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Sommer, Marc A. and Robert H. Wurtz. Frontal eye field neu-
rons orthodromically activated from the superior colliculus. J. Neu-
rophysiol. 80: 3331-3333, 1998. Anatomical studies have shown
that the frontal eye field (FEF) and superior colliculus (SC) of
monkeys are reciprocally connected, and a physiological study
described the signals sent from the FEF to the SC. Nothing is
known, however, about the signals sent from the SC to the FEF.
We physiologically identified and characterized FEF neurons that
are likely to receive input from the SC. Fifty-two FEF neurons
were found that were orthodromically activated by electrical stimu-
lation of the intermediate or deeper layers of the SC. All the neu-
rons that we tested (n = 34) discharged in response to visua
stimulation. One-half also discharged when saccadic eye move-
ments were made. This provides the first direct evidence that the
ascending pathway from SC to FEF might carry visua- and sac-
cade-related signals. Our findings support a hypothesis that the SC
and the FEF interact bidirectionally during the events leading up
to saccade generation.

INTRODUCTION

The frontal eye field (FEF) and the superior colliculus
(SC) are both involved in the generation of rapid, or sac-
cadic, eye movements. Reversible inactivation of either
structure impairs saccades (e.g., Sommer and Tehovnik
1997; Hikosaka and Wurtz 1985), and combined ablation
of both structures results in permanent saccadic deficits
(Schiller et a. 1980). Anatomic studies have shown that
the FEF and the SC are reciprocally connected (for review
see Schall 1997). A previous physiological study examined
the FEF projection to SC (Segraves and Goldberg 1987),
but functional characteristics of the ascending pathway, from
SC to FEF (presumably via thalamus) (Lynch et al. 1994),
have never been described. The purpose of this study was
to identify and characterize FEF neurons that can be acti-
vated from the SC via synapses. A description of these neu-
rons would provide crucia information for evaluating
whether the ascending pathway plays arole in the generation
of saccades.

METHODS

Chambers for accessing the FEF and SC were implanted on two
monkeys (Macaca mulatta) using surgical techniques described
previously (Munoz and Wurtz 1993). All procedures were ap-
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proved by the Institute Animal Care and Use Committee and com-
plied with Public Health Service Policy on the humane care and
use of laboratory animals. The FEF and SC were located anatomi-
cally with magnetic resonance imaging and physiologically by re-
cording from saccade-related neurons and by evoking saccades at
<50-pA threshold. Two tungsten microelectrodes for stimulation
were implanted in the intermediate layers of the ipsilateral SC
(typically 1 was placed at <3° eccentricity and 1 between 10 and
30° eccentricity on the SC map, Robinson 1972) or one was moved
through the SC in a penetration (at 8° eccentricity). We recorded
from single FEF neurons with conventional methods and attempted
to activate each with SC stimulation (single biphasic pulse, 0.15
ms/phase, =600 uA/phase; Fig. 1A).

An FEF neuron was considered activated if it discharged consis-
tently (=1/3 of stimulation trials) at about the same latency (vari-
ability <2 ms) after stimulation. We performed the collision test
on each activated neuron, and those that passed were identified as
antidromically activated (for review see Lemon 1984). Failure of
the collision test, a negative result, suggests orthodromic activation
but requires confirmation. If the neurons failing the collision test
were truly activated via synapses, then as a group their relative
refractory periods, latencies, and latency variances should be larger
than those of the antidromically activated neurons. We measured
relative refractory periods with a method based on that of Fuller
and Schlag (1976) . A pair of 0.05-ms, monophasic cathodal pulses
was delivered to the SC at 1.2 times current threshold, and the
temporal interval between the pulses was decreased until the FEF
neuron was activated by the second pulse on only 50% of trials;
thisinterval was the relative refractory period. We measured laten-
cies of activation and range of latency variance (the ‘‘jitter’”) by
using the technique of Swadlow et a. (1978) in which we exam-
ined the response to the second of a pair of SC stimulation pulses
(each biphasic, 0.15 ms/phase) delivered at two to three times
threshold and separated by 4 ms (or longer if the relative refractory
period was =4 ms).

We had the monkeys perform two oculomotor tasks that permit-
ted general characterization of the neurons visual- and saccade-
related properties. Visual targets, 0.3 X 0.3°, were back-projected
onto a tangent screen with aliquid crystal display (LCD) projector
and placed at the optimal location for eliciting neural responses as
estimated during preliminary testing. Eye position was measured
with implanted scleral search coils. In al trias, the monkey first
fixated a spot of light in the center of the screen. A visua target
then appeared and remained lit in half of the trials (visua task)
or disappeared after 100 ms in the other half (memory task). A
delay period of 500—1,000 ms ensued. After this period, the fixa-
tion spot disappeared, cueing the monkey to make a saccade to the
visible or remembered target location. The visual and memory
trials were pseudorandomly interleaved. Four epochs of firing rate
were defined for each trial: baseline, 500—300 ms before target
onset (during fixation) ; visual, 50—200 ms after target onset; delay,
300-0 ms before the cue to move; and saccade, 100—0 ms before
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ORTHODROMIC ACTIVATION OF FEF NEURONS FROM SC

saccade initiation. We subjected all 8 groups (4 epochs X 2 tasks)
to aone-way analysis of variance, and if this was significant (P <
0.01) we ran an all-pairwise multiple comparison test (Student-
Newman Keuls or Dunn’'s, P < 0.05). A neuron had visual or
delay activity if, in either task, the firing rate in the respective
epoch significantly exceeded the baseline firing rate. A neuron had
saccadic activity if, in either task, the saccade firing rate signifi-
cantly exceeded the delay firing rate. We considered the delay or
saccadic activity to be influenced by the presence of a visual target
if the firing rate in the respective epoch was significantly greater
in visua than in memory trials.

RESULTS

We found 185 FEF neurons activated by SC stimulation.
The collision test was performed on each neuron by using
the neuron’s spontaneous discharge to trigger stimulation.
A neuron passed the collision test and therefore was anti-
dromically activated if there was atime period after its spon-
taneous discharge during which SC stimulation was unable
to cause activation. This prevention of activation occurs for
antidromically activated neurons because the stimulation-
evoked action potential traveling toward the soma collides
with the spontaneously evoked action potential traveling
away from the soma (neither action potential propagates
further because the axon is in its absolute refractory period
on both sides of the collision point). One hundred thirty-
three FEF neurons passed the collision test and therefore
were known to be antidromically activated. For example,
responses of a neuron activated at 1.0-ms latency are shown
in Fig. 1B. Activation of the neuron was prevented if SC
stimulation occurred =1.4 ms after the neuron discharged
spontaneously (Fig. 1B, bottom). In contrast, 52 neurons
failed the collision test. The neuron shown in Fig. 1C was
activated from the SC after a latency that averaged ~2.2 ms
with 0.3-msjitter (Fig. 1C, top), and activation still occurred
if SC stimulation was delivered immediately after the neuron
discharged (Fig. 1C, bottom) . Wefound no interval between
the spontaneous discharge and stimulation that prevented
activation (intervals from 0.5 to 10 ms were tried, a range
that should have been more than adequate) (see Fuller and
Schlag 1976 for detailsregarding the collisioninterval ). The
52 FEF neurons that failed the collision test probably were
activated from the SC orthodromically, via synapses.

Further evidence supported our interpretation that the 52
FEF neurons failing the collision test were orthodromically
activated. Activation latencies of neurons failing the colli-
sion test (Fig. 1D; minimum 1.2 ms; mean 2.7 = 1.6 ms;
mean = SD; median 2.1 ms; n = 52) were longer than those
of the known antidromically driven neurons passing the col-
lision test (minimum 0.7 ms; mean 2.1 = 1.5; median 1.6
ms; n = 133; Mann-Whitney rank sum test, P < 0.001).
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Latency jittersfor neurons that failed the collision test (mean
0.5+ 0.5 ms; n = 26) were longer than for neurons that
passed (<0.1 ms for 97% of the neurons; n = 75; note, we
could not accurately quantify jitters <0.1 ms). Findly, the
relative refractory periods of neurons failing the collision
test (mean 5.7 = 7.2 ms, n = 29) were longer than those
of neurons passing the callision test (mean 0.7 + 0.3 ms;
n = 79; Mann-Whitney rank sum test, P < 0.001).

Current thresholds for orthodromically activating the 52
neurons ranged from 16 to 540 A (mean 115 = 97 pA).
We estimate that these currents directly activated neural ele-
ments within 1.2 mm of the electrode tip (with the relation-
ship Distance = (Current/K)®® where K = 381 pA/mm?
for direct activation of low-threshold elements with 0.15-ms
duration cathodal pulses) (Tehovnik 1996). Because our
stimulating electrodes were fixed in place with their tips in
the SC intermediate layers (1.0-2.5 mm deep), al the FEF
neurons probably were activated orthodromically by neura
elements located within the SC. When we used movesble
stimulating electrodes (on 3 occasions), we found threshold
minima in the intermediate and deeper SC layers (1.6—3.4
mm below the SC surface; e.g., Fig. 1E).

All of the orthodromically activated neuronsthat we tested
in our visual and memory saccadic tasks had visual responses
(n = 34; eq., Fig. 2A, left). Visua receptive fields were
peripheral (contralateral or on the vertical meridian) for 97%
of neurons (33/34) and fovea for 3% (1/34). Many neu-
rons (44%, 15/34) had delay activity, continuing to fire long
after a target was presented (e.g., Fig. 2A, middle). For
73% of these neurons (11/15), the delay activity was con-
sidered atonic visua discharge because it required the pres-
ence of avisual target (i.e., the activity occurred in the visual
but not the memory task). Saccadic activity was found in
50% (17/34) of the neurons (e.g., Fig. 2A, right). For 59%
of these neurons (10/17), the saccadic activity required the
presence of avisua target. In sum, all the neurons had visual
responses, and when they had delay- and saccade-related
discharges as well these often were enhanced by visua stim-
ulation.

When we grouped our neurons according to their combi-
nations of visual and saccadic discharges, as was done pre-
viously (e.g., Segraves and Goldberg 1987), we found that
50% of the neurons (17/34) had only a visua response
(eg., Fig. 2B) and 50% (17/34) had saccadic activity plus
a visua response (e.g., Fig. 2A), but none of the neurons
had only saccadic activity. We note that, in contrast, it was
common to find pure saccadic discharges in nonactivated
and antidromically activated neurons. We a so note that there
was ho clear relation between an orthodromically activated
neuron’s discharge properties and the site on the SC map
where we activated the neuron with least current.

Fic. 1. Experimental preparation and stimulation-related results. A: we recorded from the frontal eye field (FEF) located
in the rostral bank of the genu of the arcuate sulcus (shown spread apart) while electrically stimulating the superior colliculus
(SC; shown in cutaway view). B: success of the collision test. Bar above abscissa shows timing of SC stimulation (shock
artifact is clipped, for clarity). Multiple trials are superimposed. Top panel: stimulation activated the neuron, €eliciting an
action potential after 1.0-ms latency. Bottom panel: a natural discharge of the neuron just before stimulation prevented
activation of the neuron. C: failure of the collision test. Stimulation elicited an action potential after ~2.2-ms latency, even
after a natural discharge of the neuron. D: histograms of activation latencies for neurons that passed or failed the collision
test. E: profile of current threshold vs. depth in the SC for 1 experiment that used a movesble stimulating electrode. Neural
activity was recorded after finding the current threshold at each site: vis, visua activity only; vis + sacc, visual and saccadic

activity.
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DISCUSSION

We identified and characterized neurons in FEF that were
driven from the SC via synapses. Possible routes of ortho-
dromic activation and the implications of our findings will
be discussed.

The only route of orthodromic activation from the SC to
the FEF with aknown anatomic basisis tectothalamocortical
(Fig. 3A). A direct pathway from SC to mediodorsal thala-
mus to FEF was reported (Lynch et al. 1994). Furthermore,
SC neurons that may contribute to this pathway were de-
scribed anatomically; they seem to be located primarily in
the superficial and intermediate layers, as suggested by the
anatomic results of both Lynch et al. (1994), who labeled
SC neurons with disynaptic retrograde transport of herpes
virus from the FEF, and Moschovakis et a. (1988), who
morphologically described SC neurons (‘‘L’’ neurons) that
project to the thalamus. Although we think the tectothalamo-
cortical pathway is the most likely route of orthodromic
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FIG. 2. Examples of discharge characteristics of FEF neurons ortho-
dromically activated from the SC. A: activity of a neuron with visud-, delay-,
and saccade-related discharges. For visual task (top row) and memory task
(bottom row) trials, discharges in individual trials are shown in the rasters
and are pooled in spike density functions (bold curves, Gaussian o = 4.0
ms). Alignments are with target onset (left), the cue to move (middle),
and saccadic initiation (right). Eye position shown as horizontal (E,) and
vertical (E,) component traces. On the time axis (abscissa), each tic mark
is separated by 50 ms. B: activity of a neuron with visual responses only.
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FiG. 3. Possible routes of orthodromic activation from the SC to the
FEF. o: somata; lines depict projections. A: known route proceeding disyn-
aptically from SC to thalamus (Thal.) and then to FEF. B: hypothetical
route via a collateral that emerges from the axon of a corticotectal neuron.
C: hypothetical route viaa direct monosynaptic projection from SC to FEF.

activation, two other routes also are hypothetically possible.
First, stimulation-evoked action potentials might travel anti-
dromically through the axon of a corticotectal neuron resid-
ing in FEF or elsewhere, invade collaterals, and then mono-
synaptically activate the recorded FEF neuron (Fig. 3B). It
is not known, however, whether monkey FEF neurons do
receive collaterals from corticotectal neurons. Also, it is
questionable whether an antidromically evoked action poten-
tial could reliably invade a collateral because of the sudden
increase in membrane area (and consequent drop in input
resistance) that can occur at a branch point (reviewed by
Swadlow et a. 1980). Finally, were an action potential to
invade a collateral, it probably would travel toward the re-
corded FEF neuron at speeds too low to be consistent with
our data. The conduction velocity in collaterals is ~0.3 m/
s (reviewed by Nowak and Bullier 1997) and therefore it
can take >3.0 ms for an action potential to propagate as
little as 1,000 pm through a collateral. The orthodromic
activation latencies of our neurons seem too short to be
attributable to such a dlow route (Fig. 1D). A third possible
route of activation from SC to FEF is a direct monosynaptic
one (Fig. 3C), but, to our knowledge, such a projection was
never found in any of the numerous studies of FEF afferents
(for review see Schall 1997).

The FEF neurons orthodromically activated from the SC
arethefirst physiologically established candidatesfor receiv-
ing SC signals. As might be expected, many of the neurons
exhibited saccade-related discharges. The significance of this
putative relay of saccadic information from SC to FEF still
needs to be determined. A more surprising finding was that
every one of the neurons exhibited a visua response, sug-
gesting that the SC might send visual-related activity to the
FEF. If so, this relay of visual activity might play at least
two roles. Firgt, it might improve the overall signal-to-noise
ratio of visua responses in the FEF. This would occur if
the visual-related discharges sent to FEF from the SC are
relatively stronger and less noisy than visual-related dis-
charges sent from elsewhere (e.g., from extrastriate cortex).
Second, visual signals sent from the SC might improve syn-
chronization between it and the FEF. FEF visual responses



ORTHODROMIC ACTIVATION OF FEF NEURONS FROM SC

driven by SC afferents might occur only a few milliseconds
after SC visual responses because of the disynaptic pathway
from SC to FEF.

Our results support the general hypothesis that the FEF
and the SC interact with each other bidirectionally. It was
known previously that thereis aflow of visual- and saccade-
related signals from FEF to SC (Segraves and Goldberg
1987). Now we have direct evidence that the reciprocal
pathway may carry visual- and saccade-related signals as
well. Signals carried in both halves of the loop connecting
the FEF and SC are likely to be important during the events
leading up to saccade generation.
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