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Abstract
Previous studies on the dopaminergic modulation of
visuomotor functions in amphibians showed that the
dopamine agonist apomorphine (APO) alters prey-catch-
ing strategies. After systemic administration of APO in
common toads Bufo bufo, prey-oriented turning and
locomotion was attenuated whereas snapping toward
prey was facilitated in a dose dependent manner. With
systemic APO administration, toads which had previ-
ously been hunting, that is pursuing prey, behaved in a
waiting position, that is sitting motionless and waiting
for prey. This suggests that APO facilitates the ingestive
component and inhibits the orientational and locomo-
tory components of prey capture. To help unravel the
cerebral sites of action of APO, the present study
employs the 14C-2-deoxyglucose method to compare the
rate of local glucose utilization in 41 brain structures. The
retinal projection fields – e.g. superficial optic tectum,
pretectal nuclei, and anterior dorsal thalamic nucleus –
showed an elevation in glucose utilization due to APO-
induced increases in retinal output. The medial tectal lay-
ers and the ventral striatum, both involved in visuomotor
functions related to prey-oriented turning and locomo-
tion, displayed APO-induced decreases in glucose utiliza-
tion. APO-induced increases in glucose utilization were

observed in the medial reticular formation and the
hypoglossal nucleus which participate in the motor pat-
tern generation of snapping. APO-induced increases in
glucose utilization were also detected in the nucleus
accumbens and the ventral tegmentum (mesolimbic sys-
tem) as well as in the ventromedial pallium (‘primordium
hippocampi’) and the septum, both of which belonging
to the limbic system. These structures contribute to moti-
vational level control and may be responsible for the
APO-induced elevation of the snapping rate. Various
other structures revealed APO-induced increases in glu-
cose utilization. These structures include the olfactory
bulb, lateral pallium, suprachiasmatic nucleus, nucleus
of the periventricular organ, and the nucleus of the soli-
tary tract. The lateral amygdala displayed APO-induced
decreases in glucose utilization. The APO-induced alter-
ations in local cerebral glucose utilization are evaluated
with reference to the distribution of dopaminergic struc-
tures, and this is compared with similar data obtained in
the rat by other authors. A neural network explaining the
APO-induced behavioral syndrome in the common toad
is discussed.

Introduction

In anuran amphibians, the primary visual response path-
ways that control prey orienting and snapping behaviors
take advantage of ensembles of tectal cells [Ewert, 1987,
1997] whose axons travel in the tecto-bulbar and tecto-bul-



bar/spinal tracts to the appropriate motor pattern generating
systems [Ingle, 1983; Grobstein et al., 1983; Satou and
Ewert, 1985; Satou et al., 1985; Matsushima et al., 1989;
Ewert et al., 1990]. These tectal releasing systems are con-
trolled and modulated by striatal [Ewert, 1984; Finkenstädt,
1989; Patton and Grobstein, 1998a, b], pretectal [Ewert,
1968, 1987; Ewert et al., 1996], tegmental [Grobstein, 1991],
preoptic/hypothalamic, and solitary/reticular [Weerasuriya,
1983; Székely et al., 1983] structures that contain dopamin-
ergic cell bodies or fibers [González and Smeets, 1991].

As part of a research program to determine the role of
dopamine in visuomotor function in amphibians [Ewert et
al., 1999], we showed that the dopamine D2/D1-receptor
agonist apomorphine (APO) modulates the components of
prey-catching behavior in a dose dependent manner [for a
characterization of D1 and D2 dopamine receptors in Rana
pipiens see Chu et al., 1994]. In common toads (Bufo bufo),
systemic administration of APO led, on one hand, to an
attenuation in the activity of prey-oriented turning and loco-
motion, and, on the other hand, to a facilitation of prey snap-
ping [Glagow and Ewert, 1997a]. After APO administra-
tion, common toads which had previously been hunting, that
is pursuing prey, behaved in the manner of a frog that is
waiting and sitting motionless until a prey object appears at
snapping distance [Eibl-Eibesfeldt, 1951]. This suggests
that APO facilitates the ingestive component and inhibits

the orientational and locomotory components of prey cap-
ture. It is possible that dopamine levels in specific brain
areas could alter prey-catching strategies.

The APO-induced syndrome in common toads is compa-
rable to oral behavioral stereotypies reported in other verte-
brates after administration of APO, such as biting in the tor-
toise [Andersen et al., 1975], pecking in the pigeon [e.g.
Dhawan et al., 1961; Burg et al., 1989], and sniffing, lick-
ing, and gnawing in rats [e.g. Ljungberg and Ungerstedt,
1977; McCulloch et al., 1982; Blackburn et al., 1992]. In
mammals, APO-induced oral behaviors are generally dis-
cussed in connection with the mesolimbic dopaminergic
system, arising from the ventral tegmental area and project-
ing mainly to the nucleus accumbens. Another system
implicated in mammalian stereotyped oral behaviors is the
dopaminergic nigrostriatal system, arising from the substan-
tia nigra pars compacta and projecting to the corpus striatum
[e.g. see Costall et al., 1972; Costall and Naylor, 1973;
Creese and Iversen, 1975; Brown and Wolfson, 1978;
McCulloch et al., 1982; Blackburn et al., 1992]. In amphib-
ians, the striatum occupies the ventrolateral portion of the
telencephalic hemisphere, and the nucleus accumbens lies
in the ventromedial region of the telencephalic wall [Her-
rick, 1933; Hoffmann, 1973; Kokoros, 1973; Kicliter and
Northcutt, 1975; Kicliter and Ebbesson, 1976; Kicliter,
1979; Northcutt and Kicliter, 1980; Parent and Dubé, 1983;
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Abbreviations

A anterior thalamic nucleus
AC nucleus accumbence
AL nucleus amygdalae
AOS accessory olfactory system
C central thalamic nucleus
dCB dorsal cerebellum
dHYP dorsal hypothalamus
dMP dorsal medial pallium
dOT dorsal optic tectum
DP dorsal pallium
dTEG dorsal tegmentum
Ea anterior entopeduncular nucleus
HAB nucleus habenulae
HGL hypoglossal nucleus
HYP hypothalamus
IST nucleus isthmi
La lateral anterior thalamic nucleus
Lpd lateral posterodorsal pretectal 

thalamic nucleus
LPR lateral prominence
Lpv lateral posteroventral pretectal

thalamic nucleus

LS lateral septum
mOB medial main olfactory bulb
mOT medial optic tectum
MRF medullary medial reticular 

formation
MS medial septum
N.V nucleus of the nervous trigeminus
N.VII nucleus of the nervous facialis
N.XI nucleus of the nervous accessorius
N.XII nucleus of the nervous 

hypoglossus
NB/VLd complex of the nucleus Bellonci 

and dorsal ventrolateral
thalamic nucleus

NPO nucleus of the periventricular 
organ

OT optic tectum
P posterior pretectal thalamic 

nucleus
pLP posterior lateral pallium
PO praeoptic area
R retina

SCN suprachiasmatic nucleus
SNpr substantia nigra pars reticulata
SOL nucleus of the solitary tract
sOT snapping evoking area of OT
SP spinal cord
TEG tegmentum
TS torus semicircularis
Ttb tractus tectobulbaris directus
Ttb/s tractus tectobulbaris et spinalis

cruciatus
vCB ventral cerebellum
vHYP ventral hypothalamus
VLv ventral ventrolateral thalamic 

nucleus
VM ventromedial thalamic nucleus
vMP ventral medial pallium
vOB ventral main olfactory bulb
vOT ventral optic tectum
vSTR ventral striatum
vTEG ventral tegmentum
I 1st ventricle
III 3rd ventricle



Wilczynski and Northcutt, 1983a, b]. Recent hodological,
chemoarchitectonic, and developmental investigations on
the basal ganglia organization in amphibians broadened our
insight into the afferent and efferent connections of the stria-
tum and the nucleus accumbens [González and Smeets,
1991; Marín et al., 1997a, b, c, 1998a, b]. The dopaminergic
innervation of these brain structures has also been re-inves-
tigated [Marín et al., 1997d, e].

In the present investigation, we used the 14C-2-deoxyglu-
cose method [Sokoloff et al., 1977] in active toads to quan-
titatively map the metabolic activity in various structures of
the neural macronetwork implicated in prey-catching releas-
ing systems. The data are obtained from common toads
(Bufo bufo) stimulated with moving prey or with non-prey
stimuli either in the presence or absence of APO, respec-
tively. In a control group, toads were treated with APO, but
received no moving visual stimuli. Questions in this study
focus on the: (1) causal relationships of the APO-induced
behavioral syndrome with global changes in local cerebral
glucose utilization, and (2) correlations between APO-
induced alterations in local cerebral glucose utilization and
the distribution of dopaminergic structures. Furthermore,
comparisons of the data with results obtained in mammals
are discussed.

Materials and Methods

Experimental Animals
The experimental animals were common toads of the species Bufo

bufo spinosus obtained from a commercial dealer and kept in vivaria
under controlled laboratory conditions at a temperature of 18°C, a rel-
ative humidity of 50%, and a constant day(12 h)/night(12 h) circadian
cycle. Each vivarium, measuring 60×30×30 cm in size, accommo-
dated about 6 toads. A 5-cm thick segment of wet absorbent soft-
foamed plastic material covered two thirds of the bottom. The remain-
ing portion of the vivaria were filled with water and served as pools.
Stones and bark were provided as shelter. The toads were fed on meal-
worms ad lib once a week.

A low level in blood glucose is a precondition of optimal uptake of
14C-2-deoxyglucose [Young and Deutsch, 1980]. Collecting toad’s
cardiac blood we measured the blood glucose level from January
through December using Rentascan® (Owen Mumfort), which yielded
average ± SD glucose values of 50.8 ± 3.5 mg/100 ml in toads (n = 64)
that had been food deprived for 7 days, and 57.7 ± 4.4 mg/100 ml in
toads (n = 42) 30 min after ad lib feeding. We therefore food-deprived
the toads for 7 days prior to the experiment in order to maintain a low
blood glucose level. Animals were killed after the 14C-2-deoxyglucose
experiment with an overdose of MS222. MS222 does influence blood
glucose level, such that an average ± SD glucose level of 86.6 ± 12.2
mg/100 ml, with peak levels up to 120 mg/100 ml, were measured in
toads (n = 28) after an intralymphatic injection of a low dose of the
anesthetic. The MS222 effect on blood glucose was not a problem in
this study, however, as the anesthetic was administered only after the
14C-2-deoxyglucose experiment was completed.

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

Stimulation Program and Experimental Groups
In the experimental groups, two types of visual stimuli were pre-

sented to the toads. The prey stimulus was a 4×28 mm black bar
oriented parallel to the horizontal direction of movement (‘worm’ con-
figuration). In pharmacologically untreated (i.e. normal) toads, this
stimulus elicited prey-catching orienting behavior and snapping. A
28×4 mm black bar which was oriented perpendicular to the horizon-
tal direction of movement (‘antiworm’ configuration) served as a non-
prey stimulus; such a stimulus elicited no motor response in pharma-
cologically untreated toads. The stimulus(s)/background(b) contrast
was C = (Lb–Ls)/(Lb+Ls) = 0.94, with Ls = 1.3 cd × m–2 and Lb = 44
cd ×m–2. The experimental animal sat in a cylindrical transparent glass
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Fig. 1. Experimental procedure for stimulus presentation and mea-
surements of toad’s prey-catching patterns [after Ewert, 1984]. A black
bar (PS) moving worm-like against a white background served as a
prey dummy. This stimulus was moved mechanically around the toad
sitting in a transparent cylindrical glass vessel (GV). The angular
velocity of the stimulus – related to the center of rotation – was 7.6°/s.
The distance between the prey stimulus and the glass vessel was 1 cm.
CA = Cylindrical arena; DS = diffuse transparent screen; GV = glass
vessel; IL = illumination; MD = electric motor device; PF = platform;
PS = prey stimulus; SH = stimulus holder.



vessel (29 cm diam.) in the center of a cylindrical platform (30 cm
diam.) surrounded by a homogeneously white drum-shaped arena
(fig. 1). In this procedure [Ewert, 1984], the stimulus was mechani-
cally moved close to the edge of the platform in a circle around the ves-
sel at a constant distance from the vessel and at a constant angular
velocity of 7.6 deg/s (2 cm/s) during a 45 min experimental period.
This period was interrupted by 2-min recovery pauses after each
double circle in order to prevent habituation. After each double circle,
the direction of movement was reversed.

We selected toads that responded to the prey stimulus with about 20
prey-catching reactions per 30 s, to eliminate variability in prey-catch-
ing motivation [cf. Wachowitz and Ewert, 1996]. Sequential orienta-
tional turning movements of the experimental animal in response to the
circling stimulus were easily determined. The projection of the toad’s
tongue in an attempt to contact the stimulus counted as a snap; in all
cases, the tongue hit the glass vessel. Five experimental groups were
investigated (table 1). In the P-group, toads were stimulated with the
prey-dummy and they received no APO; in the P*-group and N*-
group, a prey or non-prey stimulus, respectively, was presented to the
toad after administration of APO. In two other groups, toads were
treated with APO (C*-group) or were untreated (C-group) in the
absence of a moving visual stimulus. The P- and P*-groups are the
main test groups; the N*-, C*-, and C-groups served as controls.

Drug Administration
A solution of apomorphine (APO) was injected intralymphatically,

at a dose of 40 mg/kg body weight, one minute prior to the administra-
tion of 14C-2-deoxyglucose. Dose/effect measurements in common
toads (cf. fig. 2) previously have shown that this concentration is opti-
mal to simultaneously suppress orientational turning behavior and
facilitate snapping [Glagow and Ewert, 1997a]. Compared to birds and
mammals, this effective dose of 40 mg/kg body wt. is relatively high
and probably due to the lymphatic application of APO (poor lymphatic
circulation and relatively weak access to the brain). The APO-induced
behavioral effects started about 5 min following drug administration,
and were maximal after 30 min, but faded after 50 min [see Glagow
and Ewert, 1997a].

14C-2DG Autoradiography
One minute prior to the 45-min stimulation session in the P-, P*-,

N*-, C*-, or C-groups, 150 µCi/kg of [14C]-2-deoxy-D-glucose (14C-
2DG, New England Nuclear) were injected into the caudal lymphatic
sacs. Immediately after testing, the animals were deeply anaesthetized
with an overdose of MS222 and perfused by a 25 ml solution consisting
of 0.05 mol/l phosphate buffer, 0.6% NaCl, and 0.8% sucrose. Subse-

quently the animals were perfused by a 25 ml fixative containing 1.5%
glutaraldehyde, 4% sucrose, and 1% dimethylsulfoxide in 0.05 molar
phosphate buffer. The brains were carefully removed, immediately
frozen at –30°C, and sectioned (40 µm) in a cryostat at –15°C. Sec-
tions were dried on a hot-plate at +60°C. We prepared autoradiographs
from these transverse sections by exposing them with X-ray film
(Kodak X-OMAT-MA2) in light-tight X-ray cassettes for 21 days.

The radioactivity served as an index of the 14C-2DG uptake and
thus the glucose utilization in the brain tissue required for the local
cerebral energy metabolism which, in turn, correlates with neural
activity [Sokoloff et al., 1977]. The tissue concentrations of 14C were
determined from their optical densities by comparing them to the opti-
cal densities of calibrated 14C-metyl-metacrylate standards, which
were exposed to the X-ray film at the same time as the sections. Brain
sections were stained with cresyl violet. For methodological details we
refer to Finkenstädt et al. [1985, 1986].

Computerized Densitometry
By means of a computer-aided densitometry system ‘Automet’

(unpublished), we determined the optical density of various structures
in the autoradiographic images of the transverse brain sections. The
autoradiographs and the counter-stained histological sections were
precisely aligned. This provided a one-to-one correspondence between
the functional activity revealed on the film and the anatomical site [for
further details see Gallistel et al., 1982].

The image analyzing system Automet was developed in collabora-
tion with the Department of Mathematics/Informatics at the University
of Kassel. The main processing steps of the system are the following:
The data of the autoradiographic images are read by a CCD videocam-
era and transformed into a graphic format (bit map coded as a 256 grey
scale image) by means of a commercial software (screen machine).
The developed image analyzing software is a MS-Windows applica-
tion. It allows one to process the bit map data and to express these in
false colors. During this procedure, the camera data are processed
depending on the optical density of the autoradiographic images. A
defined interval of each optical density is assigned (via standards) to an
autoradiographic activity level and to a certain color. Thus, the experi-
menter obtains a ‘reference table’ that corresponds directly to an ‘auto-
radiographic density table’.

Data Analysis
From each animal of the different experimental groups (P, P*, N*,

C, and C*) the average 14C-concentration value (14CP,P*,N*,C,C*) of the
brain structures (obtained via 14C-methyl-methacrylate standards) was
related to the average 14C-concentration value of a white-matter (wh)
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Table 1. Experimental groups for 14C-2DG experiments

¤Group Visual stimulation Stimulus APO Orienting Snapping Number
frequency administration activity activity of toads

P stimulated with prey high untreated strong weak 11
P* stimulated with prey low treated none strong 13
N* stimulated with non-prey low treated none very weak 10
C* control, not stimulated none treated none none 6
C control, not stimulated none untreated none none 5



reference structure 14Cwh (e.g. XP = 14CP/14Cwh). The standard refer-
ence structure, an area below the nucleus ventralis nervi octavi,
showed no change in glucose utilization in response to either visual
stimulation, motor activity or after administration of APO. The X val-
ues were calculated for a number of histological transverse sections on
which the brain structure of interest appeared along its sagittal exten-
sion. The bilateral values of these brain sections in each toad were
averaged, and these individual means were averaged to give the group
mean X′. Thus, each subject will have the same weight in the final
results, and a calculation of dispersion (±SDM) shows an estimate of
the variance of the data (e.g. fig. 5A). The APO-induced changes in
glucose utilization in a brain structure from toads exposed to the visual
prey-stimulus is expressed by X′P*;P (%) = 100 (X′P*-X′P)/X′P (e.g.
fig. 8A). Correspondingly, the differences in glucose utilization with
respect to prey and non-prey stimuli in APO-treated toads are
expressed by X′P*;N* (%) = 100 (X′P*-X′N*)/X′N*, and the control for
the effects of APO in the absence of moving visual stimuli is expressed
by X′C*;C (%) = 100 (X′C*-X′C)/X′C.

The SPSS® software for statistical analysis was applied for the pro-
cessing of the experimental data. In the statistical analysis of the group
mean values X′P* vs. X′P and X′P vs. X′N*, we performed separate one-
way ANOVAs for each measured brain region, following the Levene-
test of homogenity of the variances. Normal distributions were calcu-
lated using Blom’s proportional estimation formula and the ‘normal
P-P plot’ routine. For the multiple comparisons, Bonferroni’s post-hoc
test was applied. Due to the relatively small n in the C- and C*-group
(cf. table 1), the non-parametric Wilcoxon-test was applied to compare
X′C* vs. X′C. Both tests consider small differences in the n values of
compared groups. The significances shown in figures 8A, B; 9A, B;
10A, B result from the statistical analyses of the group mean values.

Results

In a previous study the dose/effect relationships of APO
on the prey-catching activity in common toads untreated
with APO and in toads 20 min after administration of APO
at various doses were investigated [fig. 2, Glagow and
Ewert, 1997a]. With an increasing dose of APO, the toads’
turning frequency in response to the prey stimulus progres-
sively decreased, whereas the snapping rate increased up to
40 mg/kg. At a dose of APO of 40 mg/kg body wt., orienta-
tional turning towards the prey stimulus mostly failed to
occur, whereas the facilitation of prey snapping was maxi-
mal. The lack of prey-oriented turning and lunging influ-
enced the snapping pattern in a rigid and stereotyped man-
ner [for further details see Glagow and Ewert, 1997a].

Local Cerebral Glucose Utilization
Figure 3A indicates examples of the locations of trans-

verse sections of the toad’s brain. Figures 3B and 4a–h are
color-coded autoradiographic images of these brain sections
from toads without APO treatment (fig. 3Ba, 4A) and after
APO treatment (fig. 3Bb, 4B). In various brain structures,
the 14C-2DG uptake increases from cold (blue) to warm

(dark red) colors. Figures 5–10 quantitatively show APO-
induced glucose utilization that were examined in 41 brain
structures. These figures indicate the group mean values
X′P*, X′P, X′N*, X′C*, and X′C, (fig. 5–7) and show compar-
isons among different groups (fig. 8–10). In the latter case,
we compared P*-group toads (stimulated with prey after
APO administration) and P-group toads (stimulated with
prey without APO administration) or N*-group toads (stimu-
lated with non-prey after APO administration) and P*-group
toads (fig. 8A–10A). Furthermore, we compared C*-group
toads (in the absence of prey after APO administration) and
C-group toads (in the absence of prey without APO admin-
istration) (fig. 8B–10B). These alterations are expressed by
the values X′P*;P (%), X′P*;N* (%), and X′C*;C (%), respec-
tively.

Of the 41 brain structures (shown in fig. 8–10), 32 struc-
tures displayed statistically significant increases in glucose
utilization, 8 structures showed significant decreases, and
one structure showed no significant alteration in glucose uti-
lization.

APO-Treated vs. Untreated Prey-Stimulated Groups
In this examination, we compare the X′P*;P (%) values of

glucose utilization in the brains of prey-stimulated toads in
the APO-treated vs. untreated groups. This is the most rele-
vant comparison for the discussion of the two most unam-
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Fig. 2. Influence of intralymphatically administered apomorphine
(APO) on the average prey-oriented turning and snapping activities
(± SD) in common toads Bufo bufo (n = 15) depending on the dose of
APO. Prey-catching activities were measured in a group of toads given
no APO and in groups of toads 20 min after administration of APO of
different doses [adapted from Glagow and Ewert, 1997a].



biguous observations with APO treatment, namely, the
suppressed orientational turning and locomotion and the
increased oral activity compared to untreated common toads
(cf. table 1). The comparisons are based on a statistical
analysis of the group mean values X′P* and X′P (see Materi-
als and Methods) [X′P;C- and X′N;C-values, i.e. the alteration
in glucose utilization of APO-untreated toads, in response to
different visual stimuli, was described in detail by Finken-
städt et al., 1985, 1986].

Telencephalon
Olfactory Bulb. After administration of APO, the ventral

area of the main olfactory bulb (vOB) showed a stronger
increase in glucose utilization than the medial area (mOB;
fig. 4Ba, 8A). In the accessory olfactory system (AOS), the
APO-induced elevation in glucose utilization was larger
than any other brain structure investigated (fig. 8A).

Pallium. The rostral dorsal pallium (DP), the posterior
two thirds of the lateral pallium (pLP), the lateral promi-
nence (LPR), the posterior dorsal medial pallium (dMP),
and the ventral two thirds of the medial pallium (vMP)
showed moderately increased glucose utilization under
APO treatment (fig. 4Bb, 8A). 

Subpallium. Glucose utilization increased in the medial
septum (MS), the lateral septum (LS), and the nucleus
accumbens (AC) adjacent to the lateral septum, in contrast
to the lateral amygdalae (AL) and the ventral striatum
(vSTR), which actually showed decreases in glucose utiliza-
tion (fig. 4Bb, 8A). The anterior entopeduncular nucleus
(Ea) displayed an increase.

In the telencephalon, the structures vOB, AOS, LPR,
dMP, MS, and LS showed the strongest group mean values
in glucose utilization under APO treatment, whereas vSTR
and AL displayed the weakest ones (fig. 5A).

Diencephalon
Anterior Dorsal Structures. Under APO treatment, the

increase in glucose utilization was strong in the anterior
thalamic nucleus (A; fig. 9A). Moderate increases were
observed in the complex of the nucleus of Bellonci and the
dorsal zone of the ventrolateral thalamic nucleus (NB/VLd)
and the lateral anterior thalamic nucleus (La; fig. 4Bc, 9A).
The habenular nucleus (HAB) displayed a significant de-
crease in glucose utilization (fig. 9A).

Ventral Thalamus. Increases in glucose utilization were
observed both in the ventromedial nucleus (VM) and the
ventral zone of the ventrolateral nucleus (VLv; fig. 4Bc,
9A).

Preoptic, Hypothalamic and Adjacent Regions. Glucose
utilization increased in the nucleus of the periventricular

organ (NPO), the suprachiasmatic nucleus (SCN), and the
periventricular region of the dorsal hypothalamus (dHYP;
fig. 4Bd, 9A). However, glucose utilization decreased in the
preoptic area (PO). The decrease in the ventral hypothala-
mus (vHYP) was not statistically significant (fig. 4Bd, 9A).

Pretectal Nuclei. The posterior (P) and the lateral pos-
teroventral (Lpv) thalamic nuclei showed increases in glu-
cose utilization; these increases were even stronger in the
lateral posterodorsal nucleus (Lpd; fig. 4Bd, 9A).
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Fig. 3. A Examples of transverse sections of the common toad’s
brain, running from rostral (a) to caudal (h). These sections are shown
as color-coded autoradiographic images below (B) and in fig. 4AB,
a–h. B Pattern of 14C-2DG uptake in the optic tectum (OT) of normal,
untreated toads stimulated with the 4 ×28 mm2 worm-like moving prey
dummy [Group-P] and in prey-stimulated toads after APO administra-
tion [Group-P*]; TEG, tegmentum; III, 3rd ventricle. Top: representa-
tive example of a section through the rostral mesencephalon at level d*
(cf. fig. 3A) of a toad of each group. Bottom: Cut-out of the lateral right
tectum of the Group-P toad (a), the Group-P* toad (b), and, for com-
parison, of a histological Klüver-Barrera stain showing the tectal lay-
ers 1 (periventricular) to 9 (superficial) and the laminae A–G (c); the
regions dOT (dorsal tectum), mOT (medial tectum) and vOT (ventral
tectum) refer to the quantitative measurements of 14C-2DG uptake as
shown in figures 7 to 10. For the interpretation of the pattern of 14C-
2DG uptake in the tectum, the following morphological data are
important. The fibers of the contralateral retinal ganglion cells termi-
nate continously in the laminae A through F of layer 9 and in lamina G.
A hidden stratification exists, which is masked when terminal degener-
ation studies are used to study retino-tectal projections [Lázár, 1984].
Assignments of the fiber terminals of the classes of retinal ganglion
cells to tectal laminae suggest that class (R1 and) R2 neurons project
mainly to laminae A and B including the upper part of C, class R3 neu-
rons project to laminae C–F, and class R4 neurons to laminae F and G
[Székely and Lázár, 1976; Ewert, 1997]. Ipsilateral pretectal inputs
arrive at layers 8 and 9 [Lázár, 1984; Kozicz and Lázár, 1994;
Buxbaum-Conradi and Ewert, 1995]. Ipsilateral thalamic, hypothala-
mic, and tegmental fibers terminate mainly in layers 3 and 5, and stri-
atal fibers terminate in layer 7 [Wilczynski and Northcutt, 1983b;
Lázár, 1984; González and Smeets, 1991; Marín et al., 1997e]. Tectal
efferents are mediated by layer 7 and the most upper part of layer 6
[Székely and Lázár, 1976; Weerasuriya and Ewert, 1981; Lázár, 1984].
Calibration bar: 250 µm.
Fig. 4. Color-coded autoradiographic images of brain transverse sec-
tions (cf. fig. 3) showing local cerebral uptake of 14C-2DG in APO-
untreated toads (A) [P-group] and in APO-treated toads (B) [P*-
group] in response to the 4 ×28 mm2 worm-like moving prey stimulus
(cf. fig. 1). The radioactivity increases from cold (blue) to warm (red)
colors. Examples of brain sections at the levels a–h as shown in figure
3A: (a) olfactory bulbs; (b) medio-caudal telencephalon; (c) dienceph-
alon; (d) caudal diencephalon and rostral mesencephalon; (e) medial
mesencephalon; (f) cerebellum and rostral medulla oblongata; (g)
medial medulla oblongata; (h) caudal medulla oblongata. Note that the
brain sections are reproduced at different magnification. [Nomencla-
ture after Wilczynski and Northcutt, 1977, 1983a, b; Neary and
Wilczynski, 1980; Neary and Northcutt, 1983.]
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Fig. 5. Average local uptake of 14C-2DG by telencephalic structures
in A: APO-untreated toads visually stimulated with the worm-like
prey dummy [X′P-values of P-group] and APO-treated toads stimu-
lated with the worm-like prey dummy [X′P*-values of P*-group], B:
APO-treated toads visually stimulated with an antiworm non-prey
object [X′N*-values of N*-group] and, for comparison, APO-treated
toads stimulated with the worm-like prey dummy [P*-group], and C:
APO-untreated toads not visually stimulated [X′C-values of C-group]
and APO-treated toads not visually stimulated [X′C*-values of C*-
group]; mean values ± SD.

Fig. 6. Average local uptake of 14C-2DG by diencephalic structures
in A: APO-untreated toads visually stimulated with the worm-like
prey dummy [X′P-values of P-group] and APO-treated toads stimu-
lated with the worm-like prey dummy [X′P*-values of P*-group], B:
APO-treated toads visually stimulated with an antiworm non-prey
object [X′N*-values of N*-group] and, for comparison, APO-treated
toads stimulated with the worm-like prey dummy [P*-group], and C:
APO-untreated toads not visually stimulated [X′C-values of C-group]
and APO-treated toads not visually stimulated [X′C*-values of C*-
group]; mean values ± SD.
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Fig. 7. Average local uptake of 14C-2DG by mesencephalic and
rhombencephalic (cerebellar and medullary) structures in A: APO-
untreated toads visually stimulated with the worm-like prey dummy
[X′P-values of P-group] and APO-treated toads stimulated with the
worm-like prey dummy [X′P*-values of P*-group], B: APO-treated
toads visually stimulated with an antiworm non-prey object [X′N*-val-
ues of N*-group] and, for comparison, APO-treated toads stimulated
with the worm-like prey dummy [P*-group], and C: APO-untreated
toads not visually stimulated [X′C-values of C-group] and APO-treated
toads not visually stimulated [X′C*-values of C*-group]; mean values
± SD.

Fig. 8. Average local alteration of 14C-2DG uptake by telencephalic
structures in A: P*-group vs. P-group toads, the differences in uptake
being plotted by the X′P*;P (%) values, and P*-group vs. N*-group
toads, plotted by X′P*;N (%), and B: C*-group vs. C-group toads, plot-
ted by X′C*;C (%).



In the diencephalon, the La nucleus showed the strongest
and the PO area the weakest group mean values in glucose
utilization under APO treatment (fig. 6A). The value in the
La nucleus was strongest in comparison to all the other
brain nuclei investigated after administration of APO (cf.
fig. 6A and fig. 5A, 7A).

Mesencephalon
Optic Tectum. The laminar organized optic tectum can be

subdivided into dorsal (layer 9), medial [layers 6 (top), 7
and 8], and ventral (layers 1–6) formations (fig. 3Bc). After
APO administration, glucose utilization increased in the

dorsal formation (dOT), but decreased in the medial (mOT)
and ventral (vOT) formations (fig. 3Bb, 4Be, 10A). A de-
crease in glucose utilization was also observed in the sOT of
the mOT, an area of the optic tectum responsible for evok-
ing snapping behavior [Ewert, 1984]. 

Tegmentum. APO-induced increases in glucose utiliza-
tion were observed both in the ventral tegmentum (vTEG)
and the dorsal tegmentum (dTEG; fig. 3B, 4Be, 10A).

Nucleus Isthmi. The glucose utilization was relatively
strong in the isthmic region (IST; fig. 7A). After administra-
tion of APO, however, glucose utilization was decreased
(fig. 10A).
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Fig. 9. Average local alteration of 14C-2DG uptake by diencephalic
structures in A: P*-group vs. P-group toads, the differences in uptake
being plotted by the X′P*;P (%) values, and P*-group vs. N*-group
toads, plotted by X′P*;N* (%), and B: C*-group vs. C-group toads, plot-
ted by X′C*;C (%).

Fig. 10. Average local alteration of 14C-2DG uptake by mesen-
cephalic and rhombencephalic structures in A: P*-group vs. P-group
toads, the differences in uptake being plotted by the X′P*;P (%) values,
and P*-group vs. N*-group toads, plotted by X′P*;N* (%), and B: C*-
group vs. C-group toads, plotted by XC*;C (%).



Torus Semicircularis. A weak increase in glucose utiliza-
tion was found in the torus (TS; fig. 4Be, 10A).

Cerebellum and Medulla Oblongata
Cerebellum. APO-induced increases in glucose utiliza-

tion were relatively strong in the dorsal area of the cerebel-
lum (dCB) and moderate in the ventral area (vCB; fig. 4Bf,
10A).

Medulla Oblongata. The increase in glucose utilization
was relatively strong in the medial reticular formation
(MRF) and moderate in the nucleus of the solitary tract
(SOL) and the hypoglossal nucleus (HGL; fig. 4Bg, 4Bh,
10A).

In the mesencephalon/rhombencephalon, the structures
dOT, IST, and MRF showed the strongest group mean val-
ues in glucose utilization under APO treatment, whereas
mOT and vOT displayed the weakest ones (fig. 7A). The
value in vOT was weakest in comparison to all the other
brain nuclei investigated under APO treatment (cf. fig. 5A,
6A).

Evaluation of the Test and Control Groups
In evaluating the alterations in glucose utilization, it is

important to consider that the five experimental groups dif-
fered in several ways (cf. table 1): the presence or absence
of APO, the presence or absence of prey stimuli, the pattern
of the visual stimulus (prey or non-prey), the stimulus fre-
quency, and the behavioral response (orienting, snapping).
In the P-group, the APO-untreated toads showed both prey
oriented turning and snapping responses. However, the ori-
enting activity was relatively high by comparison with the
snapping rate. In the P*-group, the APO-treated toads
snapped very frequently when the stimulus traversed a
frontal section of the visual field, however, orientational
turning behavior failed to occur. Because toads of the P-
group maintained orientation to the circling prey stimulus,
the net amount of visual stimulation was larger than in the
P*-group. In the N*-group, the APO-treated toads snapped
only occasionally if the stimulus traversed the frontal field
of vision. In the C*- and C-groups the sitting toads received
no moving visual stimulus at all. This variability raises
the question of whether alterations in glucose utilization
resulted from the influences of APO, the visual stimulus and
its frequency, or the motor responses. These potentially con-
founding variables can be evaluated by comparison of the
various group mean values.

It is important to note that the general pattern of the
X′P*;P values resemble the X′C*;C values in most brain struc-
tures (cf. fig. 8A, B; 9A, B; 10A, B). Actually, among the
investigated telencephalic structures (fig. 8A, B), the X′P*;P

and X′C*;C pairs are mostly congruent. This confirms that the
alterations in glucose utilization were APO-induced. This
conclusion is further supported by a statistical comparison
of the X′P* values with the X′N* values (fig. 8A–10A). We
found that the values deviate from each other in only one of
the telencephalic structures: the lateral septum (LS; fig. 8A).
However, the small difference was at the limit of statistical
significance. This suggests that in most telencephalic struc-
tures the measured changes in local glucose utilization do
not result either from the type of visual stimulus (prey vs.
non-prey) or the frequency of snapping (cf. table 1).

Furthermore, strong statements can be made about brain
structures that are known to be strictly visual in nature,
whereas for others, such as the dorsal hypothalamus or
cerebellum, the interpretation of the data becomes more of
a problem. In the medial tectal layers (mOT) and the tectal
snapping evoking area (sOT), the statistical analysis showed
that X′P* > X′N* (fig. 10A). This suggests a difference in the
activity of prey-selective tectal neurons [cf. Ewert, 1997]
when compared to the P*-group (stimulated with prey) and
the N*-group (stimulated with non-prey). Conversely, in the
anterior thalamic nucleus (A), the pretectal lateral pos-
terodorsal nucleus (Lpd), and the pretectal lateral pos-
teroventral nucleus (Lpv), the analysis showed that X′N* >
X′P* (fig. 9A). This suggests a difference in the activity of
neurons that are more sensitive to non-prey (the threatening
antiworm stimulus) rather than to prey (the wormlike stim-
ulus) [cf. Ewert, 1997] when the N*-group is compared to
the P*-group.

With APO treatment, the anterior thalamic (A), pretectal
posterodorsal (Lpd), and dorsal tectal (dOT) retinal projec-
tion fields revealed higher levels of glucose utilization in the
vision groups (X′P*, X′N*) than in the control group (X′C*)
(fig. 6B, C; 7B, C). This suggests general retinal influences.
The alterations in glucose utilization in these brain struc-
tures, too, looked stronger in the vision group X′P*;P than in
the control group X′C*;C (fig. 9A, B; 10A, B). This suggests
increased visual activities that are APO-induced. 

The tongue-flip controlling hypoglossal nucleus (HGL)
indicated an APO-induced stronger glucose utilization in the
vision group X′P*;P than in the control group X′C*;C (fig. 10A,
B), which is probably associated with the APO-induced
increase in the snapping rate of animals observing the prey
stimulus. This would explain the significantly increased X′P*

value in the HGL when compared to the X′N* value (fig.
10A). The ratio X′P* > X′N* was also detected in the medial
reticular formation (MRF; fig. 10A), a component of the
bulbar motor system which is involved in snapping pattern
generation. We also found such a ratio in the ventral teg-
mentum (vTEG; fig. 10A), a component of the mesolimbic
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system which might be associated with an APO-induced
increase in the motivation of snapping. Actually, in the dor-
sal tegmentum (dTEG; fig. 10A) the X′P* and X′N* values
showed no significant difference. The remaining cases in
which the X′P* and X′N* values significantly deviate from
each other are difficult to interpret.

Discussion

We suggest that dopaminergic effects on various struc-
tures of the brain macronetwork (fig. 11) modulate anuran
prey-catching patterns in terms of ‘hunting’ and ‘waiting’
strategies. Hunting prey involves locomotion, orienting, and
snapping. In this strategy, the preying success takes advan-
tage of the animal’s mobility but at the risk of being
attacked by predators. Waiting for prey safely at a hiding
place involves a rather rigid posture. In the waiting strategy,
preying success depends on a relatively low snapping
threshold, but at the disadvantage of catching non-prey
items also. It is possible that species-specific behavioral
strategies with tendencies toward hunting (e.g. Bufo bufo)
and waiting (e.g. Rana esculenta) [Eibl-Eibesfeldt, 1951]
rely on dose dependent dopaminergic adjustments at differ-
ent sites in the macronetwork. Such adjustments are proba-
bly not fixed, which would allow an individual to select a
combination of waiting and hunting behavioral components
in response to differing internal and external conditions.

The present investigation was suggested by a previous
quantitative study on the dopaminergic modulation of visual
responses in common toads [Glagow and Ewert, 1997a]
which showed that after systemic administration of the
dopamine agonist APO, the mobility in prey-oriented loco-
motion and turning was reduced (and even suppressed at a
dose of APO of 40 mg/kg body wt.), whereas the snapping
rate in response to prey was simultaneously increased (fig.
2). APO administration changed the toad’s prey-catching
behavior from a hunting to a waiting strategy.

Orientational turning and snapping are generated by dif-
ferent bulbar/spinal motor systems which are, in turn, trig-
gered by different tectal channels. Ingle [1983] has shown
that the turn-generating system receives its afferents from
the crossed tecto-bulbar/spinal pathway (fig. 11; see Ttb/s),
whereas the snap-generating system is activated by un-
crossed tecto-bulbar fibers (fig. 11; see Ttb). Both pathways
contain axons of prey-selective neurons [Ewert, 1984, 1987;
Satou and Ewert, 1985]. The autoradiographic data in the
current study show that under APO treatment the glucose
utilization in the tectal output layers is very low [see also
Glagow and Ewert, 1996, 1997b]. Our hypothesis suggests

that at the high dose of APO used in this study, the reduced
tectal output is subthreshold to trigger the locomotion- and
turn-generating networks. However, the reduced tectal out-
put under these conditions is sufficient for the release of
augmented stereotyped snapping, assuming that APO mod-
ulates the activity of other structures that lower the trigger
threshold in the snap-generating network.

Having evaluated the test and control groups, in the
following discussion we compare APO-induced alterations
of neural activity in various brain structures with the APO-
induced behavioral syndrome. The network diagram of fig-
ure 11 illustrates several structures and connections which
seem to be relevant to this discussion. Figure 12 shows that
the brain structures containing dopaminergic cells and/or
dopaminergic fibers [Tohyama et al., 1977; Parent and
Dubé, 1983; Parent et al., 1984; González and Smeets,
1991; Marín et al., 1997a–e], display APO-induced alter-
ations in glucose utilization so far investigated in this study.
APO-induced alterations in other brain structures probably
result from their connections to (some of) these dopaminer-
gic cells or fibers (see also fig. 11).

Methodological Considerations
There are limitations to the 14C-2DG method, such as the

temporal resolution in functional mapping. The 14C-2DG
method is quite useful for spatial resolution, but it has limi-
tations in the temporal dimension in that we can only mea-
sure the cumulative changes in 14C-2DG uptake during the
45-min observation period. In the present study, this sort of
averaging is regarded as an advantage rather than a disad-
vantage. Another methodological consideration is the neu-
rophysiological correlates of alterations in 14C-2DG uptake.
The 14C-2DG method allows one to monitor the local cere-
bral glucose utilization in local energy metabolism required
for the sodium/potassium pump, particularly in the neuropil.
Because we measure changes in 14C-2DG uptake over much
more than one second, we can infer correlations between
unit activity and the cumulative net metabolic activity. In
fact, many examples in the literature show that there is good
correlation between the electric and metabolic activity and
other activities related to this. Furthermore, postsynaptic
inhibition involves the sodium/potassium pump less than
postsynaptic excitation, both in the neuropil and in the cell
bodies. However, increases and decreases in glucose utiliza-
tion are not necessarily equivalent to excitation and inhibi-
tion, respectively. Presynaptic inhibition, for example, can
be accompanied by a relatively high local energy metabo-
lism. Knowledge about the 14C-2DG accumulation pattern
must, therefore, be coupled with knowledge about the neu-
ronal unit activity in the region under investigation. The
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Fig. 11. Examples of anatomic connections
of brain structures that are suggested to be
associated with the release and the modula-
tion of prey orienting and snapping in toads
after administration of APO. The retinal pro-
jection fields in the anterior thalamic nucleus
(A), pretectal region (Lpd/P), and optic tec-
tum (OT) receive APO-induced increased
retinal inputs due to dopaminergic modula-
tion in the retina (R). The pretectal P nucleus,
too, contains dopaminergic cells which rise
pretectal activity in the presence of APO. As a
result, pretecto-tectal inhibition overrides
retino-tectal excitation. Furthermore, APO
leads to a decrease in the activity of the
ventral striatum, which reduces the gating
function of a disinhibitory striato(vSTR)-
pretecto(Lpd/P)-tectal(OT) pathway. Conse-
quently, tectal output is dramatically reduced.
Tectal efferents travel in the tractus tectobul-
baris et spinalis (Ttb/s) to the system respon-
sible for the generation of orienting move-
ments; this system involves the medial
reticular formation (MRF), the bulbar nucleus
accessorius (N XI), and spinal structures (SP).
Tectal efferents travelling in the tractus tecto-
bulbaris (Ttb) reach the snapping generating
system that involves another part of the
medial reticular formation (MRF), the trigem-
inal nuclus (N V; innervating the jaw elevator
muscle), the facial nucleus (N VII; innervat-
ing the jaw depressor muscle), and the
hypoglossal nucleus (N XII, HGL; innervat-
ing the tongue protractor and retractor mus-
cles). It is suggested that the APO-induced
decreased tectal output is subliminal to trigger
orientational turning toward prey; however,
the reduced tectal output is sufficient to trig-
ger snapping toward prey. The increase in the
snapping rate after administration of APO can
be explained by level setting of the snapping
generating system due to excitatory indirect
inputs from the forebrain: [1] Olfactory pro-
jection fields – the lateral prominence (LPR),
the posterior lateral pallium (pLP), the septum
(LS), and the ventromedial pallium (vMP) –
receive APO-induced increased sustained
inputs due to dopaminergic modulations in
the ventral main olfactory bulb (vOB) and the
accessory olfactory system (AOS); [2] the
ventral medial pallium as a significant part of
the limbic system integrates, on the one hand,
inputs from the olfactory system and the lat-
eral septum and, on the other hand, visual
inputs relayed by the anterior thalamic
nucleus; [3] the resulting medial pallial output
activates – in concert with APO-induced
increased output of dopaminergic ventral
tegmental structures (vTEG) – the nucleus
accumbens (AC) which in turn has access to

the snap generating system via hypothalamic
(HYP) and solitary (SOL) structures. There is
also a direct pathway from vMP to HYP. See
list of abbreviations.
[The connections shown in this diagram are
derived from neuroanatomic studies by
Rubinson, 1968; Lázár, 1969, 1971; Hoff-
mann, 1973; Kokoros, 1973; Gruberg and
Ambros, 1974; Kicliter and Northcutt, 1975;
Northcutt and Royce, 1975; Scalia and Col-
man, 1975; Scalia, 1976a, b; Kicliter and

Ebbesson, 1976; Székely and Lázár, 1976;
Wilczynski and Northcutt, 1977; Kicliter,
1979; Ronan and Northcutt, 1979; Neary and
Wilczynski, 1979, 1980; Northcutt and
Kicliter, 1980; Neary and Northcutt, 1983;
Székely et al., 1983; Weerasuriya and Ewert,
1983; Wilczynski and Northcutt, 1983a, b;
Weerasuriya, 1989; González and Smeets,
1991; Kozicz and Lázár, 1994; Marín et al.,
1997a–d; 1998.]



14C-2DG method also provides interesting ‘landmarks’ for
electrophysiological studies.

APO-Induced Suppression of Orienting
In the following section we discuss the APO-induced

activity pattern in brain structures which leads to a suppres-
sion of prey-oriented turning and locomotion. Structures
involved are the retina, the tectum, and the pretectum as
components of a stimulus-response mediated releasing sys-
tem and the striatum and the pretectum as components of its
modulating loop [Ewert et al., 1999].

Retinal Output. Electrophysiological recordings of sum-
mated field potentials demonstrated that retinal visual out-
put to the superficial tectal projection fields and to the pre-
tectal projection fields is enhanced either after systemic
administration of APO or after intraocular administration
of APO or dopamine [Röttgen, 1999; Schwippert, unpubl.].
These changes are due to dopaminergic modulation in the
retinal network [Djamgoz and Wagner, 1992]. This result is
consistent with recordings of action potentials from single
fiber endings of retinal ganglion cells in the superficial optic
tectum: the discharge rates of these cells in response to
moving visual stimuli were significantly increased after sys-
temic administration of APO [Glagow and Ewert, 1997b].
In addition to the tectum and pretectum, there are other pro-

jection fields that receive APO-enhanced retinal input, such
as the nucleus of Bellonci and the anterior dorsal thalamic
nucleus (fig. 11; see R y A, R y Lpd; R y OT) [Lázár,
1971; Fite and Scalia, 1976]. The present 14C-2DG study
showed APO-induced increases in glucose utilization in all
primary retinal projection fields. 

Tectal Output. Although the superficial optic tectum
(dOT; as a primary projection field of retinal ganglion cell
fibers) displayed strong increases in glucose utilization, the
medial tectal layers (mOT; mediating tectal output) showed
a strong APO-induced decrease in glucose utilization (fig.
3Bb). This is consistent with APO-induced decreases in the
visual discharge rates of tectal prey selective neurons – re-
corded from medial tectal layers 6 (top) and 7 by Glagow and
Ewert [1997b] – known to project to the medullary motor
systems (fig. 11; see OT y MRF via Ttb/s) [Székely and
Lázár, 1976; Weerasuriya and Ewert, 1981; Satou and Ewert,
1985; Ewert et al., 1990; Matsumoto et al., 1991]. The APO-
induced decrease in both the visual discharge rates of these
tectal neurons and the metabolic activity of the respective
tectal layers (mOT) correlates well with the APO-induced
suppression of prey orienting as shown in behavioral studies
by Glagow and Ewert [1997a] (see also fig. 2).

Pretecto-Tectal Inhibition. The main question concerns
how an APO-induced increased retinal output leads to a
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Fig. 12. Comparison between dopaminer-
gic (or dopaminergically innervated) brain
structures and glucose utilization after sys-
temic administration of APO in anurans. This
figure lists the names of brain structures that
contain dopaminergic cell bodies (top) and/or
dopaminergic fibers (bottom). Structures on
white background showed an APO-induced
increase in glucose utilization and structures
on black background showed an APO-
induced decrease. From González and Smeets
[1991] and Glagow and Ewert [this study].
For dopaminergic cells in the retina see Djam-
goz and Wagner [1992].



reduced tectal output. One explanation includes the ipsilat-
eral inhibitory connections from the pretectal Lpd/P nuclei
to the optic tectum (fig. 11; see Lpd/P y OT) in which in-
creased retinal inputs to the contralateral pretectum and
tectum could lead to an attenuation of tectal output. For evi-
dence of inhibitory pretecto-tectal influences see Ewert
[1968], Ingle [1973], Ewert et al. [1974, 1996], Kozicz and
Lázár [1994], Chapman and Debski [1995], Schwippert and
Ewert [1995], and Schwippert et al. [1998]. Pretecto-tectal
connections were traced anatomically by Wilczynski and
Northcutt [1977] and assigned physiologically to pretectal
thalamic neurons of the classes TH3 and TH4 by Buxbaum-
Conradi and Ewert [1995]. After systemic administration of
APO, the visual discharge rates of TH3 and TH4 neurons
were enhanced [Glagow and Ewert, 1996], and this is con-
sistent with the increased glucose utilization in pretectal
nuclei shown in the present study. Therefore, we suggest
that an APO-induced increase in pretectal inhibitory input to
the tectum leads to a reduced tectal output.

Striatal Influences. Pretectal structures are connected to,
and controlled by, the ventral striatum [e.g. Wilczynski and
Northcutt, 1983b; Marín et al., 1997c] (fig. 11). Previous
14C-2DG studies in toads showed a positive correlation of
glucose utilization in the caudal ventral striatum with the
animal’s prey-oriented turning activity [Finkenstädt et al.,
1986]. In the present study, in which the prey-oriented turn-
ing behavior of toads failed to occur after APO administra-
tion, the glucose utilization in the ventral striatum was
reduced. This result is in agreement with previous lesion
studies showing that prey orienting behavior failed to occur
in toads [Finkenstädt, 1989] and frogs [Patton and Grob-
stein, 1998a, b] after striatal lesions. We suggest that the
ventral striatum acts via a disynaptic disinhibitory striato-
pretecto-tectal modulatory pathway consisting of two com-
ponents: a striato-pretectal inhibitory route and a pretecto-
tectal inhibitory route (fig. 11; see vSTR y Lpd/P y OT).
Activity in (certain) striatal efferent neurons attenuates pre-
tectal activity and along with this the pretecto-tectal in-
hibitory influences, thus gating the tectal releasing system
for prey-oriented turning [Ewert, 1984, 1992, 1997; Ewert
et al., 1996, 1999]. Several types of efferent striatal visual
cells were described by Buxbaum-Conradi and Ewert [1999].
For striato-pretectal connections see Wilczynski and North-
cutt [1983b], Lázár and Kozicz [1990], Marín et al. [1997c],
and Matsumoto et al. [1991]. The present study shows that
striatal activity was reduced after APO administration,
whereas pretectal activity increased. The resulting pretecto-
tectal inhibition could then dramatically attenuate tectal
output which would explain the suppression of prey-ori-
ented turning behavior. There are other connections by

which the amphibian striatum might control tectal re-
sponses, such as by a striato-tegmento(nigro)-tectal route
(fig. 11; see vSTR y SNpr y OT) [Wilczynski and North-
cutt, 1983b; Marín et al., 1997c, 1998a, b].

APO-Induced Facilitation of Snapping
In the following section we discuss the APO-induced

activity patterns in brain structures which may be responsi-
ble for lowering the trigger threshold of the snap-generating
network. APO-induced increases in glucose utilization were
observed in the medial reticular formation and in the
hypoglossal nucleus, both of which are involved in the
motor pattern generation of snapping [Satou et al., 1985;
Matsushima et al., 1989; Ewert et al., 1994a]. The increases
in glucose utilization in limbic structures (ventromedial
pallium, septum, nucleus accumbens) and in structures that
are connected to the limbic system (hypothalamus, ventral
tegmentum) could be associated with setting the level of
snapping motivation [Weerasuriya, 1983; Székely et al.,
1983]. 

The medial pallium [‘primordium hippocampi’ of Her-
rick, 1933] is homologous to the mammalian hippocampus
and thus constitutes a significant component of the limbic
system. The ventro-medial pallium integrates APO-induced
increased sustained visual input, relayed by the anterior dor-
sal thalamic nucleus, and APO-induced increased sustained
olfactory input, partly relayed by the lateral septum (fig. 11;
see vOB y LS y vMP Y A Y R) [Hoffmann, 1973; Kicli-
ter and Northcutt, 1975; Northcutt and Royce, 1975; North-
cutt and Kicliter, 1980; Neary and Wilczynski, 1980]. Previ-
ous 14C-2DG studies have shown that activity in the ventral
medial pallium is associated with conditioning [see Finken-
städt, 1989; Finkenstädt et al., 1985; Merkel-Harff and
Ewert, 1991; Papini et al., 1995; Ewert et al., 1994b, 1999].
The increase in glucose utilization in the ventral medial pal-
lium might also result from the action of APO as a positive
reinforcer [e.g. see also Baxter et al., 1974; Cools et al.,
1977; Schiff, 1982; Woolverton et al., 1984; Müller et al.,
1987; Lindenblatt and Delius, 1988; Burg et al., 1989;
Wynne and Delius, 1995]. We suggest that the resulting
medial pallial output, in concert with APO-enhanced influ-
ences from dopaminergic cells of the ventral tegmental area
stimulates the nucleus accumbens and the hypothalamus
which, with the nucleus of the solitary tract, then influence
the reticular/branchiomotor/hypoglossal system to lower the
threshold for snap behavior generation (fig. 11). Thus, the
assumption that the reduced tectal visual output after APO
administration at a high dose is subliminal for the release of
prey-oriented turning, but sufficient for the release of snap-
ping, is not contradictory. Pigeons, for example, showed
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stereotyped, compulsive pecking after APO administration
even in the absence of visual stimuli [Burg et al., 1989].

Comparisons between Toad and Rat
McCulloch et al. [1982] mapped the cerebral 14C-2DG

uptake in rats after systemic administration of APO, and
these results can be compared with the data obtained in
toads. As a consequence of APO-enhanced retinal output,
the rat's superficial superior colliculus showed an increase in
glucose utilization, comparable to the increase observed in
the toad's homologous structure, the superficial optic tectum
(dOT). In rats as in toads, APO-induced elevations in the
rates of glucose utilization were observed in the ventral thal-
amic nucleus, the ventral tegmental area, and in the cerebel-
lum. Both in toads and rats, the habenular nucleus displayed
a reduction in glucose utilization after APO administration. 

However, there are differences between toad and rat fol-
lowing APO administration in glucose utilization in the
structures of the limbic and striatal systems [cf. McCulloch
et al., 1982]. In the rat limbic system, glucose utilization
after APO administration was unaltered in the hippocampus,
nucleus accumbens, and septal nucleus, but increased in the
homologous structures of toads. The amygdala showed an
APO-induced increase in glucose utilization in the rat and a
decrease in the toad. 

The mammalian striatum is a further site of action of
dopaminergic effects after systemic APO treatment. Al-
though systemic injections of APO have shown increased
glucose utilization in the striatum of the rat, in the toad’s
ventral striatum we observed a decrease. However, Brown
and Wolfson [1983] reported that the effect of locally
administered dopamine on striatal glucose utilization in rats
was complex, as ‘DA produced some decreased neural
activity local to the canula, but there was some increase in
glucose utilization also’.
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