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Concurrent and Delayed Behavioral and Monoamine Alterations by Excessive Sucrose Intake in Juvenile Mice
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Our daily diet in the modern society has substantially changed from that in the ancient past. Consequently, new disorders associated with such dietary changes have emerged. For instance, excessive intake of compounds, such as sucrose (SUC), has recently been reported to induce pathological neuronal changes in adults, such as food addiction. It is still largely unclear whether and how excessive intake of such nutrients affects neurodevelopment. We investigated changes in behavior and monoamine signaling caused by excessive, semi-chronic intake of SUC and the non-caloric sweetener saccharin (SAC) in juvenile mice, using a battery of behavioral tests and high-performance liquid chromatography. Both SUC and SAC intake induced behavioral alterations such as altered amphetamine responses, sucrose preference, stress response, and anxiety, but did not affect social behavior and cognitive function such as attention in juvenile and adult mice. Moreover, SUC and SAC also altered dopamine and serotonin transmission in mesocorticolimbic regions. Some of these behavioral and neural alterations were triggered by SAC and SUC but others were distinct between the treatments. Moreover, alterations induced in juvenile mice were also different from those observed in adult mice. These results suggest that excessive SUC and SAC intake during the juvenile period may cause concurrent and delayed behavioral and monoamine signaling alterations in juvenile and adult mice, respectively.
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INTRODUCTION

Several major components of our diets, such as sugar, fat, and caffeine, have been reported to induce addictive behavior. In modern society, food addiction is becoming a serious social problem, and although it has not yet been classified, food addiction is currently under debate for inclusion into the category of substance use disorder in further diagnostic manuals (Meule and Gearhardt, 2014). The prevalence of food addiction has increased exponentially since the 2000s (Randolph, 1956; Hebebrand et al., 2014; Meule, 2015). Moreover, food addiction could be more prevalent in the presence of other psychiatric disorders (Murphy et al., 2014; Cathelain et al., 2016).

Dopamine (DA) plays a central role in the brain’s reward system. In particular, sucrose (SUC) consumption evokes DA release in the nucleus accumbens (NAcc) in normal mice (Hajnal et al., 2004), whereas dopamine transporter (DAT) knockout mice exhibit decreased SUC preference (Cinque et al., 2018), suggesting that SUC is a robust modulator of the DA system. Moreover, excessive intake of nutrients such as SUC has been demonstrated to cause dysfunction of the DA reward system (Avena et al., 2008; Volkow et al., 2011). Serotonin (5-HT) is monoamine and is also involved in reward mechanisms, which may or may not be mediated through interaction with the DA system (Smolders et al., 2001; Müller and Homberg, 2015).

Accumulating evidence suggests that food addiction involves neural mechanisms that may substantially overlap with those causing drug addiction (Lenoir et al., 2007). Nevertheless, the mechanisms of food addiction have largely remained unclear. Cocaine and nicotine addiction induce structural alterations of neurons in the prefrontal cortex (PFC) and the NAcc (Robinson and Kolb, 2004), which could be associated with impairments of cognitive and affective function (Quello et al., 2005; Gould, 2010). However, whether food addiction also involves similar neuronal and behavioral alterations is mostly unexplored. In addition, since drug addiction is primarily a problem of adolescent and adult subjects, neurodevelopmental aspects have rarely been considered. Given that addictive diets such as SUC are consumed from a very early developmental stage, the impact of exposing humans to such addictive diets at early neurodevelopment may play a critical role.

Excessive intake of both caloric sweeteners, such as SUC, and non-caloric artificial sweeteners, such as saccharin (SAC) and aspartame, has been reported to induce addiction (Murray et al., 2016). Excessive aspartame consumption has been reported to cause irritable mood, depression, and to impair spatial memory (Lindseth et al., 2014). Long-term consumption of artificial sweeteners also disrupts passive avoidance learning memory (Erbaş et al., 2018). These studies raise the question of whether behavioral and neural changes associated with food addiction are induced by excessive intake of caloric nutrients or just by an excessive rewarding (sweet taste) experience.

In this study, we investigated the effects of excessive intake of SUC and SAC during the early neurodevelopmental period on cognitive, affective, and social functions and on DA/5-HT signaling in mesocorticolibmic brain regions of mice. We hypothesized that excessive intake of both SAC and SUC causes persistent behavioral and monoamine signaling alterations until adulthood and that such alterations may partly differ between SAC and SUC.



MATERIALS AND METHODS


Animals

All animal experiments were conducted in accordance with the Research Ethics Policy of the Korean Association of Laboratory Animal Science and were approved by the Institutional Animal Care and Use Committee of Daegu Catholic University. Pregnant female ICR mice at gestational day 14 were individually housed. Male pups were weaned from dams at postnatal day (PD) 21 and housed in cages of four to five mice per cage for subsequent experiments. To avoid (to minimize) litter effects, a number of mice born from each dam was limited to 3 offspring. Moreover, these littermates were separated at birth and raised by different dams.



SUC and SAC Treatments in Juvenile Mice

Starting at PD21, animals were assigned into three groups. The first group of animals with control (CTR) treatment received only tap water. Animals in the second and third groups received 20% SUC or 0.2% SAC solution, respectively. These solutions were available ad libitum until PD35. All animals received tap water after PD36 (Figure 1A). The concentrations of SAC and SUC solutions were based on previous studies (Feijó et al., 2013; Bissonnette et al., 2017). SUC and SAC treatments during the juvenile period resulted in no changes in body weight gain compared to CTR treatment (Figure 1B).
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FIGURE 1. Experimental schedule and body weight gain. (A) Schematic diagram illustrating the timeframe of experiments. (B) Graph showing body weight gain of animals with vehicle (CTR), 20% sucrose (SUC), and 0.2% saccharine (SAC) treatments. Error bars indicate SEM.




Behavioral Tests

All behavioral tests were conducted during the juvenile period (PD28–35; Figure 1A) and adulthood (PD56 or older; Figure 1A).


Locomotion Test With Amphetamine Treatment

The DA response was examined with locomotion tests after amphetamine (AMP) administration (Salahpour et al., 2008). Animals were placed in an open-field chamber and the locomotor distance that animals traveled during 20 min was measured, either after AMP or saline administration. AMP at doses of 1, 2, and 3 mg/kg dissolved in 0.1 mL saline and the equivalent volume of saline was given intraperitoneal repeatedly to the same animals once per day over 4 days. These injections were administered 10 min before the animal was subjected to the locomotion test.



SUC Preference Test

A SUC preference test was conducted to examine whether SUC and SAC treatments affected reward sensitivity (Hajnal et al., 2004). During this test, animals were individually housed in cages with two water bottles: one with tap water and the other with SUC solution. Different concentrations of SUC (0, 0.25, 0.5, 1.0, 2.0, and 5.0%) were offered to the animals on each day. The amount of SUC solution and tap water intake was measured. SUC solution and tap water were offered for 16 h (17:00–09:00) at each SUC concentration condition. The preference to SUC over tap water was expressed as the preference ratio, which was the amount of SUC solution consumption compared to tap water consumption.



Forced Swimming Test

A forced swimming test was conducted to examine responsiveness to stress (Yankelevitch-Yahav et al., 2015). We utilized the forced swimming test over other test such as Morris water maze test, as the aim of conducting this study was not focused on spatial learning and memory, but sorely stress response. A glass cylinder (50 cm height × 11 cm diameter) was filled with tap water at 23 ± 1°C (35 cm from the bottom). Animals were placed into the glass-cylinder for 10 min and the total duration of immobility in the water was measured.



Elevated Plus Maze Test

An elevated plus maze test was conducted to examine anxiety of animals (Walf and Frye, 2007). The elevated plus maze consisted of two diagonal arms without side walls (open arms) and two arms with walls perpendicular to the open arms (enclosed arms). Animals were placed in the center area of the maze and allowed to freely enter the arms for 10 min. Duration and number of entries in the open and enclosed arms were measured.



Object Exploration Test

An object exploration test that we have developed previously (Kim et al., 2018) was conducted to examine attention. In this test, four objects with different features were placed in an open-field chamber. Animals were then placed in the chamber and allowed to explore these objects freely for 10 min. Their exploratory behaviors (touching, sniffing, and riding) over the objects were considered as animals paid attention to the objects, allowing us to measure the time spent to explore these objects.



Social Interaction Test

A social interaction test was conducted to examine sociality of animals (Innos et al., 2011). In this test, an animal was placed in the open-field chamber with another, age-matched, unfamiliar animal. Duration and frequency of demonstrated social behaviors such as sniffing and chasing were measured for 10 min. In cases where one of the animals showed aggressive attacks, such as biting and jumping, the experiment was stopped, and a new experiment was conducted on another day.



High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) was conducted to investigate tissue concentrations of DA and 5-HT and their metabolites in mesocorticolimbic brain regions. Animals were euthanized by administration of an overdose of sodium pentobarbital [100 mg/kg, intraperitoneal (i.p.)] and zoletil (60 mg/kg, i.p.), followed by decapitation. The brains were removed and cut into coronal sections according to the stereotaxic coordinates of the atlas (Franklin and Paxinos, 2008). Then tissue samples from the medial PFC, the dorsal striatum (dSTR), the NAcc, the basolateral and lateral nuclei of the amygdala (AMY), the dorsal part of the hippocampus (HPC), and the ventral tegmental area (VTA) were obtained using disposable biopsy punch (diameter 1.0 mm, Kai Industries, Co., Ltd., Japan). The tissue samples were processed as described previously (Lee et al., 2018; Jeon et al., 2019). Quantification of DA, 5-HT, 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and 5-hydroxyindoleacetic acid (5-HIAA) was conducted according to the formula (ISOstd/TAstd) x (TAspl/ISOspl) x A x (1/B), where ISOstd and TAstd are areas under the curves of the peaks in chromatograms for isoproterenol (ISO) added in standard and sample solutions as the internal standard marker) and a target substance in the standard solution, respectively. ISOspl and TAspl are areas under the curves of the peaks for ISO and target substances in the sample solution, respectively. ‘A’ is the amount of ISO added to sample solution. ‘B’ is the amount of tissue proteins in sample solution.



Immunostaining

Fluorescent immunostaining was conducted to examine DAT and serotonin transporter (SERT) expression in mesocorticolimbic regions. An overdose of sodium pentobarbital (100 mg/kg, i.p.) and zoletil (60 mg/kg, i.p.) was administered to animals and once no response to tail pinches was confirmed, the abdomen was surgically opened. Then, transcardiac perfusion of phosphate buffer saline (PBS) and 4% paraformaldehyde was conducted to remove the blood and fix the brain. After perfusion, the brains were removed and immersed in 4% paraformaldehyde, followed by 30% SUC solution in PBS for anti-freezing protection. After these procedures, the brains were cut into slices of 30 μm thickness using a microtome and placed on gelatin-coated slide glasses. The slides were washed with 0.3% Triton X in PBS and incubated with DAT (Catalog #: sc14002, Rabbit polyclonal, dilution at 1:300, Santa Cruz Biotechnology) and SERT (Catalog #: sc33724, Mouse monoclonal, dilution at 1:300, Santa Cruz Biotechnology) antibodies with 10% normal goat serum diluted in 0.3% Triton X in PBS at 4°C for 24 h. Afterward, the slides were incubated with Alexa Fluor 488 goat anti-mouse IgG (H+L) (Catalog #: A-11001, dilution at 1:300, Thermo Fisher Scientific) and Alexa Fluor 594 goat anti-rabbit IgG (H+L) (Catalog #: A-11012, dilution at 1:300, Thermo Fisher Scientific) secondary antibodies for DAT and SERT, respectively, diluted in 0.3% Triton X in PBS at room temperature for 2 h. The slides were covered with cover glasses with mounting medium. Fluorescence intensity was captured with the fluorescence microscope (DM2500, Leica), and images were analyzed using ImageJ (version 1.51j8). The images were converted into 8-bit grayscale, and then intensity was quantified under the threshold set equally applied to all images. As a control for these specific expressions, shadow effects of primary antibodies were also examined, and illustrated in Supplementary Figure S1.



Data Analysis

All data are expressed as means ± SEM p < 0.05 was considered statistically significant different. Statistical analysis for comparisons among CTR, SUC, and SAC groups was conducted using analysis of variance (ANOVA), with post hoc Turkey test for pair-wise comparisons.



RESULTS


Alterations of the AMP Response

Whether juvenile SUC and SAC intake affects the monoamine system was examined via AMP modulation of locomotion in the open field chamber (Figure 2A). When tested in juvenile mice (PD28–35), CTR, SUC, and SAC animals exhibited no difference in locomotor distance with SAL and 1 and 2 mg/kg AMP administration. However, locomotor distance in SAC animals with 3 mg/kg AMP administration was lower than in CTR animals (two-way ANOVA with repeated measures; F2,180 = 8.905, p < 0.001 for groups; F3,180 = 106.423, p < 0.001 for AMP; F6,180 = 5.353, p < 0.001 for interaction; post hoc Tukey test; p = 0.021, CTR vs. SAC). In adulthood (PD56 or older), shifts of the dose-response curves were observed, for example of the AMP response in SUC animals toward higher AMP sensitivity along with a significantly higher locomotor distance than in CTR animals with 1 mg/kg AMP (F2,140 = 39.132, p < 0.001 for groups; F3,140 = 42.540, p < 0.001 for AMP; F6,140 = 2.897, p = 0.011 for interaction; p = 0.010, CTR vs. SUC). In contrast, the AMP response in SAC animals was shifted toward more blunted sensitivity along with a significantly lower locomotor distance than in CTR animals with 3 mg/kg AMP (p = 0.021, SAC vs. CTR). These results suggest that both SAC and SUC treatments may cause alterations in AMP responses that persist up until adulthood. However, these alterations differed between SAC and SUC.
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FIGURE 2. Behavioral alterations in animals subjected to sucrose and saccharine treatments. (A) Graph showing amphetamine (AMP) modulation of locomotion in juvenile (PD28–35) and adult (>PD56) animals. (B) Graph showing sucrose preference expressed as the ratio of sucrose solution intake over tap water intake in the sucrose preference test. (C) Graph showing the duration of immobility in the forced swimming test. (D) Graph showing the time spent in the open arms (left) and the number of entries into the enclosed arms (right) in the elevated plus maze. (E) Graph showing the time spent for object exploration per visit in the object exploration test. (F) Graph showing the time spent on social interaction with a mate in the social interaction test. *p < 0.05.




Alterations of SUC Preference

Juvenile CTR animals exhibited higher SUC preference over increasing SUC concentrations (Figure 2B). Two-way ANOVA with repeated measures revealed significant differences in the interaction between groups and SUC concentrations (F2,148 = 11.484, p < 0.001 for groups; F4,148 = 18.526, p < 0.001 for SUC concentrations; F8,148 = 3.578, p < 0.001 for interaction). Post hoc analysis revealed that SUC preference in CTR animals was higher at 2% (p = 0.018) and 5% (p < 0.001) SUC than at 0.25%. This increase was not observed in SUC and SAC mice, resulting in significantly lower SUC preference than in CTR mice at 5% SUC (p = 0.006, CTR vs. SUC; p = 0.025, CTR vs. SAC). In contrast, no difference in SUC preference was observed between adult CTR, SUC, and SAC animals. Some of the mice were already sucrose-exposed prior to the sucrose test, such that a novelty aspect of the sucrose might be unequal among the groups. However, as shown in Figure 2B, our results indicate that differences were prominent at higher doses of sucrose solution, which were the conditions examined after animals had already experienced lower doses. Thus, such difference suggest that a novelty might be less likely involved, although the possibility that a novelty to the sucrose was still influencing its preference cannot be excluded. These results suggest that both SUC and SAC treatments may cause a similar, transient SUC preference change in juvenile mice.



Alterations of Stress Response

The forced swimming test was conducted to evaluate stress responses (Figure 2C). In juvenile mice, SUC animals exhibited longer immobility than CTR and SAC animals (one-way ANOVA; F2,25 = 7.825, p = 0.002; p = 0.017, CTR vs. SUC; p = 0.004, SUC vs. SAC). In contrast, no difference was observed in adult CTR, SUC, and SAC animals. These results suggest that SUC, but not SAC, intake may cause a transient alteration of stress response in juvenile mice.



Alterations of Anxiety

The elevated plus maze test was conducted to evaluate anxiety (Figure 2D). Juvenile SAC animals stayed in the open arms longer than CTR and SUC animals (F2,39 = 9.604, p < 0.001; p = 0.004, CTR vs. SAC; p = 0.001, SUC vs. SAC). Moreover, juvenile SAC animals entered into the enclosed more often than and SUC (F2,39 = 5.189, p = 0.010; p = 0.007, SUC vs. SAC). When tested in adulthood, SUC animals spent less time in the open arms than SAC animals (F2,35 = 4.410, p = 0.020; p = 0.030, SUC vs. SAC; p = 0.051, CTR vs. SUC). Moreover, SAC animals entered into the enclosed arm more often than SUC and CTR animals (F2,35 = 4.515, p = 0.018; p = 0.037, CTR vs. SAC; p = 0.034, SUC vs. SAC). These results suggest that both SAC and SUC treatments may cause alterations of anxiety but in a distinct manner across ages.



No Alteration of Attention and Social Behavior

In the object exploration test to examine attention (Figure 2E) and the social interaction test (Figure 2F), no difference in time spent on object exploration per visit and time spent on social interaction was observed in juvenile and adult CTR, SUC, and SAC animals.



Alterations of DA and 5-HT

To understand the neural mechanisms that may be associated with the observed behavioral alterations, changes in DA and 5-HT levels in the PFC, dSTR, NAcc, HPC, AMY, and VTA of juvenile and adult animals were examined.

In juvenile mice, DA levels were lower in the dSTR of SUC and SAC animals than of CTR animals (F2,15 = 73.415, p < 0.001; p < 0.001, CTR vs. SUC; p < 0.001, CTR vs. SAC; p < 0.001, SUC vs. SAC; Figure 3A). In the NAcc, the DA concentration was also lower in SAC animals than in CTR and SUC animals (F2,15 = 23.573, p < 0.001; p < 0.001, CTR vs. SAC; p < 0.001, SUC vs. SAC; Figure 3A). In addition, the 5-HT concentration in the dSTR of SUC and SAC animals was lower than in CTR animals (F2,15 = 32.473, p < 0.001 for groups; p = 0.003, CTR vs. SUC; p < 0.001, CTR vs. SAC; p = 0.003, SUC vs. SAC; Figure 3C). The 5-HT concentration in the NAcc was also lower in SAC animals than in CTR animals (F2,15 = 5.750, p = 0.014 for groups; p = 0.013, CTR vs. SAC, Figure 3C).
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FIGURE 3. Alterations of tissue DA and 5-HT concentrations in mesocorticolimbic regions of animals subjected to sucrose and saccharine treatments. Graphs showing tissue DA concentrations in the PFC, dSTR, NAcc, HPC, AMY, and VTA of juvenile (A) and adult (B) animals. Graphs similar to a and b but showing tissue 5-HT concentrations in juvenile (C) and adult (D) animals. *p < 0.05.


In adulthood, DA was higher in the NAcc of SUC animals than in CTR (F2,15 = 6.130, p = 0.011; p = 0.022) and SAC (p = 0.021) animals (Figure 3B). In the HPC, DA in SAC animals was higher than in CTR (F2,15 = 9.430, p = 0.002; p = 0.034) and SUC (p = 0.002) animals (Figure 3B). In the AMY, SUC and SAC animals exhibited lower DA than CTR animals (F2,15 = 5.726, p = 0.014; p = 0.025, CTR vs. SUC; p = 0.028, CTR vs. SAC; Figure 3B), whereas this was opposite in the VTA. DA in SUC and SAC animals was higher than in CTR animals (F2,15 = 11.616, p < 0.001; p = 0.003, CTR vs. SUC; p = 0.002, CTR vs. SAC, Figure 3B). In contrast, 5-HT did not differ between groups, except the VTA where an overall group difference, but no pair-wise difference, was observed (F2,15 = 3.802, p = 0.046 in the VTA; Figure 3D).

DA and 5-HT metabolisms were further analyzed and the ratio of DOPAC/DA, HVA/DA and HIAA/5-HT, which are thought to reflect synaptic release of DA and 5-HT (Best et al., 2010; Meiser et al., 2013), were examined. In juvenile mice, the DOAPC/DA ratio was higher in the dSTR (F2,15 = 6.924, p = 0.007; p = 0.009, CTR vs. SAC; p = 0.030, SUC vs. SAC) and the NAcc (F2,15 = 43.310, p < 0.001; p < 0.001, CTR vs. SAC; p < 0.001, SUC vs. SAC) of SAC animals than in CTR and SUC animals (Figure 4A). Consistent with such alterations, the HVA/DA ratio was also higher in the dSTR (F2,15 = 8.944, p = 0.003; p = 0.004, CTR vs. SAC; p = 0.010, SUC vs. SAC) and the NAcc (F2,15 = 36.042, p < 0.001; p < 0.001, CTR vs. SAC, p < 0.001, SUC vs. SAC) of SAC animals than in CTR and SUC animals (Figure 4C). Similarly, the 5-HIAA/5-HT ratio was higher in the dSTR (F2,15 = 30.347, p < 0.001; p < 0.001 for CTR vs. SAC, p < 0.001 for SUC vs. SAC) and the NAcc (F2,15 = 28.199, p < 0.001; p < 0.001 for CTR vs. SAC, p < 0.001 for SUC vs. SAC) of SAC animals than in CTR and SUC animals (Figure 4E).
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FIGURE 4. Alterations of ratios between DA/5-HT and their metabolites in mesocorticolimbic regions of animals subjected to sucrose and saccharine treatments. Graphs showing the DOPAC/DA ratio in the PFC, dSTR, vSTR, HPC, AMY, and VTA of juvenile (A) and adult (B) animals. Graphs similar to a and b but showing HVA/DA ratio in juvenile (C) and adult (D) animals. Graphs similar to a and b but showing 5-HIAA/5-HT ratio in juvenile (E) and adult (F) animals. *p < 0.05.


In adulthood, an overall group difference, but no pair-wise difference, of the DOPAC/DA ratio was found in the PFC (F2,15 = 3.785, p = 0.047; Figure 4B). In the HPC, the DOPAC/DA ratio was higher in SUC animals than in SAC but not CTR animals (F2,15 = 5.916, p = 0.013; p = 0.013, SUC vs. SAC; Figure 4B). The DOPAC/DA ratio in the VTA of SUC and SAC animals was significantly lower than in CTR animals (F2,15 = 29.069, p < 0.001; p < 0.001, CTR vs. SUC; p < 0.001, CTR vs. SAC; Figure 4B). The HVA/DA ratio in the NAcc of SUC animals was also lower than in SAC but not CTR animals (p = 0.048; Figure 4D). The 5-HIAA/5-HT ratio in the AMY (F2,15 = 16.237, p < 0.001; p = 0.001, CTR vs. SUC; p = 0.001, CTR vs. SAC) and the VTA (F2,15 = 5.280, p = 0.018; p = 0.041, CTR vs. SUC; p = 0.027, CTR vs. SAC) of both SUC and SAC animals was lower than in CTR animals (Figure 4F), whereas the 5-HIAA/5-HT ratio in the PFC of SAC animals was lower than in SUC but not CTR animals (F2,15 = 6.721, p = 0.008; p = 0.007; Figure 4F).

These results suggest that excessive juvenile SUC and SAC intake may induce distinct patterns of immediate and persistent alterations in mesocorticolimbic DA and 5-HT transmission.



Alterations of DAT and SERT Expression

Alterations of tissue DA and 5-HT levels and their metabolites suggested that synaptic DA and 5-HT release mechanisms may be affected by excessive SUC and SAC intake in juvenile mice. Thus, we also investigated DAT and SERT expression levels in mesocorticolimbic regions of juvenile and adult animals.

In juvenile mice, DAT and SERT expression of SUC and SAC animals did not differ from those in CTR animals (Figures 5A–C). The only difference was a higher SERT expression in the dSTR of SUC animals compared to CTR animals (F2,13 = 5.410, p = 0.020; p = 0.019; Figure 5C).
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FIGURE 5. Alterations of dopamine and serotonin transporter expression levels in mesocorticolimbic regions of juvenile animals subjected to sucrose and saccharine treatments. (A) Representative images of DAT (red) and SERT (green) expression levels in mesocorticolimbic regions of juvenile animals. Graph showing fluorescence intensities of DAT (B) and SERT (C) expression in juvenile animals. *p < 0.05.


In adulthood, significant DAT and SERT expression changes were observed (Figures 6A–C). In the PFC and the dSTR, both SUC and SAC animals exhibited significantly higher DAT expression levels than CTR animals (F2,15 = 12.211, p < 0.001 for the PFC; p = 0.002 for CTR vs. SUC, p = 0.002 for CTR vs. SAC; F2,15 = 11.682, p = 0.001 for the dSTR; p = 0.001 for CTR vs. SUC, p = 0.005 for CTR vs. SAC; Figure 6B). In the NAcc (F2,15 = 5.303, p = 0.018; p = 0.018 for SUC vs. CTR) and the AMY (F2,14 = 5.000, p = 0.023; p = 0.023 for SUC vs. CTR), DAT expression levels were higher in SUC animals than in CTR animals (Figure 6B). Group differences of SERT expression levels were observed in all but the VTA (F2,15 = 16.893, p < 0.001 for the PFC; F2,15 = 15.570, p < 0.001 for the dSTR; F2,15 = 10.323, p = 0.002 for the NAcc; F2,14 = 5.367, p = 0.019 for the HPC; F2,14 = 13.475, p = 0.001 for the AMY; Figure 6C). In these areas, SERT expression was higher in SUC and SAC animals than in CTR animals (p < 0.001 for CTR vs. SUC, p < 0.001 for CTR vs. SAC in the PFC; p < 0.001 for CTR vs. SUC, p = 0.002 for CTR vs. SAC in the dSTR; p = 0.002 for CTR vs. SUC, p = 0.006 for CTR vs. SAC in the NAcc; p = 0.001 for CTR vs. SUC, p = 0.002 for CTR vs. SAC in the AMY; Figure 6C), although in the HPC, SERT expression was only higher in SAC animals compared to CTR animals (p = 0.020 for CTR vs. SAC in the HPC; Figure 6C).
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FIGURE 6. Alterations of dopamine and serotonin transporter expression levels in mesocorticolimbic regions of adult animals subjected to sucrose and saccharine treatments. (A) Representative images of DAT (red) and SERT (green) expression in mesocorticolimbic regions of adult animals. Graph showing fluorescence intensities of DAT (B) and SERT (C) expression in adult animals. *p < 0.05.


These results suggest that excessive SUC and SAC intake may induce distinct and delayed alterations of DAT and SERT expression levels in mesocorticolimbic regions in adulthood.



DISCUSSION

In this study, we found that excessive SUC and SAC intake during the juvenile period in rodents induced behavioral and neural alterations, some of which were already apparent in juvenile mice while others became apparent when the animals reached adulthood. The immediate alterations in juvenile mice and delayed alterations in adult mice were different. Moreover, some of the alterations induced by SUC and SAC treatments were common while others differed between SUC and SAC.

This study had two aims. First, we examined how excessive SUC and SAC intake during the juvenile period affected behavioral and neural alterations during development and whether excessive SUC and SAC intake affected behaviors and neural mechanisms not only in juvenile but also in adult animals. Previous studies in adult animals have shown that excessive SUC intake abnormally increases DA release in the NAcc, which is more prominent in the core than the shell regions. Such alteration is similar to that caused by excessive ethanol intake (Kranz et al., 2010; Bassareo et al., 2015). Excessive SUC intake also promotes abnormal 5-HT release in the HPC (Smolders et al., 2001). However, consistent with studies in adult animals, we found that excessive SUC and SAC intake in juvenile mice also altered DA and 5-HT transmission and associated behaviors not only in juvenile but also in adult animals (Supplementary Tables S1–S3). On the other hand, SUC preference was decreased both in SUC and SAC animals during the juvenile period, but not adulthood. Moreover, juvenile but not adult SUC animals exhibited greater vulnerability to stress, suggesting that some behavioral alterations were induced immediately and transiently. In contrast, alterations in AMP modulation of locomotion were observed both in juvenile and adult mice. Importantly, such alterations observed both in juvenile and adult mice were not identical, suggesting that the alterations observed in adulthood are not merely a consequence of excessive SUC and SAC intake during the juvenile period, but become apparent by interaction between juvenile alterations and maturation during adolescence. Consistent with these behavioral alterations, DAT and SERT expression levels in mesocorticolimbic regions were not changed in juvenile SUC and SAC animals, whereas these molecules were significantly up-regulated in several mesocorticolimbic regions of adult animals. In this regard, it is interesting to note that DAT and SERT expression levels were not modulated by SAC and SUC in juvenile animals. Moreover, in adult animals, DAT and SERT expression levels were altered mostly in the regions where tissue DA and 5-HT concentrations and their metabolites were not altered. In contrast, in other regions where DAT and SERT expression levels were not altered, alterations of tissue DA and 5-HT concentrations and their metabolites were observed. These results suggest that up-regulation of DAT and SERT expression in adult animals that had excessive SUC and SAC intake during the juvenile period could be a compensatory action of altered DA and 5-HT transmission.

Several studies have established the role of the intrauterine environment and immediate postnatal period in inducing central DA deficiencies in obesity-prone animals (Geiger et al., 2008). Indeed, the effects of SUC and SAC exposure during an early developmental phase like gestation and weaning would yield substantial impacts on the monoamine systems. In contrast, alterations of monoamine systems observed with the effects of SUC and SAC exposure during the juvenile period were less robust. However, we investigated the effects during the juvenile period, since this study was particularly motivated to investigate the effects of SUC and SAC intakes during the juvenile period, in order to find an insight for the effects of excessive intakes in kids at school ages as human cases, in which excessive intakes of SUC and SAC have often been reported problematic and deteriorating.

Accumulating evidence also suggests that obesity induces specific patterns of DA changes in the STR of both rodents and humans. In rats, obesity has been demonstrated to be associated with decrease of extracellular DA level, concurrent with decreased DAT and D2 receptor expression in the NAcc (Geiger et al., 2008, 2009). Consistent with it, a human study has shown decreased D2 receptor availability in the STR of obese people (Wang et al., 2001). Since we did not examine extracellular DA level or D2 receptor expression, it remains largely unclear how the results are similar or different with those previous findings; however, it appears that the effects of juvenile SAC and SUC intakes could be quite distinct, as tissue DA concentration was found higher in the NAcc, along with higher DAT expression in adult mice exposed to juvenile SUC intake. One possible explanation for such discrepancy is that the effects of SUC and SAC intake are not sorely determined by high caloric intake.

The second aim of our study was to compare the effects of SUC and SAC, for which we directly compared behavioral and neural alterations caused by excessive SUC and SAC intake during the juvenile period with the identical administration procedure. A previous study has shown activation of the striatum with caloric drink but not with non-caloric drink consumption (Smeets et al., 2011). In another study, both SUC and non-caloric artificial sucralose have been reported to similarly activate the primary gustatory cortex. However, SUC, but not sucralose, activates several additional brain regions, such as the anterior insula, the frontal operculum, the striatum, and the anterior cingulate (Burke et al., 2018). In this study, we found that some behavioral and neural alterations were common but we also found differences between the treatments (Supplementary Tables S1–S3). In particular, adult SUC animals exhibited higher sensitivity to AMP, whereas the AMP response was blunted in adult SAC animals. Moreover, juvenile, SAC, but not SUC, animals were less anxious. In adulthood, SUC, but not SAC, animals were more anxious. Juvenile SUC, but not SAC, animals also exhibited greater vulnerability to stress. Consistent with these behavioral alterations, some, but not all, DA and 5-HT alterations were also distinct between SUC and SAC intake. The ratio between DA/5-HT and their metabolites has been defined as the rates of DA and 5-HT turnovers (Nissbrandt and Carlsson, 1987). Studies have shown that cocaine self-administration increases DA turnover in the dSTR and NAcc (Kimmel et al., 2003; Smith et al., 2003). Lower tissue DA and 5-HT concentrations and higher turnovers of them were observed in the dSTR of both juvenile SUC and SAC animals. In addition, lower tissue DA and 5-HT concentrations and higher turnovers of them in the NAcc were also found in juvenile SAC, but not SUC, animals. Such differences in the NAcc may contribute to behavioral alterations observed in juvenile SAC, but not SUC, animals, such as the lower AMP response at the high dose, and the lower anxiety in SAC animals. In adulthood, distinct alterations between SUC and SAC animals were also observed in the NAcc, which may contribute to behavioral alterations observed in adult SUC and SAC animals, such as the higher anxiety in SUC animals and the augmented and blunted AMP responses in SUC and SAC animals, respectively. SAC is a non-caloric, whereas SUC is caloric, sweeteners. Thus, if DA and 5-HT alterations were induced by only repeated exposure to the sweet taste, alterations of DA and 5-HT concentrations and turnovers would not be different between SUC and SAC conditions. However, SUC animals exhibited some distinct behavioral and neural alterations from those in SAC animals, suggesting that alterations induced by excessive SUC and SAC intake during the juvenile period may involve both repeated strong pleasure (sweet taste) experience and the amount of caloric consumption.

In this study, we investigated the effects of SUC and SAC exposure in male animals. Although there may be some profits of using male mice, including controlling of subjects to minimize influence of various factors such as menstrual cycles, and enabling to compare with other studies investigating relevant issues in male animals, substance-related addiction has been reported more vulnerable to female than male subjects (Becker et al., 2017). Indeed, neurotransmitter mechanisms involved in addiction have been shown under tight relationships with sex hormones, such as estrogen and progesterone (Lightfoot, 2008). Thus, investigation with female animals remains a very important issue that was not addressed in the current study. Repeating all experiments conducted in the current study with female mice could double the amount of the data, and thereby, beyond the scope of the current study. However, we will investigate the effects of juvenile SUC and SAC exposure in female mice in our next study, with which we can compare the results with the current study conducted in male mice to elucidate if there are any gender differences.

Excessive consumption of SUC has been suggested as one of the major dietary factors associated with various chronic diseases, including obesity, diabetes, and cardiovascular disease (Howard and Wylie-Rosett, 2002; Tsilas et al., 2017; Burke et al., 2018; Togo et al., 2019). Thus, we expected to observe such augmented weight gain with repeated sucrose administration, but actually did not. As one of possible reasons, we suspect that these mice with sucrose administration compensated for their caloric intakes by eating less food pellets, so that they maintained body weight gain comparable to that of control mice. In addition, although chronic SUC consumption in adulthood has been shown to induce obesity with increasing body weight, the effects depend on the life-cycles, duration and amount of consumption, and genetic backgrounds of animals (Glendinning et al., 2010), such that excessive SUC intake only for 2 weeks in the juvenile period at the concentration of 20% solution might not be enough to induce apparent obesity. Recent studies suggested that excessive SUC consumption also induces brain dysfunctions, such as learning impairments and addiction-like behavior (Reichelt et al., 2015; Abbott et al., 2016; Wiss et al., 2018). Excessive SUC intake during pregnancy in rodents has also been reported to induce ADHD-like behavioral alterations with increased striatal DAT expression in offspring (Choi et al., 2015). Our study suggests that excessive SUC and SAC consumptions during the juvenile period induce an assortment of behavioral and neural alterations, some of which could further interact with maturation processes during adolescence, consequently causing both concurrent juvenile and adult expressions of alterations. Thus, excessive SUC consumption in early development may be a predisposition that increases the vulnerability of developing psychiatric disorders.



CONCLUSION

Excessive intake of SUC in the juvenile period induced behavioral alterations caused by dysregulations of dopaminergic and serotonergic neuronal pathways both in juvenile and adult animals.
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