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Functional Organization in the Optic Tectum of Non-Mammalian Vertebrates
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Institute of Comparative Anatomy, University of Bologna, Via Belmeloro 8, I-40126 Bologna (Italy).

Summary. The histochemical localization of some enzymatic activities is surveyed in the optic tectum of verte-
brates from cyclostomes to birds. These data are compared with results arising from ultrastructural and experi-
mental works in order to outline some possible connections between enzyme localization and functional organiza-
tion of the optic tectum. The most interesting result derives from acetylcholinesterase which, in the majority of
vertebrate species, is localized in tectal layers in which visual and other sensitive afferents discharge. Such a
situation, together with some experimental and developmental results, suggests that cholinergic mechanisms
play an important role in the function of the optic tectum and that these mechanisms are worthy of further and

more detailed investigations.

1. Introduction

In non-mammalian vertebrates, the dorsal part of
the midbrain, the optic tectum, is usually a well
developed region showing a very differentiated cortical
structure. The optic tectum constitutes primarily the
main end-station of retinal afferents but also other
exteroceptive and, particularly in lower classes,
olfacto-gustative fiber systems converge to the tectum.

Many workers have studied the structural organiza-
tion of the optic tectumn, and a general agreement
exists upon the fact that this nervous center possesses
a common organization plan in the majority of non-
mammalian vertebrates. However, many structural
studies are so descriptive and detailed that it is difficult
to orientate them in the subdivision of tectal layers
and sub-layers and in the terminology adopted. For
this paper, I have used the nomenclature originally
proposed for reptiles by HuBer and CrosBy!, and
successively extended it to other vertebrate classes?,
but in many cases reference has been made to the
comparative study of LEGHISSA® or to more specialized
researches on the different species4-13. Starting from
the ventricular border, the layers of the optic tectum
are the following: 1. stratum fibrosum periventricu-
lare; 2. stratum griseum periventriculare; 3. stratum
album centrale; 4. stratum griseum centrale; 5.
stratum fibrosum and griseum superficiale; 6. stratum
opticumn. In teleosts the stratum opticum is overlaid
by a conspicuous stratum marginale, and in some am-
phibians and reptiles by a thin stratum zonale, both
free of optic terminals. In some vertebrates, the stra-

tification pattern is very rudimentary (urodeles) or
more or less regressed (cyclostomes, selachians).

The aim of this paper is to provide a survey on the
histochemical distribution of some important enzy-
matic systems in the optic tectum of non-mammalian
vertebrates, and to correlate these data with the most
significative results arising from ultrastructural and
experimental works, in order to outline some features
usefual for an approach to the comparative description
of vertebrate optic tectum in terms of structural and
functional organization.
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2. Enzyme activities in the vertebrate optic tectum

Acetylcholinesterase (AChE). In the optic tectum of
cyclostomes a weak to moderate reaction is present in a
middle band415 which corresponds to the stratum
griseum centrale and lower part of the stratum fibrosum
and griseum superficiale, or to the lower part of the
superficial gray and fibrous zone of LEGHISSAS3:6. In
selachian optic tectum AChE reaction appears faint
and lacking in clear laminar distributionl6.

AChE activity in teleost optic tectum shows the
most complex laminar distribution described among
vertebrates. In 8 seawater and freshwater. teleosts, a
comruon distribution pattern, with only minor species-
dependent variations, has been described1?-19; this
pattern is characterized by alternate bands with strong
or moderate reaction in cellular and plexiform layers
and no reaction in fibrous layers (Figure 1). However,
in 2 other teleosts, Ictalurus and Gobius, a different
distribution pattern is present!8,19: the laminar
distribution of histochemical reaction is less distinct
and the marginal layer, which in the other species
appears lacking in enzyme activity, shows a strong

Fig. 1. AChE activity in the optic tectum of the rainbow trout,
Salmo gairdneri. Karnovsky and Roots method. x 50.

Fig. 2. AChE activity in the optic tectum of the frog, Rana esculenta.
Karnovsky and Roots method. x 55.
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positive reaction. In another species, Cottus bubalis,
the optic tectum seems deprived of AChE activity?7.

Among the amphibians, in urodeles a strong reaction
is present in outer tectal layers20-22  the retinal and
neuropilar layers of LEGHISSA3:6 where discharge of
retinal afferents occurs. In anurans AChE activity is
distributed with 2 or 3 bands in the stratum fibrosum
and griseum superficiale22,23; the largest band cor-
responds to laminae C (partly), D and E of POTTER’s®
classification (Figure 2).

Alsoinreptiles?4-26, AChE activity is mainly localized
in the stratum fibrosum and griseum superficiale with
very strong reaction in the stratum fusiforme retinum
of LEGHIssA® (Figure 3). In the optic tectum of Cai-
man?6, in connection with a more differentiated stra-

Fig. 3. AChE activity in the optic tectum of the turtle, Pseudemys
seripta. Gerebizoff method. X 50.

Fig. 4. AChE activity in the optic tectum of a 40-day-old pigeon.
Gerebtzoff method. x 45.
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tification of the stratum fibrosum and griseum super-
ficiale, AChE activity shows a three-laminar distribu-
tion pattern which seems to prelude the pattern pre-
sent in birds.

The optic tectum of birds is characterized by great
development and laminar differentiation of the stratum
fibrosum and griseum superficiale. In this layer, AChE
activity exhibits a clear three-laminar distribu-
tion24,27-29 (Figure 4). The 2 more superficial bands
seem to correspond to the laminae where the majority
of optic terminals discharge®, while the third is wider
and corresponds to deeper cellular and plexiform sub-
layers of the stratum fibrosum and griseum superficiale.

Monoamine oxidase (MAO) and monoamine terminals.
MAO activity in the optic tectum is prevailingly
localized in fibrous and sometimes in plexiform lay-
ers with noticeable differences among vertebrate
classes?4-26,28-31 The highest MAO activity has been
found in the stratum album centrale and in the stratum
opticum of teleosts and birds (Figures 5 and 7). The
histochemical reaction is noticeably weaker in anurans
(Figure 6) and reptiles, while it is absent in urodeles
and shows a distribution pattern restricted to the outer
half of the tectum in selachians.

L

Fig. 5. MAO activity in the optic tectum of the teleost, Poecilia
sphenops. X 70.

Fig. 6. MAO activity in the optic tectum of the frog, Bujo bufo. x 50.
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Fig. 7. MAO activity in the pigeon optic tectum. X 55.

In addition to MAO, also monoamine containing
nerve terminals have been traced with the method of
formaldehyde induced fluorescence. In cyclostomes,
this method reveals a fine network of serotonine con-
taining axons in the optic layer and scattered cate-
cholamine containing varicose terminals in more
internal layers32. In other vertebrates, monoamine
containing axons and nerve terminals reveal different
features in the distribution pattern among tectal
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layers38-36, The areas provided with higher density of
monoamine containing terminals are the periventricular
and inner layers in amphibians, and the stratum
opticum and the stratum fibrosum and griseum
superficiale in reptiles.

Enzymes of energy metabolism: succinate dehydro-
genase (SDH) and lactate dehydrogenase (LDH). The
histochemical localization of these enzymes has
been studied in the optic tectum of selachiansi,
teleosts3%:87 amphibians37, reptiles?4,25 and birds24,28,
Noticeable differences in the characteristics of histo-
chemical picture obtained can be seen in presumable
connection with the level and the type of metabolic
processes present in brain tissue of a given species.
Apart from these differences, a common pattern
exists in SDH and LDH localization in the optic
tectum of the vertebrates, since these enzymes appear
more concentrated in those tectal layers in which
AChE activity is prominent.
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Fig. 8. Marginal layer of the optic tectum of the teleost, Poecilia
reticulata. The terminal dendrite of a pyramidal neuron receives 2
synapses (arrowheads) from parallel fibres on its dendritic spines.
X 45,000 (specimen and photograph of F. Crani and L. ViLrani).

Fig. 9. Stratum fibrosum and griseum superficiale of the optic
tectum of Poecilia reticulata. Afferent axons, presumedly retinal,
make synapse on fine dendritic branches of tectal neurons. An axo-
axomnic contact (arrowhead) is also present. x 40,000 (specimen and
photograph of ¥. Crant and L. VirrLant).
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Biochemacal data. Quantitative studies on concentra-
tion of acetylcholine, monoamines and of related en-
zymatic systems in the brain of non-mammalian ver-
tebrates are relatively scarce and only few works have
considered separately the optic tectum. In amphibians,
biochemical proofs confirm the AChE distribution
pattern observed with histochemical methods23. Other
biochemical research suggests that in several species
the optic tectum possesses substantial, even if species
dependent, amounts of acetylcholine, monoamines,
MAO, AChE and choline acetylase32.38-40,

3. Remarks on enzyme activities in the optic fectum

The prominent AChE activity is the most striking
feature among enzymatic patterns of the optic tectum.
In all vertebrates examined, with the exception of
selachians and one teleost, AChE shows distribution
patterns which seem strictly related to the level of
structural and functional organization reached by the
optic tectum. The negative results achieved in sela-
chians and in Coffus need further confirmation since
these results derive from the use of the Koelle method
or its Gerebtzoff modification16.17; some recent findings
on teleost brain!8.41 have pointed out characteristic
discrepancies derived from the use of different methods
in cholinesterase histochemistry.

A common feature exists in AChE localization in the
vertebrate optic tectum: the layers provided with
stronger enzyme activity are usually those in which
retinal afferents discharge. Several experimental
works9,42-54 have traced the distribution fields of
optic terminals in the tectum of different species. The
main receptive layer of these afferents corresponds to
the stratum fibrosum and griseum superficiale, which is
differently developed in the different classes of ver-
tebrates. In the same layer, other sensitive tracts dis-
charge, even if the opinions concerning the actual
importance and disposition of these tracts are not in
agreement among different authors2.3,55, The presence
of high AChE activity in this layer strongly suggests
that cholinergic mechanisms are involved in reception,
control and propagation of the sensitive input and in
particular of the visual one.

A clear evolutionary sequence is shown by the
anuran-reptile-bird series in which the progressive
lamination of AChE activity corresponds to the pro-
gressive complexity in the differentiation and arrange-
ment of cellular and plexiform bands of the stratum
fibrosum and griseum superficiale2.3. In teleost optic
tectum, a wider AChE distribution is present suggesting
that cholinergic mechanisms play a different and
presumedly more important role in comparison with
other vertebrates. This suggestion is in agreement with
interpretations pointing out that the teleost optic
tectum, even if related to fundamental plan of other
vertebrates, might possess structural and functional
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characteristics of peculiar type55. The unusual AChE
distribution pattern adds further indirect evidence to
this hypothesis supported by original structural
features, as the presence of a highly developed marginal
layer, and by results of experimental works, as the
close relationship observed between the development
ot the stratum griseum periventriculare and the arrival
of optic fibres5S.

Thereisno evidence that monoaminergic mechanisms
play an important role in the function of vertebrate
optic tectum, even if biochemical and fluorescence

Fig. 10. Stratum fibrosum and griseum superficiale of the optic
tectum of the green lizard, Lacerta viridis. Synaptic contacts (arrow-
heads) are present between afferent axons and dendritic branches

with different orientation.x 35,000 (specimen and photograph of
F. Cian1 and L. VILLANTI).
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histochemical studies indicate that these mechanisms
are active at certain levels of the tectum. The results of
Braak et al34 and BRAAK3®S suggest that the optic
tectum might be connected with an integrated sero-
tonine pathway starting from serotonine containing
neurons of the nucleus reticularis mesencephali.
However, the differences in monoaminergic terminal
distribution, the preferential MAO localization at level
of fibrous layers of the tectum together with scarcity
and erratic distribution of synaptic endings provided
with dense-cored vesicles, presumedly monoaminergic
in function51,57-60 constitute a lot of data not univocal
and quantitatively inadequate which, at present, can-
not help to explain the actual importance of monoami-
nergic mechanisms for optic tectum function.

The similarity between distribution patterns of AChE
and LDH or SDH seems to constitute a common
feature in vertebrate optic tectum and is in agreement
with the situation observed in the majority of nervous
centers in the vertebrate brain6l. ITo57 has pointed
out the parallelism between layers with strong SDH
activity and the number of mitochondria in teleost
optic tectum. Thus the energy requirement of a given
layer appears strictly related to the level of nervous
mechanisms and in particular to metabolic supply for
chemical synapse function.
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4. Ultrastructural and functional organization of the
optic tectum

Inspite of different degrees of structural complexity
observed in non-mammalian vertebrates, several
publications have pointed out that the optic tectum
seems to possess similar functional organization and
common features in ultrastructural arrangement and
synaptic pattern. The majority of these publications
are concerning only with the retinal projection to the
tectum on account of its relative topographical con-
stancy and the facility to interfere by experimental
means with this projection and to achieve the conse-
quent responses. Even bearing in mind this restriction,
one must consider that retinal projection is by far the
most important sensitive input to the optic tectum,
and it is reasonable to suppose that the structural and
functional organization of this nervous center is
primarily shaped in relation to visual input.

In this connection, some important features seem
common to most vertebrate species. The first of these
features is the prevalent topography of optic terminals
in the stratum fibrosum and griseum -superficiale
which develops and differentiates in close relation to
the development of retinal projection?42-50, The
second common feature is the ordered projection upon
the tectum of the different quadrants of the retina
according to a precise retinotopic relationship82-65, A
third important feature is the peculiar cellular arran-
gement and in particular the presence of neurons whose
radially oriented dendrites constitute the main recep-
tive elements of the optic tectum. These neurons,

Fig. 11. Different types of synaptic contacts (arrowheads) in the
stratum fibrosum and griseum superficiale in the optic tectum of the
quail, Coturnix coturnix japonica.x 35,000. (Specimen and photo-
graph of F, CiaN1 and L. VILLANL)
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fusiform, pear-shaped or pyramidal, extend and ramify
their apical dendritic branches in superficial tectal
layers and receive at different depth optic terminals,
other afferent terminals and intrinsic terminals derived
by tectal neurons. Ultrastructural observations have
revealed the complex organization of synaptic endings
on dendrites of radially oriented tectal neurons48,51,57-
60,66, 67,

In the frog, SZEKELY5S and SzEKELY et al.51, on the
basis of a very detailed ultrastructural analysis, have
emphasized the presence of characteristic glomerular-
like synaptic structures at level of optic terminals;
these glomeruli are formed by 3 different types of
axon terminals {almost one of which is intrinsic, i.e.
derived from a tectal neuron), which make axo-axonic
synapses among them and axo-dendritic synapses with
dendritic branches of deeper tectal neurons. The
glomerular apparatus is presumedly associated with a
structural-functional unit, the so-called ‘tectal column’,
which derives from radial orientation of receptive
neurons. The ‘tectal column’ works by means of a co-
ordinate complex of excitatory and inhibitory synapses
and might be provided with other synaptic structures
able to prolong its activity by reverberating circuits
and to inhibit the activity of adjacent columns.

Other ultrastructural studies on the optic tectum of
teleosts37-59, reptiles48:67 and birds®0 could not reveal
similar precise relationships among the different tectal
neurons and intrinsic and estrinsic synaptic endings.
However, the neuron arrangement, the distribution
pattern of synaptic endings and the reciprocal relation-
ships among the different layers appear basically similar
in all vertebrates with well developed optic tectum
(Figures 8-11). The ultrastructural differences recorded
might reflect a different organization of mechanisms
of enhancement and inhibition in the vertebrate optic
tectum. In teleosts, for example, a peculiar feature is
the presence of a conspicuous marginal layer whose
structure strictly resembles that of cerebellar molecular
layer38. In the marginal layer, each pyramidal neuron
of the stratum fibrosum and griseum superficiale
receives on its dendritic spines tens of thousands of
synaptic endings from parallel fibres which run along
the marginal layer in parasagittal planes®8. This pecu-
liar arrangement suggests that the activity of pyramidal
neurons, as the Purkinje cells of the cerebellum, is
controlled by parallel fibre synapses on their terminal
branches. In birds, a recent study has outlined interest-
ing ultrastructural features in the retino-receptive
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layer of pigeon optic tectum®0. Some of these features,
such as the differences in synaptic endings, the triadic
arrangement of some synaptic arrays and the presence
of characteristic types of axo-axonic and dendro-
dendritic synapses, recall the organization pattern
described in the frog. In birds a peculiar function in
regulating the optic tectum activity seems to be per-
formed by the neurons of the stratum fibrosum and
griseum superficiale with horizontally oriented den-
drites®0.68, Ultrastructural studies showed that some of
these neurons receive optic terminals and that their
dendrites make synapses with the dendrites of radially
oriented neurons which are the main receptive ele-
ments for visual input; a similar arrangement might
constitute the structural basis of control mechanisms
in the optic tectum of birds.

In addition to ultrastructural similarities, other
experimental researches have revealed common featu-
res in the type of potentials evoked in the tectum by
optic stimulations, in the differences of conduction
velocity among different types of retinal fibres, in
laminar distribution of optic terminals along radially
oriented dendrites of receptive neurons and in the
presence of mechanisms for inhibition or facilitation of
tectal circuits®8-73, In particular these studies seem to
extend the concept of columnar organization for
visual reception in the tectum and to emphasize the
importance for central integration of the spatio-tem-
poral segregation of visual input due to laminar dis-
tribution of optic terminals and to differences in

conduction velocity among different groups of retinal
fibres72.

4. Conclusions

As previously pointed out, the peculiar AChE
localization in receptive layers of vertebrate optic
tectum suggests that cholinergic mechanisms might
be involved in reception, modulation and integration of
visual input and possibly also of other sensitive mo-
dalities. In the frog optic tectum, a cholinergic inhi-
bitory system has been revealed by means of physiolog-
ical and pharmacological studies?¢; this system con-
trols synaptic discharge of optic terminals on tectal
elements and can be easily related to high concentra-
tion of AChE at the same level. However, at the mo-
ment, physiological evidence of this kind of correla-
tion is lacking in the majority of vertebrates. The ap-
plication of histochemical methods to electron micro-
scopic analysis of the optic tectum appears necessary
in order to achieve more precise details on AChE and
other enzyme localization at level of the different
synaptic contacts and different tectal elements.

Indirect evidence of the functional importance of
enzyme activities derives also from comparative de-
velopmental studies on AChE and MAO localization in
the optic tectum of nidifugous (quail) and nidicolous
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(pigeon) birds?. In the quail, AChE activity in the
optic tectum develops during embryonic life and the
new-born shows a histochemical picture similar to that
of the adult; in the pigeon on the contrary, AChE
activity starts to develop at hatching and reaches the
adult pattern only after 20-30 days. The temporal gap
between the appearance and development of MAO
activity in the quail and pigeon is noticeably shorter.
These results seem to indicate that AChE and MAO
play different roles in the optic tectum and that AChE
is more strictly related to the differentiation and the
integration level reached by the nervous center.

Further useful data could be derived from more
detailed ultrastructural and physiological studies of the
optic tectum of species belonging to the same class and
showing different patterns in AChE distribution. This
is the case of teleosts, which can exhibit two patterns
of AChE distribution, the main difference regarding
the enzyme activity in the marginal layer and in
marginal neurons of the optic layer18.19. Since these
structures are not directly involved in visual reception
but probably in mechanisms of control and modulation
of sensitive input2,58, it seems particularly interesting
to verify if differences in ultrastructural and functional
organization correspond to different patterns of AChE
distribution. In addition, the study of cholinergic
mechanisms in teleost optic tectum might be of parti-
cular interest on account of peculiar AChE distribution
which suggests that these mechanisms are quantitative-
ly, and perhaps qualitatively, different from those of
other vertebrates.
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