KLOHWKHVWLPXODWLRQFDXVHVDFRQWUDYHUVLYHGULYHWKHRIIVHWRIWKHVWLPXODWLRQper se



PLJKW WULJJHU D WUDQVLHQW LSVLYHUVLYH UHERXQG UHJDUGOHVV RI WDVN UHTXLUHPHQWV 7R UHVROYH ZKHWKHU WKH



WLPLQJ RI VWLPXODWLRQ RQVHW RU WKH VWLPXODWLRQ GXUDWLRQRIIVHW LV WKH FUXFLDO IDFWRU IRU WKH LSVLYHUVLYH



IDFLOLWDWLRQWKHGXUDWLRQRIWKHVWLPXODWLRQWUDLQVVKRXOGEHV\VWHPDWLFDOO\YDULHGLQIXWXUHVWXGLHV



$QHYHQPRUHPHFKDQLVWLFH[SODQDWLRQPLJKWEHWKDWWKHWLPHFRXUVHRIVWLPXODWLRQRQWKHHYRNHGDFWLYLW\



LVLQLWLDOO\H[FLWDWRU\DQGWKHQLQKLELWRU\ +LVWHGHWDO 7KXVWKHLQLWLDOFRQWUDYHUVLYHGULYHZRXOG



EH VXSSUHVVHG E\ WKH HQG RI WKH HDUO\ VWLPXODWLRQ SHULRGV GXULQJ WDUJHW VHOHFWLRQ ,QGHHG LQKLELWRU\



FRQVHTXHQFHVRIWKHWKDODPLFVWLPXODWLRQRQFRUWLFDODFWLYLW\KDYHEHHQUHSRUWHG /RJRWKHWLVHWDO 



DQG SXOYLQDU VWLPXODWLRQ VWXG\ LQ DQDHVWKHWL]HG WUHHVKUHZV IRXQG WKDW HYRNHG DFWLYLW\ LQ H[WUDVWULDWH



FRUWH[ FRQVLVWV RI HDUO\ DQG ODWH ZDYHV ZLWK D JDS a PV DIWHU WKH VWLPXODWLRQ RQVHW 9DQQL HW DO



 



$QRWKHU H[SODQDWLRQ PLJKW EH WKDW WKH GRUVDO SXOYLQDU VWLPXODWLRQ HQJDJHV D FRQWUDYHUVLYH DWWHQWLRQDO



VKLIWZKLFKDFWVDVD³FXH´LQWKHLQKLELWLRQRIUHWXUQSKHQRPHQRQ 'RUULVHWDO 7KHUHLVDOVRD



SRVVLELOLW\ WKDW WKH SXOYLQDU IXOILOOV GLVWLQFW IXQFWLRQV LQ GLIIHUHQW EHKDYLRUDO VWDWHV HJ ILOWHULQJ RXW



FRQWUDODWHUDO GLVWUDFWRUV DQG LQKLELWLQJ UHIOH[LYH FRQWUDYHUVLYH VDFFDGHV 9DQ GHU 6WLJFKHO HW DO  



XQWLO FRUWLFDO LQSXWV VLJQDO WKH LQLWLDWLRQ RI WKH DFWLYH PRWRU SUHSDUDWLRQ SKDVH ,Q WKLV FDVH WKH



SRWHQWLDWLRQ RI SXOYLQDU DFWLYLW\ GXULQJ IL[DWLRQ ZRXOG OHDG WR D VXSSUHVVLRQ RI WKH currently LUUHOHYDQW



FRQWUDYHUVLYH VSDFH 7KH SUHVHQFH RI IL[DWLRQOLNH QHXURQV GLVFKDUJLQJ SHUVLVWHQWO\ ZKHQ PRQNH\V



PDLQWDLQHG IL[DWLRQ VXSSRUWV WKLV QRWLRQ +RZHYHU WKH RFFXUUHQFH RI FRQWUDYHUVLYH HYRNHG VDFFDGHV



GXULQJIL[DWLRQFKDOOHQJHVWKLVLQWHUSUHWDWLRQXQOHVVWKHPRWRUHIIHFWVFDQEHFRPSOHWHO\GLVVRFLDWHGIURP



WKHDWWHQWLRQDOWDUJHWVHOHFWLRQVLJQDOV



$OWKRXJKDFRPELQDWLRQRIFRQWUDYHUVLYHIDFLOLWDWLRQGULYHDQGLSVLYHUVLYHFRPSHQVDWRU\UHERXQGHIIHFW



DIWHU WKH HDUO\ VWLPXODWLRQ RIIVHW VHHPV PRVW SDUVLPRQLRXV H[SODQDWLRQ IRU WKH REVHUYHG HIIHFWV WKH



TXHVWLRQZKHWKHUDJLYHQVWLPXODWLRQSURWRFROOHDGVWRIXQFWLRQDOO\EHQHILFLDOHQKDQFHPHQWRI³QRUPDO´













QHXURQDODFWLYDWLRQWRDIXQFWLRQDOO\GHWULPHQWDOGLVUXSWLRQRUWRUHSODFHPHQWRU³KLMDFNLQJ´ &KHQH\HW



DO LVDORQJVWDQGLQJGHEDWHUHOHYDQWIRUDOOVWLPXODWLRQVWXGLHV 'HVPXUJHWHWDO 6RPHRI



RXU VWLPXODWLRQ HIIHFWV DUH FRQVLVWHQW ZLWK WKH GLVUXSWLRQ RI WKH FRQWUDYHUVLYH  SXOYLQDU SURFHVVLQJ



LSVLODWHUDOIDFLOLWDWLRQLQHDUO\VWLPXODWLRQSHULRGVGHOD\HGVDFFDGHV+RZHYHUWKLVK\SRWKHVLVLVKDUGWR



UHFRQFLOH ZLWK WKH FRQWUDYHUVLYH FKRLFH IDFLOLWDWLRQ LQ ODWHU VWLPXODWLRQ SHULRGV XQOHVV WKH DSSDUHQW



FRQWUDYHUVLYHIDFLOLWDWLRQLVWKHFRQVHTXHQFHRI³OHVVFRQWUDYHUVLYHGLVUXSWLRQWKDQLSVLYHUVLYHGLVUXSWLRQ´



GXULQJ VDFFDGH JHQHUDWLRQ 7KH ODWWHU SRVVLELOLW\ LV FRQVLVWHQW ZLWK VWURQJHU LSVLYHUVLYH 57 GHOD\V



DOWKRXJK WKH QHXURQDO WXQLQJ LQ SUHSHULVDFFDGLF HSRFKV ZDV ZHDNO\ FRQWUDODWHUDO 7KH FRQWUDYHUVLYH



GLVUXSWLRQDVVXPSWLRQDOVRGRHVQRWDFFRXQWIRUFRQWUDYHUVLYHHYRNHGVDFFDGHVXQOHVVWKHPDLQUROHRI



SXOYLQDULVWRKHOSPDLQWDLQLQJIL[DWLRQDQGLJQRUHFRQWUDODWHUDOKHPLILHOG



<HW DQRWKHU SRVVLELOLW\ LV WKDW VWLPXODWLQJ QHXURQV ZLWK 5)V DZD\ IURP WKH WDUJHW EXW ZLWKLQ WKH VDPH



KHPLILHOGLVPRUHGHWULPHQWDOWKDQZKHQWKH5)VDQGWKHWDUJHWDUHLQRSSRVLWHKHPLILHOGVWKXVOHDGLQJWR



LSVLYHUVLYH IDFLOLWDWLRQ +RZHYHU WKH UHDVRQV IRU FRQWUDYHUVLYH IDFLOLWDWLRQ LQ ODWHU VWLPXODWLRQ SHULRGV



UHPDLQXQH[SODLQHGXQGHUWKLVDVVXPSWLRQ



Functional implications and future directions



7KHHIIHFWRQFKRLFHVZDVSUHVHQWRQO\LQWKHYLVXDOO\JXLGHGEXWQRWWKHPHPRU\JXLGHGWDVN7KXVWKH



FKRLFH ELDV LV GULYHQ QHLWKHU E\ SXUHO\ SHUFHSWXDO SURFHVVLQJ RWKHUZLVH ZH ZRXOG H[SHFW WKDW WKH



VWLPXODWLRQEHIRUHRUDIWHUYLVXDOFXHVDIIHFWVVXEVHTXHQWFKRLFHV QRULVLWDSXUHO\PRWRUFRQVHTXHQFH



RWKHUZLVH ZH VKRXOG KDYH VHHQ HIIHFWV EHIRUH DQG DIWHU WKH *R VLJQDO  :H VXJJHVW WKDW WKH GRUVDO



SXOYLQDU FRQWULEXWLRQ WR WKH GHFLVLRQ LV FUXFLDO ZKHQ WKH YLVXRPRWRU FRQWLQJHQFLHV KDYH WR EH UDSLGO\



LQWHJUDWHGFRQFRPLWDQWO\ZLWKDFWLRQVHOHFWLRQ$OWHUQDWLYHO\WKHSXOYLQDUPLJKWDIIHFWWKHFKRLFHVRQO\



ZKHQ WKH WDUJHW VHOHFWLRQ WDNHV SODFH LQ WKH SUHVHQFH RI YLVXDO VWLPXOL ZKLFK ZDV QRW WKH FDVH IRU



PHPRU\JXLGHGVDFFDGHV WKLVFRQMHFWXUHQHHGVWREHWHVWHGLQIXWXUHH[SHULPHQWVFRPSDULQJPHPRU\



JXLGHGDQGYLVXDOO\JXLGHGGHOD\HGVDFFDGHV













7KH LQWHUSUHWDWLRQ RI WKH DOOHJHG FRQWUDYHUVLYH GULYH GXH WR SXOYLQDU VWLPXODWLRQ LV VWLOO RSHQ ,Q WKH



VLPSOHVW VFHQDULR LW FRXOG UHODWH WR DWWHQWLRQDOEHKDYLRUDO VDOLHQF\ YHFWRU LQ WKH UHWLQRWRSLF UHIHUHQFH



IUDPH +RZHYHU WKH VSDWLDO SURFHVVLQJ LQ WKH SXOYLQDU HVSHFLDOO\ WKH GRUVDOSDUW PLJKW H[WHQG EH\RQG



SXUHO\ YLVXDO DVSHFWV FRQWULEXWLQJ WR JD]H DQG SRVWXUDO HQFRGLQJ DQG SHUKDSV WR D SUHGLFWLRQ HUURU



*ULHYHHWDO.DQDLHWDO )RUH[DPSOHWKHVWLPXODWLRQFRXOGDIIHFWWKHSHUFHLYHGGLUHFWLRQ



RI JD]H UHODWLYH WR WKH KHDG RU WKH ERG\ RU SHUFHLYHG ERG\ PLGOLQH )XUWKHU H[SHULPHQWV ZLWK



PDQLSXODWLRQRIYLVXRPRWRUDQGSRVWXUDOFRQWLQJHQFLHVZLOODGGUHVVWKHVHSRVVLELOLWLHV$QRWKHUTXHVWLRQ



LVKRZJHQHUDOWKHELSKDVLFFKRLFHHIIHFWLV9HQWUDOSXOYLQDUVWLPXODWLRQGLGQRWHOLFLWDQLSVLYHUVLYHELDV



EXWLWZRXOGEHLQWHUHVWLQJWRWHVWWKHVDPHSURWRFROLQIURQWRSDULHWDOFRUWLFDODUHDVLQWHUFRQQHFWHGZLWKWKH



GRUVDOSXOYLQDU



7KHLQHYLWDEOHFRQXQGUXPRIFDXVDOLQWHUIHUHQFHVWXGLHVLVWRZKDWH[WHQWWKHREVHUYHGEHKDYLRUGHSHQGV



RQWKHIXQFWLRQLQJRIWKHWDUJHWDUHDDVRSSRVHGWRVSUHDGRILQ DFWLYDWLRQ WRQHLJKERULQJVWUXFWXUHVDQG



FRQVHTXHQFHV RI QHWZRUN HIIHFWV 6LWHVSHFLILF SDWWHUQV )LJ   DQG WKHLU GLVVLPLODULW\ IURP SDWWHUQV LQ



DGMDFHQW 6& DQG FDXGDWH VXJJHVW IDLUO\ ORFDOL]HG HIIHFWV EXW ZH FDQQRW H[FOXGH VRPH FXUUHQW VSUHDG



WKURXJK LQWHUFDODWHG WKDODPRFRUWLFDO ILEHUV EUDFKLXP RI 6& RU QHLJKERULQJ 3,SPFP VXEGLYLVLRQV RI



LQIHULRU SXOYLQDU 5RVHQEHUJ HW DO  6WHSQLHZVND   7KH SXOYLQDU VWLPXODWLRQ ZLWK D VLPLODU



SURWRFROGXULQJI05,DFWLYDWHVDQH[WHQVLYHYLVXRPRWRUFRUWLFDOFLUFXLWU\LQWKHVWLPXODWHGKHPLVSKHUH
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)LJXUH/RFDOL]DWLRQRIVWLPXODWLRQVLWHVLQWKHGRUVDOSXOYLQDU$([DPSOHVFDQRIPRQNH\&ZLWKWKH



VWLPXODWLQJHOHFWURGHLQVHUWHGLQWKHSXOYLQDU JULGORFDWLRQ[\ ZLWKWKHFKDPEHUDQGWKHJULGILOOHG



ZLWK WKH 05, FRQWUDVW DJHQW JDGROLQLXP *G  7ZHLJKWHG VFDQ OHIW SDQHO  DQG WKH FRUUHVSRQGLQJ



VHFWLRQRIWKH7ZHLJKWHGVFDQ ULJKWSDQHO %(OHFWURGHWLSORFDOL]DWLRQLQLQGLYLGXDOVWLPXODWLRQVLWHV



UHG FLUFOHV  LQ FKDPEHUQRUPDO FRURQDO VHFWLRQV FRUUHVSRQGLQJ WR VSHFLILF JULG ORFDWLRQV [\ LQ



SDUHQWKHVHV  DQG GHSWK 3XOYLQDU QXFOHL RXWOLQHV 03XO /3XO ,3XO  ZHUH DGDSWHG IURP WKH 1HXUR0DSV



DWODV



KWWSVVFDODEOHEUDLQDWODVLQFIRUJPDFDTXH'%KWWSVVFDODEOHEUDLQDWODVLQFIRUJVHUYLFHVUJEVOLFHSKS



%DNNHU HW DO   DQG /3XO ZDV IXUWKHU VXEGLYLGHG WR GRUVDO 3/GP  DQG YHQWUDO 3/YO  SDUWV &



(OHFWURGH WLS ORFDOL]DWLRQ SUREDELOLW\ PDSV LQ VWDQGDUG $&3& VSDFH DFURVV DOO VWLPXODWLRQ VLWHV 7KH



SUREDELOLW\ PDS ZDV FUHDWHG E\ GHOLQHDWLQJ D VSKHUH RI  PP UDGLXV DURXQG WKH WLS LQ WKH FKDPEHU



QRUPDO VSDFH IRU HDFK VWLPXODWLRQ VHVVLRQ WUDQVIRUPLQJ UHVXOWLQJ YROXPHV WR $&3& VSDFH DQG



FRQYHUWLQJ YROXPHV RI LQWHUHVW 92,  WR SUREDELOLW\ PDS XVLQJ %UDLQ9R\DJHU 92, IXQFWLRQV 3XOYLQDU



QXFOHL RXWOLQHV IURP WKH 1HXUR0DSV DWODV GRWWHG ZKLWH  ZHUH LQGLYLGXDOO\ VFDOHG LQ YHUWLFDO DQG



KRUL]RQWDO GLPHQVLRQV DQG RYHUODLG RQ WKH FRUUHVSRQGLQJ DQDWRPLFDO VHFWLRQV 5LJKW LQVHW VWDQGDUG



FRURQDOVHFWLRQV LQGLFDWHGE\WKH\FRRUGLQDWH IURPWKH1HXUR0DSVDWODVJRLQJIURPDQWHULRU WRS WR



SRVWHULRU ERWWRP  $EEUHYLDWLRQV EVF ± EUDFKLXP RI WKH VXSHULRU FROOLFXOXV EOY ± ERG\ RI WKH ODWHUDO



YHQWULFOH



)LJXUH   )L[DWLRQ WDVN DQG FKDUDFWHUL]DWLRQ RI HYRNHG VDFFDGHV $ 7DVN OD\RXW 0RQNH\V IL[DWHG D



FHQWUDOVSRWIRUDYDULDEOHWLPHWRUHFHLYHOLTXLGUHZDUG,QKDOIRIWKHWULDOVZHDSSOLHGDWUDLQRIELSKDVLF



HOHFWULF SXOVHV WR FKDUDFWHUL]H SRWHQWLDO HYRNHG VDFFDGHV % 6WLPXODWLRQ SDUDPHWHUV (DFK  PV



VWLPXODWLRQWUDLQFRQVLVWHGRIELSKDVLFSXOVHVDSSOLHGDW+] WZRSXOVHVDUHVKRZQ (DFKELSKDVLF



SXOVHVWDUWHGZLWKDȝVSRVLWLYHSKDVHIROORZHGE\ȝVLQWHUSKDVHLQWHUYDODQGDȝVQHJDWLYH



SKDVH 7KHUH ZDV D  PV LQWHUYDO EHWZHHQ VHWV RI SXOVHV & 6DFFDGH SUREDELOLW\ GLVWULEXWLRQ DV D



5RKOILQJ

HW

DO

 

H[SRUWHG



YLD



WKH

6FDODEOH

%UDLQ

$WODV






IXQFWLRQ RI WLPH GXULQJ DQG DIWHU VWLPXODWLRQ OHIW SDQHO  DQG FRUUHVSRQGLQJ VDFFDGH HQGSRLQWV ULJKW



SDQHO 6DFFDGHVWKDWVWDUWHGGXULQJWKHVWLPXODWLRQSHULRG SXUSOHVKDGH DUHVKRZQLQSXUSOHVDFFDGHV



WKDWVWDUWHGLQWKHPVZLQGRZDIWHUVWLPXODWLRQ JUHHQVKDGH LQJUHHQDQGVDFFDGHVLQWULDOVZLWKRXW



VWLPXODWLRQLQJUD\3ORWWHGGDWDDUHIURPIL[DWLRQWULDOVLQPRQNH\& VWLPXODWLRQVLWHV  2QO\



VDFFDGHV ZLWK DPSOLWXGHV ! ZHUH LQFOXGHG LQ WKLV DQDO\VLV /HIW SDQHO 7KH WLPH D[LV LV UHODWLYH WR



VWLPXODWLRQRQVHWRUDFRUUHVSRQGLQJWLPHLQFRQWUROWULDOV7KHSUREDELOLW\RIFRQWUDYHUVLYHRULSVLYHUVLYH



VDFFDGHVLVVKRZQDVXSZDUGDQGGRZQZDUGKLVWRJUDPVUHVSHFWLYHO\ ELQPV 5LJKWSDQHOVDFFDGH



GLUHFWLRQ DQG DPSOLWXGH LQ WKH IL[DWLRQ WDVN (QGSRLQWV DUH VKRZQ UHODWLYH WR HDFK VDFFDGH VWDUWLQJ



SRVLWLRQ:HGHILQHGHYRNHGVDFFDGHVDVVDFFDGHVGXULQJWKHVWLPXODWLRQSHULRGWKDWZHUHIROORZHGE\D



VDFFDGHWRWKHRSSRVLWHVLGHUHWXUQLQJWRWKHIL[DWLRQVSRW7KHHYRNHGVDFFDGHVRFFXUUHGPDLQO\DORQJ



WKHKRUL]RQWDOD[LVWRWKHFRQWUDYHUVLYHVLGHZHUHFRQWDLQHGZLWKLQDDQJOHEHORZDQGDERYHWKH



KRUL]RQWDOD[LV VROLGSXUSOHVHFWRURXWOLQH 



)LJXUH  9LVXDOO\JXLGHG VDFFDGH WDVN $ 7DVN OD\RXW 6WLPXODWLRQ ZDV GHOLYHUHG LQ RQH RI VHYHQ



GLIIHUHQWSHULRGVVWDUWLQJEHIRUHWKHWDUJHW V RQVHW PVPVRUPV DWWKH*RVLJQDORUDIWHU



WKH*RVLJQDO PVPVRUPV 7ULDOVZLWKRXWVWLPXODWLRQZHUHLQWHUOHDYHGDVDFRQWURO7KH



FRORUFRGHIRUHDFKVWLPXODWLRQSHULRGLVVDPHIRUDOOIROORZLQJILJXUHV%6DFFDGHDFFXUDF\DQGHQGSRLQW



VFDWWHU'DVKHGUHGFLUFOHVUHSUHVHQWWKHDOORZHGUDGLXVRIWDUJHWDFTXLVLWLRQZLQGRZFURVVHVUHSUHVHQW



WKH WDUJHWV FHQWHU +DOID[HV RI FRORUHG HOOLSVHV FRQWURO JUD\  UHSUHVHQW WKH PHDQV DFURVV VHVVLRQV RI



VWDQGDUG GHYLDWLRQV RI UDGLDO DQG DQJXODU FRRUGLQDWHV RI HQGSRLQWV HOOLSVH FHQWHUV DUH PHDQV RI PHDQ



HQGSRLQWVDFURVVVHVVLRQV%RWKPRQNH\VVKRZHGUHGXFHGDFFXUDF\ ³$FF´WKHGLVWDQFHIURPWKHWDUJHW



FHQWHUWRWKHPHDQHQGSRLQW DQGLQFUHDVHGHQGSRLQWVFDWWHULQWKHFRQWUDYHUVLYHVLGHRIVSDFH SUHFLVLRQ



³3UH´WKHUDGLDOFRPSRQHQWFRUUHVSRQGLQJWRHOOLSVHPDMRUD[LV 7KHDVWHULVNVGHQRWHVLJQLILFDQWHIIHFWV



RQDFFXUDF\ $FF DQGSUHFLVLRQ 3UH VHSDUDWHO\IRUHDFKWDUJHWSRVLWLRQ S



ZLWKSRVWKRF:LOFR[RQVLJQHGUDQNWHVW%RQIHUURQLFRUUHFWHG 7KHVHDFFXUDF\DQGSUHFLVLRQHIIHFWVGLG



QRW LPSDLU PRQNH\V¶ DELOLW\ WR DFTXLUH DQ\ RI WKH WDUJHWV )LVKHU¶V H[DFW WHVW ZLWKLQ HDFK VHVVLRQ








S)ULHGPDQ






%RQIHUURQLFRUUHFWHGS!VHH7DEOH &+RUL]RQWDOH\HSRVLWLRQWUDFHVIRUWKHGLIIHUHQWVWLPXODWLRQ



SHULRGVLQWZRH[DPSOHVHVVLRQVLQPRQNH\& XSSHUWZRURZV DQG/ ORZHUWZRURZV IRURQHSDLURI



FRQWUDYHUVLYH OHIW FROXPQ  DQG LSVLYHUVLYH ULJKW FROXPQ  WDUJHWV VXFFHVVIXO WULDOV DOLJQHG WR WKH *R



VLJQDO PVGRWWHGYHUWLFDOOLQHV 7KHFRORURIWKHWUDFHVUHSUHVHQWVFRUUHVSRQGLQJVWLPXODWLRQSHULRGV



ZKLFKDUHDOVRVKRZQDVEUDFNHWVEHORZWKHWUDFHV FRQWUROJUD\ 7KHWULDQJOHVEHORZGHQRWHPHDQ57



IRUHDFKSHULRG



)LJXUH  (IIHFW RI VWLPXODWLRQ RQ UHDFWLRQ WLPHV LQ WKH YLVXDOO\JXLGHG VDFFDGH WDVN $ 6WLPXODWLRQ



HIIHFWV RQ UHDFWLRQ WLPHV IRU FRQWUDYHUVLYH OHIW  DQG LSVLYHUVLYH ULJKW  VDFFDGHV IRU PRQNH\ & DQG /



UHVSHFWLYHO\ 8SSHU SDQHOV WKH UHDFWLRQ WLPH 57  KLVWRJUDPV  PV ELQ QRUPDOL]HG WR  SHU



FRQGLWLRQ VKRZGDWDDFURVVDOOWULDOVIRUHDFKVWLPXODWLRQSHULRG)RUVWLPXODWLRQRQVHWVDWRUDIWHUWKH*R



VLJQDO WKH VDFFDGH LQLWLDWLRQ ZDV GHOD\HG FRPSDUHG WR FRQWURO JUD\  7KH VDFFDGH LQLWLDWLRQ ZDV HLWKHU



GHOD\HGRUDUUHVWHGXQWLOWKHHQGRIWKHVWLPXODWLRQSHULRGUHVXOWLQJLQDELPRGDO57GLVWULEXWLRQIRUWKH



ODWHVWLPXODWLRQSHULRGV,QLSVLYHUVLYHWULDOVIRUWKHHDUOLHVWVWLPXODWLRQSHULRGPVWRWKH*RVLJQDO



WKHUH ZDV D IDFLOLWDWRU\ HIIHFW RQ VDFFDGH RQVHWV /RZHU SDQHOV VHVVLRQ E\ VHVVLRQ GLUHFWLRQDOLW\ DQG



VLJQLILFDQFH RI 57 HIIHFW )RU HDFK VWLPXODWLRQ SHULRG HDFK VHVVLRQ UHDFWLRQ WLPH WKDW GLIIHUHG IURP



FRQWUROWULDOVLVVKRZQDVHLWKHUDSRVLWLYHRUQHJDWLYHELQUHSUHVHQWLQJHLWKHUGHOD\RUIDFLOLWDWLRQ)LOOHG



ELQV UHSUHVHQW VHVVLRQV ZKHUH WKH FKDQJH IURP FRQWURO ZDV VLJQLILFDQW )ULHGPDQ IROORZHG E\ 0DQQ



:KLWQH\8 WHVW %RQIHUURQL FRUUHFWHG  ,W VKRXOG EH QRWHG WKDW IRU LSVLYHUVLYH VDFFDGHV WKH IDFLOLWDWLRQ



HIIHFWVDWWKHWZRHDUO\VWLPXODWLRQSHULRGV DQG ZHUHFRQVLVWHQWO\SUHVHQWLQERWKPRQNH\VLQ



ERWK FKRLFH DQG LQVWUXFWHG WULDOV % 6XPPDU\ RI UHDFWLRQ WLPH HIIHFWV IRU FRQWUDYHUVLYH OHIW  DQG



LSVLYHUVLYH ULJKW  VDFFDGHV VHSDUDWHG E\ PRQNH\ ± EOXH DQG JUHHQ WUDFHV IRU PRQNH\ & DQG /



UHVSHFWLYHO\ ± DQG E\ YHUWLFDO WDUJHW SRVLWLRQ OLJKW PHGLXP DQG GDUNVKDGHG WUDFHV GHQRWH XSSHU



KRUL]RQWDO DQG ORZHU SRVLWLRQV VHH LQVHW  3ORWV VKRZ VDFFDGHV WKDW VWDUWHG HLWKHU GXULQJ VWLPXODWLRQ



SHULRG WRSURZ RUDIWHUVWLPXODWLRQRIIVHW ERWWRPURZ 'DVKHGOLQHVLQWKHWRSURZFRQQHFWFRQWUROGDWD



ZLWKWKHQH[WDYDLODEOHVWLPXODWLRQGDWDSRLQW WKHUHZHUHQRFRUUHFWVDFFDGHVVWDUWLQJGXULQJDQG













VWLPXODWLRQ SHULRGV VLQFH WKLV ZRXOG DERUW IL[DWLRQ  & 6XPPDU\ RI UHDFWLRQ WLPH HIIHFWV IRU



FRQWUDYHUVLYH OHIW  DQG LSVLYHUVLYH ULJKW  VDFFDGHV FRPELQHG IRU WZR PRQNH\V DQG DOO YHUWLFDO WDUJHW



SRVLWLRQV PHDQDQG6(DFURVVVHVVLRQV 7RSDQGERWWRPURZVVKRZVDFFDGHVWKDWVWDUWHGHLWKHUGXULQJ



WKHVWLPXODWLRQSHULRGRUDIWHUVWLPXODWLRQRIIVHW1RWHWKDWWKHPVSHULRGLVDVSHFLDOFDVHZKHUHWKH



VHSDUDWLRQLQWRGXULQJDQGDIWHUVWLPXODWLRQGRHVQRWSURYLGHPHDQLQJIXOLQIRUPDWLRQVLQFHWKHRIIVHWRI



WKLV VWLPXODWLRQ SHULRG  PV DIWHU WKH *R VLJQDO  KDSSHQV DW WKH VDPH WLPH DV WKH PHDQ RQVHW RI



VDFFDGHV LQ WKH FRQWURO FRQGLWLRQ  PV DQG  PV FRQWUDYHUVLYH DQG LSVLYHUVLYH VDFFDGHV



UHVSHFWLYHO\ ERWK PRQNH\V FRPELQHG  7KHUHIRUH VDFFDGHV WKDW VWDUWHG GXULQJ WKH  PV VWLPXODWLRQ



SHULRG ZRXOG E\ GHILQLWLRQ VHHP IDFLOLWDWHG ZKHQ FRPSDUHG WR FRQWURO DQG VDFFDGHV WKDW VWDUWHG DIWHU



VWLPXODWLRQZRXOGDSSHDUGHOD\HG7KHUHDFWLRQWLPHVLQDOOVWLPXODWLRQSHULRGVZHUHFRPSDUHGWRFRQWURO



WULDOV PDUNHG DV ³&´  XVLQJ .UXVNDO:DOOLV IROORZHG E\ 0DQQ:KLWQH\8 WHVW %RQIHUURQL FRUUHFWHG



S

S



)LJXUH5HDFWLRQWLPHFRUUHODWLRQVDFURVVVHVVLRQV7ZRVWLPXODWLRQVSHULRGVPVEHIRUHDQGPV



DIWHU WKH *R VLJQDO LQ ZKLFK UHDFWLRQ WLPH HIIHFWV IDFLOLWDWLRQ DQG GHOD\ UHVSHFWLYHO\  ZHUH RYHUDOO



VWURQJHVW ZHUH VHOHFWHG IRU WKH FRUUHODWLRQ DQDO\VLV'DWD IURP ERWK PRQNH\V DUH FRPELQHGLQ WKLV DQG



VXEVHTXHQWFRUUHODWLRQSORWV)LOOHGFLUFOHVLQGLFDWHVHVVLRQVZKHUHERWKHIIHFWVZHUHVLJQLILFDQWWULDQJOHV



LQGLFDWHWKDWRQO\RQHRIWKHHIIHFWVZDVVLJQLILFDQWDQGRSHQFLUFOHVLQGLFDWHVHVVLRQVZLWKQRVLJQLILFDQW



FKDQJHIRUDQ\RIWKHP$&RQWUDYHUVLYHYVLSVLYHUVLYHUHDFWLRQWLPHGLIIHUHQFH VWLPXODWLRQ±FRQWURO 



LQHDFKVHVVLRQ)RUWKHHDUO\VWLPXODWLRQSHULRGPVEHIRUHWKH*RVLJQDO EOXHV\PEROV VWURQJHU



IDFLOLWDWLRQ QHJDWLYH 57 GLIIHUHQFH  LQ LSVLYHUVLYH WULDOV KDG DQ LQVLJQLILFDQW WUHQG WR FRUUHODWH ZLWK



VKRUWHU 57V LQ FRQWUDYHUVLYH WULDOV )RU WKH ODWH VWLPXODWLRQ SHULRG  PV DIWHU WKH *R VLJQDO RUDQJH



V\PEROV  GHOD\V SRVLWLYH 57 GLIIHUHQFH  LQ LSVLYHUVLYH DQG FRQWUDYHUVLYH WULDOV ZHUH FRUUHODWHG ZLWK



PRVW GDWD SRLQWV EHORZ WKH PDLQ GLDJRQDO LSVLYHUVLYH GHOD\ ! FRQWUDYHUVLYH GHOD\  % 5HDFWLRQ WLPH



GHOD\YVIDFLOLWDWLRQLQLSVLYHUVLYHVDFFDGHVLQHDFKVHVVLRQ7KHIDFLOLWDWLRQGXHWRVWLPXODWLRQLQWKH













PVSHULRGDQGWKHGHOD\GXHWRVWLPXODWLRQLQWKHSHULRGPVZHUHFRUUHODWHG%ODFNOLQHVVKRZ



EHVWOLQHDUILWV



)LJXUH  (IIHFW RI VWLPXODWLRQ RQ WDUJHW VHOHFWLRQ LQ YLVXDOO\JXLGHG VDFFDGH WDVN $ 3HUFHQWDJH RI



FRQWUDYHUVLYHWDUJHWVHOHFWLRQDVDIXQFWLRQRIVWLPXODWLRQSHULRGV,QFRQWUROWULDOV PDUNHGDV³&´ ERWK



PRQNH\V VKRZHG DQ LSVLYHUVLYH ULJKW  WDUJHW VHOHFWLRQ ELDV GHVSLWH LQLWLDO ELDV HTXDOL]DWLRQ VHH



0DWHULDOVDQG0HWKRGV ,QVWLPXODWLRQWULDOVFXUUHQWDSSOLHGEHIRUHWKH*2VLJQDOIXUWKHUGHFUHDVHGWKH



VHOHFWLRQRIFRQWUDYHUVLYHWDUJHWV/DWHVWLPXODWLRQSHULRGVLQFUHDVHGFRQWUDYHUVLYHWDUJHWVHOHFWLRQ0HDQ



DQG6(DFURVVVHVVLRQVSYDOXHVIURP)ULHGPDQWHVWIROORZHGE\:LOFR[RQVLJQHGUDQNWHVW%RQIHUURQL



FRUUHFWHG S



)RU HDFK VHVVLRQ ZH XVHG %RQIHUURQLFRUUHFWHG )LVKHU¶V H[DFW WHVW WR FRPSDUH WDUJHW VHOHFWLRQ LQ



VWLPXODWLRQWULDOVWRFRQWUROWULDOVIRUHDFKVWLPXODWLRQSHULRG7KHGLUHFWLRQRIWKHHIIHFWLVVKRZQZLWKD



SRVLWLYH RU QHJDWLYH YHUWLFDO EDU FRUUHVSRQGLQJ WR LQFUHDVHG RU GHFUHDVHG FRQWUDYHUVLYH VHOHFWLRQ



VWDWLVWLFDOO\VLJQLILFDQWVHVVLRQVDUHILOOHG&3HUFHQWDJHRIFRQWUDYHUVLYHWDUJHWVHOHFWLRQDVDIXQFWLRQRI



VWLPXODWLRQ SHULRGV LQ LQGLYLGXDO VHVVLRQV %ODFN OLQHV FRQQHFWLQJ GRWV OLQN GDWD SRLQWV IURP LQGLYLGXDO



VHVVLRQV'7DUJHWVHOHFWLRQPRGXODWLRQSHUYHUWLFDOSRVLWLRQRIOHIWULJKWWDUJHWSDLUV ULJKWSDQHO 7KH



LQVHWRQWKHOHIWVKRZVWKHFRUUHVSRQGLQJFRORUFRGH PRQNH\&±EOXHPRQNH\/JUHHQOLJKWPHGLXP



DQGGDUNVKDGHGWUDFHVGHQRWHXSSHUKRUL]RQWDODQGORZHUWDUJHWSRVLWLRQV 



)LJXUH  7DUJHW VHOHFWLRQ DQG UHDFWLRQ WLPH FRUUHODWLRQV DFURVV VHVVLRQV $ &RQWUDYHUVLYH WDUJHW



VHOHFWLRQGLIIHUHQFH VWLPXODWLRQ±FRQWURO LQPVYVPVVWLPXODWLRQSHULRGVLQHDFKVHVVLRQ



7KHUHZDVDZHDNLQVLJQLILFDQWFRUUHODWLRQEHWZHHQFRQWUDYHUVLYHELDVDWPVSHULRGDQGLSVLYHUVLYH



ELDVDWPVSHULRG%&RQWUDYHUVLYHWDUJHWVHOHFWLRQGLIIHUHQFHYVUHDFWLRQWLPHGLIIHUHQFHIRUWKH



 PV DQG  PV VWLPXODWLRQ SHULRGV IRU FRQWUDYHUVLYH WRS SDQHO  DQG LSVLYHUVLYH ERWWRP SDQHO 



VDFFDGHV LQ HDFK VHVVLRQ 7KHUH ZDV D ZHDN LQVLJQLILFDQW FRUUHODWLRQ EHWZHHQ LSVLYHUVLYH ELDV DQG 57



FKDQJHVLQWKHPVSHULRG EOXHV\PEROV IRUERWKFRQWUDYHUVLYHDQGLSVLYHUVLYHVDFFDGHVDQGVWURQJ




S  % 7DUJHW VHOHFWLRQ PRGXODWLRQ SHU VHVVLRQ GLUHFWLRQ DQG VLJQLILFDQFH










FRUUHODWLRQEHWZHHQFRQWUDYHUVLYHELDVDQG57GHOD\LQWKHPVSHULRGRQO\IRULSVLYHUVLYHVDFFDGHV



RUDQJHV\PEROVERWWRPSDQHO 



)LJXUH6XPPDU\RIVWLPXODWLRQHIIHFWVLQGRUVDO G3XO DQGYHQWUDO Y3XO SXOYLQDU$7RSSXOYLQDU



SDUFHOODWLRQ VFKHPHV GRUVDO YV YHQWUDO PHGLDO ODWHUDO DQG LQIHULRU ZLWK WKH ODWHUDO QXFOHXV IXUWKHU



VXEGLYLGHGWRGRUVDO 3/GP DQGYHQWUDO 3/YO SDUWV%RWWRPVWLPXODWLRQVLWHVORFDOL]DWLRQLQWKHG3XO



PRQNH\ & JULG \ PRQNH\ / JULG \  FKDPEHUQRUPDO FRURQDO VHFWLRQV % 6WLPXODWLRQ VLWHV



ORFDOL]DWLRQLQWKHY3XO PRQNH\&JULG\PRQNH\/JULG\ FKDPEHUQRUPDOFRURQDOVHFWLRQV&,Q



DGGLWLRQWRVWLPXODWLRQVLWHVLQGRUVDOSXOYLQDU WRSURZ ZHSHUIRUPHGFRQWUROVWLPXODWLRQVLQVLWHV



LQ YHQWUDO SXOYLQDU Y3XO  WR DVVHVV WKH VSHFLILFLW\ RI WKH VWLPXODWLRQ HIIHFWV RQ WDUJHW VHOHFWLRQ DQG



VDFFDGH JHQHUDWLRQ :H ELQQHG WKHVH VLWHV LQWR WKUHH GHSWK JURXSV VKDOORZ  VHVVLRQV  PRQNH\ & 



PRQNH\/ PHGLXP VHVVLRQVPRQNH\&PRQNH\/ DQGGHHS VHVVLRQVPRQNH\&PRQNH\



/  'XH WR WKH DQJOHG FKDPEHU RULHQWDWLRQ DV ZH DGYDQFHG GHHSHU ZH DOVR WDUJHWHG PRUH PHGLDO DQG



DQWHULRUSDUWVRIWKHY3XO2QHGHSWKJURXSLVVKRZQSHUURZ)RUDOOURZVOHIWFROXPQXSSHUVXESDQHO



WDUJHW VHOHFWLRQ GLIIHUHQFH IURP FRQWURO PHDQ DQG 6( DFURVV VHVVLRQV ERWWRP VXESDQHO GLUHFWLRQ DQG



VLJQLILFDQFHRIWKHVWLPXODWLRQHIIHFWSHUVHVVLRQQRUPDOL]HGWRWKHQXPEHURIVHVVLRQV VFDOHEDU 



7KH VLJQLILFDQFH LQ HDFK VHVVLRQ ZDV DVVHVVHG XVLQJ )LVKHU¶V H[DFW WHVW %RQIHUURQL FRUUHFWHG ILOOHG



FRORUVS0LGGOHDQGULJKWFROXPQVGDWDIRULQVWUXFWHGFRQWUDYHUVLYHDQGLSVLYHUVLYHUHDFWLRQWLPH



HIIHFWV VLJQLILFDQFH LQ HDFK VHVVLRQ DVVHVVHG XVLQJ .UXVNDO:DOOLV WHVW IROORZHG E\ 0DQQ:KLWQH\8



WHVW%RQIHUURQLFRUUHFWHG



)LJXUH  6WLPXODWLRQ HIIHFWV LQ PHPRU\JXLGHG VDFFDGH WDVN G3XO  $ 7DVN OD\RXW 6WLPXODWLRQ ZDV



GHOLYHUHGLQRQHRIIRXUSHULRGVVWDUWLQJEHIRUHRQVHWRIWKHYLVXDOFXH V  PV&XH DIWHUWKHRQVHWRI



WKHYLVXDOFXH V  PV&XH EHIRUHWKH*RVLJQDO PV*R RUDIWHUWKH*RVLJQDO PV*R 



7ULDOVZLWKRXWVWLPXODWLRQZHUHLQWHUOHDYHGDVDFRQWURO%&7DUJHWVHOHFWLRQLQWKHPHPRU\JXLGHGWDVN



% DQGLQWKHYLVXDOO\JXLGHGVDFFDGHWDVNLQWKHVDPHVLWHVDQGVHVVLRQV &  VHVVLRQVVHVVLRQVLQ



PRQNH\&VHVVLRQVLQPRQNH\/ PHDQDQG6(RIFRQWUDYHUVLYHVHOHFWLRQGLIIHUHQFHIURPFRQWURODQG












GLUHFWLRQDQGVLJQLILFDQFHRISUHIHUHQFHFKDQJHIURPFRQWURO )LVKHU¶VH[DFWWHVW%RQIHUURQLFRUUHFWHG 



,QVHWVLQ%IRUWKHPHPRU\JXLGHGWDVNVKRZGDWDIRUHDFKPRQNH\'(IIHFWRIVWLPXODWLRQRQUHDFWLRQ



WLPH LQ WKHPHPRU\JXLGHG VDFFDGH WDVN IRU LQVWUXFWHG FRQWUDYHUVLYH OHIW  DQG LSVLYHUVLYH ULJKW  WULDOV



)RU ERWK KHPLILHOGV SDQHOV RQ WKH OHIW VKRZ WKH PHDQ DQG 6( DFURVV VHVVLRQV DQG SDQHOV RQ WKH ULJKW



VKRZGLUHFWLRQDQGVLJQLILFDQFHRIHIIHFWSHUVHVVLRQVLJQLILFDQFHLQHDFKVHVVLRQDVVHVVHGE\.UXVNDO



:DOOLV WHVW ZLWK SRVWKRF 0DQQ:KLWQH\8 WHVW %RQIHUURQL FRUUHFWHG ( (\H SRVLWLRQ WUDFHV GXULQJ



LQVWUXFWHGPHPRU\JXLGHGVDFFDGHHUURUWULDOVWZRVHVVLRQVFRPELQHGIRUHDFKPRQNH\ PRQNH\&OHIW



PRQNH\/ULJKW 7UDMHFWRULHVDUHFRORUHGDFFRUGLQJWRWKHSHULRGLQZKLFKVWLPXODWLRQRFFXUUHGWULDOVLQ



ZKLFKQRVWLPXODWLRQZDVGHOLYHUHGDUHJUD\7KHUHZHUHWZRSHULRGVLQZKLFKERWKPRQNH\VVKRZHGD



FRQVLGHUDEOHGHFUHDVHLQWKHKLWUDWH VHH7DEOH EHIRUHWKH&XHRQVHWDQGDIWHUWKH*RVLJQDO



(UURUVLQWULDOVZKHUHVWLPXODWLRQZDVGHOLYHUHGEHIRUHWKH&XHRQVHWZHUHPRVWO\IL[DWLRQDERUWVWRZDUGV



WKHLSVLYHUVLYH&XHDIWHUWKHVWLPXODWLRQSHULRGHQGHG(UURUVDIWHUWKH*RVLJQDOZHUHPRVWO\K\SRPHWULF



VDFFDGHVWKDWGLGQRWUHDFKWKHWDUJHWZLQGRZ



)LJXUH  6SDWLDO UHVSRQVH ILHOG SURSHUWLHV LQ WKH G3XO $ 2IIOLQH 5) HVWLPDWLRQ LQ DQ H[DPSOH XQLW



&XUBB  /HIW 5DVWHU SORW DQG UHVXOWLQJ VSLNH GHQVLW\ IXQFWLRQV 6')  VHSDUDWHO\ IRU



FRQWUDODWHUDO DQG LSVLODWHUDO WULDOV PDJHQWD DQG EURZQ UHVSHFWLYHO\ 7ULDOV DUH JURXSHG E\ KHPLILHOG



HFFHQWULFLW\DQGYHUWLFDOWDUJHWSRVLWLRQXSSHU 83 KRUL]RQWDO +5 DQGORZHU /: )RUWKHUDVWHUSORW



DQG 6') EODFN GRWWHG OLQHV GHQRWH HYHQWV IL[DWLRQ SRLQW RQVHW ³)3 RQVHW´  DFTXLULQJ IL[DWLRQ ³)3



DFTXLUHG´ FXHRQVHWFXHRIIVHWDQGEHJLQQLQJRIWKHPHPRU\SHULRGRIIVHWRIWKHFHQWUDOIL[DWLRQSRLQW



ZKLFKDOVRVHUYHGDVWKH*RVLJQDO³*R´ VDFFDGHRQVHWDQGRQVHWDQGRIIVHWRIWKHSHULSKHUDOWDUJHW



'LVFRQWLQXRXVWUDFHVLQGLFDWHJDSVLQDOLJQPHQWWRHYHQWV)3RQVHWFXHRQVHWVDFFDGHRQVHWDQGWDUJHW



RIIVHWWKHRWKHUHYHQWPDUNHUVGHQRWHDYHUDJHRQVHWUHODWLYHWRDOLJQPHQWHYHQWV*UD\ER[HVDERYHWKH



WLPHD[LVLQGLFDWHDQDO\]HGHSRFKV VHH 0DWHULDOVDQG0HWKRGV 7RSULJKWSDQHODYHUDJHILULQJUDWHV
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