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Abstract
The nucleus isthmi in the dorsolateral tegmentum had been one of the most obscure structures in the nonmammalian midbrain for eight
decades. Recent studies have shown that this nucleus and its mammalian homologue, the parabigeminal nucleus, are all visual centers,
which receive information from the ipsilateral tectum and project back either ipsilaterally or bilaterally depending on species, but not an
auditory center as suggested before. On the other hand, the isthmotectal pathways exert dual, both excitatory and inhibitory, actions on
tectal cells in amphibians and reptiles. In birds, the magnocellular and parvocellular subdivisions of this nucleus produce excitatory and
inhibitory effects on tectal cells, respectively. The excitatory pathway is mediated by glutamatergic synapses with AMPA and NMDA
receptors and / or cholinergic synapses with muscarinic receptors, whereas the inhibitory pathway is mediated by GABAergic synapses via
GABAA receptors. Further studies have shown that the magnocellular and parvocellular subdivisions can differentially modulate the
excitatory and inhibitory regions of the receptive field of tectal neurons, respectively. Both the positive and the negative feedback
pathways may work together in a winner-take-all manner, so that the animal could attend to only one of several competing visual targets
simultaneously present in the visual field. Some behavioral tests seem to be consistent with this hypothesis. The present review indicates
that the tecto-isthmic system in birds is an excellent model for further studying tectal modulation and possibly winner-take-all
mechanisms.
 2002 Elsevier Science B.V. All rights reserved.
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The nucleus isthmi (NI) as a conspicuous paired midbrain structure was first described in 1897 in amphibians
by Gaupp; it is now found in all classes of nonmammalian
vertebrates [97] and is assumed to be homologous to the
parabigeminal nucleus in mammals [10,27,58,81] (Fig. 1).
Previously, it had been suggested that this nucleus might
be the midbrain representative of the auditory system
[56,57]. However, neither auditory nor visual responses
were recorded from the amphibian NI in 1965 [71]. Since
the 1970s, the isthmic complex in a variety of species has
been extensively studied neuroanatomically, electrophysiologically and behaviorally. The present review provides a
relatively brief summary of multidisciplinary evidence that
NI and its mammalian homologue are all visual centers,
which can modulate the visual activity of tectal neurons in
nonmammals. In birds, the magnocellular and parvocellular components of NI can modulate the excitatory center
and inhibitory surround of the receptive field of tectal cells,
respectively. It suggests that the isthmic complex may play
an essential role in a winner-take-all network.

1. The nucleus isthmi and its mammalian homologue
are visual centers

1.1. Cytoarchitecture and neural connections of the
nucleus isthmi
The nucleus isthmi in anuran amphibians is a kidneyshaped structure located at the border between the
mesencephalic tegmentum and cerebellum. It is divided
into a cell-dense cortex peripherally and cell-sparse medulla internally, with a cell-free band (neuropil) medioventrally (Fig. 2A). The average number of NI cells in frogs is
7900 [101] and that in toads is 4800 [102]. Cortical cells
could be classified into five types and most of them have
piriform perikarya, whereas medullary cells of seven types
mostly are piriform, fusiform, or multipolar in somatic
shape [88]. In salamanders, NI has a shell-like shape,
rostral to which is a neuropil formed by isthmic dendrites
and axons of the tectoisthmic and isthmotectal tracts [118].
The isthmic neurons possess a piriform soma with an

Fig. 1. Schematic cross-sections of midbrains showing neuronal pathways between the optic tectum and isthmic nuclei. The nucleus isthmi (NI) in frogs
(A), the nucleus isthmi pars magnocellularis (Imc) in geckoes (B), Imc and the nucleus isthmi pars parvocellularis (Ipc) in pigeons (C), as well as the
parabigeminal nucleus (PBN) in rats (D) all receive input from the ipsilateral tectum or superior colliculus (SC), and project back ipsilaterally (C) or
bilaterally (A, B, D). Note that neuronal pathways between tectum and Imc via the nucleus profundus mesencephali in lizards (B) and those between
tectum and the nucleus isthmi pars semilunaris in birds (C) are not drawn for clarity. The rat PBN (D) is divided into three subdivisions (D, M, V in inset),
with dorsal and ventral divisions projecting back ipsilaterally and middle contralaterally. Thick arrows represent pathways electrophysiologically identified
and thin arrows those not physiologically identified yet. Thick solid, dotted, and broken arrows signify excitatory, inhibitory and dual (excitatory and
inhibitory) pathways, respectively. Based on Refs. [23,49,100–106,108,127].
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Fig. 2. Microphotographs showing cytoarchitecture of the nucleus isthmi
(NI) in frogs (A), the nucleus isthmi pars magnocellularis (Imc) in
geckoes (B), Imc and the nucleus isthmi pars parvocellularis (Ipc) in
pigeons (C), as well as the parabigeminal nucleus (PBN) in mice (D).
Isthmic neurons in non-mammals are stained for acetylcholinesterase and
parabigeminal neurons in mammals for choline acetyltransferase. Note
that NI in frogs is characterized by a cell-free band (neuropil)
medioventrally. In geckoes, Imc but not Ipc cells are stained, with an
inhomogeneous distribution of cells. The nucleus isthmi pars semilunaris
(Slu) stained for acetylcholinesterase in C is just partially shown. Arrow
in C points to an area where acetylcholinesterase staining is significantly
reduced by tectal lesion. The anatomical locations of these nuclei are
shown in Fig. 1. Dorsal is up, medial is to the right. Scales: 250 mm in A,
C; 70 mm in B; 240 mm in D. Based on Refs. [60,67,104].

apical dendrite that extends rostrolaterally and arborizes in
the neuropil [117]. Dye coupling occurs between isthmic
cells, probably indicating the existence of electrical
synapses in the amphibian NI [117,124]. Interestingly,
there may exist dye coupling between isthmic and tectal
neurons in salamanders [117]. The isthmic nucleus receives input from the ipsilateral tectum and projects back
ipsilaterally in teleosts [46,47,76,93,] but not [77], or
bilaterally in amphibians [25,28,30,52,61,88,110,111,117–
119] and in reptiles [54,103]. In anurans, the anterior
nonrim cortex and the rostral medulla project to the
ipsilateral tectum, whereas a band of cells in the middle
medulla and most cells in the rim cortex project to the
contralateral tectum [88]. However, the isthmotectal pathway in tongue-projecting salamanders is substantially
different from that in other amphibians, showing that the
majority of isthmic neurons project to both tecta [117]. In
addition, the amphibian NI also receives input from the
anterodorsal tegmental nucleus [92,123,125].
The isthmic complex in lizards is divided into two
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subnuclei, the nucleus isthmi pars magnocellularis (Imc)
and the nucleus isthmi pars parvocellularis (Ipc) (Fig. 2B).
Their cells could be categorized into three types according
to their dendritic patterns: (i) monopolar cells have
piriform perikarya giving off an apical dendrite; (ii)
bipolar cells possess polygonal or fusiform perikarya with
two dendrites spreading out in the opposite directions or at
certain angles; and (iii) multipolar cells are characterized
by polygonal or spherical perikarya that radiate several
dendrites [128]. Imc not only has connections with both
tecta, but also receives input from and projects to the
nucleus profundus mesencephali that is reciprocally connected with the ipsilateral tectum [103]. The isthmic
complex in turtles consists of three cytoarchitecturally
distinct nuclei: the rostral and caudal magnocellular nucleus isthmi, and the parvocellular nucleus isthmi [78]. The
rostral magnocellular nucleus isthmi is identified as the
nucleus profundus mesencephali in lizards [103], which is
characterized by a loose group of neurons with elongated
perikarya [78]. The caudal magnocellular nucleus isthmi
and the parvocellular nucleus isthmi are equivalent to Imc
and Ipc in lizards, respectively. They have reciprocal
connections with the ipsilateral tectum, with Ipc additionally receiving input from the ipsilateral Imc and projecting
to the contralateral tectum [54].
It has been generally accepted that the isthmic complex
in birds consists of Imc, Ipc, and the nucleus isthmi pars
semilunaris (also named the nucleus semilunaris, Slu) (Fig.
2C); the isthmo-optic nucleus is excluded because it
projects centrifugally to the contralateral retina [91]. In
pigeons, Imc neurons show a great variability in size
(12–50 mm in diameter) of perikarya with several dendrites mostly bearing spines, whereas Ipc cells have
round perikarya (about 20 mm) giving off a few thin and
sparsely branching dendrites mostly being free of spines.
Slu cells possess round-shaped perikarya (20 mm) having a
few sparsely branching dendrites with mushroom-shaped
spines [35]. Intracellular staining reveals dye coupling
between Slu cells in about 22% of the cases examined on
brain slices [Tang and Wang, unpublished data]. Both Ipc
and Slu have reciprocal and topographic connections with
the ipsilateral tectum [36,39,42,45]; Imc may receive tectal
input [42,116] and project back ipsilaterally [85–87,112],
and some Imc axons’ collaterals may also project to Ipc as
well [86].
The mammalian homologue of the nonmammalian NI is
assumed to be the parabigeminal nucleus [10,27,58,81],
which lies along the lateral wall of the midbrain just
ventral to the brachium of the inferior colliculus (Fig. 2D).
It is cytoarchitecturally divided into the dorsal, middle and
ventral divisions in rats and golden hamsters [49,84], but
not in the opossum [66]. The dorsal and ventral divisions
are composed of fusiform cells, whereas the middle
division is mainly formed of rounded or polygonal cells
[84]. This nucleus receives input from the ipsilateral
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superior colliculus and projects back bilaterally
[2,27,49,51,54,66,81,115]. In particular, the dorsal and
ventral divisions of the rat parabigeminal nucleus project
to the ipsilateral tectum and the middle division projects to
the contralateral tectum [49]. This nucleus is also connected with the dorsal lateral geniculate nucleus
[10,37,38,90], as well as with the pulvinar nucleus and the
central lateral nucleus [10]. Neurons in the isthmic nuclei
in amphibians [60,64,79,96], reptiles [72,104] and birds
[39,45,60,114], as well as those of the parabigeminal
nucleus in mammals [3,67] share a common chemoarchitectural feature, i.e., they are stained for acetylcholinesterase (AChE) and choline acetyltransferase (ChAT)
(Fig. 2). It appears that the isthmotectal pathways are
cholinergic.

1.2. Visual response properties of isthmic neurons
Electrophysiological studies have shown that NI in
teleost fish [69,120] and in amphibians [31,95,100–
102,117,118], and both Ipc and Imc in birds [110,127] are
all visual centers. Visual-auditory and multimodal units are
found outside of the nucleus [102,103,127]. Only NI in a
weakly electric fish receives electrosensory input in addition to visual afferents [77]. Histochemical and electrophysiological approaches have indicated that Imc and Ipc
in lizards may be structurally and functionally independent, with Imc being a visual center [103]. This is not the
case with the turtle NI, whose Imc and Ipc are reciprocally
connected with the ipsilateral tectum and Ipc additionally
receives input from the ipsilateral Imc and projects back to
the contralateral tectum [54]. Two neuronal loops constitute the relation between tectum and Imc in lizards: a
direct tectum–Imc–tectum loop, and an indirect tectumnucleus profundus mesencephali–Imc–nucleus profundus
mesencephali–tectum loop [103]. A similar indirect pathway is also found in teleost fish, which projects from
tectum to NI via the nucleus pretectalis [47,93]. These
indirect pathways may finally exert an inhibitory action on
isthmic cells [47,103]. The parabigeminal nucleus in
mammals is also a visual center that receives visual
information from the ipsilateral tectum and projects back
bilaterally [80–82].
Isthmic neurons in various species of animals examined
so far share several visual properties: (i) they vigorously
respond to motion of a small stimulus, usually preferring
motion in the temporonasal direction; (ii) a retinotopic
map exists in the isthmic nucleus and it registers with the
visual field map in tectum; (iii) some isthmic neurons in
non-avian vertebrates can be driven by either eye; and (iv)
the isthmic nucleus receives input from the ipsilateral
tectum and projects back either bilaterally or ipsilaterally.
A comparison of the visual response properties of isthmic
cells and those of tectal cells suggests that little information processing occurs in the isthmic nucleus
[81,82,118]. Therefore, the nucleus has been thought as a

relay station, which conveys visual information from the
contralateral eye to the contralateral tectum [25,28,30,88].
However, this hypothesis is challenged by three facts.
First, some isthmic neurons already receive binocular
inputs [80,101,118,119], and a substantial amount of optic
axons directly project to the ipsilateral tectum in salamanders [73], implying that NI not only relays ipsilateral
information but also might be involved in calculating
three-dimensional trajectories of fast-moving objects
[118,119]. Second, electrical stimulation of the toad NI
could elicit excitatory (22%) and inhibitory (78%) responses in neurons intracellularly recorded from the contralateral tectum [108]. This finding is in accordance with
lesion studies indicating that removal of isthmic input
results in global disinhibition in bilateral tecta [25].
Double-labeling studies have shown that 62% of contralaterally projecting isthmic neurons is immunostained for
gamma-aminobutyric acid (GABA) [62]. It appears that NI
in amphibians may play an important role not only in
relaying ipsilateral information but also with respect to
inhibitory interactions between both hemispheres. Third,
well developed Ipc and Imc in birds do not project to the
contralateral tectum, indicating that both Ipc and Imc may
modulate tectal activity rather than relaying ipsilateral
information. As stated below, Imc and Ipc in birds can
modulate tectal activity in excitatory and inhibitory ways,
respectively [106,109].

1.3. Tecto-isthmic transmission is mediated by
acetylcholine and glutamate
Neurotransmission from tectum to NI in amphibians is
mediated by acetylcholine via muscarinic receptors, because atropine completely blocks isthmic responses to
microiontophoretically applied acetylcholine and greatly
decreases isthmic activity evoked by visual stimulation
through tectum [14]. This finding is in agreement with
histochemical studies showing the presence of high levels
of AChE [60,79,99] and ChAT [64] in the amphibian NI.
Tectal lesions result in the reduction or elimination of
AChE staining within NI in a topographical manner [60],
suggesting that at least some tectoisthmic fibers are
cholinergic. In the pigeon, both Ipc and Imc are stained for
AChE [45,60] and ChAT [114]. Tectal lesions result in the
topographical disappearance of AChE staining within Ipc
but not within Imc [45,60]. This could be explained by the
possibilities that electrolytic lesions are made in a tectal
region where no tecto-Imc projecting neurons exist, or
tecto-Imc fibers are not cholinergic. The latter possibility,
however, seems to be discrepant with the finding that
neurons in Ipc and Imc are equally excited by acetylcholine, but the excitatory effect of N-methyl-D-aspartate
(NMDA) is predominantly confined to Ipc. Firing activity
of Ipc cells induced by NMDA is specifically blocked by
CPP, an antagonist to NMDA [122]. It presumes that the
tecto-Imc pathway may be cholinergic, whereas tecto-Ipc
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fibers may be cholinergic and / or glutamatergic. Another
possibility might be that glutamatergic receptors on Ipc
cells mediate the synaptic transmission between both
subnuclei, because Imc cells may give off axon collaterals
to Ipc cells [86]. These differential sensitivities of Ipc and
Imc cells to acetylcholine and NMDA enable an experimental strategy, in which different chemical substances
(acetylcholine and NMDA) can be used to separately excite
Ipc and Imc neurons for studying effects of isthmic
excitation on tectal cells [109]. All these findings clearly
show that the tectoisthmic pathways are excitatory and
mediated by acetylcholine and / or glutamate as putative
transmitters.

2. Modulation of tectal neurons by the isthmo-tectal
pathways

2.1. Dual actions of NI on tectal neurons in amphibians
and reptiles
In recent years, our great efforts have focused on the
functional actions of isthmic cells on tectal neurons in
amphibians, reptiles and birds. Electrical stimulation of NI
in amphibians and Imc in reptiles produces excitatory and
inhibitory postsynaptic potentials in tectal cells [23,105]
(Fig. 3). These dual actions of isthmic stimulation on tectal
activity are confirmed by subsequent microiontophoretic
studies [126] (Fig. 4). In toads, isthmic stimulation could
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exert an excitatory action on 80% of tectal cells, with
mediation of acetylcholine and muscarinic receptors, and
an inhibitory action on 20% of tectal cells through
GABAergic synapses mediated by GABAA receptors. In
addition, visual responses in most tectal cells can be
blocked by CPP, showing that retinotectal neurotransmission in amphibians is mainly mediated by glutamate via
NMDA receptors. Some proportion of optic axons may use
acetylcholine as a transmitter in retinotectal transmission
mediated by muscarinic receptors. Taken together, retinal
and isthmic afferents onto tectal cells converge in several
combinations (Fig. 5). Tectal cells with cholinergic isthmotectal synapses receive either glutamatergic or cholinergic inputs from the retina, tectal cells receiving both
cholinergic and indirect GABAergic afferents make either
glutamatergic or cholinergic synapses with retinal afferents, and tectal cells make both GABAergic synapses with
isthmotectal terminals and glutamatergic synapses with
retinotectal terminals. This finding is supported by the fact
that the isthmotectal pathway contains both cholinergic
[60,75,96,104] and GABAergic fibers [61,62]. This
cholinergic input from NI to tectum may be excitatory
[17]. At least two groups of isthmic cells are stained for
AChE [60,104] and GABA [61,62,70]. In addition, glutamate [7,21,40,68] and / or acetylcholine [18,24] may be
involved in retinotectal transmission in amphibians. Within
the tectum, a high density of both nicotinic and muscarinic
receptors [18,19], as well as glutamate binding sites can be
found in the superficial layers [7].

Fig. 3. Cellular morphology (A, B) labeled with Lucifer yellow and intracellular recordings (C) of a tectal neuron responding to electrical stimulation of
the bullfrog nucleus isthmi. Microphotograph is taken from one of the cross-sections of tectum, with some dendrites (truncated) being in other sections (A).
The morphology of this cell is graphically reconstructed based on the photomicrographs taken from the sections at different depths (B). This tectal cell
responds to isthmic stimulation in an excitatory manner, with spikes riding on excitatory postsynaptic potentials (EPSP). Two superimposed sweeps. Letter
P in A and B indicates the pia matter. Numerals in B show the tectal laminations. Thick arrow points to an axon, thin arrow EPSP, and arrowhead electrical
stimulation artifacts. Dorsal is up, medial is to the right. Scales: 100 mm in B; 10 ms, 10 mV in C. Based on Ref. [105].
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Fig. 4. Neuronal responses showing effects of glutamatergic (CPP, CNQX), cholinergic (ATR, atropine), GABAergic (BIC, bicuculline; SAC,
2-hydroxysaclofen), and glycinergic (STR, strychnine) antagonists on visual responses (A, C) and on responses evoked by electrical stimulation of the toad
nucleus isthmi (B, D. E) in four tectal cells (responses in A and B were recorded from the same tectal cell). Visual responses in A were blocked by CPP but
not by either atropine or CNQX, whereas those in cell C were selectively blocked by atropine, and by neither CPP nor CNQX. Excitatory responses of cell
A–B to isthmic stimulations were selectively blocked by atropine, and not influenced by CPP and CNQX. Excitatory responses of E–I type cell D were
selectively blocked by atropine (not shown), and its inhibitory responses were released by bicuculline but not by hydroxysaclofen. In I-type cell E, visual
responses were inhibited by isthmic stimulations, and this inhibition was released by bicuculline but not affected by strychnine. Three sweeps were
superimposed. Co, control; RE, recovery. Arrows point to electrical stimulus artifacts. Upward deflection of bottom traces represents visual stimulation
using an 88 black disc. Scale bars: 20 mV, 500 ms in A and C, 10 ms in B, and 20 ms in D and E. From Ref. [126].

Fig. 5. Neuropharmacological experiments on toads have revealed convergence of retinal and isthmic afferents on tectal neurons in five combinations with
respect to neurotransmitters and receptor subtypes utilized at the excitatory and inhibitory synapses. Tectal cells with cholinergic (green) isthmotectal
synapses receive either glutamatergic (red) or cholinergic input from the retina (A), tectal cells receiving both cholinergic and indirect GABAergic (black)
afferents make either glutamatergic or cholinergic synapses with retinal afferents (B), and tectal cells make both GABAergic synapses with isthmotectal
terminals and glutamatergic synapses with retinotectal terminals (C). The percentage-numbers on the retinotectal terminals indicate proportion of each
wiring mode in the total population of tectal neurons examined. Key symbols are listed in the lower part of the figure. Black solid circle represents the cell
body of an interneuron.
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2.2. Magnocellular and parvocellular divisions of avian
NI differentially modulate tectal activity
The tecto-isthmic system in birds is a good model for
studying the isthmic actions on tectal activity, because the
isthmic complex in birds is considered to be composed of
Imc, Ipc and Slu, and therefore the dual actions might be
shared by these subdivisions separately. Although the
electrophysiological properties of Imc and Ipc have been
extensively studied, physiological knowledge on Slu is still
lacking. Recently, our study provides the first electrophysiological evidence that the pigeon Slu is a visual
center and its neurons are sensitive to motion, with some
cells responding to motion in an inhibitory manner [129].
Therefore, our discussion below will focus on differential
actions of Imc and Ipc on tectal activity as shown in three
series of experiments. In the first series of experiments,
microinjection of lidocaine, a local anesthetic that operates
as a sodium-channel blocker, into Imc results in a significant reduction of the visual firing rate in most tectal cells,
but lidocaine in Ipc does not affect the visual responses.
The reason why lidocaine does not work in Ipc is
elucidated below in the third series of experiments. In
contrast, injection of NMDA into Ipc produces a significant decrease in the visual responses of tectal cells, but
NMDA does not work in Imc due to the local absence of
NMDA receptors [122]. These results imply that the Imctectal pathway is excitatory, whereas the Ipc-tectal pathway is inhibitory [106]. This conclusion is confirmed by
the second series of experiments using microiontophoretic
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techniques. Electrical stimulation of Imc induces spikes in
tectal cells, showing the excitatory nature of the Imc-tectal
pathway. This pathway is mediated by two different
neurotransmitter systems, a cholinergic system that is
blocked by atropine, and a glutamatergic system that is
blocked by CPP or CNQX, an antagonist to AMPA
receptors [107] (Fig. 6). On the other hand, electrical
stimulation of Ipc produces inhibitory responses in 80% of
tectal cells and a brief excitation followed by an inhibitory
period in 20% of tectal cells examined. Both inhibitory
mechanisms are blocked by bicuculline, an antagonist to
GABA, but not by strychnine, an antagonist to glycine [15]
(Fig. 7). It appears to contradict the previous finding that
Ipc neurons can take up exogenous glycine [45], and that
tectum releases pre-injected glycine during electrical
stimulation of Ipc [74]. This discrepancy could be explained by suggesting that uptake affinity for and release of
an exogenous chemical, for example glycine pre-injected
into tectum, may be not a sufficient criterion for identifying a transmitter [44]. The brief excitatory responses
preceding the inhibition during Ipc stimulation is blocked
by atropine, showing its muscarinic and thus cholinergic
nature [22]. Comparison of the dual actions of single NI on
tectal cells in amphibians and the dichotomous actions of
the isthmic complex in birds clearly shows that the
excitatory and inhibitory actions of single NI are shared by
Imc and Ipc, respectively (Fig. 8A). Furthermore, both
excitatory and inhibitory actions of isthmic cells converge
on the same tectal cell [109]. Although GABA-immunoreactive perikarya are found in the avian Imc [11,26,87],

Fig. 6. Synaptic transmission from the nucleus isthmi pars magnocellularis (Imc) to optic tectum is mediated by acetylcholine (A) and glutamate (B). A:
Effect of microiontophoretically applied atropine sulphate (ATR, 25 nA) and CPP (50 nA) on an acetylcholine-selective tectal cell following electrical
stimulation of Imc. B: Effect of atropine sulphate (50 nA) and CPP (25 nA) on a glutamate-selective tectal cell following Imc stimulation. Six
superimposed sweeps. Co, control. Scales: 1 ms, 0.5 mV/ cm. From Ref. [107].
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Fig. 7. Synaptic transmission from the nucleus isthmi pars parvocellularis (Ipc) to optic tectum is mainly mediated by gamma-aminobutyric acid (GABA).
A: Inhibitory (I) type. Electrical stimulation of Ipc inhibits tectal cells, and inhibitory period is blocked by bicuculline (50 nA) but not by strychnine (50
nA). B: Excitatory-inhibitory (E–I) type. Electrical stimulation of Ipc evokes an excitation followed by an inhibition in tectal cells. Excitation is blocked by
atropine but not by CPP (not shown) whereas inhibition is blocked by bicuculline (BIC, 50 nA) but not by strychnine (STR, 50 nA). Three superimposed
sweeps. Scales: 0.5 mV/ cm for all traces; 20 ms in A, 10 ms in B except upper trace as control (Co, 2 ms). From Ref. [15,22].

Fig. 8. Isthmo-tectal wiring (A) and dichotomous modulation of the receptive field of tectal neurons (B) in pigeons. The nucleus isthmi pars parvocellularis
(Ipc) and the nucleus isthmi pars magnocellularis (Imc) exert inhibitory action through GABAergic (black) synapses and excitatory actions via
glutamatergic (red) and cholinergic (green) synapses on tectal cells, respectively. A small proportion of Ipc-tectal fibers can produce in tectal cells a brief
cholinergic excitation followed by an inhibitory period possibly via GABAergic interneurons. Although two tectal neurons are drawn in (A) for clarity,
both Ipc-tectal and Imc-tectal afferents actually converge onto the same tectal cells. Chemical blockade and excitation of the isthmic complex show
differential modulation of the excitatory and inhibitory regions of the receptive field of tectal neurons by Imc and Ipc, respectively. Key symbols in (A) are
the same as in Fig. 5, with additional stars in purple representing AMPA receptors. Circle in red and ring in black (B) symbolize the excitatory and
inhibitory receptive fields of a tectal cell, respectively.
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they only occupy 40% of Imc cells in the pigeon [113],
which are probably not Imc-tectal projection neurons. On
the other hand, Imc cells are stained for ChAT and AChE
[60,114], suggesting that they may use acetylcholine as
one of transmitters. GABA-stained perikarya are found in
the rostral Ipc, suggesting that some of Ipc neurons may be
GABAergic [43–45,113]. Neurons in Ipc contain both
AChE and ChAT and they are therefore cholinergic
[60,114]. These cholinergic and possibly excitatory neurons of Ipc may exert inhibitory actions on tectal cells
through the horizontally organized system of inhibition
within the tectum [43,45]. In addition, retinotectal transmission in birds is glutamatergic [12,50,98] and mediated
by AMPA receptors, although tectal cells could be excited
by both AMPA and NMDA [12,50]. A small portion of
retinal ganglion cells can monosynaptically inhibit tectal
cells in frogs [61,62,105] and in pigeons [59]. They may
use GABA as an inhibitory transmitter, but the functional
significance of this retinotectal inhibition remains to be
elucidated.

2.3. Excitatory and inhibitory receptive fields of tectal
cells are modulated respectively by Imc and Ipc in birds
The third series of experiments on the isthmic complex
would demonstrate how Imc and Ipc could modulate the
receptive field organization of tectal cells [109]. The
receptive field of tectal cells in birds is usually composed
of an excitatory (ERF) and an inhibitory receptive field
(IRF) [20,48,34]. Its electrophysiological properties are
closely related to those of the retinal ganglion cells and are
modulated by input from extratectal sources such as the
visual wulst and NI [1,17,53,99]. Microinjection of lidocaine into Ipc results in shrinkage or elimination of IRF,
without significant influence on ERF. This change in the
receptive field organization could explain why lidocaine
injected into Ipc could not produce suppressive effects on
visually driven activity of tectal cells in most cases, since
only visual firing produced by motion within ERF was
measured in those experiments [106]. Lidocaine injected
into Imc, however, significantly reduced ERF in size,
which was taken over by IRF. On the other hand,
excitation of Ipc cells by NMDA resulted in an expended
IRF and a shrunk ERF, whereas excitation of Imc cells by
acetylcholine lead to a decrease in IRF extent, without
observable changes in ERF. In latter cases, the visual
responses of tectal cells were significantly enhanced and
inhibitory effects of IRF on ERF were markedly decreased.
These data clearly show that the excitatory and inhibitory
regions of the receptive field of tectal cells are strongly
modulated by Imc and Ipc, respectively (Fig. 8B). This
conclusion is firmly supported by the previous study
showing that Imc and Ipc can differentially modulate the
visual responses of tectal neurons in pigeons [106].
Hubel and Wiesel [41] proposed that the receptive field
of a simple cortical cell is constructed from aligned
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receptive fields of geniculate afferents presynaptic to the
cell. This hypothesis is further supported by subsequent
studies [6,16,55]. Furthermore, the receptive field of
complex cells is also constructed with involvement of
simple cells [65]. Both excitatory and inhibitory interactions within the cortex also play important roles in
constructing cortical receptive fields [94]. Wang and Frost
[110] found that receptive fields of Ipc and Imc cells in
pigeons are very large and ovoid-shaped with elongation in
vertical dimension, and thus supposed that they are formed
by convergence of inputs from a group of tectal neurons in
a vertical strip of tectum. This suggestion has received
some anatomical evidence showing that the different
scaling of tectal dimensions represented within Ipc would
be likely to produce the vertically elongated receptive
fields of isthmic neurons [36]. Unlike simple or complex
cortical cells [41], both Ipc and Imc cells respond to a
moving bar within ERF without spatial summation and
stop firing as long as the bar moves in IRF surrounding
ERF [110]. Axons of Ipc and Imc cells give off broad
branches in the tectum and make connections with tectal
cells [85,87]. It is conceivable that an Ipc cell or an Imc
cell with a large elongated receptive field could modulate
the visual responsiveness of a group of tectal cells within a
tectal column. This reciprocal and topographical relationship between tectal and isthmic neurons ensure that small
receptive fields of a group of tectal cells can be covered by
a large receptive field of an isthmic cell. This spatial
overlap of receptive fields of both tectal and isthmic
neurons is a necessary condition for studying modulatory
action of isthmic cells on tectal cells [106,109]. Within the
tectum, isthmotectal terminals may make axo-axonal
synapses with retinotectal terminals presynaptic to tectal
cells, or be interposed between retinotectal terminals and
tectal dendrites, or share the same postsynaptic target with
retinotectal terminals [117]. In the first two circumstances,
isthmic afferents could strongly control retinotectal transmission with gating mechanisms. This notion is supported
by the finding that retinotectal transmission can be facilitated presynaptically by activity of the cholinergic projections from NI or from the parabigeminal nucleus [4,53,83],
though few, if any, of cholinergic receptors are likely to be
located on optic fiber terminals [5]. Electron microscopic
observations on amphibians have indicated that isthmotectal terminals make synapses with dendrites of tectal cells in
the superficial layers where retinal axons terminate [33]. In
birds, paintbrush endings of Ipc axons terminate in the
tectal layers where bottlebrush dendritic endings of tectal
ganglion cells terminate, implying that Ipc-tectal projection
might also play a role in motion detection [Luksch, Major
and Karten, pers. comm.], possibly working together with
tectal ganglion cells whose bottlebrush endings and large
receptive fields are characteristics for detecting motion
[63,89]. In the bushbaby, parabigeminotectal terminals are
presynaptic to dendritic shafts of tectal cells that receive
retinal afferents; thereby the cholinergic [67] parabigemi-
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nal input might locally modulate retinal input on some
tectal cells [13]. Electrical stimulation of the cat
parabigeminal nucleus can excite tectal cells ipsilaterally
[81]. Both retinal and parabigeminal terminals are also
presynaptic to pale vesicle filled profiles, and therefore
they could directly affect these presumed inhibitory elements in the superior colliculus [13]. It is likely that the
parabigeminal nucleus also might exert dual actions on
tectal cells in mammals.

3. Does the isthmo-tectal system work as a winnertake-all network?
These findings lend considerable support to the notion
that the receptive field of visual neurons is a dynamic
structure, sub-regions of which strongly interact with each
other in the space-time domain [9,121]. The positive and
negative feedback loops formed between the tectum and
NI may work together in a winner-take-all network, so that
the positive feedback loop could provide a powerful
augmentation of activated loci, while the negative feedback loop may strongly suppress the others, thereby
deciding who is the ‘winner’ [110]. For example, Imc
could enhance the visual responses of tectal cells to target
locations or stimulus features, while Ipc may suppress
those to other locations or features in the visual field.
Therefore, these processes could permit the animal to
attend to only one of several competing visual targets
simultaneously present in the visual field [29,78,106,110].
Some behavioral tests on amphibians with isthmic lesions
seem to be consistent with this hypothesis. Frogs with
isthmic lesions are unable to respond to a prey or threat
visually presented in the visual field [32], and toads with
lesions of bilateral NI can not select a single target when
several targets are present in the visual field [8]. However,
up to date, no direct proof for the function of the tectoisthmic system as a winner-take-all network has been
obtained due to technical difficulties with such experiments. Lesion methods usually have substantial limitations,
including incomplete lesions of a given structure and / or
unwanted damages to some other neural structures, and
thus possibly complicate the explanation of lesion results.
The present review indicates that the tecto-isthmic system
in birds is an excellent model for studying tectal modulation, because Ipc and Imc can modulate tectal activity in
opposite ways. It is also probably an appropriate model for
electrophysiological tests on the winner-take-all mechanisms by using naturalistic (virtual) stimuli, extracellular
recordings and chemical manipulation of Ipc and Imc with
different chemicals in the future.

Acknowledgements
I thank Prof. B.J. Frost at Queen’s University (Canada),
¨ ¨ ¨ at Ruhr-University Bochum (GerProf. O. Gunturkun

many), and Prof. H.J. Karten at University of California at
San Diego (USA) for critically reading and comments on
the manuscript. Dr. Y. Wang helped in preparing the
figures. This work was supported by the National Natural
Science Foundation of China and by the Brain-Mind
Project of the Chinese Academy of Sciences.

References
[1] P. Bagnoli, W. Francesconi, F. Magni, Interaction of optic tract and
visual wulst impulses on single units of the pigeon’s optic tectum,
Brain Behav. Evol. 16 (1979) 19–37.
[2] J.S. Baizer, J.F. Whitney, D.B. Bender, Bilateral projections from
the parabigeminal nucleus to the superior colliculus in monkey, Exp.
Brain Res. 86 (1991) 467–470.
[3] M.E. Bickford, E. Ramcharan, D.W. Godwin, A. Erisir, J. Gnadt,
S.M. Sherman, Neurotransmitters contained in the subcortical
extraretinal inputs to the monkey lateral geniculate nucleus, J.
Comp. Neurol. 424 (2000) 701–717.
[4] K.E. Binns, T.E. Salt, The functional influence of nicotinic cholinergic receptors on the visual responses of neurons in the superficial
superior colliculus, Vis. Neurosci. 17 (2000) 283–289.
[5] C.M. Butt, J.R. Pauly, L.H. Wilkins, L.P. Dwoskin, E.A. Debski,
Pharmacology, distribution and development of muscarinic acetylcholine receptor subtypes in the optic tectum of Rana pipiens,
Neuroscience 104 (2001) 161–179.
[6] B. Chapman, K.R. Zahs, M.P. Stryker, Relation of cortical cell
orientation selectivity to alignment of receptive fields of the
geniculocortical afferents that arborize within a single orientation
column in ferret visual cortex, J. Neurosci. 11 (1991) 1347–1358.
[7] H.T. Cline, J.W. McDonald, M. Constantine-Paton, Glutamate
receptor binding in juvenile and adult Rana pipiens CNS, J.
Neurobiol. 25 (1994) 488–502.
[8] T.S. Collett, S.B. Udin, The role of the toad’s nucleus isthmi in
prey-catching behavior, in: Proceedings of the Second Workshop on
Visuomotor Coordination in Frog and Toad: Models and Experiments, in: L. Lara, M.A. Arbib (Eds.), COINS Technical Report
83-19, University of Massachusetts, Amherst, USA, 1983, pp. 117135.
[9] G.C. DeAngelis, I. Ohzawa, R.D. Freeman, Receptive-field dynamics in the central visual pathways, Trends Neurosci. 18 (1995)
451–458.
[10] I.T. Diamond, D. Fitzpatrick, M. Conley, A projection from the
parabigeminal nucleus to the pulvinar nucleus in Galago, J. Comp.
Neurol. 316 (1992) 375–382.
[11] L. Domenici, H.J. Waldvogel, C. Mature, P. Streit, Distribution of
GABA-like immunoreactivity in the pigeon brain, Neuroscience 25
(1988) 931–950.
[12] J.C. Dye, H.J. Karten, An in vitro study of retinotectal transmission
in the chick: role of glutamate and GABA in evoked field potentials,
Vis. Neurosci. 13 (1996) 747–758.
[13] S. Feig, D.P. Van Lieshout, J.K. Harting, Ultrastructural studies of
retinal, visual cortical (Area 17), and parabigeminal terminals within
the superior colliculus of Galago crassicaudatus, J. Comp. Neurol.
319 (1992) 85–7499.
[14] D. Felix, S.R. Wang, K. Yan, Y.T. Wang, The effect of acetylcholine
on neurons of the amphibian nucleus isthmi, Brain Res. 326 (1985)
313–316.
[15] D. Felix, G.Y. Wu, S.R. Wang, GABA as an inhibitory transmitter in
the pigeon isthmotectal pathway, Neurosci. Lett. 169 (1994) 212–
214.
[16] D. Ferster, S. Chung, H. Wheat, Orientation selectivity of thalamic
input to simple cells of cat visual cortex, Nature 380 (1996)
249–252.
[17] K.V. Fite, S.R. Wang, Microiontophoresis and single-unit analysis of

S.-R. Wang / Brain Research Reviews 41 (2003) 13–25

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]

cholinergic drugs in the optic tectum of frog, Brain Behav. Evol. 28
(1986) 198–206.
J.A. Freeman, Possible regulatory function of acetylcholine receptor
in maintenance of retinotectal synapses, Nature 269 (1977) 218–
222.
J.A. Freeman, J.T. Schmidt, R.E. Oswald, Effect of alpha-bungarotoxin on retinotectal synaptic transmission in the goldfish and
the toad, Neuroscience 5 (1980) 929–942.
B.J. Frost, P.L. Scilley, S.C.P. Wong, Moving background patterns
reveal double-opponency of directionally specific pigeon tectal
neurons, Exp. Brain Res. 43 (1981) 173–185.
R. Gabriel, C. Straznicky, Synapses of optic axons with GABA- and
glutamate-containing elements in the optic tectum of Bufo marinus,
J. Hirnforsch. 36 (1995) 329–340.
H.F. Gao, G.Y. Wu, S.R. Wang, Isthmo-tectal neurotransmission in
pigeons, Acta Biophys. Sin. 11 (1995) 233–236.
S.A. George, G.Y. Wu, W.C. Li, S.R. Wang, Dual actions of isthmic
input on tectal neurons in a reptile Gekko gekko, Vis. Neurosci. 16
(1999) 889–893.
M. Gernert, J.P. Ewert, Cholinergic, GABAergic, and dopaminergic
influences on visually evoked field potentials in the superficial optic
tectum of Bufo marinus, Comp. Biochem. Physiol. 112A (1995)
387–401.
S. Glasser, D.J. Ingle, The nucleus isthmus as a relay station in the
ipsilateral visual projection to the frog’s optic tectum, Brain Res.
159 (1978) 214–218.
R.H. Granda, W.J. Crossland, GABA-like immunoreactivity of
neurons in the chicken diencephalon and mesencephalon, J. Comp.
Neurol. 287 (1989) 455–469.
A.M. Graybiel, A satellite system of the superior colliculus: the
parabigeminal nucleus and its projections to the superficial collicular
layers, Brain Res. 145 (1978) 365–374.
P. Grobstein, C. Comer, M. Hollyday, S.M. Archer, A crossed
isthmo-tectal projection in Rana pipiens and its involvement in the
ipsilateral visuotectal projection, Brain Res. 156 (1978) 117–123.
E.R. Gruberg, Nucleus isthmi and optic tectum in frogs, in: J.P.
Ewert, M.A. Arbib (Eds.), Visuomotor Coordination, Plenum, New
York, 1989, pp. 341–356.
E.R. Gruberg, S.B. Udin, Topographic projections between the
nucleus isthmi and the tectum of the frog, J. Comp. Neurol. 179
(1978) 487–500.
E.R. Gruberg, J.Y. Lettvin, Anatomy and physiology of a binocular
system in the frog Rana pipiens, Brain Res. 192 (1980) 313–325.
E.R. Gruberg, M.T. Wallace, H.S. Caine, M.I. Mote, Behavioral and
physiological consequences of unilateral ablation of the nucleus
isthmi in the leopard frog, Brain Behav. Evol. 37 (1991) 92–103.
E.R. Gruberg, T.E. Hughes, H.J. Karten, Synaptic interrelationships
between the optic tectum and ipsilateral nucleus isthmi in Rana
pipiens, J. Comp. Neurol. 339 (1994) 353–364.
Y. Gu, Y. Wang, S.R. Wang, Regional variation in receptive field
properties of tectal neurons in pigeons, Brain Behav. Evol. 55
(2000) 221–228.
¨ ¨ ¨ A Golgi study of the isthmic nuclei in the pigeon
O. Gunturkun,
(Columba livia), Cell Tiss. Res. 248 (1987) 439–448.
¨ ¨ ¨
O. Gunturkun,
M. Remy, The topographical projection of the
nucleus isthmi pars parvocellularis (Ipc) onto the tectum opticum in
the pigeon, Neurosci. Lett. 111 (1990) 18–22.
J.K. Harting, D.P. Van Lieshout, T. Hashikawa, J.T. Weber, The
parabigeminogeniculate projection: connectional studies in eight
mammals, J. Comp. Neurol. 305 (1991) 559–581.
T. Hashikawa, D. Van Lieshout, J.K. Harting, Projections from the
parabigeminal nucleus to the dorsal lateral geniculate nucleus in the
tree shrew Tupaia glis, J. Comp. Neurol. 246 (1986) 382–394.
¨ ¨ ¨
B. Hellmann, M. Manns, O. Gunturkun,
Nucleus isthmi, pars
semilunaris as a key component of the tectofugal visual system in
pigeons, J. Comp. Neurol. 436 (2001) 153–166.
P.W. Hickmott, M. Constantine-Paton, The contributions of NMDA,
non-NMDA, and GABA receptors to postsynaptic responses in
neurons of the optic tectum, J. Neurosci. 13 (1993) 4339–4353.

23

[41] D.H. Hubel, T.N. Wiesel, Receptive fields, binocular interaction and
functional architecture in the cat visual cortex, J. Physiol. (Lond.)
160 (1962) 106–154.
¨
[42] S.P. Hunt, H. Kunzle,
Observations on the projections and intrinsic
organization of the pigeon optic tectum: an autoradiographic study
based on anterograde and retrograde, axonal and dendritic flow, J.
Comp. Neurol. 170 (1976) 153–172.
¨
[43] S.P. Hunt, H. Kunzle,
Selective uptake and transport of label within
three identified neuronal systems after injection of 3H-GABA into
the pigeon optic tectum: an autoradiographic and Golgi study, J.
Comp. Neurol. 170 (1976) 173–190.
¨
[44] S.P. Hunt, H. Henke, H. Kunzle,
J.C. Reubi, T. Schenker, P. Streit,
´
D. Felix, M. Cuenod,
Biochemical neuroanatomy of the pigeon optic
tectum, in: O. Creutzfeldt (Ed.), Afferent and Intrinsic Organization
of Laminated Structures in the Brain, Springer-Verlag, 1976, pp.
521–525.
¨
´
[45] S.P. Hunt, P. Streit, H. Kunzle,
M. Cuenod,
Characterization of the
pigeon isthmo-tectal pathway by selective uptake and retrograde
movement of radioactive compounds and by Golgi-like horseradish
peroxidase labeling, Brain Res. 129 (1977) 197–212.
[46] H. Ito, H. Tanaka, N. Sakamoto, Y. Morita, Isthmic afferent neurons
identified by the retrograde HRP method in a teleosts, Brain Res.
207 (1981) 163–169.
[47] H. Ito, N. Sakamoto, K. Takatsuji, Cytoarchitecture, fiber connections, and ultrastructure of nucleus isthmi in a teleost (Navodon
modestus) with a special reference to degenerating isthmic afferents
from optic tectum and nucleus pretectalis, J. Comp. Neurol. 205
(1982) 299–311.
[48] D. Jassik-Gerschenfeld, J. Guichard, Visual receptive fields of single
cells in the pigeon’s optic tectum, Brain Res. 40 (1972) 303–317.
[49] L.S. Jen, Z.G. Dai, K.F. So, The connections between the
parabigeminal nucleus and the superior colliculus in the golden
hamster, Neurosci. Lett. 5 (1984) 189–194.
[50] P.H. Jiang, H.F. Gao, S.R. Wang, Neurotransmitter and receptor in
the pigeon retinotectal transmission, Chin. Sci. Bull. 42 (1997)
1738–1741.
[51] Z.D. Jiang, A.J. King, D.R. Moore, Topographic organization of
projection from the parabigeminal nucleus to the superior colliculus
in the ferret revealed with fluorescent latex microspheres, Brain Res.
743 (1996) 217–232.
´ ´ Nucleus isthmi of the frog: structure and
[52] S.H. Khalil, G. Lazar,
tecto-isthmic projection, Acta Morph. Acad. Sci. Hung. 25 (1977)
51–59.
[53] W.M. King, J.T. Schmidt, The long latency component of retinotectal transmission: enhancement by stimulation of nucleus isthmi or
tectobulbar tract and block by nicotinic cholinergic antagonists,
Neuroscience 40 (1991) 701–712.
¨
[54] H. Kunzle,
H. Schnyder, The isthmus-tegmentum complex in the
turtle and rat: a comparative analysis of its interconnections with the
optic tectum, Exp. Brain Res. 56 (1984) 509–522.
[55] I. Lampl, J.S. Anderson, D.C. Gillespie, D. Ferster, Prediction of
orientation selectivity from receptive field architecture in simple
cells of cat visual cortex, Neuron 30 (2001) 263–274.
[56] O. Larsell, The nucleus isthmi of the frog, J. Comp. Neurol. 36
(1924) 309–322.
[57] O. Larsell, The differentiation of the peripheral and central acoustic
apparatus in the frog, J. Comp. Neurol. 60 (1934) 473–527.
[58] W.E. Le Gros Clark, The medial geniculate body and the nucleus
isthmi, J. Anat. (Lond.) 67 (1933) 536–548.
[59] N. Leresche, O. Hardy, E. Audinat, D. Jassik-Gerschenfeld, Synaptic
organization of inhibitory circuits in the pigeon’s optic tectum, Brain
Res. 365 (1986) 383–387.
[60] Z. Li, S.R. Wang, H.Y. Xu, K. Yan, Acetylcholinesterase staining
patterns of the tectum-nucleus isthmi systems in frogs and pigeons,
Acta Anat. Sin. 18 (1987) 44–47.
[61] Z. Li, K.V. Fite, Distribution of GABA-like immunoreactive neurons
and fibers in the central visual nuclei and retina of frog, Rana
pipiens, Vis. Neurosci. 15 (1998) 995–1006.

24

S.-R. Wang / Brain Research Reviews 41 (2003) 13–25

[62] Z. Li, K.V. Fite, GABAergic visual pathways in the frog Rana
pipiens, Vis. Neurosci. 18 (2001) 457–464.
[63] H. Luksch, K. Cox, H.J. Karten, Bottlebrush dendritic endings and
large dendritic fields: motion-detecting neurons in the tectofugal
pathway, J. Comp. Neurol. 396 (1998) 399–414.
[64] O. Marin, W.J. Smeets, A. Gonzalez, Distribution of choline
acetyltransferase immunoreactivity in the brain of anuran (Rana
perezi, Xenopus laevis) and urodele (Pleurodeles waltl) amphibians,
J. Comp. Neurol. 382 (1997) 499–534.
[65] L.M. Martinez, J.M. Alonso, Construction of complex receptive
fields in cat primary visual cortex, Neuron 32 (2001) 515–525.
´
[66] R. Mendez-Otero,
C.E. Rocha-Miranda, V.H. Perry, The organization
of the parabigemino-tectal projections in the opossum, Brain Res.
198 (1980) 183–189.
[67] E.J. Mufson, T.L. Martin, D.C. Mash, B.H. Wainer, M.M. Mesulam,
Cholinergic projections from the parabigeminal nucleus (Ch8) to the
superior colliculus in the mouse: a combined analysis of horseradish
peroxidase transport and choline acetyltransferase immunohistochemistry, Brain Res. 370 (1986) 144–148.
[68] A. Nistri, L. Sivilotti, D.M. Welsh, An electrophysiological study of
the action of N-methyl-D-aspartate on excitatory synaptic transmission in the optic tectum of the frog in vitro, Neuropharmacology 29
(1990) 681–687.
[69] D.P.M. Northmore, Visual responses of nucleus isthmi in a teleost
fish (Lepomis macrochirus), Vision Res. 31 (1991) 525–535.
´ G. Lazar,
´ ´ R. Gabriel,
´
[70] E. Pollak,
S.R. Wang, Localization and source
of g-aminobutyric acid immunoreactivity in the isthmic nucleus of
the frog Rana esculenta, Brain Res. Bull. 48 (1999) 343–350.
[71] H.D. Potter, Mesencephalic auditory region of the bullfrog, J.
Neurophysiol. 28 (1965) 1132–1154.
[72] A.S. Powers, A. Reiner, The distribution of cholinergic neurons in
the central nervous system of turtles, Brain Behav. Evol. 41 (1993)
326–345.
[73] G. Rettig, G. Roth, Retinofugal projections in salamanders of the
family Plethodontidae, Cell Tiss. Res. 243 (1986) 285–296.
´
[74] J.C. Reubi, M. Cuenod,
Release of exogenous glycine in the pigeon
optic tectum during stimulation of a midbrain nucleus, Brain Res.
112 (1976) 347–361.
[75] A.J. Ricciuti, E.R. Gruberg, Nucleus isthmi provides most tectal
choline acetyltransferase in the frog Rana pipiens, Brain Res. 341
(1985) 399–402.
[76] N. Sakamoto, H. Ito, S. Ueda, Topographic projections between the
nucleus isthmi and the optic tectum in a teleost, Navodon modestus,
Brain Res. 224 (1981) 225–234.
[77] E. Sas, L. Maler, Identification of a nucleus isthmi in the weakly
electric fish Apteronotus leptorhynchus (Gymnotiformes), Brain
Behav. Evol. 28 (1986) 170–185.
[78] M.I. Sereno, P.S. Ulinski, Caudal topographic nucleus isthmi and the
rostral nontopographic nucleus isthmi in the turtle, Pseudemys
scripta, J. Comp. Neurol. 261 (1987) 319–346.
[79] S.C. Shen, P. Greenfield, E.J. Boell, The distribution of cholinesterase in the frog brain, J. Comp. Neurol. 102 (1955) 717–744.
[80] H. Sherk, Visual-response properties and visual-field topography in
the cat’s parabigeminal nucleus, Brain Res. 145 (1978) 375–379.
[81] H. Sherk, Connections and visual-field mapping in cat’s tectoparabigeminal circuit, J. Neurophysiol. 42 (1979) 1656–1668.
[82] H. Sherk, A comparison of visual response properties in cat’s
parabigeminal nucleus and superior colliculus, J. Neurophysiol. 42
(1979) 1640–1655.
[83] M.J. Titmus, H.J. Tsai, R. Lima, S.B. Udin, Effects of choline and
other nicotinic agonists on the tectum of juvenile and adult Xenopus
frogs: a patch-clamp study, Neuroscience 91 (1999) 753–769.
[84] A. Tokunaga, K. Otani, Neuronal organization of the corpus
parabigeminum in the rat, Exp. Neurol. 58 (1978) 361–375.
¨ ¨ Golgi and electron-microscopic Golgi-GABA immuno[85] T. Tombol,
staining study of the avian optic tectum, Acta Anat. 162 (1998)
209–225.

¨ ¨ G. Egedi, A. Nemeth,
´
[86] T. Tombol,
Some data on connections of
neurons of nuclei isthmi of the chicken, J. Brain Res. 36 (1995)
501–508.
¨ ¨ A. Nemeth,
´
[87] T. Tombol,
GABA-immunohistological observations, at
the electron-microscopical level, of the neurons of isthmic nuclei in
chicken, Gallus domesticus, Cell Tissue Res. 291 (1998) 255–266.
´ G. Lazar,
´ ´ S.R. Wang, T.B. Li, J. Xu, E. Pal,
´ C. Straznicky,
[88] P. Toth,
The contralaterally projecting neurons of the isthmic nucleus in five
anuran species: a retrograde tracing study with HRP and cobalt, J.
Comp. Neurol. 346 (1994) 306–320.
[89] N. Troje, B.J. Frost, The physiological fine structure of motion
sensitive neurons in the pigeon optic tectum, Soc. Neurosci. Abstr
24 (1998) 642.9.
[90] K. Turlejski, R.L. Djavadian, B. Dreher, Parabigeminal, pretectal
and hypothalamic afferents to rat’s dorsal lateral geniculate nucleus.
Comparison between albino and pigmented strains, Neurosci. Lett.
160 (1993) 225–231.
[91] H. Uchiyama, Centrifugal pathways to the retina: Influence of the
optic tectum, Vis. Neurosci. 3 (1989) 183–206.
[92] S.B. Udin, A projection from the mesencephalic tegmentum to the
nucleus isthmi in the frogs Rana pipiens and Acris crepitans,
Neuroscience 21 (1987) 631–638.
[93] H. Vanegas, H. Ito, Morphological aspects of the teleostean visual
system: A review, Brain Res. Rev. 6 (1983) 117–137.
[94] T.R. Vidyasagar, X. Pei, M. Volgushev, Multiple mechanisms
underlying the orientation selectivity of visual cortical neurons,
Trends Neurosci. 19 (1996) 272–277.
[95] V.M. Vinogradova, Y.B. Manteifel, Neuronal reactions of the isthmal
nucleus area of the frog Rana temporaria to visual stimulation, Zh.
Evol. Biokhim. Fiziol. (J. Evol. Biochem. Physiol.), 15 (1979)
172–178 (in Russian).
[96] M.T. Wallace, A.J. Ricciuti, E.R. Gruberg, Nucleus isthmi: its
contribution to tectal acetylcholinesterase and choline acetyltransferase in the frog Rana pipiens, Neuroscience 35 (1990) 627–636.
[97] S.R. Wang, The nucleus isthmus is a visual center: neuroanatomy
and electrophysiology, in: D.T. Yew, K.F. So, D.S.C. Tsang (Eds.),
Vision: Structure and Function, World Scientific Publishing, Singapore, 1988, pp. 301–364.
[98] S.R. Wang (S.J. Wang), D. Felix, U. Frangi, The role of glutamate in
pigeon optic tectum, Brain Res. 157 (1978) 360–363.
[99] S.R. Wang, Z. Li, H.Y. Xu, Muscarinic action of acetylcholine in the
pigeon optic tectum, Exp. Neurol. 94 (1986) 436–440.
[100] S.R. Wang, K. Yan, Y.T. Wang, Visual field topography in the frog’s
nucleus isthmi, Neurosci. Lett. 23 (1981) 37–41.
[101] S.R. Wang, K. Yan, Y.T. Wang, Visual field topography and
binocular responses in frog’s nucleus isthmi, Scientia Sinica
(Science in China) 24 (1981) 1292–1301.
[102] S.R. Wang, K. Yan, Y.T. Wang, Nucleus isthmus of toad is
secondary visual center, Scientia Sinica (Science in China) (Ser.B)
25 (1982) 1172–1178.
[103] S.R. Wang, K. Yan, Y.T. Wang, S.Y. Jiang, X.S. Wang, Neuroanatomy and electrophysiology of the lacertilian nucleus isthmi,
Brain Res. 275 (1983) 355–360.
[104] S.R. Wang, Y.T. Wang, X.S. Wang, The distribution of acetylcholinesterase in the nucleus isthmi of amphibians and reptiles,
Kexue Tongbao (Chin. Sci. Bull.) 31 (1986) 700–702.
[105] S.R. Wang, N. Matsumoto, Postsynaptic potentials and morphology
of tectal cells responding to electrical stimulation of the bullfrog
nucleus isthmi, Vis. Neurosci. 5 (1990) 479–488.
[106] S.R. Wang, Y.C. Wang, B.J. Frost, Magnocellular and parvocellular
divisions of pigeon nucleus isthmi differentially modulate visual
responses in the tectum, Exp. Brain Res. 104 (1995) 376–384.
[107] S.R. Wang, G.Y. Wu, D. Felix, Avian Imc-tectal projection is
mediated by acetylcholine and glutamate, NeuroReport 6 (1995)
757–760.
[108] S.R. Wang, G.Y. Wu, Intracellular recording and morphology of
tectal neurons activated by the contralateral nucleus isthmi in toads,
Chin. Sci. Bull. 42 (1997) 1647–1651.

S.-R. Wang / Brain Research Reviews 41 (2003) 13–25
[109] Y. Wang, J. Xiao, S.R. Wang, Excitatory and inhibitory receptive
fields of tectal cells are differentially modified by magnocellular
and parvocellular divisions of the pigeon nucleus isthmi, J. Comp.
Physiol. A 186 (2000) 505–511.
[110] Y.C. Wang, B.J. Frost, Visual response characteristics of neurons in
the nucleus isthmi parvocellularis of pigeons, Exp. Brain Res. 87
(1991) 624–633.
[111] Y.T. Wang, K. Yan, S.R. Wang, Reciprocal topography between the
toad’s tectum and nucleus isthmi and cell classification, Kexue
Tongbao (Chin. Sci. Bull.) 28 (1983) 1681–1684.
[112] Y.T. Wang, S.R. Wang, Application of a carbocyanine fluorescent
dye to tracing neuronal connections of the pigeon tectum with
some mesencephalic nuclei, Acta Biophys. Sin. 6 (1990) 112–116.
[113] Y.T. Wang, S.R. Wang, H.Y. Xu, Distribution of GABA-immunoreactive neurons in nucleus isthmi of pigeon, Acta Biophys. Sin. 9
(1993) 106–112.
[114] Y.T. Wang, H.Y. Xu, S.R. Wang, An immunocytochemical analysis
of the nucleus rotundus and nucleus isthmi in pigeon, Acta
Biophys. Sin. 11 (1995) 43–48.
[115] K. Watanabe, E. Kawana, Efferent projections of the parabigeminal
nucleus in rats: a horseradish peroxidase (HRP) study, Brain Res.
168 (1979) 1–11.
[116] K.E. Webster, Changing concepts of the organization of the central
visual pathways in birds, in: R. Bellairs, E.G. Gray (Eds.), Essays
On the Nervous System, Clarendon Press, Oxford, 1974, pp.
258–297.
[117] W. Wiggers, Isthmotectal connections in Plethodontid salamanders,
J. Comp. Neurol. 395 (1998) 261–272.
[118] W. Wiggers, G. Roth, Anatomy, neurophysiology and functional
aspects of the nucleus isthmi in salamanders of the family
Plethodontidae, J. Comp. Physiol. A 169 (1991) 165–176.

25

[119] W. Wiggers, G. Roth, Depth perception in salamanders: the wiring
of visual maps, Eur. J. Morph. 32 (1994) 311–314.
´
[120] B. Williams, N. Hernandez,
H. Vanegas, Electrophysiological
analysis of the teleostean nucleus isthmi and its relationships with
the optic tectum, J. Comp. Physiol. A 152 (1983) 545–554.
¨ ¨
[121] F. Worgotter,
K. Suder, Y.Q. Zhao, N. Kerscher, U.T. Eysel, K.
Funke, State-dependent receptive field restructuring in the visual
cortex, Nature 396 (1998) 165–168.
[122] G.Y. Wu, S.R. Wang, D. Felix, Effect of acetylcholine and NMDA
on neurons of avian tectum and nucleus isthmi, NeuroReport 5
(1994) 850–852.
[123] G.Y. Wu, S.R. Wang, Extratectal projections to the nucleus isthmi in
amphibians, Acta Biophys. Sin. 11 (1995) 401–404.
[124] G.Y. Wu, S.R. Wang, Excitatory and inhibitory transmission from
the optic tectum to nucleus isthmi and its vicinity in amphibians,
Brain Behav. Evol. 46 (1995) 43–49.
[125] J. Xiao, S.R. Wang, Tegmental inhibition on isthmic neurons in
mediated by the decussatio Veli in amphibians, Neurobiology 6
(1998) 151–156.
[126] J. Xiao, Y. Wang, S.R. Wang, Effects of glutamatergic, cholinergic
and GABAergic antagonists on tectal cells in toads, Neuroscience
90 (1999) 1061–1067.
[127] K. Yan, S.R. Wang, Visual responses of neurons in the avian
nucleus isthmi, Neurosci. Lett. 64 (1986) 340–344.
[128] K. Yan, Y.T. Wang, S.R. Wang, A Golgi-Cox study of the lacertilian
mesencephalon, Kexue Tongbao, Chin. Sci. Bull. 29 (1984) 1392–
1395.
[129] J. Yang, X. Li, S.R. Wang, Receptive field organization and
response properties of visual neurons in the pigeon nucleus
semilunaris, Neurosci. Lett. 331 (2002) 179–182.

