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Keller, E. L., R. M. McPeek, and T. Salz.Evidence against direct cadic eye movements has been well studied (for reviews see
connections to PPRF EBNs from SC in the monkéWeurophysiol Fychs et al. 1985; Keller 1991; Moschovakis et al. 1996). They

84: 1303-1313, 2000. Direct projections from the superior C0||iCu|léﬁ,e known to proiect directly to abducens motoneurons and
(SC) to the paramedian pontine reticular formation (PPRF) have be irectlv to m%dijal rectus r{mtoneurons (through abducens
demonstrated anatomically. The PPRF contains cells called excitat y 9

burst neurons (EBNs) that execute the final premotoneuronal procd&&ernuclear neurons) and are believed to provide the main
ing for saccadic eye movements, as well as other burst cells cal@¥citatory drive to both types of motoneurons during horizontal

long-lead burst neurons (LLBNS). Previous electrophysiological tessaccades. Pools of EBNs are located in the reticular formation
in monkey have failed to find evidence for monosynaptic connectiojigst rostral to the abducens nucleus, and they discharge an
from the SC to EBNs, but have shown that direct projections {@tense burst of spikes during ipsilaterally directed saccades.
LLBNs exist. The validity of these results has been questioned bene gyration of this burst closely approximates the duration of

cause EBNs are known to be inhibited during periods of fixation b[ e saccade, and the frequency of the burst is monotonically

cells called omnipause neurons (OPNS). In later experiments in c

the stimulus in the SC was triggered during saccades (when OPNS.%Jé”’lted to saccadic velocity. This group of celis plays a key role

off) and direct connections to EBNs were found. The present exp-2ll current models of saccade generation. ,
iments were conducted to determine whether direct connections fromin Spite of the wealth of knowledge that has been obtained
the SC to EBNs could be demonstrated in monkey. LLBNs locat@pout this distinct group of cells and their vertical-direction
near EBNs were also recorded. Single-pulse stimuli were deliveredcaunterparts that are located in the interstitial nucleus of the
sites in the SC at current levels well above those required to evakeedial longitudinal fasciculus (riMLF), the nature of the con-
saccades with pulse train stimuli. The stimuli were triggered shortyections to EBNs from upper level sensorimotor structures
after the onset of ipsilateral or contralateral saccades and also sligh{lich as the superior colliculus (SC) and the cortical frontal eye
after the end of saccades. A sample of 21 EBNs was recorded gpdys (FEF) remains unclear. The existence of direct connec-
none were activated by postsaccadic stimulation or during contralt’:}Bns to the region of the EBNs from both the SC and the FEF

eral saccades. The high spontaneous discharge rates of EBNs dufin . . oo
ipsilateral saccades made activation of these cells more difficulm g been shown by anatomic means (Harting 1977; Leichnetz

detect; however, when the results were quantified by peristimulus tifie@l- 1984; Olivier et al. 1993; Stanton et al. 1988). Neverthe-
histograms aligned on stimulus onset, only 1/21 EBNs showed elgSS, when Raybourn and Keller (1977) stimulated the deeper
dence of activation in the monosynaptic range of latencies ms), layers of the SC in the alert monkey, they were unable to
13 EBNs were activated at di- or polysynaptic latencies, and 7 weaetivate EBNs with single-pulse stimuli, although they did
not activated. In contrast, 15/21 LLBNs were activated with latenciggoduce activation of EBNs following triple-pulse stimuli with

in the monosynaptic range. Further evidence supporting the absenssultant latencies in the poly-synaptic range. Segraves (1992)
of direct connections to EBNs was obtained by realigning the pefeported similar results for stimuli delivered to the FEF. In the
stimulus time histograms for a subset of EBNs with similar firing rateﬁudy of Raybourn and Keller, another group of neurons called
on the time of occurrence of the last spike before stimulus onset, g lead burst neurons (LLBNS), which were also found in the

subset of EBNs was also studied during drowsy ipsilaterally direct : S : .
eye drifts, during which these cells were firing at low spontaneo RF in close proximity to EBNs, was readily activated from

rates and OPNss were off. No evidence for direct connections to EBME SC, many in the range of latencies suggesting monosyn-
was found in this behavioral state. The variance in results obtained ftiC connections. The LLBNs are a more heterogeneous group
cat and monkey may be due to a species difference that reflects @d>PRF neurons that show a prelude of discharge long before
more complex signal processing required in the monkey’s saccag@ccade onset as well as a burst of activity during saccades

system. (Fuchs et al. 1985; Hepp and Henn 1983; Keller 1991). The
characteristics of the saccade-linked burst in LLBNs are not as
clearly related to saccadic parameters such as duration and

INTRODUCTION velocity as are those of EBNs (Fuchs et al. 1985; Keller 1991).
) Raybourn and Keller (1977) suggested that at least some of the

The role of a group of premotor neurons called excitatofy BNs form an earlier stage of neural signal processing pos-

burst neurons (EBNs), which are found in the paramediafbly involved in the conversion of place-coded information
pontine reticular formation (PPRF), in the generation of sac-
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from SC and FEF to the temporal code used by EBNs, whicgturned to their cage and allowed to recover from the surgery. When
in turn project to motoneurons. a proper level qf recovery was rea(;hed, as o!etermim_ed by consultation
Raybourn and Keller (1977) also pointed out a possibYé'“? the attending veterinarian, daily recording sessions were begun.
procedural shortcoming in their experiments. They had deligtiPiotics (cefazolin sodium) and analgesics (buprenorphine) were
ered their stimuli in the SC [as had Segraves (1992) in the F ministered _ugder the direction of the veterinarian during the post-
with the monkey fixating a visual target. During this behavioral rative period.
state it is known that omnipause neurons (OPNSs), a group
cells located near the midline of the brain stem and that direc
inhibit EBNs (Strassman et al. 1987), are discharging at higheach monkey was trained to climb out of its cage into a primate
rates. The tonic inhibition provided to EBNs by OPNs mayhair and sit in it during the experiment. Training and subsequent
have prevented the detection of monosynaptic connectiggerimental sessions were conducted 4-5 times a week. The monkey
with the extra-cellular recording techniques that were usedWas given water or juice rewards for correctly executing behavioral
their study. paradigms and was allowed to work until satiation. Daily records were
Chimoto et al. (1996) recently tested this suggestion. Th&gpt of the animal's weight and health status. Supplemental water was

P . en as necessary, and unlimited water was provided on days when
recorded EBNs and inhibitory burst neurons (IBNs) in the c@raming o experimyental Soasione wers not pe?formed. Y

while delivering single-pulse stimuli to the deeper layers of the Behavioral paradigms, visual displays, and data storage were under

SC, but they delivered these stimuli during saccades Whﬁ'_l@ control of a real-time program running on a laboratory PC system.
OPNs are turned off. They reported that strong monosynaptife monkeys were trained to fixate a spot of light and make a saccadic
connections could be demonstrated when the stimulation V\@@ movement to the location of the spot when it jumped to a new

delivered during saccadic movements. In the present study, Mation. The monkeys were required to keep their eyes within 1-2° of
used similar techniques to Chimoto et al. (1996), but now in thige fixation point during a randomly selected fixation interval of
monkey to determine whether a similar pattern of direct coA90—600 ms. A Macintosh computer, which was interfaced with the
nections could be demonstrated in this species. This is B, generated the visual displays. Visual stimuli were presented on a
important question, because the output neurons in the deepgin- color cathode ray tube (Viewsonic GA29), in synchronization
layers of the SC, as well as those in the FEF, are organized wi N’I the monitor’s vertical refresh. The monitor had a spatial resolu-

: - - o on of 800 by 600 pixels and a noninterlaced refresh rate of 75 Hz.
spatial coding. At the same time it is clear that EBNs a e monitor was positioned 57 cm in front of the monkey and allowed

temporally poded. Thgre haye been attempts FO explain fnuli to be presented in a field of view of approximatei25° along
transformation of spatial coding to temporal coding (Mosch@ne horizontal meridian antt20° along the vertical meridian. Off-line
vakis et al. 1998), but if this complex signal processing stefalysis of the eye movement data were performed by algorithms
occurs at the level of a direct projection to EBNs, the range ofing velocity and acceleration criteria to detect the beginning and end
mechanisms that might be used is much more limited thanoifsaccades. The algorithm’s identification of saccades was inspected
LLBNs are intercalated between SC and FEF input and thg one of the investigators to verify its accuracy.
EBNSs.

The results presented here have appeared previously in BRperimental paradigms
stract form (Keller and McPeek 1999).

of
%ghavioral conditioning

Before each experimental session, both chambers were opened and
cleaned under aseptic conditions. Double eccentric positioning de-
METHODS vices were loaded in the chambers, which allowed microelectrode

. . . penetrations at any location within the12-mm diameters of the cham-

Two juvenile maleMacaca mulattamonkeys were used for this pors - Sharpened guide tubes with tungsten microelectrodes inside

study. All experimental protocols were approved by the Instltutlon%3re inserted through the dura in each chamber, and independent

Animal Care and Use _Committqe at the California_ Pacific Medic_ draulic drive systems were used to advance the microelectrodes to
Center and complied with the guidelines of the Public Health Servigga qesired locations in the brain.

policy on Humane Care and Use of Laboratory Animals. First a microelectrode was advanced in the chamber located over
the SC until the dorsal surface of the SC was encountered. This
Surgical preparation landmark was distinguished by the presence of high-frequency dis-

charge correlated with visual transients recorded on the electrode and

Surgery was performed under isoflurane anesthesia and asepliyed on the audio monitor as the animal made spontaneous saccadic
conditions. Heart rate, respiratory rate, body temperature, blood pregvements about the lighted room. The electrode was advanced
sure and oxygenation were monitored for the duration of the surgefyrther into the deeper layers of the SC as the animal made saccades
Four devices were implanted in each monk&y.A stainless steel to images that appeared on a video monitor placed in front of it. We
chamber was placed stereotactically on the skull, slanted posteriorlypagan to test the effect of microstimulation at depths in SC where
an angle of 38° in the sagittal plane, and aligned approximatatyotor or visuomotor cells were first encountered. Stimulus train
perpendicular to the surface of the SB). Another stainless steel parameters were set at 400 spikes/s and 40 ms in duration. Stimulus
chamber was mounted stereotactically on the skull, slanted laterallypulses were bipolar with each phase set at 0.2 ms in duration. The
the frontal plane at an angle of 25°, and aligned on the OPN regi@iectrode was left in place at the point in the deeper layers of the SC
3) A hollow, stainless steel pedestal was positioned vertically near tvaere the lowest threshold for evoking saccades was encountered.
center of rotation of the head. The pedestal mated to a threaded To@ point of lowest threshold was between 1.5 and 2.0 mm from the
mounted on the primate chair and served as a restraint devicedorsal surface of the SC. The threshold currents necessary to evoke
subsequent experiments. The chambers and the pedestal were fixdixéd vector saccades varied from 10 to 48. We first determined
the skull with dental acrylic and small titanium bone screyA coil  rough coordinates of the saccadic motor map on the SC in preliminary
of Teflon-coated stainless steel wire was placed under the conjunctpemetrations and then, based on this map, placed the stimulating
of one eye using the method developed by Fuchs and Robinson (19€léxtrode at caudal locations where the evoked saccades were large
and modified by Judge et al. (1980). After surgery, the monkeys wg0—40°) and nearly horizontal in direction. This placement of the
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velocity was obtained by analog differentiation of the eye position
signals. The occurrence of unit discharge was determined with the use
of a standard electronic window detector. The output of the window
detector was stored to disk in temporal register with the analog data.
Raw neural activity was also sampled at 40 kHz and stored to disk in
temporal register with the eye movement data. This was done to
permit off-line confirmation and correction of unit spike occurrences
on the windowed data. The timing of unit events in all the off-line
analyses was always determined from the onset of the stimulus pulse
as determined on the 40-kHz sampled, stored records. All off-line
analyses were performed in Matlab (The Mathworks).

Histology

At the completion of the recording sessions an electrolytic lesion
(20 A for 30 s) was made in the region of PPRF where burst neurons
had been recorded. After a 4-day period the animals were deeply
anesthetized and perfused through the left ventricle with isotonic
saline followed by 10% Formalin. Frozen @0n sections were cut in

200 ms the plane of the electrode penetrations. Sections were stained with
Fic. 1. Schematic layout of the times of stimulation in relationship to theresyl violet, and the site of the lesion marker was recovered by
underlying behavioral events during the present experim&oistracein each microscopic examination to confirm that the recording sites were in
set of events shows the time of target jump. Timext traceshows the the PPRF.
horizontal eye (HE) movement produced by the horizontal target jump. The
next traceshows the times of single-pulse stimulation of the superior colliculus
(SC). Vertical dotted lines here help with visualization of the times of simBESULTS

lation with respect to start and end of saccadic eye movementsbdtem W ded f b dcl f cells in th
traceshows the discharge of an omnipause neuron (OPNBe§in, 4 ms after e recorded from two broad classes of cells in the present

onset of ipsilateral saccades;End, just after the end of ipsilateral saccadesstudy. Figure 2 illustrates the discharge characteristics of two

Sc Begin, 4 ms after onset of contralateral saccadg£ /8], just after the end cells whose individual behaviors are representative of these

of contralateral saccades. two types. The cell whose discharge is shown in the upper plot

stimulating electrode was done to maximize the chance of findiwaS classified as an EBN. It discharged an |nten§e burst of

direct connections to EBNs in the PPRF (Moschovakis et al. 199 _|kes before all |pS|Iatere_1I saccades, and the d_uratlon of these

The latter authors have shown that the strength of the projections fr rsts mirrored 'the duration of the accompanying movement.
e cell shown in the lower plot was classified as an LLBN. It

SC to the brain stem region of the EBNs increases by more tha . - .
factor of three from rostral to caudal regions of the SC. showed a long prelude of presaccadic spikes and a burst during

The SC stimulating electrode then remained in place for the restipsilateral saccades. This cell discharged best for small sac-
that day’s experiment. Another electrode was advanced througttades and only slightly or not at all for large ipsilateral move-
guide tube placed in the chamber located over the contralateral PRREnts. Thus it displayed a movement field organization. Some,
region of the EBNs. Burst neurons with ipsilateral, horizontal diregyyt not all, of the LLBNs that we studied showed a movement

tions were isolated in this region and then were subjected to electfpsiq organization, demonstrated by a more intense discharge
physiological testing for inputs from the SC. In the remainder of thig, ajther small or large saccades but not both. In addition
paper, we will reference saccade directions, ipsilateral or contralate :

to the side of the burst neuron being recorded. Single-pulse stimu |me LLBNs showed a clear visual response when the cell's

were delivered through the electrode in the SC while recording tREtivity was realigned on target onset.
extracellular potential of the burst neuron. The current of the stimu-

lating pulses was set at 1Q0A and thus was well above the level of

current intensity needed in stimulus pulse trains to evoked saccades ]10 deg
from the same SC site. At many sites we also tested with currents of

150 uA. We delivered these single-pulse stimuli in pairs as the animal Target
made ipsilateral and contralateral 30° saccades in response to target yg
jumps on the monitor as shown on the schematic in Fig. 1. Stimulation -
was delivered on about one-half of the trials selected at random in a  Spikes Hin il
block of trials. The other trials were nonstimulated. On stimulated

trials one stimulus pulse was triggered by the on-line computer

program shortly after saccade onset while the other was triggered LLBN
following a 10-ms delay after saccade end. Off-line analysis showed

that the stimulus near saccade onset was reliably placed at 4—5 ms ] 10 deg
after saccade onset, and the stimulus near saccade end occurred at
9-16 ms after saccade end. With this schedule the SC was stimulated
with the OPNs off (at the initial pulse) and with the OPNs on (at the HE

2nd pulse) for both ipsilateral and contralateral saccades. Spikes L1 L

EBN

- B

Target

o
200 ms

. ) . ) . RG. 2. Sample discharge patterns of the 2 types of burst cells recorded in
Horizontal and vertical eye position, velocity, and target positiofhe present study. Data shown for ipsilateral saccades only. EBN, excitatory
were sampled at 1 kHz and were stored on computer disk. Ey@rst neuron; LLBN, long-lead burst neuron.

Data collection and analysis
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We recorded from a total of 42 burst cells in the PPRF of 2 A EBN
monkeys. We quantified the differences between EBNs and 30
LLBNs by measuring the lead of the first spike in each cell's
discharge with respect to ipsilateral saccade onset for saccades
associated with the most intense burst activity. The cells that
we classified as EBNs always showed a sharp onset of activity
just before ipsilateral saccades, and the lead of discharge onset
before the start of the movement ranged from 6 to 15 ms with
a group mean of 12.5 ms. The values of the initial discharge
with respect to saccade onset in cells we classified as LLBNs
varied from 26 ta>100 ms with a group mean of 76 ms. Based
on presaccadic lead time, we classified 21 cells as EBNs and 21
as LLBNSs. 0

We also quantified the differences between EBNs and 0 10 20 30
LLBNs by counting the number of spikes in their saccade-
related bursts (where the temporal limits of the bursts were
defined as 15 ms before saccade onset to saccade end) forB 10 -
horizontal, ipsilaterally directed saccades of different sizes. We | ee LLBN o
determined the regression for the number of spikes with sac-
cade magnitude as shown for three cells in Fig. 3. The graph in
Fig. 3A plots the linear regression for the EBN shown in tibye
plot of Fig. 2 and illustrates the previously reported linear
relationship that exists for EBN discharge as a function of
ipsilateral saccade size (see Hepp et al. 1989, for a review).
Ther? value for this cell was 0.84. In contrast, the relationship
between the number of spikes in the burst and saccade size was
more variable in LLBNs as illustrated by the behavior of the
two cells shown in Fig. B. The data for the discharge shown
with filled circles comes from the cell shown in thettom plot
in Fig. 2, which had a movement field organization. We fit the
relationship of this cell’s saccadic spike count as a function of
saccade size with a cubic spline (solid curve) to illustrate its
field preference for small saccades. Its linear regression (notc. 3. The relationship between the number of spikes in the bursts and
shown) was negative and had gnvalue of 0.2. The data for ipsilateral saccade (Bnagnltud_eA: data from 1 EBNB: data from 2 LLBNs.
the discharge shown in Fig.B3with open circles are from One LLBN had a movement field organlzatlono(Qata for this cell shown with

i | - i filled circles) with a preference for saccade$° in magnitude. The other
another LLBN. Its linear regression is shown with a dashe@sn showed an increase in the number of spikes for increasing saccade
line, and ther? value of the regression for this cell was 0.58magnitude (data for this cell shown with open circles). In hatand B the

Ther? values for the two classes of cells overlapped: valuégkaight lines are the linear regressions of the data. The data for the LLBN with
for EBNs ranged from 0.45 to 0.96 (group mean, 0.75), Whifaemovement field were fit with a cubic spline (solid curve).
the r? values for the LLBNs ranged from 0.02 to 0.74 (groupery active, but no apparent stimulus-locked activation of the
mean, 0.34). cell occurs. The data in Fig Adwere aligned on a time point 4

Single-pulse stimulation of the contralateral SC did nohs after saccade onset, which is identical to the same time of
activate EBNs during either contralateral saccades or durialignment used in Fig.E for stimulated trials. The discharge
fixation immediately after saccades. Results for a typical EBdf the cell shown in Fig. A suggests that it might be difficult
are shown in Fig. 4. FigureMshows the spontaneous activityto detect a weak activation of the cell following stimulation
of this cell during ipsilateral saccades for four superimposeiliring ipsilateral saccades due to the high spontaneous dis-
nonstimulated trials. The high-frequency discharge of this celharge rate of the cell during this time.
for large ipsilateral saccades was typical of the EBNs recordedn an attempt to look for weak connections to EBNs from the
in the present study. Figure B,and C, shows four superim- SC, which should be exposed during ipsilateral saccades, we
posed stimulated trials, for the same cell, when the stimulusdonstructed poststimulus time histograms (PSTHs) of unit ac-
the SC was delivered just after the end of ipsilateral (FB). 4 tivity for stimulated and nonstimulated trials for all the EBNs
or contralateral (Fig. @) saccades. During these periods thand many of the LLBNs. Examples of these PSTHs for three
cell was not active, OPNs were on, and the animal was activél8Ns and one LLBN are shown in Fig. 5. The data for
fixating. Similar results during fixation were obtained for all 2ktimulated trials were aligned on stimulus onset, and the total
EBNSs that we recorded. Figuré4shows the results obtainednumber of spike counts in each 0.2 ms bin was determined.
in the same cell for four trials when the stimulus was deliveregimilar data for unstimulated trials were aligned on a time
near the onset of contralateral saccades. Again the cell waspoint 4 ms after saccade onset. Each histogram was then
activated even though OPNs were off at this time. Similarormalized by the total number of trials. For the histograms
results were obtained for all 21 EBNs. Figure gdhows the constructed from nonstimulated trials, the mean normalized
results obtained for four trials when the stimulus was deliveragpike count and two standard deviations from this mean were
near the onset of ipsilateral saccades. At this time the celldsetermined by computations made over the entire 12-ms inter-

20 1

number of spikes in burst

magnitude of §,

number of spikes in burst

magnitude of S,
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FiG. 4. Activation attempts for a typical EBN for single-pulse stimulation
of the contralateral SC. For each set of traces, 4 trials are aligned on stinfoy O.SJ Non-stimulated
lation onset or, in nonstimulated trials, aligned on a similar time point with™ ¢ 44 N=25 mn0803

respect to the saccade 4 ms after saccade onset). The large negative/positive
stimulus artifact is cutoff for clarity. Negative potentials are shown asfup. §

activity of the cell near saccade onset on nonstimulated trials. Note the high 0.2 :
spontaneous discharge of the cBllstimulation just after the end of ipsilateral = 0,1
saccadesC: stimulation just after the end of contralateral saccaBesstim- 0 —

ulation during contralateral saccadds. stimulation during ipsilateral sac-

0.3

€

rmalized spik

cades. 31 Siimulated
) . S 041 N=30
val of the histogram analysis. An example of the mean and tHe 03 lat=13 ms
mean plus two standard deviations for one cell are shown in the o]
top histogranof Fig. 5A by the solid and dashed lines, respec- o1
tively. For the stimulated trialsopttom histogram# all sec- 0
tions of Fig. 5) the mean normalized spike count and two 2 0 2 4 6 8 10
standard deviations from the mean were computed from the Time (ms)

data in the 2-ms period of time before stimulus onset. There. 5. Peristimulus time histograms for 3 EBNs and 1 LLBN. Each section
absence of spikes in the first two or three bins of the histograsmews data from nonstimulated trials twp and stimulated trials on thigottom

for stimulated trials was due to the presence of a stimultistogram binwidth was always 0.2 ms. Since the number of trials were not the
artifact in the recordings same for stimulated and nonstimulated histograms, the total bin counts were

. ° . . . . normalized by the number of trials in each. The solid horizontal line in each
We determined the first time bin after stimulation onset thgkiogram shows the mean normalized spike count, and the horizontal dashed line

exceeded two standard deviations from the mean spike costivs the mear 2 SD from the mean. These statistics were computed from the
and took the midpoint of this bin as the latency of the earliesftire 12-ms record for histograms constructed from nonstimulated trials and from
activation of the cell following SC stimulation. For the ce|fthe 2-ms period before the onset of the stimulus for histograms constructed from

h in Fig. & th | f this lat 1.1 vari trials with stimulation. Stimulation onset for the stimulated case is indicated by the
shown in Fig. € value of this latency was 1.1 mS. VarloUyqyeq vertical lines. The data for the nonstimulated case were aligned on an

estimates ranging from 1.4 to 1.6 ms _have been made for Balaivalent time -4 ms after saccade onset). See text for definition of latency of
longest latency that should be considered as monosynaptitvation.A-Care for 3 EBNs and is for 1 LLBN.
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activation from the SC to PPRF neurons (Chimoto et al. 1996; A
Pareand Guitton 1994; Raybourn and Keller 1977), so that the
results shown in thbottom histogranin Fig. 5A suggest direct
connections to this cell from the SC. However, the weakness of

this possible short-latency connection is highlighted by exam-
ination of the data shown in th®p histogramin Fig. 5A,

where the same cell shows occasional bins that exceed the
two—standard deviation criterion even during nonstimulated

two—standard deviation criterion in the 10-ms interval follow-
ing stimulus onset. The results shown in Fig BHustrate the
data for a cell in which di-synaptic or longer latency connec-
tions were possibly demonstrated. This cell shows evidence of
weak input from the SC, but with a latency of 2.1 ms. C
In contrast, most LLBNs (17 of 21) were clearly activated at
shorter latencies following SC stimulation during ipsilateral
saccades, and one example using the PSTH method is shown in
Fig. 5D. In addition to the histogram method, when the con-
nections from SC are strong and direct to neurons with low
firing rates, as in the case of LLBNs, the direct superposition of
evoked spikes can be visually compelling and provides an
alternative method of measuring latency. An example is shown p
in Fig. 6 for another LLBN. In Fig. 8, for stimuli delivered
during ipsilateral saccades, the cell's response follows stimu-
lation at a mean latency of 1.5 ms, suggesting the presence of
monosynaptic connections to this cell from the SC. In LLBNs
activation was one-to-one with little temporal jitter in the time
of activation. In Fig. 8 it may be seen that the cell is still
activated when the stimuli are delivered after the end of ipsi-
lateral saccades, but the latency of the average activation, & 6. Activation of an LLBN for single-pulse stimulation of the contralat-
determined by the histogram metfiod has increased-05 S 5, For waen oo, L 1l a5 SLewy sl o Siuiuer sest
_ms’ and there IS more t_emporal jitter in the re_Sponse' The qﬁ lateral saccade€: stimulation during contralaterajl saccadBs.stimula-
is also activated at this longer latency during contralaterigh just after contralateral saccades. The cell was not activated. The dotted
saccades (Fig.®. These observations suggest a lower level eértical line shows the mean latency of activation for the stimulation set shown
excitability for the cell after the end of ipsilateral and durind? A

contralateral saccades. Surprisingly, the cell was not activateq . . . .
by stimuli delivered during the time period just after contralaPClySynaptic, or in which no connection at any latency could

eral saccades (FigDg. All but 3 of the 17 LLBNs that could be demonstrated under the conditions of the present experiment
be activated during ipsilateral saccades could also be activatip)- Only one EBN of 21 tested could be activated in the
after the end of ipsilateral saccades (similar to the respori§@nosynaptic range while 15 of 21 LLBNs fell into this class.
shown in Fig. ®), but at systematically longer latencies. FoAn additional 13 EBNs were activated with latencies in the di-
contralateral movements, 10 LLBNs were activated both dupr polysynaptic range, and 7 could not be activated.
ing and after the saccade, 2 cells showed the pattern illustrated he determination of latencies for EBN activation following
by the cell shown in Fig. 6, and 5 cells could not be activatesiC stimulation from standard PSTHs (e.g., the data shown in
either during or just after saccades. Fig. 5) may be complicated by the high spontaneous discharge
The cell used to illustrate Fig. 6 was also one of the eigbf these cells during ipsilateral saccades. In trials when the
LLBNs we recorded that showed a movement field organizBBN discharges spontaneously just after the stimulation is
tion. For this particular cell, its movement field center wagpplied, it might be imagined that the cell would be in a
located at~5° eccentric, and yet it was clearly activated byefractory state when the evoked excitatory potential from the
stimulation in the caudal SC. The same was true for the otHe€ arrived at its membrane. It is possible that random occur-
LLBN we recorded that had a sma#(0°) eccentric displace- rences of this type might lead to lower spike counts in the bins
ment of its movement field center. at latencies that would be considered in the monosynaptic
Figure 7 is a summary diagram showing the activatio@nge. Although we never found any evidence for this possi-
latencies following SC stimulation during ipsilateral saccaddslity in our PSTHs, we developed a new method of analysis
for both EBNs and LLBNs. Following the most conservativéhat we believe overcomes some of the inherent difficulty in
estimate, we have placed a vertical dashed line at 1.6 msditecting the presence of the shortest latency influence of
separate cells that could possibly receive monosynaptic ingyhaptic input from the SC on EBNSs. In this analysis we
from the SC from those in which the connection is di- areconstructed histograms of peristimulus spike counts during

trials. B
The data for another cell shown in FigB%vere typical of

the results obtained for many EBNs in our sample. The nor-

malized spike count in stimulated trials never exceeded the
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10— ] EBN cells obtained from interleaved stimulated trials and aligned on
the last spike before stimulus onset. If short-latency inputs
from the SC contributed directly to spike generation in EBNs
following SC stimulation, the peristimulus time histogram
aligned on the last spike before stimulus onset (FR).\8ould
be expected to show a disturbance of the periodic distribution
M of spike occurrences seen in nonstimulated trials (FAy. Bhe
distribution of stimulus onset times after the last spike (always
placed atime 0 is shown by the asterisks. As expected, this
distribution of random stimulation times with respect to the
preceding spontaneous spike is rather uniform over the interval
of 0—1.3 ms. In considering the periodic spike histograms, it is
important to point out that the conduction times for fibers from
‘ the SC to the region of the EBNs has been estimated to be
H ‘ 0.4-0.8 ms (Guitton and Munoz 1991; Raybourn and Keller
T T I I I //IJ 1977). If one allows 0.2msor less fpr synaptic delay (Chimoto
et al. 1996), then the stimuli appearing in the first bin (centered
L at 0.1 ms) in the stimulus histogram in Fig3 8hould be able
Latency of activation (ms) to phase advance the occurrence of spontaneous spikes that
Fic. 7. Distribution of activation times for EBNs and LLBNs following SCwould have occurred by chance without stimulation in any bins
stimulation. The dividing value for latencies with possible monosynaptic affom at least 1.0 ms or longer in FigA8 because of the
Eﬁyesz.napnc connections is shown by the dashed line at 1.6 ms. ND, Pliditional synaptic input provided by the synchronized mono-
synaptic EPSP from SC inputs, if they exist. Furthermore we
ipsilateral saccades, but now aligned this data on the peakkabw that each of these cells can discharge with an interspike
the last spike preceding stimulus onset or the last spike pieterval at least as short as 1.1 ms, because they had each
ceding an equivalent time in nonstimulated trials. Figure Slowed down from the highest discharge rates they produced at
shows the combined results for 7 EBNs that had very similaurst onset. Burst onset occurred on average about 14 ms
discharge rates<770 spikes/s) near the time of saccade onséxefore the first interspike intervals shown in Fig. 8, because
The arrows atime Oindicate the alignment point on a spikeburst onset leads saccade onset by 10 ms, and the data used to
The histogram in Fig. 8 shows the distribution of spikes forfashion Fig. 8 began at 4 ms after saccade onset.
nonstimulated trials. The pacemaker-like, quasi-periodic dis-Thus on the basis of both of these arguments, the spon-
charge of EBNs during ipsilateral saccades when dischargddseous spikes that would be expected to be most affected
aligned on spike occurrence, which has not previously beby stimuli occurring in the very early stimulus histogram
reported, is clearly illustrated by this method of alignment. THans (the asterisks in Fig.B) occur in bins at 1.3-1.9 ms.
normal-shaped distribution of spikes around the first and séldiese spikes in the stimulated distribution should be ad-
ond peaks in Fig. 8 shows the variability expected in inter-vanced in time from these values expected on the basis of
spike interval around the means when no stimulations dfee nonstimulated data. In short, we should certainly be able
present. No spikes are present in the bins from 0 to 0.7 taschange, with early stimuli (optimally timed by chance),
because the cells never showed an interspike interval shottex shape of the distribution that would have been obtained
than 0.9 ms. FigureBshows similar data for the same sevewithout stimulation at least in the bins from 1.3-1.9 ms in

049 A

B LLBN

Number of cells

0.8 10 12 14 16 18 20 22 24 26 ND

=]
=
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2 N=138
o
-,: 0.2 FiG. 8. Peristimulus time histograms aligned on a spontane-
N ous spike near saccade onset. Data combined for 7 EBNs.
Té 014 Binwidth is always 0.2 ms. Histograms normalized by the total
5 number of trials.A: histogram of discharge for nonstimulated
4 trials for the 7 cells aligned on the last spike before the time
00— point 4 ms after saccade onset (alignment point shown by the
t 03 07 11 15 19 23 27 31 35 5 arrow). The periodic discharge of EBNSs, even for data com-
bined from several cells, is clearly shown. For clarity, the spike
- 949B count in the bin at alignment pointifhe 0 is not shown.B:
§ histogram of similar data for stimulated trials aligned on the last
S 34 Stimulated spike before stimulus onset. The periodic discharge of the cells
e N=127 is not disturbed by SC stimulation. The asterisks show the
& proportion of stimulus intervals after the last spontaneous spike
3 that occurred within each 0.2-ms interval of increasing time
= * ok %k ok from the last spike.
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FIG. 9. Activation of an EBN during a period of drowsy
ipsilateral eye movemenh: cellular activity, stimulation mark-
ers and horizontal eye movement for one episode. Oblique
arrow indicates the location of the potentials from the stimulus
artifact. B: high speed raw data of cell's activity during similar
episodes aligned on stimulation onsé€k. peristimulus time
histogram for the same cell. Layout and symbols the same as in
Fig. 5.
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Fig. 8A. A similar argument may be applied to the distribument and begin a rapid drift in the ipsilateral direction (upward
tion of spikes seen around the time of the second peak in the the figure). The EBN shows a weak burst of discharge
periodic histogram for the later occurring stimulationgluring this movement. Three-pulse stimulation in the SC
(stimulation histogram bins at 0.9-1.9 ms in FigB)8 (oblique arrow) with inter-pulse intervals of 33 ms was man-
Because of the nearly periodic firing of EBNs in the nondally triggered during these episodes of rightward drift. The
stimulated trials when aligned on a spontaneous spike @mulus artifacts and the cell’'s discharges can be seen on the
least for 2 or 3 successive spikes), any changes produced®y recording shown in theop trace The cell's activity-
stimulation in these periodic distributions should readily b@ligned stimulation pulses, delivered during similar periods of
seen Instead, statistical tests applied to the periodic distributiofRSiateral eye drift and low-frequency firing, are shown in Fig.
showed no significant change in the distributions between the ddis, (data aligned on stimulation onset). A peristimulus time

in Fig. 88 and Fig. & for the time intervals from 1.3 to 3.3 mshiStogram (Fig. @) was constructed for this cell, and the -
(Wilcoxon rank sum tes® = 0.35). activation latency was determined by the same method used in

We also found further corroborating results when SC Stigjg. 5. The latency to activation for this cell was found to be

ulations were delivered during drowsy states in the monkegst MS, which was the same time determined by the histogram
for six EBNS. In this state the animal frequently makes repetnalysis used for this same cell in FigC @luring ipsilateral

itive, back and forth drifting eye movements. When OPNs a ccades. Similar results were obtained in the other five cells as
EBNs were recorded during this state, it was found that t§8°Wn in Table 1. In particular, in no case did we detect

former cells become silent while the latter cells discharge SYidence for the presence of direct connections in any of the six

low sporadic rates during every ipsilateral drifting eye mov&€!lS in the drowsy state.

ment (Raybourn and Keller 1977). An example of this behavior
for an EBN is shown in Fig. 9. FigureAshows one such D
episode in which the animal’s eyes are initially drifting in the The results obtained in the present experiment support our
contralateral direction but then reverse their direction of moverevious finding that EBNs in the monkey do not generally

ISCUSSION
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TABLE 1. Comparison of latencies of activation for excitatory burst neurons derived from histograms aligned on stimulation onset during
ipsilateral saccades and from histograms aligned on stimulation onset during ipsilateral drifting movement during a drowsy state

Cell
hb22p3 hb23p3 hb24p1 hb26p1 hb26p1 mn0706
Ipsi saccade 1.9 2.1 1.8 ND 25 ND
Drowsy state 2.0 2.1 2.0 51 2.5 ND

All values are latency of activation in ms. ND, not driven.

receive direct input from the SC (Raybourn and Keller 19773accades, but not during contralateral saccades or shortly after
but fall short of proving that no such connections exist, becausee end of either direction saccade. This pattern of activation
of difficulties in interpretation when stimuli are delivered dursuggests that OPNs do not play a significant role in sculpting
ing ipsilateral saccades. Nevertheless, our results correctha discharge of LLBNs. The five LLBNSs that were activated
technical problem present in our previous experiment in whigy SC stimulation during ipsilateral, but not contralateral sac-
the single-pulse stimuli in the SC were delivered with thgades could receive input from contralateral IBNs like that
animal_s fixating. Because OPNs are discharging_rapidly duriggown to project to EBNs in Fig. 10. This input would decrease
these intervals when the animals’ eyes are stationary, anddgir excitability during saccades in this direction. More com-

addition, are known to inhibit EBNSs, it was possible that wgjicated patterns of state-dependent activations like the LLBN
failed to detect the presence of direct connections in our earl own in Fig. 6, which could not be activated shortly after the

studies due to inhibition from OPNSs. Figure 10 shows a sch Ad of contralateral saccades, cannot be explained by the

matic model that can be used to explain the present results. .
majority of LLBNs (15/21) showed short-latency activation inscﬁeme of Fig. 10. Therefore we have left the source of

the monosynaptic range<(L..6 ms), while only one (of 21)
EBNSs was activated in this range. The mode of the distribution
for activation latency in EBNs was 2.1 ms, and many EBNs
had longer latencies or could not be activated at all. The
additional delay in EBNs in comparison to LLBNs suggests
that EBNs are activated by di- or polysynaptic pathways from
the SC. A similar conclusion was reached by Miyashita and
Hikosaka (1996) in stimulation studies in the monkey. They
stimulated the SC during ongoing saccades and found that the
earliest detectable perturbation of the eyes’ trajectory occurred
at 8 ms after stimulation onset. Based on estimated conduction
delays and the latency present in eye movements evoked by
stimulation in the region of the EBNSs, they argued that the
connection from SC to EBNs was at least disynaptic.

If inhibitory input from OPNs were the only input prevent-
ing EBNs from being activated during fixation, then the latter
cells should be readily activated during contralateral saccades
when OPNs are off. Instead, we were unable to activate any
EBN during contralateral saccades. In Fig. 10 we suggest that
inhibition from contralateral IBNs, which are very active dur-
ing contralateral saccades, provides an additional inhibitory
input that prevents the activation of EBNs during contralateral
saccades. This suggestion is supported by anatomic evidence
(Graybiel 1977; Strassman et al. 1986). Another opportune
time to test EBNs for monosynaptic input would be during
vertical saccades. In this state the OPN inhibition to EBNs
would be off. The crossed inhibition from IBNs, which is
probably direction specific for horizontal movements, would
also be off, but the discharge of horizontal EBNs would be low

or absent. Unfortunately we did not conduct tests of this type _ _ _
in the current series of experiments Fic. 10. Schematic summary of the connections from the SC to EBNs in

. . he monkey. Large circles represent cells: excitatory cells shown with open and
Although many LLBNs (10/21) could be activated during aIiﬁnhibitory cells with filled circles. Small open circles represent excitatory

the states tQSted in the present experiments (during contradgimections and small filled circles inhibitory synapses. SC, superior collicu-
eral and ipsilateral saccades and just after the end of saccdaesSLs, superficial layers of the SC; DLs, deep layers of the SC; LLBN,
in both directions), others (7/21) showed state-dependent algifg-lead burst neuron; EBN, excitatory burst neuron; OPN, omnipause neu-

- p ; IBN, inhibitory burst neuron; |, ipsilateral location to the recorded EBN;
vation patterns or could not be activated at all (4/21). Only O'ﬁ%pcontralateral location to the recorded EBN. Only one-sided connections

LLBN showed the pattern of state-dependent activation patt&fsh sc to LLBN and EBN are shown, but double-sided connections of OPNs,
that we observed in most EBNSs: activation during ipsilater&@BNs, and IBNs are shown.

SC
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state-dependent inhibition to LLBNs in this figure with avould allow more complex behavior beyond the more reflexive
guestion mark. saccades generated by the SC.

Grantyn and Grantyn (1976) made intracellular recordings There is also evidence in the monkey that the discharge of
from cat reticular neurons located close to the abducens ®€lls in the output layers of the SC can in some behavioral
cleus and reported that a majority of their cells received mongcumstances be more dissociated from the discharge of EBNs
synaptic input from the SC. However, in their anesthetizéfan would be expected if strong, direct connections existed

animals it is impossible to determine whether the cells thdiem the former to the latter cells. In some cases different
recorded were EBNs or LLBNs. In the present study widtensities or patterns of SC discharge can be associated with

recorded from both types of neurons in very close proximity ccades that are. similar in size and velocity (Edelman and
each other in the PPRF. In fact, on most penetrations into t ller 1996, 1998; Everling et al. 1999). In other cases sac-

; : des of different size, speed, or direction can be produced
area we recorded from EBNs and LLBNs with separations of, ~~. N ' i
no more than 50Qum. with similar SC activity (Frens and Van Opstal 1997; Keller

Chimoto et al. (1996) have conducted experiments in tand Edelman 1994; Keller et al. 1996; Stanford and Sparks
: L ( ) hav ucte Xperi 'S | '1%94). Explanations for these behaviors are more logically
alert cat similar to our present experiments in which th

&hade, if at least another layer of further neural processing

triggered the delivery of the SC stimulation durlng.saccad%%sts between SC output and the final premotor level of
when OPNs. are kno_wn to be off. Thgy found ewdence ‘Eafrocessing (the EBNS).
monosynaptic activation from the SC in 18/23 medium lead
burst neurons (MLBNSs) that they studied when the stimulationWe thank M. Mejia for providing excellent histological support.

i ; inci iThis work was supported by National Eye Institute Grants RO1 EY-0680 to
was dellvereq during ipsilateral saccades. The cells they st%_ L Kellor and & P32 £Y-06881 to R. M. McPeek.
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