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Abstract

Previous work in anuran amphibians has shown that
activity in the caudal ventral striatum correlates with
visuomotor activity: orienting responses toward prey fail
to occur after striatal lesions. Thus it has been suggested
that the striatum influences visually guided behavior.
Therefore, the present study investigates visual response
properties from neurons recorded in the striatum. Extra-
cellular recordings of 104 single neurons of the cane
toad’s (Bufo marinus) caudal ventral striatum (STR)
reveal five different response properties: resting dis-
charge activity uninfluenced by the visual test stimuli
(group STR1, 24.0%); resting discharge activity increased
by any moving visual object (STR2, 31.7%); preference
to moving compact objects (STR3, 15.4%); preference
to certain configurational moving objects (STR4a and b,
13.5%), and resting activity reduced by visual stimuli
(STR5, 15.4%). The receptive fields of these neurons
encompassed the contralateral (46%) or the entire field
of vision (54%). Of the neurons recorded in the striatum,
34% responded to electrical stimuli applied in the rostral
diencephalon to the ipsilateral lateral forebrain bundle
(LFB) which connects the striatum with the optic tectum
(e.g. either directly or via pretectum or tegmentum). Var-
ious electrically driven STR neurons (40%) have axons

that project caudally through the LFB, which was sug-
gested by their antidromic activation in response to elec-
trical stimuli applied to the LFB in the rostral dien-
cephalon. In the present study, the main striatal output
is mediated by ‘motion detectors’ (STR2) and ‘com-
pact object perceivers’ (STR3). It is suggested that the
caudal ventral striatum is involved in visual attentional
processes that allow the translation of perception into
action.

Copyright ® 2000 S. Karger AG, Basel

Introduction

In amphibians, the optic tectum constitutes amain retino-
recipient processing structure that is essential for the release
of visualy guided behaviors such as prey-catching and
predator avoidance [e.g. Székely and Lé&z&r, 1976; Ingle,
1983; Ewert, 1987; Weerasuriya, 1989]. The forebrain is
involved in modulating, specifying, and gating visual stim-
ulus responses [Ewert, 1984, 1992, 1997; Patton and Grob-
stein, 19983, b]. Various retino-recipient diencephalic struc-
tures (i.e. anterior thalamic and pretectal thalamic nuclei),
the lateral thalamic nucleus, and tegmental structures medi-
ate tectal and telencephalic information flow [L&zér, 1971;
Fite and Scalia, 1976; Wilczynski and Northcutt, 1977,
19833, b; Neary and Northcutt, 1983; Marin et a., 19974].
The question of how the telencephal on controls retino-tectal
information processing is a theme of our current research
[Ewert et a., 1999].
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Lesion studies have shown that the telencephalon influ-
ences the visual release of prey-catching behavior. After
ablation of both telencephalic hemispheresin toads or frogs,
visually mediated prey orienting behavior failed to occur;
unilateral telencephalic ablation led to a neglect of prey
moving in the visual field of the contralateral eye [Ewert,
1967, 1984; Patton and Grobstein, 1998a]. As small lesions
to the toad's or frog's caudal ventral striatum also showed
this effect [Finkenstadt, 1989; Patton and Grobstein, 1998b],
it has been concluded that the visual release of prey oriented
behavior depends on stimulating striatal areas that modulate
tectal motor output [see also Ewert, 1992, 1997; Marin et
al., 19984, b]. Birkhofer et al. [1994] provided evidence that
the striatum of the clawed toad (Xenopus laevis) is also
involved in the processing of mechanosensory and acoustic
information aswell asin multisensoric interaction, thus sup-
porting the hypothesis that this structure mediates atten-
tional processes.

Neuroanatomical studies showed that the amphibian
striatum obtains afferent visual input from the tectum
relayed by the lateral thalamic nucleus and the pretectal
caudal thalamus [Gruberg and Ambros, 1974; Northcutt
and Kicliter, 1980; Vesselkin et a., 1980; Wilczynski and
Northcutt, 1983a]. Axons of striatal efferent neurons travel
in the lateral forebrain bundle (LFB) to the tectum either
directly [Finkenstadt et a., 1983; Marin et a., 1997c] or
indirectly, via pretectal or tegmenta nuclei [Vesselkin et a.,
1980; Wilczynski and Northcutt, 1983b; Lazar and Kozicz,
1990; Marin et al., 19973, c]. A trisynaptic striato-pallido-
pretecto-tectal pathway also exists [Marin et al., 1998h].
The presence of many different routes that relate striatal
influences to tectal neurons suggests a complex system by
which tecto-motor functions can be influenced. Wilczynski
and Northcutt [1983b] put forward the notion that in anuran
amphibians ‘the extensive interconnections between the
basal ganglia and the midbrain roof in these animals sug-
gests that a major output of the amphibian forebrain may
be involved in the organization of multimodal sensory infor-
mation into meaningful attentional behavior and the modu-
lation of the appropriate orientation to this information’.
The anuran striatum is homologous to a portion of the
amniote basal ganglia [Wilczynski and Northcutt, 1983b;
Reiner et al., 1984; Marin et a., 1997a—€] which in mam-
mals is known to be involved in initiating or controlling
orientational and attentional responses [e.g. Hore and Vilis,
1980; Chevalier et al., 1984; Chevalier and Deniau, 1990].

In the present investigation, we quantitatively analyze
the properties of spiking neurons recorded from the caudal
ventra striatal region in response to various kinds of visual
stimuli. Furthermore, we check efferent projections of these
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neurons by their antidromic activation to electrical stimuli
applied to the ipsilateral LFB in the rostral diencephalon.

Materials and Methods

Experimental Animals

The experimental animals were South American cane toads (Bufo
marinus) kept in an amphibian room at a temperature of 21°C, arela
tive humidity of 70-90%, and a constant day(12 h)/night(12 h) cycle.
Several vivaria measuring 97 x60 x 30 cm? in size, accommodated
about 6 toads each. A portion of wet soft-foamed plastic material cov-
ered two-thirds of the vivarium floor. The remaining part was filled
with water and served asapool area. Stones and pieces of bark offered
the toads shelter. The usual feeding rate was once per week. Toads
received mealworms which had been fed with Altromin®, a mouse
food enriched with vitamins and trace elements.

Presentation of Visual Stimuli

Visual stimuli were presented to the toad’s eye that had been cen-
tered in a perimetric apparatus [Ewert and Borchers, 1971] (fig. 1A).
Stimuli of black cardboard moved against ahomogeneous white back-
ground (contrast 0.95) in a horizontal direction (from left to right
or vice versa) at avisual angular velocity of 8°/sec and at a distance
of 25 cm from the toad’s eyes. We used the following 4 standard test
stimuli: (1) a2x16° rectangular bar whose longer axis was oriented
parallel to the direction of movement was called W[orm]-configura-
tion (Wye- stimulus); (2) a2x16° bar whose longer axis was oriented
perpendicular to the direction of movement called A[ntiworm]-config-
uration (A e Stimulus); (3) asquare measuring 4 x 4° (Sge stimulus) or
16 x16° (Sye Stimulus) in size; (4) aJulesz texture (JT) of 60 x 60° with
rectangular black and white patches in random distribution (pixel size
0.7°). The Sy and Wy stimuli resembled features of prey objects,
whereas Sy- and A 16 Stimuli resembled features of predatorsor threat-
ening objects. We separated the tests that used different stimuli by
1-min recovery pauses. A phototransistor registered the onset and
offset of the stimulus movement and the changesin the diffuse illumi-
nation at light OFF and light ON.

Preparation

The experimental anima was anesthetized by intralymphatic
administration of Ketavet® (100 mg/kg body weight). A small segment
of skin and cranium of the dorsal skull were surgically removed in a
region dorsal to the caudal telencephalon and therostral diencephal on.
We exposed the dorsal brain surface in thisregion by carefully retract-
ing the dura mater and protecting the surface with a drop of clean
minera oil. During the recording experiment, the animal was lightly
immobilized by intralymphatic injection of apha-tubocurarine
(4 mg/kg b.wt.). We covered the toad's body with a thin wet paper
tissue to maintain the skin respiration and an adequate oxygen level in
theimmobilized animals.

The experiments comply with the ‘ Principle of animal care’, publi-
cation No. 85-23, revised 1985 of the National Institutes of Health and
also with the laws of the Federal Republic of Germany in which the
experiments were performed.

Electrophysiology
We applied standard extracellular stimulation and recording tech-
niques. Because these were extracellular recording techniques, we
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Fig. 1. A Schema showing the perimetric
device for the presentation of moving visual
stimuli to the immobilized toad. EM = Elec-
tric motor; FH = frame for horizontal adjust-
ments of the perimetric hemisphere (PH);
FV =frame for vertical adjustments of the
PH; P=podest; rec=recording €electrode;

rec

stim

stim = stimulation electrode; S= stimulus;
SC = stimuluscarrying device; T = toad; W =
window of the perimeter. B Example of a
spike train analysis with the signal analyzing
software Spike 2; top = spike pattern of asin-
gle neuron extracted from the original record
(middle); bottom = histogram of the extracted
neuron showing the average discharges per
bin (binwidth: 0.5 sec). Thisneuron (of group
STR3) showed resting discharge activity

@
&

impulses/bin

[ T - o [~

T 17 T

which was increased by amoving Sye- Stimu-
lus, NT, TN = nasotemporal and temporo-
nasal movement of the stimulus, respectively;
visual angular velocity v = 8°/sec.

could not completely eliminate the possibility that some of the record-
ings were from axons passing through the striatum. However, for rea-
sons presented in thediscussion, we believethisto beunlikely. Wewill
refer totherecorded neuronsas' striatal neurons’ throughout the paper.

Stainless steel needles served as recording electrodes. They were
electrolytically sharpened to atip of 2-3 um diameter and insulated
(except for the bare tip) by means of Ingl-x lacquer. Electrodes were
checked for impedance (2-10 MQ, 1 kHz) and galvanic properties
[Schirg-Peiffer et al., 1993]. The recording electrode was advanced
with the aid of amicromanipulator closeto acell inthe caudal striatum
(fig. 2C). The extracellularly recorded action potentials preamplified
by a high impedance differential amplifier (Burr Brown INA 110BG)
were transmitted to a storage oscilloscope (Tektronix 5113) and from
itsvertical output stored onaVHSvideo tape (JVC HR D300 EG) after
digital pulse code modulation (JV C-VP-100 Digital Audio Processor).
We processed the dataon a486 PC by meansof aCED 1401-plusinter-
face (Cambridge Electronic Design). For spiketrain analysis, the band
passfilterswereset at 0.3 and 1 kHz. In multiple unit records, the spike
pattern of a single neuron was extracted by wave form analysis using
the CED-internal programmable signal analyzing software Spike-2
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5 sec

(Vers. 3.19). The spike train analysis usually showed that a unit of
several neurons of the same characteristic contributed to the firing pat-
tern. Only one neuron per record and recording site was extracted and
considered for spiketrain analysis (exampleisshowninfig. 1B).

Fig. 2. A Dorsd view of thetoad’sbrain showing the arrangement of
therecording electrode (rec) and the stimulation electrode (stim). a—¢,
levelsof telencephalic transverse sections. The horizontal arrow points
tothelevel of thediencephalic transverse section showninB. B Local -
ization of the pair of bipolar stimulation electrodes (see solid vertical
arrows) around thelateral forebrain bundle, LFB (see upward pointing
arrow) at diencephalic level, reconstructed with the Prussian Blue
reaction in a Nuclear Fast Red counterstained transverse section.
C Examples of reconstructed recording sites of visually sensitive stri-
atal neurons projected at Kllver Barrera-stained transverse sections
through the caudal telencephalon at the levelsa—c indicated in A. The
symbolsrefer to neurons of group STR2 (+), STR3 (0), and STR4 (*).
Caélibration bars: 500 pm.

Buxbaum-Conradi/Ewert



A anterior thalamic nucleus
AC  nucleus accumbens

ac levels of transverse sections
Cc cerebellum

CO  optic chiasm

D diencephalon

dMP dorsal medial pallium

DP  dorsal pallium

dSTR caudal dorsal striatum

LA lateral thalamic nucleus

LFB lateral forebrain bundle

LP  lateral pallium

LS lateral septum

M medial thalamic nucleus

MS  medial septum

M.ol olfactory nerve

N.op optic nerve

OT  optic tectum

PO  preoptic area

rec  recording electrode

stim stimulation electrode

T telencephalon

VL  ventrolateral thalamic nucleus
VM ventromedial thalamic nucleus
vMP  ventral medial pallium
vSTR caudal ventral striatum

+ STR2 neurons
0 STR3 neurons
% STR4 neurons
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To determinewhether the axon of aneuron recorded in the striatum
travels in the LFB, we applied the antidromic electro-stimulation/
recording technique. After characterizing an isolated neuron (accord-
ing to the criteria listed below), its action potential triggered a square
wave generator (HSE-T stimulator with isolation unit) to deliver a
pulse of 0.1 msduration and of lessthan 15 pA. Theelectrical stimulus
was applied in the rostral diencephalon by means of bipolar stainless
steel electrodesto theipsilateral LFB in which the descending axon of
the recorded neuron travels (fig. 2A, B). Both stimulation electrodes
were insulated except for the sharpened tips (exposed tip length:
100-150 um; separation of both tips: lessthan 500 um). Thecriteriafor
antidromic activation were: (1) constant latency (L), (2) ability to fol-
low electrical impulses of relatively high frequency and (3) collision
test [Fuller and Schlag, 1976]. To determine the absolute refractory
period (R), two square wave generators with isolation units generated
two sequential electrical stimuli el and €2 (cf. fig. 8Aa), whereby €2
followed el after avariableinterval (stimulator-1 triggered stimulator-
2viaatimecircuit).

The collision test provided proof as to whether a recorded neuron
was backfired by theelectrical stimulationto LFB. Inthistest an ortho-
dromictravelling spikev, recorded from avisually excited striatal neu-
ron, triggered two sequential electrical stimuli el*—e2* of the types
used above. Both stimuli, separated by a constant interval (>2R),
elicited antidromic spikes al* and a2*, respectively. The delay be-
tween v and thefirst electrical impulse el* wasvaried. Inthe collision
case, at a critical delay the orthodromic spike v and the antidromic
spike al* were traveling along the same axon toward each other and
collided. On the storage oscilloscope screen the antidromic spike al*
in response to el* was extinguished (cf. fig. 8Ac), but not a2* in re-
sponse to e2*; the latter result served as acontrol. The empirical criti-
cal delay isCg, thetheoretical valueCr = L + R, and thecollision error
Ec = Cr — Ce. The callision criterion is still satisfied if (Ec/Cr) <0.5
[Fuller and Schlag, 1976].

Response Criteria

We examined the response properties of neurons recorded in the
striatum according to the criteria applied previously to pretectal tha-
lamic TH-type andtectal T-type neurons[Ewert, 1971, 1984; Buxbaum-
Conradi and Ewert, 1995]. These criteria were: (1) size and location
of aneuron’svisual (excitatory) receptivefield [(E)RF] measured with
a 4° black sgquare moved manually by means of a transparent stick
against awhite background; (2) mono- or binocularity, investigated in
uncertain cases by carefully covering one eye of the toad; (3) resting
discharge properties; (4) OFF/ON responses to rapid changes in the
diffuse illumination of the visual field; (5) neural discharge activity in
response to moving test stimuli, Sy, Siee, Wiee, A1ee, and JT, respec-
tively, and discharge activity in the absence of visual stimuli inabright
environment as the control experiment, C; (6) responses to repetitive
stimulation for atest of habituation phenomena; (7) test of directional
sengitivity to nasotemporal (NT) or temporonasal (TN) stimulus
movement; and (8) antidromic responses to electrical stimuli applied
totheipsilateral LFB intherostral diencephalon.

Histology

The site of the stainless steel recording electrode (fig. 2Ca—) was
marked by passing an anodal direct current of 15 pA through the elec-
trode for aduration of 9 sec. To mark the site of astainless steel stimu-
lating electrode, we passed an anodal direct current of 50 YA through
each electrode of the electrode pair successively for aduration of 3 sec
(fig. 2B). The toad was sacrificed by intralymphatic administration of
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Table 1. Neurons of the groups STR1-STR5 and their responses to
electrical stimuli applied to the LFB at diencephalic level

STR 1 2 3 4a 4b 5

n 25 33 16 6 8 16
N e - 14 10 - 4 7
NL) - 7 3 - 2 2
NL(e) - 7 7 - 2 5
Net - 7 4 - 1 2

n = Number of neurons assigned to a group; n_gg = number of
neurons responding to LFB stimulations; n ) = number of neurons
showing to LFB stimulation response latencies that were variable and
relatively long; n ¢ = number of neuronsshowingto L FB stimulation
response latencies that were constant and short; nc; = number of neu-
ronsfulfilling the collision-test criterion.

an overdose of Ketavet®. After removing the brain and preparing it for
histology, the electrolytic deposit of iron ions (from recording and
stimulating electrodes) in the brain tissue was stained by means of
the Prussian Blue reaction and counterstained using Nuclear Fast Red
(fig. 2B). The recording sites were assigned to brain transverse sec-
tions stained with the Klliver Barreramethod (fig. 2Ca—).

Satistics

The first four responses (discharge rates) of a neuron to the same
stimulusmoving aternately inNT or TN direction were averaged. The
mean responsesto the different visual test stimuli (Sye, Sig0, Wiee, Aser,
or JT) and to the control (C) of n different single neurons belonging
to the same response type (STR group) were caculated. In figure 7
the mean response values with their standard deviations (+ SDM)
are shown for neurons of the visualy sensitive groups STR2-STR5.
Applying the SPSS® software for statistical analysis, we performed
separate one-way ANOVAsfor theresponsesto the test stimuli and the
control measured in each STR group, following the Levene-test of
homogenity of variances. Normal distributions were calculated using
Blom'’s proportional estimation formulaand the‘normal P-Pplot’ rou-
tine. For the multiple comparisons of the mean responses to each test
stimulus and to the control in a STR group, Bonferroni’s post-hoc test
was applied (table 2).

Results

General Survey

Altogether, 128 neurons recorded from the caudal ventral
striatal region wereinvestigated in this study. To analyze the
resting discharge properties and responses to visual stimuli,
we assigned 104 neurons to five main groups:. (1) STR1 neu-
rons showing resting discharges that were not influenced by
the visual test stimuli; (2) STR2 neurons responding to any
moving visua stimulus without differentiation among the
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test stimuli; (3) STR3 neurons preferentialy responding to
compact (square) stimuli vs. configurational (bar) stimuli;
(4) STR4 neurons displaying variable sensitivity to moving
configurational stimuli; (5) STR5 neurons whose resting
discharge activities were reduced by visual stimulation.

In the tests of antidromic activation (table 1), 35 neurons
responded to repetitive electrical stimuli applied to the ipsi-
lateral LFB in the rostral diencephalon. In 14 neurons the
response latencies were relatively long and variable. The
remaining 21 neurons showed short, stable, latencies of L =
2.2+ 0.4 (SDM) msec. In 14 cells recorded in the striatum,
the antidromic activation and suggested axona projections
caudally through the LFB was shown by means of the col-
lision test at a collision interval of Ce=6.4+ 0.9 msec.
In these cases, the neurons followed electrical stimuli at
217 Hz.

STR1 Neurons

The resting discharge activities of these neurons (n = 25)
were not influenced by the visual test stimuli. In 14 neurons,
the spike activity was rather regular at 1-2 spikes/sec; 6 neu-
rons showed spontaneous trains, and 5 neurons were charac-
terized by irregularly occurring brief spike trains (bursts)
with peak frequencies of 20 spikes/sec and interburst inter-
vals up to 90 sec. These neurons did not respond to LFB
stimulation.

STR2 Neurons

Neurons of this group (n = 33) showed either weak or no
resting discharges. However, they responded well to any
moving visua stimulus. No strong preference to any par-
ticular test stimulus size or orientation was observed: S;g =
Wie = A = Sp- > C (fig. 3). Thus, motion was the critical
cue. (For quantitative data see fig. 7, for statistical evalua-
tion see table 2.) These neurons showed no habituation to
repetitive stimulation and the moving Julesz texture (JT)
eicited only moderate responses. There was no selectivity
to stimulus movements in either the nasotemporal or tem-
poronasal direction. Changes in diffuse light elicited brief
bursts of spikes which were stronger to light OFF than
to light ON. The ERF of the neurons encompassed the
entire visual field of the contralatera eye. When the LFB
was stimulated, 7 neurons responded with long latencies of
8-34 msec; 7 other neurons satisfied the collision criterion:
Ce=6.7205 msec at L=24+0.3 msec and R=4.8+
0.5 msec (table 1; an example is shown in fig. 8Cc).

STR3 Neurons
The resting discharge rates of these neurons (n= 16)
were increased by compact moving squares (S or See), but

Brain Behav Evol 1999;54:338-354

Table 2. Statistical evaluation of the preferencesof visually sensitive
neurons of the groups STR2-STR5 to the test stimuli Sye, Siee, Wiee,
and A ¢, and to the control C

Group n Stimulus preferences
p< 0.001

STR2 33 Siee = Wi = A1ge =S >C
p< 0.001

STR3 16 Sige = Spe > Aggr = Wi = C
p< 0.001

STR4a 6 Sige =A1e > Wi =S5, =C
p<0.001 p<0.01

STR4b 8 Wige = Spe > Sy = Agge > C

p<0.001 p<0.05
STR5 16 C>Sp=Wig > A = Siee

n = Number of neurons.

not by moving bars (Wie or Ag): Siee = Spe > Azee = Wi =
C (fig. 4, 7; table 2). About 66% of the neurons responded
to the moving JT. Directional sensitivities to nasotemporal
or temporonasal movements were not observed. Brisk
changes of the diffuse illumination led to a short increase in
the discharge rate; the sensitivity to OFF was stronger than
to ON. The ERF of the neurons encompassed the entire
visual field of both eyes. Three neurons were activated
by LFB stimulation with long latencies that varied between
12 and 23 msec. Seven neurons showed short stable laten-
cies, 4 of these satisfied the collision criterion;: Ce=5.8 +
06alL=16+02andR=4.7+ 0.4 (table1; an exampleis
shown in fig. 8Ac).

STR4 Neurons

Neurons (n = 14) of thisgroup displayed very weak or no
resting discharge activity. Two types of feature sensitivity to
moving stimuli were observed.

STR4a neurons (n = 6) responded preferably to ‘threat-
ening’ stimuli, specifically the large moving square (Sie)
and the bar oriented perpendicularly to the direction of
movement (Ag:): Sier = Aser > Wi = Spe = C (fig. 7; table 2).
The moving JT dlicited strong responses, but no directiona
sensitivity was observed. To changes in the diffuse light,
the response to OFF was stronger than to ON. The ERF
encompassed the entire visual field of the contralateral eye
or both eyes. LFB stimulation elicited no responses in these
neurons.

STR4b neurons (n=8), unlike STR4a, were preferen-
tially responsiveto ‘preylike’ stimuli, that isthe bar oriented

Buxbaum-Conradi/Ewert



Fig. 4. Neuron of group STR3 whose rest-
ing discharge rate was increased by moving
compact (Sye- Or Sye) stimuli, but not by con-
figurational (Wye- Or Agge) Stimuli; bin width:
0.5 sec.
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Fig. 6. Resting dischargesof a STR5 neuron
whose firing rate was strongly reduced by
moving threatening stimuli (S;e- or Ase-), but
weakly influenced by preylike stimuli (S, or
Waee); binwidth: 0.5 sec.
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Visual Stimuli
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Fig. 7. Quantitative analysis of the average responses (+ SDM) of neurons of the groups STR2-5 to different configu-
rational moving stimuli (Sge, Siee, Wiee, O Asee) and to the control (C). The asterisk indicates that the sample contains
striatal neurons showing antidromic responsesto LFB stimulation at diencephalic level.

paralel to the direction of movement (Wye) or the mov-
ing small square (Sg): Wi = Sge > Sie0 = Agee > C (fig. 5, 7;
table 2). With repetitive stimulation, the responses of
these neurons habituated selectively to the Sy stimulus (see
fig. 5, top). The moving JT elicited moderate responses, but
directional sensitivity was not observed. To changes in the
diffuse light, the response to OFF was stronger than to ON.
The ERF encompassed the entire visual field of both eyes.
When the LFB was stimulated, 2 neurons responded at long
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latencies of 14-17 msec; 2 other neurons showed latencies
that were short and stable, one cell satisfied the collision cri-
terion: Ce=4.0 msec at L =1.5 msec and R=2.6 msec
(table 1).

STR5 Neurons

These neurons (n = 16) showed resting discharge rates
that were inhibited by certain visual stimuli. In 13 neurons,
the resting activity was strongly reduced by the movement
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Fig. 8. Investigation of efferent projections of neurons recorded in the striatum (examples) by their antidromic activa-
tion in response to electrical stimuli el and €2 applied to the ipsilateral LFB in the rostral diencephalon. Pictures of the
recordingswere taken from the screen of astorage oscilloscope. A Neuron of group STR3. a Procedure to determinethe
constant latency (L) and the absoluterefractory period (R); L = 1.5 msec; R = 5.2 msec. To determinethe absol uterefrac-
tory period, antidromic spikesal and a2 were élicited by the stimuli el and €2. Note that €2 followed €1 after avariable
interval, in this case 8 different intervals are shown (superimposed records). The onsets of the stimuli (e.g. indicated by
the arrows) are marked by the tiny distortionsin the lower trace. The arrow assigned to stimulus €2 in this figure points
to the largest interstimulus interval. Two a2 spikes are missing because the corresponding e2 stimuli were applied dur-
ing the neuron’s refractory period. b, ¢ Collision test. In b the visually elicited spike v triggered two electrical stimuli
el*—e2*; both electrical stimuli were separated by aconstant interval (>2R). Each stimuluselicited an antidromic spike
al* and a2*, respectively. At acritical delay between v and e1*, spike al* was extinguished (see arrow with small cir-
cle) but not a2 (serving as control). This case illustrates a threshold phenomenon: with repetitive stimulation, al* either
did occur or failed to occur (see superimposed traces), thusthe v-el* delay was at threshold level (collision threshold C
=6.5ms). In ¢ the complete collision (see arrow with asterisk) is shown for Cg = 6.3 msec. B Neuron of group STR5.
a Constant latency L = 2.4 msec; refractory period R = 4.2 msec. For the procedure to determine R see also Aa: the
arrow assigned to stimulus e2 pointsto thelargest of 7 interstimulusintervals, the e2-stimulusthat wasfollowing el after
the very short interval (during the refractory period) elicited no antidromic spike. b, ¢ Collision test: in b there was no
collisionat adelay of C = 6.6 msec; in ¢ collision occurred at Cg = 6.2 msec (seearrow with asterisk). C Neuron of group
STR2. a Constant latency L = 2.4 msec; refractory period R = 4.2 msec. Procedure to determine R see also Aa: the
arrow assigned to stimulus €2 pointsto the largest of 7 interstimulusintervals, the e2-stimulusthat followed el after the
very short interval (during the refractory period) elicited no antidromic spike. b, ¢ Collision test: in b there was no
collision at adelay of C = 6.5 msec; in b collision occurred at Cg = 6.2 msec (see arrow with asterisk). Calibration bar:
2msec (A), 5msec (B, C).
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of threatening stimuli (Syg- Or A1e), however, these neurons
were weaker influenced by moving preylike stimuli (S
or Wlee): C>Sp =Wie > Age = Siee (flg 6, 7; table 2) The
moving JT showed no influence on the discharge rate. No
directional sensitivity was observed and the discharge rate
was not altered by changes in the diffuse light. The recep-
tive field encompassed the entire field of vision of both
eyes. In the condition of LFB stimulation, 2 neurons
responded at long latencies of 11-24 msec; 5 neurons dis-
played short, stable latencies, 2 neurons satisfied the colli-
sion criterion for Cg = 7.4[6.2] msec at L = 2.3[2.4] msec
and R=5.6[4.2] msec (table 1; an example is shown in
fig. 8BC).

In three neurons the resting activity of 5-12 spikes/sec
was uninfluenced by moving stimuli, but the resting activity
was inhibited for 2—4 sec after dimming the visual field. The
receptive fields covered the entire field of vision of both
eyes. LFB stimulation elicited no response.

Neurons Not Assigned to Groups

The responses of 24 neurons habituated so quickly that
their characteristics to the test stimuli could not be deter-
mined quantitatively.

Histological Reconstruction of Recording Sites

Figure 2Ca—c shows examples of the recording sites of
the visually sensitive neurons of the groups STR2 to STRS.
We found the sites mainly in the central grey of the ventral
caudal striatum involving an area of the striatal neuropil and
the LFB at telencephalic level. In the present sample, there
was no correlation between neurons assigned to the five
groups and the recording sites.

Discussion

Reports on the visua response properties of telence-
phalic neurons in amphibians are scarce. Karamian et al.
[1966] recorded slow-wave potentials in the frog's medial
palium (‘primordium hippocampi’) evoked by electrica
stimulation of the optic nerve or the thalamus. Trepakov
[1974] found postsynaptic inhibition in the medial pallium.
Liege and Galand [1972] recording from the frog's posterior
telencephalon found visually sensitive, wide-field neurons
which were inhibited by darkness (comparable to some neu-
rons of group STR5 of the present study). Gruberg and
Ambros [1974] also described large receptive fields in the
frog's striatum neurons that responded to ON of light, and
were inhibited transiently by the OFF of light. Furthermore,
neurons were described in which small moving objects
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elicited maximal responses (resembling properties of neu-
rons of group STR4b). It was aso reported by Gruberg and
Ambros [1974] that many neurons recorded in the striatum
display strong habituation to repetitive visua stimulation
(resembling properties of STR4b neurons and of the 24 neu-
rons not assigned to groups).

In the present study, we quantitatively describe visual
response properties of neurons recorded in the striatum and
check their efferent projections into the LFB.

Critical Evaluation of the Simulation and

Recording Stes

A goal of thisinvestigation was the backfiring of visually
sensitive neurons recorded in the stristum whose axons
descend in the LFB. The electrical stimuli were applied to
the LFB at the diencephalic level. Cells were recorded at
caudal striatal levels through which the LFB is traveling.
One might argue that there is some uncertainty in where
exactly the stimulating and/or recording electrodes were
placed and the exact identity of the neurons we were stimu-
lating or recording. For example, given the relatively wide
spacing (less than 500 um, cf. fig. 2B) of the bipolar stimu-
lating electrodes — one electrode touching the LFB on its left
side and the other on the right side —we address the question
of whether these electrodes also stimulated diencephalic
structures adjacent to the LFB. Threshold currents were less
than 15 pA. In fact, Bagshaw and Evans [1976], measuring
current spread from microelectrodes while stimulating ner-
vous tissue, mention that with monopolar stimulation at a
current of 10 pA there is current spread of 150 pm. How-
ever, with bipolar stimulation the current density is highest
between the two electrodes. Furthermore, bipolar stimula
tion has an advantage in that the effective current spread is
asymmetrical: if diencephalic structures close to the LFB
were stimulated due to current spread after reversing the
stimulation polarity — which we usually applied — other
diencephalic structures were stimulated by a different cur-
rent spread. Because the same neuron recorded in the stri-
atum usually showed the constant low latency response (and
the collision phenomenon in the cases studied) with either
stimulation polarity, it is highly probable that this neuron
was activated by stimuli applied to the tissue between the
pair of electrodes, i.e. the area in which the LFB is travel-
ling.

Furthermore, we tested stimulus currents of different
strengths which is a better strategy than routinely applying
strong stimuli for two reasons [Fuller and Schlag, 1976]:
(2) to obtain an axon as close as possible in the area of high-
est current density, we usually used the weakest possible
stimulus current in order to activate the corresponding stri-
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atal cell antidromically. (2) Because the effective strength of
a stimulus current is relative to the proximity of the axon, a
stimulus of a low threshold current will barely be strong
enough to excite more distant axons outside the area
between both stimulation electrodes.

The other critical point concerns the recording sites in
the caudal ventral stristum. How do we know what cellswe
have recorded? This problem would not exist with com-
bined intracellular recording and labeling techniques that,
however, were not used in this study. We applied extracellu-
lar recording because the neurona responses from the stri-
atal region could be more easily detected with the chosen
metal electrodes rather than with micropipettes. Figure 2C
shows examples of 40 recording sites projected onto three
brain transverse sections. This illustration indicates that it
was not our purpose to quantitatively determine spatial sam-
ple distributions, but rather to check recording sites in the
striatal region that were responsive to visua stimulation and
to electrical stimuli applied to the LFB in the diencephalon.
Therefore, figure 2Ca—c should not imply that visualy
driven cellsin the striatal neuropil were found to be equally
distributed as seen in the striatal central grey.

At afirst glance, however, it seems hard to understand
that many of the electrodes were not only located in the stri-
atal central grey region, but also lateral to it in its neuropil.
Isthere any justification that action potentials recorded from
‘white matter’ can represent impulses from striatal efferent
cells, rather than from fibers of passage? The possibility that
some of the recordings were from axons passing through the
striatum can never be completely eliminated when extracel-
[ular recordings are made. However, there is anatomical and
physiological evidence supporting the existence of cellsand
cell responses in the so-called white matter region lateral to
the striatal grey:

(1) Kluver Barrera-stained transverse sections of the
cane toad's (Bufo marinus) cauda telencephalon clearly
show that the striatal neuropil is not cell free, but rather it
contains scattered cell bodies (fig. 2Cb). Lazér and Kozicz
[1990], too, found such cellsin the striatal neuropil in Nissl-
stained brain sections of the frog (Rana esculenta); some
cells even formed a vaguely defined plate.

(2) Marking 15 recording sites of striatal light-ON/OFF
units by means of small electrolytic lesionsin Rana pipiens,
Gruberg and Ambros [1974] report that these areas were
located in the caudal striatal grey or the adjacent LFB.

(3) Injecting CLC (cobatous lysine complex) into the
LFB at the diencephalic level in Rana esculenta, Lazér and
Kozicz [1990] showed retrogradely filled cells both in the
dorsal striatum and the striatal neuropil lateral to the adja
cent LFB. Most backfilled cells were found in the central

Visual Responses of Neurons Recorded in
Toad's Striatum

grey of the ventral striatum; however, the authors emphasize
that an unusually large neuron in the striatal neuropil was
labeled also.

(4) Placing HRP (horseradish peroxidase) in the pretec-
tum of Rana pipiens, Wilczynski and Northcutt [19834]
found backfilled telencephalic cells not only in the ipsilat-
era ventral and caudal portions of the striatum cell plate,
but also many larger cells embedded in the striatal neuropil
were also filled. After tegmental HRP injections, most HRP-
positive cells were located throughout the length of the cau-
dal striatum, but the large cellsin the caudal striatal neuropil
which concentrated HRP following the pretectal HRP injec-
tion were not filled. This suggests that axons descending
from striatal cellslocalized in the striatal neuropil have spe-
cific destinations.

(5) After application of the retrograde tracers BDA (bio-
tinylated dextran amine) or FDA (fluorescein-conjugated
dextran amine) to the optic tectum of Rana perezi, Marin et
a. [1997a] illustrated examples of retrogradely labelled
cells in the caudal ventral striatum; some backfilled cells
were localized in the striatal central grey, but cellswere also
found in the striatal neuropil.

Neural Properties and Sample Frequencies

The characterization of neurons recorded in the striatum
refers only to the visua test stimuli applied in this investi-
gation. We cannot extend the results of this study to audi-
tory, vibratory, or tactile striatal sensitivities. Of the 128
neurons recorded, 104 neurons are assigned to five groups
based on their visual response characteristics:

STR1 neurons (24.0%) showed different patterns of rest-
ing discharges that were uninfluenced by the visual test stim-
uli. STR2 neurons (31.7%) responded to anything moving,
independently of object size or configuration and thus
behaved like ‘motion detectors' . STR3 neurons (15.4%) pre-
ferred compact (sguare) objects, thus behaving like ‘ compact
object perceivers . STR4 neurons (13.5%) revealed different
sensitivities to configurational (bar) stimuli; type STR4a
responded well to threatening stimuli, and type STR4b pre-
ferred preylike objects. In STR5 neurons (15.4%), the resting
discharge activities were reduced by visual stimuli, especially
those stimuli associated with threat. Among the visually sen-
sitive neurons, the STR2 ‘motion detectors' (42%) represent
the main response type.

The receptive fields of the neurons recorded in the stri-
atum encompassed the visua field of the contralateral eye
(46%) or the entire field of vision of both eyes (54%).
Changes in the direction of movement of a visual stimulus
(i.e. nasotemporal or temporonasal) did not influence their
firing rates. Very strong habituation to repetitive visual stim-

Brain Behav Evol 1999;54:338-354 351



ulation was observed in the 24 neurons that could not be
assigned to groups. STR4b neurons showed stimulus-selec-
tive habituation.

We also examined the striatal afferents and efferents me-
diated via LFB. We note that 34% of the neurons recorded
in the striatum responded to ipsilateral LFB stimulation
(table 1). Of these neurons, 40% were driven polysynapti-
cally, 20% could be afferent fiber terminals (e.g. of dien-
cephalic cells), whereas 40% of the LFB stimulus-activated
cells satisfied the collision test which suggests that they pro-
jected their axons caudally through the LFB. In the present
study the main striatal output viaipsilateral LFB is mediated
by ‘motion detectors (STR2) and ‘compact object per-
ceivers (STR3). These cells were recorded in the caudal
ventral striatum involving an area close to the LFB. This
location is consistent with neuroanatomical data by Wil-
czynski and Northcutt [1983b] who showed that the greatest
share of efferent striatal neurons is found in the ventral stri-
atum. Lézar and Kozicz [1990] described four morphologi-
cally distinct types of striatal cells projecting in the ipsi-
lateral LFB; piriform and pyramidal cells (majority) and
fusiform and multipolar cells (minority).

Because of possible problems with antidromic investi-
gations due to pecularities in the morphological and elec-
trophysiological cell properties [Fuller and Schlag, 1976;
Lipski, 1981], the number of suggested efferent striatal
neurons is probably underestimated in the present study.
Nevertheless, a reasonable proportion of recorded cells
might also be involved in striatal intrinsic processing. Fur-
thermore, the striatum communicates directly with other
telencephalic structures such as the lateral amygdaa
[Wilczynski and Northcutt, 1983a, b], the lateral pallium
[Hoffmann, 1973; Wilczynski and Northcutt, 1983b], and
the anterior entopeduncular nucleus [Wilczynski and North-
cutt, 1983a, b; Marin et d., 19974].

Some Suggested Functions of Striatal Efferent Neurons

We emphasize that 40% of the neurons responding to
LFB stimulation were determined to be striatal efferents
(collision criterion, seetable 1), so that this study asawhole
should not imply that al the neurons recorded in the stri-
atum are influencing the optic tectum either directly or indi-
rectly. In investigating how the anuran optic tectum might
be influenced by the striatum, we note a direct striato-tectal
pathway [Marin et a., 1997a, c] comparable to the one
shown in urodeles [Finkenstadt et al., 1983; Marin et a.,
19974]. Apart from this direct projection, three indirect con-
nections were observed: a striato-pretecto-tectal pathway,
a striato-tegmento-tectal pathway, and a striato-pallido-pre-
tecto-tectal pathway [summarized by Marin et al., 19973,
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1998b]. Thus, the striatal visual efferents, as determined in
the present study, could be acting via four different path-
ways.

The physiological characteristics of the striato-pretecto-
tectal disynaptic pathway offer an interesting perspective
on experimentally tested neuroethological data. In studies
applying the *4C-2-deoxyglucose technique it was shown that
visually elicited prey-catching orienting activity in toads
leads to an increase in glucose utilization in both the caudal
ventral striatum and the optic tectum, whereas the pretectal
lateral posterodorsal thalamic nucleus showed a decrease in
glucose utilization [Finkenstadt et al., 1985, 1986; see aso
Finkenstadt and Ewert, 1985]. We suggest that stimulating
striato-pretecto-tectal influences are mediated by disinhibi-
tion, that is by double inhibition involving an inhibitory stri-
ato-pretectal and an inhibitory pretecto-tectal route [Ewert,
1987, 1997; Ewert et a., 1999; see aso Glagow and Ewert,
1999]. This is consistent with lesion studies. after telen-
cephalic ablation or striatal lesions, pretecto-tectal inhibition
overrides the tectal prey-catching release system, which
explains visua prey neglect [Ewert, 1967; Finkenstadt, 1989;
Patton and Grobstein, 1998a, b]. After pretectal lesions, the
pretecto-tectal inhibition fails to occur and the tectal prey-
catching releasing system is disinhibited [Ewert 1968, 1984,
inhibitory striato-pretectal influences are suggested by: Lazér
and Kozicz, 1990; Matsumoto et a., 1991; Marin et dl.,
1997c; for pretecto-tecta inhibitory influences see: Ewert,
1968, 1987; Ingle, 1983; Kondrashev, 1987; Merchenthaler et
al., 1989; Gonzdlez and Smeets, 1991; Léazér et a., 1993;
Kozicz and Lé&zér, 1994; Chapman and Debski, 1995;
Buxbaum-Conradi and Ewert, 1995; Schwippert and Ewert,
1995; Schwippert et al., 1995, 1998; Ewert et a., 1996;
Glagow and Ewert, 1999].

One of the questions that initiated the present study con-
cerned the type of information that leaves the striatum (cf.
fig. 7). We focus on striatal outputs that send steady streams
of impulses that can be modulated up or down depend-
ing on the motion of any visua stimulus (STR2 cells), or
its shape and movement (STR3 and STR5 cells). Another
type of striatal output shows responses mainly to preylike
moving objects (STR4b cells). These differences in the
response properties of striatal neurons suggest several sce-
narios mediated by the disinhibitory striato-pretecto-tectal
pathway (fig. 7).

(1) The ‘motion detector’ channel mediated by STR2
cells might generally arouse the neurons responsible for
movements triggered in the tectum. For example, by reduc-
ing the pretecto-tectal inhibition if an object traverses the
visual field, it would raise the attention and thus allow the
trandation of perception into action.
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(2) Tecto-motor responses can be modulated to compact
stimuli by STR3 neurons or to preylike objects by STR4b
Neurons.

(3) Theresting discharge activity of STR5 neurons could
adjust a response readiness for prey-catching in the tectum.
If, however, a threatening (Aig Or Siee) Stimulus traverses
the field of vision, the resting activity in STR5 neurons is
reduced and this — via the disinhibitory striato-pretecto-tec-
tal pathway — might increase the trigger-threshold of prey-
catching behavior.

We emphasize that the response properties of the toad’s
striatal neurons must be aso considered, for example, in
a striato-tegmento(nigro)-tectal pathway [Wilczynski and
Northcutt, 1983b; Lazar and Kozicz, 1990; Marin et al.,
1998b]. Other visual functions of the anuran striatum in

addition to those mentioned here must also be considered
(e.g. seelngle, 1991).
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