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      Abstract


      Data emerging that maternal consumption of moderate amount of caffeine will affect the development of the fetus and later the cognitive function of the brain. The aim of this study was to determine the effect of caffeine administration in pregnant mice on the learning and memory and motor coordination of offspring's at one and a half months of age. Two groups of animals were assigned, in which pregnant mice were given caffeine mixed with water (60 mg/kg/day) during their entire pregnancy and postnatally till weaning and a second group of pregnant mice which were given drinking water without caffeine. Only male offsprings were later chosen to be enrolled in the experiments. Learning and memory were assessed by Morris-Water maze test which consisted of 140 cm diameter circular swimming pool where the animals were trained to locate a submerged platform as it was the only escape from swimming. At the end a probe final test was performed where the platform was removed and the time spent in each quadrant of the maze was recorded. The latency to reach the platform reflects the learning and memory of the tested animals. Other tests were used to assess sociability, preference for social novelty, locomotion and anxiety. The results showed that the perinatally caffeine exposed offsprings reached the hidden platform with longer latency than the control animals in the water-maze test. Similarly, the distance swum to reach the platform was significantly higher in the perinatal caffeine exposed offspring than the control. No significant differences were calculated between the control and perinatally exposed mice to caffeine regarding social behavior and anxiety. Motor coordination measured by rotarod showed significant differences between the two groups. We concluded that moderate and chronic caffeine administration to the pregnant mice during their entire pregnancy and postnatally till the time of weaning can affect the hippocampal spatial memory and motor coordination, while anxiety and social behavior were not significantly affected.
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      Introduction


      Caffeine is found in coffee, tea, cola drinks and more other food staffs [1]. It is the most widely consumed material by humans due to its psychostimulant effects. Its effects on enhancing memory and concentration were reported frequently [2-4]. Psychostimulants elicit their psychomotor-activating and reinforcing effects by increasing the central dopamine neurotransmission. Since the psychostimulant effect of caffeine is done by its ability to inhibit adenosine receptors, the role of adenosine in the control or modulation of the central dopamine neurotransmission were extensively debated [5]. Prolonged use of caffeine resulted into adenosine receptors expression changes [6] and may be involved in potentiation of the addictive and toxic effects of drugs of abuse [5,7]. Caffeine is a water and fat soluble material; it can cross easily many tissue barriers like the blood-brain-barrier and placenta to reach the brain and the growing fetus [8]. It can also be secreted in milk and even semen. The main mechanism of action of caffeine is its ability to antagonize the adenosine receptors [9,10]. Adenosine is known as a neuromodulator in the central nervous system which is released after prolonged neuronal stimulation and resulted in inhibition of neuronal circuits leading into neuron fatigue, and resting. Besides, serotonergic system development was shown to be defected in chicken with perinatal caffeine administration [11]. Silva, et al. [12] showed that moderate caffeine intake during pregnancy resulted in delayed migration of gamma-amino-butyric acid (GABA) neurons and an increased seizures susceptibility in mice pups.


      It is well known that the mechanisms involved in brain development, including cell migration, synaptic formations and proper neuronal circuits wiring could be affected by external influences like drugs or environmental factors [13-15]. Ability of caffeine to cross the placenta makes it readily available in the growing fetal brain, and may eventually alter the normal development of the central nervous system. Moreover, data showed that perinatal caffeine exposure resulted into intra uterine growth retardation and miscarriage [16].


      The aim of this study was to investigate the effect of perinatal caffeine exposure on the higher brain functions including learning and memory as well as behavioral changes and motor coordination. Our main finding showed defects in learning and memory in the mice exposed to perinatal caffeine with changes in anxiety and social behaviors.


      Materials and Methods


      Animals


      Adult (two months old) BALB/c mice were randomly chosen to form two groups of 8 couples. In the beginning of the experiment, the normal daily water consumption of each mouse was measured. Caffeine administration was controlled by dissolving the required dose in the measured daily water requirement. The females of one group were given caffeine (caffeine 99%, C8H10N4O2, Alfa Aesar GmbH-Germany) mixed with drinking water (60 mg/kg/day) and after the 7th day of their pregnancy when they were separated from the males till the time of weaning of the offsprings. The off springs were raised with normal caffeine-free water till the age of 6 weeks. Complete behavioral and cognitive tests were conducted for these animals, and the results were compared to normal control mice subjected to the same protocol but not exposed to caffeine. Following the litter-based design [17], one mouse from each litter was randomly chosen to form the two groups (n = 8 in each group). Animals were fed ad libitum and weighed weekly. All experimental protocols were performed according to the National Institutes of Health (NIH) Guiding Principles in the Care and Use of Animals which are implicated by the guidelines of the Arabian Gulf University for laboratory animal's research.


      The tests


      Behavioral tests were conducted between 9:00 and 18:00. All behavioral tests were conducted and scored blindly. All sessions, except the rotarod, were videotaped and scored accordingly. Each parameter was scored by one observer for all mice to eliminate any potential inter-observer variability.


      Morris Water Maze test (MWM): Water maze measures spatial learning and memory [18]. The apparatus consisted of a circular swimming pool [140 cm diameter and 50 cm height, filled to a depth of 30 cm with water (26 °C-28 °C)] in which a submerged platform (8 cm diameter, 1 cm below surface) was hidden on a fixed location (50 cm from the edge of the pool). The animal could climb onto the platform to emerge from the water and escape from the necessity of swimming. During a series of trials, each mouse was trained to locate the platform. The maze was housed in a darkened room with visual cues and illuminated by sparse red light. Each mouse was given five acquisition sessions in first day (training day) of the experiment to learn the position of a hidden. On each session, the mice were released successively from four predetermined positions on the perimeter of the pool. Animals were given a maximum of 2 min to find the platform, and were allowed to remain on the platform for 30 s. Mice that failed to locate the platform were put onto it by the experimenter and allowed to stay there for 30 s. After 48 hours, three test sessions were done to determine the memory of each animal to locate the hidden platform. The position and movement of the animals in the pool, were captured and analyzed every 0.2 s, using a video-camera computer system, and ANY-maze video- tracking system [Stoelting Co., Wood Dale, IL, and USA]. Outcome measures were latency time and distance swum to reach the platform. Performance in each trial was averaged to yield one data point per mouse per test. Speed of swimming was measured as control between the groups. In the following day, a probe test was performed in which the platform was removed and each animal was allowed to swim for 120 s. The percentage of time spent by the animals in each quadrant of the pool was determined.


      Three-chambers social apparatus (Crawley's sociability and preference for social novelty test): Sociability and preference for social novelty was assessed using the Three-chamber social apparatus, as described previously [19]. The apparatus comprised a rectangular, three-chambered box. Each chamber was 20 cm × 40 cm × 22 cm. The walls were made from clear Plexiglas. The dividing walls (made from the same material) had small square openings (5 cm × 3 cm) allowing access into each chamber. Each chamber contained a circular wire cage which was 11 cm high, with a bottom diameter of 9 cm and bars spaced 0.5 cm apart. The subject mouse was first placed in the middle chamber to habituate for 5 min. Session 1 was started when an unfamiliar male (stranger 1) that had no prior contact with the subject mouse was placed inside the wire cage in one of the side chambers while the subject mouse was allowed to explore the entire apparatus freely. The placement of stranger 1 in the left or right side chambers was systematically alternated between trials. Session 1 continued for 10 min, and the time spent in each chamber as well as the number of chamber entries were recorded. Immediately after the 10 min of session 1finished, session 2 started with a second unfamiliar mouse being placed in the wire cage inside the chamber that had been empty during the first session. The test mouse had a choice between the chamber containing the already investigated mouse (stranger 1), and the one containing the novel unfamiliar mouse (stranger 2). The same parameters recorded for session 1 were recorded for session 2. The apparatus was cleaned with 70% ethanol and water between subjects. Three trials were done for each mouse. Session 1 tests for sociability (or social motivation/affiliation), which is spending significantly more time in the chamber containing a mouse than in the empty chamber. Session 2 tests for preference for social novelty, which is spending significantly more time in the chamber containing the novel mouse than the one containing the already investigated mouse.


      Elevated plus maze test: The elevated plus maze test is for anxiety-like behavior [20]; it consisted of two open arms (25 cm × 5 cm) and two enclosed arms of the same size with 15-cm-high walls. The arms were elevated 55 cm above the floor. To minimize the likelihood of animals falling from the apparatus, 3-mm-high walls surrounded the sides of the open arms. Arms of the same type were located opposite from each other. Each mouse was individually placed in the central square of the maze (5 cm × 5 cm), facing one of the closed arms and allowed to freely explore the apparatus. Mouse behavior was recorded during a 10-min test period. The number of entries into an arm and the time spent in the open and enclosed arms were recorded. Percentage of entries into open arms, time spent in open arms (s), and total number of entries was analyzed. Entering the open arms less frequently and spending less time in them were indicative of anxiety-like behavior. The apparatus was cleaned with 70% ethanol between subjects. An open- or closed-arm entry was defined as all four paws in an arm. The numbers of open- and closed-arm entries were combined to yield a measure of total entries, which reflected general activity during the10 min test.


      Rotarod test: Motor coordination and balance were assessed using an accelerating rotarod. Mice were placed on a cylinder that rotates at pre-assigned speed which increased by 0.5 cm/s every 5 sec. Each mouse was tested for three trials. Latency to fall from the rotating rod was recorded with a maximum trial length of 300 s. The two groups of mice were tested within the same experiment to allow comparison of baseline motor performance. All testing was done on the same day.


      Statistical analysis


      All data are presented as Mean ± SEM. Between the groups differences were calculated by the t-test paired two samples for means. Statistical analysis was conducted using SPSS package (version PASW Statistic 18.0.3).


      Results


      The birth weight was significantly lower in the pups of caffeine-administered mothers (1.44 ± 0.04 g versus control animals birth weight of 1.7 ± 0.06 g, t-test p < 0.05, t Critical = 2.365). At six weeks of age, and before testing, no body weight differences were recorded between the control (18.4 ± 0.5 g) and the perinatal caffeine-exposed (17.9 ± 0.3 g) mice (t-test, p = 0.365, t Critical = 3.365) (Table 1).


      
        Table 1: Body weight of the perinatally exposed animals to caffeine at birth and at the end of the experiment (6 weeks old). View Table 1

      


      Testing the animals for memory in the water maze revealed significant differences between the groups. The latencies to reach the hidden platform in the maze with repeated testing represent a direct measure of learning and memory functions of the tested animal. In the last (8th) trial the control animals could reach the platform with an average latency of 47.3 ± 5.1 s compared to 66.6 ± 7.8 s of the caffeine-exposed group (t-test p < 0.05, t Critical = 1.697, figure 1A). Similarly, calculation of the distance swam by the animals to reach the platform showed significantly higher values measured in the caffeine-exposed mice (t-test p < 0.05, t Critical = 1.697, figure 1B). Figure 1C showed no significant differences between the two groups regarding the speed of swimming in the maze (t-test p = 0.46, t-Critical = 1.6955). This may indicate that the better achievement of the control animals in the water maze test was not due to differences in the speed of swimming. In the following day, the platform was removed and each animal was allowed to swim for 120 s. In this probe trial, the selective search strategy was measured. It showed that the control animals spend significantly more time in the target quadrant than would be expected by chance (25%) (t-test; p < 0.001, t-Critical two-trials = 1.997) while the caffeine-exposed group failed to spend significant time in the target quadrant (t-test, p = 0.162, t-critical two-trials = 1.998, figure 2). Statistical analysis showed significant differences between the two group (t-test p < 0.005, t Critical = 1.6694).


      
        Figure 1: Perinatal exposure to caffeine in mice (•, n = 8) resulted in impaired performance in the hidden platform version of the Morris water maze. Caffeine administration effects on the performance of the animals are shown. Escape latency (A), distance swum to reach the hidden platform (B) and the speed of swimming in the pool (C) during 5 training trials in the first day and three testing trial after 48 hrs are presented. Escape latency was significantly increased (t-test test, P < 0.05) in perinatally exposed mice with caffeine group compared with control (Cont; º, n = 8) animals. Similar results were recorded concerning the distance swum to reach the hidden platform (B). The speed of swimming was not different between the groups indicating that the difference in latency and distance was not due to swimming speed differences. View Figure 1

      


      
        Figure 2: The results of the Probe test performed at the end of water-maze testing. The platform was removed from the swimming pool and each animal was allowed to swim for 120 s. The percentage of time spent by the animals in each quadrant was determined. The control animals spent significantly more time in the platform quadrant compared to the time spent by the caffeine exposed mice (t- test, p < 0.05). View Figure 2

      


      Motor coordination and balance were tested by the rotarod. The time the animal could stay on a rotating rod was calculated. The control mice stayed on the rotating rod before falling (22.4 ± 1.7 s) significantly longer time than the perinatally exposed animals with caffeine (14.7 ± 2.8 s; t-test p < 0.05, t Critical = 1.6838, figure 3).


      
        Figure 3: Muscle power and coordination tested by the performance of the animals in the rotarod test. The perinatally exposed mice with caffeine showed significantly lower time staying on the accelerating rotating rod when compared with the control animals (t- test, p < 0.05). View Figure 3

      


      Testing for anxiety like behavior in the elevated plus maze test revealed no significant differences between the two groups. Both, the time spent in the open arm (118 ± 39.6 s for the control and 90.6 ± 20.1 for the caffeine-exposed mice, t-test p = 0.28, t Critical = 1.795; figure 4A) and percentage number of entries to the open arm (control: 45.5 ± 1.5%, caffeine exposed group: 43.5 ± 1.3%, t-test p = 0.18, t Critical = 1.771; figure 4B) were not significantly different between the two groups.


      
        Figure 4: Anxiety behavior tested by the elevated plus maze test. Calculation of the time spent on open arms (A) and the percentage of entry into the open arms (B) reveals no significant difference between the two groups (t- test, p ˃ 0.05). View Figure 4

      


      In the three-chambers social apparatus, the control and caffeine-exposed groups of mice demonstrated normal sociability by spending more time in the chamber containing the mouse (315.4 ± 17.9 s and 308.7 ± 24.1 s respectively) than in the chamber containing an empty cage (217 ± 22.4 s and 169.3 ± 24.1 s) in session 1 (Figure 5A; t-test p < 0.005, t Critical = 1.771). In session 2, both groups demonstrated normal preference for social novelty by spending more time in the chamber containing the novel mice than in the chamber containing the already investigated mouse (Figure 5B; t-test p < 0.005, t Critical = 1.771).


      
        Figure 5: (A) Time spent in the side chambers in session 1. Control mice (white bars) showed normal sociability, spending more time in the chamber containing the mouse (second bar) than in the chamber containing empty cage (first bar; t- test, p < 0.005). Perinatally exposed mice with caffeine (the two black bars) showed similar behavior; (B) Time spent in the side chambers in session 2. Control mice (the two white bars) showed normal preference for social novelty, spending more time in the chamber containing the novel mouse (second bar) than in the chamber containing the mouse that was already-investigated in the previous session (first bar, t-test, p < 0.005). Perinatally exposed to caffeine mice showed similar and normal preference for social novelty (t- test; p < 0.001). View Figure 5

      


      Discussion


      Caffeine is a non-selective adenosine receptor antagonist, with reported similar affinities for A1 and A2A and lower affinity for A3 receptors. These receptors are highly expressed in the brain and striatum respectively [21,22]. Caffeine is well documented for its effects on cognitive functions in different ages in adult animals [23,24]. In addition, chronic caffeine was shown to prevent memory disturbances associated with aging [25,26] and experimental models of Alzheimer's disease [27]. However, it was also reported that caffeine during brain development is associated with low birth weight, intrauterine growth retardation and miscarriage [28-30]. Recent data suggested that caffeine even in low doses may alter the fetal brain development [16]. Silva, et al. [12] demonstrated impairment of hippocampal GABAergic neurons migration and increased hippocampal excitation with increased seizure susceptibility [12]. Altered hippocampal neuronal network and imbalance between the GABAergic and Glutamatergic neurons could be the cause of changes in spatial memory tests [31]. Some other studies however, indicated that maternal caffeine intake has little effects on adenosine receptor development in the rat brain [32]. Opposite results were reported by others [33].


      In addition to this controversy, most of the research on caffeine effects was done to evaluate its acute or chronic administration on adult animals. Very limited research was done to study the consequences of perinatal caffeine exposure on the brain function later in adult life. Few reports demonstrated no significant effects in human children who were examined at 5-7 years of age only [34].


      In this study, pregnant female mice were administered caffeine in drinking water throughout pregnancy and during breast feeding. The born pups were significantly of lower birth weight compared to the control animal's pups. This difference in weight disappeared later in adulthood. These result confirms other previously published data [28-30,35]. In humans, lower birth weight correlates with enhanced seizure susceptibility [36] and cognitive deficits [37].


      The male offsprings were tested at age of six weeks. The main difference was reported in the Morris-water maze learning and memory test. Forty eight hours after training trials, the test trials showed significantly higher values of latency to reach the hidden platform in the group of animals which were exposed perinatally to caffeine when compared to the control animals. Same results were confirmed by measurement of the distance swam to reach the platform. No significant difference was recorded between the two groups concerning the swimming speed in the water maze. This may indicate that the difference reported in the latency and distance to reach the platform was not due to a difference in the speed of swimming but rather due to the difference in the formed memory of the platform position. In the probe test, the platform was removed and the time spent by each animal in the different quadrants of the swimming pool was calculated during 2 minutes. Good memory is correlated with more than chance time (25%) spent by the animals in the platform quadrant. The perinatally administered mice showed significantly less time in the platform quadrant when compared to the control animals. The learning and memory test in our experiment showed that there was clearly negative impact of perinatal caffeine exposure on the cognitive function of the brain later in adult life. The hippocampus is involved in spatial memory formation. On basic cellular level, the hippocampal long-term potentiation (LTP) and depression (LTD) are the two principle mechanisms involved in this function. However, in spite of all the recorded changes in the learning and memory in this study, the LTP induction was shown to be similar to the controls animals [12]. LTP represents memory mechanism at cellular level, and normal LTP induction in presence of learning and memory defects may suggest that synaptic plasticity is not entirely LTP induction phenomenon but rather a change in the amplitude of synaptic plasticity range which extends from maximum potentiation (LTP) to maximum depression (long-term depression; LTD) of the synapses [38,39]. Caffeine Administration in this study was stopped after weaning. However, the early effects of caffeine exposure during pregnancy and breast feeding on neuron migration and integration had already caused the long-term sequelae in hippocampal network. Early defects of developmental programs usually leads to long-term alterations in GABAergic circuits, represented by neuronal loss and cognitive deficits in adult animals [40,41]. These results raise the suspicion of weather this significant effect of caffeine exposure during pregnancy is applicable on other species or human beings. As a matter of fact, data indicates that A2AR-related pathways can be potentially affected by caffeine in primates [42].


      Our results also showed that perinatal caffeine exposure of mice resulted into impairment of motor coordination measured by rotarod test. These animals couldn't stay on the rotating rod the same time as the control animals. Research data showed that high dose of caffeine consumption resulted into reduction in the perception of effort [43] and lowering the extent of pain sensation [44,45]. It was also demonstrated that high dose of caffeine could affect skeletal muscle contraction either through the stimulation of Ca2+ release from the sarcoplasmic reticulum [46,47] or by reducing the K+ efflux [48]. In addition, it was found that a derivative of caffeine, theobromine upregulates cerebral brain-derived neurotrophic factor (BDNF) and facilitates motor learning in mice [49]. Most of the data suggested that caffeine or its derivatives is usually causing hyper motility when given to adult animals. Contradictory results emerged about the effect of perinatal administration of caffeine on the motor activity. While young offspring rats treated with caffeine during pregnancy exhibited alteration in locomotion, some reports showed decreased motor activities [50,51], while others reported increased motor activity which may even persisted up to ageing [52]. It seems that the changes or alterations depend strictly on the timing of caffeine administration and its dosage [16,53]. Some researchers showed improved motor activity after perinatal caffeine administration and this improvement lasted to adulthood and was due to increased level of vigilance and anxiety [50,54]. However, in our animals we did not see any significant increase in anxiety levels compared to the control animals. Moreover, some other reports demonstrated a decrease in anxiety-related behavior in perinatally administered caffeine rats [55]. We also did not find any significant alteration in the social behavior of our perinatally caffeine-exposed mice.


      Being easily penetrating most of the biological membranes, caffeine reaches the brain, passes in breast milk and through the placenta to the fetus. A substance which has such ability may affect prominently several structures, or functions of the body. Especially important is its effect on fetus during pregnancy and on the neonatal period. The brain starts to develop early in an embryo. Neurogenesis, neuronal cell multiplications and cell migrations are all processes that take place early during intrauterine life. These processes are highly organized and any interference may have serious consequences on the normal development of the brain. In addition, postnatal period during the first few months to the first or even the second year of life is characterized by the formation of neural circuits and synaptic connections. A chemical known to antagonize receptors or enhance the release of some neurotransmitters may affect the processes of CNS development and organization. Caffeine with its well recognized antagonistic activity to the adenosine receptors and a possible modulating effect on the release of another inhibitory neurotransmitter, the gamma-amino-buteric acid (GABA) may have a potential effect on the development of CNS synapses and eventually brain function.


      Human neonate who were born with apnea due to prematurity are frequently treated with caffeine. These patients showed no considerable consequences when they were followed and examined for about 5 years [34,56,57].


      With the absence or lack of data concerning the long term follow up of such patients or babies born with history of caffeine consumption during pregnancy, the safety in such situations may be not very certain and needs further long-term follow up studies.


      Conclusion


      We show that perinatal administration of caffeine to mice affects significantly their performance in learning and memory tests as well as in motor coordination. We did not observed any long term significant changes in these animals concerning anxiety and social behavior. These data demonstrated different consequences of caffeine administration to pregnant animal on their offspring than the effects seen when administered to adult animals. Long-term follow up and longitudinal clinical studies may be needed to investigate thoroughly the consequences of caffeine consumption by the mothers during pregnancy and breast feeding on their babies.
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