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Frontal Eye Field Neurons with Spatial Representations
Predicted by Their Subcortical Input

Trinity B. Crapse and Marc A. Sommer
Department of Neuroscience, Center for the Neural Basis of Cognition, and Center for Neuroscience at the University of Pittsburgh, University of
Pittsburgh, Pittsburgh, Pennsylvania 15260

The frontal eye field (FEF) is a cortical structure involved in cognitive aspects of eye movement control. Neurons in the FEF, as in most of
cerebral cortex, primarily represent contralateral space. They fire for visual stimuli in the contralateral field and for saccadic eye
movements made to those stimuli. Yet many FEF neurons engage in sophisticated functions that require flexible spatial representations
such as shifting receptive fields and vector subtraction. Such functions require knowledge about all of space, including the ipsilateral
hemifield. How does the FEF gain access to ipsilateral information? Here, we provide evidence that one source of ipsilateral information
may be the opposite superior colliculus (SC) in the midbrain. We physiologically identified neurons in the FEF that receive input from the
opposite SC, same-side SC, or both. We found a striking structure-function relationship: the laterality of the response field of an FEF
neuron was predicted by the laterality of its SC inputs. FEF neurons with input from the opposite SC had ipsilateral fields, whereas
neurons with input from the same-side SC had contralateral fields. FEF neurons with input from both SCs had lateralized fields that could
point in any direction. The results suggest that signals from the two SCs provide each FEF with information about all of visual space, a

prerequisite for higher level sensorimotor computations.

Introduction

Previous reports indicate that the frontal eye field (FEF), a
cortical region involved in vision and eye movements, codes
predominately for contralateral space (Bruce and Goldberg,
1985; Bruce et al., 1985; Schall et al., 1995; Tehovnik et al.,
2000). However, some FEF neurons possess ipsilateral re-
sponse fields (RFs), and many FEF neurons perform opera-
tions that require visual and motor information about both
hemifields. These operations include shifting RFs (Umeno
and Goldberg, 1997, 2001; Sommer and Wurtz, 2006) and
vector subtraction (Goldberg and Bruce, 1990; Tian et al.,
2000). What are the sources of the ipsilateral information, and
how does it reach the FEF?

There are a number of potential routes for ipsilateral sig-
nals to reach the FEF. One route would be the corpus callo-
sum, which could provide signals from the FEF on the oppo-
site side of the brain (Pandya and Vignolo, 1971; Gould et al.,
1986). This scenario is unlikely because functions such as
omni-shifting RFs and transhemifield saccadic sequences sur-
vive transection of the corpus callosum (Berman et al., 2005;
Colby et al., 2005; Heiser et al., 2005; Berman et al., 2007) and
the result of one FEF acting on the other seems to be mostly
inhibitory (Schlag et al., 1998; Seidemann et al., 2002; Izawa et
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al., 2004). Although this does not exclude the possibility that
the opposite FEF is partially involved in providing ipsilateral
signals, it does suggest that the main function of interhemi-
spheric FEF connections is to enforce motor act consensus
(Schlag et al., 1998).

Ascending pathways from subcortical structures may also
provide ipsilateral information. One candidate is the superior
colliculus (SC) on the opposite side of the brain (see Fig. 1). The
SC, a sensorimotor structure in the midbrain, is interconnected
with the FEF (Fries, 1984; Stanton et al., 1988; Lynch et al., 1994).
Each SC codes for contralateral space (Schiller and Koerner,
1971; Wurtz and Goldberg, 1972) and is known to excite FEF
neurons on the same side of the brain via a relay in the mediodor-
sal (MD) nucleus of the thalamus (Sommer and Wurtz, 1998,
2004a). Similarly, signals from the opposite SC could reach the
FEF and do so by way of at least three possible routes (outlined in
Fig. 1). Physiological techniques provide a feasible means to test
these anatomical possibilities.

The objectives of this study were threefold. First, we aimed to
determine whether FEF neurons receive input from the con-
tralateral SC and which of the three crossed pathways likely pro-
vided the input. Second, we sought to characterize the signals
conveyed by the crossed pathway and understand how they relate
to the spatial representations of recipient FEF neurons. Specifi-
cally, we examined whether the inputs were excitatory and
whether the recipient FEF neurons were tuned for ipsilateral
space. Third, we aimed to compare the FEF neurons that received
input from the crossed pathway with those that received input
from the same-side SC pathway, to clarify how inputs from the
two SCs may interact to provide the FEF with information about
all of space.
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Materials and Methods

Surgery and region identification. In four monkeys (Macaca mulatta), we
implanted scleral search coils for measuring eye position, recording
chambers for accessing FEF and SC, and a post for immobilizing the head
during recording experiments (for details, see Sommer and Wurtz,
2004a). The locations of FEF and SC were determined stereotaxically and
verified by physiological means: the recording of saccade-related neu-
rons and the evocation of saccades at <50 uA threshold (Bruce and
Goldberg, 1985). One or more tungsten microelectrodes for stimulation
were semichronically implanted in the intermediate layers of each SC
(termed “ipsilateral” and “contralateral” relative to the recorded FEF).
We positioned the stimulating electrodes near the middle of each SC (i.e.,
~12° amplitude and within a few degrees of the horizontal meridian on
the topographic map). We recorded from single FEF neurons by conven-
tional extracellular means while attempting to activate them with SC
simulation (single biphasic pulse, 0.15 ms/phase).

Behavioral tasks. During recording sessions, each monkey sat in a pri-
mate chair facing a tangent screen onto which visual stimuli were back-
projected. Once a neuron was sufficiently isolated, we characterized its
activity with several oculomotor tasks (described below). In all tasks, the
monkey was required to fixate a spot of light projected onto the center of
the screen. Then, with timings that depended on task contingency, the
monkey was required to execute an appropriate eye movement for a
liquid reward.

First, we determined the directional tuning of the RF with a direction
series task. The monkey made saccades to targets in eight different loca-
tions, along cardinal axes and diagonals, using an amplitude that seemed
optimal from initial qualitative testing. Second, with the preferred direc-
tion of the RF determined, we aligned targets along this direction during
an amplitude series task. The monkey made saccades of eight different
amplitudes (2, 5, 10, 20, 30, 40, 50, and 60°) along the preferred direction
of the neuron. If the optimal amplitude for evoking a maximal response
differed substantially from that estimated with initial qualitative testing,
we repeated the direction series task at the newly determined amplitude.
We iterated between these tasks, if necessary, to firmly establish the
range and center of the neuronal RF. Both the direction series and
amplitude series tasks involved visually guided saccades; the fixation
spot disappeared, and, simultaneously, a single visual target ap-
peared. Saccades were made after a reaction time (typically 150-250
ms) with no imposed delay.

After determining the center of the RF of the neuron, we had monkeys
make memory-guided saccades to that location. The monkey fixated a
spot of light, and then a target flashed for 50 ms at the center of the RF.
The monkey was not allowed to look at the target location until the
fixation spot disappeared 500—1000 ms later. Then the monkey had to
make a saccade to the remembered location of the target (for details, see
Sommer and Wurtz, 2004a). The memory-guided task was used because
it permitted temporal dissociation of visual responses from saccadic re-
sponses (Mays and Sparks, 1980; Hikosaka and Wurtz, 1983).

Neurophysiology. We recorded only from single FEF neurons activated
orthodromically from the left or right SC. Our search strategy was to
inspect the multiunit activity while stimulating one or the other SC. If we
detected signs of stimulation-triggered activation, we manipulated the
electrode depth to isolate one of the activated neurons. If we succeeded in
isolating an activated neuron, we mapped its RF and studied its other
task-related properties. Otherwise, we moved on. A neuron was consid-
ered orthodromically activated if it discharged consistently (=50% of
stimulation attempts) at a comparable latency (variability of ~2—4 ms).
Detailed procedures were described previously (Sommer and Wurtz,
1998, 2004a). To rule out antidromic activation, we only accepted neu-
rons that failed the collision test. Once orthodromic activation of a neu-
ron was suitably verified from one SC, we would attempt to activate the
neuron from the other SC. Our searching current was 600 uA, but if a
neuron was activated from one SC and apparently not the second SC, we
tried current levels up to 1500 pA in the second SC before concluding
that the FEF neuron could not be activated from it.

Our strategy did not permit quantification of the fraction of activated
versus nonactivated neurons. Qualitatively, SC-activated neurons
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seemed to be in the minority, ~1 of every 15 neurons encountered. Since
we mapped RFs only after identifying a neuron as activated, we could not
estimate the fraction of FEF neurons with ipsilaterally tuned RFs that
were not drivable from the contralateral SC. All questions like these, relating
to nonactivated neurons, are not answerable with our techniques.

Data analysis. All neuronal data were converted from raw spike rasters
to average firing rates during defined task epochs for off-line analysis.
Our first goal was to determine whether an orthodromically activated
neuron was significantly task modulated, and if so, in which aspect of the
task it was modulated. To determine this, we divided each memory-
guided task trial into a series of analysis epochs. A neuron was considered
visual if it exhibited neuronal activity during a visual epoch (50—-150 ms
after target onset) that was significantly greater than baseline activity
(300—0 ms before target onset). A neuron was considered to be move-
ment related if it exhibited activity during a saccadic epoch (50 ms before
to 50 ms after saccade initiation) that was significantly greater than both
the intervening delay epoch (last 300 ms of the delay period) and the
baseline epoch.

Our second goal was to determine the spatial tuning curves of the
task-modulated neurons. For this, we divided each directional series task
trial into visual and saccadic epochs as defined above, and measured
mean firing rates as a function of visual target location and saccade di-
rection (Sommer and Wurtz, 2004a). The visual and saccadic activities
for each direction were individually compared, and the maximum value
of each comparison was used for constructing the final tuning curve. The
resultant tuning curve was thus a composite representing the boundary
of the visual field and movement field (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). For some analyses (see
Results), we considered the separate visual and movement fields inde-
pendently, in neurons that had both fields.

Using the tuning curves, we constructed an index for each neuron that
summarized the laterality of its RF. First, we found the average firing rate
for saccades made to targets in contralateral space (FR.) and ipsilateral
space (FR;). Vertical targets were excluded, so each of the averages in-
cluded three target locations (at the diagonal and horizontal directions).
Then we calculated an RF laterality index (RFLI) as the contrast ratio of
the average firing rates: (FR — FR,)/(FR( + FR;). The RFLI ranged from
—1 (completely ipsilateral tuning) to 1 (completely contralateral tun-
ing), with 0 representing symmetric tuning. We used the RFLI to deter-
mine whether biases in the laterality of the RF of a neuron varied contin-
uously with biases in the laterality of its collicular inputs. An SC laterality
index (SCLI) compared the current thresholds for activating a neuron
from contralateral SC (I) versus ipsilateral SC (I}) using the contrast
ratio (I; — I)/(I; + I). The SCLI ranged from —1 (activation was from
ipsilateral SC only) to 1 (activation was from contralateral SC only).
Neurons activated from both SCs had SCLI values between —1 and 1, and
the special case of SCLI of 0 represented equal activation from the two
SCs. To analyze whether RF laterality was related to input laterality from
the two SCs, we performed a Spearman correlation test on the RFLI and
SCLI data.

Statistics. All data were statistically analyzed using conventional para-
metric, nonparametric, and circular statistics with p < 0.05 as the crite-
rion for significance.

Results

Excitatory activation of the FEF from the two SCs

We recorded from single neurons throughout the FEF and at-
tempted to orthodromically activate them by stimulating each
SC. The FEF was sampled from the ventrolateral small saccade
zone (~2° amplitude saccades) to the dorsomedial large saccade
zone (~30° amplitude saccades) as determined by the eccentric-
ities of visuomovement response fields and the vectors of
stimulation-evoked saccades (Bruce and Goldberg, 1985; Bruce
et al., 1985; Sommer and Wurtz, 2000, 2004). Successful ortho-
dromic activation of an FEF neuron provided physiological evi-
dence for connectivity (Sommer and Wurtz, 1998, 2002, 2004a,b,
2006). We were able to orthodromically activate a total of 55 FEF
neurons. Of these, 12 were driven from the contralateral SC alone
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(ConSC-only neurons), 16 from both SCs (BothSC neurons),
and 27 from the ipsilateral SC alone (IpsSC-only neurons). All
three types of neurons were found throughout the FEF, pre-
sumably in layer IV, the principal thalamic recipient zone
(Giguere and Goldman-Rakic, 1988). All of the neurons were
identified as receiving input from the SC, but none seemed to
project to the SC [i.e., all of the neurons were orthodromically
but not antidromically activated from the SC; also found by
Sommer and Wurtz (2004a)].

Every instance of detected orthodromic activation from the
SC was excitatory as evidenced by the reliable evocation of short-
latency spikes. We found no evidence for stimulation-evoked
inhibition. Although we feel confident that we could have iden-
tified stimulation-evoked pauses in the spontaneous activity of
most of the neurons (the average baseline firing rate of the driv-
able neurons was 17 sp/s), it is possible that some inhibition
occurred that escaped our detection. Figure 2 A depicts example
action potential waveforms from a ConSC-only neuron. The
stimulus artifact is at time 0. This neuron fired with a latency of
5.8—6.8 ms in response to stimulation from the contralateral SC
(top), but not from the ipsilateral SC (bottom). IpsSC-only neu-
rons showed similar activations but solely from stimulation of the
ipsilateral SC (data not shown). We refer to these neurons as
Con- or Ips-“only,” although the failure to activate them from the
other SC is a negative result and should be interpreted cautiously
(e.g., larger currents may have revealed activation; we tried up to
1.5 mA) (for more about this issue, see penultimate paragraph of
Discussion).

Other FEF neurons, in contrast, were clearly activated from
both SCs. The action potentials from one example are shown in
Figure 2 B. This neuron fired 0.9 ms later for Contra SC stimula-
tion (top) than for Ipsi SC stimulation (bottom). Our first main
result, therefore, was that FEF neurons may be orthodromically
activated from the contralateral SC, the ipsilateral SC, or both,
and that this activation is excitatory.

Route of activation from the contralateral SC

Input to the FEF from the contralateral SC could ascend by way of
atleast three potential routes. Three synapses are predicted by the
corpus callosum hypothesis (Fig. 1 A) and tectal commissure hy-
pothesis (Fig. 1 B) but only two synapses for the massa intermedia
hypothesis (Fig. 1C). The same-side pathway (from the ipsilateral
SC) involves two synapses as well, and thus the massa intermedia
hypothesis predicts that activation latencies from the contralat-
eral SC should exceed activation latencies from the ipsilateral SC
by only a small amount attributable to different axon lengths. In
contrast, the other two hypotheses predict that activation laten-
cies from the contralateral SC should exceed activation latencies
from the ipsilateral SC by a larger amount, attributable to both
longer axons plus an extra synapse.

To test among these three hodological hypotheses, we ana-
lyzed the activation latencies of the neurons. We focused on the
BothSC neurons since they could be activated through both the
same-side and crossed pathways and thus provide the most direct
temporal comparison of same-side versus crossed connectivity.
We found that signals from the contralateral SC took an average
of 3.87 ms to reach the BothSC neurons, whereas signals from the
ipsilateral SC took an average of 3.35 ms, resulting in a significant
average latency difference of 0.52 ms (¢ test, p < 0.05) (Fig. 2C).
This latency difference implies slightly longer axons. At an esti-
mated conduction speed of 15 m/s, for example, the extra 0.52 ms
would imply an extra 7.8 mm, approximately the distance needed
to traverse the massa intermedia (Olszewski, 1952). The latency
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difference seems far too short, however, to account for the addi-
tional synapse in the other two potential paths. Transmission
times across the corpus callosum or tectal commissure and
through a synapse are on the order of 1-10 ms (Swadlow et al.,
1978; Takahashi et al., 2007). Our data suggest that the primary,
functional route from the contralateral SC to the FEF (although
not necessarily the only route) involves a thalamic crossing point
with no extra synapses.

Response fields of FEF neurons driven from one SC

Next, we evaluated whether structure predicted function in the
sense that the laterality of connections from the SCs predicts the
laterality of the RF of an FEF neuron. We did not examine finer
details such as the correspondence between stimulation location
within an SC map and RF direction of activated FEF neurons.
Examining such details would have necessitated systematic
changes in stimulating electrode locations across the topographic
maps of both SCs (Robinson, 1972), which seemed like too much
of arisk in an already challenging experiment.

Each SC represents contralateral visual space and saccades,
and therefore the most parsimonious prediction was that FEF
neurons with solely crossed SC input would have ipsilateralized
fields, FEF neurons with solely same-side input would have con-
tralateralized fields, and FEF neurons with convergent input
from both SCs would have bilateralized fields (i.e., fields that
extend equally into either hemifield). While we recorded from
identified FEF neurons, monkeys performed oculomotor tasks
designed to characterize the visuosaccadic activity of each neuron
and its spatial tuning (for details of measuring visual and move-
ment fields, see Materials and Methods).

We began our analysis with the simplest sets of FEF neurons,
those activated from only one SC. Figure 3A shows data from an
example ConSC-only neuron (pathway depicted at top). Shown
are the raw activity plots for visually guided saccades in eight
directions (middle) as well as a summary tuning curve (bottom).
The neuron exhibited a spatially selective increase in firing rate
for visuosaccadic tasks and coded predominately for ipsilateral
space (relative to the recorded FEF). Most neurons of the ConSC-
only set (11 of 12) had RFs tuned ipsilaterally (all summary tun-
ing curves are shown in supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). To quantify this RF
laterality, we represented each tuning curve with its mean vector
(Fig. 3, bottom, red arrow) and plotted the vectors from the
entire population (Fig. 4 A, left). The average mean vector for the
ConSC-only group (brown arrow) was 10.7 spikes/s in magni-
tude (represented by vector length), which was significantly dif-
ferent from zero ( p < 0.01; the significance of a mean vector is
established by constructing the 99% confidence ellipse of the tips
of all the vectors and showing that zero falls outside of the ellipse)
(Batschelet, 1981). The mean vector was directed almost purely
ipsilaterally (angle was 169.9°). For confirmation of this circular
statistics approach, we also constructed a more traditional pop-
ulation tuning curve (Fig. 4 B, left) by averaging all of the individ-
ual tuning curves. This population tuning curve was significantly
biased (ANOVA, p < 0.01) toward ipsilateral space. We also
normalized the curves to remove any influences of neurons with
particularly high firing rates and found a comparable bias
(ANOVA, p < 0.01) for ipsilateral space (Fig. 4C).

Results from an example IpsSC-only neuron are represented
in Figure 3B. This neuron coded for contralateral space and
movements, activity reflective of sole input from the SC of the
same side. Nearly all of the IpsSC-only FEF neurons (25 of 27)
had contralateral fields. The mean vector for this set of neurons
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Hypothetical routes for
crossed connection
A

Corpus
callosum
(3 synapses)

Tectal
commissure
(3 synapses)

Massa
intermedia
(2 synapses)

Thalamus

Massa intermedia

Figure 1. Three hypothetical routes for a crossed SC to FEF connection. The blue pathways
show the possible crossed routes, and orange pathways show the known uncrossed route. A,
Corpus callosum hypothesis. According to this hypothesis, ipsilateral information reaches the
FEF by way of a trisynaptic pathway: the contralateral SC (Con SC) excites the contralateral FEF
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was significant (amplitude, 13.97 spikes/s; p < 0.01) and directed
almost purely contralaterally (angle, 8.17°) (Fig. 4 A, right). This
tuning was confirmed in the population average curve (Fig.
4B,C, right) (ANOVA, p < 0.01).

These results support the parsimonious structure—function
hypothesis: FEF neurons have lateralized RFs that are directed in
strict accordance with their SC input laterality. Neurons with
only crossed input had ipsilateralized fields and neurons with
only same-side input had contralateralized fields. Next, we exam-
ined whether this structure—function relationship extended to
BothSC neurons, those with bilateral SC input.

RFs of FEF neurons driven from both SCs

The RFs are lateralized, pandirectional, monolobed, and
independent of relative weightings of SC inputs

The simplest hypothesis is that convergent input from both SCs
would cause recipient FEF neurons to have bilateral RFs. The
possible shapes of such RFs include omnidirectional (circular
with no distinct lobes), vertically oriented (one lobe on the ver-
tical axis), or bilobed (two similar lobes with one pointing left and
one pointing right). We studied the RF structure of BothSC neu-
rons and found, first, that RF tuning was not omnidirectional. It
was spatially biased for most (15 of 16) of the BothSC neurons
(ANOVA, p < 0.05 criterion) (supplemental Figs. 1, center; 2,
available at www.jneurosci.org as supplemental material). The
individual tuning directions covered virtually every portion of
space (Fig. 4A, middle), however, so that the mean vector of the
population was not significant (99% confidence ellipse included
zero) and the average tuning curve of the population was unbi-
ased (ANOVA, p > 0.05) (Fig. 4B, C, middle). Hence the RFs of
BothSC neurons are lateralized and pandirectional (i.e., they col-
lectively represent all directions).

Second, we tested whether the range of tuning directions
exhibited a bias toward vertical orientations. Such an effect
might be expected because the vertical meridian of the visual
field is common to both SCs. To search for a vertical tuning
bias, we calculated the angles of the RF mean vectors in two
ways: relative to the horizontal axis and relative to the vertical
axis. A vertical bias would be evident in a significantly smaller
average angle relative to vertical than to horizontal. No signif-
icant difference was found, however (average angle relative to
horizontal, 40.7°; average angle relative to vertical, 49.3°; ¢ test,
p = 0.293).

Third, we searched for signs of bilobed RFs, which might be
expected from summing sharply tuned directional information
from the two SCs. It was clear from a qualitative inspection of the
data, however, that bilobed RFs (similar extensions into con-
tralateral and ipsilateral space) were present in only a small frac-

<«

(Con FEF), which in turn transcallosally excites the FEF of the opposite hemisphere. B, Tectal
commissure hypothesis. Like the corpus callosum hypothesis, this hypothesis implies at least
three synapticinterruptions but differs at the point of decussation: the tectal commissure. After
crossing to the ipsilateral SC (Ips SC), the ipsilateral coding signals would ascend to the FEF
adjacent to the pathways that encode contralateral space. €, Massa intermedia hypothesis. This
hypothesis predicts that the ipsilateral signals cross at the level of the MD thalamus via a
commissural track known as the massa intermedia (see inset). On crossing, the MD relay neuron
would project directly to the FEF. Anatomically, a crossed thalamocortical projection to prefron-
tal cortex has been demonstrated (Preuss and Goldman-Rakic, 1987). The massa intermedia
route consists of only two synapses, implying a faster transmission time compared with the
corpus callosum or tectal commissure-mediated pathways, both of which require at least three
synapses (Swadlow et al., 1978; Lamantia and Rakic, 1990; Takahashi et al., 2007). In principle,
these pathways are not mutually exclusive; all could be functional to varying degrees.
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tion of neurons, perhaps 3 of the 16 (sup-
plemental Fig. 2C,D,P, available at
www.jneurosci.org as  supplemental
material).

Finally, we tested whether the direction
of RF laterality in individual BothSC neu-

A ConSC-only neuron

Stimulus
Artifact

From Contra SC
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B

BothSC neuron

From Contra SC

rons was related to the weighting of input
from the two SCs. Some BothSC neurons
were activated from one SC with much
lower current threshold than from the

Action :
potentials o

l of activated =, (.9 ms
EF neuron g

other SC, implying stronger input from T
the first SC. In principle, this could explain
how direction tuning is determined in
BothSC neurons. Those neurons with ip-
silaterally tuned RFs, for example, might

From Ipsi SC

have stronger input from the contralateral
SC. To test this hypothesis, we calculated
for each neuron a RFLI and a SCLI (see
Materials and Methods). The critical test

was on BothSC neurons, which had SCLI
values between —1 and 1. If RF laterality
varies smoothly with bias of SC input, then
in the BothSC class there should be an in-
verse correlation between RFLI and SCLI.
We found no correlation, however (p =

C

0.80). To check the method, we calculated & m
the RFLI index for the groups in which % % =
SCLI is 1 (ConSC-only neurons) or —1 i g 6
(IpsSC-only neurons). Confirming the re- 2 = =
liability of the indices, the RFLI of ConSC- =3 .
only neurons was significantly less than [z 4
zero (median, —0.628; Wilcoxon’s signed "5 E 1l
rank sum test, p < 0.001) and the RFLI of 5 = -
IpsSC-only was significantly greater than = E o
2

zero (median, 0.892; p < 0.001). =5

s<
The movement fields and visual fields are Z
relatively broad and misaligned 0 =
Opverall, then, the RF shapes of BothSC

neurons can be described as follows: they
are lateralized, can point in any direction
independently of SC input strength, and
are monolobed. These findings refute our
hypothesis that the RFs would be bilateral.
The RF shapes of BothSC neurons were
remarkably similar to the RF shapes of
neurons driven from only one or the other
SC (ConSC-only and IpsSC-only neu-
rons). This unexpected result led us to ask,
does the second SC input received by the
BothSC neurons have any discernable in-
fluence on RF structure?

To answer this question, we compared the tuning curves of
BothSC neurons with the tuning curves of IpsSC-only and
ConSC-only neurons. First, we normalized each RF to its maxi-
mal firing rate, so that we could focus on RF shape regardless of
absolute intensity of activity (Fig. 5A). For comparison, we
pooled IpsSC-only and ConSC-only neurons into one “unilater-
ally driven” category. Then we rotated every curve so that its best
direction was aligned to the right (Fig. 5B, top) and computed the
average for the curves (Fig. 5B, bottom). It appeared that BothSC
neurons (Fig. 5B, left) had broader tuning curves (larger areas)
than neurons with unilateral SC input (Fig. 5B, right). To quan-

Figure 2.

4 6 4 -2 0 2 4 6 8

-4

' 86420 2 4 6 8
Time relative to SC stimulation (ms)

Mean 0.52 ms,
greater than 0 (p<0.05)

3 -2 -1 0 1 2 3 4

Difference in Activation Latency
from stimulating Con vs. Ips SC (ms)

Orthodromic activation of FEF neurons. 4, Some neurons were activated from only one SC. Action potentials evoked
from such a neuron are shown. It fired in response to stimulation of the contralateral SC (top) but not the ipsilateral SC (bottom).
The small bar below the lower stimulus artifact represents duration of SC stimulation (0.3 ms). B, Other neurons were activated
from both SCs. The minimal activation latency from each SC was measured using dozens of trials (only a few are shown here for
clarity). This example neuron fired 0.9 ms later for Contra SC stimulation than for Ipsi SC stimulation. €, Comparison of activation
latencies for 14 neurons activated from both SCs. On average, the activation took 0.52 ms longer from the contralateral SC,
significantly longer than from the ipsilateral SC. The slightly longer time is expected from a longer axonal length required to cross
hemispheres, but it does not seem long enough to suggest additional synapses.

tify this difference, we represented the area enclosed by each in-
dividual tuning curve as a ratio of the maximal possible area it
could enclose (i.e., an equilateral octagon of radius 1). The dis-
tributions of these relative areas, expressed as percentages of
maximal area, are shown in Figure 5C. We found that the average
area of tuning curves for BothSC neurons (Fig. 5C, left) was 29%
of maximal, significantly larger (f test, p < 0.005) than the aver-
age area of neurons with unilateral SC input (19% of maximal)
(Fig. 5C, right). This suggested that the BothSC tuning curves
were broader than the others.

To study this breadth result in more detail, we analyzed the
component visual receptive fields and movement fields. Until
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A

)

Con

Figure 3.
directional series depicting the firing rates for an example single neuron. Rasters and spike density functions are aligned to saccade onset. The brown shading emphasizes the ipsilateral directions
in A, and the gray shading, the contralateral directions in B. At bottom are polar plots that summarize the example data (colored curves, mean = SE). The arrows represent the mean tuning vectors
in each case. The inner concentric curves (where visible) show baseline firing rates.

this point, we have considered the visual receptive fields and
movement fields together, as a composite field (see Materials and
Methods), because we were interested in the basic issue of tuning
laterality. But the relatively broad composite fields of BothSC
neurons raised the question of whether their individual visual
and movement fields were unusually broad, or just less well
aligned in neurons with both fields. We found, first, that the
individual visual receptive fields were in fact broader for BothSC
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FEF neurons orthodromically activated from the contralateral SC only (A) and the ipsilateral SC only (B). In both panels, diagrams show route of activation at top. Below that is a

neurons (n = 14 neurons with a visual receptive field, 32% of
maximal possible area) than for unilaterally driven neurons (n =
36, 19%; p = 0.002). The movement fields were broader, as well
(n =13 BothSC neurons, and n = 19 unilaterally driven neurons;
30 vs 20% of maximal possible area, respectively; p = 0.023).
These differences in breadth can be seen in Figure 5D, which
shows the average visual receptive field (yellow) and movement
field (blue) for BothSC (left) and unilaterally driven neurons



5314 - J. Neurosci., April 22, 2009 - 29(16):5308 5318

(right). The differences in breadth were
not related to trivial factors such as general
firing rate differences between the BothSC
and unilaterally driven neurons (ANO-
VAs, p > 0.10 for both peak firing rate and
baseline firing rate).

Finally, we quantified the alignment of
visual fields and movement fields for each
neuron that had both fields (“visuomove-
ment” neurons as discussed in the next

A 7

section; BothSC neurons, n = 11; unilater- Ips  Con

ally driven neurons, n = 16). We calcu-
lated the VM difference (i.e., the differ-
ence in angle between the preferred
directions of the visual field and move-
ment field) (Fig. 5D). Although the VM
difference was always small, quantita-
tively it was larger for BothSC neurons
(median, 11.9°) (Fig. 5D, left) than for
unilaterally driven neurons (median,
2.4°% p < 0.001) (Fig. 5D, right).

In summary, the composite RFs of
BothSC neurons were relatively broad, as
were the component visual receptive fields
and movement fields. In visuomovement
BothSC neurons, the fields were relatively
misaligned. These results suggest that the

Driven from
ConSC only
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Driven from Driven from
both SCs IpsSC only

-

99%

confidence

impact of the second SC input on BothSC
neurons frees the directional range of tun-
ing at the expense of sharp tuningand tight
alignment of the visual and motor compo-
nents of the RFs.

Figure 4.
Visual and saccadic activity
As implied in our analysis of separate vi-
sual and movement fields above, we cate-
gorized the neurons of each population ac-
cording to the types of task-related signals
they carried. We found that, regardless of
SC input laterality or RF laterality, the FEF neurons could be
visual-only, movement-only, or visuomovement in nature
(Bruce and Goldberg, 1985) (Table 1). We found no neurons that
were unmodulated. The ConSC-only and IpsSC-only groups
were each divided between approximately equal numbers of vi-
sual and visuomovement neurons. The BothSC group had an
apparent bias for more visuomovement neurons, but this was not
significant (Fisher’s exact test, p = 0.104). Although many neu-
rons had saccade-related activity, pure movement neurons (those
lacking any visual response) were rare (n = 5), consistent with
previous results (Sommer and Wurtz, 2004a).

We examined the timing of activity in the neurons, since pre-
vious reports of ipsilateral tuning in the FEF have emphasized
postsaccadic activity (Bruce and Goldberg, 1985; Goldberg and
Bruce, 1990) (but see Schlag et al., 1998). Figure 6 A depicts the
average activity profiles of ipsilaterally tuned neurons and con-
tralaterally tuned neurons. Figure 6 B is the same except that it was
constructed from normalized firing rate data. The main point is that,
regardless of tuning laterality, the average saccade-aligned activity
(Fig. 6 A, B, right) was presaccadic: it started before and peaked near
saccade initiation. Visual responses, as well, were comparable re-
gardless of response field laterality (Fig. 6 A, B, left).

The visual and presaccadic bursts of contralaterally tuned
neurons appeared to be slightly wider than those of ipsilaterally

Population results for tuning curves in all three samples of neurons. A, The mean tuning curve vectors for all
individual neurons (thin black arrows) are shown, along with the overall resultant mean vectors and 99% confidence ellipses for
each sample (bold colored arrows and ellipses). B, The population average tuning curves for each sample (mean and SE), calcu-
lated from raw firing rate data. C, The population tuning curves for each sample (mean and SE), calculated from normalized data
in which the activity of each neuron was set to 1.0 for the direction associated with maximal firing. *p << 0.01 by ANOVA for the
entire tuning curve. The gray inner concentric curves show baseline firing rates. See Results for details.

tuned neurons (Fig. 6 A, averages of raw activity; B, averages of
peak-normalized activity). To test for significance, we measured
the width of each burst at half-height. For the visual burst, the
width difference was significant in the normalized data (Mann—
Whitney rank sum, p < 0.05), although not in the raw data ( p =
0.3). For the saccadic bursts, the width difference was significant
in both the raw ( p < 0.005) and normalized data ( p < 0.001).

Discussion

In this study, we provided evidence for a functional crossed path-
way linking the opposite SC to the FEF. We identified FEF neu-
rons that receive input from the contralateral SC and compared
them with FEF neurons receiving input from the ipsilateral SC.
We found that the connections were excitatory and that the acti-
vation latencies implied a thalamic decussation point for the
crossed pathway. FEF neurons with SC inputs were found to
have lateralized, presaccadic RFs that in toto represented visual
stimuli and saccades in all directions. In large part, the later-
ality of the RFs of each neuron was predicted by its SC input
laterality. The exception to this rule occurred for FEF neurons
with bilateral SC input.

Properties of FEF neurons with input from the opposite SC
Many neurons in the FEF seem to have simple representations of
stimulus locations or saccadic vectors, and they code primarily



Crapse and Sommer e Collicular—Cortical Circuit for Encoding Space

Bilaterally Driven Unilaterally Driven

BothSCs ConScC-only IpsSC-only
AN

C 12+ %k $mean 19%

10 n=16 p<0.005 n=39

mean 29%

" v

i | .

04

10 20 30 40 50 10 20 30 40 50
area (% max possible) area (% max possible)

No. neurons
il

D

2.4
deg.

Figure5.  Shapesof the tuning curves. 4, Normalized tuning curves for neuronsin all three samples. B, Top, Same tuning curves
but rotated with peak firing rate to the right. The ConSC-only and IpsSC-only populations are combined to form a single unilater-
ally driven category. Bottom, Average tuning curve for BothSC (left) and unilaterally driven (right) categories (mean and SEs). C,
Histograms of the relative areas enclosed by the tuning curves, expressed as a percentage of the maximal possible area. The
average relative area enclosed by BothSC neuron response fields (left) was significantly larger ( p << 0.005) than that enclosed by
unilaterally driven neuron response fields (right). D, Average tuning curves of the visual receptive fields (yellow) and movement
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for contralateral space. Other FEF neu-
rons, however, exhibit more complex sig-
nals. They may have presaccadically shift-
ing RFs or activity attributable to vector
subtraction, phenomena that occur for
any direction. Such neurons require infor-
mation about contralateral and ipsilateral
visual targets and saccades. It has been un-
known how neurons with such properties
gain access to ipsilateral information. A
main result of our study was to show that
one physiologically defined set of neurons
in the FEF, those with SC input, have clear
presaccadic, ipsilateral information. We
found that, as long as a neuron could be
driven from the contralateral SC, it could
have an ipsilateral RF. If it was driven ex-
clusively from the contralateral SC, the
chance of it having an ipsilateral RF was
nearly 100%, whereas if it was driven from
both the contralateral and ipsilateral SC,
the chance dropped to ~50%. If we could
not drive it from the contralateral SC, the
chance of it having an ipsilateral RF ap-
proached zero. These data suggest that the
opposite SC sends information that may
be used by FEF neurons with ipsilateral
spatial representations.

Neurons in the primate cerebral cortex
receive many inputs from numerous parts
of the brain (Felleman and Van Essen,
1991; Douglas and Martin, 2004), so there
was little reason to expect that the RF tun-
ing of FEF neurons would be predicted al-
most entirely by a single subset of their
inputs, the afferents arriving from a struc-
ture of the midbrain, the SC. Nonetheless,
that is what we found. The clear structure—
function relationship, illustrated in Figure
4, is a deceptively simple result with in-
triguing implications. One is that the SC
inputs may dictate the RF laterality of the
FEF neurons by serving as powerful driv-
ers for the neurons (Sherman and
Guillery, 1998). An alternative possibility
is that the SC inputs do not dictate the RF
laterality, but seek out and connect with
FEF neurons that have compatible RF lat-
eralities. In this case, the inputs could exert
their influence in a more subtle, context-
dependent way. These hypotheses are test-
able by recording from FEF neurons with
crossed SCinput, and then inactivating the
crossed pathway (e.g., at the level of the SC
or thalamus) and studying how the FEF

<«

fields (blue) for neurons that had both. The angles depict the
average VM differences, which are standardized to appear as
counterclockwise angular rotations of the movement fields
(on a neuron-by-neuron basis a movement field could be ro-
tated either clockwise or counterclockwise relative to the vi-
sual receptive field).
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Table 1. Distribution of FEF neuron types activated from each SC

FEF neuron type ConSC-only BothSC IpsSC-only Totals
Visual 6 3 14 23
Movement 2 2 1 5
Visuomovement 4 n 12 27
Totals 12 16 27 55
Target Saccade
Onset Initiation

mmm Ipsilaterally tuned RFs
l mmm Contralaterally tuned RFs

Figure 6.  Activity profiles of the neurons, aligned to visual target onset (left) and saccade
initiation (right). A, The average activity profiles of ipsilaterally tuned and contralaterally tuned
neurons. B, Same as A, but for each neuron the activity profile was normalized to the peak firing
rate within the respective (visual or presaccadic) epoch before averaging. Neurons pooled for
this analysis were those with a significant visual (left) or saccade-related response (right). The
ipsilaterally tuned data were from ConSC-only neurons and the contralaterally tuned data from
IpsSC-only neurons. Calibration is at bottom right.

RFs change. Similar experiments were performed on the same-
side SC-FEF pathway (Sommer and Wurtz, 2006). In that circuit,
it appeared that the SC input did not create the classical FEF RFs
but helped to spatiotemporally modulate them around the time
of the saccade (“shifting receptive fields”). However, because of
the presumed rarity of ipsilaterally tuned visual and presaccadic
information arriving at the FEF, it seems reasonable to speculate
that SC input arriving through the crossed pathway may have a
more causal role in governing the RF structure of recipient FEF
neurons.

Our data suggest that signals from the opposite SC cross at the
level of the diencephalon via the massa intermedia (Olszewski,
1952). The crossed projection would involve an MD neuron that
sends its axon directly to the opposite FEF, providing a conduit
for ipsilateral information and the means for generating a full-
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field representation in a single FEF. This interpretation is consis-
tent with anatomical reports of crossed thalamo-frontal cortical
projections (Preuss and Goldman-Rakic, 1987).

Other sources of ipsilateral information may be present. A
pioneering study showed that some ipsilateral information po-
tentially arrives from the opposite FEF (Schlag et al., 1998). One
possibility is that information from different sources subserves
different functions. Interestingly, much of the ipsilateral infor-
mation from the opposite FEF is accompanied by inhibition of
the recipient neurons (Schlag et al., 1998). The function of this
information may be to silence saccadic plans that would interfere
with unity of purpose. In contrast, it appears that ipsilateral in-
formation from the opposite SC is accompanied by excitation of
the recipient neurons. This provides a potential means of creating
ipsilateral RFs.

The crossed projections also may provide an alternate route of
interhemispheric communication. A host of lesion studies impli-
cate subcortical structures as potential sources of information
that may provide for recovery of function in event of cerebral
damage (Poppel et al., 1973; Boire et al., 2001; Herter and Guit-
ton, 2004). It is well known that many V1-lesioned or cerebral
hemispherectomy patients exhibit remarkably persistent visuo-
motor capabilities (i.e., blind sight). Our data demonstrate that
information about the contralesional hemifield is available to
cerebral cortex from the opposite SC via crossed projections.
Visuomotor signals that may mediate blind sight could reach and
influence intact cortical areas through this route.

Structure—function relationship in the SC-FEF circuit

We found that the RF laterality of FEF neurons connected with a
single SC was mostly predicted by the laterality of that SC. It is
possible that we could have found a finer-scale relationship be-
tween direction tuning in the FEF and spatial location of stimu-
lation in the SC. Direction tuning within a hemifield is likely
correlated with electrode placement along the mediolateral di-
mension of the SC, just as amplitude tuning of SC-recipient FEF
neurons is correlated with electrode placement in the rostrocau-
dal dimension of the SC (Sommer and Wurtz, 2004a). As pre-
dicted by our stimulation electrode placements on the horizontal
meridian of the SC, our FEF neurons showed average direction
tunings that were close to horizontal (Fig. 4 A, left and right). We
did not systematically vary stimulation along the mediolateral
dimension of the SC because the experiment was technically
daunting already, requiring stimulation within both SCs plus re-
cording in the FEF.

Similar isomorphic mappings between RF lateralities and an-
atomical inputs exist elsewhere in the primate brain. Most pri-
mary sensory and motor centers, for example, exhibit topograph-
ically preserved signaling (Canedo, 1997; Smith, 2000).
Moreover, physiologically confirmed instances of structure—
function relationships have been identified within the brainstem
(Gandhi and Keller, 1997), between cortical and subcortical
structures (Schlag-Rey et al., 1992; Hoffmann et al., 2002; Nambu
etal., 2002), and within the cortical network itself (Movshon and
Newsome, 1996; Schlag et al., 1998). The common finding of
these studies is that the functionality of projection and recipient
neurons is often highly correlated, and most parsimoniously ex-
plained by mutual connectivity.

We think the present results qualify as an additional example
of a structure—function relationship. The SC-FEF pathway seems
to mediate a “motor-to-sensory” rather than “sensory-to-motor”
transformation that conveys corollary discharge (CD) from mid-
brain to cortex (Sommer and Wurtz, 2008). A major implication
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of our results is to demonstrate for the first time that feedback
from motor to sensory networks in the primate brain feature just
as much structural organization in the mediation of functional
purpose as feedforward pathways from sensory to motor net-
works. Clear topographical organization of CD transmission was
predicted in the classic literature (Holst and Mittelstaedt, 1950;
Sperry, 1950), and had been identified in other animals (Poulet
and Hedwig, 2006; Crapse and Sommer, 2008), but had not been
demonstrated previously in primates.

Special case of bilateral SC input

The structure—function relationship that we found for ConSC-
only and IpsSC-only neurons was more complicated for BothSC
neurons, those identified as receiving bilateral SC input. We ex-
pected that these neurons would feature RFs that were bilateral.
We found instead that the RFs of BothSC neurons were lateral-
ized and could point in any direction. Compared with the RF of
neurons with unilateral SC input, the RFs of the BothSC neurons
were broader, and the visuomovement class of BothSC neurons
had visual and movement fields that were more misaligned.
These two characteristics, greater breadth and relative misalign-
ment, might not provide the BothSC neurons with any functional
advantage. More likely, they are residual consequences of the FEF
neuron having to process conflicting signals arriving from the
two SCs. Analyses of the relationship between the weighting of SC
inputs and the RF laterality of FEF neurons uncovered no corre-
lations. Hence we found no discernable principle governing the
RF directionality of the BothSC neurons. We speculate that the
RF structure of BothSC neurons is established during develop-
ment through a gain mechanism that acts on the two SC inputs to
determine the overall laterality of the RFs, as well as breadth and
visual-movement field alignment.

There seemed to be a categorical difference, therefore, be-
tween the BothSC neurons (RF laterality unrelated to SC input
laterality) and the ConSC-only and IpsSC-only neurons (RF lat-
erality predicted by SC input laterality). Additional evidence for a
categorical difference was the broader RF tuning of BothSC neu-
rons and the relative misalignment of the visual and movement
fields. These categorical differences have an important implica-
tion for interpreting our stimulation results. One could argue
that our ConSC-only and IpsSC-only terminology, although ob-
jective as a description of our ability to drive the neurons from a
single SC, may be unreliable as a description of the true balance of
SC inputs. The apparently unilaterally driven neurons may have
actually received a weak input from the other SC that we failed to
detect because of inadequate stimulating electrode placement or
current level. We think that the categorical differences between
unilaterally activated neurons and known bilaterally connected
(BothSC) neurons undermine this objection.

Furthermore, neurophysiological evidence in the literature
supports the idea that ConSC-only and IpsSC-only FEF neurons
receive input from only one SC. The evidence was documented in
the study by Sommer and Wurtz (2004a), their Figure 9. Without
getting into the technical details, the take-home message was that,
if an FEF neuron is activated orthodromically from one place on
the SC map, it can be activated from elsewhere on the map (al-
though perhaps with a different current requirement). Hence the
yes-or-no question of whether an FEF neuron can be ortho-
dromically activated from an SC should depend little on stimu-
lation location within that SC. This is likely because the activated
elements, initial segments of thalamic-projecting SC neurons, are
highly sensitive. Therefore, when we orthodromically activated
an FEF neuron from one SC but not the other SC, the lack of
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activation from the other SC was probably not attributable to
suboptimal stimulating electrode placement. We tried up to 1.5
mA, and if a connection had been present, we feel that we would
have found it. Lack of activation may truly represent a lack of
connection in this particular situation.

In sum, the results illustrate a means by which each FEF re-
ceives information about the entire visual field and all saccades.
We think these findings supply an important piece of the puzzle
for modeling how the FEF and interrelated regions perform
perisaccadic omnidirectional functions such as shifting RFs and
vector subtraction.
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