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Regenerated
synaptic connections
in the damaged
mammalian visual system were studied in adult hamsters in which
retinal ganglion cells (RGCs) regrew their axons through autologous 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 reinnervated 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 arborization,
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 dosedependent
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 experiments indicate that terminal arborizations
of individual
regenerated
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]
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planted to the surfaceof the neonataltectum (Simonsand 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 placedsideby side in vitro (BZhr
and Eschweiler, 1991, 1992).
In all of theseexperimental situations,functional innervation
of the tectum wasestablishedby the demonstrationof excitation
of postsynaptic neuronsin responseto electrical stimulation of
the afferent RGC axons (Keirstead et al., 1989, Btihr and Eschweiler, 1991, 1992) or to diffuse illumination of the transplanted or in situ retina (Simonsand Lund, 1985; Keirstead et
al., 1989). Becausetheseprocedureswould indiscriminately activate many RGCs or RGC axons, no assessment
could be made
of the extent of convergenceof 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 activity of multiple target neurons.
In the present study, we have recorded responsesto light in
the SC reinnervated from the retina via a peripheral nerve graft
usinga method that permits: (1) discrimination of responsesin
postsynaptic neurons from responsesin RGC axons; and (2)
demonstration of both sub- and suprathresholdpostsynaptic
responsesin SC neuronsto inputs from singleregeneratedRGC
axons. We find that individual regeneratedRGC axons make
excitatory synapseswith several SC neurons, and that in some
cases,input from a singleRGC is sufficient to drive postsynaptic
SC neuronsto threshold for excitation.
These electrophysiological investigations of regeneration of
retinocollicular connectionsvia peripheral nerve grafts complement concomitant morphologicalstudiesthat have demonstrated infiltration of the SC by regeneratingRGC axons, formation
of axonal terminal arbors, and establishmentof synapseson
neuronsin the retinorecipient laminae of the SC (Vidal-Sanz et
al., 1987, 1991;Carteretal., 1989, 1991a,b, 1994;Carter 1991).
Materials

and

Methods

of animals with peripheral
nerve grafts. Peripheralnerve
(PN) graftslinkingthe eveand the SCwereDreDared
in 90-120-d-old
fern& goldenhamsters
(Mesocricetus
aura&)
&eight loo-120 gm)as
described
by Carteret al. (1989).Underanesthesia
with pentobarbital
(35mg/kgi.p.), theoptic nerve(ON)wastransected
at thesclera,taking
careto preservethe ophthalmicartery, and a segmentof autologous
peronealnerve 2-2.5 cm in lengthexcisedfrom the contralateralleg
wassuturedto the stumpof the cut ON. Immediatelyfollowinganastomosisof the PN graft to the eye,the retina of the graftedeyewas
observedandanimalswith ischemicretinaswerediscarded.
The nerve
graft restedon the dura alonga groovemadein the skull,extending
Preparation

666

Sauvh

et al. - Regenerated

Synapses

in Adult

Hamster

Superior

Colliculus

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 physiological 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 regenerated from the ipsilateral or contralateral eye. We also noted no
obvious differences in functional reinnervation between animals prepared 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 assessthe success of the grafting procedure, the graft was exposed
15-35 weeks after grafting in seven animals, and 30% wheat germ agglutinin 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 (VidalSanz 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 spontaneously. The intact eye was enucleated to ensure that any visual responses recorded in the reinnervated SC would be mediated by regenerated 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 experiment 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 satisfactory stability for extracellular recording. The grafted eye was immobilized by three 6-O sutures in the conjunctiva attached to the animal
frame. Pupillary dilatation that persisted for the duration of the experiment was obtained by application of 0.06% topical atropine, and a
noncorrective contact lens was placed on the grafted eye to avoid dehydration 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 micropipettes 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 micropipettes 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 spontaneous discharges in order to establish the presence of viable neurons
in the silent areas of the SC that were frequently encountered in these
experiments.
Recordings were made with a band pass of 10 Hz to 5 kHz unless
otherwise noted in the figure legends. A 60 Hz notch filter was sometimes
introduced but caused no significant distortions in the potentials of
interest. Negative polarity is represented as downwards in all recordings.

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 visual receptive field (RF) were sought by projecting spots of light on the
screen, and RFs were defined for individual units using the audio monitor. 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 anesthesia 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 reinnervatedSC 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 surface. This is within the boundaries
of the retinorecipient
superficial 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 responsive to light.
Visual RFs of individual
units ranged from 4 to 10” in diameter. 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 stimuli.

Pre- and postsynapticcomponentsof 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 element of the burst consists of an initial narrow negative spike
followed by a second wider negative deflection (Fig. 2). Iontophoretic 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 postsynaptic. The use of iontophoresis
of GABA as a device to
distinguish
pre- from postsynaptic responses implies no judgment as to the site of action of GABA. Iontophoretically
applied
GABA could attenuate or eliminate DostsvnaDtic
resnonses
ei<.
ther by a direct postsynaptic effect, or by a presynaptic effect
on excitatory transmitter release (Nicoll and Alger, 1979). If a
presynaptic effect of GABA were to attenuate or prevent propagation of impulses into nerve terminals (Zhang and Jackson,
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200msec
LIGHT ON
Figure 1. Unitary response
to staticilluminationof a spot4” in di-

ameterrecordedat a depthof 190pm in a reinnervatedSC37 weeks
after graft insertion.Bandpass
100Hz to 5 kHz.

1993), a changewould be expected in the configuration of the
initial spike. Such changeswere not observed.
During the initial part of the burst there wasusually a transient
increasein amplitude of the postsynaptic component with successiveresponses(Figs. 2, 3), suggestingsynaptic facilitation
similar to that seenat the neuromuscularjunction (Hubbard,
1963; Mallart and Martin, 1967).
Theserecordsare similar in configuration to those that have
been obtained from the frog tectum (Witpaard and ter Keurs,
1975)and from various other areasin the nervous systemwhere
spike-triggered averaging has been used to reveal the much
smallerelectrical potentials generatedby a singleafferent 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; Iwamoto 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 terminal potential (TP) interpreted as the dischargeof an afferent
axon or its terminal arborization, which is sometimesfollowed
at a short latency by a longer duration focal synaptic potential
(FSP) representingan extracellular reflection of the postsynaptic
potentials elicited by monosynaptic connectionsof the afferent
axon with target neurons.
We take the presynaptic component of our records to represent the dischargein a singleRGC axon terminal becauseof (1)
its unchangedamplitude and configuration throughout the burst;
and (2) its brisk repetitive responsesimilar to that recorded
from RGCs in intact rodents(Brown and Rojas, 1965;Partridge
and Brown, 1970; Mooney and Rhoades, 1990) and from regeneratedaxons of rodent RGCs (Keirstead et al., 1985, 1989).
It is unlikely that the presynaptic recordings are from RGC
axons recordeden passant distant from the terminal arborization. In repeatedattempts we have found that the carbon fiber
recording electrodesused in these experiments do not record
unitary responsesin either the graft itself or in the brachium of
the SC of intact animals.
We obtained further support for our interpretation of the
individual elementsof unitary bursts asTPs followed by FSPs
by examining averaged records. Becausethe amplitude of the
secondcomponentor 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
severalbursts.For this reason,weaveragedmultiple singlesweeps
off line with reference to the peak of the secondor third TP
within eachburst asthe referencetime marker (Fig. 4). Because
the trigger was derived from the signal to be averaged, only
recordingswith an adequatesignalto noise ratio could be used
for averagingin this way.

“”

32
WI
33

34

35

1Omsec
Figure 2. Successive
OFF responses
to repetitivelight stimulievery

3.1 set from the sameunit asin Figure1. Tracesbegin125msecafter
offsetof light. Bandpass10 Hz to 5 kHz. Followingapplicationof
GABA betweentrace 3 and4, the secondcomponentof eachunitary
response
is attenuated(truces 4 and 5) and thendisappears
on subsequenttraces.WhenGABA applicationis discontinuedafter approximately90set,thesecond
componentof eachunitaryresponse
gradually
recovers,becominglargerbetweentrace33and34. The gradualattenuationandrecoveryof the secondcomponentindicatesthat the effect
of iontophoreticadministrationof GABA isnot a currenteffect.Traces
7 to 30, duringwhichGABA wascontinuouslyapplied,areomitted.
The amplitude of the FSPdecreasedin responseto application
of GABA in a continuously dose-dependentmanner with no
concomitant effect on the shapeor amplitude of the TP (Fig.
4C). That the decreasein amplitude of the averagedsinglefiber
FSP wasnot due to intermittent transmissionfailure is apparent
from Figure 2 in which FSPs, visualized in singlesweeps,are
seento decreasein amplitude immediately after administration
of GABA and to recover gradually after GABA administration
was stopped.
In several casesit waspossibleto record from the sameunit
at multiple depthswithin a given electrodetract. Unitary bursts
were elicited by repetitive transient illumination of the same
spot on the screenas the recording electrodewas vertically displacedin discretesteps.In the exampleillustrated in Figure 5A,
the configurationsof the TP and the FSP changeindependently,
both beingmaximal approximately 200 pm beneaththe surface
of the colliculus. Although the amplitude of the secondcomponent changes with depth, its polarity remains negative
throughout the approximately 200 pm over which it can be
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3. Amplitude of the initial presynaptic component (hollow circles) and
of the subsequent postsynaptic component (filled circles) for successive responses during the first 45 msec ofbursts
elicited by static illumination of a spot
for four units from four different animals. A, OFF response, depth 110 pm;
B, OFF response, depth 180 pm; C, ON
response, depth 100 pm; D. ON response depth 400 pm. Three consecutive 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 component remains stable while the amplitude of the postsynaptic component
is transiently increased at the beginning
of each burst.

k

Figure

recorded.In Figure W, an FSP following the TP is not apparent
in the most superficialfive recordsspanning100pm, but is seen
in the lower two records.Similarly, the FSP wassometimesseen
to persist at levels where the TP could no longer be recorded
(upper four records of Figure 5A). In Figure 5A it appearsthat
the terminal arborization giving rise to the TP lies beneath the
region of the FSP within the superficiallaminae of the SC, a TP
without a subsequentFSP being apparentin the deeperrecords.
In contrast, in Figure 5B the terminal arborization appearsto
lie above the region of the FSP. RegeneratedRGC arbors projecting vertically both upwardsand downwardshave beenseen
within the superficial laminae of the SC in anatomical studies
of similarly prepared animals (Carter, 1991).
The configurations of 43 visually responsiveunits with amplitudeslargeenoughto permit reliable spiketriggeredaveraging
were studied in detail. Fo; 33 units it was possibleto identify
both a TP and FSP. The narrow biphasic or triphasic TP had
an averagehalf width of 164 ? 25 (SD) Ksecand peak-to-peak
amplitude ranging from just above the usual noise level of 2030 FV to a maximum of 171 PV (Fig. 4B). The initial positive
deflection of the TP was always much smaller than the subsequent major negative deflection. Latency to the FSP (measured
asthe time betweenthe negative peak of the TP and the initial
crossingof baselineof the negative deflection of the FSP-Fig.
4B) averaged 263 rf: 63 (SD) psec(range 175-400 ksec), consistentwith a monosynaptic delay.
The averagehalf width of the negative FSP was 988 -t 396
(SD) psec.Measurementof the duration of the FSP was somewhat uncertain becauseof the difficulty of accurately identifying
the return to baseline,a difficulty that was increasedbecauseof
the displacementof the baselinedue to the field potential describedbelow. However this duration wasinvariably more than

I
0

I

I

20

40

0

20

40

time
(msec)
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 estimated from the excursion of the microelectrodefrom first contact with the surface)rangedfrom 0 wrnto 360Km with a median
of 150 pm.
For nine units with well-defined RFs and amplitudes well
above the noiselevel, a singleGABA-resistant narrow spikewas
not followed by an obvious FSP. As is apparent from Figure 5,
this did not necessarilymean that the presumed RGC axon
spike wasnot associatedwith a postsynaptic component; a TP
may be recorded alone lessthan 100 pm from a site where the
associatedFSP becomesapparent. One unit was found at the
surfaceof the SC in which a relatively wide unitary response
with the configuration of an FSP occurred in the absenceof an
obvious TP. This resembledthe upper traces of Figure 5A.
Postsynapticaction potentials elicited by RGC input
Concomitant with the increasein amplitude of the FSP during
the initial few responsesof a burst, there was often an increase
in baselinenoise and spike-like activity superimposedon the
falling phaseof the FSPs as the burst continued (Figs. 4A, 6).
As for the FSPs,this spike-like activity wasreversibly abolished
by application of GABA. During long bursts,the increasedbaseline noiseand spike-like activity superimposedon the FSPswas
maximal after two or three closely spacedunitary responses,
becamelessprominent asthe interval betweenunitary responses
becamegreater, and becamemore prominent again if the interval betweenunitary responsesdecreasedin the latter part of
a burst (Fig. 6A).
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Figure4. A, Successive
singlesweeps
in response
to staticilluminationof 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 andB)
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 superimposedon the FSP must represent 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 baselinenoise. However, occasional responseswere
seen,as in Figure 6B, in which spikeswith amplitude greater
than 100PV arosefrom FSPs.The smalleramplitude spike-like
activity presumably representsfiring of dendrites or neurons
relatively remote from the recording electrode, the larger spikes
firing of neuronscloseto the electrode.Becauseindividual spikes
differ in amplitude and configuration, they must represent activity arisingin different excitable structures. This is consistent
with the possibility that a burst of activity in a singleRGC can
eventuate in activation of several postsynaptic neurons with

10 msec.We did not record examplesof dischargesin postsynaptic neurons

following

TPs on a consistent

1: 1 basis.

Field potentials elicited by RGC input
When successiveresponsesto static illumination were averaged
with respectto the onset or offset of illumination, a small and
persistent negative deflection from the baseline characteristically began in associationwith the bursting unitary response
(Fig. 7). This negative slow wave wassometimesfollowed by a
positive

slow wave. When individual

sweeps were averaged so

such that threshold for firing of individual neurons can be at-

asto bring the first spike in the burst into temporal alignment
for eachiteration (Fig. 7C), the onset of the slow wave or field
potential was invariably found not to begin until immediately
after the first spikein the spiketrain: This suggests
that responses
to other simultaneously activated axons did not contribute to
the field potential, presumably becausethe 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

tained after two or three afferent impulses

negative component

which

it makes synaptic

connections.

The timing

of the spike-

like activity, invariably beginningjust after the crest of the FSP
after two or three closely spaced RGC impulses in a burst,
suggests temporal summationof EPSPsin postsynapticneurons
separated by less than

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 increase in baseline noise after closely spaced impulses in RGCs (arrows)
and spike-like responses that are not TPs (asterisk). B, Three ON responses with multiple associated spike-like responses (asterisks) arising
from FSPs. Depth 100 Frn.
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FV and its duration ranged from 23 to 55 msec(n = 5). It was
abolishedby application of GABA.

parisonwe found in one intact hamster that the surfacearea of
the SC within which we could find sitesresponsive to visual
stimulation wasapproximately 2.6 mm2. It, thus, appearsthat
the most extensive reinnervation of the SC that we observed
covered approximately a third of the surfacearea of the SC.
At somerecording siteswhereresponseswerefound to diffuse
flash, it proved impossible to demonstrate responsesto illumination of visual RFs, despitecareful systematicsearchof the
entire visual field with projected spots of various sizes.Such
responsesto flash were frequently ill defined, and sometimes
fatigued on repeated stimulation. They were more easily recognized by ear on the audio monitor than by eye on the oscilloscopescreen.

Extent of innervation of the SC

Histology

Individual regeneratedRGC axons innervating the SC were
identified by virtue of their discretereceptive fieldsand response
characteristics(i.e., ON, OFF, or ON-OFF). Brisk responsesto
illumination of apparently identical RFs were sometimesseen
at recording sitesseparatedby 150 Km or lessin the horizontal
plane. We interpret suchobservations (52 casesin 17 animals)
asprobably representingadjacent recordingsfrom the sameterminal arbor which can extend for 150 pm or more in the horizontal plane.Such adjacent recordingsfrom the sameterminal
arbor aredemonstratedmore explicitly in successiverecordings
in the vertical plane(Fig. 5). The number of clearly distinguishable RGC axonsrecorded from the reinnervated SC of individual animals rangedfrom 4 to 63, the largestnumber being recorded in an animal 60 weeks after a graft was directed from
the eye to the contralateral SC in a single stageprocedure. In
this most extensively reinnervated animal, innervation extended for 1.2 mm in the mediolateral direction and 0.8 mm in the
anteroposteriordirection. The areawithin which responses
could
be recordedwasapproximately 0.95 mm*. For purposesof com-

In all successfulexperiments on grafted animals, the position
of the graft tip wasfound to be appropriately located no deeper
than 400 Mm below the surface of the SC within the stratum
griseum superficialisor the stratum opticum. In 9123animals
in which no responsesto 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 animalsthe graft tip was found
to have becomedetached from the SC.

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 averaged 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.

Responses in the SC of intact animals
The sparseness
of innervation of the SC by regeneratedRGC
axons permitted positioning of the recording electrode so as to
record dischargesfrom the terminals of single RGC axons in
responseto illumination of a restricted visual RF. Identification
of singleunits with carbon-fiber recording electrodeswasmuch
more difficult in the normally innervated SC, where multiunit
dischargeswere invariably recordedin responseto illumination
of restricted RFs. Individual elementswithin thesedischarges
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Figure 8. Field potentials(averageof 25 sweeps
at depth50 pm)fol-

lowingboth onsetandoffsetof light in a normallyinnervatedSC(bandpass0.5Hz to 5kHz).Thevisualstimuluswasastaticspot4”in diameter
deliveredevery3.1 sec.

5OpV

cm’

20msec

Figure 7. Fieldpotentialsin response
to staticilluminationof a spot
4” in diameterrecordedat a depthof 2 10pm in a reinnervatedSC.A,

Singlesweeps
at intervalsof 3.1 setbeginning130msecafterthe offset
of light (bandpass
0.5 Hz to 5 kHz). B, Averagedrecords(n = 118),
eachsweep
beginning130msecafteronsetof light asin A. C, Averaged
records(n = 87)usingthepeakof the first TP in eachburstasthe time
referencefor averaging.The latter methodof averagingindicatesthat
the beginningof the field potentialdoesnot precedethe first impulse
in the spiketrain. 200 WVvoltagecalibrationfor A; 50 WVvoltage
calibrationfor B andC.

parts of the contralateral SC. Figure 9 illustrates the response
to illumination of a restricted visual RF in such a partially
denervated SC. The responseis initiated by two potentials similar in amplitude and duration to FSPselicited by the discharge
of singleregeneratedRGC axons. The responsethen becomes
more complex with superimpositionof several FSP-like potentials and spike-like activity, presumablyreflecting firing of other
neighboringRGC axonsand SC neurons.Application of GABA
abolished all of the activity except for small narrow potentials
at just above the level of the amplifier noisethat were presumably TPs generatedin normal RGC terminal arbors.
Becauseof the difficulty of unequivocally identifying such
nonspiking subthresholdresponsesas responsesto singleafferents, we were able to compile only a limited amount of data
concerning the amplitude and duration of singlefiber FSPsin
intact animals. For five single fiber FSPs identified with reasonablecertainty (as for the first two responsesin 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 averagehalfwidth was 1.46 f 0.25 (SD) msec.Thesevaluesare comparable
to those found in the reinnervated animals.
Control

were usually biphasic with an initial negative deflection, had
half-widths of approximately 200 Fsec, and were almost invariably abolished by iontophoretic application of GABA if
their amplitude waslarger than 20-30 NV, thesewere presumably spikesgeneratedin postsynapticneurons.The small spikes
that persistedafter application of GABA could have been TPs
of RGC axonal arbors. The possiblepresenceof FSPs as seen
in the reinnervated SC was almost invariably obscuredby the
multiunit activity. The onset of multiunit activity in response
to static illumination of a restricted area of the visual field was
associatedwith 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 duration (70-336 msec)than the similar field potentials elicited
by singlefiber inputs in the reinnervated colliculus.
In order to assessthe responseto 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 chiasmwhere there is minimal topological organization
(Simon and O’Leary, 1991). A lesion at this point in the nerve
would be expected to reduce the RGC input uniformly to all

+60nA

V
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b

200/d

t

f

f

f Smsec

Figure 9. Response
to staticilluminationof a spot 4” in diameter

recordedat a depthof 50 pm in a partially denervatedSCbeforeand
duringadministrationof GABA. The onsetof light precedes
the sweep
by 60 msec.The response
(upper truce)is initiated by two potentials
with the appearance
of singlefiberFSPswhich,althoughnot preceded
by TPs,arepresumably
elicitedby a discharge
in a singleRGCterminal
asin the upperrecordsof Figure5A. TheseFSPsarefollowedby two
largerFSP-likepotentialseachof whichis associated
with a preceding
TP just abovethe noiselevel that persistsduringadministrationof
GABA (arrows in lower truce). TheseTPs presumablyarisefrom a
secondRGC axon terminal.The third and fourth FSPsin the upper
trace may be compositeFSPsgeneratedby input from two or more
RGCaxonterminals,the burstin the secondterminalbeginningabout
10msecafter theburstin the first (thefirst two spikesof whichelicited
the first two FSPsin the trace).Towardsthe endof the trace,multiple
pre- andpostsynapticresponses
overlap.
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The principal findings of these limited experiments on normally 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 superficial 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 terminal 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 normal development, RGC axons innervating the hamster SC give
rise to arbors with diameters of up to several hundred micrometers within the superficial laminae (Sachs and Schneider, 1984;
Mooney and Rhoades, 1990; Carter, 199 1). RGC axons regenerating in the SC are larger in diameter (average 1.5-2.5 wrn)
than those of normal RGC axons within the SC (average 0.70.9 pm), but regenerated terminal arbors are more constricted
and denser than those of normal axons (Carter et al., 199 1b,
Carter, 199 1). Although the extent of terminal arbors is reduced
in both anteroposterior and dorsoventral planes, the total number 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 excitable 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 neurons 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 extracellular 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 Sypert, 1979) reflect an extracellular summation of currents generated by EPSPs of up to several hundred I.LV that can be successively 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, presumably 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 terminal 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 several SC neurons within their field of terminal innervation (Carter
et al., 1989, 1994).
Spike generation. Generation of spikes after two or three impulses implies temporal summation to threshold of EPSPs, as
has been observed for cells in the dLGN firing under the influence 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 constant 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 inputs, 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 average amplitude of single fiber FSPs elicited by Ia afferents in
motor neurons is only 8 KV (Collins et al., 1986), but the corresponding EPSPs may be as large as several hundred PV (Mendell and Henemann, 197 1). If the amplitude of some single fiber
EPSPs is correspondingly greater than that of the largest recorded 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 changing 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 intervals 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 neurons 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 normal 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 1b), the same number of synapses per regenerated afferent 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 neurons can vary over extremely wide limits.
The invariable localization of the TPs and FSPs to the superficial 420 pm of the SC is in agreement with the morphological studies that have shown that regenerated RGC axons
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directed into the SC arborize and make synapses almost exclusively 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 distribution 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 1O5RGCs in the intact hamster
retina (Tiao and Blakemore, 1976a). Nonetheless, the area reinnervated 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 morphological studies that show that regenerated RGC axons extend
an average distance of more than 700 pm from the graft tip 46 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 innervation 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 innervation 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 responses 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 conditioned-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). Illumination 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 consequences.
To what extent are our findings relevant to the possibility of
reconstruction of behaviorally functional circuitry in other pathways 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 EPSPsthat 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 requirements 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 resembling those in the intact animal, but integration
of many such
synapses to allow both temporal and spatial summation of regenerated inputs.
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