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There are no effective treatments for millions of patients with intractable epilepsy. High-fat ketogenic diets
may provide significant clinical benefit but are challenging to implement. Low carbohydrate levels appear to
be essential for the ketogenic diet to work, but the active ingredients in dietary interventions remain elusive,
and a role for ketogenesis has been challenged. A potential antiseizure role of dietary protein or of individual
amino acids in the ketogenic diet is understudied. We investigated the two exclusively ketogenic amino acids,
L-leucine and L-lysine, and found that only L-leucine potently protects mice when administered prior to the
onset of seizures induced by kainic acid injection, but not by inducing ketosis. Unexpectedly, the D-enantiomer
of leucine, which is found in trace amounts in the brain, worked as well or better than L-leucine against both
kainic acid and 6 Hz electroshock-induced seizures. However, unlike L-leucine, D-leucine potently terminated
seizures even after the onset of seizure activity. Furthermore, D-leucine, but not L-leucine, reduced long-term
potentiation but had no effect on basal synaptic transmission in vitro. In a screen of candidate neuronal receptors,
D-leucine failed to compete for binding by cognate ligands, potentially suggesting a novel target. Even at low
doses, D-leucine suppressed ongoing seizures at least as effectively as diazepam but without sedative effects.
These studies raise the possibility that D-leucine may represent a new class of anti-seizure agents, and
that D-leucine may have a previously unknown function in eukaryotes.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Approximately one million people in the US have seizures that are
not controlled by appropriately-chosen medications (Brodie et al.,
2012; Kobau et al., 2008; Kwan andBrodie, 2000). However, the efficacy
of epilepsy medications has not improved substantially in the past
50 years. One underutilized option for these patients is metabolism-
based therapy (Hartman and Stafstrom, 2013), with the high-fat, low-
carbohydrate ketogenic diet being the most widely used form
(Hartman et al., 2007; Neal et al., 2008). However, the full benefit of
the ketogenic diet is hampered by difficulties with implementation.
Efforts to decipher the mechanisms of action have focused primarily
on fatty acid metabolites and carbohydrate restriction (Masino and
Rho, 2012). The other relevant ketogenic diet component is protein,
which is minimized to induce systemic ketosis (Hartman and Vining,
2007; Laeger et al., 2014). Thus, the possibility that proteins or their
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amino acid components could actively contribute to efficacy of the
ketogenic diet seems counterintuitive. Furthermore, free amino acids
potently stimulate the nutrient-sensing kinase mTORC1 (mammalian
target of rapamycin complex 1), which is already hyperactive in epilep-
sy patients with mutations in TSC1/2 (tuberous sclerosis complex)
(Orlova and Crino, 2010). In addition, mTOR activity is elevated in
rodent brains following kainic acid-induced seizures (Zeng et al.,
2009). However, the role of mTOR in other epilepsy etiologies is not
understood, and our studies of wild type mice indicate that the mTOR
inhibitor rapamycin has minimal or no benefit in several acute seizure
models (Hartman et al., 2012).

In addition to its role in nutrient signaling to mTORC1 (Bar-Peled
and Sabatini, 2014; Cota et al., 2006; Sancak et al., 2008), L-leucine is a
ketogenic amino acid, in that its degradation results in the production
of ketone bodies, particularly acetoacetate and its metabolite β-
hydroxybutyrate, both of which have been implicated as anticonvul-
sants (Bixel and Hamprecht, 1995; Masino and Rho, 2012). However,
elevated L-leucine and other branched-chain amino acids have been
associated with abnormal developmental outcomes and seizures
(Mackenzie and Woolf, 1959; Menkes et al., 1954), dampening the
exploration of potentially efficacious amino acids. We tested the
ketogenic amino acid L-leucine in mice and found striking protection
against seizure activity, butwithout evidence of elevated blood ketones.
Remarkably, the enantiomer D-leucine was a more potent anti-seizure
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agent than L-leucine. The L-enantiomers of amino acids are generally
assumed to account for most or all of their biological roles, including
protein translation, signaling, transporter-mediated effects, and as
metabolic substrates. However, D-leucine is found in food and is pro-
duced by bacteria (Ekborg-Ott and Armstrong, 1996; Mutaguchi et al.,
2013), but has no known physiological function in eukaryotes. Our find-
ing that D- but not L-leucine alters long-term potentiation (LTP) in
acute brain slices is consistent with the possibility that D-leucine has
previously unknown signaling activity in mammals. D-leucine also
may offer a safer alternative over L-leucine.

Methods

Seizure tests

Male mice were housed 3–4 per cage after being sorted on arrival to
the facility by Animal Care staff. Kainic acid (Tocris Bioscience, Ellisville,
MO, U.S.A. and Cayman Chemical, Ann Arbor, MI, U.S.A.) was injected
intraperitoneally. At the time of the experiment, micewere randomized
to different treatment groups byweight to ensure all cohorts had similar
average weights (Supplemental Figs. 1B and 2B) and were all the same
age (5 wks) at the time of treatment. Seizure tests were performed as
described previously (Hartman et al., 2010). Briefly, kainic acid was
injected i.p. and seizures were scored (on a 7-point scale) based on
the maximum seizure severity during sequential 5 min epochs using a
modified Racine scale (Morrison et al., 1996). Note that the seizure
severity of vehicle-treated controls differs in different experiments
primarily due to different vendor sources of kainic acid and inherent
differences between different shipments of mice; however, control
and experimental cohorts were closely paired. The 6Hz testwas admin-
istered exactly as described previously at 6 wks of age (2-wk leucine
treatments were started at 4 wks of age), and, as in prior work, any
change in behavior scored as a seizure after the electroshock was
administered (Hartman et al., 2012). Results for all mice tested are pre-
sented here and all observations were made by personnel who were
blind to the treatment condition during treatment administration and
during seizure scoring in all experiments. Measurements of glucose
and β-hydroxybutyrate were performed on one mouse from each cage
(selected by a random number generator) exactly as described
(Hartman et al., 2010). All animal protocols for this study were
approved by the ACUC (JHU and UW) and were adhered to strictly.

Amino acid treatments

A single dose of each amino acid dissolved in H2O (Sigma-Aldrich,
St. Louis, MO, U.S.A.) was injected intraperitoneally (i.p.) into 5 week-
old mice 3 h before kainic acid injection. The reported purity of the
lots of L- and D-leucine used was 99% (based on optical rotation data);
L-leucine had no more than 5% of the D-isomer, and D-leucine had
0.4% of the L-isomer (Sigma Aldrich, technical data). In separate exper-
iments, L- and D-leucine was administered at the indicated time (15 or
20 min) after kainic acid injection. The 15–20 min time is midrange
for the clinical operational definition of status epilepticus (defined as
5–30 min of seizure activity without a return to baseline, (Lowenstein,
1999)). In these experiments, all mice had experienced at least two
seizures with a score ≥ 3 when D-leucine was administered, with
seizures starting 10–15 min after kainic acid injection. Diazepam
(5 mg/ml injectable solution, diluted 1:1.5 in phosphate-buffered sa-
line; Hospira, Lake Forest, IL, U.S.A.) was injected i.p. at 20 min after
kainic acid injection, when all mice had exhibited two or three stage
≥3 seizures.

Electrophysiology

Male 7–8 week C57BL/6 mice littermates (Harlan Laboratories,
Madison, WI) were randomly assigned to treatment groups and
hippocampal slices were prepared as previously reported (Potter et al.,
2010). Slices from 6 different animals were used for LTP studies, testing
each slice three times for input/output and paired-pulse facilitation
both before amino acid addition and after LTP measurements in the
presence of amino acids. fEPSPs were recorded from CA1 stratum
radiatum with ACSF-filled recording electrodes (2–5 MΩ) (Stafstrom
et al., 2009). A bipolar platinum-tungsten (92:8 Pt:Y) stimulating
electrodewas placed at the CA3/CA1border along the Schaffer collateral
pathway (Gerstein et al., 2012). Initial baseline synaptic transmission
was assessed for each slice by applying increasing stimuli (0.5 V–20 V,
25 nA–1.5 μA, A-M Systems model 2200 stimulus isolator, Carlsborg,
WA) in regular artificial cerebrospinal fluid (ACSF) without amino
acids to determine the input:output (I/O) relationship. Subsequent
LTP stimuli were set to evoke a fEPSP with half the maximum fEPSP
slope. Prior to LTP induction, slices also were tested in regular ACSF
without amino acids using a paired pulse facilitation (PPF) paradigm,
which consisted of an initial single stimulus to the Schaffer collaterals
followed by a second stimulus of equal magnitude at half maximum
intensity as set by the I/O curve. This PPF paradigm was repeated with
increasing inter-pulse intervals (10 ms to 300 ms). PPF at each time
interval was recorded in triplicate and then averaged. fEPSP slopes
from the second pulse were plotted as a percentage of initial slope.

After initial I/O and PPF data were recorded without amino acids,
baseline pretreatment data were obtained for 30 min, followed by
addition of the respective amino acids. After 60 min preincubation
with amino acids, LTP was then induced by theta burst stimulation
(10 bursts/train, 3 trains/stimulus, 20-s inter-train interval). Each
burst contained 4 stimuli at 100 Hz with an interburst interval of
200 ms (Kumar, 2011). Synaptic efficacy was monitored continuously
(0.05 Hz). Every 2 min, sweeps were averaged (pClamp, Molecular
Devices). After 180 min, still in the presence of amino acids, I/O and
PPF data were acquired by repeating the protocols described above to
verify the integrity of the slice preparations.

For potassiumbursting experiments, after 15min of baseline record-
ing in separate slices, epileptiform bursts were induced by increasing
[K+]o to 7.5 mM (Traynelis and Dingledine, 1988). A stable baseline
burst firing rate of 13.7 ± 1.0 was established over 30 min, after
which ACSF with various added concentrations of D-leucine (100 μM,
1 mM, 10 mM) was perfused.

In vitro radioligand receptor binding studies

Detailed protocols are available for all assays on the NIMH-PDSP
website (http://pdspdb.unc.edu/pdspWeb/?site=binding) (Besnard
et al., 2012). Primary screening assays with D-Leu were performed at
a final concentration of 10 μM in quadruplicate for 47 different recep-
tors, and as described in Fig. 4D for kainic acid receptors. Results were
normalized as relative percent inhibition, with specific binding in the
absence of competing ligand set as 100% (no inhibition) and specific
binding in the presence of reference compound as 0% (100% inhibition).
The buffer for the secondary binding assay (Fig. 4D) was 50 mM Tris
HCl, 2.5 mM CaCl2, pH 7.4.

Statistics

In the kainic acid test, the slope of the curve generated by seizure
score pointswas analyzed using amultilevelmixed effects linear regres-
sionmodelwith individual measurements over time for each individual
mouse (random effect), individual mice within a cohort (random
effect), and cohorts within a treatment group (fixed effect) (Stata
13.1, Stata Corporation, College Station, TX, U.S.A.). Additional com-
parisons of the other parameters between groups were made using
a t-test or one-way ANOVAs with post-hoc Tukey tests, as appropri-
ate (GraphPad Prism 4, La Jolla, CA, U.S.A.). The level of significance
was P ≤ 0.05 for two comparisons, and with Bonferroni corrections
for multiple comparisons (i.e., when six comparisons were made,
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P ≤ 0.008 was used). In the 6 Hz test, probit analyses were used to
determine the primary outcome, the convulsive current 50 (CC50),
the current where 50% of mice experienced any seizure behavior
(Minitab 16, State College, PA, U.S.A.). Electrophysiology data were
analyzed by 2-way ANOVA (treatment and time) with repeated
measures (mixed model) and Bonferroni post-hoc tests (GraphPad
Prism 6, La Jolla, CA, U.S.A.).

Results

L-leucine pretreatment protects against induced seizures

Early studies in rats found that branched chain amino acids, includ-
ing L-leucine, delay the onset of seizures induced by picrotoxin or
pentylenetetrazol (PTZ) but without affecting seizure duration
(Dufour et al., 1999; Skeie et al., 1994). We tested L-leucine in a seizure
model that we developed previously to demonstrate efficacy of the
ketogenic diet, which includes a prolonged pre-treatment period more
typical of clinical use (Hartman et al., 2008, 2010). Mice exposed to
L-leucine in the drinking water for 12–14 days were protected from
6 Hz-induced seizures, with a margin of protection similar to the
ketogenic diet in this test (Fig. 1A, Supplemental Fig. 1A). However,
L-leucine did not induce systemic ketosis based on normal blood
levels of β-hydroxybutyrate and glucose (Fig. 1B, Supplemental
Fig. 1B).

We reported previously that the ketogenic diet does not protect
against seizures induced by kainic acid, an agonist of two types of
glutamate receptors (kainic acid and AMPA) (Hartman et al., 2010;
Stawski et al., 2010). In contrast, we found that a single low dose of
3 mg/kg L-leucine injected 3 h prior to kainic acid-induced seizures
Fig. 1. L-leucine pretreatment protects against seizures. (A) Probability of mice having a
L-leucine (1.5% w/v) in drinking water for 12–14 days. Data are from 3 independent coho
at a given current. Probit analysis curves represent a probability function, therefore
(B) Blood β-hydroxybutyrate levels on the day of seizure testing from randomly prese
(H2O N = 6 mice, L-leucine N = 7 mice, P = 0.79, t-test). Solid bars indicate the mean
diet (Hartman et al., 2010). (C) Mean maximum seizure scores (±SEM) for each conse
independent cohorts of mice pretreated with L-leucine or water (vehicle) for 3 h (N
(D) Mean maximum seizure scores (±SEM) at consecutive 5-min intervals in the ka
with L-lysine (3 mg/kg) or water (vehicle) for 3 h. (N = 8/treatment, P b 0.001, multile
potently suppressed seizure activity, while the lowest dose tested
(0.3 mg/kg) was statistically different from vehicle, but without a
substantial overall benefit (Fig. 1C & Supplemental Fig. 1C & D). Effi-
cacy at such a low dose suggests L-leucine may act by a receptor
signaling mechanism rather than as a metabolic substrate (Skeie
et al., 1994; Yudkoff et al., 2005). Interestingly, the highest dose of
300mg/kg L-leucine,whichwas selected based on the earlier rat studies
(Dufour et al., 1999; Skeie et al., 1994), had only intermediate protec-
tion, possibly reflecting branched-chain toxicity (Fig. 1C & Supplemen-
tal Fig. 1C & D). The ketogenic diet may fail to protect in this assay
(Hartman et al., 2010; Stawski et al., 2010) because its mechanism
differs from L-leucine or because the mouse-adapted ketogenic diet
was not optimized to detect the beneficial effects of amino acids.

To further evaluate whether L-leucine-mediated protection is relat-
ed to ketogenic effects not detected by our assays, L-lysine, the other
amino acid that is only ketogenic (i.e., not also glucogenic) was tested
against kainic acid-induced seizures. L-lysine (3mg/kg) did not provide
substantial clinical protection (although it was statistically significant
for seizure duration) andwasnot further investigated (Fig. 1D& Supple-
mental Fig. 1E).

Pretreatment with the enantiomer D-leucine potently protects against
induced seizures

We considered the possibility that a contaminant present in com-
mercial sources of L-leucine (prepared from a bacterial source, Sigma
Aldrich technical data) was responsible for the observed anti-seizure
activity. The most abundant contaminant is the enantiomer D-leucine.
D-leucine is not synthesized by animals, but is ingested from dietary
sources and is present in brain tissue, including the hippocampus
seizure at the indicated 6 Hz stimulus currents for mice pretreated without or with
rts. Data points represent the percentage of mice from all cohorts that had seizures
not all points lie on the curve (N = 24–28/treatment, P = 0.02, probit analysis).
lected mice (using a random number generator) from the same cohorts in Fig. 1A
; dashed line indicates the level of β-hydroxybutyrate seen in mice fed a ketogenic
cutive 5-min interval for 2 h after injection with kainic acid (23.5 mg/kg) for 3–4
= 8–36/treatment, P b 0.001, multilevel mixed effects linear regression model).
inic acid (23.5 mg/kg) seizure test for 2 independent cohorts of mice pretreated
vel mixed effects linear regression model). (A–D) All animals tested are presented.



Fig. 2. D-leucine pretreatment protects against seizures. (A) Probability of mice having 6 Hz-induced seizures as described in Fig. 1A except treating with D-leucine (1.5% w/v). Data are
from 3 independent cohorts; all mice tested are presented. (N = 21–22/treatment, P = 0.02, probit analysis). (B) Means of maximum seizure scores for consecutive 5-min intervals
(±SEM) in the kainic acid (23.5 mg/kg) seizure test for 3–4 independent cohorts of mice pretreated with D-leucine or water (vehicle) for 3 h and then observed for 2 h following kainic
acid administration (N = 8–15/treatment, P b 0.001, multilevel mixed effects linear regression model). (A–B) All animals tested are presented.
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(rats and mice), pineal gland (rats), cerebrum (mice), and other brain
regions at lower concentrations (Hamase et al., 1997, 2001). We found
that two weeks of D-leucine in drinking water (1.5% w/v) protected
in the 6 Hz test (Fig. 2A, Supplemental Fig. 2A). Similar to L-leucine,
but unlike the ketogenic diet (Hartman et al., 2010), D-leucine
had no apparent effect on systemic ketosis as blood levels of β-
hydroxybutyrate and glucose were unchanged, and there was no differ-
ence in food or water consumption, or on body weights (Supplemental
Figs. 1B and 2B). Thus, it appears unlikely that seizure protection by
L- and D-leucine is mediated via effects on systemic metabolic
changes.

The high dose (300mg/kg) of D-leucine potently suppressed seizure
activity induced by kainic acid, similar to the 3 mg/kg dose (Fig. 2B,
Supplemental Fig. 2C & D). D-leucine appears to be a more potent anti-
convulsant than L-leucine because the vehicle-treated mice had seizure
intensities were somewhatmore intense than in experiments testing
L-leucine (compare H2O controls in Figs. 1C & 2B, Supplemental
Figs. 1D & 2D). D-leucine may also reduce seizure activity some-
what earlier than L-leucine. Cross contamination of either D-leucine
or L-leucine with their enantiomers cannot explain the observed
protection by either enantiomer, as the level of contamination in
the 3 mg/kg dose is less than the ineffective 0.3 mg/kg dose (see
Methods). However, these data do not exclude the possibility that
L- and/or D-leucine is racemized following injection, although the
Fig. 3. D-leucine treatment post seizure onset protects against seizures induced by kainic ac
(300 mg/kg) 15 min after the onset of kainic acid-induced seizures (23.5 mg/kg i.p.) (red a
(B) Mean seizure scores (±SEM) taken at 5-min intervals for 2 cohorts of mice treated wit
P b 0.001, multilevel mixed effects linear regression model). (A–B) All animals tested are prese
short time frame to onset of effect seems inconsistent with this
hypothesis.

D-leucine terminates ongoing seizures

To more closely mimic clinical settings, D-leucine was administered
15 min after animals were injected with kainic acid (approximately 5–
10 min after the onset of seizure activity). Strikingly, both the high
(300 mg) and low (3 mg) dose of D-leucine abolished behavioral
seizure activity in all mice tested (Fig. 3, Supplemental Fig. 3). D-
leucine was also compared to diazepam, the most commonly used
medicine to stop status epilepticus in rodents (and a commonly used
medicine in the clinic) that also is a strong sedative. To provide an
even greater challenge for treatment, mice received a higher dose of
kainic acid, and treatmentwith D-leucine and/or diazepamwas delayed
until 20 min after kainic acid. All treatments led to improved seizure
scores (Fig. 4A, Supplemental Fig. 4A & B). However, none of the mice
treated with diazepam alone returned to baseline by 3 h (i.e., seizure
score = 0, and easy arousability with gentle cage movement). Further-
more, mice treated with D-leucine alone returned to baseline in
less time than the drug combination (Fig. 4B). In contrast to D-leucine,
L-leucine provided no substantial benefit against a similar seizure
stimulus although L-leucine was statistically significant (Fig. 4C,
Supplemental Fig. 4C). Thus, D-leucine stops ongoing seizures more
id (i.p.). (A) Mean seizure scores (±SEM) for 2 cohorts of mice treated with D-leucine
rrow). (N = 8/treatment, P b 0.001, multilevel mixed effects linear regression model).
h D-leucine (3 mg/kg) 15 min after seizure induction (red arrow). (N = 8/treatment,
nted.



Fig. 4. Comparison of D-leucine with diazepam treatments post seizure onset. (A) Means of maximum seizure scores in consecutive 5-min intervals (±SEM) for 4 independent cohorts
were determined using somewhat stronger seizure conditions (25 mg/kg kainic acid ip). There were no differences between treatment groups in mean seizure scores prior to treatment.
At 20min (red arrow) after kainic acid injection (25mg/kg i.p.), mice were treatedwith a single dose of D-leucine (3mg/kg), diazepam (10mg/kg), a combination of D-leucine (3mg/kg)
and diazepam (10mg/kg) or a combination of their respective vehicles (H2O and PBS), respectively (N= 8/treatment, P b 0.001 for comparisons between all treatment groups,multilevel
mixed effects linear regression model). (B) Scatterplot showing time until seizure score= 0 (P= 2.7E−05, t-test). One mouse in the D-Leu + DZP never achieved a score= 0 and was
therefore omitted from this analysis. Bars, mean score. (C) Mean seizure scores (±SEM) taken at 5-min intervals for 2 cohorts of mice treated with L-leucine (3 mg/kg) 15 min after
injectionwith (25mg/kg) kainic acid (red arrow). (N=8/treatment, P ≤ 0.001,multilevelmixed effects linear regressionmodel; seeMethods). All animals tested are presented for panels
A–C. (D) D-leucine and L-glutamate (positive control) were tested at the indicated concentrations for the ability to compete off bound 3H-kainic acid from its receptors in rat brainmem-
brane preparations. Values indicate percent inhibition of kainic acid binding (mean ± SEM) in three independent assays, each in triplicate (Ki = N10,000 nM).
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effectively than diazepam, while L-leucine was ineffective after
seizure onset.

No D-leucine receptor candidates

To investigate potential anti-seizure mechanisms, we determined
if D-leucine might compete with kainic acid binding to endogenous
receptors. However, D-leucine failed to compete off radiolabeled kainic
acid from its receptors in tissue preparations, in contrast to L-glutamate
(Fig. 4D). Therefore, protection in the kainic acid test is not likely due to
competition of D-leucine for kainic acid binding sites on glutamatergic
receptors. In pursuit of a D-leucine receptor, a panel of candidate neuro-
nal receptors was screened for potential binding to D-leucine by the
National Institute of Mental Health Psychoactive Drug Screening Pro-
gram (NIMH-PDSP) (Besnard et al., 2012). In these assays, D-leucine
was tested for the ability to compete with radiolabeled ligands specific
for a panel of 48 common neuronal receptors and transporters, includ-
ing G protein-coupled receptors, ion channels, and transporters as
described (Besnard et al., 2012). As expected, D-leucine failed to com-
pete for binding to kainic acid receptors, but also did not reduce
the binding of other radioligands to the remaining 47 receptors tested
(glutamatergic receptors, GABAA, serotonergic, adrenergic, dopaminer-
gic, histaminergic, muscarinic, Sigma 1/2, and opiate receptors) and
transporters (serotonin, dopamine, and norepinephrine) (Supplemen-
tal Fig. 5). These results indicate that D-leucine does not competitively
bind the same sites or allosterically reduce affinity of ligands for their
cognate receptors. On a positive note, D-leucine also appears to lack
non-specific interactions with this panel of central nervous system
receptors, ruling out off-site binding targets commonly observed with
other small molecules.

A candidate D-leucine receptor was not identified in this screen.
However, because only one binding site was tested for each receptor
or transporter (e.g., the MK-801 site on the NMDA receptor), it is
formally possible that D-leucine binds to other sites on one or more
of these proteins. The lack of detectable effects on substrate binding,
combined with the effective dosing range in animal seizure tests,
suggests a safety margin that may be of clinical utility.

D-Leucine attenuates long-termpotentiation but not basal synaptic activity

LTP represents the enduring enhancement of signal transmission
between two neurons that results from their synchronous stimulation
and thus, represents a form of synaptic plasticity. LTP measurement is
one of the most common methods used to measure synaptic function,
which (chronically) underlies not only epileptic seizures but also rou-
tine tasks, such as memory formation. We therefore tested D-leucine
in an LTP paradigm (theta burst stimulation, TBS) to mimic the physio-
logical firing of hippocampal neurons (Vertes and Kocsis, 1997). Field
excitatory postsynaptic potentials (fEPSP) slopes were significantly
attenuated after 2 mM D-leucine application during the early protein
synthesis-independent maintenance phase, whereas 2 mM L-leucine
had no effect (LTP induction was not affected by application of D- or
L-leucine compared to controls) (Fig. 5A). Notably, the effect of D-
leucine is milder than that reported for diazepam, which completely
blocks LTP (del Cerro et al., 1992). Furthermore, neither amino acid
had a significant effect on basal synaptic function based input/output
relations before amino acid addition compared with after LTP plateau
in the presence of amino acids (Fig. 5B).

To assess any possible presynaptic contribution to synaptic trans-
mission, paired-pulse facilitation (PPF), a form of short-term plasticity,
was also examined. There was a similar degree of PPF after treatment
with either vehicle or the leucine isomers at all inter-stimulus inter-
vals tested (Fig. 5C). These results verify the viability of the slice
preparations.

To characterize the effects of D-leucine on neuronal hyperexcitabili-
ty (i.e., one measure of the propensity to develop seizures), we elicited



Fig. 5.D-leucine inhibits long-term potentiation in hippocampal area CA1. (A) Field EPSP slope as a function of time before and after theta burst stimulation (TBS). Over the 3 h following
TBS, there is significant reduction of the percent change in fEPSP slope over time (i.e., a lower post-TBS fEPSP slope) with 2 mMD-leucine [(main effect of treatment F(1,15) = 26.83, P=
0.0001)] but not 2 mM L-leucine treatment compared to control (main effect of treatment F(1,13) = 1.584, P= 0.23); 2 mM D-leucine compared to 2 mM L-leucine also was significant
(main effect of treatment, F(1,13)= 8.431, P=0.01). Pooled data fromN slices (number of animals indicated in parentheses). Arrow, application of amino acids for duration of experiment
(black bar). (B) Input/output curves shownoeffect on fEPSP slope as a function of stimulation voltage before and afterD-leucine and L-leucine compared to untreated controls (main effect
of treatment, F = (4,44) = 0.2898, P = 0.83). (C) Paired-pulse facilitation (PPF) protocol showing no effect of amino acids on fEPSP amplitude (percent first stimulus) as a function of
interstimulus interval (main effect of treatment, F = (4,44) = 1.387, P = 0.26).
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epileptiform discharges using elevated extracellular potassium ([K+]o)
(Traynelis andDingledine, 1988). Therewas nodifference in burstfiring
ratewith anyD-leucine concentration compared to pre-leucine baseline
or wash, indicating a lack of obvious effects on induced epileptiform
activity (Supplemental Fig. 6).

Discussion

We found that very low concentrations of D-leucine potently termi-
nates ongoing seizures or raises seizure threshold inmice. Thisfinding is
surprising because a function for endogenous D-leucine in epilepsy or
any other process in eukaryotic biology is not known. D-leucine is not
incorporated into mammalian proteins (Payne et al., 2012) and does
not stimulate mTOR activity appreciably (Fox et al., 1998).

The distinction between L- and D-enantiomers may be important
clinically as branched chain L-amino acids are under investigation for
therapeutic use in patients with low levels due to branched-chain
ketoacid dehydrogenase kinase deficiency (OMIM 614923) (Novarino
et al., 2012). Except for this rare disorder, treatment of idiopathic epilep-
sywith high doses of L-leucine has potential safety issues because of the
neurotoxicity reported in patients with mutations leading to elevated
branched chain amino acids including L-leucine (maple syrup urine
disease) (Mackenzie andWoolf, 1959; Menkes et al., 1954). The poten-
tial clinical utility of L-leucine for epilepsy is further challenged by the
finding that acute L-leucine exposure induces hypoglycemia via insulin
secretion in mice (Freinkel et al., 1976; Reaven and Greenberg, 1965).

Although a leucine racemase has not been identified in mammals,
we cannot rule out the possibility that there may be a low level of
conversion of D- to L-leucine via oxidative deamination (D-amino acid
oxidase), followed by transaminase-mediated reamination (D'Aniello
et al., 1993; Ercal et al., 1996). However, this is not supported by our
finding that D-leucine was more effective at the highest dose tested
(300 mg/kg) than L-leucine in the kainic acid test. We also cannot rule
out the possibility that a product of D-leucine degradation accounts
for its effects, although our hippocampal slice data (Fig. 5) suggest
that renal and hepatic-derived metabolites are not the underlying
mechanisms.

Comparison to other treatments

Kainic acid is a widely-used model of focal-onset seizures, the most
common cause of epilepsy in adults (Hauser et al., 1993). The pretreat-
ment of mice with clinically approved drugs diazepam, valproate,
ethosuximide, and topiramate decreases the severity of seizures after
an intravenous infusion of kainic acid, although results for phenobarbi-
tal are mixed (Cramer et al., 1994; Kaminski et al., 2004; Steppuhn and
Turski, 1993). In contrast, phenytoin, carbamazepine, and lamotrigine
are inactive in this test, with mixed results for the ketogenic diet
(Cramer et al., 1994; Hartman et al., 2010; Noh et al., 2003; Samala
et al., 2008). However, diazepam administered after onset of seizures
(given after 5 min of repetitive seizure activity) stops the progression
of i.p. kainic acid-induced status epilepticus (Fritsch et al., 2010), similar
to our findings. Thus, D-leucine appears to compare favorably to com-
mon clinical antiseizure treatments over the duration of the observation
period in the kainic acid test.

Potential mechanisms of action

We found that D-leucine inhibits LTP in the hippocampal CA1 region,
with the deviation of fEPSP slopes occurring roughly 30–60 min after
stimulation, earlier than reported changes in protein synthesis
(Malenka and Bear, 2004). Others reported that induction of LTP is
completely blocked in the dentate gyrus in hippocampal slices from
rats that had received intrahippocampal L-leucine injections 24 h
prior, intended to mimic the high intracerebral levels in patients with
maple syrup urine disease (Glaser et al., 2010). In contrast, we found
that D-leucine only reduced (but did not block) LTP, and D-leucine did
not affect high-K+bursting frequency, in contrast to GABAergic alloste-
ric potentiators (pentobarbital, benzodiazepines) (Clifford et al., 1982;
Korn et al., 1987). The sodium channel blocker phenytoin also does
not affect bursting but is ineffective in the 6 Hz test, differentiating it
from D-leucine (Barton et al., 2001). These data suggest that D-leucine
has a different mechanism of action from other agents that reduce
bursting.

Some effective anti-seizuremedications (e.g., diazepam) completely
inhibit LTP (del Cerro et al., 1992), restricting interpretations of poten-
tial physiological mechanisms for seizure prevention (West et al.,
2014). One general concern is that a medicine that inhibits LTP may
also have an adverse effect on learning and memory. However, discor-
dant effects between LTP and behavior have been noted for another
antiseizure medicine, felbamate (Pugliese and Corradetti, 1996),
which lowers LTP but does not lead to deficits in learning in rodents
(Smith et al., 1994). Thus, the relationship between the LTP effect of
D-leucine and learning require further study.

The only other reports showing an in vivo effect of D-leucine suggest
an opioid-related mechanism based on evidence that D-leucine inhibits
transport of enkephalins across the blood-brain barrier (Banks and
Kastin, 1991), and that naloxone substantially reverses these analgesic
effects (Ninomiya et al., 1990). However, the role of specific opioid
receptors in epilepsy is unclear (Yajima et al., 2000). D-leucine is unlike-
ly to block seizures by thismechanismbecause the lowest effective dose
of D-leucine in our seizure tests is orders of magnitude lower than
required for analgesia (Cheng and Pomeranz, 1980). Furthermore, our
binding assays failed to detect binding of D-leucine to mu, delta, or
kappa opioid receptors. However, becauseD-leucine is not incorporated
through biosynthetic processes into proteins in eukaryotes, we antici-
pate that D-leucine has a specific receptor. Although not tested here,
D-amino acids (including D-leucine) have been reported to bind
Tas1R2/R3 G-protein-coupled receptors but a role for these receptors
in epilepsy has not been reported (Bassoli et al., 2014; Yarmolinsky
et al., 2009).

Based on seizure protection in both chemically-induced and electro-
shock tests, the data presented here suggest that D-leucine may be a
novel treatment for seizures. Surprisingly, D-leucine was effective
after the onset of seizures, whereas L-leucine was not. In addition, D-
leucine was more potent as an antiseizure drug than in prior studies
as an analgesic agent. These findings may open a new area of investiga-
tion for the therapeutic use of D-amino acids in neurological disorders.
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