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Regenerated synaptic connections in the damaged mam- 
malian visual system were studied in adult hamsters in which 
retinal ganglion cells (RGCs) regrew their axons through au- 
tologous peripheral nerve grafts directed from the stump of 
the transected optic nerve to the superior colliculus (SC). 
Unitary responses to illumination of small areas of the visual 
field were recorded within the superficial laminae of the rein- 
nervated SC 23 to 60 weeks after grafting. Each element of 
a typical bursting response to light consisted of a terminal 
potential (TP) (half width 164 f  25 psec, amplitude up to 
171 rV) arising from a regenerated RGC axon terminal ar- 
borization, followed at a latency of 268 f  63 I.csec by a longer 
duration negative focal synaptic potential (FSP) (half width 
938 + 396 msec, amplitude up to 188 rV) reflecting EPSPs 
in neurons within the terminal field of the regenerated RGC 
axon. The FSP but not the TP was attenuated in a dose- 
dependent manner by iontophoretic application of GABA. In 
some cases spikes arose from FSPs after the first two or 
three impulses of a train, presumably reflecting summation 
of EPSPs to threshold for excitation in SC neurons contacted 
by the regenerated RGC axon terminals. Up to one-third of 
the area of the SC can be infiltrated by arborizations of the 
regenerated RGC axons that enter the SC through a nerve 
graft inserted in the lateral aspect of the SC. These exper- 
iments indicate that terminal arborizations of individual re- 
generated RGC axons can synapse with multiple neurons in 
the SC and that convergence of inputs from regenerated 
RGC axons is not required for activation of SC neurons in 
response to light. 

[Key words: electrophysiology, focal synaptic potential, 
GABA, regeneration, retinal ganglion cell, superior colku- 
/us, synapse, tectum, terminal potential] 

Formation of functional synaptic connections in the mamma- 
lian CNS by retinal ganglion cell (RGC) axons has been dem- 
onstrated in experiments in which fetal rat retina was trans- 
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planted to the surface of the neonatal tectum (Simons and Lund, 
1985), in experiments in which axotomized RGCs regenerated 
their axons through peripheral nerve grafts directed from the 
eye to the superior colliculus (SC) in adult hamsters (Keirstead 
et al., 1989), and in experiments in which explants of adult rat 
retina and fetal midbrain were placed side by side in vitro (BZhr 
and Eschweiler, 199 1, 1992). 

In all of these experimental situations, functional innervation 
of the tectum was established by the demonstration of excitation 
of postsynaptic neurons in response to electrical stimulation of 
the afferent RGC axons (Keirstead et al., 1989, Btihr and Es- 
chweiler, 199 1, 1992) or to diffuse illumination of the trans- 
planted or in situ retina (Simons and Lund, 1985; Keirstead et 
al., 1989). Because these procedures would indiscriminately ac- 
tivate many RGCs or RGC axons, no assessment could be made 
of the extent of convergence of RGC inputs required to excite 
reinnervated tectal neurons. Furthermore, these experiments 
did not permit any assessment of the extent to which the input 
from individual RGC axons could diverge to influence the ac- 
tivity of multiple target neurons. 

In the present study, we have recorded responses to light in 
the SC reinnervated from the retina via a peripheral nerve graft 
using a method that permits: (1) discrimination of responses in 
postsynaptic neurons from responses in RGC axons; and (2) 
demonstration of both sub- and suprathreshold postsynaptic 
responses in SC neurons to inputs from single regenerated RGC 
axons. We find that individual regenerated RGC axons make 
excitatory synapses with several SC neurons, and that in some 
cases, input from a single RGC is sufficient to drive postsynaptic 
SC neurons to threshold for excitation. 

These electrophysiological investigations of regeneration of 
retinocollicular connections via peripheral nerve grafts comple- 
ment concomitant morphological studies that have demonstrat- 
ed infiltration of the SC by regenerating RGC axons, formation 
of axonal terminal arbors, and establishment of synapses on 
neurons in the retinorecipient laminae of the SC (Vidal-Sanz et 
al., 1987, 1991;Carteretal., 1989, 1991a,b, 1994;Carter 1991). 

Materials and Methods 

Preparation of animals with peripheral nerve grafts. Peripheral nerve 
(PN) grafts linking the eve and the SC were DreDared in 90-120-d-old 
fern& golden hamsters (Mesocricetus aura&) &eight loo-120 gm) as 
described by Carter et al. (1989). Under anesthesia with pentobarbital 
(35 mg/kg i.p.), the optic nerve (ON) was transected at the sclera, taking 
care to preserve the ophthalmic artery, and a segment of autologous 
peroneal nerve 2-2.5 cm in length excised from the contralateral leg 
was sutured to the stump of the cut ON. Immediately following anas- 
tomosis of the PN graft to the eye, the retina of the grafted eye was 
observed and animals with ischemic retinas were discarded. The nerve 
graft rested on the dura along a groove made in the skull, extending 
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from the orbit towards the ipsilateral or contralateral occipital cortex. 
In some cases, the graft was inserted into the SC at the same sitting; in 
other cases, the animals were reanesthetized 5 to 7 weeks later for 
insertion of the graft into the SC at a time when RGC axons would 
have been expected to have regenerated to the distal end of the graft 
(Vidal-Sanz et al.. 1987). The most lateral Dart of the SC was exuosed 
by suction of the’overlying occipital cortex, taking care to leave’most 
of the surface of the SC covered by cortex in order to assure easy 
penetration of the SC by recording electrodes in the subsequent phys- 
iological experiments. The distal end of the PN graft, sometimes divided 
into two to three branches, was inserted with a fine glass probe or a 30 
gauge needle into the lateral aspect ofthe superficial SC, and was directed 
medially, parallel to the surface of the SC for about 0.5 mm. In the 
subsequent physiological experiments, we noted no obvious differences 
among recordings made from the SC reinnervated by RGC axons re- 
generated from the ipsilateral or contralateral eye. We also noted no 
obvious differences in functional reinnervation between animals pre- 
pared with one stage grafting or those in which insertion of the graft 
into the SC was delayed for several weeks after replacement of the ON 
by the nerve graft. 

To assess the success of the grafting procedure, the graft was exposed 
15-35 weeks after grafting in seven animals, and 30% wheat germ ag- 
glutinin horseradish peroxidase (WGA-HRP) diluted in 0.9% NaCl with 
1% dimethylsulfoxide was applied to the freshly transected graft 2 cm 
from the eye to retrogradely label RGCs with regenerated axons (Vidal- 
Sanz et al., 1987). Two days later, the animals were perfused with 0.9% 
NaCl followed by 4% paraformaldehyde in 0.1 M phosphate buffer. The 
retinas were removed, whole mounted, and reacted for the presence of 
HRP (Hanker et al., 1977) as described by Vidal-Sanz et al. (1987). The 
average total number of HRP labeled cells per retina was 304 f  54 
(SD) (range 243 to 384). 

Preparation of animals for physiological experiments. Physiological 
experiments were performed on a total of 46 grafted animals. We report 
here the results of successful experiments on 23 animals. Twenty-three 
to 60 weeks after the initial nerve graft, animals were anesthetized with 
urethane 25% (1.25 g/kg i.p.), which was supplemented as necessary 
throughout the experiment with additional doses of 0.25 g/kg i.p. The 
trachea was cannulated and the animals were allowed to breathe spon- 
taneously. The intact eye was enucleated to ensure that any visual re- 
sponses recorded in the reinnervated SC would be mediated by regen- 
erated RGC axons. The SC on the side of insertion of the nerve graft 
was exposed by careful aspiration ofthe overlying occipital cortex. Brain 
pulsations were minimized by incising the dura overlying the medulla. 
The animal’s temperature was maintained at 37°C throughout the ex- 
periment by a thermoregulated heating blanket. 

The animal was immobilized in the animal frame by a nose bar that 
left its visual field almost entirely unobstructed. This provided satis- 
factory stability for extracellular recording. The grafted eye was im- 
mobilized by three 6-O sutures in the conjunctiva attached to the animal 
frame. Pupillary dilatation that persisted for the duration of the exper- 
iment was obtained by application of 0.06% topical atropine, and a 
noncorrective contact lens was placed on the grafted eye to avoid de- 
hydration of the cornea. The exposed SC was covered with mineral oil. 

Nine intact female hamsters weighing 100-l 20 gm were prepared for 
terminal physiological experiments by aspiration of the occipital cortex 
overlying one side of the SC and enucleation of the ipsilateral eye. All 
procedures were otherwise the same as in the grafted animals. 

Recordings. Extracellular recordings were made with a glass-insulated 
carbon fiber electrode (Keirstead et al., 1989) coupled to two glass mi- 
cropipettes for iontophoretic injection. The carbon fiber in the recording 
electrode was electrolytically etched with 2 M KNO, to a tapered point 
extending 14-l 8 pm from the end of the glass capillary filled with 3 M 

NaCl. The other pipettes were filled with y-aminobutyric acid (GABA) 
(100 mM, pH 6.8, Sigma) and NaC13 M or Na glutamate (100 m&r, pH 
7.5, American Chemicals). The resistance of these two latter micropi- 
pettes ranged from 5 to 40 MQ. The NaCl electrode was occasionally 
used for a current control to verify that GABA effects were not due to 
passage of current. Iontophoresis of glutamate was used to elicit spon- 
taneous discharges in order to establish the presence of viable neurons 
in the silent areas of the SC that were frequently encountered in these 

The output of the recording amplifier was led to an audio monitor. 
Responses were stored on magnetic tape for subsequent off-line analysis. 
The analog recordings were digitized with a CED 140 1 unit (Cambridge 
Electronic Design), usually at a digitization rate of 25 psec/bin, and 
further processed with CED software. 

Location of visually responsive units. The recording electrode, held in 
a 3-D hydraulic micromanipulator, was initially placed about 200 rrn 
medial to the estimated site of insertion of the PN araft in the SC. A 
Grass photic stimulator was placed 10 cm in front of the grafted eve. 
and repeated penetrations to a depth of about 500 Frn below the surface 
of the SC were made at sites separated bv 100-200 urn until a resuonse 
to flash was obtained (Keirstead et al.,- 1989). A ‘translucent tangent 
screen, subtending approximately 120”, was then positioned 20 cm from 
the eye orthogonal to the projection of the optic disc as visualized by 
an ophthalmoscope. Units responsive to stimulation of a restricted vi- 
sual receptive field (RF) were sought by projecting spots of light on the 
screen, and RFs were defined for individual units using the audio mon- 
itor. Responses to static and moving spots comparable to the RF size 
were tested for individual units before, during, and after iontophoretic 
application of GABA in order to distinguish presynaptic responses in 
RGC axons from postsynaptic responses in neurons. 

Histology. At the conclusion of the experiment, a deep level of an- 
esthesia was verified and the animal was killed by perfusion with 0.9% 
NaCl followed by 4.0% paraformaldehyde in 0.1 M phosphate buffer. 
The brain was removed and stored in the same solution for at least 2 
d before being cut in coronal section and stained with cresyl violet and 
Luxol fast blue to verify the position of the graft tip. 

Results 
Unitary responses to light in the reinnervated SC of grafted 
animals 
We recorded 250 units with responses to illumination of defined 
visual fields. These units were found at a depth of no more than 
420 pm from the surface of the SC, as defined by the excursion 
of the micromanipulator after contact was made with the sur- 
face. This is within the boundaries of the retinorecipient su- 
perficial laminae ofthe SC (Chalupa, 1984, Mooney et al., 1985). 
Although spontaneously active units were frequently recorded 
more than 420 Mm below the surface, these were never respon- 
sive to light. 

Visual RFs of individual units ranged from 4 to 10” in di- 
ameter. We did not find units with clear directional sensitivity. 
Eighty-nine units responded to the onset oflight (ON responses), 
138 units responded to the offset of light (OFF responses), 17 
units responded to both the onset and offset of light (ON-OFF 
responses), and 6 units responded inconsistently to visual stim- 
uli. 

Pre- and postsynaptic components of the unitary responses 

A typical response to static illumination of a spot approximately 
4” in diameter is illustrated in Figure 1. The offset of light elicits 
a burst of impulses with initial frequency x 200 Hz. Each el- 
ement of the burst consists of an initial narrow negative spike 
followed by a second wider negative deflection (Fig. 2). Ionto- 
phoretic application of GABA reversibly eliminates the second 
component without having any effect on the initial spike. This 
suggests that the initial GABA-insensitive component of the 
response is presynaptic and that the latter component is post- 
synaptic. The use of iontophoresis of GABA as a device to 
distinguish pre- from postsynaptic responses implies no judg- 
ment as to the site of action of GABA. Iontophoretically applied 
GABA could attenuate or eliminate DostsvnaDtic resnonses ei- 

experiments. 
- <. 

Recordings were made with a band pass of 10 Hz to 5 kHz unless 
ther by a direct postsynaptic effect, or by a presynaptic effect 

otherwise noted in the figure legends. A 60 Hz notch filter was sometimes on excitatory transmitter release (Nicoll and Alger, 1979). I f  a 

introduced but caused no significant distortions in the potentials of presynaptic effect of GABA were to attenuate or prevent prop- 
interest. Negative polarity is represented as downwards in all recordings. agation of impulses into nerve terminals (Zhang and Jackson, 
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LIGHT ON 
200msec 

Figure 1. Unitary response to static illumination of a spot 4” in di- 
ameter recorded at a depth of 190 pm in a reinnervated SC 37 weeks “” 
after graft insertion. Bandpass 100 Hz to 5 kHz. 

1993), a change would be expected in the configuration of the 
initial spike. Such changes were not observed. 

During the initial part of the burst there was usually a transient 
increase in amplitude of the postsynaptic component with suc- 
cessive responses (Figs. 2, 3), suggesting synaptic facilitation 
similar to that seen at the neuromuscular junction (Hubbard, 
1963; Mallart and Martin, 1967). 

These records are similar in configuration to those that have 
been obtained from the frog tectum (Witpaard and ter Keurs, 
1975) and from various other areas in the nervous system where 
spike-triggered averaging has been used to reveal the much 
smaller electrical potentials generated by a single afferent axon 
and a population of target neurons within its terminal field 
(Appenteng et al., 1978, 1989; Taylor et al., 1978; Munson and 
Sypert 1979; Berger and Averill, 1983; Dick et al., 1988; Iwa- 
moto et al., 1990; Kirkwood et al., 1991, 1993; Schmid et al., 
1993). Responses recorded in this way characteristically consist 
of a short duration triphasic or biphasic mainly negative ter- 
minal potential (TP) interpreted as the discharge of an afferent 
axon or its terminal arborization, which is sometimes followed 
at a short latency by a longer duration focal synaptic potential 
(FSP) representing an extracellular reflection of the postsynaptic 
potentials elicited by monosynaptic connections of the afferent 
axon with target neurons. 

We take the presynaptic component of our records to repre- 
sent the discharge in a single RGC axon terminal because of (1) 
its unchanged amplitude and configuration throughout the burst; 
and (2) its brisk repetitive response similar to that recorded 
from RGCs in intact rodents (Brown and Rojas, 1965; Partridge 
and Brown, 1970; Mooney and Rhoades, 1990) and from re- 
generated axons of rodent RGCs (Keirstead et al., 1985, 1989). 
It is unlikely that the presynaptic recordings are from RGC 
axons recorded en passant distant from the terminal arboriza- 
tion. In repeated attempts we have found that the carbon fiber 
recording electrodes used in these experiments do not record 
unitary responses in either the graft itself or in the brachium of 
the SC of intact animals. 

We obtained further support for our interpretation of the 
individual elements of unitary bursts as TPs followed by FSPs 
by examining averaged records. Because the amplitude of the 
second component or FSP varied within a burst, ideal averaging 
would not have been achieved by indiscriminately using the 
invariant TP as a trigger to average all of the events within 
several bursts. For this reason, we averaged multiple single sweeps 
off line with reference to the peak of the second or third TP 
within each burst as the reference time marker (Fig. 4). Because 
the trigger was derived from the signal to be averaged, only 
recordings with an adequate signal to noise ratio could be used 
for averaging in this way. 

32 
WI 

33 

34 

35 

1 Omsec 

Figure 2. Successive OFF responses to repetitive light stimuli every 
3.1 set from the same unit as in Figure 1. Traces begin 125 msec after 
offset of light. Band pass 10 Hz to 5 kHz. Following application of 
GABA between trace 3 and 4, the second component of each unitary 
response is attenuated (truces 4 and 5) and then disappears on subse- 
quent traces. When GABA application is discontinued after approxi- 
mately 90 set, the second component of each unitary response gradually 
recovers, becoming larger between trace 33 and 34. The gradual atten- 
uation and recovery of the second component indicates that the effect 
of iontophoretic administration of GABA is not a current effect. Traces 
7 to 30, during which GABA was continuously applied, are omitted. 

The amplitude of the FSP decreased in response to application 
of GABA in a continuously dose-dependent manner with no 
concomitant effect on the shape or amplitude of the TP (Fig. 
4C). That the decrease in amplitude of the averaged single fiber 
FSP was not due to intermittent transmission failure is apparent 
from Figure 2 in which FSPs, visualized in single sweeps, are 
seen to decrease in amplitude immediately after administration 
of GABA and to recover gradually after GABA administration 
was stopped. 

In several cases it was possible to record from the same unit 
at multiple depths within a given electrode tract. Unitary bursts 
were elicited by repetitive transient illumination of the same 
spot on the screen as the recording electrode was vertically dis- 
placed in discrete steps. In the example illustrated in Figure 5A, 
the configurations of the TP and the FSP change independently, 
both being maximal approximately 200 pm beneath the surface 
of the colliculus. Although the amplitude of the second com- 
ponent changes with depth, its polarity remains negative 
throughout the approximately 200 pm over which it can be 
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A 

100 -I 

Figure 3. Amplitude of the initial pre- 
synaptic component (hollow circles) and 
of the subsequent postsynaptic com- 
ponent (filled circles) for successive re- 
sponses during the first 45 msec ofbursts 
elicited by static illumination of a spot 
for four units from four different ani- 
mals. A, OFF response, depth 110 pm; 
B, OFF response, depth 180 pm; C, ON 
response, depth 100 pm; D. ON re- 
sponse depth 400 pm. Three consecu- 
tive bursts elicited at an interval of 3.1 
set are illustrated for each unit. Time 
0 is the time of initiation of each burst. 
The amplitude of the presynaptic com- 
ponent remains stable while the am- 
plitude of the postsynaptic component 
is transiently increased at the beginning 
of each burst. 

recorded. In Figure W, an FSP following the TP is not apparent 
in the most superficial five records spanning 100 pm, but is seen 
in the lower two records. Similarly, the FSP was sometimes seen 
to persist at levels where the TP could no longer be recorded 
(upper four records of Figure 5A). In Figure 5A it appears that 
the terminal arborization giving rise to the TP lies beneath the 
region of the FSP within the superficial laminae of the SC, a TP 
without a subsequent FSP being apparent in the deeper records. 
In contrast, in Figure 5B the terminal arborization appears to 
lie above the region of the FSP. Regenerated RGC arbors pro- 
jecting vertically both upwards and downwards have been seen 
within the superficial laminae of the SC in anatomical studies 
of similarly prepared animals (Carter, 199 1). 

The configurations of 43 visually responsive units with am- 
plitudes large enough to permit reliable spike triggered averaging 
were studied in detail. Fo; 33 units it was possible to identify 
both a TP and FSP. The narrow biphasic or triphasic TP had 
an average half width of 164 ? 25 (SD) Ksec and peak-to-peak 
amplitude ranging from just above the usual noise level of 20- 
30 FV to a maximum of 17 1 PV (Fig. 4B). The initial positive 
deflection of the TP was always much smaller than the subse- 
quent major negative deflection. Latency to the FSP (measured 
as the time between the negative peak of the TP and the initial 
crossing of baseline of the negative deflection of the FSP-Fig. 
4B) averaged 263 rf: 63 (SD) psec (range 175-400 ksec), con- 
sistent with a monosynaptic delay. 

The average half width of the negative FSP was 988 -t 396 
(SD) psec. Measurement of the duration of the FSP was some- 
what uncertain because of the difficulty of accurately identifying 
the return to baseline, a difficulty that was increased because of 
the displacement of the baseline due to the field potential de- 
scribed below. However this duration was invariably more than 

I I I 
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0 20 40 

time 
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1 msec, ranging from 1.03 to 3.90 msec. The maximum FSP 
amplitude recorded was 188 KV. Sixteen out of 33 units had 
FSPs with amplitude greater than 80 PV. The depth beneath 
the surface at which the maximal FSP was recorded (as esti- 
mated from the excursion of the microelectrode from first con- 
tact with the surface) ranged from 0 wrn to 360 Km with a median 
of 150 pm. 

For nine units with well-defined RFs and amplitudes well 
above the noise level, a single GABA-resistant narrow spike was 
not followed by an obvious FSP. As is apparent from Figure 5, 
this did not necessarily mean that the presumed RGC axon 
spike was not associated with a postsynaptic component; a TP 
may be recorded alone less than 100 pm from a site where the 
associated FSP becomes apparent. One unit was found at the 
surface of the SC in which a relatively wide unitary response 
with the configuration of an FSP occurred in the absence of an 
obvious TP. This resembled the upper traces of Figure 5A. 

Postsynaptic action potentials elicited by RGC input 
Concomitant with the increase in amplitude of the FSP during 
the initial few responses of a burst, there was often an increase 
in baseline noise and spike-like activity superimposed on the 
falling phase of the FSPs as the burst continued (Figs. 4A, 6). 
As for the FSPs, this spike-like activity was reversibly abolished 
by application of GABA. During long bursts, the increased base- 
line noise and spike-like activity superimposed on the FSPs was 
maximal after two or three closely spaced unitary responses, 
became less prominent as the interval between unitary responses 
became greater, and became more prominent again if the in- 
terval between unitary responses decreased in the latter part of 
a burst (Fig. 6A). 
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Figure 4. A, Successive single sweeps in response to static illumination of a spot. Traces begin 125 msec after offset of light. Depth 210 pm. B, 
Averaged records (29 sweeps in this example) are obtained offline by using the peak of the second TP in each single sweep (asterisks in A and B) 
as the time reference. Amplitudes and durations of TPs and FSPs, and synaptic delays are measured from averaged records as shown. The baseline 
for the end of the FSP is displaced slightly downward because of a negative field potential (see Fig. 7). C, Changes in configuration of this unitary 
response with increasing doses of GABA. The FSP amplitude decreases continually in a dose-dependent manner but the TP is unaffected. 

The spike-like activity superimposed on the FSP must rep- 
resent firing of individual neurons (or possibly dendrites) that 
participate in generation of the FSP. For the most part, this 
activity is relatively small in amplitude, only slightly greater 
than the baseline noise. However, occasional responses were 
seen, as in Figure 6B, in which spikes with amplitude greater 
than 100 PV arose from FSPs. The smaller amplitude spike-like 
activity presumably represents firing of dendrites or neurons 
relatively remote from the recording electrode, the larger spikes 
firing of neurons close to the electrode. Because individual spikes 
differ in amplitude and configuration, they must represent ac- 
tivity arising in different excitable structures. This is consistent 
with the possibility that a burst of activity in a single RGC can 
eventuate in activation of several postsynaptic neurons with 
which it makes synaptic connections. The timing of the spike- 
like activity, invariably beginning just after the crest of the FSP 
after two or three closely spaced RGC impulses in a burst, 
suggests temporal summation of EPSPs in postsynaptic neurons 
such that threshold for firing of individual neurons can be at- 
tained after two or three afferent impulses separated by less than 

10 msec. We did not record examples of discharges in postsyn- 
aptic neurons following TPs on a consistent 1: 1 basis. 

Field potentials elicited by RGC input 

When successive responses to static illumination were averaged 
with respect to the onset or offset of illumination, a small and 
persistent negative deflection from the baseline characteristi- 
cally began in association with the bursting unitary response 
(Fig. 7). This negative slow wave was sometimes followed by a 
positive slow wave. When individual sweeps were averaged so 
as to bring the first spike in the burst into temporal alignment 
for each iteration (Fig. 7C), the onset of the slow wave or field 
potential was invariably found not to begin until immediately 
after the first spike in the spike train: This suggests that responses 
to other simultaneously activated axons did not contribute to 
the field potential, presumably because the exact time of onset 
of bursting in any other nearby axons would vary from iteration 
to iteration. This field potential could, thus, be entirely due to 
input from a single RGC axon. The amplitude of the initial 
negative component of this field potential ranged from 19 to 35 
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Figure 6. Spike-like activity arising from FSPs in single sweeps in 
response to static illumination of a spot. Recordings from units from 
two different animals. A, An OFF response. Depth 200 pm. Note in- 
crease in baseline noise after closely spaced impulses in RGCs (arrows) 
and spike-like responses that are not TPs (asterisk). B, Three ON re- 
sponses with multiple associated spike-like responses (asterisks) arising 
from FSPs. Depth 100 Frn. 
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Figure 5. Averaged records (30 sweeps) obtained at successive depths 
for units from two different animals. Repetitive static illumination of 
a spot was maintained as the electrode position was changed. The av- 
eraged records represent the second response in each successive spike 
train obtained as in Figure 4A and B. Successive responses are arbitrarily 
aligned in time with respect to the peak of the TP except for the top 
four records in A that are aligned with respect to the peaks of their FSPs 
and the FSP in the record at depth 150 pm. A, Unit with an OFF 
response. B, unit with an ON response. 

FV and its duration ranged from 23 to 55 msec (n = 5). It was 
abolished by application of GABA. 

Extent of innervation of the SC 
Individual regenerated RGC axons innervating the SC were 
identified by virtue of their discrete receptive fields and response 
characteristics (i.e., ON, OFF, or ON-OFF). Brisk responses to 
illumination of apparently identical RFs were sometimes seen 
at recording sites separated by 150 Km or less in the horizontal 
plane. We interpret such observations (52 cases in 17 animals) 
as probably representing adjacent recordings from the same ter- 
minal arbor which can extend for 150 pm or more in the hor- 
izontal plane. Such adjacent recordings from the same terminal 
arbor are demonstrated more explicitly in successive recordings 
in the vertical plane (Fig. 5). The number of clearly distinguish- 
able RGC axons recorded from the reinnervated SC of individ- 
ual animals ranged from 4 to 63, the largest number being re- 
corded in an animal 60 weeks after a graft was directed from 
the eye to the contralateral SC in a single stage procedure. In 
this most extensively reinnervated animal, innervation extend- 
ed for 1.2 mm in the mediolateral direction and 0.8 mm in the 
anteroposterior direction. The area within which responses could 
be recorded was approximately 0.95 mm*. For purposes of com- 

parison we found in one intact hamster that the surface area of 
the SC within which we could find sites responsive to visual 
stimulation was approximately 2.6 mm2. It, thus, appears that 
the most extensive reinnervation of the SC that we observed 
covered approximately a third of the surface area of the SC. 

At some recording sites where responses were found to diffuse 
flash, it proved impossible to demonstrate responses to illu- 
mination of visual RFs, despite careful systematic search of the 
entire visual field with projected spots of various sizes. Such 
responses to flash were frequently ill defined, and sometimes 
fatigued on repeated stimulation. They were more easily rec- 
ognized by ear on the audio monitor than by eye on the oscil- 
loscope screen. 

Histology 
In all successful experiments on grafted animals, the position 
of the graft tip was found to be appropriately located no deeper 
than 400 Mm below the surface of the SC within the stratum 
griseum superficialis or the stratum opticum. In 9123 animals 
in which no responses to visual stimulation could be found, the 
graft tip was found to be more than 600 wrn below the surface 
of the SC, and in a further five animals the graft tip was found 
to have become detached from the SC. 

Responses in the SC of intact animals 
The sparseness of innervation of the SC by regenerated RGC 
axons permitted positioning of the recording electrode so as to 
record discharges from the terminals of single RGC axons in 
response to illumination of a restricted visual RF. Identification 
of single units with carbon-fiber recording electrodes was much 
more difficult in the normally innervated SC, where multiunit 
discharges were invariably recorded in response to illumination 
of restricted RFs. Individual elements within these discharges 
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Figure 8. Field potentials (average of 25 sweeps at depth 50 pm) fol- 
lowing both onset and offset of light in a normally innervated SC (band- 
pass 0.5 Hz to 5 kHz). The visual stimulus was a static spot 4” in diameter 
delivered every 3.1 sec. 
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cm’ 
20msec 

Figure 7. Field potentials in response to static illumination of a spot 
4” in diameter recorded at a depth of 2 10 pm in a reinnervated SC. A, 
Single sweeps at intervals of 3.1 set beginning 130 msec after the offset 
of light (bandpass 0.5 Hz to 5 kHz). B, Averaged records (n = 118), 
each sweep beginning 130 msec after onset of light as in A. C, Averaged 
records (n = 87) using the peak of the first TP in each burst as the time 
reference for averaging. The latter method of averaging indicates that 
the beginning of the field potential does not precede the first impulse 
in the spike train. 200 WV voltage calibration for A; 50 WV voltage 
calibration for B and C. 

were usually biphasic with an initial negative deflection, had 
half-widths of approximately 200 Fsec, and were almost in- 
variably abolished by iontophoretic application of GABA if 
their amplitude was larger than 20-30 NV, these were presum- 
ably spikes generated in postsynaptic neurons. The small spikes 
that persisted after application of GABA could have been TPs 
of RGC axonal arbors. The possible presence of FSPs as seen 
in the reinnervated SC was almost invariably obscured by the 
multiunit activity. The onset of multiunit activity in response 
to static illumination of a restricted area of the visual field was 
associated with the onset of complex, initially negative field 
potentials that followed both the onset and offset of light (Fig. 
8). These potentials, probably elicited by activation of several 
RGCs, were larger (amplitude 61-400 pV) and longer in du- 
ration (70-336 msec) than the similar field potentials elicited 
by single fiber inputs in the reinnervated colliculus. 

In order to assess the response to single RGC afferents in 
intact animals, an attempt was made to reduce the number of 
RGCs afferent to the SC by making an intracranial lesion of the 
contralateral ON with a pair of ophthalmic scissors just anterior 
to the chiasm where there is minimal topological organization 
(Simon and O’Leary, 199 1). A lesion at this point in the nerve 
would be expected to reduce the RGC input uniformly to all 

parts of the contralateral SC. Figure 9 illustrates the response 
to illumination of a restricted visual RF in such a partially 
denervated SC. The response is initiated by two potentials sim- 
ilar in amplitude and duration to FSPs elicited by the discharge 
of single regenerated RGC axons. The response then becomes 
more complex with superimposition of several FSP-like poten- 
tials and spike-like activity, presumably reflecting firing of other 
neighboring RGC axons and SC neurons. Application of GABA 
abolished all of the activity except for small narrow potentials 
at just above the level of the amplifier noise that were presum- 
ably TPs generated in normal RGC terminal arbors. 

Because of the difficulty of unequivocally identifying such 
nonspiking subthreshold responses as responses to single affer- 
ents, we were able to compile only a limited amount of data 
concerning the amplitude and duration of single fiber FSPs in 
intact animals. For five single fiber FSPs identified with rea- 
sonable certainty (as for the first two responses in the upper 
record of Fig. 9), the amplitude ranged from 43 to 76 pV, the 
duration ranged from 2.05 to 3.65 msec, and the average half- 
width was 1.46 f 0.25 (SD) msec. These values are comparable 
to those found in the reinnervated animals. 

Control 

+60nA GABA V 

b 200/d 

t f f f Smsec 
Figure 9. Response to static illumination of a spot 4” in diameter 
recorded at a depth of 50 pm in a partially denervated SC before and 
during administration of GABA. The onset of light precedes the sweep 
by 60 msec. The response (upper truce) is initiated by two potentials 
with the appearance of single fiber FSPs which, although not preceded 
by TPs, are presumably elicited by a discharge in a single RGC terminal 
as in the upper records of Figure 5A. These FSPs are followed by two 
larger FSP-like potentials each of which is associated with a preceding 
TP just above the noise level that persists during administration of 
GABA (arrows in lower truce). These TPs presumably arise from a 
second RGC axon terminal. The third and fourth FSPs in the upper 
trace may be composite FSPs generated by input from two or more 
RGC axon terminals, the burst in the second terminal beginning about 
10 msec after the burst in the first (the first two spikes of which elicited 
the first two FSPs in the trace). Towards the end of the trace, multiple 
pre- and postsynaptic responses overlap. 
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The principal findings of these limited experiments on nor- 
mally innervated colliculi were that (1) RGC TPs comparable 
in amplitude to those seen in the reinnervated SC were not 
observed; and (2) the amplitudes and durations of FSPs elicited 
by RGC axons in the normally innervated SC are comparable 
to those elicited in the reinnervated SC. 

Discussion 
These experiments have shown that the terminals of individual 
regenerated RGC axons synapse with neurons within the su- 
perficial retinorecipient layers of the SC, in some cases with 
sufficient potency that the input from a single RGC can elicit 
spikes from cells that it contacts. 

Characteristics of pre- and postsynaptic potentials evoked by 
single regenerated axons in the reinnervated SC 
Terminal potentials. The potential recorded from an RGC ter- 
minal arbor presumably reflects simultaneous depolarization of 
many terminal branches that have a much larger surface area 
of excitable membrane than does the parent axon. During nor- 
mal development, RGC axons innervating the hamster SC give 
rise to arbors with diameters of up to several hundred microm- 
eters within the superficial laminae (Sachs and Schneider, 1984; 
Mooney and Rhoades, 1990; Carter, 199 1). RGC axons regen- 
erating in the SC are larger in diameter (average 1.5-2.5 wrn) 
than those of normal RGC axons within the SC (average 0.7- 
0.9 pm), but regenerated terminal arbors are more constricted 
and denser than those of normal axons (Carter et al., 199 1 b, 
Carter, 199 1). Although the extent of terminal arbors is reduced 
in both anteroposterior and dorsoventral planes, the total num- 
ber of synaptic boutons per arbor is as great in some regenerated 
arbors as in normal arbors, and the bouton density per unit 
volume is increased more than lo-fold within terminal arbors 
of regenerated axons (Carter, 1991; Carter et al. 1991b). The 
much larger amplitude of TPs recorded from regenerated RGC 
axon terminals (up to 17 1 MV) in comparison to those recorded 
from intact axon terminals (which were seldom above the noise 
level of 20-30 pV) may, thus, reflect both the larger diameter 
of the parent axon and a particularly large surface area of ex- 
citable membrane per unit volume, some ofwhich is contributed 
by the terminal boutons. TPs with amplitudes larger than the 
noise level were recorded from regenerated single RGC fibers 
over vertical distances of up to 200 Km (Fig. 5). This distance 
is consistent with the length of some terminal arbors visualized 
in the reinnervated SC (Carter, 1991). Adjacent penetrations 
separated horizontally by 150 pm also sometimes appeared to 
record from the same RGC arbor. 

Focal synaptic potentials. Because the FSP is graded in its 
response to administration of GABA, it cannot represent an all 
or none discharge of a single cell. Could the FSP represent firing 
of a group of cells? The first FSP in a train of responses is 
invariably smaller than subsequent FSPs and would, thus, be 
less likely to conceal spike-like activity if such activity were 
contributing to the FSP. The appearance of spike-like activity 
arising from the FSPs after the first two or three impulses of a 
burst, but not after the first impulse, suggests that firing of neu- 
rons does not contribute significantly to the FSPs. We, thus, 
conclude that FSPs reflect primarily subthreshold postsynaptic 
potentials. 

A negative single fiber FSP is thought to reflect inward flow 
of current across soma or dendrites of cells in the vicinity of 
the recording electrode (see Kirkwood et al., 1993, for review) 

and, thus, represents EPSPs in the neuron pool innervated by 
the afferent axon. For a number of reasons it is likely that FSPs 
elicited by activity in regenerated RGC axons represent an ex- 
tracellular summation of currents generated by EPSPs in several 
SC neurons rather than a response in a single neuron: (1) the 
amplitude of the FSP, as great as 188 hV, is extraordinarily large 
for an extracellular, nonspiking response from a single neuron. 
FSPs of 50 PV or less in the vicinity of the termination of Ia 
afferents to a homonymous motoneuron pool (Munson and Syp- 
ert, 1979) reflect an extracellular summation of currents gen- 
erated by EPSPs of up to several hundred I.LV that can be suc- 
cessively recorded from individual cells among the large number 
of motoneurons contacted by the same afferent (Mendell and 
Henneman, 197 1); (2) this response can be continually recorded 
as the position of the recording electrode changes by as much 
as 200 km (Fig. 5); (3) the polarity of the response remains 
negative at all recording sites, rather than changing, as would 
be expected if the recording electrode were moving with respect 
to sources and sinks of current in a single cell rather than a 
population of cells; (4) spikes with multiple configurations, pre- 
sumably arising from several different structures, sometimes 
arose from the falling phase of successive FSPs within a single 
spike train (Fig. 6). We think it reasonable to conclude, on the 
basis of the evidence summarized above, that regenerated RGC 
axons functionally contact several SC neurons within their ter- 
minal field, although it must be acknowledged that definitive 
proof of this assertion would require sequential intracellular 
recording from multiple SC neurons. Our interpretation of the 
physiological recordings is consistent with the morphological 
finding that individual regenerated RGC axon terminals can 
make synapses with multiple dendrites that may belong to sev- 
eral SC neurons within their field of terminal innervation (Carter 
et al., 1989, 1994). 

Spike generation. Generation of spikes after two or three im- 
pulses implies temporal summation to threshold of EPSPs, as 
has been observed for cells in the dLGN firing under the influ- 
ence of single RGC inputs (Mastronarde, 1987). Such temporal 
summation would be expected to occur if the amplitude of the 
EPSPs were close to threshold and if the membrane time con- 
stant of the SC neurons excited by RGC axons were comparable 
to the interspike interval of the afferent input, i.e., as little as 
5-6 msec at the beginning of some RGC bursts (see Figs. 2, 4, 
6, 7). How well does this correspond to the amplitude and time 
course of the observed FSPs? 

Although there is no experimental data available concerning 
the amplitude of single fiber EPSPs elicited by single RGC in- 
puts, it is likely that the large amplitude of FSPs found in the 
reinnervated SC in response to excitation of individual RGCs 
bespeaks correspondingly large EPSPs in SC neurons. The av- 
erage amplitude of single fiber FSPs elicited by Ia afferents in 
motor neurons is only 8 KV (Collins et al., 1986), but the cor- 
responding EPSPs may be as large as several hundred PV (Men- 
dell and Henemann, 197 1). If the amplitude of some single fiber 
EPSPs is correspondingly greater than that of the largest re- 
corded FSPs, which we found to be close to 200 NV in the 
reinnervated SC, it is possible that individual fiber EPSPs in 
the reinnervated SC would also substantially exceed 1 mV. EPSPs 
of amplitude * 1 mV elicited by single retinal afferents have 
been observed in retinorecipient neurons in the frog tectum 
(Nagano et al., 1988). 

The inward membrane currents giving rise to negative FSPs 
presumably flow across the dendrites and dendritic spines of SC 
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neurons that are the sites of synaptic input from both normal 
and regenerated RGC axons (Carter et al. 199 la, 1994). The 
extracellularly recorded FSP is not simply a mirror image of 
EPSPs within the terminal field of the afferent axon but may, 
in its time course, more precisely reflect the more rapidly chang- 
ing membrane current. The durations of the putatively large 
EPSPs elicited by single RGC inputs in SC neurons may, thus, 
be considerably longer than the duration ofup to 3.9 msec found 
for FSPs in the reinnervated SC, certainly consistent with the 
temporal summation to threshold observed when interspike in- 
tervals fell to 5-6 msec. 

Nature and extent of reinnervation of the SC b.v regenerating 
axons 
The strength of the regenerated synaptic contacts in the SC is 
reminiscent of the highly effective synapses between RGCs and 
their retinorecipient neurons in the mammalian dorsolateral 
geniculate nucleus (dLGN), where inputs from single cat RGC 
axons can give rise to firing in postsynaptic neurons (Bishop et 
al., 1962; Cleland et al., 1971; Mastronarde, 1987). Modelling 
studies suggest that dendritic inputs from single RGC axons can 
give rise to somatic EPSPs with amplitudes of several mV in 
relay neurons in the feline dLGN (Bloomlield and Sherman, 
1989). 

In the absence of intracellular recordings, it is not possible to 
compare the effectiveness of individual RGC inputs to SC neu- 
rons in the intact and reinnervated SC. In the reinnervated SC, 
RGC axon terminals synapse on dendrites and dendritic spines 
of SC neurons in the same proportions as in intact animals, and 
the ultrastructural properties of individual regenerated and nor- 
mal retinocollicular synapses are strikingly similar except for 
some increase in length and area of the regenerated synapses 
(Carter et al., 1991a; 1994). However, comparisons have not 
been made between the number of RGC synapses investing SC 
neurons in intact animals and in animals with retinocollicular 
nerve grafts. Because constriction of the arbors of regenerated 
RGC axons is not accompanied by any reduction in the total 
number of synaptic boutons per arbor ( Carter, 199 1; Carter et 
al., 199 1 b), the same number of synapses per regenerated af- 
ferent axon may be distributed over a more limited number of 
retinorecipient neurons in the reinnervated SC, thus enhancing 
the synaptic drive from individual RGCs on those SC neurons 
that are reinnervated. It is also possible that multiple synapses 
are selectively made on certain neurons within the terminal field, 
completely bypassing others, as is the case for the innervation 
of dLGN neurons by feline RGC axons (Hamos et al., 1987). 

The responsiveness of SC neurons to input from regenerated 
RGCs is not necessarily the same as that of such neurons to 
direct RGC input in intact animals. Following ON section, all 
indirect visual inputs to SC neurons from multiple other areas 
such as lateral geniculate, visual cortex, and pretectal nuclei 
(Huerta and Harting, 1984) are permanently interrupted, and 
these inputs cannot modulate the responses of SC neurons to 
regenerated direct retinal input as in the intact animal (Chalupa, 
1984). Furthermore, the observation that the RF size of SC 
neurons in intact animals can be dramatically and reversibly 
manipulated by the administration of amphetamine (Grasse et 
al., 1993) indicates that the efficacy of RGC inputs on SC neu- 
rons can vary over extremely wide limits. 

The invariable localization of the TPs and FSPs to the su- 
perficial 420 pm of the SC is in agreement with the morpho- 
logical studies that have shown that regenerated RGC axons 

directed into the SC arborize and make synapses almost exclu- 
sively within the superficial retinorecipient laminae (Carter et 
al. 1989, 1994; Carter, 199 1). The distribution of FSPs elicited 
by regenerated RGC fibers from the most superficial to the 
deepest levels of the superficial laminae is similar to the distri- 
bution of visually responsive neurons in the intact SC (Tiao and 
Blakemore, 1976b; Finlay et al. 1978; Mooney and Rhoades, 
1985) and indicates that neurons at all levels of the superficial 
SC can be activated by regenerated RGC axon terminals. 

The few hundred RGCs that regenerated their axons into PN 
grafts (see Materials and Methods) represent only a very small 
proportion of the approximately 1 O5 RGCs in the intact hamster 
retina (Tiao and Blakemore, 1976a). Nonetheless, the area rein- 
nervated by the axons emerging from the tip of a nerve graft 
can extend for more than 1 mm in its largest dimension and 
may cover as much as one-third of the surface area of the SC. 
These electrophysiological findings are in agreement with mor- 
phological studies that show that regenerated RGC axons extend 
an average distance of more than 700 pm from the graft tip 4- 
6 months after its insertion into the SC (Carter et al., 1994). It 
appears that each regenerated axon makes synaptic contacts with 
many postsynaptic neurons, the overall sparseness of innerva- 
tion being partly compensated by this synaptic divergence and 
by the efficacy of individual synapses in this retinofugal system. 
The number and proportion of neurons within the field of in- 
nervation that can be excited by visual stimulation may be 
substantially larger than the number and proportion of RGCs 
with regenerated axons. 

Functional implications 
The limited innervation of the midbrain by regenerating RGC 
axons in this experimental paradigm appears to be sufficient to 
subserve simple visual behavioral responses. Pupillary re- 
sponses to light are mediated by PN grafts directed from the 
eye to the olivary pretectal nucleus in the rat (Thanos, 1992), 
and hamsters with similar grafts directed from the eye to the 
ipsilateral SC develop light avoidance behavior in a condi- 
tioned-avoidance response paradigm (Sasaki et al., 1993). These 
findings are similar to those in experiments in which fetal retinae 
transplanted to the brains of neonatal rats innervate various 
retinorecipient nuclei in the brainstem (Lund et al., 1991). Il- 
lumination of such retinal transplants can drive the pupillary 
light response (Klassen and Lund, 1987, 1990) and can elicit a 
conditioned suppression response in a Pavlovian conditioning 
paradigm (Coffey et al., 1989). 

Behavioral responses to light in these experimental paradigms 
imply transmission of information forward within the nervous 
system beyond the tectal neurons contacted by regenerated RGC 
axons. Because such neurons can, as we have shown, be excited 
by inputs from single RGCs, integration of multiple regenerated 
inputs at the level of the retinorecipient cell is not a requirement 
for onward transmission of information. Furthermore, because 
it appears that single regenerated RGC axons can effectively 
contact multiple SC neurons, a restricted number of RGCs with 
regenerated axons may be capable of driving a much larger 
number of neurons in the CNS with ensuing behavioral con- 
sequences. 

To what extent are our findings relevant to the possibility of 
reconstruction of behaviorally functional circuitry in other path- 
ways in the CNS? A unique feature of the visual system is the 
possibility of transmission of information on the basis of 1: 1 
transmission from RGC axons to retinorecipient neurons. This 
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may be an important component of the capacity of the visual 
system for functional regeneration. Most excitatory synapses in 
the mammalian CNS give rise to EPSPs that are in the range 
of tens or exceptionally hundreds of yV. Onward transmission 
of information from most cells in the CNS, even unmodified 
by the subtleties of synaptic modulation, ordinarily demands 
integration of multiple inputs in order to reach threshold for 
firing. For most pathways in the mammalian CNS, the require- 
ments for recreation of functional circuitry may be much more 
exigent than those in the retinofugal system, demanding not 
dnly reformation of individual synapses with properties resem- 
bling those in the intact animal, but integration of many such 
synapses to allow both temporal and spatial summation of re- 
generated inputs. 
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