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SUMMARY

In the young chick, the intermediate medial
hyperstriatum ventrale is involved in learning
paradigms, including imprinting and passive
avoidance learning. Biochemical changes in the
intermediate medial hyperstriatum ventrale
following learning include an up-regulation of
amino-acid transmitter levels and receptor
activity. To follow the changes of extracellular
amino acid levels during passive avoidance
training, we used an in vivo microdialysis
technique. Probes were implanted in chicks
before training the animals, either on a methyl-
anthranylate-or water-coated bead. One hour
later, recall was tested in both groups by
presenting a similar bead. An increase of extra-
cellular glutamate levels accompanied training
and testing in both groups; during training,
glutamate release was higher in methylan-
thranylate-trained than in water-trained chicks.
When compared with the methylanthranylate-
trained chicks during testing, the water-trained
chicks showed enhanced extra-cellular gluta-
mate levels. No other amino acid examined
showed significant changes. After testing, the
chicks were anesthetized and release- stimulated
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with an infusion of 50 mM potassium. Extra-
cellular glutamate and taurine levels were
significantly increased in both methylan-
thranylate- and water-trained chicks. The pre-
sentation of methylanthranylate as an olfactory
stimulus significantly enhanced glutamate levels,
especially in methylanthranylate-trained chicks.
The results suggest that such changes in extra-
cellular glutamate levels in the intermediate
medial hyperstriatum ventrale accompany
pecking at either the water- or the methylan-
thranylate-bead. The taste of the aversant may
be responsible for the greater increases found in
methylanthranylate-trained birds.

avian brain, taurine, olfactory learning, neurotrans-
mitter release,

INTRODUCTION

Chicks peck spontaneously at small bright
objects, such as beads. If the bead is made
unpleasant by coating it with a bitter tasting
substance, the chick will peck once and thcrcaRer
avoid similar-looking though neutral-tasting beads.
This phenomenon is the basis of the one-trial
passive avoidance task in chicks, which was
originally introduced by Cherkin (1969). A merit of
this paradigm is that memory formation is initiated
after a single event, thus allowing precise timing of
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memory-associated events, in addition, the events
associated with the training experience itself can be
readily dissociated from the processes occurring
during memory formation, when the stimulus is no
longer present (Rose, 1991). The formation of
memory for the passive avoidance task involves a
well-documented ascade of biochemical, electro-
physiological, morphological events including (a) an
increased glucose utilization (Rose & Csillag,
1985); (b) an increased calcium flux; (c) PKC trans-
location (Burchuladze et al., 1990); and (d) changes
in dendritic spine density (Patel et al., 1988). These
events appear to be localized to particular regions
of the chick brain. In particular, the lei
intermediate medial hyperstriatum ventrale
(IMHV) appears to be critically involved in
learning, as lesions in this area prevent the
acquisition of the task (Patterson et al., 1990). The
IMHV is regarded as homologous to the
mammalian striate cortex and receives inputs from
visual auditory somatosensory systems (Bradley et
al., 1985; Rose, 1991). Among the early events in
the biochemical cascade that are associated with
learning and memory formation are changes in
neurotransmitter release and binding. Excitatory
amino acids are important in a variety of learning
models, both in mammals [for example, spatial
learning (Morris et al., 1990).] and in birds
[imprinting (McCabe& Horn 1988; Bock et al.,
1996)] and have been implicated in passive
avoidance learning. Thirty minutes after training on
the latter task, the binding of the NMDA receptor is
increased (Stewart et al., 1992), whereas injections
of MK-801 (a non-competitive NMDA receptor
antagonist), either before or up to 5 min .after
training, cause amnesia (Burchuladze & Rose,
1992). A role for the inhibitory transmitter GABA
has also been suggested; training results in an
enhanced number of GABA receptors (Martijena &
Arce 1994), whereas bilateral injections of the
GABA agonist, muscimol, produce amnesia
(Clements & Bourne 1996). We have also shown
changes in amino-acid-transmitter (glutamate and
GABA) release from slices of IMHV incubated in
high potassium media (Daisley & Rose 1994). The
results indicate a critical involvement of glutamate
and GABA neurotransmission in the learning and
formation of memory for a one-trial passive
avoidance task.

Microdialysis, coupled with high performance
liquid chromatography (HPLC), is a powerful
method for analyzing both local and time-dependent
accumulation of neurotransmitters and their meta-
bolites in the extracellular space of awake, freely-
moving, naturally behaving animals (Benveniste &
H0ttemeier, 1990). In previous research, (Gruss &
Braun 1996, 1997), changes of transmitters and
transmitter metabolites were demonstrated in the
chick by microdialysis techniques, using a model of
imprinting, wherein chicks were trained to approach
an imprinting tone

In this paper we report the use of this
microdialysis technique to follow the changes in
extracellular concentrations of amino acids,
specifically glutamate, following training on the
one-trial passive avoidance task.

EXPERIMENTAL

Animals

White-leghorn-chicken eggs (Horstmann Nien-
burg, Germany) were incubated at 37C. After
hatching, chicks of both sexes were reared in a
communal brooder with a day/night cycle of 12/12
hr and provided freely with food and water The care
and use of these animals were performed according
to the policy on the use of animals in neuroscience
in Germany All protocols were approved by a
review committee of the State of Saxony-Anhalt,
Germany.

Passive avoidance training procedure

Training was in accordance with L6ssner &
Rose (1983), with one specific alteration: the chicks
were not pre-trained. Thus, the training consisted of
a single presentation of a chrome bead (4-mm
diameter; dipped in either water (W; n=6) or the
bitter-tasting aversant, methylanthranilate (MeA;
n=6). The chicks that pecked at the MeA-bead ex-
hibited a strong disgust response (shaking of head,
wiping of bill, on the floor distress, cheeping. Recall
was tested 1 hr after training. The test consisted of
a 10-sec presentation of a dry chrome bead identical
to that used in training. W-trained birds pecked the
bead; MeA-trained birds avoided it.
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In vivo microdialysis

At 24-hr post-hatching, the experimental chick
was removed from the brooder and anesthetized by
placing it in a container saturated with halothane
(4%). About 15 min later, the chick was removed
from the container, and then the anesthetized animal
was mounted in a stereotactic frame; during the
surgery halothane (2%) was pumped over the
nostrils to maintain the chick under anesthesia. A
microdialysis probe (CMA/ll; lmm; Cuprophan;
CMA Micro-dialysis, Sweden) was implanted into
the left IMI--IV and fixed on the skull with dental
cement (Harvard Dental Germany). Implantation
coordinates were with respect to the y-point AP
+38 mm L +23 mm V +21 mm. After the implanta-
tion, the animals were returned to a home pen,
where they were allowed to recover from the
operation for 1-2 hr. The microdialysis probe was
perfused with a modified Ringer’s solution
[ 120 mM, Na/ 6 mM, K/ 2 M, Ca++ 125 mM, Mg+/

129 M, CI-125 M, H2PO4- 21 mM, HCO3- (pH
7.4)], at a flow rate of 11 lal/min, using a micro-
injection pump (CMA/100, Carnegie Medicin
Sweden). After a stabilization period (usually about
2-3 hr), 10-min samples of 11 lal each were
collected (a) before training for 40 minutes, then (b)
during, and (c) subsequent to, training and testing
These same four pre-training samples were used as
a baseline for both training and testing. Two hr after
testing, the chicks were anesthetized [urethane
(40% wt/vol) 0.65 ml/100 g body weight], with
concurrent sampling of the microdialysates.
Urethane administration resulted in a long-lasting
anesthesia. After the baseline had reached a stable
value following the administration of the anaesthetic
(approximately 1-1.5 hr later), the first Kinger’s
solution was switched for 30 rain to a second
modified Ringer’s solution containing 50 mM
potassium (to maintain osmolarity, the sodium ion
concentration was lowered accordingly). After this
treatment, the perfusion medium was switched back
to the first Ringer’s solution, and more samples
were collected. After a return to a steady baseline
toward the end of the experimental period (from
6.5-7hr), the anesthetized chicks were first
presented with a dry tissue, which was placed close
to the anesthetized chick’s nostrils for a 10-rain
sampling period The tissue was then removed, and
40 min were allowed to elapse before the tissue

(this time soaked in MeA) was again placed for 10
min in a similar position, close to the nostrils of the
chick. Both groups of chicks (W- and MeA-trained)
received MeA as the olfactory stimulus.

As is standard practice in these laboratories,
each day the microdialysis experiments were
performed at essentially the same hour (starting
between 10:30 and 11:30 am) to reduce the effect
of diurnal rhythms on the levels of transmitters
present in the microdialysates.

Histology

To verify the position of the probe serial
sections, (40 lam; were taken from the brain of each
animal in an area near the insertion point of the
probe. The sections were counterstained With cresyl
violet (Nissl stain), and then the location of the
probe was determined. If the probe was not located
within the IMHV, the data from such chicks were
discarded.

Amino acid analysis

The microdialysates were analyzed for amino-
acid content, using a method adapted from Lindroth
& Mopper (1979) and later developed by Gruss &
Braun (1996). In brief, the modified method
involved an HPLC system equipped with a C-18
reversed-phase column (LiChrospher RP18; Merck,
Germany). The column was eluted using a non-
linear gradient from 13% to 100% methanol in
01 M phosphate buffer (pH 7.4). After automatic
precolumn derivatization with o-phthaldialdehyde
(oPA; Sigma, Germany), the eluent was monitored
using fluorescence detection Chromatograms were
analyzed using a PC-based, HPLC Manager pro-
gram (Merck Germany).

Data analysis

As described in a previous work (Gruss &
Braun, 1996) considerable variation between
individual chicks was found in the levels of amino
acids recorded, with basal-level measurements for
glutamate varying up to ten-fold For this reason, all
measurements were compared with the average of
four baseline/pre-treatment values (the average was
assigned a value of 100%). Therefore, all training-
induced changes in amino-acid levels were
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calculated as mean +SEM percentages of the basal
release The basal release was determined as the
average ofthe four samples (set at 100%) that were
taken immediately before training. Statistical
analysis of the data was carried out using
Friedman’s-ANOVA, followed by the Wilcoxon-
matched pairs test for within-group measurements
or by the Mann-Whitney U-test for comparisons
between groups. All statistics were considered
significant when p <0.05.

RESULTS

1. Basal level measurements

For pre-training microdialysates, basal concen-
trations, indicated as mean +SEM values (in tM)
for glutamate, aspartate, taurine, glutamine, and
glycine, are presented in Table 1.

TABLE 1

Basal concentrations of amino acids in
chick IMHV dialysates

Glutamate 0.845:0.15

Aspartate 0.05 :t0.01

Taurine 8.5:1:1.23

Glutamine 2.03+0.33

Glycine 0.41+0.08

The data represent the mean :1: SEM values (in IxM) and are not
corrected for in-vitro recoveries of microdialysis probes.

In general, the levels of amino acids were similar
to those found previously in the chick forebrain
(Gruss & Braun 1996). Basal levels of extracellular
GABA were not detectable in all experiments,
which agrees with previous data from other
microdialysis studies (Qume et al., 1995; Gruss &
Braun, 1996). This result may be due in part to the
oPA-derivatization technique, which yields highly
unstable derivatives of GABA, with a half-life time

of only 4 min (Lasley, et al 1984).

2. Training-/testing-induced changes in glutamate
release

Chicks were trained and tested as described in
the Experimental section. Six chicks were used in
each group. For both training and testing values, the
pre-training values were taken as a baseline for
comparison.

Training chicks to peck a bead coated either in
W- or in MeA elicited an increase in extracellular
glutamate levels from the left IMHV (p <0.001
Friedman’s ANOVA; Fig 1. and Table 2). When
compared with W-trained chicks, the MeA-trained
chicks had significantly elevated levels of glutamate
(p <0.05, Mann-Whitney U-test).

By 10 min after training, the level of glutamate
fell in both groups, although the post-training levels
continued to be higher than the baseline values
(p <0.05, Friedman’s ANOVA). When the chicks
were tested, both groups again showed increased
glutamate levels (p<0.05, Friedman’s-ANOVA).
The W-trained chicks now showed higher levels of
glutamate than did MeA-trained chicks (p <005,
Mann-Whitney U-test).

In both groups, aspartate, taurine, glutamine,
and glycine showed no change during training and
testing (Table 2).

3. Effect of potassium stimulation on in vivo glutamate
accumulation

Two hr after testing, the chicks were anes-
thetized with urethane. During the handling and
injection of the anesthetic, a significant increase in
glutamate release, which persisted for up to 30 min,
was found (results were consistent in the next three
microdialysates taken aider handling; p<0.05,
Friedman’s-ANOVA) (data not shown). No
difference was observed between the groups
(p >0.10, Mann-Whitney U-test). After the
glutamate levels had stabilized (a further 1.5-2 hr),
a new baseline was taken. When the new baseline
points were compared with the original four that
were taken before training, no difference was found
between the new baselines of the two groups
(p >0.05, Friedman’s-ANOVA). The perfusate was
then changed to the second Ringer’s solution
containing 50 mM potassium, which was maintained
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TABLE 2
Changes in extracellular amino acids following experimental manipulations

Amino acid Bead coating Training Testing Potassium No odor Odor

Glutamate W 184+31 286+36 331+36 121+34 202+23

MeA 253+33’ 223+33’ 422+48* 126+38 272+_.33*

Aspartate W 114+33 121+48 185+89 98+35 123+39

MeA 108+37 102+49 167+70 113+37 131+44

Taurine W 110+21 123+_27 3245:57 109+14 109+14

MeA 113+23 11819 383+65 98+16 119+_24

Glutamine W 124+25 121+_21 123+_27 112+19 116+17

MeA 123+_24 120+25 121+_24 106+13 121+_22

Glycine W 122+32 120+44 121+38 94+38 109+_29

MeA 131+33 128+50 130+47 101+47 118+42

tData are mean + standard deviation values, expressed as a percentage of baseline values 100%; Figures in boldface indicate values significantly
higher than baseline (p <.005 Wilcoxon test; whereas a * indicates a difference between W- and MeA-trained chicks (p <.005 Mann-Whitney U-
test;

200

150

100

Effect of training and testing on extracellular
glutamate in IMHV

BASELINE

TRAIN TEST (lh)

Fig 1:

microdialysate samples (10 min)
Effect of passive avoidance training and subsequent testing on the extracellular accumulation of glutamate in the left
IMHV of MeA- (M) and W-trained (W) chicks. Data are mean +SEM (bars) values. The arrows indicate the dialysate
samples, including times ofbead presentation on training and testing. *p <.005 between groups (Mann-Whitney U-test).
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Effect of potassium stimulation on glutamate
levels in the IMHV

400

300

200-

100"
30 min

BASELINE
50mM KCI

microdialysate samples (10 min)
Fig 2: The effect o potassium stimulation on in vivo lutamate release from the left IMHV of MeA- (M) and W-trained (W)

chicks. Data are mean +/- SEM (bars) values. The horizontal bar indicates the 30 min of stimulation with 50-mM
potassium. *p<0.05 between groups (Mann-Whitney U-test).

Effect of M-odour presentation on glutamate levels in IMHV

Fig 3:

250

200-

150

1 100-

No odour MeA
microdialysate samples (10 min)

The effect of MeA presentation as an odor to anaesthetized MeA- (M) and W-trained (W) chicks on in vivo glutamate
levels in the left IMHV. Data are mean +/- SEM (bars) values. The arrows indicate the microdialysate samples, including
the times of dry tissue or MeA-soaked tissue presentation. *p <0.05 between groups (Mann-Whitney U-test).
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for three samples (30 min), and then returned to the
first Ringer’s solution. In both W- and MeA-trained
chicks, switching to potassium-ion-stimulation in-
creased the glutamate levels to above baseline
values (p <0.05, Friedman’s-ANOVA; see Fig. 2
and Table 2). When compared with that of the
W-trained birds, the glutamate release was signifi-
cantly higher in the IMHV of the MeA-trained
group (p <0.05 Mann-Whitney U-test). Increased
glutamate levels were also found in the four
subsequent microdialysis samples (up to 40 min
post-testing) in both groups (p <0.05, Friedman’s-
ANOVA). In addition, taurine was elevated above
baseline levels (p <0.05, Friedman’s-ANOVA), but
no differences were apparent between the two
experimental groups (p >.005 Mann-Whitney U-
test).

Under these conditions, extracellular GABA
levels were measurable, indicating an ,increase in
extracellular GABA during stimulation with 50 mM
potassium, but no differences were found between
the W- and MeA-trained chicks (p >0.10, Mann-
Whitney U-test). Because this increase cannot be
referred back to a baseline value as with the other
amino acids, the potassium-induced values are not
indicated in Table 2. No changes in the extracellular
levels of aspartate, glutamine, or glycine were
observed in either experimental group during
infusion of 50 mM potassium (Table 2).

4. The effect of olfactory stimulation with MeA on
glutamate release

Around 2 hr aer the end of potassium
stimulation, the chicks (still under anesthetic) were
presented sequentially with (a) a dry tissue for 10
min and (b) 40 min later, a tissue soaked for 10 min
in MeA (for 10 rain) tissue (Table 2 and Fig. 3).
Glutamate levels in the microdialysates from both
groups showed no change from the new baseline
(four samples taken before the presentation of the
tissue) when presented with the dry, odorless tissue
(p >0.10, Friedman’s-ANOVA). The MeA-soaked
tissue, however, elicited an increase in glutamate
levels in both groups (p <0.05, Friedman’s-
ANOVA). This increase was significantly higher in
the chicks that had been previously trained on the
MeA-bead (p <0.05, Mann-Whitney U-test).

In both groups, no change in the extracellular
levels of aspartate, taurine, glutamine, or glycine

were measured during the presentation of either the
dry or the MeA-soaked tissue (Table 2).

DISCUSSION

Using microdialysis in the freely behaving chick,
we could follow the. changes in extracellular levels
of glutamate and other amino acids that are
associated with the presentation of a bead coatedin
the bitter-tasting substance methylanthranilate
(MeA). Pecking at a bead, whether coated in water
(W) or in the aversant, resulted in increases in
glutamate accumulation;, offering the bead to trained
birds at test, whether pecking or not, also resulted
in an increase. The MeA-chicks, however, showed
an enhanced glutamate accumulation when
compared with W-chicks on training, whereas on
testing, W-chicks (which pecked) had a significantly
higher level of glutamate than did MeA-chicks
(which avoided the bead). Stimulation of urethane-
anesthetized birds with 50 mM potassium perfusion
also produced enhanced glutamate accumulation;
such stimulation was higher in the MeA-birds That
the odor ofthe MeA is of itself sufficient to produce
a reminder response was indicated by the finding
that in the MeA-trained chicks, the presentation of
the a,versant next to the anesthetized chick’s nostrils
produced an increase in glutamate levels.

Both groups of chicks showed an enhanced
glutamate release that was associated with pecking
a bead during training. Because both MeA- and
W-training results in learning (in the former case
aversive learning and in the latter case neutral or
appetitive learning), that pecking should elicit a
response in the W-birds is perhaps not surprising.
Nevertheless, the larger effect in the MeA-trained
birds presumably relates to a combination offactors;
both to the taste itself and to the greater salience of
the aversive experience. That pecking itself (which
involves visual acuity motor coordination and/or
arousal) is sufficient to produce an increase in
glutamate levels is indicated by the finding that on
testing, the W-birds that did peck showed a gr.eater
increase than did the MeA-birds.

Potassium stimulation for a sustained period (30
min) produced an expected increase in glutamate
release. In addition, this result also provides
evidence that the IMHV is an area involved in
longer-term processes because the induced release
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from the MeA-trained chicks was significantly
higher than that in the W-trained birds. We believe
that this increase is related to memory events, in a
previous study (Daisley & Rose 1994), using slices
of IMHV, we could not show enhanced glutamate
release to potassium stimulation in the left IMHV in
vitro, neither at 3 hr nor at 65 hr after training (2 hr
or 5.5 hr after testing). This discrepancy may be due
to the different methods used: Removing tissue on
ice after training and then pre-incubating the
material for a considerable period (1 hr) is likely to
produce results that are different from the in vivo
assay carried out in the present study. Using an in
vivo preparation enables the continued input from
other brain regions into the IMHV, therefore the
restructuring of synaptic and dendritic material,
which obviously are essential processes in learning
and ongoing memory formation, can proceed.

Glutamate, however, is not the only amino acid
whose accumulation changes as a result of
potassium stimulation. A reliable increase of extra-
cellular taurine levels was observed, with no
difference between the experimental groups. Such a
potassium-induced elevation is well documented in
the mammalian literature (Westerink et aL, 1987;
Fujikawa et aL, 1996) and was also observed by us
in previous experiments using chicks (Gruss &
Braun, 1996). The reasons for the increased taurine
levels may be multi-fold and may be related to its
assumed role as an osmoregulator (Solis, et aL,
1988; Wade, et al., 1988).

The presentation of methylanthranilate to the
anesthetized chicks as an olfactory stimulus resulted
in increased glutamate accumulation in both MeA-
and W-birds; nevertheless, the significantly larger
response in the MeA-trained birds indicated that
memory for the aversive taste must play an
important part. Thus, re-presenting the stimulus,
although only alerting olfactory-associated activity,
appears to be sufficient to produce IMHV activity.
The olfactory bulb of birds is thought to have
connections, via a medial route, to areas of the
hyperstriatum (Kieke & Wenzel, 1978). This would
provide a route for olfactory-based learning.
Recently, associating a bead-peck merely with the
odor of MeA has been demon-strated to be
sufficient to produce an avoidance of the test bead
10 min after training (Burne & Rogers, 1997), again
suggesting that our results are related to the
learning element in the task. Because of their

training regime, however, a greater likelihood of
glutamate elevation in the MeA-trained chicks
cannot be ruled out because we did not control for
this factor by using a neutral olfactory stimulus. The
small effect in the W-trained birds does suggest that
an olfactory stimulus may up-regulate the general
activity and efficacy of olfactory pathways.

In conclusion, we suggest that the changes in
extracellular glutamate levels that we found on
training and testing are associated in part with non-
specific concomitants of the training and testing
experience rather than with memory formation per
se. That increased glutamate was also found during
handling and injection of the anesthetic (a stressful
event) would also imply that the IMHV is involved
in or is affected by such arousal The greater changes
found in the MeA-trained birds, however, and the
differences in their responses, both on testing and
on presentation of the MeA-odor, suggest that at
least part ofthe enhanced glutamate accumulation is
indeed related to memory formation. The studies
presented here suggest, therefore, that use of the
microdialysis technique can provide valuable
information about the spatio-temporal dynamics of
neurotransmitter involvement in the synaptic
plasticity that is associated with memory formation.
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