Probenecid increases the concentration of 7-chlorokynurenic acid derived from the prodrug 4-chlorokynurenine within the prefrontal cortex
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Abstract 
Recent advances in the understanding of depression have led to increasing interest in ketamine and the role that N-methyl-D-aspartate (NMDA) receptor inhibition plays in depression. L-4-chlorokynurenine (4-Cl-KYN, AV-101), a prodrug, has shown promise as an antidepressant in preclinical studies, but this promise has not been realised in recent clinical trials. We sought to determine if transporters in the CNS could be playing a role in this clinical response. We used radiolabelled uptake assays and microdialysis studies to determine how 4-Cl-KYN and its active metabolite, 7-chlorokynurenic acid (7-Cl-KYNA), cross the blood-brain barrier (BBB) to access the brain and its extracellular fluid compartment. Our data indicates that 4-Cl-KYN crosses the blood-brain barrier via the amino acid transporter LAT1 (SLC7A5) after which the 7-Cl-KYNA metabolite leaves the brain extracellular fluid via probenecid sensitive organic anion transporters, (OAT 1/3; SLC22A6 and SLC22A8), and MRP4 (ABCC4). Microdialysis studies further validated our in vitro data, indicating probenecid may be used to boost the bioavailability of 7-Cl-KYNA. Indeed, we found coadministration of 4-Cl-KYN with probenecid caused a dose-dependent increase by as much as an 885-fold increase in 7-Cl-KYNA concentration in the prefrontal cortex. In summary, our data show 4-Cl-KYN crosses the BBB using LAT1, while its active metabolite, 7-Cl-KYNA is rapidly transported out of the brain via OAT1/3 and MRP4. We also identify a hitherto unreported mechanism by which the brain extracellular concentration of 7-Cl-KYNA may be increased to produce significant boosting of the drug concentration at its site of action that could potentially lead to an increased therapeutic effect. 
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Introduction
Major depressive disorder (MDD) is a major cause of disability worldwide, with up to one-third of patients as having ‘treatment resistant depression’ because of lack of response to currently available drugs [1]. Current antidepressants are also limited by the lag time of weeks to months between treatment and maximum therapeutic effect [2]. There is thus an unmet need for a safe and effective fast-acting antidepressant.
Ketamine has a rapid antidepressant effect (within hours) at subanesthetic doses via a complex mechanism of action that includes inhibition of the N-methyl-D-aspartate receptor (NMDAR) [3]. Ketamine is also effective in patients with treatment-resistant depression [4]. However, unwanted adverse effects and the requirement for the intravenous administration to be performed in a clinical setting, limit the utility of ketamine as a treatment option for depression.
L-4-chlorokynurenine (4-Cl-KYN, AV-101), a synthetic chlorinated form of a tryptophan metabolite, has shown promise as a novel antidepressant in rodents [5]. 4-Cl-KYN is a prodrug, which after passage across the blood-brain barrier (BBB), is metabolised by kynurenine aminotransferases in astrocytes to form the active compound, 7-chlorokynurenic acid (7-Cl-KYNA), one of the most potent and selective antagonist of the NMDAR GlyB site known [6-9]. The antagonism of the NMDAR at the GlyB subsite by 7-Cl-KYNA is thought to produce its antidepressant and antinociceptive effects [5, 10]. 
4-Cl-KYN has a mechanism of action like that of ketamine, acting via antagonism of the NMDAR. In addition, 4-Cl-KYN is thought to have antidepressant effects similar to ketamine in rodents, but without the associated adverse effects [5, 11, 12]. Despite the promising results of 4-Cl-KYN in a rodent model, recently completed clinical trials have shown that 4-Cl-KYN, either as monotherapy or as adjunctive therapy, failed to show efficacy as an antidepressant [13, 14]. The lack of efficacy in humans has been postulated to be due to poor CNS levels of the prodrug and active metabolite, resulting in inadequate concentrations at the site of action [13].
There is therefore a need to understand what factors determine the movement of 4-Cl-KYN into the CNS, as well as the efflux of 7-Cl-KYNA out of the CNS. Thus far, there has been a suggestion that a large neutral amino acid transporter is involved in the transport of 4-Cl-KYN as shown by the fact that leucine can inhibit the uptake of 4-Cl-KYN into the brain [8]. Moreover, the blood concentrations of endogenous tryptophan metabolites such as L-kynurenine in healthy individuals have been linked with single nucleotide polymorphisms (SNPs) in the L-type amino acid transporter, LAT1 [13, 15]. LAT1 is predominantly expressed in tissues that require a constant supply of amino acids such as the brain, placenta and various tumours [16, 17]. LAT1 is a pH and Na+ independent antiporter of neutral amino acids with a 1:1 stoichiometry. The transporter is located at both the apical and basolateral membrane of endothelial cells of the BBB, and transport of amino acids by LAT1 is bidirectional [18]. 
Interestingly, there is also evidence to suggest that probenecid-sensitive transporters are involved in the transport of kynurenic acid [19, 20]. Thus, these data lead us to hypothesise that probenecid sensitive transporters, such as organic anion transporters, that are known to be expressed at the BBB may be involved in the transport of 7-Cl-KYNA.
In this study, our aims were to (a) determine whether 4-Cl-KYN is a substrate of LAT1 and characterise the uptake kinetics of 4-Cl-KYN by LAT1; (b) understand how 7-Cl-KYNA, which is responsible for NMDAR antagonism, leaves the brain extracellular fluid, with a focus on probenecid sensitive transporters; and (c) determine if the concentrations of 4-Cl-KYN and/or 7-Cl-KYNA could be increased at their site of action by boosting the brain concentration of 7-Cl-KYNA through inhibition of drug transporters.
Methods
Cell culture 
HEK 293 cells were cultured in Dulbecco’s modified Eagles media (DMEM) supplemented with 10% foetal bovine serum (FBS) at 37oC in a 5% CO2 humidified chamber.

Stable cell line generation
HEK 293 cells stably expressing LAT1 or matched empty vector cells were used to study the interaction of 4-Cl-KYN with LAT1 as previously described [21, 22]. Cell lines expressing the organic anion transporters, OAT1 and OAT3 were created by stable transfection of HEK 293 cells. Transfections were performed using Lipofectamine 2000 according to the manufacturer’s instructions. Briefly, pcDNA3.1+/C-(K)DYK vectors expressing the transporter of interest (OAT1; NM_004790, OAT3; NM_001184732 or vector only) were introduced into HEK 293 cells. Cells were then expanded and selected via G418 resistance and single cell colonies were isolated. Expression was validated via PCR. Cells from the colonies with the highest expression of the protein of interest were then expanded for experiments.

Transient transfections 
HEK 293 cells stably expressing OAT3 or the matched empty vector (pcDNA3.1+/C-(K)DYK) were transfected with multidrug resistance protein 4 (MRP4; NM_005845.4) or the corresponding empty vector (pcDNA3.1+/C-HA) using Lipofectamine 2000 according to the manufacturer’s instructions. Briefly, cells were plated at a density of 1 x 106 cells/well and transfected with 2.5µg of DNA/well the following day. All experiments were carried out 24 hrs after transfection (detailed below).

Drugs and radiochemicals
	4-Cl-KYN was a gift from VistaGen Therapeutics, Inc. and was dissolved in a small volume of 1M NaOH and then titrated to pH 7.4 using phosphate buffered saline (PBS). 7-Cl-KYNA and anti-DDDDK (FLAG) antibody were purchased from Abcam. 7-Cl-KYNA was dissolved in a small volume of 1M HCl and then titrated to pH 7.4 in PBS. All other compounds were purchased from Sigma-Aldrich, except for JPH203 (Selleckchem), lipofectamine (Invitrogen), ORF clones (Genscript), HEK 293 cells (ATCC), anti-mouse horseradish peroxidase (HRP) linked antibody (Cell Signaling Technology) and Pierce western blotting substrate (Thermo Fischer). 4-Cl-KYN and all amino acids used in this study were L-stereoselective. Unless otherwise stated, all compounds were solubilised in dimethyl sulfoxide according to manufacturer’s instructions.
[14C]-4-Cl-KYN (specific activity= 55.5 mCi/mmol) and [14C]-7-Cl-KYNA (specific activity= 77.7 mCi/mmol) was obtained from Moravek Inc. [3H]-phenylalanine (specific activity= 100 Ci/mmol) and [3H]-para-aminohippuric acid (specific activity= 40 Ci/mmol) were obtained from American Radiolabeled Chemical Inc. [3H]-estrone 3-sulfate (specific activity= 49.2 Ci/mmol) was obtained from Perkin Elmer. 

Radiolabelled uptake assays
[bookmark: OLE_LINK2]For HEK 293 cells stably expressing the protein of interest, cells were plated the day before an experiment. HEK 293 cells transiently expressing the protein of interest were plated 2 days prior to the experiment. All cells were >80% confluent at the time of an experiment. Before each experiment, culture media was removed and cells were washed with Hanks solution (Hanks balanced salt solution, 25 mM HEPES, pH 7.4). Cells were then incubated with 0.15µCi/ml of the radiolabelled compound of interest for 3 mins unless otherwise stated. Solutions were supplemented with an unlabelled version of the compound of interest to give the final concentration desired. Following incubation, excess radiolabelled compound was removed, and cells were washed 3 times with ice cold Hanks solution. Cells were then incubated in 5% sodium dodecyl sulfate (SDS) for 15 mins at 37oC. The lysate was collected, and scintillation fluid added. Cells unexposed to radiolabelled chemicals were used to quantify cell density at the time of the experiment. Cells were counted manually using a haemocytometer.
All test compounds and concentrations were chosen in accordance with the FDA guidelines for in vitro drug interaction studies [23]. Briefly, to test whether 4-Cl-KYN and 7-Cl-KYNA were substrates for the transporters of interest, a range of concentrations that would cover clinically relevant concentrations of the compounds were chosen. Conversely, for experiments testing whether 4-Cl-KYN and 7-Cl-KYNA inhibit transport, high concentrations of each compound were chosen to maximise any possible inhibitory effect of the test drugs.

Trans-stimulation assays
HEK 293 cells were plated the day before an experiment and were >80% confluent at the time of the experiment. As earlier, culture media was removed, and cells were washed with Hanks solution. Cells were incubated with 0.15 µCi/ml of [3H]-phenylalanine in transport buffer at 37oC for 3 mins to load the cells with phenylalanine. Excess phenylalanine was then removed, and cells were washed with warm transport buffer. Cells were then incubated with either 1 mM leucine, 4-Cl-KYN or 7-Cl-KYNA for 3 mins. The uptake was then stopped by washing cells in ice-cold transport buffer [24]. Cells were then incubated in 5% SDS for 15 mins at 37oC. The lysate was collected, and scintillation fluid added

Western blot studies
	HEK 293 cells expressing OAT3 were plated as described for radiolabeled uptake assays. 24 hrs after transfection of MRP4, cells were gently washed with ice-cold PBS and then incubated with radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors. The lysates were centrifuged at 13000 rpm for 30 mins at 4oC to remove cell debris and the subsequent supernatant was used for western blot studies. 
	Lysates were heated to 37oC for 20 mins after which lysates were onto loaded a 10% polyacrylamide gel, separated by SDS-PAGE and then transferred to a polyvinylidene fluoride (PVDF) membrane. The membranes were incubated with 5% non-fat dry milk in tris-buffered saline containing 0.1% tween 20 (TBST) for 1 hr. Membranes were then rinsed with TBST and incubated with an anti-FLAG rabbit polyclonal antibody (1:2000) to probe for OAT3 or a mouse monoclonal antibody (1:4000) to probe for β-actin, overnight at 4oC. Membranes were again washed with TBST after which the membranes were incubated with anti-rabbit IgG (1:3000) or anti-mouse IgG (1:4000) HRP-linked antibody to probe for OAT3 and β-actin, respectively. Blots were developed using Pierce enhanced chemiluminescence substrate and processed using ImageJ software.

Animals and surgery
	All experiments utilised adult Sprague-Dawley rats housed on a 12 hr light/dark cycle at room temperature (22oC ± 2oC) with a humidity of 50%, and food and water was made available ad libitum. These experiments were conducted by Charles Rivers Laboratories (South San Francisco) with the approval from their Institutional Animal Care and Use Committee. 
Prior to surgery, rats were anesthetised using isoflurane (2% and 800 ml/min O2). Rats were administered carprofen during and after surgery to induce analgesia; lidocaine and epinephrine were used for local analgesia at the injection site. Microdialysis probes were positioned in the prefrontal cortex; probe tips were set to the coordinates 3.4 mm anteroposterior to bregma, -0.8 mm lateral to midline and 5 mM ventral to the dura. The incisor bar was set at -3.3 mm. Probes were attached to the skull via stainless steel screws and dental cement. Following surgery, animals were returned to their home cage with conditions as earlier.

Microdialysis studies
	Microdialysis studies were performed by Charles Rivers Laboratories (South San Francisco), and were conducted one day after surgery. NM-PAN 6/4 microdialysis probes were connected to a microperfusion pump used to perfuse artificial cerebrospinal fluid (147 mM NaCl, 3 mM KCl, 1.2 mM CaCl2 and 1.2 mM MgCl2) at a flow rate of 1.5 µl/min. The outlet probe was connected to an automated fraction collector. Microdialysis samples were collected at 30 min intervals at baseline, and compounds of interest (4-Cl-KYN and probenecid) were then administered intraperitoneally (IP) with samples being taken at 30 min intervals. Samples were collected into 0.02 M formic acid and 0.04% ascorbic acid in purified H2O and analysed by Charles Rivers Laboratories. Probe recovery was determined by the ratio of the compound (4-Cl-KYN or 7-Cl-KYNA) in the dialysate to the bath and are expressed as percentage. In vitro recoveries were 21 ± 1.5% and 15.2 ± 1.9% for 4-Cl-KYN and 7-Cl-KYNA, respectively.  These values were used to correct the compound levels in the interstitial fluid samples in vivo.   

Quantification of analytes for microdialysis studies
	Concentrations of compounds of interest were quantified via high performance liquid chromatography (HPLC) coupled with tandem mass spectrometry detection in the multiple reaction monitoring mode. All analytes collected during microdialysis were separated by liquid chromatography.

4-Cl-KYN, 7-Cl-KYNA, KYN and KYNA
Analytes were separated on a reversed phase Atlantis T3 C18 column at a temperature of 30°C, at a flow rate of 0.2 ml/min. Mobile phase A consisted of ultrapure water with 0.1% formic acid. Mobile phase B was acetonitrile with 0.1% formic acid.

Quinolinic acid
Analytes were separated on a reversed phase Synergi MAX-RP C12 column, held at a temperature of 25°C, at a flow rate of 0.3 ml/min. Mobile phase A consisted of ultrapure H2O with 0.2% TFA. Mobile phase B was ACN with 0.2% TFA.

Statistics and brain pharmacokinetic parameter calculation
Data are presented as mean ± SD unless otherwise stated. A p value <0.05 was considered statistically significant. Data from uptake assays were analysed by one-way ANOVA. Microdialysis data was analysed using two-way ANOVA or an unpaired t-test as appropriate. Analyses were carried out on Graphpad Prism v8. Prefrontal cortex pharmacokinetic values were calculated by non-compartmental analysis using Simbiology model analyzer within Matalab R2020a (MathWorks). 
Results
The pro-drug 4-Cl-KYN is a substrate for LAT1, with increased selectivity for LAT1 
	 To investigate whether 4-Cl-KYN is a substrate of LAT1 (SLC7A5), we used radiolabelled uptake assays to track the movement of the compound into LAT1-expressing HEK 293 stable cell-lines (HEK 293-LAT1). We first validated this approach by measuring the uptake of tritium labelled phenylalanine ([3H]-phe) over 3 mins in the presence and absence of the LAT1 inhibitor, JPH203 [25]. Our data show that [3H]-phe (10 µM total) increased by 2.3-fold in HEK 293-LAT1 cells compared with control HEK 293 cells, and this increase was inhibited by JPH203 (10 µM; Fig. 1A). These data suggested that [3H]-phe was being transported into the cells via LAT1. Using a similar approach, we also found that [14C]-4-Cl-KYN (10 µM) concentrations increased by 9.2-fold in HEK 293-LAT1 cells compared with HEK 293 cells after 3 mins, and this uptake was also sensitive to inhibition with JPH203 (Fig.1B). Thus, these data indicate that 4-Cl-KYN was being transported into HEK 293 cells via LAT1.
	We then tested whether the active metabolite of 4-Cl-KYN (7-Cl-KYNA) was also a substrate for LAT1. Unlike 4-Cl-KYN, however, we found that [14C]-7-Cl-KYNA (10 µM) showed little accumulation in HEK 293-LAT1 cells and JPH203 had no effect (Fig.1C), indicating that 7-Cl-KYNA is unlikely to be a substrate for LAT1.
[bookmark: OLE_LINK1]	Given our finding that 4-Cl-KYN was a LAT1 substrate, we undertook experiments to better understand how 4-Cl-KYN uptake would compare to that of the model substrate phenylalanine. Using trans-stimulation assays, we showed that 4-Cl-KYN was able to compete with LAT1 substrates such as phenylalanine and leucine whilst 7-Cl-KYNA could not (Fig.S1). Additionally, our trans-stimulation assays showed that tryptophan metabolites could also compete with phenylalanine for uptake via LAT1 (Fig.S1D). LAT1 mediated uptake of phenylalanine and 4-Cl-KYN did not differ significantly, suggesting that the uptake of these compounds via LAT1 itself did not differ (Fig.1D). However, we found that there was a greater uptake of phenylalanine (Fig.1A) compared to 4-Cl-KYN (Fig.1B) in the control HEK 293 cells, suggesting that 4-Cl-KYN may be more selective for uptake via LAT1 than endogenous amino acids such as phenylalanine.
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Figure 1. 4-Cl-KYN is a substrate for and shows increased selectivity for transport via LAT1. Mean changes in uptake of (A) phenylalanine (Phe; 10 µM), (B) L-4-chlorokynurenine (4-Cl-KYN; 10 µM) or (C) 7-chlorokynurenic acid (7-Cl-KYNA; 10 µM) after exposure for 3 mins in the presence of absence of JPH203 (10 µM). (D) Changes in LAT1 mediated uptake under conditions indicated. LAT1 mediated uptake was determined by subtracting the uptake in HEK 293 control cells from the uptake in HEK 293-LAT1 cells. Data are mean ± SD (n=3). ****p<0.0001 when compared to control HEK 293 cells. †††p<0.001, ††††p<0.0001 when compared to matched vehicle treated cells.

Physiological amino acids competitively inhibit 4-Cl-KYN transport via LAT1
	We next adapted our cell-based assays to further model the conditions in vivo by including physiological plasma concentrations of amino acids in our assay solutions (Supplementary T1), formulated as previously described [26]. We co-incubated amino acids with a concentration of 4-Cl-KYN (250 µM) similar to that found in the plasma of patients taking 4-Cl-KYN in recently completed clinical trials [14]. Experiments investigating the interaction of 4-Cl-KYN with LAT1 thereafter reflected these conditions.  
We first repeated the uptake assays described earlier (Fig.1B) with the higher concentration of 4-Cl-KYN (250 µM). The data were similar to that shown in Fig. 1B with a substantial increase in 4-Cl-KYN uptake in HEK 293-LAT1 cells that was sensitive to inhibition by JPH203 (Fig.2A). Next, we repeated the assay but with the introduction of physiological concentrations of amino acids [26]. This showed that 4-Cl-KYNA still accumulated to a greater extent in the HEK 293-LAT1 cells when compared with control cells, but the uptake of 4-Cl-KYNA was substantially lower when compared to 4-Cl-KYNA uptake in the absence of physiological concentrations of amino acids (Fig.2B & C). These data suggest that 4-Cl-KYN probably competes for LAT1 uptake with amino acids found in plasma. 
Thus far, all assays performed measured the uptake of the compounds at 3 mins. Therefore, we next characterised the uptake of 4-Cl-KYN over a 1-hour time course. This showed that 4-Cl-KYN uptake increased for approximately 10 mins after which there was a small but insignificant decline in the amount of 4-Cl-KYN accumulating within HEK 293-LAT1 cells. Uptake in HEK 293 control cells and cells exposed to 4-Cl-KYN in the presence of JPH203 showed no substantial uptake of 4-Cl-KYN (Fig.2D).
In order to understand the uptake kinetics of 4-Cl-KYN, we exposed HEK 293-LAT1 cells to concentrations of 4-Cl-KYN ranging from 3 µM - 10 mM in the absence and presence of physiological concentrations of amino acids (Fig. 2E & H). We found that the Vmax for 4-Cl-KYN uptake was similar in the presence (4522 ± 1759 pmoles/million cells/min) or absence (6048 ± 969.1 pmoles/million cells/min) of physiological concentrations of amino acids (Fig.2F). However, the Km increased when HEK 293-LAT1 cells were exposed to 4-Cl-KYN in the presence of physiological amino acid concentrations (577.2 ± 117.2 µM in the absence of physiological amino acids vs 1799 ± 645.2 µM in the presence of physiological amino acids; Fig.2G). As the Km indicates the concentration at which the uptake of 4-Cl-KYN reaches half maximum, this increase in the amount of concentration of 4-Cl-KYN suggest that there is likely to be competitive inhibition of 4-Cl-KYN uptake via LAT1 in vivo. This is further validated by the Lineweaver-Burk plot, in which the enhanced view shows little change in the y-intercept but a change in the slope when 4-Cl-KYN is measured in the absence and presence of physiological amino acids. These changes are again indicative of competitive inhibition (Fig. 2H).
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Figure 2. Physiological amino acids competitively inhibit 4-Cl-KYN uptake via LAT1. Mean changes in uptake of L-4-chlorokynurenine (4-Cl-KYN; 250 µM) in HEK 293 cells when cells were exposed to the average plasma concentration of 4-Cl-KYN (similar to that observed in patients in 4-Cl-KYN clinical trials) in (A) standard transport buffer (No PAA) or (B) transport buffer containing physiological amino acids (PAA). (C) Changes in LAT1 mediated uptake under conditions indicated. LAT1 mediated uptake was determined by subtracting the uptake in HEK 293 control cells from the uptake in HEK 293-LAT1 cells. (D) Mean changes 4-Cl-KYN (250 µM) uptake in HEK 293 cells under conditions indicated when cells were exposed to 4-Cl-KYN with physiological amino acids in the absence and presence of the inhibitor, JPH203 (10 µM). (E) Dose response curve for 4-Cl-KYN uptake. 4-Cl-KYN uptake was measured after 3 mins at concentrations indicated; cells were exposed to 4-Cl-KYN in transport buffer without endogenous amino acids (No PAA) or buffer containing physiological concentrations of amino acids (PAA). Mean changes in (F) Vmax and (G) Km under conditions indicated. (H) The mean values of the data from E were transformed to produce a Lineweaver-Burk plot demonstrating uptake kinetics of 4-Cl-KYN. A close-up of the lower range of values has been shown to demonstrate the effect of PAA on the y-intercept and slope. Data are mean ± SD (n=3). ****p<0.0001 when compared to control HEK 293 cells. †p<0.05, ††p<0.01, ††††p<0.0001 when compared to matched vehicle treated cells. ‡p<0.05 when compared to No PAA.

7-Cl-KYNA crosses the blood-brain barrier via organic anion transporters and MRP4
	4-Cl-KYN is converted to 7-Cl-KYNA in astrocytes after passage across the BBB [6-8]. Therefore, to fully understand the brain pharmacokinetic parameters for 4-Cl-KYN, we sought to fully characterise the bidirectional passage of both compounds across the BBB, and to understand how 7-Cl-KYNA undergoes efflux via transporters at the BBB.
The recently demonstrated lack of efficacy of 4-Cl-KYN as an adjunctive treatment for major depressive disorder has been hypothesised to be due insufficient CNS exposure to 7-Cl-KYNA [27]. Given that previous studies have found that probenecid increases kynurenic acid concentration in the brain extracellular fluid, we investigated whether this would also apply to 4-Cl-KYN and 7-Cl-KYNA [20, 28]. 
We generated cells stably expressing OAT3 (SLC22A8; Fig.S2), a probenecid-sensitive transporter and validated the cell system by demonstrating that probenecid led to a significant increase in the uptake of the model compound [3H]-estrone 3-sulfate (E3S; 100 nM) (Fig.3A). Co-incubation of high concentrations of 4-Cl-KYN and 7-Cl-KYNA with E3S did not affect OAT3-mediated uptake of E3S (Fig.3B). We next tested whether 4-Cl-KYN and 7-Cl-KYNA were substrates for OAT3 by measuring the uptake of these compounds at concentrations like those found in human plasma. We found that 4-Cl-KYN was not a substrate for OAT3, as the range of concentrations tested showed no significant increase in uptake of 4-Cl-KYN when compared to control HEK 293 cells. Furthermore, the OAT3 inhibitor probenecid had no effect on 4-Cl-KYN uptake. On the other hand, 7-Cl-KYNA was a substrate for OAT3, as evidenced by the probenecid sensitive increase in the uptake of 7-Cl-KYNA in HEK 293-OAT3 cells (Fig.3C & D). We found that 7-Cl-KYNA was also a substrate for OAT1 (SLC22A6; Fig.S3)
To further model the transporters found in brain endothelial cells, we co-expressed MRP4 (ABCC4) in HEK 293-OAT3 cells and control HEK 293 cells, as MRP4 has been shown to be involved in the excretion of organic anions and drugs [29]. We found that the uptake of 7-Cl-KYNA in HEK 293-OAT3 cells expressing MRP4 was lower compared to HEK 293-OAT3 cells (Fig. 3E). These data suggest that 7-Cl-KYNA is a substrate for MRP4 in addition to OAT3. 
[image: ]
Figure 3. 7-Cl-KYNA is a substrate for organic anion transporter (OAT) 3 and MRP4. (A) Uptake of [3H]-estrone 3-sulfate (E3S) under conditions indicated in control HEK 293 cells and HEK 293-OAT3 cells. Cells were exposed 100 nM E3S and 1 mM probenecid. (B) Uptake of [3H]-E3S under conditions indicated. OAT3 mediated uptake of E3S was determined by subtracting the uptake in HEK 293 control cells from the uptake in HEK 293-OAT3. Cells were exposed 100 nM E3S in the presence of the concentrations of L-4-chlorokynurenine (4-Cl-KYN) or 7-chlorokynurenic acid (7-Cl-KYNA) indicated. Uptake of (C) [14C]-4-Cl-KYN and (D) [14C]-7-Cl-KYNA under conditions indicated (V; vehicle). Naïve cells were exposed to 250 µM 4-Cl-KYN or 2 µM 7-Cl-KYNA. (E) Uptake of [14C]-7-Cl-KYNA under conditions indicated. HEK 293-OAT3 cells were transiently transfected with either empty vector (control; pcDNA3.1+/C-HA) or MRP4. Cells were exposed 2 µM 7-Cl-KYNA and 1 mM probenecid. Data are mean ± SD (n=3). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to matched HEK 293 cells, ††p<0.01, ††††p<0.01 compared to matched HEK 293-OAT3 cells, ‡‡p<0.01, ‡‡‡‡p<0.0001 compared to control + vehicle HEK 293-OAT3 cells. 

Probenecid increases the bioavailability of 4-Cl-KYN in the prefrontal cortex
We next sought to validate our in vitro data by performing microdialysis studies in Sprague-Dawley rats by testing the effect of co-administration of 4-Cl-KYN and probenecid on the availability of clinically relevant metabolites. We measured changes in the concentrations of compounds of interest within the extracellular fluid of the prefrontal cortex (PFC). The concentrations of probenecid used approximated the clinical dosage in patients being treated for gout.
Our data show that co-administration of 4-Cl-KYN with probenecid resulted in a dose-dependent increase in the concentration of 4-Cl-KYN and 7-Cl-KYNA in the PFC. For example, the Cmax for 7-Cl-KYNA increased to 2.63 µM with 4-Cl-KYN and probenecid (both dosed at 100 mg/kg) compared to 77 nM seen when 4-Cl-KYN was administered alone (Supplementary T3 & Fig.4). Additionally, the effect of probenecid was found to extend to kynurenine and kynurenic acid, endogenous metabolites in the kynurenine pathway (Fig.S4). The increase in Cmax PFC levels of these compounds were time- and dose-dependent (Supplementary T2 & Fig.5A & B). In addition to the large increase (885-fold) in the concentration of the active metabolite, 7-Cl-KYNA, when 4-Cl-KYN was co-administered with the highest probenecid dose (270 mg/kg), there was large increase in drug exposure with a 107-fold increase in AUC for 7-Cl-KYNA (Fig.5D). Although much less dramatic, this trend was also seen in the plasma concentration of the compounds, with a corresponding 5 fold increase in the concentration of 7-Cl-KYNA (4-Cl-KYN vs 4-Cl-KYN + 270 mg/kg probenecid; Fig.5E & F) and the ratio of 7-Cl-KYNA to 4-Cl-KYN in the PFC (Fig. 5G) and plasma (Fig. 5H). Furthermore, these increases were reflected by an increase in the PFC tmax and Cmax for 7-Cl-KYNA when 4-Cl-KYN was administered with probenecid (270 mg/kg; Table 1).
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Figure 4. Coadministration of 4-Cl-KYN and probenecid causes an increase in 4-Cl-KYN and 7-Cl-KYNA in the prefrontal cortex. Levels of (A) L-4-chlorokynurenine (4-Cl-KYN) and (B) 7-chlorokynurenic acid (7-Cl-KYNA) in the prefrontal cortex (PFC) of adult male Sprague-Dawley rats following IP administration (T=0) of 4-Cl-KYN and probenecid alone or in combination (100 mg/kg, each). Data are mean ± SEM (n=4-6/group). *p<0.05, **p<0.01 compared to 4-Cl-KYN alone.
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Figure 5. Levels of 7-Cl-KYNA within the prefrontal cortex are preferentially increased via coadministration of 4-Cl-KYN and probenecid. Levels of (A) L-4-chlorokynurenine (4-Cl-KYN) and (B) 7-chlorokynurenic acid (7-Cl-KYNA) in the PFC of adult male Sprague-Dawley rats following IP administration (T=0) of 4-Cl-KYN (100 mg/kg) alone or in combination to probenecid at multiple doses. (C) Time-dependent PFC levels of 7-Cl-KYNA following dosing with 4-Cl-KYN and various concentration of probenecid. (D) Summary of changes in area under the curve (AUC) for 7-Cl-KYNA from data presented in (B; n=6-7/group). Levels of (E) 4-Cl-KYN and (F) 7-Cl-KYNA in the plasma of adult male Sprague-Dawley rats 90 min post IP administration of 4-Cl-KYN (100 mg/kg) alone or in combination to probenecid at multiple doses. Change in the 7-Cl-KYNA:4-Cl-KYN ratio in the (G) PFC and (H) plasma at 90 mins post exposure. Data are mean ± SEM (n=3-4/group). *p<0.05, **p<0.01, ****p<0.0001 compared to 4-Cl-KYN alone.


	
	4-Cl-KYN (100mg/kg)
	4-Cl-KYN + Prob (10mg/kg)
	4-Cl-KYN + Prob (30mg/kg)
	4-Cl-KYN + Prob (90mg/kg)
	4-Cl-KYN + Prob (270mg/kg)

	Tmax (min)

	73 (6)
	80 (6)
	100 (6)
	145 (9) ****
	210 (8) ****

	Cmax (nM)

	44 (5)
	60 (13)
	128 (12)
	516 (145)
	4212 (745) ****

	AUC0-240 (nM*min)

	5867 (581)
	7627 (1568)
	15507 (1528)
	72947 (20922)
	554308 (110990) ****

	Thalf (min)

	84 (11)
	74 (13)
	41 (3) *
	53 (9) 
	N.D

	Terminal rate constant (nM/min)

	0.0095 (0.0016)
	0.010 (0.0014)
	0.0171 (0.0011) *
	0.0149 (0.0021)
	N.D


Table 1. Effect of probenecid on the pharmacokinetic parameters for 7-Cl-KYNA in the prefrontal cortex of rats. Sprague Dawley rats were administered L-4-chlorokynurenine (4-Cl-KYN) at 100mg/kg and probenecid at the doses indicated after which changes in 7-chlorkynurenic acid (7-Cl-KYNA) were measured via microdialysis. Data are mean ± SEM (n=3-4/group). *p<0.05, ****p<0.0001 compared to 4-Cl-KYN (100 mg/kg).
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Figure 6. Passage of 4-Cl-KYN and 7-Cl-KYNA across the blood-brain barrier. Diagram summarising the passage of the prodrug, L-4-chlorokynurenine (4-Cl-KYN) across the blood-brain barrier via the amino acid transporter LAT1. Exit of the active metabolite (7-chlorokynurenic acid; 7-Cl-KYNA) from the brain extracellular fluid is shown on the right (efflux). Probenecid increases the concentration of 7-Cl-KYNA in the brain extracellular fluid via inhibition of the OAT3 and MRP4 transporters.

Discussion
[bookmark: LE]The prodrug, 4-Cl-KYN, has shown promise as a novel antidepressant and anti-hyperalgesic in pre-clinical studies [5, 10]. However, 4-Cl-KYN has not shown efficacy in two clinical trials [14, 27].  To understand the reasons for this, we have characterised the movement of 4-Cl-KYN and its active metabolite, 7-Cl-KYNA, across the BBB. Theoretically, an increase in the concentration of 7-Cl-KYNA in the brain extracellular fluid may be a strategy for improving the efficacy of 4-Cl-KYN.
We found that 4-Cl-KYN was a substrate for LAT1, whilst the active metabolite, 7-Cl-KYNA, was not. LAT1 is already known to transport clinically relevant drugs such as gabapentin and L-DOPA [21, 30]. Our findings are consistent with previous studies which have alluded to the fact that 4-Cl-KYN and the non-chlorinated endogenous analog (L-kynurenine) of 4-Cl-KYN are transported by an L-type amino acid transporter at the BBB and compete for uptake with leucine [8, 31, 32]. Moreover, our data further corroborates work by an earlier study that showed L-leucine uptake is inhibited by the transport of 4-Cl-KYN across the BBB [8]. Our data also adds to the growing body of evidence which shows therapeutic ranges of 7-Cl-KYNA concentration can be attained within the brain via systemic 4-Cl-KYN administration [8]. 
Following the identification of the transporter responsible for 4-Cl-KYN, we sought to characterise the uptake kinetics using an in vitro model that more accurately reflects plasma conditions in vivo. This is important as previous studies have shown that cell culture environment can drastically affect expression of proteins and the response to stimuli [26]. These adapted conditions revealed that 4-Cl-KYN is likely to compete for uptake via LAT1 with amino acids in vivo. Furthermore, these assays revealed that the amino acids are likely to competitively inhibit the uptake of 4-Cl-KYN by LAT1. This is consistent with the situation with L-DOPA, where amino acids such as leucine compete at the level of LAT1 with L-DOPA for uptake into the brain extracellular fluid [30, 33]. This has been linked to an oscillating response to L-DOPA in Parkinson’s disease patients, with a reduction of effect after meals because of reduced uptake of L-DOPA through competition with amino acid transporters at the BBB [33]. This may also happen with 4-Cl-KYN, but additional studies will be needed to investigate this further.
Inadequate concentrations of 7-Cl-KYNA in the brain have been hypothesised to be responsible for the lack of an antidepressant effect of 4-Cl-KYN [27]. The balance between influx and efflux of a compound is an important determinant of the CNS exposure of that compound, with elevated concentration and duration at the site of action likely to increase efficacy. It is known that brain extracellular fluid concentrations of kynurenic acid can be increased by using kynurenine in the presence of probenecid [20, 28]. Thus, we sought to determine whether 4-Cl-KYN administered jointly with therapeutic concentrations of probenecid could increase the concentrations of 7-Cl-KYNA.  
Our findings show that 7-Cl-KYNA interacted with both OAT1 and OAT3. Previous studies have found that kynurenic acid is a probenecid-sensitive substrate of human and rodent OAT1 and OAT3 when expressed in X. laevis oocytes [34, 35]. Rodent OAT3 is expressed at the BBB, at both the luminal and abluminal membrane of brain endothelial cells and is responsible for the passage of compounds from the brain to blood [14]. Rodent OAT1 is thought to be predominantly expressed in the kidneys, with some expression at the BBB, and is responsible for the excretion of compounds [36]. In humans, OAT1 and 3 have been found to be expressed within epithelial cells at the choroid plexus, with their expression linked to the efflux of substances such as neurotransmitter metabolites from the cerebrospinal fluid (CSF) [37]. Furthermore, there is evidence to show expression and function of OAT3 at the human BBB, albeit lower than rodents, suggesting OAT3 may be involved in 7-Cl-KYNA efflux at the human BBB [38]. Human OAT1 and 3 are also expressed in renal proximal tubules and are thought to be important for the maintenance of renal excretion [39]. Although kynurenic acid is a substrate for both rodent and human OAT1 and 3, transport by OAT3 is similar for both species, but rodent OAT1 has a lower transport capability [35].  Thus, further experiments will be needed to fully understand how the substrate affinity for 7-Cl-KYNA may differ between OATs.
To further understand the bidirectional movement of 7-Cl-KYNA across cells, we also investigated the interaction of the compound with the efflux transporter MRP4. Kynurenic acid has been shown to be an MRP4 substrate using MRP4 overexpressing membrane vesicles [40]. MRP4 is known to be expressed at the BBB in rodents and humans [41, 42]. In particular, MRP4 is known to be expressed within astrocytes, the basolateral membrane of the choroid plexus and on the luminal side of brain endothelial cells in the human brain [42, 43]. Our findings show that 7-Cl-KYNA, like kynurenic acid, is a substrate for this probenecid sensitive transporter. As MRP4 is implicated in the extrusion of compounds, our data provide a fuller picture of the movement of 4-Cl-KYN and its active metabolite across the BBB (Fig. 6). Since both OAT3 and MRP4 are expressed at the choroid plexus, our findings suggest that low 7-Cl-KYNA concentrations within the CSF of patients given 4-Cl-KYN as monotherapy, could possibly be increased by using probenecid. In keeping with this, our in vitro findings were validated by using in vivo microdialysis studies within the prefrontal cortex of rats, where a large increase in 7-Cl-KYNA concentration in the prefrontal cortex was observed when 4-Cl-KYN was administered with probenecid (90 and 270 mg/kg). The increase in 7-Cl-KYNA concentration may be sufficient to cause antagonism of the NMDA receptor. Indeed, the IC50 for 7-Cl-KYNA at the glycine site of the NMDAR has been reported to be 0.56 µM in rat cortical slices [9]; our data showed that probenecid at 90 mg/kg and  270 mg/kg coadministration achieved a Cmax of 0.5µM and ~4 µM for 7-Cl-KYNA, respectively. Furthermore, it is possible that the concentration of 7-Cl-KYNA may be higher in the synapses due to the production and secretion by surrounding astrocytes [20, 44, 45]. 
Our study used concentrations of probenecid which are comparable to the clinical dosage of probenecid seen in human patients. Patients are usually given 500-1000 mg/day of probenecid, and at the highest dosage, patients may be administered 2 g/day as an adjunctive therapy. Our calculations approximate that 90 mg/kg of probenecid in rats is equivalent to an average human dose of ~870 mg and 270 mg/kg in rats is equivalent to a human dose of ~2.6 g [46]. We found the increases in 7-Cl-KYNA to be significant with doses of probenecid at 90, 100 and 270 mg/kg. However, the PFC PK data were somewhat variable for 90 mg/kg, these data suggest that there may be an optimal concentration of probenecid between 90-270 mg/kg that would cause a sustained increase in 7-Cl-KYNA within the PFC along with increases in parameters such as Tmax and Cmax.
In addition to changes in the prefrontal cortex, we also measured changes in 4-Cl-KYN and 7-Cl-KYN concentrations in plasma. Our data showed that whilst probenecid resulted in modest increases in plasma levels of 4-Cl-KYN and 7-Cl-KYNA, these increases were dramatically less than the changes in the prefrontal cortex.  7-Cl-KYNA showed a 5-fold increase in plasma compared to an 885-fold increase in the PFC dialysate when 4-Cl-KYN was administered with probenecid (270 mg/kg). This has important positive implications for the safety and potential clinical use of 4-Cl-KYN with probenecid since the systemic levels with the adjunctive use of probenecid with 4-Cl-KYN would be expected to be much less than the therapeutically targeted CNS levels. 
In summary, our data have shown that probenecid can markedly increase the levels of 7-Cl-KYNA, the active metabolite of 4-Cl-KYN, in the brain prefrontal cortex with only modest increases in blood levels. Given that both 4-Cl-KYN and probenecid have a good safety profile in patients, these data highlight a potential new treatment strategy of 4-Cl-KYN plus probenecid for the management of patients with major depressive disorder, as well as other indications that could benefit from a reduction in NMDAR signaling.
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