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1. Introduction 

 

The homeostasis, the dynamic equilibrium of the body, maintained by complex 

processes adapting to the continuously changing conditions and challenges of the endogenous 

and exogenous environments, is essential for a healthy life. This balance of the internal milieu 

– as the determinant factor – ensures proper food and fluid intake, maintenance of body 

weight, body temperature control and co-regulation of metabolic rate, in which the plasma 

level of various metabolites remains permanently in the healthy physiological range. Our 

organization achieves the smooth functioning of these processes with the help of complex, 

coordinated control mechanisms, and in this regard the central nervous system plays a 

fundamental integrating role. 

For these reasons, it is essential to define and ascertain as precisely as possible the 

homeostatic regulatory functions of the central nervous system, and in this regard, the 

orbitofrontal cortex and the nucleus accumbens are of particular importance as key 

constituents of the forebrain limbic network. 

The soluble chemical substances, responsible for the taste of food, are detected by taste 

receptors. These receptors, which specifically recognize the five basic taste qualities (sweet, 

salty, sour, bitter and umami) are located at the beginning of the gastrointestinal tract: on the 

tongue, on the palate, in the pharynx, in the epiglottis around larynx and in the initial part of 

the esophagus [7, 73]. According to recent research reports, there are chemoreceptors also in 

the lower parts of the gastrointestinal tract (stomach, small intestine, colon) which are able to 

sense, for example, D-glucose (sweet) [50, 61], sodium glutamate (MSG) (umami) [50, 60], 

and sodium chloride (salt) [50]. 

The D-glucose molecule plays a key role in carbohydrate metabolism and regulation of 

food intake. Electrophysiological studies at the beginning of the second half of the 20
th

 

century have proven that, like in the periphery, there are neurons also in the central nervous 

system which alter their firing rate when locally or systemically glucose is administered [4, 

45, 46]. These neurons, which are capable to detect changes in glucose concentration in the 

extracellular space by a change in membrane potential, are called glucose-monitoring (GM) 

neurons. Based on their responsiveness to glucose, two types can be distinguished: nerve cells 

that increase their firing frequency are the so-called glucose-receptor (GR) neurons, and the 

cells that reduce their firing rate are the so-called glucose-sensitive (GS) neurons. Nerve cells, 
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that use glucose only during their metabolism and do not show responsiveness in its presence, 

are called glucose-insensitive (GIS) neurons [47]. 

 

The presence of neurons forming a network of such chemosensory cells, has been 

proven in several different brain areas: lateral hypothalamic area [5, 17, 19, 22, 47-49], 

ventromedial nucleus of the hypothalamus [14, 22, 26, 36, 47-49, 59, 63], nucleus tractus 

solitarius [1, 3, 37], area postrema [2, 9], amygdala [15, 20, 43, 44], globus pallidus [18, 27], 

nucleus accumbens [52], prefrontal cortex [39-41, 48], orbitofrontal cortex [21, 22, 32-34, 66, 

67]. These glucose-monitoring neurons show responsiveness to both exogenous (e.g. taste, 

odor) and endogenous (e.g. neurotransmitters) chemical and other signals [16, 18, 19, 28], 

thus, play an important role in the integrative and adaptive processing of feeding-relevant 

information. 

Streptozotocin (STZ) is a molecule similar to D-glucose, which was isolated as an 

antibiotic substance at the end of the 1950s from the bacterial strain Streptomyces 

achromogenes, but was used as the only indication in the therapy of metastatic tumors 

originated from pancreatic β-cells. STZ can selectively kill such cells and is, therefore, widely 

used as an animal model for DM type 1 [10, 11, 30, 68]. STZ enters the cells through the 

GLUT2 transporter, where it causes oxidative stress and necrosis by free radical formation 

[13, 30, 56, 68]. 

This effect of STZ can not only be exerted on the periphery, but can also be absorbed by 

the central nervous system GM nerve cells containing GLUT2. When STZ administered 

intracerebrally, these glucose-monitoring neurons are specifically damaged by it, and after 

definitive cessation of their activity, severe feeding and metabolic disturbances, and 

characteristic symptoms of DM type 2-like status develop [22-24]. 

The two sub-divisions of the nucleus accumbens (NAcc) play different roles in the 

regulation of food intake: damage of the shell region causes hyperphagia, while destruction of 

the core region decreases the food intake motivation (hunger) [35]. Cortical structures also 

play a significant role in the central regulation of feeding. Decorticated animals are incapable 

of self-feeding, but foods placed in their mouth are capable of triggering motorized responses, 

such as chewing, swallowing, etc. [72]. The orbitofrontal cortex (OFC) is capable of tuning 

the perception and motor output through its multiple, gustatory and visceral, as well as 

somatosensory and motor inputs, depending on motivational state of the organism [38]. 
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2. Aims 

 

Numerous studies have been conducted on the central regulation of feeding and 

metabolism, however, in many aspects our knowledge is incomplete. Our research team has 

been actively involved in the study of the role of NAcc [52, 70, 71] and OFC [21, 22, 31-34, 

65-67] in food and fluid intake and metabolic regulation processes for decades. In our present 

research, the objectives are: 

1. To determine the endogenous and exogenous chemical sensitivity of the nucleus 

accumbens neurons, extracellular single neuron activity was recorded during 

microelectrophoretic administrations, intraoral taste stimulations and intragastric 

infusions. 

2. To determine the endogenous and exogenous chemical sensitivity of neurons in the 

medial and lateral orbitofrontal cortex, extracellular single neuron activity was 

recorded during microelectrophoretic administrations, intraoral taste stimulations and 

intragastric infusions. 

3. Perfectuating technical and IT inventions by which both data acquisition and 

experimental devices are computer controlled, and data can be analyzed accurately 

and quickly. 

4. After intracerebral administration of streptozotocin, which selectively damages 

GLUT2 receptor containing glucose-monitoring neurons, the role of medial 

orbitofrontal cortical neurons was investigated 

a. in the control functions of blood glucose level during intraperitoneal glucose 

tolerance test; 

b. on metabolic functions by examining a blood sample taken from the tail vein; 

c. in taste sensation during taste reactivity tests; 

d. in learning processes related to taste sensation in conditioned taste-aversion 

experiments. 
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3. Materials and methods 

 

3.1. Subjects 

 

In our experiments, 337 adult male Wistar and Sprague-Dawley rats were used. The 

body weight of the test animals at the start of the studies was 250-350 g. In the rat room, a 

constant temperature (21±2 °C) and humidity (55-60%) were provided. Animals were housed 

in a 12/12 hour light/dark cycle. The rats were kept and cared for in accordance with the 

institutional (BA02/2000; BA0104L 12; ZOHU0104L 08; BA02/2000-8/2012), national (Act 

XXVIII of 1998 on the protection and sparing of animals, Decree No. 40 of 2013 of the 

Hungarian Government, 2013/20) and the international regulations (NIH Guidelines, 1997; 

86/609/EEC Council of Europe, 1986, 2006; 2010/63/EU Directives of the European 

Parliament). 

 

3.2. Electrophysiological experiments 

 

3.2.1. Surgery 

 

For the anesthesia of rats, intraperitoneally administered urethane (0.6 ml/100 µg, 25% 

fresh solution, Sigma) was used. The head of the animals was fixed in a stereotaxic device, 

and in order to avoid their choking due to possible aspiration of the taste solutions, the 

clamping frame was placed at an angle of 15° in the forward tilted position. After cutting the 

scalp and cleaning the skull, a 4-5 mm diameter hole was drilled on the skull with a dental 

drill, and after the dura was incised, the microelectrode was positioned with a 

micromanipulator (MN-33, Narishige, Japan), then we drove it to the target area by means of 

a hydraulic micromanipulator (Narishige MO-10, Japan). Coordinates of NAcc by the brain 

atlas of Pellegrino [54]: AP: B+3.2-3.7; ML: 1.2-1.6; V: 5.6-7.6. The coordinates of OFC 

according to the brain atlas of Paxinos and Watson [53]: medial OFC (mOFC): AP: B+3.8-

4.4; ML: 0.8-1.2; V: 3.0-3.5; lateral OFC (lOFC): AP: B+3.8-4.4; ML: 2.5-3.5; V: 2.5-3.5. 
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3.2.2. Microelectrode 

 

For the extracellular single neuron recordings and for the microelectrophoretic 

administration of neurochemicals, we used a tungsten wire multibarreled glass microelectrode 

manufactured and prepared by our research group. Single neuron activity was recorded via the 

tungsten wire in the central tube, and the solutions used for microiontophoresis were filled 

into 9 capillary tubes surrounding the central tube. The diameter of the tungsten wire was 10 

µm, and it protruded from the tip of the glass electrode by approx. 10 µm. The diameter of the 

orifice in the surrounding tubes was between 0.1 and 0.3 µm. The impedance of the 

microelectrodes used for the recording at 50 Hz was 1.5-6 MΩ. 

 

3.2.3. Signal processing 

 

The extracellularly recorded action potentials, through the tungsten wire in the central 

tube of the electrode, after filtration and amplification (Supertech Kft., Hungary) were 

transferred to an analog/digital converter (CED Micro 1401 mk II, Cambridge Electronic 

Design, Cambridge, UK), so we could save and analyze the signals with the aid of computer. 

Analog signals were continuously monitored on oscilloscope (PeakTech P-1145, Heinz-

Günter Lau GmbH, Ahrensburg, Germany). With the help of the Spike2 program (Cambridge 

Electronic Design, Cambridge, UK), a frequency histogram was created for each nerve cell 

activity, on-line and off-line analyzes were performed using the scripts I wrote. 

 

3.2.4. Microiontophoresis 

 

Microiontophoretic device (NeuroPhore BH-2, Medical Systems, Great Neck, New 

York, USA) was used to deliver solutions filled into the barrel micropipettes of the electrode. 

With this device, an electric potential gradient is created between the surrounding tubes and 

the extracellular space of the given brain area, so that charged particles can be administered 

into the immediate environment of the neurons. The most important factors determining the 

outflow from the electrode’s tip are the ejection current, the material's diffusion constant, the 

hydrostatic pressure gradient, and the degree of electro-osmosis [6, 25, 55]. 
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3.2.5. Neurochemical examinations 

 

Various neurotransmitters and neuromodulators were loaded into the barrel tubes of the 

electrode during neurochemical stimulation. Among others, we studied the neuronal firing 

rate altering effect of the following substances: D-glucose, noradrenaline (NA), dopamine 

(DA), acetylcholine (Ach) and GABA. The effect of each neurochemical was tested at three 

different ejection current levels (±15-90 nA, low-medium-high). Administration was 

performed for 10-15 seconds, and after vaining of the effect had subsided at least one minute 

elapsed before the next microelectrophoretic solution was administered. 

 

3.2.6. Intraoral taste stimulations 

 

We also examined the taste responsiveness of nerve cells during extracellular single 

neuron recording. In case of the gustatory studies, a polyethylene tube was placed into the oral 

cavity of the rats, through which the solutions corresponding to the five basic taste qualities 

were administered at two different concentrations. We also examined the effect of orange 

juice as a complex taste solution. The volume of 1-1.5 ml of taste solutions was injected into 

the oral cavity of the animal in 3-5 seconds. The end of the taste tube is designed to allow the 

taste solution to reach all parts of the oral cavity. The gustatory stimulus presentation was 

followed by rinsing with distilled water, followed by air to purify the system from the taste 

solution. According to our taste stimulation protocol, we waited for at least one minute 

between two administrations of taste solutions. The stereotaxic device was fixed in a position 

such that the head of the experimental animal was lower than its body, so that the 

administered solution spontaneously dripped out from its oral cavity, thus, saving the animal 

from swallowing or aspirating the solution. 

 

3.2.7. Intragastric infusion 

 

For intragastric infusion, during stable anesthesia, a thin polyethylene tube (Hibiki 3, 

Japan) was led into the stomach of the experimental animal with the aid of a gastric probe. 

The effects of the following solutions were examined during the single neuron activity 

recording: NaCl (60 mM and 150 mM), D-glucose (60 mM) and MSG (60 mM). Solutions 

were administered using an infusion pump (Cole-Parmer EW-74900 Multichannel Syringe 

Pumps, Cole-Parmer Instrument Company, Vernon Hills, Illinois, USA) in a volume of  
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1 ml/100 bwg. Waiting for one minute after filling the intragastric tube, preceded the injection 

of the solution at a rate of 18 ml/h. The system was then flushed with distilled water and air, 

and 7 minutes break was held until the next administration.  

 

3.3. Metabolic and behavioral experiments 

 

In order to clarify the metabolic role of the mOFC GM neurons, local STZ 

microinjection was performed. For this purpose, a guide cannula was fixed to the skull of the 

experimental animals, through which we were able to place the infusion delivery cannula in 

the appropriate position in alert rat. 

 

3.3.1. Surgery 

 

For the anesthesia, intraperitoneally injected ketamine (Calypsol, 50 mg/ml; Richter 

Gedeon Plc., Hungary; 0.3 ml / 100 µg) was used. The head of the animals was fixed in a 

stereotaxic apparatus, and then a longitudinal incision was cut on the scalp. After cleaning the 

skull surface, a 4-5 mm diameter hole was drilled in front of the Bregma using a dental drill. 

Based on the Paxinos and Watson brain atlas (AP: B+4.2 mm; ML: 0.9 mm) [53], the guide 

cannula was positioned with a micromanipulator (MN-33, Narishige, Japan). 

The guide cannula made of stainless steel tube (23 G) was placed on the surface of the 

dura, and then fixed to the screws and to the skull with dental acrylic. At the end of the 

operation we used antiseptic talcum powder (Tetran, Gedeon Richter Plc., Hungary) and 

closed the wound with staples. 

In animals that were included in the taste reactivity test, a chronic intraoral taste cannula 

made of polyethylene tube (Hibiki No. 4, Inter Medical Co., Ltd., Tokyo, Japan; outer 

diameter: 1.33 mm) was also implanted. The buccal end of the taste cannula has been widened 

previously by melting it over flame, and thus, to prevent this flaired end from slipping in or 

out through the taste tubing track. The taste cannula was led from behind the upper first molar 

tooth to the neck region under the skin, where it was sutured with surgical thread to fix its 

position. After the operation, the condition of the cannulas was checked continuously (did not 

slip, do not prevent the animals in feeding, there is no inflammation), and their permeability is 

sufficient. 

Following a one-week recovery period after surgery, bilateral intra-OFC STZ 

microinjection was performed. 
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3.3.2. Microinjection 

 

In alert, relaxed and hand-hold rats, bilateral microinjection was performed with 

solution containing 7.5 µg of STZ (Sigma S-0130 dissolved in 10 µg/µl of physiological 

saline) (STZ group) or 0.75 µl of physiological saline (control group). The stainless steel 

infusion delivery cannulas (30 G) directed to the mOFC (according to Paxinos and Watson 

brain atlas [53]: AP: B+4.2 mm; ML: 0.9 mm; V: 2.3 mm from the dura) were introduced 

through the previously implanted stainless steel guide cannulas. Infusion cannulas were 

connected via a polyethylene tube to a 25 µl Hamilton microsyringe, and for administration a 

micro-infusion pump (Cole-Parmer EW-74900 Multichannel Syringe Pumps, Cole-Parmer 

Instrument Company, Vernon Hills, Illinois, USA) was used with 0.75 µl/min flow rate. The 

delivery process ended by a 1 minute additional waiting period to complete the diffusion of 

the solution into the target area and prevent it from flowing back when removing the cannula. 

 

3.3.3. Metabolic experiments 

 

After bilateral microinjection of STZ or physiological saline in alert animals, an 

intraperitoneal glucose tolerance test was performed and plasma level of relevant metabolites 

was measured. 

 

3.3.3.1. Intraperitoneal glucose tolerance test 

 

After 12 hours fasting of the test animals, a glucose tolerance test (GTT) was 

performed, in accordance with international standards. Sugar loading was done by 

intraperitoneally administered 20% D-glucose solution (0.2 g/100 bwg/ml) two times, first 20 

minutes after intra-OFC microinjection (acute GTT) as well as 4 weeks later (subacute GTT). 

The blood sample for analysis was obtained from the rat’s tail vein, first before the sugar load 

and then, 9, 18, 30, 60 and 120 minutes after the load. Measurements were performed with a 

semi-automatic manual glucometer (Glucometer Elite, Bayer, Germany). 

 

  



10 
 

3.3.3.2. Measurement of plasma metabolites 

 

Plasma levels of total cholesterol, triglycerides, and uric acid were determined – 

following international standards – after 12 hours of food withdrawal. A blood sample was 

obtained from the tail vein 30 minutes after the intracerebral microinjection, and 

determination of the metabolites was done by using a dry chemistry analyzer (Spotchem EZ 

SP4430, Arkay, Japan). 

 

3.3.4. Behavioral experiments 

 

After bilateral microinjection of STZ or physiological saline solution in alert animals, 

conditioned taste aversion and taste reactivity tests were performed. 

 

3.3.4.1. Conditioned taste aversion 

 

Conditioned taste aversion is a learned behavior which is manifested as avoidance of 

potentially dangerous food items. If gastrointestinal discomfort occurs after eating a given 

food, we will avoid or refuse that food in the future. Conditioned taste aversion already occurs 

after even the first association, and it develops even if it takes hours between the conditional 

(food taste) and the unconditional stimulus (disease). 

During the experiment, we first taught the rats to take their daily fluid in a 30 minutes 

long period between 10:00 am and 10:30 am. After a successful learning period, the guide 

cannula was implanted, and the animal had a week-long recovery period during ad libitum 

could consume water. On the conditioning day (four days after STZ or physiological NaCl 

microinjection), the animals were allowed to consume saccharin for 30 minutes, and 30 

minutes later gastrointestinal discomfort was induced by intraperitoneal administration of 

lithium chloride (0.15 M, 20 ml/bwkg). Then, the animals received water again for 30 minutes 

for 3 days, then on the fourth day (test day), the water was replaced again with saccharin 

solution during the drinking period. Statistical calculations compared the consumption of 

saccharin solution in the STZ treated and control groups on the conditioning and test days. 
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3.3.4.2. Taste reactivity test 

 

Preparation for the taste reactivity test already started in the main operation session 

when, in addition to positioning the guide cannula on the top of the head, a taste cannula was 

also implanted into the oral cavity of the animals. After a one-week recovery period, bilateral 

intra-OFC microinjection of STZ or NaCl took place. In the next 6 days, the rats have got 

accustomed to staying in the plexiglass cylinder used during the experiment, and their taste 

cannula was rinsed daily with distilled water. The taste reactivity test was performed 1 week 

after the intracerebral microinjection. 

To observe the behavioral patterns, facial and locomotory reactions, also the mouth 

movements of the experimental animals, a mirror was fixed at an angle of 45° under the glass 

cylinder (height and diameter: 30 cm each). The behavior of the rats was recorded with a Full 

HD camcorder (Panasonic HC-V270) and analyzed frame by frame. 

The animals received two different concentrations of solutions corresponding to the five 

basic taste qualities. With the help of a micro-infusion pump (Cole-Parmer EW-74900 

Multichannel Syringe Pumps, Cole-Parmer Instrument Company, Vernon Hills, Illinois, 

USA), 0.5 ml of a flavor solution was injected at a constant rate (0.5 ml/min) twice in 1-1 

minute sessions into the oral cavity of the rats through their taste cannula, keeping a short 

break between the two injections. The taste cannula was then rinsed with distilled water and 

blown over with air. 

We used the modified, internationally validated protocol of Grill and Norgren [12, 40, 

64, 69] to evaluate the species-specific mimic, postural and locomotory responses of the 

animals. According to the protocol, the ingestive or accepting reactions are the rhythmic 

mouth movements, the midline and lateral rhythmic tongue protrusion and the paw licking. 

Aversive or rejecting behavioral patterns are the gaping, chin rubbing, head shaking, forelimb 

flailing, and rapid locomotion around the cylinder. 

In the double blind evaluation process, for each taste solution, based on the occurrence, 

intensity, and duration of response patterns, both ingestive and aversive behaviors are scored 

on a 0 to 3 scale by at least three experienced examiners. To calculate the ingestive and 

aversive taste reactivity indices, the average score given by the examiners was divided by the 

maximum score, so the taste reactivity index for each taste solution could be between 0 and 1. 
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3.4. Histology 

 

At the end of all experiments, to determine the relative cannula positions compared to 

the target brain area, the experimental animals were deeply anesthetized with urethane (20%, 

8 ml/bwkg), then were perfused transcardially, first with saline and afterwards with 4% 

formalin. The samples were fixed in 4% formalin, and then 50 μm sections made and stained 

with 0.5% cresyl violet. 

 

3.5. Statistics 

 

In our electrophysiological experiments, on-line and off-line analyzes were performed 

using my own scripts written for the Spike2 v6.16 software. At the time of the evaluation, we 

considered the changes to inhibition or excitation in which cases the firing rate of neurons 

under examination changed by at least ±30% (or ±2 SD) compared to the spontaneous firing 

rate, and when the response was shown to be intensity dependent and repeatable. For 

statistical evaluation of group effects, we used χ
2
 test using the SPSS Statistics 25 (IBM, 

Armonk, New York, USA) software. 

The results of our behavioral and metabolic experiments were evaluated by Student's t-

test and multi-factor analysis of variance (ANOVA) using the above-mentioned program 

package. We used the Tukey’s test for post-hoc comparisons. 

Differences were considered to be significant at p < 0.05. 

 

4. Results 

 

4.1. Results of experiments in the nucleus accumbens 

 

4.1.1. Neurochemical experiments 

 

In the nucleus accumbens, the activity of altogether 161 neurons was examined during 

microelectrophoretic administration of various drugs. In the core region, compared to the 

shell, there was a greater proportion of neurons that altered their firing rate in response to the 

microiontophoretic delivery of D-glucose. In the core, GR cells were the dominant GM units, 

while in the shell, the GS cells were the main representatives of the GM units. 
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Although there was no significant difference between the two regions in sensitivity to 

Ach and DA, the dopamine D1 receptor antagonist SCH 23390 in the core changed the 

response rate of the cells to a greater extent, while the D2 receptor antagonist sulpiride is 

typically more effective in the shell subdivision. 

 

4.1.2. Intraoral taste stimulations 

 

In the nucleus accumbens, altogether 141 neurons were tested for intraoral taste 

stimulation. Neurons responded to intraorally administered salty, sour, umami and bitter taste 

solutions in the shell region in a higher proportion, while to the sweet taste in the core region. 

The orange juice used as a complex taste solution, affected the neurons in the same ratio in 

both areas. 

 

4.1.3. Intragastric infusion 

 

Altogether 64 neurons in the nucleus accumbens were examined for intragastric 

chemical sensitivity. During intragastric infusions, significant difference in the responsiveness 

of neurons between the two regions was exclusively verified for 60 mM MSG: neurons were 

more likely to change in activity in the core compared to the shell subdivision. The other 

tested solutions (glucose 60 mM, NaCl 60 and 150 mM) had the same effect in both sub-

divisions of NAcc. 

A few times in case of intraoral sweet and umami taste stimulations, the intragastric 

infusion changed the responsiveness of the neurons to the repeated intraoral stimulation. 

 

4.2. Results of experiments in the orbitofrontal cortex 

 

4.2.1. Electrophysiological experiments 

 

4.2.1.1. Neurochemical experiments 

 

In the orbitofrontal cortex, the activity of altogether 55 neurons was examined during 

microelectrophoretic neurochemical stimulations. In the lOFC, the tested neurons showed 

responsiveness to each microiontophoretically administered drug in the same or higher 
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percentages as in the mOFC. The most striking difference is the effect of D-glucose, NA and 

GABA, while the sensitivity of the two regions is similar to Ach and DA. 

A specific endogenous chemical response character of the medial orbitofrontal cortical 

GM neurons has been established, which is typically different from the glucose-insensitive 

cells here. None of the DA-sensitive cells found here were GM cells, while a quarter of DA-

insensitive cells showed a change in response to D-glucose. In case of NA, there was no such 

difference between the sensitivity of GM and GIS cells. All the Ach-insensitive neurons were 

GIS cells, while a quarter of Ach-sensitive cells were proved to be glucose-monitoring 

neurons. The ratio of GM neurons was nearly twice as high among GABA-sensitive cells, as 

among GABA-insensitive cells. 

 

4.2.1.2. Intraoral taste stimulations 

 

In the orbitofrontal cortex, altogether 41 neurons were tested for intraoral taste 

stimulation. The sour, umami and bitter taste solutions as well as the orange juice caused a 

greater change in activity in the mOFC than in the lOFC. There is, practically, no difference 

between the two regions regarding the salty and sweet tastes. 

 

4.2.1.3. Intragastric infusion 

 

In the medial and lateral orbitofrontal cortex, 37 neurons were tested for intragastric 

chemical stimulation. During intragastric infusions, activation of nerve cells was found in 

both regions to 60 mM MSG and 150 mM NaCl, but the 60 mM NaCl solution triggered 

neuronal responses in the lOFC only; the excitatory and inhibitory activity changes observed 

in similar proportion. Neither of the examined regions showed a change in activity to the 60 

mM glucose solution. 

 

4.2.2. Metabolic changes 

 

4.2.2.1. Changes is blood sugar level 

 

In the acute and subacute intraperitoneal glucose tolerance test, male rats were tested 

after intracerebral microinjection of streptozotocin or physiological saline into the mOFC. 

During the acute GTT (20 minutes after the treatment) there was no difference between the 
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values of the two groups at 9
th

 and 18
th

 minutes, but in the subsequent period the dynamics of 

changes in blood glucose parameters of the animals treated with streptozotocin was different: 

the peak was higher in the STZ group compared to the control group (30': p < 0.01; 60': p < 

0.005). In the 120
th

 minute – although the blood glucose levels of STZ microinjection rats 

were higher than those of the controls – the statistical analysis did not show significant 

differences between the two groups. 

 

4.2.2.2. Changes in plasma metabolite levels 

 

Plasma metabolite levels were studied in adult male rats. The total serum cholesterol, 

triglyceride and uric acid were measured in the STZ-treated and control groups 30 minutes 

after the microinjection into mOFC. Intraorbitofrontal cortical STZ microinjection resulted in 

significant increase of the plasma triglyceride concentrations (p < 0.005), whereas cholesterol 

and uric acid levels did not differ at all. 

 

4.2.3. Behavioral experiments 

 

4.2.3.1. Conditioned taste aversion 

 

In the conditioned taste aversion tests, the taste associated learning ability of male 

Wistar rats was studied. Conditioning took place 4 days after the mOFC microinjection was 

performed: the STZ-treated rats consumed more saccharin than the animals in control group, 

but this difference was not significant. On the test day, the animals of both groups consumed 

significantly less saccharin than on the conditioning day, and there was no difference between 

the two groups. 

 

4.2.3.2. Taste reactivity changes 

 

The behavioral patterns of adult male rats were examined in taste reactivity tests. One 

week after the bilateral microinjection of STZ or NaCl in mOFC, stimulus solutions 

corresponding to the 5 basic taste qualities were administered to the oral cavity of the animals 

through the taste cannula. In case of the pleasant tastes, there was a significant difference 

between the ingestive and aversive scores in the two groups, while in case of the unpleasant 

taste solutions, this difference was only observed in the control group. Despite the lack of 
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major differences in the general taste reactivities, the STZ-treated animals found both pleasant 

and unpleasant tastes more pleasant than the rats in the control group. 

 

5. General conclusions 

 

Glucose-monitoring neurons – i.e., nerve cells that change their firing rate to increasing 

of intracerebral extracellular level of D-glucose – have been identified in many brain regions 

of rats and rhesus monkeys, from brainstem [1], through the higher forebrain areas [19, 22, 

23, 52] to the prefrontal-orbitofrontal cortical regions [22, 23, 33, 39, 41]. Not only the 

responses of these neurons to the endogenous neurotransmitters and neuromodulators differ 

from those of glucose-insensitive cells [39, 41, 52], but also react different way to exogenous 

chemical stimuli such as taste stimuli [39]. Our research has shown that similar endogenous 

and exogenous chemical sensitivity is characteristic for the GM cells in both examined 

regions of the nucleus accumbens and orbitofrontal cortex, which differs from the GIS units. 

Previous studies have also shown that the two types of GM neurons (GR and GS) have 

different dominance in the two NAcc subdivisions [52], as confirmed by our experiments. 

These chemosensory neurons are present in a relatively high proportion in the regions we 

investigate, so that their functional attributes can remarkably alter the regulatory processes of 

this important limbic forebrain sites. Our present data, along with our earlier orbitofrontal 

cortical findings in rhesus monkeys [22, 23], definitely support our view that these 

orbitofrontal cortical neurons, as important elements of the glucose-monitoring network in the 

limbic forebrain, with simultaneous monitoring and integration of humoral signals of the 

internal and external environment, they are indispensable participants in the sensitive 

regulatory processes that ensure the proper balance of homeostasis. 

An important task of the central nervous system in a healthy organism is to regulate the 

very fine control of metabolic processes, in which metabolic (degradable nutrients, fatty acids, 

amino acids, various metabolites, etc.), humoral-hormonal (insulin, leptin, glucagon, GLP-1, 

etc.) and complex neural factors are involved, including particular information originating 

from not only the periphery but also from specific chemosensory neurons of different brain 

regions [22, 29, 51, 57]. Physiologically effective metabolism, which maintains the balance of 

homeostasis under very extreme environmental conditions, is highly dependent on the 

retained central perception of various peripheral signals. If there is any disturbance in the 
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functioning of specific chemosensory neurons that perform this task, severe metabolic-

homeostatic disease states may develop, such as, obesity or diabetes mellitus [22, 29].  

Literature data are available about differentiated topographical distribution of neurons 

sensitive to different taste qualities [58, 62]. There was a difference between the sub-regions 

of both NAcc and OFC examined in their responses to intraorally administered solutions. The 

presence of chemoreceptors capable of detecting, e.g. D-glucose [50, 61], sodium glutamate 

[50, 60], and sodium chloride [50] has already been shown in the stomach. During the 

intragastric stimuli, we proved the presence of umami and sodium chloride sensitive neurons 

in both examined brain areas, and the neurons of NAcc were also able to detect the 

administration of sweet solution into the stomach. 

In our research group, GM neurons have already been found in NAcc and their role in 

taste perception have been previously detected [52], but we have not had information so far 

about the role of these neurons in the detection of gastrointestinal solutions. In our studies we 

detected first time neurons in this area of the brain that can participate in the regulation of 

food intake, digestive and absorption processes by their exogenous chemical sensitivity. 

Our recent experiments have also provided evidence that chemosensory neurons in the 

medial orbitofrontal cortex actually play an important role in the central regulation of 

metabolism. First time in the literature, it has been shown that bilateral microinjection of STZ 

into this area results in a complex metabolic syndrome: GTT exhibits abnormal glucose 

tolerance, a specific intolerance, and elevated plasma triglyceride level in metabolite 

measurements. The combined presence of these lesions confirms the severe judgment of the 

condition as a complex metabolic disease, which is also supported by the fact that high 

plasma triglyceride levels, typically among others, may occur in diabetes mellitus and obesity. 

Disorders of both carbohydrate and fat metabolism in other forebrain structures (ventromedial 

nucleus of the hypothalamus, mediodorsal prefrontal cortex) were the usual consequence of 

streptozotocin treatment [22, 42]. On the basis of the above, it is generally also true that the 

destruction of GM nerve cells by streptozotocin in various brain areas leads to specific 

nutritional and metabolic disorders [8, 22-24]. 

The technical and informatical inventions that have taken place during the research have 

greatly contributed to the accurate execution of the tests and the proper evaluation of the data 

obtained. With the help of computer-controlled devices, which were designed, programmed 

and built by me, became not only the endogenous and exogenous stimuli more accurate, but 

also by analyzing the feedback signals of the infusion devices we can be sure about the time 

and amount of the administrations. The on-line script, wrote by me, used during the recording 
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not only controls the tools used in the experiments, but also analyzes the data to enable 

immediate decision-making on the continuation of the test. With the off-line script, every 

detail of the examination can be analyzed with a few clicks, the final data and graphics can be 

exported, so they can be used immediately in statistical programs or presentations and 

publications. 

Based on our results, glucose-monitoring neurons in the nucleus accumbens, medial and 

lateral OFC by integrating endogenous and exogenous chemical information and by 

organizing humoral-metabolic processes are likely to play an important role in the processing 

of taste information and in the adaptive mechanisms of regulation of feeding and metabolism. 

Following our findings, it is also rightly hoped that a more detailed understanding of the 

newly recognized structures in homeostasis regulation, including OFC, can contribute to the 

identification of new drug targets, and the development of effective new therapeutic 

strategies. 

 

6. Summary 

 

Our studies to examine the involvement of the nucleus accumbens and orbitofrontal 

cortex in the central regulation of homeostasis provided the following results. 

1. In our extracellular single neuron recordings, glucose-monitoring neurons were 

identified in each of the examined sub-regions of NAcc and OFC. There is a higher 

proportion of GM cells in the core (mainly GR cells) in the NAcc, while in the OFC 

it is higher in the lateral region. 

2. In the NAcc core region can be found the NA-sensitive cells in significantly higher 

proportion, mainly NA-stimulated neurons. 

3. In both regions of NAcc, the neurons showed the same response rate to the 

microiontophoretically administered DA, but their response patterns are different in 

each area: the neurotransmitter-inhibited neurons are presented in the shell region at 

a higher rate, while in the core the DA-stimulated cells. The D1 receptor antagonist 

altered the response rate of the neurons to a greater extent in the core, while the D2 

receptor antagonist produced the same effect in the shell. 

4. In the OFC, the neurons tested in the lOFC showed responsiveness in a higher 

percentage for each microiontophoretically administered drug than in the mOFC. 
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5. In the mOFC, the endogenous chemical responsiveness of GM neurons, which is 

typically different from glucose-insensitive neurons, is confirmed. 

6. In NAcc, for intraorally administered salty, sour, umami and bitter taste solutions in 

the shell region responded the neurons in a higher proportion. 

7. The GR neurons in NAcc either did not react to the taste solutions at all, or changed 

their firing rate to minimum 2 different tastes. These cells showed a higher rate of 

sensitivity to sour, sweet and bitter flavors. 

8. In OFC, intraorally administered taste solutions in mOFC caused a greater or equal 

change in activity than in lOFC. 

9. For intragastrically infused solutions (glucose, MSG, NaCl) in the NAcc, the neurons 

in the core region showed a higher or equal sensitivity than in the shell region. 

10. In OFC, neurons sensitive to intragastrically administered MSG and NaCl solutions 

were detected in both regions, but no cells found in these regions which changed the 

activity for D-glucose infusion. 

11. In the glucose tolerance test following bilateral microinjection of STZ in mOFC, the 

blood glucose levels of treated animals at 30 and 60 minutes were significantly 

higher than in the control group. 

12. Following the destruction of mOFC GM nerve cells with STZ, the triglyceride levels 

of the blood were significantly higher in the STZ treated animals compared to the 

control group, while no significant differences were found for the other tested 

metabolites (uric acid, cholesterol). 

13. In the mOFC, there was no detectable difference between the STZ-treated and the 

control group in the development of the conditioned taste aversion. 

14. During the taste reactivity tests, the STZ treated animals showed more ingestive and 

less aversive patterns for both pleasant and unpleasant taste solutions compare to the 

control group. 

15. Discovering the above-mentioned changes and achieving new results to a great 

extent are due to the technical and IT inventions we have made. 
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