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Postsynaptic potentials and axonal projections of tegmental neurons
responding to electrical stimulation of the toad striatum
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bstract

The amphibian telencephalic striatum as a major component of the basal ganglia receives multisensory information and projects to the tegmentum
nd other structures. However, how striatal neurons modulate tegmental activity remains unknown. Here, we show by using intracellular recording
nd staining in toads that electrical stimulation of the ipsilateral striatum evoked an inhibitory postsynaptic potential (IPSP) in presumably
inocular tegmental neurons. Seventy-one neurons were intracellularly stained with Lucifer yellow or horseradish peroxidase. They were located

n the anterodorsal tegmental nucleus, anteroventral tegmental nucleus, nucleus profundus mesencephali, and superficial isthmal reticular nucleus,
ith axons projecting to the tectum, nucleus isthmi, and spinal cord. It appears that the striatum can control visually guided behaviors through the

triato-tegmento-spinal pathway and the tegmento-spinal pathway mediated by the tectum and nucleus isthmi.
 2007 Elsevier Ireland Ltd. All rights reserved.
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he telencephalic basal ganglia is highly conserved in verte-
rates with respect to neuronal connections, transmitters and
unctional organization, and plays a key role in integrating mul-
isensory information and transforming perception into action
12,18]. In amphibians, the striatum as a component of the basal
anglia receives visual, auditory, olfactory, and mechanosen-
ory information [2,3]. It is the major telencephalic output to
he tegmentum, pretectum, optic tectum and other brain regions
10,11,21]. Lesions of the frog’s striatum resulted in severe
eficits in visual orientation [17], consisting with the notion that
he amphibian striatum is involved in multisensory information
rocessing and visually guided behaviors. Previous studies sug-
est that prey-catching behaviors in amphibians may involve the
isinhibitory striato-pretecto-tectal pathway [6,15].

On the other hand, the tegmentum receives afferents from

he striatum and tectum, and projects to the spinal cord [14]. It
s most likely that the striato-tegmento-spinal pathway is also
ssential for controlling visually guided behaviors in amphib-
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ans. However, the functional synaptic organization of the
triato-tegmental pathway in amphibians is largely unknown.
hus, the present study was undertaken to determine striatal
ctions on tegmental neurons in toads by using electrical stim-
lation, intracellular recording and staining techniques.

Experiments were carried out on 38 adult toads (Bufo bufo
argarizans) having body length of 6.0–8.5 cm from snout to
ent. The animal was immobilized with 0.6–0.8 ml gallamine tri-
thiodide (4%) and covered with wet gauze to facilitate breathing
hrough the skin, and then positioned in a stereotaxic apparatus
22]. The tectum and a forebrain area overlying the striatum
n both sides were exposed and the dura mater excised. Pro-
aine (2%) was periodically applied to locally anesthetize the
ounds and fixed points. Bipolar tungsten electrodes (20–40 �m

ip diameter, 300–400 �m inter-pole distance) were placed in
he striatum and on both optic tracts as well. Electrical stim-
lation was delivered by rectangular pulses of 30–400 �A in
ntensity and 50–100 �s in duration at 0.1 Hz. Stimulation sites
n the basal telencephalon were marked by passing 30 �A cur-
ent for 10–25 s through the stimulation electrode tip to make

lectrolytic lesions [19]. Micropipettes (0.5–1.0 �m tip diame-
er) filled with 3 M potassium acetate and 3% Lucifer yellow
dilithium salt, Sigma Chemical Co., St. Louis, MO) were used
or intracellular recording and staining. Tegmental neurons were
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mpaled by applying positive pulses (4 nA intensity, 0.3 s dura-
ion) and intracellular penetration was indicated by a baseline
rop of 30–80 mV. After intracellular recording, the electrode
as withdrawn just outside of the impaled cell to record the
eld potential. Stimulation-evoked postsynaptic potential was
btained by subtracting the field potential from the intracellular
otential. Histological procedures for verification of stimula-
ion sites in the striatum by electrolytic lesions and microscopic
bservation of dye-labeled cells were described in previous stud-
es [19,22]. In some experiments, micropipettes were filled with
orseradish peroxidase (4% HRP, Sigma VI, Tris buffer solu-
ion, pH 7.4), and HRP was injected into the cells by positive
urrent pulses of 0.5–2 nA in intensity and 500 ms in duration
t 0.5 Hz for 2–5 min. After 2–10 h survival, the toad was sac-

ificed under deep anesthesia and its brain was removed from
he skull, fixed in 4% paraformaldehyde for 6–12 h and soaked
n 30% sucrose solution in a refrigerator overnight. Frozen sec-
ions were cut at 40 �m. Tegmental sections were processed for

t
s
f
(

ig. 1. Postsynaptic responses of two tegmental neurons (A and B) to electrical stimula
triatum (Str) and their changes in polarity during hyperpolarizing currents. These cel
ollowed by inhibitory postsynaptic potential (IPSP) whereas to striatal stimulation wi
nd reversed in polarity by hyperpolarizing current (−1 nA) (A, a). Cell B was spon
orizontal traces beneath postsynaptic responses show field potentials recorded just

o stimulation artifacts. Scales: 10 mV, 100 ms.
Letters  429 (2007) 111–114

RP reactivity [1]. The location and morphology of the stained
ells were observed and drawn with a camera lucida attached to
microscope.

One hundred and forty-eight tegmental neurons were intra-
ellularly recorded with resting potentials of negative 30–80 mV
nd examined for responses to striatal and optic tract stimula-
ions. All these neurons responded to electrical stimulation of the
psilateral optic tract with an excitatory postsynaptic potential
EPSP, 10%), an EPSP followed by an inhibitory postsynaptic
otential (EPSP-IPSP, 85%), or an IPSP alone (5%). The latency
f the EPSP was 11.6 ± 3.5 ms (mean ± S.D., n = 140) ranging
rom 6.1 to 22.6 ms. Among the recorded cells, 89.2% (132/148)
lso responded to electrical stimulation of the contralateral
ptic tract. Following the contralateral optic tract stimulation,

hese tegmental neurons produced an EPSP (11%), EPSP–IPSP
equence (79%), or pure IPSP (10%). The EPSP latency ranged
rom 6.1 to 30.6 ms with an average of 15.5 ± 5.3 ms (n = 132)
Fig. 1).

tion of the ipsilateral (IT) and contralateral (CT) optic tracts and of the ipsilateral
ls responded to tract stimulations with excitatory postsynaptic potential (EPSP)
th a pure IPSP (b). The IPSP was increased by depolarizing current (not shown)
taneous and its firing rate was increased during EPSP and abolished by IPSP.
outside of the impaled cell (c). Three sweeps are superimposed. Arrows point
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Meanwhile, these tegmental neurons were also examined for
ntracellular responses to electrical stimulation of the ipsilateral
triatum and they all responded with a pure IPSP (Fig. 1A), fol-
owed by a rebound excitation in most of the cells. About 25% of
he tegmental cells were spontaneously active and their spiking
ctivity was abolished during the IPSP evoked by striatal and
ract stimulations (Fig. 1B). The IPSP in tegmental cells evoked
y striatal stimulation had an average latency of 19.8 ± 7.0 ms
ith a range of 9.2–39.8 ms. All these IPSP were graded in

mplitude and changed by injections of current. For example,
epolarizing current of 1–3 nA increased IPSP in amplitude
hereas hyperpolarizing current of similar intensities reduced

PSP and finally reversed its polarity, confirming its IPSP nature.
The amphibian basal ganglia are mainly composed of the

triatum and only a small pallidum is found at the caudal
asal telencephalon. Thirty-eight stimulation sites in the basal
elencephalon were lesioned and all of them were localized
n the rostral half of the striatum, which is homologous to
he mammalian striatum proper (caudate-putamen) [5,11,18].
eventy-one neurons were successfully stained with Lucifer
ellow or HRP to show their locations and morphological fea-

ures. Among them, 66 cells were localized in the tegmental
uclei including the anterodorsal nucleus (65%), anteroven-
ral nucleus (4%), nucleus profundus mesencephali (16%), and
uperficial isthmal reticular nucleus (8%); and 5 others (7%)

r

t
t

ig. 2. Topological distribution of the 71 neurons recorded and labeled in the toad’s
ells (dots) are mainly localized in four tegmental nuclei (AD, NPM, SIR, and AV, s
re shown in photomicrographs, demonstrating axonal trajectories in tectum (OT, C)
xonal stem (thick arrow) and ramifications (arrowheads) in grey, cell body and den
oad’s brain are arranged from top to bottom. Intracellular recording and staining wer
ars: 500 �m in A and B, 200 �m in C and D.
nce Letters 429 (2007) 111–114 113

ere unidentified in a particular nucleus (Fig. 2B). They had a
ariety of morphologies, usually possessing multiangular, piri-
orm or fusiform perikarya and widely branching dendrites. The
xons of tegmental neurons were much more frequently labeled
nd could be traced for a considerable distance by HRP staining
ompared to Lucifer yellow labeling. Out of the 17 tegmen-
al cells with clearly labeled axons, 10 cells send axons to the
eep layers of the ipsilateral tectum and these axons extensively
amify along the projection trajectories (Fig. 2A). None of the
ectum-projecting tegmental cells had high spontaneous firing.
our cells project axons to the ipsilateral nucleus isthmi where

hey ramify widely to contact with isthmic neurons, and three
thers send axons to the medulla or spinal cord.

The present study found that the majority of the tegmental
eurons can be activated by electrical stimulation to either of the
ptic tracts. This activation is likely transmitted from the tectum
o tegmental neurons [14]. The current finding is also supported
y our previous studies showing that tegmental cells are activated
y both tract stimulations [22]. In fact, some tegmental cells in
he anterodorsal nucleus and in the nucleus profundus mesen-
ephali respond to binocular visual stimulations, and others also

espond to auditory and tactile stimulations as well [25].

The principal finding of the present study is that the stria-
um in toads exerts an inhibitory action on tegmental neurons in
he anterodorsal nucleus (AD), nucleus profundus mesencephali

tegmentum and the morphology of an HRP-stained tegmental neuron. These
ee text). Morphological details of an example NPM cell (star with arrow in B)
, cell body and dendrites in tegmentum (D). Camera lucida drawings (A) show
drites (thin arrow) in black. Anterior-posterior levels of cross-sections of the
e made in bilateral tegmental. Numerals 1–9 in C represent tectal layers. Scale
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NPM), anteroventral nucleus (AV), and superficial isthmal
eticular nucleus (SIR). Most of the stained cells are localized
ithin AD and NPM, which are involved in multisensory infor-
ation processing [25]. The fact that tegmental axons project to

he tectum, nucleus isthmi, and spinal cord supports the notion
hat tegmento-tectal and tegmento-isthmo-tectal pathways can

odulate tectal activity [18,19,23,24] and the tegmento-spinal
nd tecto-tegmento-spinal pathways [14] may control visually
uided behaviors. Our results are also consistent with previ-
us studies suggesting that the striato-tegmental pathway is
nhibitory and may be mediated by �-aminobutyric acid (GABA)
4,7,8] with likely involvement of neuropeptides [9]. Together
ith previous findings, the current results strongly support that

hese groups of tegmental nuclei as a whole are homologous
o the substantia nigra of amniotes. Because the tegmentum
eciprocally connects to the optic tectum [14,20] and occupies
key position in the striato-tegmento-tectal [11,21] and tecto-

egmento-spinal [13] pathways, the striato-tegmental pathway
ould modulate orienting behaviors in amphibians by modulat-
ng tectal activity on the one hand, and by controlling the passage
f sensory information to premotor centers in the spinal cord on
he other.

Amphibians stand on the evolutionary anamniote–amniote
ransition. The basal ganglia appears to modulate motor func-
ions mainly through its outputs to both cerebral cortex and
ectum in amniotes including reptiles, birds, and mammals [18],
hile this functional modulation may be exerted by its outputs

rom the striatum to both tectum and tegmentum in anamniotes
ncluding amphibians and fish. The inhibitory striato-tegmental
athway we found here may modulate visually guided behaviors
n anamniotes at rest [16].
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