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INTRODUCTION

Anatomical and physiological evidence indicates that neurons in vari-
ous compartments of the medial prefrontal cortex (mPFC): anterior 
cingulate (ACi), prelimbic (PL), infralimbic (IL) and dorsal peduncular 
(DP) cortices) are involved in visceral motor functions. Bilateral anterior 
cingulate lesions prevent gastric ulcer caused by restraint stress in the 
rat. Anterior cingulate neurons influence gastric acid secretion, as well 
as the gastric motility, particularly during emotional stress like restraint.  
In our previous experiments surgical transections of the ACi abolished 
the gastroprotective effect mediated by delta-opioid receptors in the 
lower brainstem. Thus, our aims were to identify the pathway, we had 
transected, and describe the brain regions involved in the gastric mucosal 
protection, and in the ulcer formation.  
Signals from the mPFC (especially from the infra- and prelimbic cortex) 
may reach the dorsal motor nucleus of the vagus (DVN) through differ-
ent pathways: 1) direct, monosynaptic projections from the mPFC to the 
DVN; 2) from the infralimbic cortex through the bed nucleus of the stria 
terminalis – hypothalamic paraventricularis nucleus – lower brainstem 
pathway, and 3) fibers from the mPFC are relayed in the insular cortex. A 
series of studies demonstrated the role of the amygdala in gastric pathol-
ogy, indicating that the central nucleus of the amygdala (CeA) influences 
the ulcus-protective role of visceromotor neurons in the DVN.
During my PhD work, my main goals were to provide morphological 
evidence for the existence of a pathway between the brain regions acti-
vated by experimentally induced ulcer, and to localize the fine topogra-
phy of the fibers of this route. Since it is not sure that this connection is 
monosynaptic, we used neurotropic virus to trace this path, but we had to 
define the  terms of their use. 

 AIMS
1. To define the cortical areas activated by gastric mucosal erosion

Using acidified ethanol ulcer model in rats, we intended to map the brain 
regions showing increased activity. 
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2. To choose and test pseudorabies virus strains suitable for 
transsynaptic tract-tracing and allowing the neurochemical charac-
terization of the infected neurons

Two major factors limit the use viruses for tracing purposes. 
Immunohistochemical characterization of the infected cells usually in-
volves the use of antibodies directed against viral proteins, appearing at 
late stage of infection. However, due to the effect of viral infection at late 
infection stages, the cellular mRNAs become degraded to a great extent 
in infected cells. Furthermore, cellular peptides and proteins that are not 
anchored to the cellular membrane can be rapidly cleared from the neuron 
through the damaged cell membrane, making the histochemical identifi-
cation of the infected neurons difficult. My purposes were to test geneti-
cally modified pseudorabies virus strains (containing β-galactosidase or 
green fluorescent protein), and to select the strain, which displays a slower 
spreading dynamics and selective infection and allows the co-detection of 
the neurochemical markers of the neuron.

3. To prove the connection between the brain regions activated by 
gastric ulcer

Since the central nucleus of the amygdala (CeA) is the main source of 
amygdala outputs to the brainstem, we injected pseudorabies virus, a 
trans-synaptic retrograde tracer into the CeA, and examined the retro-
grade labelled brain areas, especially which were activated after induced 
ulcer in my previous experiments.  We repeated this examination with 
rats after uni- and bilateral transections of the anterior cingulate cortex. 

4. To localize the fine topography of fibers of this pathway

Neuronal projections from the ACi direct to the amygdala have also been 
reported, but the detailed topographical organization of these projections 
has not been studied. Therefore, we aimed to demonstrate the fine topog-
raphy of ACi projections to the amygdala, using BDA, an anterograde 
tracer.
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METHODS

Adult male Wistar-Kyoto and Sprague-Dawley rats (body weight: 250- 
300 g) were used. They were kept three per cage in standard laboratory 
conditions with 12 h light/12 h dark periods, at a temperature of 22°C 
and supplied with dry rat food and drinking water ad libitum. After virus 
inoculation, surgical procedures or tracer injections the rats were housed 
individually, and all efforts were made to minimize their suffering. 

Experimentally induced ulcer model

After 24 h food deprivation the animals were given  orally 0.5 ml acidi-
fied ethanol (5 animals) or physiological saline (5 animals) respectively. 
25 or 55 minutes later the animals were killed by overdose of ether, and 
were perfused transcardially with fixative. 2 animals were also perfused 
without any treatment as control. The stomachs were excised, opened 
along the greater curvature, rinsed with saline, and examined for lesions. 
Brains were also removed and after postfixation serial coronal sections 
were cut on a freezing microtome. The free-floating sections were pro-
cessed for c-Fos immunohistochemistry. 

Testing neurotropic viruses – virus inoculation into the kidney

Rats were anesthetized with a ketamine–xylazine-hydrochlroride com-
bination. The right kidney was surgically exposed through a dorsal inci-
sion, and then carefully isolated from the surrounding tissue. Two injec-
tions of 10 μl of virus solution (109 pfu/ml for each strain, yielding a final 
dose  of 2x107 pfu) were made 2 mm below the surface of the lower and 
upper poles of the kidney. In order to obtain an uniform depth of injection 
and to further reduce the possibility of contamination of the surrounding 
peritoneal surface, a polyethylene tube, 2 mm shorter than the needle, 
was mounted on the needle of a 10-ml Hamilton syringe, used for the 
injections. The needle was kept in place for 5 min after completion of the 
inoculation in order to reduce the reflux of the inoculum along the needle 
tract. 
After different survival times (48, 72, 96, and 120h) animals were killed, 
then perfused. After postfixation brains were embedded in paraffin, and 
series of 5-mm thick parallel sections were cut and mounted onto silane-
treated slides. 
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Stereotaxic virus inoculation into the brain

The animals were anesthetized, placed in a stereotaxic device, a 
small burr hole was made, then the dura mater was cut, and the virus 
(Ba-DupGreen) was injected into the central nucleus of the amygdala on 
the right side (A-P:-2.1; Lat.: 4.4; D-V:-8.2) with a 1 µl Hamilton syringe. 
After 3 days of post-inoculation, the animals were anesthetized again 
and perfused transcardially with fixative-solution. Brains were removed, 
postfixed in the same fixative solution overnight and kept in 30% sucrose 
solution for 1 additional day. Then, the brains were cut by coronal se-
rial sections of 50 µm thickness on a freezing microtome (Frigomobil, 
Reichert-Jung), at -20°C. The free-floating sections were processed for 
immunohistochemistry. The sites of the injections were verified on se-
lected sections stained for hematoxylin and eosin. 

Surgical transection of the anterior cingulate cortex 

Under deep anesthesia, 16 rats were placed in a stereotaxic frame, and 
their heads were fixed in a 5° nose-down position. A 3 mm (6 mm in 
the case of bilateral transactions) wide line-shaped hole was opened on 
the skull, 1 mm caudal to the level of the bregma. After cutting the dura 
mater, the cingulate cortex was transected with a 2.5 mm wide “glass-
knife” (cut out from a histological coverslip. Two weeks after surgery, 
rats were anesthetized again, and pseudorabies virus (PrV) was inocu-
lated unilaterally, into the right CeA. After 3 days of post-inoculation, 
the animals were anesthetized again and perfused transcardially with 
fixative-solution.

Anterograde labeling by using biotinylated dextran amine

Biotinylated dextran amine (BDA) was applied by iontophoresis (3.9 – 4.4 
µA positive current pulses: 7 s on – 7 s off for a period of 30 min) to the 
anterior cingulate cortex (A-P: +0.2, Lat: 0.4, D-V: -2.0) in 3 rats. Capil-
laries (tip diameter: 11-13 µm) were kept in place 15-20 min before with-
drawal without current. 7 days later the rats were perfused transcardially, 
the brains were removed and postfixed. On floating sections, BDA-
labelled cells and fibers were detected by peroxidase-antiperoxidase 
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immunohistochemistry, after biotin-tyramine amplification method. Sec-
tions were covered after Kernechtrot counterstaining. 

Histological methods

Perfusion and fixation: Animals were perfused transcardially with 50 ml 
physiological saline followed by 250 ml 4% Zamboni fixative-solution 
(pH 7.4). Brains were removed, postfixed in the same fixative solution 
overnight and kept in 30% sucrose solution for 1 additional day. Then, 
the brains were cut by coronal serial sections of 50 µm thickness on a 
freezing microtome. The sites of the injections were verified on selected 
sections stained for hematoxylin and eosin. 

Immunohistochemistry: Fos or virus proteins immunoreactivity was visu-
alized by using polyclonal antibodies and ABC technique. Immunolabeling 
was visualized by reacting with Ni-DAB. 

In situ hybridization histochemistry: Sense and antisense TH and 5-HTT 
probes were labelled with [S35]UTP by in vitro transcription. After 
deparaffination sections were pretreated by microwave heating and each 
section was incubated overnight with 40–50 ml hybridization mixture 
containing 5x105 cpm of radioactively labelled sense or antisense probes, 
in a humid chamber at 52°C. After the hybridization and post-hybrid-
ization treatments and immunohistochemistry, molecular hybrids were 
detected by dipping the sections to Kodak NTB2 liquid emulsion. 

RESULTS
1. Mapping c-Fos expression in the cortex after acidified ethanol in-
duced peptic ulcer in rats 

No significant macroscopical damage was found in the stomach mucosa 
in animals without any treatment, or treated with physiological saline 
at the time of sacrifice. In the stomach mucosa of animals treated with 
acidified ethanol petechiaes were found in all cases. 
55 min after treatment enhanced c-fos activity was found in all regions of 
the prefrontal cortex compared with control rats. In the anterior cingulate 
cortex increased amount of Fos was found after 25 min, and additional 



7

labelled cells were seen after 55 min. Interestingly enhanced c-fos activ-
ity was seen in this region 55 min after intragastric saline treatment too. 
The biggest difference was found in the amygdala. 25 min after treat-
ments labelled cells in the amygdala were not seen. After 55 min the 
medial nucleus of the amygdala was considerably labelled in the animals 
treated with saline. After acidified ethanol treatment we found labelled 
cells not only in the medial, but in the central nucleus of the amygdala. 
On the more caudal sections the central nucleus was not labelled, but the 
intercalated cells between the central and basolateral nucleus contained 
Fos. 
As long as piriform cortex was labelled in all cases, the insular cortex did 
not contain labelled cells.
Similarly to previous studies enhanced c-fos activity was found in other 
brain regions too: in the preoptic hypothalamic nuclei, bed nucleus of the 
stria terminalis, lateral septum, dorsal endopiriform nucleus, claustrum, 
nucleus caudatus, midline nuclei of the thalamus, subparafascicular thal-
amus, in almost all hypothalamic nuclei (paraventricular, periventricular, 
ventrolateral, suprachiasmatic, lateral, arcuate, ventromedial, 
dorsomedial, anterior hypothalamic area, posterior hypothalamic area), 
nucleus subthalamicus, lateral habenula,  medialis mamillary nuclei and 
in the nucleus supramamillaris.

2. Testing pseudorabies virus strains suitable for transsynaptic tract-
tracing, and allowing the neurochemical characterization of the in-
fected neurons

Our aim was to find multisynaptic neuronal connection between the brain 
regions activated by ulcer using viral tract-tracing technique. First we 
had to define the parameters required for the successful use of the vi-
rus. Modified, genetically engineered strains of pseudorabies virus were 
used, which contained reporter genes in their genoms. 
High level of expression of the β-galactosidase or GFP reporter genes 
were found in neurons infected trans-synaptically by recombinant virus-
es injected into the kidney. 
An important temporal difference has been found in the expression of 
reporter proteins (β-galactosidase or GFP) and the immunoreactive viral 
proteins in the infected neurons. 
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stage I:  Newly infected cells expressed solely β-galactosidase.
stage II: Beside β-galactosidase, immunoreactive viral proteins  
  appeared in the cells.
stage III:  Only viral structural proteins could be detected.
In order to compare spreading characteristics of the different strains, af-
ter inoculation of the right kidney with Ba-PrV, Ba-Neutlac, Ba-DupLac, 
or Ba-DupLac-m, we have examined an increase of number of infected 
neurons located in the spinal sympathetic preganglionic neurons in the 
T10 segment of the IML, in brainstem catecholaminergic cell groups A2, 
A5, C1, C2 and in the locus coeruleus, in non-catecholaminergic cells of 
the nucleus of the solitary tract, and the hypothalamic paraventricular 
nucleus (PVN) after survival times of 2, 3, 4 or 5 days. These nuclei were 
selected according to previous data on the central pathways innervating 
the kidney.
In all of the investigated nuclei, neurons were labelled by each virus strain 
bilaterally with an ipsilateral dominance. Viral antigen-positive cells ap-
peared first in the dorsal, ventral and medial parvocellular subnuclei of 
the PVN. Among the circumventricular organs, infected cells were seen 
only in the subfornical organ, in the organum vasculosum of the lamina 
terminalis and in the area postrema, but in each case, there was a maxi-
mum of three to four labelled cells per section on the fifth day. By this 
time, the parvocellular subnuclei of the PVN became packed with virus-
infected cells; thus, blood-borne nonspecific label of circumventricular 
organs and brain nuclei is highly unlikely. 
A semi-quantitative analysis was performed in selected spinal and 
supraspinal structures. In the spinal cord, cell counts of three consecutive 
T10 sections were summed. In supraspinal structures, in each animal two 
representative sections were sampled, at the level of the area postrema for 
the nucleus of the solitary tract and A1/C1 region, and at the PVN. 
Ba-PrV and Ba-Neutlac produced a relatively fast, disseminating infec-
tion in all nuclei, which was manifested in a rapidly increasing number of 
infected cells. In contrast, labeling with Ba-DupLac and especially with 
Ba-DupLac-m displayed a slower spreading dynamics being confined to 
a small subset of neurons without significant dissemination during the 
investigation period.
We compared the mononuclear infiltration evoked by Ba-DupLac and 
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Ba-NeutLac strains at comparable infection stages, when only a low 
number of neurons express viral proteins at each section of the IML cell 
column of the 10th thoracic segment of the spinal cord, corresponding to 
48 and 72 h post infection for Ba-PrV and Ba-DupLac respectively. At 
this stage, recruitment of mononuclear cells is much more pronounced 
around Ba-DupLac infected neurons. Because of the different transpor-
tation kinetics of viruses we chose equivalent infection stages instead of 
equivalent time points for the comparison. 
A period of 108 h after Ba-DupLac injection into the kidney, the C1, 
A5 and A6 catecholaminergic neurons of all infection stages still con-
tained TH IR. However, in the same nuclei, a dramatic depletion of TH 
mRNA was detected in stage II. and stage III. neurons, as compared to a 
non infected control rat. We considered hybridization label positive when 
silver grain density over a neural soma was at least three times more el-
evated than in the surrounding non-catecholaminergic nuclei. Depletion 
of 5-HTT mRNA occurred also in stage II. and III. neurons in the nucleus 
raphe magnus. A very low number of TH mRNA-expressing neurons 
co-expressed viral structural proteins that appeared as very faint IR in 
the cell nucleus. In contrast, numerous stage I. neurons co-expressed TH 
or 5-HTT mRNA with β-galactosidase in the C1/A5 region and the nucle-
us raphe magnus, respectively.

3. Virus inoculation into the central nucleus of the amygdala

3.1. Viral tract-tracing in intact animals
After selecting the virus-strains and defining the concentration and the 
survival time for their use, we injected the virus into the central nucleus 
of the amygdala in order to determine the connected brain regions acti-
vated by ulcer. 
In 3 of 8 rats, virus-labelled cells were strictly located inside the CeA, 
mainly in the medial subdivision of the nucleus. Bilateral labeling was 
found both sides (with strong ipsilateral dominance) in each compartment 
of the mPFC, i.e. in the prelimbic, the infralimbic, the dorsal peduncular 
cortex and the anterior cingulate cortex, as well as in the insular cortex. 
Unilateral (only on the side of the injection), labeling were seen in the 
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anterior amygdaloid area, the BLA, and the intercalate cells close to the 
CeA. Outside of the amygdala and the mPFC, a number of forebrain areas 
established virus-infected neurons, such as the claustrum, the piriform 
cortex, the dorsal endopiriform nucleus and the lateral hypothalamus. 

3.2. Virus inoculation into the central amygdala 2 weeks after lesioning 
of the cingulate cortex 
To improve the cross-over the projecting fibers from prefrontal limbic 
cortical areas to the amygdala, we combined unilateral inoculation with 
3 different types of transections of fibers in the anterior cingulate cortex 
just caudal to the level of the bregma: in 6 rats the inoculation was on the 
side of the lesion (left side), in 6 rats it was contralaterally (right side), and 
in 4 rats bilateral transections were performed. After histological control 
of the location of the inoculation in the amygdala, and transections in the 
anterior cingulate cortex, we had two rats in each group, where the sites 
of the transections and the injections were both topographically correct.
When the unilateral transection was on the side of the injection, we failed 
to find labeling infra-, prelimbic and anterior cingulate cortices, either 
ipsi- or contralaterally. When the cingulate cortex transection was on the 
other side (contralateral to the injection), labelled cells were observed in 
each components of the prefrontal limbic cortex, but only on the side of 
the injection. When the transection was bilateral, we couldn’t find virus-
infected neurons in any compartments of the mPFC.

4. Topographical localization of the fibers running from the anterior 
cingulate cortex to the amygdala

The site of the BDA administration into the cingulate cortex, and the 
quality of the labeling was appropriate. Heavy labeling was found in the 
ipsilateral, and moderate labeling in the contralateral anterior cingulate 
cortex. Anterogradely labelled fibers and terminals were found in the 
posterior cingulate and retrosplenial cortices, the occipital cortex, the 
subiculum and the parasubiculum. Bilateral compact network was seen 
in the claustrum. Moderate labeling was present in the frontopolar, the 
prelimbic and the infralimbic cortex, practically only on the side of the 
injection. 
The labelled fibers reached the head of the caudate nucleus through the 
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cingulum and the corpus callosum. The descending fibers could be fol-
lowed as they arching along the external capsule and running downwards 
to the direction of the amygdala. In coronal sections, large segments of the 
arching BDA-labelled fibers come in sight, we could follow them down 
until they enter either the dorsal agranular insular cortex (minor portion) 
or the basolateral amygdala. We could not find terminating fibers inside 
the CeA, they passed the basolateral nucleus and seemed to be terminated 
in small-sized neurons along the medial edge and at the ventromedial 
corner of the nucleus. These small areas correspond to the locations of 
the intercalated neurons in the basolateral amygdala. The presence of ter-
minals of BDA-labelled fibers inside the basolateral amygdaloid nucleus 
cannot be excluded. 
In addition to amygdaloid projections of BDA-labelled anterior cingulate 
fibers were seen in the thalamus, the zona incerta, the posterior hypothal-
amus but they were not detectable in other hypothalamic (paraventricular, 
periventricular, supraoptic, ventromedial, dorsomedial, and lateral) nu-
clei. No labelled fibers were seen in the medulla oblongata, none of them 
in the nucleus of the solitary tract or in the dorsal motor vagal nucleus.

DISCUSSION
1. Mapping c-Fos expression in the cortex after acidified ethanol in-
duced peptic ulcer in rats

The central processing of gastric mucosal acid challenge was mapped 
via immunohistochemistry against Fos protein in the frontal cortex and 
the amygdala. Expression of this immediate early gene reflects neuronal 
excitation and is hence widely used to visualize those central neurons that 
are activated by input from the periphery.
The highlighted cortical areas were in our experiments those, that partici-
pate in the control of the gastric functions. Therefore cortical areas ante-
rior to the cingulate cortex and autonomic centers mediating the regulat-
ing effect were investigated.
Data from studies in the past 3 decades clearly indicate that neurons 
in the medial prefrontal cortex influence autonomic and visceral func-
tions, including the gastric activity. Electrical stimulation of the pre- and 
infralimbic cortex evokes transient changes in gastric secretion and can 
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inhibit gastric and intestinal motility. In these rats, the incidence and the 
severity of stress-induced gastric ulcer are markedly reduced. Lesions of 
the mPFC also greatly reduce gastric responses to acute stress. 
In our studies we found that c-fos activation is detectable in this regions 
(infralimbic, prelimbic and dorsal peduncular cortices), the most distinct 
effect is at 55 min. 
Interestingly the insular cortex, the main cortical representative area of 
the stomach, did not contain Fos positive cells. 
The possible role of the amygdala, especially of the CeA in the regula-
tion of gastric activity has been documented by several previous studies. 
Stimulation of the amygdala was shown to increase gastric motility and 
acid secretion, and it produces gastric ulcer. On the other hand, destruc-
tion of the amygdala attenuates the severity of stress-induced gastric ul-
cers.
The intercalated cells is a small, GABA-ergic cell-group which form 
small group of cells along the medial edge of the basolateral nucleus, 
just on the lateral side of the CeA. Stimulation of the IL resulted in in-
creased c-fos activation in these cells.  Using acidified ethanol induced 
ulcer model we can establish that not only the stimulation of the IL, but 
the gastric mucosal acid challenge also cause changes in the activity of 
the intercalated cells.

2. Testing pseudorabies virus strains suitable for transsynaptic tract-
tracing, and allowing the neurochemical characterization of the in-
fected neurons

Following herpesvirus infection, the composition and ultrastructure of 
the host cell dramatically alters due to effect of cytotoxic viral compo-
nents. An RNase is considered to be the major agent of triggering early 
shut-off of cellular protein synthesis. 
Whatever viral components destroy cellular biochemistry, detection of vi-
ral infection at an early stage may be crucial for the correct neurochemical 
characterization of virally labelled neurons. Thus, we constructed re-
combinant viruses expressing reporter genes with IE kinetics that al-
lowed the identification of infected neurons with a normal ultrastructure, 
well before the appearance of mature virions. IE expression kinetics of 
β-galactosidase is crucial for being a reliable marker for co-labeling with 
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TH and 5-HTT mRNAs in the infected neurons, while these mRNAs are 
undetectable in cells expressing viral envelop proteins.
On the other hand TH protein, that is relatively abundant in the 
catecholaminergic cells could easily be co-localised with the virus pro-
tein.  
One of the major challenges using viral trans-synaptic tracers, including 
Ba-PrV, is to obtain successful labeling of polysynaptic neuronal chains, 
while maintaining a specific and non-disseminating (restricted) mode of 
viral transmission. High-dose infection with Ba-PrV produces extensive 
labeling of inter-connected neurons throughout the functional network, 
but also labeling of functionally non-related neurons. Inoculation with a 
low dose of Ba-PrV results in the infection of scattered first-order neu-
rons, followed by reduced infection dynamics with a low percentage of 
labeling in higher order neurons.
Thus, there is a trade-off between successful multisynaptic labeling and a 
restricted mode of infection. By the construction of PLAT2-mutant viruses 
we attempted to fulfill both requirements, i.e., to modify the virus to have 
a restricted disseminating ability, while retaining the capability of suc-
cessful infection of multisynaptic tracts.
In addition, we assume that reduced virulence of PLAT2-mutants resulting 
in slower dissemination velocity enables the immune system of the CNS 
to effectively isolate infected neurons and limit the indiscriminate dis-
semination of the virus by the lytic route. Astrocytes and microglia are 
susceptible, having the appropriate receptors for the uptake of PrV, but 
they are unable to produce infectious virions for the PrV infection, and 
rather form a glial barrier surrounding the infected neurons.
In our studies, neurons infected with Ba-DupLac-m were surrounded 
more frequently by mononuclear cells than neurons infected with Ba-
NeutLac. Since achieving a similar extent of infection (same number of 
infected cells in a given region) takes more time for Ba-DupLac than 
Ba-NeutLac, the infected organism has more time to develop an immune 
response. 
As a result of our investigations we have two pseudorabies virus strains, 
DupLac and DupGreen, that are suitable for our further experiments. 
These viruses have reliable spreading through synapses, moreover due 
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to the increased immune response, their spread remained specific. Since 
they have a reporter gene in their genome, the infection in the neuron can 
be detected in a very early stage. At that time the neurochemical charac-
ter of the cell can be identified , the mRNAs and proteins of the cells can 
be detectable using immunohistochemistry and in situ hybridization.

3. Connections of the brain areas activated by the formation of ulcer

A direct axonal pathway from the amygdala to the dorsomedial medulla 
was first identified in rat by using horseradish peroxidase tracing. Within 
years, this observation was improved by others and the fine topography 
of the descending pathway from the CeA, as well as its terminal pattern 
in the vagal nuclei have been elucidated in details
The activity of medullary projecting neurons of the CeA is strongly in-
fluenced by limbic cortical neurons. Neuronal inputs from the pre- and 
infralimbic, as well as from the dorsal peduncular cortex to the amygdala 
have been demonstrated using various types of tract tracing techniques. 
These projections could be monosynaptic, while others are could be re-
layed by neurons in the anterior cingulate or in the insular cortex. Indeed, 
projections of PL and IL neurons to the anterior cingulate cortex are well 
documented.
By using PrV, a retrograde multisynaptic tracer in the present study, the 
existence of axonal projections from all of the compartments of the mPFC 
(IL, PL, DP) to the central amygdala has been improved. We found, that 
these projections are bilateral with ipsilateral dominance, and the fibers 
may cross in, or over the genu of the corpus callosum at the anterior 
cingulate cortex, as it has also been suggested by previous reports
Considering the nature of the virus labeling technique, the mono- or 
multisynaptic character of the mPFC – central amygdala connections 
cannot be decided. Therefore, further experiments (lesioning of the ACi, 
and anterograde, monosynaptic tracing from the ACi) were performed in 
the present study.
The possible role of anterior cingulate neurons in the regulation of gastric 
activity is supported by several observations. Lesions of the ACi attenu-
ate the effect of immobilization stress on gastric ulcer. Bilateral surgical 
transections through the caudal portion of the ACi lead to alterations in 
the gastric protective function of the vagal nuclei.
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After lesioning the ACi we found virally labelled neurons in the PFC only 
in the case, when the transection was contralateral to the injection site. 
After bilateral transection infected cells were not found in this region 
either. From this results we concluded, that the pathway connecting the 
PFC and the amygdala run through the ACi, and we can see virus-posi-
tive neurons in that case, when only the fibers crossing over the corpus 
callosum has been transected. The transection of the ACi ipsilateral to the 
injection site destroyed the whole pathway.

4. Topographical localization of the fibers running from the anterior 
cingulate cortex to the amygdala

Neuronal projections from the ACi direct to the amygdala have been re-
ported, but the detailed topographical organization of these projections 
has not been studied. Therefore, we aimed to demonstrate the fine topog-
raphy of ACi projections to the amygdala, using BDA, an anterograde 
tracer. In serial coronal sections of the forebrain, long segments of BDA-
labelled fibers could be followed from the ACi arching ventrally and cau-
dally, along the external capsule. The minor portion of the fibers entered 
the insular cortex, while the major portion of the fibers terminated in the 
amygdala.
Observation that BDA-labelled ACi fibers terminate in the basolateral 
amygdala, but not in the central nucleus conforms to previous reports. 
Some fibers may terminate on neurons of the basolateral nucleus itself, 
while the others may innervate the intercalated neurons which form small 
group of cells along the medial edge of the basolateral nucleus, just on the 
lateral side of the CeA. It is more likely, that these cells were identified as 
lateral capsular division of the CeA (or incorporated them into this divi-
sion), where the termination of ACi fibers had been observed. Reportedly, 
these cells also receive projections directly from the mPFC. 
Stimulation of the IL resulted in increased c-fos activation in the interca-
lated neurons. According to our observations Fos protein has appeared in 
this region after experimentally induced ulcer. In our present study, close 
contacts were observed between the fine terminal network of fibers of 
ACi origin and these intercalate neurons
Neurons in the three brain cell groups, where BDA-labelled ACi axons 
terminate project to the central nucleus of the amygdala: 
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1) The basolateral amygdaloid nucleus sends glutamatergic projections to 
the CeA and may excite the output neurons to the autonomic system. 
2) Insular cortical fibers, mainly from the dorsal agranular cortex ter-
minate directly and in a topographically organized pattern in the CeA. 
The insular cortex may influence the activity of the vagal nuclei through 
the CeA, but direct insular projections to vagal nuclei have also been 
reported 
3) The GABA-ergic intercalated neurons innervate and inhibit the output 
neurons of the CeA.
The CeA may serve as a gateway between the mPFC and the autonomic 
center in the medulla. Although, the projections from the mPFC to the 
basolateral amygdala are excitatory, stimulation of IL neurons produces 
an inhibition of brainstem projecting CeA neurons, indicating that in-
hibitory interneurons must be involved in this neuronal circuit. These 
interneurons are more likely the GABA-ergic intercalated neurons. 
Infralimbic cortex activation increases the activity of the intercalated 
neurons. Stimulation of the mPFC reduces the responsiveness of CeA 
neurons to inputs from the basolateral nucleus of the amygdala and from 
the insular cortex. Thus, medial prefrontal, including anterior cingulate 
neurons may inhibit CeA neurons by activating intercalated neurons in 
the basolateral amygdala.
Participation of the amygdala in anxiety is well-known. Lesions of 
the amygdala reduce experimental anxiety and fear. Receptors for 
benzodiazepines, the major class of anxiolytic drugs in therapeutic use, 
are heavily concentrated in the amygdala. Moreover, microinjections of 
benzodiazepines or GABA into the amygdala reduces experimental fear 
and anxiety, and formation of gastric ulcer in rats, which can be prevent-
ed by previously injected benzodiazepine-antagonist. These neurophar-
macological data refers to an important role of the amygdala in the ulcer 
formation caused by anxiety.
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SUMMARY

1. The role of the prefrontal cortex and the nuclei of the amygdala in 
the control of ulcer formation was proved by Fos immunohistochemistry. 
c-fos activation was verified in the infralimbic, prelimbic and dorsal 
peduncular cortices, in the central nucleus and in the intercalated cells of 
the amygdala. 

2. Spreading characteristics of genetically engineered pseudorabies virus 
strains (Ba-DupLac, DupLac-m, DupGreen, NeutLac, NeutGreen) were 
tested. Terms required for the identification of the phenotype of the in-
fected cell and the detection of the virus at the same time was determined. 
The strains most useful for further experiments were selected.

3. Combining transsynaptic tract-tracing and lesioning techniques the 
existence of a prefrontal cortex  – amygdala – vagal nuclei connection 
has been proved. After virus inoculation into the central nucleus of the 
amygdala virus-infected neurons were found in the infralimbic, prelimbic, 
dorsal peduncular, anterior cingulate and insular cortices. Combining the 
virus injection with the transection of the anterior cingulate cortex it has 
been demonstrated, that this pathway run through the anterior cingulate 
cortex, and the fibers cross-over at the level of the bregma. 

4. Using anterograde tract-tracing technique the fibers running from the 
anterior cingulate cortex to the amygdala have been demonstrated and 
the fine topography was localized. Fibers from the infralimbic, prelimbic 
and anterior cingulate cortex cross-over the corpus callosum, run cau-
dally and ventrally next to the external capsule and reach the basolateral 
amygdala and the intercalated cells. The relayed information then reaches 
the central nucleus and through the dorsal vagal nucleus and the vagal 
nerve the stomach.
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