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Drugs and their metabolites often produce undesirable effects. These may be due to a number of mechanisms,
including biotransformation by P450 enzymes which are not exclusively expressed by hepatocytes but also
by endothelial cells in brain from epileptics. The possibility thus exists that the potency of systemically ad-
ministered central nervous system therapeutics can be modulated by a metabolic blood–brain barrier (BBB).
Surgical brain specimens and blood samples (ex vivo) were obtained from drug-resistant epileptic subjects
receiving the antiepileptic drug carbamazepine prior to temporal lobectomies. An in vitro blood–brain barrier
model was then established using primary cell culture derived from the same brain specimens. The pattern of
carbamazepine (CBZ) metabolism was evaluated in vitro and ex vivo using high performance liquid chroma-
tography–mass spectroscopy. Accelerated mass spectroscopy was used to identify 14C metabolites deriving
from the parent 14C-carbamazepine.
Under our experimental conditions carbamazepine levels could not be detected in drug resistant epileptic
brain ex situ; low levels of carbamazepine were detected in the brain side of the in vitro BBB established
with endothelial cells derived from the same patients. Four carbamazepine-derived fractions were detected
in brain samples in vitro and ex vivo. HPLC-accelerated mass spectroscopy confirmed that these signals
derived from 14C-carbamazepine administered as parental drug. Carbamazepine 10, 11 epoxide (CBZ-EPO)
and 10, 11-dihydro-10, 11-dihydrooxy-carbamazepine (DiOH-CBZ) were also detected in the fractions ana-
lyzed. 14C-enriched fractions were subsequently analyzed by mass spectrometry to reveal micromolar con-
centrations of quinolinic acid (QA). Remarkably, the disappearance of carbamazepine-epoxide (at a rate of
5% per hour) was comparable to the rate of quinolinic acid production (3% per hour). This suggested that qui-
nolinic acid may be a result of carbamazepine metabolism. Quinolinic acid was not detected in the brain of
patients who received antiepileptic drugs other than carbamazepine prior to surgery or in brain endothelial
cultures obtained from a control patient.
Our data suggest that a drug resistant BBB not only impedes drug access to the brain but may also allow the
formation of neurotoxic metabolites.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Drug resistance in epilepsy represents an unsolved clinical problem.
While a number of new anti-epileptic drugs (AED) have become avail-
able in the past years, seizures continue to be poorly controlled by
tion, NB-20 LRI 9500, Euclid
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these AEDs in approximately 25–30% of patients (Kwan et al., 2011).
It is not clear whether AEDs fail to exert their effect due to pharmaco-
kinetic or pharmacodynamic mechanisms, or a combination of the two.
It has been suggested that multiple drug resistance may be a pathology
distinct from epilepsy, one that requires a specific treatment (Granata
et al., 2009). Recent evidence suggested the presence of P450 enzymes
in the drug resistant epileptic (DRE) human brain (Ghosh et al., 2010,
2011a, 2011b). Specifically, enzymes responsible for the metabolism
of AEDs (e.g., CYP3A4 metabolizing carbamazepine, CBZ) are over-
expressed by drug resistant blood–brain barrier endothelial cells

https://core.ac.uk/display/357287225?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.nbd.2012.03.010
mailto:marchin@ccf.org
mailto:janigrd@ccf.org
http://dx.doi.org/10.1016/j.nbd.2012.03.010
http://www.sciencedirect.com/science/journal/09699961


693C. Ghosh et al. / Neurobiology of Disease 46 (2012) 692–700
(DRE BBB) and by neurons. Interestingly, while other drug resistant
molecules such as MDR1 are almost ubiquitously expressed in central
nervous system (CNS) cells from epileptic resections, we failed to
observe any glial expression of CYP3A4 (Ghosh et al., 2011a).

It still remains unclear whether brain-specific enzymatic machin-
ery is responsible for the metabolism of AEDs and insufficient drug
levels in the resistant brain. However, it is often assumed that most
of the metabolic burden of drug metabolism is hepatic but increasing
evidence points to the CNS as a drug metabolizing organ (Ghosh et al.,
2010, 2011a, 2011b). The concomitant CNS expression of MDR1
and P450 enzymes in the drug resistant epileptic brain suggests
that the bioavailability of AEDs is dictated by mechanisms similar
to those used by the liver as the principal drug-metabolizing organ
(Ghosh et al., 2010). The presence of a BBB machinery to manage
drug fate is an important finding, since a local metabolic process
may allow the formation and uncontrolled accumulation in the
brain of molecules with unexpected functions or even toxicity.
These may further confound brain pharmacology under pathological
conditions associated with multiple drug resistance (Dombrowski
et al., 2001; Loscher and Potschka, 2005; Marchi et al., 2010a).

While P450 enzymes are involved in virtually all CNS drug metab-
olisms, for this study we focused on the pattern of CBZ biotransforma-
tion. Similarly, while multiple drug resistance is a common clinical
challenge (Granata et al., 2009; Loscher and Potschka, 2005), we
focused on epilepsy due in part to the availability of tissue samples
and detailed understanding of the molecular players involved.
While details on intermediate metabolites of CBZ at the BBB are
scant, hepatic CBZ metabolism has been extensively studied (Breton
et al., 2005; Ju and Uetrecht, 1999). CBZ transformation by hepato-
cytes consists of an oxidation step by CYP3A4 and formation of
carbamazepine-10,11-epoxide (CBZ-EPO). Excretion occurs after hy-
droxylation to CBZ-10,11-trans-dihydrodiol and Phase II conjugation.
Since CYP3A4 is prominently expressed at the DRE BBB (Ghosh et al.,
2010), we wished to test the hypothesis that a local CNS metabolism
of CBZ occurs differently in drug resistant epileptic brain. This was
achieved by use of a combined ex vivo (brain and blood samples)/
in vitro (a model of the DRE BBB) experimental approach previously
validated in a comparable experimental setting (Cucullo et al., 2007;
Cucullo et al., 2008; Desai et al., 2002; Ghosh et al., 2010, 2011a;
Grant et al., 1998). To detect and trace CBZ, we took advantage of
a combination of analytical techniques; including high performance
liquid chromatography (HPLC), mass spectrometry (MS) and
Table 1
Demographic characteristics of the patients in this study.

Patient id Pathology Age
(yrs.)

Gender Classification

Patient 1 Drug resistant temporal lobe epilepsy
(DRE-1)

41 F Temporal lobe ep

Patient 2 Drug resistant temporal lobe epilepsy
(DRE-2)

28 F Temporal lobe ep

Patient 3 Drug resistant temporal lobe epilepsy
(DRE-3)

27 M Temporal lobe ep

Patient 4 Drug resistant temporal lobe epilepsy
(DRE-4)

11 M Temporal lobe ep

Patient 5 Drug resistant temporal lobe epilepsy
(DRE-5)

56 F Temporal lobe ep

Patient 6 Drug resistant temporal lobe epilepsy
(DRE-6)

35 F Temporal lobe ep

Patient 7 Cerebral aneurysm 46 F Non-ruptured cer
aneurysm

Patient 8 Drug resistant temporal lobe epilepsy
(DRE-7)

28 F Temporal lobe ep

Patient 9 Drug resistant temporal lobe epilepsy
(DRE-8)

45 F Temporal lobe ep

AED Abbreviations: CBZ, carbamazepine; TPM, topiramate; LEV, levetiracetam; LMT, lamotr
accelerated mass spectrometry (AMS) (Tompkins et al., 2006) to pro-
file the CBZ biotransformation by the BBB and in a drug resistant
brain.

Materials and methods

Recruitment of subjects

The investigation conforms to the principles outlined in the
Declaration of Helsinki. Patient consent was obtained as per the Insti-
tutional Review Board instructions. Epileptic patients were selected
according to the antiepileptic drug administered before resection.
Patients received carbamazepine or other AEDs (n=9) prior to sur-
gery as part of their anti-epileptic drug schedule (Table 1). As a con-
trol we used a patient that was surgically operated due to cerebral
aneurysm and administered AED prior to surgery. Brain and blood
samples were collected as described in Fig. 1 and as reported in our
previous studies (Ghosh et al., 2010, 2011a). Brain and blood samples
were used for determination of CBZ metabolites using HPLC paired to
accelerator mass spectroscopy (AMS) or conventional mass spectros-
copy (MS). Primary brain endothelial cells were established from
brain specimens and used for in vitro studies (Cucullo et al., 2008;
Ghosh et al., 2010; Santaguida et al., 2006).

Endothelial cells

Primary endothelial cells were isolated from secondary branches
of middle cerebral arteries of brain specimens from patients undergo-
ing temporal lobectomies to relieve medically intractable seizures
or removed from aneurysm domes. Cell culture methods are as
described in details elsewhere (Desai et al., 2002; Dombrowski
et al., 2001; Ghosh et al., 2010).

Dynamic in vitro model (DIV)

DIV modules were purchased from Spectrum (catalog. no.
400–025, Spectrum Lab, CA, USA) or Flocel Inc. (Cleveland, OH).
Each module consists of hollow polypropylene capillaries embedded
in a clear plastic chamber. The capillaries are connected with a reser-
voir for media and a pulsatile pump apparatus. We used a flow rate of
4–5 ml/min corresponding to a shear stress of 3–10 dyn/cm2.
Age of seizure
onset

Seizure frequency AED taken before surgery

ilepsy 18 months Initially 4–8/month;
with LEV 4/month

CBZ 12 h before surgery
Other AEDs: LEV

ilepsy 14 yrs. old 90/month CBZ 2 h before surgery
Other AEDs: LEV

ilepsy 20 yrs. old 0.2/month CBZ 14 h before surgery
Other AEDs: LEV

ilepsy 4 yrs. old 90/month CBZ 17 h before surgery
Other AEDs: LEV

ilepsy 46 yrs. old 0.16 clusters/month CBZ 18 h before surgery
Other AEDs: LMT

ilepsy NA NA CBZ 8 h before surgery
Other AEDs: TPM

ebral NA NA TPM before surgery

ilepsy 16 yrs. old 6/month LMT, GBP, PGB 2 h before surgery

ilepsy 40 yrs. old 2–4 every few weeks
in clusters

LMT 2 h before surgery

igine; GBP, gabapentin; PGB, pregabalin; NA, not available.



Fig. 1. Experimental approach. (A) We selected drug resistant epileptic patients receiving CBZ prior to surgery. The exact time and dosage of drug administration were noted. Brain
and blood samples were collected at time of resection. Each brain specimen was processed to give a sample for the establishment of primary brain endothelial cell culture and a
comparable sample for ex vivo HPLC-UV analysis. (B) Primary brain endothelial cells were cultured using a flow-based in vitro system (DIV) allowing for the formation of a
physiologic blood–brain barrier. CBZ and 14C-CBZ were added to the DIV-BBBs. (B–C) Levels of CBZ and its metabolites were measured ex vivo (brain and blood samples) and
in vitro (luminal and extra-luminal sides of the DIV-BBB) using a combination of microdialysis, HPLC-UV, MS and AMS analysis.
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Drugs and sample preparations

Carbamazepine (CBZ, catalog number 4024), 14C-carbamazepine
(14C CBZ, catalog number C-7737) and carbamazepine 10, 11 epoxide
(CBZ-EPO, catalog number 4206) were purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Quinolinic acid (QA, catalog number P63204)
was purchased from Sigma-Aldrich (Saint Louis, MO, USA). Brain
tissues were rinsed with PBS (0.01 M), and homogenized (10 ml/g)
in methanol/water (60/40, v/v). Homogenates were vortexed and
centrifuged at 2500 rpm for 15 min. Blood samples were centrifuged
at 2500 rpm for 10 min to isolate serum. Microdialysis was used to
collect free fractions of drug present in vitro and ex vivo samples. A
gas-tight microdialysis syringe (5 ml) was filled with perfusion
fluid (methanol/water 60/40, v/v) and DMEM (Dulbecco's Modified
Eagle Medium for serum). The syringe is connected to the microdia-
lysis probe (4 mm, catalog number MD-2204, Bioanalytical Systems,
USA) using a plastic tube and operated with a pump (flow
rate=1 μl/min, Bioanalytical Systems, Inc., IN, USA). Microdialysis
probes have a 320 μm outer diameter, 4 mm membrane length,
and a low molecular weight cut off membrane (b5000 Da).

HPLC analysis: CBZ, CBZ-EPO and QA measurement

Chromatographic conditions: Chromatographic separations (HPLC,
Agilent 1200 series) were performed using a Zorbax Eclipse Plus
C18 stainless steel column (4.6×150 mm, 3.5 μm), supplied by
Agilent Technologies Inc, USA (Ghosh et al., 2010, 2011a). The mobile
phase consisted of acetonitrile:methanol:water (18:19:63, v/v/v).
Standard solutions: CBZ and CBZ-EPO were dissolved in methanol
(1 mg/ml). Standards (0.5, 5, 10, 20, 40 and 60 μg/ml) were prepared
by further dilution of stock solution. Quinolinic acid standard 5 mM
stock was prepared in 1 N NaOH (following Sigma-Aldrich specifica-
tion guidelines) and was further diluted to prepare calibration
standards. Solutions were stored at −20 °C.

Chromatography was performed at room temperature, flow rate
of 1 ml/min and detection performed at 210 nm. Sampling and extrac-
tion procedure: Brain and serum microdialysis eluates (50 μl) were
injected in the column CBZ and CBZ-EPO and QA standard
chromatograms were matched with the profiles obtained from brain
and serum samples. Fractions were collected for mass spectrometry
analysis.

An alternative method was used for better resolution and separa-
tion of the QA-containing fraction and subsequent fractions. The
mobile phase consisted of methanol:water:acetic acid (64:35.9:0.1,
v/v/v, modified method of Husain et al., 1995). A Zorbax Eclipse
Plus C18 stainless steel column (4.6×150 mm, 3.5 μm, Agilent Tech-
nologies, USA) was used. Samples were dissolved in the mobile
phase. The analysis was performed under isocratic conditions at a
flow rate of 0.2 ml/min at room temperature. Analytes were detected
at 254 nm. Fractions were collected for mass spectrometry analysis.
Both methods were validated based on a standard calibration curve
and by determining the limit of quantification, precision and accuracy
(see Table 2).

Quantification and sensitivity: Quantifications of serum and brain
concentrations of CBZ, CBZ-EPO and QA were achieved by relating
peak-area ratios of the drug with the known concentrations on the
calibration curve. The slope and correlation coefficients (r) were
determined using the least-squares linear regression analysis meth-
od. Results from the linearity study showed 0.01–6.16% CV of stan-
dard curve based on absorbance values and a correlation of 0.998
between peak-area ratio and concentrations. The limit of quantifica-
tion (LOQ) is the lowest amount of analyte that can be measured
with the defined precision and accuracy. The limit of quantification
was calculated by 10× (SD/S) where SD represents the standard devi-
ation of the determination and S represents the slope of the calibra-
tion curve (Zhang et al., 2009). Under the experimental conditions
used, the LOQ was approximately 0.04 (CBZ) and 0.05 (CBZ-EPO)
and 0.01 μg/ml (QA). The coefficient of variation was found to be
less than 7%.

Precision and accuracy: The intra-day precision was determined
from a replicate analysis of pooled human serum/DMEM containing
CBZ, CBZ-EPO and QA at five different concentrations covering low,
medium and higher ranges of the calibration curve. Precision was
expressed as the percent coefficient of variation (% CV), and accuracy
as a percentage of the theoretical concentration (observed concentra-
tion×100/theoretical concentration). The intra-day precision ranged



Table 2
Precision of carbamazepine, carbamazepine-epoxide, quinolinic acid quantification.

Drugs/metabolites Concentration added
(μg/ml)

Intraday Correlation (r)

Measured concentration (mean±SD) CV (%)a Accuracy (%)b

Carbamazepine 1 1.043±0.060 5.752 104.30 0.999
5 4.979±0.157 3.153 99.58

10 10.201±0.186 1.823 102.01
25 25.351±0.312 1.230 101.40
50 49.761±0.305 0.612 99.52

Carbamazepine-epoxide 1 0.994±0.057 5.734 99.40 0.998
5 4.973±0.183 3.679 99.46

10 9.952±0.023 0.231 99.52
25 24.828±0.192 0.773 99.31
50 49.939±0.182 0.364 99.87

QA method-1 0.84 0.838±0.033 3.93 99.76 0.998
1.68 1.689±0.016 0.945 100.53
4.20 4.198±0.213 5.073 99.95
8.40 8.422±0.089 1.056 100.26

16.80 16.762±0.141 0.841 99.77
QA method-2 0.84 0.849±0.033 3.866 101.07 0.999

1.68 1.682±0.018 1.070 100.11
4.20 4.221±0.123 2.914 100.50
8.40 8.413±0.312 3.708 100.15

16.80 16.81±0.213 1.267 100.05

Mean values represent five different samples of each concentration.
a Accuracy=100 (observed concentration/theoretical concentration).
b CV % or relative standard deviation %=100 (standard deviation /mean).
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from 0.61 to 5.75% CV. Accuracy ranged from 99.40 to 104.30%
(Table 2).

Mass-spectroscopy analysis

Samples were fractionated according to peak retention times.
HPLC fractions were then collected and processed for MS analysis.
Fractions were speed vacuumed, dried and reconstituted in 50 μl of
40% acetonitrile, 0.1% formic acid solutions. LTQ FT Ultra mass spec-
trometer (Thermo Fisher Scientific, CA) equipped with electrospray
ionization (ESI) source was used for all ESI MS analysis. Each fraction
was introduced into mass spectrometer by infusion. All MS spectra
were acquired in the positive ion mode with the needle voltage of
4.5 kV. A full MS survey scan was recorded in the Fourier Transform
(FT) analyzer at resolution R=100,000 for the m/z range of 50–300.
The capillary temperature was set at 275 °C. Nitrogen was used as
nebulizer and dry gas. The MS tandem analysis was used to confirm
the parent drug by generating the fragment ions. For example,
under CID conditions in the FTICR cell, the major product ion of m/z
194 was observed for CBZ precursor ion withm/z of 237 (Supplemen-
tary Fig. 1A). MS and tandem MS data were further analyzed by LC-
MCD Trap 4.2 Quant Analysis Version 1.5 Software (Bruker Daltonnik
GmbH, Bremen, Germany) and molecular ions identified by Scripps
Center for Mass Spectrometry (http://metlin.scripps.edu/).

Accelerator mass spectroscopy, AMS (Tompkins et al., 2006)

This technique routinely prepares and analyzes samples contain-
ing extremely low concentrations of 14C generated in clinical trials.
Instrument background levels were consistently in the low 10−16

range (14C/12C). Chemical background was approximately equivalent
to 0.4% of natural background levels of 14C. When samples consisting
of 14C levels 100 times above natural background were repeatedly
processed, no increase in system background was observed, either
during sample processing or during AMS measurement. Samples
prepared and measured in duplicate had a correlation coefficient
R2=0.9987. In AMS, carbon is required to make any measurement;
therefore, it is not possible to have a blank sample without having
carbon present. Unlabeled CBZ (final concentration in the DIV-BBB
of 50 μg/ml and 14C-labeled CBZ (0.2 dpm/μl in DIV-BBB, specific
activity=22.6 mCi/mM)) was sufficient to provide detectable signal
of the new peaks, possibly related to CBZ metabolism. Considering
1 mCi=2.2×109 dpm, 0.2 dpm/μl in this study was equivalent to
100 pmol/μl.

Statistical analysis

We used Origin 7.0 (Origin Lab, Northampton, MA, USA) and Jump
7.0 software. For all parametric variables, differences between popu-
lations were analyzed by ANOVA. In all figures, symbols with error
bars indicate mean±SEM; *pb0.05 was considered statistically
significant.

Results

Patients received carbamazepine (CBZ) prior to surgery as part of
their antiepileptic drug (AED) regimen. Brain and blood samples were
collected during surgery as described in Fig. 1 and Table 1. These sam-
ples were used for brain and serum determination of CBZ metabolites
by HPLC paired to accelerated (AMS) or conventional mass spectros-
copy (MS). Brain endothelial cells from the same patients were used
for in vitro studies (Fig. 1 and (Ghosh et al., 2010, 2011a; Santaguida
et al., 2006). As expected (Potschka et al., 2001; Rambeck et al.,
2006), CBZ had limited brain permeability (Figs. 2A1–A2). We found
blood levels of free CBZ in the range of 1.38–1.50 μg/ml as described
by others (Rambeck et al., 2006). While we could not detect CBZ
in the brain by using ex-situ microdialysis, Rambeck et al. detected
μg/g concentration of CBZ by using an intra-operative approach. The
variability in the CBZ levels detected in the drug resistant epileptic
brain may be due to the different techniques used. However, HPLC
fractions in the 2 to 10 min interval contained known CBZ metabolic
products. These were almost entirely segregated by brain-derived
samples (fractions 1 and 4; note the statistically significant difference
in A2).

An obvious obstacle in these studies is the lack of “normal” com-
parison brain tissue. Thus, brain samples derived from drug resistant
patients have no true “controls”, the closest being their “drug respon-
dent” counterpart. However, these samples are very hard to access
since epileptics responding to drug therapy almost never undergo
brain resective surgery. Data from a patient (see Table 1) undergoing

http://metlin.scripps.edu/


Fig. 2. Brain endothelial cells metabolize CBZ. (A1–A2) HPLC quantification of serum and brain levels of CBZ. CBZ was absent in brain and detected in blood of drug resistant epileptic
subjects (n=6). Note the appearance of signals (retention time: 2–10 min) possibly related to CBZ metabolic products. The latter were predominantly segregated in brain (Pb0.05,
fractions 1 and 4). (B1) Lack of CBZ penetration was detected across the in vitro drug resistant epileptic BBB. This is in contrast to what was seen with brain endothelial cells from a
non-drug resistant patient (B2), where no barrier to CBZ passage was measured and where levels in the brain were comparable to serum. (C) Accelerated mass spectroscopy (AMS)
analysis indicated that the fractions detected in the multiple drug resistant brains, in vitro and ex vivo, derived from the parent, radiolabelled 14C-CBZ. The figure shows 14C peaks
measured in the brain side of the in vitro BBB between 2 and 10 min. Peak retention times matched in the two modalities. Note the time-dependent increase of radiolabelled CBZ
metabolites. The bottom traces show a comparison of HPLC profiles obtained from a drug resistant epileptic and a control sample. Note the absence of signal in the adopted control
brain. (* indicates pb0.05, data are presented as mean±SEM).
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resection for a cerebrovascular event showed that reduced CBZ per-
meability across the blood–brain barrier appears to be an exclusive
property of multiple drug resistant brain (Fig. 2B).

We demonstrated that in vitro human brain endothelial cells spare
their in vivo properties of multiple drug resistance if grown under
flow conditions (Desai et al., 2002; Ghosh et al., 2010, 2011a). P450
and MDR1 expression and physiological functions are thus preserved
in endothelial cell cultured under dynamic conditions (Desai et al.,
2002; Dombrowski et al., 2001; Ghosh et al., 2010). We took advan-
tage of this system to evaluate the pattern of CBZ penetration andme-
tabolism in the DRE and non-DRE in vitro BBB (Fig. 2B). Results were
compared to data obtained ex vivo (Fig. 2C). Low amounts of CBZ
were detected in the brain side of the DRE BBB model compared to
the non-DRE (Figs. 2B1–B2). Thus, brain endothelial cells derived
from drug respondent subjects do not appear to form a barrier to
CBZ passage. HPLC-AMS analysis confirmed the presence of CBZ
brain metabolites (fractions 1–4, Fig. 2C) which were not detected
in non-DRE brain, but were produced by in vitro DRE BBB endothelial
cells. Signals contained radioactive carbon and were therefore
derived from exogenous 14C-CBZ (Fig. 1C). Signals were more pro-
nounced in brain-side fractions ex vivo and in vitro. Taken together,
these results support the notion that fractions 1–4 were derived
from BBB metabolism of 14C-CBZ.

Fractions were subsequently analyzed using MS to determine the
molecular mass of constituents. In fraction 1 we found a specific m/z
of 167.96 and 168.0 in positive ion mode matching the molecular
weight of quinolinic acid (QA, Fig. 3, see also Table 2). In the same
samples, we measured the protonated form of kynurenine (a pre-
cursor of QA, m/z=209.03, Fig. 3, see also Table 3). In fraction 4
we found a molecular component with m/z correspondent to
10, 11-dihydro-10, 11-dihydrooxy-carbamazepine (DiOH-CBZ, m/z=
270.98m/z, M+H+) (Fig. 3B). The molecular nature of known CBZ
metabolites detected in brain samples was further confirmed using
HPLC-UV. For example, we positively identified CBZ-epoxide in these

image of Fig.�2


Table 3
Molecular ions of each compound.

Compounds Mass [M+

Quinolinic acid 167.02 168.0

Kynurenine 208.08 209.0

10,11-dihydro-dihydroxy carbamazepine 270.10 271.1

Fig. 3. MS analysis reveals the presence of QA and DiOH-CBZ. (A–A1) Fraction 1 was
collected by HPLC and analyzed by MS. We found m/z=167.96 and 168.0 in positive
ion mode matching the molecular weight of quinolinic acid (QA, see also Table 2). A
protonated form of kynurenine (a precursor of QA, m/z=209.03) was also detected
in this fraction (see Table 2). (B) Fraction 4 contained 10, 11-dihydro-10, 11-
dihydroxy-carbamazepine (DiOH-CBZ, m/z=270.98 m/z M+H+) and for molecular
ion identification see Table 2. Known CBZ metabolites were identified in the remaining
fractions (see Supplementary Fig. 1).
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samples (CBZ-EPO, see Supplementary Fig. 1 and Fig. 5). To confirm the
presence of quinolinic acid (QA), fraction 1 was further analyzed by two
ad hocHPLC protocols (Fig. 4). Regardless of the protocol used, we found
similar concentrations (8.09 μMand 7.56 μM) of QA in the drug resistant
brain.

To determine the time course of QA appearance in brain samples,
we compared its levels to the time interval from oral administration
of CBZ. In the same samples, we determined the levels of CBZ and
its metabolites. In the in vitro model of the BBB, radioactive fractions
containing CBZ derivatives were isolated and analyzed with identical
methods as ex vivo. A kinetic analysis of QA levels in brain showed
that QA was formed at a comparable rate at which a surrogate of
the parental drug was metabolized (CBZ-Epoxide; Fig. 5A and Supple-
mentary Fig. 2). CBZ added to culture media in vitro was transformed
in QA at a rate of 3% per hour, again comparable to what was observed
in the brain (Fig. 5A). Finally, it was necessary to determine whether
QA measured in the brain of epileptics was derived from endogenous
metabolic processes, other therapeutics or derived especially from
CBZ metabolism. The CBZ specificity of QA origin was demonstrated
in two patients who took lamotrigine, pregabalin or gabapentin but
never used CBZ (Fig. 5B). No QA was detected in the brain tissue
from these patients, suggesting that CBZ and not the epileptic condi-
tion or associated AED may be the potential source of QA.
Discussion

Our results suggest that in humanmultiple drug resistant epileptic
brain QAmay be a result of P450-mediated CBZmetabolism. Our find-
ings were obtained in a “translational” framework, since we explored
drug metabolism directly in human subjects and in an in vitro model
using the very same subjects' cells. These results also provide an in-
sight into the unknowns and complexity of “personalized neurophar-
macology”. Whether the brain itself or liver cells are responsible for
this surprising finding remains undetermined, but our data suggest
at least a partial metabolic role for CNS endothelial cells. The lack of
measurable CBZ in the CNS may be due to the concomitant action of
BBB metabolic machinery (Ghosh et al., 2010, 2011a, 2011b) along
with efflux transporters (Loscher and Potschka, 2005; Marchi et al.,
2010a; Rambeck et al., 2006).
H]+ Formula Structure

2 C7H5NO4

8 C10H5N2O3

0 C15H14N2O3

Unlabelled image
Unlabelled image
Unlabelled image
image of Fig.�3


Fig. 4. HPLC-UV determination of quinolinic acid (QA). (A–B) The presence of QA in fraction 1 was confirmed using two ad hoc HPLC-UV methods. (A1–B1) Levels of QA are signif-
icantly higher in the brain compared to serum. Brain levels detected using the two methods were identical (8.09 μM and 7.56 μM); note that the elution time of standards matched
chromatograms of brain or serum samples (2.9 and 6.8 min in A and B respectively). (A2–B2) Dose response of QA was performed using two HPLC methods (* indicates pb0.05,
data are presented as mean±SEM).
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While conclusive evidence linking QA to CBZ in human brain
would require in vivo tracer experiments, we believe that the follow-
ing considerations strongly support the presence of as yet unknown
metabolic pathways responsible for CNS CBZ metabolism. The paren-
tal (CBZ) origin of QA was supported by the following: 1) 14C-CBZ
metabolites were found in QA-containing fractions; 2) QA presence
in fraction 1 was confirmed by MS and by two independent HPLC
methods; 3) The rate of QA formation by brain EC in vitrowas compa-
rable to the rate of CBZ metabolism and QA production ex vivo,
suggesting that a common pathway may be involved; and, 4) QA
was not detected in brain of patients who took AEDs other than CBZ
or in a control. The latter, in our opinion, suggests that the influence
of CBZ on the traditional metabolic machinery for QA production is
not necessary for CBZ conversion to QA.

Others have mapped QA to the epileptic brain, and its presence
appears to be related to abnormal spiking activity typical of the
seizure-prone brain (Fedi et al., 2003). Remarkably, all patients in
this study were undergoing CBZ therapy, further supporting the
Fig. 5. Time course of QA production. (A) Note that the axes in this panel refer to both CBZ
epoxide (a known CBZ metabolite, black symbols) and appearance of QA (in red) occur at co
ex vivo; the figure depicts values obtained by MS-AMS analysis of 14C labeled CBZ and its pro
with AEDs other than CBZ.
exogenous origin of at least some of the QA present in the brain. How-
ever, CBZ enhances production of kynurenic acid (Kocki et al., 2004),
a member of the tryptophan-QA pathway. Kynurenine (Kyn) was
identified by us in fraction 1. Since the levels of quinolinic acid (sei-
zure agonist) and kynurenic acid (seizure antagonist) are both elevat-
ed in certain pathologies (Stone and Darlington, 2002) the final
outcome of their presence is dictated by their ratio. Thus, the true po-
tentiality for an endogenous convulsant derived from CBZ ultimately
rests on the availability of kynurenic acid (KA) as well as that of QA.

While the metabolic machinery involved in CBZ metabolism to
QA is unknown, others have shown that CBZ is transformed into
9-hydroxymethyl-10-carbamoyl acridan (9-acridan) (Breton et al.,
2005). In our experiments, CBZ was 14C-labeled in the carbonyl
group which is preserved in 9-acridan and in QA as carboxylic acid
(Fig. 6 and Supplementary Fig. 3). Thus, the initial steps of CBZ con-
version into QA implicate a step consisting of 9-acridan formation
carbamazepine-epoxide, CBZ-EPO followed by 10, 11-dihydro-10,
11-dihydrooxy-carbamazepine, DiOH-CBZ (Breton et al., 2005).
-EPO (black ink) and QA (red ink). Ex vivo data: time-dependent disappearance of CBZ-
mparable rates. In vitro, brain EC produces QA at a rate of 3% per hour again similar to
ducts (see also Fig. 2C). (B) No QA was detected in samples from patients administered

image of Fig.�5
image of Fig.�4


Fig. 6. Proposed scheme of carbamazepine metabolism and quinolinic acid formation in the drug resistant epileptic brain. Carbamazepine metabolism by either liver (Fertig, 2008)
or BBB EC (Ghosh et al., 2010, 2011a; Granata et al., 2009) results in the formation of known metabolites carbamazepine 10, 11, epoxide (CBZ-EPO) and 10, 11-dihydro-10, 11-
dihydrooxy-carbamazepine (DiOH-CBZ). The published rate of CBZ metabolism ex vivo and in multiple drug resistant patients is approximately 4% (Fertig, 2008). BBB endothelial
cell metabolism in vitro led to the formation of quinolinic acid (QA, Fig. 5) and perhaps of its precursor, kynurenine (Kyn). While the exact metabolic steps remain to be elucidated,
we propose the following scenarios: 1) Liver enzymes (P450) produce CBZ-EPO and possibly QA, while brain cells may metabolize CBZ to QA; 2) In our experiments we could not
estimate CBZ rate of metabolism by direct CNS determinations since no CBZ was found in the CNS (Fig. 2). We therefore used CBZ-EPO as a surrogate marker. The measured rate of
CBZ metabolism to CBZ-EPO was similar to the measured appearance of brain QA; (~3% per hour as shown in Fig. 5). The proposed link between known CBZ metabolites and QA also
implicates 9-acridan, a product of DiOH-CBZ conversion by leukocytes (Breton et al., 2005). Again, whether this process in epileptics occurs in circulating or resident white blood
cells remains unknown, but recent findings have shown limited presence of lymphocytes in the epileptic brain (Marchi et al., 2010b). Note that the radiolabelled carbon atom is
shown as a red dot in parental and daughter drugs.
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QA is an endogenous convulsive agent metabolized from trypto-
phan (Erhardt et al., 2009; Natsume et al., 2003) via the kynurenine
pathway. Inflammatory conditions stimulate the breakdown of tryp-
tophan (TRP) into L-kynurenine (Kyn), with the involvement of
indoleamine 2,3-dioxygenase (IDO) thereby reducing the availability
of TRP (Heyes et al., 1996; Raison et al., 2010). Subsequent reactions
catalyzed by kynurenine 3-hydroxylase, kynureninase, and 3-
hydroxyanthranilate-3,4-dioxygenase convert Kyn into a NMDA re-
ceptor agonist, QA, or may yield a NMDA receptor antagonist, KA
(Heyes et al., 1996; Schwarcz et al., 1987). QA causes CNS damage
by activating NMDA receptors (Stone and Perkins, 1981), partly by
producing mitochondrial dysfunction (Bordelon et al., 1997) and
partly by increasing free-radical generation (Behan et al., 1999).
Additionally, a role for P450-mediated metabolic induction of KA
and QA has been reported (DiNatale et al., 2010; Wu et al., 2011).
P450 enzymes are found to be specifically upregulated in the BBB of
multiple drug resistant epileptics (Ghosh et al., 2010). CBZ is trans-
formed into 9-acridan by leukocytes (Breton et al., 2005). Leukocytes
and macrophages also release QA (Heyes et al., 1996; Smith et al.,
2001), and increasing evidence links activated leukocytes to epilepsy
(Fabene et al., 2008; Marchi et al., 2009). Thus, while our results
support an endothelial origin for QA in patients receiving CBZ, a con-
tribution by leukocytes cannot be ruled out. In addition, whether or
not CBZ metabolic conversion to QA implicates tryptophan or L-
kynurenine is presently unknown (Fig. 6).

The concentrations measured in the human epileptic brain
(~10 μM) were in the range of neurotoxic and seizure promoting
levels (During et al., 1989). Since QA levels in the brain are topo-
graphically overlapping with abnormal epileptiform activity, we pro-
pose a scenario where multiple drug resistance not only impedes CBZ
access to the brain, but also leads to exacerbation of seizures by a
powerful metabolic process. Our findings may thus reconcile two
opposing views of pharmacoresistance, the “kinetic” and “dynamic”
hypotheses, both mediated by the “drug resistant BBB phenotype”.
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