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The cephalosporin antibiotic ceftriaxone was evaluated as a potential therapeutic agent for the
treatment of amyotrophic lateral sclerosis (ALS). The pharmacokinetics (PK) of ceftriaxone in
plasma and cerebrospinal fluid (CSF) were investigated in 66 participants in a previously reported
clinical trial. Their mean age was 51 years, and 65 % were male. Participants were randomly
assigned to one of three treatment groups receiving intravenous infusions (mean duration: 25
minutes) every 12 hours of either: placebo and placebo; 2 grams ceftriaxone and placebo; or 2
grams ceftriaxone twice. Mean steady-state plasma PK variables were: volume of distribution, 14
liters (0.17 liters/kg); elimination half-life, 8 - 9 hours; total clearance, 17-21 mL/min (0.22 - 0.25
mL/min/kg). Values were not different between dosage groups. CSF PK analysis, determined
through sparse CSF sampling, indicated apparent entry and elimination half-life values of 1.0 and
34 hours, respectively. With both dosage regimens, CSF concentrations were maintained above
the target threshold of 1.0 uM (0.55 pg/mL) as determined from in vitro models. The plasma and
CSF PK profile of ceftriaxone were used as a basis for planning the Phase 3 clinical trial of
ceftriaxone in ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neurological disease that causes muscle weakness,
disability, and eventually death by progressive loss of spinal and cortical motor neurons.
ALS prevalence is approximately 5.2 people per 100,000 in western countries. The median
age of onset for sporadic ALS is 64 years, and the average survival is 3-5 years 1. The
incidence of ALS is __ greater in men than in women (M:F = 1.5 : 1). The cause of ALS is
not fully known, but glutamate excitotoxicity may be a factor in disease progression?: 3.

Screening studies have indicated that beta-lactam antibiotics are active in the majority of
ALS-related assays particularly those related to glutamate toxicity*6. Ceftriaxone, an FDA-
approved beta-lactam antibiotic, is neuroprotective in many in vitro and in vivo models by
reducing glutamate excitoxicity”°. Preclinical studies highlight ceftriaxone as a potential
anti-excitoxicity therapy for patients with ALS* 6. 7. 9-11 Ceftriaxone has a relatively long
half-life (6 -9 hours in blood'2-16 and 17 hours in CSF17:18), excellent penetration into
extracellular fluid17-28 and extensive serum protein binding which is reported to be
saturable 2%-31, The actual CNS/CSF concentration necessary to be neuroprotective in
human brain or to induce human excitatory amino acid transporter 2 (EAATZ2) in vivo is not
clearly established, and it is not known how CSF concentrations reflect concentrations in
brain tissue. In any case, in vitro models suggest that ceftriaxone concentrations of at least 1
micromolar are effective in increasing expression of glutamate transporter 1, and in
preventing toxicity caused by threo-hydroxyaspartate®-8.

As there is a large body of research supporting a possible neuroprotective role for
ceftriaxone, understanding of the pharmacokinetics of ceftriaxone in patients with ALS is of
importance in designing clinical dosage regimens. A recently completed randomized
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controlled trial evaluated the clinical efficacy and pharmacokinetics of ceftriaxone in
patients with ALS3. A summary of the PK data has been previously reported. In this paper,
we report a more detailed analysis of the pharmacokinetic profile of ceftriaxone in these
patients.

Clinical Study Design

At screening, eligible participants had a diagnosis of probable or definite ALS by EIl Escorial
Criteria28, a vital capacity (VC) =60% of the predicted normal value for height, age and
gender, symptom duration of less than 3 years, and were either not on riluzole or were on a
stable dose of riluzole for = 30 days. Exclusion criteria included use of mechanical
ventilation, known sensitivity to beta-lactam antibiotics, pregnancy, exposure to
investigational agents within 30 days of screening, active gastrointestinal or biliary disease
within 30 days of screening, history of antibiotic-induced colitis, or clinically significant
abnormal safety laboratory values. Other screening procedures are described previously3.

The study (IND #68892) was approved by the Massachusetts General Hospital (MGH)
Coordination Center Institutional Review Board (IRB) and by all participating center IRBs,
including Harvard Partners, State University of New York Upstate Medical University,
Washington University in St. Louis, Wake Forest University, California Pacific Medical
Center, Methodist Neurological Institute, Carolinas Medical Center, Indiana University,
Emory University, and University of Chicago. The study was listed on clinicaltrials.gov
(NCT00349622).

66 subjects at ten clinical sites were enrolled and randomized equally into three study groups
receiving intravenous infusions (mean duration: 25 minutes) every 12 hours (Table 1). A
single-lumen tunneled central venous (CV) catheter was placed by trained personnel prior to
randomization, for purposes of medication administration. The three treatment groups were:

1. Placebo in the morning and evening (Twice daily);

2. Two grams of ceftriaxone in the morning, and placebo in the evening (Total dose of
2 grams daily);

3. Two grams of ceftriaxone in the morning and evening (Total dose of 4 grams
daily).

Placebo was pediatric multivitamin matching the study drug in appearance, taste, and odor.
The study medication (ceftriaxone) was supplied by Baxter Healthcare Corporation. To
assure that the steady state condition had been reached, the study day was always scheduled
after at least 7 consecutive days of daily ceftriaxone or placebo dosage, Blood samples were
obtained from a peripheral sampling site before the dose and at the following times after the
start of the infusion: 0.5, 1, 2, 3, 4, 6, 8, 10 and 12 hours. Blood samples were collected in
heparinized glass tubes and centrifuged immediately. Plasma specimens were transferred to
glass scintillation vials, which were stored at -20°C until assayed.
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The study day also included sampling of CSF by lumbar puncture. All subjects had a sample
drawn prior to ceftriaxone dosing. A second CSF sample was drawn for each subject at a
single post-dosage time of either 2, 4, 6, 8 or 10 hours after morning dosing. The specific
time was based on random assignment. CSF specimens were frozen at -20 °C for analysis.

Analytic Method for Ceftriaxone in Plasma and CSF

Reagents and Chemicals—Ceftriaxone sodium salt and cefazolin sodium salt (the
internal standard) were supplied by Sigma (St. Louis, MO. USA). Ammonium acetate,
phosphoric acid, chloroform and triethanolamine were HPLC grade, obtained from Fisher
Scientific Co., Waltham, MA USA. Acetonitrile and methanol (HPLC grade) also came
from Fisher. All solvents and reagents were of analytical grade unless indicated otherwise.
The solutions were prepared with deionized water (Milli-Q-quality).

Chromatographic Conditions—The system consisted of an Agilent 1100 HPLC
equipped with a quaternary pump, a preparative auto-sampler, a micro vacuum degasser, and
a variable wavelength detector. The system control and data processing were performed on
Chemstation 32 software (Agilent, USA). The chromatographic separation was achieved on
a reverse phase Waters® uBondapak™ C18 (3.9 x 300mm, 10um 125A) column protected
by a Phenomenex® guard cartridge.

The mobile phase consisted of water, methanol and triethylamine in proportions of
750:250:4 (V:V:V), the pH of which was adjusted to 3 by phosphoric acid. The UV detector
was set at 270 nm, and the flow rate was 1 mL/min.

The total elution time is 20 min, with retention times of ceftriaxone at 8.3 min and cefazolin
at 14.6 min.

Sample preparation—100 uL of plasma or CSF in a 2.0 mL conical centrifuge tube and
100 uL of 0.1 M ammonium acetate buffer (pH 5) containing cefazolin were combimed with
500 uL of acetonitrile, mixed in a vortex mixer for 1 minute, and centrifuged for 6 min at
14x1000 min'! (Eppendorf Centrifuge 5415C). The clear supernatant was transferred to
another conical centrifuge tube with an additional of 500 uL of chloroform, mixed in a
vortex mixer for 1 min, and centrifuged for 6 min. 15 uL of the upper aqueous phase was
injected onto the HPLC system32,

Preparation of Standards—The stock solution of ceftriaxone (0.5 mg/ml) was prepared
in 50 mM phosphate buffer with pH=7.4 and then serially diluted to obtain working
solutions. The stock solution of cefazolin (100 ng/mL) as internal standard was in 20 mM
ammonium acetate. The criteria for the calibration standards for both matrices were at least
6 to 8 calibration points within 10% relative error (within 20% at LLQ). The above stock
solutions and working solution were all stored at 4 °C.

Linearity and Limit of Quantification (LOQ)—L.inearity of the calibration curve for
plasma was proven from 5 to 400 pg/mL with regression coefficients of 0.9996. The range
of linearity of calibration for CSF was 0.25 to 20 pg/mL with regression coefficients of
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0.9998. The limit of quantification (LOQ) of the HPLC system was 5 ug/mL for plasma and
0.25 pg/mL for CSF.

Intra- and Inter-day Variability—Intra- and Inter-day accuracy and precision of the
method were 93.3-100.1% and 1.2%-9.3% for plasma, and 95.4% - 100.9% and 0.2% -2.7%
for CSF respectively (Table 1).

Quality control samples at two concentrations (5 and 50 pg/mL) were analyzed each day.
The criteria for accuracy of the quality control samples was relative error <+15% for at least
2 samples at each of the 2 concentrations.

Data analysis

The pharmacokinetic profile of ceftriaxone in plasma was found to be consistent with a two-
compartment model, and the following core equation33:

C=A x exp(—at)+B * exp(—/5t)

This equation was appropriately modified based on the assumption that all patients were in
the steady-state condition. A zero order ceftriaxone infusion of duration INFT was assumed.
During the infusion (0 < t < INFT), the concentration-time relationship is described by the
following equation:

C=U; — Uyexp(
—aet)
— (U1/Us)exp(
—af(t
+TAU)+(U; /Us)exp(
—aft
+TAU — INFT))+Us; — Usexp(
—fGe t)
— (U2/Uy)exp(
— Bt
+TAU))
+(Us/Uy)exp(—B(t+TAU — INFT))

After termination of the infusion (INFT <t < TAU), the applicable equation is:
C=(U;/U3)exp(—a(t—INFT))—(U; /Us)exp(—aet)+(Us/Uy)exp(—B(t—INFT))—(Us /Uy )exp(—Fet)

INFT is the infusion of time as described above, TAU is the interval between doses, and a
and B are hybrid exponents having units of reciprocal time. The parameters U1 through U4
are defined as following:
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_ Dose . Ko —a
INFT*V; a(a—f)

Uy

Dose Ko —

V= RFT+ v, * 55 —a)

Us=1 — exp(—a x TAU)

Uy=1 — exp(—p * TAU)

V1 is the central compartment volume, and K»4is the rate constant for drug transfer from
peripheral to central compartment.

The equations, during and after infusion, were simultaneously fitted to data points by
nonlinear regression, using Statistical Analysis System (SAS) PROC NLIN. Residual errors
were weighted by the reciprocal of the observed concentration. Iterated variables were V1,
Ko, a, and B.

Parameters from the fitted function were used to determine the central compartment volume
(V1), the total volume of distribution by the area method (Vq) calculated as (a-V1)/K»1, the
apparent half-life values of distribution and elimination (ty/5, t1/2p) and total clearance
calculated as V4.p.

Because only one CSF sample was available per patient, all CSF values were analyzed in
aggregate. CSF ceftriaxone concentrations were analyzed by nonlinear regression, assuming
first-order entry into and removal from CSF. All data points at each dosage level were
assumed to be independent, and analyzed simultaneously. The following equation was fitted
to the data points:

exp(—Kout * t) B exp(—Kj, * t)
1 — exp(Kout * TAU) 1 — exp(Kj, * TAU)

C=B

Iterated variables were: B, a coefficient having units of concentration; Kqt, the apparent rate
constant for ceftriaxone efflux from CSF; and Kjy,, the apparent rate constant for entry into
CSF. TAU was the interval between doses as described above.

For each subject, the CSF/plasma ratio was calculated as the CSF concentration divided by
the plasma concentration determined at the same sampling time.
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Statistical Analysis

Results

Statistics methods included Student's t-test and linear regression.

The analytical method was validated based on FDA industry guidelines for bioanalytical
method validation for selectivity, linearity within the expected concentration range,
recovery, precision, sensitivity, and stability. Relative standard deviations for between-day
and within-day assays were lower than 9.3% for plasma and 2.7% for CSF (Table 1). The
precision of quality control samples, done along with each analytical run, were 7.6% and
5.3% at concentrations of 5 pg/mL and 50 pug/mL respectively. Studies of drug stability
during sample storage, sample preparation, and chromatography showed no degradation of
ceftriaxone and the internal standard cefazolin.

A total of 66 patients participated in the study. Their overall mean age was 51 years, and
65% were male. The mean time elapsed since symptom onset was 1.5 years, with an average
of 10 months since diagnosis, and an average of 18 months between symptom onset to
screening for this study. None of the demographic characteristics differed among in the three
groups.

A total of 22 patients were randomized to receive the ceftriaxone dosage of 2 grams every
24 hours, and 20 received 2 grams every 12 hours. Figure 1 shows plasma ceftriaxone
concentrations and pharmacokinetic functions determined by nonlinear regression analysis
for representative patients in each group. Individual and mean pharmacokinetic variables are
shown in Table 2. V4 averaged approximately 14 liters, elimination half-life 8 to 9 hours,
and total clearance 17 to 21 mL/min. Body weight accounted for an insignificant fraction of
the overall variance in V4 and clearance (Figure 2). Observed maximum plasma ceftriaxone
concentrations were closely correlated with maximum concentrations predicted by the
model (Figure 3).

Ceftriaxone slowly entered and slowly effluxed from CSF (Figure 4). The entry rate
constant (Kj,) from nonlinear regression analysis was 0.693/hr, corresponding to an apparent
entry half-life of 1.0 hours. The efflux rate constant (Kq,t) was 0.0203/hr, corresponding to a
half-life of 34 hours. Observed and model-predicted CSF ceftriaxone concentrations were
closely correlated (Figure 3). CSF entry of ceftriaxone was incomplete, with an overall CSF/
plasma ratio of 0.043.

Adverse events associated with the study have been described previously 3. There were no
instances of toxicity related to the central nervous system with either dosage regimen, and
no evidence of prolonged or excessive accumulation of ceftriaxone in CSF.

Discussion

The present study evaluated the steady-state pharmacokinetics of ceftriaxone in plasma and
CSF in the context of an early clinical evaluation of ceftriaxone as a possible pharmacologic
treatment of ALS. Candidate participants were randomly assigned to receive 2 grams of
ceftriaxone intravenously every 12 hours (4 grams per day), 2 grams for the morning dose
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and placebo in the evening (2 grams per day), or placebo for both doses. Plasma sampling
for the pharmacokinetic study was sufficiently frequent in every patient to allow a full
pharmacokinetic profile for each individual. However CSF sampling was necessarily
limited, and CSF pharmacokinetic analysis was accordingly based on the aggregated data.

The analysis of the pharmacokinetics of ceftriaxone in plasma assumed a two compartment
model, with a further assumption that all patients were at steady-state at the time of the
study. Pharmacokinetic parameters for ceftriaxone were consistent with previously
published datal2-17. Elimination half-life averaged in the range of 8 to 9 hours. Mean total
volume of distribution was 14 liters (0.17 liters per kilogram), and total clearance averaged
17 to 21 mL/min (0.22 to 0.26 mL per minute per kilogram). Body weight explained only a
small fraction of the variance in volume of distribution and clearance. Pharmacokinetic
parameters did not differ significantly between the 2 grams/day and 4 grams/day dosage
groups.

Consistent with previous reports1’-28 the rate of entry of ceftriaxone into CSF was slow. The
efflux rate also was slow, having an apparent half-life considerably longer than that in
plasma. The profile yielded a “sustained” CSF concentration pattern over a 24 hour period
for both dosing schedules. In both cases CSF concentrations on average remained in excess
of the 1.0 micromolar (0.55 micrograms per mL) threshold reported to be the minimum
effective concentration for favorable pharmacologic effects in the in vitro ALS models6-11.
The CSF profile also allows, in principle, drug “holidays”, such that CSF concentrations
remain in excess of 1.0 micromolar even if doses are missed3. It is also important to note
that CSF entry of ceftriaxone was incomplete as well as slow. The overall CSF/plasma
concentration ratio was approximately 0.04. Overall, 54 % of variability in CSF
concentration was explained by plasma concentration. It is likely that the incomplete CSF
uptake of ceftriaxone is explained by plasma protein binding, with free fraction previously
reported to be in the range of 4 % of the total plasma concentration?%-31, Since CSF
ordinarily contains low concentration of protein, protein-binding of ceftriaxone in CSF is
likely to be negligible.

The present study provided a pharmacokinetic basis for the planning of ceftriaxone dosage
schedules for application to the ALS Phase 3 clinical trials. The findings might also be
applied to planning of studies evaluating ceftriaxone for other neurological disorders.
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Representative plasma concentration data for patients receiving 2 grams every 12 hours
(above) and 2 grams every 24 hours (below). The pictures show the actual plasma
concentrations, along with the pharmacokinetic functions determined by nonlinear
regression. Within the boxes are the calculated pharmacokinetic variables.
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Relation of ceftriaxone plasma volume of clearance (A) and distribution (B) to body weight.
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Figure 3.

A: The relation between maximum plasma concentrations for each individual patient as
predicted by the model (x-axis) versus the actual measured plasma concentration at 0.5
hours, which in most cases was shortly after termination of the infusion. Notice that in
essentially all cases the model correctly predicts the maximum. In a few cases, the model
over predicts the maximum. B: Predicted and observed CSF concentrations.
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Figure 4.
Mean(+SE) CSF concentrations at corresponding times and the predicted “typical”

concentration curves for the 2 gm/day and 4 gm/day dosage groups based on nonlinear
regression. Also shown is the boundary of 1.0 micromolar, equivalent to 0.55pg/mL,
repeated to be the effective target concentration based on in vitro studies.
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