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Abstract

:

Previous studies demonstrated an asymmetry of left predominance for mean values of soluble leucine aminopeptidase (LeuAP) activity in the frontal cortex (FC) and hypothalamus of adult male rats, fluorimetrically analyzed by the hydrolysis of Leu-β-naphthylamide as a substrate. No asymmetries were observed in nine other left (L) and right (R) regions obtained from rostro-caudally sectioned coronal slices. Neither had inter-hemispheric differences observed for lactate dehydrogenase (LDH), analyzed simultaneously in the same brain regions (L and R) of the same animals. However, the level of intra-hemispheric or inter-hemispheric correlation of LeuAP or LDH between such brain regions has not been analyzed. In order to obtain additional suggestions on the functional heterogeneity between regions of LeuAP and LDH, in the present investigation, the level of intra-hemispheric and inter-hemispheric correlations of the frontal cortex with the rest of the regions studied is described: (A) between the left frontal cortex (LFC) and the rest of the left regions; (B) between the right frontal cortex (RFC) and the rest of the right regions; (C) between the left frontal cortex and all of the right regions; and (D) between the right frontal cortex and all of the left regions. All of the correlations obtained were positive. The intra-hemispheric analysis showed a greater heterogeneity of values in the correlations observed between RFC and the rest of the right regions than between LFC and the rest of the left regions. Greater heterogeneity is observed when comparing RFC correlations with left regions than when comparing LFC correlations with right regions. In conclusion, the greatest heterogeneity (suggesting a greater functional variability) was observed in the right intra-hemispheric analysis and in the inter-hemispheric analysis between the RFC and the left hemisphere. The results for LDH showed a great homogeneity between regions both in the intra- and inter-hemispheric studies.
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1. Introduction


Brain asymmetry is still a very unknown and open research topic [1,2,3]. The analysis of the regional cerebral interrelationship within the left or right hemispheres, as well as the study of the regional interaction between both hemispheres, can reveal interesting data on integral cerebral behavior. The study of the intra- and inter-hemispheric behavior of enzymatic activity, regulating specific neurotransmitters with known cognitive functions, in comparison with the simultaneous determination of another general metabolic enzymatic activity without specific known cognitive functions, can reveal important aspects of bilateral brain behavior. For this, especially in neurochemical studies, it is necessary to carry out research in experimental animals, such as rats, with a brain that is quite similar to the human brain, which can provide a valuable overview of certain brain processes [4]. In a previous extensive investigation on brain bilateral regional distribution in adult male rats, we described an asymmetry of left predominance in the frontal cortex and hypothalamus, for the mean level of soluble leucine aminopeptidase (LeuAP) activity [5] analyzed fluorimetrically through the hydrolysis of Leu-β-naphthylamide as a substrate [6]. No asymmetries were observed in nine other left (L) and right (R) regions, obtained from rostro-caudally sectioned coronal slices (Figure 1). This activity has been involved in the metabolism of enkephalins [7], so it may reflect their functional state. In the same animals and regions, lactate dehydrogenase activity (LDH), a classic metabolic enzyme involved in carbohydrate metabolism, was determined simultaneously, and in this case, no asymmetry was observed in any of the eleven L and R regions analyzed [2]. However, the level of intra-hemispheric or inter-hemispheric correlation of LeuAP or LDH between such brain regions has not been determined. In order to obtain additional suggestions on the functional heterogeneity between regions of LeuAP and LDH, a large analysis study of the correlations between all regions and all of the others is proposed. In the present investigation, as preliminary data of this study, the level of intra-hemispheric and inter-hemispheric correlations between the frontal cortex and the rest of the regions studied is described: (A) between the left frontal cortex (LFC) and the rest of the left regions; (B) between the right frontal cortex (RFC) and the rest of the right regions; (C) between the left frontal cortex and all the right regions; (D) between the right frontal cortex and all the left regions (Figure 2).




2. Material and Methods


2.1. Animal Design, Collection and Sample Preparation


Male Wistar rats (n = 21) with an average weight of 250 g were used in the present investigation. For the analysis of LeuAP activity, all 21 animals were used. Eighteen such animals were used for LDH analysis. The experiments were carried out in accordance with the ethical parameters approved by the European Communities Council Directive 86/609/EEC. Animals were anesthetized with Equithensin [8] and their brains were perfused with saline, quickly extracted, and frozen on dry ice. Subsequently, coronal sections of the brains were carried out, from which selected brain regions were dissected, according to the stereotaxic atlases of König and Klippel [9] and Pellegrino and Cushman [10]. The brain regions, obtained as symmetrically as possible, from the left and right hemispheres were, in rostro-caudal direction: frontal cortex (FC), parietal cortex (PC), striatum (ST), thalamus (TA), hypothalamus (HT), hippocampus (HC), mesencephalon (MS), occipital cortex (OC), cerebellum (CE) and medulla (MD). For the spinal cord (SC), the proximal 4 mm of the cervical cord were obtained (Figure 1). Once the tissues were obtained, they were quickly homogenized in 10 volumes of 50 mM Tris HCl buffer, pH 7.4 and later ultracentrifuged (100,000× g, 30 min.). The obtained supernatants were immediately analyzed for LeuAP and LDH activities. LeuAP and LDH activities were determined in triplicate in each sample, and the average value of such determinations was selected. These assays showed high reproducibility and low variation.




2.2. Determination of LeuAP Activity


LeuAP activity was determined using Leucine-β-naphthylamide (Leu-β-NA) as a substrate, according to the modified method of Greenberg [11]. Briefly, 10 μL of supernatant was incubated for 30 min in 1 mL of the substrate solution consisting of: 0.8 mg/100 mL of Leu-β-NA, 10 mg/100 mL of bovine albumin and 10 mg/100 mL of dithiothreitol in 10 mL of phosphate buffer pH 7.4 at 25 °C. The enzymatic reaction was stopped by the addition of 1 mL, 0.1 M acetate buffer, pH 4.2. The fluorescence intensity of the released β-naphthylamide was determined at 345 nm of excitation and 412 nm of emission. The amount of protein in each sample was determined in triplicate using the Bradford method [12]. Results were expressed as LeuAP units per mg protein. One unit was considered as the amount of enzyme that hydrolyzed 1 nmol of Leu-β-NA per min.




2.3. Determination of LDH Activity


Lactate dehydrogenase activity was measured spectrophotometrically in triplicate by the standard method of Bergmeyer and Bernt [13] and expressed as milliunits of enzyme activity per mg of proteins.




2.4. Statistical Analysis


With these data, whose mean values were previously published [5], we have carried out the present correlational analyses, which consist of obtaining the levels of correlation: (A) between the left frontal cortex and the rest of the left regions; (B) between the right frontal cortex and the rest of the right regions; (C) between the left frontal cortex and all of the right regions; and (D) between the right frontal cortex and all of the left regions (Figure 2). To analyze the level of correlation between the left or right frontal cortex and the rest of the left or right regions (Figure 2), the Pearson’s correlation coefficients were calculated. The calculations were carried out using SPSS 13.0 and STATA 9.0 (STATA Corp., College Station, TX, USA).
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Figure 1. Coronal slices from which the analyzed left and right regions were obtained. Tissue samples were dissected according to the König and Klippel [9] and Pellegrino and Cushman [10] stereotaxic atlases. In each coronal section, the anterior and posterior planes are indicated as anterior (A) [9] or posterior (P) [10] to the inter-auricular line, between which the various selected regions were dissected. For the spinal cord, the proximal 4 mm of the cervical cord were obtained. In rostro-caudal direction: frontal cortex (FC), parietal cortex (PC), striatum (ST), thalamus (TA), hypothalamus (HT), hippocampus (HC), mesencephalon (MS), occipital cortex (OC), cerebellum (CE), medulla (MD) and spinal cord (SC). 
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Figure 2. Intra-hemispheric and inter-hemispheric correlations of the left or right frontal cortex with the rest of the regions studied: (A) between the left frontal cortex and the rest of the left regions (blue arrows); (B) between the right frontal cortex and the rest of the right regions (red arrows); (C) between the left frontal cortex and all of the right regions (blue arrows); (D) between the right frontal cortex and all of the left regions (red arrows). 
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3. Results


The intra-hemispheric and inter-hemispheric correlation levels of the frontal cortex, as well as the percentage increases when comparing the left intra-hemispheric correlations with the right ones and when comparing the inter-hemispheric correlations of LeuAP and LDH activity with each other, are shown in Table 1 and Table 2 and are represented in Figure 3 and Figure 4. All correlation values were positive: the higher the value in one region, the higher the value in the correlated one. In the tables and figures, the cortices (FC, PC, OC) are grouped at the beginning and the subcortical regions are presented in a rostro-caudal order (ST, TA, HT, MS, MD, CE, HC, SC). The results clearly differ between LeuAP and LDH, showing greater variability in the levels of correlation obtained for LeuAP than those obtained for LDH (Figure 3 and Figure 4). The levels of correlation for LeuAP also differ if we compare the intra-hemispheric left versus left (L vs. L) with the right versus right (R vs. R) correlations (Table 1): the R vs. R correlations show greater heterogeneity than the L vs. L ones. This heterogeneity is also observed if we compare the left versus right (L vs. R) correlations with the right versus left (R vs. L) correlations: greater heterogeneity is observed in the R vs. L than in L vs. R. The above considerations do not apply to the LDH values that show much more homogeneity in the various comparisons.



The above circumstances are also observed when analyzing the percentage increase, [(higher value/lower value) − 1] × 100, between the values of L vs. L compared to those of R vs. R and between the values of L vs. R in comparison with those of R vs. L: the values are higher and more heterogeneous for LeuAP than for LDH (Figure 4). Finally, if we calculate the percentage increase between the highest and lowest value in each column, we observe that for LeuAP the highest levels are found in the R vs. R (222.5%) comparisons compared to L vs. L (63.9%), and R vs. L (75.5%) compared to L vs. R (40.2%) (Table 1). However, for LDH, the values are lower and more homogeneous (Table 2).




4. Discussion


One way to analyze the functional dynamics of neuropeptides is through the study of their metabolism by the action of proteolytic enzymes that biotransform and/or inactivate them [14]. LeuAP has been involved in enkephalin metabolism [7], so its study can provide us with valuable data to understand its functional dynamic. Research on the functional role of opioid peptides, in addition to studying their processing and/or inactivation, has been approached with various other strategies [15]. However, based on their wide distribution (not only centrally but also peripherally) and the complexity of the involved systems that sometimes overlap each other, such as their interaction with other neuropeptides and/or classical neurotransmitters, the functional role of opioids is not fully elucidated. Thus, in addition to their clear role in the induction of analgesia, opioids together with dopamine may participate in the central processes of reward. But, opioids are also involved in food consumption, encoding of aversive experiences, and other processes [15]. Regarding the inter-hemispheric distribution of opioids, there are controversial data; for example, while some authors describe an asymmetrical behavior [5,16], others report a symmetrical one [17]. The great variability that is dependent on changes in environmental and physiological conditions [1], could underlie such controversy.



Brain regions display great cellular and biochemical diversity, and mutual intra- and inter-hemispheric influences are mediated by interconnecting neural projections. Understanding the functional dynamics of this heterogeneity is still a clear challenge [18]. The analysis of intra- and inter-hemispheric interactions between regions can provide suggestions that help to partially reveal the functional dynamism in brain asymmetry. Deco et al. [18] analyze the dynamics of brain regional heterogeneity through the study of variations in excitatory/inhibitory gene expression and conclude that regional heterogeneity improves the properties of inter-regional functional connectivity. The observed heterogeneity in the brain may be a vital component to improve performance in a variety of tasks and increase its ability to adapt to new environments [19].



For the interpretation of these data, it is necessary to take into account that we are using correlation values and not mean levels from absolute data. Although correlations do not imply causations, they may be suggestive of the existence of a functional trend. The present data show a brain asymmetry that could be interpreted as a greater heterogeneity in the level of intra- and inter-hemispheric functional interaction, established by the LeuAP activity of the right frontal cortex with the same activity of various right and left brain regions. The results also demonstrate a greater homogeneity in the level of intra- and inter-hemispheric functional interaction established by the LeuAP activity of the left frontal cortex with the same activity of various left and right brain regions (Figure 3 and Figure 4). An example of the above, the interaction between the frontal cortex and hippocampus for LeuAP is represented in Figure 5. Consequently, the same could be applied to the function of their peptide substrates such as enkephalins. This functional interpretation brings a new point of view to that observed with the previously described intra- and inter-hemispheric regional mean values of cerebral LeuAP activity [5]. The idea of a high level of enzymatic activity/low substrate level, reflects another functional concept that does not include the interaction between regions like the one we observe with the present data. In addition, we could suggest that, according to previous studies, there is no doubt that this pattern of intra-brain interactions, as well as their neuro-visceral connections, would not only be asymmetric but also dynamic and could be modified depending on changes in environmental conditions and/or pathological states (reviewed in [1]).



The results for LeuAP contrast with those obtained for LDH in which no differences are observed with intra- and inter-hemispheric interactions between regions. Rather, they exhibit clear data homogeneity suggesting intra- and inter-hemispheric functional similarity for this metabolic activity (Figure 3 and Figure 4). A specific example of the above, such as the interaction between the frontal cortex and the hippocampus for LDH, is represented in Figure 6.



Interestingly, the previous study of mean values [5], also showed no intra- and inter-hemispheric differences for LDH. In conclusion, the intra- and inter-hemispheric functionality of the LeuAP of the right frontal cortex, and consequently that of its substrates, presents greater heterogeneity than that of the left frontal cortex. A LeuAP activity with greater heterogeneity in its interregional correlation levels suggests its involvement, and consequently that of its substrates such as enkephalins, in a greater diversity of functions or variety in intensity levels for the same function.



Research on the cerebral inter-hemispheric relationship has been carried out from various approaches. Noteworthy are the studies in commissurotomized human brains [20] that earned Roger Sperry the Nobel Prize in 1981 [21]. Very briefly, they proposed that both hemispheres, when connected, function as a unit, with the left or the right hemisphere leading depending on the function. When a given function is altered unilaterally, with the corpus callosum intact, this gives rise to the function being maintained (although defectively) due to the integrated action of both hemispheres. With commissurotomy, the uninjured hemisphere is released from this integration and its own residual function manifests and becomes clearly effective. Recent studies, with more sophisticated non-invasive techniques, have delved into the subject. Thus, we can cite as examples, the observation of the complexity of sensory compensatory mechanisms after unilateral brain lesions, depending on the location of the lesion or the age of the individual [22]. It has been confirmed that there is a topographic organization of the corpus callosum, which is related to specific behaviors [23]. It has also become evident that the asymmetries observed in healthy subjects are modified in pathological conditions, such as cortical asymmetries in altered mood states [24]. It is interesting to cite the reflection that creativity is not an asymmetric function but is the result of the integration of various lateralized cognitive functions [25], which is related to the idea of integral brain functioning despite the fact that individual functions are lateralized.



It is necessary to take into account that functional asymmetries must have neurochemical substrates that support them and for this, neurochemical studies in experimental animals are essential, which may provide valuable information that cannot be approached with studies on humans, but for the moment it is hard to interpret. With the results of the present investigation, and also based on our previous studies [1,26], we can confirm that cerebral asymmetry is not a static but a dynamic concept, which is modifiable in the face of physiological and pathological changes. We can also speculate, connecting with the reflections commented on above, that there is a reciprocal interaction between left and right regions, which transcends the integral asymmetric functioning of the individual, through various forms of neurovisceral connections such as through the autonomic nervous system or through the neuroendocrine system among others [1,26]. This contribution is part of a further and broader study on the multiple intra- and inter-hemispheric interactions of all of the left and right brain regions analyzed. The research was based on data collected earlier in other studies [5]. The Ethics Committee approval was not required.
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Figure 3. Representation of the levels of correlation indicated in Table 1 and Table 2. The upper figures indicate intra-hemispheric correlations between the left frontal cortex (FC) and the rest of the left regions (L vs. L) (blue bars) and correlations between right frontal cortex and rest of right regions (R vs. R) (red bars) for LeuAP and LDH. The lower figures indicate inter-hemispheric correlations between left frontal cortex (FC) and right (L vs. R) regions (blue bars) and correlations between right frontal cortex and left (R vs. L) regions (red bars) for LeuAP and LDH. Abbreviations: frontal cortex (FC), parietal cortex (PC), occipital cortex (OC), striatum (ST), thalamus (TA), hypothalamus (HT), mesencephalon (MS), medulla (MD), cerebellum (CE), hippocampus (HC), and spinal cord (SC). 
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Figure 4. The upper figures indicate the percentage increase between the levels of correlation of the left frontal cortex versus the rest of the left regions (L vs. L) and the right frontal cortex versus the rest of the right regions (R vs. R) for LeuAP (column C of Table 1) and LDH (column C of Table 2): [(higher value/lower value) − 1] × 100. The lower figures indicate percentage increases between the levels of correlation between left frontal cortex versus right regions (L vs. R) and right frontal cortex versus left regions (R vs. L) for LeuAP (column F of Table 1) and LDH (column F of Table 2): [(higher value/lower value) − 1] × 100: positive values indicate predominance of the value of L vs. L over the value of R vs. R and also of the value of L vs. R over the value of R vs. L. Negative values indicate a predominance of the value of R vs. R over the value of L vs. L and also of the value of R vs. L versus the value of L vs. R. Abbreviations: frontal cortex (FC), parietal cortex (PC), occipital cortex (OC), striatum (ST), thalamus (TA), hypothalamus (HT), mesencephalon (MS), medulla (MD), cerebellum (CE), hippocampus (HC), and spinal cord (SC). 
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Figure 5. Example of intra- and inter-hemispheric correlations of LeuAP between frontal cortex and hippocampus. 
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Figure 6. Example of intra- and inter-hemispheric correlations of LDH between frontal cortex and hippocampus. 
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Table 1. Levels of correlation and percentage of left or right predominance of leucine aminoeptidase (LeuAP) activity. All the correlation values were positive. A: Levels of correlation between the left frontal cortex (LFC) versus the rest of the left regions (L vs. L). B: Levels of correlation between the right frontal cortex (RFC) versus the rest of the right regions (R vs. R). C: Percentage increase between A and B: [(higher value/lower value) − 1] × 100: positive values indicate left predominance and negative values indicate right predominance (Figure 4). D: Levels of correlation between left frontal cortex (LFC) versus right regions (L vs. R). E: Levels of correlation between right frontal cortex (RFC) versus left regions (R vs. L). C: Percentage increase between D and E: [(higher value/lower value) − 1] × 100: positive values indicate left predominance and negative values indicate right predominance (Figure 4). The last row indicates the percentage increase between the highest and lowest value of the corresponding column. Abbreviations: frontal cortex (FC), parietal cortex (PC), occipital cortex (OC), striatum (ST), thalamus (TA), hypothalamus (HT), mesencephalon (MS), medulla (MD), cerebellum (CE), hippocampus (HC), and spinal cord (SC).
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Table 2. Levels of correlation and percentage of left or right prevalence of LDH activity. All the correlation values were positive. A: Levels of correlation between the left frontal cortex (LFC) versus the rest of the left regions (L vs. L). B: Levels of correlation between the right frontal cortex (RFC) versus the rest of the right regions (R vs. R). C: Percentage increase between A and B: [(higher value/lower value) − 1] × 100: positive values indicate left predominance and negative values indicate right predominance (Figure 4). D: Levels of correlation between left frontal cortex (LFC) versus right regions (L vs. R). E: Levels of correlation between right frontal cortex (RFC) versus left regions (R vs. L). C: Percentage increase between D and E: [(higher value/lower value) − 1] × 100: positive values indicate left predominance and negative values indicate right predominance (Figure 4). The last row indicates the percentage increase between the highest and lowest value of the corresponding column. Abbreviations: frontal cortex (FC), parietal cortex (PC), occipital cortex (OC), striatum (ST), thalamus (TA), hypothalamus (HT), mesencephalon (MS), medulla (MD), cerebellum (CE), hippocampus (HC), and spinal cord (SC).
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