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Abstract

In order to study the relationship between retinal projections and immunohisto-
chemically identified neurotransmitter systems in the primary visual centers of
the brain in lizards, intraocular injections of horseradish peroxidase were com-
bined with immunohistochemistry. Antibodies raised against six substances
were applied: choline acetyltransferase (ChAT), serotonin (5-HT), tyrosine
hydroxylase (TH), dopamine (DA), substance P (SP), and leu-enkephalin
(LENK). In the primary visual centers of the lizards Gekko gecko and Gallotia
galloti, notable overlap was observed between retinofugal fibers with: 1) ChAT-
immunoreactive fibers in almost all primary visual centers; 2) 5-HT-immuno-
reactive fibers in the ventral lateral geniculate body and the basal optic nucleus:
3) TH-immunoreactive fibers in the nucleus ovalis and the dorsal lateral genicu-
late body; 4) SP- and LENK-immunoreactive fibersin the perirotundal belt: and
5) TH- and SP-immunoreactive fibers in the pretectal posterodorsal nucleus.
The latter nucleus also contains dopaminergic cell bodies that lie outside the reti-
nal target area but have dendrites extending into it.

Several differences were noted in the distribution of 5-HT-, TH-. DA-, and
LENK-immunoreactive fibers in the tectum of the midbrain in the two species
studied. Distinct laminae of 5-HT-immunoreactive fibers (layer 9) and TH- and
DA-immunoreactive fibers (layers 9 and 11) are present in G. gecko but absent
or, at least, less distinct in G. galloti. On the contrary, the optic layers in the tec-
tum of G. galloti show a rather dense plexus of LENK immunoreactive fibers,
whereas the corresponding layers in G. gecko are devoid of LENK-immunore-
activity.

Since only a very few ChAT immunoreactive fibers were observed in the
optic nerve of G. galloti, most of the observed immunoreactive fibers in the pri-
mary visual centers are considered to have an extraretinal origin. Putative
sources of the cholinergic, the monoaminergic, and the peptidergic innervation
of the primary visual centers in reptiles include the isthmic nucleus, the raphe
nuclei, the substantia nigra and the nucleus of the posterior commissure, as
reported in other amniotes.
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Introduction

Recently, the retinal projections were studied in the
developing and adult lizards of the species Gallotia galloti
[Medina, 1991]. Simultancously, immunohistochemical
studies were carried out on the brains of several reptilian
species by means of antibodies against choline acetyl-
transferase, serotonin, dopamine, noradrenaline, tyrosine
hydroxylase, substance P, and Leu-enkephalin [sce e.g.
Smeets et al., 1986a, 1987; Smeets and Steinbusch, 1988,
1989, 1990; Hoogland and Vermeulen-van der Zee, 1990;
Medina and Smeets, 1991]. It was found that the primary
visual centers, i.e. the lateral geniculate body, the pretec-
tum, the basal optic nucleus, and, in particular, the mid-
brain tectum, are well innervated by some of these neuro-
transmitter systems.

In reptiles, as in other vertebrates [see e.g. Kdsa, 1986;
Ekstrom, 1987: Zottoli et al., 1987; Ciani‘et al., 1988
Schmidt et al., 1989; Vecino and Ekstrom, 1990], the tec-
tum displays a laminar organization. Moreover, in some
tectal layers there seems to be considerable overlap
between the termination sites of the retinofugal fibers and
fibers that are immunoreactive for antibodies against
monoamines, peptides, and choline acetyltransferase. This
implics cither that the retinal projection fibers contain
these neurotransmitters or that the neurotransmitters are
present in nonretinal projection fibers that modulate visual
information.

The aim of the present study was to establish the rela-
tionship between the retinal projection fibers and some
immunohistochemically-identified neurotransmitter sys-
tems in the primary visual centers of the brain in lizards.
For this purpose, double-labeling procedures involved
intraocular injections of horseradish peroxidase combined
with immunohistochemistry. Since a previous study had
revealed remarkable differences in basal ganglia-tectal
pathways in the nocturnal Gekko gecko and the diurnal
Gallotia galloti [Medina and Smeets, '91], the same two
species were chosen. By comparing the results of the pres-
ent study with those obtained in other reptilian species,
insight might be gained into primitive and derived condi-
tions of neurotransmitters involved in visual information
processing in reptiles.

Material and Methods

The brains of 16 lizards (10 Gallotia galloti, 6 Gekko gecko) were
used. Eleven animals (7 G. gallodi, 4 G. gecko) were anesthetized with
Halothane and injected intraocularly (right eye) with 10-20 pl of a

Abbreviations
AT area triangularis
BG basal ganglia
Cgl corpus geniculatum laterale
Cgld corpus geniculatum laterale, pars dorsalis
Cglv corpus geniculatum laterale, pars ventralis

d deep tectal zone

Bl nucleus dorsolateralis thalami, large-celled part
DM nucleus dorsomedialis thalami

GP nucleus geniculatum pretectale

GT griseum tectale

hypoth hypothalamus

i intermediate tectal zone

Ie nucleus interealatus

Is isthmic region

Ism nucleus isthmi. pars magnocellularis

Isp nucleus isthmi, pars parvocellularis

LM nucleus lentiformis mesencephali

Ltp nucleus lentiformis thalami, pars plicata
Nep nucleus of the posterior commissure
nlll nervus oculomotorius

Oy nucleus ovalis

Pd nucleus posterodorsalis

pRot perirotundal belt

Ra raphe nuclei

Rot nucleus rotundus

s superlicial tetal zone

SN substantia nigra

teet tectum

1o tractus opticus

tom tractus opticus medialis

v ventricle

Vid nucleus ventrolateralis thalami, pars dorsalis
Vv nucleus ventrolateralis thalami, pars ventralis

solution containing 20% horseradish peroxidase (HRP, Bochringer-
Mannheim) in 10% nonidet by means of a Hamilton syringe. After a
survival time of 3-7 days, the animals were reanesthetized by cold or
by Nembutal and transcardially perfused with saline followed by a
lixative solution. Four injected lizards (3 G. galloti, | G. gecko) were
fixed with 2% glutaraldehyde in 0.1 M-phosphate buffer (pH 7.4). The
brains were dissected and immersed overnight in 30% sucrose in phos-
phate buffer. The next day, 30-40 pm thick sections were cut on a
freezing microtome in a transverse or corrected horizontal (parallel to
the optic tract) plane. In order to reveal the HRP, the sections were
processed following the procedure described by Adams [1981]. Some
sections were counterstained with eresyl violet to facilitate interpreta-
tion of the results. The other seven injected lizards were fixed with 4%
paraformaldehyde, 5% picric acid, and 0.1% glutaraldehyde in 0.1 M-
phosphate buffer (pH 7.4). This fixative is suitable for both HRP
histochemistry and immunohistochemistry.

The five lizards that did not receive an intraocular injection of
HRP were anesthetized by cold and perfused according to a procedure
that is optimal for choline acetyltransferase immunohistochemistry
(see below).

Medina/Smeets

Neurochemistry of Visual Centers in
Lizards

Downloaded by: L. Medina - 126258
Universitat de Lleida, Biblioteca
193.144.12.130 - 9/3/2014 7:28:26 AM



Choline Acetyltransferase (ChAT)-Immunohistochemisiry

The five lizards (3 Gallotia galloti, 2 Gekko gecko) used for ChAT
immunohistochemistry were perfused with saline followed by 4%
paraformatdehyde, 15% picric acid, and 0.1% glutaraldchyde in 0.1
M-phosphate buffer pH 7.4. The perfusion was continued with 4%
paraformaldehyde in 0.1 M-phosphate buffer, pH 7.4, with increasing
quantities of sucrose (5%, 10%, 15%) finishing with 20% sucrose for
60 min. The brains were dissected out and cut at 3040 pm on a freez-
ing microtome in the transverse or corrected horizontal (parallel to the
optic tract) plane. Sections were collected serially in 0.1 M-phosphate
bulffer, pH 7.4. One series of sections were processed for ChAT immu-
nohistochemistry, while adjacent sections were immunorcacted with
other antisera as described below. Sections were rinsed three times in
Tris-buffered saline (TBS, 0.05 M, pH 7.6) and incubated in a rat anti-
ChAT antiserum (INCSTAR), diluted 1:100 in TBS containing 0.5%
Triton X-100, for three days at 4 °C and under constant agitation.
Then sections were rinsed three times in TBS and subsequently incu-
bated in a rabbit anti-rat serum (CLB, Amsterdam), diluted 1:50 in
TBS with 0.5% Triton X-100 during 1 day at 4 °C and under constant
agitation. Following the sccondary antibody incubation, sections were
rinsed in TBS and immersed in a peroxidase, anti-peroxidase complex
(rat PAP, Vector Laboratories, Burlingame, California, USA).
diluted 1:400 in TBS with 0.5% Triton X-100, during 1 hour at room
temperature under constant agitation, After the last incubation, sec-
tions were rinsed 2 times in TBS and 1 time in phosphate buffer and
treated with 0.05% DAB and 0.01% H,O, intensified with 0.04%
ammonium nickel sulfate. Finally, sections were rinsed in Tris-HCI
buffer (pH 7.6). mounted in a 0.3% gelatine solution in Tris-HCI buf-
fer, dehydrated, and coverslipped.

Immunohistochemistry for Serotonin, Tyrosine Hydroxylase,

Leu-Enkephalin and Substance P

Seven lizards (4 Gallotia, 3 Gekko) were anesthetized with Nem-
butal and perfused with saline followed by a solution of 4% parafor-
maldehyde, 5% picric acid, and 0.1% glutaraldehyde in phosphate
buffer, pH 7.4 and. finally, with 5% sucrose in phosphate buffer to
rinse the fixative. The brains were dissected and immersed overnight
in phosphate buffer, pH 7.4, containing 30% sucrose. The brains were
cut by means of a freezing microtome at 3040 um in transverse or cor-
rected horizontal plane. and sections were collected in phosphate buf-
fer. The sections were processed immunohistochemically with antisera
against serotonin (5-HT), tyrosine hydroxylase (TH), leu-enkephalin
(LENK) or substance P (SP). The primary antibodies were obtained in
rabbit (TH: Eugene Tech. USA: LENK and SP: Cambridge Research
Biology: 5-HT: provieded by Dr. H. Petter, Leipzig FRG). The dilu-
tions used were 1:1000 for TH, and 1:1500 for LENK, SP, and 5-HT.
The secondary antibody was swine antirabbit (Nordic, diluted 1:50),
whereas the tertiary antibody was a rabbit PAP complex (Dakopatts,
diluted 1:800). After the incubation in the secondary antibody, scc-
tions were rinsed and stained with DAB intensified with nickel (black
reaction product) in order to reveal the HRP. The sections were incu-
bated with the tertiary antibody and processed using the routine reac-
tion with DAB (brown reaction product).

In addition to the material mentioned above, we had available
brain material of a variety of reptiles stained immunohistochemically
for catecholamines, leu-enkephalin and substance P [Smeets, 1988,
1991; Medina and Smeets, 1991]. The nomenclature in the present
account is essentially that of Smeets ct al.. [1986b].

The original research reported herein was performed under guide-
lines established by the Committee for Experiments with Animals
(The Hague).

Results

In this section, first the results of the hodological studies

are dealt with. Subsequently, the immunochistochemical
findings are reported.

HRP Tracing Experiments

After unilateral HRP injections in the eye, many fibers
could be seen ascending in the optic tract in both Gekko
and Gallotia. The optic tract issues fibers to several dience-
phalic centers, as well as to the midbrain tectum. In a plane
parallel to the optic tract (fig. |, 2), four primary visual cen-
ters are easily recognized rostrocaudally: 1) the ventrolate-
ral thalamic nucleus, the ventral lateral geniculate nucleus,
and the nucleus ovalis in the ventral thalamus; 2) the peri-
rotundal belt, the dorsal lateral geniculate nucleus, and the
nucleus intercalatus in the dorsal thalamus; 3) the pretectal
geniculate nucleus, the mesencephalic lentiform nucleus,
the posterodorsal nucleus, and the basal optic nucleus in
the synencephalon, and 4) the griscum tectale and several
of the superficial layers of the midbrain tectum.

Asshown in figures 1, 2, the terminal ficlds of the retino-
fugal fibers in the thalamus, pretectum, and griseum tectale
lie perpendicular to the optic tract. At two levels, the reti-
nal fibers bend further inward and course to the medial
neuropil of the ventral geniculate nucleus, the nucleus
intercalatus, and the perirotundal belt, or to the medial
neuropil of the pretectal geniculate nucleus and the poste-
rodorsal nucleus. The retinal fibers enter the tectum
through layers 9, 12, and 14, and terminate in layers Y-13.

The pattern described applies to both species studied,
although the cellular plates of the ventral lateral geniculate
and the pretectal geniculate nuclei are more prominent in
Gallotia than in Gekko.

Immunochistochemical and Double-Labeling
Experiments

ChAT-Immunohistochemistry. In the lizards Gallotia
galloti and Gekko gecko, the diencephalic primary visual
centers are densely innervated by ChA'T immunoreactive
(ChATi) fibers (fig.3, 4). The griscum tectale and the
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Fig. 1. Photomicrograph of a corrected horizontal section
through the brain of Gallotia galloti showing the distribution of retino-
fugal fibers to the diencephalic and mesencephalic primary visual cen-

ters visualized after intraocular injection of HRP. For clarity, a
camera lucida drawing of an adjacent section counterstained with cre-
syl violet is shown (insct). Bar= 100 pm.
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Fig. 2. Photomicrograph of a
corrected horizontal section
through the brain of Gekko gecko
showing the distribution of retino-
fugal fibers ta the diencephalic and
mesencephalic primary visual cen-
ters visualized after intraocular
injection of HRP, The section is
counterstained with cresyl violet.
Bar= 100 pum.
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Fig. 3. Photomicrograph of a corrected horizontal section through the brain of G. galloti showing the distribution
of ChAT immunoreactive fibers in the diencephalic and mesencephalic primary visual centers. Bar= 100 pm.

2014 7:28:26 AM
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Fig. 4. Photomicrograph of a

corrected  horizontal  section
“through the brain of G. gecko show-

ing the distribution of ChAT immu-

“noreactive fibers in the diencephalic
and mesencephalic primary visual

centers. Bar= 100 pm.
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Fig. 5. Photomicrographs of the tectum
mesencephali in G. gallon showing the distri-
bution of ChATI fibers on the lelt and that of
the retinofugal fibers on the right side. Note
the ChAT immunoreactive plexuses in layers
9 and 1. Bar= 100 pm.

pretectal posterodorsal nucleus also show a dense plexus of
ChATI varicose fibers. Although ChAT immunoreactivity
was observed in all tectal layers, markedly higher densities
are found in layers 3-5, 9, and 11 (fig.5, 6).

Internal and parallel to the optic tract, two distinct bun-
dles of ChATI fibers course to the supraoptic commissure
and, after decussation. follow a similar trajectory on the
contralateral side (fig.7). The fiber bundles could be traced
to the isthmic region where many ChATi cell bodies were
observed in the magnocellular part of the isthmic nucleus
and in the adjacent tegmentum (fig.7). In Gallotia, a few
ChATi fibers are present in the optic nerve joining caudally
the immunoreactive fibers in the supraoptic commissure.

Serotonin-Immunoreactivity. The optic nerve and tract
do not show any 5-HT immunoreactivity (5-HTi) in Gallo-
tia or Gekko. Some visual centers in the diencephalon and
the midbrain show a 5-HTi innervation, which is consider-
ably more dense in Gekko than in Gallotia. This is very
obvious in the ventral lateral geniculate nucleus (fig. 8), and
tectal layer 9 (fig.9). A very dense serotoninergic inneryva-
tion is observed in the ventral part of the ventrolateral thal-

amic I'Ill(."l.‘,llS. whereas a moderate to dense innervation
occurs in the lateral neurophile of the ventral lateral geni-
culate nucleus, the perirotundal belt, the pretectal genicu-
late nucleus, the basal optic nucleus, and the griseum tec-
tale (fig.8).

In the midbrain tectum, several layers of 5-HTi fibers
can be recognized. The tectum of Gekko, in particular,
shows a well-laminated pattern. Comparing the distribu-
tion of serotoninergic fibers and retinal projection fibers, it
is obvious that there is an overlap of fiber systems in tectal
layer 9 in both species studied (fig.9). In Gekko, an addi-
tional but less distinct band of 5-HTi fibers is found in tectal
layer 12,

TH-and DA-Immunohistochemistry. With regard to the
primary visual centers, there are no remarkable differences
between sections stained with the TH-antiserum and those
stained with the DA-antiserum. In Gekko, as well as in
Gallotia, many immunoreactive cell bodies are present in
the pretectal posterodorsal nucleus (fig. 10A, B). The cells
lie generally external to a dense plexus of THi and DAI
varicose fibers. The double-labeling experiments by menas
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Fig. 6. Photomicrographs of the tectum mesencephali of G.
geeko showing the distribution of retinofugal fibers on the left (section
counterstained with cresyl violet) and that of ChATi fibers on the right

of intraocular HRP injections and TH immunohistochemis-
try reveal that in the posterodorsal nucleus the terminals of
the retinal projection fibers largely overlap with the THi
varicose fibers. The somata of the THi cell bodies, on the
contrary, seem not to be contacted by retinofugal fibers,
but they possess dendrites that extend into the retinal target
area (fig.10A, B).

Whereas the distribution of DA/TH-immunoreactivity
in the posterodorsal nucleus is identidcal in both lizards
studied, there are several differences in the other primary
visual centers. In Gallotia, very dense TH- and DA-immu-
noreactive plexuses are present in the nucleus ovalis, the
dorsal lateral geniculate nucleus, and, very medially, in the
nucleus intercalatus (fig.11B, D). In contrast, in Gekko,
the dense plexuses of TH- and DA-immunoreactive fibers
are confined to the lateral part of the thalamus and are
absent in the nucleus intercalatus. the double-labeling

_ﬁ}@_.‘.u.;-w."ﬁ:sféi'&f‘- :
Toad

side. Note that many retinal fibers occur in layers 9 and 12, whereas
ChATi fibers are predominantly located in layer Y. Bar= 100 pum.

experiments reveal that in both species a perfect overlap
exists between the HRP labeled fibers and the THi fibers in
the thalamic visual relay centers (fig.11).

Also in the superficial layers of the midbrain tectum,
there are notable differences in the distribution of THi and
DA fibers in the two lizards (fig. 12). In Gekko, two bands
of immunoreactive fibers are located within tectal layers 9
and 11, whereas in Gallotia the superficial layers show only
weak, if any, TH- and Da-immunoreactivity. The double-
labeling experiments show that there is an overlap between
retinal fibers and THi fibers in layer 11 and, particularly.
layer 9. In both species, neither THi nor DA fibers were
ever abserved in the optic nerve or in the optic tract.

Substance P-Immunohistochemistry. In the lizards
Gallotia and Gekko, the most impressive substance P
immunoreactive (SPi) plexus is found in the pretectal pos-
terodorsal nucleus (fig.10C). Coarse SPi fibers can be
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Fig. 7. Photomicrographs sections

horizontal
through the brain of G. galloti showing the ChATI cell bodies and
fibers in the isthmic region and adjacent tegmentum on the left

of corrected

traced to this nucleus from an arca lateral to the lateral
forebrain bundle. They traverse the laterodorsal part of the
thalamus (fig. 10D). The double-labeling experiments
show that there is an overlap of the retinal fibers and the
coarse SPi fibers along this trajectory at the levels of the
nucleus ovalis and the perirotundal belt in the thalamus
(fig. 10C) as well as in the posterodorsal nucleus of the pre-
tectum (fig.10D). In some of the experiments, it was
observed that a coarse SPi fiber encompasses several reti-
nal fibers.

In the tectum of Gekko and Gallotia, several thin bands
of SPi fibers were observed in the superficial layers (fig. 13).
In Gekko, tectal layers 9, 11 and, particularly, 13 contain
SPi fibers, whereas in Gallotia the immunoreactive fibers
are confined to layers 9 and 13. The double-labeling exper-
iments confirm the overlap between the immunoreactive
fibers and the terminations of the retinal fibers (fig.13).

and the two distinct ChATI fiber bundles which constitute the
cholinergic input to the primary visual centers on the right side.
Bar=200 pm.

The deeper tectal layers also show SPi varicose fibers in
both species studied. No SP immunoreactivity was found in
the basal optic nucleus. In neither Gekko nor Gallotia,
were SPi fibers observed in the optic nerve or optic tract.

Leu-Enkephalin-Immunohistochemistry. Compared to
the distribution of substance P immunoreactivity, that of
Leu-enkephalin immunoreactivity (LENKI) in the lizards
Gekko and Gallotia is much more restricted. Almost all pri-
mary visual centers, except for the perirotundal belt and

Fig. 8. Photomicrographs of corrected horizontal sections
through the brain of G. gecko showing the relationship between the
retinofugal fibers and the serotoninergic innervation in the lateral neu-
ropil of the ventral lateral geniculate nucleus (A, B) and the basal optic
nucleus (C, D). A and C are double stained for HRP and 5-HT,
whereas B and D are stained solely for 5-HT. Bar= 100 um.
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Fig. 9. Photomicrographs illustrating the
relationship between the retinofugal fibers
and serotoninergic fibers in the tectum of G.
galloti (A, B) and G. gecko (C, D). A and C
are stained for 5-HT immunoreactivity, and B
for HRP, whereas D is double stained for 5-
HT and HRP. Note the overlap in tectal layer
9. Bar=100 pm,

Fig. 10. Photomicrographs illustrating
the relationship between retinofugal fibers
and cither THi, putative dopaminergic, fibers
(A, B) or SPi fibers in the posterodorsal pre-
tectal nucleus (C) and the thalamus (D) in G.
galloti, (R) and G. gecko (B=D). Bar=100
pm.

<
N
&
<
3



the midbrain tectum, are devoid of LENK:i fibers. In Gallo-
tia, a few weakly stained cell bodies are seen in the periro-
tundal belt. Double labeling experiments in this area reveal
an overlap of the retinal fibers with some of these LENKi
cells. In the tectum, the deep tectal layers of both species
contain a rather dense plexus of immunoreactive fibers
(fig. 13). However, substantial differences between the two
lizards are observed in the central and superficial layers
(fig. 13). In Gallotia, the intermediate and superficial layers
of the tectum show a very complicated pattern of LENK-
immunoreactivity. Several laminae showing LENK-immu-
noreactivity are present in the superficial tectal layers.
Numerous LENKi cell bodies are located in layer 7,
whereas a few lie in layer 5. From these cells, long apical
processes can be followed to the most superficial tectal
lamina, which contains a very dense LENKi plexus
(fig.13). Occasionally, LENKIi cell bodies were found in
the deep tectal layers. The cells are largerin size than those
of layers 5 and 7 and possess dendrites that ramify close to
the somata.

The intermediate and superficial layers of the tectum in
Gekko do not contain LENKI cell bodies or varicose fibers.

However, in a previous study [Medina and Smeets, 1991] it
was found that after colchicine treatment some cells in the
intermediate layers stain weakly with the LENK antise-
rum, whereas in the deep tectal layers there are a few cells
that stain darker and are larger in size than those in the
intermediate layers. In neither species were LENK immu-
noreactive fibers observed in the optic nerve or optic tract.

Discussion

We have investigated the neurotransmitters that may be
involved in visual information processing. In the following
section, our results are compared with those obtained in
other reptiles in order to infer primitive and derived condi-
tions. Subsequently, the origins of the various immuno-
reactive fibers innervating the primary visual centers in rep-
tiles are discussed and compared with those reported for
other vertebrates.
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Fig. 11. Photomicrographs of corrected horizontal sections
through the brain of G. galloti showing the relationship between the

retinofugal fibers and the THi, putative dopaminergic, fibers in the
nucleus ovalis and the dorsal lateral geniculate body (A, B) and the

Neurotransmitters in Primary Visual Centers of Reptiles

The present study has revealed several relationships
between retinal projection fibers and neurotransmitter
systems which appear to be widespread features of brain
organization in extant reptiles (fig.14). Both in G. gecko
and G. galloti, a dense cholinergic innervation of all pri-
mary visual centers was observed. Studies in turtles and
snakes, however, are needed to confirm whether this is a
primitive character in reptiles.

A remarkably constant feature of the visual system in
reptiles is the serotoninergic innervation of the basal optic
nucleus. A dense 5-HTi plexus is found not only in lizards
[Wolters et al., 1985; present study] but also in turtles

U
U —

nucleus intercalatus (C, D). A and C are double stained for HRP and
TH, whereas B and D are only stained with the TH antiserum.
Bar= 100 um.

[Ueda et al., 1983] and snakes [Challet et al., 1991]. Tt
should, therefore, be considered as a common feature of
reptilian brains.

Another shared character of the two species studied is
the chemoarchitecture of the pretectal posterodorsal
nucleus: the nucleus contains cell bodies that are immuno-
reactive with TH- and DA-antisera, and a neuropil that
stains densely for ChAT and SP antisera (fig. 14). In all spe-
cies studied so far, putative dopaminergic cell bodies have
been observed in the posterodorsal nucleus [Wolters et al.,
1984, Smeets et al., 1986a, 1987; Brauth, 1988; Smeets,
1988], whereas a dense SP plexus in this brain structure has
been reported also in turtles [Reiner et al., 1984]. Prelimi-
nary observations in the lizards Podarcis sicula sicula and
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Fig. 14. Schematic drawing summarizing
the putative sources of neurotransmitter sys-
tems that may be involved in visual informa-
tion processing in the primary visual centers

EXYE

(shaded areas) in reptiles.

Eublepharis macularius and in the snake Python regius
[Smeets, unpubl. observ.] also revealed coarse SPi fibers
in the posterodorsal nucleus, suggesting that these chem-
ical characteristics are common for reptiles.

Hodological studies have shown that retinal projections
to the posterodorsal nucleus are present in other species of
lizards [e.g. Butler and Northeutt, 1971; Northeutt and
Butler, 1974; Reperant et al., 1978}, in turtles [Bass and
Northcutt, 1981]. and in snakes [Schroeder, 1981: Repe-
rant et al., 1987], However, a projection from the postero-
dorsal nucleus to the tectum was observed only in lizards
[ten Donkelaar et al., 1987; Medina and Smeets, 1991].
Recently, another difference was seen in the snake Vipera
aspis, where the posterodorsal nucleus, in contrast to the
corresponding structure in other reptiles, shows a dense
serotoninergic innervation [Challet et al., 1991].

Considerable variation exists in the distribution of the
neurotransmitters or their synthetic enzymes in the recrim

Fig. 12, Photomicrographs illustrating the relationship between
the retinofugal fibers and the THi, putative dopaminergic, fibersin the
tectum of G. galloti (A, B). and G. gecko (C, D). A and C arc double
stained for HRP and TH, whereas B and D are stained solely with the
TH antiserum. Bar= 100 p.

Fig. 13. Photomicrographs illustrating the relationship between
retinofugal fibers and either SPi or LENKI fibers in the tectum of .
galloti (A=C) and G. gecko (D=F). Bar=100 pum.

mesencephali in various species of reptiles. The differences
are predominantly confined to the central and superficial
zones. In Gekko, two distinct bands of dopaminergic fibers
are present in tectal layers 9 and 11 [Smeets et al., 1986a].
In other lizards (Anolis, Eublepharis, Podarcis, Varanus)
similar but less distinct bands could be recognized [Smeets,
1988]. However, the superficical layers of the tectum in
some hzards (Gallotia, present study), turtles [Smeets et
al., 1987], crocodiles [Brauth, 1988] and snakes [Smeets,
1988] are almost devoid of dopaminergic fibers.

The serotoninergic innervation of the tectum also shows
considerable variation between species. In Gekko, a dis-
tinct band of 5-HTi fibers is found in tectal layer 9 (fig.9)
[Smeets and Steinbusch, 1988]. In other lizards, a similar
but less distinct band seems to be present. Further, a lami-
nar organization of serotoninergic fibers is found in the tec-
tum in turtles [Ueda et al., 1983] but not in snakes [Challet
et al., 1991].

Whereas the distribution of substance P in the tecta of
the various reptiles studied is rather constant, notable dif-
ferences have been observed in the distribution of Leu-
enkephalin. The most striking difference is that in some
species of lizards, i.e. Anolis, Gallotia and Podarcis,
numerous LENKI cell bodies are present in tectal layer 7
and, to a lesser extent, layer 5 [Medina and Smeets, 1991].
Such cells were not observed in other lizards, e.g. Gekko,
Eublepharis, and Varanus, or in turtles and snakes [Wolters
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et al., 1986; Reiner, 1987; Medina and Smeets, 1991].
Because colchicine treatment in Gekko revealed weakly
immunoreactive cell bodies in layers 7 and 5, we suggest
that the presence of LENKi cell bodies in the midbrain tec-
tum is the primitive condition in reptiles. Another differ-
ence in the distribution of LENK concerns the fibers and
terminals. All species studied show a weakly to moderately
immunoreactive plexus of fibers in the deep tectal zone,
but in some species additional immunoreactive plexusses
occur in the central and superficial tectal zones. This differ-
ence will be discussed in relation to the putative cells of
orgin of the enkephalinergic innervation of the tectum.

Origin of Immunohistochemically Identified Afferents of

Primary Visual Centers

Overlap in the distribution of neurotransmitters and the
retinal projection fibers in the primary visual centers of rep-
tiles suggests that the neurotransmitters are either confined
within the retinofugal fibers or they modulate visual infor-
mation processing at these sites. We will, therefore, first
examine the possibility of a retinal origin of the observed
immunoreactivity in the primary visual centers. Next, puta-
tive extraretinal sources as suggested by hodological studics
will be discussed.

Neurochemistry of Retinal Ganglion Cells

The optic tract is composed of the axons of retinal gan-
glion cells, which receive visual information via a complex
network of structures, including photoreceptors, amacrine
cells, and horizontal cells. Whereas substantial information
Jisavailable about the neurotransmitter content of amacrine
‘and horizontal cells [e.g., Ehinger, 1982; Osborne et al,,
1982 Brecha, 1983: Weiler and Schiitte, 1985; Glisener et
al., 1988; Wulle and Wagner, 19901, little is known about
that of the ganglion cells. Several candidate neurotransmit-
ters have been proposed: acetylcholine, dopamine, seroto-
nin. substance P, and several amino acids [Moffett et al.,
1990, 1991].

From studies of the goldfish. it was concluded that a sig-
‘nificant fraction of ganglion cells in the retina are cholin-
ergic. Choline acetyltransferase (ChAT) and acetylcholin-
Lesterase (AChE), the acetylcholine-synthesizing and -inac-
tivating enzymes, respectively, were found in the optic
‘nerve andin the Jayers of the midbrain tectum that receive
retinal projection fibers [for review, see Tumosa and Stell,
1986]. Moreover, the concentrations of ChAT and AChE

—

decrease following enucleation or optic nerve crush. How-
ever, these findings provide no direct evidence {or the exist-
ence of cholinergic ganglion cells. In fact, the only cholin-
ergic cells in the retinae of goldfish are the amacrine cells
[Tumosa et al., 1984; Tumosa and Stell, 1986], as in other
vertebrates [Hayden et al., 1980; Kasa, 1986; Ekstrom and
Korf, 1986]. A retinal origin of the cholinergic innervation
of the visual centers in vertebrates seems. therefore, rather
unlikely. Nevertheless, in the present study, some ChATi
fibers were observed in the optic tract of a lacertid lizard,
Gallotia, but not in a gekkonid lizard, Gekko. These cho-
linergic fibers may represent a retinopetal system. a notion
that is supported by the finding that nicotinic cholinergic
receptors are present on the surface of retinal bipolar cells
in turtles [James and Klein, 1985].

There is growing evidence that some retinal ganglion
cells use monoamines as a neurotransmitter. A serotonin-
immunoreactive ganglion cell type has been detected in the
retina of turtles [Weiler and Schiitte, 1985; Weiler and
Ammermiiller, 1986]. Two distinct subpopulations of THi
ganglion cells have recently been identified in pigeons: one
population of displaced ganglion cells, which project to the
accessory optic nucleus [Britto et al., 1988], and a second
population located in the ganglion cell layer, which projects
to the midbrain tectum [Keyser et al., 1987]. Recently,
Dacey [1989] reported monoamine-accumulating ganglion
cells in the retina in cats. Unfortunately, TH- or 5-HT-
immunoreactive fibers are difficult to recognize in the optic
nerves of the species studied, and we did not observe any
fibers immunostained with TH- and SHT-antisera in the
optic tract in either of these lizards. Is should be noted,
however, that in optic nerve of the turtle Pseudemys scripta
elegans, Schiitte and Weiler [1988] identified a single sero-
toninergic fiber that originated in the contralateral mesen-
cephalon and arborized exclusively in the temporal hemi-
sphere covering about one third of the total retinal surface.
Although it can not be excluded that some of the TH- and
S-HT-immunoreactivity in the primary visual centers has a
retinal origin, it is believed that the monoaminergic inner-
vation of these centers is mainly derived from extraretinal
sources.

Finally, it seems likely that substance P is a neurotrans-
mitter substance in some retinal ganglion cells of verte-
brates. In birds [Karten and Brecha, 1980, 1983; Ehrlich et
al., 1987] and mammals [Brecha et al., 1982, 1984, 1987].
retinal ganglion cells containing substance P-immunorcac-
tivity have been described. In mammals, these cells prob-
ably project to several centers in the brain, ¢.g. the dorsal
lateral geniculate body, the accessory optic nucleus, and
the colliculus superior [Brecha et al.. 1987]. Recently, sub-
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stance P immunorecactive ganglion cells were identified in
the retina in turtles [Cuenca and Kolb, 1989]. Immunoreac-
tive fibers could be traced from the ganglion cell bodies to
the optic nerve. However, in the lizards we studied. we
were unable to identify substance P immunoreactive fibers
in the optic tract.

Whereas substance P-containing ganglion cells appear
to be a common feature of amniotes, their presence in
anamniotes is less clear. For example, substance P contain-
ing ganglion cells in amphibians are found during develop-
mental stages [Kuljis and Karten, 1986] but not in adults
[Kuljis and Karten, 1982; Schmidt et al., 1989]. Also sub-
stance P-immunoreactive ganglion cells could not be iden-
tified in the retinac of developing and adult goldfish [Bre-
cha et al., 1981].

Putative Extraretinal Sources of the Inimunoreactive
Fibers in the Primary Visual Centers

ChAT-Immunoreactivity. In order to determine possi-
ble sources of the cholinergic projections to the primary
visual centers in reptiles, we will compare hodological data
with immunohistochemical observations. In the present
study, ChATi fiber bundles were traced from ChATi neu-
rons in the isthmic region to the midbrain tectum and, fur-
ther rostrally, to the supraoptic commissure where they
decussate. These bundles may provide the cholinergic pro-
jections to the tectum and the diencephalic primary visual
centers (fig. 14). This notion is supported by HRP studies of
tectal afferents in reptiles, which revealed retrogradely
labeled cells in the isthmic nucleus and the dorsolateral teg-
mentum [Foster and Hall, 1975; Gruberg et al., 1979; Wel-
ker et al.. 1983; Dacey and Ulinski, 1986a; ten Donkelaar
et al., 1987; Medina and Smeets, 1991].

Another putative source of cholinergic input to the pri-
mary visual centers, at least to the ventrolateral thalamic
nucleus, is the basal forebrain. Projections from the basal
forebrain where numerous cholinergic cells are present
[Mufson et al., 1984; Brauth et al., 1985: Hoogland and
Vermeulen-Van der Zee, 1990] to the ventrolateral
nucleus have been reported [Brauth and Kitt, 1980: Russ-
chen and Jonker, 1988; Gonzalez and Russchen, 1988].

TH-Immunoreactivity. Except for the tectum, almost
nothing is known about the origin of TH-immunoreactive
afferents to the primary visual centers in reptiles. The
immunoreactivity we observed in the tectum probably
represents dopaminergic fibers [Smeets and Steinbusch,
1990]. Hodological studies have established that the tectum
in reptiles receives afferents from the hypothalamic peri-

ventricular nucleus, the pretectal posterodorsal nucleus,
and the substantia nigra [Welker et al., 1983; ten Donke-
laar et al., 1987]. Since all three nuclei contain dopaminer-
gic cell bodies [Smeets, 1988], they are good candidates for
the source of the dopaminergic innervation of the midbrain
tectum.

5-HT-Immunoreactivity. Four groups of serotoninergic
cell bodies are present in the brains of reptiles: the hypotha-
lamic periventricular organ in the diencephalon, the
nucleus raphes superior and the ventrolateral tegmentum
in the midbrain, and the nucleus raphes inferior in the
rhombencephalon [Ueda et al., 1983; Wolters et al., 1985;
Smeets and Steinbusch, 1988]. On the basis of available
data on tectal afferents [ten Donkelaar et al., 1987; unpubl.
observy.], it is conceivable that the midbrain 5-HTi cell
groups project to the tectum.

SP-Immunoreactivity. No SPi fibers were observed in
the optic tract of the two lizard species studied, although SP
might be considered as a putative neurotransmitter in reti-
nal ganglion cells [Cuenca and Kolb. 1989]. A remarkable
finding of the present study, however, is the presence of
coarse SPi fibers in the pretectal region. In the double-
labeling experiments, it was shown that these SPi fibers
perfectly overlap the retinofugal fibers. Surprisingly, the
coarse SPi fibers lie adjacent to, but nowhere, within the
optic tract. They can be traced to the hypothalamus where
numerous SPi cell bodies are present [Reiner et al., 1984:
unpubl. observ.]. Itis, therefore, very likely that the hypo-
thalamic neurons provide the SPi innervation of the poste-
rodorsal nucleus in reptiles.

LENK-Immunoreactivity. The search for the origin of
LENKIi fibers in the tectum of reptiles is complicated by the
fact that in some species intrinsic LENKi cell bodies are
present in layers 5 and 7, whereas in others these neurons
are absent. Moreover, species differences have also been
observed in the presence or absence of a tectopetal LENKI
cell group in the pretectum [Medina and Smeets, 1991].
Taking these differences into account. the following preli-
minary conclusions can be reached. First, LENK fibers in
the superficial tectal zones (Gallotia, Podarcis, Anolis) are
most likely derived from the intrinsic tectal LENKi cell
bodies that have processes extending into the superficial
zone where they ramify [Naik et al., 1981; Medina and
Smeets, 1991]. Secondly, LENK:i fibers in the central tectal
zone are probably derived from the pretectal LENKi cell
group, i.c. the nucleus of the posterior commissure, since
species that do not possess such a cell group lack immuno-
reactive fibers in this zone [Medina and Smeets, 1991].
There must be a third source of LENK:I fibers projecting
primarily to the deep tectal layers, since species lacking
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both the LENKi pretectal cell group and the intrinsic tectal
neurons show distinct immunoreactive plexusses in the
deep tectal zone.

Comparative and Functional Considerations

Acetylcholine. A strong cholinergic innervation of the
primary visual centers is not a feature that is unique to rep-
tiles. Similar dense plexuses of ChATI fibers were found in
fishes [Ekstrom, 1987; Zottoli et al.. 1987]. amphibians
[Ciani et al., 1988]. birds [Sorenson et al., 1989], and mam-
mals [e.g.. Kimura et al., 1981; Houser ctal., 1983; Mesu-
lam ctal., 1984; Levey etal., 1987; Maley etal., 1988]. The
cholinergic innervation of the midbrain tectum is derived
partly from intrinsic tectal ChATi necurons in fishes
[Tumosa et al., 1986; Ekstrom, 1987, birds [Sorenson et
al., 1989]., and mammals [Hling, 1990}, and partly from cho-
linergic cells in the isthmic region [Ricciuti and Gruberg,
1985; Beninato and Spencer, 1986; Zottoli et al., 1988;
Sorenson ctal., 1989; Wallace ctal., 1990]. The cholinergic
projection from the isthmic regions to the retinorecipient
layers of the tectum in lizards observed in the present study
is comparable to the isthmotectal projections in other non-
mammalian vertebrates and the parabigeminotectal pro-
jection in mammals. The cholinergic pathway from the isth-
mic tegmentum to the thalamus observed in our material
(see fig. 7, 14) may be comparable to the projection from
the pontomesencephalic reticular formation to the thala-
mus in mammals.

Data on the putative sources of the cholinergic projec-
tions to the thalamic visual centers are sparse. In mammals,
the basal forebrain, the pontomesencephalic reticular for-
mation (mainly the nucleus tegmenti pedunculopontinus
and the laterodorsal tegmental nucleus), and the parabige-
minal nucleus are the main contributors [De Lima and
Singer, 1987a; Hallanger et al., 1987; Fitzpatrick et al.,
1988; Parent et al., 1988]. In this regard, the putative pro-
jection from the cholinergic neurons in the basal forebrain
to the ventrolateral thalamic nucleus in reptiles resembles
the projection from the basal telencephalon to the thalamic

reticular nuclei, part of which is visual. in mammals [Hal-
langer et al., 1987; Parent et al., 1988].

Dopamine. As in reptiles, much variation seems to exist
in the dopaminergic innervation of the midbrain tectum in
other vertebrates. In teleost fishes, there is weak immuno-
reactivity in the deep and intermediate layers but not in
those superficial layers that receive visual information
[Meek etal.. 1989; Roberts et al., 1989]. The same pattern
was observed in frogs [Gonzalez and Smeets, 1991] and is
I

in sharp contrast with the pattern found in urodeles, where
the optic layers of the tectum are denscly innervated by
DAIi or THi fibers [Franzoni et al., 1986, Gonzalez and
Smeets, 1991]. A dopaminergic innervation of the optic
layers in the superior colliculus and of the dorsal lateral
geniculate nucleus is also observed in mammals [Dacey,
1989, Papadopoulos and Parnavelas, 1990]. As putative
sources of these fibers, retinal ganglion cells and the dopa-
minergic cells in the hypothalamus have been mentioned.
Moreover, a dopaminergic projection from the substantia
nigra to the superior colliculus has been demonstrated. and
this may provide the morphological substrate for abnormal
saccadic eye movements in Parkinsonism [Takada et al..
1988a, b; Campbell et al., 1990].

Serotonin. A strong serotoninergic innervation of struc-
tures related to the visual pathways has already been recog-
nized by Braak et al. [1968] in several lizards. Subse-
quently, this relationship was confirmed in turtles {Ueda et
al., 1983; Parent et al., 1984] and other lizards [Wolters ct
al., 1985: Smcets and Steinbusch, 1988]. A dense seroton-
inergic plexus in the lateral geniculate body and the pretec-
tal arca is also observed mammals [see c.g. Steinbusch,
1981; Cropper et al., 1984; Ueda and Sano. 1986; Morri-
son and Foote. 1986]. By contrast. the relay centers of the
visual system in anamniotes generally do not show a par-
ticularly dense 5-HT innervation [sce e.g. Parent and
Northeutt, 1982; Kah and Chambolle. 1983: Ritchie ct al..
1983; Ekstrom and van Veen, 1984; Meek and Joosten.
1989], although some anurans show a relatively dense
plexus of serotoninergic fibers and terminals in the lateral
geniculate body and the midbrain tectum [Parent et al..
1984 Ueda ct al., 1984]. which are known to recieve reti-
nofugal fibers [Scalia, 1976; Lazar, 1978].

In mammals, the putative source of the serotoninergic
innervation of the thalamic and mesencephalic visual cen-
ters is the midbrain raphe nuclei | Azmitia and Segal, 1978;
Moore et al., 1978; Parent et al., 1981; De Lima and
Singer. 1987b]. Hodological [ten Donkelaar et al.. 1987]
and immunohistochemical [Ueda ct al., 1983; Wolters et
al., 1985: Smeets and Steinbusch. 1988] data indicate that
in reptiles also the midbrain raphe nuclei, together with the
nucleus reticularis superior pars lateralis. constitute the
major serotoninergic input to the primary visual centers.

Substance P. A close relationship between the distribu-
tion pattern of SPi fibers and that of retinofugal fibers is
observed not only in reptiles (present study) but also in
fishes [Vecino and Ekstrom. 1990], amphibians [Schmidt et
al., 1989]. birds [Ehrlich et al., 1987], and mammals
[Cooper et al., 1981]. Such a relationship is probably a
primitive trait for vertebrate brains. The possibility that
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substance P is contained within the axons of the retinal gan-
glion cells has already been discussed [see also Brecha et
al.. 1987; Nakagawa ct al., 1988]. A remarkable finding of
the present study is the intimate relationship between
coarse SPi fibers and retinal projection fibers in the poste-
rodorsal nucleus. Apparently, the SPi fibers course not
within the optic tract but medial to the tract, suggesting that
a retinal origin is unlikely. As pointed out carlier, the
organization of the pretectal posterodorsal nucleus is rather
similar in all reptiles studied. Recently, a dopaminergic
cells group was identified in the pretectum of amphibians
and. on the basis of its conncctions, is considered to be
homologous to the posterodorsal nucleus in reptiles [Gon-
zdlez and Smeets, 1991]. Moreover, preliminary observa-
tions in the domestic chicken also revealed the existence of
a pretectal dopaminergic cell group in a position resem-
bling that of the area pretectalis dorsalis of Gamlin and
Cohen [1988]. In an adjacent section stained with a SP anti-
serum. a rather dense plexus of immunoreactive fibers was
found in a similar position [Smeets, unpubl. observ.].
These findings indicate that the observations made in rep-
tiles may apply to other vertcbrates as well. Although the
functional significance of the posterodorsal nucleus has yet
to be demonstrated [Fite, 1985], a putative hypothalamic
SP and retinal input suggest that this nucleus integrates
motivational and visual information.

Leu-Enkephalin. Several differences exist in the distri-
bution of LENKi elements in the midbrain tectum of rep-
tiles studied so far [Naik et al., 1981; Medina and Smects,
1991 present study]. In some lizards. i.e. Gallotia, Podar-
cis and Anolis, numerous LENKI cell bodies are present in
tectal layers 7 and 5, whereas such cells seem to be absent in
other lizard species (Gekko, Eublepharis, Varanus), in tur-
tles (Pseudemys). and in snakes (Python, Thamnophis). In
Gekko. some LENKI cell bodies could be revealed after
colchicine treatment, and enkephalinergic cells were also
demonstrated in the tecta of amphibians [Kuljis and Kar-
ten. 1982, 1983; Merchenthaler et al., 1989], birds [Reiner
et al., 1982a]. and mammals [Khachaturian et al., 1983;
Graybiel et al., 1984]. It can, therefore, be assumed that
their presence is the primitive condition. As previously
reported for lizards [Naik et al., 1981; Medina and Smeets,
1991]. the tectal LENKi cell bodies have processes that
extend into the superficial zone where they ramify. The
absence of LENK immunoreactivity in the superficial tec-
tal layers in species that apparently lack LENKi tectal cell
bodies supports the notion that the LENK immunoreactiv-
ity in the superficial tectal zone is largely accounted for by
these cell bodies. By comparing the illlustrations of the
intrinsic and efferent tectal neurons in the snake Thamno-

phis [Dacey and Ulinsli, 1986b, c| with our own results
[Medina and Smeets, 1991], we could identify one Kind of
efferent neuron in Thamnophis that resembles the LENKi
neurons in the tectum of Podarcis and Gallotia. These
efferent neurons were described by Dacey and Ulinski
[1986a] as tectal-isthmic cells with a long apical dendrite,
which ramifies in the most superficial layer, and an axon
which arises from the basal dendrite. Further support to the
notion that the LENKi cells project to the isthmic nucleus is
provided by immunohistochemical studies revealing a
rather dense innervation of the parvocellular isthmic
nucleus in reptiles possessing tectal LENKi cell bodies
[Naik etal., 1981, unpubl. observ.] but notin reptiles lack-
ing these cells [Wolters et al., 1985: unpubl. observ.]. Simi-
lar conditions are found in birds, where LENKI neurons
are located in tectal layers 8-10 from which the projections
to the isthmal-optic nucleus and parvocellular optic nucleus
arise [Reiner and Karten, 1982; Reiner ct al., 1982a], and
in amphibians [see Lazar et al., 1983; Merchenthaleretal.,
1989: Roth et al., 1990].

Another difference between the various reptiles studied
concerns the distribution of LENKi fibers in layers 8-11 of
the tectum. In a previous study [Medina and Smeets, 1991]
it was suggested that this difference is likely due to the pres-
ence or absence of an LENKi cell group in the pretectum,
viz. the nucleus of the posterior commissure, which, on the
basis of its connections and chemoarchitecture, is con-
sidered to be homologous to the lateral spiriform nucleus of
birds [Reiner et al., 1982a, b]. The nucleus of the posterior
commissure in reptiles and its corresponding structure in
birds constitute important relay centers within the basal
ganglia-tectal connections and they may, therefore, be
involved in transmitting basal ganglia influence on visuo-
motor behavior.
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