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Abstract

:

We previously described that excessive consumption of sucrose during youth produces fear memory and anxiety-like behavior in adulthood. Here, we evaluated whether high cognitive function is also affected by studying early sucrose consumption in object recognition memory (NOR). Male Sprague Dawley rats were tested for short-term, long-term, and consolidated NOR after 25 days of unlimited sucrose access in juvenile (PD 25–50) or adult age (PD 75–100). All rats spent equal time exploring the two objects during the sample phase T1. When animals were exposed for 2, 24 h or 7 days later to a copy of the objects presented in T1 and a novel object, the sucrose-exposed juvenile group failed to distinguish between the familiar and the novel objects in contrast with the rest of the groups. Sucrose-exposed animals developed hypertriglyceridemia and glucose intolerance, but juvenile animals showed increased fasting glycemia and sustained the glucose intolerance longer. Moreover, sucrose decreased hippocampal proBDNF expression in juveniles while it was increased in adults, and sucrose also increased RAGE expression in adults. The NOR exploration ratio correlated negatively with basal glycemia and positively with proBDNF. Taken together, these data suggest that sucrose-induced alterations in glucose metabolism may contribute to a long-term decline in proBDNF and impaired recognition memory.
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1. Introduction


Sugar intake in modern society has increased dramatically over the past years [1] together with obesity and metabolic disturbances [2]. This augmentation is largely attributable to the rising consumption of sugar-sweetened beverages (SSBs), the largest single source of added sugar consumption worldwide [3]. Overconsumption of SSBs is directly associated with the development of obesity, type 2 diabetes, and cardiovascular disease in large epidemiological studies [4,5,6]. Moreover, emerging research indicates that SSBs impair brain functioning even in the absence of extreme weight gain or excessive energy intake [7,8,9].



Disturbances within the hippocampus (HIP) occur after consumption of SSBs. Animals exposed to SSBs present reduced brain-derived neurotrophic factor (BDNF) mRNA expression and increased inflammation in the HIP [8,10,11,12]. BDNF is a signaling molecule that is related to synaptic plasticity [13] and energy metabolism [14] to promote the survival, maintenance, and growth of neurons [15]. BDNF and its precursor, proBDNF, are key modulators of memory consolidation/reconsolidation and learning [16,17].



High-sucrose consumption has been shown to induce glucose intolerance and hyperglycemia in different animal models [10,18,19,20,21]. Hyperglycemia increases the advanced glycation end products (AGE) and its receptor (RAGE) activation, induces oxidative stress, and increases the expression of inflammatory mediators [22,23,24,25]. The activation of the AGE-RAGE pathway has been strongly associated with diabetes-related complications [26] and cognitive impairments in Alzheimer’s disease [27]. More recently, increases in AGE and oxidative stress have been found in prediabetic patients [28], and it has been associated with abnormal behavior in the offspring born to diabetic dams [29] and with memory impairments in female rats subjected to a high-fructose diet [30]. In vitro studies also show increased RAGE expression and RAGE-dependent alterations in the HIP of hyperglycemic mice [31].



Taken together, these studies suggest that the mechanisms of high-sucrose diets for inducing cognitive deficits may include hyperglycemia and increased expression/activation of RAGE.



Many studies have shown that daily access to sucrose, either intermittently or continuously, disrupts place recognition memory in both young and adult animals, indicating that SSBs impair hippocampal-dependent functions [8,32,33]. However, there are conflicting data on whether SSBs consumption affects object recognition memory.



The novel object recognition (NOR) test measures non-spatial memory and the test relies on the rats’ innate preference to explore novelty [34]. Rats with lesions to the perirhinal cortex show deficits in object recognition in short-term memory [35], whereas damage to the HIP can also impair object recognition memory at longer retention intervals of 24 h [36]. Chronic sucrose ingestion (32% sucrose solution for 8 weeks) alters NOR in Long–Evans rats when retention intervals were extended to 1 h, indicating that perirhinal cortex function is also comprised by sugar consumption [37]. In female rats, fructose consumption also alters NOR test performance with retention intervals of 2 h and 24 h [30]. Furthermore, intermittent sucrose consumption in juvenile animals affects NOR only when the objects shared multiple characteristics [33,38], whereas in adults, continuous sucrose consumption does not affect NOR [8,39]. Together, these data indicate that the amount of sucrose consumed and the age of exposure to this consumption are probably related to the cognitive deficits found.



Limited information is available about the potentially detrimental long-term effects on cognitive development of juvenile individuals exposed to high sucrose consumption [9,40,41]. This topic is of great interest considering that SSBs consumption has increased dramatically among children and adolescents over recent years [42,43,44] and this period of life is characterized by rapid brain development and learning of new information and skills [45]. Therefore, using a rat a model of childhood–adolescent (youth period) SSB consumption, we investigated whether impairments in perirhinal cortex/ hippocampal-dependent memory function due to early-life SSB access persist well into adulthood. The long-term effects of unlimited access to 10% sucrose solution during youth on the NOR task were examined using the two-bottle-choice paradigm. Following this protocol we have recently demonstrated that sucrose-exposed animals consume only 5–10% of water [7], a similar value found in the infant–juvenile population of Argentina [44,46], showing that the consumption of SSBs (juices, sodas, etc.) has become naturalized over water on a daily bases [47,48,49].



To examine some of the potential neurobiological mechanisms for cognitive deficits, we studied the impact of sucrose overconsumption on some metabolism parameters, including basal glycemia (BG), glucose tolerance test (GTT), triglycerides (TG), and corticosterone. We also investigated the long-term effect of sucrose consumption on the HIP and medial prefrontal cortex (mPFC) expression of the oxidative stress marker RAGE and the HIP proBDNF by Western blot. We chose these brain areas because we found that they are especially sensitive to sucrose consumption during youth and because they are key structures that contribute to object recognition memory [7,50,51,52,53].



In parallel, the effects of sugar intake on adult rats were also analyzed in order to assess whether the behavioral changes produced by an excessive consumption of sucrose are due to a specific action during youth, or if it also produces similar effects in adulthood.




2. Materials and Methods


2.1. Experimental Animals


Animal procedures were approved by the Animal Care and Ethical Use Committee of the Institute of Biology and Experimental Medicine, IBYME, Argentina (protocol numbers 010/2016 and 33/2019), in accordance with guidelines defined by European Community Council Directive (86/609/EEC) and the National Institutes of Health for the Care and Use of Laboratory Animals. Sprague–Dawley male rats were maintained on a 12 h light:12 h darkness cycle with food and water available ad libitum. Over a 25 day period, 25 day old rats (juvenile group) and 75 day old rats (adult group) had unrestricted access to tap water (control groups) or the choice to drink a 10% sucrose solution (w/v made up of tap water, sucrose groups) ad libitum. Fresh sucrose solution was prepared every second day. After this 25 day period of sucrose exposure, the bottles containing a 10% sucrose solution were removed and all animals drank only water for other 25 days (Figure 1) [7]. A total of 10 animals were randomly assigned per group and at the end of the protocol, all animals were tested for NOR (days 1–7, Figure 1). After the test, on day 8, animals were euthanized by decapitation.




2.2. Triglycerides and Corticosterone Serum Levels


Animals were fasted for 6 h and blood samples were taken from the tail vein (∼0.5 mL) or from the trunk after decapitation, and immediately centrifuged for 5 min at room temperature (RT) at 1800× g in a tabletop centrifuge. The serum was collected and the levels of TG were measured by spectrophotometry (Wiener Labs S.A.I.C., Rosario, Argentina) as described previously and corticosterone levels were determined by radioimmunoassay using a specific antibody [54,55,56].




2.3. Glucose Tolerance Test


Immediately after finishing the sucrose period and 25 days after that (Figure 1) the animals were fasted for 6 h. Blood samples were taken from the tail vein and fasting glucose levels were determined using a commercial strip and a glucometer (OneTouch Ultra, Johnson & Johnson, CABA, Argentina) as previously performed [54]. A glucose overload was administered by i.p. injection (2 g/kg body weight) and blood glucose levels were measured at 30 min, 60 min, and 120 min post-injection. The area under the glucose curve (AUC) during the GTT was calculated using the Graph Pad-Prism Software (Graph Pad Software Inc., v. 6.01, San Diego, CA, USA), and included the baseline glucose measurement.




2.4. Novel Object Recognition Task


The test apparatus consisted of a dark open box made of wood (75 cm length × 30 cm height × 55 cm width) that was illuminated by a 42 W light suspended 100 cm above the box facing the ceiling. The light intensity was equal in the different parts of the apparatus. The objects to be discriminated differed in shape and texture, made of glass, plastic, ceramic, or metal in four different shapes: glass jars, ceramic mugs, metallic cylinders, and plastic cubes and could not be displaced by rats [57,58]. Briefly, during the week before the test, the rats were handled once a day for 3 consecutive days. At 5 days before testing, the rats were allowed to explore the apparatus for 6 min each day. During these habituation sessions no objects were present in the box. A total of 24 h after the last habituation session, the rats were trained for object recognition by allowing them to explore for 6 min two identical samples (objects) placed in the test arena (sample phase). During this sample phase (T1), the objects (two orthogonal glass jars 12.5 cm high and 5 cm in diameter) were placed in two opposite corners of the apparatus in a random fashion, 10 cm from the side walls. A rat was placed in the middle of the apparatus and allowed to explore the two identical objects. After T1, the rat was returned to its home cage and after an intertrial interval (ITI) of 2 h (short-term memory, T2), 24 h (long-term memory, T3), and 7 days after the sample phase (consolidated memory, T4), the rats were tested again for the “choice” trials performance. During T2, T3, and T4 a novel object replaced one of the objects presented during T1. Accordingly, the rats were re-exposed to two objects for 6 min: a copy of the familiar (F) object and the novel (N) object (i.e., one glass jar was exchanged for a rough yellow metal cylinder 9.5 cm high and 5.5 cm in diameter, an orange plastic box 10.5 cm long × 9 cm wide × 4 cm high, and a conical cup of white ceramic 8.5 cm high and 8.5 cm in diameter at T2, T3, and T4, respectively). All combinations and locations of the objects were counterbalanced to reduce potential bias caused by preference for particular locations or objects. Sessions T1–T4 were video-recorded and analyzed for line crossing with the ANY-maze© software (Stoelting Co., Wood Dale, IL, USA). The time spent by the rats exploring each object during T1–T4 was manually recorded with a stopwatch by the experimenter and a second investigator blind to the group assignment. Exploration was defined as follows: directing the nose toward the object at a distance of 2 cm or less and/or touching the object with the nose. Turning around or sitting on the object was not considered exploratory behavior. Rats should explore at least 20 s (for both objects) in each trial to be included for the analysis. The correlation between the two observers was high (r > 0.90). Data were reported as an exploration ratio, which was the time spent exploring the novel object divided by the time spent exploring both objects [tN/(tN + tF)].




2.5. Western Blot


Sprague–Dawley rats were killed by decapitation and samples of the mPFC and the HIP were rapidly dissected out using the Paxinos rat brain atlas as a reference guide [59], quickly frozen on dry ice, and stored at −80 °C as previously performed [60,61]. Homogenates were prepared by sonication in ice-cold lysis buffer (50 mM Tris–HCl, 150 mM NaCl, 2 mM EDTA, 1 mM phenylmethylsulphonylfluoride, 1 mM Na3VO4, and 1% Triton 100, pH 7.4) containing a protease inhibitor cocktail (Roche Diagnostics, CABA, Argentina) [62,63]. A total of 20 µg of protein was separated by 10% SDS–PAGE in Tris–glycine electrophoresis buffer at 120 V for 90 min. Proteins from gels were transferred onto PVDF membranes (Bio-Rad, CABA, Argentina), and the membranes were blocked with TBS-T (20 mM Tris, pH 7.5; 150 mM NaCl; and 0.1% Tween-20) containing 5% fat-free milk for 1 h. Blocked membranes were incubated with the primary antibody in TBS-T containing 5% fat-free milk at 4 °C overnight. The primary antibodies used were RAGE (mouse, ref #sc-365154), proBDNF (mouse, ref #sc-65514), and F-actin (goat, ref #sc-1616) all from Santa Cruz Biotechnology (CABA, Argentina), 1:500 dilution. Immunoblots were then washed with TBS-T three times and incubated at RT for 1 h with the respective HRP-conjugated secondary antibodies (goat anti-mouse, 1:1000 dilution, ref #170-6516, BioRad, and donkey anti-goat, 1:2000 dilution, ref #sc-2020, Santa Cruz Biotechnology). Chemiluminescence was detected with the ECL system (GE Healthcare Life Sciences, CABA, Argentina) and exposure to hyperfilm (GE Healthcare Life Sciences). All membranes were then stripped and reprobed for F-actin as a loading control. Signals in the immunoblots were scanned and analyzed by Scion Image Software (National Institutes of Health, Washington, DC, USA). The amount of target protein was indexed to F-actin in all cases to ensure correction for the amount of total protein on the membrane. The results are reported as percentages of values obtained from the expression of target proteins compared with controls.




2.6. Statistical Analysis


The distribution normality of variables was assessed using D’Agostino–Pearson, Shapiro–Wilk, and Kolmogorov–Smirnoff normality tests (Graph Pad-Prism, Graph Pad Software Inc., v. 6.01, San Diego, CA, USA). The significances between variables were evaluated by three-way ANOVA (treatment, age, left/right object), two-way ANOVA (treatment, age), or two-way repeated measures ANOVA (RM ANOVA; time, treatment, age; all factors are indicated for each assay in the results section), using the IBM® SPSS® Statistics 21 Software or the Statview Statistical Software (SAS Institute, Inc., Cary, NC, USA; v5.0.1) followed by Tukey’s post hoc test. Each test was selected to estimate changes in a quantitative variable according to three or two independent variables or to understand if there is an interaction between two factors determined at different times on the dependent variable. The correlation analyses were calculated by simple linear regression using Statview Statistical Software. Significance was assumed at p < 0.05. Values are reported as the mean and the standard deviation (SD) from two independent experiments.





3. Results


3.1. Long-term Effects of Sucrose Exposure on Learning


Preferential exploration of the novel versus the familiar object provided a measure of recognition memory comprising three basic processes: encoding, consolidation, and retrieval. After the exposure to two identical objects (sample phase, T1), memory was evaluated in the following trials by exchanging one of the familiar objects for a new one.



The rats of the control and sucrose-exposed groups spent the same time exploring the two objects during the sample phase T1 (three-way ANOVA, FTreatment-Age-Left/Right Object (16,480) = 0.004; p = 0.984; Figure 2A). However, differences by age were detected showing that juvenile animals spent more time exploring the identical objects (three-way ANOVA, FAge (1,64) = 21.573; p < 0.0001; Figure 2A). After 2 h of ITI, all groups were exposed to one of the objects presented in T1 and a novel object (short-term memory, T2) and the exploration ratio (tN/(tN + tF) was calculated. There was a significant main effect of age-treatment interaction on the ability to discriminate the novel from the familiar object (two-way ANOVA, FInteraction (1,33) = 4.208; p = 0.0497). Both the adult and juvenile control groups and the sucrose-exposed adult group exhibited a clear preference for exploring the novel object, in contrast with the sucrose-exposed juvenile group (Tukey’s post hoc test, control vs. sucrose of the juvenile group p = 0.024, and juvenile-sucrose vs. adult-sucrose p < 0.0001; Figure 2B).



Similarly, two-way ANOVA showed differences in the preference to explore the novel object in relation to the familiar one at 24 h (long-term memory, T3; FInteraction (1,33) = 11.908; p = 0.0015) and 7 days after the sample phase (consolidated memory, T4; FInteraction (1.33) = 4.932; p = 0.0370). Both the adult and juvenile control groups and the sucrose-exposed adult group exhibited higher exploration ratios in T3 and T4 compared with the sucrose-exposed juvenile group, indicating that the ability to distinguish between the novel and the familiar objects at 24 h and 7 days ITI was also impaired in this last group (Tukey’s post hoc test, 24 h: control vs. sucrose of the juvenile group p = 0.033 and juvenile-sucrose vs. adult-sucrose p < 0.005; Figure 2C and 7 days: control vs. sucrose of the juvenile group p = 0.034 and juvenile-sucrose vs. adult-sucrose p < 0.001; Figure 2D).



Importantly, sucrose-exposed animals exhibited identical locomotor activity compared with their respective age controls as indicated by the similar number of line crossings during the first trial, T1, where the animal is free to explore two identical objects (two-way ANOVA, FTreatment-Age(1,33) = 0.002; p = 0.963; Figure 3A). In fact, the comparison of locomotor activity during the T1–T4 NOR trials revealed no significant interaction between trial, age, and treatment (two-way RM ANOVA, FInteraction (3,99) = 0.352; p = 0.788; Figure 3B). Similarly, total exploration time did not differ between control and sucrose groups neither on T1 (two-way ANOVA, FTreatment-Age (1,33) = 0.030; p = 0.863; Figure 3C) nor during T1–T4 NOR trials (two-way RM ANOVA, FTreatment-Age-Trial (3,99) = 0.578; p = 0.631; Figure 3D). However, significant differences were found by age in the number of line crossings (two-way RM ANOVA, FTrial-Age (3,99) = 6.298; p = 0.001) and in the total exploration time (two-way RM ANOVA, FTrial-Age (3,99) = 5.785; p = 0.001). A subsequent post hoc analysis revealed that the juvenile group crossed a greater number of lines at T1 (Tukey’s test, p < 0.005; Figure 3A,B) and explored more at T1 and T3 (Tukey’s test, p < 0.0001 and p < 0.010, respectively; Figure 3C,D). Altogether, these results indicate: (1) Both adult and juvenile control groups and the sucrose-exposed adult group kept in memory the familiar object and could distinguish it from the novel one at least 7 days after a single sample phase; (2) sucrose treatment does not interfere with the locomotor activity of the animals habituated to the arena; and (3) the impaired learning performance of the sucrose-exposed juvenile group is not due to an attention deficit but likely results from an impaired memory consolidation and/or reconsolidation.




3.2. Short- and Long-term Effects of Sucrose Exposure on Glucose Tolerance Test and Serum Levels of BG, TG, and Corticosterone


The ability to regulate glucose overload was tested after 25 days of sucrose consumption in juvenile and adult group animals (PD50 and PD100, respectively; Figure 1). Rats from the sucrose group, both juveniles and adults, showed higher glycemia levels than their controls of age, but these differences were not significant when the GTT curves were analyzed together (two-way RM ANOVA, FTime-Treatment-Age (3,99) = 1.776; p = 0.156; Figure 4A). Only differences by age were found (two-way RM ANOVA, FTime-Age (3,99) = 17.041; p < 0.0001; Figure 4A). However, the AUC was significantly higher by sucrose treatment in both age groups (two-way ANOVA, FTreatment (1,33) = 7.658; p = 0.0091; Figure 4B). Moreover, the comparison of AUC values revealed differences by age (two-way ANOVA, FAge (1,33) = 16,954; p = 0.0002; Figure 4B).



Twenty-five days after the end of the sucrose consumption period the GTT was repeated (PD75 and PD125, juvenile and adult group, respectively; Figure 1). The two-way RM ANOVA revealed differences by treatment and interaction (FTreatment-Time (3,99) = 4.024; p = 0.009 and FTreatment-Age Time (3, 99) = 3.153; p = 0.028; Figure 4C). A subsequent analysis demonstrated that only the sucrose-exposed juvenile group showed long-term glucose intolerance (Tukey’s post hoc test, 30 min, 60 min, and 120 min, p < 0.019; Figure 4C). Concomitantly, the two-way ANOVA for AUC values revealed differences by treatment (FTreatment (1, 33) = 4.445; p = 0.0429; Figure 4D).



Differences in the basal glycemia (BG) were only observed in juvenile groups immediately after finishing the sucrose period (PD50, BG1), but not in the long term (PD75, BG2) (two-way ANOVA, FTreatment (1,33) = 8.681; p = 0.006) or in the sucrose-exposed adult group (two-way ANOVA, FTreatment (1,33) = 0.005; p = 0.996; Table 1). In addition, BG1 was negatively correlated with novelty preferences in the long term with T2 and T4 (one-way ANOVA, FT2 (1,26) = 5.283; p = 0.0302; r2 = 0.174 and FT4 (1,26) = 6.144; p = 0.0227; r2 = 0.244; Figure 5A), whereas BG2 correlated with a lower exploration ratio in all memory trials (one-way ANOVA, FT2 (1,31) = 8.197; p = 0.0076; r2 = 0.215, FT3 (1,31) = 5.617; p = 0.0242; r2 = 0.153 and FT4 (1,26) = 5.744; p = 0.0264; r2= 0.223; Figure 5B).



Serum TG was also measured in all animals immediately after finishing the sucrose treatment and 25 days after this period. Sucrose increased significantly the TG levels in both juvenile and adult animals in the short term (PD50/ PD100) but not in the long term (PD75/PD125) (two-way ANOVA, FTreatment-Time (1,33) = 5.698; p = 0.027 and F (1,33) = 12.111; p = 0.002, respectively; Table 1). Serum corticosterone levels were measured at the end of the experimental protocol and no differences were observed between the sucrose and control groups in both age groups (two-way ANOVA, FTreatment-Time (1,33) = 0.123; p = 0.731) as previously reported [64].




3.3. Long-Term Effects of Sucrose on RAGE Expression


Twenty-four hours after T4, animals were euthanized and RAGE expression was evaluated in HIP and mPFC by Western blot. Differences by age were detected in the HIP by two-way ANOVA (FAge (1,16) = 11.361; p = 0.004). Rats from the juvenile group presented higher RAGE expression in the HIP compared with rats from the adult group (Tukey’s post hoc test, p < 0.005; Figure 6A). Differences by treatment–age interaction were only observed in the mPFC (two-way ANOVA, FTreatment-Age (1,16) = 6.192; p = 0.025). The sucrose exposure in the juvenile group did not affect RAGE expression, whereas the same treatment in the adult group raised these values in the long term (Tukey’s post hoc test, p = 0.048; Figure 6B). No correlations were found between RAGE expression in the HIP or mPFC and the exploration ratios T2–T4. Only in the HIP, RAGE expression positively correlated with BG1 and BG2 (one-way ANOVA, FBG1 (1,19) = 13.763; p = 0.0016; r2= 0.433 and FBG2 (1,19) = 4.995; p = 0.041; r2= 0.250; data not shown).




3.4. Long-Term Effects of Sucrose on proBDNF Expression


Two-way ANOVA showed significant differences between the studied groups in the HIP (FTreatment-Age (1,16) = 13.456; p = 0.003). Animals from the sucrose-exposed juvenile group showed a decrease in pBDNF levels, whereas animals from the sucrose-exposed adult group showed increased values compared with their respective age controls (Tukey’s post hoc test, p = 0.035 and p = 0.013, respectively; Figure 7A). When all animals were considered, the proBDNF levels positively correlated with the exploration ratio in the NOR memory tasks T3 and T4 (one-way ANOVA, FT3 (1,19) = 5.470; p = 0.0334; r2 = 0.268 and FT4 (1,19) = 14.617; p = 0.0034; r2 = 0.3076 Figure 7B), indicating that higher levels of HIP proBDNF correspond to a better novelty recognition. No correlations were detected between hippocampal proBDNF expression and BG1, but proBDNF expression negatively correlated with BG2 (one-way ANOVA, FBG2 (1,19) = 7.943; p = 0.0137; r2 = 0.362; Figure 7C). No differences in proBDNF levels were found in the mPFC (data not shown).





4. Discussion


In this study, we found that exposure to 10% sucrose during youth produces long-term impairment in object recognition memory, whereas comparable sucrose exposure in adult rats fails to induce such effects. Animals were exposed to three consecutive trials with different delays after the sample phase (2 h, 24 h, and 7-days ITI). For each trial (T2, T3, and T4) a copy of the object presented during the sample phase (T1) and a novel object of different shape, color, and height were introduced in the arena. The novel and the familiar objects were counterbalanced and placed in different positions relative to the location they occupied in the previous trial. When learning performances of control and sucrose-exposed groups were compared, differences in age related to sucrose exposure were noticed. After the sample phase T1, which consisted of time periods of 2 h, 24 h, or 7 days, adult animals from the sucrose-exposed juvenile group failed to distinguish between the familiar and the novel objects. This suggests that early exposure to unlimited sucrose could affect the initial encoding and acquisition of the object, since the same familiar object was presented in the T2–T4 trials. Nonetheless, the difficulty in differentiating the novel object from the familiar one during the T2–T4 trials could also be the expression of impaired memory consolidation or memory retrieval. More studies are required to distinguish between these possibilities, which are not mutually exclusive. Notably, since the short duration between the familiarization of T1 and the test T2 trials is primarily dependent on the perirhinal cortex, these data show that early life sugar consumption impairs perirhinal cortex-dependent memory in addition to hippocampal-dependent memory in adulthood [9,41].



No differences were found between the sucrose-exposed group and its age control in the total time spent exploring the objects neither during the sample phase T1 nor during the T2–T4 trials, indicating that the alterations found in the learning performance of sucrose-exposed juvenile group are not due to an attention deficit but likely result from impaired NOR. Furthermore, the sucrose-exposed animals exhibited identical locomotor activity levels as shown by the similar number of line crossings during the test trials relative to their corresponding age control. Notably, we previously reported anxiety-like behavior measured by a reduced exploration of the center of the open field [7], however, in this study animals were habituated for 5 consecutive days before being tested and the arena dimensions were smaller than the one used in the open field. Altogether, these observations show that animals under the NOR testing conditions do not show anxiety and, consequently, the cognitive defects observed result from learning and memory impairment and not from the interference of stress during the study.



Our results are in accordance with those reporting sugar-induced impairments in NOR memory tasks [30,37,65]. However, most of the studies looked at the immediate effect of sugar on memory, but not whether the effect persists over time. Here, we demonstrate long-term sugar-induced disturbances in animals that had unlimited access to sucrose during youth. In contrast, some studies have shown that perirhinal-dependent memory was not disrupted following either intermittent [32,33] or continuous sucrose consumption in rats [8,39]. However, these latest studies were carried out in adult rats and like our study, no effects were observed in this age group [8,39]. Even more, a recent study in young animals showed that intermittent access to a 10% sucrose solution for 2 weeks can disrupt perirhinal-dependent memory when objects have increased similarity and share multiple features [38]. In this study, female rats consumed significantly more sucrose solution than males and performed worst in the memory tasks, and the authors finally suggest that with a prolonged consumption of sucrose (more than 2 weeks) it could also further decrease the NOR performance in males. Altogether, these data indicate that juvenile animals are more susceptible to the adverse effects of sucrose consumption on cognition. It should be noted that these cognitive changes are observed in the absence of weight differences [7,64,66] suggesting that the metabolic disturbances in the diet, rather than obesity, underpin the cognitive deficits.



In this study, we found that 25 days of unlimited access to a 10% sucrose solution was enough to induce a prediabetic state in both juvenile and adult animals, as they showed higher blood glucose levels following a glucose overload and hypertriglyceridemia. However, in juvenile animals, the impact of sucrose consumption seems to be higher as they also showed increased fasting glycemia in the short term and maintained the glucose intolerance in the long term. In accordance, it was previously shown that plasma insulin levels remained elevated after access to sucrose ceased in adolescent rats, but not in adult rats [10].



Sucrose-induced alterations in glucose metabolism may contribute to deficits in cognitive performance as fasting blood glucose levels negatively correlated with the percentage of time that rats spent exploring the novel object. Thus, the higher the blood glucose levels, the greater the impairment in cognitive behavior. We even found that blood glucose levels recorded 25 days prior to the NOR test were quite accurate in predicting long-term cognitive performance. Similarly, a previous study shows that consumption of a 32% sucrose solution for 8 weeks impairs NOR and that NOR performance is negatively correlated with BG levels (1 h ITI) [37]. These data may also explain why the sucrose-exposed juvenile group performed poorly in long-term recognition memory, as this group exhibited persistent alterations in glucose metabolism.



Hyperglycemia increases the advanced products of glycation (AGE) and its receptor activation (RAGE) [22,23,24,25]. A recent study shows that NOR deficits induced by high- fructose consumption correlate with increased plasmatic levels of AGEs, oxidative stress, and altered mitochondrial dynamics, especially in the PFC [30].



Here, we found that RAGE levels increased in the mPFC in the sucrose-exposed adult group. However, these animals did not show long-term memory disturbances and RAGE levels did not correlate with NOR performance, implying that the increased RAGE expression is not associated with deficits in cognition at least at this time point. More studies are needed to better characterize the long-term redox status induced by sucrose consumption, such as the measurement of plasma levels of AGEs, TBARS (Thiobarbituric acid reactive substance, a marker of lipid peroxidation), and the expression of antioxidant enzymes (glutathione peroxidase, superoxide dismutase, and catalase) in HIP and mPFC.



BDNF is initially synthetized as a precursor form—the proBDNF that undergoes proteolytic cleavage to become a mature molecule (mBDNF) [67]. A sensitive balance occurs between proBDNF and mBDNF for physiological and pathological conditions [68] and the proBDNF/mBDNF ratio determines the resultant neuronal activity [67]. In the present study, proBDNF levels decreased in animals from the sucrose-exposed juvenile group, whereas it increased in animals from the sucrose-exposed adult group. In addition, HIP proBDNF expression positively correlated with NOR cognitive performance in the hippocampal-dependent trials, T3 and T4, but not in perirhinal dependent T2 trial. We hypothesize that increased proBDNF levels may be related to increased mBDNF in the HIP, which may result in better memory performance, as previously shown in other experimental models [69]. In juvenile and middle-aged rats, proBDNF correlated positively with mBDNF in the HIP, and these rises were accompanied by improved recognition memory [17]. proBDNF itself also improved spatial learning in the HIP [70] and spatial learning itself increased the expression of proBDNF with a corresponding increase in mBDNF [70,71]. Note that in our study, HIP proBDNF levels negatively correlated with the fasting glucose levels. Taken together, these data suggest that sucrose-induced disturbances in glucose metabolism may contribute to decreased proBDNF expression in the HIP, which in turn, likely decreases the recognition memory. This is one possible mechanism by which sucrose would be affecting cognitive performance.



In line with our results, reduced mBDNF expression has also been associated with deficits in cognitive behavior in animals subjected to hypercaloric diets [12,30,72]. Even more, a high-fat, high-sugar diet resulted in impaired performance on the Morris water maze, which correlates with reductions of hippocampal BDNF levels [72]. Further studies are needed to elucidate whether mBDNF is also altered in the NOR impairments in the sucrose-exposed juvenile group.



In summary, the results of this study show that unlimited access to SSBs during youth impacts the developing brain in a different way and with long-lasting consequences compared with the mature adult brain. Specifically, here we found that sucrose exposure during youth worsens the parameters of glucose metabolism in the short and long term (BG and AUC) and decreases HIP proBDNF in the long term, in opposition to sucrose exposure during adulthood. Other studies have also shown that SSBs consumption during youth increases fasting plasma insulin levels and the protein expression of the pro-inflammatory cytokine IL-1b in the liver, whereas the consumption of SSBs during adulthood does not produce such effects [10,39].



Furthermore, here we found that the increased glycemia correlated with a decreased proBDNF expression and poor cognitive performance, implying that the glucose metabolic disturbances are associated with the memory alterations observed in adult animals exposed to sucrose during youth.



In conclusion, the physiological consequences of sucrose overconsumption are not only increasing the prevalence of obesity but also the development of cognitive dysfunction and memory deficits. Our data, along with the growing emergence of other studies, provide evidence that chronic consumption of SSBs in children and adolescents is detrimental to normal mental development and could contribute to the appearance of future cognitive disorders.




5. Conclusions


Free access to sugary beverages during youth is detrimental to mental health and can produce long-lasting cognitive deficits in adulthood. In this study, we found that juvenile rats exposed to 10% sucrose show impaired short- and long-term recognition memory (T2 and T3), as well as consolidated memory (T4) in adulthood. Animals that consume sucrose develop hypertriglyceridemia and glucose intolerance. However, sucrose-exposed juvenile animals also show higher fasting glycemia and longer-sustained glucose intolerance. In addition, basal glycemia was negatively correlated with NOR cognitive performance and proBDNF levels. Taken together, these results suggest that altered glucose metabolism and decreased expression of proBDNF in the hippocampus underlie the cognitive deficits observed in adult animals exposed to sucrose during youth.







Author Contributions


M.S.K. and H.C. designed the research; M.R. helped with the metabolic parameter measurements and the quantification of the neuronal precursors; M.S.K. and H.C. performed the behavioral studies and analyzed the data; M.S.K. wrote the initial manuscript; M.R., M.C.G.D. and H.C. provided input and suggestions that improved the manuscript; H.C. and M.S.K. acquired the funding; M.S.K., H.C. and M.C.G.D. provided the resources. All authors have read and agreed to the published version of the manuscript.




Funding


Funding for this study was provided by CONICET (National Research Council of Argentina), grant PIP-0243, and was partially supported by PICT-1695/2020, DPS Sistemas y Consultoría, Fundación Rene Barón and Fundación Williams. The funding sources had no further role in the study design; in the collection, analysis, and interpretation of data; in the writing of the report; and in the decision to submit the paper for publication.




Institutional Review Board Statement


The study was conducted according to the European Community Council Directive (86/609/EEC) and the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and was approved by the Institute’s Animal Care and Use Committee (protocol numbers 010/2016 and 33/2019).




Data Availability Statement


The datasets used and analyzed during the course of this study are available from the corresponding author upon reasonable request.




Acknowledgments


The authors thank Maria Meyer for kindly providing the proBDNF antibody; Esteban Martín Repetto for helping with the corticosterone measurements; and María Irantzu Sanz de Larrechea, HCP and Demand Generation Specialist, Johnson & Johnson, for the supply of blood glucose test strips.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tappy, L. Q&A: ‘toxic’ effects of sugar: Should we be afraid of fructose? BMC Biol. 2012, 10, 42. [Google Scholar] [CrossRef]

	



Rippe, J.M.; Angelopoulos, T.J. Added sugars and risk factors for obesity, diabetes and heart disease. Int. J. Obes. 2016, 40 (Suppl. 1), S22–S27. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Q.; Zhang, Z.; Gregg, E.W.; Flanders, W.D.; Merritt, R.; Hu, F.B. Added sugar intake and cardiovascular diseases mortality among US adults. JAMA Intern. Med. 2014, 174, 516–524. [Google Scholar] [CrossRef] [PubMed]

	



Malik, V.S.; Hu, F.B. Sweeteners and Risk of Obesity and Type 2 Diabetes: The Role of Sugar-Sweetened Beverages. Curr. Diabetes Rep. 2012, 12, 195–203. [Google Scholar] [CrossRef] [PubMed]

	



Imamura, F.; O’Connor, L.; Ye, Z.; Mursu, J.; Hayashino, Y.; Bhupathiraju, S.N.; Forouhi, N.G. Consumption of sugar sweetened beverages, artificially sweetened beverages, and fruit juice and incidence of type 2 diabetes: Systematic review, meta-analysis, and estimation of population attributable fraction. BMJ 2015, 351, h3576. [Google Scholar] [CrossRef]

	



de Koning, L.; Malik, V.S.; Kellogg, M.D.; Rimm, E.B.; Willett, W.C.; Hu, F.B. Sweetened beverage consumption, incident coronary heart disease, and biomarkers of risk in men. Circulation 2012, 125, 1735–1741, S1731. [Google Scholar] [CrossRef]

	



Kruse, M.S.; Vadillo, M.J.; Miguelez Fernandez, A.M.M.; Rey, M.; Zanutto, B.S.; Coirini, H. Sucrose exposure in juvenile rats produces long-term changes in fear memory and anxiety-like behavior. Psychoneuroendocrinology 2019, 104, 300–307. [Google Scholar] [CrossRef]

	



Beilharz, J.E.; Maniam, J.; Morris, M.J. Short-term exposure to a diet high in fat and sugar, or liquid sugar, selectively impairs hippocampal-dependent memory, with differential impacts on inflammation. Behav. Brain Res. 2016, 306, 1–7. [Google Scholar] [CrossRef]

	



Reichelt, A.C.; Killcross, S.; Hambly, L.D.; Morris, M.J.; Westbrook, R.F. Impact of adolescent sucrose access on cognitive control, recognition memory, and parvalbumin immunoreactivity. Learn. Mem. 2015, 22, 215–224. [Google Scholar] [CrossRef]

	



Hsu, T.M.; Konanur, V.R.; Taing, L.; Usui, R.; Kayser, B.D.; Goran, M.I.; Kanoski, S.E. Effects of sucrose and high fructose corn syrup consumption on spatial memory function and hippocampal neuroinflammation in adolescent rats. Hippocampus 2015, 25, 227–239. [Google Scholar] [CrossRef]

	



van der Borght, K.; Kohnke, R.; Goransson, N.; Deierborg, T.; Brundin, P.; Erlanson-Albertsson, C.; Lindqvist, A. Reduced neurogenesis in the rat hippocampus following high fructose consumption. Regul. Pept. 2011, 167, 26–30. [Google Scholar] [CrossRef]

	



Calabrese, F.; Rossetti, A.C.; Racagni, G.; Gass, P.; Riva, M.A.; Molteni, R. Brain-derived neurotrophic factor: A bridge between inflammation and neuroplasticity. Front. Cell. Neurosci. 2014, 8, 430. [Google Scholar] [CrossRef] [PubMed]

	



Murray, P.S.; Holmes, P.V. An overview of brain-derived neurotrophic factor and implications for excitotoxic vulnerability in the hippocampus. Int. J. Pept. 2011, 2011, 654085. [Google Scholar] [CrossRef] [PubMed]

	



Bathina, S.; Das, U.N. Brain-derived neurotrophic factor and its clinical implications. Arch. Med. Sci. AMS 2015, 11, 1164–1178. [Google Scholar] [CrossRef] [PubMed]

	



Barde, Y.A.; Edgar, D.; Thoenen, H. Purification of a new neurotrophic factor from mammalian brain. EMBO J. 1982, 1, 549–553. [Google Scholar] [CrossRef]

	



Bozon, B.; Davis, S.; Laroche, S. A requirement for the immediate early gene zif268 in reconsolidation of recognition memory after retrieval. Neuron 2003, 40, 695–701. [Google Scholar] [CrossRef]

	



Giacobbo, B.L.; de Freitas, B.S.; Vedovelli, K.; Schlemmer, L.M.; Pires, V.N.; Antoniazzi, V.; Santos, C.S.D.; Paludo, L.; Borges, J.V.; de Lima, D.B.; et al. Long-term environmental modifications affect BDNF concentrations in rat hippocampus, but not in serum. Behav. Brain Res. 2019, 372, 111965. [Google Scholar] [CrossRef]

	



Kanarek, R.B.; Orthen-Gambill, N. Differential effects of sucrose, fructose and glucose on carbohydrate-induced obesity in rats. J. Nutr. 1982, 112, 1546–1554. [Google Scholar] [CrossRef]

	



Lee, G.; Han, J.H.; Maeng, H.J.; Lim, S. Three-Month Daily Consumption of Sugar-Sweetened Beverages Affects the Liver, Adipose Tissue, and Glucose Metabolism. J. Obes. Metab. Syndr. 2020, 29, 26–38. [Google Scholar] [CrossRef]

	



Lombardo, Y.B.; Drago, S.; Chicco, A.; Fainstein-Day, P.; Gutman, R.; Gagliardino, J.J.; Gomez Dumm, C.L. Long-term administration of a sucrose-rich diet to normal rats: Relationship between metabolic and hormonal profiles and morphological changes in the endocrine pancreas. Metab. Clin. Exp. 1996, 45, 1527–1532. [Google Scholar] [CrossRef]

	



Pagliassotti, M.J.; Prach, P.A.; Koppenhafer, T.A.; Pan, D.A. Changes in insulin action, triglycerides, and lipid composition during sucrose feeding in rats. Am. J. Physiol. 1996, 271, R1319–R1326. [Google Scholar] [CrossRef] [PubMed]

	



Bierhaus, A.; Schiekofer, S.; Schwaninger, M.; Andrassy, M.; Humpert, P.M.; Chen, J.; Hong, M.; Luther, T.; Henle, T.; Kloting, I.; et al. Diabetes-associated sustained activation of the transcription factor nuclear factor-kappaB. Diabetes 2001, 50, 2792–2808. [Google Scholar] [CrossRef]

	



Soares, E.; Prediger, R.D.; Nunes, S.; Castro, A.A.; Viana, S.D.; Lemos, C.; De Souza, C.M.; Agostinho, P.; Cunha, R.A.; Carvalho, E.; et al. Spatial memory impairments in a prediabetic rat model. Neuroscience 2013, 250, 565–577. [Google Scholar] [CrossRef] [PubMed]

	



Meireles, M.; Marques, C.; Norberto, S.; Fernandes, I.; Mateus, N.; Rendeiro, C.; Spencer, J.P.; Faria, A.; Calhau, C. The impact of chronic blackberry intake on the neuroinflammatory status of rats fed a standard or high-fat diet. J. Nutr. Biochem. 2015, 26, 1166–1173. [Google Scholar] [CrossRef] [PubMed]

	



Bettiga, A.; Fiorio, F.; Di Marco, F.; Trevisani, F.; Romani, A.; Porrini, E.; Salonia, A.; Montorsi, F.; Vago, R. The Modern Western Diet Rich in Advanced Glycation End-Products (AGEs): An Overview of Its Impact on Obesity and Early Progression of Renal Pathology. Nutrients 2019, 11, 1748. [Google Scholar] [CrossRef] [PubMed]

	



Giacco, F.; Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 2010, 107, 1058–1070. [Google Scholar] [CrossRef]

	



Srikanth, V.; Maczurek, A.; Phan, T.; Steele, M.; Westcott, B.; Juskiw, D.; Munch, G. Advanced glycation endproducts and their receptor RAGE in Alzheimer’s disease. Neurobiol. Aging 2011, 32, 763–777. [Google Scholar] [CrossRef]

	



Huang, M.; Que, Y.; Shen, X. Correlation of the plasma levels of soluble RAGE and endogenous secretory RAGE with oxidative stress in pre-diabetic patients. J. Diabetes Its Complicat. 2015, 29, 422–426. [Google Scholar] [CrossRef]

	



Chandna, A.R.; Kuhlmann, N.; Bryce, C.A.; Greba, Q.; Campanucci, V.A.; Howland, J.G. Chronic maternal hyperglycemia induced during mid-pregnancy in rats increases RAGE expression, augments hippocampal excitability, and alters behavior of the offspring. Neuroscience 2015, 303, 241–260. [Google Scholar] [CrossRef]

	



Sanguesa, G.; Cascales, M.; Grinan, C.; Sanchez, R.M.; Roglans, N.; Pallas, M.; Laguna, J.C.; Alegret, M. Impairment of Novel Object Recognition Memory and Brain Insulin Signaling in Fructose- but Not Glucose-Drinking Female Rats. Mol. Neurobiol. 2018, 55, 6984–6999. [Google Scholar] [CrossRef]

	



Momeni, Z.; Bautista, M.; Neapetung, J.; Urban, R.; Yamamoto, Y.; Krishnan, A.; Campanucci, V.A. RAGE signaling is required for AMPA receptor dysfunction in the hippocampus of hyperglycemic mice. Physiol. Behav. 2021, 229, 113255. [Google Scholar] [CrossRef]

	



Abbott, K.N.; Morris, M.J.; Westbrook, R.F.; Reichelt, A.C. Sex-specific effects of daily exposure to sucrose on spatial memory performance in male and female rats, and implications for estrous cycle stage. Physiol. Behav. 2016, 162, 52–60. [Google Scholar] [CrossRef] [PubMed]

	



Xu, T.J.; Reichelt, A.C. Sucrose or sucrose and caffeine differentially impact memory and anxiety-like behaviours, and alter hippocampal parvalbumin and doublecortin. Neuropharmacology 2018, 137, 24–32. [Google Scholar] [CrossRef]

	



Dix, S.L.; Aggleton, J.P. Extending the spontaneous preference test of recognition: Evidence of object-location and object-context recognition. Behav. Brain Res. 1999, 99, 191–200. [Google Scholar] [CrossRef]

	



Winters, B.D.; Forwood, S.E.; Cowell, R.A.; Saksida, L.M.; Bussey, T.J. Double dissociation between the effects of peri-postrhinal cortex and hippocampal lesions on tests of object recognition and spatial memory: Heterogeneity of function within the temporal lobe. J. Neurosci. Off. J. Soc. Neurosci. 2004, 24, 5901–5908. [Google Scholar] [CrossRef]

	



Hammond, R.S.; Tull, L.E.; Stackman, R.W. On the delay-dependent involvement of the hippocampus in object recognition memory. Neurobiol. Learn. Mem. 2004, 82, 26–34. [Google Scholar] [CrossRef] [PubMed]

	



Jurdak, N.; Kanarek, R.B. Sucrose-induced obesity impairs novel object recognition learning in young rats. Physiol. Behav. 2009, 96, 1–5. [Google Scholar] [CrossRef]

	



Buyukata, C.; Vukalo, M.; Xu, T.J.; Khore, M.A.; Reichelt, A.C. Impact of high sucrose diets on the discrimination of spatial and object memories with overlapping features. Physiol. Behav. 2018, 192, 127–133. [Google Scholar] [CrossRef]

	



Beilharz, J.E.; Maniam, J.; Morris, M.J. Short exposure to a diet rich in both fat and sugar or sugar alone impairs place, but not object recognition memory in rats. Brain Behav. Immun. 2014, 37, 134–141. [Google Scholar] [CrossRef]

	



Wong, A.; Dogra, V.R.; Reichelt, A.C. High-sucrose diets in male rats disrupt aspects of decision making tasks, motivation and spatial memory, but not impulsivity measured by operant delay-discounting. Behav. Brain Res. 2017, 327, 144–154. [Google Scholar] [CrossRef]

	



Noble, E.E.; Hsu, T.M.; Liang, J.; Kanoski, S.E. Early-life sugar consumption has long-term negative effects on memory function in male rats. Nutr. Neurosci. 2019, 22, 273–283. [Google Scholar] [CrossRef] [PubMed]

	



Guthrie, J.F.; Morton, J.F. Food sources of added sweeteners in the diets of Americans. J. Am. Diet. Assoc. 2000, 100, 43–51, quiz 49–50. [Google Scholar] [CrossRef]

	



Frary, C.D.; Johnson, R.K.; Wang, M.Q. Children and adolescents’ choices of foods and beverages high in added sugars are associated with intakes of key nutrients and food groups. J. Adolesc. Health Off. Publ. Soc. Adolesc. Med. 2004, 34, 56–63. [Google Scholar] [CrossRef]

	



Guelinckx, I.; Iglesia, I.; Bottin, J.H.; De Miguel-Etayo, P.; Gonzalez-Gil, E.M.; Salas-Salvado, J.; Kavouras, S.A.; Gandy, J.; Martinez, H.; Bardosono, S.; et al. Intake of water and beverages of children and adolescents in 13 countries. Eur. J. Nutr. 2015, 54 (Suppl. S2), 69–79. [Google Scholar] [CrossRef]

	



Sisk, C.L.; Foster, D.L. The neural basis of puberty and adolescence. Nat. Neurosci. 2004, 7, 1040–1047. [Google Scholar] [CrossRef] [PubMed]

	



Carmuega, E. Hidratación saludable en la infancia, 1st ed.; CESNI: CABA, Argentina, 2015. [Google Scholar]

	



PAOH/WHO. Ultra-Processed Food and Drink Products in Latin America: Trends, Impact on Obesity, Policy Implications; PAHO, Ed.; Pan American Health Organization & World Health Organization: Washington, DC, USA, 2015; pp. 1–76. [Google Scholar]

	



EMSE. 2° Encuesta Mundial de Salud Escolar (EMSE). Dirección de Promoción de la Salud y Control de Enfermedades No Transmisibles; Ministerio de Salud de la Nación: CABA, Argentina, 2012; pp. 1–110. [Google Scholar]

	



ENNyS. 2° Encuesta Nacional de Nutrición y Salud (ENNyS). Ministerio de Salud y Desarrollo Social; Presidencia de la Nación: CABA, Argentina, 2019; pp. 1–78. [Google Scholar]

	



Winters, B.D.; Saksida, L.M.; Bussey, T.J. Object recognition memory: Neurobiological mechanisms of encoding, consolidation and retrieval. Neurosci. Biobehav. Rev. 2008, 32, 1055–1070. [Google Scholar] [CrossRef]

	



Cohen, S.J.; Stackman Jr, R.W. Assessing rodent hippocampal involvement in the novel object recognition task. A review. Behav. Brain Res. 2015, 285, 105–117. [Google Scholar] [CrossRef] [PubMed]

	



Warburton, E.C.; Brown, M.W. Neural circuitry for rat recognition memory. Behav. Brain Res. 2015, 285, 131–139. [Google Scholar] [CrossRef] [PubMed]

	



Barker, G.R.; Warburton, E.C. When is the hippocampus involved in recognition memory? J. Neurosci. Off. J. Soc. Neurosci. 2011, 31, 10721–10731. [Google Scholar] [CrossRef]

	



Kruse, M.S.; Rey, M.; Vega, M.C.; Coirini, H. Alterations of LXRalpha and LXRbeta expression in the hypothalamus of glucose-intolerant rats. J. Endocrinol. 2012, 215, 51–58. [Google Scholar] [CrossRef]

	



Rey, M.; Kruse, M.S.; Magrini-Huaman, R.N.; Coirini, H. High-Fat Diets and LXRs Expression in Rat Liver and Hypothalamus. Cell. Mol. Neurobiol. 2019, 39, 963–974. [Google Scholar] [CrossRef] [PubMed]

	



Rey, M.; Kruse, M.S.; Magrini-Huaman, R.N.; Gomez, J.; Simirgiotis, M.J.; Tapia, A.; Feresin, G.E.; Coirini, H. Tessaria absinthioides (Hook. & Arn.) DC. (Asteraceae) Decoction Improves the Hypercholesterolemia and Alters the Expression of LXRs in Rat Liver and Hypothalamus. Metabolites 2021, 11, 579. [Google Scholar] [CrossRef] [PubMed]

	



Perez-Garcia, G.; Guzman-Quevedo, O.; Da Silva Aragao, R.; Bolanos-Jimenez, F. Early malnutrition results in long-lasting impairments in pattern-separation for overlapping novel object and novel location memories and reduced hippocampal neurogenesis. Sci. Rep. 2016, 6, 21275. [Google Scholar] [CrossRef]

	



Leger, M.; Quiedeville, A.; Bouet, V.; Haelewyn, B.; Boulouard, M.; Schumann-Bard, P.; Freret, T. Object recognition test in mice. Nat. Protoc. 2013, 8, 2531–2537. [Google Scholar] [CrossRef]

	



Paxinos, G.; Watson, C.R.; Emson, P.C. AChE-stained horizontal sections of the rat brain in stereotaxic coordinates. J. Neurosci. Methods 1980, 3, 129–149. [Google Scholar] [CrossRef]

	



Kruse, M.S.; Premont, J.; Krebs, M.O.; Jay, T.M. Interaction of dopamine D1 with NMDA NR1 receptors in rat prefrontal cortex. Eur. Neuropsychopharmacol. J. Eur. Coll. Neuropsychopharmacol. 2009, 19, 296–304. [Google Scholar] [CrossRef] [PubMed]

	



Kruse, M.S.; Vega, M.C.; Rey, M.; Coirini, H. Sex differences in LXR expression in normal offspring and in rats born to diabetic dams. J. Endocrinol. 2014, 222, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



Kruse, M.S.; Suarez, L.G.; Coirini, H. LXR activation increases the expression of GnRH AND alphaMSH in the rat hypothalamus in vivo. Neurosci. Lett. 2018, 664, 20–27. [Google Scholar] [CrossRef] [PubMed]

	



Kruse, M.S.; Suarez, L.G.; Coirini, H. Regulation of the expression of LXR in rat hypothalamic and hippocampal explants. Neurosci. Lett. 2017, 639, 53–58. [Google Scholar] [CrossRef] [PubMed]

	



Gueye, A.B.; Vendruscolo, L.F.; de Avila, C.; Le Moine, C.; Darnaudery, M.; Cador, M. Unlimited sucrose consumption during adolescence generates a depressive-like phenotype in adulthood. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2018, 3, 2627–2635. [Google Scholar] [CrossRef] [PubMed]

	



Jurdak, N.; Lichtenstein, A.H.; Kanarek, R.B. Diet-induced obesity and spatial cognition in young male rats. Nutr. Neurosci. 2008, 11, 48–54. [Google Scholar] [CrossRef] [PubMed]

	



Reichelt, A.C.; Morris, M.J.; Westbrook, R.F. Daily access to sucrose impairs aspects of spatial memory tasks reliant on pattern separation and neural proliferation in rats. Learn. Mem. 2016, 23, 386–390. [Google Scholar] [CrossRef]

	



Borodinova, A.A.; Salozhin, S.V. Diversity of proBDNF and mBDNF functions in the central nervous system. Zhurnal Vyss. Nervn. Deiatelnosti Im. IP Pavlov. 2016, 66, 3–23. [Google Scholar]

	



Foltran, R.B.; Diaz, S.L. BDNF isoforms: A round trip ticket between neurogenesis and serotonin? J. Neurochem. 2016, 138, 204–221. [Google Scholar] [CrossRef] [PubMed]

	



Vey, L.T.; Rosa, H.Z.; Barcelos, R.C.S.; Dias, V.T.; da Rocha, M.I.U.M.; Burger, M.E. Neonatal handling increases neurogenesis, BDNF and GR in the hippocampus favoring memory acquisition in rats. Brain Res. 2020, 1745, 146921. [Google Scholar] [CrossRef]

	



An, L.; Li, X.; Tang, C.; Xu, N.; Sun, W. Hippocampal proBDNF facilitates place learning strategy associated with neural activity in rats. Brain Struct. Funct. 2018, 223, 4099–4113. [Google Scholar] [CrossRef] [PubMed]

	



Silhol, M.; Arancibia, S.; Maurice, T.; Tapia-Arancibia, L. Spatial memory training modifies the expression of brain-derived neurotrophic factor tyrosine kinase receptors in young and aged rats. Neuroscience 2007, 146, 962–973. [Google Scholar] [CrossRef]

	



Molteni, R.; Barnard, R.J.; Ying, Z.; Roberts, C.K.; Gomez-Pinilla, F. A high-fat, refined sugar diet reduces hippocampal brain-derived neurotrophic factor, neuronal plasticity, and learning. Neuroscience 2002, 112, 803–814. [Google Scholar] [CrossRef]








[image: Biomedicines 10 02723 g001 550] 





Figure 1. Time line of experimental procedures. The transition zone (soft gray) represents the early youth transition to adulthood (solid color). Over a 25 day period, 25 day old rats (juvenile group) and 75 day old rats (adult group) had unrestricted access to tap water (control group) or the choice to drink a 10% sucrose solution (w/v made up of tap water, sucrose group) ad libitum. After this period, animals were subjected to GTT and continued to drink only water for other 25 days. Animals were then subjected to NOR and a second GTT. During NOR studies, animals were allowed to explore the objects for 6 min in all the sessions. STM, short term memory (T2); LTM, long term memory (T3); and CM, consolidated memory (T4). The schematic diagram shows the sequential order of the memory task. After NOR, 5 animals were randomly assigned for Western blot (W. blot). 
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Figure 2. Long-term effect of unlimited sucrose consumption on learning ability. The NOR task was performed 25 days after sucrose treatment both in juvenile and adult animals. (A) Time spent exploring the objects during the sample phase (T1). (B–D) Exploration ratios during the choice phase of the NOR trials (T2–T4). Juvenile or adult rats exposed to only water (control, white bars) or 10% (w/v) sucrose (sucrose, gray bars). Note that adult animals from the sucrose-exposed juvenile group show impaired acquisition and consolidation of the object trace. Data are presented as mean ± SD from two independent experiments, n = 9–10. Tukey’s post hoc test showed differences by treatment, * p < 0.05 and by age, # p < 0.01 juvenile group vs. adult group (T1), and sucrose-exposed juvenile group vs. sucrose-exposed adult group (T2–T4). Dotted lines show the exploration rate at the value 0.5. 
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Figure 3. (A) Locomotor activity during the familiarization session and (B) during T1–T4 NOR trials. (C) Total time spent exploring the objects during the familiarization session and (D) during the T1–T4 NOR trials. No significant differences in locomotor activity or the total exploration time were found between the control and sucrose groups by two-way ANOVA and two-way RM ANOVA. SP, sample phase (T1); STM, short-term memory (T2); LTM, long-term memory (T3); and CM, consolidated memory (T4). Data are presented as mean ± SD from two independent experiments, n = 9–10. Tukey’s post hoc test showed only differences by age, ** p < 0.005, and * p < 0.01. 
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Figure 4. (A) Glycemia levels during a GTT performed 25 days after the initiation of sucrose treatment in juvenile (at 50 days-old, circles) and adult (at 100 days old, squares) animals. Controls (open circle/square) and animals exposed to sucrose (filled circle/square). (B) Values of the AUC. (C) Second GTT performed 25 days after finishing the sucrose treatment (75 days old for the juvenile group and 125 days old for the adult group) and (D) their respective AUC values. Data are presented as mean ± SD from two independent experiments, n = 9–10. Tukey’s post hoc test showed differences by treatment, ** p < 0.01, * p < 0.05, and by age ## p < 0.001, # p < 0.05. 
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Figure 5. (A) Correlations between BG levels 25 days after initiation of sucrose treatment (BG1) and the NOR exploration ratios T2, T3, and T4. Correlation equations of T2, y = 134.1 − 48.54x and T4, y = 148.8 − 67.59x. (B) Correlations between the BG levels 25 days after finishing the sucrose treatment (BG2) and the NOR exploration ratios T2, T3, and T4. Correlation equations of T2, y = 120.3 + 41.10x; T3, y = 117.4 + 33.47x and T4, y = 121.2 + 42.08x. Each point represents a value corresponding to an individual animal in the control and sucrose groups of both ages (n = 8). Dotted curves represent the 95% confidence intervals. 
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Figure 6. (A) Western blot of RAGE in the (A) HIP and the (B) mPFC of control (white bars) and sucrose-exposed (gray bars) animals from juvenile or adult groups. Data were quantified by densitometric analysis and corrected with reference to the F-actin loading control. Representative pictures of RAGE expression and the F-actin loading control are shown in the upper panel. Data are presented as mean ± SD from two independent experiments, n = 5. Tukey’s post hoc test showed differences by treatment, * p < 0.05 and by age # p < 0.005. 
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Figure 7. (A) Western blot of proBDNF in the HIP of control (white bars) and sucrose-exposed (gray bars) animals from juvenile or adult groups. Data were quantified by densitometric analysis and corrected with reference to the F-actin loading control. Representative pictures of proBDNF expression and the F-actin loading control are shown in the upper panel. Data are presented as mean ± SD from two independent experiments, n = 5. Tukey’s post hoc test, * p < 0.05. (B) Correlations between the hippocampal proBDNF levels and the NOR exploration ratios T3 and T4. Correlation equations of T3, y = 26.33 + 90.88x and T4, y = 32.88 + 76.35x. (C) Correlations between the hippocampal proBDNF levels and BG1/BG2. Correlation equation of BG2, y = 163.113 − 0.864x. Each point represents a value corresponding to an individual animal in the control and sucrose groups of both ages. Dotted curves represent the 95% confidence intervals. 
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Table 1. Plasmatic levels of BG, TG, and corticosterone (COR) at the end of the 25 days of sucrose treatment and 25 days after finishing the sucrose treatment. Data are presented as mean ± SD from two independent experiments, n = 8–10. Tukey’s post hoc test showed differences by sucrose treatment, ** p < 0.005.
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Juvenile Group

	
Adult Group




	

	
PD50

	
PD75

	
PD100

	
PD125




	

	
Control

	
Sucrose

	
Control

	
Sucrose

	
Control

	
Sucrose

	
Control

	
Sucrose






	
BG (mg/dL)

	
101 ± 12

	
115 ± 7 **

	
98 ± 12

	
104 ± 8

	
104 ± 19

	
105 ± 24

	
92 ± 9

	
89 ± 4




	
TG (mg/L)

	
136 ± 40

	
303 ± 103 **

	
117 ± 28

	
116 ± 44

	
127 ± 39

	
259 ± 79 **

	
124 ± 31

	
129 ± 45




	
COR (ng/mL)

	

	

	
15 ± 8

	
15± 5

	

	

	
14 ± 7

	
23 ± 9
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