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Response Recovery Cycles in the Visual Cortex and
Superior Colliculus Following Conditioning
“ON”’ and ‘“OFF”’ Stimulation in the Rabbit

STEPHANE MOLOTCHNIKOFF AND MICHEL DUBUC

SUMMARY: The responsiveness of the
visual cortex (VC) and superior col-
liculus (SC) was simultaneously com-
pared following conditioning ““ON’’ or
“OFF"’ stimulation, in the rabbit.
Average evoked responses were re-
corded simultaneously from the visual
cortex and superior colliculus. ““ON’’ or
““OFF’’ steps constituted the condition-
ing stimuli whereas the test stimulus
consisted of optic nerve stimulation. All
evoked responses exhibited a reversal of
their polarity when the electrode was
moved in the dorsoventral direction
(Negative-Positive in the SC, Positive-

RESUME: Par la technique du double
choc, le cycle de récupération post-
réactionnelle (RPR) a été étudié
simultanément au niveau du cortex vis-
uel (CV) et au niveau du colliculus
supéricur (CS), chez le lapin. Les chocs
conditionnant étaient de deux types. soit
la stimulation ““ON’’, soit la stimulation
““OFF’’. Les réponses tests ont été
évoquées par une stimulation du nerf
optique, court-circuitant ainsi [I'étape
rétinienne. Toutes les réponses ont
présenté une inversion de polarité dor-
soventrale du CV et du CS, assurant
ainsi une origine post-synaptique. Les
résultats montrent que [ excitabilité
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Negative in the VC). This assured the
somato-dentritic origin of the potentials.
The results showed that responsiveness
in both structures was significantly
higher following an “‘OFF” stimulus
than after an “ON’’ step. Collicular
responsiveness was higher than in the
VC when the same conditioning stimulus
was applied. The spatial distribution of
the source of ‘““OFF’’ responses was
circumscribed to the ventral part of the
superficial layer of the superior col-
liculus. These results suggest specific
properties associated with the brighten-
ing and dimming systems.

post-réactionnelle est significativement
plus élevée apres une stimulation con-
ditionnante “‘OFF’’ qu’aprés un con-
ditionnement de type opposé,
c’est-a-dire ““ON’’.

Pour un méme type de stimulation
conditionnante, la réactivité colliculaire
est plus élevée que celle du cortex visuel.
Au niveau du colliculus supérieur, les
potentiels évoqués par la stimulation
““OFF’’ présentent une distribution
spatiale circonscrite a la portion ven-
trale des couches superficielles du CS.
Cette étude permet d’associer des
propriétés spécifiques aux systemes
“ON”’ et ““OFF”".
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INTRODUCTION

Turning a light ON or OFF acti-
vates two distinct neural systems in
the visual pathways and centers.
These are the B (Brightening) and D
(Dimming) systems, respectively
(Jung, 1973). This duality originates
with the presence of retinal bipolar
cells with receptive fields organized
as either ‘‘center-ON’’ or ‘‘center-
OFF’’ (Werblin and Dowling, 1969).
The same organization and therefore
the same duality is found in neural
networks in the visual pathways and
centers of all vertebrates (Rodieck,
1973; Freund, 1972; Magnussen and
Glad, 1975).

While a great deal of work has
been concerned with the study of
visual evoked responses to a brief
light flash: (Stériade, 1969; Creutz-
feldt and Kuhnt, 1973), few studies
have centered on evoked response
to an OFF stimulation. It was re-
cently shown in rabbits that re-
sponses evoked by OFF stimulation
are characterized by the presence of
a greater number of rapid waves of
an oscillatory type than are re-
sponses evoked by ON stimulation
(Molotchnikoff et al., 1975, 1976).
This enhanced oscillation may re-
flect more intense activity of rever-
beratory circuits in the superior col-
liculus and visual cortex (Dubuc,
1976).

These findings led us to investi-
gate the functional properties of the
ON and OFF systems. This study
presents an analysis of recovery of
response (RR) following excitation
by ON and OFF conditioning stimuli
in the rabbit.

METHOD
Preparation
Twenty-five New Zealand rabbits
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weighing between 2 and 3 kg were
used in this study. They were anes-
thetized with sodium pentabarbital
(24 mg/kg), paralyzed with A Gal-
lamine (10 mg/kg/h), and connected
to an artificial respirator. A local
anesthetic (Xylocaine) was applied
subcutaneously to all pressure
points and incision sites. To
minimize pulsating movement of the
brain, the cerebello-bulbar cistern
was drained. The animals were then
placed in a stereotaxic apparatus
(Kopf) which had been modified so
as not to obstruct the visual field.
Trepanation permitted stereotaxic
access to the superior colliculus and
Area I of the visual cortex (Sawyer
et al., 1954; Thompson et al., 1950).
The contralateral eye was closed
throughout the experiment.

Stimulation

Two types of stimulation were
used. (1) The optic nerve was stimu-
lated at the point of exit from the
back of the eye using the method
described by Lederman and Noell
(1968); electrical stimulation was of
short duration (0.05-2.00 msec). In
order to recruit all the fibers; stimu-
lation intensity was fixed at 5 times
the threshold value (3 to 4 volts)
which was determined by the small-
est visible potential method (Dubuc
1976). (2) Photic stimulation was by
means of a tungsten filament fed by
direct current. Intensity of the light
beam was set at 3.5 F.C. at the
cornea. ON and OFF stimulation
was produced by opening and clos-
ing an electromagnetic shutter.

ON stimulation was applied every
2 seconds and was of 1-second dura-
tion. Thus, each stimulation cycle
was composed of one dark and one
light period of equal duration (1 sec).
These parameters were chosen since
they provided a flash long enough to
separate the OFF response suffi-
ciently from the ON reaction while
also limiting the rapid effects pro-
duced by light adaptation (Arming-
ton 1974).

Recording

Collicular and contralateral corti-
cal potentials were recorded with
monopolar stainless steel electrodes
having a diameter of 100 u m and
completely insulated (with

INSL-X-33) except at the tip. The
pre-amplifier (GRASS, P511) had a
pass band of 1-300 Hz. Potentials
were monitored on a cathode ray
oscilloscope (Tektronix) and photo-
graphed. A mean of 64 evoked re-
sponses was effected by an averager
(Med 80), then retraced on the oscil-
loscope. The equipment (electrical
and photic stimulators, recorders,
averager) was synchronized by a
programmer (Device).

Electrode Implantation

It was essential to ensure the
post-synaptic origins of potentials
evoked by photic and electrical
stimulation in this analysis of re-
sponse recovery in the superior col-
liculus and visual cortex. The
cytoarchitecture of the two struc-
tures is advantageous in this respect.
They contain cellular elements
which are arranged in a radial man-
ner (Buser, 1955, 1956; Creutzfeldt
and Kuhnt, 1973; Landau, 1967,
Sterling, 1971; Szentagothai, 1973,
Vanegas et al., 1974).

When the synaptic distribution is
limited to a circumscribed zone on
the dendritic arborizations, the
synaptic activity of these neurons
generates an electrical field which
forms a dipole. Consequently, a re-
versal in polarity of the evoked po-
tentials occurs when the recording
electrode is lowered in a direction
parallel to that of the dipole. This is
characteristic of the activity of a
somato-dendritic axe (Buser 1956)
and, therefore, of post-synaptic ac-
tivity. This feature was exploited to
ensure the cellular origin of recorded
responses. All potentials analyzed in
this study showed a reversal of po-
larity when the recording electrode
was moved in a dorso-ventral direc-
tion in the superior colliculus and
visual cortex. It is well established
(Buser, 1956, Goodale, 1973,
Molotchnikoff et al., 1975; Tamai
and Ogawa, 1972) that collicular re-
sponses are negative at the surface
and positive when recorded deep in
the structure. Conversely, cortical
responses are positive at the surface
and become negative with intracor-
tical penetration (See: Creutzfeldt
and Kuhnt, 1973; Molotchnikoff et
al., 1975). To maximize uniformity
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of evoked potentials across experi-
ments, the electrode was always
placed at the site where the reversed
potentials showed the greatest amp-
litude (see also fig. 4). Response
amplitude was measured from the
baseline to the top of the wave. The
rate of decrease of this amplitude
was calculated as a percentage of the
response obtained in the absence of
the conditioning stimulus (control
response). Then an angular trans-
formation (Lison 1968) where P is
expressed as the sin of arcvV'P/100
permitted statistical analysis of the
variance of these percentages. At the
end of each experiment, an elec-
trolytic lesion was made to provide
verification of the electrode site.

Results
Recovery of response (RR) at
the superior colliculus

Recovery of response was studied
by means of paired stimulation. In
the results presented in the next two
sections, the conditioning stimulus
consisted of either ON or OFF pho-
tic stimulation while the test
stimulus was always electrical stimu-
lation of the optic nerve.

a) RR following an ON conditioning
stimulus

Following an ON conditioning
stimulus, responsiveness of the
superior colliculus decreased rapidly
reaching a minimum when the inter-
val separating the two stimuli was 50
msec (Fig. 1A2 and B). It can be
seen that the response amplitude
found for an interval of 50 msec was
951V (Fig. 1, 2). traces 2 to 6 (Fig. 1)
show the results of a typical experi-
ment which reflects variation in re-
sponse amplitude as the test
stimulus was increasingly separated
in time from the conditioning
stimulus.

Figure 1B illustrates changes in
responsiveness (mean of 25 experi-
ments) and shows 3 successive
phases in the temporal recovery of
RR after a conditioning ON stimulus.
In the first phase, there was an abrupt
drop to 50% of the control amp-
litude, becoming minimal about 50
msec after the conditioning stimulus.
This corresponds to the point in time
when the relative refractory period

Response Recovery Cycles
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produces greater responsiveness
than does excitation of the ON sys-

%JB tem.
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%0/ //""—__——TN Recovery of response (RR) in
ol / the visual cortex '

. Since analysis of cortical respon-
1 siveness was made simultaneously
204 with that of the superior colliculus,
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Figure I—Responsiveness of the Superior colliculus (SC) following conditioning
ON and OFF stimuli. A — Typical averaged responses evoked by optic nerve
stimulation. Each trace represents the average for 64 successive stimulations.
Right hand numbers indicate the interval between light ON and optic nerve stimu-
lation in msec. The amplitudes of the potentials were measured from the base line
to the highest peak (Ci-a wave). The evoked responses presented a complex
waveform. The positive humps are indicated as: Ci-a and Ci-B whereas the
negative wave is labelled Cz. All collicular waves reversed their polarity as the
electrode penetrated the S.C. except T, which possibly was of presynaptic origin.
Positivity upward. B — Time course of responsiveness following light ON. C —
Time course of responsiveness following light OFF in B and C: abscissa indicates
interstimulus interval; ordinate gives amplitude of the test response evaluated in
percent of the unconditioned amplitude. In all cases the amplitude of the Ci-a was
used. Note that the refractoriness was much greater when the conditioning stimulus

was a brightening (ON) step.

is the most intense. In the second
phase, evoked responses to the test
stimulus increased in amplitude, de-
noting an augmentation in respon-
siveness. This phase which occurred
between 50 and 200 msec after the
conditioning stimulus, was charac-
terized by rapid recovery of re-
sponses with amplitudes increasing
from 50 to 80% of the control level.
Following this period, recovery
stabilized at around 80% even when
the interstimulus interval was ex-
tended from 200-500 msec. This
plateau constituted the third phase
of recovery.
b) RR following an OFF condition-

ing stimulus

Application of a conditioning OFF
stimulus which consisted of cessa-
tion of the light flash used above
results in a temporal course of re-

Mol otchmloc107f§f and Dubuc

sponsiveness (Fig. 1C) with a differ-
ent pattern from that found following
an ON conditioning step. Even
though the maximum reduction in
responsiveness was reached at an
interstimulus interval of 50 msec in
the two cases, responsiveness after
an OFF stimulus (Fig. 1C) was much
greater. At the minimum level of
reactivity, it was 80% following
OFF, while it was only 50% after
ON. This difference is statistically
significant (0.001< p<0.01). Furth-
ermore, the three phases observed
above could not be distinguished. It
seems that after the decline during
the first 50 msec. the response
gradually returned to its initial value
with no sign of reaching a plateau (as
was found in the case of RR follow-
ing an ON conditioning stimulus).
Thus, activation of the OFF system

0317167100120384 Published online by Cambridge University Press

ON and OFF conditioning stimuli
and the test shock were of the same
intensity and duration as reported
above.
a) RR following an ON conditioning
stimulus
As in the colliculus, recovery
seemed to proceed in three distinct
successive phases (Fig. 2B). Figure
2 presents the results of an experi-
ment in which there was a great
attenuation of potentials evoked by
the test shock when it was applied 50
msec after the conditioning stimulus.
In Figure 2B, the curve shows varia-
tion in responsiveness at the visual
cortex after an ON conditioning
stimulus. In the first phase, there
was a sudden drop in reactivity
which fell to 20% when the two
stimuli were separated by 50 msec.
Responsiveness was 50% for the
same interval at the level of the
superior colliculus (0.001<P<0.01).
There was a rapid return of re-
sponsiveness (20-60%) during the
second phase which extended from
50 to 200 msec (Fig. 2B). Then fol-
lowed the third phase: a plateau
stage during which recovery was
very slow. From 200 to 500 msec,
response amplitude was stable at
around 55% of the control value.
Collicular responsiveness was 80%
during the plateau phase.
b) RR. after OFF stimulation
Following a conditioning OFF
stimulus, the course of cortical re-
sponsiveness (Fig. 2C) was parallel
to that found in the superior col-
liculus for the same conditioning
stimulus (Fig. 1C). The difference
lies in the intensity of the refractory
period which was smaller in the
superior colliculus (Fig. 1C) than in
the visual cortex. Its evolution was,
also, different from that obtained
with an ON conditioning stimulus.
Three phases could not be distin-
guished during cortical RR after OFF
stimulation; after the initial drop at
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Figure 2—Responsiveness of Visual cortex (VC) following conditioning ON and OFF
stimuli. A — Typical averaged responses evoked by optic nerve stimulation. Each
trace represents the average for 64 successive stimulations. Right hand numbers in-
dicate the interval between light ON and optic nerve stimulation in msec. The
amplitude of the potentials were measured from the baseline to the lowest peak:
Vi wave. The evoked responses had a simpler wave form than in the superior
colliculus. Two negative potentials were consistently identified, Viand V2, and both
reversed their polarity with cortical penetration of the electrode. Positivity upward.
B — Time course of responsiveness following light ON. C — Time course of
responsiveness following light OFF. In B and C: abscissa indicates inter-stimulus
interval; ordinate gives amplitude of the test response evaluated in percent of the
unconditioned amplitude. In all cases the amplitude of the Vi potential was used.
Note that the refractoriness was much greater when the conditioning stimulus

was a brightening step.

50 msec, recovery of response pro-
ceeded linearly until it reached the
control value. Unlike the case for an
ON conditioning stimulus, RR never
showed a plateau phase.
Paired electrical stimulation

The time course of the refractory
period in the superior colliculus and
visual cortex can be evaluated in the
absence of retinal activity by apply-
ing paired electrical stimulation to
the optic nerve alone. Therefore, the
first photic conditioning stimulus
.used above was replaced by electri-
cal stimulation of the optic nerve,
thereby eliminating evoked retinal
participation. As was found above,
the decline in responsiveness of the
superior colliculus was very weak.
When the inter-stimulus interval was
between 50 and 200 msec, there was
no discernable diminution of re-
sponse to the test stimulus in the
superior colliculus (Fig- 3, traces

BRUARY 1

1-7). Nevertheless, a facilitatory
period with a long latency negative
potential (Fig. 3, trace 7, arrow) re-
sulted from an inter-stimulus inter-
val of 150 msec. The same experi-
mental conditions produced differ-
ent results in the visual cortex (Fig.
3, traces 8-14): there was a strong
attenuation of response to the test
shock when the inter-stimulus inter-
val was from 40-55 msec (traces
9-11, arrow). It is of interest that this
same interval produced minimum
cortical responsiveness when the
conditioning stimulus was photic
(Fig. 2B, C).

Increasing the inter-stimulus in-
terval beyond 60 msec led to an
enhancement of cortical evoked po-
tentials produced by the test
stimulus (Fig. 3, traces 12-14,
arrow). The amplitude of these po-
tentials can be considerably greater
than those of the control response.

/10. 1017/503171671%0120384 Published online by Cambridge University Press

These results suggest a supra-
normal phase which allows facilita-
tion of the response. The absence of
such a facilitatory period with photic
conditioning stimulation would indi-
cate that it originates at the
geniculocortical pathway and that
retinal evoked activity interferes
with its development.

Intra-collicular exploration

We have just seen that tectal and
cortical responsiveness varies in in-
tensity and temporal course accord-
ing to whether conditioning stimula-
tion was of the ON or OFF type. Itis
also possible to demonstrate that
ON and OFF responses have a dif-
ferent spatial distribution within the
superior colliculus. Schaeffer (1970)
showed that tectal ON discharges
were more pronounced than OFF, in
the rabbit. ~

During this series of experiments,
potentials evoked by photic ON and
OFF stimulation were recorded at
different penetration depths in the
superficial layers of the superior col-
liculus: at the stratum griseum
superficiale which contains the ma-
jority of photosensitive cellular ele-
ments, and the stratum opticum
which is in major part composed of
axon fibers of retinal origin (Sterling
1971). ‘Histological examination of
electrolyzed sites permitted localiza-
tion of the electrode tip relative to
the surface of the colliculus and to
the stratum opticum (the latter is
indicated by a solid arrow, Fib. 4).
Figure 4 seems to suggest an unequal
spatial distribution of ON and OFF
potentials. At the surface of the
superior colliculus, the ON response
(Fig. 4, trace 1) stands out because
of its relatively high amplitude (30
pV for the positive wave); the OFF
response (Fig. 4, trace 2) recorded at
the same site was of very low amp-
litude: it is barely visible above the
background noise. Even though the
initial slope of the ON response
showed positive polarity, a strong
negative component with greater la-
tency was visible (Fig. 4, trace 1).
With deeper penetration, when the
electrode tip was about half-way be-
tween the surface and the stratum
opticum, ON (trace 3) and OFF
(trace 4) responses were positive and

Response Recovery Cycles
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of high amplitude (325 and 2504V,
respectively).

When the electrode tip was at the
point separating the stratum griseum*
superficiale from the stratum op-
ticum, ON (trace 5) and OFF (trace
6) responses were of almost equal
amplitude (350uV). This was the site
at which RR recordings reported
above were made. Indeed, it was at
this level that the OFF response had
its highest amplitude since slightly
deeper, it was much attenuated
(trace 8); the ON response (trace 7),
although diminished (70 p V), main-
tained a relatively high amplitude.
Thus, it seems that neural elements
which generate ON and OFF activ-
ity are not equally distributed. The
ON responses are distributed in a
more uniform manner throughout
the thickness of the superficial
layers while those producing the
OFF response are circumscribed to
the depths of superficial collicular
layers. It was impossible to find an
analogous phenomenon in the visual
cortex.

DISCUSSION

The most striking observation in
this study was a greater reduction of
collicular and cortical responsive-
ness following an ON conditioning
stimulus than after an OFF (Fig. 1
and 2, B,C). This difference reflects
the specificity of the ON and OFF
systems. It is difficult to attribute the
differences to experimental
parameters: intensity of test
stimulus, recording site, length of
dark and light periods preceding ON
and OFF conditioning stimuli since
the parameters were identical in the
experimental conditions. Further-
more, although they were opposite
in phase, the magnitude of ON and
OFF conditioning stimuli were also
identical.

The greater responsiveness after
an OFF conditioning stimulus may
derive from adaptations to evolution-
ary forces operating on the species.
In fact, the rabbit shows a strong
tendency to be active at twilight or
even at night (Grasset and Dekeyser,
1955). It is not surprising that the
retina primarily contains photo-
receptors specialized for scotopic

Molotchnikoff and Dubuc

LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

Figure 3—Responsiveness of the superior colliculus (Traces 1 to 7) and the visual

cortex (Traces 8 to 14) following electrical excitation of the optic nerve as a con-
ditioning stimulus. The test stimulus was identical to the conditioning pulse and
was presented after a delay. Voltage calibration was the same for the two struc-
tures. The solid line at the beginning of each trace denotes the trigger time of the
oscilloscope. The conditioning stimulus was applied after a slight delay (broken
line). This line is fused with the trigger line at slow sweep speed. In traces 1 and 8,
no conditioning stimulus is present. The paired shocks were applied with a suffi-
cient delay, 10 msec; in order to permit complete recovery between two succes-
sive testings, except in traces 7 and 14 where four successive pulses were applied.
At the collicular level (traces 1 to 7) the test response exhibited an amplitude which
was about equal to the unconditioned response and thus revealed a very weak
refractoriness of the superior colliculus. Facilitatory phase of a late potential (trace
7, arrow) was observed when the inter-stimulus interval was 165 msec. At the
cortical level (traces 8 to 14), the low amplitude of the test response indicated a
decrease of responsiveness between 30 and 60 msec (traces 10 and 11, arrow). With
longer intervals a facilitatory phase was recorded (traces 12, 13, 14, arrow) for the
second shock only. All traces are averaged responses over 64 successive stimu-
lations.

vision (i.e. rods); cones are scarce
and atypical (Prince 1964).

Results presented in Fig. 4 add
another characteristic which distin-
guishes between the ON and OFF
systems. As this figure shows, OFF
responses derive from a more li-
mited area than do ON responses.
This region lies in the depths of the
superficial layers of the superior col-
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liculus. This more restricted locali-
zation of recording sites for OFF
responses may reflect a more limited
distribution of synaptic contacts and
greater specialization (Marty and
Sherrer 1964) of the OFF system in
the superior colliculus. This
hypothesis implies that the two sys-
tems did not evolve in a completely
parallel manner. Muntz’s (1962) re-
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Figure 4—Depth profile of ON and OFF responses of the superior colliculus. The
lesion of each photomicrograph indicates the position of the electrode tip; evoked
responses corresponding to that level are found to the right. Traces 1 (ON) and 2
(OFF) were recorded just below the collicular surface. Traces 3 and 5 (ON), 4 and
6 (OFF) were recorded deeper in the stratum griseum superficiale. Note that
the amplitudes of the ON and OFF responses were comparable when the electrode
was located slightly above the stratum opticum (indicated by an arrow). Below
that level (traces 7 and 8) the ON response still showed considerably higher
amplitude than the OFF response. The marker indicates a region of numerous peri-
karya. Positivity upward. Calib. photo. 500 microns. Trace Calib.: S0 UV, 100
msec for 1, 2, 7, 8: 2504V, 30 msec for 3, 4, 5, 6. Evoked potentials are aver-
aged responses over 64 successive presentations.
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sults on the frog raise some in-
teresting points which lend support
to this hypothesis. He found a com-
plete absence of OFF responses in
the lateral geniculate body in these
animals although it was possible to
evoke response to both types of
stimulation at the tectum. These ob-
servations reveal that the two sys-
tems are dissociated at this level of
phylogeny.

At the cellular level, the ON and
OFF systems in the visual pathways
and centers have physiologically
identical properties (Hubel and
Wiesel, 1962; Jung, 1973). On the
other hand, each can be differenti-
ated by its specific properties: great-
er rhythmical activity in the OFF
system (Molotchnikoff et al., 1975,
1976), difference in recovery of re-
sponsiveness, and different spatial
distribution in the superior col-
liculus.

Our results also show that for the
same conditioning stimulus, collicu-
lar reactivity is significantly greater
than that of the geniculocortical sys-
tem. Many reports (Berman and
Cynader, 1972; Jeannerod, 1974;
Schiller and Koerner, 1974; Wickel-
gren and Sherling, 1969) have de-
monstrated the complementary
functions of the retino-tectal and
retino-strial systems. The superior
colliculus is primarily implicated in
visuo-motor reflex activities while
the visual cortex subserves mainly
perceptual functions. From this
point of view, it is not surprising that
the superior colliculus presents great-
er responsiveness to ON and OFF
conditioning stimulation than does
the visual cortex.
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