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I. Introduction 

 

The incidence of feeding and metabolism associated diseases is rapidly increasing all 

around the world. Due to their importance with respect to public health, the better understanding 

of processes in the background of cachexia and obesity, anorexia and bulimia nervosa, various 

metabolic disturbances such as diabetes mellitus and metabolic syndrome is indispensable in 

order to develop effective therapeutic strategies. Data show altered central regulation of the 

homeostatic functions in these diseases, and it has also been suggested that some symptoms occur 

as a result of regulatory abnormalities. Considering the above, it is substantially important to 

unravel more and more details of the central homeostatic regulation. 

In this regard, neurons of the nucleus accumbes, a key structure in the forebrain limbic 

circuitry, could play especially significant role. The present experiments were designed to 

achieve a better understanding of particular roles of these neurons in the central control of 

feeding and metabolism. 

Several interconnected peripheral and central neural and humoral-metabolic regulatory 

processes take part in the maintenance of homeostasis, the stable internal environment of 

organism. Such processes regulate the adequate food and fluid intake, the plasma glucose and 

metabolite concentrations, the metabolism and energy balance and the appropriate level of the 

defense functions of the organism, in general, mechanisms associated to these processes are 

pivotal in the motivational, perceptual and cognitive functions as well. 

Numerous brain nuclei and neurotransmitter fiber systems have been shown to be of 

distinguished significance in the regulation of food intake and body weight during the last 100 

years. In addition to the so-called ”hunger center” in the lateral hypothalamic area (LHA) [1-4] 

and the so-called ”satiety-center” in the ventromedial hypothalamic nucleus (VMH) [1,4,5], 

several other extrahypothalamic structures, such as the amygdala (AMY) [6,7], the mediodorsal 

prefrontal (mdPFC) and the orbitofrontal (OBF) cortices [8-16],  furthermore the globus pallidus 

(GP) [17-20] and brain stem nuclei also play important role in the central regulation of feeding 

[21]. 

In the recent decades, several characteristic neurotransmitter pathways whose damage 

greatly influence food intake behavior have also been identified. Amond these, the most 

important ones in terms of feeding control are the catecholaminergic tracts, the ventral 
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noradrenergic bundle (VNAB) originating in the locus ceruleus (LC), and called as ”satiety 

pathway” [22], the nigrostriatal dopaminergic system (NSDS) originating in the substantia nigra, 

and the mesolimbic dopaminergic system (MLDS) projecting from the ventral tegmental area, 

and called as ”hunger pathway” [23-26]. 

Both the peripheral and central glucoreception play important role in the regulation of food 

intake [27]. The shifts of the brain’s interstitial glucose concentration following the change of 

blood glucose levels are detected by a particular of neurons group, the so called glucose-

monitoring (GM) neural cells [1,28-31]. In addition to the hypothalamus, the presence of these 

neurons is verified in the NTS, the area postrema, the AMY, moreover, in the globus pallidus and 

in the prefrontal-orbitofrontal cortex as well [1,28,30-47]. These multifunctional chemosensory 

neurons are able to recognize the current humoral changes of the internal environment [1,32,47-

51], furthermore, they take part in the feeding associated sensory-motor, perceptual-motivational 

integration and in related learning and memory functions as well [30,33,38,39,52-60]. The GM 

neurons can be divided into two groups on the basis of their morphological and functional 

characteristics: the large, multipolar glucose-receptor (GR) units that increase, and the small, 

longitudinal multi-, or bipolar glucose-sensitive (GS) cells that decrease their firing rate in 

response to elevation of blood glucose level. The glucose insensitive (GIS) neurons use the 

glucose only in their metabolism, and not in the mediation of neural information. [1]. 

Cells of peripheral organs and central nervous system neurons involved in the control of 

feeding behavior show striking analogy with respect to their sensing mechanisms of the 

extracellular glucose concentration. It has been demonstrated that a hexokinase basically identical 

to that in the pancreatic β-cells could also be found in certain CNS neurons whose localization is 

the same as that of a group of the GM cells [61,62]. Furthermore, the presence of ATP-sensitive 

potassium channels (KATP) so important in the activation of β-cells has also been demonstrated in 

the GM neurons [63-65]. In addition, the type 2 glucose transporter protein (GLUT2) that takes 

glucose into the pancreatic β-cells was demonstrated to be functional in the CNS, and its neural 

expression was proven in GM cell containing brain regions, such as the hypothalamus and the 

OBF [66-68]. On the basis of the above similarities it is suggested that a special toxin called 

streptozotocin (STZ) -  which can destroy the pancreatic β-cells, has an analogous molecular 

structure to the glucose, and is produced by the fungus Streptomyces achromogenes  - could be 

utilized in our experiments for selective destruction of the GM neurons. 
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Based on the close relationship of the nucleus accumbens (NAcc), a key constituent of the 

forebrain limbic circuitry and known to play an important role in the central feeding control [69-

79], with the GM neuron containing brain structures it is reasonable to suppose the complex 

chemosensitivity of accumbens neurons. The NAcc is located in the basal forebrain, among 

others it functions as the integrating nucleus of the striatopallidal system. From neuroanatomical 

point of view it can be divided into three main parts: the so called shell, core and rostral divisions 

[77,80]. Afferent fibers from the shell project to the ventral pallidum, lateral preoptic nucleus, 

LHA, VTA, central periaqueductal gray, nuclei of the brain stem and to the cervical spinal cord 

[77-79,81], and vice versa, efferent fibers from all these structures return here. The fibers that 

originate in the core subregion of the NAcc project mainly to the dorsolateral part of the ventral 

pallidum, to the entopeduncular nucleus, SN and to the medial part of the subthalamic nucleus 

[77]. The fibers originating in the third, controversial rostral subdivision of the NAcc project 

essentially to the same destination as the fibers from the shell and core [77,81]. In the background 

of the multiple roles exerted by the NAcc in the regulation of hunger motivated behavior several 

neurotrasmitter mechanisms are postulated. [71,72]. The NAcc has glutamatergic, noradrenergic, 

dopaminergic, serotoninergic, opiatergic and also histaminergic innervation. Its most important 

excitatory (glutamatergic) afferents arrive from the mediodorsal thalamic nucleus (MD), the 

prefrontal cortex, basolateral amygdala and from the hippocampus [82,83]. The accumbens 

receives abundant dopaminergic input from the VTA [84,85], noradrenergic fibers from the locus 

ceruleus [86], serotoninergic fibers from the raphe nuclei [87], and histaminergic ones from the 

tuberomamillary nucleus [88]. Data in the literature clearly show that the two subdivisions of the 

NAcc play differential roles in the central feeding control. The inhibition of or damage to the 

shell region reportedly cause a robust food intake and increase of body weight [71,89], whereas 

excitotoxic lesion of the core region results in a substantial decrease of feeding motivation with a 

parallel decrease of body weight [71,90]. It is also known that both subdivisions take part in 

taste-associated motivational and learning mechanisms [72]. 

 Our experiments were designed to elucidate in more details the complex roles of 

accumbens neurons in the central regulation of feeding. 
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II. Experiments 
 

1. Questions 
 

Our research project related to this doctoral thesis had two main directions. On the one 

hand, extracellular single neuron activity was recorded by means of tungsten wired multibarreled 

glass microelectrodes, and the glucose sensitivity of NAcc neurons was explored in adult, 

anesthetized Wistar rats and alert rhesus monkey. The endogenous (to neurotransmitters and 

neuromodulators) and the exogenous (to tastes) chemosensitivity of these neurons was examined 

in our experiments. 

On the other hand, the effect of GM cells of the rodent NAcc on behavioral and metabolic 

processes was investigated in the other major line of our studies. We have tried to verify the 

homeostatic significance of these chemosensory neurons by elucidating the consequences of their 

selective destruction. For this purpose, based on data of literature and the findings of our 

preliminary experiments, STZ was administered into the NAcc of laboratory rats, and effects of 

this microinjection on the blood glucose level in relation to a glucose tolerance test /GTT/), 

plasma cholesterol, HDL, LDL, triglyceride and uric acid concentrations were measured. The 

food and fluid intake associated behavioral effects of the STZ microinjection into the NAcc were 

studied in conditioned taste aversion and taste-reactivity paradigms. 

 

The present experients were performed to answers the following questions: 

 

I. In rodent and primate microelectrophysiological experiments, using the 

multibarreled microelectrophoretic technique, it was examined that: 

1.  Do nucleus accumbens neurons change their activity to microelectroosmotic 

administration of D-glucose, that is, it was to decide whether GM neurons could be identified in 

this forebrain limbic structure? 

2 . Is the activity of these GM cells influenced by various neurotransmitters and 

neuromodulators (DA, GABA, Ach, DA-antagonists), whose majority is present in the NAcc 

even in natural circumstances, and furthermore, by STZ, which proved to be toxic for the GM 

neurons in our previous experiments? 
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3. Do taste stimuli, essential in guiding food and fluid intake, change the firing rate 

of GM cells in the NAcc? 

 

II.a. Behavioral-biochemical experiments in the laboratory rat to explore the metabolic 

consequences of STZ microinjection into the NAcc, were conducted to elucidate that: 

1. Has the selective destruction of GM cells any effect on the carbohydrate 

metabolism, does it influence the glucose tolerance of the animals? 

2. Has the specific lesion of these chemosensory neurons any effect on relevant 

plasma metabolite levels (cholesterol, HDL, LDL, triglycerides, uric acid)? 
II.b. In other behavioral experiments, to unravel the effect of STZ microinjection into 

the nucleus accumbens on gustatory functions, it was investigated whether selective lesioning of 

the GM cells: 

1. Can modify taste-associated aversive learning ability of the animals? 

2. Can result in taste perception alteration in taste reactivity tests? 

 

2. Methods 

 

2.1 Animals 

 

Altogether 136 adult male Wistar rats with an average body weight of 293 ± 36 g at the 

beginning of the study were used in our experiments. In the microelectrophysiological 

investigations, an adult male rhesus monkey (Macaca mulatta) was also used. Both the rodents 

and the monkey were kept in separated, individual cages throughout the experiments. Unless 

where it is stated different, they could eat and drink freely. In the rodent room, 12-12 hours long 

light-dark cycle was employed with an illumination close or identical to that of the wave-length 

of the natural light. In the monkey room, during the 12 hours long light period, the natural 

illumination was complemented with a similar wave-lenght light-source. In the animal rooms, the 

temperature (23-25 °C), and the humidity (55-65%) were kept in a constant range. Animals were 

kept and all experimental procedures were conducted in accordance with institutional, national 

and international regulations. 
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2.2 Electrophysiological experiments 

 

2.2.1 Surgery 

 

During the experiments with rats ketamine or urethane anesthesia was used. The head of 

the rats, placed in a stereotaxic instrument, was fixed, their scalp incised, and a small (2–3mm in 

diameter) hole was drilled through the cleaned skull. The dura was finely incised (0.5–1 mm), 

and the electrode was led to the accumbens by means of a hydraulic microdrive (Narishige MO-

10, Japan) under microscopic control. The stereotaxic coordinates of extracellular single neuron 

recordings were as follows: anteroposterior, bregma + 3.2–3.7 mm; mediolateral, 1.2–1.6 mm; 

vertical, 5.6–7.6 mm from surface of the brain, according to the stereotaxic rat brain atlas of 

Pellegrino et al [91]. 

In case of the monkey, an aseptic operation under ketamine introduced sodium-

pentobarbital anesthesia was performed to bild up the acrylate head piece which allowed us to fix 

the monkey’s head in a stereotaxic apparatus during the electrophysiological experiments. 

Throughout the single neuron recordings the animal was sitting in a special „primate chair”. 

Positioning of the electrode was performed the same way as described in case of the rats, with the 

exception of that the monkey was alert during the whole recording experiment. The stereotaxic 

coordinates were as follows: AP, 19.75-25.35 mm; ML, 1.35-3.8 mm; V: 27.2-30.2 mm [92,93]. 

 

2.2.2 Extracellular single neuron recording 

 

For the extracellular single neuron recording, tungsten wired multibarreled glass 

microelectrodes, manufactured by ourselves, were employed. Extracellular action potentials of 

the neurons were recorded by the tungsten wire containing central barrel of the electrode. The 8-

10 tiny capillaries that surrounded the central barrel were used to deliver the various chemicals to 

the vicinity of the recorded neuron. The action potentials were passed into a preamplifier, then to 

a high gain amplifier. Standard pulses were formed by means of low and high cut filters and a 

window discriminator (Supertech Ltd., Hungary). Analogue signals were also led to a 

microprocessor controlled A/D converter device (CED 1401plus, Spike 2 software package, UK). 

The spike discharges and pulses were continuously monitored on oscilloscopes (HAMEG HM-
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2035 and HM-2037, Germany). Raw data, formed pulses and marker signals were all fed into a 

microcomputer and stored on hard disk and compact disks for off-line analyses. Only the activity 

of spontaneously firing, well-isolated cells has been recorded. Our system enabled us to record 

and analyze ECG and respiration as well. 

 

2.2.3 Neurochemical experiments – Taste-stimulation 

 

The capillaries surrounding the central barrel of the tungsten wired multibarreled glass 

microelectrodes were filled with the following solutions: 0.5 M D-glucose, 0.5 M dopamine HCl, 

0.01 M SCH-23390, 0.01 M sulpiride, 0.5 M acethylcholine HCl, 0.5 M γ-amino-butiric acid,  

0.0037 M STZ, 0.15 M NaCl (balance channel), and 0.5 M monosodium L-glutamate (MSG). 

Microelectrophoretic applications were performed by delivering constant currents (in the 10–90 

nA range) of appropriate polarity to eject the chemicals from their respective barrels (NeuroPhore 

BH-2 System, USA). During the recording experiments, the taste responsiveness of neurons was 

also examined by taste stimulations via an intraorally implanted cannula. In accordance with the 

international standards, the following taste solutions were tested: sweet (sucrose; 0.1M and 

0.3M), salty (NaCl; 0.1M and 0.3M), sour (HCl; 0.01M and 0.03M), bitter (QHCl; 0.001M and 

0.003M) and umami (MSG; 0.1M és 0.3M). As complex taste orange juice (10% and 25%) was 

used. 

 

2.3 Metabolic and behavioral experiments 

 

2.3.1 Surgery 

 

The guide cannulas that enabled the targeted intracerebral microinjection were implanted 

during a stereotaxic operation performed under ketamine anesthesia. The stereotaxic coordinates 

were: AP, Bregma + 3.6 mm; ML 1.3 mm [91]. The cannulas were placed bilaterally right above 

the NAcc on the surface of the dura mater, and were cemented to the skull by dental acrylic. 
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2.3.2 Nucleus accumbens microinjections 

 

 Microinjections were directly made into the NAcc. Alert, well-handled rats were kept 

calm in hand and at both sides a 30G stainless steel delivery cannula, connected with a 12-15 cm 

long PE tube to a 25 µl Hamilton syringe, was led through the guide cannula to the NAcc (AP, B 

+ 3.6 mm; ML, 1.3 mm; V, 5.75 mm). The syringe was filled with STZ or physiological saline as 

control. A microinfusion pump (M101, Stoelting, USA) was employed to deliver the solutions. 

 

2.3.3 Metabolic experiments 

 

The effect of accumbens STZ microinjection on the carbohydrate, fat and protein 

metabolism was examined in the metabolic experiments.  

 

2.3.3.1 Blood glucose level (BGL), glucose tolerance test (GTT) 

 

 Measurements of BGLs were performed before, during and after internationally 

standardized i.p. GTTs (D-glucose, 0.75 g/100 g bw/ml) both, in the acute and subacute phase (4 

weeks after the intracerebral microinjection) of the experiments. 

 

2.3.3.2 Plasma metabolite measurements 

 

Relevant plasma metabolites (total cholesterol, HDL, LDL, triglycerides, uric acid) were 

determined by a ”cold chemistry” photometer (Arkray, Spotchem, Japan). 

 

2.3.4 Behavioral experiments 

 

The effect of intracerebral STZ treatment on taste perception and taste-associated aversive 

learning ability of rats was studied in two behavioral paradigms. 
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2.3.4.1 Conditioned taste aversion learning (CTA) 

 

In advance to the intracerebral microinjection, the animals assigned for the CTA 

experiment learned to consume the daily amount of their water intake for 30 min from 10:00 to 

10:30 a.m. every day. During the training period, rats were offered 0.1% sodium-saccharin 

solution (dissolved in tap water) several times to habituate the taste later serving as conditioned 

stimulus. On the pairing day, animals of both groups drank saccharin in the drinking period 30 

min. prior to intraperitoneal injection of gastrointestinal malaise inducing LiCl (0.15 M, 2 ml/100 

g bw). This conditioning procedure was followed on the next day by ad lib, then, on the next two 

days, by 30 min water drinking. On the test day, the saccharin solution was offered again exactly 

at the same time (from 10:00 to 10:30 a.m.). The consumptions of STZ treated and control 

animals measured on the pairing and the test day were statistically compared. 

  

2.3.4.2 Taste reactivity 

 

An adapted and modified, internationally accepted version of the protocol introduced by 

Grill and Norgren [94] was used in our laboratory. The animals were placed into a Plexiglass 

cylinder of 30 cm in diameter and 30 cm height. The behavior and taste responsiveness of the rats 

in the cylinder were videotaped. The cylinder was placed on a wooden frame mounted by a 

mirror in a 45 degree tilted angle. This enabled the easy observation of the animal’s mouth 

movements throughout the whole testing period. The PE cannula, implanted into the oral cavity 

and fixed in the skull of the animal, was connected to a 1.25 m long PE tube (o.d. 3 mm), and this 

cannula was interconnected with the syringe placed in the infusion pump and filled by the 

appropriate gustatory stimulus solution. Taste stimuli represented the five basic tastes in two 

concentrations: sucrose 0.05 M, 0.5 M; NaCl 0.05 M, 0.5 M; MSG 0.05 M, 0.5 M; HCl 0.03 M, 

0.3 M; QHCl 0.03 mM, 3.0 mM. The two well-defined, species specific response patterns 

(ingestive and aversive ones, including the mimical and postural-locomotor components) were 

evaluated and compared in the cytokine treated and control animals. 
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2.4 Histology 

 

 After electrophysiological and behavioral experiments, the location of the tip of electrodes 

or the sites of the microinjections were histologically verified in each rat. Data obtained in 

animals with mistargeted electrode or microcannula positioning, or with extensive brain tissue 

damage well beyond the limits of the NAcc, were excluded from further analysis. 

. 

 

2.5 Data processing, statistics 

 

 In the statistical analysis of results of the electrophysiological experiments, Student t- and 

χ2-tests were used. All data obtained in the behavioral and metabolic studies are expressed as 

means ± SEM. The SPSS for Windows software package was used for statistical analysis of 

experimental data.  Analysis of variance (One-way ANOVA), the Tukey’s test for post hoc 

comparisons, and the Student t-tests were employed. Differences were considered to be 

significant only at the level of p<0.05 or less. 

 

3. Results 

 
3.1 Electrophysiological experiments 

 

By means of the tungsten wired multibarreled glass microelectrode, altogether the activity 

of 158 neurons was recorded in the rat (143) and monkey (15) NAcc. Since the 

electrophysiological characteristics of neurons proved to be essentially the same in the two 

species, and there was no significant difference between the anesthetized and the alert conditions, 

summed data were processed in the analysis. 

 

3.1.1 Glucose-monitoring neurons in the NAcc 

 

Glucose-monitoring neurons were identified by the multibarreled microelectrophoretic 

technique in the NAcc of both the anesthetized rats and the alert rhesus monkey. We examined 
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glucose-sensitivity altogether in case of 131 neurons, and out of them, 32 cells (24.4%) were 

proved to be GM neuron. It was established that the proportion of accumbens GM cells is 

considerably high, it is about 25% in both species. 

Concerning the proportion and the type of these specific chemosensory neurons, their 

differential distribution in the two subdivisions of the rodent NAcc has been demonstrated. In the 

shell region 11 (19%) of 59 cells, while in the core 17 (29%) of 58 neurons showed 

responsiveness to glucose. In the shell 3 (27%) of the 11 GM neurons were proved to be GR, 

while 8 (73%) were GS cells. There was an opposite tendency in the core subdivision, 14 (82%) 

GR and 3 (18%) GS neurons were detected. 

 

3.1.2 DA-sensitive neurons in the NAcc 

 

More than half (54, 57%) of all examined neurons (94) in the NAcc were proved to be DA 

sensitive. In concordance with the determinant dopaminergic innervation of this limbic structure, 

in the shell region 26 (49%), in the core 28 (68%) neurons showed DA responsiveness. 

Interestingly, in the shell division of accumbens, the catecholamine had dominantly (in 89%) 

inhibitory effect, while DA induced excitation and suppression of activity in similar ratio (46% vs 

54%, respectively) in the core subdivision. 

 

3.1.3 Other neurotransmitter effects in the NAcc 

 

We also studied the neuronal effects of two other “classical” neurotransmitters, GABA 

and Ach, in the Nacc. The responsiveness to GABA was examined altogether in case of  74 

neurons (45 shell; 29 core). Of these cells, 35 (47%) changed in activity in response to 

microelectrophoretic administration of GABA. Exclusively inhibitory, never facilitatory, firing 

rate changes were seen to GABA. The GABA responsiveness of neurons in the two subdivisions 

was found remarkably different. While only 17 (38%) of the shell neurons showed GABA 

sensitivity, in the core 21 (74%) neurons of all cells tested changed in activity in response to 

GABA. 

The Ach responsiveness of accumbens neurons was examined in case of 29 cells. The 

neuronal sensitivity to Ach was also found to be regionally different, effectiveness of the 
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neurotransmitter significantly differed in the two subregions of Nacc. In the shell, 7 of 15 cells, 

whereas in the core only 3 of 14 neurons changed their activity to the microelectrophoretic 

administration of Ach. 

In our electrophysiological experiments, the effect of microelectrophoretically applied 

STZ was examined in case of 21 neurons. Six of them showed responsiveness to STZ. Regardless 

of recording either excitatory or inhibitory firing rate changes, the repeated administration of STZ 

always led to the irreversible termination of neuronal activity. All STZ sensitive neurons proved 

to be GM cells, at the same time, the STZ insensitive units were all GIS neurons. 

 

3.1.4 Neuronal taste responsiveness in the NAcc 

 

In addition to testing endogenous chemosensitivity (to neurotransmitters and modulators), 

the exogenous chemosensitivity (to gustatory stimuli) was also examined in 85 accumbens 

neurons. Out of the 85 cells, altogether 54 (64%) showed taste responsiveness. The proportion of 

taste sensitive GM units was 76% (16 of 21), but in case of GIS neurons it was only little more 

than 50%. The specific chemosensory (GM) neurons characteristically (12 of 16) changed their 

activity to two or more tastants, the GIS cells (31 of 38) only to one taste quality. Altogether 48 

of the 54 taste-cells were also tested to DA responsiveness. DA sensitivity was proven in case of 

33 (69%) of them. The proportion of DA sensitive gustatory cells (11) among the GM units was 

found to be the same. 

We examined the effect of D1 or D2 receptor antagonists in case of 12 DA sensitive, taste 

responsive neurons. It was verified in 7 taste-cells that at least one of the DA blockers prevented 

the development of the gustatory response. 

 

3.2 Metabolic and behavioral experiments 

 

3.2.1 Change of blood glucose level in glucose tolerance test (GTT) 

 

During the glucose tolerance test after the bilateral STZ microinjection into the Nacc 

pathological blood glucose levels were measured for a longer period of time, and the 18th and 30th 

min samples were in the diabetic range. In case of the STZ treated animals, not only the high 
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values of their blood glucose concentrations but the dynamics of changes were also different 

from those of the rats in the control group. The blood glucose level of control animals 

continuously decreased from the 18th minute, however, that of the rats with STZ microinjection 

into the accumbens increased till the 30th minute when it was significantly higher than the 

corresponding value in the control group. 

In contrast to what was observed in the acute experiments, in the subacute phase (4 weeks 

after the intracerebral microinjection), there was no significant difference between the blood 

glucose concentrations and the dynamics of the curves of the control and STZ treated groups 

during the GTT. 

 

3.2.2 Plasma metabolite alterations 

 

Of the examined metabolites, there was no significant difference between the HDL, LDL 

and uric acid concentrations of the STZ treated and control groups. At the same time, however, 

the plasma triglyceride and total cholesterol levels were found significantly decreased in the STZ 

microinjected animals. 

 

3.2.3 Conditioned taste aversion 

 

The control rats drank significantly more of the saccharin solution on the conditioning day 

than on the test day, but in case of the STZ treated animals there was no significant difference 

between the saccharin consumption on these two days. Thus, STZ microinjection into the nucleus 

accumbens resulted in the failure of acquisition of CTA. 

 

3.2.4 Taste reactivity 

 

 Although both the control and the STZ treated rats responded mainly with ingestive 

behavioral patterns to the hedonically pleasant taste stimuli, the animals with intracerebral STZ 

microinjection showed significantly less accepting reactions to these tastants than did rats of the 

control group. The difference between the rejecting behavioral patterns displayed to these 

pleasant taste stimuli just did not reach the level of significance, nevertheless, the frequency of 
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aversive patterns shown by the STZ treated rats was more than double than that of the control 

animals. 

As expected, the control rats reacted with robust rejection to the unpleasant tastes, the 

STZ treated animals, however, displayed as many ingestive as aversive patterns. Furthermore, 

their behavioral patterns contained significantly more ingestive and significantly less aversive 

components compared to responses of the control group. 

 

III. Discussion 
 

1. ”Endogenous” chemosensory attributes /GR, GS/ 
 

The endogenous chemical responsiveness of neurons of a given brain region is highly 

determined by their neurotransmitters and modulators characterizing their input-output 

organization. The presence of many neurotransmitters and neuromodulators has already been 

verified in the NAcc: to our knowledge, GABA, Ach, DA, NA, serotonin, histamin, and opioid 

receptors are all present in this key structure of the forebrain limbic circuitry [86,87,95-101]. In 

the light of the above, it is not surprising that in case of all neurons tested by the multibarreled 

microelectrophoretic technique a certain degree of endogenous chemical sensitivity could be 

verified. 

 

1.1 Glucose-monitoring neurons 

 

We consider those results of our experiments especially important which provide clear 

evidence for the existence of GM neurons, intimately involved in the central regulation of 

feeding, in the nucleus acumbens of the rat and rhesus monkey. Although this kind of 

chemosensory neurons have already been identified in various other areas of the brain [1,30,32-

35], this is the first time to verify their existence in this central region of the limbic system. When 

studying the location of GM neurons in the accumbens, it turned out that neural cells with 

differential responses to glucose show a characteristic topographic distribution in the rodent 

NAcc. The GS (inhibitory type) neurons were localized mainly in the shell, whereas the GR 

(facilitatory type) cells were predominantly identified in the core division. It is known that the 
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core plays an important role in the development and the guidance of conditioned behavioral 

forms. The excitotoxic lesion of this region led to the decrease of feeding and body weight 

[71,75,76,90]. At the same time, the shell region is reportedly involved in the control of non-

conditioned behaviors and the selective inhibition or damage to it in rodents leads to increasing 

food intake and body weight [71,74-76,90,102,103]. The specific, differential distribution of the 

GM neurons in our study could be in causal relationship to the above distinct functional 

characteristics of the two subregions of accumbens. Recent data demonstrating the structural 

shell-core dichotomy of NAcc in the monkey and human brain further emphasize the general 

significance of the present results obtained in rodents [104]. 

 

1.2 DA sensitive neurons 

 

The MLDS consists of fibers originating in A10 neurons in the VTA, A8 cells laterally 

surrounding the SN, and in the retrorubral neuron group [105]. One of the most important 

projection area of the MLDS is the NAcc [105-107]. In vivo microdialysis experiments provided 

evidence for that DA release in the Nacc is the essential condition and accompanying 

phenomenon of the development of reinforcement [69,70,108], and this fact was also confirmed 

by the blocking effect of DA antagonists injected into the NAcc [109,110]. Furthermore, it has 

also been demonstrated that DA injected locally into the accumbens, especially into the shell 

region, is itself rewarding, and that experimental animals could be conditioned for self-injection 

here by the DA reuptake inhibitor amphetamine [111,112]. 

The direct neuronal effect of DA in the NAcc was proved by our electrophysiological 

experiments. More than 50% of the examined neurons in this limbic stucture showed DA 

sensitivity. Approximately half of the neurons in the shell, whereas more than 2/3 of them in the 

core responded to the microiontophoretic application of DA. Our  finding that there is a regional 

difference in the direction of predominant activity changes caused by DA further emphasizes the 

distinguished role of DA transmission in the NAcc. 
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1.3 GABA sensitive neurons 

 

The 90% of all neurons in the NAcc are medium size spiny GABA-ergic cells [95]. It is 

known that inhibition of the shell region of NAcc induces robust food intake in the rat. This 

phenomenon is explained by the ceasing of indirect inhibition on the LHA which suppressive 

effect is otherwise exerted by GABA neurons located here [103]. We proved in our 

electrophysiological experiments both in the rat and rhesus monkey that approximately half of the 

NAcc neurons are inhibited by GABA. Based on observations in behavioral-neurochemical 

experiments, a differential GABA-ergic modulation [76] of the shell and core subdivisions has 

been reported recently. Our present data indicate that the neural basis of this functional 

dichotomy can be  - at least partly -  the notably distinct proportion of the GABA-sensitive 

neurons in these regions. 

 

2. ”Exogenous” chemical sensitivity 
 

As a specific motivation, the hunger appears at the beginning, appetitive phase of the 

feeding process, and the animal starts to search for food because of that. The initiative phase 

comes next, and this is controlled by the sight, smell and taste of the food, moreover, by the 

physiological changes caused by these sensory-perceptual factors. Gustation crucially determines 

the choice of foods and fluids, so that this is the most important external sensory determinant of 

the hedonic-motivational control during food intake. 

 

2.1 Electrophysiological-neurochemical properties 

 

The existence of taste responsive neurons in the NAcc was proven in our experiments. 

Our findings clearly showed that the proportion of GM neurons was remarkably higher among 

the gustatory cells compared to those which did not respond to tastes. It is worth noting that GM 

neurons of the NAcc displayed higher sensitivity to the aversive taste qualities. The GM taste-

neurons responded characteristically to two or more taste stimuli, so these cells probably play an 

integrative role in the central feeding control by a common estimation of the relevant exogenous 

chemical stimuli. The GIS taste cells mostly responded to only one gustatory stimulus, indicating 
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that these neurons rather play a discriminative role in the central taste information processing. 

Postulated differential functions of the GM and GIS neurons in the taste information processing 

has already been demonstrated by results of our previous experiments performed in other 

forebrain structures [33,56,57]. 

The involvement of NAcc in hedonic-motivational regulation is well known, and it is also 

clear that the DA-ergic system plays an important role in these mechanisms. Related studies 

elucidated that dynamic, receptor mechanism dependent change of the DA neurotransmission in 

the accumbens is the indispensable condition and concomitant phenomenon of the reinforcing 

process [109,110,113-115]. Experimental findings provided evidence for that the DA level 

increases during reinforcement [69,70,108], at the same time, for that before the acquisition of 

conditioned taste aversion the unconditioned, whereas after pairing the conditioned stimulus 

causes decreasing levels of DA [116]. 

It was demonstrated in our present investigations that taste stimulation associated 

neuronal activity changes could be prevented or suspended by preceding or simultaneous 

microelectrophoretic administration of D1 and/or D2 receptor antagonist. These findings  - in 

concordance with previous results of our research group [56,57] -  substantiate our hypothesis 

concerning the determinant role of limbic forebrain DA neurotransmission in the central taste 

information processing. 

 

2.2 Gustatory disturbances revealed in behavioral experiments 

 

It is known from previous studies that both subregions of the NAcc take part in taste-

associated motivational and learning mechanisms [72,73]. It was revealed in our conditioned 

taste aversion experiments that this strong adaptive function suffers deficit after the STZ 

microinjection induced selective destruction of GM neurons; this learned form of avoidance 

behavior does not develop in the animals of  the STZ treated group. It is consequently supposed 

that the loss of GM cells of the NAcc leads to serious hedonic-motivational and consecutive taste 

information processing learning deficits. This hypothesis is also substantiated by our previously 

mentioned electrophysiological data. 

The alterations observed in our taste reactivity tests elucidated the complexity of gustatory 

disturbances seen after STZ microinjection into the NAcc. Although the neurotoxin treated 
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animals also showed more ingestive than aversive patterns to the pleasant tastes, the behavioral 

acceptance to the ingestive tastes was still less pronounced in the STZ treated rats. Gustatory 

disturbances elicited by the STZ microinjection were even more obvious in case of behavioral 

responsiveness to the unpleasant tastes. The neurotoxin treated animals felt the aversive tastes 

significantly more pleasant than rats in the control group: they showed less aversive patterns, and 

there was no significant difference between their ingestive and aversive patterns displayed to the 

unpleasant tastes. These findings prove that though the ability of recognizing tastes is not totally 

lost by destruction of the GM cells in the NAcc,  nevertheless, the hedonic-motivational 

estimation of exogenous chemical stimuli gets remarkably disturbed. It can be stated that after the 

STZ treatment the „perceptual monitoring” of tastes has got altered, so that difficulties occurred 

especially in the recognition of and adequate (adaptive) responding to the unpleasant tastes. This 

notion is also substantiated by our previous electrophysiological observations revealing a 

remarkably higher responsiveness of the GM neurons to the unpleasant than to the pleasant tastes. 

The physiological significance of gustatory disturbances unraveled in our behavioral 

experiments can hardly be disputed. Consequences of STZ microinjection into the NAcc 

obviously influence the selection of foods since these adaptive processes help the animal to 

decide which foods -  with characteristic taste  - must be avioded. The recognition and distinction 

of tastes is of decisive importance at this first step of processes involved in self-maintenance. If 

there is an abnormal sensation already at this level, then, the adequate behavioral form does not 

work effectively; on the one hand, the animal could consume harmful, poisonous ”food” objects, 

on the other hand, it could reject a favourable, high energy content food, this way becoming 

handicapped compared to its healthy conspecific mates. 

The involvement of several brain structures (OBF, AMY, LHA, GP) has already been 

proven in the central taste information processing [38,55,56,117-121]. It is well known, that the 

NAcc is tightly interconnected with these structures [77-79], and the data of literature verify that 

the NAcc itself plays direct role in the central control of gustatory functions [73,122-128]. This 

notion, on the one hand, is confirmed by findings of our behavioral and electrophysiological 

experiments, on the other hand, it was even further elaborated especially with regard to 

elucidating the complex, integrative role of accumbens GM neurons. 
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3. Metabolic alterations 

 

According to our present results selective destruction of GM neurons in the nucleus 

accumbens leads to multiple metabolic changes. Behavioral-metabolic experiments of our 

laboratory previously demonstrated that STZ microinjection into the VMH or OBF causes 

metabolic deficits similar to those seen in type 2 diabetes mellitus [34]. 

The STZ treatment of NAcc resulted in similar consequences to the above. In addition to 

the pathological alteration of carbohydrate metabolism revealed in glucose tolerance test, we also 

demonstrated the disturbance of fat metabolism (with decreasing level of total cholesterol and 

triglycerides), and the elevation of plasma uric acid concentration as well. This latter change is in 

harmony not only with our previous results [34] but with the activation of proteolytic processes 

experienced in diabetes mellitus, and also with data of literature concerning the consequent 

hyperuricemia in these pathological conditions [129,130]. Our dyslipidemic results well fit in the 

line of previous observations that showed the alterations of the concentration of cholesterol and 

even more of those of the lipoprotein fractions (VLDL, LDL, HDL) in both types of DM [131-

133]. 

The differences of these symptoms after interventions in various brain regions, on the one 

hand, refer to the obviously differential roles of these structures -  VMH, OBF, NAcc  - in the 

regulation of metabolism. On the other hand, the striking fact should also be emphasized that 

peripheral metabolic changes take place very quickly, necessarily due to neural mechanisms 

induced by the manipulation of a specific group of neurons in a circumscribed brain region. The 

direction and the dynamics of these alterations are probably influenced by many factors, among 

others the actual plasma insulin and the leptin concentrations [134], therefore, the extension of 

metabolic measurements in this direction is indispensable in our further experiments. 

Nevertheless, it has been clearly proven that destruction of the forebrain GM neurons causes 

major alterations of the carbohydrate, fat and protein metabolism, in several aspects similar to 

those seen in type 2 DM. 

The present findings, along with our results on complex functional attributes of the GM 

neurons and on the perceptual-motivational changes seen after STZ microinjection, all support 

our hypothesis that these specific neurons play essential role in the preservation of homeostatic 

balance in the healthy organism. If this is true, it is reasonable to suppose that the damage to 
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these chemosensory cells because of any reason will necessarily disturb the balance of 

homeostasis that further on can elicit and maintain feeding and metabolic illnesses. 

 

IV. General conclusions 
 

Nowadays, because of their increasing public health significance, the studying of 

processes in the background of feeding and metabolic disorders becomes more and more 

important. The obesity, the diabetes mellitus and the metabolic syndrome are already considered 

widespread ”epidemias” involving major part of the population. In developed countries, more 

than 25 percent of diseases -  many with extreme mortality  - are of, at least partially, metabolic 

ethiology. The present, generally accepted medical-clinical view put in the focus the peripheral 

processes and pathological deviations during establishing the diagnosis and designing the therapy 

of these illnesses. At the same time, however, a central origin or CNS involvement is more and 

more suggested or even proven in case of the above diseases. Our investigations provided 

evidence for that the damage or destruction of the GM neurons in the NAcc lead to an internal 

imbalance of the organism. The better understanding of NAcc and other brain structures 

important in the maintenance of homeostasis, and that of the functioning of their specific 

chemosensory neurons should be of outstanding significance with respect to recognizing the 

pathological processes in the background of alimentary and metabolic diseases. This could 

subsequently lead to more effective prevention and development of successful therapeutic 

strategies of these diseases. 

 
 
 
 
 
 
 
 
 
 
 



 22

References 
 
1. Oomura Y. Input-output organization in the hypothalamus relating to food intake 

behavior. In Handbook of the hypothalamus. Morgane P, Panksepp J, (editors). New 
York: Marcel Dekker; 1980. pp. 557-620. 

2. Morrison SD, Barrnett RJ, Mayer J. Localization of lesions in the lateral hypothalamus of 
rats with induced adipsia and aphagia. Am J Physiol 1958; 193(1):230-234. 

3. Montemurro DG, Stevenson JA. Adipsia produced by hypothalamic lesions in the rat. 
Can J Biochem Physiol 1957; 35(1):31-37. 

4. Anand BK, Brobeck JR. Localization of a "feeding center" in the hypothalamus of the rat. 
Proc Soc Exp Biol Med 1951; 77(2):323-324. 

5. Hetherington A, Ranson S. Hypothalamic lesion and adiposity in tha rat. Anat. Rec. 
1940; 78:149-172. 

6. Morgane PJ, Kosman AJ. Alterations in feline behaviour following bilateral 
amygdalectomy. Nature 1957; 180(4586):598-600. 

7. Fonberg E, Del Gado JM. Avoidance and alimentary reactions during amygdala 
stimulation. J Neurophysiol 1961; 24:651-664. 

8. Mogensen J, Divac I. Behavioural changes after ablation of subdivisions of the rat 
prefrontal cortex. Acta Neurobiol Exp (Wars) 1993; 53(3):439-449. 

9. Robertson A, Laferriere A. Disruption of the connections between the mediodorsal and 
sulcal prefrontal cortices alters the associability of rewarding medial cortical stimulation 
to place and taste stimuli in rats. Behav Neurosci 1989; 103(4):770-778. 

10. Eichenbaum H, Clegg RA, Feeley A. Reexamination of functional subdivisions of the 
rodent prefrontal cortex. Exp Neurol 1983; 79(2):434-451. 

11. Kolb B, Nonneman AJ. Prefrontal cortex and the regulation of food intake in the rat. J 
Comp Physiol Psychol 1975; 88(2):806-815. 

12. Schoenbaum G, Eichenbaum H. Information coding in the rodent prefrontal cortex. I. 
Single-neuron activity in orbitofrontal cortex compared with that in pyriform cortex. J 
Neurophysiol 1995; 74(2):733-750. 

13. Rolls ET, Yaxley S, Sienkiewicz ZJ. Gustatory responses of single neurons in the 
caudolateral orbitofrontal cortex of the macaque monkey. J Neurophysiol 1990; 
64(4):1055-1066. 

14. Rolls ET. The orbitofrontal cortex. Philos Trans R Soc Lond B Biol Sci 1996; 
351(1346):1433-1443; discussion 1443-1434. 

15. Rolls ET. Taste and olfactory processing in the brain and its relation to the control of 
eating. Crit Rev Neurobiol 1997; 11(4):263-287. 

16. Karádi Z, Lukáts B, Papp S, et al. Involvement of forebrain glucose-monitoring neurons 
in taste information processing: electrophysiological and behavioral studies. Chemical 
Senses 2005; 30:168-169. 

17. Levine MS, Schwartzbaum JS. Sensorimotor functions of the striatopallidal system and 
lateral hypothalamus and consummatory behavior in rats. J Comp Physiol Psychol 1973; 
85(3):615-635. 

18. Levine MS, Ferguson N, Kreinick CJ, Gustafson JW, Schwartzbaum JS. Sensorimotor 
dysfunctions and aphagia and adipsia following pallidal lesions in rats. J Comp Physiol 
Psychol 1971; 77(2):282-293. 



 23

19. Lénárd L, Sarkisian J, Szabó I. Sex-dependent survival of rats after bilateral pallidal 
lesions. Physiol Behav 1975; 15(5):389-397. 

20. Morgane PJ. Alterations in feeding and drinking behavior of rats with lesions in globi 
pallidi. Am J Physiol 1961; 201:420-428. 

21. Grill HJ, Smith GP. Cholecystokinin decreases sucrose intake in chronic decerebrate rats. 
Am J Physiol 1988; 254(6 Pt 2):R853-856. 

22. Ahlskog JE, Hoebel BG. Overeating and obesity from damage to a noradrenergic system 
in the brain. Science 1973; 182(108):166-169. 

23. Ungerstedt U. Adipsia and aphagia after 6-hydroxydopamine induced degeneration of the 
nigro-striatal dopamine system. Acta Physiol Scand Suppl 1971; 367:95-122. 

24. Marshall JF, Richardson JS, Teitelbaum P. Nigrostriatal bundle damage and the lateral 
hypothalamic syndrome. J Comp Physiol Psychol 1974; 87(5):808-830. 

25. Lénárd L, Karádi Z, Szabó I, Hahn Z. Pallidal mechanism in the organization of feeding 
and sensorymotor integration. In Recent Developments of Neurobiology in Hungary 
1982; 1:79-113. 

26. Lénárd L. Sex-dependent body weight loss after bilateral 6-hydroxydopamine injection 
into the globus pallidus. Brain Res 1977; 128(3):559-568. 

27. Mayer J. Regulation and energy intake and the body weight. The glucostatic theory and 
the lipostatic mechanism. Annals New York Academy of Sciences 1955; 63:15-49. 

28. Oomura Y, Ono T, Ooyama H, Wayner MJ. Glucose and osmosensitive neurones of the 
rat hypothalamus. Nature 1969; 222(190):282-284. 

29. Oomura Y, Yoshimatsu H. Neural network of glucose monitoring system. J Auton Nerv 
Syst 1984; 10(3-4):359-372. 

30. Nakano Y, Oomura Y, Lénárd L, et al. Feeding-related activity of glucose- and morphine-
sensitive neurons in the monkey amygdala. Brain Res 1986; 399(1):167-172. 

31. Anand BK, Chhina GS, Sharma KN, Dua S, Singh B. Activity of single neurons in the 
hypothalamic feeding centers: effect of glucose. Am. J. Physiol. 1964; 207(5):1146-1154. 

32. Lénárd L, Karádi Z, Faludi B, et al. Glucose-sensitive neurons of the globus pallidus: I. 
Neurochemical characteristics. Brain Res Bull 1995; 37(2):149-155. 

33. Karádi Z, Faludi B, Lénárd L, et al. Glucose-sensitive neurons of the globus pallidus: II. 
Complex functional attributes. Brain Res Bull 1995; 37(2):157-162. 

34. Karádi Z, Lukáts B, Papp S, Takács G, Egyed R, Lénárd L. The central glucose-
monitoring neural network: major protector of the adaptive homeostatic balance for well 
being of the organism. International Congress Series 2004; 1269:30-33. 

35. Levin BE. Metabolic sensors: viewing glucosensing neurons from a broader perspective. 
Physiol Behav 2002; 76(3):397-401. 

36. Adachi A, Shimizu N, Oomura Y, Kobashi M. Convergence of hepatoportal glucose-
sensitive afferent signals to glucose-sensitive units within the nucleus of the solitary tract. 
Neurosci Lett 1984; 46(2):215-218. 

37. Karádi Z, Faludi B, Czurkó A, Niedetzky C, Lénárd L. Gustatory and olfactory responses 
of chemosensitive pallidal neurons. In K. Kurihara, N. Suzuki, H. Ogawa, (Eds.), 
Olfaction and Taste IX. 1994:357-358. 

38. Karádi Z, Oomura Y, Nishino H, Scott TR, Lénárd L, Aou S. Complex attributes of 
lateral hypothalamic neurons in the regulation of feeding of alert rhesus monkeys. Brain 
Res Bull 1990; 25(6):933-939. 



 24

39. Karádi Z, Faludi B, Hernádi I, Vígh J, Lénárd L. Orbitofrontal neurons process both 
endogenous and exogenous chemical information. Functional Organization of Associate 
Cortices, Satellite Symposium of the IVth IBRO Congress, Inuyama, Japan 1995:10. 

40. Oomura Y, Ooyama H, Sugimori N, Nakamura T, Yamada Y. Glucose inhibition of the 
glucose-sensitive neurons in the lateral hypothalamus. Nature 1974; 247:284-286. 

41. Karádi Z, Lukáts B, Hernádi I, et al. Complex attributes of chemosensory neurons in the 
nucleus accumbens of the rat. Neurobiology 2002:9-10. 

42. Karádi Z, Lukáts B, Papp S, Szalay C, Göde J, Lénárd L. New sites of the central glucose-
monitoring system: The nucleus accumbens and the mediodorsal prefrontal cortex. 
Pathophysiol. Suppl. 2002. 

43. Karádi Z, Faludi B, Hernádi I, Lénárd L. Role of forebrain glucose-monitoring neurons in 
the central control of feeding: II. Complex functional attributes. Neurobiology (Bp) 1995; 
3(3-4):241-256. 

44. Karádi Z, Egyed R, Hernádi I, Lukáts B, Lénárd L. Integrative processing of endogenous 
and exogenous chemical signals by glucose-monitoring neurons of the primate 
orbitofrontal cortex. Appetite 1998; 31(2):263. 

45. Lénárd L, Karádi Z, Faludi B, Hernádi I. Role of forebrain glucose-monitoring neurons in 
the central control of feeding: I. Behavioral properties and neurotransmitter sensitivities. 
Neurobiology (Bp) 1995; 3(3-4):223-239. 

46. Adachi A, Kobashi M. Convergence of hepatic gluco- and osmoresponsive inputs on 
chemoresponsive units in the medulla oblongata of rat. In: Oomura, Y., ed. Emotions, 
Neuronal and Chemical Control. Tokyo: Japan Scientific Societies Press 1986:103-
113. 

47. Lénárd L, Faludi B, Karádi Z, Czurkó A, Vida I, Niedetzky C. Responses of pallidal 
neurons to microelectrophoretically applied glucose and neurochemicals. In The Basal 
Ganglia IV. Percheron G, McKenzie JS, Féger J, (editors). New York: Plenum Press; 
1994. pp. 239-244. 

48. Hanai K, Oomura Y, Kai Y, et al. Central action of acidic fibroblast growth factor in 
feeding regulation. Am J Physiol 1989; 256(1 Pt 2):R217-223. 

49. Inokuchi A, Oomura Y, Shimizu N, Yamamoto T. Central action of glucagon in rat 
hypothalamus. Am J Physiol 1986; 250(1 Pt 2):R120-126. 

50. Ishibashi S, Oomura Y, Okajima T. Facilitatory and inhibitory effects of TRH on lateral 
hypothalamic and ventromedial neurons. Physiol Behav 1979; 22(4):785-787. 

51. Shimizu N, Oomura Y. Calcitonine-induced anorexia in rats: evidence for its inhibitory 
action on lateral hypothalamic chemosensitive neurons. Brain Res. Bull. 1986; 367:128-
140. 

52. Aou S, Oomura Y, Lénárd L, et al. Behavioral significance of monkey hypothalamic 
glucose-sensitive neurons. Brain Res 1984; 302(1):69-74. 

53. Karádi Z, Oomura Y, Nishino H, Aou S. Olfactory coding in the monkey lateral 
hypothalamus: behavioral and neurochemical properties of odor-responding neurons. 
Physiol Behav 1989; 45(6):1249-1257. 

54. Karádi Z, Oomura Y, Scott T, Nishino H. Gustatory coding of lateral hypothalamic and 
amygdaloid glucose-sensitive and insensitive neurons in the rhesus monkey. In: 
Kawamura, Y. ed Proc. Umami Forum, SRUT, Tokyo 1989:45-58. 

55. Karádi Z, Oomura Y, Nishino H, Scott TR, Lénárd L, Aou S. Lateral hypothalamic and 
amygdaloid neuronal responses to chemical stimuli in the rhesus monkey. In: H. Morita. 
(Ed.), Proceedings 22nd Japanese Symposium on Taste and Smell 1988:121-124. 



 25

56. Karádi Z, Oomura Y, Nishino H, Scott TR, Lénárd L, Aou S. Responses of lateral 
hypothalamic glucose-sensitive and glucose-insensitive neurons to chemical stimuli in 
behaving rhesus monkeys. J Neurophysiol 1992; 67(2):389-400. 

57. Karádi Z, Scott TR, Oomura Y, Nishino H, Aou S, Lénárd L. Complex functional 
attributes of amygdaloid gustatory neurons in the rhesus monkey. Ann N Y Acad Sci 
1998; 855:488-492. 

58. Lénárd L, Oomura Y, Nishino H, Aou S, Nakano Y, Yamamoto Y. Activity in monkey 
lateral hypothalamus during operant feeding: food intake in rats. Tokyo: Japan Scientific 
Societies Press 1986:45-55. 

59. Nishino H, Oomura Y, Karádi Z, et al. Internal and external information processing by 
lateral hypothalamic glucose-sensitive and insensitive neurons during bar press feeding in 
the monkey. Brain Res Bull 1988; 20(6):839-845. 

60. Oomura Y. Modulation of prefrontal and hypothalamic activity by chemical senses in the 
chronic monkey. In Umami: A basic taste. Kawamura Y, Kam MR, (editors). New York: 
Marcel Dekker Inc.; 1987. pp. 481-509. 

61. Jetton TL, Liang Y, Pettepher CC, et al. Analysis of upstream glucokinase promoter 
activity in transgenic mice and identification of glucokinase in rare neuroendocrine cells 
in the brain and gut. J Biol Chem 1994; 269(5):3641-3654. 

62. Jetton TL, Postic C, Niswender KD, Moates MJ, Magnuson MA. Glucokinase in 
extrapancreatic neural and neuroendocrine cells. In: Baba, S. & Kaneko, T. eds. 
Diabetes 1994, Elsevier, Amsterdam 1994:193-197. 

63. Ashford ML, Boden PR, Treherne JM. Glucose-induced excitation of hypothalamic 
neurones is mediated by ATP-sensitive K+ channels. Pflugers Arch 1990; 415(4):479-
483. 

64. Dunn-Meynell AA, Rawson NE, Levin BE. Distribution and phenotype of neurons 
containing the ATP-sensitive K+ channel in rat brain. Brain Res 1998; 814(1-2):41-54. 

65. Spanswick D, Smith MA, Groppi VE, Logan SD, Ashford ML. Leptin inhibits 
hypothalamic neurons by activation of ATP-sensitive potassium channels. Nature 1997; 
390(6659):521-525. 

66. Leloup C, Arluison M, Lepetit N, et al. Glucose transporter 2 (GLUT 2): expression in 
specific brain nuclei. Brain Res 1994; 638(1-2):221-226. 

67. Li B, Xi X, Roane DS, Ryan DH, Martin RJ. Distribution of glucokinase, glucose 
transporter GLUT2, sulfonylurea receptor-1, glucagon-like peptide-1 receptor and 
neuropeptide Y messenger RNAs in rat brain by quantitative real time RT-PCR. Brain 
Res Mol Brain Res 2003; 113(1-2):139-142. 

68. Arluison M, Quignon M, Nguyen P, Thorens B, Leloup C, Penicaud L. Distribution and 
anatomical localization of the glucose transporter 2 (GLUT2) in the adult rat brain--an 
immunohistochemical study. J Chem Neuroanat 2004; 28(3):117-136. 

69. Radhakishun FS, van Ree JM, Westerink BH. Scheduled eating increases dopamine 
release in the nucleus accumbens of food-deprived rats as assessed with on-line brain 
dialysis. Neurosci Lett 1988; 85(3):351-356. 

70. Hernandez L, Hoebel BG. Feeding and hypothalamic stimulation increase dopamine 
turnover in the accumbens. Physiol Behav 1988; 44(4-5):599-606. 

71. Maldonado-Irizarry CS, Kelley AE. Excitotoxic lesions of the core and shell subregions 
of the nucleus accumbens differentially disrupt body weight regulation and motor activity 
in rat. Brain Res Bull 1995; 38(6):551-559. 



 26

72. Yasoshima Y, Scott TR, Yamamoto T. Memory-dependent c-Fos expression in the 
nucleus accumbens and extended amygdala following the expression of a conditioned 
taste aversive in the rat. Neuroscience 2006; 141(1):35-45. 

73. Mark GP, Weinberg JB, Rada PV, Hoebel BG. Extracellular acetylcholine is increased in 
the nucleus accumbens following the presentation of an aversively conditioned taste 
stimulus. Brain Res 1995; 688(1-2):184-188. 

74. Kelley AE. Neural integrative activities of nucleus accumbens subregions in relation to 
learning and motivation. Psychobiology 1999; 27:198-213. 

75. Cardinal RN, Parkinson JA, Hall J, Everitt BJ. Emotion and motivation: the role of the 
amygdala, ventral striatum, and prefrontal cortex. Neurosci Biobehav Rev 2002; 
26(3):321-352. 

76. Kelley AE, Baldo BA, Pratt WE, Will MJ. Corticostriatal-hypothalamic circuitry and food 
motivation: integration of energy, action and reward. Physiol Behav 2005; 86(5):773-
795. 

77. Groenewegen HJ, Russchen FT. Organization of the efferent projections of the nucleus 
accumbens to pallidal, hypothalamic, and mesencephalic structures: a tracing and 
immunohistochemical study in the cat. J Comp Neurol 1984; 223(3):347-367. 

78. Brog JS, Salyapongse A, Deutch AY, Zahm DS. The patterns of afferent innervation of 
the core and shell in the "accumbens" part of the rat ventral striatum: 
immunohistochemical detection of retrogradely transported fluoro-gold. J Comp Neurol 
1993; 338(2):255-278. 

79. Zahm DS, Jensen SL, Williams ES, Martin JR, 3rd. Direct comparison of projections 
from the central amygdaloid region and nucleus accumbens shell. Eur J Neurosci 1999; 
11(4):1119-1126. 

80. Voorn P, Gerfen CR, Groenewegen HJ. Compartmental organization of the ventral 
striatum of the rat: immunohistochemical distribution of enkephalin, substance P, 
dopamine, and calcium-binding protein. J Comp Neurol 1989; 289(2):189-201. 

81. Zahm DS. An integrative neuroanatomical perspective on some subcortical substrates of 
adaptive responding with emphasis on the nucleus accumbens. Neurosci Biobehav Rev 
2000; 24(1):85-105. 

82. Berendse HW, Groenewegen HJ. Restricted cortical termination fields of the midline and 
intralaminar thalamic nuclei in the rat. Neuroscience 1991; 42(1):73-102. 

83. Berendse HW, Voorn P, te Kortschot A, Groenewegen HJ. Nuclear origin of thalamic 
afferents of the ventral striatum determines their relation to patch/matrix configurations in 
enkephalin-immunoreactivity in the rat. J Chem Neuroanat 1988; 1(1):3-10. 

84. Bouyer JJ, Joh TH, Pickel VM. Ultrastructural localization of tyrosine hydroxylase in rat 
nucleus accumbens. J Comp Neurol 1984; 227(1):92-103. 

85. Totterdell S, Smith AD. Convergence of hippocampal and dopaminergic input onto 
identified neurons in the nucleus accumbens of the rat. J Chem Neuroanat 1989; 
2(5):285-298. 

86. Nurse B, Russell VA, Taljaard JJ. Effect of chronic desipramine treatment on 
adrenoceptor modulation of [3H]dopamine release from rat nucleus accumbens slices. 
Brain Res 1985; 334(2):235-242. 

87. Angulo JA, McEwen BS. Molecular aspects of neuropeptide regulation and function in 
the corpus striatum and nucleus accumbens. Brain Res Brain Res Rev 1994; 19(1):1-28. 

88. Panula P, Pirvola U, Auvinen S, Airaksinen MS. Histamine-immunoreactive nerve fibers 
in the rat brain. Neuroscience 1989; 28(3):585-610. 



 27

89. Stratford TR, Kelley AE. GABA in the nucleus accumbens shell participates in the central 
regulation of feeding behavior. J Neurosci 1997; 17(11):4434-4440. 

90. Mendoza J, Angeles-Castellanos M, Escobar C. Differential role of the accumbens shell 
and core subterritories in food-entrained rhythms of rats. Behav Brain Res 2005; 
158(1):133-142. 

91. Pellegrino LJ, Pellegrino AS, Cushman AJ. A Stereotaxic Atlas of the Rat Brain. Plenum 
Press: New York, 1979. 

92. Snider S, Lee JC. A Stereotaxic Atlas of the Monkey Brain (Macaca mulatta). University 
of Chicago Press: Chicago, 1961. 

93. Saleem K, Logothetis N. A combined MRI and histology atlas of the rhesus monkey 
brain. Elsevier and Academic press 2007. 

94. Grill HJ, Norgren R. The taste reactivity test. I. Mimetic responses to gustatory stimuli in 
neurologically normal rats. Brain Res 1978; 143(2):263-279. 

95. Meredith G, Wouterlood F. Synaptic organization of nucleus accumbens (ventral 
striatum). In: Bernardi G et al. (eds) The Basal Ganglia III. Plenum Press, New York 
1990:167-176. 

96. Graybiel AM. Compartmental organization of the mammalian striatum. Prog Brain Res 
1983; 58:247-256. 

97. Gerfen CR, Baimbridge KG, Miller JJ. The neostriatal mosaic: compartmental 
distribution of calcium-binding protein and parvalbumin in the basal ganglia of the rat and 
monkey. Proc Natl Acad Sci U S A 1985; 82(24):8780-8784. 

98. Gerfen CR, Young WS, 3rd. Distribution of striatonigral and striatopallidal peptidergic 
neurons in both patch and matrix compartments: an in situ hybridization histochemistry 
and fluorescent retrograde tracing study. Brain Res 1988; 460(1):161-167. 

99. Zahm DS, Heimer L. Ventral striatopallidal parts of the basal ganglia in the rat: I. 
Neurochemical compartmentation as reflected by the distributions of neurotensin and 
substance P immunoreactivity. J Comp Neurol 1988; 272(4):516-535. 

100. Meredith GE, Blank B, Groenewegen HJ. The distribution and compartmental 
organization of the cholinergic neurons in nucleus accumbens of the rat. Neuroscience 
1989; 31(2):327-345. 

101. Sawaya MC, Dolphin A, Jenner P, Marsden CD, Meldrum BS. Noradrenaline-sensitive 
adenylate cyclase in slices of mouse limbic forebrain: characterisation and effect of 
dopaminergic agonists. Biochem Pharmacol 1977; 26(20):1877-1884. 

102. Kelley AE. Ventral striatal control of appetitive motivation: role in ingestive behavior and 
reward-related learning. Neurosci Biobehav Rev 2004; 27(8):765-776. 

103. Stratford TR, Kelley AE. Evidence of a functional relationship between the nucleus 
accumbens shell and lateral hypothalamus subserving the control of feeding behavior. J 
Neurosci 1999; 19(24):11040-11048. 

104. Meredith GE, Pattiselanno A, Groenewegen HJ, Haber SN. Shell and core in monkey and 
human nucleus accumbens identified with antibodies to calbindin-D28k. J Comp Neurol 
1996; 365(4):628-639. 

105. Ungerstedt U. Stereotaxic mapping of the monoamine pathways in the rat brain. Acta 
Physiol Scand Suppl 1971; 367:1-48. 

106. Beckstead RM, Domesick VB, Nauta WJ. Efferent connections of the substantia nigra and 
ventral tegmental area in the rat. Brain Res 1979; 175(2):191-217. 

107. Oades R, Halliday G. Ventral temental (A10) system: neurobiology. Brain Res Rev 
1987; 12:117-165. 



 28

108. Di Chiara G, Imperato A. Drugs abused by humans preferentially increase synaptic 
dopamine concentrations in the mesolimbic system of freely moving rats. Proc. Nat. 
Acad. Sci. 1988; 85:5247-5278. 

109. Broekkamp CL, Van Rossum JM. The effect of microinjections of morphine and 
haloperidol into the neostriatum and the nucleus accumbens on self-stimulation 
behaviour. Arch Int Pharmacodyn Ther 1975; 217(1):110-117. 

110. Lyness WH, Friedle NM, Moore KE. Destruction of dopaminergic nerve terminals in 
nucleus accumbens: effect on d-amphetamine self-administration. Pharmacol Biochem 
Behav 1979; 11(5):553-556. 

111. Lénárd L, Hernandez L, Hoebel BG. Self-injection of amphetmine directly into the 
nucleus accumbens. Proc IUPS, XIV:545., No2217 1980. 

112. Hoebel BG, Monaco AP, Hernandez L, Aulisi EF, Stanley BG, Lénárd L. Self-injection 
of amphetamine directly into the brain. Psychopharmacology (Berl) 1983; 81(2):158-
163. 

113. Roberts DC, Corcoran ME, Fibiger HC. On the role of ascending catecholaminergic 
systems in intravenous self-administration of cocaine. Pharmacol Biochem Behav 1977; 
6(6):615-620. 

114. Shippenberg TS, Herz A. Place preference conditioning reveals the involvement of D1-
dopamine receptors in the motivational properties of mu- and kappa-opioid agonists. 
Brain Res 1987; 436(1):169-172. 

115. Shippenberg TS, Herz A. Motivational effects of opioids: influence of D-1 versus D-2 
receptor antagonists. Eur J Pharmacol 1988; 151(2):233-242. 

116. Mark GP, Blander DS, Hoebel BG. A conditioned stimulus decreases extracellular 
dopamine in the nucleus accumbens after the development of a learned taste aversion. 
Brain Res 1991; 551(1-2):308-310. 

117. Yamamoto T, Fujimoto Y. Brain mechanisms of taste aversion learning in the rat. Brain 
Res Bull 1991; 27(3-4):403-406. 

118. Rolls ET, Murzi E, Yaxley S, Thorpe SJ, Simpson SJ. Sensory-specific satiety: food-
specific reduction in responsiveness of ventral forebrain neurons after feeding in the 
monkey. Brain Res 1986; 368(1):79-86. 

119. Norgren R, Leonard CM. Ascending central gustatory pathways. J Comp Neurol 1973; 
150(2):217-237. 

120. Norgren R, Wolf G. Projections of thalamic gustatory and lingual areas in the rat. Brain 
Res 1975; 92(1):123-129. 

121. Norgren R. Taste pathways to hypothalamus and amygdala. J Comp Neurol 1976; 
166(1):17-30. 

122. Ramaswamy C, Ghosh S, Vasudev R. Alteration of preference of food substances in 
terms of taste & nutritional value following the lesion of two subdistricts of nucleus 
accumbens. Indian J Med Res 1998; 108:139-144. 

123. Ramaswamy C, Ghosh B, Vasudev R. Regulatory role of nucleus accumbens in the 
ingestion of sucrose and saccharine. Indian J Exp Biol 1998; 36(8):820-823. 

124. Kelley AE, Bakshi VP, Haber SN, Steininger TL, Will MJ, Zhang M. Opioid modulation 
of taste hedonics within the ventral striatum. Physiol Behav 2002; 76(3):365-377. 

125. Hajnal A, Smith GP, Norgren R. Oral sucrose stimulation increases accumbens dopamine 
in the rat. Am J Physiol Regul Integr Comp Physiol 2004; 286(1):R31-37. 

126. Hajnal A, Norgren R. Taste pathways that mediate accumbens dopamine release by sapid 
sucrose. Physiol Behav 2005; 84(3):363-369. 



 29

127. Norgren R, Hajnal A, Mungarndee SS. Gustatory reward and the nucleus accumbens. 
Physiol Behav 2006; 89(4):531-535. 

128. Ramirez-Lugo L, Nunez-Jaramillo L, Bermudez-Rattoni F. Taste memory formation: role 
of nucleus accumbens. Chem Senses 2007; 32(1):93-97. 

129. Mortimore GE, Poso AR, Lardeux BR. Mechanism and regulation of protein degradation 
in liver. Diabetes Metab Rev 1989; 5(1):49-70. 

130. Krettek JE, Price JL. The cortical projections of the mediodorsal nucleus and adjacent 
thalamic nuclei in the rat. J Comp Neurol 1977; 171(2):157-191. 

131. Puhakainen I, Koivisto VA, Yki-Jarvinen H. Lipolysis and gluconeogenesis from glycerol 
are increased in patients with noninsulin-dependent diabetes mellitus. J Clin Endocrinol 
Metab 1992; 75(3):789-794. 

132. Reed MJ, Meszaros K, Entes LJ, et al. A new rat model of type 2 diabetes: the fat-fed, 
streptozotocin-treated rat. Metabolism 2000; 49(11):1390-1394. 

133. Tavangar K, Murata Y, Pedersen ME, Goers JF, Hoffman AR, Kraemer FB. Regulation 
of lipoprotein lipase in the diabetic rat. J Clin Invest 1992; 90(5):1672-1678. 

134. Friedman DP, Aggleton JP, Saunders RC. Comparison of hippocampal, amygdala, and 
perirhinal projections to the nucleus accumbens: combined anterograde and retrograde 
tracing study in the Macaque brain. J Comp Neurol 2002; 450(4):345-365. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 30

Own publications related to the thesis 

 
I. Papers: 
 
 

1. Karádi, Z., B. Lukáts, Sz. Papp, Cs. Szalay, R. Egyed, L. Lénárd, and G. Takács: 
Involvement of forebrain glucose-monitoring neurons in taste information processing: 
Electrophysiological and behavioral studies. Chemical Senses, 30:168-169, 2005. 

 
2. Papp, Sz., B. Lukáts, G. Takács, Cs. Szalay, Z. Karádi: Glucose-monitoring neurons in the 

nucleus accumbens. NeuroReport , 18(15):1561-1565, 2007. 
 
 
II. Books, chapters, proceedings: 
 
 

1. Karádi, Z., B. Lukáts, Sz. Papp, G. Takács, R. Egyed, and L. Lénárd: The central glucose-
monitoring neural network: major protector of the adaptive homeostatic balance for well 
being of the organism. In: Brain-Inspired IT I, (Eds. H. Nakagawa, K. Ishii and H. 
Miyamoto), International Congress Series Vol. 1269, Elsevier, Amsterdam, pp.30-33, 
2004. 

 
III. Abstracts: 
 
 

1. Papp, Sz., Lukáts, B., Szalay, Cs., Göde, J., Hernádi, I., Kellényi, L. and Karádi, Z.: 
Taste-responsive neurons in the nucleus accumbens of the rat. Neurobiology 9(3-4): P. 
347-348, 2002. 

 
2. Karádi, Z., Lukáts, B., Hernádi, I., Kellényi, L., Papp, Sz., Göde, J., and Szalay, Cs.: 

Complex attributes of chemosensory neurons in the nucleus accumbens of the rat. 
Neurobiology 10(): P. , 2002. 

 
3. Lukáts, B., Papp, Sz., Hernádi, I. and Karádi, Z.: The central glucose-monitoring network: 

Chemosensory neurons in the nucleus accumbens of the rat. IBNS. Vol. 11: P. 33, 2002. 
 
4. Lukáts, B., Sz. Papp, Cs. Szalay, J. Göde, L. Lénárd and Z. Karádi: Gustatory neurons in 

the nucleus accumbens and the mediodorsal profrontal cortex of the rat. Acta Physiol. 
Hung. 89(1-3): 250, 2002. 

 



 31

5. Karádi, Z., B. Lukáts, Sz. Papp, Cs. Szalay, J. Göde and L. Lénárd: New sites of the 
central glucose-monitoring system: the nucleus accumbens and the mediodorsal prefrontal 
cortex. Acta Physiol. Hung. 89(1-3): 245, 2002. 

 
6. Karádi, Z., Lukáts, B., Papp, Sz., Lénárd, L. and Takács, G.: Complex  -‘endogenous’ and 

‘exogenous’ -  chemosensitivity is a general characteristic of glucose-monitoring neurons 
in the rat forebrain. Appetite 40: P. 340, 2003. 

 
7. Karádi, Z., Lukáts, B., Papp, Sz., Lénárd, L., Takács, G. and Ságodi, L.: Complex 

chemical attributes   ‘endogenous’ and ‘exogenous’ chemosensitivity of glucose-
monitoring neurons in the mediodorsal prefrontal cortex. 6th IBRO World Congress, 
Proceedings, P. , 94. 2003. 

 
8. Karádi, Z., Lukáts, B., Papp, Sz., Lénárd, L. and Takács, G.: Complex  - ‘endogenous’ 

and ‘exogenous’ -  chemosensitivity is a general characteristic of glucose-monitoring 
neurons in the rat forebrain. Appetite 40(3): 340, 2003. 

 
9. Karádi, Z., Lukáts, B., Papp, Sz., Takács, G., Egyed, R. and Lénárd, L.: Involvement of 

the forebrain glucose-monitoring network in the organization of adaptive behavioral 
actions. IBRO Workshop, Budapest, 2004. 01. 29-31. 

 
10. Karádi, Z., B. Lukáts, Sz. Papp, G. Takács, R. Egyed, and L. Lénárd: The central glucose-

monitoring neural network: Major protectors of the adaptive homeostatic balance for the 
well-being of the organism. Brain IT 2004, ISBS Abstracts, P.: 59, 2004. 

 
11. Karádi, Z., B. Lukáts, Sz. Papp, L. Lénárd, and G. Takács: Involvement of forebrain 

glucose-monitoring neurons in taste information processing: Electrophysiological and 
behavioral studies. ISOT / JASTS 2004, S1-4-4, P.: 13, 2004. 

 
12. Karádi, Z., B. Lukáts, Sz. Papp, G. Takács, L. Lénárd, R. Egyed, Cs. Szalay, M. Rábai: 

The forebrain glucose-monitoring neural network: multiple roles in the central 
homeostatic regulation. Clinical Neuroscience, 58, Suppl. 1: 47-48, 2005. 

 
13. Papp, Sz., B. Lukáts, G. Takács, Cs. Szalay, M. Rábai, Z. Karádi: Multiple 

chemosensitivity of feeding-associated neurons in the limbic forebrain. Clinical 
Neuroscience, 58, Suppl. 74-75, 2005. 

 
14. Papp Sz., Lukáts B., Takács G., Rábai M., Szalay Cs., Karádi Z.: Endogenous and 

exogenous chemosensitivity of feeding-related limbic neurons. Acta Physiol. Hung., 92 
(3-4): 293, 2005. 

 
15. Takács G., Sz. Papp, B. Lukáts, Cs. Szalay, M. Rábai, T. Inui, T. Yamamoto, L. Lénárd, 

Z. Karádi Taste perception deficit after streptozotocin microinjection into the nucleus 
accumbens of the rat. Acta Physiol. Hung., 93(2-3): 234. 2006. 

 



 32

16. Papp Sz., B. Lukáts, G. Takács, Cs. Szalay, M. Rábai, T. Inui, T. Yamamoto, L. Lénárd, 
Z. Karádi Taste responsive neurons in the limbic forebrain. Acta Physiol. Hung., 93(2-3): 
217. 2006. 

 
17. Papp Sz., Inui, T., Takács G., Szalay Cs., Yamamoto T., Lénárd L., Karádi Z.: Taste 

elicited neuronal activity changes in the limbic forebrain. Clinical Neuroscience, 59, 
Suppl. 1: P. , 2006. 

 
18. Takács G., Inui T., Papp Sz., Szalay Cs., Rábai M., Mészáros L., Yamamoto T., Lénárd 

L., Karádi Z.: Streptozotocin induced taste perception alteration in the nucleus accumbens 
of the rat. Clinical Neuroscience, 59, Suppl. 1: P. , 2006. 

 
19. Papp, Sz., Lukáts, B., Takács G., Szalay Cs., Yamamoto T., Lénárd L., Karádi Z.: 

Gustatory responses of limbic forebrain neurons. FENS A043.13. P.: 115. 2006. 
 

20. Papp, Sz., Takács, G., Szalay, Cs., Lukáts, B., Rábai, M., Fotakos, D., Karádi, Z.: 
Complex chemosensitivity of limbic neurons in the rat and monkey forebrain. Clinical 
Neuroscience, 60, Suppl. 1: 51-52, 2007. 

 
21. Karádi, Z., Lukáts, B., Papp, Sz., Takács, G., Szalay, Cs., Rábai, M., Egyed, R. and 

Lénárd, L.: Homeostatic significance of the forebrain glucose-monitoring neuronal 
network. J.Physiol.Sci. 57(suppl.): S33, 2007. 

 
22. Karádi, Z., Papp, Sz., Szalay, Cs., Lutáts, B., Takács, G., Egyed, R., Rábai, M., Fotakos, 

D. and Lénárd, L.: Forebrain glucose-monitoring neurons and the regulation of 
homeostasis. Obesitol. Hung. (7) 2 Suppl.: P. 23, 2007. 

 
23. Karádi, Z.: Forebrain glucose-monitoring neurons in the homeostatic control. Acta 

Physiol. Hung., 94 (4): P.358, 2007. 
 

24. Papp, Sz., Lukáts, B., Takács, G., Szalay, Cs., Rábai, M., Fotakos, D. and Karádi, Z.: 
Chemosensitive neurons int he nucleus accumbens of the rat and rhesus monkey. Acta 
Physiol. Hung., 94 (4): P.383, 2007. 


