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Abstract

The influence of neurons projecting from the pretectal nuclear complex to the ipsilateral dorsal lateral geniculate
nucleus (LGNd) was investigated in awake cats. Responses from relay cells in the A-laminae of the LGNd were
extracellularly recorded and analyzed during saccadic eye movements and visual stimulation in association with
reversible inactivation of the ipsilateral pretectum with the GABA agonist, muscimol. Pretectal inactivation (PTI)
resulted in spontaneous nystagmic eye movements in the dark with slow phases directed away from the injected
side. In the control situation, all Y-cells and about two thirds of X-cells were excited during saccades or
saccade-like visual stimulation but one third of X-cells were inhibited. During PTI all recorded X-cells were
inhibited, either during saccades or saccade-like visual stimulation. The PTl-associated inhibition was stronger than
in inhibited X-cells in control experiments only during saccades but not during stimulation with a moving pattern
while the eyes were stationary. In Y-cells a reduction in the response peak width at half-height was seen during PTI,
again only during saccades but not during stimulation with a moving pattern. These results indicate that during
saccades the pretecto-geniculate pathway has a stronger influence on X LGNd relay cells than on Y-cells. The
findings are discussed in terms of saccadic suppression and postsaccadic facilitation.
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Introduction inhibited during saccades whereas the remaining X-cells showed
The dorsal lateral geniculate nucleus (LGNd) is a highly integra-exmta1t0ry responses (Fischer et al., 1996)'.A comparison OT neu-
) . ) ; ronal responses induced by saccade-like stimulus shifts while the
tive center in the pathway from the retina to the visual cortex. ) .

eye was stationary, with actual saccade-evoked responses revealed

o oo o
Thus, not surprisingly, onIy_ 10-20% of the synaptl_c !nput to thFethat the latter had shorter latencies. From these results, a saccade-
LGNd cells stems from retinal afferents. The remaining synaptic

. ) . . related nonretinal input to LGNd neurons was expected which

input of up to 80—90% derives from other sources including cor- . . . . . . .

. . : . . most likely is mediatedvia subcortical centers involved in the

ticogeniculate axons, local interneurons, the thalamic reticular nu-
control of eye movements.

cleus, hypothalamus, and the brain stem (for review see Guillery, In our studies. we concentrated on the oroiection from the

196%,b, 1971; Sherman & Koch, 1986; Sherman, 1993). Func- ; ¢ projection Tror

tionally, this extraretinal input to LGNd neurons is thought to pretectal nuclear complex _to the LGNd. This projection originates
' from the nucleus of the optic tract (NOT) and the dorsal part of the

allow context specific processing of visual information, required osterior pretectal nucleus (NPP) (Kubota et al., 1987; Nabors &
during eye movements and other states of attention and wakefuf—,Iize 1991 Cucchiaro et al. 1991 1993 W.s;iqle et’al 1994

ness (Sherman & Koch, 1986; Steriade & Llinas, 1988; Steriad% : - ; :
) . . hlrich & Manning, 1995; Schmidt et al., 1996). The NOT is most
etal., 1990, 1993; Sherman, 1993; McCormick & Bal, 1994). frequently referred to as a critical structure for the generation of

During saccadic eye movements the neuronal responses of Sitj-o optokinetic nystagmus (Hoffmann, 1989). This could be dem-

gle cells in the cat LGNd are specifically affected. Noda (1885 . . . .
described excitatory activity during saccades for Y-cells and in_onstrated by recordings of single pretectal units (cat: Hoffmann &

hibitory responses for X-cells. More recently, excitatory activity Schoppmann, 1981; monkey: Mustari & Fuchs, 1990; llg & Hoff-

was also found for X-cells during saccades (Lee & Malpeli, 1994).man.n’ 1991), and by the .ef'f.ects of electrical stimulation (monkey:
. Schiff et al., 1988). Lesioning of the pretectal area resulted in
In our own experiments, we found that about 30% of X-cells were

directional deficits of the optokinetic system (Kato et al., 1986;
Schiff et al., 1990) and of the pursuit system (llg et al., 1993).
However, the neurons involved in this behavior, termed “retinal

Reprint requests to: Wolfgang H. Fischer, Allgemeine Zoologie & Neu- Slip” neurons (Ballas & Hoffmann, 1985) do not project to the
robiologie, Ruhr-Universitat, ND/74, D-44780 Bochum, Germany. LGNd (Schmidt & Hoffmann, 1992). It was reported in cat that the
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pretectal projection to the LGNd most likely consists of GABAer- elastic head holder. Horizontal and vertical eye movements were
gic neurons (Cucchiaro et al., 1991; Wahle et al., 1994) whichmonitored using the phase-detection principle in a magnetic field
seem to specifically contact inhibitory interneurons in the LGNd (Fuchs & Robinson, 1966; Hartmann & Klinke, 1976; Kasper &
and in the perigeniculate nucleus (PGN) (Uhlrich & Cucchiaro, Hess, 1991). Eye movements were measured relative to the sta-
1992; Cucchiaro et al., 1993). It has previously been shown in catdonary head, which was placed in the center of the magnetic field.
that the pretecto-geniculate cells are excited during saccadic eyRecording sessions typically lasted for 2.5 h or as long as no signs
movements with a duration exceeding the eye movement (Schmidgf discomfort for the cats were seen.
1996). Extracellular recordings were made from single units in the
Several parallel neuronal streams from the retina to the LGNdA-laminae of the LGNd with tungsten-in-glass electrodes. The
are known including the X- and Y-pathways which are the bestrecording electrode was fixed to a holder which was mounted to
characterized. It is suggested that the X-pathway is involved in thehe recording cylinder and was advanced by a hydraulic micro-
analysis of fine spatial resolution whereas the Y-pathway is in-drive through the intact dura. Signals were amplified, band-pass
volved in the analysis of form vision and motion (reviewed in filtered, and digitally stored for off-line analysis.
Sherman & Koch, 1986). From these facts it may be expected that Single biphasic current pulses of 60—80 ms duration and of
these pathways are affected differently during saccadic eye movexmplitudes up to 1.0 mA were applied to the stimulation electrode
ments. at a rate of Is. All latencies given in the text refer to the first
Thus, the purpose of this study was twofold. First, we wantednegative peak of the evoked spikes.
to reveal the effect of the pretectal nuclear complex projection on  For visual stimulation, a random square pattern (square size
LGNd relay neurons. This was achieved by measuring the saccadé-deg; light square 43 ¢gah?; dark square 5 gtin?; contrast: 0.79)
related LGNd cell responses during pharmacological inactivatiorwas projected onto a tangent screen located 80 cm in front of the
of the NOT and NPP. Second, we wanted to test whether thereat. The pattern covered a visual field of 95 deg by 95 deg. Pattern
were differential effects of pretectal inactivation on the X- and movements were controlled by a computer and were presented in

Y-pathway. the horizontal direction.
Extracellular recordings were performed under the following
Methods stimulus conditions. (1) While the cats executed spontaneous sac-
cades in front of the stationary random-square pattern and in com-
Animal preparation plete darkness. (2) During stimulation with the pattern moving in

. . . a saccade-like fashion which mimicked a retinal image shift as it
Our methods and equipment have been described in more detall . . .
. . - occurred during a spontaneous saccade but with the eye stationary.
elsewhere (Fischer et al., 1996) and are only briefly summarize his stimulus was generated from the eve position sianal during a
here. Adult cats of both sexes were anesthetized with a mixtur?:1 g yep g g

. . . . orizontal saccade recorded from one of the cats (stimulus dura-
of Ketamine (20 mgkg body weight) and thiazine hydrochloride _tion: 85 ms, mean velocity: 110 dég peak velocity: 225 deg).

(1. mg/kg). The trachea was mtu_bated_ and. anesthes_la was ”?a”Zé) During visual stimulation moving the random-square pattern in
tained with 0.2—-0.4% halothane in a 3:1 mixture of nitrous oxide . . . . .
a ramp-like fashion with a velocity of 440 dégand a duration of

and carbogen (95% 5% CQ). Body temperature was moni- : :

roog ( L Q) ody P o 80 ms across the screen. This stimulus was used as a control
tored via a rectal probe and maintained at°G7by a servo- : o . S

. . . whether a high-velocity image shift over the retina is able to ac-
controlled heating blanket. The G@evel of the expired air, . ; . .
. : . ivate the pretecto-geniculate system. The ramp stimulus was iden-
intratracheal pressure, and electrocardiogram were continuous ; ; .
cal to the sudden stimulus shift that drives pretectal neurons that

monitored throughout the surgery. - :
A craniotomy was performed above the LGNd, at Horseley-projea to the LGN (Schmidt, 1996).

Clarke coordinates AO-A1@.4-L14, and a recording cylinder to-
gether with anchor screws were fixed to the skull with dentallnactivation of the pretectum
acrylic cement. To facilitate the localization of our injections, the . . L. .
) . : : . - Functional inactivation of the pretectum was achieved by pressure
NOT was first localized in electrophysiological recordings. When. = . : S .
: . . . injection of muscimol. Control injections consisted of a 0.9% sa-
typical NOT unit activity was found to horizontal movement of . : o . .
i . - : line solution. Injections were delivered through a stainless-steel
large-field visual stimuli, the recording electrode was retracted and

. . . needle inserted in the guide tube. A plastic tubing calibrated in
a 26-gauge stainless-steel guiding cannula was inserted at the sameé_ "~ . . S
. : ; - -ml divisions was connected to the injection needle and the so-
location with the tip 2 mm above the measured cell activity. In

. - lution li ith a manually driven 10-ml Hamilton syringe.
between experiments, the clearance of the guiding cannula w ytion was applied with a manually driven 10 amilton syringe

rotected by a stainless-steel stvlet and closed by a screw-to c:ﬁm injected volume was controlled by observing the movement of
P y y y P €aR-small air bubble placed in the plastic tube close to the injection

For electrical stimulation of the optic chiasm, a low-impedance . . . S
. . ) . needle. 1 ml of muscimol in saline (1 pimhg) was injected at a rate
bipolar electrode was implanted and fixed to the skull with dental : ) . o
of 0.2 ml/min. In the first experiment, the injection of the drug

; . L : tarted 2 mm above the expected location of the pretectum. The
netic method employing a scleral search coil implanted in one eyé "~ . . . ) .
(Judge et al., 1980) application continued on separate days at increasing depth in 0.5-mm

: . L increments until the injection site was found at which muscimol
After surgery, animals were treated with antibiotics and anal-_,.". . o
. ; elicited spontaneous nystagmus in darkness characteristic of NOT
gesics as required and were allowed to recover for at least ong ~ =~ . ) - . .
) . - Ihactivation. Saline solution was injected to verify that the applied
week before the first recording experiments. S .
volume had no effect. All subsequent injections were made uni-
laterally into the NOT in the fully alert cat.
During control measurements, extracellular activity was re-
Cats were placed in a custom-made acrylic box to comfortablycorded in cats without injections into the NOT. This pre-injection

confine body movements and the head was fixed to the box by asituation will be referred to as the “control” situation in the fol-

Recording and stimulation
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lowing. After muscimol application the occurrence of spontaneousulation histograms were calculated by summing up the response
nystagmic eye movements in the dark indicated the temporal inhistograms. There are at least three reasons for the use of popula-
activation of the NOT, further referred to as pretectum inactivationtion histograms. First, because LGN-projecting pretectal neurons
(PTI) measurement. During PTI neuronal activity induced by sponshow very uniform response properties, e.g. all cells are activated
taneous saccades was recorded with the same stimulus conditiohg saccadic eye movements (Schmidt, 1996), probably every sac-
as during the control period before. Thus, we compared a set afade leads to a synchronous activation of the pretecto-geniculate
cells the activity of which was measured during the control situ-projection. Second, single pretectal fibers terminate in LGN A-layers
ation with a another set of individually different cells which were in a spatially unselective manner (Uhlrich & Manning, 1995), so
recorded during PTI. that an individual LGN relay cell will receive input from several
pretectal afferents. Finally, mostly because muscimol injections
lead to an inactivation that lasts several hours, we could not switch
between pre-injection and PTI situation during a single recording
The following tests were used to classify cells as X- or Y-cellssession so that we could not record from individual cells before
(Cleland et al., 1971; Hoffmann et al., 1972). First, orthodromicand during PTIl. The population histograms were calculated ac-
latencies to electrical pulse stimulation of the optic chiasm wascording to celfresponse type, e.qg. all Y-cells, all X-cells that were
measured. Second, the random-square pattern was switched on agxtited by saccades in the pre-injection situation, all X-cells that
off for 1 s each to record transient and sustained responses. Exvere inhibited by saccades in the pre-injection situation, and all Y-
amples of neuronal responses to pattern on or off are given iand X-cells during PTI.

Figs. 3 and 4. Third, responses to fast movemer#Q0 degs) of

a black bar for ON center and a white bar for OFF center cells were

determined. A cell was classified as an “X-cell” if it had a latency Histological procedures

between 1.6 and 2.5 ms, a sustained response to lights on or off fgr, some experiments, selected recording sites were marked by
at least 50'0_ ms, and did not response to the fast moving bar'Aceglectrolytic lesions (5-1QA * 10 s, electrode tip negative) to
was classified as a “Y-cell" if it had a latency between 0.9 andgpain subsequent histological reconstruction. The cats were sac-
1.4 ms, a transient response to lights on and off for at most 100 M§ificeq at the end of the experiments by a pentobarbital overdose
and responded to the moving bar. Cells were considered as Unjq perfused transcardially with saline and 10% phosphate-buffered
classified if they did not satisfy all three criteria for either class. tq5malin. Brain blocks were removed and 5n-thick frozen sec-

Eye velocity and saccade detection were calculated off-line. Ajgns were cut. Nissl or Kliver-Barrera staining was used for lo-

saccade was detected if the eye velocity exceeded 5(d8ac-  ajization of the electrolytic lesions and the position of the injection
cade onset was dgfmed_as the tlm_e when the velocity r_eachec_i 10%%edle, respectively.
of the peak velocity during the rising part of the velocity profile.
Mean slow-phase eye velocity was calculated from “desaccaded”
spontaneous nystagmic eye movements during darkness. Results

For neuronal activity to be related to the eye or stimulus move-
ments, our data had to pass certain criteria. First, excitatory retocation of the injection site
sponse activity had to contain at least four spikes with consecutive ) L ) ) )
interspike intervals shorter than half of the mean interspike intervall N€ reconstruction of the injection site confirmed that the tip of the
of the whole recording period (i.e. 30 s for each stimulus condi-Nniection needle was situated in the pretectal area (Fig. 1, arrow).
tion). Second, the probability of the defined excitatory response! N darker shaded area (broken line) possibly marks the apparent
activity in a time window of 80 ms after saccade onset was teste@*{€Nnsion of the drug spread around the tip of the injection needle.
against the probability of appearance in a time window of equafuscimol injections at this site had strong effects on eye move-
length before saccade onset (chi square test). Only at significané@ents in darkness (see below). In the light, however, no significant

(P < 0.01) the occurrence of an excitatory response after saccadd'anges of the metrics of eye movements, including spontaneous

onset was regarded as saccade related. The onset of this excitatyccades, occurred.
response activity was defined to be the first interspike interval in
which the instantaneous firing rate was less than the mean rat
. %pontaneous nystagmus
The response latency of a single cell was taken as the mean of a
saccade related onset activities for each cell. In darkness, 5 to 10 min after application of muscimol into the left
The onset of inhibitory activity was determined by correcting pretectal region, spontaneous nystagmus in the horizontal plane
the neuronal response for spontaneous activity and calculating theith slow phases directed towards the right (noninjected side)
width at half-maximal inhibition. The onset of half-maximal inhi- developed (Fig. 2). The mean eye velocity of this spontaneous
bition is regarded as the onset of inhibition and the length ofnystagmus was 3.1 dégin cat 1 and 10.2 d¢g in cat 2. Slow-
half-maximum as duration of the inhibition. For Y-cells, the peak phase eye velocities were in the same range for each animal on
amplitude was calculated as the ratio between the activity in a timeonsecutive days of drug application. This indicates that during the
window starting from saccade onset until the beginning of therecording sessions a similar level of inactivation of the pretectal
excitation and the peak activity. area was achieved on consecutive days. When spontaneous nys-
Single cell responses were aligned to either saccade or stimuluagmus occurred in darkness, visual stimulation elicited optoki-
onset and, because the number of saccades was variable betweawiic nystagmus (OKN) only in the direction towards the noninjected
individual recordings, mean response histograms were processeside (e.g. to the right with an injection in the left NOT). During
The histograms were built up only from measurements in which novisual stimulation with a stationary random-square pattern, no nys-
saccade appeared in the time window 100 ms before and 400 ntagmus of the eyes was seen. Control injections of saline did not
after saccade or stimulus onset. From all neuronal responses poelicit spontaneous OKN and had no effects on eye movements.

Data analysis
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dorsal

l > medial Fig. 1. Photomicrograph of a Nissl-stained frontal sec-

tion through the right pretectum (top) and its recon-
struction (bottom). The injection needle was inserted
from above (arrow) and its tip was located in the pre-
tectal area (PT). The darker region surrounded by a

— broken line seems to be the diffusion area of the mus-
cimol. LGN: lateral geniculate nucleus; OR: optic ra-
diation; PC: posterior commissure; PT: pretectal area;
and PUL: pulvinar. Scale bar 1 mm.

LGN cell responses Controls

From a total of 282 cells recorded in the A-laminae of the LGNd, In a previous report (Fischer et al., 1996), we have described the
260 were analyzed during saccadic eye movements. They could bresponse properties of LGNd lamina A neurons during saccadic
subdivided into 109 Y-cells, 117 X-cells, and 34 unclassifiableeye movements. The results could be confirmed in the present
cells. Neuronal activity was modulated in 89 Y-cells (82%) and 91report. During saccades X-cells either were excited (70%) or in-
X-cells (78%) during saccades. The remaining X- and Y-cellshibited (30%). Fig. 3 gives an example of an excited (A—C) and an
showed no response to saccadic eye movements but could be drivarhibited (D—F) X-cell. Both cells showed saccade-induced mod-
by visual stimulation (Fischer et al., 1996). ulation and also responded to saccade-like stimulus movements
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Fig. 2. Spontaneous nystagmus recorded in darkness 10 min after injection onoff

of muscimol into the left pretectal region of cat 1 during a 30-s recording C F |
period. Horizontal and vertical eye position are displayed (upper traces)

together with the eye velocity (lower traces). A spontaneous nystagmus in

the horizontal plane occurred with slow phases towards the right, i.e

noninjected side. In the vertical plane no nystagmic eye movements wer| ] ]
seen.
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with differences in latencies as described previously (Fischer et alFig. 3. Examples of neuronal activity of X-cells during control (A—F) and
1996). A summed histogram of 27 X-cells that were excited duringduring pretectal inactivation (G—I). Top row: Eye position traces and perisac-
saccades is shown in Fig. 5A and of 32 inhibited X-cells in cade time histogram with neuronal activity aligned to saccade onset (time
Fig. 6A. The summed histograms were calculated from individual0)- Middle row: Peristimulus time histogram, neuronal activity aligned to
neurons without weighting because we assume that the LGN outhe onset of_ the saccade-like stimu!us movement (time 0)_. Bottom row:
put is best described by a simple summation of single cell re_Responses in the dark when the stimulus pattern was switched on (first

sponses. However. we also calculated summed histodrams by usi 1000 ms) and off (second 1000 ms). In the control situation the first cell
P - MOWever, w . u u ! g y usl E—C) was excited during saccades, the second cell (D—F) was inhibited.
cell responses normalized to the mean response in the 100-

] - 3 ring pretectal inactivation, all X-cells were inhibited during saccades
period before saccade onset. These normalized population rfge the third cell (G—1). Histograms show responses to 30 (A), 37 (D), 26

sponses did not show significant differences to the summed hisg) saccades and to 30 stimulus presentations (B,C,E,F,H,1). Latencies to
tograms shown here. Mean latency to saccade-induced excitatiggaccade onset: 54.8 ms (A), 45.1 ms (D), 40.2 ms (G). Latencies to stim-
was 35.5 msgp. = 6.9,n = 27 in Fig. 5A) and to inhibition  ulus movement onset: 65.8 ms (B), 73.2 ms (E), 69.5 ms (H). In the eye
46.3 ms §.0. = 5.6,n = 32 in Fig. 6A), respectively. position traces, rightward and upward saccades are represented by an up-
Y-cells always were excited during saccades and saccade-likward deflection. Histogram binwidths: 5 ms. Scale bars: 10 deg and 50
visual stimulation. An example is given in Figs. 4A—4C. A summed SPIkes’s.
histogram of 48 Y-cell responses during saccades is depicted in
Fig. 9A. Saccade-induced responses had a mean latency of 32.9 ms
(s.p. = 6.8,n = 48). the pretectum (Fig. 3I). The comparison of neuronal responses of
X-cells during the control situation (control) and during pretectal
inactivation (PTI) is shown in population histograms in Fig. 5. We
will first consider the X-cells that were excited and then the X-cells
During inactivation of the pretectal region the most prominentthat were inhibited during saccades and during stimulation with a
changes in response properties occurred in X-cells. Under thimoving pattern in the control situation.
condition no excitatory responses could be recorded in X-cells. The summed activity of X-cells that were excited during the
Instead all X-cells were inhibited during saccades and also duringontrol situation is shown in Fig. 5A. When the pretectum was
visual stimulation with the random-square pattern moving in ainactivated all recorded X-cells were inhibited (Fig. 5B). The same
ramp or saccade-like fashion (Figs. 3G and 3H). In contrast, reeffect was observed during stimulation with a pattern moving in
sponses to light on and off were not altered during inactivation ofa saccade-like fashion while the eye was stationary. The cells

X-cells during pretectal inactivation
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Y cells pretectal inactivation is mainly due to a prolongation of the inhi-
bition. A prolonged inhibition during pretectal inactivation could
not be seen during saccade-like stimulation (Figs. 6D and 6E) and,

control PTI consequently, the difference histogram shows only low activity
during the inhibition period (Fig. 6F). The effective PT-LGN
(Fig. 6G) activity again may reflect the input from the pretectum
D ——— to suppressed LGNd X-cells and shows enhanced activity around
80 ms. This may be the input elicited by the actual eye movement.

saccades

time [ms] time [ms]

In further analysis, we compared the inhibition during inacti-
the latency of inhibition are displayed for all inhibited X-cells in
lated as the decrease in percent of cell activity during inhibition

saccade-like during saccadic eye movements, a reduction of up to 90% of the
} ] However, in the PTI situation the activity was significantly more
0 200 400 0 200 400 median during PTI: 67.4%). The distribution of saccade-induced
F . .
decrease of the population response most likely was not due to a
strong PTI effect on only a small number of cells but that the entire
population was affected. In contrast, the inhibition of X-cells, dur-
ing saccade-like and ramp stimulation, was not stronger when the
inactivation as compared to the control situation, both for saccadic
and during pretectal inactivation (D—F). Same conventions as in Fig. 3was smaller during saccadic eye movements than during visual
(D). Latencies to stimulus movement onset: 48.5 ms (B), 40.2 ms (E). caused by the stimulus movement across the retina.
were excited during controls (Fig. 5D) and inhibited during PTI like stimulation (Figs. 5A and 5D). To take these response modes
between the control situation and pretectal inactivation (Figs. 5CX-cells were excited or inhibited during saccades (Fig. 8C, filled
Calculating the difference between the difference histogramsistogram between the control and the PTI situation for all X-cells
tracting the activity transferred by the pretectal input to LGN X-cell difference activity between 30 ms and 130 ms after saccade onset
tectum to LGNd X-cells elicited by the actual eye movement.  respect to the onset of the velocity trace is in agreement with our
inactivated, the summed X-cell activity during saccades was morg, . . -
-cells during pretectal inactivation
shows a broad peak of activity around 100 ms after saccade onsktund that were similar to those described for X-cells above. An

vation with neuronal behavior of X-cells that were inhibited during
} } cumulative diagrams for the control situation (open circles) and
relative to maintained activity in a time window of equal width of
B E neuronal activity occurred during the inactivation of X-cells rela-
reduced during the inhibition than in the control situation (Mann-
X-cell inhibition, i.e. the shape of the cumulative plot did not
C
]w pretectum was inactivated (Figs. 7B and 7C).
0
eye movements and visual stimulation (Figs. 7D and 7F). As found
Histograms show responses to 25 (A), 23 (D) saccades and to 30 stimulugimulation (Mann-Whitney rank sum ted?, < 0.0001) which
As mentioned earlier, the majority of X-cells in the LGNd was
(Fig. 5E). To estimate the contribution of the pretectum to theinto account, we constructed the population histogram of all X-cells
and 5F). A strong excitatory difference in activity, between 50 andarea). The second trace in Fig. 8C depicts the summed activity of
from Figs. 5C and 5F resulted in a histogram termed “effectiveis shown in Fig. 8D together with the mean eye velocity trace of
during saccade-like retinal image shifts from the activity duringreflects the LGNd X-cell activity which is mediated by the activity
In X-cells that were inhibited during controls, a more subtle earlier study (Fischer et al., 1996).
strongly inhibited than during the control situation (Figs. 6A and
which is the result of the shorter period of inhibition during the example of a Y-cell response during PTI is depicted in Figs. 4D—

the control situation. In Fig. 7, the peak strength of inhibition and
during PTI (filled triangles). The strength of inhibition was calcu-
the inhibition period prior to the saccade. Fig. 7A shows that,
tive to spontaneous activity in both control and PTI situations.
Whitney rank sum tes® < 0.05; median during control: 57.8%,
onoff change during PTI but shifted to the right. This indicates that the
]
1000 2000 0 1000 2000 The latency of the inhibition was not altered during pretectal
Fig. 4. Examples of neuronal activity of two Y-cells during control (A—C) earlier (Fischer et al., 1996), the latency to inhibition in controls
presentations (B,C,E,F). Latencies to saccade onset: 39.5 ms (A), 32.5 mdicates an input to X-cells during saccades that adds to the input
not inhibited but excited during saccades and ramp-like and saccade-
activity of LGNd X-cells, we calculated the difference histograms recorded during the control situation regardless of whether the
150 ms, is revealed during saccades and saccade-like stimulatioall recorded X-cells during pretectal inactivation. The difference
PT-LGN activity” (Fig. 5G). This activity was calculated by sub- 100 saccades registered during the recording sessions. The positive
saccades. It is therefore thought to reflect the input from the preef pretectal cells during saccades. The latency of about 30 ms with
effect during inactivation was observed. When the pretectum was
6B). The difference histogram of these two situations (Fig. 6C)During pretectal inactivation, no obvious effects on Y-cells were
control situation. Thus, the effect of a stronger inhibition during 4F. The population response of Y-cells during saccades in the
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saccades saccade-like stim.
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0 0 ’ Fig. 5. Population response of LGNd
I X-cells which were excited during sac-
25—t | : T - -25 - { ( T | | cades and during visual stimulation with a
4100 0 100 200 300 400 100 0 100 200 300 400 random-square pattern moving in a saccade-
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control situation (Fig. 9A) resembles the summed responses of Both peak amplitude (Figs. 10D—10E) and latency of excitation
Y-cells during PTI (Fig. 9B). However, in the difference histogram (Figs. 10G—10H) were not altered during PTI compared to the
(Fig. 9C), there is a positive activity around 50 ms after saccadeontrol situation regardless of whether stimulated by saccadic eye
onset, indicating a shortened response of the initial peak in thenovements or a visual pattern while the eyes were stationary.
neuronal response during PTI. This shortening of the initial re-
sponse cannot be seen in the difference histogram of the saccade- .
like stimulation (Fig. 9F) and, thus, may be a saccade-induce pontaneous activity of X- and Y-cells
effect. The difference of the histograms C and F (Fig. 9G) showsTo search for an overall effect of muscimol application into the
this effect around 50 ms and can be interpreted as the influence giretectum, the spontaneous activity in controls and during NOT
pretectal cells on LGNd Y-cells during saccadic eye movementsinactivation was compared (Table 1). The spontaneous activity did
The consequences of PTI for Y-cells was investigated furthemot change between X-cells that were inhibited during control and
on the single-cell level. In Fig. 10 the peak width at half-height, theX-cells during PTI. Similarly, the inactivation had no effect on
peak amplitude, and the latency to excitation are shown in cumuspontaneous activity in Y-cells. However, excited X-cells during
lative diagrams. A difference in neuronal behavior between concontrol showed lower spontaneous activity than X-cells during PTI.
trols and PTI was only found for the peak width at half-height of This is also seen in Figs. 5C and 5F, where the negative response
responses to saccadic eye movements (mean: conatffl.4 ms,  before time 0 ms and after 200 ms resulted from an increased spon-
PTI = 37.4 ms; Fig. 10A). During inactivation, the duration taneous activity during PTI (Figs. 5B and 5E). We think this in-
was much shorterttest,P < 0.05) than during controls but was crease was not a functional effect of neuronal activity but resulted
not changed during visual stimulation with a moving patternfrom the fact that the histogram of X-cell activity during PTI was
(Figs. 10B and 10C). These single-cell quantifications confirmedcomposed of all X-cells recorded during the period of inactivation,
the results of the difference histograms of Fig. 9. containing cells that might be excited or inhibited during the con-
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trol situation. Since the spontaneous activity of inhibited X-cells dur-Inactivation of the pretectal area with the GABA agonist muscimol
ing control is higher than in excited X-cells, the spontaneous activitynduced spontaneous nystagmus in darkness directed away from
of the population response of X-cells during PTI should be alsathe injected side. During this inactivation, the activity of X-cells to
higher compared to excited X-cells during control. saccades or saccade-like movements of a visual stimulus was al-
ways inhibited. This PTI associated inhibition was stronger than in
inhibited X-cells in control experiments. In contrast, pretectal in-
activation affected Y-cells only in a single parameter, i.e. during
This study analyzes the influence of the pretecto-thalamic projecsaccades the peak width at half-height was smaller than during
tion on LGNd cellular activity during saccadic eye movements. cqntrol situations.
Recordings of neuronal activity in the LGNd during pretectal
inactivation require a stable and prolonged effect of muscimol on

Discussion

Table 1. Response amplitude of spontaneous activity pretectal neurons. Martin (1991) injectetH]muscimol into the
of LGNd X- and Y-cells (impulses/sec) cortex and measured the spread of the labelled drug. He reported
a maximal spread of 1.7 mm from the site of injecting 1 ml within
X the first 20 min postinjection. The width of muscimol injections
Y remained relatively constant up to 2 h. These results could be
Control Control - . .
excited inhibited PTI Control pri confirmed by our behavioral measurements. The latest appearance
of spontaneous nystagmus was 20 min postinjection and nystagmic
Mean 30.2 46.9 42.9 20.2 19.7  eye movements with similar amplitude could still be measured at
$.D. 15.0 23.0 20.8 16.4 112" the end of the recording experiments, i.e. abdin postinjection.
n 27 32 32 48 27

These results indicate a constant level of pretectal inactivation
throughout the daily recording sessions. Assuming a similar spread
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Fig. 7. Cumulative diagrams of two parameters of X-cells which were inhibited during control situation (open circles) and during
pretectal inactivation (closed triangles). Strength of inhibition (A—C) and the latency to inhibition (D—F) during saccades (left column),
during saccade-like movement of the stimulus pattern (middle column) and during ramp-like stimulus movement (right column). The
horizontal lines at 50% frequency in each diagram give the median, the bottom lines the 10% fractiles, and the top lines the 90%
fractiles. The asterisk marks the histogram with significantly different parameters between control situation and pretectal inactivation
(Mann-Whitney rank sum tes®, < 0.05). Values were derived from 32 cells during control and 32 cells during pretectal inactivation.

in the pretectal area as Martin measured in cortex, it can be seen From Figs. 7 and 10, it is evident that stimulation with a saccade-
from the histological reconstruction of the injection site that like and a ramp movement of the pattern did not result in differ-
20 min postinjection a large part of the pretectum must have beernces between the controls and PTI situation. Despite the fact that
affected by the drug. a sudden stimulus shift which is similar to our ramp-like move-
ment was able to drive pretectal cells (Schmidt, 1996), this exci-
tation has little effect on the pretecto-geniculate system compared
with the activation by saccade-induced retinal image shifts. During
We used a saccade-like stimulus that was derived from a spont&accades, the response latencies of pretectal neurons identified as
neous saccade of one of the cats and stimulated only in horizontglrojecting to the LGNd were shorter and peak activities were
directions. However, Lee and Malpeli (1994) reported saccadeincreased compared to pure visual stimulation (Schmidt, 1996).
induced LGNd cell activity with directional bias in trained cats. These differences in response properties of pretectal cells, i.e. dur-
This is in accordance with results from Thompson et al. (1994)ing saccadic and visual retinal stimulation, seem to be sufficient to
who investigated the directionality of LGNd cells. They showed cause the effect of different responses in the LGNd during sac-
that only 30% of the relay neurons were direction selective andcades and during stimulation with a moving pattern while the eyes
that this selectivity was only weak. Thus, we suppose that oumwere stationary (Fischer et al., 1996).

restriction of the saccade-like stimulus movement to horizontal Inactivation of the pretectum did not raise the spontaneous
directions exerts only minor effects on our results. In addition, theactivity in X- and Y-cells, and during darkness no modulatory
LGNd-projecting pretectal neurons that might be preferably in-effect on LGNd relay cells could be seen even during saccades.
volved in the results described in this paper and will be furtherFrom these two facts, it can be concluded that the influence of the
discussed below showed no correlation between response pararetectum on LGNd neurons is only effective if it occurs simulta-
eters and saccade direction (Schmidt, 1996). We think that thiseously with the retinal input to the relay cells. Indeed, saccadic
topic needs to be clarified with trained cats in the future. eye movements and saccade-like stimulation, while the eye was

Effect of different stimulation modes and inactivation
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Schmidt (1996) that LGNd-projecting pretectal neurons had shorter
latencies and increased peak activities during saccades compared
to those observed during pure visual stimulation. These context-
specific response properties of pretectal cells may be responsible
for the LGNd relay cell responses especially regarding the strength

50 of inhibition (X-cells) and the peak width at half-height (Y-cells)
25 during saccades as compared to saccade-like stimulation.
0 Excited relay neurons
Thalamic relay cells are able to fire in a burst and in a tonic mode
B . due to different voltage-dependent membrane conductances of the
75 excited, control

cells (Jahnsen & Llinas, 1984b; Lo et al., 1991; Huguenard &
McCormick, 1992; McCormick & Huguenard, 1992; Guido et al.,
1995). The burst mode is characterized by clusters of action po-
tentials with interspike intervals 6£4 ms and the bursts are sep-
arated by silent periods of more than 50 ms. During the tonic
mode, the relay cells fire with a steady stream of action potentials.
The burst mode was originally observed during certain phases of
sleep, but burst responses were described by Guido and Weyand

[
|
|
-5 C : summed activity (1995) also in the behaving cat. They have found bursts about
| 150 ms or more after saccades and during the first phase of fixation
50 ' when the cat was visually stimulated with a drifting grating. The
cells changed to a tonic mode after the first cycle of the grating had
25 passed the receptive field.
0 The excitatory responses we observed mostly occurred when

cells showed firing response behavior of the tonic mode. Very
rarely we measured interspike intervals<od ms during the initial
phase of the visual stimulation. This may be due to the fact that the
cats were not required to fixate a target but were allowed to make
spontaneous eye movements. We think that the saccade-related
excitatory responses of our LGNd cells were mainly generated in
the tonic mode. This suggests that there may be a linear relation-
Y ship between neuronal activity and stimulus parameters which is
not the case in the burst mode (for review see Sherman, 1996). The
bursts after saccades described by Guido and Weyand (1995) showed
a far too long latency to add any influence to the saccade-related
activity described in this study.
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Fig. 8. Effect of pretectal inactivation onto the whole LGNd X-cell popu-

lation recorded. The population responses of X-cells which were inhibitedl e effect of inactivation of pretectal nuclei on LGNd relay cell
during control (A,n = 32) and which were excited during control (B= responses in the anesthetized cat was tested by Funke and Eysel
27) were summed in C. The trace in C represents the population respong&995). Similar to our results they described different effects on X-
of X-cells during pretectal inactivation (identical with Fig. 5B). D: Histo- and Y-cells. Due to the lack of eye movements in the anesthetized
gram of the difference activity of all recorded X-cells during control and prepara’[ion’ they stimulated pretec’[a| neurons with a grating mov-
pretet_:tal inactivation. The curve above the histogram iqdicate; tht_a Meafhg in the background while stimulating the receptive field of a
v_elocny of .100 saccades measured during the recordings. Binwidth of 5Ng neuron and found a reduced inhibition in X-cells during
histograms: 5 ms. inactivation of the pretectum. This is in contrast to our study which
reveals a stronger inhibition of X-cells during pretectal inactiva-
tion. We think two explanations are possible. First, the visual back-
stationary, had roughly similar effects on LGNd relay neurons inground stimulation of pretectal neurons cannot be compared with
the control situation as well as during pretectal inactivation (seesaccadic eye movements in the awake cat. The stronger inhibition
Figs. 5, 6, and 9). This is consistent with the results of Schmidtof X-cells during inactivation of the pretectal area in our study may
(1996) that LGNd-projecting pretectal neurons were activated byesult from blockade of the disinhibition induced by pretectal input
both, saccades and sudden stimulus shifts, the velocity of whiclduring saccades in the control situation. Second, Funke and Eysel
were comparable with our saccade-like movement. (1995) moved the background grating with a velocity of 50 feg
However, we found differences in response parameters betweamhich may be not sufficient to drive LGNd-projecting pretectal
control and PTI situation, i.e. the strength of inhibition in X-cells neurons since Schmidt (1996) has shown that these cells could not
and the peak width at half-height in Y-cells, that were almostbe activated by slow stimulus movements of 10 &elgut only by
exclusively restricted to saccade-induced neuronal activity and didudden stimulus shifts of at least 400 de@r during saccades.
not appear during saccade-like visual stimulation while the eyeThe same reasons may be true for why the authors did not observe
was stationary as shown in Figs. 7 and 10. It has been reported any effect on Y-cells.
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Functional considerations pretectum, a saccade-induced Y-cell response may lead to an ad-
ditional activation of inhibitory interneurons which results in a
The results of this study can be functionally interpreted in twostrong inhibition of X-cells. This, however, is in contrast to our
ways. First, the observed neuronal behavior may be involved in thebservation of disinhibition of X-cells. Though it is unknown
phenomenon of saccadic suppression. The main effect of the temvhether saccadic suppression is paralleled by an inhibition or by a
porary inactivation of the pretectum was an inhibition of all re- disinhibition of X-cells, it may be that a saccade-induced global
corded X-cells during saccades in light. Since the cat pretectodisinhibition of LGNd X-cells may counteract an inhibition me-
geniculate projection is inhibitory and most likely terminates ondiated by Y-cells.
inhibitory interneurons, this projection mediates a disinhibition  We cannot rule out the possibility that some of our recordings
onto the retinal input of X-cells. Also inhibitory neurons of the may be from interneurons. In a study on this topic, Dubin and
perigeniculate nucleus may be involved in this disinhibition (for Cleland (1977) very rarely encountered intrageniculate interneu-
review see Sherman & Koch, 1990). Because during saccades thens, i.e. only 5.7% of their recorded cells. Since we used very
excitatory X-cells are more strongly excited and the inhibitory similar recording techniques, the number of possibly recorded in-
X-cells are less inhibited as a result to the pretectal input, théerneurons should not be higher in our study. However, if an in-
influence of the pretectum on X-cells can be interpreted as a globakrneuron is inhibited during saccadic eye movements, it should
modulatory effect on the geniculate relay. During a global activity contribute to the above-described global modulatory effect on X-cells
increase of all X-cells, the activity of distinct groups of neurons,in the way that the inhibitory strength to X-cells is lowered. Thus,
which may represent certain stimulus features, is lost. Thus, duringgain excitatory X-cells should be more strongly excited whereas
saccadic eye movements X-cells are affected in a way which majnhibitory X-cells should be less inhibited.
lead to a functional disconnection from cortical areas. The only effect of the inactivation of the pretectum on Y-cells
A further source for an inhibition of X-cells may be mediated was a smaller peak width at half-height of responses to saccades.
by Y-cellsvia the intrinsic connectivity of the LGNd itself (Singer This is in accordance with a study of Fukuda and Stone (1976)
& Bedworth, 1973; Mastronarde, 1992). During inactivation of the who showed differential inhibitory influences on X- and Y-cells
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Fig. 10. Cumulative diagrams of three parameters of Y-cells which were excited during control situation (open circles) and during
pretectal inactivation (closed triangles). Shown are the peak width at half-height (A—C), the peak amplitude (D-F), and the latency to
excitation (G-I). Conventions are as in Fig. 7. The asterisk marks significant difference between control situation and pretectal
inactivation (Mann-Whitney rank sum te®,< 0.05). Values were derived from 48 cells during control and 27 cells during PTI.

and that Y-cells were quantitatively less strongly inhibited thanonly the activity after an initial response. This may be reflected in
X-cells. Since the existence of Y-interneurons is a hotly debated shortened peak width at half-height of Y-cell responses during
question (e.g. Sherman & Friedlander, 1988), their contribution tgoretectal inactivation.

the observed effect remains unknown. Another inhibitory connec- This study reveals a disinhibitory effect of the pretectum on LGNd
tion on Y-cells involves the PGN, which receives Y-cell collaterals relay cells during saccades. If the LGNd is the first site that plays
which in turn inhibit LGNd Y-cells. This inhibitory input may also a role in saccade-induced suppression of perception, it is obvious
be disinhibited by the pretecto-geniculate projection during sacthat this suppression is not mediated by an inhibition of neuronal
cades. When the pretectum is inactivated by muscimol, then Y-cellactivity. In contrast, the activity of the LGN-projecting pretectal cell
may be inhibitedvia the PGN. Since this is a feedback inhibition, population excited during saccades (Schmidt, 1996) inhibits LGNd
it does not affect the whole neuronal activity during saccades buinterneurons which leads to a reduced inhibitory influence on the
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relay cells. This may be sufficient to interrupt the relay of specific ~ Further evidence for an exceptional effect of pretectal cells on
visual information to the cortex and may contribute to the percepthe X-channel may be derived from experimental results of Deubel
tional effect of raised discrimination thresholds during saccades. et al. (1996). They have blanked a saccade target in a certain time
The different effects of pretectal inactivation on LGNd X- and window after the saccade with the result that a target displacement
Y-neurons is in accordance with a study of Burr et al. (1994) whoduring the saccade was better detected than during fixation. They
found different psychophysical effects for the magnocellular andnterpreted these findings as a saccadic enhancement of localization
parvocellular pathway. However, they concluded that the saccadiability. The analysis of the localization of small objects is believed
suppression was confined to the magnocellular pathway. This i$0 be mediated by the X-channel. Thus, our findings of a preferred
consistent with psychophysical results in humans which revealed disinhibition of X-cells during saccades fits well with the psycho-
loss of motion perception which is thought to be associated withphysical results of postsaccadic facilitation of the localization ability.
the Y-channel (see reviews of Matin, 1974; Volkmann, 1986). These Our finding that inactivation of the pretecto-geniculate pathway
observations are in contrast to our result of a more affectedeads to selective disinhibition of X-cells provides a model for
X-channel during pretectal inactivation. Our study was carried oupostsaccadic facilitation. Further experimental evidence is needed
in cats in which the pretecto-geniculate projection terminates exregarding whether the effects reported in the LGNd are further
clusively on LGNd interneurons (Cucchiaro et al., 1993). In pri- processed in cortical areas.
mates, however, pretectal fibers have been demonstrated to contact
local interneurons as well as relay cells (Feig & Harting, 1994).
This anatomical variation may result in a functional difference
which accounts for the discrepancy between the studies. We thank M. Mustari for carefully reading and providing valuable sugges-

Anv contribution of the pretecto-geniculate input to saccadictions for improving the manuscript, Ms. M. Schmidt for her excellent care
y P 9 P of the animals, and |. Paas for her help with the photographs. This study
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fluence of the pretectal inactivation onto LGNd X-cells, leads to

the suggestion that another, more straightforward mechanism than

saccadic suppression may be the result of this process. It has beg?ferences
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