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Dysregulation of the kynurenine (Kyn) pathway has been associated with the progression of Huntington's dis-
ease (HD). In particular, elevated levels of the kynurenine metabolites 3-hydroxy kynurenine (3-OH-Kyn) and
quinolinic acid (Quin), have been reported in the brains of HD patients as well as in rodent models of HD. The
production of these metabolites is controlled by the activity of kynurenine mono-oxygenase (KMO), an enzyme
which catalyzes the synthesis of 3-OH-Kyn from Kyn. In order to determine the role of KMO in the phenotype of
mouse models of HD, we have developed a potent and selective KMO inhibitor termed CHDI-340246. We show
that this compound, when administered orally to transgenic mouse models of HD, potently and dose-
dependently modulates the Kyn pathway in peripheral tissues and in the central nervous system. The adminis-
tration of CHDI-340246 leads to an inhibition of the formation of 3-OH-Kyn and Quin, and to an elevation of
Kyn and Kynurenic acid (KynA) levels in brain tissues. We show that administration of CHDI-340246 or of Kyn
and of KynA can restore several electrophysiological alterations in mouse models of HD, both acutely and after
chronic administration. However, using a comprehensive panel of behavioral tests, we demonstrate that the
chronic dosing of a selective KMO inhibitor does not significantly modify behavioral phenotypes or natural pro-
gression in mouse models of HD.

© 2016 Published by Elsevier Inc.
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1. Introduction

The kynurenine (Kyn) pathway (KP) is the major catabolic pathway
for the degradation of tryptophan, and several KP metabolites have im-
portant functions in the context of brain function and in themodulation
of the immune system (Campbell et al., 2014; Maddison and Giorgini,
2015; Stone and Darlington, 2013). Kyn catabolism is mediated bymul-
tiple enzymes, which are differentially expressed in tissues and cell
types. Kynureninemono-oxygenase (KMO) catabolizes Kyn to generate
3-OH-kynurenine (3-OH-Kyn), which is subsequently catabolized to 3-
OH-anthranilic acid (3-OH-AA) and quinolinic acid (Quin). Kynurenine
is also converted to kynurenic acid (KynA) by a group of enzymes
termed Kynurenine amino-transferases (KATs) with diverse
. Munoz-Sanjuan).
distribution across tissues and species. Finally, kynureninase converts
Kyn to anthranilic acid (AA), which can be further metabolized to gen-
erate 3-OH-AA (Fig. 1A). Several of the KP metabolites have been
shown to be neuroactive and alterations in their levels has been associ-
ated with a variety of brain disorders, most notably in the context of
neurodegeneration, cognition and affective disorders (Campbell et al.,
2014; Maddison and Giorgini, 2015; Stone and Darlington, 2013).
Adding further to the complexity of KP signaling, multiple KP metabo-
lites can cross the BBB from the periphery via the action of amino acid
transporters expressed in the brain vascular endothelium. This means
that peripheral modulation of KMO activity can lead to an elevation in
Kyn, which can access the brain and elevate KynA levels in the CNS via
the activity of KATs expressed in astrocytes (Fukui et al., 1991; Heyes
et al., 1997; Jauch et al., 1993).

Huntington's disease (HD) is a neurodegenerative disorder caused
by a CAG trinucleotide repeat expansion in exon 1 of the huntingtin
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gene (Htt) (The Huntington's Disease Collaborative Research Group,
1993), leading most notably to a degeneration of the spiny projection
neurons (SPNs) of the striatum (caudate-putamen) and widespread
heterogeneous cortical regional atrophy, marked by a loss of layer II/III
and deeper layer V and VI neurons (Waldvogel et al., 2015). The clinical
phenotype of HD reflects to a large extent alterations in cortico-basal
ganglia circuitry, leading to abnormal voluntary and involuntary move-
ments, lack of motor coordination, postural defects, along with cogni-
tive deficits and psychiatric symptoms (Cowan and Raymond, 2006;
Ross et al., 2014).

The KP's involvement in HD has been well described. The activity
of KMO has been reported to be increased in post-mortem HD brain
samples and in animal models of HD (Forrest et al., 2010; Guidetti
et al., 2006; Guidetti et al., 2004; Guidetti et al., 2000; Pearson and
Reynolds, 1992; Sathyasaikumar et al., 2010), displaying regional in-
creases in activity that appear to match the regional atrophy ob-
served in disease (Beal et al., 1991; Campesan et al., 2011; Connick
et al., 1988; Forrest et al., 2010; Guidetti et al., 2004; Guidetti et al.,
2000; Pearson and Reynolds, 1992; Sathyasaikumar et al., 2010;
Stoy et al., 2005). As 3-OH-Kyn and Quin are downstream metabo-
lites of KMO activity in the KP pathway, the elevation of thesemetab-
olites in HD suggested they may contribute to some of the
pathological and symptomatic hallmarks of HD. Quin in particular
has been associated with HD pathology due to the observation that
high concentrations of Quin can induce lesions reminiscent of HD
in rodents and non-human primates (Beal et al., 1991; Ferrante
et al., 1993). As in HD, these lesions are exemplified by the loss of
SPNs in the striatum and the sparing of several interneuronal popu-
lations (Schwarcz et al., 2010). Themechanism bywhich Quin causes
HD-like lesions in animals was proposed to be mediated by the ago-
nistic activity of Quin on NMDA receptors and resulting
excitotoxicity (Beal et al., 1991; Monaghan and Beaton, 1991).
There have been several reports describing a paradoxical resistance
of a fewmouse models of HD to direct intra-striatal Quin administra-
tion, although these effects are not always conserved across models
and the implications of these findings are unclear (Graham et al.,
2009; Hansson et al., 2001; Hansson et al., 1999; Petersen et al.,
2002). Quin elevations have also been correlated with neuro-
inflammatory conditions leading to extensive neuronal degenera-
tion, such as those observed after HIV/SIV infection (Heyes et al.,
2001; Valle et al., 2004). Additionally, the role of KMO activity in
HD pathology extends beyond the elevated Quin hypothesis, as
yeast and fly experiments also point to KMO as a critical enzyme in
HD pathology (Campesan et al., 2011; Giorgini et al., 2013). Loss of
activity, through either genetic deletion or pharmacological inhibi-
tion, reduced toxicity of mutant HTT (mHTT) fragments in these
model systems, which do not generate Quin.

The conversion of Kyn to KynA by KAT enzymes can be further en-
hanced by the pharmacological blockade of KMO, with a resulting shift
to KAT metabolism of Kyn. This increase in KynA has been postulated
to be of benefit in HD through the potential antagonistic activity of
KynA at theNMDA receptor. In support of this hypothesis a KynA analog
showed beneficial effects in the N171-82Q fragment model of HD
(Zadori et al., 2011). At high levels (μM), KynA inhibits NMDA receptors
(Foster et al., 1992; Kessler et al., 1989), potentially opposing the actions
of Quin and providing neuroprotective effects from excitotoxic stimuli
(Connick et al., 1988). However, aswithQuin elevation, the endogenous
concentrations of KynA are in the nanomolar range, well below the con-
centrations needed to modulate NMDARs. Thus, whether this mecha-
nism is at play at KynA levels induced by KMO inhibition is unclear.
Other reports have suggested that KynA canmodulate neurotransmitter
(namely glutamate and dopamine) release in vivo when administered
directly at submicromolar concentrations, possibly via the modulation
of α7-containing nicotinic cholinergic receptors (α7-nAchR)
(Albuquerque and Schwarcz, 2013; Banerjee et al., 2012; Beggiato
et al., 2013; Wu et al., 2010). Additionally, both Kyn and KynA have
been shown to have a vasodilatory effect at low physiological μM con-
centrations, which are observed in plasma, and which may affect brain
function (Wang et al., 2010).

For HD, there are twomajor hypotheses associated with the dysreg-
ulation of theKP andKMO in particular. First, that the elevation of 3-OH-
Kyn and Quin in HDmodels is sufficient to drive pathogenesis, and that
decreasing their levels would be beneficial in the contexts of brain pa-
thology and inflammatory mechanisms. Second, that the elevation of
Kyn and KynA, on their own, would confer some benefit in HD models
due to their neuroactive properties. We therefore developed an orally-
bioavailable, potent and selective KMO inhibitor, CHDI-340246, to rigor-
ously evaluate the involvement of KMO in disease progression
(Toledo-Sherman et al., 2015; Winkler et al., 2013). We show a dose-
dependent modulation of the KP metabolites in blood and in multiple
tissues, including brain, after oral administration and provide a detailed
quantitative pharmacokinetic-pharmacodynamic characterization of
drug activity.

Lastly, we extensively characterize the effects of CHDI-340246 in
two mouse models of HD, the R6/2 and the Q175 knock-in model
(Heikkinen et al., 2012; Mangiarini et al., 1996; Menalled et al., 2012).
We find that 3-OH Kyn and Quin levels in mice cannot be meaningfully
lowered from already very low levels by KMO block. Therefore, the in-
vestigation of the neuro-inflammatory and excitotoxic hypotheses driv-
en by high 3-OH-Kyn and Quin levels, at least using HD model mice, is
not viable. In contrast, we did find neuroactive effects of Kyn and
KynA when applied acutely, at concentrations physiologically achiev-
able and mimicked through KMO inhibition. These include the rescue
of several electrophysiological alterations found in hippocampal and
cortico-striatal slice preparations obtained from HD models. Finally,
the evaluation of chronic KMO inhibition in HD models revealed im-
provements in excitatory synaptic transmission in the striatum, but
did not ameliorate disease progression.

2. Materials & methods

2.1. Selectivity assays for CHDI-340246 and KP metabolites

Selectivity of CHDI-340246 against KAT isoforms, kynureninase and
IDO have been previously reported (referred to as compound 75 in
(Toledo-Sherman et al., 2015; Winkler et al., 2013). In the present
study, additional radioligand displacement assays with 10 μM CHDI-
340246 were conducted against a diverse panel of CNS and other pe-
ripheral targets was performed to assess off-target liability (Cerep,
France). See Table S1a, S1b.

To assess the activity of KP metabolites Kyn, 3-OH-AA, KynA, AA, 3-
OH-Kyn and Quin against previously literature-reported putative tar-
gets, antagonist and agonist displacement radioligand studieswere per-
formedwith endogenous NMDA, AMPA, kainate, and GABA receptors in
rat cerebral cortex preparations, against endogenous α7 and α4β2 nic-
otinic acetylcholine receptors in SH-SY5Y cells, andwith humanGABAA1

(α1β2γ2) receptors in CHO cells. See Table S5. Experimental conditions
for each assay can be found on the provider webpage (www.cerep.fr).

2.2. Pharmacokinetic analysis of CHDI-340246 in mice

Dosing and tissue collection was conducted at Xenometrix
(Switzerland). Bioanalysis of tissue and plasma samples was conducted
at Tandem laboratories (North Carolina). Male C57BL/6N mice (Hilltop
Laboratories; Scottsdale, PA) were individually housed and acclimated
to the study room environment for 9 days prior to dose administration.
Animals had access to food (LabDiet® Certified Rodent Diet 5002Meal)
and water ad libitum.

For the IV dose formulation, CHDI-340246 was dissolved via
vortexing, stirring and gentle sonication in DMSO:PEG400:water
(10:40:50 v/v/v) to a final concentration of nominal 1 mg eq. parent/
mL, filtered into a sterile vial using a 0.2 μm Millex GV PVDF filter

http://www.cerep.fr
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(Millipore), and stored at 22 °C ± 5 °C, protected from light, until dos-
ing. Subsequent bioanalysis of the resultant formulation indicated that
a 1.0 mg eq/mL formulationwas accurately achieved. Animals undergo-
ing IV dosingwere injected via tail vein at a dose volume of 5mL/kg, for
a 5 mg eq./kg dose.

For the PO dose formulation, CHDI-340246was prepared as nominal
1 mg eq. parent/mL in 10% HPβCD in water w/v via gentle vortexing,
sonicating, and stirring at room temperature. This formulation provided
a clear liquid solution, and was stored at 22 °C ± 5 °C and protected
from light until dosing. Animals undergoing PO dosing were given a
10mL/kg volume via oral gavage, for a nominal 10mg eq./kg dose. Sub-
sequent bioanalysis of the resultant formulation indicated that the actu-
al measured concentration was slightly higher than nominal at
1.35 mg eq/mL formulation. Actual dose level administered was thus
adjusted to 14 mg eq./kg for subsequent relevant PK parameter value
determination.

Plasma and tissue samples (brain, kidney and liver) for both iv and
po dose routes were collected pre-dose, and at 0.083, 0.25, 0.5, 1, 2, 4,
8, 12, 24 h post dosing. n = 3 mice were used for each route of admin-
istration and each timepoint evaluated.

Concentrations of CHDI-340246 in mouse plasma, brain, kidney,
liver, and dose solutions were determined using an LC-MS/MS assay
as described previously (Toledo-Sherman et al., 2015). The lower limits
of quantification (LLOQ) for this assay were 3.44 nM (plasma, kidney
and liver) and 6.88 nM (brain).

Non-compartmental pharmacokinetic analyses of the plasma con-
centration time course were performed using WinNonlin, version 6.1
(Pharsight Corp., Mountain View, California).

2.3. Slice electrophysiological studies

2.3.1. Hippocampal electrophysiology
Electrophysiology was conducted at Neuroservice SARL (Aix-en-

Provence, France). Experiments were performed with R6/2 CAG 120s
(C57Bl/6) and age-matchedWTmice at 8weeks of age (Jackson Labora-
tory, Bar Harbor, USA).

Multielectrode array recordings were performed as described previ-
ously (Beaumont et al., 2014). In brief,field EPSPswere recorded follow-
ing CA3 stimulation and recorded from CA1 stratum radiatum and
stratum pyrimidale layers. Basal fEPSPs were recorded at 0.03 Hz for
construction of input-output curves. Paired pulse ratio was recorded
as the ratio of the second to first EPSC amplitude (inter-stimulus inter-
val of 25 ms–300 ms). To evaluate compound effects, I\\O and PPR was
first recorded in the absence of compound, and then repeated in the
presence of compound following compound administration for 20 min
prior. For measurement of long term potentiation (LTP), basal fEPSPs
were recorded at 0.03 Hz for 10min at 40% ofmaximal fEPSP amplitude.
LTPwas induced by a theta burst induction paradigm(TBS) consisting of
a single train of 10 bursts composed each of 4 stimuli at 100 Hz, applied
with a 200ms interval. Potentiation of fEPSP amplitude was then mon-
itored for an additional 60 min period. In the case of treated slices, the
whole LTP recording session was performed in the presence of a com-
pound (final DMSO concentration of 0.1% DMSO) applied for 20 min
prior to TBS, and compared to slices perfused with ACSF containing
only 0.1% DMSO vehicle perfused for a similar amount of time. A mini-
mum of 3 mice (range 3–8) per condition evaluated were used, with a
minimumof 9 slices (range 9–47) collected per condition. Only if a com-
pound showed effects in R6/2 slices, was it then progressed to testing in
WT slices.

2.3.2. Striatal electrophysiology
270–300 μm thick para-horizontal corticostriatal brain slices from

mixed gender 7–8 week old R6/2 and WT mice, or 6–7 month old
Q175 wild-type or heterozygous KI mice were acutely prepared and re-
corded from as previously described (Heikkinen et al., 2012). We used
two methods of drug evaluation. First, we examined the effect of
compounds on neuronal and synaptic properties following acute appli-
cation of compounds directly to the slices. SPN resting membrane po-
tential (Vm/Vh), membrane resistance (Rm) Membrane current (Im),
and rheobase in R6/2 and Q175, and evoked corticostriatal transmission
(input-output curves (I\\O) in R6/2 slices were first recorded in ACSF
alone, and then subsequently following 15–30 min of CHDI-340246/
KP metabolite application. Membrane resistance was determined from
a + 5 mV step from Vh of −80 mV, unless noted. Drugs were diluted
into the bath solution immediately before use. A fresh (drug-naïve)
slice was used for each experimental trial. For experiments employing
preincubation of slices with the guanylyl cyclase inhibitor ODQ
(10 μM), the adenylyl cyclase inhibitor SQ 22536 (10 μM), and the
PKG inhibitor KT5283 (1 μM), inhibitors were added to slices for a min-
imum period of 1 h during recovery following slicing in the holding
chamber. SQ 22536 and ODQ were then perfused at 10 μM throughout
the subsequent recording period, whereas KT5832 was perfused at
0.5 μM throughout the recording period.

In an alternate format, we dosed 4week old R6/2 andWT littermate
mice for 4–8 weeks po bid in vivo; and 2 month old Q175 heterozygous
andWTmice for 4 months po bid in vivo, with CHDI-340246 or vehicle
alone. CHDI-340246 was formulated in 10% (w/v) hydroxypropyl-β-cy-
clodextrin (HP-β-CD) in 50mMcitrate buffer (pH 5.5). R6/2 dosing and
electrophysiological recording was performed at Psychogenics (USA).
Q175 dosing was performed at Charles River (Finland), and animals
were shipped to Neuroservice SARL (France) for recording. Sacrifice of
animals and preparation of slices occurred within 24–72 h post-last
dose (R6/2) or between 72 h–2weeks post last dose (Q175). In this sce-
nario, CHDI-340246 was absent during the recording period, and any
improvement in synaptic and neuronal parameters in the HD record-
ings could be ascribed to a sustained improvement in synaptic or SPN
function which arose from the prior chronic dosing regimen. Experi-
menters were blinded to both the genotype of the mice and the dosing
previously undertaken until analysis was completed. SPN Vm, Rm and
rheobase (R6/2 and Q175) were recorded as described. To record min-
iature excitatory postsynaptic currents (mEPSCs), the standard K+ glu-
conate based intracellular solution was replaced with a Cs-
methanesulfonate based solution, and all recordings were performed
at Vh = −80 mV with the addition of tetrodotoxin (TTX, 0.5 μM) and
picrotoxin (30–40 μM) to the ACSF, as previously described
(Heikkinen et al., 2012).
2.3.3. Data analysis
Data were analyzed with Clampfit 10 (Molecular Devices) and

Prism 6 (GraphPad). mEPSCs recordings were analyzed for ampli-
tude and frequency using Minianalysis (Synaptosoft). After the auto-
matic detection of events, each trace was manually corrected for
false positives and false negatives. Results from evaluation of mem-
brane properties and mEPSC parameters are presented as box and
whisker plots, where the box indicates the 25–75th percentile, the
median is represented by the line, and whiskers represent the 10–
90% range. Outlier values are indicated as individual data points.
Mean values are indicated by +. For input-output (I\\O) curves
and cumulative probability curves, mean ± sem values are shown.
For normalization of the I\\O curves, the maximum achievable aver-
aged eEPSC amplitude per neuron recorded (or averaged max fEPSP
amplitude per slice for hippocampal recordings), regardless of stim-
ulus intensity required to achieve this, was assigned a value of 1, and
all other eEPSC/fEPSP amplitudes recorded from that neuron/slice at
varying stimulus intensities are presented as the fraction of that
value. Statistical analysis was performed via Mann-Whitney t-test,
Ordinary or Repeat Measures ANOVA with multiple comparison cor-
rection, as appropriate, and described further in results. For statisti-
cal evaluation of hippocampal LTP, statistics were performed on
data points 20–60 min post-TBS induction, after the post-tetanic po-
tentiation phase had diminished.
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2.4. Cell culture electrophysiological studiesmonitoring effects of KPmetab-
olites on NMDA receptor and nicotinic α7-subunit acetylcholine (α7nAch)
receptor currents

HEK293 cells were transiently transfected with EGFP, NR1 + NR2A
or NR1 + NR2B in 1:1.5:0.25 ratio for NR1: NR2A: EGFP or 1:0.8:0.25
for NR1: NR2B: EGFP. After transfection (Fugene, Roche Applied Biosci-
ence), cells were kept at 37 °C in DMEM/F12 medium (Cell Culture
Technologies), supplemented with L-glutamine (2 mM) and the
NMDA receptor antagonists D-AP5 (50 μM) and ketamine (500 μM).
The cells were used 48h after transfection. To achieve functional expres-
sion of human α7 nAChR in HEK293 cells, cells were tranfected with
human α7 nAChR co-expressed with ric-3 and GFP in a 1:1:0.4 ratio
(Williams et al., 2005). The cells were maintained in DMEM Mix Medi-
um (Sigma) 24-48 h prior recording.

Transiently transfected HEK 293 cells were superfused with an
external solution containing (in mM): 130 NaCl, 5.4 KCl, 2 CaCl2, 10
HEPES, 5 glucose, pH = 7.4 at room temperature. Patch pipettes
were filled with an intracellular solution which contained (in mM):
140 KCl, 0.5 CaCl2, 10 HEPES, 11 EGTA, 2 NaATP, pH= 7.2. Membrane
currents were recorded from a holding potential of−60mV using an
EPC10 amplifier and Pulse software (HEKA). Glu/Gly/Ach and the KP
metabolites were applied via Dynaflow, a fast exchange perfusion
system (Cellectricon, Sweden). The agonist-evoked currents were
analyzed using Pulse (HEKA software) and Excel (Microsoft
software).

Glutamate, glycine and Quinwere dissolved in water, whereas stock
solutions of all the othermetabolites were prepared in DMSO, for a final
DMSO concentration of 1% during recording. As 1–5% DMSO has been
shown previously to inhibit α7 nAchR currents (Mok et al., 2009) in a
α7 nAchR-containing GH4 cell line, we evaluated 1% DMSO alone and
could not detect any current inhibition.

2.5. In vivo pharmacodynamic and efficacy studies in mice with CHDI-
340246

For all in vivo studies, CHDI-340246 was formulated in 10% (w/v)
hydroxypropyl-β-cyclodextrin (HP-β-CD) in 50 mM citrate buffer (pH
5.5 ± 0.2) in reverse osmosis water for oral administration (po).

2.6. Microdialysis studies in mice

Experiments were performed at Brains On-Line LLC (South San
Francisco, CA, USA).

Male Q175 hets and wildtype mice aged 22–23 weeks (CHDI-
81003003, CHDI) were used for the experiments. Prior to experimenta-
tion, the animals were group housed in plastic cages and had access to
food and water ad libitum. Experiments were conducted in accordance
with the declarations of Helsinki andwere approved by the Institutional
Animal Care and Use Committee.

Mice were anesthetized using isoflurane (2%, 800 mL/min O2).
Bupivacain/epinephrine was used for local analgesia. Fynadine was
used for peri−/post-operative analgesia. The animals were placed in a
stereotaxic frame (Kopf instruments, USA) and either I-shapedmicrodi-
alysis probes for pharmacodynamics assessment, or metaquant (MQ)
probes for pharmacokinetic measurements, were inserted into the stri-
atum. Coordinates for the tips of the probes were for the striatum: pos-
terior (AP) = +0.8 mm to bregma, lateral (L) = −1.7 mm to midline
and ventral (V) = −4.0 mm to dura, the toothbar was set at 0.0 mm.
After surgery, animals were kept individually in cages, and afforded
food and water ad libitum.

Experiments were performed one day after surgery. The probes of
the animals were connected with flexible PEEK tubing to a
microperfusion pump (Harvard PHD 2000 Syringe pump, Holliston,
MA or similar). I-shaped microdialysis probes were perfused with
aCSF containing 147 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2 and 1.2 mM
MgCl2, at a flow rate of 1.5 μL/min. MQ microdialysis probes were per-
fused with aCSF containing 147 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2
and 1.2 mMMgCl2, at a flow rate of 0.15 μL/min, with a carrier flow of
ultrapure water at 0.8 μL/min.

I-shapedmicrodialysis samples (30 μL) were collected in 20-min in-
tervals by an automated fraction collector (820 Microsampler,
Univentor, Malta) into mini-vials already containing 10 μL 0.02 M
formic acid (FA) + 0.04% ascorbic acid in ultrapurified H2O. The total
nominal sample volume was 40 μL. Six basal samples were collected.
At t = 0 min, vehicle or 10 mg/kg CHDI-340246 was administered po.
Sample collection was continued for t = 240 min after compound ad-
ministration. MQ microdialysis samples (19 μL) were collected in 20-
min intervals by an automated fraction collector (820 Microsampler,
Univentor, Malta). At t = 0 min, vehicle or CHDI-340246 was adminis-
tered po. After the experiment, the mice were sacrificed and terminal
plasma (Na-heparin treated), CSF, brain, liver, kidney and tail tip sam-
ples were taken.

All microdialysis sampleswere stored at−80 °C awaiting their anal-
ysis. The brain samples were split in two hemispheres: one was used to
verify the probe position, and the other hemisphere was stored at
−80 °C and used for bioanalysis of KP metabolites.

For preparation of LC-MS samples from plasma samples, an aliquot
of internal standard solution was mixed with an aliquot of each plasma
sample. The mixture was centrifuged and the supernatant was trans-
ferred to a vial suitable for use in the autosampler. For extraction of
the analytes from tissue matrix, extraction solvent, consisting of 0.01%
ascorbic acid and 50% acetonitrile in ultrapurified H2O, was added to
each sample at a volume of 4 mL/g. The sample was homogenized by
sonication and the homogenate was centrifuged. The supernatant was
used as tissue extract for quantification of kynurenine pathway
metabolites.

Concentrations of Kyn, KynA, 3-OH-Kyn and AAwere determined
by HPLC with tandem mass spectrometry (MS/MS) detection using
D4-Kyn, D5-KynA and D4-AA as internal standards (IS). Samples
were injected onto the HPLC column by an automated sample injec-
tor (SIL20-AD, Shimadzu, Japan or similar). Chromatographic sepa-
ration was performed on a Hypersil C18 analytical column
(150 × 2.1 mm, particle size: 3 μm; Thermo) held at 25 °C. The mo-
bile phases consisted of A: ultrapurified water with 0.1% formic
acid and B: acetonitrile with 0.1% formic acid. Elution of the com-
pounds was performed using a linear gradient at a flow rate of
0.2 mL/min.

Concentrations of Quin were determined by HPLC with tandem
mass spectrometry (MS/MS) detection using D3-Quin as internal stan-
dard. Chromatographic separation was performed on a Synergi RP col-
umn (Phenomenex) held at 25 °C. The mobile phases consisted of A:
ultrapurified water +0.2% acid and B: acetonitrile +0.2% acid. Elution
of the compounds proceeded using a suitable linear gradient at a flow
rate of 0.2 mL/min.

Recovery values through the microdialysis probes were as follows:
Kyn (21.4%), KynA (18.0%), 3-OH-Kyn (28.8%), AA (27.8%), and Quin
(18.3%).

The MS analyses were performed using an API 4000 MS/MS system
consisting of an API 4000 MS/MS detector and a Turbo Ion Spray inter-
face (Applied Biosystems, the Netherlands). The acquisitions on API
4000 were performed in positive ionization mode, with optimized set-
tings for the analytes. The instrument was operated in multiple-
reaction-monitoring (MRM)mode. Data were calibrated and quantified
using the Analyst™ data system (Applied Biosystems).
2.7. Measurement of KMO activity

KMO activity determination was performed using mitochondrial
fractions isolated from mouse brain tissue homogenates, essentially as
described (Winkler et al., 2013).
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2.8. Behavioral and brain volumetric studies in HD mouse models

All studies were conducted at Charles River Discovery Services, Kuo-
pio, Finland. All animal experiments were conducted according to the
National Institute of Health (NIH) guidelines for the care and use of lab-
oratory animals, and authorized in Finland by the national Animal Ex-
periment Board. Mice were kept housed as described previously
(Beaumont et al., 2014; Heikkinen et al., 2012; Menalled et al., 2012).

Open field testing, rearing-climbing testing, rotarod testing, grip
strength testing and in vivo MRI volumetry and MRS studies were con-
ducted as previously reported (Beaumont et al., 2014; Heikkinen et al.,
2012; Menalled et al., 2012).

Genotyping and CAG repeat count for Q175 hets and homswere de-
termined by Laragen Inc. (Culver City, CA, USA) at 10–15 days of age by
PCRof tail snips. The average CAG repeat lengthwas 178.3 (range 173 to
182) in Q175 hets and 186.9 (range 174 to 200) in the Q175 homs.
Genotyping and CAG repeat count for R6/2 mice were performed by
PCR, and the average CAG repeat length was 125 (range 117 to 135).

Statistical analyses were performed using IBM SPSS Statistics 19 and
StatsDirect software unless otherwise specified. Behavioral and MRI
measureswere analyzedwith LinearMixedModels, analyzing the inter-
actions for genotype, age and genotype × age interaction. If significant
genotype effect was found One-way ANOVA followed by Dunnett's
post-hoc test (comparison to wild-type mice) was used for each time
Fig. 1.Activity and pharmacokinetic properties of the KMO inhibitor CHDI-340246 inmice. (A) K
CHDI-340246 in primary rat microglia and human PBMCs. (C) Pharmacokinetic analysis of CH
open grey circles) to mice.
point separately. The MRS data were analyzed with One-way ANOVA
for each time point and metabolite separately.

All values are presented as mean ± standard error of the mean
(SEM), and differences are considered to be statistically significant at
the p b0.05 level.

2.9. Drugs

Kynurenine metabolites, glutamate, glycine and acetylcholine were
procured from Sigma. CHDI-340246, UPF-648 and Ro-61-8048 were
synthesized at Evotec (UK). 8-Br-cGMP, 1H-[1,2,4]Oxadiazolo[4.3-
a]quinoxalin-1-one (ODQ), 9-(Tetrahydro-2-furanyl)-9H-purin-6-
amine (SQ 22536) and KT5283 were procured from Tocris.

3. Results

CHDI-340246 is a novel, selective KMO inhibitor developed for the
treatment of Huntington's disease. Its properties have been described
previously, as compound 75 (Toledo-Sherman et al., 2015). In biochem-
ical assays against KMO using mitochondrial fractions isolated from ro-
dent liver tissue, CHDI-340246 has an IC50 of 0.5 nM. In various cellular
assays measuring endogenous KMO activity, including primary rat mi-
croglia and human peripheral blood cells (PBMCs), and in CHO cells
overexpressingmouse, human or rat KMO, CHDI-340246 has a potency
ynurenine pathway diagram and structure of CHDI-340246. (B) Dose-response curves for
DI-340246 dosed orally (po, 5 mg/kg, closed black circles) or intravenously (iv, 14 mg/kg,

Image of Fig. 1


Table 2
Tissue: plasma concentration ratios following an IV dose of CHDI-340246 to fed male
C57Bl/6 mice.

Time point
(h)

Brain: plasma Kidney: plasma Liver: plasma

Mean SD Mean SD Mean SD

0.083 0.017 0.004 2.5 1.1 1.1 0.1
0.25 0.015 0.002 3.1 0.4 0.91 0.29
0.5 0.024 0.005 5.9 0.9 1.2 0.2
1 0.023 0.003 8.3 1.1 1.8 0.2
2 0.019 0.002 8.4 1.0 2.6 0.3
4 0.020 0.002 9.2 0.7 4.3 1.9
8 NC NC 15 NC 9.3 NC
24 NC NC NC NC NC NC

NC: Not calculated.
Mean was calculated when at least two concentration ratios were available.
SD was calculated when at least three concentration ratios were available.
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of 20–80 nM, depending on the assay format [Fig. 1 and (Toledo-
Sherman et al., 2015)]. CHDI-340246 does not affect the activity of
other enzymes in the KP, including IDO, KATs or kynureninase. CHDI-
340246 was selective for KMO when profiled against a diverse panel
of central nervous system (CNS) and peripheral targets, as well as a di-
verse set of kinases and other representative sets of enzyme classes
(Tables S1a and b).

3.1. Pharmacokinetic (PK) analysis of CHDI-340246 in mice

The PK analysis of CHDI-340246 in rats was previously reported
(Toledo-Sherman et al., 2015). As mice are themajor preclinical species
of choice forHD research,we conducted PK and pharmacodynamic (PD)
studies of CHDI-340246 in mice. Plots of the mean ± SD CHDI-340246
concentration in plasma, brain, and liver following a 5 mg/kg intrave-
nous (IV) or 14 mg/kg po dose are shown in Fig. 1. A summary of the
PK parameters in plasma, brain, kidney and liver is shown in Table 1,
and mean tissue to plasma ratios are shown in Table 2.

The IV pharmacokinetics of CHDI-340246 in plasma was character-
ized by a low clearance (0.4 L/h/kg) and a low volume of distribution
at steady state (0.44 L/Kg), and a half-life of 1.4 h. Following an oral
dose, the compound was rapidly and relatively well absorbed, with a
plasma Cmax of 67 μM observed at 0.25 h, and an oral bioavailability (F
%) of 60%. The distribution of CHDI-340246 to brain was very limited
(ratio of 0.024 at Cmax (0.81 μM); 30 min post oral dose; Table 2).
CHDI-340246 showed good distribution to kidney and liver (tissue:
plasma ratios of 5.9 and 1.2, respectively, 30 min post oral dose;
Table 2). In addition to brain, we measured kidney and liver levels, as
these tissues have high expression of KMO. Kidney-to-plasma and
liver-to-plasma ratios increased over time. These results are similar to
those reported for rats (Toledo-Sherman et al., 2015).

Plasma protein binding studies showed CHDI-340246 to be highly
bound (Fu 0.08 mouse). It is not known whether measurements of
free or total tissue levels of CHDI-340246 achieved in the brain are
more relevant to KMO inhibition in CNS. Therefore, we measured
Table 1
Summary of pharmacokinetic parameters in plasma and brain following an intravenous
(iv) or oral dose (po) of CHDI-340246 to fed male C57Bl/6 mice.

PK parameters Units Dose regimen: 5 mg eq./kg single iv bolus

Plasma Brain Kidney Liver

AUC(0-last) nM h 43,000 700 250,000 78,000
AUC(0-inf) nM h 43,000 740 250,000 78,000
AUCN nM h kg/mg 8600 150 50,000 16,000
Observed Cmax nM NA 940 140,000 62,000
Observed CmaxN nM kg/mg NA 190 28,000 12,000
Observed Tmax hr NA 0.083 0.25 0.083
CL L/h/kg 0.40 NA NA NA
MRT h 1.1 NA NA NA
Vdss L/kg 0.44 NA NA NA
Half-life (t½) h 1.4 0.84 2.9 2.9
Half-life regression
time points

h 1, 2, 4,
8

0.25, 0.5, 1,
2, 4

2, 4, 8,
24

2, 4, 8,
24

PK parameters Units Dose regimen: 14 mg eq./kg single po dose
Plasma Brain Kidney Liver

AUC(0-last) nM h 73,000 1100 370,000 160,000
AUC(0-inf) nM h 73,000 1100 370,000 160,000
AUCN nM h

kg/mg
5200 81 26,000 11,000

F % 60 NA NA NA
Observed Cmax nM 67,000 810 200,000 84,000
Observed CmaxN nM

kg/mg
4800 58 15,000 6000

Observed Tmax h 0.25 0.5 0.25 0.25
Half-life (t½) h 3.2 1.1 3.6 3.8
Half-life regression
time points

h 4, 8, 24 0.5, 1, 2, 4, 8 4, 8, 24 4, 8, 24

NA: Not applicable pharmacokinetic parameters due to matrix or route of exposure.
CHDI-340246 using quantitative (Metaquant, MQ)microdialysis probes
implanted in the striatum, in order to determine the levels of unbound
CHDI-340246 in the interstitial striatal space following systemic admin-
istration. At 10 mg/kg, the free concentration of CHDI-340246 ranged
from 20 to 50 nM (close to the cellular IC50 of the enzyme for rat
microglial KMO activity). We conducted more extensive studies at
doses ranging from 30 to 100 mg/kg in WT and Q175 hets (n = 6 ani-
mals/group). The results from these studies are shown in Fig. S3.
Using the dosed Q175 hets group values for this study, at 30 mg/kg
po, the concentration of free striatal CHDI-340246 was 55 ± 33 nM
(Cmax ± sem values), at 60 mg/kg it was 81 ± 42 nM, and at
100 mg/kg it reached 206 nM± 150 nM in the extracellular space.

3.2. Pharmacodynamic effects on KP metabolites in response to acute KMO
inhibition in mice

In order to evaluate the biological effects of CHDI-340246 in mice,
we evaluated plasma, brain tissue and extracellular levels of KP metab-
olites in selected brain regions. Extracellular levels of metabolites in
striatal interstitial fluid were measured using I-shaped microdialysis
probes implanted in the striatum of either wildtype (WT) or Q175 het-
erozygote (hets) mice, a knock-in model of HD (Heikkinen et al., 2012;
Menalled et al., 2012).

Baseline levels were determined and shown not to be significantly
different in 2–3month old Q175 hets, with the exception of Quin levels,
found to be mildly elevated (Table S2a). In spite of not detecting an in-
crease in 3-OH-Kyn, we did confirm that enzymatic activity of KMO in
tissue homogenates was elevated (2-fold) in Q175 hets at 6 months of
age (Fig. S1).

Following po administration of 10mg/kg CHDI-340246, a significant
time-dependent elevation of extracellular Kyn, KynA and AA levels in
the striatum of WT and Q175 hets was seen (n = 6–8 animals/group;
Fig. 2). Kyn levels increased from approximately 5 nM in vehicle treated
samples (mean levels provided), to 75–110 nMat Tmax; KynA levels in-
crease from a baseline level of 0.25 nM to 14–19 nM; and AA levels in-
creased from 1.5–1.7 nM baseline to 14–19.5 nM after CHDI-340246
dosing. In contrast, the levels of 3-OH-Kyn and Quinwere changed little
at this dose, from a baseline level of 3-OH-Kyn of 0.6–0.7 nM to 1.6–
1.7 nM (approximately a 2–2.5 fold increase over baseline), and 1.5-
fold increase in Quin levels (not shown).

The CNS Kyn elevation following KMO block results as a conse-
quenceof bothperipheral and possibly CNSKMOblock, as Kyn can read-
ily cross the BBB. Following CHDI-340246 administration, flux through
the KMO pathway (3-OH-Kyn/Kyn ratio) was reduced to 22 ± 2% of
baseline flux in WT and 16 ± 2% of baseline flux in Q175, measured
100–240 min post-dose. In contrast, flux through the KAT catabolic
route as measured by the KynA/Kyn ratio was rapidly enhanced ~4–5
fold 40 min post-dose, with a sustained increase in KynA/Kyn
ratio ~ 2.5 fold measured 100–240 min post-dose. Catabolism of Kyn



Fig. 2. Pharmacodynamic effects of orally administered CHDI-340246 on extracellular levels of kynurenine pathway metabolites in wildtype and Q175 hets. Microdialysis probes were
implanted into the striatum of either WT (closed circles) or Q175 hets (open circles) at 6 months of age. An oral dose of CHDI-340246 was administered via oral gavage (arrow) and
fractions were collected every 20 min through the microdialysis probes. Levels of KP metabolites were determined by LC-MS/MS and corrected for recovery through the probes. Values
shown are corrected values. (A) Kyn levels; (B) KynA levels; (C) 3-OH-Kyn levels; (D) AA levels; (E) Flux through the pathways expressed as a ratio of KP metabolite/Kyn based on
corrected concentrations normalized to baseline flux.
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occurring through the kynureninase arm (AA/Kyn) was less favored.
Thus, following KMO block by CHDI-340246, Kyn is catabolized primar-
ily through KAT, producing KynA, which takes precedence over the
kynureninase route of catabolism.

We also measured tissue homogenate levels of KP metabolites at
a single time point (t = 4 h) after the microdialysis experiments
were completed. The results show modulation of KP levels in brain,
liver, and kidney as well as in plasma (Fig. S2). Generally, the re-
sponse was a dose-dependent elevation of Kyn, AA and KynA in all
tissues and plasma. For 3-OH-Kyn, kidney and liver levels decrease
after dosing, although we failed to detect a significant effect in plas-
ma at this dose and timepoint. In contrast, in the brain we observe a
small increase in 3-OH-Kyn and Quin levels, consistent with the mi-
crodialysis study.

We further investigated the effects of higher doses of orally admin-
istered CHDI-340246 up to 100mg/kg on CNS KPmetabolite generation
(Fig. S3). For Kyn, and KynA, AUC values were higher in 60 and
100 mg/kg treated animals than in 30 mg/kg treated animals. These
larger AUC values at 60 and 100 mg/kg appear to be likely driven by
the longer exposure of CHDI-340246 at these doses, resulting in
sustained Kyn elevation, while Kyn and KynA peak (Cmax) values
show saturation at doses higher than 30 mg/kg in mice after a single
dose of CHDI-340246 (Fig. S3). KP metabolite levels showed the same
general pattern aswith the 10mg/kg dose of CHDI-340246,with fold el-
evation in KynA and AA much higher than that seen in 3-OH-Kyn and
Quin levels.

Interestingly, some differences in the absolute levels of KP metabo-
lites generated following CHDI-340246 administration were noted be-
tween WT and Q175 mice. At 10 mg/kg CHDI-340246, the total
elevation of Kyn as measured by the area under the curve (AUC)
showed that while robust, the values were lower in Q175 compared to
WT (2-way ANOVA [F(1.45) = 4.969, p = 0.031]), whereas there was

Image of Fig. 2
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no statistically significant difference in the AUC for KynA or AA (p =
0.177 and p = 0.324, respectively). AUC values were also higher for
Kyn in the 30, 60 and 100 mg/kg treated animals in WT compared to
Q175 hets, showing this to be a conserved finding. A survey of tissue
levels of KP metabolites among peripheral tissues and plasma 4 h fol-
lowing the 10 mg/kg dose of CHDI-340246 (Fig. S2) showed that liver
Kyn levels were significantly higher inWT tissue than Q175 tissue, pos-
sibly implicating this as the source of higher Kyn in WT brain.

3.3. Effects of oral administration of Kynurenine to mice

It is conceivable that the changes in CNS Kyn catabolism following
KMOblockmay have resulted purely as a consequence of sensing gross-
ly elevated Kyn levels. As Kyn can be dosed orally to produce increases
in plasma and CNS Kyn levels, we tested the profile of CNS KP metabo-
lite generation on Kyn bolus administration when KMO is not inhibited.
Prior experiments had determined that the Kyn levels in plasma are
similar after a 30 mg/kg oral dose of either Kyn or CHDI-340246, and
this was determined here as well (Fig. 3). In this study, we monitored
the levels of KP metabolites in the striatal extracellular space over a
4 h period in response to either 30 mg/kg Kyn or 30 mg/kg CHDI-
Fig. 3. Pharmacodynamic effects of oral co-administration of CHDI-340246 and kynurenine in w
(grey arrow) either alone (grey open circles) or in combinationwith Kyn (grey closed squares).
or following dosing of CHDI-340246 (grey closed squares). Microdialysis probes are implanted
metabolites are shown (A-D). Cartoons exemplify the major route of Kyn catabolism following
340246 bolus administration, and obtained measurements at 2 time
points, at t = 1 h and 5 h post dosing, from cortex, striatum, kidney,
and liver as well as plasma (Fig. 3; Figs. S3 and S4).

The administration of an oral dose of Kyn lead to elevations in Kyn to
the same extent as that seen with CHDI-340246 (Fig. 3A). However, the
profile of subsequent Kyn catabolism was significantly shifted towards
the generation of predominantly 3-OH-Kyn and KynA (Fig. 3B, D).
Levels of KynA were increased 26-fold after a 30 mg/kg dose of Kyn,
whereas after a 30 mg/kg po dose of CHDI-340246, KynA extracellular
levels increased by 63-fold (Fig. 3B). Levels of 3-OH-Kynwere increased
23-fold after Kyn administration versus 3.4-fold after CHDI-340246dos-
ing (Fig. 3D). In contrast and suggestive of a differential metabolism in
mice, AA levels were less affected by exogenous Kyn dosing (Fig. 3C).
These results suggest that in response to a systemic flux of Kyn, its ca-
tabolism is the brain is mediated mostly by KMO and KATs, but not
kynureninase. The elevations in 3-OH-Kyn and Quin were also very sig-
nificant in all tissue homogenates measured (striatum, cortex, kidney
and liver; Figs. S4 and S5), although the elevation in KynA and AA in
liver and kidney are much more muted. This finding confirms KMO
block by CHDI-340246 alters CNS Kyn catabolites in a way distinct
from Kyn administration, and underscores that Kyn administration
ildtype mice. CHDI-340246 (30 mg/kg po) is administered to wildtype mice at t=−30′
At t=0, 30mg/kg po Kyn is administered (black arrow) either alone (black closed circles)
in the striatum and samples are collected in 20min intervals. Levels of various kynurenine
Kyn bolus administration, versus KMO inhibition following CHDI-340246 administration.

Image of Fig. 3
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will not produce the same effects as CHDI-340246 in terms of the de-
sired CNS KP metabolite profile.

3.4. Oral co-administration of 30 mg/kg CHDI-340246 with 30 mg/kg
Kynurenine suggests KMO inhibition in brain tissues

Finally, in order to demonstrate CNS inhibition of KMO activity fol-
lowing systemic CHDI-340246 dosing, we pre-dosed Kyn orally
(t = −30 min, 30 mg/kg) followed by an oral administration of CHDI-
340246 at 30 mg/kg (t = 0 min; Fig. 3A). When co-administered,
CHDI-340246 reduced the elevation of brain extracellular levels of 3-
OH-Kyn and Quin induced by Kyn dosing by 75–90% (Fig. 3) and 60–
80% (data not shown), respectively (Fig. 3D and not shown). In cortex
homogenates, the levels of 3-OH-Kyn and Quin are decreased by 88%
and 69%, respectively at t = 1 h after Kyn is co-administered with
CHDI-340246 (Fig. S5). Similar findings occur in other tissues (Figs. S4
and S5). Quin levels in brain tissue can partially originate from the
blood compartment (Fukui et al., 1991; Heyes and Morrison, 1997).
The profound inhibition of 3-OH-Kyn centrally is likely a consequence
of CNSblockade of KMOat this dose, although definitive proofwould re-
quire a metabolic labeling study to ascertain the extent of inhibition of
de novo synthesis of 3-OH-Kyn in the brain (Amori et al., 2009).

The increased generation of KynA and AA in the studies with CHDI-
340246 and in the co-dosing paradigm supports that there is a CNS
block of KMO activity at this dose (Fig. 3A-C). Given the influx of several
metabolites into the brain from the periphery via circulating blood
(Fukui et al., 1991; Heyes and Morrison, 1997; Kita et al., 2002), the
greater than additive response to combined dosing of Kyn and CHDI-
340246 (particularly the effect on AA; Fig. 3C) is indicative that AA is
primarily produced from Kyn in the CNS when KMO is blocked in the
brain through the local production of Kyn. This is consistentwith results
obtained from the study of KMO knockout mice (Giorgini et al., 2013).

3.5. Neither KMO inhibition by CHDI-340246, nor direct application of KP
metabolites, impact basal glutamatergic transmission, but rescue hippo-
campal LTP deficits in R6/2 mice

PD evaluation of the CNS KP metabolites following systemic CHDI-
340246 administration demonstrated that Kyn, KynA, and AA are ele-
vated in response to the compound. Importantly, these quantitativemi-
crodialysis studies for the first time provided reliable concentration
estimates of the metabolites present in the interstitial fluid following
dosing. For dose levels of CHDI-340246 between 10 and 100 mg/kg po
in Q175 hets, brain Cmax achieved was between 75 and 280 nM for
Kyn, and between 15 and 30 nM for both KynA, and AA. In contrast,
maximum concentration achieved for 3-OH-Kyn was only 1.6–2 nM
from a baseline mean level of 0.8 nM. At 10 mg/kg po, CNS CHDI-
340246 Cmax from total brain homogenate was determined to be
0.8 ± 0.06 μM. We thus used these values as guideline concentrations
to investigate the potential beneficial effects of KMO inhibition in HD
models, firstly using ex vivo investigation of metabolite and compound
action in both hippocampal and cortico-striatal acute brain slices from
R6/2 and Q175 mice.

Fig. 4 shows the evaluation of direct CHDI-340246 andKPmetabolite
administration on glutamatergic synaptic transmission in corticostriatal
and hippocampal slices prepared from 8 week old symptomatic R6/2
mice and WT littermates. We have previously shown that at this age,
evoked corticostriatal excitatory postsynaptic currents are impaired in
R6/2 mice (Mielcarek et al., 2013), as indicated by a rightward shift in
the I-O (I\\O) response of EPSCs measured in SPNs following cortical
Layer V stimulation (2 Way ANOVA; p b 0.0001). Application of 1 μM
CHDI-340246 to slices for 30–50 min had no effect on the I\\O curves
in either WT or R6/2 slices (Fig. 4A).

In a higher throughput system, we also evaluated CHDI-340246
(1 μM) or the KP metabolites; Kyn (50 nM), KynA (100 nM), AA
(100 nM) and Quin (1 μM), on CA3:CA1 synaptic transmission in
hippocampal slices from R6/2 and WT mice. CHDI-340246 did not affect
CA3:CA1 transmission, assessed either by stimulus-response size in WT
or R6/2 mice (Fig. 4B), or by paired pulse ratio analysis (Fig. 4C; R6/2
data shown); WT PPR was also unaffected in response to drug (n = 13,
p = 0.4, data not shown). Neither KynA (100 nM), AA (100 nM) or
Quin (1 μM, applied vastly in excess to physiological basal levels in HD
models; Fig. 4D–F) affected basal synaptic transmission. Kyn application
produced a very modest but significant inhibition of transmission (≤5%
reduction of fEPSP amplitude; Fig. 4G).We conclude that there is no effect
of KMO inhibition or the KPmetabolites KynA or AA on fast glutamatergic
transmission in either striatum or hippocampus, as measured ex vivo,
while Kyn showed a very small inhibition of transmission.

We additionally measured striatal extracellular glutamate levels by
microdialysis in response to acute systemic CHDI-340246 administration
(10 and 100 mg/kg po in Q175 (Fig. 4G) and WT mice (Fig. 4H). CHDI-
340246 failed tomodulate baseline levels. This latter data contradicts pre-
vious reports conducted in rats, which showed that the KMO inhibitor Ro
61–8048 (40mg/kg ip) (Rover et al., 1997), or reverse dialysis of 100 nM
KynA (Moroni et al., 2005), could decrease extracellular glutamate levels
in caudate, which was later ascribed to block of presynaptic α7 nicotinic
acetylcholine receptors (α7 nAChRs) (Konradsson-Geuken et al., 2010).
We therefore performed further in vitro experiments to characterize the
pharmacological profile of KP metabolites at α7 receptors. In our hands,
Kyn and KynA effects at α7 nAChRs were negligible in the sub μM
range, andwe foundno evidence to suggest that they could act as nicotin-
ic α7 receptor antagonists (Fig. S6 and Table S5).

Next, we examined the effects of CHDI-340246 and KPmetabolites on
excitatory synaptic plasticity in the hippocampus. Symptomatic R6/2
mice exhibit a deficit in classical NMDA-dependent LTP at hippocampal
CA3-CA1 synapses (Beaumont et al., 2014; Murphy et al., 2000). Using
multi-electrode array (MEA) field recordings, we confirmed that theta-
burst stimulation (TBS) induces significantly less potentiation in R6/2
compared to WT (Fig. 5). Surprisingly, this deficit was fully rescued by
acute application of CHDI-340246 (1 μM; Fig. 5A), and to a lesser but sig-
nificant extent by two structurally unrelated KMO inhibitors; UPF-648
(Amaral et al., 2013) (10μM) and Ro-61-8048 (Rover et al., 1997)(data
not shown). These inhibitors presumablywork by acutely elevating either
AA, Kyn or KynA in the slice. Direct application of Kyn (50 nM)mimicked
the rescue seen with CHDI-340246 (p b 0.01), Fig. 5B). 100 nM KynA
showed a non-significant trend towards improvement (p = 0.07; Fig.
5C), whilst AA (100 nM) was completely ineffective (Fig. 5D). These re-
sults suggest that the effects of KMO inhibition on restoring hippocampal
LTP deficits are driven primarily by the elevation of Kyn (and possibly to a
lesser extent KynA); and not via driving Kyn catabolism towards AA pro-
duction, nor via reduction in 3-OH-Kyn orQuin levels.We testedwhether
Quin (1 μM) resulted in further deficits in R6/2 LTP, butwe foundno effect
(Fig. 5E). It should be noted that this concentration is vastly higher than
either the basal Quin level in HD mice (~4 nM) or the level achieved fol-
lowing CHDI-340246 dosing (6 nM). Of the compounds that improved
R6/2 LTP deficits, notably neither CHDI-340246, Kyn nor KynA had any
significant effect on LTP in WT hippocampal slices. We conclude that
CHDI-340246 and Kyn are capable of a selective restoration of deficient
synaptic plasticity in R6/2 hippocampal CA3-CA1 synapses.

It is worth mentioning that as the process of LTP explicitly requires
NMDA receptor activation, rescue of LTP deficits would be inconsistent
with an alleged antagonism of NMDA receptors. Given that the IC50 for
NMDA receptor inhibition by KynA is reported to be much higher than
the free concentrations we measured following physiological KMO
block, or applied here, this is perhaps not surprising (Mok et al.,
2009). Our measurements confirmed the low potency for KynA at
NMDA receptors in a heterologous cell system; IC50 was 26 ± 11 μM
at NR2A containing receptors, and 499 ± 54 μM at NR2B containing re-
ceptors (Fig. S7). Other KPmetabolites were also tested for both agonist
and antagonist effects on NMDA receptors. This data confirmed that
even at 300 μM Quin, activation or potentiation of submaximal NMDA
currents was negligible, and other KP metabolites were without effect



Fig. 4. Acute KMO inhibition does not result in modulation of glutamatergic transmission. (A) EPSC I\\O curves in R6/2 corticostriatal slices in response to Layer V stimulation are right-
shifted compared to WT littermates, indicating reduced responsiveness of R6/2 SPNs to cortical stimulation. A subsequent application of CHDI-340246 (1 μM), applied for 30–50 min to
either R6/2 or WT corticostriatal slices, had no effect on SPN EPSC amplitudes at either submaximal or maximal stimulus intensities (n = 10 slices per group). (B–C) CHDI-340246 was
equally ineffective in modulating glutamatergic transmission at either R6/2 or WT hippocampal CA3: CA1 synapses, measured both by lack of effect on I\\O curves (B) or on paired
pulse ratios (C, WT, R6/2 and R6/2 following compound shown), n = 11–12 slices per group. (D–G) Acute application of 100 nM AA (D), 100 nM KynA (E) or 1 μM Quin (F) did not
modulate glutamatergic transmission at hippocampal CA3: CA1 synapses, however 50 nM Kyn (G) produced a very modest decrease in transmission (D–G: 9–11 slices per condition
tested). (H\\I). Systemic dosing of CHDI-340246 (10 or 100 mg/kg po) to either Q175 hets (H) or WT (I) mice did not modulate striatal interstitial glutamate levels, monitored
through microdialysis probes. Veh = vehicle control. Repeat measures 2-way ANOVA ns= non-significant, ****p b 0.0001.
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measured up to 100 μM (Fig. S7). We further explored whether the
main KPmetabolites had any direct activity on a variety of receptors, in-
cluding Kainate, AMPA, and GABAA. None exhibited significant binding
against these targets (Table S5). Taken together, these results suggest
that the effects of CHDI-340246, Kyn and KynA in our assays likely do
not involve a direct modulation of major ionotropic receptors in the
brain as had been previously proposed.

3.6. CHDI-340246, Kyn and KynA acutely restores R6/2 SPN membrane
excitability

We next assessed the effects of KMO block, Kyn and KynA on intrin-
sic membrane properties of striatal SPNs, a cell type which is extremely
vulnerable to mHtt insult. R6/2 and Q175 SPNs are aberrantly hyperex-
citable relative to their WT counterparts, characterized by modest rest-
ing membrane potential depolarization (Fig. 6A), increased membrane
resistance (Fig. 6B) and decreased rheobase (Fig. 6C). At 5–7 weeks in
R6/2 (earlier than the age studied here), D2 receptor expressing SPNs
(putative indirect pathway SPNs) are reported to be preferentially af-
fected (Cepeda and Levine, personal communication from data generat-
ed from Cepeda et al., 2013), while at 6 months of age in Q175, both
D1 and D2 receptor expressing SPNs are similarly affected (CHDI; un-
published data). We found that a direct application of CHDI-340246
acutely hyperpolarized SPNs (p b 0.05; Fig. 6A) and decreased Rm
(p b 0.0001; Fig. 6B) in R6/2 SPNs. Analysis of drug action on each neu-
ron showed that all neurons hyperpolarized in response to CHDI-
340246, suggesting that this effect was common to both D1 (direct
pathway) and D2 (indirect pathway) SPNs (data not shown). WT
SPNs were also somewhat responsive to the drug, although the hyper-
polarization (ns, p = 0.18) and changes in Rm (p b 0.05) were more
muted than seen in the depolarized HD neurons. CHDI-340246 also af-
fected rheobase; in this case, WT neurons showed significantly in-
creased rheobase (p b 0.001), while R6/2 neurons showed a non-
significant trend towards restored rheobase (p=0.1). Acute application
of KynA (100 nM) or Kyn (50 nM) replicated the effects of CHDI-
0340246, hyperpolarizing R6/2 SPNs (Fig. 6D). The effect of CHDI-
340246 and Kynwas rapid, inducing an outward (hyperpolarizing) cur-
rent within approximately 5 min of application (Fig. 6E). The effect of
KynA application appeared more biphasic, with a modest transient de-
polarization preceding hyperpolarization.

Hyperpolarization, decreased input resistance, and increased
rheobase are all consistent with a CHDI-340246-induced increase in

Image of Fig. 4


Fig. 5. Acute inhibition of KMO or application of Kyn reversed R6/2 hippocampal LTP deficits. Data are expressed as mean± sem fEPSP amplitude normalized to a 10min baseline period
prior to induction of LTP by theta-burst stimulation at t = 0 min. Acute application of CHDI-340246 (1 μM; A) or Kyn (50 nM; B) to hippocampal slices prepared from 8 week old mice
resulted in selective rescue of R6/2 LTP deficits. KynA (100 nM; C) showed a modest non-significant trend for rescue of R6/2 LTP (p = 0.07), while AA (100 nM; D) or Quin (1 μM;
E) was without effect. CHDI-340246, Kyn and KynA had no effect on WT LTP amplitude (A–C). Repeat measures 2-way ANOVA at time t = 20–60 min: #, p b 0.1,*p b 0.05,
***p b 0.001, ****p b 0.0001. n = number of slices recorded.
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potassium conductance, key ion channels which underlie pathological
alterations in HD cells (Ariano et al., 2005; Cepeda et al., 2003;
Tong et al., 2014; Waters et al., 2013). Indeed, clamping R6/2 SPNs
at Vh further from putative EK (−90 mV) exacerbated the effects of
CHDI-340246 on changes in Rm (Fig. 7A), while clamping the cells
at −95 mV, close to EK, abrogated the effect, supporting modulation
of an underlying potassium conductance as responsible for the
improvement.

Of interest, in separate studies, we have shown that Rm abnormali-
ties in HD models can also be acutely rescued in R6/2 and Q175 SPNs
by the phosphodiesterase inhibitors PDE10, PDE2 and PDE9; which ele-
vate cyclic nucleotide (cAMP and/or cGMP) levels. These PDE inhibitors
are also capable of reversing R6/2 hippocampal LTP impairments (see
http://chdifoundation.org/2012-conference-2/#beaumont). In line with
this, Fig. 7B and Fig. 7D show that 15min application of a cell permeable
analog of cGMP, 8-Br-cGMP (1 μM), produces effects indistinguishable to
CHDI-340246 on Rmand Imeffects, an effectwhich shows partial inhibi-
tion following pre-incubation of slices with the PKG inhibitor KT5823
(0.5 μM; Fig. 7B). As there is precedence that Kyn can act as a modulator
of nitric oxide signaling in vascular endotheliumproducing cGMP (Wang
et al., 2010), this raised the interesting possibility that central KMO inhi-
bition may also enhance cGMP levels to produce the beneficial effects in
SPNs. We tested this by determining whether CHDI-340246 effects on
R6/2 SPN excitability changes were sensitive to combined adenylyl cy-
clase and guanylyl cyclase block by pre-incubation of slices with SQ
22536 (10 μM) and ODQ (10 μM), or mitigated by KT5823-induced
PKG inhibition (0.5 μM). Fig. 7C and D shows that this at least partially
the case; with significant inhibition of Rm changes (Fig. 7C) and an al-
most full inhibition of the generation of the outward membrane current
induced by CHDI-340246 application (Fig. 7D).

http://chdifoundation.org/2012-conference-2/#beaumont
Image of Fig. 5


Fig. 6. CHDI-340246, Kyn and KynA acutely restored R6/2 SPNmembrane excitability. (A-C) CHDI-340246 (100 nM) effects on restingmembrane potential Vm (A), membrane resistance
Rm (B) and rheobase (C) inWT and R6/2 SPNs. R6/2 SPNs are characterized bymodest depolarization (A), increased Rm (B) and decreased rheobase (C) compared toWT SPNs, indicating
aberrant excitability. CHDI-340246 acutely hyperpolarized R6/2 SPNs (A) and decreased Rm (B); while this latter effect was also noted inWT SPNs, the effect on Rm is more profound in
R6/2 SPNs. (C) CHDI-340246 increased rheobase inWT SPNs, but did not significantly affect R6/2 SPNs. (D) Acute application of KynA (100 nM) or Kyn (50 nM) are as effective as CHDI-
340246 in hyperpolarizing R6/2 SPNs. Data are presented as box (25–75th percentile) andwhisker (10–90th percentile) plots. Line indicatesmedian and+ indicatesmean value. Outliers
are indicated by closed symbols. (E) Time-course of acute CHDI-304246, Kyn or KynA application on baseline adjusted SPNmembrane current.Mean±SEMshown. Kyn and CHDI-340246
induce an outward (hyperpolarizing current) within minutes of application, whereas the effect of KynA appears more biphasic, with a modest transient depolarization preceding
hyperpolarization. *p b 0.05, **p b 0.01, ***pb 0.001, ****p b 0.0001. (n = 9–11 neurons per condition for all panels).
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Together, this data provides evidence that Kyn [and KynA] eleva-
tions following KMO inhibition are likely responsible for a potassium
conductance-mediated hyperpolarization of HD SPNs towards WT
levels, in a way which appears to implicate a role for CHDI-340246
and Kyn in modulating cyclic nucleotide signaling pathways.

3.7. In vivo efficacy studies evaluating the effects of chronic inhibition of
KMO in mouse models of HD

Given the dose-dependent effects on modulating peripheral and
CNS levels of KP metabolites by CHDI-340246, we assessed whether it
could ameliorate electrophysiologically assessed disease phenotypes
in HD models following chronic administration. We dosed two HD
mouse models (R6/2 and Q175 hets) with either vehicle or 10–
30 mg/kg CHDI-340246 po bid, from a presymptomatic age (4 weeks
of age in R6/2, or 2 months of age in Q175) to an age where the mice
without drug are symptomatic. Thus, in R6/2 mice, readouts were con-
ducted at 8 or 12weeks of age (following 4–8weeks of dosing at 10 and
30mg/kg), and in Q175 hets at 6months (following 4months of dosing,
10 mg/kg only). Slices were prepared from treated mice either 3 days
(R6/2) or between 3 and 14 days (Q175) post last dose. Using this
format, any restoration of neuronal or synaptic function seen as a result
of treatment would result from a beneficial effect of the dosing strategy
on delaying or preventing HD pathophysiology (ie disease modifica-
tion), and could be distinguished from any acute actions of the drug.

As previously described, the major genotypic differences between
HDandWT SPNs are an increase inmembrane resistance and decreased
rheobase, as well as impaired glutamatergic transmission. The CHDI-
340246 dosing paradigm failed to show any preventative restoration
of elevated SPNRm, rheobase (Fig. 8A) or Vm (data not shown) in either
R6/2 or Q175mice, suggesting that the drugmust be actually present to
exert its effect on these phenotypes (i.e. an acute symptomatic action).
To assess any potential improvement in impaired striatal glutamatergic
transmission, in this study miniature EPSCs were recorded. mEPSC fre-
quency but not amplitude is significantly decreased in both R6/2 and
Q175 het SPNs, as compared to those from aged matched WT mice, in-
dicating either a paucity of striatal glutamatergic innervation or reduced
probability of glutamate release (Fig. 8B–C) which may arise from both
cortical and/or thalamic origin. In Q175mice following 4month dosing,
these mEPSC frequency deficits were completely prevented by CHDI-
340246 (Fig. 8B; p b 0.001). There was no effect of 10 mg/kg CHDI-
340246 on mEPSC amplitude or frequency in the corresponding WT

Image of Fig. 6


Fig. 7.CHDI-340246modulation of potassiumconductance via cyclic nucleotidemodulation likely accounts for changes in SPN excitability. A. Change in 8week old R6/2 SPNsRm following
acute CHDI-340246 application is abrogated when Vh is clamped at−95 mV close to Ek, and exacerbated when Vh is held at more depolarized potentials, suggesting the modulation of a
potassium conductance underlies the effect (n=8). B. Change in R6/2 SPN Rm seenwith CHDI-340246 ismimicked by acute application of 1 μM8-Br-cGMP (n=5). Pre-incubationwith
the PKG inhibitor KT5823modestly diminished the cGMP response (n=8). C.Change in Rm inR6/2 SPNs by CHDI-340246 (n=10) is partially inhibited by preincubationwith theACand
GC inhibitors SQ 22536 (SQ) and ODQ (both 10 μM; n = 8), or by preincubation with KT5823 (n = 11), suggestive that elevation of cyclic nucleotide levels by KMO inhibition partially
underlies the response. D. Changes in R6/2 SPN Im with CHDI-340246 (n = 19), responsible for hyperpolarization of SPNs, is mimicked by 8-Br-cGMP (n = 8), and significantly
attenuated following preincubation with SQ/ODQ (n = 8) or KT5823 (n = 11). Statistics by one or two way ANOVA with Sidak's multiple comparison test as appropriate;
* p b 0.05; *** p b 0.001; **** p b 0.0001.
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littermates dosed for a similar period of time. In the more severe and
rapidly progressing R6/2 mouse model, a 30 mg/kg (but not
10mg/kg) CHDI-340246dosing regimen resulted in a partial, significant
improvement inmEPSC frequency (Fig. 8C; p b 0.05). Given theprevious
WT findings in Q175 mice, CHDI-340246 dosed WT groups were omit-
ted from this study.

The more significant effect of the long-term dosing regimen in Q175
hetsmight be explained by amore protracted disease course, or the lon-
ger period of treatment, but in both models we demonstrated that
CHDI-340246 can partially ameliorate some neurophysiological read-
outs associated with disease. In combination with our findings using
anacute dosing regime, our combined results demonstrate that KMO in-
hibition results in 1) acute effects on HD SPNs resulting in hyperpolari-
zation and restoration of aberrant membrane properties, driven by nM
levels of Kyn and KynA elevation; 2) specific restoration of deficient
synaptic plasticity in hippocampal CA3:CA1 synapses driven mainly
through nM levels of Kyn elevation, and 3) an improvement in function-
al glutamatergic input to the striatum brought about by a long-term ap-
plication. In contrast to prior reports by others, we do not find evidence
that any of these actions are being mediated through either NMDA re-
ceptor blockade, or through nicotinic alpha 7 receptor blockade. In
fact, our results suggest that the acute improvement in HD related
phenotypes described here are mediated, at least to a large part, by
the nM elevation of kynurenine afforded by KMO block.

3.8. Behavioral evaluation of R6/2 mice treated with CHDI-340246

We conducted an extensive set of studies aimed at evaluating the
chronic effects of KMO inhibition on comprehensive measures of dis-
ease in HD models, using behavioral, molecular, lifespan and brain vol-
umetric readouts (Figs. 9 and 10; Fig. S8 and Table S3). For behavioral
studies, we focused our studies on Q175 homs and R6/2 mice. Q175
hets do not display significant and robust locomotor deficits before
8 months of age (Heikkinen et al., 2012; Menalled et al., 2012), so we
chose Q175 homs for behavioral endpoints. CHDI-340246 was tested
in R6/2s at 10, 30 and 100 mg/kg (to ensure coverage of peripheral
and CNS KMO activity) from 4 to 12 weeks of age po bid, and from
5 weeks to 9 months of age in Q175 homs at 0.1, 1 and 10 mg/kg po
bid (the low doses were chosen to match the small elevations in Kyn
and KynA levels as reported (Zwilling et al., 2011).

Motor function endpoints including open field and rearing/climbing
testswere conducted for the R6/2 study at 4weeks of age (baseline) and
at 6, 8, 10 and 12 weeks (n = 19–20 R6/2 mice/dose, and n = 20 WT
mice (equal gender split). Accelerated rotarod testing was performed

Image of Fig. 7


Fig. 8. Chronic dosing of CHDI-340246 in R6/2 and Q175 mice results in rescue of mEPSC frequency deficits in striatum. (A–C). Q175 het or R6/2 mice were treated chronically (10–
30 mg/kg po bid) with vehicle or CHDI-340246 for 4 or 8 weeks (R6/2, from 4 to 8 or 4–12 weeks) or 4 months (Q175, from 2 to 6 months) alongside vehicle treated WT littermates.
Ex vivo evaluation of improvement in neurophysiological measures were made from acute slices 3 d (R6/2) or 3–14 d (Q175) post-last dose. (A) Aberrant excitability in Q175 or R6/2
SPNs, as measured by elevated Rm and decreased rheobase, were not rescued by the chronic dosing paradigm employed (R6/2 dosed from 4 to 8 weeks) n = 22–44 neurons per
group. (B–C) The decrease in average mEPSC frequency in HD models (B; Q175, C; R6/2), with no change in mEPSC amplitude, reflects impaired glutamatergic release in striatum,
indicated by a right-shifted inter-event interval cumulative probability curve in the HD models. (B) Chronic dosing with 10 mg/kg CHDI-340246 in Q175 mice fully prevented this
phenotype from emerging. N = 17–26 neurons per group (C) In R6/2 mice dosed for a shorter time period of 8 weeks (from 4 to 12 weeks of age), 30 mg/kg but not 10 mg/kg
resulted in significant partial restoration of mEPSC frequency deficits. N = 20–28 neurons per group.
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at 4, 6, 8 and 10weeks. Grip strength test was performed at weeks 4, 10
and 12. For theQ175 hom study, n=19–20 female andmale Q175 hom
mice/dose and n = 19 WT littermate control mice were used. Body
weight was measured weekly starting at the age of 5 weeks and contin-
ued until the end of the study. Neurological index was performed at 4
and 8 months of age. The open field and rear climbing tests were con-
ducted at 5weeks of age (baseline) and at 4 and 8months. A description
of all studies conducted is shown in Table S3. CHDI-340246 was very
well tolerated in both HD models, with no change in body weight (Fig.
9A and Fig. S8), neurological scores or sedation (not shown), even at
the high dose of 100 mg/kg.

In the R6/2 study, we failed to observe any consistent locomotor ef-
fects of the drug, as judged by the open field (distance traveled, average
velocity) or rearing tests or the accelerated rotarod test (Fig. 9C–D

Image of Fig. 8


Fig. 9. Effects of CHDI-340246 chronic administration inWT andR6/2mice. Animalswere chronically dosed (po bid)with CHDI-340246 from 4weeks of age at either 30, 60 or 100mg/kg.
There were no observable effects in (A) body weight, (B) grip strength, (C–D) locomotor activity, as reported here using the open field distance traveled (C), and the accelerated rotarod
(D). Bodyweight, open field, grip strength and rotarod performance betweenWT and R6/2micewere highly significant (*,p b 0.05; **, p b 0.01; ****, p b 0.0001; ns= not significant; One
WayANOVA, Tukey's post-hocmultiple comparison test). (E, F)Withinmales only,mice treatedwith 60 and 100mg/kg of CHDI-340246had improvedmedian survival rates compared to
vehicle treated R6/2 mice (p b 0.05; Generalized Wilcoxon, Peto-Prentice).
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shows data pooled for all animals; other parameters not shown). At the
100mg/kg dose, R6/2 femalemice traveled less distance during the task
at weeks 8–12 (not shown). Grip strength measurements revealed a
beneficial effect of the drug in female mice only at 60 mg/kg at
10 weeks (not shown), but we could not detect any improvement in
male mice (Fig. 9B shows grip strength results using data from pooled
animals, with no effect of CHDI-340246). Similar lack of effects on
motor endpoints was observed in Q175 homs (Fig. S8).

In R6/2mice, we alsomonitored lifespan (n= 20 animals/group).
The mean/median survival times of the R6/2 mice treated with vehi-
cle were 114/106 days for pooled genders, 131/140 days for females
and 96/95 days for males. Themean/median survival times of the R6/
2 mice treated with 30 mg/kg of CHDI-340246 were 110/120 days
for pooled genders, 123/121 days for females and 116/110 days for
males. For the 60 mg/kg dose, survival times were 131/129 days
for pooled genders, 131/133 days for females and 131/133 days for
males. For the 100 mg/kg group, survival times were 121/127 days
for pooled genders, 119/135 days for females and 124/127 days for
males. Within males both the mice treated with 60 and 100 mg/kg
of CHDI-340246 had improved survival rates compared to vehicle
treated R6/2 mice (Generalized Wilcoxon, Peto-Prentice: p b 0.05;
Fig. 9E–F).

Finally, we monitored for potential effects of CHDI-340246 on brain
volumetric loss and other measures associated with neurodegeneration

Image of Fig. 9


Fig. 10. Effects of CHDI-340246 chronic administration on brain volumetric alterations and MRS in R6/2 mice at 12 weeks of age. The effect of chronic administration of CHDI-340246 on
whole brain volumes as shown byMRI of the pooled genders of R6/2mice at 12weeks of age. Data are presented as scatter plots withmean+ sem (WTVehicle, n=20; R6/2 Vehicle, n=
17; R6/2 30mg/kg CHDI-340246, n= 17; R6/2 60mg/kg CHDI-00340246, n= 20; R6/2100 mg/kg CHDI-00340246, n=18). No significant changes were observed byMRI in (A) whole
brain volume, (B) striatal volume, or (C) cortical volume after chronic dosing of CHDI-340246. Volumetric changes betweenWT and R6/2 mice were highly significant (****, p b 0.0001);
ns=not significant; OneWay ANOVA, Tukey's post-hocmultiple comparison test. (D) in vivoMR spectroscopy analysis of striatalmetabolites. Data are presented asmean± sem. Changes
betweenWT and R6/2mice were highly significant (#, p b 0.001; *, p b 0.05; OneWay ANOVA, Tukey's post-hocmultiple comparison test). Only Creatine levels were normalized towards
WT at the highest dose of CHDI-340246 dosing ($, p b 0.05; One Way ANOVA, Tukey's post-hoc multiple comparison test). Abbreviations: Cr, Creatine; PCr, Phosphocreatine; GABA,
Gamma-Aminobutryic Acid; GLN, Glutamine; GLU, Glutamate; GPC, Glycerophosphocholine; PCh, Phosphocholine; GSH, Glutathione; INS, Myo-inositol; NAA, N-acetyl-aspartate; TAU,
Taurine; CHO, Choline; NAA + NAAG, N-acetyl-aspartate and N-acetyl-aspartate glutamate; CR + PCr, Creatine + Phosphocreatine.
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in the same cohort of animals used for behavioral testing. For the R6/2
study, 12 week old mice were subjected to in vivo T2-MRI analysis of
total brain, striatum and cortical volumes, and also to 1H-MR Spectros-
copy analysis of striatal metabolites including N-acetyl-aspartate
(NAA), Choline (Cho), Taurine (Tau) and Glutamine (Gln). This type of
analyses reveals a significant loss of volume in these structures
(Heikkinen et al., 2012). We failed to detect any effect of CHDI-340246
in eithermale or femalemicewith the exception of a change in Cretaine
(Cr) levels in R6/2 animals treatedwith 100mg/kg of CHDI-340246 (Fig.
10). An overall similar lack of volumetric/structural effectswas obtained
in the Q175 homs study (Fig. S8; measurements conducted at baseline
and at 4 and 8 months of age). Additionally, CHDI-340246 had no effect
on gene expression changes associated with disease progression in
these models, or on soluble levels of HTT protein (data not shown). An
RNAseq analysis of striatal gene expression in R6/2 mice chronically
dosedwith 30mg/kg CHDI-340246 also revealed no changes in gene ex-
pression in the treatedmice, suggesting that themodulation of KMO ac-
tivity does not lead to significant transcriptional changes in vivo (data
not shown).

4. Discussion

Dysregulation of KP enzymes has been implicated in a variety of con-
ditions, and changing levels of various neuroactive KPmetabolites have
been correlatedwith alterations in brain function in the context of affec-
tive disorders, cognition, neuroinflammatory disorders and neurode-
generation (Campbell et al., 2014; Maddison and Giorgini, 2015; Stone
and Darlington, 2013). Evidence of the KP's involvement largely
comes from animalmodels and humans, but few studies have been con-
ductedwith optimizedmoleculeswith suitable properties for long-term
dosing, a necessary step to evaluate the contribution of specific enzymes
to disease progression (Justinova et al., 2013; Kozak et al., 2014).

In this report, we describe the pharmacological properties of a novel,
potent and selectiveKMO inhibitor suitable for chronic dosing studies in
preclinical species. We show that CHDI-340246 dose-dependently
modulates KMO activity in various tissues. Oral administration with
CHDI-340246 resulted in an increase in the levels of Kyn, KynA, and
AA in the interstitial fluid and tissues (brain, liver, and kidney), whilst
reducing the levels of 3-OH-Kyn in plasma and peripheral tissues. Levels
of 3-OH-Kyn were slightly elevated in the brain although CHDI-340246
concentrations exceed the IC50 concentrations of KMO at higher doses.
This effect is consistent with the contribution of peripheral Kyn pene-
trating the BBB to the formation of 3-OH-Kyn. Data from treatment
with a combination of Kyn and CHDI-340246 are, however, suggestive
of an inhibition of KMO expressed inside the CNS by CHDI-340246.
Given these properties, and the fact that CHDI-340246 is well tolerated
in chronic dosing studies in mice (this study), rats (Toledo-Sherman
et al., 2015) and primates (not shown), we consider that CHDI-
340246 can help answer fundamental questions about the biology of
KMO and the KP in a variety of conditions.

Using CHDI-340246we describe an extensive set of studies trying to
address the relevance of KMO activity in the context of HD mouse
models, and the effects ofmodulation of KP pathwaymetabolism. Previ-
ous reports showed in HD patients (albeit with a small sample size
using post-mortem tissues or CSF samples) and in several mouse
models of HD, alterations in the KP;most consistently an early elevation
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of 3-OH-Kyn levels in the brain (Guidetti et al., 2006; Guidetti et al.,
2004; Guidetti et al., 2000; Mazarei et al., 2013; Pearson and Reynolds,
1992; Sathyasaikumar et al., 2010). Although we verified that the activ-
ity of KMO is elevated in the striatum of symptomatic Q175 het mice in
enzymatic assays conducted with striatal mitochondria isolates, levels
of 3-OH-Kyn and Quin are not greatly elevated in the extracellular
space, so the biological significance of this seems minimal.

We investigated the role of Kyn, KynA and AA in several synaptic al-
terations associated with HD, given the neuroactive role ascribed to
KynA previously. HDmodel mice display a deficit in long term plasticity
in the hippocampus (R6/2) and neuronal abnormalities in the striatum
(R6/2 and Q175). We found that these deficits can be reversed acutely
by Kyn, KynA, and various KMO inhibitors at nM concentrations, sug-
gesting a beneficial role for increases in thesemetabolites in the context
of HD synaptic alterations. However, our results do not support that the
effect of KynA is mediated via an action on NMDA or α7-nAchR recep-
tors: we show that KPmetabolites do not have any significant direct ef-
fects on various ionotropic receptors at the concentrations tested in the
present study. In our assays, none of the KP metabolites acted as ago-
nists at either the glycine or glutamate site of NMDA receptors at the
concentrations tested (up to300 μM) in heterologous systems. This
does not rule out a possible effect at higher Quin concentrations,
which might rise dramatically in certain neuro-inflammatory condi-
tions (Heyes et al., 2001; Valle et al., 2004). In the HDmodels evaluated
we showed that interstitial and tissue levels of Quin do not reach levels
shown to be neurotoxic, but this does not rule out the possibility that
synaptic levels and levels in human disease may be sufficiently high to
engage these receptors.

Among the KPmetabolites investigated, only KynA can act as an an-
tagonist at both NR2A- and NR2B-containing NMDARs. This is in agree-
ment with published findings that KynA blocks NMDA receptors with
preference for NR2A over NR2B-receptors. The KynA concentration in
whole brain tissues is reported to be in the range of 0.2-1μM (Moroni
et al., 1988; Turski et al., 1988), much lower than the NMDA receptor
IC50 reported in recombinant cell lines and cultured hippocampal neu-
rons (8–65 μM) (Mok et al., 2009; Parsons et al., 1997). In our hands,
the basal extracellular concentrations of KynA in dialysates were in
the low nM range, and the levels obtained after CHDI-340246 adminis-
tration in mice (Table S2) do not reach concentrations sufficient to di-
rectly modulate NMDAR complexes.

Similarly, we could also not detect a direct inhibition of α7 nAChR
currents by KP metabolites in either patch-clamp or ligand binding
competition experiments, which is in agreement with data obtained
with recombinant receptors expressed in GH4 cell line and native α7
nAChR in rat cultured hippocampal neurons. (Mok et al., 2009). This
contradicts previous findings (Albuquerque and Schwarcz, 2013;
Banerjee et al., 2012; Beggiato et al., 2013; Hilmas et al., 2001; Wu
et al., 2010), showing that KynA inhibits α7 nAChR (IC50 = 7 μM) and
modulates its signaling. Based on these studies it has been suggested
that at physiologically relevant concentrations, KynA exerts a neuro-
protective action via nicotinic receptor modulation, rather than on
NMDARs. It has been proposed that attenuation of glutamatergic
function in vivo by KynA (Konradsson-Geuken et al., 2010; Pellicciari
et al., 1994) is the result of direct α7 nAChR modulation. However,
we and others (Dobelis et al., 2012; Mok et al., 2009; Priestley
et al., 1995) could not detect any direct inhibitory effects on α7
nAChR currents.

In the course of our studies, we uncovered a novel role for KMO,
and for Kyn/KynA, in the regulation of hippocampal and striatal
synaptic and neuronal functioning. The sufficiency of exogenous
exposure to Kyn and KynA and their role in the modulation of
potassium conductances in SPNs is a novel finding. The rapid and
robust effect of nM levels of these metabolites in acute slice prepara-
tions suggests that these metabolites exert their action via a high
affinity target, whether at the membrane or intracellularly. These
metabolites are transported into cells via amino acid transporters,
so an intracellular site of action is possible. Therefore, the direct
mechanism of action of Kyn and KynA in the brain remains unre-
solved and represents an area of high interest. These observations
highlight, however, a potential important role for Kyn itself as a neu-
roactive molecule, possibly via its role (as described in the vascular
endothelium) as a modulator of nitric oxide signaling and regulator
of cGMP signaling (Wang et al., 2010).

With regard to HD, the main hypothesis driving our study was the
association of elevated KMO activity, and 3-OH-Kyn and Quin levels,
with neurodegeneration and neuro-inflammation. Despite elevated
KMO activity in the striatum of various mouse models of HD, clearly
the levels of 3-OH-Kyn andQuin do not reach levels previously associat-
ed with neurotoxicity; this is consistent with HD mouse models not
displaying obvious signs of neuronal degeneration or classical neuro-
inflammation (Heikkinen et al., 2012; Tong et al., 2014). Therefore we
cannot ascertain the contribution of classical neuro-inflammatory
mechanisms to disease progression in existing genetic models of HD.
The onlymarker of inflammation we routinely use for drug screening
is an elevation in TSPO expression, a marker associated with activat-
ed microglia (Chen and Guilarte, 2008). In a radioligand binding
assay for TSPO, chronic dosing of CHDI-340246 did not reduce TSPO
levels in R6/2 mice (not shown). In this study, we did not monitor
Iba1 or CD68 expression by immunohistochemistry in striatal
tissues, so our data cannot be directly compared to the effects report-
ed for the chronic dosing of JM6 (Zwilling et al., 2011). JM6, a
putative precursor to a well-characterized KMO inhibitor, Ro-61-
8048 (Rover et al., 1997), was shown to modify disease progression
in HD and AD mouse models. We previously reported (Beconi et al.,
2012) that JM6 is a very weak KMO inhibitor (μM in biochemical
assays with mitochondrial fractions containing KMO, and inactive
in cellular assays), and that it did not act as a precursor for Ro-61-
8048 (Beconi et al., 2012). Therefore, we questioned the interpreta-
tion of this work in terms of linking modulation of KMO activity as
the drug's mechanism of action.

Taken together, we show that the ‘long term’ effects of chronic KMO
inhibition in HD mouse models are limited to a potential role in
preventing glutamatergic signaling deficits to the striatum, based on
the results obtained in the mini EPSC analyses after chronic dosing in
both HD mouse models. It is noteworthy that a similar rescue of
mEPSC frequency deficits has also been demonstrated following chronic
dosing of Q175 hets in the same format using a PDE9 inhibitor (see
http://chdifoundation.org/2012-conference-2/#beaumont), again
supporting the idea that neurophysiological effects following KMO inhi-
bition look strikingly similar to another strategy that selectively elevates
a distinct pool of intracellular cGMP. The link in this case is more correl-
ative / speculative than the work we performed on SPN excitability
changes, where CHDI-340246-mediated improvements in HD SPN ex-
citability were shown to be partially mitigated by GC and PKG inhibi-
tion. Clearly, further work will need to be performed to strengthen
these observations to unambiguously identify commonmechanisms re-
sponsible for the improvement. In this respect, we attempted to directly
measure cyclic nucleotide elevation following whole slice incubations
with CHDI-340246 and in the striatum of mice after acute dosing with
CHDI-340246, and we could not detect any changes in cAMP or cGMP
levels (not shown). However, this does not preclude a potential spatially
restricted elevation of cyclic nucleotides after KMO inhibition which
would be below the level of detection.

Other classical measurements of disease progression (locomotor,
volumetric, molecular, survival), with the exception of an effect in
lifespan in male R6/2 mice, did not show any effect of chronic KMO in-
hibition. In this paper, we did not address any potential effects of CHDI-
340246 on cognitive deficits associated with the HD mouse models, al-
though studies in rats did not suggest any benefit of chronic KMO inhi-
bition on a variety of tasks in wildtype animals (not shown). Of interest,
previous reports have shown a potential detrimental effect of systemic
administration of Kyn and of elevated KynA in various locomotor and

http://chdifoundation.org/2012-conference-2/#beaumont
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cognitive tasks (Kozak et al., 2014; Varga et al., 2015). We did not ob-
serve any detrimental effects of CHDI-340246 in open field tests, rearing
tests, rotarod, or in neurological scores, in spite of elevating KynA levels
significantly in the brain. The reason for this discrepancy is unclear but
could suggest that elevations of Kyn/KynA via KMO inhibition might
lead to different effects from those observed with either direct Kyn ad-
ministration (which profoundly elevates 3-OH-Kyn and Quin in tissues
and plasma) or via the inhibition of KAT activity (Kozak et al., 2014).
Collectively, our findings contrast with those reported by Zwilling
et al. (Zwilling et al., 2011), and do not support a significant role for pe-
ripheral KMO inhibition in disease progression measures in HD mouse
models.

Despite our findings using these HD models, many studies have
showna strong correlation between IDO(indoleamine2,3-dioxygenase,
a key enzyme responsible for the production of kynurenine from trypto-
phan) activation, in situ-generated Quin neurotoxic levels, and the ex-
tent of neurodegeneration (Kandanearatchi and Brew, 2012; Plangar
et al., 2012; Stone and Darlington, 2013; Vamos et al., 2009). The role
of kynurenine catabolism in the regulation of the immune response is
important, and this is difficult to evaluate in mouse models of HD. We
therefore consider that the role of Quin elevation and dysregulation of
KMO activity in neurodegeneration and neuro-inflammation is worth
testing in conditions displaying significant neuronal cell loss and glial
activation, including in HD patients (Crotti and Glass, 2015; Tai et al.,
2007; Waldvogel et al., 2015). We are in the process of independently
assessingwhether levels of KPmetabolites are altered in the CSF of clin-
ically well-characterized HDpatients. CHDI-340246 can potently inhibit
KMO both inside and outside the CNS in a dose-dependentmanner, and
could be used, pending safety data in humans, to assess the contribution
of this catabolic branch of the kynurenine pathway to neurodegenera-
tive and inflammatory conditions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.expneurol.2016.05.005.
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