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INTRODUCTORY REMARK.

In the Results section, in some cases I give reference to the Figures and Tables in the 

publications enclosed in my thesis. The text, therefore, contains two various forms of reference 

to Figures and Tables:

Round brackets: ( ) are used for referring to Figures and Tables in the text of my thesis. 

Square parentheses: [ ] are used for referring to Figures and Tables given in the enclosed 

publications.

1. INTRODUCTION.
1.1. Plasticity and related gene expression in the central nervous system (CNS).

The human CNS undergoes continual changes over its development as well as over the 

entire life-span of the adult individual. Great amount of external stimuli and information are 

rapidly taken up, adopted and responded to instantly by the CNS to cope with challenges from 

the rapidly altering physical, biological or social environment. Owing to its high capacity for 

accomplishing rapid changes, the human CNS as well as its product, the human psychological 

life, are extremely dynamic and plastic. A significant amount of evidence shows that in the 

brain cells various stimuli (among them psychological ones) elicit biochemical and/or 

physiological alterations which give subsequently rise to concomitant changes of both neuronal 

microhomeostasis and immediate early response gene (IEG) expression (e.g.: Cserr, H.F. and 

Bungaard, M. 1986, Cserr, H.F., Ed. 1986, Latzkovits, L. et al., 1988, 1989, Latzkovits, L., 

1994, Herdegen, T. et al., 1995, Jehan, F., et al., 1995, Condorelli, D.F., et al., 1994, 

Lumsden, A.G. and O'Leary, D.M., Eds. 1994, Spitzer, N.C. et al., 1994).

The constant flow of new information and stimuli from the environment, bringing about 

differentiation or modifications of the CNS over development or adult life, requires indeed a 

highly active and flexible regulation of gene expression - that is, regulation of transcription in 

nuclei of definite cells. The appearance of new properties as a result of either developmental 

differentiation or plastic adaptation in adult life, (e.g., changes of cell commitment, formation 

of new gap junctions coupling glial cells or development of new synapses between neurons) 

requires expression, (or suppression,) of new genes. Even relatively simple, short term ion 

transport or metabolic alterations subsequent to neuronal activity lead to transient or long
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lasting change in the expression of IEGs. IEGs are essential factors which either are directly 

involved in the regulation of DNA transcription or indirectly influence functioning of other 

transcriptional regulators.
Gene expression provides the guiding principle and fuels the development of the CNS. 

While governing development, the genetic machinery relies on continual feedback from the 

environment to function properly. Thus, during the entire course of development and mature 

life, any impact of the individual with its environment necessarily results in consequent shift in 

gene expression. The dynamic interdependence of genes and environment as well as the 

enormous plasticity and flexibility of gene expression in the CNS provide chances for the 

individual to accomplish successful adaptation to the everlasting variations of the environment.

The great significance and rapidity of alterations in gene expression in the CNS is well 

documented particularly under pathological conditions. For instance, shortly after the onset of 

brain ischemia, activation of IEG expression and consequent alterations of the synthesis of 

various proteins ensue. A large number of observations have accumulated that demonstrate the 

existence of similar phenomena under various pathological conditions, although, we have not 

yet an adequate interpretation to elucidate them (Yu, AC, et al., 1995, Liu, H.M. 1995).

1.2. Concomitant regulation of gene expression and cellular microhomeostasis 

in the CNS.

Above it has been pointed out that environmental changes and gene expression in the CNS 

are orchestrated to function in a very close interrelationship. The very immediate environment 

for the cells is the cellular microenvironment which contrives most of the extracellular space in 

the CNS. Extracellular space in the CNS is much more reduced as compared to other organs as 

cells are packed close to each other. Intercellular gaps, that is, the microenvironment for both 

neurons and astroglia in the vicinity of neuron, serve as "cell-to-cell information transferring 

channels" (Nicholson, C., 1980, Cserr, H.F., Ed., 1986). Partly due to these features of the 

CNS, even minor alterations of the cellular microhomeostasis, that is, the dynamic equilibrium 

in the neuronal microenvironment, result in concomitant change in the gene expression at the 

cellular level of organization and one or more of the IEGs get activated (Herdegen, T. et al., 

1995, Jehan, F, et al., 1995, Condorelli, D.F., et al., 1994, Lumsden, A.G. and O'Leary, D M., 

Eds. 1994, Spitzer, N.C. et al., 1994). At the same time, many changes to homeostasis in the 

neuronal microenvironment also exert mitogenic effect upon cells in the CNS, indicating the 

possibility of activation of late response genes as well.

IST %. *U %
% <<»4;Зз ъЪ
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Today, it is still quite enigmatic what is the exact significance of concomitant regulation of 

gene expression and microhomeostasis in the CNS and which regulatory mechanisms are 

involved.

1.3. Neuromodulators.
In addition to regulation by synaptic neurotransmission, neuronal functioning is subjected to 

a highly sophisticated and dynamic control termed neuromodulation. Some putative 

neurotransmitters in the CNS (e.g., dopamine, norepinephrine and serotonine) as well as all of 

the neuropeptides (growth factors and hormones) have been proved to perform 

neuromodulatory effects: they act on different second messenger systems in neurons causing 

profound metabolic modulation and an indirect change of the neuronal membrane 

conductance. In their functioning tyrosine kinases and phosphatases play a particular role (Xia, 

Z. and Storm, D.R., 1997, Catarsi, S. and Drapeau, P., 1997).

For a long time, neuromodulation has had a rather ambiguous meaning although its great 

significance has been generally acknowledged. Today, a more precise definition seems to be 

possible for distinguishing between neurotransmitter and neuromodulator effects. The former is 

unequivocally related to the fast "wiring transmission" performed by the synaptic network 

while the latter is primarily brought about by the slow "volume transmission" of extracellular 

fluid flow (Fuxe, K. and Agnati, L.F., 1991). Therefore, the latter one acts more general: it can 

be exerted by a neurotransmitter on the postsynaptic membrane, however, the same 

compound, carried much farther via volume transmission, may also act upon a more distant 

neuron as well as on neighboring or remote glial cells.

Neuromodulation seems to be of particular importance with respect to relatively slow and 

long-lasting effects exerted upon a neuronal network, that is with respect to effects which may 

entail long-lasting behavioral and psychological outcome.
Л large body of literature shows that neuromodulators are basically involved in the 

concomitant control of neuronal microhomeostasis and gene expression (Lumsden, A.G. 

and O'Leary, D.M., Eds., 1994).

1.4. Concomitant regulation of cellular microhomeostasis and gene expression 

in the CNS by neuron/astroglia cell-to-cell interaction.

For scientists of the forthcoming century, the history of glia will certainly be a rather 

incomprehensible curiosity. It started with a great mistake of such an outstanding scientist like 

R. Virchow who, while discovering glia in the second half of nineteenth century, erroneously
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claimed that it was the connective tissue of the brain and had no any physiological task but to 

scaffold the neuronal network (see in: Varon, S.S. and Somjen, G. G., 1979, Somjen, G. G., 

1988). Virchow's authority has extended this misjudgment almost for a century - one may often 

encounter it even today. This vision of largely static and passive glia caused that glia research 

has been rather neglected for more than a century. The first International Glia Symposium took 

place as late as in 1977 in Liege. In welcoming the Symposium E. Schoffeniels, one of the 

organizers emphasized: "From purely mechanical supporting devices glial cells have now 

acquired the status of a major control system." (E. Schoffeniels et al., Eds., 1978). 

Nevertheless, the general view about glia seems to change slowly and only very recently. As in 

Science Research News, Travis, J. points out again in 1994: "No longer dismissed as just the 

glue that holds the brain's neurons together, glial cells now appear to nourish, protect and listen 

to neurons. They may even talk back " (Travis, J., 1994).

Within the permitted volume of my thesis there is no space to give a comprehensive account 

for all of the glial functions regulating neuronal activity. I will briefly summarize the vast 

amount of literature on astrocyte/neuron interactions which are relevant to concomitant 

regulation of neuronal microhomeostasis and gene expression such that the background of my 

objectives is clear.

1.4.1. Astroglial/neuronal interaction in maintenance of homeostasis in neuronal 

microenvironment.

The firing of neurons profoundly distorts homeostasis in the neuronal microenvironment. 

Significant increase in potassium concentration (up to 14 mM, occasionally much higher, even 

80 mM) occurs with simultaneous decrease in calcium concentration (down to 1.2-0.9 mM) in 

the intercellular cleft between neuron and astroglia. Moreover, neurotransmitters (e.g. the 

highly neurotoxic glutamic acid) leak out from the synaptic cleft to all areas of neuronal 

microenvironment. These essential and other less essential rapid changes would block neuronal 

activity for a long period or even would irreversibly damage neurons if astroglia did not retain 

homeostasis in the neuronal microenvironment (Orkand, R.K. and Opava, S.C., 1994). To 

accomplish this, astroglia performs multifaceted and sophisticated transport and metabolic 

activities to clear up excess potassium and neurotransmitters as well as to regulate intracellular 

free calcium levels after neuronal firing (Latzkovits, L., 1978, 1994, Latzkovits, L. and Fajszi, 

Cs., 1982). In adult animals, neurons and glia have an intimate yet plastic morphological 

relationship. Although it has been proved that Oligodendroglia are also able to control



7

homeostasis in the same way as astrocytes do, it is the astrocytes which play a major role in the 

adjustment of the neuronal microenvironment which has been distorted by firing (Nicholson, 

C., 1980).
Large amount of data have been collected to show that in the maintenance of homeostasis 

in the neuronal microenvironment, neuropeptides released by astroglia play a prominent role 

(Cserr, H.F., Ed., 1986). Interaction of astrocytes and neurons in the supraoptic and 

paraventricular nuclei of the hypothalamus and the neurohypophysis is a good example for this 

kind of very dynamic relationship (Perlmutter et al., 1985, Smithson et al., 1990). The 

magnocellular neuropeptidergic neurons are enclosed by glia cells during periods of low 

secretory activity, but the glial enclosure diminishes during periods of high secretory activity 

thereby allowing closer juxtaposition of the neuronal membranes. This extensive 

morphological rearrangement, which also includes changes in synaptic contacts, occurs during 

parturition, lactation, and dehydration, and can be induced by treatment with oxytocin and 

beta-adrenergic agonists (Smithson et al., 1990, Theodosis et al., 1986).

These kinds of interactions imply that neurons and glia engage in reciprocal communication. 

Astrocytes do have receptors for many transmitters and neuropeptides (Kimelberg, H.K., 

1988), indicating that they can receive messages from neurons, and there are a few direct 

observations consistent with neuronal-to-glial communication. The idea that neurons send 

messages to glia suggests that glia also send messages to neurons, as signaling systems in 

nature are generally characterized by feedback loops (Parpura, V., et al., 1994).

To summarize all the findings described in the above 1.4.1. paragraph, we can say that 

functioning of the nervous system means a never ceasing profound and fast cell-to-cell 

interaction between neuron and astroglia. In this interaction neuron transiently destroys 

microhomeostasis, while producing synaptic signals by firing, and astroglia restore it again. 

1.4.2. Role of astroglia in the neuronal gene expression.

It has been proved that glia are able to synthesize, store, and release numerous peptide 

growth factors and other neuroactive compounds, thus they can and do send signals to 

neurons. The term neuroactive compound is used in a broad sense to mean any compound that 

can elicit a physiological response from a neuron by activating a receptor, whether the 

response is electrophysiological, metabolic, or developmental in nature. The compounds 

released by any type of glia is referred as "gliotransmitters" (Martin, D.L., 1992).
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Accumulated data show that astrocytes are functionally diverse and specialized (Grisar, T., 

et al., Eds., 1986). The specific localization of neuroactive substances in subpopulations of 

astrocytes provides strong evidence that they differ in their abilities to send messages. 

Astrocytes have many fine processes, and it is possible that individual processes can respond to 

signals independently of the processes of the cell. Astrocytes appear to be much more 

specialized than previously imagined.

Recently, a growing literature has shown that both neurotransmitters and "gliotransmitters", 

which have been studied so far, effectively engineer gene expression and mitotic activity in 

cells of the CNS. We should ascribe great significance to neuropeptide neuromodulators 

(among them to growth factors) which seem to play a pace maker role in the control of gene 

expression in the CNS (Sensenbrenner, M., et al., 1980, Grisar, T., et al., Eds., 1986, Jehan, 

F., et al., 1995).

1.5. Drugs and neuromodulators of psychiatric importance wielding concomitant control 
on gene expression and homeostasis in the CNS.

As I have pointed out above (paragraphs 1.2. and 1.З.), it is easy to deduce from recent 

literature that concomitant regulation of homeostasis and gene expression exercised by 

neuromodulators should bear great significance particularly with regard to behavioral 

problems.

No systematic studies, however, are yet available to show what kind of exogenous drugs of 

neuromodulator nature or endogenous neuromodulators could be paradigmatic in respect of 

concomitant regulation of homeostasis and gene expression in the CNS. Until now, merely 

partial studies have been conducted with two of compounds which could be considered as 

good models of neuromodulators wielding concomitant control on gene expression and 

homeostasis in the CNS: morphine (MO - as a representative of opioids) and arginine 

vasopressin (AVP). Both of these compounds are of great psychiatric importance: the first one 

is primarily related, for instance, to the problem of drug addiction (for Ref. see Vathy, et al., 

1985) and the second one is closely combined to mechanisms controlling both behavior as well 

as brain water and electrolyte homeostasis in mammals (Diamant, M. and De Vied, D., 1993, 

Cserr, H.F., Ed., 1986). Some neuropeptides (such as, atriopeptin <AP>, basic fibroblastic 

growth factors <bFGFs>) display such a profound analogy to AVP with respect their 

concomitant effects on gene expression and homeostasis in the CNS, that they tempt the 

researcher to a simultaneous study with AVP although their psychiatric relevance has not yet
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been analyzed. [Here, I ought to notify, that in our first reports on bFGF we still termed this 

compound as "astroglial growth factor 2" (AGF 2; see Publ. V. and Latzkovits, L., et al., 

1988.)]

1.5.1. Opioids, morphine and cocaine.
Great number of data from in vitro studies has been published proving that opioids or 

morphine master expression of IEG and/or long-lasting response gene in the course of 

development as well as during adult life (Hauser, K.F. et al. 1993, Eriksson, P.S. et al., 1991). 

Simultaneously, these compounds profoundly alter the cation homeostasis, primarily 

homeostasis of free calcium in the cytoplasm of cultured brain cells. Astroglia have been 

reported to be a specific target of opioids with respect to the control of homeostasis of 

intracellular free calcium (Stiene, M.A., et al. 1993).

No experiments have been conducted, however, to demonstrate that opioids can bring 

about changes of gene expression governing behavior patterns in mammals.

Cocaine is an exogenous compound. Its significance is, nevertheless, great for it is one of 

the "neuromodulators", together with opioids, mostly consumed by addictors. A comparison 

between the effects of morphine and cocaine, with respect their effect on prenatal gene 

expression in the CNS affecting postnatal behavior, can be of great importance.

1.5.2. Vasopressin and functionally related compounds (atriopeptin <AP> and bFGF).
Vasopressin is one of the most multi-functional compound in the organism. Its multifaceted

peripheral effects imply a growth factor-like mitogenic action on various cells, such as 

fibroblasts, mesangial cells in kidney. For some malignant tumor cell populations it serves as an 

autocrine mitogen which maintains and accelerates uncontrolled growth of the tumor (Carter, 

D.A., et al., 1993). An inverse, antimitotic effect of AP has been reported on cultured astroglial 

cells (Levin, E.R. and Harrison, J.L.F., 1991).

Numerous in vivo experiments have proved that vasopressin acts in the CNS, like in the 

periphery, as an organizer of the water and cation homeostasis (Cserr, H.F., Ed., 1986, Doczi, 

T., et al., 1984, 1987, 1988, Latzkovits, L., et al., 1993). It is synthesized and released by 

specialized neurons within the brain and distributed via extracellular volume transmission 

(see 1.3.)

A significant number of studies have demonstrated that vasopressin basically modulates 

behavior and learning pattern of various mammals (Diamant, M. and De Vied, D , 1993, 

Sarnyai, Z., et al., 1992). Evidence has been published to show that the behavioral effect of
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Vasopressin is related to prenatal effects, that is, to manipulation of gene expression during 

prenatal development (Snijdewint, F.G., et al., 1988).

No comprehensive examinations have been carried out to reveal whether brain cells, 

exposed to vasopressin, display concomitantly altered homeostasis and gene expression under 

in vitro conditions in cultured brain cells. Findings published by Latzkovits et al. (1993) have 

demonstrated that cultured astrocytes swell under the effect of vasopressin. This report 

suggests that water homeostasis of cultured astroglial cells becomes disturbed by vasopressin. 

Nevertheless, this study did not imply an analysis of ion equilibrium changes which would have 

been induced by AVP and could have accounted for the uptake of excess water into the 

cultured astroglial cells. Yet, it has not been determined whether the above-mentioned, growth 

factor-like, mitotic effect of vasopressin could be observed in a system of cultured brain cells.

The effects of AVP on water and ion homeostasis, and on the nuclear machinery governing 

mitotic activity of various cells, seem to represent a part of a regulatory system including 

(among others) also AP and FGFs. The AP exerts an effect which is opposite to AVP both on 

mitotic activity of cultured astroglia (Levin, E.R. and Harrison, J.L.F, 1991) and on water 

homeostasis of the same cultured cells (Latzkovits, L., et al., 1993), as well as on in vivo 

electrolyte homeostasis in rats (Doczi, T., et al., 1984, 1987, 1988). Regarding their 

concomitant effects on gene expression and water homeostasis in cultured glial cells, AVP and 

bFGF seem to be closely related (Latzkovits, L,. et al, 1988, 1993).

1.6. Rationale of studying gene expression changes of psychiatric relevance with their 

interdependence on regulation of homeostasis in the CNS.

Recently, powerful methods (for example, blot transfer techniques and in situ hybridization) 

have become available for the study of changes in expression of immediate early response or 

late response genes functioning in the CNS. By applying these methods, significant endeavor 

has been achieved in comprehending the regulation or modification of gene expression by 

external stimuli. Still, an enormous gap exists in the understanding of how the numerous single 

molecular biochemical steps build up the regulation of transcription. Even more difficult is to 

relate single events of gene expression to the resulted appearance of new attributes of 

developing or adult organism.

To approach a sensible interpretation for the behavioral consequences of alterations in gene 

expression induced by neuromodulators, studies which can reveal correlating changes 

concomitantly at the cellular and behavioral levels of organization seem to be promising. By
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such studies, two lines of evidence would be attained. First, a demonstration that the 

investigated compound really gives rise to an effect which interfere with gene expression. 

Second, a proof that this effect should be taken into account when interpreting behavioral 
changes. It is the second requirement which is most difficult to meet. The only way to 

accomplish it is the in vivo, prenatal administration of neuromodulator into pregnant animals 

and the exact demonstration that special behavioral changes of offsprings appear subsequently, 

in their adult life, as a consequence of the former, prenatal treatment.

The analysis of simultaneous changes of gene expression and homeostasis is essential with 

respect to the elucidation of mechanisms which take part in the CNS in the orchestrated 

regulation of both gene expression and homeostasis under the effect of neuromodulators. The 

great practical significance of clarifying these mechanisms lies in the possibility that by 

manipulating brain microhomeostasis, behavioral disturbances governed by gene expression 

could be influenced. This task typically requires a study on concomitant regulation of gene 

expression and homeostasis at cellular level of organization by using cultured brain cells. The 

cited literature suggests that only a carefully assembled collection of data obtained from both in 

vivo and in vitro experiments can help a stepwise approach to the problem of concomitant 

regulation of gene expression and homeostasis in the CNS in vivo.

2. OBJECTIVES.
2.1. The main objective of this work has been to provide evidence that morphine, as a 

representative of opioids, and vasopressin can serve as paradigmatic neuromodulators exerting 

concomitant effects on regulation of gene expression and homeostasis in the CNS. These 

neuromodulators were selected because data in the literature suggested that they can be used to 

analyze effects ensuing at levels of both cellular and behavioral organization. That way we 

expected to approach cellular mechanisms functioning behind in vivo behavioral effects.

2.1.1. As I have pointed out above, in the paragraph 1.5.1., opioids exert a profound effect on 

concomitant regulation of homeostasis and gene expression at the cellular level of 

organization. We wanted to study whether effects of morphine could be demonstrated on gene 

expression also in vivo in rats ? Therefore, to find a reliable answer we studied the prenatal 

effect of morphine on the late sexual behavior pattern of offsprings of pregnant rats subjected 

to morphine treatment. Sexual behavior pattern was selected as a model of behavioral effects as 

precise and exact methods have been elaborated and are available for its study.
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2.1.2. An identical study but conducted with cocaine, as outlined in 2.1.1., has been 

undertaken because of the great practical importance of this drug with regard to the worldwide 

problem of drug addiction.

2.1.3. According to paragraph 1.5.2., there is a significant number of publications to prove that 

in vivo, in rats, vasopressin exerts concomitant effects on both brain homeostasis and behavior 

pattern (Doczi, T., et al., 1984, 1987, 1988, Cserr, H.F., Ed., 1986, Latzkovits, L., et al., 1993, 

Diamant, M. and De Vied, D., 1993, Sarnyai, Z. et al., 1992). Evidence was also reported to 

show that in vivo behavioral effects of vasopressin are due to altered gene expression in the 

CNS since they could be observed on offsprings of pregnant rats which had been treated with 

vasopressin (Snijdewint, F.G., et al., 1988).

Our purpose in the work presented in my thesis has been to analyze concomitant effects of 

vasopressin, as a neuromodulator, on gene expression and homeostasis, in vitro.

2.2. By further studying the antagonistic nature of AVP and AP effects on brain cell ion 

homeostasis, which can be hypothesized from the literature (Doczi, T., et al., 1984, 1987, 

1988, Cserr, H.F., Ed., 1986, Latzkovits, L., et al., 1993), we wanted to foster our 

understanding about hormonal regulation of homeostasis in the CNS.

2.3. Recently, the bFGF family has turned into one of the most effective regulators of gene 

expression in the CNS. The investigation of long-term effect of bFGF on ion movements in 

cultured glial cells, as a function of development, has thrown light upon two problems:

2.3.1. What kind of cation transport changes could concomitantly take place with the 

appearance of the pleiotropic (transcription modifying) effect of bFGFs? Thus, can it be 

justified that bFGFs are neuromodulators in terms I discussed in paragraph 1.3. ?

2.3.2. We wanted to study the developmental aspects of the cation transport system in the 

astroglia membrane. The astroglia membrane seems to serve as a profoundly important 

organizer of the concomitant regulation of homeostasis and gene expression.

2.4. These experiments intended to provide insight into the biological mechanisms involved in 

drug addiction and affective disorders.
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3. METHODS.
3.1. In vivo experiments.

3.1.1. Animals.
Pregnant female Sprague-Dawley rats were admitted for experiment on the fifth day of 

conception. All animals were weighed and housed individually in maternity cages with food 

and water available ad libitum. They were maintained on a 14-h light/10-h dark reverse light- 

dark cycle with lights off at 12.00 h.
3.1.2. Materials.

Morphine and cocaine were obtained from the National Institute of Drug Abuse and were 

dissolved in physiological saline. Progesterone (P) and estradiol benzoate (EB) were dissolved 

in peanut oil. All injections were administered subcutaneously (s.c.) in a volume of 0.1 ml. All 

other chemicals and solvents used for chromatographic analysis were analytical grade.

3.1.3. Prenatal treatment protocol.

In experiments using prenatal morphine treatment pregnant dams were randomly assigned 

to one of two groups: 1. a morphine treated experimental group, or 2. a saline treated control 

group. Injections were begun on day 11 of gestation and continued through day 18. On 

gestation day 11 the experimental females were injected twice, once in the morning (09.00 h) 

and once in the evening (18.00 h), with 5 mg/kg morphine given s.c. On day 12 the females 

were injected with 5 mg/kg morphine in the morning and 10 mg/kg in the evening. From day 

13 through day 18 the animals received two daily injections of 10 mg/kg morphine. The 

control females received two daily injections of 0.8% NaCl on days 11-18.

In experiments using prenatal cocaine treatment pregnant dams were randomly assigned to 

one of two groups: 1. a cocaine- treated experimental group, or 2. a saline treated control 

group. Injections were begun on day 11 of gestation and continued through day 18. The 

experimental females were injected twice, once in the morning (09.00 h) and once in the 

evening (18.00 h), with 10 mg/kg cocaine given s.c. The control females received two daily 

injections of 0.8% NaCl on days 11 to 18.

3.1.4. Fostering and weaning procedure.

On the day of birth pups were sexed and weighed, and litters were reduced to 10 pups. All 

offsprings of morphine/cocaine-treated mothers were tattooed on one of the front footpads 

with black india ink. Each of the morphine/cocaine-treated mothers with her pups was 

randomly paired with one of the saline-treated mothers with her pups. The litters were divided
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in half and cross-fostered such that half of the morphine/cocaine-treated pups were given to the 

saline mothers, and half of the saline-treated pups were given to the morphine/cocaine 

mothers. Thus, each mother raised half of her own and half of the adopted pups. No difference 

was observed in the behavior of mothers toward their biological offsprings versus the adopted 

ones. In addition, there have been no significant differences in any developmental measures 

attributed to differential maternal care as described previously (Vathy, I., et al., 1985). Animals 

were weaned at 23 days and housed individually. As it is preferable to consider each litter as 

the unit of analysis, only one animal from each litter was used for any given behavioral or 

biochemical test. The remaining animals were used in other experiments.

3.1.5. Behavioral testing.

3.1.5.1. Sexual behavior.

At 60 days of age all females were ovariectomized (OVX) under Metofane anesthesia 4-7 

days prior to behavior testing. Females were tested on 2 consecutive weeks for estrus behavior 

in response to EB (8 microgram) followed 48 h later by P (500 microgram). Testing with 

stimulus males began 4 h after the P injection. The stimulus male was allowed to adapt to the 

testing chamber for at least 10 min prior to the introduction of an experimental female. Males 

were permitted to mount female rats 10 times, and the number of lordosis responses as well as 

the quality of each lordosis were recorded. A lordosis quotient (LQ, number of lordosis/ 

number of mounts x 100) was derived as a measure of estrus responsiveness. The intensity of 

lordosis (an estimate of lordosis posture) was scored according to the scale of Hardy and 

DeBold (Hardy, D.F. et al., 1972). In addition, solicitation behavior including darting, hopping 

and ear-wiggling was recorded whenever it occurred throughout the 10-mount test.

Beginning on postnatal day 75, gonadally intact males were tested for male sexual behavior 

with sexually receptive, stimulus female rats at weekly intervals for 3 consecutive weeks. 

Stimulus females were OVX and injected with 8 microgram of EB 48 h and 500 microgram of 

P 4 h before testing. The occurrence of mounts, intromissions, and ejaculation was recorded on 

an event recorder. Mount latency (ML, the time from the introduction of the female to the first 

mount), intromission latency (IL, the time from the introduction of the female to the first 

intromission), ejaculation latency (EL, the time from the first intromission to ejaculation), and 

PEI (the time from ejaculation until the first intromission of the next copulatory series) were 

also recorded. The testing period was terminated after 30 mins without a mount or 

intromission or at the end of the first PEI.
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3.1.5.2. Open field activity.
An open-field apparatus (51 x 25 x 30) was used the floor of which was divided into four 

equal quadrants; each quadrant was divided into 2-inch squares by a marked cardboard. 

Testing was carried out between 13.00 and 15.00 h in gonadally intact, 59 to 65-day-old males 

and females. Behavioral activities including rearing, crossing and corner sniffing were 

recorded. Rearing was counted when the animal assumed an upward posture standing on only 

his/her hind legs. Crossover was counted when the animal crossed a border between two 

squares with all four legs. Corner sniffing consisted of the animal nosing one of the corners. 

Animals were placed in the apparatus for a period of 15 mins. During this period their activity 

was recorded for three 1-min periods between 4-5, 9-10 and 14-15 mins after the beginning of 

the test. At the end of the open field test, the presence of urine and number of fecal boli was 

recorded. Cages were cleaned between trials with mild detergent and alcohol.

3.1.6. Dissection.

All male and female rats were killed by decapitation 2 days after the final behavioral test. 

Immediately after sacrifice, the brains were removed, placed on a glass plate over ice, and the 

frontal cortex, hypothalamus, POA, striatum and the cerebellum removed, frozen on dry ice 

and stored at -70°C. The hypothalamus and POA were dissected as described previously 

(Vathy, I., et al., 1985).

3.1.7. High-performance liquid chromatography (HPLC) for measuring brain 

catecholamine content and estimation of CA turnover.

The single catecholamines were separated and assayed by HPLC (see methods section in 

Publ. I.). Catecholamine turnover rates were calculated according to the method of Brodie 

(Brodie, B.B., etal., 1966).

3.1.8. Analysis of developmental time course of prenatal morphine on brain 

catecholamine content.
To determine when prenatal morphine-induced alterations in brain catecholamine content 

occur relative to puberty, postnatal day (PND) 16, 23, 33, and 45 were chosen for analysis. 

Gonadally intact male and female rats from 96 different litters were sacrificed by decapitation 

on PND 16, 23, 33, or 45. Brains were dissected as described in section 3.1.6. and prepared 

for CA measurement by HPLC as referred in section 3.1.7. The weight of tissues from 

morphine- and saline-treated animals did not differ. For HPLC measurements 100 microliters 

of eluted amines in oxalic acid were injected.
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3.1.9. Markers of puberty and neurological development.
From 25 days of age animals were checked daily for the markers of puberty. Vaginal 

opening in females and preputial separation in males were noted. Righting reflex time was 

measured on PND 12 and 16. This test involves placing each pup on its back and allowing 3 s 

for the animals to return to an upright position (all paws in contact with surface).

Each litter was considered as the unit of analysis: only one male and one female animal from 

each litter was used for any given biochemical test.

3.1.10. Statistical analysis.
All behavioral and biochemical measures were subjected to two- or three-way analysis of 

variance.
3.2. In vitro experiments

In the subsequent studies we encountered the significant problem that we had to investigate 

a growth-factor or growth-factor like effect of various peptides (e.g. bFGF, AVP and AP). 

The conventional culture systems contain fetal calf serum as a general "growth factor" essential 

for cellular multiplication. However, these peptides can interfere with fetal calf serum. 

Therefore, a culture system not containing fetal calf serum has been developed to allow us 

effects of bFGF, AVP and AP to be studied.

3.2.1. Materials.
Plastic Petri dishes of 60 mm diameter were purchased from Falcon and 12 well plastic 

multiwell plates (with a well diameter of 22.6 mm) from Costar Company. Heat inactivated 

fetal calf serum was obtained from GIBCO. Purification of the bFGF from bovine brain has 

been described in detail elsewhere (Pettmann, B., et al., 1985). All materials including 

radioisotopes were the same as given in preceding paper (Latzkovits, L., et al., 1988).

3.2.2. Culture system.
Primary cultures of Type-1 astroglial cells were derived from new-born rat forebrain and 

maintained in serum free, defined medium, as described by Latzkovits, L., et al., 1988, 1989. 

Briefly, cerebral hemispheres of 24 to 48-hour-old Wistar rats were cleaned from meninges 

and mechanically dissociated. The cells were cultured for 5 days in Waymouth's MD 705/1 

medium (WM) containing 10% heat inactivated fetal calf serum and antibiotics (penicillin 50 

U/ml and streptomycin 50 microgram/ml) in culture dish in a CCb incubator at 37°C in a 

humidified 5% CCb- 95% air atmosphere. At the 5th day of cultivation the serum containing 

nutrient medium was discarded and the cells were further cultured either in serum containing
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or not containing (defined) medium. Immunocytochemical staining for the astroglial culture 

specific marker glial fibrillary acidic protein (GFAP) confirmed that our cultures contain > 95% 

astrocytes (Latzkovits, L., et al., 1989, 1993).

3.2.2.1. Morphology.
Morphological features of the astroglial cultures either treated or not treated with bFGF, 

AVP or AP were continuously checked in the course of this study by phase contrast 

microscopy. However, morphological changes of the cultured astrocytes exposed to bFGF 

have been extensively studied and will not be reported here (Pettmann, B., et ah, 1981, 1985, 

Sensenbrenner, M., et ah, 1980). Just for illustration, phase contrast microphotos of control 

and bFGF treated cells (Fig. 1) as well as GFAP immunostaining of the same cultures (Figs. 2 

and 3) are presented. For other characteristics of the cultures see Fig. 4.

3.2.3. Treatment with peptides.
3.2.3.1. Effects of arginine vasopressin (AVP) and atriopeptin (AP) on chloride uptake 

in cultured astroglial cells.

After 14 days of cultivation the defined medium was changed for AVP ([Arg8] Vasopressin, 

acetate salt) or atriopeptin (rat atrial natriuretic peptide) or both containing medium [10-5 to 

10'9 M] (Latzkovits, L., et ah, 1993). AVP and AP treatment was continued for various 

periods (30-360 mins). In some of the experiments the VIA AVP receptor antagonist 

d(CH2)5Tyr(Me)AVP "Manning compound" and the V2 receptor agonist deamino-Cysl-o- 

Arg8-vasopressin in concentrations of 10'6 M (Latzkovits, L., et ah, 1993) were applied for



Fig. 3.
Fig. 1. Micrographs of Type-I rat astroglia cultures. (Phase contrast x 200) 
Cultivation time: 14 days.
A: Waymouth s medium plus 10% fetal calf serum 
B: Waymouth „defined medium”
C: Waymouth’s medium, 10% fetal calf serum plus 1 O'1 'M bFGF.
D: Waymouth „defined medium" plus 10'11 M bFGF.
Bar, 50 micrometer

Fig. 2. GFAP immunostaining of cultures illustrated by the Fig. 1 panel B.

Fig. 3. GFAP immunostaining of cultures illustrated by the Fig. 1 panel D.
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Fig. 4. Changes of characteristics of cultured astroglial cells as a function of cultivation time. 
(A): cell number (B): protein content (C): DNA content (D): ’H-thymidine uptake by cultured 
astroglial cells. Each value is the mean of 8-10 experiments. Error bars give SD.
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the same period of AVP treatment time to test the specificity of vasopressin receptor effect. 

Both compounds were administered to the cultures either in the presence or absence of AVP.

3.2.3.2. Effect of AVP treatment on ^H-thymidine incorporation by cultured astroglial 

cells.
After definite intervals of cultivation the nutrient medium was changed for the same defined 

medium as described in section 3.2.2. which, in some of the wells, was supplemented with 

AVP ([Arg8]Vasopressin, acetate salt) in concentrations of 10'6 to 10~9 (Latzkovits, L., et al., 

1993). AVP treatment was continued for a period of 96 hours. In some of the experiments the 

VIA AVP receptor antagonist d(CH2)5Tyr(Me)AVP "Manning compound" and the both VI 

and V2 receptor antagonist SKF 101926 in concentrations of 10_6 M were applied for the 

same period of AVP treatment time to test the specificity of vasopressin receptor effect. Both 

compounds were administered to the cultures either in the presence or absence of AVP.

3.2.3.3. Long-term exposure of cultured astroglial cells to the basic fibroblast growth 

factor (bFGF).
In this experiment the cells were cultured in plastic Petri dishes (Falcon) of 60 mm diameter, 

and volume of the nutrient medium was 4 ml per dish.

After 9-day-long culture period the nutrient medium was changed for the same defined 

medium as described in section 3.2.2. which, however, contained for some of the Petri dishes 

10 ng bFGF per ml medium (i.e. 40 ng bFGF per Petri dish). Subsequently, the nutrient 

medium was changed two times per week and by every new medium change, 40 ng bFGF per 

Petri dish was again administered to the bFGF-treated cultures.

3.2.4. Ion uptake.
3.2.4.1. ^Chloride uptake.

Cultured astroglial cells, exposed or not exposed to AVP or AP, were used for determining 

their Cl- uptake by applying 0.7 microCi/ml 36q- as a tracer. Briefly, nutrient medium was 

discarded and the astroglial cells were rinsed three times (within 15 sec) with the bicarbonate- 

free balanced salt solution (BSS) preheated to 37°C. Then, 0.5 ml of the same BSS was added 

for 15 mins at 37°C either in the absence or in the presence of 10-5 M bumetanide, the 

Na+-K+-2C1" cotransport inhibitor. A stock solution of bumetanide was made in dimethyl 

sulfoxide (DMSO), the final concentration of DMSO in the test solution was 0.05% vol/vol. 

Following preincubation, the cultures were exposed to 0.5 ml of the same BSS containing the 

radioactive tracer 0.35 microCi 36q_ per wen wjth or without bumetanide for periods
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of 30-360 mins as above. Immediately thereafter, the radioactive medium was discarded and 

the cultures were rinsed three times with 1 ml of chilled BSS to remove the adherent 

radioactive solution. The cells were then air dried dissolved in 1 ml of sodium cholate solution 

(3 mg/ml). Separate aliquots of the tissue digest were assayed for 36q- radioactivity 

(dpm/well) using liquid scintillation counting and for total protein (microgram/well) a 

colorimetric assay based on the Lowry method. The test medium was also assayed for 

radioactivity (dpm/microliter).

3.2.4.2. Sodium and potassium uptake in primary cultures of rat astroglial cells induced 

by long-term exposure to the basic fibroblast growth factor (bFGF).

At definite intervals of culturing, astroglial cells both exposed and not exposed to bFGF 

were used for determining unidirectional influx of Na+ and K+ (I]qa and Ij^, respectively, nmol 
cation/ min per mg tissue protein) by applying 22jqa+ and 42jH- as tracers in the same 

balanced salt solution (BSS) and by the method as we described in our preceding paper 

(Latzkovits, L., et al., 1988, see also Publ. V). Briefly, nutrient medium was discarded and the 

astroglial cells rinsed three times (within 15 sec) with the BSS preheated to 37°C. Then, 5 ml 

of the same BSS either containing or not containing transport inhibitors was administered to 

the cultures (10~3 M amiloride, ouabain or furosemide) and cells were preincubated for 15 

mins at 37°C. Following preincubation, the cultures were exposed to 5 ml of the same 

preheated (37 °C) BSS either with or without inhibitors but containing the radioactive tracer 

(1 microCi “~Na+ or 0.5 microCi 4-K+ per ml BSS) for exactly 20 sec. Immediately 

thereafter, the radioactive medium was discarded and the cultures were rinsed three time with 

chilled sucrose solution (0.32 M), air dried, dissolved in concentrated formic acid and analyzed 

for radioactivity and protein content as described (Latzkovits, L., et al., 1988). Thus, 

unidirectional influx of both Na+ and K+ represents the cation uptake performed by cultured 

astroglial cells within 20 sec.

3.2.4.3. ^H-Thymidine uptake.

Cultured astroglial cells, exposed or not exposed to AVP, were used for determining their 

^H-thymidine uptake by applying 1 microCi/ml ^H-thymidine as a tracer. Briefly, nutrient 

medium was discarded and the astroglial cells were rinsed three times (within 15 sec) with the 

bicarbonate-free balanced salt solution (BSS) preheated to 37° C. Then, 0.5 ml of the same 

BSS was added for 15 mins at 37° C either in the absence or in the presence of transport 

inhibitors (10-6 M bumetanide, the Na+-K+-2 CL cotransport inhibitor or 10~6 M amiloride,
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the inhibitor of H+-Na+ antiport). Following preincubation, the cultures were exposed to 

0.5 ml of the same BSS containing the radioactive tracer 0.5 microCi ^H-thymidine per well 

with or without bumetanide or amiloride for 96 hours as above. Immediately thereafter, the 

radioactive medium was discarded and the cultures were rinsed three times with 1 ml of chilled 

BSS containing non-radioactive ("cold") thymidine to remove the adherent radioactive 

solution. The cells were then air dried dissolved as described in section 3.2.4.2. Separate 

aliquots of the tissue digest were assayed for ^H-thymidine radioactivity (dpm/well) using 

liquid scintillation counting and for total protein (microgram/well) as described in section 

3.2.4.1. The test medium was also assayed for radioactivity (dpm/microliter).

3.2.5. Statistics. Comparison between groups were made using unpaired Student's t statistics.

4. RESULTS.
4.1. In vivo experiments.
4.1.1. Effect of prenatal morphine treatment.

4.1.1.1. Sexual behavior of female rats.

Prenatally morphine-exposed females exhibited an 85 % inhibition in adult lordosis behavior 

when compared to saline controls (Fig. 5). The mean solicitation score (the number of darts, 

hops and ear wigglings) was also reduced in morphine-treated females.

4.1.1.2. Sexual behavior of male rats.
Prenatally morphine-exposed males displayed significantly shorter PEIs than controls on all 

3 weekly tests (Fig. 6). Both saline- and morphine-exposed animals had comparable mount and 

intromission latencies and frequencies on the first behavior test, but they differed significantly 

on the second and third tests (Tables 1 and 2). Morphine-exposed males had significantly 

shorter MLs and ILs on the second and on the third tests, and displayed significantly higher 

mount and intromission frequencies. Similarly, morphine and saline rats had comparable ELs 

on the first test but differed again on the latter tests; however, morphine-exposed males needed 

more time to achieve ejaculation than saline controls.

4.1.1.3. Catecholamine (CA) content of brain of adult rats.

In utero morphine increased hypothalamic norepinephrine (NE) levels by 95% in adult 

male rats [Publ. I. Fig. 3] but decreased the levels of NE by 57 % in the hypothalamus of adult 

female rats [Publ I. Fig. 4]. Morphine did not alter hypothalamic dopamine (DA) content in 

either sex. NE and DA content in the preoptic area (POA) of saline- and morphine-treated
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Fig. 5. Effects of prenatal morphine on adult lordosis behavior. Animals were tested for 
estrous responsiveness with stimulus stimulus males on two consecutive weeks. Values are 
means ± S.E.M. (n=14). *P <0.0001 (vs. saline) F\i2i = 2W.2.

Fig. 6. Effects of in utero morphine on post-ejaculatory-intromission interval (PEI). 
Gonadally intact male rats were tested with stimulus females on three consecutive weeks. 
Values are means ± S.E.M. (n = 13 and 14). *P <0.0001 (vs. saline) F\j\ = 161.8.
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Table 1.
Effects of prenatal morphine on mount and intromission frequencies 
Values are means ± S.E.M.

FrequenciesWeek of Prenatal n

IntromissionMounttests treatment

10.7±2.3
13.Ü2.4

11.3±2.3
14.7±2.7

Saline
Morphine

1 13
14

9.9±2.2
22.9±2.9*

9.1±2.2
22.4±3.3*

2 Saline
Morphine

13
14

10.2±2.4
25.0±3.9**

Saline
Morphine

3 13 7.7±2.0
21.6±3.0**14

*P < 0.05, ** P < 0.01 compared to saline.

Table 2.
The effects of prenatal morphine on male sexual behavior
Values are in seconds and expressed as means ± S.E.M. ML, mount latency; IL, intromission 
latency; EL, ejaculation latency.

Week of tests Prenatal treatment Behavioral measuresn

EL (s)IL (s)ML (s)

1246±52
1654±88

1 Saline
Morphine

680±60
605±49

492±57 
410±44

13
14

760±20 
1173±53*

2 644±62
290±32**

Saline
Morphine

13 489±57 
118± 5*14

736±36 
957±31 *

3 649±61
210±33**

Saline
Morphine

13 614±63
198±33*14

* P < 0.05,**P < 0.01 compared to saline.



25

males and females were also essentially identical [Publ. I. Figs. 3 and 4]. There were no 

differences in the levels of NE and DA as a function of prenatal drug exposure in the cortex or 

cerebellum [Publ. I. Table 3].

4.1.1.4. Catecholamine content of brain of rats at different postnatal days.

Norepinephrine (NE) content.
Morphine-exposed males had significantly higher NE levels at PND 23 but lower levels at 

PND 45 than saline-treated males in the hypothalamus (Fig. 7). In female rat hypothalamus, 

prenatal morphine treatment significantly increased the content of NE at PND 23 and PND 33 

versus saline controls. NE content in males peaked at PND 23, and was higher in morphine- 

than in saline-exposed animals of both sexes at PND 23. However, at PND 33 when NE 

content peaked in females, prenatal morphine increased NE content only in females. The levels 

of NE in the POA of male and female rats were similar to those in hypothalamus (Fig. 8). In 

the cerebellum, sex differences occurred at PND 45 (Fig. 9) when NE content peaked in males 

and dropped in females. In the striatum, sex differences occurred at PND 16 when levels of NE 

were lower in females than in males [Publ. II. Table 1]. At PND 16, prenatal morphine 

significantly increased the level of NE in morphine-exposed females. There were no significant 

effects of sex or drug treatment in the cortex [Publ. II. Table 1] .

Dopamine (DA) content.

Males had lower levels of DA than females at PND 16 and at 45 in the hypothalamus. At 

PND 23, DA content peaked in males and was significantly higher than in females. The peak in 

DA content was observed in females at PND 33 (Fig 10). Prenatal morphine increased DA 

content in males but not in females at PND 16, and at PND 45, it elevated DA levels in females 

but not in males (Fig. 10). In the POA sex differences were apparent at PND 23 and 33 (Fig. 

11). The levels of DA were lower in females at PND 23, but higher at PND 33, when 

compared to males. Sexually dimorphic alterations in the levels of DA following prenatal 

morphine were observed at PND 16. Prenatal morphine reduced the levels of DA in females 

but had no effect in males (Fig. 11). In the cerebellum sex differences on DA content were 

observed at PND 16 as in the hypothalamus. At PND 45, prenatal morphine increased DA 

content in males but not in females (Fig. 12). In the striatum, prenatal morphine differentially 

altered the levels of DA in males and females at PND 16. It decreased DA content in males, but 

had no effect in females [Publ. II. Table 2]. Females had significantly lower levels of DA than 

males at PND 23, but at PND 33 and 45 females had much higher DA content than males.



26

7000

6000

5000
''—•v

'S
L 4000
о-
E

30002
■----- i

2 2000

1000

0
4516 23 33Fig. 7. Postnatal Days

7000

6000

^ 5000
.£v

L 4000

C
£ 3000
CL

Ш

2 2000

1000

0
16 23 33 45

Fig. 8. Postnatal Days

Fig. 7. Effects of prenatal morphine on hypothalamic NE content of male (triangle) and 
female (circle) rats at different postnatal days. The open symbols represent saline-and filled 
symbols morphine-exposed animals. Values are means ± S.E.M. of n = 5-6. /?<0.05, 
++p<0.01vs. saline-exposed females. **p<0.01 vs. saline-exposed males.

Fig. 8. Effects of prenatal morphine on NE content of POA in male (triangle) and female 
(circle) rats. Open symbols are the saline-treated animals, and the filled symbols morphine- 
exposed animals. Values are means ± S.E.M. of n = 5-6. "p < 0.05 vs. saline-exposed females. 
*p<0.05 vs. saline-exposed males.
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Fig. 9. Effects of prenatal morphine on NE content of the cerebellum in male (triangle) and 
female (circle) rats. At PND 45 there was a significant effect of prenatal drug treatment, 
F( 1,22) = 4.96, p<0.04. Morphine-exposed animals are represented by filled symbols. Values 
are means ± S.E.M. of n = 4-6. +p < 0.05 vs. saline-exposed females. *p < 0.05 vs. saline- 
exposed males.

Postnatal Days

Fig. 10. Effects of prenatal morphine on DA content of the hypothalamus of male (triangle) 
and female (circle) rats. Open symbols are saline- and filled symbols are morphine-treated 
animals. Values are means ± S.E.M. of n = 5-7. + p < 0.05 vs. saline-exposed females. *p < 
0.05 vs. saline-exposed males.
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Fig. 11. Effects of prenatal morphine on DA levels in the POA of males (triangle) and 
females (circle). Open symbols represent saline-and filled symbols are morphine-treated 
animals. Values are means ± S.E.M. of n = 6-8. ++p < 0.01 vs. saline-exposed females.
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Fig. 12. Effects of prenatal morphine on DA levels in the cerebellum of males (triangle) and 
females (circle). Open symbols represent saline- and filled symbols morphine-exposed 
animals. Values are means ± S.E.M. of n = 6-8. **p < 0.01 vs. saline-exposed females.
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In the cortex, males had lower levels of DA than females [Publ. II. Table 2]. Prenatal morphine 

affected DA content in the cortex only in the male rats, it reduced DA content at PND 23, but 

increased at PND 33 relative to saline-treated controls [Publ. II. Table 2].

4.1.1.5. Catecholamine turnover rate in brain regions of adult rats.

Norepinephrine (NE) turnover.
NE turnover in the hypothalamus of saline-exposed males was significantly lower than in 

saline-exposed females [Publ. III. Fig. 3 A and В]. NE turnover was more than twofold higher 

in morphine- than in saline-exposed male rats [Publ. III. Fig. 3 A], and the rate constant 

increased by 50 % [Publ. III. Table 1]. In contrast, NE turnover was reduced about 50 % in 

comparison to controls [Publ. III. Fig. 3 B], and the rate constant decreased as well [Publ. III. 

Table 1], in morphine-exposed females. These sexually dimorphic alterations induced by 

prenatal morphine eliminated the normal sex difference in hypothalamic NE turnover rate. In 

the POA NE turnover of saline-exposed males was significantly lower than in females [Publ. 

III. Fig. 3 A and В]. Prenatal morphine had no effect on NE turnover in the POA of males, but 

reduced NE turnover and the rate constant in the POA of females [Publ. III. Fig. 3 В and 

Table 1]. Thus prenatal morphine eliminated the normal sex difference in the POA by 

selectively decreasing NE turnover in females. In the frontal cortex, but not in the striatum or 

cerebellum, a similar trend of alterations in NE turnover was observed in drug-exposed 

animals. These alterations in the cortex did not reach statistical significance [Publ. III. Table 1]. 

Dopamine (DA) turnover.

There was also a significant effect of sex on DA turnover in the hypothalamus and the POA. 

DA turnover was lower in males than in females.

4.1.2. Effect of prenatal cocaine treatment.
4.1.2.1. Morphological measures.

Significant sex differences in body weight (males were heavier than females), in AGD 

(males longer than females; see in Publ. IV. Table 1 ), in crown to rump length and head 

circumference (males were significantly greater than females) were observed throughout the 

experiment. Prenatally cocaine-treated male rats tended to have shorter AGDs than controls, 

but the difference was statistically significant on PND 9. In all other measures there was no 

significant difference observed between prenatally cocaine- and saline-treated animals. Thus, 

the dose of cocaine to which animals were exposed on gestation days 11-18 produced no 

significant changes in any growth-related measures.
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4.1.2.2. Measures of neurological development.
A measure of neurological development, the righting reflex, also did not differ between 

cocaine- and saline-exposed animals on either PND 12 or PND 16 [Publ. IV. Table 2].

4.1.2.3. Open field activity.
Prenatal cocaine had no effect on corner sniffing. For grid-crossing, cocaine-exposed 

females crossed fewer grids than controls during the first 1-min test, but the group did not 

differ during the subsequent two time periods. While the same trend was observed in the 

cocaine-exposed males on the first 1-min test, the large variance in the saline group prevented 

this effect from reaching statistical significance. These findings may indicate a modest effect of 

prenatal cocaine on response to novelty. Rearing behavior: males showed more rearing 

behavior than females. Cocaine-exposed females reared about 50 % less than controls, while 

cocaine-exposed males reared the same or somewhat more than saline controls [Publ. IV. 

Table 3].

4.1.2.4. Sexual behavior of female rats.
Cocaine-exposed females exhibited reduced lordosis behavior when compared to saline- 

exposed controls (Fig. 13). Moreover, the quality of lordosis in cocaine-exposed females was 

also suppressed when compared to controls. The solicitation score (for definition see section 

4.1.1.) was also reduced in cocaine-exposed females relative to controls.

4.1.2.5. Sexual behavior of male rats.

Latencies to initiate copulation and to ejaculate were similar in both cocaine-and saline- 

exposed

males [Publ. IV. Table 4]. In both groups the latencies to mount and to ejaculate declined 

progressively during the weekly testing. By contrast, mounting and intromitting prior to 

ejaculation increased progressively in cocaine-exposed males such that on the third weekly test, 

cocaine-exposed males mounted and intromitted significantly more frequently than controls 

prior to ejaculation [Publ. IV. Table 5]. Cocaine-exposed males exhibited a significant 

reduction in PEI on both the second and the third test when compared to controls [Publ. IV. 

Fig. 2].

4.1.2.6. Catecholamine content of brain of adult rats.

Cocaine-exposed males had significantly higher NE and DA levels in the POA than saline- 

treated males (Fig. 14). In the hypothalamus of cocaine-exposed females the levels of NE and 

DA tended to be higher than in controls, but this effect was not statistically significant. No
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Fig. 13. Effects of prenatal cocaine on adult female sexual behavior. Animals were tested for 
estrous responsiveness with stimulus males on two consecutive weeks. Values are expressed 
as means ± S.E.M. (n = 8). * P < 0.01 vs. saline.

NE NE DADA NE DA
HYPOTHALAMUS PRE0PT1C AREA STRIATUM

Fig. 14. The catecholamine content of different brain regions of prenatally cocaine- and 
saline-exposed male and female rats. Panel A, males ( n= 7 ). panel B. females ( n = 6 ). 
Values are expressed as means ± S.E.M. * P < 0.05 vs. saline.
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differences in the levels of NE and DA in the cerebellum or the cortex of cocaine- and saline- 

exposed males and females were detected.

4.2. In vitro experiments.
4.2.1. Sodium and potassium uptake in primary cultures of rat astroglial cells.
4.2.1.1. Not exposed to basic fibroblast growth factor (bFGF).

Values of 1^а showed a definite increase in the second part of experimental culture period 

(17-23 days), particularly in the furosemide sensitive component (given by differences between 

the blank and crosshatched columns in the Publ. V. Fig. 1). I]\fa in the rat astroglial cells 

cultured in defined medium, as we have pointed out (Latzkovits, L., et al., 1988), displays very 

poor ouabain sensitivity. This fact is confirmed by this study, (see differences between filled 

and blank columns in Publ. V. Fig. 1. I^fa in the поп-bFGF treated cultures did not show any 

amilorid sensitivity, as we have reported (Latzkovits, L., et al., 1988). Ijya values determined in 

the presence of 10-^ M amiloride agree, within the limits of statistical error, with the controls 

(blank columns in Publ. V. Fig. 1).

Similarly, Ik also showed an increase during the studied cultivation period [Publ. V. Fig. 2]. 

Ik values were also amiloride-resistant. In the course of cultivation, mainly the furosemide- 

sensitivity of p£ increased, but the ouabain-sensitive inhibition of Ik was also enhanced 

indicating an elevated ouabain-sensitive component.

4.2.1.2. Exposed to basic fibroblast growth factor (bFGF).

As it is demonstrated in Figs 15 and 16, in the two-week-long exposure period (9-23 days 

of cultivation) two distinct parts can be distinguished as far as changes of I]\ja and Ik are 

concerned: 1.) When the cultured astroglial cells were exposed to bFGF for 2-8 hours, we 

observed the same changes in both 1^а and Ik as we found by short-term treatment (3-30 min) 

with bFGF; i.e. by about 70 % and 30 % increase of I]\ja and Ik, relative to the astroglial 

cultures not exposed to bFGF (Latzkovits, L., et al., 1988). 2.) However, following the 8-10- 

hour-long initial period of exposing the cells to bFGF, I]^a significantly decreased while Ik 

increased in the bFGF treated cultures (Figs 15 and 16). The decrease of I]\[a stopped after 

about 20-48 hours of exposure period and did not show further change up to the end of the 

two-week-long experimental period. In contrast, Ik in the bFGF treated astroglial cells 

increased up to the 6-10th day of the exposure period (Figs 15 and 16).
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Fig. 15. Increase of the unidirectional influx of NaT (Iwa, nmol / min. per mg protein ) into rat 
astroglial cells expose to bFGF ( 10'11 M). Results are expressed as percent increase relative to 
INa in the cells not exposed to bFGF and as a function of exposure period that started by the 
administration of bFGF at the 9th day of cultivation. The Figure shows separately the 
relatively initial exposure period (2-48 hours; blank columns) and the subsequent, longer 
exposure period (4-14 days; crosshatched columns). Each value gives the mean of 6-10 
independent determinations, error bars represent SD.

Fig. 16.

Fig. 16. Increase of the unidirectional influx of К + (Ik, nmol / min. per mg protein ) into rat 
astroglial cells exposed to bFGF ( IO’11 M). Results are expressed as percent increase relative 
to Ik in the cells not exposed to bFGF and as a function of exposure period that started by the 
administration of bFGF at the 9th day of cultivation. The Figure shows separately the 
relatively initial exposure period (2-48 hours; blank columns) and the subsequent, longer 
exposure period (4-14 days; crosshatched columns). Each value gives the mean of 6-16 
independent determinations, error bars represent SD.



34

4.2.1.2.1. Exposed to basic fibroblast growth factor (bFGF) under the effect of transport

inhibitors.

Changes of both Fjsja and 1^ were determined in bFGF-treated astroglial cultures in the 

presence of specific transport inhibitors as percent changes relative to the control cultures 

(exposed to bFGF but not treated with transport inhibitor). Results are presented in Publ. V. 

Figs 5 and 6. It can be seen in Publ. V. Fig. 5, that the initial increase of I]sja should be ascribed 

to its amiloride-sensitive component which profoundly decreased after the 8-10-hour-long 

initial exposure period, while in contrast, the furosemide-sensitive component displayed an 

increase at the same time [Publ. V. Fig. 5]. An increased ouabain-sensitivity of the bFGF- 

treated cultures is indicated by the light stimulation of the ouabain-sensitive component of 1^а 

[Publ. V. Fig. 5]. As it is shown in Publ. V. Fig. 6, Ij^ also has an amiloride-sensitive 

component which decreased as a function of exposure time. However, both its ouabain- and 

furosemide-sensitive components significantly increased in the course of exposure to bFGF. 

4.2.2. Effects of arginine vasopressin (AVP) and atriopeptin (AP) on chloride uptake 

in cultured astroglial cells.
4.2.2.1. Initial uptake rate of 36q- into cultured rat astroglial cells as a function of 

exposure time both exposed or not exposed to AVP or AP.
As demonstrated in Fig. 17, at least a 30-mins-long period of exposure to AVP or AP was 

necessary for the statistically significant appearance of the effect of either AVP or AP on 36q- 

uptake by primary Type-1 astroglial cells. The uptake remained constant after 60 minutes. No 

such effect was observed at 10 mins and the 36q- uptake of control cultures showed 

change with increasing exposure time.

4.2.2.2. AVP increases while AP decreases ^^Cl" uptake in a dose-dependent

1. ) After 60 mins exposure to arginine vasopressin (AVP) or atriopeptin (AP), AVP 

increased while AP decreased 36q- uptake of cultured primary Type-1 astroglial cells in a 

dose-dependent manner compared to AVP or AP non-treated controls (Figs. 18 and 19).

2. ) Dose-response analysis proved that both effects started to be statistically significant at 
greater than 10'^ M concentration of the peptides (Fig. 18).

4.2.2.3. Glial cell 3^СГ uptake remains close to normal in presence of AVP plus AP.

The effect of coadministration of AVP and atriopeptin in concentrations of 10_5 M to 

10-8 M has also been examined. j6q- uptake of cultured astroglial cells appeared to be close

no

manner.

A ftCl %v\ s у
4
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Fig. 17. Initial uptake rate of 36Cl'into cultured astroglial cells as a function of exposure time 
to AVP and AP. Each value is the mean of 8-10 experiments. SD was less than 7 percent of 
the means.
Meaning of symbols:iControls ( not exposed to AVP or AP )

• AVP ( 10 '7 M ) treated cells 
■ AP ( 10 '7 M ) treated cells

Fig. 18. Effect of AVP or AP as a function of their concentration on ,6C1 uptake rate into 
cultured astroglial cells after 60 mins exposure to AVP or AP. Meaning of columns: 
Crosshatched: AP, Hatched: AVP. Values are means of 6-8 experiments, error bars represent 
SD. Increase by AVP and decrease by AP, relative to the control (zero concentration of 
compounds ), are statistically significant (p < 0.005) by unpaired t-test for values equal 
higher than 10 '8M.

Fig. 19. Time course of 36CF uptake into cultured astroglial cells after 60 mins exposure to 
AVP or AP.
Meaning of symbols: A Controls (not exposed to AVP or AP )

• AVP (10 ‘7 M ) treated cells 
■AP ( 10 '7 M ) treated cells

Each value is the mean of 10-12 experiments. SD was less than 6 percent of the means.

as or
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Fig. 20. Antagonist effect of coadministered AVP and AP on 36CF uptake rate into cultured 
astroglial cells after 60 mins exposure. AVP and AP concentrations are identical. Values are 
means of 5-6 experiments. Error bars represent SD. No significant differences relative to the 
control (zero concentration ) can be observed.

Fig. 21. Effects of VIA receptor antagonist, V2 receptor agonist and bumetanide on AVP 
dependent increase in 36Cf uptake rate of cultured astroglial cells. Meaning of columns: 
Crosshatched: not exposed to AVP, Hatched: exposed to AVP (К)'7 M ) C: Controls (not 
exposed to VIA receptor antagonist, V2 receptor agonist and bumetanide ), 1: exposed to 
VIA receptor antagonist, (10'6 M ), 2: exposed to V2 receptor agonist (10‘6 M ), 3: exposed to 
bumetanide ( 10° M ). Values represent means of 10-12 experiments. Error bars give SD.
* Statistically significant differences (p <0.01) relative to the control (C, crosshatched 
column).
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to those of controls. Thus, AVP and AP canceled each other's effect in an almost stochiometric 

manner (Fig. 20).

4.2.2.4. Effects of a VI receptor antagonist, V2 receptor agonist and bumetanide 

on AVP-dependent increase in 36q- uptake.

1. ) The increase in 36q- uptake of cultured rat astroglial cells induced by 60 min exposure 

to 10-7 M Аур was inhibited (Fig. 21) both by specific VIA vasopressin receptor antagonist 

"Manning compound" (10"6 M) and by the Na+-K+-2C1" cotransport inhibitor bumetanide 

(10-5 M).

2. ) The presence of V2 vasopressin receptor agonist deamino-Cysl-o-Arg8-vasopressin 

(10"6 M) along with AVP treatment did not influence the effect of AVP on 36q- uptake of 

astroglial cells (Fig. 21).

3. ) It was shown in control experiments that neither VIA antagonist nor V2 agonist affected 

the 36q- uptake in absence of AVP. These observations together suggest that AVP acts upon 

VIA receptor in our astroglial culture system.

4.2.3. Effect of arginine vasopressin (AVP) on ^H-thymidine uptake into cultured 

astroglial cells.

4.2.3.1. Cultured astroglial cells not exposed to AVP and receptor or transport 
inhibitors.

As it is demonstrated in Fig. 4 the cell number, protein content, DNA content and 

3H-thymidine uptake of cultured astroglial cells did not show significant change after 15-20 

days of cultivation.

4.2.3.2. Mitogenic effect of AVP.

AVP clearly exerts a mitogenic effect upon both kinds of astroglial cell cultures (Figs 22 and 

23). The mitogenic effect of AVP exerted on cultured astroglial cells is influenced by the 

concentration of AVP (Fig. 23), exposure time (Fig. 22) and duration of culturing period 

(Figs 22 and 23). 14-days-long cultured cells (plots of full circles) show a significantly higher 

response than those cultured for 5 days (plots of hollow circles). It is of interest that after 

reaching a peak in ^H-thymidine uptake at concentration of 2.5- 5 x 10"7 M AVP in 14-days- 

long cultured cells, and at 10"^ -2.5 x 10”7 M in 5-days-long cultured cells, the uptake 

decreases rapidly despite of further increase in AVP concentration (Fig. 23). The onset of 

mitogenic effect of AVP needs an exposure time of at least 24 hours. I hypothesize that the 

lower AVP receptor density on the membrane of the relative immature cells cultured for
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Fig. 22. Effect of AVP on 3H-thymidine uptake in cultured astroglial cells as a function of 
exposure time. Values give the increase of uptake as a percentage of controls and represent 
means of 10-12 experiments.
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X axis: Exposure time (hours).
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Fig. 23. Effect of AVP on ’H-thymidine uptake in cultured astroglial cells as a function of 
A VP concentration in the medium. Values give increase of uptake as a percentage of controls 
and represent means of 10-12 experiments. Plots of full circles give values obtained in 14- 
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Fig. 24. Effect of the VI receptor antagonist Manning compound and the both VI and V2 
receptor antagonist SKF 101926 and ion transport inhibitors (bumetanide and amiloride) on 
AVP induced ’H-thymidine uptake into cultured astroglial cells. Values give changes as 
percentage of 3H-thymidine uptake of cultures which were not exposed to AVP. They 
represent means of 10-12 experiments, error bars give SD.
Meaning of numbers:
1. Controls (not exposed to receptor antagonists or transport inhibitors but exposed to 10' M 
AVP)
2. Bumetanide (10'6M)
3. Amiloride (1 O'6 M)
4. SKF 101926 (10'6M)
5. Manning compound (10'6M)
Y axis: Increase as percent of control in presence of AVP (10‘7 M)
X axis: 3H-thymidine uptake
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5 days, as compared to the relatively higher receptor density of the membrane of 14-days-long 

cultured cells, may be responsible for this difference.
4.2.3.3. Effects of VI and V2 receptor antagonists and transport inhibitors on 

AVP-dependent change of ^H-thymidine uptake in cultured astroglial cells.

The mitogenic effect of AVP can be inhibited by the specific VIA vasopressin receptor 
antagonist "Manning compound" (10_6 M) and by the SKF 101926 (10-6 M), which acts as an 

inhibitor upon both VI and V2 vasopressin receptors. The mitogenic effect can not be 

inhibited by either the Na+-K+-2C1' cotransport inhibitor bumetanide (10-6 M) or the Na+/H+ 

exchange inhibitor amiloride (10-6 M) as shown in Fig. 24. It can be concluded from these 

results that AVP has an early effect on the membrane resulting in the increase of both Na+/H+ 

exchange and Na+-K+-2C1" cotransport. The former two processes are amiloride-sensitive 

while the latter one can be inhibited by bumetanide. This effects correspond to previous 

findings which revealed a significant swelling of cultured glial cells exposed to AVP 

(Latzkovits, L., et al., 1993). Further investigation are needed to elucidate how these early 

effects and the subsequent mitogenic effect of AVP could be related.

5. DISCUSSION.
With regard to our first objective, our studies provide further evidence suggesting, together 

with already cited reports, that concomitant regulation of gene expression and ion homeostasis 

takes place in the CNS. This view has emerged from time to time in the literature (Meier, E., et 

al, 1991, Martin, D.L., 1992). It has even been hypothesized that most if not all of the 

neuromodulators take part in this double-sided control system (Herschman, H R., 1989). 

Nevertheless, no attempts have been reported yet to launch a more or less systematic study on 

mechanisms involved in its functioning. Progress along this line of research has been partly 

retarded by the fact that no good paradigmatic neuromodulator compounds have been found.

Our findings also show that, taking into consideration data in the literature, opioids and 

AVP can serve as promising model compounds for studying concomitant effects of 

neuromodulators in the CNS. Moreover, our data strongly advance the idea, by showing a 

generally inverse effect between AVP and AP and, in addition, by suggesting an analogy 

between mitogenic effects of AVP and bFGF, that AVP is a member of a network of 

neuromodulators which bring about concomitant regulation of gene expression and 

homeostasis in the CNS.
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Concerning the molecular mechanisms involved in concomitant regulation of gene 

expression and homeostasis, interestingly, the literature published as early as the seventies 

provide a great body of indirect information. It was demonstrated that cations, particularly 

Ca++ and Na+, but also K+, exercise both first and second messenger functions in the control 

by peptides, hormones and antibodies of general cellular functions presuming manipulation of 

gene expression (a detailed account on this literature is given in Refs, in Latzkovits, L. and 

Fajszi, Cs., 1982, Latzkovits et al., 1988, Rozengurt, E. and Mendoza, S.A., 1985). From 

these facts the conclusion is obvious that regulation of homeostasis, which shapes both extra- 

and intracellular cation concentrations, should profoundly interfere with the control of gene 

expression in the CNS. However, in the seventies, relatively scarce knowledge was available 

concercning transcriptional factors and exact methods were not generally accessible for 

researchers to analyze changes even of known elements of the transcriptional regulation. 

Perhaps, because of this fact, no real attention was paid to the significant number of reports 

about possible role of cations in governing gene expression. Moreover, many of the reports 

seem to have been "forgotten". Therefore, the theoretically plausible interrelationship between 

regulation of homeostasis and gene expression in the CNS became a rather neglected field of 

research. This inattention to a large amount of experimental data, which showed that cations 

profoundly influence gene expression related cellular functions (for instance, changes of 

protein turnover, immunological functions and cell multiplication), was particularly unjustified 

in the case of the CNS where the extremely narrow intercellular gap fortifies effects of never 

stopping changes of cation concentrations (Latzkovits, L. and Fajszi, Cs., 1982, Rozengurt, E. 

and Mendoza, S.A., 1985). The fact, that the interplay between cations and gene expression is 

closely related to neuronal-glial interactions (see 1.4.), makes this disregard partly 

understandable: an inclination has namely existed as not to attribute any important regulatory 

role to astroglial functions (see 1.4.).

From the point of view of psychiatry, it seemed to be quite promising to conduct studies on 

behavioral consequences of neuromodulator effects presumably due to concomitant regulation 

of gene expression and homeostasis. With the advent of knowledge about volume transmission 

(Fuxe, K. and Agnati, L.F., 1991) it became clear that non-synaptic, relatively slow 

interneuronal and/or neuronal/glial cross talks are of relevant psychiatric importance (Vizi, 

E.S., 1990, Vizi, E.S. and Lábos, E., 1991). As I have pointed out in the paragraph 1.З., 

concomitant regulation of homeostasis and gene expression in the CNS is accomplished by
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neuromodulators slowly carried over relatively long distances within extracellular space in the 

brain tissue.

5.1. Discussion about our in vivo experiments.

There is an inherent difficulty in any of studies which aim at revealing gene expression 

alterations as a cause of changes in mammalian behavior. Theoretically, unarguable evidence 

which would show that a certain effect influences behavior via altering gene expression in the 

CNS could be attained from molecular biology methods. That is, by a detailed analysis of the 

numerous transcriptional factors in the tissue. Such an analysis could be hypothetically 

performed with the brain tissue of rat embryos transiently exposed to morphine in utero 

according to the protocol used in our experiments. However, this would provide an enormous 

amount of data about transcriptional factors impossible to relate to specific behavioral changes 

(see 1.6.). That is, the theoretically best approach would be the less conclusive.

The great advantage of these experiments is that the conclusions are based on use of 

morphine (MO) prenatally, in utero, where as the investigation of behavioral changes takes 

place much later, in the adulthood when the drug is no more present in the organism. The 

modification of sexual behavior of rats prenatally exposed to MO is unlikely to reflect global 

deficiencies in the hypothalamic-pituitary-gonadal axis since prior work showed that prenatal 

MO does not alter estrous cyclicity or the timing of puberty in rats (Vathy, I., et al., 1983, 

1985). This fact also provides a reliable argument against a possible interpretation that late 

alteration of sexual behavior, observed as a consequence of prenatal MO treatment, would be 

due to a nonspecific, toxic effect of MO. The action of prenatally administered MO as a 

nonspecific, toxic agent is further disproved by our observations that there is a profound 

difference between alterations of adult male or female sexual behavior ensuing as a 

consequence of prenatal MO exposure.

Nevertheless, the behavioral observations alone cannot unequivocally exclude the possibility 

of a toxic effect. For instance, one can argue that MO in utero, as a toxic agent, modulates 

adult male and female sexual behaviors similarly. It may, however, lead to impairment of 

sensory processing of stimuli regulating adult copulation behavior without affecting gene 

expression underlying the development of neural circuits which determine the dimorphic 

character of sexual behavior.

Therefore, we performed a biochemical study of the brains of adult rats exposed prior to 

MO in utero to demonstrate that MO primarily affects development, that is gene expression, of
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cells in the CNS controlling catecholamine functions. Our biochemical results demonstrate that 

in utero MO exposure, which alters sexual behavior, also modifies norepinephrine (NE) 

content in the adult male and female rat hypothalamus in a profoundly different way. MO- 

exposed female rats had reduced NE levels in the hypothalamus while, by contrast, MO- 

exposed male rats had significantly increased NE content in their hypothalamus relative to 

controls. Because hypothalamic NE systems are implicated as important facilitators of female 

sexual behavior (see Refs, in Vathy, I. and Katay, L., 1992), it is plausible that the behavioral 

deficits seen in drug-exposed females are causally related to the reduced level of hypothalamic 

NE.

We further extended these biochemical investigations by also performing studies on 

turnover of NE and dopamine (DA) in various brain areas of adult rats exposed to MO 

prenatally. Our findings provided further supported the conclusion that prenatal MO alters the 

development of both NE and DA neurotransmitter systems in the hypothalamus, preoptic area, 

striatum and cerebellum in a sexually dimorphic manner. Alterations in the development of 

these catecholamine systems in our experiments clearly demonstrate the gene expression 

modifying effect of MO upon embryonic rat brain.

No evidence is given by our studies that the numerous data, having recently published about 

concomitant effects of opioids on Ca++ homeostasis and gene expression in vitro in cultured 

brain cells including astroglia, could be directly related to our in vivo results. Nevertheless, this 

rapidly growing literature on in vitro findings strongly suggests an interpretation that the 

concomitant character of these two effects is due to an interplay of causative factors of both 

mechanisms regulating cation homeostasis and gene expression.

Such a role of opioids, exerted also under in vivo conditions, is well concordant with our in 

vivo results. It will need, however, further studies to achieve direct evidence for that.

It will also be an intriguing study for the future to analyze the role of endogenous opioids in 

the regulation of general homeostasis in the brain in vivo.

Our studies on the in utero effect of cocaine (CO) also suggest an important modification of 

development of the catecholamine system in the brain, although this effect is different to that of

MO

5.2. Discussion about our in vitro experiments.

The major goal of our in vitro study is to demonstrate that AVP exerts profound 

concomitant effects on mitotic activity and Cl' homeostasis in cultured glial cells. The former
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fact clearly shows that AVP interferes with regulation of gene expression. This interference of 

AVP in astroglial gene expression takes place via a specific receptor binding dependent 

mechanism. The latter effect is well in agreement with prior reports on cell volume increasing 

effect of AVP exerted on the same cultured glial cells we applied in our present experiments 

(Latzkovits, L., et al., 1993). The Cl" anion moves usually parallel with Na+ cation in astroglia. 

These ion transport processes play a prominent role in the volume regulation of brain tissue 

(Latzkovits, L. and Fajszi, Cs., 1982, Cserr, H.F., Ed., 1986). Thus, we can draw the important 

conclusion, that AVP performs its volume regulatory effect observed in vivo in rats (see for 

Refs. Cserr, H.F., Ed., 1986, Latzkovits, L. et al., 1993) by affecting astroglia cation 

homeostasis. This fact can account also for the in vivo brain edema causing effect of AVP 

(Doczi, T., et al., 1984, 1987, 1988) and may have future therapeutical consequences for the 

treatment of brain edema.
At the same time, our findings on the role of astroglia in organizing C1“ homeostasis point 

out the possible significance of astroglia with respect of affective disorders (see Refs, in Publ. 

6). The idea that astroglia play a prominent role in orchestration of psychopharmacological 

effects has emerged as early as 1984 (Flertz, L. and Richardson, J.S., 1984). Nevertheless, 

relatively few reports have been published dealing with this line of research. Our results suggest 

a hormonal control of Cl" homeostasis in the CNS which has been shown to play a prominent 

role in the control of gamma-amino butyric acid mediated synaptic mechanisms. These 

mechanisms are directly related to problems of anxiety disorders (see Refs, in Publ. 6).

The opposite effects of AVP and AP both in regulating mitotic activity and Cl" homeostasis 

of cultured astroglial cells strongly suggest that a system of neuromodulators exist to perform 

concomitant control of gene expression and homeostasis in the CNS. Our results about the 

effect of bFGF support the conclusion that some growth factors also take part in this control 

system. To reveal further possible members of the system (for instance angiotensines) may be a 

tempting subject for future research.

Our results on the long-term effect of bFGF on the development of cation transport system 

in cultured astroglial cells is the first publication in the international literature to demonstrate 

that strict developmental control exists orchestrating the various individual transport steps 

which are responsible for the maintenance of homeostasis in the brain.
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This fact gives a clear answer as to why regulation of homeostasis and gene expression 

so conspicuously concomitant. These regulatory processes should function in a 

strictly orchestrated way, otherwise optimal cell functioning in the brain is impossible.

As a summary, I would say, that in our present study we have not intended to contribute to 

the search for causative factors interplaying in concomitant regulation of cation homeostasis 

and gene expression at the level of molecular biology. Instead, our objective was to provide 

further evidence to show the concomitant character of neuromodulator effects both at the 

cellular and behavioral levels of organization in the CNS. This ambition, however, is of 

significant psychiatric and neurological relevance in addition to its theoretical significance.
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