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Abstract

In general electrophysiological studies focus on the investigation of changes in discharge rate of neuronal responses which are related
sensory or behavioral events. However, equally important for explanation of higher cognitive functions, learning, memory storage and comple»
behavior is the interaction between neurons that are connected in cell assemblies. Synchronized inputs onto a neuron are much more effect
at eliciting the following activity than uncorrelated inputs. The goal of the present study was to determine either the changes in discharge rat
of neurons in the pigeon nidopallium caudolaterale as well as the synchronicity of these neurons during a discriminatory learning task. We
found rate modulation effects as well as modulation of synchronization during the learning process.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction it probable that the avian NCL is functionally equivalent to
the prefrontal cortex of mammals.

Activity alterations of neurons are coded by changes In this study we investigated discharge rates and syn-
in the firing rates of neurons (cfl6,7,27) and/or by chronicity of single units in the pigeon NCL while the
the synchronicity between cells within functional networks pigeon learned a discriminatory delayed eyeblink condi-
[1,3,11,20,24,28]These two aspects should be approached tioning. This procedure is an established conditioning task
independently from each other. A synchronized input onto for which the mammalian prefrontal cortex is known to
a neuron is much more effective in eliciting actionpoten- be involved[21,23,26] We present data, which show for
tials compared to inputs which arrive in an uncorrelated way the first time near-synchronous activity in the pigeon NCL
[2,29,30] Due to the non-linear effectiveness of synchronic- during the early acquisition phase of the conditioning
ity, small correlation strengths are able to cause strong ef-procedure.
fects. These correlations are dynamic since neurons have to
participate in different cell assemblifi$] at different times,
depending on stimulus context and behavioral dem§zt]s 2. Materials and methods
Indeed, such predicted context dependent modulations of
spike synchronization were shown in different sensory corti- 2.1. Subjects
cal area$4,5,9,22]

The nidopallium caudolaterale (NCL) of birds is a neu- We recorded single unit activity in the Nidopallium cau-
ronal network, that is involved in higher cognitive processes dolaterale (NCL) of one pigeonColumba livia) during a
as working memory8,17], choice behaviof16], organi- discriminatory delayed eyeblink conditioning paradigm. The
zation of action sequencé¢$2] and reversal learninfl4]. pigeon was prepared for recording by implanting a head-

Anatomical studies have shown that the NCL receives input fixation block and a recording chamber under anesthesia with
from all sensory association argd9]. These studies make equithesin (0.3 ml/100 g bodyweight). The recording cham-
berwas fixed to the posterior-lateral skull at a location directly
* Corresponding author. Tel.: +49 234 3224323; fax: +49 234 3214377. above the NCL according to coordinates obtained from the
E-mail address: janina.kirsch@ruhr-uni-bochum.de (J.A. Kirsch). Karten and HodogL8] stereotaxic atlas of the pigeon brain,
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depths of the brain. The horizontal distance between the elec-
trodes was 30p.m. Electrodes were caudally inserted onto
the brain and advanced through the intact dura mater with
the Eckhorn specific microdrive at an angle of 40he head
of the pigeon was fixed at an angle of°6@entrally (ref-
erence is the line between ear canal and beak). In different
sessions the insertion site of the electrodes as well as the
recording depths differed slightly. We noted the relative po-
sition of the insertion sites and the recording depths to recon-
structthe recording sites in the histological slides. The medio-
lateral insertion position varied between L5 and L6 according
to the atlas by Karten and Hod$$8]. Signals were am-
plified (Thomas Recording, Giessen, Germany) 1000-fold,
Fig. 1. Diagram of the pigeon in the test situation. Abbreviations: IR LED: bandpass filtered (500—5000 Hz) and continuously monitored
infrared light emitting diode, IR SENS: infrared sensor. on an oscilloscope and an audiomonitor. Single units were
o i ) AD converted and stored on a computer (Spike 2, sampling
the head-fixation block was fixed to the anterior part of the |46 10 kHz, 16 bit) along with events of the conditioning
skull at the level of the eyes with dental acrylic. Additionally, paradigm (CS+, CS, airpuff) and the trace with the signals
the bone above the NCL was removed with a dental drill, {5 the eyeblink detector. After a session the pigeon was
so that the dura mater was visible. The opening was closed,emoyed from the electrophysiological setup and the skull
with tissue paper and paraffin wax. After a recovery period onening was closed with a cotton ball and a layer of labora-
of 7 days, the animal was ready for the electrophysiological oy tissue, which was fixed to the recording chamber with

sessions. paraffin wax.

head fixation

presentation
monitor

2.2. Apparatus and procedure 2.4. Data analysis

During recording sessions, the pigeon was restrained by a  Spike activity was separated offline with a spike sorting
loose cloth bag and placed on a foam couch in front of a TFT feature of the program Spike 2 (CED) from background noise.
monitor. Its head was fixed into stereotaxic coordinates by Subsequently, the time of spike events were used for analysis.
the head holdeHig. 1). Two different stimuli were depicted  Raster diagrams and Peristimulus time histograms (PSTHs)
successively on the monitor: a white triangle on black back- were calculated summing the activity recorded under stim-
ground (3.7 cm, view angle 1pwas the CS-, a white heart  ylus condition CS+/airpuff and GS Furthermore, we cal-
on black background (3.7 cm, view angle”}%/as the CS+.  culated the synchronicity of the spikes from the four elec-
The duration of CS+and GSwas 2 s each. CS+was overlap-  trodes using a cross-correlation analysis (MatLab) to check
ping and ending with the associated airpuff (duration 100 ms) whether the spike timing of NCL neurons was correlated to
whichwas applied to the right eye of the animal. Eyelid move- each other. We also correlated the spike timing with the eye-
ments were detected by measurement of the reflection of anplinks to determine eventual motor activity of NCL neurons.
infrared light, which pointed on the ey€if. 1). The output  We counted the number of spikes occurring in a time in-
of the detector was fed into the recording computer. CS+ andterval of 300 ms after airpuff onset. Additionally we com-
CS- were presented quasi-randomly, where not more than puted cross-correlations using spike times of simultaneously
three equal stimuli were presented consecutively. Interstim- recorded neurons (window: 100 ms).
ulus interval was 15 s. One block consisted of 20 CS+ and 20
CS— stimuli. Interblock interval was 10-20 min. The number 2 5. Histology
of blocks depended on the time a single unit could be held at

an electrode. On the last day of recordings, the last recording track
of one electrode was marked by electrolytic lesiong.A7
2.3. Recording procedure 15 kHz sine wave for 10—-15 min) in two different depthsto re-

construct the insertion angle. The following day, the animals
Before each recording session the scar tissue above thavere given an overdose of equithesin (0.55ml/100 g body-
dura was removed with small tweezers. Single unit ac- weight) and perfused intracardially with saline followed by
tivity was recorded with the Eckhorn multielectrode sys- 4% formalin. The frozen brains were sectioned sagittally at
tem (Thomas Recording, Giessen, Germany) using Quartz-40p.m and stained with cresyl violet. The slices were con-
Platinum/Tungsten electrodes with an outer diameter of trolled under a microscope to reconstruct the electrode pene-
80pm an impedance of 2—6 § at 1000 Hz. In this exper-  tration tracks. Using the coordinates and noted depths of the
iment we simultaneously recorded with four electrodes ar- previous recordings we could reconstruct the recording sites
ranged in a square which could be positioned in different of all electrophysiological sessions.
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3. Results E
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We recorded from 24 neurons (four neurons in six ses- 006 il
sions) in the pigeon forebrain. One neuron responded with £ ™| . ...
. . . . -
a decrease in discharge rate to the airpuff applied to the 2 S it T
eye, five neurons responded with a phasic increase in dis- % 0 / : 0+ Y 0 '
(B) 005 o 005 -005 0 005 -005 0 003

charge rate to the same stimulus. For one neuron we only
ac_quwed data from the f|r§t block, and _ther?fore excluded Fig 3. Results of the discharge rate and synchronicity analysis. (A) Changes
this cell from further analysis. The recording sites of the neu- in discharge rate to the airpuff stimulus in a time interval of 300 ms after
rons are shown irlFig. 2 The remaining neurons were un- stimulus onsetin five neurons. (B) Cross-correlation analyses for spike times
responsive to the airpuff and to the stimuli depicted on the of the neurons 1-3. Note the cross correlation between neurons 1 and 2 with
monitor a lag of about 10 mse-axis: cross-correlation coefficientaxis: time (s).
’ . . Analysed window: 100 ms, binwidth 5 ms.

In the following, results from neurons 1-5 are presented in

detail. We recorded from neurons 1-3 simultaneously for four

blocks of 40 trials (20 CS+ and 20 GSstimuli), from neu- brain during acquisition of a classical conditioning learn-
rons 4 and 5 in separate sessions for six blocks. The numbelng paradigm under the aspect of, (1) changes in discharge
of spikes occurring 300 ms after airpuff onset were counted, rate over time and, (2) temporal cell-cell interactions resp.
plotted as mean spike counts per trial in a diagr&ig.(3A) synchronicity.
and computed using regression analyses. Neurons 1 and 3 Regarding the aspect of rate coding, we found that 25% of
decreased their discharge rates significanily Q.05) with our neurons recorded in the NCL responded with rate changes
increasing numbers of airpuffs, whereas neuron 2 and 4 sig-to an airpuff applied to the eye. Additionally, most of these
nificantly increased their discharge rate<(0.05). The re-  neurons showed systematic alterations of their spiking level
sponsiveness of neuron 5 remained constant. that probably reflects the ongoing pace of the learning pro-
Subsequently we determined the temporal interactions be-cedure. Kbner and @nfiirkiin [13,19] have shown that the
tween neurons. Therefore, a total of 36 cell-cell interactions NCL receives projections from secondary sensory areas of all
were analysed by means of cross-correlations. Spike trains ofmodalities including from the somatosensory and the trigem-
neurons 1 and 2 showed clearly a near-synchronous activityinal domain. Units responding to the airpuff therefore could
(Fig. 3B) (near-synchronous activity is generally defined as code for the tactile event evoked by the airpuff. During clas-
a spiking time correlation within a time window éfl0ms).  sjcal conditioning procedures, the UCS is the only stimulus
The analysis shows that neuron 2 was active about 10 ms bethat is able to ignite a specific stimulus-response link. The
fore neuron 1. This correlation analysis was taken from block activation of a substantial percentage of NCL-neurons to this
2. stimulus, while being unresponsive to the others, therefore
resembles activity patterns in the PFC. Everling e{H0]
could clearly show that neurons in the PFC are able to dis-
4. Discussion criminate between targets and non-targets during a focused
attention task, with strong responses to targets and less re-
The aim of the present study was to analyse simul- sponses to non-targets. This indicates that PFC-neurons are
taneous recorded single unit data from the pigeon fore- able to focus on stimuli of relevance and may constitute a
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filter for less relevant stimuli. In the present study we could [7] H. Barlow, Single cells versus neuronal assemblies, in: A. Aertsen,
show, that the units in the NCL, at least during the ear|y V. Braitenberg (Eds.), Information Processing in the Cortex: Exper-
phases of a conditioning task, selectively responded to the g;enltgga’i‘;gheory’ Springer, Berlin, Heidelberg, New York, 1992,
UCS (airpuff), and not to other stimuli (CS+, €% that [8] B. Diekamp, T. Kalt, O. @Gntirkiin, Working memory neurons in
initially seemed to bear less relevance. As shown by Kalt pigeons, J. Neurosci. 22 (2001) 1-5.

et al.[17] and Diekamp et al[8], after prolonged training [9] R. Eckhorn, R. Bauer, W. Jordan, M. Brosch, W. Kruse, M. Mu-
NCL-units start to code also for various other stimuli once nik, H.J. Reitboeck, Coherent oscillations: a mechanism of fea-

their predictive power for reinforcement is established. Re- tlu;(e, linking in the visual cortex? Biol. Cybern. 60 (1988) 121—

Qard',”g the sepond aspect (synchrommty) We. could Tor the [10] S. Everling, C.J. Tinsley, D. Gaffan, J. Duncan, Filtering of neural

first time describe near-synchronous cell-cell interactions in signals by focused attention in the monkey prefrontal cortex, Nat.
the NCL. In one case the neurons did not only synchronize Neurosci. 5 (2002) 671-676.

their spike timing, but also responded to the airpuff. In an- [11] G.L. Gerstein, P. Bedenbaugh, A.M.H.J. Aertsen, Neuronal assem-
other pair we found an increase in discharge rate elicited by ___ Plies, IEEE Trans. Biomed. Eng. 36 (1989) 4-14. ,

. . . - [12] O. Gunturkiin, Cognitive impairments after lesions of the neostria-
the alerﬁ without a correlated Splke timing between the.two tum caudolaterale and its thalamic afferent in pigeons: functional
neurons. Although all three neurons responded to the airpuff  gimilarities to the mammalian prefrontal system? J. Brain Res. 38
with an increase in discharge rate, they need not unavoid-  (1997) 113-143.
ably synchronize their spike timing. In monkeys, Riehle etal. [13] O. Glntirkin, S. Koner, A polysensory pathway to the forebrain
[25] found a positive correlation between the growing stim- of the pigeon: the ascgndlng projections of the nucleus dorsolat-

.. eralis posterior thalami (DLP), Eur. J. Morph. 37 (1999) 124—
ulus expectancy and the occurrence of synchronous activity. ;¢
They could also show, that in cognitive events like planning, [14] B. Hartmann, O. @ntiirkiin, Selective deficits in reversal learning
expectation, and attention-guidance, neurons preferentially  after neostriatum caudolaterale lesions in pigeons: possible behav-
synchronize their spike occurrence without changing their ioral equivalencies to the mammalian prefrontal system, Behav. Brain
discharge rate, whereas in externally triggered behaviorally __ Res. 96 (1998) 125-133. o .
. . ; . [15] D.O. Hebb, The organization of behavior, in: A Neuropsychological
relevant eve_nts (pr.esenta'uon of visual stimuli) neurons .ter_1d Theory, Wiley, New York, 1949.
to synchronize their spike occurrence and modulate their fir- [16] T. Kalenscher, B. Diekamp, O. i@tirkiin, Neural architecture of
ing rates at the same time. Under this aspect the observed choice behaviour in a concurrent interval schedule, Eur. J. Neurosci.
synchronicity and the increase in discharge rate to the airpuff 18 (2003) 2627-2637. o o _
stimulus of neuron 1 and 2 could code for a behaviorally rel- [17] T- Kalt, B. Diekamp, O. @ntirkiin, Single unit activity during a
. . . Go/NoGo task in the “prefrontal cortex” of pigeons, Brain Res. 839
evant external stimulus. Synchronization between neurons is (1999) 263-278
a strong tool, with which also weak stimuli can activate an [1g] H.J. Karten, W. Hodos, Stereotaxic Atlas of the Brain of
assembly of neuron2,30]. the Pigeon Columba livia), John Hopkins Press, Baltimore,
This study shows for the first time near-synchronous spike 1967. o _
timing combined with a modulation in discharge rate in the [19] S. Kroner, O. @intirkiin, Afferent and efferent connections of the

. L caudolateral neostriatum in the piged@v{umba livia): a retro- and
pigeon NCL. Although preliminary, these data clearly show anterograde pathway tracing study, J. Comp. Neurol. 407 (1999)

that rate and time coding contributes to the learning pro- 228-260.
cedure that alters the activity patterns of avian forebrain [20] P. Milner, A model for visual shape recognition, Psychol. Rev. 81
neurons. (1974) 521-535.

[21] S. Mingote, J.P.C. de Bruin, M.G.P. Feenstra, Noradrenaline
and dopamine efflux in the prefrontal cortex in relation to ap-
petitive classical conditioning, J. Neurosci. 24 (2004) 2475—

2480.
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