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Abstract

Cats placed in the situation of a choosing between a high-value time-delayed and a low-value im-
mediate food rewards elected to wait for the preferred reward or to obtain the worse reward
quickly. On the basis of the selected behavior strategy the cats were classified into three groups—
self-control ones, choosing predominantly a delayed high-value food reward, impulsive, choosing
predominantly an immediate low-value food reward, and ambivalent—with mixed types of reac-
tions. The correlated firing between simultaneously recorded neurons in prefrontal cortex (PFC),
n. accumbens (NAcb) and dorsomedial striatum (DMStr) during choice behavior task was studied.
It was revealed that a total number of NAcb functional neuron interactions at cats show self-control
reactions exceeded that observed at ambivalent and impulsive cats. The number of PFC and DMStr
functional correlated firing at impulsive and ambivalent cats was more significant than that at cats
capable to self-control. Observed correlated firing between PFC and NAcb neurons (fronto-accumbal
interactions) progressively increased with the shift of behavior to impulsiveness and decreased
with self-control behavior. Our results demonstrate that performance of impulsive and self-control
behavior alters the correlation structure of neural firing in PFC, NAcb, DMStr and suggest the key
role of local PFC, NAcb, DMStr networks in realization of choice behavior.
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1. Introduction

Electrophysiological studies at free behaving animals have demonstrated the activity of individual cells to expli-
cit cues that predict biologically significant events. Most studies of neuron’s activity in the frontal cortex, nuc-
leus accumbens and striatum have been performed on monkeys and rats, and nearly all studies have addressed
the activity of the individual cells of these structures in performing of goal-directed behavior without possibility
of a choice of reinforcement [1]-[5]. The cooperative activity between single neurons can provide information
about the computations and network properties of neuronal populations during the performance of cognitive
tasks. Now the cooperative activity of motor, auditory, visual cortex, hippocampus, lateral hypothalamus, baso-
lateral amygdala was made during different goal-directed behaviors at monkeys [6]-[9], cats [10]-[12] and rats
[13], but without the paradigm “law of choice”.

The literature data concerning neurophysiologic mechanisms of choice behavior are scarce (even with simpli-
fied experimental techniques). It is known, choice behavior is controlled by neuronal circuits of the cortiko-
meso-limbic system of the brain that include the prefrontal cortex (PFC) and a ventral and dorsal parts of basal
ganglia—n. accumbens (NAcb) and dorsomedial striatum (DMStr) [14]-[20]. It is worth noting that neurons in-
volved in motivational control of the food reward choice were revealed in monkey orbitofrontal cortex [21]. The
cooperative activity of pair neurons in prefrontal cortex was analyzed during learning task at monkey [8]
[22]-[24]. 1t was shown that cooperative firing of pair neurons has varied according to the functional properties
of these neurons after training of monkey to perform the task. Greater decreases in noise correlation were also
observed for pairs comprising one fast spiking neuron (putative interneuron) and one regular spiking neuron
(putative pyramidal neuron) than pairs comprising regular spiking neurons only. The spatial attention affects the
activity of local populations similarly modulating the firing rates and correlations between pairs of nearby neu-
rons [22]. However, whereas spatial attention appears to act on local populations, special attention is coordi-
nated across hemispheres. The authors are consistent that attention mechanism can modulate the responses of
arbitrary subgroups of neurons.

The cooperative firing of pair neurons during cat choice behavior was studied on local and spatially popula-
tions of some cortical and limbic structures (frontal cortex, hypothalamus, hippocampus and amygdale) [12]. As
for the spatially distributed networks, there were significantly more communications between frontal cortex and
amygdale, and also amygdale and hypothalamus of impulsive animals, whereas between frontal cortex and hip-
pocampus the cooperative neuron activity was revealed more significant of animals capable to self-control.
According to used parameters estimation, fronto-hypothalamic system was equally active in both groups of ani-
mals.

In the present work, we analyzed the co-operative activity of neuron pairs in PFC, NAcb and DMStr at cats
with different strategy of behavior depending on their individual behavioral features, which were defined by pa-
rameters of impulsiveness/self-control.

2. Materials and Methods

Experimental procedures were carried out in compliance with the principles of the humanity stated in instruc-
tions of the European community (86/609/EC), experimental protocol was approved by ethical commission of
the Institute of higher nervous activity and neurophysiology of the Russian Academy of Sciences.

Experiments carried out at seven not purebred cats of both sexes of 3 kg in weight. Animals were contained in
individual open-air cages (size 100 x 100 x 300 cm) with 12-hour mode of illumination and usual conditions of
feeding with an exception of the 4-hour periods of food deprivation prior to the beginning of experimental ses-
sion. Experiments carried out daily at a daytime.

2.1. The Experimental Chamber

It (80 x 75 x 65 cm) has been made of non-transparent Plexiglas. On the right side wall of the chamber at a dis-
tance of 3 cm from a floor the transparent plastic pedal (6 x 5 cm) and two openings for feeding caps delivery
were positioned. Switching on the continuous light (electric bulb was located under the transparent pedal) served
as a conditioned stimulus for the animal. Pressing a pedal led to cessation of light and automatically delivery of
one of the two possible feeding caps with food, depending on the behavior strategy of the cat. The arrangement
of food box for choice behavior at cats is showed on Figure 1(a).
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2.2. Training Procedure

We used the modified method of delay-discounting procedure [25] based on [26]. Training was performed in
several stages. At first, the cats were trained to associate pressing the pedal with the right forepaw with receiving
food, each pressing rewarded with meat (5 g). This training lasted from two weeks to two months and was con-
sidered completed when the animal placed in the chamber always pressed the pedal. Association of light cha-
racterized the second stage of training with a possibility to get the food by pressing the pedal (Figure 1(b)). In
this situation, only pressing the enlightened pedal was effective. In addition, gradually the delay of possibility to
get food after the light onset was formed. Only delayed pressings (delay was formed gradually), up to a delay
after the onset of light four second were rewarded with meat (Figure 1(c)). In each session taken for statistical
analysis, the cats should reach the behavior criterion defined as more than 50% correct performance to condi-
tioned stimulus. After that, we began the basic series of experimental training with a behavioral choice paradigm.
After switching on the light a choice was given to an animal: to press the pedal quickly, in 1 - 3 s after the onset
of light (delay 1) and to receive low-value reinforcement (bread-meat mix, 5 g), or to wait with action and to
press the pedal in 9 - 11 s after the onset of light (delay 2) rewarded by more valuable food (meat, 5 g) (Figure
1(d)). The behavioral choice strategy of the cat expressed in domination of short- or long-delay pressings of the
pedal, and monitored in each session. During one experimental session, the conditioned trigger presented 30
times. This kind of training was considered completed (usually 2 - 8 weeks) when the animal showed consistent
behavioral strategy in at least 5 sessions. Weight of animals, food consumption in home cage, and food depriva-
tion time monitored daily.

After training of animals for 2 - 3 months the bundles of electrodes consisting of four nichrome wires in the
factory enamel isolation, 50 microns each in diameter, were implanted under a narcosis (zoletil 100: 8 mg/kg) in
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Figure 1. Arrangement of food box for choice behavior at cats (a), preliminary learning (b, c)
and scheme of experiment with choice (d). Cats were trained in task I, in which they had to press
a lever with a delay 1 s within a designated time window (2.0 s) to a trigger stimulus (light). The
light switched continuously during the trial (b); the obligatory delay was four seconds (task Il, c);
choice behavior (task I11), when the animal had two options to get the reward: to press the lever
during the first time-open period (delay 1 s) and to receive a low valuable food (a mixture of
bread with meat, 30 g) or to press in the second time-open period (delay 2) with a total delay 10 s
and to get a high valuable food reward (meat, 30 g) (d).
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PFC (F 28 -30,L 4,H9-12), NAcb (F 17, L 2,5, H 10), DMStr (F 15, L 5,5, H 15) according to coordinates of
F. Rejnozo-Suarez atlas [27]. At five cats a lifetime X-ray monitoring was performed, confirming localization of
electrodes in PFC, NAcb, DMStr.

In a week after implantation of electrodes, we started the recording of the multi-unit activity (MUA) during
20 - 30 sessions for each cat. After amplification (“Medicor” Hungary, active power filters 200 - 10,000 Hz), the
MUA was digitized and stored in memory of the computer (PC AT 586) for the off-line processing. The MUA
from the specified areas of a brain was recorded for 1 s or 10 s before beginning of a conditioned signal and af-
ter a start of the conditioned signal. Depending on realization of behavioral strategy, three clusters of data files
were formed on-line: post-stimulus data in trials with short-delay conditioned reactions; post-stimulus data in
trials with long-delay conditioned reactions, and post-stimulus data in trials with erroneous reactions. All files
were analyzed separately.

2.3. Analysis of Multiunit Activity

Analysis of MUA was made by means of the specialized programs by P. Buch-Winer, A. Parteff [28] adapted
for Spike 2 - 5.16 by A. Zaleshin. The package included the program of MUA digitizing, and the special pro-
gram “Collector” for sorting the spikes by form and formation of independent traces for spikes of identical form
(Figure 2).

The spikes of 3 - 5 neurons recorded under each electrode were extracted from MUA recorded in PFC, NAcb
and DMStr. For each spike, trace the autocorrelation histogram (ACH) was built with an epoch of the analysis
200 ms (100 bins with a bin size 2 ms). Correlated activity in simultaneously recorded neural pairs of the neigh-
boring neurons in PFC, NAch, DMStr (within the local network), and between neurons of these structures (dis-
tributed network) was evaluated by means of statistical cross-correlation analysis of the spike trains. The inci-
dence of peaks of CCH, their position in the CCH, temporal characteristics of the peaks, and some other features
of the CCH make it possible to judge the character and type of neuronal interaction. Cross-correlation connec-
tions between spikes in the delay range 0 - 100 ms were explored (50 bins with a bin size 2 ms). The asymme-
trical significant peak on the cross-correlation histograms (CCH) with duration 2 ms in the range 0 - 30 ms was
scored as the interaction between neurons. Short latency significant peak in a time interval from 0 to 2 ms was
considered as monosynaptic, and long latency with time interval >2 ms as polysynaptic interaction. The ratio of
the count of these peaks to total number of the histograms for each behavioral situation was analyzed with
ANOVA. Correlated firing patterns of activity between PFC and NAcb (within the distributed PFC-NAcbh network)
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Figure 2. An analysis of MUA-recording: an example of MUA-recording in the PFC; superposition of the spikes according
to templates for four neurons; interval histograms for four neurons; results of selected spike trains because of PCA.
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were evaluated using the CCH. Direction of interaction between neurons of PFC and NAch was evaluated on the
basis of peaks location on the CCH. Peaks on ACH and CCH were considered statistically significant when their
amplitude was greater than the average in a bin by 3 o under a condition mean n > 9 [29]. The degree of corre-
lated activity in each structure and between structures compared for each cat and for all cats by ANOVA for re-
peated measures, followed by post hoc analysis (significant difference, p < 0.05). For secondary statistical data
processing, the dispersion analysis (Statistic 6.0) was used.

3. Results
3.1. Choice Behavior

All animals in situation of a choice between a high valuable delayed and a low valuable immediate food were
divided into three groups on the basis of their individual strategy of behavior: those choosing predominantly a
valuable reward due to inhibition of immediate instrumental response (capable to self-control), choosing predo-
minantly an immediate low valuable reward (impulsive) and with mixed pattern of reactions showing short- and
long-delay responses approximately in equal quantities (ambivalent). The criterion for estimation of strategy of
behavior was the ratio of short-delayed conditioned reactions to the number of all effective reactions (supported
by food reinforcement) in all sessions. By this criterion the animals have been divided into three groups. Figure 3
illustrates the ratio of short-delay reactions in all animals (max 79% in cat No. 15 and min 18% in cat No. 1). By
parameter of ratio of short-delay conditioned reactions representation the factor of “Group” were highly authentic
(F2, 7983 = 63.28, p < 0.001) (Table 1). The distinctions between parameters of the same group have not been re-
vealed.

The self-control group included 3 cats (No. 1 - 3), ambivalent—9 (No. 4 - 12), impulsive—4 (No. 13 - 16).
The cats of ambivalent group were capable to demonstrate self-control. In the beginning of session, they pressed
a pedal after trigger signal quickly and received an invaluable reinforcement, and then they could make delayed
reactions and received as a result valuable reinforcement. These cats we named “ambivalent”, since they were
capable to show in a choice situation both types of reactions. The chosen strategy of behavior for each animal
remained stable throughout all experimental sessions. The erroneous reactions were not connected with time pa-
radigm, they were or earlier, or after the period of possible reception of reinforcement. These behavioral responses
were not supported by reinforcement. The number of erroneous instrumental reactions was smallest in impulsive
(10, 86%) and the greatest—in self-control cats (27, 55%) (Table 1). Animals with MUA-recording are marked
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Figure 3. A ratio of short-delay reactions in dependence on chosen behavior
strategy and allocation animals to tree groups: self-control, ambivalent, im-
pulsive. On ordinate—a part of short-delay instrumental lever press reactions
in a total quantity of the effective responses (%), abscissa—numbers of cats,
**p < 0.01. Animals with MUA-records in freely moving choice behavior are
marked by circles. Data were shown as average with SEM.
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Table 1. The number of various displays of behavior reactions in relation to the general number of effective answers (%) on
the average for animal three groups: of the self-control group consisted 3, ambivalent—9, impulsive—4 cats.

Type of groups Short-delay reactions Long-delay reactions Errors
Self-control 11.80 + 1.0™ 53.28 +2.3" 27.55+1.9"
Ambivalent 2593+ 1.4 40.08 +1.9" 21.63+18

Impulsive 50.62 +2.6™ 2417+ 17" 10.86 + 1.6"

Note: “p < 0.05 for intragroup, “p < 0.05 for intergroup differences.
by circles in Figure 3.

3.2. Coherent Neuronal Activity

Study of the coherent network activity of neurons in the brain of freely behaving animals is possible by means of
multiunit activity (MUA) recording, which allows recording simultaneously more than one cell and constructing
CCH of pulse series of neurons. Thus, it is possible to reveal statistically significant functional cross correlation
interneuron interactions, both between neurons of the same brain structure (local brain networks) and between
neurons of different structures (distributed neuronal networks) involved in the organization of animal goal-
directed behavior. Different types of correlations have been described earlier: inhibition, inhibition-exciting, ex-
citation [30] [31].

In the present work, excitation interactions with the fixed time intervals in a range of delays to 100 ms were
presented only. In particular, we estimated frequency of occurrence of NAcb inhibition neuron interactions in
the form of a bilateral central gap on CCH is about 24%, and unilateral in 39% of cases were shown. In NAch
we have not found any monosynaptic excitatory interactions.

Figure 4 illustrates the correlated firing pattern in PFC, NAcb and DMStr. The PFC neuron pairs developed
the greatest number of coherently active communications in at impulsive cats in comparison with self-control
and ambivalent (factor of “Group” F;, 7083 = 63.28, p < 0.001). Comparison of impulsive and ambivalent animals
demonstrated a significant difference in number of neuron interactions during each type of behavior activity
(factors of “Group” and “Reaction type” Fg 5106 = 2.7; p < 0.01). Analysis of PFC neuron pairs in the self-control
animal has shown the least number of exciting neuron interactions.

The NAcbh neuron interactions in three groups of animals have revealed also a highly significant “Group” ef-
fect F, 5930 = 25.94, p < 0.01. Post hoc Newman-Keuls analysis showed that this effect has been caused by es-
sential difference in number of CCH peaks. At self-control cats the number of NAcb neuron interactions was
essentially more concerning the animal of other groups. The number of the interneuron interaction of ambivalent
and impulsive cats did not have the differences.

In the dorsal part of the nucleus caudate (DMStr) the differences in network activity were found between self-
control and ambivalent, self-control and impulsive animal groups (factor of “Group” F; 5031 = 14.32; p < 0.01).
DMStr neuron interactions at self-control animals were significant less it is relative the animals of other groups.
Analysis of the erroneous behavior reactions in the animals was shown on Figure 5 and Table 1. The impulsive
and cats capable to self-control have shown presence the omissions and also either early or too late reactions
during the periods of pedal inefficiency that were not supported by reinforcement. At all animals capable to
self-control (ambivalent and self-control animals are incorporated in one group on the basis of a general tendency)
the significant increase in number of correlated pairs of neurons in NAcb was shown at erroneous reactions in
comparison with correct long-delay conditioned responses (Fy, 1725 = 6.33, p < 0.01; Figure 5(a)). At impulsive
animals the number of the revealed interneuron interactions was no significant in PFC between erroneous and
correct reactions (Fy, g30 = 0.37, p > 0.05; Figure 5(b)). The number of DMStr revealed interneuron interactions
at impulsive (Fy, 274 = 1.28, p > 0.05) and self-control (F;, 135, = 0.049, p > 0.05) cats did not different between
erroneous and correct reactions.

The data obtained at the level of interneuron interactions between the NAcbh and PFC revealed features of par-
ticipation of this link in manifestation of the impulsive and self-control behavior. The number of revealed fron-
to-accumbal (PFC-NAcb) neuron interactions in both directions and during all possible displays of behavioral
strategy significantly did not differed and was in the self-control, ambivalent and impulsive animals, accordingly,
8.5%, 10.08% and 11.25%, the factor of “Group” was not significant (F,, 3 = 5.06, p > 0.05). However, if to take
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into account the direction of the PFC-NAch neuron interactions, it is possible to observe the significant distinc-
tions between animals with different choice of behavior. In the group of impulsive animals, the non-uniformity
of distribution of interactions was shown. Thus, the number of interactions of PFC-neurons with neurons of
NAcbh was significantly greater than in the opposite direction (p < 0.01 according post-hoc analysis Newman-
Keuls test), while for the animals capable to self-control and the ambivalent animals such difference was not
observed. The PFC-NAch interactions significantly differed in representatives of all three groups (factor of
“GrOUp” Fzy 36624 = 3.6, p< 005) (Figure 6)

4. Discussion

The biochemical, morphological, physiological characteristics of neurons at the level of NAcb have been studied
quite well [32] [33]. About 90-95% of the neuronal population of the NAcbh consists of GABAergic cells me-
diumsized spiny neurons (MSNs), the remaining 5% - 10% of ventral and dorsal striatal neurons are low-thre-
shold spike interneurons and cholinergic interneurons [34] [35]. We have shown that the number of neuron
co-operations in NAcb revealed by impulsive cats is significantly less than by the animals capable to self-control.
We believe that the revealed interactions in NAcb at the animals capable to self-control occur between medium-
sized spiny cells. Despite our knowledge about cell types and their characteristics detailed information about in-
tra-accumbens cellular interconnectivity is still lacking. Direct physiological evidence for synaptic connectivity
between medium-sized spiny neurons in rat NAcb in situ by dual whole cell patch-clamp recordings. Neurons
were stained with biocytin for subsequent morphological analysis. Electrical activity of cells was recorded in
current- and voltage-clamp mode; the characteristics of medium-sized spiny neurons were confirmed by elec-
trophysiological and morphological properties. Thirteen of 38 medium-sized spiny neuron pairs (34%) showed a
synaptic connection [36]. More recently has been shown, that dopamine fibers besides emission dopamine and
performance of its two functions (slow modulating and fast phasing effects) are capable to carry out still gluta-
mat transfer [37]-[40]. It was shown the conditioned appetitive stimulus increased extra cellular dopamine in rat
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Figure 6. The functional interneuron interaction between neurons of PFC and
NAcb in both directions in animals differed by dominant behavioral strategy;
fronto-accumbal interactions—white, accumbo-frontal interactions—black col-
umns in choice behavior to cats of self-control, ambivalent and impulsive groups.
Obtained data show that the interactions between two areas were distributed un-
evenly in impulsive animals with prevalence the influence from PFC to NAch.
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tions as in Figure 4.
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NAcb [41]. We believe that the number of interneuron communications in NAcb revealed by impulsive cats in
significantly less than by the animals capable to self-control is a consequence because of poor dopamine activa-
tion. As a result an intra-accumbens exiting cellular interconnectivity was not revealed.

The numbers of PFC neuron communications revealed by impulsive cats conversely were more marked than
at animals capable to self-control. It may well be that connected with complicated organization neurochemical
inputs at level of the PFC. Many models with which help attempts to explain principles of interaction of PFC
with others cortical and the subcortical structures of a brain participating in processes of formation and realiza-
tion of “working” memory, decision-making, programming and execution of purposeful actions were offered
[20] [42]-[45]. The important role in these models is played by modulating influence dopamine on II-111 a layer
pyramidal neurons of frontal cortex [46] [47] as in the form of direct effects with ventral tegmentum input, and
modulating (inhibition) influence on exciting inputs of pyramids of PFC from the party amygdale neurons [38]
[45] [48] [49]. All these points indicate the complex interaction which translates the ongoing inner motivational
state and sensory information, processed at the level of the frontal cortex into the one or another type of beha-
vior. It is impossible to disregard inhibition influences with striatum neurons on dopamine neurons of meso-
limbicum systems [42]. Thus, direct interactions between PFC and NAch were formed by the influences from
different sources. Neuron activations in the orbitofrontal cortex appear to involve less integration of behavioral
and reward-related information, but rather incorporate another aspect of reward, the relative motivational signi-
ficance of different rewards. These activations would serve a function similar to those striatal neurons that en-
code exclusively reward-related information in situations in which only a single outcome is obtainable. We be-
lieve also as W. Schultz [20] that it could occur because of bad neuron activity tegmentum zones at impulsive
animals that did not have any dopamine emission to NAch. Hence, it was possible the reinforcement forecast
was not right. Absence or nearly so in the reinforcement forecast says that idea of a choice various and not
equivalent reinforcement for impulsive animals “is actually cancelled” also animals have concentrated on instant
weak indemnification.

It was shown that interneuron communications in DMStr were not similar for animals of impulsive and self-
control groups. Possibly at self-control animals the network is formed with involving of selective loops, those
results in the organization inhibitory circuits and suppression of the exciting neuron interactions. It is necessary
to search for distinctions in the organization the distributed interstructural networks. There is an opinion [3], that
dorsal striatum neurons supervise an action choice in reply to predicted stimulus in time while NAcbh supervises
an action choice in reply to unpredictable stimulus. The hypothesis assumes, that direct (inhibitory) and indirect
(exciting) projections as from DMStr, and NAcb to target striatum, create the distributed network in which it is
chosen the necessary purposeful action and other actions is unique are braked. On our data an authentic distinc-
tions on number of interactions between neurons in DMStr at animals of one group have not been revealed the
differences at short- and long-delay reflexes though we used somatotopic part of striatum and implanted elec-
trodes in area of movement of instrumental paw. In our experiments any parameters of movement did not
change, namely did not change neither a direction, nor effort of pressing to a pedal that could change a pattern of
caudatus network activity at realizations of instrumental reflex. The movement of pedal pressing which is car-
ried out by the same forepaw of a cat is identical at long-delay and short-delay reactions. Realization of instru-
mental movements in reply to conditional signal differs only on latency.

As have shown the present experiences, intensity of neuron communications on specific features of animals
that was shown as within PFC and NAcbh and between them. At animals capable to self-control, i.e. when they
could delay conditioned movement reactions on 8 - 9 s and receive thus a valuable reinforcement, number of
neuron interactions between PFC and NAcb was significant less, than at impulsive animals who reacted quickly
(during 2 - 3), but received an invaluable reinforcement. Ambivalent animals, who showed both long-delay, and
short-delay conditioned movement reactions, occupied intermediate position on expressiveness interneuron
fronto-accumbal communications between impulsive and self-control groups of cats. Besides, at impulsive ani-
mals significantly distinctions in a direction of interneuron interrelations between PFC and NAch: them it was
significant less from NAcb to PFC, than in the opposite direction. Weak expressiveness of neuron interactions at
level NAcb is transformed to insufficiently active character of interactions NAcb neurons with PFC neurons. On
the other hand, probably insufficiently active ventro-tegmental dopamine input on frontal cortex pyramidal cells
which in norm is more inhibitory action, than exciting, and also suppressing of inhibition from an amigdalo-
frontal input at insufficient release dopamine lead to strengthening of activity single PFC neurons and to in-
creasing the number of interactions intra PFC neurons and between PFC-NAcbh neurons. At the animals capable
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to self-control, all processes named above pass upside-down.

5. Conclusion

In summary, our observations showed the key role of network organization of PFC, Nach, DMStr in perfor-
mance impulsive or self-control behavior and support to the concept that analysis of interactions between simul-
taneously recorded neurons can reveal functional ensembles involved in different types of behavior.
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