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The monocarboxylate transporters (MCTs) MCT1, MCT2, and MCT4 are essential components of the astrocyte-neuron lactate shuttle (ANLS), which is a fundamental element of brain energetics. Decreased expression of MCTs can induce cognitive dysfunction of the brain. In the present study, we established a mouse model of long-term ketamine administration by subjecting mice to a 6-month course of a daily intraperitoneal injection of ketamine. These mice demonstrated learning and memory deficits and a significant decline in MCT1 and MCT4 proteins in the hippocampal membrane fraction, while cytoplasmic MCT1 and MCT4 protein levels were significantly increased. In contrast, the levels of global MCT2 protein were significantly increased. Analysis of mRNA levels found no changes in MCT1/4 transcripts, although the expression of MCT2 mRNA was significantly increased. We suggest that redistribution of hippocampal MCT1 and MCT4, but not MCT2 up-regulation, may be related to learning and memory deficits induced by long-term ketamine administration.
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INTRODUCTION

The monocarboxylate transporters (MCTs) family is composed of several members that mediate fluxes of metabolites, such as L-lactate, pyruvate and ketone bodies (Halestrap and Price, 1999). It is generally accepted that rodent astrocytes mainly express MCT1 and MCT4, whereas neurons mainly express MCT2 (Debernardi et al., 2003; Khatri and Man, 2013). The activity of the astrocyte-neuron lactate shuttle (ANLS) is involved in brain energetic support, and the process of lactate transport from astrocytes to neurons, which are important in neuronal energy support, depends on the activity of MCTs (Whitlock et al., 2006; Herrero-Mendez et al., 2009). Abnormal expression of MCTs, especially MCT1 and MCT4, can lead to a series of central nervous system (CNS) dysfunctions. Transgenic mice with reduced MCT1 expressions exhibited motoneuron toxicity (Lee et al., 2012). Meanwhile, an in vitro study demonstrated that transfected astrocytes that overexpressed MCT4 would significantly hamper the growth ability of primary neurons, when co-culturing with each other (Hong et al., 2019). On the other hand, MCTs expression disorder is also observed in a lot of brain dysfunctions (Leroy et al., 2011; Lauritzen et al., 2012), together with delayed energic support dysfunction (Loane and Faden, 2010).

Ketamine is a non-competitive, N-methyl-D-aspartate (NMDA) receptor antagonist, which is a popular general anesthetic with anti-depressive properties. In recent decades, however, ketamine has increasingly become an addictive recreational drug (Sassano-Higgins et al., 2016; Wang et al., 2019). To date, few epidemiological studies have focused on cognitive impairment induced by long-term ketamine administration. It is reported that ketamine abuse leads to psychiatric disorders and cognitive dysfunction such as working memory or episodic memory impairments (Morgan et al., 2010; Carter et al., 2013; de Souza et al., 2019). In rodent models, aberrant neuronal apoptosis has been observed in the developing CNS after acute ketamine treatment (Ikonomidou et al., 1999; Wang et al., 2014; Obradovic et al., 2018), yet the underlying mechanisms remain to be elucidated. Recent studies reported that short-term ketamine abuse disturbs cognitive function by acting through alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and NMDA receptors (Xu and Lipsky, 2015; Ranganathan et al., 2017; Hasegawa et al., 2019). Our previous study similarly demonstrated that chronic exposure to ketamine initiated the abnormal expression of AMPA and NMDA receptors in the injured hippocampus of mice (Ding et al., 2016).

Excitatory glutamatergic neurotransmission requires energetic support, which in part, is provided through the ANLS; thus is critically involved in synaptic plasticity, learning, and memory (Bergersen et al., 2005; Belanger et al., 2011; Khatri and Man, 2013). Abnormal expression of MCT can lead to cognitive dysfunction and learning and memory impairment (Pérez-Escuredo et al., 2016). Learning and memory deficits were found in rats when hippocampal MCT1 and MCT4 expression was inhibited (Suzuki et al., 2011; Sun et al., 2018). In rat models of Alzheimer’s disease (AD), hippocampal MCT2 and lactate content was significantly decreased after bilateral hippocampal Aβ25–35 injection, and accompanied by learning and memory deficits (Lu et al., 2015). Accumulation of hyperphosphorylated tau (a pathological marker of AD) have been identified in the cerebral cortex after long-term ketamine administration (Zheng et al., 2019).

Thus, long-term ketamine administration might be associated with an abnormality in cerebral MCTs leading to dysfunction of the hippocampus. However, little is known about how exposure to ketamine affects the expression of MCTs. In this study, we utilize a mouse model of long-term ketamine administration to examine learning and memory deficits and the changes of MCT1, MCT4, and MCT2 expression levels in the membrane and cytoplasmic fractions of the hippocampus.



MATERIALS AND METHODS


Animals and the Model of Long-Term Ketamine Administration

Ninety male C57BL/6J mice (2 months old) from the Laboratory Animal Centre of China Medical University (license number: SCXK (Liao) 2018–0004), weight 17–22 g, were housed 3–4 per cage and maintained on a 12 h light/dark cycle (lights out at 6:00 PM). The mice had unlimited access to water and food in their home cages. The animal experiments were approved by the Animal Research Ethics Committee of China Medical University following China’s experimental animal administrative regulations and conducted in the Laboratory Animal Centre of China Medical University [license number: SYXK (Liao) 2018-0008]. All efforts were made to minimize the number of animals used and to reduce their suffering. The entire experimental paradigm was carried out according to the schedule shown in Figure 1.
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FIGURE 1. Schedule of ketamine administration and behavioral assessment. Ketamine daily administration for 180 days (6 months). Morris Water Maze (MWM) test began on Day 181 and lasted until Day 188 of the study, the Radial Arm Maze (RAM) test started on Day 181 and lasted until on Day 183. We surveyed the sessions of escape latency (Day 183–187) and probe trials (Day 188) of mice to assess for spatial memory performance in the MWM test. Meanwhile, total errors and time spent to finish a session (Day 92–93 and Day 182–183) of mice in the RAM test were conducted to assess for spatial working memory performance. Animals were euthanized on Day 184 and 189, and brain tissue was collected in the −80°C freezer.



The establishment of a long-term ketamine administration model is described as our previous articles (Ding et al., 2016). Briefly, mice received daily intraperitoneal injection of ketamine (ketamine hydrochloride, Fujian Gutian Pharmaceutical Company Limited, Gutian, Fujian, People’s Republic of China, dissolved in physiological saline) or equal volumes of physiological saline on 07:00 am in the light cycle for 180 consecutive days. Three groups of mice were randomly assigned, with 30 mice per group: a saline group that was injected with physiological saline; a ket1 group that was injected with 30 mg/kg of ketamine; and a ket2 group that was injected with 60 mg/kg of ketamine. We diluted the original ketamine hydrochloride into the 30 mg/kg and 60 mg/kg doses of ketamine according to the mouse’s weight (the volume was recorded); the details are given in the Supplementary Table S1. Mice were weighed every Monday and Thursday. The average weights of the three groups were 23.1 g (saline group), 24.6 g (ket1 group), and 23.8 g (ket2 group) on the last day of the model establishment. There is no significant difference in changes in weight in the three groups (Supplementary Figure S1). During the experiment, eight mice died: two in the saline group; three in the ket1 group; and three in the ket2 group. The causes of death were examined post-mortem: four had bleeding in the abdominal cavity; two had visceral organ rupture (two hepatic ruptures and one kidney rupture); and two showed no apparent signs of injury or disease.



Behavioral Tasks


Morris Water Maze (MWM) Test and Radial Arm Maze (RAM) Test

Twenty-four hours after the 180-day ketamine administration procedure (in the day 181), behavioral tests are carried out 3 h after ketamine administration. Ketamine administration continued throughout the whole behavioral tests. The MWM test and RAM test were both carried out in the day 181, 42 mice (saline group, n = 14; ket1 group, n = 14; ket2 group, n = 14) were used in MWM test and the other 40 mice (saline group, n = 14; ket1 group, n = 13; ket2 group, n = 13) were used in RAM test. and the entire process was monitored using the SMART™ tracking software program (San Diego Instruments, San Diego, CA, USA). All the mice exhibited a normal state before and during the behavioral tests, which were performed in a quiet room. Any mouse that exhibited passivity or thigmotaxic tracks was excluded from the analysis.

The MWM test was conducted as described previously, with slight modification (Ding et al., 2016). Briefly, a visible platform was used to exclude mice that might have visual or locomotive impairments, and to enable the mice to habituate to the circular apparatus (100 cm diameter). Mice were trained for two consecutive days (four trials per day). The walls of the maze were posted with spatial cues of different colors and shapes. A white plastic platform (8 cm diameter) protruded 2 cm above the surface of the water. The mice swam freely for 60 s, and were permitted to stay on the platform for 20 s after landing. Mice that were unable to find the visible platform were placed on the platform for an extra 10 s. Most of the mice exhibited good habituation and mobility.

Subsequently, each mouse was given three trials per day for five consecutive days in a pool with a hidden platform that was 0.8 cm below the surface of the opaque water. The location of the platform was fixed, but the starting point changed on every trial to avoid track memorization. Whether the mice successfully found the platform within 60 s or failed to do so in 60 s, they were allowed to rest on the platform for 10 s. The latency to the target (escape latency) was recorded.

Each mouse was given a memory retention test 24 h after the last training trial with the hidden platform. The platform was removed for the memory test and the mice were allowed to swim freely for 60 s. The number of times the mouse swam over the previous platform location was counted.

The RAM test was performed following the previous tests (Ding et al., 2016). Briefly, food was withheld for 24 h. During each session, the mice could freely visit the arms of the maze to obtain food pellets until the eight arms had been visited or 20 min run out. The locomotion of the animals was monitored via the SMART™ tracking software program. The numbers of non-visited arms and re-entry into arms were scored as working memory errors and summed. The apparatus was cleaned with 25% ethanol solution after each trial.


Hippocampal Membrane Protein Fractionation and Western blot

Hippocampi were isolated, membrane and cytoplasmic proteins were extracted by ProteoExtract Transmembrane Protein Extraction Kit (71772, Millipore, Billerica, MA, USA) and protease/phosphatase inhibitors (Sigma–Aldrich, St. Louis, MO, USA). Then 20 μg of each lysate was separated on SDS-PAGE gels and transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA). After 5% BSA blocking, the blots were incubated with primary antibodies and appropriate secondary antibodies, and visualized with a chemiluminescence system (Tanon 5200, Shanghai, China). Data analyses of blots were performed by using GraphPad Prism 6.01 software. The following antibodies were used: anti-MCT1 (1:400, sc-365501, Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-MCT2 (1:300, sc-271093, Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti- MCT4 (1:300, sc-376140, Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-GAPDH (1:5,000, ab181602, Abcam).



Total RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated from the hippocampi with RNAiso Plus (9108, Takara Biotechnology, Shiga, Japan) according to the manufacturer’s directions. All RNA samples were under the check of OD values A260/A280 ranged from 1.8 to 2.0. Total RNA was reverse-transcribed into cDNA utilizing the PrimeScript™ RT reagent Kit (RR037A, Takara Biotechnology, Shiga, Japan). After cDNA amplification (20-μl reaction mixture), quantitative real-time PCR (qPCR) with the sequence-specific primer pairs for MCT1, MCT2, MCT4, and Gapdh was performed by Applied Biosystems 7500 Real-Time PCR System using SYBR® PrimeScript™ RT-PCR Kit (RR081A, Takara Biotechnology, Shiga, Japan). Negative controls (ddH2O instead of cDNA) were also added to exclude potential contaminations during each run. The qPCR procedure was repeated at least three times for each sample. The detailed information of the primer sequences was shown in the Supplementary Table S2.



Statistical Analysis

Data were expressed as mean ± SEM and analyzed by PRISM 6.01 software. All data were tested for normal distribution by the Shapiro-Wilk test (p < 0.05) and they were equal variance. One-way ANOVA, repeated measures Two-way ANOVA is used for data statistics. Post hoc comparisons were performed if there is a significant difference among means. The data statistic of latency time in probe trials of the MWM test is analyzed by repeated measures two-way ANOVA. The other data analysis uses One-way ANOVA. Difference associated with *p < 0.05, **p < 0.01 or #p < 0.05, ##p < 0.01 is considered as statistically significant.






RESULTS


Acute Performance of Mice After Daily Ketamine Injection

The mice treated with the ketamine at 60 mg/kg exhibited a transient dystaxia state (starting from 2 min after ketamine administration and the whole dystaxia state lasted nearly 5 min), including drunken gait, slipping, limbs tremor and disturbances in balance. whereas those treated with 30 mg/kg exhibited hyperactivity (see short videos in the Supplementary Video S1).



Six Months of Ketamine Administration Impairs Learning and Memory

A significant increase in latency to target in the MWM test was seen in the ket2 group on days 2, 3, 4, and 5 after the 6-month treatment, compared with the saline group (Figure 2A; *p < 0.05, **p < 0.01, repeated-measures 2-way ANOVA), and a significant decrease in the numbers of platform crossings was observed in the probe trials in the ket2 group, compared with the saline group (Figure 2B; *p < 0.05, One-way ANOVA). Although the ket1 group exhibited an increase in latency to target on day 3, there was no statistically significant difference between the ket1 group and the saline group on the rest of the trials (Figures 2A,B). Behavioral tracking consistently revealed that the mice of the ket2 group displayed less exploration in the former target location and the target quadrant than the mice of the saline group (Figures 2C–E).
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FIGURE 2. Spatial memory performance of mice in the MWM test following 6 months of ketamine administration with different doses of ketamine 30 mg/kg and 60 mg/kg. (A) Repeated measures 2-way ANOVA was used in the analysis of latency time in probe trials. Main effect of treatment (saline, Ket1, Ket2), time)day1-day5) and interactions of treatment × time are reported as followed: treatment F(4,52) = 6.32, **p < 0.01; time F(2,26) = 6.919, **p < 0.01; interactions of treatment × time F(8,104) = 0.758, p = 0.8475. Significant increase of latency time to reach the target in MWM test invisible platform trails in ket2 group in the training day 2, 3, 4, 5 after 6 months of administration paradigm (*p < 0.05, **p < 0.01) and ket1 group saw an increase of latency time to reach the target only in the training day 3 (#p < 0.05). (B) A significant decline of the times of crossing the former platform location was observed in the ket2 group comparing with the control group (F(2,39) = 5.474, **p < 0.01). (C–E) Representative swimming paths by mice with different treatments in probe trial tests (saline n = 14, ket1 n = 14, ket2 n = 14).



The RAM test demonstrated that the ket2 group had a significant increase in total errors compared to the saline group (Figure 3B, *p < 0.05, One-way ANOVA). However, the time it took to finish a session was not significantly different among the three groups (Figure 3A), thus, excluding the possibility that locomotion deficits interfered with spatial working memory. Figures 3C–E illustrate the tracks of the mice in the three groups during the RAM test.
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FIGURE 3. Spatial working memory performance of mice in RAM tests following 6 months of ketamine administration with different doses of ketamine 30 mg/kg and 60 mg/kg. (A) No significance of time spent in finishing a session was seen in three groups. (B) Significant increase of total errors in one session to accomplish a RAM test in ket2 group comparing with the control group (F(2,37) = 3.718, *p < 0.05). (C–E) Representative searching tracks of mice with different treatments in the RAM test acquisition trails (saline n = 14, ket1 n = 13, ket2 n = 13).





Plasmalemmal Expression of MCT1, MCT2, and MCT3 After 6-Month Administration of Ketamine

The levels of MCT1 protein in hippocampal membrane fractions were significantly decreased in the ket2 group compared to the saline and ket1 groups (Figure 4B, **p < 0.01, #p < 0.05, respectively, One-way ANOVA). The expression of MCT2 protein was increased in both the ket1 and ket2 mice compared with the saline mice (Figure 4F, *p < 0.05, **p < 0.01, respectively, One-way ANOVA), whereas MCT4 protein levels were decreased in the ket2 mice compared with saline and ket1 mice (Figure 4D, *p < 0.05, ##p < 0.01, respectively, One-way ANOVA). In contrast, the MCT4 protein level was increased in the ket1 mice compared to the saline mice (Figure 4D, *p < 0.05, One-way ANOVA).
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FIGURE 4. Changes of hippocampal membrane monocarboxylate transporters 1 (MCT1), MCT4 and MCT2 protein levels after 6 months of ketamine administration in different groups as revealed by Western blot. (A,B) Significant decline of MCT1 expression levels were seen in ket2 group comparing with ket1 group and control group respectively (F(2,27) = 3.405, #p < 0.05 and F(2,27) = 5.823, **p < 0.01, respectively). (C,D) Significant decline of MCT4 expression levels were seen in ket2 group comparing with control group and ket1 group respectively (F(2,27) = 3.442, *p < 0.05 and F(2,27) = 5.604, ##p < 0.01, respectively). Obviously increase of MCT4 expression levels were seen in ket1 group comparing with control group (F(2,27) = 3.482, *p < 0.05). (E,F) Significant increase of MCT2 expression levels were seen in ket2 and ket1 group comparing with control group respectively (F(2,27) = 6.104, **p < 0.01; F(2,27) = 3.707, *p < 0.05, respectively; saline n = 10, ket1 n = 10, ket2 n = 10).





Cytosolic Expression of MCT1, MCT2, and MCT4 After Long-Term Ketamine Administration

Cytoplasmic MCT1 protein levels were significantly increased in the ket1 and ket2 groups (Figure 5B, **p < 0.01, One-way ANOVA). Similar increases in cytoplasmic expression were found for the MCT2 and MCT4 proteins (Figures 5D,F, **p < 0.01, **p < 0.01, One-way ANOVA).
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FIGURE 5. Changes of hippocampal cytoplasm MCT1, MCT4 and MCT2 protein levels after 6 months of ketamine administration in different groups as revealed by Western blot. (A,B) Significant increase of MCT1 expression levels were seen in ket2 and ket1 group comparing with control group respectively (F(2,27) = 5.943, F(2,27) = 5.477, **p < 0.01, respectively). (C,D) Significant increase of MCT4 expression levels were seen in ket2 and ket1 group comparing with control group (F(2,27) = 3.607, *p < 0.05; F(2,27) = 5.882, **p < 0.01, respectively). (E,F) Significant increase of MCT2 expression levels were seen in ket2 and ket1 group comparing with control group respectively (F(2,27) = 5.742, **p < 0.01; saline n = 10, ket1 n = 10, ket2 n = 10).





mRNA Expression of MCT1, MCT2, and MCT4 After Long-Term Ketamine Administration

We conducted real-time qPCR tests to determine if mRNA levels had changed in hippocampal MCT1, MCT4, and MCT2 after long-term ketamine administration. The results revealed no significant difference in MCT1 and MCT4 among the 3 groups (Figures 6A,C). However, significant increases in MCT2 mRNA levels were seen in the ket1 and ket2 groups compared with the saline group (Figure 6B, *p < 0.05, **p < 0.01, One-way ANOVA).
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FIGURE 6. Changes of hippocampal MCT1, MCT4 and MCT2 mRNA levels after 6 months of ketamine administration in different groups. (A) No significance of MCT1 mRNA expression levels were seen in three groups. (B) Significant increase of MCT2 mRNA expression levels were seen in ket2 and ket1 group comparing with control group (F(2,33) = 3.709, *p < 0.05, F(2,33) = 3.461, #p < 0.05 and F(2,33) = 5.758, **p < 0.01, respectively). (C) No significance of MCT4 mRNA expression levels were seen in three groups (saline n = 12, ket1 n = 12, ket2 n = 12).






DISCUSSION

Cerebral MCTs dependent ANLS is indispensable for brain energy supports and important for neuronal plasticity and the process of learning and memory (Bergersen et al., 2005; Belanger et al., 2011; Khatri and Man, 2013). Abnormal MCTs expression is involved in neurodegenerative disorders (Lee et al., 2012; Hong et al., 2019). Ketamine and other addictive drug abuse may lead to neurodegeneration and neurotoxicity (Ikonomidou et al., 1999; Moszczynska and Callan, 2017; Li et al., 2019). Thereby, these researches indicated that changes in cerebral MCTs expressions may be relevant to neurotoxicity induced by ketamine abuse. However, little is known about how the expression of MCTs is affected in exposure to long-term ketamine administration.

Here, the findings of the present study showed that the long-term administration of ketamine induces dose-dependent impairments in learning and memory and alterations in the expression of hippocampal MCTs, which are necessary for cerebral ANLS and cognitive function. Long-term administration of ketamine-induced a decline in MCT1 and MCT4 membrane expression but the increment in cytoplasmic expression. The long-term administration of ketamine-induced hippocampal MCT2 up-regulation by enhancing the transcription of MCT2 mRNA.

Cognitive impairments induced by ketamine abuse have been reported in humans (Carter et al., 2013). Interestingly, low doses of ketamine produce neuroprotective effects and cognitive improvements in patients with major depressive disorder and rodent models (Hasegawa et al., 2019; Zheng et al., 2019), whereas ketamine 80 mg/kg produces learning and memory deficits, compared to 30 mg/kg (Wang et al., 2014). Moreover, mice exposed to a 30 mg/kg dose of ketamine for 6 months do not exhibit learning or memory impairments (Yeung et al., 2010). These studies indicate that sub-anesthetic doses of ketamine induce learning and memory impairment in a dose-dependent manner. Coincidently, our present study showed that the mice model of long-term ketamine administration exhibited a significant dose-dependent impairment in learning and memory at a 60 mg/kg dose of ketamine, but not at a 30 mg/kg dose.

MCTs that take part in ANLS are indispensable for normal CNS energy support, especially for CNS glutamatergic synaptic plasticity, which is crucial for learning and memory; and disturbances in cerebral MCT expression lead to ANLS and cognitive dysfunction (Halestrap and Price, 1999; Belanger et al., 2011; Suzuki et al., 2011; Khatri and Man, 2013). The expression of MCT1 and MCT4 is mainly localized in astrocytes (Pellerin et al., 2005; Solís-Maldonado et al., 2018), and the expression of MCT2 occurs mainly in neurons (Vannucci and Simpson, 2003). Then we determined hippocampal astrocyte-located expression of MCT1 and MCT4 and neuron-located MCT2 expression to check the alterations of hippocampal MCT systems after long-term exposure to ketamine.

Our results showed that the levels of hippocampal membrane MCT1 and MCT4 proteins significantly declined after long-term administration of 60 mg/kg ketamine. However, the levels of the hippocampal membrane MCT2 protein were significantly increased after the same administration paradigm. We assumed that long-term ketamine administration might impair hippocampal ANLS lactate transmission by reducing the expression of membrane MCT1 and MCT4 and ultimately, induce learning and memory deficits in mice. The reduced membrane MCT1 and MCT4 expression would have caused a lactate supply shortage, and membrane MCT2 expression may have up-regulated in response.

We further checked the hippocampal cytoplasmic protein and global mRNA levels of MCTs and found that the levels of hippocampal cytoplasmic MCT1 and MCT4 proteins significantly increased, but no significant change was found in the levels of hippocampal global MCT1 or MCT4 mRNA in real-time qPCR tests after long-term ketamine administration. The results of the hippocampal cytomembrane and cytoplasm MCT1 and MCT4 protein levels and global mRNA levels imply that the long-term administration of ketamine at 60 mg/kg induced subcellular MCT1 and MCT4 redistribution between the membrane and the cytoplasm. Also, the hippocampal cytoplasm protein expression of MCT2 was significantly increased, and the hippocampal global MCT2 mRNA level significantly increased after the administration of ketamine at 30 mg/kg and 60 mg/kg. These results indicate that the long-term administration of ketamine promoted the global expression of hippocampal MCT2 protein levels, together with an increase in membrane expression.

MCT1, 2 and 4 are widely expressed in a variety of organs, including the brain, heart, muscle and so forth (Halestrap and Wilson, 2012). Alterations of peripheral MCTs expression could induce a diversity of locomotive dysfunctions. MCT1 deficiency in muscle is reported to be associated with muscle cramping after strenuous exercise, along with a defect in lactate efflux from muscle (Aoi and Marunaka, 2014). Suppression or dysfunction of MCT4 may restrict lactic acid efflux from skeletal muscle, following with the decline of muscle pH, which may lead to impairment of muscle function (Juel and Halestrap, 1999; Bonen, 2001; Halestrap and Meredith, 2004). Yet the present data of cognitive tasks demonstrated that mice exhibited no significant difference in locomotive activities after long-term ketamine administration, which implied that the changes of peripheral MCTs expression on physical ability are limited on the performance of behavioral tests.

Abnormal expression of MCTs in CNS may affect both limbic and hippocampal related cognitive functions. MCTs are reported to be indispensable for amygdala-dependent fear memory acquisition, as MCT inhibitor 4-CIN could significantly reduce the freezing values during contextual fear conditioning training (Kong et al., 2017); meanwhile, MCT1 and MCT2 is indispensable for rewarding memory of cocaine relapse (Zhang et al., 2016). However, the results of the current behavioral tasks showed that mice exhibited spatial memory impairments, which is closely related to functions of the hippocampus other than limbic system-dependent cognitive functions that are predominantly relevant to emotion, addiction and reward. Although there is no direct published evidence demonstrate that complex of the abnormal MCTs expression in the hippocampus and other parts of limbic system may induce the present spatial memory deficits, it is reported that increased MCT2 but reduced MCT4 levels were found in posterior cingulate (one part of the limbic system) of young adult APOE4 carriers, those who have a huge genetic risk for late-onset AD (Perkins et al., 2016). Meanwhile, research on AD rat models has found decreased levels of expression of hippocampal MCT2 and obvious cognitive impairments, which indicates that an impairment in the ANLS downstream neuronal MCT2 energy acquisition process might be involved in AD-related learning and memory deficits (Lu et al., 2015). These evidences implied that abnormal MCTs expression in the hippocampus together with other parts of the limbic system may simultaneously play roles in cognitive deficits. However, a mice model of Huntington’s disease has found an increase in lactate up-take and the catalytic efficiency of hippocampal membrane MCT2, while no significant increases have been found in protein or mRNA levels (Solís-Maldonado et al., 2018).

Interestingly, although the mice in our study exhibited an increase in MCT4 and MCT2 protein levels and MCT2 mRNA after the long-term administration of 30 mg/kg of ketamine, the mice did not show obvious learning or memory improvements. ICR mice administered 30 mg/kg of ketamine for 3 months have been found to exhibit increased dopamine levels (Tan et al., 2011), whereas C57 mice given the same dose of ketamine for 6 months have been found to show no cognitive impairment (Sun et al., 2011), even though the mice showed hyper-phosphorylation of tau and apoptosis in the prefrontal and entorhinal cortex (Yeung et al., 2010). These results indicate that: on one hand, a dose of 30 mg/kg of ketamine is not sufficient to induce learning and memory deficits in mice models; and, on the other hand, a dose of 30 mg/kg of ketamine is probably an intermediate dose that mediates complicated and “contradictory” biochemical and physiological activities. As acute treatment with a lower dose of ketamine (10 mg/kg) can reverse depressive-like behaviors in mice by up-regulating hippocampal AMPA receptor expression (Tosta et al., 2019), While a higher dose of ketamine (100 mg/kg) induces neurotoxicity (Chatterjee et al., 2012).

In summary, our present study primarily demonstrated that the long-term administration of ketamine can lead to dose-dependent learning and memory deficits and alterations in hippocampal MCTs, including an ANLS upstream, decrease in membrane MCT1 and MCT4 and increase in downstream MCT2. We also found that the long-term administration of ketamine-induced abnormal distributions of subcellular hippocampal MCT1 and MCT4 by removing them from the membrane to cell plasma, but enhanced the global expression of MCT2. We suspect that it is the reduced levels of hippocampal membrane MCT1 and MCT4 that are involved in the cognitive deficits observed in the long-term ketamine administration. However, the potential mechanism of MCT1 and MCT4 alterations and ANLS dysfunction in long-term, ketamine-induced learning and memory deficits remains to be elucidated.
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