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cal studies have suggested that there are several sites of interactiophe riMLE projects to the oculomotor nucleus (Blittnef
between the neural pathways that control saccadic eye movements @t aver and Biittner 1978; Moschovakis et al. 1991a,b)

those that control visual pursuit movements. To address the questigilyy e jnput from the paramedian pontine reticular format
of saccade/pursuit interaction from a neuroanatomical point of vie

we have studied the connections from the smooth and saccadic EingF) (Buttngr-Ennever and Biittner 1978), supe_rlor coll
movement subregions of the frontal eye field (FEFsem and FEFskS (SC) (Harting et al. 1980), and frontal eye field (FEFE
respectively) to the rostral interstitial nucleus of the medial longitfHuerta et al. 1986; Leichnetz and Gonzalo-Ruiz 1996). Py&
dinal fasciculus (riMLF) in fourCebus apellanonkeys. The riMLF Vious studies of the connections from the FEF to the riMLF
has traditionally been considered to be a premotor center for vertitat distinguish between the saccade subregion (FEFsac)
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lesion experiments. We localized the functional subregions of the F%Fhooth—pursuit subregion of the FEF using anterograde tra

with the use of low-threshold (=50A) intracortical microstimula- Biotinylated dextran amine (BDA) was chosen because it p
tion. Biotinylated dextran amine or lectin from triticum vulgarisv

(wheat germ), peroxidase labeled, was placed into these function ||de§ excellent VIsuallzatlo_n OT axon te”‘."”.a' regions a
defined subregions to label anterogradely the terminals of axons { 1m|nal boutons, thus ma_klng It easy to d'StmgL.“Sh betW_
originated in the FEF. Our results demonstrate that both the FEFsBRETS of passage and terminal endings. Horseradish peroxi
and FEFsac send direct projections to the ipsilateral riMLF. TH&onjugated to wheat germ agglutinin (WGA-HRP) providg
distribution and density of labeling from the FEFsem are comparatflelalitative confirmation of the BDA findings. We observe
to those from the FEFsac. The direct FEFsem-to-riMLF projectiatirect projections from both the FEFsac and FEFsem to
suggests a possible role of the riMLF in smooth pursuit eye movaMLF, with partially overlapping axon terminal distributions
ments and supports the hypothesis that there is interaction betweenthese results provide direct neuroanatomical evidence for
saccadic and pursuit subsystems at the brain stem level. possible interaction between these two oculomotor subsyst
in the brain stem oculomotor system. Some of these res
have been reported in abstract form (Yan et al. 2000).
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INTRODUCTION

The rostral interstitial nucleus of the medial longitudindl'ETHOPS

fasiculus (riMLF) is a premotor center that has been tradition-The FEFsac and FEFsem were localized with intracortical micfo-
ally associated only with the saccadic eye movement systefinulation in fourCebus apellamonkeys. Experiments were per
(see Leigh and Zee 1999 for review). It contains neurons thatmed under sterile conditions, following a protocol approved by the
display burst activity before vertical saccades (Buttner et @fstitutional Animal Care and Use Committee (Tian and Lynt¢h
1977; Blittner-Ennever and Blittner 1978; King and FucH§96a,b). Trains (100- to 500-ms duration, 300 Hz) of unipolar pulges
1979). Inactivation or destruction of the riMLF produces dd=<<150uA) were delivered by glass-insulated platinium-iridium ele
et vercl o ey movement i monkeps (w5 L S L s e
and Vilis 1992; Kompf et al. 1979; Suzuki et al. 1995) and i L . ; \ ,

humans (Bittner-Ennever et al. 1982). Although much ev ter quantitative analysis. The velocity and duration of visually

X . . uided eye movements have previously been compared with |the
dence supports a role in the saccadic system for the riMLfg|ocity and duration of electrically evoked saccades in the same

some recent studies suggest that there is a functional interiggnkey under Telazol anesthesia using a magnetic search coil sy$ten
tion between the saccadic and pursuit eye movement sg@hian and Lynch 1995). Eye-movement parameters using the vifleo
systems at the level of the brain stem and cerebellum (Buttnetenitoring equipment were then compared with those using the
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TABLE 1. Summary table of tracer placements After the functional subregions were defined, the anterograde tijac-
ers were delivered. The tracers used were BDA, 10,000 MW, Iyslne
Monkey Tracer Subregion of FEF fixable (Molecular Probes), and WGA-HRP (Sigma). The BDA and
WGA-HRP were used as 10% solutions in distilled water. Approxi-
c21 mately 0.6ul of each tracer was pressure-injected at each site uging
Left 10% BDA Saccade a 1.0- or 5.0ul Hamilton syringe. Table 1 summarizes the animl
C2F§|ght 2% WGA-HRP Pursuit cases for this study. Typical injection sites are illustrated in Fig.|1.
Left 10% BDA Pursuit After survival of 14_—17 da}ys, mpnkeys were deep_ly anesthetized _and
Right 10% WGA-HRP Pursuit pgrfused j[ranscardlally with saline followed by mixed aldehyde fijx-
c23 ative. Brains were blocked coronally and stored for 3 days in sucrpse
Left 10% BDA Pursuit buffer, then frozen and cut at 20m. One series of sections at 3POA
Right 10% WGA-HRP Saccade intervals was stained for cytoarchitecture. Two series of sectipns
C26 adjacent to the cytoarchitecture sections were reacted for BDA and
Left 10% BDA Pursuit WGA-HRP, respectively. We used standard procedures to prodess

BDA, using diaminobenzidine (DAB) as chromogen enhanced wjth
search coil (Tian and Lynch 1995, 1996b). The video monitoringickel and cobalt (Liu and Mihailoff 1999; May et al. 1997; Veenmgn
technique was found to be adequate to reliably differentiate betwe@lral. 1992). For the HRP procedure, tetramethyl benzidine was Ysed
saccadic and pursuit-like movements. In most cases, tracer injecti@dschromogen, and ammonium molybdate was used as the stabilizing
were restricted to cortical regions in which current levels0 uA  agent following the modified protocol of Mesulam (1978).
elicited eye movements. The distributions of retrogradely labeled The BDA terminals were observed using a light microscope (Lej
neurons in the thalamus were compared with those of previous &MR); the WGA-HRP labeled terminals were observed using pol
periments as a further verification that the FEFsem injections in thdg#d filters. A digital camera (SPOT) on the microscope was used
experiments were comparable to those reported in Tian and Lyr@pture cytoarchitecture images using<d.6 objective. Images of
(1997). Most electrode placements were photographed through laieled terminals were captured with higher-power objectives. 7
operating microscope using either 35-mm film or a digital camera kecation and relative density of BDA-labeled terminals was indicat
aid in reconstructions of the stimulation sites. The direction of ele@n the cytoarchitecture images using CorelDraw.
trically evoked eye movements at injection sites within the FEFsem
ranged from vertical to diagonal, usually with a predominant verticale sy T s
component; the directions at injection sites within the FEFsac ranged
from vertical to horizontal. The riMLF consists of regularly spaced medium-sized myi

tipolar cells. It is wing-shaped at its rostral pole, exterd®

233 (FEFsem) 264 (FEFsac) mm medial-to-lateral, and characteristically has a large blg
vessel outlining the dorsal margin (Figs. 2 a3t extends
~2.5 mm caudally to the point where the tractus retroflexu
passes close to the nucleus of Darkschewitsch. Laterally,
cells become widely scattered, extendiggt mm from the
midline, and the borders of the cell group cannot be cled
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FIG. 1. Top: injection sites in the smooth eye-movement subregion of the
frontal eye field (FEFsem) omonkey C23(left) and in the saccadic eye- FiG.2. Sagittal diagram o€ebusbrain stem. The vertical lines indicatg
movement subregion of the FEF (FEFsac)nadnkey C2Xright) in coronal sections inmonkey C21iC, interstitial nucleus of Cajal; MLF, medial longi-
sections. Single placements of biotinylated dextran amine (BDA) are withindinal fasciculus; nD, nucleus of Darkschewitsch; riMLF, rostral interstitip
the gray matter of each functional subregion of the Ffttom: a lateral view nucleus of the medial longitudinal faciculus; rn, red nucleus; NRTP, nuclgus
of the left hemisphere ahonkey C23The injection sites are marked by redreticularis tegmenti pontis; PPRF, paramedian pontine reticular formation; TR,
(FEFsac) and blue (FEFsem) dots. The vertical lines indicate the cutting platrestus retroflexus; Ill, oculomotor nucleus; IV, trochlear nucleus; VI, abdu-
in the above sections. cens nucleus.

J Neurophysiof voL 86 « DECEMBER 2001 WWW.jn.org



http://jn.physiology.org/

3058 Y. YAN, D. CUI, AND J. C. LYNCH

FIG. 3. Cytoarchitecture of rostral riMLF
region (A) and labeling following injection
P =T G into the FEFsac (Cand E) and FEFsem

\ o / (B, D, and F). B: labeling in riMLF after

¢ FEFsem injection (B)C: labeling in riMLF

after FEFsac injection (CD: higher-power

£ . - = y view of region marked by arrow iB. Inset:
- / /o § oil immersion detail of terminals indicated

i_: - ¢ by arrows.E: labeling in superior colliculus

£ =5 o (SC) after FEFsac injection imonkey C21.
P e e T - 4 . F: labeling in SC after FEFsem injection in|
= v R ,f monkey C23PRN, parvicellular red nucleus;
e | e A . . . SNc, substantia nigra, pars compacta; SN
L ; £33 ; b : substantia nigra, pars reticularis; ST, subth

—_— B _W : - bis lamic nucleus; ZI, zona incerta. Aq, cerebrg
« 200 ym i ' gl 1 5. " & - aqueduct.

-

separated from other adjacent structures (FA9.(3ee also Fig. lateral extent of riMLF than that from the FEFsac injectig
3 in Bittner-Ennever and Blttner 1978). (Fig. 4,right). The rostral-to-caudal extent of the labeling fro
The distribution patterns of labeled terminals from ththe two subregions was similar. The distributions of labeling
WGA-HRP and BDA injections in a given region are similarC22, C24,and C26 were the same as i€23. This figure
However, the BDA labeled terminals show more detail undélustrates the two main results of this study. First, the FEFs

higher objectives than those from WGA-HRP. We only includéjections produced large distributions of labeled termingls:

illustrations from BDA cases in this report. Typical terminayvithin the anatomical boundaries of the riMLF, a structu
labeling after a BDA placement in FEFsac is illustrated in Figréviously supposed to be concerned only with saccadic

3C (location indicated by dotted rectangle C in Fig.ldft). Movements. Second, within the riMLF there is partial overlap

Multiple terminal boutons are clearly visible. Typical labelingf the terminal distributions related to the injections in tf

in the riMLF after a BDA injection in FEFsem is illustrated inSaccadic and pursuit subregions of the FEF. The overlay

Fig. 3, B and D (location indicated by dashed rectangle B ifarticularly evident in the second pair of sectioi€§ and

Fig. 4,right). The direct projections from the FEFsac to the S&37)- It should be noted that the FEFsac injection filled only

are much stronger than the projections from the FEFsem to #{gall fraction of the saccade subregion. If larger injectio

SC (Fig. 3,E andF). were made in the FEFsac, the area of terminal labeling in
The distribution of BDA-labeled terminals in the region ofiIMLF and hence the region of overlap would be even larg

the riMLF in two monkeys is illustrated in Fig. 4. The labeling©€-9-» Fig. 3 in Huerta et al. 1986).

from the FEFsac injection is located mainly in the medial

portion of the riMLF (Fig. 4Jeft). There is also a small clustery, scyssion

just medial to the rostral part of the red nucleus, in agreement

with Huerta et al. (1986). The labeling from the FEFsem The present study is the first to describe direct projectig

injection is wing shaped and seems to fill a larger medidiom the physiologically-identified FEFsem to the riMLF. Prg
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A Labeling from FEFsac (C21)

B Labeling from FFsem (C23)

FIG. 4. The distribution and relative den-
sity of direct projections from the FEFsad
(left) and FEFsem (right) to the riMLF. Sec-|
tions are 600um apart. The density of the
labeling is represented by the relative density
of the red dots. The dashed rectangle labelg
C in section 504 indicates the position of thg
high-power photomicrograph illustrated in
Fig. 3C. The dashed rectangle labeled B ip
section 437 indicates the position of thé
high-power photomicrograph in Fig. 3B.
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vious studies of projections from the FEF did not discriminatecovery of saccadic eye movements that occurs after desty,
between FEFsac and FEFsem (Huerta et al. 1986; Leichnétn of the SC (Schiller et al. 1980).
and Gonzalo-Ruiz 1996). The FEFsem has been defined ifNeural signals related to pursuit eye movements have
Cebusas a small region on the dorsal bank of the superior tgently been observed in structures previously believed to
of the arcuate sulcus. This cortical region is considered to beadated only to saccadic eye movements. These include |t
distinct functional subregion because microstimulation thenmaterstitial nucleus of Cajal (iC) (Missal et al. 2000); superipr
elicits pursuit-like eye movements; pursuit-related neural acelliculus (Basso et al. 2000; Krauzlis et al. 1997, 2000; Misgal
tivity has been recorded there; and it is selectively connectedaibal. 1996); cerebellar vermis (Suzuki and Keller 1988);
other cortical regions concerned with visual pursuit (Tian amticleus reticularis tegmenti pontis (NRTP) (Suzuki et
Lynch 1996a,b, 1997). In addition, thalamo-cortical input t@999). Pursuit-like eye movements have been evoked by
the FEFsem arises from different nuclei than does input toostimulation in saccade-related structures including the ger-
FEFsac (Tian and Lynch 1997) and FEFsac projects muehellar vermis (Krauzlis and Miles 1998; Takagi et al. 2000),
more densely to the superior colliculus than does FEFsem (Fsgiperior colliculus (Missal et al. 1996), and NRTP (Yamadalet
3, EandF, present study). These observations make it unlikeff. 1996). Lesions in NRTP have produced deficits in visyal
that the terminal fields in the riMLF produced by FEFserpursuit (Suzuki et al. 1999). No recording or stimulation stug-
injections are the result of a small amount of functional overlapgs in riMLF have reported pursuit-related effects, but ope
at the border between the FEFsem and FEFsac. clinical study reported pursuit deficits following restricted l¢-
The distribution of labeled terminals from FEFsac to riMLFsions in the region of the riMLF in humans (Buttner-Ennevr
in the present study is in agreement with that reported ley al. 1982).
Huerta et al. (1986). This pathway may be part of a saccadicOur results demonstrate that terminals labeled from a si
system that bypasses the SC and contributes to the ragidall injection in the FEFsem are distributed from rostral

FWaver
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caudal riMLF and from its medial region to its lateral-most lished erratum appears Brain Res Bulk2: following IIl, 1997]. Brain Res
extent. The density of terminals from the FEFsem is compaBull 41: 1-29, 19596-h ooy of v Oxiord
rable to that from the FEFsac, and there is considerable over'rﬁﬁr':if‘]PAr’;ZsZElEggg'g io'\:le_ulrg;gy of Eye Movemenézw York: Oxfor

of the FEFsem and FEFsac terminal distributions. Signals frqny’ . ! Py |
the FEFsac and FEFse_m therefor_e converge on the rMLF, rade axonal transport studies utilizing light and electron microsobpt

structure that was previously considered to mediate only sacRec255: 428451, 1999.

cadic movements. These results suggest that the riMLF is dver PJ, &N W, anp HalL WC. Reciprocal connections between the zo
of a group of structures that are involved in the control andincerta and the pretectum and superior colliculus of the Matroscience
coordination of the conjoint saccadic and smooth pursuit epg 7+ 1091-1114, 1997.

movements needed to visually follow a moving objec

Whether the direct projections to the riMLF from the two iy tor visualizing neural afferents and efferenististochem Cytoche®6:

subregions of FEF actually terminate on single neurons cannotos-117, 1978.

be answered by the present experiments. Our study do@ssa. M, be BROUWERS, LEFEVRE P, AND OLIVIER E. Activity of mesence-
however, provide the fundamental neuroanatomical basis fophalic vertical burst neurons during saccades and smooth purduéuro-

. . physiol83: 2080-2092, 2000.
further functional studies. MissaL M, LerFevre P, DeLINTE A, CROMMELINCK M, AND Roucoux A.

Smooth eye movements evoked by electrical stimulation of the cat’s sy
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