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A decade of continuous glatiramer acetate (GA) use by relapsing remitting multiple sclerosis (RRMS)
patients was evaluated in this ongoing, prospective study, and the neurological status of
‘Withdrawn’ patients was assessed at a 10-year long-term follow-up (LTFU) visit. Modified
intention-to-treat (mITT, n�/232) patients received ]/1 GA dose since 1991; ‘Ongoing’ patients
(n�/108) continued in November 2003. Of 124 patients, 50 Withdrawn patients returned for LTFU.
Patients were evaluated every six months (EDSS). Mean GA exposure was 6.99, 10.1 and 4.26 years
for mITT, Ongoing, and Withdrawn/LTFU patients, respectively. While on GA, mITT relapse rates
declined from 1.18/year prestudy to �/1 relapse/5 years; median time to ]/1 EDSS point increase
was 8.8 years; mean EDSS change was 0.739/1.66 points; 58% had stable/improved EDSS scores;
and 24, 11 and 3% reached EDSS 4, 6 and 8, respectively. For Ongoing patients, EDSS increased
0.509/1.65; 62% were stable/improved; and 24, 8 and 1% reached EDSS 4, 6 and 8, respectively. For
Withdrawn patients at 10-year LTFU, EDSS increased 2.249/1.86; 28% were stable/improved; and
68, 50 and 10% reached EDSS 4, 6 and 8, respectively. While on GA nearly all patients (mean disease
duration 15 years) remained ambulatory. At LTFU, Withdrawn patients had greater disability than
Ongoing patients. Multiple Sclerosis 2006; 12: 309�/320. www.multiplesclerosisjournal.com
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Introduction

Currently, the best therapeutic options for relap-
sing remitting multiple sclerosis (RRMS) patients
are the disease-modifying therapies: glatiramer
acetate (GA) and the beta-interferons, subcutaneous
(SC) IFNb-1b, SC IFNb-1a, and intramuscular (IM)
IFNb-1a [1]. There is growing consensus that im-
munomodulatory therapy should begin shortly
after RRMS diagnosis, and to prevent or delay
progression of disability, continuous therapy may
be recommended for many years [1�/3]. However,

evidence of long-term clinical efficacy, safety, and
patient acceptance of immunomodulatory therapy
is scarce. Indeed, the designation ‘long-term’ to
describe clinical data for immunomodulators is
arbitrary �/ three to five years [4�/6], is a relatively
short interval considering the predicted treatment
duration and disease course noted in MS natural
history studies [2].

The ongoing US Glatiramer Acetate Trial began
in 1991 and is unique in that it is the only
organized, ongoing, open-label study of more
than 10 years duration to prospectively evaluate
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continuous immunomodulatory therapy in RRMS
patients. Prospective clinical efficacy data were
reported for continuous IFNb-1b (Betaseron†) use
at four to five years, continuous IFNb-1a SC (Re-
bif†) at four years, and continuous IFNb-1a IM
(Avonex†) at approximately two years after initia-
tion of their respective pivotal double-blind trials
[4�/6]. Further data have since been collected
in non-continuous and/or retrospective, open-label
extensions of these studies. In some cases, data
were collected retrospectively after considerable
intervals in which patients were not monitored
and during which they may have discontinued,
switched, or added other medications to the im-
munomodulatory therapy under study. Another
MS treatment, natalizumab (Tysabri†) remains
under investigation; reported efficacy data reflect
only two years of clinical experience and the full
serious side effect profile of this drug remains
uncertain [7].

This GA study began with a double-blind, pla-
cebo-controlled phase in which 251 RRMS patients
were randomized to receive GA (20 mg) or placebo
by SC injection daily [8,9]. After double-blind
treatment for a mean of 30 months, all patients
were offered active treatment as part of an ongoing,
prospective, open-label study. Reported clinical
efficacy results six and eight years after randomiza-
tion of GA therapy comparing differences in clin-
ical outcomes between patients who received GA
from study inception versus those in patients who
began treatment approximately 2.5 years later (ie,
patients originally randomized to placebo), demon-
strate the benefits of early GA therapy compared
with delayed therapy [10�/12].

This paper describes long-term experience with
GA in all patients who received it during the
double-blind and/or open-label phases of the study.
The primary aim was to determine the long-term
effects of GA in carefully monitored patients who
had received continuous GA for a mean of 10 years.
A secondary goal was to gather information on
patients who had withdrawn from the study �/ their
disease course while in the study and why they
discontinued. Those who agreed to return for the
long-term follow-up (LTFU) visit were evaluated for
their neurologic status approximately 10 years after
they had initiated GA therapy.

Methods

Patients in this study were originally enrolled in
the US Glatiramer Acetate Pivotal Trial, a double-
blind, randomized, placebo-controlled study
that began in October 1991. RRMS patients who
had experienced two or more medically docu-
mented relapses in the previous two years and had

EDSS scores between 0 and 5 at entry, were
randomized to receive SC GA (20 mg) or placebo
daily, administered by self-injection. After double-
blind treatment, all patients who had entered the
study were given the option to continue in an
open-label extension phase. Those patients origin-
ally randomized to GA continued to take the drug
and those randomized to placebo switched to GA.
Details of the double-blind and open-label phases of
the study are described elsewhere [8�/12]. The
modified intention-to-treat (mITT) population in
the study reported here differs from the original ITT
cohort in the pivotal trial [8], in that this analysis
includes only patients who have received at least
one dose of GA (19 patients initially randomized to
placebo in the pivotal study declined entry into the
open-label extension and are excluded from this
mITT cohort).

Data cut-off for this analysis occurred in Novem-
ber 2003, a mean of 10.1 years from the beginning
of GA therapy for the 108 patients continuing in
the ongoing study. Because 10 years was the mean
treatment duration, patients who had received GA
from randomization had been treated for up to
12 years and patients originally randomized to
placebo had been actively treated for approximately
eight to nine years.

This organized, prospective study is ongoing.
The 11 original US academic centers continue to
participate, and the Institutional Review Boards at
all centers continue to approve the study.

Study design

Ongoing study procedure

Briefly, in the open-label study, neurological status
is evaluated in the clinic every six months using the
Kurtzke Expanded Disability Status Scale (EDSS)
[13]. Patients are examined, usually within seven
days, if they experience symptoms suggestive of a
relapse (appearance or reappearance of one or more
neurologic abnormalities persisting for at least 48
hours, preceded by a stable or improving neurolo-
gical state of at least 30 days duration [8�/12]).
Incidence, severity, and potential cause of adverse
events are recorded; serious adverse events are
reported to the sponsor and to the FDA as required
by protocol. The safety of GA therapy in these
patients at 2 [8], 3 [9], 6 [10], and 8 [12], years has
been reported previously. During the open-label
phase, laboratory assessments (chemistry panel)
and vital signs are documented at six-month study
visits. In most cases, the same neurologists and
study co-ordinators continue to assess patients at
each visit.
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Any patient who discontinued daily GA, for
whatever reason, and/or took another immuno-
modulator was withdrawn. Therefore, those who
remain in the study represent a group of RRMS
patients receiving only continuous GA monother-
apy for disease modification.

Upon withdrawal, patients were classified by
study personnel as: (1) withdrawal due to adverse
event; (2) lost-to-follow-up, which included with-
drawal from the study without attending a final
visit or providing a reason for withdrawal; (3)
withdrawal due to ‘patient decision’; or (4) with-
drawal for other reason(s). Because of overlap in
reasons for leaving, the ‘patient decision’ and
‘other’ categories were combined. The ‘patient
decision/other’ category was divided into subcate-
gories based on comments patients provided at
termination. Subcategories included (but were not
limited to) pregnancy, inability to adhere to study
protocol (eg, lack of transportation or moving
away), a desire to switch or combine therapies,
and perceptions of disease worsening. Patients were
assigned to a subcategory based on the consensus
judgment of three study personnel who indepen-
dently reviewed patient comments provided at the
final visit.

Long-term follow-up visit procedure

Personnel at each center made repeated attempts
to contact all study patients who had received GA
and withdrawn, to invite them to return for a
single LTFU visit at approximately 10 years after
GA start. LTFU visits were conducted between July
and December 2003. At the LTFU visit, patients
underwent neurological evaluation by EDSS, med-
ical history during the time between study discon-
tinuation and LTFU was recorded, and patients
were asked what MS medications they had taken
during the period between withdrawal and the
LTFU visit.

Patient cohorts

The mITT cohort (n�/232) included all patients
who had received at least one GA dose since study
inception. Data reported for the mITT cohort reflect
outcomes measured while patients were receiving
GA. The mITT cohort was subdivided into the
following cohorts: Ongoing, which comprised pa-
tients continuing in the study (and, by definition,
continuing on GA) at the time of data cut-off,
November 2003; Withdrawn Total, which com-
prised all patients who withdrew from the study
before November 2003; Withdrawn with LTFU
cohort, which included patients who withdrew

from the study and returned for a single LTFU visit
10 years after GA start; and Withdrawn without
LTFU cohort, which included patients who with-
drew from the study and could not be reached or
declined LTFU.

Statistical methods

Baseline demographic and disease characteristics
were analysed using descriptive statistics and statis-
tical inference tests (SAS† software, SAS Institute,
Cary, NC, USA); comparisons among cohorts were
performed using x2 for categorical variables and the
Wilcoxon non-parametric test for continuous vari-
ables. Time to study withdrawal was estimated
using Kaplan�/Meier survival analysis.

Outcome measures

The yearly relapse rate was calculated by dividing
the total number of relapses by the total number
of patients in the mITT cohort entering a given
treatment year. Accumulated disability was mea-
sured by mean EDSS and mean change in EDSS
from GA start to the last observation while on
GA in all study cohorts, and at LTFU in the
Withdrawn with LTFU cohort. Confirmed pro-
gression of disability was defined as an increase
of ]/1.0 EDSS point sustained for at least two
clinical assessments, six months apart. Categorical
analyses of patients’ neurological status were
performed; patients were classified as ‘stable/im-
proved’ if EDSS scores increased by 5/0.5 EDSS
points, did not change, or decreased from onset
of treatment. Categorical analyses were repeated
with patients stratified by entry EDSS score (0�/2
or ]/2.5).

The number of patients who reached confirmed
scores of EDSS 4, 6 or 8 while on GA were obtained
for the mITT, Ongoing, and Withdrawn Total
cohorts (only patients who began GA therapy
with EDSS scores lower than the endpoint were
included in these analyses). Additionally, Kaplan�/

Meier survival analysis was used to estimate the
time to EDSS 4, 6 and 8 while on GA.

For comparison at 10 years between Ongoing
and Withdrawn with LTFU patients, numbers of
patients who reached predefined EDSS thresholds
by the last observation for Ongoing patients and at
the single LTFU visit for Withdrawn with LTFU
patients were assessed. Efficacy comparisons at 10
years were made using analysis of covariance
(ANCOVA) for change from GA start in EDSS, in
which EDSS at GA start was a covariate in the
model; x2; and when appropriate, Fisher’s Exact
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Test for categorical change in EDSS and for attain-
ment of predefined EDSS thresholds.

Results

Patient characteristics

A total of 232 patients from 11 US study sites
who had received at least one dose of GA since
study inception comprised the mITT cohort
(Figure 1). One patient discontinued after receiv-
ing GA but before undergoing neurological eva-
luation; therefore, the efficacy evaluable mITT
cohort included 231 patients. As of November
2003, 108/232 patients (47%) remained in the
study and comprised the Ongoing cohort. Of 124
(53%) patients in the Withdrawn Total cohort, 50
returned for the LTFU visit (Withdrawn with
LTFU cohort). In the Withdrawn without LTFU
cohort (n�/74), 27 patients declined the LTFU
visit and 47 could not be reached, including five
patients known to have died. Deaths occurred one
to six years after study withdrawal; three deaths
were at least partly attributed to MS complica-
tions, there was no information about one death,
and one death was listed as sudden and unex-
plained.

There were no differences among study cohorts
in age, gender, disease duration, or annualized
relapse rate in the two years before beginning GA
(Table 1). Mean MS disease duration at GA start was
8.3 years in the mITT cohort.

Patient withdrawal

The Kaplan�/Meier estimate of the median time
from GA start to withdrawal in the mITT cohort was
9.2 years. Patients who withdrew had slightly
higher EDSS scores at GA start than those who
remained in the study (3.009/1.59 [SD] versus
2.569/1.35, respectively; P�/0.03). Mean duration
of GA treatment was 4.269/3.13 [SD] years (range:
0.2�/11.5 years) in the Withdrawn Total cohort
(Table 2). When separated into subcohorts, GA
exposure was 4.479/2.95 years (range: 0.2�/10.4) in
the Withdrawn with LTFU cohort, and 4.139/3.26
years (range: 0.2�/11.5) in the Withdrawn without
LTFU cohort. There were no statistical differences in
demographic or disease characteristics at GA start
between Withdrawn patients who returned for
LTFU and Withdrawn patients who did not return
(Table 1).

Reasons for patient withdrawal are listed in
Table 3. The most common (]/1%) adverse events
leading to discontinuation were local injection-site
reactions (eg, erythema, pain), vasodilation, dys-
pnea, and urticaria. Patients who left due to the
perception that their disease was worsening were
not evaluated by objective neurological testing at
the time of withdrawal; therefore, whether indivi-
dual patients had worsened by objective criteria is
unknown. The mean change in EDSS score from
GA start to the last observed on-treatment EDSS
value for all patients in the patient decision/
other category (n�/87) was 1.169/1.65 [SD] and
mean EDSS changes in the Withdrawn Total and

taerT-ot-noitnetnI deifidoM
*trohoC )TTIm(

tsael ta deviecer ohw enoynA(
232 = N )esod AG 1

trohoC gniognO
801 = n 

trohoC latoT nwardhtiW
421 = n

UFTL htiw nwardhtiW
trohoC

05 = n

tuohtiw nwardhtiW
trohoC UFTL

*47 = n

Figure 1 Study cohorts. One patient (in the Withdrawn without LTFU cohort) withdrew after a single GA dose and before an
on-treatment neurological evaluation; therefore, 231 patients comprised the efficacy evaluable mITT cohort.
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mITT cohorts were 0.949/1.65 and 0.739/1.66, res-
pectively (Table 2).

The LTFU visit for Withdrawn patients occurred
at a mean of 10.0 years after GA start. These patients
were asked about other disease modifying therapies
they had taken for MS in the interval between
leaving the study and the LTFU visit. Of the 50
Withdrawn with LTFU patients, four patients re-
ported taking no medications, no data were avail-
able for eight patients, and 38 reported they took a
variety of agents over the interval, often in combi-
nation, for varying lengths of time: 13 patients took
GA, 32 took an IFNb drug, 14 took an immunosup-
pressive agent (mitoxantrone, methotrexate,
azathioprine, cyclophosphamide), 10 took corticos-
teroids, and five took ‘other’ drugs for MS. At the
time of the LTFU visit, 10 patients were taking GA,
16 were taking an IFNb drug, four were taking an
immunosuppressor agent (mitoxantrone, metho-
trexate), and one was receiving intravenous immu-
noglobulin (IVIg).

Efficacy

mITT cohort while on GA

Relapse rate. The medically documented annual-
ized relapse rate in the mITT cohort during the two
years before beginning GA therapy was 1.189/0.82
[SD] (Table 1). While on GA, yearly relapse rates
declined approximately 50% to 0.619/0.85 in treat-
ment year 1 and continued to decline so that in
treatment year 4, patients experienced the equiva-
lent of one relapse every four years. Yearly relapse
rates are shown in Figure 2 (after year 9, the mITT
cohort comprised only patients who had received
GA from randomization). Low relapse rates were

maintained over all subsequent years; relapse rates
were reduced by �/80% from rates at GA start to
approximately one relapse every five years.

Accumulated disability. Mean and median GA
treatment durations for the mITT, Ongoing, and
Withdrawn Total cohorts, overall and according to
drug assignment at randomization, are shown in
Table 2. Mean GA exposure time in the Ongoing
cohort was 10.19/1.32 years and in the Withdrawn
Total cohort was 4.269/3.13 years. Also shown are
EDSS scores and changes in EDSS scores from GA
start to the last measurement while on GA.

The Kaplan�/Meier estimate of the median time
to confirmed (verified at two six-month clinical
visits) progression of ]/1.0 EDSS point while on GA
was 8.82 years in the mITT cohort. Proportions of
patients with at least one confirmed progression of
1.0 EDSS point while on GA were 42% of the mITT
cohort, 42% of the Ongoing cohort, and 43% of the
Withdrawn Total cohort.

Categorical analysis showed 58% of patients in
the mITT cohort maintained stable/improved EDSS
scores between GA start and their last on-treatment
EDSS assessment. Proportions of patients in the
Ongoing and Withdrawn Total cohorts with stable/
improved EDSS scores while on GA were 62 and
55%, respectively. When patients were stratified by
entry EDSS (0�/2 and ]/2.5), proportions of patients
with stable/improved EDSS scores while on GA were
similar in both strata in all cohorts (Table 2),
indicating no difference in GA effect regardless of
disability level at GA start. Figure 3 shows a high
proportion of patients (59�/79%) in the mITT co-
hort (cohort size each year shown in Figure 2) had
stable/improved EDSS scores each treatment year.

Table 4 shows the number of patients in each
cohort who reached predefined EDSS thresholds.

Table 1 Patient characteristics at GA start

mITT
(n�/232)

Ongoing
(n�/108)

Withdrawn total
(n�/124) P valuea

Withdrawn with
LTFU (n�/50)

Withdrawn without
LTFU (n�/74) P valueb

Age (years)
Mean9/SD 35.59/6.4 36.69/5.7 34.89/6.8 0.0918 35.29/6.6 34.69/7.0 0.6787
Range 19.0�/48.6 22.0�/48.6 19.0�/47.9 19.0�/46.7 19.0�/47.9
Female n (%) 170 (73%) 77 (71%) 93 (75%) 0.5248 33 (66%) 60 (81%) 0.0581

Disease duration (years) at GA start
Mean9/SD 8.39/5.1 8.49/5.1 8.19/5.2 0.8013 8.6 9/ 6.2 7.89/4.3 0.7373
Median 7.23 6.85 7.49 7.34 7.66
Range 0.6�/25.7 1.1�/23.9 0.6�/25.7 0.6�/25.7 0.6�/18.0

Annualized relapse rate two years before GA start
Mean9/SD 1.189/0.82 1.119/0.82 1.249/0.83 0.2286 1.099/0.68 1.349/0.90 0.0760
Median 1.00 1.00 1.00 1.00 1.00
Range 0�/5.5 0�/3.5 0�/5.5 0�/3.0 0�/5.5

aOngoing versus Withdrawn Total.
bWithdrawn with LTFU versus Withdrawn without LTFU.
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These analyses include only patients with EDSS
scores at GA start below EDSS 8 (all patients), EDSS
6 (n�/221), or EDSS 4 (n�/169). Inclusion criteria in
the original double-blind phase of the study was
limited to patients with EDSS 5/5, however, 10
original placebo patients had an EDSS ]/6 when
they started GA therapy in the open-label phase of
the study. Mean EDSS scores at GA start were 2.079/

0.95 [SD], 2.649/1.34, and 2.799/1.50 in patient
groups with EDSS scores at GA start below EDSS 4, 6
and 8, respectively. In the mITT cohort, fewer than
25% of patients reached a score of EDSS 4, approxi-
mately 11% reached EDSS 6, and 3% reached EDSS
8 while on GA. Due to differences in GA exposure
among cohorts, Kaplan�/Meier survival analysis was
used to estimate the time to the predefined EDSS
thresholds (mITT cohort shown in Figure 4). The
time to 25% of patients reaching EDSS 4 was 6.58
years in the mITT cohort, 9.08 years in the Ongoing
cohort, and 5.47 years in the Withdrawn Total
cohort. In the Withdrawn Total cohort, median

time to EDSS 4 occurred at 9.91 years. Fewer than
25% of patients in the mITT, Ongoing, and With-
drawn Total cohorts reached EDSS 6 or 8 by the end
of the analysis period.

Clinical comparison between Ongoing and
Withdrawn patients at ten years/LTFU

Accumulated disability

The occurrence of relapse after leaving the study
was not systematically documented by prospective
neurological assessments; therefore, these data were
not available. Neurological assessments of disability
at LTFU for Withdrawn patients were made at a
mean of 10.0 years from starting GA therapy. For
Ongoing patients, EDSS data reflected the last
observation before data cut-off.

At LTFU, patients who had withdrawn showed
significantly increased disability compared with

Table 3 Reasons for patient withdrawal

Reason for withdrawal n Patient decision/other subcategoriesa n

Total 124 Total 87
Lost-to-follow-up 14 Patient perception of disease worsening 27
Adverse event 23 Desire to switch or combine therapies 22
Patient decision/other 87 Difficulty, inability, or unwillingness to adhere to study protocol 30

Pregnancy 8

aPatient decision/other subcategories were derived from written comments provided by Withdrawn patients at their final visit.
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Figure 2 Yearly Relapse Rate from GA Start (mITT Cohort, n=231). *Mean [SD] annualized relapse rate in the mITT cohort in
the 2 years before GA start was 1.189/0.82. $Reflects treatment duration from GA start to the year listed. Numbers of patients
evaluated in each treatment year are shown above bars; after year 9, the mITT cohort comprised only patients randomized to
GA in the double-blind phase of the study (placebo/active group had a shorter duration of GA exposure).
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Ongoing patients (Table 5). The mean increase in
EDSS score was 2.249/1.86 [SD] points in the
Withdrawn with LTFU cohort compared with a
0.509/1.65 point increase in Ongoing patients.
Similarly, 62% of Ongoing patients had stable or
improved EDSS scores compared with 28% of With-
drawn with LTFU patients (while receiving GA, 56%
of patients in the Withdrawn with LTFU cohort had
stable/improved EDSS scores). Finally, at 10 years,
24% of patients in the Ongoing cohort had reached
EDSS 4, 8% had reached EDSS 6, and 1% had
reached EDSS 8, compared with 68, 50 and 10%,
respectively, in the Withdrawn with LTFU cohort.

Safety

The most commonly reported adverse events in
patients receiving long-term GA, regardless of

whether the investigator judged them to be
related to GA therapy or not, were accidental
injury, asthenia, paresthesia, upper respiratory
and urinary tract infections, headache, and pain.
Adverse events thought to be associated with
GA therapy included local injection-site reactions
(eg, erythema, pain, mass, edema) and symptoms
associated with an immediate post-injection reac-
tion (IPIR), which may have included vasodila-
tion, chest pain, palpitation, tachycardia, or
dyspnea. Reporting of injection-site reactions
and symptoms associated with IPIR declined
over time. No apparent time-dependent adverse
events emerged. Moreover, no evidence of hema-
tologic, hepatic, or renal dysfunction; immuno-
suppression; emergence of malignancy; or deve-
lopment of other autoimmune disease was ob-
served.
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Figure 3 Yearly Percent of Patients on GA with stable/improved EDSS. Scores from GA start (mITT cohort: n�/231). *Reflect
treatment duration from GA start to the year listed (the number of patients in the mITT cohort each treatment year is shown in
Figure 2). Clinically stable/improved�/an increase of 5/0.5 point, no change, or decrease in EDSS score from onset of GA
treatment.

Table 4 Number of patients reaching EDSS 4, 6 and 8 while on GA (confirmed)

While
on GA

mITTa

n/Nb (%)
Ongoing
n/Nb (%)

Withdrawn Total
n/Nb (%)

Disease duration at GA start
mITTa mean years9/SD

GA exposure mITTa

mean years9/SD

EDSS 4 40/169 (24%) 20/84 (24%) 20/85 (24%) 7.799/5.00 7.169/3.77
EDSS 6 24/221 (11%) 8/106 (8%) 16/115 (14%) 8.109/5.01 7.119/3.81
EDSS 8 6/231 (3%) 1/108 (1%) 5/123 (4%) 8.269/5.12 6.999/3.82

amITT cohorts included all patients below the EDSS threshold at GA start.
bn�/number of patients who reached EDSS endpoint (confirmed); N�/number of patients who were below the EDSS threshold at GA
start.

316 CC Ford et al.

Multiple Sclerosis 2006; 12: 309�/320 www.multiplesclerosisjournal.com



Discussion

This ongoing study is the longest prospective,
organized evaluation of continuous immunomodu-
latory therapy in MS [4,5,14,15]. In November

2003, nine to 12 years after beginning GA therapy,
47% of all patients who ever received GA remained
in the study. These data provide an opportunity to
evaluate the level of neurologic disability in pa-
tients who have continued to take GA for an
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Figure 4 Time to confirmed EDSS 4, 6 and 8 while on GA (mITT cohort: n�/231). The mean disease duration in the mITT
cohort was 8.3 years at GA Start.

Table 5 EDSS data at 10 years/LTFU

EDSS measure Ongoing (n�/108) Withdrawn with LTFUa (n�/50) P value

EDSS score
Mean9/SD 3.069/1.78 5.229/2.21 B/0.0001c

Median 2.50 6.00
Range 0.0�/8.0 1.0�/9.0

EDSS change from GA start
Mean9/SD 0.509/1.65 2.249/1.86 B/0.0001c

Median 0.50 2.25
Range �/3.5 to 5.5 3.0�/5.5

Categorical analysis
Clinically stable/improved 67/108 (62%) 14/50 (28%) B/0.0001d

Patients reaching EDSS 4, 6, or 8b

EDSS 4 n/N (%) 20/84 (24%) 25/37 (68%) B/0.0001d

EDSS 6 n/N (%) 8/106 (8%) 23/46 (50%) B/0.0001d

EDSS 8 n/N (%) 1/108 (1%) 5/50 (10%) B/0.0125e

aEDSS level was not confirmed at six months in Withdrawn with LTFU patients, since LTFU comprised a single visit.
bn�/number of patients who reached EDSS threshold (confirmed in Ongoing patients) and N�/number of patients who were below

the EDSS threshold at GA start.
cFrom ANCOVA adjusted for EDSS score at GA start.
dx2 Test.
eFisher’s Exact Test.
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average of 10 years and compare it with that of
patients who withdrew from the study (and may
have used other MS therapies) then returned for
neurological evaluation 10 years after beginning
GA therapy.

Results of this study are consistent with mec-
hanisms of action of GA, which address both the
inflammatory and neurodegenerative aspects of MS
pathology within the CNS. GA-reactive Th2 cells
induce ‘bystander’ suppression of inflammation
within the CNS by increasing anti-inflammatory
cytokine production, and facilitate neuroprotection
via enhanced secretion of neurotrophins [16�/20].
Immunological effects of GA persist in MS patients
for at least six to nine years with continued use
[18,20].

Multiple measures demonstrated the majority of
patients who remain on long-term GA therapy
continued to do well. Relapse rates dropped by
approximately one half in the first year of treat-
ment and by years nine to 12, had declined more
than 80% (Figure 2). A decline in relapse rate could
signal transition to secondary progressive MS
(SPMS). However, if this were the cause of the
observed decline in relapse rates, a commensurate
increase in disability would be expected over time.
Although there was a slight trend toward increasing
mean EDSS score over 10 years, the majority of
patients in the mITT cohort (Figures 3 and 4) and in
the Ongoing cohort exhibited stable or improved
EDSS scores while on long-term GA therapy. The
mean EDSS score in Ongoing patients increased
only 0.50 points over 10 treatment years. Moreover,
proportions of patients who progressed to prede-
fined EDSS thresholds (Table 4) were much lower
than what would be predicted based on MS natural
history data [2,21,22]. Thus, the decline in relapse
rate probably reflects treatment-related stabiliza-
tion or improvement of the underlying disease
process.

Although it would be of considerable interest
to compare the long-term treatment effects of
GA with similarly collected data for other avai-
lable immunomodulators, the present study is the
only prospective study with stipulated six-month
assessments of neurologic status and safety to
extend beyond four years. Furthermore, it is the
only study in which patients must remain on the
study drug and not switch or add concomitant
immunotherapy. Additional deficiencies of other
studies include involvement of very few patients
[23], potential use of multiple therapies during
unmonitored time periods [24], inclusion of differ-
ent patient populations [25], or lack of information
regarding disability or relapses [23,26].

An alternative method to evaluate these results
in context is to use MS natural history data.

Comparisons with published natural history reports
must be made cautiously, since patient assessments
are relatively infrequent and patient populations
are likely to be less well defined. Furthermore,
disability data in some cases reflect ‘snapshot’
assessments; whereas any accumulated disability
was confirmed in this study at two clinical exam-
inations six-months apart for patients while on GA
therapy (withdrawal patient data at LTFU visit was
not confirmed). Nevertheless, similarities between
this study group and reported natural history
cohorts, with respect to patients’ disease duration
and measures of disease progression, allow for
general comparisons.

Before the availability of immunomodulatory
therapies, Weinshenker et al . reported data from a
geographically-based natural history cohort in Mid-
dlesex County, Ont., Canada (n�/1099 RRMS pa-
tients) [2]. This prospective study included yearly
patient evaluations; by 15 years after disease onset,
50% of untreated patients had reached EDSS 6 and
10% had reached EDSS 8. In the current study, at
the start of GA therapy the mITT cohort already had
a mean disease duration since diagnosis of 8.3 years
and mean EDSS score of 2.79. At the last observa-
tion on GA (mean disease duration approximately
15 years), only 11% of patients in the mITT cohort
had reached a confirmed score of EDSS 6 and 3%
had reached EDSS 8. Moreover, in the Ongoing
cohort, only 8% of patients reached EDSS 6 and 1%
reached EDSS 8 after 10 years of continuous GA
therapy (Table 4). In another natural history cohort
of RRMS patients (n�/1562) with approximately the
same disease duration (median 11.4 years from
diagnosis), Confavreux et al . [21], reported that
almost half (48%) of the patients had reached
EDSS 4. In the current study, only 24% of mITT
patients, with a median disease duration of 15.2
years, reached a score of EDSS 4 while taking GA
(Table 4).

Recently, data were reported from a population-
based cohort evaluated for 10 years in Olmsted
County, Minnesota (n�/161 patients with RRMS,
SPMS, or primary progressive MS) [22]. Unlike the
present study, patients were evaluated only twice �/

at the beginning and at the end of the 10-year
period. Ten-year disability outcomes for Olmsted
County patients with disease characteristics similar
to this study’s patients (RRMS and entry EDSS 0�/5)
compare less favorably with 10-year outcomes in
Ongoing GA patients. Overall, 28% of patients in
the Olmsted County cohort had reached a score of
EDSS 6 and 7% had reached a score of EDSS 8 at 10
years, compared with 8 and 1%, respectively, of
patients in this study.
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Ongoing versus Withdrawn patients

Long-term study data provided an opportunity to
evaluate reasons for patient withdrawal and how
these patients fared during and after study partici-
pation. Patients who withdrew from this study did
so for multiple reasons (Table 3). Comments re-
ported in the ‘patient decision/other’ category
suggest many patients withdrew for non-MS-related
issues, such as lack of transportation to the study
site or pregnancy, while some patients withdrew
because they believed their disease was worsening.
Although this was undoubtedly true in some cases,
mean changes in EDSS scores while on GA in the
‘patient decision/other’ category were not substan-
tially different from those of the Withdrawn Total
or mITT cohort. In addition, many patients who
withdrew fared well before leaving the study; more
than half of all Withdrawn Total patients (55%) had
improved or stable EDSS scores while on GA.

It is possible that withdrawal was influenced
by the introduction of newly approved immuno-
modulatory therapies. During the early years of
the study, patients participating in the placebo-
controlled GA trial may have wanted to try an
approved medication (Betaseron† and Avonex†

were approved in 1993 and 1995, respectively)
instead of continuing to take either an experimen-
tal drug or a placebo.

Findings at 10-year LTFU

Inferences regarding differences in GA treatment
effects between Ongoing and Withdrawal with
LTFU patients at a mean of 10.0 years from GA
start must also be made cautiously. At LTFU, the
majority of returning patients reported having
taken multiple medications after leaving the study,
frequently switching and/or combining disease
modifying therapies.

At 10 years after beginning GA therapy, all
measures indicated that Withdrawn with LTFU
patients fared significantly worse than Ongoing
patients (Table 5). At LTFU, only 28% of With-
drawal with LTFU patients had stable/improved
EDSS scores, whereas, while they were active in
the study (ie, taking GA for an average of 4.5 years),
the proportion was twice as high (56%). Compared
with Ongoing patients, EDSS increases were signifi-
cantly higher in Withdrawn with LTFU patients
and more patients in the latter cohort reached EDSS
4, 6 and 8. Thus, disability measures indicated these
Withdrawn patients worsened over time, regardless
of whether, how long, or which immunomodula-
tory therapy they took after leaving the study.

The favorable safety profile of GA therapy was
maintained over long-term use. The most common

adverse events associated with GA over the course
of the study were local injection-site reactions and
IPIR, which were reported with decreasing fre-
quency as treatment duration increased. No other
immune-mediated disorders, infections, or malig-
nancies have been associated with long-term GA
treatment. The willingness of RRMS patients to
continue to self-administer daily GA SC injections
for more than a decade attests to the excellent
tolerability of the drug.

This study is the longest ever conducted to
prospectively evaluate the efficacy and safety of
continuous immunomodulator use in MS. Reduc-
tion of relapses over 10 years of GA therapy was
sustained with minimal increase (B/1 EDSS point)
in confirmed disability. Patients continuing GA
therapy for 10 years had an average disease duration
of more than 18 years, yet nearly all remained
ambulatory.
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Abstract Objective: The aim of the study is to investigate
the effect of ladostigil, a cholinesterase and brain-selective
monoamine oxidase (MAO) inhibitor, on anxiogenic and
depressive-like behaviour and the response of the hypotha-
lamic–pituitary–adrenal axis to stress in prenatally stressed
(PS)male and female rats. Methods: Ladostigil (17mg/kg/
day) was administered daily for 6 weeks to control and PS
rats aged 6 weeks. Behaviour was assessed in the elevated
plus maze (EPM) and forced swim tests (FST). Plasma
corticosterone (COR) was measured before, 30 and 90 min
after exposure to stress. Results: Ladostigil inhibited brain
MAO-A and B by more than 60%, significantly reduced
hyperanxiety of male and female PS rats in the EPM and
depressive-like behaviour in the FSTwithout affecting that
of controls and restored the delayed return to baseline of
plasma COR in PS rats after exposure to stress to that of
control rats. Conclusions: A novel brain-selective MAO
inhibitor, ladostigil can selectively reverse the behavioural
and neurochemical effects induced by prenatal stress
without affecting the behaviour of controls.

Keywords Elevated plus maze . Forced swim test .
Ladostigil . Monoamine oxidase inhibitor . Plasma
corticosterone . Prenatal stress

Introduction

Thompson (1957) was the first to report that subjection of
a pregnant rat to psychological stress increases emotional
behaviour of the offspring. His findings have been con-
firmed and extended in numerous studies in which it was
found that prenatal stress impairs learning and memory
(Lemaire et al. 2000; Gué et al. 2004), reduces play be-
haviour (Morley-Fletcher et al. 2003b), exacerbates anx-
iety in intimidating situations (Archer and Blackman 1971;
Fride et al. 1986; Fride and Weinstock 1988) and induces
depressive-like behaviour or learned helplessness more
readily than in controls (Secoli and Teixeira 1998). While
memory deficits (Gué et al. 2004) and hyperanxiety (Fride
and Weinstock 1988; Zimmerberg and Blaskey 1998) in-
duced by prenatal stress are seen in rats of each gender,
other behavioural and neurochemical changes are more
readily seen in female than in male rat offspring. These
include the increased propensity for depressive-like be-
haviour in the forced swim test (FST) (Alonso et al. 1991;
Frye and Wawrzycki 2003) and the greater activation
of the hypothalamic–pituitary–adrenal (HPA) axis in re-
sponse to acute stress in adulthood (Weinstock et al. 1992;
McCormick et al. 1995; Szuran et al. 2000). Prenatal stress
also causes a bigger reduction in hippocampal benzodiaz-
epine receptors in female than in male rats (Fride et al.
1985). While a reduction in the number of hippocampal
cells is seen in female offspring after a single exposure
of pregnant rats to stress (Schmitz et al. 2002), repeated
exposure to stress during the last week of gestation is re-
quired in order to reduce hippocampal synapses in male
offspring (Hayashi et al. 1998). This could explain why it
may be easier to detect depressive-like behaviour in pre-
natally stressed (PS) female rats, since a role for hippo-
campal cell loss and inhibition of neurogenesis has been
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posited in the aetiology of depression in human subjects
(Jacobs et al. 2000). It is possible that female rats are more
sensitive than males to alterations in neuronal program-
ming induced by maternal stress hormones and, like wom-
en, could be more prone than males to develop depressive
symptomatology (Blehar 1995).

The improvement of mood in some depressed human
subjects by antidepressant drugs has been associated with a
restoration of the feedback regulation of the HPA axis in-
dicated by a normalization of the dexamethasone-suppres-
sion test (Holsboer and Barden 1996; Heuser et al. 1996).
Furthermore, several classes of antidepressants are at least
as effective as benzodiazepines in the treatment of gener-
alized anxiety disorder (Lenox-Smith and Reynolds 2003;
Sheehan and Mao 2003) that may precede or accompany
depressive symptoms (Breslau et al. 1995). However, an-
tidepressants generally do not improve cognitive impair-
ment that is present in a significant proportion of elderly
depressed patients (Nebes et al. 2003) and may even in-
crease it because of anticholinergic activity (Teri et al.
1991). In an attempt to address this problem, a new drug
ladostigil (TV-3326, [N-propargyl-(3R)-aminoindan-5-yl]-
ethyl methyl carbamate) has been developed that has cho-
linesterase inhibitory activity like drugs currently used for
the treatment of dementia and also shows anxiolytic and
antidepressant-like activity in rats (Weinstock et al. 2003).
Ladostigil was shown to improve cognitive deficits in aged
monkeys (Buccafusco et al. 2003). It inhibits brain acetyl
and butyryl cholinesterase after acute administration but
needs to be given chronically in order to inhibit mono-
amine oxidase (MAO) A and B selectively in the brain
(Weinstock et al. 2002c).

Although many attempts have been made to demon-
strate anxiolytic activity of antidepressants in rodent mod-
els of hyperanxiety, most have failed to do so even when
the drugs were administered chronically (Cassella and
Davis 1985; Cole and Rodgers 1995; Van Dijken et al.
1992). In all these experiments, only male rats were used,
in spite of the fact that chronic anxiety states and depres-
sion are more common in women than in men (Kuehner
1999). In a recent study, we found that chronic treatment
with amitriptyline selectively reduced the hyperanxiety of
PS females in the elevated plus maze (EPM test) (Poltyrev
and Weinstock 2004). This treatment was only effective
in PS males after cessation of drug administration either
because of gender differences in the mode of action or
metabolism of amitriptyline (Masubuchi et al. 1996) or
because of its motor depressant effect, which was more
prominent in males. Nevertheless, the finding showed that
PS female rats are a suitable model for detecting an an-
xiolytic effect of antidepressant drugs.

The aim of the present study was to determine whether
ladostigil has anxiolytic and antidepressant-like activity in
PS rats of both sexes. Since the antidepressant effect of
different classes of drugs in humans was shown to be as-
sociated with restoration of the impaired feedback regu-
lation of the HPA axis, we also determined the effect of
ladostigil on changes in plasma corticosterone (COR) in
response to acute stress in the same animals.

Materials and methods

Animals

All the experiments were carried out according to the
guidelines of the University Committee for Institutional
Animal Care, based on those of the National Institutes
of Health, USA. Female pathogen-free (SPF) Sprague–
Dawley rats weighing 280–300 g (Harlan, Biotec, Jeru-
salem) on day 1 of pregnancy (detected by the presence of
a vaginal plug) were randomly allocated to stress (six)
and control (six) groups and housed singly in the animal
house at an ambient temperature of 22±1°C and a 12-h
diurnal light cycle (lights on at 0700 h, off at 1900 h). Food
and water were provided ad libitum, and the cages were
changed twice weekly. Control pregnant females were left
undisturbed in their home cages. From days 15 to 20 of
gestation, rats were placed three times daily for 45 min
in transparent cylindrical restrainers, 8 cm in diameter and
20 cm long in normal light at room temperature, 21–22°C.
The mothers gave birth between the 21st and 22nd day. In
another group of pregnant rats run at the same time, plasma
COR was measured between 0900 and 1000 h as described
below in control rats and 30 min after the restraint pro-
cedure. The total numbers of pups that were available for
the subsequent experiments are as follows: C males, 20; C
females 20; PS males, 21; PS females, 20. It was shown in
previous studies on this strain of rat that maternal restraint
stress did not significantly alter birth weight (Herzog-
Raalbag 2002). The pups were weaned at 3 weeks of age,
distributed according to their sex and prenatal treatment
and housed in groups of four per cage at the same ambient
temperature and light cycle as shown above.

Drug administration

From the age of 6 weeks, all the rat offspring were housed
two per cage, and ladostigil (17 mg/kg) was added to the
drinking water until the completion of all the experiments
6 weeks later. This was the highest amount of the drug
that could be given in the drinking water that did not alter
food or fluid intake by the rats. In order to compute the
dose of drug to be given, daily fluid intake was measured
and the rats were weighed once a week when their cages
were cleaned to avoid unnecessary handling that could in-
fluence their behaviour. Previous experiments in control
(C) and PS rats in our laboratory had provided fairly ac-
curate information about their fluid intake and weight gain
at this age (Poltyrev and Weinstock 2004). The disadvan-
tage of the method is that one cannot ensure that each rat
receives the same amount of drug. This could have been
accomplished either by housing them singly or administer-
ing the drug by oral gavage or parenteral injection. How-
ever, both single housing (Lopes Da Silva et al. 1996) and
the stress of repeated daily drug administration (Bodnoff
et al. 1988) alone have been shown to cause hyperanxiety
and could therefore have masked the difference in behav-
iour between PS and C rats.
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Behavioural tests

Behavioural experiments were carried out in PS and C rats
aged 11–12 weeks between 1500 and 1900 h in a room
adjacent to that in which the rats were housed and having
the same conditions of temperature and humidity. All rats
were tested in the elevated plus maze (EPM) as previously
described (Weinstock et al. 2002c). The experiment was
performed under bright light to minimize the variability in
the behaviour of females in this test according to the stage
of the oestrus cycle (Mora et al. 1996). Rats were tested 2
days later in the FST. EPM and FSTwere performed in ten
rats of each sex and prenatal treatment group given tap
water or ladostigil. Five to 6 days after the FST, six to eight
rats of each group were randomly selected for measure-
ment of their HPA axis response to novelty stress while
still receiving ladostigil. Two to three of the remaining
untreated males and females and of those given ladostigil
were sacrificed, and the brains were rapidly removed for
measurement of MAO activity as previously described
(Weinstock et al. 2002a).

Elevated plus maze

The EPM was made of dark wood and consisted of two
open arms opposite each other crossed by two enclosed
arms (40-cm-high walls) each 50 cm long and 10 cm wide,
with a centre square of 10 cm2. The EPM stood 60 cm
above the floor. Rats were placed in the centre of the maze
and allowed to explore for 5 min. An observer, unaware
of the type of treatment each rat had undergone, recorded
the amount of time spent in the open and closed arms and
the number of entries into open and closed arms. An open-
arm entry was recorded when all four paws were inside the
open arm. The maze was cleaned with detergent and dried
after each rat.

Forced swim

The FST is a behavioural assay in which rats are exposed
to a 15-min pretest in a cylinder of water from which they
cannot escape followed 24 h later by a 5-min re-exposure
that has been shown to predict the efficacy of potential
antidepressants. Antidepressant drugs are usually injected
once or three times between the first and second test (Borsini
and Meli 1988). Rats typically assume an immobile float-
ing posture, the duration of which is significantly reduced
by different types of antidepressants (Porsolt et al. 1978).
More recent studies have focussed also on the individual
components of active behaviour, such as swimming and
attempts to climb the walls, and have shown that these are
sensitive to drugs that increase serotoninergic and norad-
renergic transmission, respectively (Lucki 1997). It has
also been reported that some antidepressants are more ef-
fective in altering behaviour of rats in the FST if they are
administered chronically rather than acutely between the

two tests (Kitada et al. 1981; Borsini and Meli 1988). Since
we found that it was necessary to administer ladostigil (26
mg/kg/day) for at least 2 weeks in order to inhibit MAO
by more than 60% (Weinstock et al. 2002a), we evaluated
the effect of the drug on the behaviour of the rats during
both the first and second exposures while the rats were
under its influence. The rats were placed individually for
15 min into a glass cylinder, 19 cm in diameter and 60 cm
in height, containing 30 cm of water maintained at 25°C,
and the duration of each of the following behaviours was
recorded during the first 5 min: immobility (floating in the
water without active movements of forepaws), climbing
or struggling (active movements with forepaws usually
directed towards the walls) and swimming (active move-
ments of fore or hindlegs across the top of the water). The
rats were removed from the water, were dried gently and
were returned to their home cages. On the following day,
the rats were re-exposed to the cylinder for 5 min, and the
above measurements were repeated.

Corticosterone measurement

For measurement of plasma COR in the rats, blood (50 μl)
was rapidly collected after a small incision was made in
the tail at 0800 h while the rat remained in its home cage.
Sixty minutes later, the rat was placed in a brightly lit open
field for 5 min. It was then returned to the home cage, and
further blood sampleswere taken 25 and 85min later. Plasma
COR levels were all assayed at the same time in duplicates
using a [3H] corticosterone radioimmunoassay kit (ICN
Biomedicals, Inc., California, USA). The sensitivity of
the assay was 0.02 ng/tube, and cross-reactivity of the
antiserum to other steroids was less than 0.4%. The inter-
assay coefficients of variation were 6%.

Drugs

The drug used was ladostigil tartrate (TV3326, Teva Phar-
maceuticals Ltd, Israel). Doses are expressed in mg/kg of
the salt.

Statistical analysis

The EPM data were analyzed by ANOVA for factors
Maternal (stress or control), Gender and Offspring treat-
ment (water or ladostigil). FST data were analyzed by
ANOVA for factors Experiment (first or second exposure
to the FST), Gender, Maternal and Offspring treatment.
The plasma COR data were analyzed by GLM for repeated
measures three times and factors Maternal, Gender and
Offspring treatment (water or ladostigil) and also indepen-
dently by GLM at three separate measures of time and
using SPSS (version 11) statistical package. Duncan’s post
hoc test was used when appropriate, and a difference of
P<0.05 was considered to be statistically significant.
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Results

Maternal plasma COR

Plasma CORmeasurements of control and stressed mothers
measured on day 17 of gestation were 52.3±9.3 and 522±55
ng/ml, respectively.

Elevated plus maze

There were no significant differences in the time spent in
the open arms of the EPM, the total number of arm entries
or entries into the open arms between naive C and PS rats
given water. This may have been due to the relatively high
intensity of illumination in the room in which the exper-
iment was performed which lowered the general activity of
the rats. There was a significant effect of Offspring treat-
ment (F1,79=7.98, P<0.01) and a Maternal × Offspring treat-
ment interaction for time spent in open arms (F1,79= 8.95,
P<0.005), the number of open-arm entries (F1,79= 10.11,
P<0.001) and the ratio of open/total entries (F1,79=8.20,
P<0.01), but no significant Gender × Maternal or Gender ×
Offspring treatment interactions. Thus, under the influence
of ladostigil, PS rats of both sexes spent significantly more
time in the open arms of the maze without showing an
increase in general activity, indicating that the drug spe-
cifically reduced anxiety. By contrast, ladostigil had no
effect on the behaviour of C rats in the EPM in spite of the
fact that their behaviour in this test did not differ from that
of PS rats when given water (Fig. 1). Unlike amitriptyline
(Poltyrev and Weinstock 2004), ladostigil did not reduce
the number of entries into closed arms, indicating that it
did not inhibit general exploratory activity in the dose
given.

Forced swim

Analysis of the behaviour of untreated rats during the first
and second exposures to the FST revealed the following
main effects. For Experiment, there were significant dif-
ferences between the first and second experiments in im-
mobility (F1,159=32.4, P<0.0001), climbing (F1,158=32.5,
P<0.0001) and swimming (F1,159=10.30, P<0.002). There
were also significant Gender differences in immobility
(F1,159=30.5,P<0.0001), climbing (F1,159=19.2,P<0.0001)
and swimming (F1,159=15.1,P<0.0001) since females spent
more time in active behaviours than males during the first
exposure to the test (Fig. 2). A significant Experiment ×
Maternal treatment interaction was only found for swim-
ming (F1,158=4.11, P<0.05), which was reduced more in PS
than in C rats, but there was noGender ×Maternal treatment
interaction. Offspring treatment with ladostigil resulted in
significant main effects on immobility (F1,158=13.2,
P<0.0001), climbing (F1,79=9.66, P<0.0025) and swim-
ming (F1,158=5.74, P<0.02). Maternal × Offspring treat-

ment interactions were significant for all three behavioural
paradigms, immobility (F1,79=13.2, P<0.0001), climbing
(F1,79=5.24, P<0.025) and swimming (F1,158=9.01, P<
0.005), since ladostigil significantly affected the behaviour
of PS but not that of C rats during the first and second
exposures. There were significant Experiment × Gender ×
Offspring treatment interactions for immobility (F1,158=
7.71, P<0.01) and swimming (F1,158=7.69, P<0.01).
Although ladostigil altered all three types of behaviour
of PS males in the first experiment, only the decrease in
immobility reached statistical significance. Ladostigil se-
lectively increased climbing more in PS than in C females.
In the second swim test, ladostigil selectively decreased
immobility and increased swimming and climbing of PS
rats but not that of controls (Fig. 2). The effect of lado-
stigil was more evident in PS females than in males.
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Plasma corticosterone in response to novelty stress

Repeated-measures analysis revealed the following signif-
icant effects: Time (F1,51=54.0, P<0.0001) and Time ×
Maternal treatment (F1,51=6.9, P<0.025), indicating that
the overall response to stress over time differed in PS and
C rats. However, there were no Time × Gender or Time ×
Gender × Maternal treatment interactions, indicating that
the change of COR levels did not differ in males and fe-
males. There were also no Time × Offspring treatment or
Time × Maternal × Offspring treatment interactions. Basal
levels of plasma COR were significantly higher in females
than in males, Gender (F1,56=31.7, P<0.0001), but there
were no differences between the levels in PS and C rats and
there were no Maternal × Offspring treatment interactions
as the effect of ladostigil did not differ in PS and C rats
at this time (Table 1). There was a significant Gender ×
Offspring treatment interaction (F1,56=4.82, P<0.05) since
ladostigil decreased resting plasma COR levels in males
and increased them in females. The Gender difference
was still present 30 min after exposure to the open field
(F1,56=13.72, P<0.001), but there was no longer a Gender ×
Offspring treatment interaction. The Maternal × Offspring
treatment interaction failed to reach statistical significance
(F1,56=3.24, P=0.07). At 90 min, there were significant
effects of Gender (F1,56=9.14, P<0.005) and of Mater-
nal treatment (F1,56=10.57, P<0.0025) since COR values
of PS rats given water were higher than those of con-
trols. There was also a Maternal × Offspring treatment
interaction (F1,56=5.68, P<0.025) because ladostigil re-

duced plasma COR levels in PS rats but increased them in
C rats. The data are summarized in Table 1.

Monoamine oxidase inhibition

Monoamine oxidase A and B inhibition after chronic treat-
ment with ladostigil 17 mg/kg/day for 6 weeks did not
differ in whole brain homogenates of two PS and two C
male and two PS and two C female rats. The data were

Table 1 Effect of chronic treatment with ladostigil on response of
HPA axis of PS and control rats to novelty stress

Treatment Time
(min)

Plasma corticosterone (ng/ml)

Male Female

Control PS Control PS

Water n=7 n=8 n=6 n=8
Ladostigil n=8 n=8 n=6 n=6
Water 0 50.6±6.8 58.4±8.3 103±31‡ 99.1±19.0‡

Ladostigil 0 28.1±2.3 40.4±9.3 151±32‡ 130±34‡

Water 30 203±32 278±37 308±37‡ 452±71‡

Ladostigil 30 251±20 245±28 422±81‡ 368±104‡

Water 90 87.1±18.1 187±36* 128±20‡ 405±64‡*
Ladostigil 90 140±38# 176±46# 219±65# 238±50#

‡Significant gender difference, P<0.005
*Significant effect of maternal treatment, P<0.025
#Significant interaction between maternal and ladostigil treatment
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the behaviour of PS and C rats
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therefore pooled, and inhibition of MAO-Awas 62.0±3.2%
and MAO-B 66.8±2.9%.

Discussion

In the present study, we found that ladostigil, a novel
potential antidepressant with cholinesterase inhibitory ac-
tivity, reduced hyperanxiety in both male and female PS rats
in the EPM and depressive-like behaviour in the FST
without affecting the behaviour of controls. This selective
effect of ladostigil in the EPM occurred in spite of the fact
that PS rats did not show significantly greater anxiety than
controls under the conditions of the test, probably because
it was performed in a well-lit room in order to avoid an
influence of different stages of the oestrus cycle on be-
haviour. Under these conditions, control rats also spend
little time in the open arms of the maze. The lack of an
anxiolytic effect of ladostigil in the EPM concurs with that
of others who treated control rats chronically with anti-
depressants, in contrast to diazepam, which induced a clear
reduction in anxiety (Cole and Rodgers 1995; File et al.
1999; Weinstock et al. 2002b). The selective sensitivity of
PS rats to the effect of ladostigil in the EPM indicates that
there are neurochemical differences underlying the behav-
iour of PS and C rats. These include, among others, a re-
duction in hippocampal benzodiazepine receptors (Fride
et al. 1986), alterations in glutamate and dopamine recep-
tor subtypes in different forebrain regions (Berger et al.
2002) and in genes associated with subunits NR1 and
NR2A of glutamate NMDA receptors (Kinnunen et al.
2003). Unlike amitriptyline in a previous study (Poltyrev
and Weinstock 2004), ladostigil had an anxiolytic effect
in PS rats of both sexes. This observation makes it un-
likely that the lack of effect of amitriptyline in PS males
was due to an innate gender difference in anxiogenic be-
haviour but suggests that it resulted from a difference in
the metabolism of amitriptyline in male and female rats
(Masubuchi et al. 1996) and to the greater depression
caused by the drug in motor activity in males.

In addition to predicting antidepressant potential of
drugs, the FST has been used to detect depressive-like be-
haviour induced in rats by prenatal stress (Alonso et al.
1991; Drago et al. 1999; Frye andWawrzycki 2003). While
some studies reported a difference in the behaviour of
PS and control males in this test (Drago et al. 1999;
Morley-Fletcher et al. 2003a), others only detected a great-
er degree of depressive-like activity in PS females (Alonso
et al. 1991). This may be because C males were immobile
for more than 70% of the time during the second expo-
sure to the test in the latter study, making it difficult to
obtain significantly higher levels in PS males. In the pres-
ent study, a gender difference was seen in the behaviour of
rats in the FST. During the first exposure to the test, male
rats developed an immobile posture for a greater period of
time than females. Such a gender difference has been re-
ported in some (Alonso et al. 1991; Barros and Ferigolo
1998) but not other rat strains (Frye and Wawrzycki 2003)
and appears to vary according to the stage of the oestrous

cycle. Re-exposure to the FST increased the duration of
immobility in females to that in males.

As in the EPM test, untreated PS rats did not differ
significantly from controls in any measure of behaviour
in the FST test. Nevertheless, ladostigil significantly
affected the behaviour of PS rats during both the first and
second exposures, thereby confirming the difference in the
neurochemical basis underlying their behaviour mentioned
above. The effect of ladostigil on swimming and climbing
in PS rats resulted from a more than 60% inhibition of
brain MAO-A and B, which had been shown to enhance
both serotoninergic (Weinstock et al. 2002b) and norad-
renergic transmission (Sagi et al. 2003). The selective ef-
fect of ladostigil on the behaviour of PS rats in this test is
reminiscent of that of other antidepressants, desipramine
and nomifensine in the WKY rat (Tejani-Butt et al. 2003), a
genetic model of depressive behaviour (Lahamame et al.
1997). These drugs had no effect on the behaviour of nor-
mal Wistar or Sprague–Dawley rats. The data of the pres-
ent study and those of Tejani-Butt et al. (2003) serve to
demonstrate the difference in the response to drugs of rats
with an anxiety-depression state induced by genetic or en-
vironmental factors from that of control animals.

Hyperactivity of the HPA axis with elevation of corti-
sol at rest and in response to stress is consistently found
in patients with major depression and can be explained
by impaired corticosteroid receptor signalling (Holsboer
2001). HPA axis function can be normalized by clinically
effective treatment with antidepressants (Heuser et al.
1996). A similar impairment in the regulation of the HPA
axis associated with a reduction of GR and MR receptors
has been reported for PS rats (Weinstock et al. 1992;
Henry et al. 1994; McCormick et al. 1995). The present
study confirmed previous findings that prenatal stress
caused a greater alteration in the activity of the response
of the HPA axis to stress. This was shown by the slower
return of plasma COR to baseline levels after exposure
to novelty stress. Although present in rats of both sexes,
the effect was more marked in females which are gen-
erally more reactive to stress.

Ladostigil did not significantly effect resting or peak
levels of plasma COR in C or PS rats after exposure to the
open field. However, at 90 min after stress exposure, the
difference between C and PS rats in the rate of return to
control levels of plasma COR was no longer seen. This
suggests that the rate of recovery of the response of HPA
axis to stress may have been increased in PS rats by
ladostigil. It would be of interest to determine if this effect
of the drug is related to an increase towards normal in
hippocampal GR receptors, as has been shown for chronic
treatment of rats and human subjects with other anti-
depressants (Budziszewska 2002; Calfa et al. 2003).

In conclusion, this study showed that the EPM test can
be used to detect the potential anxiolytic effect of lado-
stigil, a novel AChE and MAO inhibitor, in both male and
female PS rats. Prenatal stress significantly disrupted the
response of the HPA axis to stress in adult rats, resulting
in an increased duration of the elevation of plasma COR
in response to stress. Chronic treatment with ladostigil at
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a dose that inhibited MAO-A and B by more than 60%
selectively increased swimming and struggling behaviour
of PS rats in the FST, a finding compatible with an el-
evation of both brain 5HT and NA. The ability of lado-
stigil to improve cognitive dysfunction because of cho-
linesterase inhibition and also to decrease anxiety and
depressive symptoms may make it a potentially valuable
drug for the treatment of elderly depressive with cognitive
impairment that do not respond to known antidepressant
medications.

Acknowledgements The authors gratefully acknowledge the fi-
nancial support of Teva Pharmaceuticals Ltd and Ms. Aviva Gross
for MAO activity measurements. Dr. T. Poltyrev thanks the Israel
Ministry of Absorption for financial support.

References

Alonso SJ, Arevalo R, Afonso D, Rodriguez M (1991) Effects of
maternal stress during pregnancy on forced swimming test on
behaviour of the offspring. Physiol Behav 50:511–517

Archer J, Blackman D (1971) Prenatal psychological stress and
offspring behavior in rats and mice. Dev Psychobiol 4:193–248

Barros HMT, Ferigolo M (1998) Ethopharmacology of imipramine
in the forced swimming test: gender differences. Neurosci
Biobehav Rev 22:279–287

Berger MA, Barros VG, Sarchi MI, Tarazi FI, Antonelli MC (2002)
Long-term effects of prenatal stress on dopamine and glutamate
receptors in adult rat brain. Neurochem Res 27:1525–1533

Blehar MC (1995) Gender differences in risk factors for mood and
anxiety disorders: implications for clinical treatment research.
Psychopharmacol Bull 31:687–691

Bodnoff SR, Suranyi-Cadotte B, Aitken DH, Quirion R, Meaney MJ
(1988) The effects of chronic antidepressant treatment in an
animal model of anxiety. Psychopharmacology 95:298–302

Borsini F, Meli A (1988) Is the forced swimming test a suitable
model for revealing antidepressant activity? Psychopharmacol-
ogy 94:147–160

Breslau N, Schultz L, Peterson E (1995) Sex differences in de-
pression: a role for preexisting anxiety. Psychiatry Res 58:1–12

Buccafusco JJ, Terry AV Jr, Goren T, Blaugrun E (2003) Potential
cognitive actions of TV3326, a novel neuroprotective agent, as
assessed in old rhesus monkeys in their performance of ver-
sions of a delayed matching task. Neuroscience 119:669–678

Budziszewska B (2002) Effect of antidepressant drugs on the
hypothalamic–pituitary–adrenal axis activity and glucocorticoid
receptor function. Pol J Pharmacol 54:343–349

Calfa G, Kademian S, Ceschin D, Vega G, Rabinovich GA, Volosin
M (2003) Characterization and functional significance of glu-
cocorticoid receptors in patients with major depression: mod-
ulation by antidepressant treatment. Psychoneuroendocrinology
28:687–701

Cassella JV, Davis M (1985) Fear-enhanced acoustic startle is not
attenuated by acute or chronic imipramine treatment in rats.
Psychopharmacology 87:278–282

Cole JC, Rodgers RJ (1995) Ethological comparison of the effects of
diazepam and acute/chronic imipramine on the behaviour of
mice in the elevated plus-maze. Pharmacol Biochem Behav
52:473–478

Drago F, Di Leo F, Giardina L (1999) Prenatal stress induces body
weight deficit and behavioural alterations in rats: the effect of
diazepam. Eur Neuropsychopharmacol 9:239–245

File SE, Ouagazzal AM, Gonzalez LE, Overstreet DH (1999)
Chronic fluoxetine in tests of anxiety in rat lines selectively
bred for differential 5-HT1A receptor function. Pharmacol
Biochem Behav 62:695–701

Fride E, Weinstock M (1988) Prenatal stress increases anxiety-
related behavior and alters cerebral lateralization of dopami-
nergic activity. Life Sci 42:1059–1065

Fride E, Dan Y, Gavish M, Weinstock M (1985) Prenatal stress
impairs maternal behavior in a conflict situation and reduces
hippocampal benzodiazepine receptors. Life Sci 36:2103–2109

Fride E, Dan Y, Feldon J, Halevy G, Weinstock M (1986) Effects of
prenatal stress on vulnerability to stress in prepubertal and adult
rats. Physiol Behav 37:681–687

Frye CA, Wawrzycki J (2003) Effect of prenatal stress and gonadal
hormone condition on depressive behaviors of female and male
rats. Horm Behav 44:319–326

Gué M, Bravard A, Meunier J, Veyrier R, Gaillet S, Recasens M,
Maurice T (2004) Sex differences in learning deficits induced
by prenatal stress in juvenile rats. Behav Brain Res 150:149–
157

Hayashi A, Nagaoka M, Yamada K, Ichitani Y, Miake Y, Okado N
(1998) Maternal stress induces synaptic loss and developmental
disabilities of offspring. Int J Dev Neurosci 16:209–216

Henry C, Kabbaj M, Simon H, Le Moal M, Maccari S (1994) Pre-
natal stress increases the hypothalamic–pituitary–adrenal axis
response to stress in young and adult rats. J Endocrinol 6:341–
345

Herzog-Raalbag P (2002) Effect of antidepressants on the behav-
ioural abnormalities and alterations in circadian rhythm induced
by prenatal stress in rats. M.Sc. Thesis, Hebrew University,
Jerusalem, Israel

Heuser I, Schweiger U, Gotthardt U, Schmider J, Lammers CH,
Dettling M, Yassouridis A, Holsboer F (1996) Pituitary–
adrenal-system regulation and psychopathology during ami-
triptyline treatment in elderly depressed patients and normal
comparison subjects. Am J Psychiatry 153:93–99

Holsboer F (2001) Stress, hypercortisolism and corticosteroid re-
ceptors in depression: implications for therapy. J Affect Disord
62:77–91

Holsboer F, Barden N (1996) Antidepressants and hypothalamic–
pituitary–adrenocortical regulation. Endocr Rev 17:187–205

Jacobs BL, Praag H, Gage FH (2000) Adult brain neurogenesis and
psychiatry: a novel theory of depression. Mol Psychiatry 5:
262–269

Kinnunen AK, Koenig JI, Bilbe G (2003) Repeated variable prenatal
stress alters pre- and postsynaptic gene expression in the rat
frontal pole. J Neurochem 86:736–748

Kitada Y, Miyauchi T, Satoh A, Satoh S (1981) Effect of anti-
depressants in the rat forced swim test. Eur J Pharmacol 72:
145–152

Kuehner C (1999) Gender differences in the short-term course of
unipolar depression in a follow-up sample of depressed in-
patients. J Affect Disord 56:127–139

Lahamame A, del Arco C, Pazos A, Yritia M, Amario A (1997) Are
Wistar–Kyoto rats a genetic model of depression resistant to
antidepressant drugs? Eur J Pharmacol 337:115–123

Lemaire V, Koehl M, Le Moal M, Abrous DN (2000) Prenatal stress
produces learning deficits associated with an inhibition of
neurogenesis in the hippocampus. Proc Natl Acad Sci U S A
97:11032–11037

Lenox-Smith AJ, Reynolds A (2003) A double-blind, randomised,
placebo controlled study of venlafaxine XL in patients with
generalised anxiety disorder in primary care. Br J Gen Pract
53:772–777

Lopes Da Silva N, Ferreira VMM, Carobrez AP, Morato GS (1996)
Individual housing from rearing modifies the performance of
young rats on the elevated plus-maze apparatus. Physiol Behav
60:391–396

Lucki I (1997) The forced swimming test as a model for core and
component behavioral effects of antidepressant drugs. Behav
Pharmacol 8:523–532

Masubuchi Y, Iwasa T, Fujita S, Suzuki T, Horie T, Narimatsu S
(1996) Regioselectivity and substrate concentration-dependency
of involvement of the CYP2D subfamily in oxidative metabo-
lism of amitriptyline and nortriptyline in rat liver microsomes.
J Pharm Pharmacol 48:925–929

124



McCormick CM, Smythe JW, Sharma S, Meaney MJ (1995) Sex-
specific effects of prenatal stress on hypothalamic–pituitary–
adrenal responses to stress and brain glucocorticoid receptor
density in adult rats. Dev Brain Res 84:55–61

Mora S, Dussaubat N, Diaz-Veliz G (1996) Effects of the estrous
cycle and ovarian hormones on behavioral indices of anxiety in
female rats. Psychoneuroendocrinology 21:609–620

Morley-Fletcher S, Darnaudery M, Koehl M, Casolini P, Van Reeth
O, Maccari S (2003a) Prenatal stress in rats predicts immobility
behavior in the forced swim test: effects of a chronic treatment
with tianeptine. Brain Res 989:246–251

Morley-Fletcher S, Rea M, Maccari S, Laviola G (2003b) Envi-
ronmental enrichment during adolescence reverses the effects
of prenatal stress on play behaviour and HPA axis reactivity in
rats. Eur J Neurosci 18:3367–3374

Nebes RD, Pollock BG, Houck PR, Butters MA, Mulsant BH,
Zmuda MD, Reynolds CF (2003) Persistence of cognitive im-
pairment in geriatric patients following anti-depressant treat-
ment: a randomized double-blind clinical trial with nortriptyline
and paroxetine. J Psychiatric Res 37:99–108

Poltyrev T, Weinstock M (2004) Gender difference in the prevention
of hyperanxiety in adult prenatally-stressed rats by chronic treat-
ment with amitriptyline. Psychopharmacology 171:270–276

Porsolt RD, Anton G, Blavet N, Jalfre M (1978) Behavioral despair
in rats: a new model sensitive to antidepressant treatments. Eur
J Pharmacol 47:379–391

Sagi Y, Weinstock M, Youdim MBH (2003) Attenuation of MPTP-
induced dopaminergic neurotoxicity by TV3326, a cholines-
terase-monoamine oxidase inhibitor. J Neurochem 86:290–297

Schmitz C, Rhodes ME, Bludau M, Kaplan S, Ong P, Ueffing I,
Vehoff J, Korr H, Frye CA (2002) Depression: reduced number
of granule cells in the hippocampus of female, but not male,
rats due to prenatal restraint stress. Mol Psychiatry 7:810–813

Secoli SR, Teixeira NA (1998) Chronic prenatal stress affects de-
velopment and behavioral depression in rats. Stress 2:273–280

Sheehan DV, Mao CG (2003) Paroxetine treatment of generalized
anxiety disorder. Psychopharmacol Bull 37(Suppl 1):64–75

Szuran TF, Pliska V, Pokorny J, Welzl H (2000) Prenatal stress in
rats: effects on plasma corticosterone, hippocampal glucocor-
ticoid receptors, and maze performance. Physiol Behav 71:
353–362

Tejani-Butt S, Kluczynski J, Paré WP (2003) Strain-dependent
modification of behavior following antidepressant treatment.
Prog Neuro-Psychopharmacol Biol Psychiatry 27:7–14

Teri L, Reifler BV, Veith RC, Barnes R, White E, McLean P, Raskind
M (1991) Imipramine in the treatment of depressed Alzheimer’s
patients: impact on cognition. J Gerontol 46:P372–P377

Thompson WR (1957) Influence of prenatal maternal anxiety on
emotionality in young rats. Science 15:698–699

Van Dijken HH, Tilders FJ, Olivier B, Mos J (1992) Effects of
anxiolytic and antidepressant drugs on long-lasting behavioural
deficits resulting from one short stress experience in male rats.
Psychopharmacology 109:395–402

Weinstock M, Matlina E, Keshet GI, Rosen H, McEwen BS (1992)
Prenatal stress selectively alters the reactivity of the hypotha-
lamic–pituitary adrenal system in the female rat. Brain Res 595:
195–200

Weinstock M, Gorodetsky E, Wang R-H, Gross A, Weinreb O,
Youdim MBH (2002a) Limited potentiation of blood pressure
response to oral tyramine by brain-selective monoamine oxi-
dase A-B inhibitor, TV-3326 in conscious rabbits. Neurophar-
macology 43:999–1005

Weinstock M, Poltyrev T, Bejar C, Sagi Y, Youdim MBH (2002b)
TV3326, a novel cholinesterase and MAO inhibitor for Alz-
heimer’s disease with co-morbidity of Parkinson’s disease and
depression. In: Mizuno Y, Fisher A, Hanin I (eds) Mapping the
progress of Alzheimer’s and Parkinson’s disease. Kluwer Aca-
demic/Plenum Publishers, New York, pp 199–204

Weinstock M, Poltyrev T, Bejar C, Youdim MBH (2002c) Effect of
TV3326, a novel monoamine–oxidase–cholinesterase inhibitor,
in rat models of anxiety and depression. Psychopharmacology
160:318–324

Weinstock M, Gorodetsky E, Poltyrev T, Gross A, Sagi Y, Youdim
MBH (2003) A novel cholinesterase and brain-selective mono-
amine oxidase inhibitor for the treatment of dementia co-morbid
with depression and Parkinson’s disease. Prog Neuro-Psycho-
pharmacol Biol Psychiatry 27:555–561

Zimmerberg B, Blaskey LG (1998) Prenatal stress effects are par-
tially ameliorated by prenatal administration of the neurosteroid
allopregnanolone. Pharmacol Biochem Behav 59:819–827

125



POTENTIAL COGNITIVE ACTIONS OF (N-PROPARGLY-(3R)-
AMINOINDAN-5-YL)-ETHYL, METHYL CARBAMATE (TV3326), A NOVEL
NEUROPROTECTIVE AGENT, AS ASSESSED IN OLD RHESUS
MONKEYS IN THEIR PERFORMANCE OF VERSIONS OF A DELAYED
MATCHING TASK
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Abstract—(N-propargyl-(3R)-aminoindan-5-yl)-ethyl, methyl
carbamate (TV3326), a known neuroprotective agent exhibit-
ing the properties of both an inhibitor of monoamine oxidase
(brain selective) and an inhibitor of acetylcholinesterase was
administered to seven old rhesus monkeys well trained to
perform versions of a delayed matching-to-sample (DMTS)
task. An increasing dose regimen of TV3326 was adminis-
tered orally according to a schedule that allowed the animals
to perform the standard DMTS task and a self-titrating ver-
sion of the DMTS task each week during the study. A distrac-
tor version of the task was administered during two of the
doses of TV3326. Under the conditions of this experiment
TV3326 failed to significantly affect accuracy on the standard
DMTS task; however, the drug was very effective in improv-
ing the ability of subjects to titrate to longer-duration delay
intervals in the titrating version of the task. The maximal
drug-induced extension of the self-titrated delay interval
amounted to a 36.7% increase above baseline. This increase
in maximum delay duration occurred without a significant
change in overall task accuracy. TV3326 also significantly
improved task accuracy during distractor (interference) ses-
sions. The compound was effective enough to return group
performance efficiency to standard DMTS vehicle levels of
accuracy. These results were independent of whether trials
were associated with a distractor or non-distractor delay
interval, and they were independent of delay interval. The
lack of delay selectivity in task improvement by TV3326 may
not be consistent with a selective effect on attention. TV3326
was not associated with any obvious side effect or untoward
reaction of the animals to the drug. Thus, TV3326 may be
expected to offer a significant positive cognitive outcome in
addition to its reported neuroprotective action. © 2003 IBRO.
Published by Elsevier Science Ltd. All rights reserved.

Key words: memory, attention, MAO inhibitor, cholinesterase
inhibitor, operant task, delayed response task.

The well-known selective vulnerability of basal forebrain
acetylcholine-containing neurons in Alzheimer’s disease
has underscored the importance of this neurotransmitter
system in certain components or types of working memory
and perhaps in other behavioral and cognitive functions
affected by the disease. Among the host of degenerative
processes occurring in Alzheimer’s disease, reproducible
cholinergic deficits have been consistently reported, they
appear early in the disease process, and correlate well
with the degree of dementia (for review, Francis et al.,
1999). Moreover, abnormalities in cholinergic function are
frequently reported in other degenerative conditions such
as Parkinson’s disease, diffuse Lewy body dementia and
Huntington’s disease. As in Alzheimer’s disease, such
cholinergic deficits often correlate with memory decline
and dementia. The use of cholinesterase inhibitors such as
donepezil and rivastigmine provide the bulk of the clinical
armamentarium for the treatment of cognitive symptoms in
the treatment of Alzheimer’s disease. These drugs have
provided reasonable effectiveness in mild to moderate
cases, improving quality of life and a delay in symptomatic
progression of the disease, in the case of donepezil, by up
to 55 weeks (Taylor, 2001). Despite their effectiveness as
cognition enhancers, thus far cholinesterase inhibitors
have not been shown to significantly impact the neurode-
generative process itself. Other disease-modifying ap-
proaches to the treatment of Alzheimer’s disease are un-
der intense investigation (see Jacobsen, 2002; Taylor et
al., 2002). One of these includes the ability to offer a
degree of neuroprotection, i.e. to support and possibly
repair dystrophic neurons, and to enhance neuronal out-
growth and synaptic sprouting. Whereas the use of selec-
tive monoamine oxidase-B (MAO-B) inhibitors such as
selegiline have been tested in Parkinson’s patients and
found to be only partially effective in slowing the progress
of the disease (Parkinson Study Group, 1989), this class of
agent may offer neuroprotection in Alzheimer’s disease
(Sano et al., 1997; Knoll, 2000; Pratico and Delanty, 2000).
TV3326 is a compound combining properties as a CNS-
selective MAO inhibitor and a cholinesterase inhibitor. Ini-
tial preclinical studies with the parent compound, rasagi-
line, revealed potent cytoprotective activity in vitro, that

*Correspondence to: J. J. Buccafusco, Alzheimer’s Research Center,
Medical College of Georgia, 1120 15th Street, Augusta, GA 30912-
2300, USA. Tel: �1-706-721-6355; fax: �1-706-721-9861.
E-mail address: jbuccafu@mail.mcg.edu (J. J. Buccafusco).
Abbreviations: DMTS, delayed matching-to-sample; MAO, mono-
amine oxidase; TV3326, (N-propargyl-(3R)-aminoindan-5-yl)-ethyl,
methyl carbamate.

Neuroscience 119 (2003) 669–678

0306-4522/03$30.00�0.00 © 2003 IBRO. Published by Elsevier Science Ltd. All rights reserved.
doi:10.1016/S0306-4522(02)00937-5

669



was attributed to an anti-apoptotic activity (Maruyama et
al., 2001). The anti-apoptotic and neuroprotective actions
of rasagiline and TV3326 were shown to be independent of
their ability to inhibit MAO-B, but dependent upon the
propargyl moiety component of their structure (Youdim et
al., 2001). In the same study, administration of TV3326 to
mice was demonstrated to reduce the edema and behav-
ioral deficits produced by closed head injury in mice.
Chronic administration of the drug also reversed the spe-
cific damage to the neurons in the fornix and corpus cal-
losum produced after central injection of streptozotocin in
rats (Weinstock et al., 2000a). In view of the multi-potential
(neuroprotectant and cholinesterase inhibitor) of TV3326,
the purpose of this study was to determine whether the
drug could improve age-dependent cognitive impairment in
aged non-human primates.

A wide variety of animal models and behavioral tech-
niques has been applied to the study of drugs that affect
memory. Animals of advanced age, usually rodents and
non-human primates, have provided a good level of pre-
dictability for the clinical efficacy of proposed therapeutics
(Arnsten et al., 1996; Paule et al., 1998; Bartus, 2000). In
fact, many drug-discovery programs continue to use ro-
dents in general screening procedures for identifying po-
tential cognitive enhancing agents, electing to continue
testing potential lead compounds in non-human primates.
Our experience has been that evaluation of such com-
pounds in non-human primates allows for a greater level of
predictability in terms of clinical potency and efficacy as
compared with lower species (Buccafusco and Terry,
2000). Various operant tasks, usually food-motivated, al-
low for the measurement of abilities which are relevant to
human aging such as attention, strategy formation, reac-
tion time in complex situations and memory for recent
events (e.g. Irle, 1987; Paule et al., 1998; Paule, 2001).
Aged monkeys generally are impaired in their ability to
attain efficient performance of these tasks, and they often
exhibit a reduced level of task efficiency relative to their
younger cohorts (Buccafusco et al., 2002). TV3326 was
administered as a chronic escalating regimen by voluntary
oral administration to seven aged rhesus monkeys. The
animals were well trained in the performance of three
versions of the delayed matching-to-sample (DMTS) task
with the object of assessing the effect of the drug on
working memory, attention, and psychomotor speed.

EXPERIMENTAL PROCEDURES

Study subjects

Seven rhesus macaques were well trained (�100 individual ses-
sions) in the DMTS task. The animals were maintained on tap
water (unlimited) and standard laboratory monkey chow (Harlan
Teklad Laboratory 20% monkey diet, Madison, WI, USA) supple-
mented with fruits and vegetables. The animals were maintained
on a feeding schedule such that approximately 15% of their nor-
mal daily (except weekends) food intake was derived from 300 mg
reinforcement food pellets (commercial composition of standard
monkey chow and banana flakes, Noyes Precision food pellets, P.
J. Noyes Co., Lancaster, NH, USA) obtained during experimental
sessions. The remainder was made available following each test
session. On weekends the animals were fed twice per day. At
least a 4-week washout period preceded the initiation of this study.
The monkeys were maintained on a 12-h light/dark cycle and were
tested each weekday between 09:00 and 14:00 h. Room temper-
ature and humidity were maintained at 72�1 °C and 52�2%,
respectively. All experimental procedures were reviewed and ap-
proved by the Medical College of Georgia Institutional Animal
Care and Use Committee and are consistent with AAALAC guide-
lines. The minimal number of animals was used and every effort
was taken to minimize their discomfort during the study. Subject
demographics are presented in Table 1. In addition to the infor-
mation provided in Table 1, each of the subjects had participated
in one or more previous studies in which potential cognitive en-
hancing agents were evaluated. The drugs in question were pro-
prietary agents and so no description of their pharmacological
properties can be disclosed, other than they were short-acting
compounds, and they were administered during acute studies no
more than twice per week. No side effects or long-lasting effects
were associated with any of these earlier studies, and all animals
were provided at least a 4-week washout period prior to the
present series. Finally, the aged female animals in the study were
perimenopausal, i.e. still cycling, but infrequently. All testing was
administered between menstrual cycles.

Drug administration

The solid compound (N-propargyl-(3R)-aminoindan-5-yl)-ethyl,
methyl carbamate (TV3326) was stored in a tightly stoppered
polypropylene vial in a desiccator cabinet at room temperature. No
other precautions were used for compound storage. On each day
of the experiment, appropriate amounts of drug were weighed to
the nearest 0.1 mg and placed in a cocoa mixture for oral admin-
istration. Previous experience has shown that a cocoa mixture
helps to disguise the potential taste and texture of test compound,
and the animals readily consume the dose. To prepare the cocoa
mixture, approximately 4 g baking cocoa (commercial supermar-
ket brand) is combined with 9 g of confectioner’s powdered sugar.

Table 1. Subject demographics

Monkey
identification

Age (y) Sex Weight
(kg)

Short delay
(s)

Medium delay
(s)

Long
delay (s)

350 27 M 9.8 5 10 20
667 28 F 10.2 3 6 15
802a 23 M 10.4 5 10 20
671 28 F 5.0 5 10 20
7nva 24 M 8.0 5 7 10
C4na 22 F 9.4 5 7 10
23 17 M 9.2 30 90 180
Mean�S.E.M. 24.1�1.50 8.8�0.71 8.3�3.63 20.0�11.7 39.3�23.5

a These subjects refused to consume doses after the first 6 mg/kg dose in the series (see text).

J. J. Buccafusco et al. / Neuroscience 119 (2003) 669–678670



Water is added to consistency (1–1.5 ml). Test compound is
added directly to the mixture that is formed into a ball (soft,
non-sticky consistency) of about 2 cm in diameter. In each in-
stance drug or vehicle administration occurred 2 h prior to DMTS
testing. Initially administration of an 8 mg/kg test dose resulted in
several subjects refusing to consume this dose, and certain of our
test subjects were able to detect the presence of drug in the
vehicle at about the 6 mg/kg level. In order to maintain dosing, we
used two strategies: (1) to divide the dose into two vehicle admin-
istrations within 5 min of each other; or (2) to provide the drug in
about 15 ml of orange juice. Despite our best efforts, only four
subjects completed the entire regimen. The other three animals
refused to consume the dose as soon as they detected the taste
and/or texture of the drug in the mixture. For data presentation in
the following figures, the change from N�seven to N�four is
always noted.

Standard DMTS task

All test panels, computer interfaces, and computer software for
data acquisition were developed and are maintained by the Med-
ical College of Georgia Department of Biomedical Engineering
(Augusta, GA, USA). Animals were tested simultaneously in their
home cages using a computer-automated training and testing
system which measures and categorizes the percent correct at
each delay, and the latency of response at each step of each
matching problem. The computer and operator were isolated from
the subjects. Daily sessions consisted of 96 trials. A trial began by
illumination of a sample key with one of three colored discs.
Monkeys were trained to depress the illuminated sample key to
initiate a trial. This action also terminated the illumination of the
sample key during a computer-specified delay interval. Following
the delay interval, the two choice keys, but not the sample key,
were illuminated. One of the two choice keys is presented as the
same color as the sample key had been prior the delay, while the
other (incorrect) choice key is presented as one of the two remain-
ing colors. If the monkey matched (i.e. pressed the choice key
whose color matched that of the stimulus key), that response was
rewarded. The inter-trial interval was always 5 s. Several testing
precautions were incorporated into the presentation of the match-
ing problem. First, the various combinations of stimulus color (red,
green, yellow) were arranged so that each of the three colors
appeared an equal number of times as a sample, each color
appeared an equal number of times on the two choice keys, and
each color appeared an equal number of times in combination with
each other color. Likewise, when two colors (e.g. green/yellow)
appeared in combination, each color was counterbalanced be-
tween left and right in a non-predictable pattern. Thus, correct
responses were arranged so that simplistic strategies such as
position preference, left/right alternation, or even double left/right
alternation resulted in performance at precisely the chance (50%)
level. Finally, all stimulus counterbalancing procedures were
matched to length of delay. Monkeys exhibit individual capabilities
to maintain matching performance following various delay inter-
vals, and the longest delay chosen for a particular monkey is that
which consistently allows correct matching at just above chance
levels (approximately 60% correct). In general, the length of delay
interval was adjusted until three levels of performance difficulty
were found: 1) the least difficult zero delay (mean�85–100%
correct); 2) a short delay interval (means ranging from 75–84%
correct); 3) a medium delay interval (means ranging from 65–74%
correct) and 4) a long delay interval representing each animal’s
limit in terms of DMTS performance (55–64% correct). “Zero”-
delay is included as a control to monitor for changes in reference
memory and/or other potential non-mnemonic changes in task
performance. Values obtained for each difficulty level were aver-
aged and recorded as the mean percent correct for the respective
interval. Baseline data were obtained following the administration
of drug vehicle.

Titrating version of the DMTS task

The paradigm requires the animals to perform a 96-trial session.
Subjects begin the first trial with a 0-s delay interval. If that trial
was answered correctly, the next trial presented a 1-s delay
interval. The 1-s incremental progression was maintained until the
subject made an incorrect match. The delay interval for the trial
after an incorrect match was always decreased by 1 s. After an
incorrect match, if the next trial was answered correctly, then the
subsequent trial presented a delay interval 1 s longer in duration.
Dependent variables included the overall percentage of trials an-
swered correctly, the number of trials to reach the maximal delay
interval attained, and the maximum and average delay interval
attained (in seconds).

DMTS with distractor trials

Test sessions with distractors (interference sessions) were con-
ducted on three occasions during the study (during vehicle admin-
istration, and during administration of the 5 and 7 mg/kg doses of
TV3326). Distractor sessions were kept to a minimum so as to
avoid the animals becoming tolerant to the distractor (Prendergast
et al., 1998a). Distractor stimuli were presented to the test subject
on 18 of the 96 trials completed during distractor DMTS sessions.
The stimuli were presented simultaneously on the sample and
choice keys for 3 s and they consisted of a random pattern of the
three colored lights flashing in an alternating manner. The distrac-
tor lights were comprised of the same three colors used for sample
and choice stimuli presentation. The total duration of onset for a
given colored light was 0.33 s. Immediately as one colored light
was extinguished, a different colored light was presented. Thus,
during presentation of the distractor, each color was presented in
random order on each key three separate times. Distractor stimuli
were present an equal number of times on trials with short, me-
dium, and long delay intervals. The remaining trials were com-
pleted with no delay interval or distractor and they are randomly
placed throughout the test session.

Statistical analyses

The following parameters were recorded for all trials during all test
sessions (i.e. 96 trials per session): percent correct on trials with zero,
short, medium, and long delay intervals and task latencies. Data for
percent correct were subdivided according to delay interval for each
24-trial delay component of the session. Four task latencies (col-
lapsed across delays) for trials associated with correct and incorrect
choices were recorded: sample latencies (time interval between pre-
sentation of the sample stimulus and the subject pressing the sample
key) and choice latencies (time interval between presentation of the
choice stimuli and the subject pressing a choice key). For the titrating
version of the task additional variables included the number of trials
to maximum delay interval, the maximal delay interval attained, and
the average delay interval attained. All statistical analyses were
performed on raw data (percent trials correct or median latencies in
seconds). Data were analyzed by use of a multi-factorial analysis of
variance with repeated measures (SAS Institute Inc., Cary, NC, USA,
JMP statistical software package). The effects of drug, dose, delay
interval, time of testing (i.e. the time elapsed between drug adminis-
tration and DMTS testing), and all crosswise interactions were as-
sessed. An orthogonal multi-comparison test was used to compare
individual means. For each table/figure (below) error values denoted
by � indicate the S.E.M. Differences between means from experi-
mental groups were considered significant at the P�0.05 level (two-
sided test). For DMTS sessions that were not completed by subjects,
those with 20 or fewer total trials were not considered valid for
statistical analysis.
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RESULTS

Standard DMTS

Fig. 1 presents the performance efficiencies (percentage
of the trials completed that were correctly answered) ex-
hibited by the subjects tested 2 h after administration of

vehicle as the first seven data points (Table 2). Increasing
the duration of delay (retention) intervals from Zero to Long
was associated with the expected decrement in perfor-
mance efficiency (also shown in Table 2). Task accuracy
over consecutive days was relatively stable across all de-
lay intervals. Fig. 1 also shows the composite data set for

Fig. 1. Effect of daily single dose administration of TV3326 on standard DMTS task performance measured 2 h after drug administration categorized
by delay interval (note: Average indicates the mean of all completed trials in the session). Symbols are coded to indicate the dose of TV3326 that was
administered on that experimental day: vehicle (filled circles); 1 mg/kg (open circles); 2 mg/kg (filled squares); 3 mg/kg (open squares); 4 mg/kg (filled
upward triangles); 5 mg/kg (open upward triangles); 6 mg/kg (filled diamonds); 7 mg/kg (open downward triangles); washout (closed downward
triangles). N�four with arrow indicates the experimental day where only four animals continued to consume the dose. N�seven with arrow indicates
the washout period after drug discontinuation. Horizontal lines indicate the combined average for the first seven and the last four data points. There
was no significant effect of drug treatment (F36,814�0.84, P�0.74), nor was there a significant interaction between treatment and delay interval
(F108,814�0.55, P�0.99).
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the effects of TV3326 given by oral administration on
DMTS performance efficiency categorized by delay inter-
val. Despite daily administration of TV3326, there were no
obvious changes in ongoing levels of task accuracy. This
was confirmed by statistical analysis in that there was no
significant effect of drug treatment (F36,814�0.84,

P�0.74), nor was there a significant interaction between
treatment and delay interval (F108,814�0.55, P�0.99).

In addition to the effect of drug treatment on task
accuracy, aspects of working memory associated with the
DMTS task, the two task latencies, also were determined.
These values are presented in Table 3. There was a trend

Table 2. Average baseline performance efficiency for the seven study subjects by delay interval

Delay intervals

Average Zero Short Medium Long

73.8�1.26 85.0�1.78 79.2�1.32 66.2�1.59 64.9�2.25

Each value represents the mean�S.E.M. for 49 determinations (seven per subject). Average refers to the average level of accuracy determined from
all completed trials in a session. For the standard delayed matching-to-sample task, including all sessions together, there was a significant effect of
“delay interval,” independent of treatment (F3,814�6.90, P�0.0001).

Table 3. Effect of TV3326 on median delayed matching-to-sample task latencies (in seconds)

Sample correct Choice correct Sample incorrect Choice incorrect Dose
(mg/kg)

Day Average S.E.M. Average S.E.M. Average S.E.M. Average S.E.M.

1 1.29 0.23 2.29 0.51 1.66 0.47 2.71 0.53 0
3 1.36 0.44 2.34 0.48 1.13 0.21 2.59 0.53 0
5 1.09 0.20 2.17 0.46 1.26 0.20 2.59 0.42 0
7 0.92 0.11 2.17 0.51 0.83 0.10 2.70 0.71 0
8 2.22 0.97 2.58 0.62 1.78 0.56 2.75 0.57 0
9 1.24 0.27 1.90 0.11 1.68 0.50 2.64 0.23 0

11 1.51 0.32 2.47 0.59 1.70 0.51 2.93 0.61 0
14 1.20 0.19 2.13 0.50 1.26 0.24 2.77 0.80 1
15 1.97 0.66 2.52 0.42 1.77 0.51 2.87 0.49 1
16 1.37 0.24 2.23 0.46 1.20 0.19 5.29 2.50 1
18 1.49 0.42 2.26 0.44 1.14 0.20 2.70 0.47 1
21 1.36 0.15 2.19 0.47 1.47 0.36 2.60 0.58 1
22 1.49 0.20 2.21 0.53 2.16 0.78 2.70 0.58 1
23 1.52 0.27 2.37 0.45 1.33 0.16 2.95 0.68 2
25 1.27 0.19 2.21 0.44 1.44 0.35 2.53 0.49 2
28 1.10 0.12 2.11 0.46 1.16 0.16 2.59 0.61 3
29 1.36 0.23 2.07 0.33 1.81 0.50 2.61 0.46 3
30 1.33 0.28 2.03 0.33 1.57 0.49 2.59 0.50 4
32 1.32 0.22 2.42 0.41 1.38 0.25 2.85 0.55 4
35 1.73 0.29 2.33 0.55 1.70 0.38 2.63 0.47 5
36 1.29 0.19 2.17 0.49 1.57 0.23 2.73 0.60 5
38 1.24 0.20 2.07 0.47 1.40 0.22 2.49 0.53 6
42 1.13 0.17 2.16 0.48 1.24 0.26 2.69 0.69 6
43 1.43 0.24 2.60 0.70 1.53 0.43 3.03 1.03 6
44 0.90 0.09 2.35 0.72 0.95 0.17 2.78 0.81 6
46 1.20 0.08 2.58 0.68 1.15 0.26 3.03 0.93 6
49 1.18 0.15 2.50 0.52 1.35 0.26 3.15 0.75 6
50 1.07 0.06 2.93 1.03 0.90 0.09 4.17 1.71 6
51 1.10 0.08 2.55 0.62 1.35 0.16 2.83 0.83 6
53 1.10 0.18 2.97 0.98 1.00 0.13 4.13 1.50 6
56 1.03 0.18 2.63 0.70 0.93 0.10 3.23 1.01 6
57 0.90 0.05 2.80 0.91 0.90 0.05 3.53 1.28 7
59 1.13 0.15 2.63 0.71 0.93 0.05 3.23 1.00 7
63 0.94 0.14 2.06 0.49 0.89 0.06 2.66 0.68 0
64 1.31 0.11 2.37 0.66 1.41 0.18 3.04 0.85 0
65 1.33 0.28 2.73 0.60 0.95 0.08 3.18 0.83 0
67 1.78 0.30 1.85 0.13 2.35 0.56 2.35 0.10 0

Each value represents the mean�S.E.M. for seven subjects except for days 43–59 which were derived from only four subjects (numbers 350, 667,
671, and 23). There was a trend towards a significant difference in the latency category, independent of drug treatment (F3,814�2.53, P�0.065), but
there was no significant effect related to drug treatment (F36,814�0.84, P�0.74).
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toward a significant difference in the latency category,
independent of drug treatment (F3,814�2.53, P�0.065).
Perusal of the data indicates that, on average, there was
an increase in choice latencies associated with incorrect
choices over choice latencies associated with correct
choices. The observation that subjects take longer to make
incorrect choices relative to correct choices is a common
finding in these types of studies. Drug treatment did not
significantly alter this relationship (F36,814�0.84, P�0.74).

Titrating DMTS

Fig. 2 summarizes the data derived from testing during
sessions in which subjects were required to self-titrate to a
maximum delay interval. Task accuracies (percent trials
correct) exhibited by the study group during treatment
sessions were not significantly different from vehicle (0
mg/kg) sessions (F9,44�1.77, P�0.10). This finding paral-
leled the lack of effect on task accuracy obtained during

Fig. 2. Effect of daily single dose administration of TV3326 on performance of the titrating version of the DMTS task measured 2 h after drug
administration presented as a function of dose (and experimental day). Task accuracy (percent trials correct) during treatment sessions did not exhibit
a significant difference from vehicle (0 mg/kg) days (F9,44�1.77, P�0.10), nor was there a significant effect of treatment for the number of trials to attain
the maximal delay interval (F9,44�1.36, P�0.24). In contrast, TV3326 treatment resulted in self-titration to increased durations of both the average and
the maximum delay intervals (F9,44�3.73, P�0.0015 and F9,44�3.67, P�0.0017, respectively). * indicates a significant difference from vehicle (0 dose)
means (at least P�0.04). For the last three doses, N�4.
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the standard DMTS sessions. Although there was a grad-
ual increase in the average number of trials to attain the
maximal delay interval (particularly during the higher-dose
sessions) the effect of drug treatment again was not sta-
tistically significant (F9,44�1.36, P�0.24). In contrast,
TV3326 treatment resulted in self-titration to significantly
increased durations as reflected in both the average and
the maximum delay intervals attained (F9,44�3.73,
P�0.0015 and F9,44�3.67, P�0.0017, respectively). This
increase in task performance was generally sustained from
4-7 mg/kg. The final titrating session was run with no drug
administered prior to the task. The data show a rapid return
to baseline levels of titrated delay duration (Fig. 2), sup-

porting the concept that the enhanced response obtained
during the TV3326 regimen was not simply an artifact, and,
that the drug did not maintain its pharmacological effect
long after discontinuation of the chronic regimen.

Distractor DMTS

Fig. 3 summarizes the effect of TV3326 on subjects’ per-
formance of the distractor version of the DMTS task. Data
are presented for non-distractor trials and for distractor
trials (3-s duration initiated 1 s after the start of the delay
interval). Although the dosing schedule was as described
in Figs. 1 and 2, this version of the task was administered
only during one vehicle session (experimental day 2), dur-

Fig. 3. Effect of daily single dose administration of TV3326 on performance of the distractor version of the DMTS task measured 2 h after drug
administration categorized by delay interval (Z�Zero, S�Short, M or Med�Medium, L�Long). Data are presented for Non-distractor Trials and for
Distractor Trials (3-s duration initiated 1 s after the start of the delay interval). Although the dosing schedule was as described in Figs. 1 and 2, this
version of the task was administered only during one vehicle session (experimental day 2), during one of the 5 mg/kg doses (experimental day 37),
and during one of the 7 mg/kg doses (experimental day 60). Note: only 4 subjects received in the 7 mg/kg dose. For comparison purposes, the baseline
accuracy for the standard version of the DMTS task is presented in Panel A. The results derived from distractor sessions run after the two doses are
presented in Panel B. There was no significant effect of drug treatment either alone, or as a factor with delay interval. There was a trend (*) toward
improvement in overall accuracy (F2,87�2.85, P�0.064), i.e. combined distractor and non-distractor trials, and independent of delay (Panel C).
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ing one of the 5 mg/kg doses (experimental day 37), and
during one of the 7 mg/kg doses (experimental day 60).
For these three sessions the non-distractor trials appeared
to be performed as inefficiently (decrements in accuracy
relative to standard DMTS levels of performance effi-
ciency) as were the 18 randomly presented distractor tri-
als. We have noted carryover of the distractor-related im-
pairment to non-distractor trials within the same session on
other occasions, but the effect seems to be more pro-
nounced in older subjects. Therefore, the results obtained
under these conditions should be interpreted with care.
Notwithstanding this cautionary note, sessions run after
administration of TV3326, independent of dose, indepen-
dent of delay interval, and independent of trial type (dis-
tractor versus non-distractor) showed a trend toward a
significant level of improvement in overall accuracy
(F2,87�2.85, P�0.064).

DISCUSSION

Although MAO inhibitors have been examined for their
ability to protect against the development of MPTP-in-
duced parkinsonian symptoms or in reversing symptoms in
these animals (e.g. Andringa and Cools, 2000; Kupsch et
al., 2001), very little is known regarding the effects of these
compounds on cognitive function in non-human primates.
It is known, however, that noradrenergic neurons are nec-
essary for certain frontal lobe-mediated cognitive pro-
cesses. These include attention and the prevention of
distraction in the presence of irrelevant stimuli (Robbins
and Everitt, 1995). A normal level of noradrenergic neural
activity appears to be necessary for optimal function of the
prefrontal cortex. Agonists at �2A receptors (e.g. clonidine,
guanfacine) have been shown to improve prefrontal corti-
cal function in non-human primates whereas antagonists
at �2 receptors (e.g. yohimbine) have been shown to im-
pair function and to antagonize the positive mnemonic
actions of agonists (see Mao et al., 1999). Thus, the sus-
ceptibility to distracting stimuli known to occur in Alzhei-
mer’s disease patients may be improved by compounds
designed to optimize noradrenergic activity within the pre-
frontal cortex. Because of the behavioral effects of am-
phetamine and its derivatives, it is unlikely that this class of
drugs could be used as a treatment adjunct in Alzheimer’s
disease. However, the mood-elevating aspects and poten-
tial cognitive enhancing effects of MAO inhibitors may
prove more appropriate in this setting. To suggest this
possibility for TV3326 are the results of behavioral studies
in rats in which chronic administration of TV3326 reversed
immobility in the forced swim test (antidepressant activity)
and the drug antagonized scopolamine-induced impair-
ment of spatial memory (Weinstock et al., 2000b). It is
undetermined whether this potential positive effect on cog-
nition in these animals was mediated through brain MAO
inhibition or through cholinesterase inhibition, or by the
combination of effects. Studies in rats (Haroutunian et al.,
1990) and macaques (Buccafusco et al., 1992; Terry et al.,
1993) have indicated the advantage of combining the ef-

fects of central �2 adrenergic receptor stimulation
(clonidine) with cholinesterase inhibition (physostigmine).

It also has not been determined whether the pharma-
cological actions of TV3326 would include increased brain
noradrenergic, dopaminergic, or serotonergic activity at
clinically relevant doses. However, in this study, the drug
appeared to behave less like a noradrenergic agonist
(Jackson and Buccafusco, 1991), and more like a dopa-
minergic agonist (Prendergast et al., 1998a). This is be-
cause TV3326 was more effective in improving task accu-
racy in the distractor version of the DMTS task as com-
pared with the standard version. The role of brain
dopaminergic pathways in attentional aspects of cognition
is well known. In fact, normal dopaminergic function ap-
pears to be necessary for the successful performance of
memory tasks that rely on the function of the prefrontal
cortex. For example, a narrow range of the D1 selective
agonists A77636 and SKF81297 were reported to improve
performance of a spatial working memory task in aged
monkeys (Cai and Arnsten, 1997). For MAO inhibitors, the
mechanism for their effects on cognition is even less ob-
vious, in that they may be mediated through mechanisms
other than inhibition of the MAO enzyme (Gelowitz et al.,
1994; Shankaranarayana et al., 1999).

The increase in self-titrated maximal delay interval
from vehicle levels (22.6 s) to those obtained after admin-
istration of the second of the 6 mg/kg doses (30.9 s) in the
titrating version of the DMTS task amounted to a 36.7%
increase above baseline (in fact, the improvement over
baseline that was sustained by the 4–7 mg/kg doses in the
titrating version of the DMTS task averaged 25.2�4.96%
of control). This increase in maximum delay duration oc-
curred with a small, but non-significant, increment in the
number of trials needed to attain the longer intervals as-
sociated with drug treatment. Also, overall task accuracy
was unchanged. The observation that subjects self-titrated
to longer delay intervals without a significant change in
overall accuracy may indicate that the drug enhanced the
motivational aspects of the task. Other behavioral ap-
proaches would be needed to confirm this conjecture.
Because the average titrated delay interval increased con-
comitantly with the maximal delay, it is likely that once the
maximal delay was attained, accuracy was not sustained
for the next few trials, thus maintaining accuracy constant.
Nevertheless, we have demonstrated that the titrating
DMTS task is more sensitive to age-related task deficits
than is the standard DMTS task. Even within the titrating
DMTS the scores for session accuracy were not as well
correlated with age as was the number of trials to reach the
maximal delay interval (Buccafusco et al., 2002). Thus we
interpret an increase in titrated delay interval (as long as
accuracy does not decrease) as a positive effect on task
performance.

TV3326 also significantly improved task accuracy dur-
ing distractor sessions. The compound was effective
enough to return group performance efficiency to standard
DMTS vehicle levels of accuracy. These results were in-
dependent of whether trials were associated with a distrac-
tor or non-distractor trial, and they were independent of
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delay interval. Because of the profound carryover effect of
the distractor-impaired performance to the non-distractor
trials, the positive overall effect produced by the compound
on task accuracy is difficult to interpret. Drugs like methyl-
phenidate and nicotine generally affect task accuracy se-
lectively during Short delay trials in the distractor task
(Prendergast et al., 1998a,b) although like TV3326, nico-
tine improved task accuracy for both distractor and non-
distractor trials. Despite the lack of a significant delay-
dependent effect of drug treatment, on average, TV3326
improved accuracy most consistently during Short delay
trials (Fig. 3) both for non-distractor and distractor trials.
TV3326 does appear to have at least one advantage over
methylphenidate in this task. Whereas methylphenidate
exhibited clear efficacy in reversing distractor-induced dec-
rements in task accuracy in young monkeys, the amphet-
amine derivative was unable to reverse distractor-induced
performance decrements by aged subjects (Prendergast
et al., 1998a).

It is difficult to provide a level of comparison of the
mnemonic effects of TV3326 relative to other drugs tested
at this center owing to the lack of effect of the drug on task
accuracy. However, the 25% improvement over baseline
that was sustained in the titrating version of the DMTS task
is in keeping with the most effective drugs that we have
tested on an acute basis for improvements in standard
DMTS accuracy. We have yet to determine whether such
comparisons based on improvement over baseline perfor-
mance for different task variables are valid. Where a more
direct comparison may be made, is with regard to the most
improved degree of accuracy associated with a delay in-
terval (Short) for the non-distractor trials in the distractor
version of the DMTS task. On average, the improvement
amounted to 27.5% relative to vehicle levels of perfor-
mance. Notwithstanding this limitation, these data provide
at least a proof of concept that development of drugs with
multiple targets and multiple pharmacological properties
may prove superior to either monotherapy, or to combining
drugs with varying pharmacokinetic properties in the treat-
ment of neurodegenerative diseases. TV3326 represents
a new class of drug at least potentially suited to the treat-
ment of Alzheimer’s disease patients who require thera-
pies that will delay the progression of the disease, and who
suffer from impaired attention, impaired memory, and de-
pression. The combination of the properties attributed to
an adrenergic agonist and to a cholinesterase inhibitor
may derive benefit from their combined cognitive enhanc-
ing properties, as well as from the ability of adrenergic
receptor activation to limit the side effects of cholinester-
ase inhibition (Buccafusco, 1992; Buccafusco and Terry,
2000; Paule, 2001).
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Rationale for considering that
propargylamines might be

neuroprotective in Parkinson’s disease
C. Warren Olanow, MD, FRCPC

Abstract—A neuroprotective therapy that slows or stops disease progression is the major unmet medical need in
Parkinson’s disease (PD). Current evidence indicates that cell death in PD occurs, at least in part, by way of a signal-
mediated apoptotic process. This raises the possibility that anti-apoptotic agents might be neuroprotective in PD. Propar-
gylamines have been demonstrated to be potent anti-apoptotic agents in both in vitro and in vivo studies, presumably by
maintaining glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a dimer and thereby preventing its nuclear translo-
cation where it blocks upregulation of anti-apoptotic proteins. Selegiline is a monamine oxidase type B (MAO-B) inhibitor
that incorporates a propargyl ring within its molecular structure. It was shown to delay the need for symptomatic therapy
in untreated PD patients in the DATATOP study, but interpretation is confounded by its symptomatic effects. Rasagiline
is another MAO-B inhibitor that contains a propargyl ring and has protective effects in laboratory models. A clinical trial
utilizing a delayed start design demonstrated that patients initiated on rasagiline at baseline are improved at one year in
comparison to patients initiated on placebo and switched to rasagiline at 6 months even though both groups were on the
same treatment for the last 6 months of the study. These results argue against the benefit being due to a symptomatic
effect and are consistent with rasagiline having a protective effect.

NEUROLOGY 2006;66(Suppl 4):S69–S79

Parkinson’s disease (PD) is an age-related neurode-
generative disorder that is characterized by degener-
ation of dopaminergic neurons in the substantia
nigra pars compacta (SNc) coupled with intracytolas-
mic proteinaceous inclusions or Lewy bodies.1 Neuro-
degeneration is not restricted to dopaminergic
neurons of the SNc but also occurs in norepinephrine
neurons of the locus coeruleus (LC), cholinergic neu-
rons of the nucleus basalis of Meynert (NBM), sero-
tonin neurons of the dorsal raphe (DR), and neurons
of the dorsal motor nucleus of the vagus (DMV) and
the olfactory and peripheral autonomic systems.2

The cardinal clinical features of PD are resting
tremor, rigidity, bradykinesia, and gait distur-
bance with postural instability. Current therapy
primarily employs a dopamine replacement strat-
egy using levodopa and dopamine agonists.3 This
approach provides benefits to virtually all PD pa-
tients, particularly in the early stages of their dis-
ease. However, long-term therapy is complicated
by the development of motor complications in the
majority of patients. In addition, patients can ex-
perience disability due to the emergence of freez-
ing, falling, postural instability, autonomic
dysfunction, sleep disturbances, mood disorders,

and dementia, which probably reflect degeneration
of non-dopaminergic neurons.3,4 These problems
are not well controlled with currently available
therapies, such that many PD patients experience
intolerable disability despite the many treatment
advances in the disorder. The development of a
neuroprotective therapy that slows, stops, or re-
verses disease progression and prevents the devel-
opment of clinical disability is an urgent priority
in PD. Among the many candidate agents that
might be neuroprotective in PD,5,6 propar-
gylamines are among the most promising. Propar-
gylamines are molecules that incorporate a
propargyl ring and typically inhibit MAO-B. They
include several agents that have been studied in
PD, such as selegiline, TCH346, and rasagiline.7

Many preclinical studies have demonstrated the
capacity of propargylamines to block apoptosis in in
vitro and in vivo models of PD independent of their
capacity to inhibit MAO-B. This review considers the
experimental data and the theoretical basis supporting
a role for propargylamine-containing molecules as pu-
tative neuroprotective agents in PD, and examines
clinical trials with these agents that have been per-
formed in PD to date.
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Apoptosis and PD. Knowledge of the etiopatho-
genesis of PD would greatly facilitate the develop-
ment of a neuroprotective therapy. The precise
etiology of PD is not known, except for a small num-
ber of familial cases with a genetic mutation,8 and it
is possible that sporadic cases result from a complex
interplay between genetic and environmental factors
that are not necessarily the same in all patients.
Oxidative stress, mitochondrial dysfunction, inflam-
mation, excitotoxicity, and protein aggregation have
been implicated in the pathogenesis of cell death in
PD.9,10 However, the role played by these factors in
the cell death process is not known, nor is it clear if
each of these factors contributes equally to neurode-
generation in all PD patients. Increasing evidence
suggests that they act as a network whereby inhibi-
tion of any one factor might not be sufficient to pre-
vent neuronal degeneration. A body of evidence
suggests that cell death in PD occurs, at least in
part, by way of signal-mediated apoptosis in all PD
patients.11-14 If apoptosis is common to all of the dif-
ferent forms of PD, it is possible that anti-apoptotic
agents might provide neuroprotective effects in each
of the different types of PD.

Apoptosis is a gradual form of cell death that is
characterized by cell shrinkage, chromatin condensa-
tion, and fragmentation of nuclear DNA with preser-
vation of plasma membranes and absence of an
inflammatory response.15 This contrasts with necro-
sis, which is a rapid form of cell death characterized
by massive ionic fluxes across the plasma mem-
brane, mitochondrial disruption with a complete loss
of ATP production, disruption of subcellular or-
ganelles with rupture of the plasma membrane, an
inflammatory response, and relative preservation of
nuclear DNA. Although apoptosis was first described
as a counterbalance for excess cell replication in de-
veloping organisms, it is now appreciated that neuro-
nal apoptosis can result from a variety of toxic
insults, many of which are relevant to PD.15

A number of genes and their protein products are
known to be involved in neuronal apoptosis.16 These
include the bax/bcl family (bax, bcl-2, bcl-xL), the
interleukin 1� converting enzyme (ICE) family (ice,
ich-1L, and ich-1S) or caspases, and p53. Increased
expression of p53, bax, or caspase promotes apopto-
sis, whereas increased expression of bcl-2 or bcl-xL
promotes survival. In addition, the early gene c-jun
promotes neuronal apoptosis, whereas activation of
ERK and the PI3 kinase/AKT pathway decreases
neuronal apoptosis.17,18

Apoptosis was classically identified by the finding
of “laddering” on DNA electrophoresis due to sym-
metrical cleavage of nuclear DNA by endonucleases.
However, this technique requires fragmented DNA
from large numbers of cells and is useful only when
thousands of cells enter into apoptosis in a synchro-
nized manner. This is not the case in neurodegenera-
tive diseases such as PD, in which degenerating
nerve cells most likely enter into apoptosis in a de-
synchronized manner over a prolonged period of

time. Furthermore, DNA markers of apoptosis per-
sist for a relatively short period of time, probably
only a matter of hours. The identification of apopto-
sis in postmortem brain tissue of patients with PD
became feasible with the advent of techniques that
attach a chromogen or a fluorochrome to the
endonuclease-cleaved ends of nuclear DNA (e.g.,
TUNEL or BODIPY/fluorescein dUTP) and by fluo-
rescent DNA-binding dyes that label regions of chro-
matin condensation (e.g., YOYO).

Mitochondria can play a major role in some forms
of apoptosis.16,19 A fall in the mitochondrial mem-
brane potential (��M) caused by a rise in cytosolic
calcium or oxidative stress is associated with open-
ing of a mitochondrial megapore [also known as the
permeability transition pore (PTP)]. This results in
the free diffusion of solutes and small proteins across
the mitochondrial membrane, swelling and fracture
of the mitochondrial membrane, and the release of
factors such as cytochrome c from the mitochondrion
that signal for the initiation of apoptosis.16,19,20

Agents that maintain closure of the PTP, such as
BCL-2, SOD, or cyclosporine A, preserve the ��M
and are anti-apoptotic, whereas agents that promote
opening of the pore, such as BAD and BAX are pro-
apoptotic.16,21 It is now evident that ��M is reduced
early in the apoptotic process, well before evidence of
chromatin condensation and DNA fragmentation.
With the use of laser confocal microscopy, these find-
ings have been extended to neuronal models of apo-
ptosis, and it has been confirmed that ��M
decreases before nuclear DNA fragmentation.22 Apo-
ptosis has also been implicated in other neurodegen-
erative diseases, such as Alzheimer’s disease,
amyotrophic lateral sclerosis, and Huntington’s dis-
ease (reviewed in references 15 and 16).

A substantial body of evidence indicates that cell
death in PD occurs by way of apoptosis,11 although
there are reports to the contrary.23 Apoptosis has been
identified in PD with electron microscopy,24 but most
reports have relied on the TUNEL technique to detect
fragmented DNA.13,14 Based on these techniques, it has
been estimated that approximately 1% to 2% of SNc
neurons in PD have nuclei that stain positively for
markers of apoptosis. These percentages seem high,
given the short life span of nuclei with detectable DNA
strand breaks and the likelihood that nerve cell death
in PD occurs asynchronously over the course of many
years. This has raised concerns of false-positive results
with TUNEL approaches. However, Tatton et al.14

demonstrated that apoptotic neurons in the PD nigra
stained positively for both DNA fragmentation and
chromatin condensation, whereas this finding was
rarely encountered in controls. This study strongly
supports the concept that at least some SNc neurons
undergo apoptosis in PD. In further support of this
concept, pro-apoptotic changes in BCL-2, SOD, and
GAPDH, as well as increased caspase 3 and Bax im-
munoreactivity, have been detected in surviving SNc
neurons in PD patients.25,26 These findings support the
notion that apoptosis occurs in PD and the possibility
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that anti-apoptotic drugs might have a neuroprotective
effect.

Evidence that propargylamines are neuropro-
tective agents. Many agents have been demon-
strated to have anti-apoptotic properties in PD
model systems. Among the most potent and promis-
ing of these are the propargylamines.7 The best
studied of these is selegiline (N-propynyl-meth-
amphetamine). Selegiline is a relatively selective
irreversible inhibitor of MAO-B. It originally
attracted attention as a possible neuroprotective
therapy for PD based on its capacity to inhibit the
MAO-B oxidation of MPTP to MPP� and thereby to
block the development of MPTP-induced parkin-
sonism.27 Selegiline also has the potential to prevent
the formation of reactive oxygen species derived from
the MAO-B oxidation of dopamine, which have been
implicated in the pathogenesis of PD.28,29 In the labo-
ratory, in vitro and in vivo experiments have shown
that picomolar doses of selegiline protect dopamine
and other motor neurons from many PD-related toxic
events, including peroxide, glutamate, MPTP, gluta-
thione depletion, and trophic withdrawal.30,31 Inter-
estingly, it has now become apparent that selegiline
neuroprotection is due to an anti-apoptotic effect and
occurs independent of MAO-B inhibition.32,33 For ex-
ample, selegiline protects dopamine neurons from
the toxic effects of MPP�, the toxic byproduct of
MPTP metabolism by MAO-B. This cannot be ex-
plained by inhibition of MAO-B and cannot be
achieved with MAO-B inhibitors that do not include
a propargyl ring.33 It is also evident that selegiline
derives its protective benefit from its metabolite, des-
methylselegiline (DMS). DMS provides greater pro-
tective effects than selegiline at all concentrations,
and P450 inhibitors, which prevent DMS formation,
block selegiline-induced neuroprotection.34,35

TCH 346 (also referred to in the literature as CGP
3466) is another propargylamine-containing mole-
cule, but unlike selegiline it does not inhibit MAO-B.
In the laboratory it has powerful neuroprotective ef-
fects on dopamine and other motor neurons in both
in vitro and in vivo studies, even when employed at
very low concentrations.36-38 Importantly, TCH has
been shown to block MPTP toxicity and the develop-
ment of parkinsonism in non-human primates, re-
spectively, despite the fact that it does not inhibit
MAO-B activity.39

Rasagiline [N-propargyl-(1R)-aminoindan] is an
irreversible and potent MAO-B inhibitor that also
incorporates a propargyl ring within its molecular
structure.40 It has been demonstrated to provide anti-
parkinsonian benefits when used as monotherapy or
as an adjunct to levodopa,41,42 and has now been ap-
proved for use in many countries. Rasagiline differs
from selegiline in that it has a closed ring structure,
is metabolized to form an aminoindan, and avoids
the amphetamine metabolites associated with selegi-
line. Like other propargylamines, rasagiline has
been demonstrated to provide anti-apoptotic effects

in the laboratory that are independent of MAO-B
inhibition.43 In vitro, rasagiline protects against a
variety of toxins, including the nitric oxide donor
3-morpholinosydnonimine hydrochloride (SIN-1),
glutamate, 6-hydroxydopamine (6-OHDA), MPTP,
�-amyloid, 1,2,3,4-tetrahydroisoquinoline, and serum
and growth factor deprivation.44-51 Rasagiline has
specifically been shown to increase survival of cul-
tured fetal mesencephalic dopaminergic neurons44,45

and to protect the dopamine cell line SH-SY5Y
against apoptotic cell death induced by the
tetrahydroisoquinoline-related dopaminergic neuro-
toxin N-methyl-(R)salsolinol.50,51

Rasagiline has also been shown to provide neuropro-
tective effects in a variety of in vivo models. Rasagiline
protects dopamine neurons from the toxic effects of a
unilateral injection of 6-OHDA52 and significantly re-
duces apomorphine-induced rotational behaviors. In
this model, pretreatment with rasagiline prevents the
loss of tyrosine hydroxylase (TH)-positive dopaminergic
neurons in the SNc and the loss of dopamine terminals
in the striatum by approximately 35%. This study dem-
onstrates the capacity of chronic treatment with rasa-
giline to protect against the behavioral and pathologic
consequences of a dopamine lesion. The drug has also
been reported to protect non-dopaminergic motor neu-
rons. After closed head injury in the mouse, rasagiline
promotes recovery of motor function and spatial mem-
ory and reduces cerebral edema.53 Rasagiline also im-
proved neurologic severity score and reduced the
volume of necrotic brain tissue after middle cerebral
artery occlusion in the rat.54 Benefits have also been
observed in rats with degeneration of vasopressin-
containing neurons in the paraventricular nucleus
(PVN) of the hypothalamus, which experience sponta-
neous hypertension.55 Rasagiline reduced PVN neuro-
nal cell loss, reduced systolic blood pressure, reduced
the risk for stroke, and increased cumulative sur-
vival from 56.09 � 1.77 days to 73.6 � 2.22 days
(p �0.0001). Rasagiline treatment also increased sur-
vival of the G93A Cu/Zn SOD transgenic mouse model
of familial ALS and extended the duration of benefit
induced by riluzole.56

In these studies, several factors suggest that rasa-
giline might be a preferred neuroprotective agent in
comparison with selegiline. First, in comparative
studies neuroprotection is generally greater with
rasagiline than with selegiline. Second, rasagiline it-
self is protective, whereas its metabolite aminoindan
is less protective than the parent drug. In contrast,
selegiline neuroprotection is dependent on its conver-
sion to its desmethyl metabolite, and benefits are
lost if metabolism is impaired. Finally, rasagiline is
not metabolized to form amphetamines, which have
been suggested to inhibit neuroprotective effects.

A summary of the models and toxins in which
rasagiline has shown neuroprotective effects is pro-
vided in table 1.

Mechanism of action of propargylamines. In-
creasing evidence indicates that protection associ-
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ated with propargylamines is not related to MAO-B
inhibition but rather to an anti-apoptotic effect that
is dependent on transcriptionally-mediated new pro-
tein synthesis.32,33,57 Apoptosis in trophically with-
drawn cells is associated with increased levels of
pro-apoptotic molecules such as c-Jun (which acti-
vates the caspase cascade) and Bax (which promotes
apoptosis by inducing opening of the PTP and loss of
the ��M).58 In contrast, treatment with propar-
gylamines results in downregulation of these mole-
cules coupled with upregulation of anti-apoptotic
molecules such as SOD-1, SOD-2, BCL2, and
BCLXL.33 There is now substantial evidence indicat-
ing that propargylamines exert anti-apoptotic effects
by way of an interaction with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). GAPDH is an
intermediary enzyme in glycolytic metabolism that is
also involved in protein translation, and normally
exists in a tetrameric form bound to AUUA-rich

(stem loop) regions of RNA within the cytoplasm (fig-
ure). Increased expression of GAPDH and its trans-
location from the cytoplasm to the nucleus have been
shown to be associated with apoptosis.59,60 In cases of
mitochondrial stress, NAD� levels are increased and
displace GAPDH from its binding site, where it then
translocates to the nucleus and promotes apoptosis.
Carlile et al.61 used confocal laser microscopy and
size- exclusion chromatography to demonstrate that
propargylamines exert protection by fitting into the
channel formed by the GAPDH tetramer (see figure)
and maintaining the molecule as a dimer.61 In this
form, GAPDH does not translocate to the nucleus
and apoptosis does not occur. The precise mechanism
whereby GAPDH in the nucleus leads to apoptosis is
believed to involve inhibition of transcriptional up-
regulation of anti-apoptotic molecules, thereby pre-
venting upregulation of cell defenses and consequent
cell death. Propargylamines, by preventing the nuclear
translocation of GAPDH, permit the cell to upregulate
levels of protective molecules such as bcl-2, SOD, and
GSH and thereby to prevent oxidative stress, maintain
the mitochondrial membrane potential, and block apo-
ptosis. In support of this concept, propargylamines
have been shown to stabilize mitochondrial membrane
potential, reduce cytosolic levels of cytochrome c, re-
duce levels of caspase 3, and prevent the development
of DNA markers of apoptosis.58

Similar observations have been reported with
rasagiline. Rasagiline prevents the nuclear translo-
cation of GAPDH62 and is associated with upregula-
tion of the anti-apoptotic proteins/mRNAs Bcl-2,
Bcl-xL, and SOD, and downregulation of the pro-
apoptotic molecules/ mRNAs Bax and Bad.49,62-65

Furthermore, rasagiline prevents the fall in mito-
chondrial membrane potential, release of cytochrome
c, activation of caspases, and DNA fragmentation
that characterize apoptosis.63,66,67 Recent studies fur-
ther indicate that rasagiline protection involves the
PKC/MAP kinase pathway, which is involved with
BCL-2 activation, and that protection is blocked by

Table 1 Neuroprotective activity of rasagiline

In Vitro

Cell type Toxin

SH-SY5Y cells Salsolinol

PC12 cells Trophic withdrawal

PC12 cells Anoxia and glucose
deprivation

Mesencephalic dopamine
neurons

Enhances survival

Hippocampal neurons Glutamate

In Vivo

Benefit Toxin/injury

Surviving nigral neurons in rat 6-OHDA

Facial neurons in rat pups Axotomy

Survival Transgenic SOD mouse

Motor function, lesion size MCA occlusion

PVN of hypothalamus Increased survival,
reduced blood pressure

Figure. Models of the rat GAPDH tetramer showing the four identical monomers that make up the GAPDH tetramer in
different colors (left panel) the binding channel formed by the site where the four monomers join (center panel), and a
schematic representation of a propargylamine located within the channel so as to maintain the molecule as a dimer and
prevent nuclear translocation with the development of apoptosis (right panel). Figures adapted from Carlile et al.61
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GF109203X, a broad-spectrum inhibitor of PKC.49,64

These findings suggest that a PKC/BCL-2 interac-
tion mediates the neuroprotection induced by rasagi-
line. Rasagiline (100 nM) has also been shown to
induce a marked upregulation of glial cell line-
derived neurotrophic factor (GDNF) in SH-SY5Y,
which might also contribute to its protective effects.68

A summary of factors indicating that rasagiline
acts as an anti-apoptotic agent is provided in table 2.
The capacity of propargylamines such as rasagiline
to block apoptosis make these drugs promising
agents for testing as putative neuroprotective agents
in PD, in which substantial evidence indicates that
cell death occurs by way of apoptosis (table 3).

Clinical trials testing propargylamines in PD.
Several clinical trials have examined the potential of
propargylamine-containing compounds to have neuro-
protective and disease-modifying effects in PD. The
first of these was the DATATOP study.69 This trial
assessed the capacity of selegiline to slow the develop-
ment of disability necessitating the introduction of
levodopa therapy in comparison with placebo in other-
wise untreated PD patients. The hypothesis underlying
this study was based on the potential of selegiline to
inhibit the MAO-B oxidation of toxins such as MPTP or
to prevent the formation of free radicals derived from
the MAO-B oxidation of dopamine. That selegiline, and
more specifically its metabolite DMS, might have anti-
apoptotic effects was not appreciated at that time. In
this study, selegiline significantly delayed the need for
levodopa in comparison to placebo, consistent with the
drug having a protective effect. However, the study
also demonstrated that selegiline had symptomatic ef-
fects associated with the introduction and withdrawal
of the drug. This confounded interpretation of the trial
and prevented a clear determination as to whether or
not selegiline was protective. In other words, it was not
possible to ascertain if the selegiline benefit was due to
a protective effect, with slowing of neurodegeneration,

or a symptomatic effect which simply masked ongoing
cell death.70 It is noteworthy, however, that long-term
follow-up in the DATATOP study showed that patients
who had been originally randomized to receive treat-
ment with selegiline had less freezing than did those
originally randomized to placebo.71

The SINDEPAR study used change in motor score
between an untreated baseline and a final visit per-
formed after drug wash-out as the primary endpoint in
an attempt to test the putative neuroprotective effects
of selegiline.72 This study also showed a significant ben-
efit in favor of selegiline in comparison to placebo, al-
though here the potential of a confound due to a long-
duration symptomatic effect of the drug could not be
excluded. These studies suggest that selegiline might
be protective in addition to having symptomatic effects,
although it still cannot be ascertained with certainty if
any of the benefits associated with selegiline treatment
are due to neuroprotection.

The propargylamine TCH346 has also been stud-
ied as a possible neuroprotective effect in a prospec-
tive, double-blind, placebo-controlled trial. Much was
expected of this agent because it is a very potent
neuroprotective agent in the laboratory. In addition,
it does not inhibit MAO-B and is therefore unlikely
to have the confounding symptomatic effects that
have limited interpretation of studies with selegiline.
Unfortunately, at the three doses tested TCH346
had no beneficial effect on the primary endpoint
(time to need for levodopa) or on any of the pre-
specified secondary endpoints, and no further studies
are planned with this agent.

More promising are the results with rasagiline. The
TEMPO study employed a delayed start design to try
and avoid confounding symptomatic effects associated
with drugs that inhibit MAO-B.73 In the delayed-start
design, untreated PD patients are randomized to initi-
ate therapy with the study intervention or placebo dur-
ing the first treatment phase. During the second
treatment phase, all patients, including those origi-
nally on placebo, receive the active study intervention.
Benefits observed with the study drug compared with
placebo at the end of the first phase of the study could
be due to either symptomatic or protective effects or to
a combination of both. However, at the end of the sec-
ond phase all patients are receiving the same treat-
ment, and symptomatic effects should therefore be
comparable. Therefore, it is thought that any benefit
between the study intervention and the placebo group
at the end of the study cannot be due to a symptomatic
effect and is consistent with a neuroprotective effect
due to treatment with the study intervention during
the first phase of the study.74-76 The TEMPO study
used this design to compare rasagiline with placebo. At
the end of the first stage of the study (6 months),
rasagiline-treated patients had significant improve-
ment in UPDRS motor scores in comparison with pa-
tients in the placebo group, consistent with the drug
having a protective and/or symptomatic effect. How-
ever, these benefits persisted at the end of the second
stage of the study (12 months) when all patients had

Table 2 Evidence that rasagiline provides protection through an
anti-apoptotic mechanism

Prevents GAPDH translocation to the nucleus

Enhances BCL-2 upregulation

Preserves mitochondrial membrane potential

Prevents upregulation of cytochrome c

Prevents upregulation of caspase 3

Prevents DNA fragmentation and chromatin clumping

Table 3 Evidence of apoptosis in PD

DNA fragmentation

Chromatin condensation

DNA fragmentation and chromatin condensation in same cells

GAPDH translocation to the nucleus

BCL-2 overexpression
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been receiving rasagiline for at least 6 months. This
difference cannot be explained simply by a symptom-
atic effect of the drug because patients in both groups
were on the same medication, and is consistent with
rasagiline having a protective effect in PD patients. A
larger study to evaluate initial treatment with rasagi-
line versus placebo using a delayed-start design (the
Adagio Study) is now under way.

Summary. Neuroprotection is the single most im-
portant unmet medical need in PD. A body of evidence
suggests that cell death in PD occurs by way of apopto-
sis, raising the possibility that drugs that interfere
with pro-apoptotic signals might have disease-
modifying effects. Propargylamine-containing mole-
cules are anti-apoptotic and have been shown to
protect dopamine and other motor neurons from a vari-
ety of toxins. Substantial evidence indicates that these
agents act by binding to GAPDH, maintaining it as a
dimer and preventing its translocation to the nucleus,
where it interferes with transcriptional upregulation of
anti-apoptotic proteins. Clinical trials of these agents
have not yet established that they are neuroprotective
in PD. However, the delayed-start design study showed
that initiating treatment with rasagiline provided ben-
efits in comparison to placebo that could not be at-
tained when the drug was initiated at a later time
point. These findings are consistent with a neuropro-
tective effect and warrant further investigation.

Discussion

DR. SCHAPIRA: How strong do you think the evidence
is that selegiline is neuroprotective in PD?

DR. OLANOW: It is hard to say. Don’t forget that the
DATATOP study was positive, and patients on sele-
giline had a highly significant delay in their need for
levodopa. Unfortunately, the study was confounded
by the symptomatic effect of the drug, but this does
not mean that there wasn’t a neuroprotective compo-
nent to this effect. Long-term studies also show that
patients originally randomized to selegiline had re-
duced freezing compared to those originally treated
with placebo. There have also been many laboratory
studies showing that selegiline, by way of its des-
methyl metabolite, protects dopamine and other mo-
tor neurons in a wide variety of in vitro and in vivo
model systems. Plus the mechanism of action of how
it could provide neuroprotective effects is very well
worked out. So it is certainly possible.

DR. SCHAPIRA: Were there primate studies as well?

DR. OLANOW: There were. Selegiline blocked the effect
of MPTP in primates, but this was most likely be-
cause of its MAO-B inhibiting properties. Still, stud-
ies in other model systems have shown that MAO-B

inhibition is not necessary for selegiline to exert a
protective effect, and it is possible that some of the
benefit in monkeys is due to a protective effect.

DR. MCNAUGHT: These studies were done for the most
part before studies on the role of the ubiquitin pro-
teasome system (UPS) in PD. Have any of the mod-
els that have been studied looked at the effect of
selegiline on proteasomal function, ubiquitination, or
protein aggregation?

DR. OLANOW: Catherine Mytilineou and I looked at
the effect of selegiline on lactocystin-induced toxicity,
and we did not find protection in this model.

DR. JENNER: I don’t want to bait you, but we have
looked at the effects of selegiline in cell lines exposed
to a range of toxic insults and we have been unable
to show many of the neuroprotective effects that are
reported in the literature.

DR. SCHAPIRA: Maybe it was where you got your
selegiline.

DR. JENNER: We also tried other agents that were
said to be neuroprotective and could not replicate
what was reported in the literature.

DR. OLANOW: There are dozens of excellent investiga-
tors who have published on the neuroprotective ef-
fects of selegiline. What cell line did you use?

DR. JENNER: The work was done with SHSY-5Y cells.

DR. OLANOW: We have never worked with SHSY-5Y
cells, and maybe there are differences in the cell lines.

DR. JENNER: But didn’t you and Kevin show that sele-
giline didn’t protect against proteasomal inhibition
in cultured cells?

DR. MCNAUGHT: That’s correct. It didn’t work in pri-
mary cultures, but in fact we did some work with Bill
Tatton and showed that it did protect against a pro-
teasome inhibitor in PC12 cells.

DR. OLANOW: Do you know if primary cultures have
P450 in order to metabolize selegiline to the active
propargylamine?

DR. JENNER: My understanding is that primary cul-
tures don’t have P450, and now I need to find out if
SHSY-5Y cells have it. That might explain the differ-
ences in our findings from other groups.

DR. OLANOW: I know that rasagiline is protective
against many toxins in primary cultures. I think it
would be interesting to see if rasagiline gives you
protection in your model, Peter, because it does not
require metabolism to provide protection. It is also
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worth pointing out that the literature is confusing as
to which P450 metabolizes selegiline, with conflict-
ing results having been reported.

DR. MCNAUGHT: I am curious to know if there’s differ-
ential expression of P450 in PC12 cells compared to
primary cultures.

DR. SIDEROWF: How much of a problem is it that pos-
itive results are published and negative results tend
not to be?

DR. OLANOW: There is a bias that journals don’t like
to publish negative results, but if you were to report
that you tried a series of agents that had previously
been reported to be neuroprotective and couldn’t get
them to work and the methodologies that you used
were sound, I think you could get that work pub-
lished. Have you tried to publish your results, Peter?

DR. JENNER: We haven’t published them yet because we
were so worried that we couldn’t reproduce what was
in the literature and we want to confirm them. The
more we discuss this, the more I think that results can
be system-dependent. This illustrates why it is impor-
tant to discuss negative as well as positive results.

DR. KIEBURTZ: How do you block the metabolism of
selegiline?

DR. OLANOW: With P450 inhibitors, which block the
demethylation of selegiline to DMS. And interest-
ingly this blocks the protection, indicating that it is
the DMS metabolite that is primarily responsible for
this effect. This is further supported by the finding of
reduced benefits with selegiline compared with DMS
at the same concentration.

DR. POEWE: What about with rasagiline?

DR. OLANOW: It is different with rasagiline. Here the
neuroprotective benefit is greater with rasagiline than
with its metabolite, aminoindan, and blocking rasagi-
line metabolism does not block its protective effects.

DR. HAUSER: What accounts for this difference?

DR. OLANOW: It probably has to do with the capacity
of the molecule to fit into the channel formed by the
GAPDH tetramers and its ability to maintain
GAPDH as a dimer so that it doesn’t go to the nu-
cleus and prevent the protective response that blocks
apoptosis. It is likely that DMS and rasagiline fit,
whereas selegiline per se does not. Bill Tatton
showed that if you employ antibodies to the proteins
that make up the canal, you lose the protective ef-
fects that are seen with propargylamines.

DR. SCHAPIRA: What was the basis for determining
that propargylamines maintain GAPDH as a dimer?

DR. OLANOW: This was work done by Graham Carlile
and Bill Tatton. They used size-exclusion chromatog-
raphy and showed that GAPDH normally exists as a
tetramer, but when a propargylamine is added it
predominantly exists as a dimer.

DR. HAUSER: If you block the metabolism of selegiline
to desmethyl selegiline, do you still get a fair amount
of protection?

DR. OLANOW: No, you lose the protection.

DR. KIEBURTZ: And this has nothing to do with
MAO-B inhibition?

DR. OLANOW: That’s correct. Bill Tatton showed in the
trophic withdrawal model that the selegiline benefit
was not seen with other MAO-B inhibitors. Subse-
quently, Catherine Mytilineou and I reproduced these
results. These were the original studies that led us to
believe that the selegiline benefits were related to its
propargyl ring and based on an anti-apoptotic effect.

DR. JENNER: How did you establish that it was anti-
apototic?

DR. OLANOW: First, we selected models that result in
apoptosis, such as trophic withdrawal, and showed
that propargylamines prevent the development of
the DNA markers indicative of apoptosis. Tatton and
Ishitani and others also showed that apoptosis was
associated with upregulation of GAPDH and down-
regulation of BCL-2, SOD-1, and SOD-2, while the
addition of a propargylamine such as DMS pre-
vented the upregulation of GAPDH and induced up-
regulation of BCL-2, SOD-1, and SOD-2. These
findings indicate that propargylamines act by inter-
fering with pro-apoptotic signals.

DR. KIEBURTZ: I think I am beginning to see how this
works. Presumably propargylamines exert anti-
apoptotic effects by interacting with GAPDH and
preventing it from promoting pro-apoptotic signals in
response to minor or inappropriate cell stresses.

DR. OLANOW: Exactly.

DR. SIDEROWF: What exactly does GAPDH do?

DR. OLANOW: It has several functions. It is well
known to be an intermediary in glycolytic metabo-
lism. It also sits on stem loops of RNA and plays an
important role in RNA translation into proteins. And
it is also involved in signaling for apoptosis under
conditions of mitochondrial stress.

DR. SIDEROWF: How is it that GAPDH plays such an
important role in signaling for apoptosis?
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DR. OLANOW: GAPDH is involved in fundamental gly-
colytic metabolism and is probably a sensor of mito-
chondrial function. When mitochondria are under
stress, this is reflected by excessive release of NAD�
from mitochondria, which displaces tetrameric
GAPDH from stem loops where it translocates to the
nucleus, inhibits the normal protective response of
the cell, and promotes apoptosis. It is interesting to
speculate that this might occur as a way of avoiding
necrotic cell death, which is associated with inflam-
mation that might have an adverse effect on neigh-
boring healthy cells.

DR. POEWE: What are the differences between selegi-
line and rasagiline?

DR. OLANOW: Rasagiline is similar to selegiline but
there are a few important differences. First, it is a
more potent MAO-B inhibitor. Second, the ring here
is closed so that it is metabolized to form an amin-
oindan and does not generate amphetamine metabo-
lites. It is similar to selegiline in that it incorporates
a propargyl ring, but protection comes from the parent
molecule and not from a metabolite. Finally, it provides
protection in laboratory models and has been better
studied as an antiparkinsonian agent in double-blind
controlled trials. Therefore, at least in my opinion, it
warrants trial in PD as a putative neuroprotective
drug, particularly in view of the results of the delayed-
start component of the TEMPO study.

DR. POEWE: Do rasagiline and selegiline show compa-
rable protection in the laboratory?

DR. OLANOW: More or less, although at the same con-
centration rasagiline tends to show slightly more
protection. The selegiline story has been nicely
worked out, and there is a nice body of work showing
that rasagiline, like other propargylamines, can pro-
tect a variety of cells in vitro, including dopaminergic
and non-dopaminergic cells. In vivo, you can see
quite extensive protection in a variety of models, in-
cluding 6-hydroxydopamine, axotomy, ALS, MCA oc-
clusion, head injuries, and so on. Interestingly,
Mousa Youdim did gene microarray studies before
and after rasagiline and showed that mRNAs that
were upregulated by rasagiline included those that
have the potential to be anti-apoptotic or protective,
whereas those that were downregulated were pro-
apoptotic, such as caspase-3.

DR. MCNAUGHT: You reported that buthionine sulfox-
amine induces cell death. How does it do that?

DR. OLANOW: It kills cells by blocking the formation of
glutathione, but you have to deplete it by quite a lot,
about 70 percent. We were surprised because the
GSH depletion in PD is only about 40 percent.

DR. SCHAPIRA: Cells tend to conserve mitochondrial
glutathione, which is perhaps why you need to de-
plete it so much.

DR. KIEBURTZ: How does TCH346 differ from rasagi-
line and selegiline?

DR. OLANOW: TCH346 is also a propargylamine, but it
has minimal if any MAO-B inhibition.

DR. JENNER: But it was supposed to have shown ex-
cellent protective effects in the laboratory, is that not
correct?

DR. OLANOW: It did. That is why the negative clinical
trial was especially disappointing because the drug
would likely not have had a symptomatic confound
and any benefit could have been attributed to neuro-
protection.

DR. JENNER: On the other hand, doesn’t the negative
trial with this agent suggest that benefits seen with
drugs such as selegiline and rasagiline are due to
MAO-B inhibition rather than protection?

DR. OLANOW: I suppose that is correct, but it is also
possible that we picked the wrong dose to test.
TCH346 worked in the laboratory at concentrations
of 10–10 but had a U-shaped curve and didn’t work at
higher or lower concentrations. It is also 99%
protein-bound. So it was hard to pick the correct
dose, and we may have gotten it wrong.

DR. STERN: What do you think is the best animal model
to test putative neuroprotective therapies for PD?

DR. OLANOW: That’s a problem. The animal models we
have such as MPTP and 6-OHDA don’t really reflect
PD, and positive results in these models doesn’t neces-
sarily mean you will get positive results in PD patients.
The transgenic animals offer the best opportunity be-
cause these animals carry the specific mutation that
causes the human disease. However, the same muta-
tion that causes PD in humans may not be harmful to
the animal model, and in fact most transgenic or
knockout animals do not replicate PD behavior or pa-
thology. I like the proteasome inhibition model because
it is progressive and has dopamine and non-dopamine
lesions. But many groups are having difficulty repro-
ducing this model, and we can’t rely on this model until
we resolve these issues. It is interesting that, in tissue
culture, many of the agents that we think might be
neuroprotective in PD are ineffective in the proteasome
inhibition model. Ideally, I would like to test a drug in
PD that works in this model.

DR. KIEBURTZ: That’s a real problem, isn’t it? How do we
take a drug from the laboratory to humans? If it works
in a laboratory model, does that mean it will work in
humans? Is that a good predictor? Did we look at the
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right models? Have we got a drug that never would
have worked in humans and we could have known this
had we looked at the correct models? Or would this
have worked in any system but we used the wrong
dose, or perhaps we didn’t deliver it to the correct tar-
get. Or perhaps we used the wrong study design?
Maybe we didn’t address compensation adequately,
and maybe we should have looked for longer in order to
tell if a drug is protecting nerve cells? Of course I don’t
know the answers to any of these questions. Given all
we know, a confounded study with selegiline and a
negative trial with TCH346, are you still a fan of
propargylamines as neuroprotective agents?

DR. OLANOW: I still am optimistic because the mecha-
nism is so well worked out, because they protect at
very low concentrations that can be obtained physio-
logically, and because they protect in so many differ-
ent model systems. Another big question that
remains is whether you can design a trial that can
show slowing of disease progression.

DR. KIEBURTZ: It’s always hard to know whether it’s a
failed drug or a failed trial. Even if it was the right
trial design, was it implemented incorrectly? Is there
something funny about the characteristics and the be-
havior of the patients who are enrolled? I think we
could learn a lot by exploring negative studies such as
the riluzole, the cephalon mixed-lineage kinase inhibi-
tor, and TCH studies to see if we can learn anything.

DR. JENNER: One of the problems I have is that these
companies frequently go right to phase III studies
without doing phase II dosing studies.

DR. KIEBURTZ: It’s often hard to know what dose to use
in a neuroprotective study, because there is no biomar-
ker to indicate activity. In which case, you might as
well look at dosing, tolerability, safety, and efficacy in a
pivotal phase IIb trial. In the cephalon study we went
right to a pivotal study looking at three doses and
hoped that one of them would be the right dose.

DR. OLANOW: That study was another disappointment
because there is a good rationale for testing Jun kinase
inhibitors based on evidence that protein aggregation
promotes cell death by way of Jun kinase activation.

DR. MCNAUGHT: Let’s suppose you are successful with
an anti-apoptotic drug and you reduce the number of
cells going into apoptosis. What happens to those
cells in the long run?

DR. OLANOW: That’s a very good question. We know the
short-term but not the long-term consequences of these
therapies. We show reduced cell death with reduced
markers of apoptosis at 24 or 48 hours, but we don’t
know what happens to the cells afterwards and

whether they behave like healthy cells. What would be
bad is if these drugs converted cells from undergoing
apoptosis to dying by necrosis, which could be worse for
the organism. The situation might be different, though,
if there were a problem such as a complex I defect
where the mitochondrial membrane potential was set
abnormally low. Here, anti-apoptotic drugs could help
to maintain closure of the pore and reset the resting
membrane potential and eliminate the cell’s vulnera-
bility. This might be the case in PD, where there is
evidence at postmortem that GAPDH has translocated
to the nucleus in some cells and the cell is perhaps in a
pro-apoptotic state. Propargylamines might take a cell
that was getting ready to die and restore it to a more
normal function. In other words, you may be taking a
vulnerable cell and making it less vulnerable.

DR. SCHAPIRA: Yes, less vulnerable to die. But the
issue is, is that cell able to function normally?

DR. KIEBURTZ: Tim Greenamyre took normal and HD
fiberblasts and subjected them to repetitive calcium
challenges. He found that resting mitochondrial
membrane potential dropped and then recovered be-
tween challenges with normal fibroblasts, while with
HD fiberblasts the mitochondrial potential continued
to fall until the cells died. So he was trying to get at
not only do they die but could they recover function.

DR. OLANOW: Bill Tatton did a similar experiment in
which he showed that fibroblasts from PD patients had
a low mitochondrial membrane potential and were
very sensitive to rotenone in comparison to controls. If
that were to be the state of nigral neurons in PD, then
I think propargylamines might be helpful by restoring
mitochondrial membrane potential in an otherwise in-
tact cell that is vulnerable to undergo apoptosis when
exposed to ordinarily non-lethal stresses.

DR. HAUSER: One of my concerns is that, by the time
you start a treatment, irreversible events may have
already occurred.

DR. OLANOW: That’s a fair concern. Venu Nair in our
group showed that, after exposure to hydrogen per-
oxide, cultured cells very quickly express markers
indicating whether or not they will undergo apopto-
sis, even though DNA markers of apoptosis may not
be seen for another 24 to 48 hours. I think of propar-
gylamines as a way to promote the likelihood that
the cell will survive. As you imply, there are proba-
bly many factors that determine whether a cell will
ultimately die or survive. And if we could, for exam-
ple, through a propargylamine drug like rasagiline
preserve the mitochondrial membrane potential,
that would mean that some cells might tolerate a
stress they otherwise might not, and a greater per-
centage of cells would survive. Whether that will
translate into a clinically meaningful effect I don’t
know. One of the jobs in the laboratory is to define
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reasonable hypotheses, find targets, and develop
candidate drugs that show protection in models. In
the final analysis, you have to do a clinical trial to
know if it really works in PD.

DR. SIDEROWF: I was impressed when you described
the many different systems where rasagiline exerted
a protective effect. And it made me think that, in
Parkinson’s disease, only part of the degeneration is
in the nigrostriatal dopaminergic system, but many
other extranigral neurons also degenerate, and defi-
cits are not just in motor function but in cognition
and mood. Given the capacity of rasagiline to protect
so many different cell types in the laboratory, does
that make it more promising to study in PD and does
it suggest specific trial designs and endpoints that
should be employed?

DR. KIEBURTZ: I think you make a good point, and
that trial designs that look at non-dopaminergic fea-
ture as a measure of protection are potentially very
valuable because they are less likely to be con-
founded by the dopaminergic agents we use to treat
PD today. I personally would feel much more com-
fortable that a therapy was neuroprotective if it
slowed the development of non-dopaminergic fea-
tures, such as postural instability or dementia. And
even if it turned out to be a symptomatic mechanism
it would still be a boon for patients, since such ther-
apies are not currently available.

DR. JENNER: Certainly, very little research has taken
place outside the nigra in PD to date, and I think
more information in this area could be very helpful
to clinicians designing neuroprotection trials.

DR. OLANOW: To take that one point further, if we had
a good model of PD based on etiopathogenesis, posi-
tive results in such a model would be very helpful in
determining that positive results in a clinical trial
were due to protection, as no current clinical
endpoint can be totally relied on as yet.

DR. KIEBURTZ: I think it’s also important for clinical
trialists to inform basic scientists about what body of
evidence they want to see before starting a trial, sort
of like a venture capitalist. We’re not going to invest
our time and efforts in doing a trial of that drug until
we see this array of information. This would help in
selecting a compound to study—why rasagiline, why
minocycline, why creatine, why coenzyme Q10? Well,
we should have equivalent bits of information for all
of them and choose the best one. The other reason is
that the basic science helps to contextualize the clin-
ical findings and strengthen a possible neuroprotec-
tive association.

DR. JENNER: Another thing we should be doing is
measuring plasma levels of the drug, because it
would be very useful to know the plasma level at

which these effects are being achieved in order to try
to plan doses for clinical trials.

DR. OLANOW: One problem is whether the plasma
level in the rat or monkey means the same thing in a
human.

DR. JENNER: I don’t know about the story with neuro-
protective drugs, but I can tell you we use plasma
levels in the common marmoset to predict doses for
PD patients and find that these are a very good
guide to getting the dose right in the clinic.
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A peptide based on the complementarity-determining
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by up-regulating CD4�CD25� cells and TGF-�
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Systemic lupus erythematosus is an autoimmune disease charac-
terized by autoantibodies and systemic clinical manifestations. A
peptide, designated hCDR1, based on the complementarity-deter-
mining region (CDR) 1 of an autoantibody, ameliorated the sero-
logical and clinical manifestations of lupus in both spontaneous
and induced murine models of lupus. The objectives of the present
study were to determine the mechanism(s) underlying the bene-
ficial effects induced by hCDR1. Adoptive transfer of hCDR1-treated
cells to systemic lupus erythematosus-afflicted (NZB�NZW)F1 female
mice down-regulated all disease manifestations. hCDR1 treatment
up-regulated (by 30–40%) CD4�CD25� cells in association with
CD45RBlow, cytotoxic T lymphocyte antigen 4, and Foxp3 expres-
sion. Depletion of the CD25� cells diminished significantly the
therapeutic effects of hCDR1, whereas administration of the en-
riched CD4�CD25� cell population was beneficial to the diseased
mice. Amelioration of disease manifestations was associated with
down-regulation of the pathogenic cytokines (e.g., IFN-� and IL-10)
and up-regulation of the immunosuppressive cytokine TGF-�,
which substantially contributed to the suppressed autoreactivity.
TGF-� was secreted by CD4� cells that were affected by hCDR1-
induced immunoregulatory cells. The hCDR1-induced CD4�CD25�

cells suppressed autoreactive CD4� cells, resulting in reduced rates
of activation-induced apoptosis. Thus, hCDR1 ameliorates lupus
through the induction of CD4�CD25� cells that suppress activation
of the autoreactive cells and trigger the up-regulation of TGF-�.

cytokines � Foxp3 � immunomodulating peptide � regulatory T cells �
systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is an autoimmune disease
characterized by the production of Ab against nuclear antigens

and damage to multiple organs including kidneys, CNS, joints, and
skin (1). Several strains of mice that spontaneously develop an
SLE-like disease were reported, of which the (NZB�NZW)F1
female mice are the most widely used (2, 3). In addition, our
laboratory has established a model of experimentally induced SLE
in different susceptible strains of mice (4–6).

A peptide, designated hCDR1, based on the complementarity-
determining region (CDR) 1 (7) of a human anti-DNA mAb, was
shown to ameliorate the serological and clinical manifestations in
both the spontaneous and induced models of SLE and to reduce the
secretion and expression of the pathogenic cytokines IFN-�, IL-10,
IL-1�, and TNF-� (the latter in the induced model) while up-
regulating the immunosuppressive cytokine TGF-� (8).

It has become increasingly evident that peripheral tolerance is
mediated by suppressor T cells with a regulatory function (9, 10).
The best-characterized are the CD4�CD25� cells, which constitute
5–10% of the CD4� cells (11). CD4�CD25� cells are naturally
occurring, whereas adaptive regulatory CD4�CD25� cells with
suppressive capacity may be induced in the periphery in response
to tolerogenic stimuli (11, 12). Nevertheless, several in vitro and in
vivo studies indicated that CD25� cells might also be generated in
the periphery (13–20). Recently it was reported that the number of
CD4�CD25� cells is diminished in patients with SLE as well as in

(NZB�NZW)F1 female mice with established lupus (21–23), thus
suggesting a role for these cells in regulating the disease.

In the present study we attempted the elucidation of the mech-
anism(s) underlying the ameliorating effects of treatment with
hCDR1 on SLE manifestations. We demonstrated that the inhib-
itory effects of hCDR1 can be adoptively transferred to mice with
established lupus by cells originating from young, healthy
(NZB�NZW)F1 female mice that were treated with hCDR1.
CD4�CD25� cells were up-regulated in the hCDR1-treated cell
population and were found to play a crucial role in ameliorating the
serological and clinical parameters of SLE. This improvement was
achieved by suppressing the activation of the CD4� cells and by
triggering the up-regulated secretion of TGF-�, which was shown to
play a key role in down-regulating SLE manifestations.

Results
Adoptive Transfer of Spleen Cells from Mice Treated with hCDR1 to
(NZB�NZW)F1 Mice with Established Disease Is Beneficial. To deter-
mine whether the beneficial effects of hCDR1 can be transferred by
cells of treated mice, we first performed adoptive transfer experi-
ments. Thus, 2-mo-old, disease-free, (NZB�NZW)F1 mice were
injected with hCDR1 s.c. (50 �g per mouse) for 3 alternating days.
Two control groups of young mice were treated with the vehicle or
with a scrambled (control) peptide. Splenocytes (20 � 106 per
mouse) from the different groups were injected i.p. to respective
groups of 8-mo-old (NZB�NZW)F1 mice with established disease.
Disease severity of the recipient mice was similar in all groups as
assessed by their anti-dsDNA autoantibody titers and proteinuria
levels. Fig. 1 summarizes the clinical effects of the transferred cells
on lupus-like manifestations at the end of a 2-wk follow-up and
represents one experiment of five performed. As demonstrated, the
production of dsDNA-specific autoantibodies as well as elevated
proteinuria levels and the formation of glomerular immune com-
plex deposits (ICD) were significantly reduced in SLE-afflicted
mice that were injected with the hCDR1-treated spleen cells
compared with recipients of cells treated with the scrambled
peptide or with the vehicle.

Treatment with hCDR1 Results in an Up-Regulation of CD4�CD25�

Cells. Because CD4�CD25� cells are the most characterized im-
munoregulatory T cells and because these cells were shown to be
protective against autoimmune responses, we studied their possible
role in the mode of action of hCDR1. For this purpose, three groups
of 2-mo-old (NZB�NZW)F1 mice were treated with hCDR1, the
vehicle, or a scrambled peptide. In all experiments the magnitude
of CD4�CD25� cells ranged between 3% and 9%. Treatment with
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hCDR1, unlike treatment with the scrambled peptide, up-regulated
these cells by 1–2%. The latter was associated with a 1.5- to 2-fold
increase in mean fluorescence intensity. Fig. 2A, which represents
the mean values of five experiments, indicates a 30–40% up-
regulation of CD4�CD25� cells compared with the vehicle-treated
population. The latter was also accompanied by a 3-fold increase in
the mRNA expression of Foxp3 (Fig. 2B), which indicated the
development of CD4�CD25� regulatory T cells (24, 25). The
expression of regulatory characteristic markers [CD45RBlow and
cytotoxic T lymphocyte antigen 4 (CTLA-4)] on CD4� cells was
higher as a result of hCDR1 treatment. Triple staining of the
CD4�CD25� cell population with the latter two markers indicated
that their up-regulation was associated with an increase of
CD4�CD25� cells (Fig. 2 C and D). As shown in Fig. 2D, CTLA-4
was expressed almost exclusively on CD4�CD25� cells, and its
levels were higher in hCDR1-induced CD4�CD25� cells. Thus, it
appears that treatment with hCDR1 up-regulates the immunoregu-
latory CD4�CD25� cells.

hCDR1-Induced CD4�CD25� Cells Play an Important Role in Amelio-
rating Lupus-Like Manifestations. Because treatment with hCDR1
resulted in an up-regulation of CD4�CD25� cells, it was of major
importance to determine whether the hCDR1-induced
CD4�CD25� cells play a role in ameliorating lupus manifestations.
To this end, we performed experiments for depletion and enrich-
ment of CD25� cells that were further transferred into SLE-
afflicted recipient mice. Splenocytes of hCDR1-treated mice, as
well as the latter, depleted of or enriched with CD25� cells, were
transferred into old SLE-afflicted (NZB�NZW)F1 mice. Spleno-
cytes of five control groups of donors were used as well (Fig. 3):
untreated mice, scrambled peptide-treated mice, vehicle-treated
mice, vehicle-treated mice depleted of CD25� cells, and vehicle-
treated mice enriched with CD25� cells. Fig. 3A, which represents
the results of six independent experiments, demonstrates that the

up-regulated CD4�CD25� cells of the hCDR1-treated mice
(lane f) or enrichment of CD4�CD25� cells of the latter origin (lane
h) were accompanied by 3- and 8-fold increased Foxp3 mRNA
expression, respectively, compared with the vehicle-treated cells
(Fig. 3A, lane c). Foxp3 mRNA was also up-regulated in enriched
CD4�CD25� cells of the vehicle-treated mice (Fig. 3A, lane e),
although to a lesser extent.

The above eight cell populations were injected (20 � 106 cells per
mouse) into respective groups of 8-mo-old (NZB�NZW)F1 mice
with established manifestations of lupus. A representative experi-
ment shows a significant decrease in the dsDNA Ab as well as
down-regulated secretion of IFN-� and IL-10 in the groups of old
mice that were injected with hCDR1-treated splenocytes, or the
latter enriched with CD4�CD25� cells (Fig. 3 B and C, lanes f and
h). Depletion of CD4�CD25� cells abrogated the inhibitory effects
of hCDR1 (Fig. 3 B and C, lane g). Administration of CD4�CD25�-
enriched cells of vehicle-treated mice (Fig. 3A, lane e) did not
diminish the levels of dsDNA-specific Ab (Fig. 3B, lane e) or the
secretion of the pathogenic cytokines (Fig. 3C, lane e). In addition,
depletion of the CD4�CD25� cells from the vehicle-treated cells
(Fig. 3A, lane d) did not substantially modulate autoantibody titers
or the levels of secreted cytokines (Fig. 3 B and C, lane d versus
lanes a–c). The kidney function of the diseased mice was similarly
affected. SLE-afflicted mice that were administered with cells of
the three control groups (Fig. 3 D and E, groups a–c) had high levels
of proteinuria and glomerular ICD. In contrast, adoptive transfer
of hCDR1-treated cells, as well as of hCDR1-treated cells enriched
with CD4�CD25� cells, significantly lowered the proteinuria levels

Fig. 1. Amelioration of murine lupus by adoptive transfer of cells from
hCDR1-treated mice. Two-month-old (NZB�NZW)F1 female mice were
treated with three s.c. injections of hCDR1, the vehicle, or a scrambled control
peptide. Splenocytes of the different groups were injected i.p. (20 � 106 per
mouse) to respective groups of 8-mo-old (NZB�NZW)F1 mice with established
lupus. (A) Titers (mean OD � SD) of dsDNA-specific Ab (*, P � 0.05) in individual
sera of recipient mice (n � 6–10 mice per group) 2 wk after cell transfer. (B)
Kinetics of proteinuria levels (mean grams per liter � SD) in the recipient mice.
(C) Mean intensity � SD of ICD of kidney sections of all recipient mice per
treatment group. Results represent one of five independent experiments.

Fig. 2. Induction and characterization of CD4�CD25� cells after treatment
with hCDR1. Two-month-old (NZB�NZW)F1 female mice (n � 3 mice per
group) were treated with three s.c. injections of hCDR1, the vehicle, or a
scrambled peptide. Spleen cells were then pooled and examined for cell-
surface and intracellular markers by flow cytometry. (A) Percentage of
CD4�CD25� cells compared with that of vehicle-treated mice that was con-
sidered as 100%. Shown are results of five experiments (mean percentage �
SD). (B) Foxp3 mRNA expression. Shown are mean � SD values of five inde-
pendent experiments. Results were normalized to �-actin expression and are
presented relative to the vehicle-treated mice (represented by the dashed
line). (C) Expression of CD45RBlow in CD4�CD25� cells. (D) Expression of CTLA-4
on CD4�CD25�-gated and CD4�CD25�-gated cells. *, P � 0.05.
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and the intensity of glomerular ICD (Fig. 3 D and E, groups f and
h). The efficacy of the enriched hCDR1-induced CD4�CD25� cells
was demonstrated in dose-dependent experiments. Thus, as low as
106 and 105 enriched CD4�CD25� cells down-regulated protein-
uria to levels observed after transfer of 20 and 10 million spleno-
cytes of hCDR1-treated cells, respectively. Furthermore, the latter
was confirmed by the significant reduction of ICD determined in
the kidneys of recipients of 106 and 105 enriched CD4�CD25� cells.
No significant difference could be observed in the sustained high
levels of proteinuria and ICD after the transfer of either enriched
or depleted CD4�CD25� cells originating from vehicle-treated
cells (Fig. 3 D and E, groups d and e).

hCDR1-Induced CD4�CD25� Cells Promote the Secretion of TGF-� by
Recipient-Derived CD4� Cells. It was of interest to find out whether
the up-regulated TGF-� in hCDR1-treated mice could be related
to the hCDR1-induced CD4�CD25� cells. Fig. 4A shows the levels
of TGF-� in the supernatants of splenocytes of the donor (disease-
free) mice. It can be seen that splenocytes of donor mice, which

were treated with hCDR1, secreted elevated levels of TGF-�, as
compared with those of control groups. Depletion of CD4�CD25�

cells led to diminished secretion of the latter; however, enrichment
with CD4�CD25� cells did not result in a significant increase of this
cytokine. Nevertheless, when the treated cells were injected into old
SLE-afflicted mice, splenocytes of the recipients of the enriched
(hCDR1-treated) CD4�CD25� cell population secreted the high-
est levels of TGF-� (Fig. 4B). Hence, it appears that CD4�CD25�

cells originating from hCDR1-treated mice affect another subset or
subsets of cells to secrete TGF-� rather than secreting elevated
levels of this cytokine by themselves. Nevertheless, the hCDR1-
induced CD4�CD25� cells had a significantly (P � 0.05) higher
expression of both membrane-bound and intracellular TGF-� as
compared with the expression by CD4�CD25� cells of vehicle-
treated mice (Fig. 4C).

To find the cell source of the elevated TGF-� levels, we deter-
mined the expression of membrane-bound and intracellular TGF-�
in potential producers. In comparison to the control groups,
significantly higher levels of expression of both membrane-bound
and intracellular TGF-� could be observed mainly in CD4� cells
from recipients of hCDR1-treated cells and from recipients of
hCDR1-treated cells that were enriched with CD4�CD25� cells
(Fig. 4D). The expression of TGF-� in macrophages and in apo-
ptotic cells was not affected in the eight groups of the recipient mice
described. Because CD4� cells from the recipients of hCDR1-
treated cells or of the enriched hCDR1-induced CD4�CD25� cells
expressed high levels of TGF-�, it is likely that these CD4� cells also
secreted TGF-�.

Suppression by hCDR1-Induced CD4�CD25� Cells Is Mediated by
Means of TGF-�. To further assess the suppressive efficacy of
hCDR1-induced CD4�CD25� immunoregulatory cells, we used
enriched CD4�CD25�cells from either hCDR1- or vehicle-treated

Fig. 3. Ameliorating effects of hCDR1-induced CD4�CD25� cells. Cells of
hCDR1- or vehicle-treated mice were either unmanipulated or depleted or en-
richedforCD25cellsandthentransferredtoSLE-afflicted (NZB�NZW)F1 mice. (A)
Donor CD4�CD25� cells and Foxp3 mRNA expression. Shown are mean � SD
values of six independent experiments. Results are presented relative to the
vehicle-treated mice (represented by the dashed line). (B) Titers (mean OD � SD)
of dsDNA-specific Ab in sera (diluted 1:10 and 1:50) obtained from recipient mice
of each of the eight groups described (n � 5–8 mice per group) 2 wk after the cell
transfer. Results represent one of six independent experiments performed. (C)
Constitutive secretion of IFN-� and IL-10. Results are relative to levels measured in
the supernatants of splenocytes from mice that were injected with the vehicle-
treated cells (100% � 210 � 23 pg�ml for IFN-� and 415 � 32 pg�ml for IL-10).
Shown are mean values � SD of four independent experiments. (D) Kinetics of
proteinuria levels (mean grams per liter � SD) in the recipient mice. Results
represent one of six independent experiments. (E) Immunohistology of kidney
sections of representative mice of each group are demonstrated. (Magnification:
�400.) Also shown are the mean intensity values � SD of kidney sections of all
mice per treatment group. *, P � 0.05.

Fig. 4. The status of TGF-� in CD4�CD25� and in affected CD4� cells. Levels of
secreted TGF-� were determined in the supernatants of splenocytes of the donor
treatment groups (A, n � 5 mice per group) and the different groups (B, n � 5–8
mice per group) of recipient mice. (C) Staining of donor splenocytes of hCDR1-
and vehicle-treated mice for the presence of membrane-bound and intracellular
TGF-� in CD4�CD25�-gated cells. Dot plots are representative of one of two
experiments performed. (D) Splenocytes of the different groups of recipient mice
were stained for membrane-bound and intracellular TGF-� in CD4� cells. Per-
centages of stained cells were compared with those found on cells of recipients
of vehicle-treated cells (considered as 100% and determined to be 9.5 � 0.1% for
membrane-bound TGF-� and 40.0 � 4.0% for intracellular TGF-�). *, P � 0.05.
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mice. Each of the two groups of enriched CD4�CD25� cells was
coincubated (in three different ratios) with splenocytes (designated
‘‘lupus cells’’) of 8-mo-old (NZB�NZW)F1 mice with established
lupus. Fig. 5A shows that coincubation with hCDR1-induced
CD4�CD25� cells resulted in a significant decrease of the patho-
genic cytokines IFN-� and IL-10, whereas the levels of the immu-
nosuppressive cytokine TGF-� were elevated (Fig. 5A). This effect
was achieved with all three concentrations of the hCDR1-induced
CD4�CD25� cells, the lowest being 1:100. Coincubation with
vehicle-induced CD4�CD25� cells had no effect on the cyto-
kine profile.

To determine the role of TGF-� in the inhibitory effect of the
hCDR1-induced CD4�CD25� cells, lupus cells (105 cells) were
coincubated with 103 hCDR1-induced CD4�CD25� cells for 36 h
with or without anti-TGF-� neutralizing mAb (5 or 10 �g�ml) and
its IgG isotype control. Fig. 5B demonstrates that both concentra-
tions of anti-TGF-� mAb abrogated the ability of the hCDR1-
induced CD4�CD25� cells to down-regulate IFN-� and IL-10,
whereas the isotype control used did not interfere with the activity
of hCDR1-induced CD4�CD25� cells. Furthermore, it can be seen
in Fig. 5C that suppression of CD4� lupus cells by the hCDR1-
induced CD4�CD25� cells, as indicated by a significant (P �
0.0001) reduction of Fas ligand (FasL) and apoptosis (determined
by TUNEL), was also mediated by TGF-�.

hCDR1-Induced CD4�CD25� Cells Suppress the Activation of Lupus
CD4� Cells in Vivo. We further measured the expression of Fas and
FasL (26) and the rate of apoptosis and in CD4� cells of the

different groups of recipient mice to confirm the effect of
CD4�CD25� cells on activation-induced apoptosis of the CD4�

cells of SLE-afflicted mice. Administration of hCDR1-treated cells
or the latter enriched with CD4�CD25� cells significantly down-
regulated the rate of TUNEL[�] (Fig. 6A) and FasL expression
(Fig. 6B) on CD4� cells in comparison with the control groups. In
contrast, when lupus-afflicted mice were injected with hCDR1-
treated cells that were depleted of CD4�CD25� cells, the rate of
apoptotic CD4� cells and FasL-expressing cells was remarkably
high (Fig. 6). None of these changes occurred in response to
depletion or enrichment with the CD4�CD25� cells of the vehicle-
treated mice. These results were reproduced in three independent
experiments.

Discussion
The main findings of this study are that amelioration of the clinical
and serological manifestations of SLE after treatment with hCDR1
is, at least partially, the consequence of the induction of immuno-
regulatory CD4�CD25� cells. These cells were found to suppress
CD4� cells not through their deletion by apoptosis but rather by
down-regulating their state of activation and by up-regulating the
secretion of the immunosuppressive cytokine TGF-� by CD4� cells
of the recipient mice. This cascade of events is triggered directly by
the hCDR1-induced CD4�CD25� cells. Thus, this study is an in
vivo demonstration of the induction of CD4�CD25� immunoregu-
latory cells by a CDR-based peptide that ameliorates lupus man-
ifestations in association with cytokine immunomodulation.

We showed here that cells of hCDR1-treated mice could actively
transfer the inhibitory capacity of hCDR1 into mice with estab-
lished lupus. The latter suggested the presence of a subpopulation
of regulatory cells with suppressive activity in the splenocytes of
hCDR1-injected mice. Several types of regulatory cells of the
immune system are recognized. The CD4�CD25� regulatory T
cells are the best characterized and are known to be protective
against the development of autoimmunity. We therefore studied
the mechanistic role of CD4�CD25� regulatory T cells regarding
the ameliorative effects of hCDR1 on SLE. Indeed, treatment with
hCDR1 resulted in the up-regulation of CD4�CD25�CD45RBlow

cells (Figs. 2 and 3A) with regulatory characteristics such as
CTLA-4 and TGF-� and of Foxp3 mRNA, which is selectively
expressed in these cells (24, 25). In light of the fact that treatment
with the scrambled control peptide, as well as with the vehicle, had
no effect on the magnitude of the CD4�CD25� cell population, and
because a 3-fold-higher expression of Foxp3 mRNA was deter-
mined exclusively in the hCDR1-treated cells, our data suggest that

Fig. 6. hCDR1-induced CD4�CD25� cells reduce activation-induced cell death
of CD4� cells. (A) Two weeks after the transfer of the various cell populations, the
mice (n � 5–8 mice per group) were killed, and CD4� spleen-derived cells were
stained for apoptosis by using the TUNEL technique. (B) Cells from each group
were double-stained for CD4 and FasL. Shown are representative results of one
experiment of three performed.

Fig. 5. Suppression by hCDR1-induced CD4�CD25�

cells is mediated by means of TGF-�. Triplicate of
spleen cells (105 cells, designated lupus cells) of 8-mo-
old (NZB�NZW)F1 female mice (n � 5) were cocultured
with various numbers of hCDR1-induced or vehicle-
induced CD4�CD25� cells. (A) Lupus cells (105 cells)
were cultured alone or together with various numbers
of hCDR1-induced or vehicle-induced CD4�CD25� cells
for 36 h. Supernatants were collected and assessed for
secreted cytokines. Lupus cells (105 cells) were cocul-
tured with hCDR1-induced CD4�CD25� cells (1,000
cells) for 36 h in the presence of anti-TGF-� neutraliz-
ing mAb (5 or 10 �g�ml) or its IgG isotype control. (B)
Effect on cytokine secretion. (C) Effect on activation-
induced apoptosis.
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treatment with hCDR1 results in the peripheral generation of
CD4�CD25� immunoregulatory cells.

The relevance and importance of hCDR1-induced CD4�CD25�

cells were demonstrated in in vitro and in vivo settings. Thus, the
clinical amelioration combined with the reduction of activated
CD4� lupus cells and of the pathogenic cytokines IFN-� and IL-10
occurred only in the presence of hCDR1-induced CD4�CD25�

cells. This effect was also demonstrated after a 10-wk direct
treatment with hCDR1 of SLE-afflicted (NZB�NZW)F1 mice
(A.S. and E.M., unpublished data). In agreement, previous reports
have shown the induction of CD4�CD25� cells with regulatory
functions in other systems, including models of lupus (13–20). The
hCDR1-induced CD4�CD25� cells reported in the present study
are highly effective because as little as 105 enriched cells were still
protective after transfer to SLE-afflicted recipient mice.

Antigenic specificity of CD4�CD25� regulatory cells was re-
ported under both autoimmune and infectious conditions (19, 20,
27–29). The specificity of hCDR1-induced CD4�CD25� cells is
presumed for several reasons. First, injection of CD4�CD25� cells
of either naı̈ve (healthy) donors or of mice treated with a control
peptide into mice with established lupus had no beneficial effects.
Furthermore, treatment of SLE-afflicted mice with an enriched
CD4�CD25� cell population from vehicle-treated donors neither
improved the clinical condition of the mice nor modulated their
pattern of cytokine secretion or state of cellular activation. These
results rule out the possibility of a quantitative replenishment in the
number of regulatory cells as an explanation for lupus amelioration.
In contrast, a small number of hCDR1-induced CD4�CD25� cells
effectively suppressed the clinical manifestations and the secretion
of pathogenic cytokines. Furthermore, whereas adoptive transfer of
cells from vehicle-treated donors that were depleted of CD25� cells
did not affect the severity of the disease, the transfer of hCDR1-
treated cells that were depleted of CD4�CD25� cells resulted in a
more severe kidney disease in the recipient mice, associated with an
up-regulated secretion of IFN-� and IL-10 (Fig. 3 C and D).
Moreover, in another model of experimental SLE, inhibition of the
specific in vitro proliferation of cells from mice immunized with an
anti-DNA mAb that bears an idiotype designated 16�6Id (4–6)
could be achieved only by the transfer of splenocytes from mice that
were treated with hCDR1, but not with a dual altered peptide
ligand (18), which was reported to down-regulate myasthenogenic
manifestations (H.Z. and E.M., unpublished data). Collectively,
these data indicate that the hCDR1-induced CD4�CD25� cells
have unique qualitative characteristics that enable them to specif-
ically suppress lupus-associated manifestations.

Treatment with hCDR1 has always been associated with an
up-regulation of the secretion and expression of the immunosup-
pressive cytokine TGF-� (8). The latter correlated with the ame-
lioration of lupus manifestations. Here we have shown that the
secretion of TGF-� depends on the presence of hCDR1-induced
CD4�CD25� cells (Fig. 4 A and B). Although CD4�CD25� cells
were reported in some studies to function independent of TGF-�
(28, 29), others showed that immune suppression in vivo depended
on the presence of TGF-� (30–33). Furthermore, Thompson and
Powrie (34) reported that in vivo suppression by CD4�CD25� cells
from TGF-��/� donor mice could still be achieved when TGF-�,
clearly derived from other cell types, was present. Indeed, only in
the presence of other cell types, shown here to be CD4� cells of the
recipient mice (Fig. 4D), were the levels of TGF-� elevated, as
demonstrated after the transfer of either hCDR1-treated cells or
the latter enriched with CD4�CD25� cells. Neutralization of
TGF-� abrogated the effects of hCDR1-induced CD4�CD25� cells
on the secretion of cytokines and activation-induced apoptosis (Fig.
5 C and D), thus supporting a central role for TGF-� in mediating
the suppression.

It is possible that the hCDR1-induced CD4�CD25� cells, by
means of membrane-bound or soluble forms of TGF-� and�or by
means of engagement of CTLA-4, may raise the threshold for TCR

activation, reported to be lower in lupus cells (35). We therefore
suggest that hCDR1-induced CD4�CD25� cells cause the ‘‘silenc-
ing’’ of CD4� cells as indicated by reduced expression of FasL,
consequently with a reduced rate of activation-induced apoptosis
(26), rather than causing the depletion of the latter by means of
apoptosis. Taken together, our results indicate a key role for
CD4�CD25� cells in the mechanism of action of hCDR1, although
other cell types and mechanisms (36, 37) may be involved as well.
Based on the present report, we suggest that inhibition by the
hCDR1-induced CD4�CD25� cells is mediated through TGF-�,
which is secreted by other T cells that are affected by the immu-
noregulatory cells. The up-regulated secretion of TGF-� and the
down-regulation of activated CD4� cells are associated with a
decrease in the pathogenic cytokines IFN-� and IL-10. Eventually,
the suppression of CD4� lupus cells by the hCDR1-induced
CD4�CD25� cells enables the clinical improvement of the SLE-
afflicted mice.

Materials and Methods
Mice. Female (NZB�NZW)F1 mice were purchased from The
Jackson Laboratory. All experiments were approved by the Animal
Care and Use Committee of the Weizmann Institute of Science.

Synthetic Peptides. A peptide, GYYWSWIRQPPGKGEEWIG,
designated hCDR1, based on the CDR1 of the human anti-DNA
mAb that bears a major idiotype, 16�6Id (7, 38), was synthesized
(solid-phase synthesis by F-moc chemistry) by Polypeptide Labo-
ratories (Torrance, CA) and used in this study. A peptide contain-
ing the same amino acids as hCDR1, with a scrambled order
(scrambled peptide), SKGIPQYGGWPWEGWRYEI, was used as
a control. hCDR1 (Edratide) is currently under clinical develop-
ment for the treatment of human SLE by Teva Pharmaceutical
Industries (Netanya, Israel).

Treatment of Mice with hCDR1. Two-month-old (NZB�NZW)F1
female mice were treated with s.c. injections of hCDR1 (50 �g per
mouse) a total of three times on alternating days. Control groups
of young mice were treated with the scrambled peptide or with the
vehicle alone [Captisol, sulfobutylether �-cyclodextrin, a solvent
designed by CyDex (Lenexa, KS) to enhance the solubility and
stability of drugs].

Depletion and Enrichment of CD4�CD25� Cells. Depletion and en-
richment of CD25� cells were performed by using the StemSep
system (StemCell Technologies). Briefly, splenocytes (100 � 106) of
mice treated with hCDR1 (50 �g per mouse) were incubated with
anti-CD25-biotinylated mAb (clone 7D4; Southern Biotechnology
Associates). The cells were further incubated with an anti-biotin
tetrameric complex (StemCell Technologies) followed by incuba-
tion with magnetic beads (StemCell Technologies). The cells that
were eluted from a column (StemCell Technologies), which was
placed within a magnet stand, were collected. Depletion rate of
CD25� cells was �90%. Next, the column was removed from the
magnet stand and washed, and the eluted cells (�80%
CD4�CD25� cells) were collected.

Measurement of dsDNA-Specific Ab. Briefly, Maxisorb microtiter
plates (Nunc) were coated with polyL-lysine (5 �g�ml) (Sigma)
followed by coating with � phage dsDNA (5 �g�ml) (Boehringer
Mannheim). After the plates were blocked, the sera were added.
Goat anti-mouse IgG (�-chain-specific) conjugated to horseradish
peroxidase (Jackson ImmunoResearch) was added. Plates were
incubated with the substrate 2,2	-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) (Sigma) and read at 405 nm with an ELISA reader.

Proteinuria. Proteinuria was measured by a standard semiquanti-
tative test by using an Albustix kit (Bayer).
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Immunohistology. For the detection of ICD, frozen cryostat kidney
sections (6 �m) were incubated with FITC-conjugated goat anti-
mouse IgG (�-chain-specific) (Jackson ImmunoResearch). Stain-
ing was visualized by using a fluorescence microscope. The intensity
of the ICDs was graded as follows: 0, no ICDs; 1, low intensity; 2,
moderate intensity; 3, high intensity of immune complexes. ICD
analysis was performed by two persons blinded to whether mice
belong to control or experimental groups.

Ab and Reagents. The following antibodies were used in the study:
anti-CD4-phycoerythrin (PE) (clone GK1.5), anti-CD4-allophyco-
cyanin (clone L3T4), anti-CD25-FITC (clone 7D4), anti-CTLA-
4-PE (clone 1B8), anti-CD8-FITC (clone 53-6.7), and their
matched isotype controls (obtained from Southern Biotechnology
Associates). Anti-CD45RB-PE (clone 16A), anti-Fas-PE (clone
Jo2), anti-FasL-PE (clone MFL3), and their matched isotype
controls were purchased from Pharmingen. Anti-TGF-�1-PE Ab
(clone TB21) was obtained from IQ Products (Groningen, The
Netherlands). Biotinylated chicken anti-TGF-�1 and anti-TGF-�1,
-�2, and -�3 neutralizing mAb (clone 1D11) and its isotype control
were purchased from R & D Systems. Streptavidin labeled with PE
or FITC and anti-F 4�80 Ab (clone CI:A3-1) with its matched
isotype control were obtained from eBioscience (San Diego).
Fixation and permeabilization solutions for intracellular staining
were obtained from Serotec.

Cytokine Detection by ELISA. Splenocytes (5 � 106 cells per well)
were incubated in enriched medium for 48 h and 72 h. IFN-� and
IL-10 were determined in the supernatants by ELISA using
OptEIA sets (Pharmingen) according to the manufacturer’s in-
structions. For the detection of TGF-�, the plates were coated with
a recombinant human TGF-� sRII�Fc chimera (R & D Systems).
Supernatants were added after activation of latent TGF-�1 to
immunoreactive TGF-�1, a biotinylated anti-human TGF-�1 Ab
was added thereafter, and the assay was developed according to the
manufacturer’s instructions (R & D Systems).

Flow Cytometry. Briefly, splenocytes (1 � 106 cells) were incubated
with the relevant Ab and analyzed by FACS. For intracellular
staining, the cells were incubated with a fixation solution, washed,
and resuspended in permeabilization solution (Serotec).

TUNEL Assay. Apoptosis, as demonstrated by fragmented DNA,
was determined by using the In Situ Death Detection Kit (Roche,
Indianapolis) based on TUNEL technology, according to the
protocol supplied by the manufacturer. Cells were analyzed
by FACS.

In Vitro Assays. Enriched (�80%) CD4�CD25� cells obtained from
mice treated with either hCDR1 or the vehicle were coincubated (in
different ratios) for 18–48 h with splenocytes (105 cells) taken from
8-mo-old (NZB�NZW)F1 female mice with established lupus.

Real-Time RT-PCR. The mRNA levels of Foxp3 were analyzed by
real-time RT-PCR by using LightCycler (Roche, Mannheim, Ger-
many). Total RNA was isolated from splenocytes, and then RNA
was reverse-transcribed to prepare cDNA by using Moloney murine
leukemia virus reverse transcriptase (Promega). The resulting
cDNA was subjected to real-time PCR according to the manufac-
turer’s instructions. Briefly, a 20-�l reaction volume contained 3
mM MgCl2, LightCycler HotStart DNA SYBR Green I mix
(Roche), specific primer pairs, and 5 �l of cDNA. PCR conditions
were as follows: 10 min at 95°C followed by 35–50 cycles of 15 s at
95°C, 15 s at 60°C, and 15 s at 72°C. Primer sequences (forward and
reverse, respectively) were used as follows: Foxp3, 5	-taccacaatat-
gcgaccc-3	 and 5	-ctcaaattcatctacggtcc-3	; �-actin, 5	-gacgttgacatc-
cgtaaag-3	. The relative expression of Foxp3 normalized to �-actin
levels was determined.

Statistical Analysis. Mann–Whitney and unpaired Student’s t tests
were used for evaluating the significant differences between treated
and untreated groups. Values of P � 0.05 were considered
significant.

This work was supported by Teva Pharmaceutical Industries.
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Views & Reviews

Neuroprotective agents for clinical trials
in ALS

A systematic assessment
B.J. Traynor, MD, MRCPI; L. Bruijn, PhD; R. Conwit, MD; F. Beal, MD; G. O’Neill, MD, MRCPI;

S.C. Fagan, PharmD, FCCP; and M.E. Cudkowicz, MD, MSc

Abstract—Background: Riluzole is currently the only Food and Drug Administration–approved treatment for ALS, but its
effect on survival is modest. Objective: To identify potential neuroprotective agents for testing in phase III clinical trials
and to outline which data need to be collected for each drug. Methods: The authors identified 113 compounds by inviting
input from academic clinicians and researchers and via literature review to identify agents that have been tested in ALS
animal models and in patients with ALS. The list was initially narrowed to 24 agents based on an evaluation of scientific
rationale, toxicity, and efficacy in previous animal and human studies. These 24 drugs underwent more detailed pharma-
cologic evaluation. Results: Twenty drugs were selected as suitable for further development as treatments for patients
with ALS. Talampanel and tamoxifen have completed early phase II trials and have demonstrated preliminary efficacy.
Other agents (ceftriaxone, minocycline, ONO-2506, and IGF-1 polypeptide) are already in phase III trials involving large
numbers of patients with ALS. Remaining agents (AEOL 10150, arimoclomol, celastrol, coenzyme Q10, copaxone, IGF-1–
viral delivery, memantine, NAALADase inhibitors, nimesulide, scriptaid, sodium phenylbutyrate, thalidomide, trehalose)
require additional preclinical animal data, human toxicity and pharmacokinetic data including CNS penetration prior to
proceeding to large scale phase III human testing. Further development of riluzole analogues should be considered.
Conclusions: Several potential neuroprotective compounds, representing a wide range of mechanisms, are available and
merit further investigation in ALS.

NEUROLOGY 2006;67:20–27

Riluzole is the only Food and Drug Administration
(FDA)–approved drug for ALS, but it has only a mod-
est affect on survival. ALS has a median survival of
3 to 5 years.1 A number of mechanisms are thought
to initiate and propagate the neurodegenerative pro-
cess in ALS, including oxidative stress, mitochon-
drial dysfunction, excitotoxicity, apoptosis,
inflammation, and glial activation.2 These advances
in ALS research, together with the application of
high throughput drug screening such as the National
Institute of Neurologic Disorders and Stroke Neuro-
degeneration Drug Screening Consortium,3 have
yielded a large number of drug candidates that may

be neuroprotective. However, only a small number of
drug candidates can be tested at any one time, as
resources available to the ALS community are lim-
ited both in terms of eligible research participants
and funds. A transparent and rational selection pro-
cess is required to determine which candidate agents
should be prioritized for clinical trial development. A
systematic approach to drug selection, rather than
pursuing the latest “hot” compound, is important
both for ALS and for the broader issue of research
strategy in neurodegenerative disorders.

We describe the drug identification and review
processes and outline attractive neuroprotective can-
didates for future ALS clinical trials. Priority was
given to making the drug selection process explicit,
transparent, and reproducible. We also identify data
to be collected for each drug prior to proceeding to

Additional material related to this article can be found on the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the July 11 issue to find the title link for this article.
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phase III efficacy testing enrolling large numbers of
patients with ALS.

Methods. Drug selection process. We first identified a wide
spectrum of potential therapeutic agents and a broad range of
strategies that could potentially slow disease progression and pro-
long survival in patients with ALS. We incorporated 1) therapies
with mechanisms of action relevant to ALS pathogenesis, 2)
agents that have already been tested in ALS animal models or
clinical trials, and 3) medications approved or under consideration
for neurodegenerative diseases other than ALS. Input was ob-
tained from academic scientists, clinicians, and patient groups to
capture the broadest range of available compounds. We also
searched Medline to identify publications concerning agents that
had been tested in ALS animal models (table E-1 on the Neurology
Web site at www.neurology.org) or in human trials (table E-2).

Selection of drugs for detailed pharmacologic and safety assess-
ment. We identified 113 therapeutic agents as potentially benefi-
cial in patients with ALS (table E-3). Each therapeutic
intervention was assessed by the authors (B.J.T., L.B., R.C., F.B.,
G.O., M.E.C.) according to the following criteria established at the
February 2004 meeting: 1) scientific rationale (i.e., an effect on a
pathway implicated in ALS), 2) drug safety and tolerability in
humans, 3) indication of benefit in human clinical studies, and 4)
efficacy of the drug in ALS animal models. The assessment crite-
ria were developed from those previously employed in evaluating
neuroprotective agents in Parkinson disease (PD) (table 1).4 The
inability of ALS animal models to predict beneficial effects in
human trials is recognized5 and consequently data from SOD1G93A

mouse model were only one of several preclinical data points ex-
amined in the drug evaluation process. Data from cell-based
screening were included where relevant, though an in-depth re-
view of drug discovery techniques is beyond the scope of this
article. Both published and unpublished information was consid-
ered. To maintain transparency of the process, expand discussion,
and further scientific rigor, we circulated the list of 113 therapeu-
tic agents (table E-3) within the ALS research community.
Twenty-four drugs judged to be the most promising agents were
selected for further analysis. The reasons for not selecting the
remaining 89 drugs for detailed review are also listed in table E-3.

Detailed pharmacologic and safety assessment of proposed
agents. A clinical pharmacologist (S.F.) with expertise in neuro-
logic drugs performed a detailed pharmacokinetic and safety as-
sessment of the 24 selected drugs (table E-4). The complete
pharmacokinetic, tolerability, and preclinical data sets were em-
ployed to select neuroprotective candidates for future ALS clinical
trials using a scorecard method (table 2). The pharmaceutical
company or academic scientist directly responsible for developing
that agent was contacted to obtain further data.

TCH346 was excluded from the final list based on negative
results of phase III studies that were not available during the
initial review.6 Vitamin E was excluded based on the results of
two negative clinical trials.7,8 Adverse side effects and unfavorable
pharmacokinetics eliminated NBQX. Nimodipine was eliminated
due to insufficient scientific rationale to support its development
as an ALS therapy. Through this process we determined that 20
drugs are viable candidates to be explored in ALS clinical trials in
the future (figure and table 3).

Annual reassessments of newly published data on existing and
novel neuroprotective agents will also be provided on the ALS
Association Web site and will be presented at the International
ALS/MND Symposium on a yearly basis.

Description of priority agents. AEOL 10150 (Aeolus
Science Inc.). Oxidative damage mediated by toxic free
radicals has been implicated in the pathogenesis of ALS9

and a variety of antioxidants have been tested in patients
with ALS (table E-2). AEOL 10150 is a manganoporphyrin
antioxidant that catalytically neutralizes superoxide, hy-
drogen peroxide, and peroxynitrite, and inhibits lipid per-
oxidation.10 Administration of AEOL 10150 to transgenic
mice with the glycine 93 to alanine SOD1 mutation
(SOD1G93A) commencing at symptom onset improved the
survival interval (the time from symptom onset to death)
by 196% (26.5 days).11 The compound has to be adminis-
tered IV or by subcutaneous injection. A phase I single
dose escalating study enrolling 30 patients with ALS is
underway to determine pharmacokinetic, optimum dose,
and safety properties of this novel drug class.

Arimoclomol (Cytrx Corporation). Motor neurons have
an intrinsically higher threshold for activation of the heat
shock protein pathway12 and agents that upregulate this
pathway may be neuroprotective. Arimoclomol is a hydrox-
ylamine derivative that co-induces heat shock protein
(HSP) expression,13 a powerful cytoprotective mecha-
nism under acute stress conditions. Treatment with ari-
moclomol prolonged the lifespan of SOD1G93A mice by
22% (28 days).14 The beneficial effect was independent of
whether the treatment was started pre-symptomatically
or at symptom onset. Arimoclomol was well tolerated in
a phase I study of healthy volunteers (http://www.cytrx.
com/prDetail.cfm?pr_id� 164&showcspr�1). Safety, op-
timum dose, and pharmacokinetics of arimoclomol (in-
cluding ability to cross blood– brain barrier [BBB]) are
unknown for patients with ALS. A multicenter, dose
ranging, phase II study of arimoclomol in ALS has com-
menced enrollment (n � 80, www.clinicaltrials.gov,
NCT00244244).

Ceftriaxone (Roche Laboratories). Glutamate-mediated
excitotoxicity arising from repetitive firing or elevation of
intracellular calcium by calcium-permeable glutamate re-
ceptors is likely to be an important contributor to motor
neuronal death in ALS.1 Glutamate levels are increased in
CSF of patients with sporadic ALS15 and clearance of glu-
tamate from neuromuscular synapses is also diminished in
patients with ALS due to loss of the astroglial glutamate
transporter EAAT2.16 Furthermore, spinal motor neurons
are relatively reduced in intracellular calcium-binding
components,17 which may account for their selective
vulnerability.2

The antiexcitatory and antioxidant properties of cepha-
losporins were identified by the Neurodegeneration Drug
Screening Consortium that screened 1040 FDA-approved
drugs for efficacy in in vitro models of neurodegenerative
diseases.18 Cephalosporins increase EAAT2 promoter activ-

Table 1 Evaluation criteria for potential neuroprotective agents
in ALS*

Criteria Operational definition

Scientific rationale Consistency of preclinical data; credible
mechanism relevant to ALS although
mechanism may be unknown in
many cases

Safety and
tolerability

Safe and tolerable in humans in the
dose and route of administration
needed for the proposed effect.
Further safety data may be required
before use in ALS

Efficacy in relevant
animal

Efficacy in rodent model of ALS or
other relevant models of disease

Indication of
benefit in human
clinical studies

Evidence from previous trials that is
suggestive of a neuroprotective effect
or epidemiologic data fulfilling
criteria for causal inference

*Developed from criteria for evaluation of neuroprotective agents
in Parkinson disease.4
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ity and protect motor neurons from glutamate toxicity in
culture.18 The third generation ceftriaxone was selected for
human studies because of its superior CNS penetration
and long half-life.19 SOD1G93A transgenic mice treated
with ceftriaxone at symptom onset lived 8% (10 days)
longer than control animals.18 Ceftriaxone is generally well
tolerated,20 though experience with long term IV adminis-
tration (beyond 6 weeks) is limited. A combined phase II
and III study will commence enrollment in the near future.

Celastrol (generic). Neuroinflammation occurs in the
brainstem and spinal cord of patients with ALS21 and
SOD1G93A mice suggesting that anti-inflammatory agents
may be effective in treating this disease.22 Celastrol is a
potent anti-inflammatory and antioxidant triterpene that
suppresses TNF�, IL-1�, and inducible nitric oxide produc-
tion23 and induces a heat shock protein response.24 Admin-
istration of celastrol from 4 weeks of age improved weight
loss, rotorod performance, and survival of SOD1G93A

mice.25 Further data concerning the ability of the drug to
cross the BBB, toxicity, and safety in patients with ALS

Table 2 Scorecard outlining detailed pharmacologic and safety assessment of 24 neuroprotective drugs in patients with ALS

Agent Mechanism of action PK ALS mouse model Human safety Benefits in ALS

AEOL 10150 Antioxidant 0 �� 0 0

Arimoclomol HSP inducer 0 � � 0

Ceftriaxone Antioxidant and antiglutamate � � ��� 0

Celastrol Antioxidant and anti-inflammatory 0 � 0 0

CoQ10 Antioxidant and mitochondrial factor � �� �� 0

Copaxone Immunomodulatory 0 –/� ��� 0

IGF-1 Neurotrophic 0 � (wobbler) �� �/–

IGF-1-AAV Neurotrophic 0 � 0 0

Memantine Antiglutamate �� 0 ��� 0

Minocycline Antiapoptotic �� �� ��� 0

Naaladase inhibitor Antiglutamate 0 � 0 0

NBQX Antiglutamate 0 � – 0

Nimesulide Anti-inflammatory and antioxidant 0 – ��� 0

Nimodipine Ca2� channel blocker �� � ��� –

ONO-2506 Glial modulator and antiglutamate 0 0 0 0

Riluzole Antiglutamate and Na channel inactivation � �� ���� ���

Scriptaid Antiaggregation 0 0 0 0

Phenylbutyrate HDAC inhibitor 0 � ��� 0

Talampanel Antiglutamate � � �� �

Tamoxifen Protein kinase C inhibitor � � (viral model) ��� �

TCH346 Antiapoptotic � –/� �� –

Thalidomide Immunomodulatory and antiangiogenic � � ��� 0

Trehalose Antiaggregation 0 0 ��� 0

Vitamin E Antioxidant � � ��� –

Pharmacokinetics: 0 � data on ability of drug to penetrate CSF are unknown; � � drug known to penetrate CSF; �� � drug has ex-
cellent CSF penetration. ALS mouse model: 0 � effect on ALS mouse model unknown to us; – � one mouse study with negative effect
on survival; � � one mouse study with a positive effect on survival; �� � two mouse studies with positive effects on survival; ½ �
two animal studies performed, one showed beneficial effect, the other displayed a negative effect on survival. Human safety: 0 � safety
in humans not known; � � one human trial that showed drug was relatively safe; �� � two human trials that showed drug was rela-
tively safe; ��� � FDA/EMEC approved for chronic use in other disorders; ���� � FDA/EMEC approved as an ALS drug. Benefits
in ALS: 0 � unknown; – � negative trial in well-designed studies; � � positive (or trend) efficacy in phase II trials; ��� � FDA/
EMEC approved as an ALS drug.

Figure. Drug identification and assessment sequence.
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and optimum dose remain to be collected prior to phase III
testing.

Coenzyme Q10 (generic). The high metabolic load of
motor neurons and the consequent dependence of these
cells on oxidative phosphorylation may make them partic-
ularly vulnerable to the loss of mitochondrial function.1

Coenzyme Q10 is an antioxidant and an essential mito-
chondrial cofactor facilitating electron transfer in the re-
spiratory chain.26 This commonly used nutraceutical is
being tested in neurodegenerative conditions in which mi-
tochondrial dysfunction has been implicated including
ALS, Huntington disease (HD), and PD. Low dose coen-
zyme Q10 prolonged median survival of SOD1G93A trans-
genic mice by only 4.4% (6 days),27 but higher doses are
more effective (Flint Beal, personal communication). Doses
up to 3,000 mg per day are safe and well tolerated in
patients with ALS.28 Coenzyme Q10 is lipophilic and effec-
tively crosses the BBB.29 A phase II study in ALS has
commenced enrollment (NCT00243932).

Copaxone/glatiramate (Teva Pharmaceuticals). Previ-
ous clinical trials of immunosuppressant therapies failed
to slow progression in ALS,30 but immunomodulation may
be more effective at preventing neuronal apoptosis.31 Cop-

axone evokes a neuroprotective T cell-mediated response
and may protect against glutamate toxicity.31 Low copy
number SOD1G93A ALS mice immunized at 60 days of age
followed by oral dosing of copolymer-1 experienced a 24.6%
(52 day) increase in lifespan and delayed disease onset,31

though these findings have not been replicated in high
copy SOD1G93A mice treated with a copaxone derivative.32

Additional preclinical data are required to determine re-
producibility and optimum dosing schedule to achieve
immunomodulation.

Insulin-like growth factor 1 (IGF-1, Cephalon). Neuro-
trophic factors selectively regulate survival and differenti-
ation of nerve cells and maintain neuronal structural
integrity. Of all neurotrophic factors tested in ALS to date
(table E-2), only IGF-1 slowed the rate of functional decline
by 26% in a North American phase III trial (n � 266).33 In
contrast, a European IGF-1 trial was negative (n � 183)34

and so a third phase III trial of this neurotrophic factor is
currently underway (n � 330, NCT00035815) to conclu-
sively determine efficacy. IGF-1 is well tolerated, though
the large size of the IGF-1 polypeptide may prevent BBB
penetration. There are no published reports of the effect of
IGF-1 on mutant SOD1G93A mouse survival.

IGF-1—viral delivery (Ceregene, Inc.). Adeno-
associated virus engineered to contain the gene for IGF-1
(AAV-IGF1) allows targeted delivery of IGF-1 to motor
neurons. After IM injection, the gene vector is transported
to the neuronal cell body by retrograde axonal transport
along motor neurons.35 AAV-IGF-1 prolongs median sur-
vival by 30% (37 days) when administered before disease
onset.35 Human safety, dose schedule, and pharmacokinet-
ics have not yet been established for this novel gene ther-
apy, though AAV-factor IX vector has proven safe in
patients with hemophilia.36 A small phase IIa trial of AAV-
IGF-1 is planned for the near future. Expansion of the
viral vector production capacity will be required before
proceeding to large scale trials.

Memantine (Forest Laboratories, Inc.). The higher ex-
pression of calcium-permeable �-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) glutamate
receptors on motor neurons may explain the selective vul-
nerability of this cell type to glutamate excitotoxicity.37

Memantine (an amino adamantine derivative) is an AMPA
receptor antagonist licensed as a neuroprotective agent for
Alzheimer disease (AD). The drug exhibits excellent CNS
penetration38 and is well tolerated by patients with AD,
but there are no published studies of the survival effect of
in ALS animal models and additional data to support the
rationale for testing in patients with ALS are needed.

Minocycline (generic). The role of apoptosis in motor
neuron degeneration is increasingly recognized. In SOD1-
mediated ALS, motor neurons probably die through the
formation of insoluble mutant SOD1 aggregates that bind
to and deplete motor neurons of the antiapoptotic protein
Bcl-2 allowing activation of caspases.39,40 Although apopto-
sis is a late event in the degeneration of motor neurons,
inhibition of programmed cell death might ameliorate
ALS.1 Minocycline is a second generation tetracycline anti-
biotic that prevents microglial activation41 and inhibits
caspase activation.42 Four SOD1 transgenic mouse studies
show enhanced median survival ranging between 6.4% and
16%.41-44 Two small phase II studies demonstrated safety
and tolerability of minocycline in patients with ALS (n �

Table 3 Priority list for phase III ALS clinical trials

A. Suitable for phase III trials in the near future

1. Talampanel

2. Tamoxifen

B. Already in phase III trials involving large number of human
subjects

1. Ceftriaxone

2. IGF-1 polypeptide

3. Minocycline

4. ONO-2506

C. More data required prior to phase III testing

1. AEOL 10150†‡§

2. Arimoclomol*†‡§

3. Celastrol*†‡§

4. Coenzyme Q10‡§

5. Copaxone*§

6. IGF-1–viral delivery*†‡§

7. Memantine*†‡§

8. NAALADase inhibitors*†‡§

9. Nimesulide*‡§

10. Scriptaid*†‡§

11. Sodium phenylbutyrate†‡§

12. Thalidomide†‡§

13. Trehalose*‡§

D. Already Food and Drug Administration approved as ALS
therapy

1. Riluzole and related benzothiazole drugs (see text for
further details)

*Transgenic efficacy animal studies.
†Human toxicology.
‡CNS pharmacokinetic studies.
§Dose-ranging studies.
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19 and 23).45 Typical side effects include gastrointestinal
upset, vertigo, and cumulative dose-dependant photosensi-
tivity. A phase III efficacy trial of minocycline is currently
enrolling 400 patients (NCT00047723). The ability of the
drug to penetrate uninflamed meninges should be
determined.

N-acetylated alpha-linked acidic dipeptidase (NAALA-
Dase, Guilford Inc.). Inhibition of glutamate carboxypep-
tidase 2 (GCP2) may be neuroprotective by simultaneously
decreasing glutamate production and inhibiting glutamate
release.46 Median survival of SOD1G93A ALS mice was pro-
longed by 15% (29 days) by administration of the GCP2
inhibitor 2-(3-mecaptopropyl) pentanedioic acid. GCP2 in-
hibition is attractive as a therapeutic target because the
effects only occur during excessive glutamate stimulation
avoiding glutamate receptor antagonist side effects.46

NAALADase inhibitors have not yet been administered to
humans and there are no data on pharmacokinetics and
tolerability.

Nimesulide (generic). The enzyme COX-2 is an attrac-
tive therapeutic target because of its marked increase in
ALS spinal cord stimulating astrocytic glutamate re-
lease.47,48 Nimesulide is a preferential COX-2 inhibitor
with additional antioxidant properties.49 Nimesulide ad-
ministration decreased PG-E2 levels in the spinal cord of
SOD1G93A mice and preserved motor skill integrity.50 How-
ever, the COX-2 inhibitor celecoxib failed to show benefit
in a phase II/III trial.51 Furthermore, safety concerns sur-
rounding long-term administration of this medication class
may limit use in patients with ALS.52

ONO-2506 (Ono Pharmaceutical Co. Ltd). Chimeric
mice with both normal and mutant SOD1-expressing cells
indicate that glia play a role in motor neuron degenera-
tion.53 Possible mechanisms include microglial-mediated
neuroinflammation, loss of neurotrophic support,2 and di-
minished clearance of glutamate from neuromuscular syn-
apses by the astrocytic glutamate transporter EAAT2.16

ONO-2506 is an enantiomeric homologue of valproate that
restores normal astrocyte functions after brain damage by
preventing reactive astrocytosis, by activating astrocytic
GABAA receptors and suppressing GABA transferase.54

This agent has additional antiglutamate55 and anti-
inflammatory COX-2 inhibitor properties.56 Results of a
completed phase II trial of 1,200 mg per day oral formula-
tion (cereact) are pending. A phase III trial of the parent
compound valproate has commenced enrollment in Europe
(n � 173, NCT00136110).

Riluzole (Sanofi-Aventis). Riluzole remains the only
FDA-approved drug for ALS based on the 3-month im-
provement in survival observed in two large clinical tri-
als.57,58 Riluzole has a broad range of pharmacologic effects
including inhibition of glutamate release, postsynaptic glu-
tamate receptor activation, and voltage-sensitive sodium
channels inactivation. It was identified before the SOD1
mouse model became available by studying toxicity of CSF
from patients with ALS on neuronal cell cultures.59 Subse-
quently, riluzole was found to have a modest effect on
SOD1G93A mouse survival (prolonged median survival by
11%, 14 days).60

Riluzole has been included in the final list not to sug-
gest that further trials of this drug are required, but
rather to emphasize the surprising lack of effort to build on
the modest success of riluzole. Related benzothiazoles have

not been tested in ALS animal models or patients. A col-
laborative effort between academic scientists and industry
may rejuvenate development of this drug class.

Scriptaid (Alexis Biochemicals). Abnormal protein ag-
gregates have been described in neurodegenerative dis-
eases including AD, PD, and HD. Ubiquitin inclusions are
present in motor neurons and astrocytes of patients with
ALS.61 It is not known if these aggregates damage or pro-
tect motor neurons, though several possible toxic mecha-
nisms have been proposed including aberrant chemistry,
loss of normal proteins through sequestration within ag-
gregates, and inhibition of mitochondria, peroxisomes, or
proteosomeal function overwhelmed with indigestible, mis-
folded protein.2 Agents that decrease aggregation have
been hypothesized to be neuroprotective. Scriptaid was
identified in a screen for small molecules that disrupt in
vitro aggresome formation in cultured COS cells trans-
fected with mutant SOD1-GFP.62 Safety, optimum dose,
and pharmacokinetic animal and human data remain to be
determined for this drug.

Sodium phenylbutyrate (Scandinavian formulas). So-
dium phenylbutyrate (NaPB) is FDA-approved for chronic
treatment of hyperammonia and has been tested as a
treatment of spinomuscular atrophy.63 Its potential benefit
in ALS is based on its ability to inhibit histone deacetylase
(HDAC) leading to increased gene transcription.64 This ar-
omatic short-chain fatty acid extends median survival of
SOD1G93A ALS mice by 21.9% (27.5 days).64 NaPB has a
short half life (45 minutes), though changes in gene ex-
pression induced by the drug may be more persistent. CNS
distribution of NaPB has been determined by MR spectros-
copy.65 An open label, dose-escalation study enrolling 40
patients with ALS is underway to determine human safety
(NCT00107770).

Talampanel (8-methyl-7H-1,3-dioxolo(2,3)benzodiazepine,
IVAX Corporation). Talampanel is a noncompetitive mod-
ulator of AMPA glutamate receptors primarily under de-
velopment as an antiepileptic agent. Talampanel has been
shown to prolong SOD1G93A mouse median survival (Jef-
frey Rothstein, personal communication). ALSFRS and
TQNE scores declined at a slower rate in a 9-month phase
II study of talampanel in 60 patients with ALS though the
study was not powered to detect efficacy (Robert Pascuzzi,
personal communication). The most common side effects
were ataxia and sedation. The antiepileptic properties of
talampanel indicate that the drug crosses the BBB.

Tamoxifen (Astra Zeneca). Tamoxifen may be neuro-
protective in ALS because of its ability to inhibit protein
kinase C, which mediates inflammation in spinal cords of
patients with ALS.66 Tamoxifen extended survival in a vi-
rally induced ALS mouse model.67 A phase II study of 60
patients with ALS prolonged survival at 10 mg, 20 mg, 30
mg, and 40 mg daily doses (Ben Brooks, personal commu-
nication). The drug penetrates the CNS and is generally
well tolerated. The effect of the drug on survival of
SOD1G93A mice needs to be evaluated and the results of
the phase II study should be peer-reviewed. However, if
these results are favorable, planning for a phase III study
may be expedited.

Thalidomide (Celgene). Angiogenic factors controlling
the growth and permeability of blood vessels have been
implicated in the pathogenesis of ALS. Mice bearing a
deletion of the vascular endothelial cell growth factor
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(VEGF) gene develop an ALS-like phenotype68 and poly-
morphisms of the VEGF promoter region increase the risk
of ALS.69 Coding mutations of a related gene angiogenin
have also been linked to the disease.70 Thalidomide is a
non-barbiturate sedative that was withdrawn from the
world market in 1961 on discovery of its teratogenic ef-
fects. It has been selectively reintroduced for a variety of
conditions including progressive body weight loss related
to advanced cancer and AIDS.71 The drug has anti-
angiogenic activity and immunomodulatory properties.71

Oral thalidomide reduced TNF�, attenuated weight loss,
and increased survival in SOD1G93A mice.72 Thalidomide
crosses the BBB, as indicated by its sedative effects. Pe-
ripheral neuropathy has been observed in 8% of patients
with HIV and can become irreversible if thalidomide is not
discontinued.73 Lenalidomide, a novel 4 amino-glutarimide
analogue, shows the same efficacy in animal studies with-
out the neurotoxic and teratogenic effects.72,74 An open-
label, phase II trial is currently recruiting patients (n �
24, NCT00140452).

Trehalose (Cargill, Inc.). Trehalose is a natural disac-
charide used in freeze-dried products to prevent protein
denaturation. Trehalose may prevent formation of mutant
SOD1 aggregates in ALS by stabilizing mutant proteins.75

The agent has a long history of human use and the FDA
has issued a “letter of no objection” (GRAS No. GRN
000045). However, there are no data on toxicity in patients
with ALS, the ability of the drug to penetrate the CNS is
unknown, and its effect in transgenic ALS mouse model
remains to be evaluated.

Discussion. We identified and assessed potential
compounds for clinical trials in patients with ALS.
Academic clinicians and scientists identified 113
compounds, of which 24 were selected for more de-
tailed pharmacokinetic and safety analysis. Twenty
were chosen as the most promising agents that
should be studied in phase III clinical ALS trials.
Two agents on the priority list (talampanel and ta-
moxifen) show preliminary efficacy in phase II ALS
clinical studies. Other agents (ceftriaxone, minocy-
cline, ONO-2506, and IGF-1 polypeptide) are already
in phase III trials involving large numbers of pa-
tients. Most agents on the final priority list require
additional data (preclinical animal data, human tox-
icity, and pharmacokinetic data [including CNS pen-
etration]) prior to proceeding to large scale human
testing (see table 3).

While a detailed attempt was made to make the
review process explicit, qualitative judgments had to
be prepared about the relative value and weighting
of different types of information. The most problem-
atic issues were the evaluation of unpublished data
and the authors’ biases. Although considerable effort
was made to obtain information from investigators
developing an agent, not all data were available to
the authors. The initial screen was performed by
investigators in the field, which may have resulted
in bias toward agents studied in their laboratories.
To ensure transparency all data relevant to this arti-
cle were made available to the ALS community
throughout the selection process.

Animal drug-screening studies in ALS almost
exclusively utilize the mutant SOD1G93A mouse
(table E-1), but the ability of this model to predict
drug efficacy in humans is ambiguous. Several
drugs that prolong survival in animal studies have
not shown efficacy in human trials (celebrex,51,76

creatine,77,78 gabapentin,60,79 N-acetylcysteine80,81).
This discrepancy may be due to intraspecies differ-
ences in pharmacokinetics and the difficulty in es-
tablishing dose equivalence to achieve the same
biologic activity in humans as observed in mice. It
may also be that this mouse model of familial ALS
does not predict drug effect in patients with spo-
radic ALS and that development of alternative
models should be prioritized.

Interpretation of animal drug screening studies is
complicated by varying experimental designs be-
tween laboratories. For example, mouse strain and
sex,82 as well as environmental factors such as access
to exercise, affect survival.83 There is a need to estab-
lish consensus guidelines to ensure ALS animal drug
studies are conducted in a uniform manner. Experi-
mental design issues that warrant standardization
include the type of animal models, number of ani-
mals and sex distribution required to reliably detect
an effect, as well as the timing and method of drug
delivery. The selection of appropriate survival and
motor function endpoints is essential. Guidelines on
the publication of negative results and the establish-
ment of an online database of ALS animal drug stud-
ies should be a priority. Most importantly, guidelines
should be established outlining the magnitude and
the reproducibility of drug effect in different labora-
tories and animal models required to proceed to hu-
man clinical testing.

The pharmacokinetic profile, the safety/toxicity
properties, and the most efficacious dose of the drug
in humans must be adequately established prior to
phase III studies. There has been a tendency for
potentially beneficial candidates to move rapidly to
large ALS clinical trials. Although this approach has
demonstrated that certain drugs are ineffective, it
has been unsuccessful at identifying useful thera-
pies. The ability of a drug to cross the human BBB to
reach its target ligand should be determined prior to
starting phase II studies. Tolerability of a dose in
healthy patients should not be taken as indication
that the same dose will be safe in patients with ALS.
The frequency of adverse events was significantly
higher in patients with ALS receiving topiramate
than was seen in patients with epilepsy, possibly
related to dehydration and malnutrition in patients
with ALS.84 Dose-ranging studies are a prerequisite
to phase III studies to determine the most effective
and safe dosage. Focusing on early clinical safety,
dose-finding, and pharmacokinetic testing will in-
crease a drug’s early development costs, but will
maximize its chance of success in large phase III
efficacy studies.

Multiple pathways have been implicated in the
pathogenesis of ALS.2 A medication or combination

July (1 of 2) 2006 NEUROLOGY 67 25
 by MICHAEL FETELL on September 12, 2006 www.neurology.orgDownloaded from 

http://www.neurology.org


of medications that targets more than one patho-
genic pathway may slow disease progression in an
additive or synergistic fashion. Such combination
therapy has been successful in oncology, though mul-
tiple drug interactions and increased incidence of
drug side effects should be considered. More detailed
animal toxicology studies of combination therapies
are required than for therapies given alone. Drug
resistance must also be considered when a medica-
tion is administered for prolonged periods (months).
Upregulation of multidrug resistance proteins has
been reported in astrocytes and BBB of patients with
neurodegenerative diseases with neuroinflammatory
components, such as ALS. These transporters ex-
trude endogenous toxins (such as medications) from
CNS from the cells and may nullify a drug’s
bioactivity.85

In this article we evaluated existing drugs for
their potential development in ALS in an explicit,
systematic, and transparent manner. The selection
process is intended to prioritize interventions for
phase III trials in patients with ALS and to identify
data that need to be collected prior to clinical studies
involving large numbers of human subjects. The ALS
Association has issued a request for applications
building on the final list published in this article.86

More candidate drugs will be identified as academic
researchers adopt high throughput screening tech-
niques and study candidate neuroprotective drugs in
new animal models of ALS. Thus, the need to ratio-
nally select agents for clinical testing in patients
with ALS will increase and the current approach can
be extended to evaluate new therapies as they
emerge. New data on both existing and novel neuro-
protective agents will be assessed annually and up-
dates made available on the ALS Association Web
site and presented at the annual International ALS/
MND Symposium.
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Randomized
controlled phase II
trial of glatiramer

acetate in ALS

Abstract—The authors conducted a randomized controlled trial to test the
safety and immunology of glatiramer acetate in ALS. Twenty treated patients
were randomly assigned to daily or biweekly injections. Ten control patients
were selected from another trial and followed up concurrently. Injection reac-
tions were the only common adverse event (p � 0.01). Treated patients showed
enhanced lymphocyte proliferation (p � 0.02). The safety profile and immune
effects support conducting larger trials of dose selection and efficacy.

NEUROLOGY 2006;66:1117–1119

P.H. Gordon, MD; C. Doorish, BA; J. Montes, PT, MA; R.L. Mosley, PhD; B. Diamond, PhD;
R.B. MacArthur, PharmD; L.H. Weimer, MD; P. Kaufmann, MD, MS; A.P. Hays, MD; L.P. Rowland, MD;

H.E. Gendelman, MD; S. Przedborski, MD, PhD; and H. Mitsumoto, MD, DSci

Inflammation in ALS may be a secondary response
to neuronal injury by genetic, biochemical, or envi-
ronmental insults. Inflammatory cells surround de-
generating neurons,1 leading to the accumulation of
proinflammatory cytokines and free radicals that
likely contribute to neurodegeneration.2 Modulation
of inflammation may reduce cell death.

The term vaccination can be used for an interven-
tion that leads to the induction of an immune re-
sponse, which then slows the underlying disease.
Vaccination with glatiramer acetate (GA) boosts reg-
ulatory T cell–mediated immunity. GA is approved
by the US Food and Drug Administration for treat-
ment of multiple sclerosis (MS)3 and delays disease
progression in animal models of ALS and
neurodegeneration.4,5

We now report a trial designed to test the safety,
tolerability, and immunogenicity of different doses of
GA in human ALS.

Methods. A detailed description of the methods (appendix E-1)
and a figure (figure E-1) outlining the patient flow are available

on the Neurology Web site at www.neurology.org. In brief, we
conducted a 6-month prospective, randomized controlled phase II
trial. The primary aim was to determine whether GA is safe and
tolerated by patients with ALS. In vitro assays were used to
determine whether ALS patients show altered T-cell proliferation
before or after administration of GA.

Twenty patients were randomly assigned to receive 20 mg
subcutaneous GA daily (Group 1) or 20 mg subcutaneous GA
biweekly (Group 2). Ten control patients (Group 3) were selected
from consecutive participants in a blinded trial of minocycline in
ALS. All patients signed consent forms and were evaluated
monthly. The design provided 80% power (� � 0.05) to detect a
48% difference in the rates of adverse events (AEs) and a 16%
difference in T-cell responses between groups. T-cell proliferative
activities were determined in response to GA (5 to 10 �g/mL) and
phytohemagglutinin (PHA; 3 �g/mL), a mitogenic control. Stimu-
lation indices were calculated as the counts per million from
treated, stimulated samples divided by counts per million of back-
ground, unstimulated samples.

Results. Thirty patients were enrolled and 10 were as-
signed to each group (see figure E-1) between June and
September 2004. All were included in the intent-to-treat
analysis. Twenty-six patients completed the trial (9 in
Group 1, 9 in Group 2, and 8 controls). Four patients died;
none withdrew from the study or discontinued medication
for other reasons. The baseline characteristics of the pa-
tients (table E-1) were well matched between groups.

Five patients in each GA treatment group had at least
one injection site reaction (p � 0.01). The reactions oc-
curred multiple times in nine patients. There were no
other differences in safety measures between groups, or in
GA-treated patients overall compared with controls (tables
E-2 and E-3). There were six serious AEs (two in Group 1,
one in Group 2, and three in Group 3; table E-4); none
were considered to be related to drug. Four patients (one in
Group 1, one in Group 2, and two in Group 3) died of
progressive respiratory failure due to ALS.

Systemic postinjection reactions (SPIRs) consisting of
palpitations, dyspnea, flushing, and thoracic tightness oc-
curred in three GA-treated patients (p � 0.15). Two pa-
tients had multiple SPIRs. All described the event as
anxiety provoking or frightening. One patient was moni-
tored during a SPIR. A cardiologist reviewed four EKGs
taken before, during, and after the event. There were no
changes except increased heart rate.

Baseline lymphoproliferative responses were similar in
all three groups. Even though some control patients pre-
sumably took active minocycline, there were no differences
from baseline in responses for controls under each culture
condition at any time point.

Additional material related to this article can be found on the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the April 11 issue to find the title link for this article.
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T-cell proliferation changed with time in both GA-
treated groups compared with controls (p � 0.02; figure);
the responses diminished progressively in the treated
groups and remained level in control patients. The find-
ings were most significant in the less frequent dosing
group (p � 0.01; see figure). Response to PHA was similar
in treated and control subjects.

Autopsy, performed in one patient who died during the
trial, showed severe loss of motor neurons and Bunina
bodies within the surviving nerve cells typical of ALS.
Inflammatory cells, consisting of CD68-positive microglia/
macrophages, were present diffusely within the spinal cord
including the corticospinal tracts, vicinity of anterior horn
cells, and dorsal columns. The brain exhibited numerous
neurofibrillary tangles in limbic regions and sparse neu-
ritic plaques in the neocortex.

Discussion. Modulation of inflammation is one po-
tential means of limiting neurodegeneration in ALS.
Vaccination with GA induces highly cross-reactive
anti-inflammatory Th2 cells.6 Th2 cells migrate to
sites of inflammation as part of their normal surveil-
lance functions, where they serve as a source of anti-

inflammatory cytokines and neurotrophic factors,
thereby reducing inflammation and promoting neu-
ronal survival.7 GA has prolonged life span in the
murine model of ALS,4 although this is
unconfirmed.8

The purpose of this trial was to test the safety and
tolerability of GA over prolonged periods in subjects
with ALS and to test the impact on measures of
immune function. The most common AE was
injection-site reaction. There were no other differ-
ences in AEs or the ability to complete the trial be-
tween groups. SPIRs, reported in approximately 10%
of patients with MS,9 also occurred in this trial. The
mechanism is unknown, but EKG monitoring, per-
formed because of concerns that the symptoms might
mimic those of cardiac ischemia, showed no evidence
of cardiotoxicity. Even though our patients described
the events as frightening, none discontinued treat-
ment because of the SPIR.

We administered GA as 20-mg daily or biweekly
injections. Daily dosing, currently suggested for
treatment of MS,9 may induce both Th1 and Th2
responses.10 Less frequent dosing regimens could fa-
vor a predominantly Th2 response, theoretically
preferable in ALS. A control group, selected from
participants in a blinded trial of minocycline in ALS,
did not show changes in immune responses, either in
comparison to pretreatment measures or over time.
That is, we could detect no impact of minocycline on
T-cell proliferation in control patients.

In contrast, patients with ALS mounted T-cell
proliferative responses to GA. These responses dif-
fered significantly from those of control patients at
both doses, indicating that immune function can be
modulated in patients with ALS in ways similar to
those in MS. The difference was more marked in
patients given infrequent doses, and resulted from
significant diminution with time, possibly as a result
of global reduction of T-cell populations, loss of
antigen-specific effector T cells, increases in anergic
T cells, or induction of regulatory T cells.

One of our four patients who died of progressive
ALS had an autopsy, which was unusual for several
reasons. First, there was a diffuse microglial re-
sponse in the spinal cord involving the dorsal col-
umns as well as the motor nerves. Posterior column
degeneration occurs only rarely in sporadic ALS. One
possible explanation for the finding is that the micro-
glia were more widespread in response to GA. Sec-
ond, pathologic findings were consistent with the
consensus criteria for stage III or IV AD. Most cases
of dementia in ALS are now attributed to frontotem-
poral dementia, but this autopsy shows that findings
of AD and ALS can coexist.

The trial established the clinical and immuno-
logic scientific interaction in the study of vaccina-
tion in human ALS. We could measure
immunologic changes in ALS patients, setting the
stage for future trials in which clinical outcomes
may be compared with immune responses. The
small sample size and limited duration of the trial

Figure. Immune changes: T-cell proliferation. The top fig-
ure shows the monthly proliferative indices in response to
stimulation with 5 �g/mL glatiramer acetate (GA), and
the bottom figure shows the monthly indices in response to
stimulation with 10 �g/mL GA. qd � daily; q2wk � every
other week.
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render it premature to draw conclusions about
efficacy. The tolerability of GA was acceptable and
the immune response was sufficiently meaningful
to support proceeding to larger trials of dose
selection and efficacy.
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Correspondence
Sudden deafness from stroke

To the Editor: We would like to add to the correspondence about
the possibility of an auditory Anton’s syndrome in the report of
sudden bilateral deafness from stroke.1 While Anton’s eponymous
syndrome is most closely associated with denial of blindness, in
one seminal article, “About the perception of focal brain lesions by
patients with cortical blindness and deafness,” two of three re-
ported cases were of denial of deafness.2

We saw a patient who, like those described by Anton, did not
respond to voice or loud noises but insisted he was not deaf. As
with Anton’s original patients, communication was accomplished
by writing down queries to which the patient would respond ver-
bally. Our patient was a 72-year-old man with alcohol-associated
dementia who was brought into the emergency room for odd be-
havior. He confabulated reasons why he could not hear (e.g., “the
radio’s on too loud,” “the fan is on”). He was cheerful and engaging
and told a consistent and detailed story of his migration from
South Carolina to New York City decades prior, but gave vague
and confabulatory answers to questions about the recent past.

He reported drinking Heavenly Hill Bourbon 80 proof, “one
glass in the morning and one at night,” every day for decades.
Oddly, the only evidence of preserved hearing was that he
coughed when he heard others cough, even when he could not see
them. One of us (J.C.M.B.) dubbed this the “Metropolitan Opera
Reflex.” His ear examination was normal but he was uncoopera-
tive with BAERs and formal audiometry. MRI of the brain showed
only generalized atrophy and evidence of microvascular disease.

The mechanisms of contagious coughing or yawning are un-
clear. We propose that our patient was cortically deaf and the
preservation of acoustic cough response was mediated by path-
ways known to exist between the cochlear nucleus, the inferior
colliculus, and descending acousticomotor pathways involved in
acoustic reflexes and vocalization.3

Laura S. Boylan, Robert Staudinger, John C.M. Brust, New York, NY

Disclosure: The authors report no conflicts of interest.

Reply from the Author: I found Boylan et al.’s description of
their patient with auditory Anton’s syndrome quite fascinating,
especially because this patient, though cortically deaf, responds
mimetically to people coughing. This must involve a subcortical
loop, as the authors suggest, but may also entail the activa-
tion of the precuneus or posterior cingulate regions, parts
of the brain probably subserving self-reference and em-
pathy, and which are known to be implicated in contagious
yawning.4,5

It is also valuable to be reminded that Anton originally de-
scribed auditory as well as visual syndromes, for most textbooks
refer only to the visual form.

Oliver Sacks, MD, New York, NY

Disclosure: The author reports no conflict of interest.

Copyright © 2006 by AAN Enterprises, Inc.
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Brain death worldwide: Accepted fact but no global
consensus in diagnostic criteria

To the Editor: I recently read the article by Dr. Wijdicks, who
comprehensively reviewed brain death status and guidelines
worldwide.1 Unfortunately, Table 1A provides mistaken informa-
tion about the guidelines in Taiwan due to the incorrect extraction
of the data from the cited article of Hung and Chen.2 The following
should be corrected:

1. The law regulating brain death was passed by Taiwan gov-
ernment in 1987. Thus the law is present instead of “absent”
as summarized in the table.

2. The number of physicians is two instead of one.
3. The observation time is 12 hours instead of 6 hours.
4. The law requires another 4 hours for defining brain death,

and thus a confirmatory test is mandatory.
I hope Neurology can provide corrected information to the readers.

Sung-Tsang Hsieh, Taipei, Taiwan

Disclosure: The author reports no conflicts of interest.

Reply from the Author: I appreciate the comments by Dr. Hsieh
and I apologize if I misread the legal document. The Chinese

version of the legal document available to me states that two
physicians are needed and in Taiwan an additional 4 hours of
observation is needed after the diagnosis of brain death is made.
This is in addition to the 12 hours of observation on the ventilator
of a patient with a structural brain lesion before the first full
brain death examination.

In my article,1 I referred to laboratory tests as confirmatory
tests and it is my understanding that laboratory tests remain
optional and not mandatory. Since my article was published in
2002, I have also noticed—in conversations with physicians from
other countries—that there is sometimes confusion between what
physicians think they should do and what the law dictates.

Eelco F.M. Wijdicks, Rochester, MN

Disclosure: The author reports no conflicts of interest.

Copyright © 2006 by AAN Enterprises, Inc.

References

1. Wijdicks EFM. Brain death worldwide: accepted fact but no global con-
sensus in diagnostic criteria. Neurology 2002;58:20–25.

2. Hung TP, Chen ST. Prognosis of deeply comatose patients on ventilators.
J Neurol Neurosurg Psychiatry 1995;58:75–80.

Different degrees of right-to-left shunting predict
migraine and stroke: Data from 420 patients

To the Editor: The authors of this article1 suggest only embolism
as a possible explanation of their findings that the size of right-to-
left shunt predicts the occurrence of migraine and of stroke.

It has recently been proposed2 that migraine may be a physio-
logic response to hypoxia, as evidenced by its high incidence in a
wide variety of hypoxia-provoking circumstances. This hypothesis
would predict that increasing degrees of right-to-left shunting
would, by increasing the levels of hypoxia, inflate the frequency
and intensity of migraine attacks.
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It is possible that the authors’ data include pO2 levels on each
of the 420 patients reported and that a strong inverse correlation
might be found between pO2 levels and migraine frequency and
intensity. If so, it is possible that oxygen inhalation by these
patients could reduce the incidence and severity of migraine at-
tacks yet not alter the occurrence of putative embolism.

Gordon J. Gilbert, St. Petersburg, FL

Disclosure: The author reports no conflicts of interest.

Reply from the Authors: We appreciate Dr Gilbert’s suggestion
that right-to-left shunts may facilitate migraine through the
mechanism of increasing hypoxia.1,2 It is not our policy to routinely
measure pO2 saturation in patients undergoing transcranial
Doppler (TCD) testing for right-to-left shunt unless desaturation
is clinically suspected, which was not the case in the patients
included in the study.

Comparing TCD with arterial blood gas measurement in pa-
tients without obvious pulmonary disease has yielded disappoint-
ing results in terms of the correlation between blood oxygen
content and degree of the shunt,3 which means that the amount of
the shunted blood is many times too small to induce a clinically
significant hypoxia.

However, both the patients of Devuyst et al. and our patients
were examined in the recumbent position,1,3 whereas right-to-left

shunt may increase to a significant extent on standing, not only in
patients with the platypnea- orthodeoxia syndrome4 but also in
normal individuals.5

Dr. Gilbert’s hypothesis needs to be properly tested in prospec-
tive studies aimed at assessing the variation of both pO2 and
right-to-left shunt from the recumbent to the upright position.

Gian Paolo Anzola, Eustaquio Onorato, Eva Morandi, Francesco
Casilli, Brescia, Italy

Disclosure: The authors report no conflicts of interest.

Copyright © 2006 by AAN Enterprises, Inc.
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Corrections

Randomized controlled phase II trial of glatiramer acetate in ALS

In the Brief Communication “Randomized controlled phase II trial of glatiramer acetate in ALS” (Neurology 2006;66:1117–1119) by
P.H. Gordon, C. Doorish, J. Montes, et al., the fourth author’s name is misspelled. It should be R.L. Mosley.

This error was corrected on www.neurology.org on August 21, 2006. The publisher regrets the error.

Diagnostic performance of spectroscopic and perfusion MRI for distinction of brain tumors

In the article “Diagnostic performance of spectroscopic and perfusion MRI for distinction of brain tumors” (Neurology 2006;66:1899–
1906) by M.A. Weber, S. Zoubaa, M. Schlieter, et al., on page 1901, line 9 “...the serial T2-weighted images...” should read “...the
serial T2*-weighted images...” On page 1903, Table 2, an asterisk is missing at the top of the “Cho/Cr” column.
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A crossover, add-on
trial of talampanel in

patients with
refractory partial

seizures

Abstract—The authors report a double-blind, placebo-controlled, crossover
study of talampanel in 49 patients with refractory partial seizures. Three
doses of talampanel were investigated based on differences in patients’ con-
comitant antiepileptic drug usage. Talampanel showed efficacy in reducing
seizure frequency (p � 0.001) with a median seizure reduction of 21%. Eighty
percent of patients had fewer seizures on talampanel than on placebo. Dizzi-
ness (52%) and ataxia (26%) were the only significant adverse events.

NEUROLOGY 2002;58:1680–1682

A.S. Chappell, MD; J.W. Sander, MD, PhD; M.J. Brodie, MD; D. Chadwick, DM, FRCP; A. Lledo, MD, PhD;
D. Zhang, PhD; J. Bjerke, RPh, MBA; G.M. Kiesler, RPh; and S. Arroyo, MD, PhD

Talampanel (®-7Acetyl-5-(4-aminophenyl)-8,9-dihydro-
8-methyl-7H-1,3-dioxolo[4,5-hour][2,3] benzodiazepine)
or LY300164 (formerly known as GYKI 53773) is a
potent member of a novel class of pharmacologic
agents.1-3 It is an orally active, noncompetitive antag-
onist of the AMPA (�-amino-3-hydroxy-5-methyl-4-
isoxazeoleproprionic acid) subtype of glutamate
excitatory amino acid receptors.

Anticonvulsants that directly block glutamate
transmission may exert their antiseizure effect by
limiting neuronal hyperexcitability and preventing
glutamate-driven neuronal damage. This dual mech-
anism might offer an advantage in terms of efficacy
over traditional antiepileptic drugs (AED) that act
via �-aminobutyric acid agonism or sodium channel
blockade.

Talampanel is effective in animal models of sei-
zures. It both blocks the spread of seizures and in-
creases the threshold for seizure at doses lower than
those that produce motor impairment.4 Talampanel
was well tolerated in healthy human subjects. The
maximum tolerated single dose was 100 mg, the no-
effect dose 20 mg, and the half-life 6.8 hours. Drows-
iness and ataxia were the most common adverse
events.5

Pharmacokinetics was explored in patients with
epilepsy who were taking other, concomitant anti-
convulsants. Whereas concomitant therapy with he-
patic enzyme inducers such as carbamazepine
increases talampanel clearance by a factor of three,
concomitant therapy with valproate reduces it.

Subjects and methods. Subjects. Patients were 18 to
65 years old with a diagnosis of partial seizures with or
without generalization according to the seizure classifica-
tion of the International League Against Epilepsy.6 For the
3 months before the study, patients were required to have
had at least 4 or more partial seizures per month with no
4-week seizure-free period. For the 2 months prerandom-
ization and for the duration of the study, no changes in
AED dose could be made other than those to maintain
AED serum levels within 30% of baseline trough levels.

Design and procedure. This was a multicenter, cross-
over, double-blind, randomized, placebo-controlled trial to
evaluate three target doses of talampanel—25, 60, or 75
mg by mouth three times a day—for three groups formed
based on differences in patients’ concomitant AED usage.

Patients taking phenobarbital, phenytoin, carbamaz-
epine, or primidone (the induced group) received up to 75
mg by mouth three times a day. Those taking valproic acid
alone (the inhibited group)received up to 25 mg by mouth
three times a day. Patients taking hepatic enzyme-
inducing AED and valproic acid or taking gabapentin, vi-
gabatrin, topiramate, lamotrigine, diazepam, clobazam,
clonazepam, or ethosuximide (the balanced group) received
up to 60 mg by mouth three times a day. A crossover
design was used to reduce the number of patients exposed
to a yet-unproven drug.

Study protocol and consent forms were approved by In-
stitutional Review Boards at each center, and the study
was conducted in accordance with the Declaration of
Helsinki.

The study consisted of a 4-week lead-in period and two
14-week treatment periods (Treatment Periods I and II)
separated by a 4-week washout. At their first visit patients
were screened for eligibility, seizure frequency was docu-
mented, and informed consent was obtained. After a
lead-in period of 4 weeks, patients who met entry criteria
were randomized to placebo or talampanel (Treatment Pe-
riod I).

Patients were titrated to the maximum allowable dose
based on their concomitant AED regimen. If they could not
tolerate this maximum allowable dose, they were titrated
down to the highest dose they could tolerate. During the
ensuing 10 weeks they remained at this dose, and efficacy
was evaluated. Patients were tapered off drug (or placebo)
during weeks 13 and 14. After a 4-week washout, the pro-
cess was repeated during Treatment Period II.

Measurement of efficacy and safety. Patients recorded
date and time of each seizure and description of seizure
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Kiesler), Lilly Corporate Center, Indianapolis, IN; Department of Clinical
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type. Investigators classified each patient seizure event as
simple partial, complex partial, or secondarily generalized.
Simple partial seizures had to have a motor component to
be counted.

The primary efficacy variable was the percent reduction
in average weekly seizure rate (all types total). Secondary
efficacy variables included percent of seizure-free days,
clinical global impression of improvement, patient global
impression of improvement, and changes in the Bond
Lader Mood Rating Scale,7 the Purdue Pegboard Test,8 and
the National Hospital Seizure Severity Scale.

Statistical analysis. Primary efficacy analysis was on
the logarithmic transformation of seizure frequency, which
was analyzed by the crossover analysis of variance.9 The
analysis of variance included investigator, sequence, and
patient nested within investigator and sequence combina-
tion, period treatment, and investigator-by-treatment in-
teraction. Carryover effect was assessed using the F-test of

sequence. Additional crossover analyses were performed
on secondary efficacy variables.

Results. Demographic data for the 49 randomized pa-
tients are shown in table 1. Forty-two (86%) completed
Treatment Period I whereas 38 (75%) completed the entire
trial.

For the three dosing groups, the mean daily talampanel
dosages were 60 mg for the induced group (44 patients), 58
mg for the balanced group (3 patients), and 23 mg for the
inhibited group (2 patients).

There was a treatment effect in favor of talampanel
(p � 0.001). Carryover effect was not significant (p �
0.706). Overall median percent reduction in total seizure
frequencies was 21% with a 95% CI of 8 to 30%. The figure
shows the numbers of patients experiencing the indicated
percentage change in total seizure frequency. Thirty of 41
patients who had comparable data from both periods
showed an improvement with talampanel compared with
placebo. Among the 38 patients who completed the study,
30 had fewer seizures while taking talampanel.

Analyses by frequency of seizure type yielded improve-
ment for simple partial seizures (p � 0.001). Seizure fre-
quency reduction was not significant for complex partial
seizures and secondarily generalized seizures (p � 0.217
and 0.235). There were no treatment-related differences in
secondary endpoints.

Patients taking two hepatic enzyme-inducing AED (n �
7) had a mean plasma level of 66 ng/mL; patients taking
one hepatic enzyme-inducing AED (n � 42) had a mean
plasma level of 155 ng/mL; patients taking no inducing
drugs (n � 5) had a mean plasma level of 372 ng/mL.

The most common treatment emergent adverse events
are shown in table 2.

Discussion. Talampanel was effective in reducing
seizures in this treatment-refractory population. Site
1, which enrolled the most patients (n � 22), saw a

Table 1 Baseline characteristics for all randomized patients

Characteristic

Talampanel/
placebo,
n � 26

Placebo/
talampanel,

n � 23
Total,
n � 49

Sex

F 6 (23) 9 (39) 15 (31)

M 20 (77) 14 (61) 34 (69)

Origin

Caucasian 26 (100) 22 (96) 48 (98)

East/Southeast Asian 0 1 (4) 1 (2)

Mean age, y 39.3 (9.1) 38.4 (11) 38.9 (10)

AED group classification

Induced 23 (89) 21 (91) 44 (90)

Balanced 2 (8) 1 (4) 3 (6)

Inhibited 1 (4) 1 (4) 2 (4)

Seizure history

Simple partial 8 (31) 10 (43) 18 (37)

Complex partial 22 (85) 19 (83) 41 (84)

Secondarily generalized 23 (88) 19 (83) 42 (86)

Seizure syndrome

Symptomatic 23 (89) 20 (87) 43 (88)

Unknown 3 (11) 3 (13) 6 (12)

Patients receiving AED

1 3 (12) 3 (13) 6 (12)

2 18 (69) 16 (70) 34 (69)

�2 5 (19) 4 (17) 9 (19)

Patients receiving

Carbamazepine 19 (73) 13 (57) 32 (65)

Lamotrigine 6 (23) 6 (26) 12 (25)

Base seizures per week

Mean 12.6 9.9 11.3

Median 4.2 3.4 3.7

Values expressed as n (%) unless otherwise indicated.

AED � antiepileptic drugs.

Table 2 Treatment emergent adverse events (TEAE) among �5%
of patients receiving talampanel

TEAE
Talampanel,

n � 46
Placebo,
n � 45

Dizziness 24 (52.2) 7 (15.6)

Ataxia 12 (26.1) 1 (2.2)

Headache 6 (13.0) 5 (11.1)

Somnolence 6 (13.0) 4 (8.9)

Accidental injury 5 (10.9) 0

Asthenia 5 (10.9) 5 (11.1)

Abnormal gait 5 (10.9) 2 (4.4)

Pharyngitis 5 (10.9) 6 (13.3)

Infection 4 (8.7) 2 (4.4)

Pain 4 (8.7) 1 (2.2)

Incoordination 4 (8.7) 3 (6.7)

Nystagmus 4 (8.7) 3 (6.7)

Diplopia 4 (8.7) 2 (4.4)

Rhinitis 3 (6.5) 1 (2.2)

Values expressed as n (%).
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median reduction of 31% in seizure frequency. Two
other sites that enrolled 12 and 3 patients had me-
dian reductions of 26 and 11%. A fourth site, whose
patients had the most refractory seizures, enrolled
12 patients and showed 0% reduction.

Six patients taking carbamazepine required dose
reductions to maintain plasma levels within 30% of
baseline. However, efficacy could not be attributed to
drug interaction because seizure reduction was the
same as overall seizure reduction—21%—in patients
not taking carbamazepine.

Plasma levels were highly variable. No correlation
was seen between plasma levels and efficacy, possi-
bly because some patients in the trial had seizures so
refractory as to be unaffected by any plasma level of
talampanel. The large impact on plasma levels of
two inducing agents was not anticipated. In retro-
spect, patients taking two inducing drugs should
have received higher doses of talampanel or should
have been excluded from the study.

Dizziness was generally mild to moderate, tran-
sient, and associated with peak plasma levels.
Ataxia, which had not been seen in a study of pa-
tients with ALS, may have been caused by pharma-
codynamic interaction with concomitant AED.

In this study, talampanel had antiepileptic activ-
ity when added to standard therapies in patients
with treatment-refractory partial seizures. Talam-
panel promises not only antiseizure efficacy via a
unique mechanism but also the prospect of much-

needed neuroprotection in patients with seizures.
Additional trials are warranted.
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Figure. Number of patients showing
improvement. Striped bars � placebo;
black bars � talampanel. TS � total
seizures; SP � simple partial; CP �
complex partial; SG � secondarily
generalized.

1682 NEUROLOGY 58 June (1 of 2) 2002
 by MICHAEL FETELL on September 12, 2006 www.neurology.orgDownloaded from 

http://www.neurology.org


 2002;58;1680-1682 Neurology
G. M. Kiesler and S. Arroyo 

A. S. Chappell, J. W. Sander, M. J. Brodie, D. Chadwick, A. Lledo, D. Zhang, J. Bjerke,
 A crossover, add-on trial of talampanel in patients with refractory partial seizures

This information is current as of September 12, 2006 

 & Services
Updated Information

 http://www.neurology.org/cgi/content/full/58/11/1680
including high-resolution figures, can be found at: 

 Subspecialty Collections

 http://www.neurology.org/cgi/collection/complex_partial_seizures
 partial seizures

Complex http://www.neurology.org/cgi/collection/partial_seizures
 Partial seizures

 http://www.neurology.org/cgi/collection/antiepileptic_drugs
 Antiepileptic drugs al_study_cohort_case_control

http://www.neurology.org/cgi/collection/clinical_trials_observation
 trials Observational study (Cohort, Case control)

Clinical http://www.neurology.org/cgi/collection/all_clinical_trials
 All Clinical trials

following collection(s): 
This article, along with others on similar topics, appears in the

 Permissions & Licensing

 http://www.neurology.org/misc/Permissions.shtml
or in its entirety can be found online at: 
Information about reproducing this article in parts (figures, tables)

 Reprints
 http://www.neurology.org/misc/reprints.shtml

Information about ordering reprints can be found online: 

 by MICHAEL FETELL on September 12, 2006 www.neurology.orgDownloaded from 

http://www.neurology.org/cgi/content/full/58/11/1680
http://www.neurology.org/cgi/collection/all_clinical_trials
http://www.neurology.org/cgi/collection/clinical_trials_observational_study_cohort_case_control
http://www.neurology.org/cgi/collection/antiepileptic_drugs
http://www.neurology.org/cgi/collection/partial_seizures
http://www.neurology.org/cgi/collection/complex_partial_seizures
http://www.neurology.org/misc/Permissions.shtml
http://www.neurology.org/misc/reprints.shtml
http://www.neurology.org


BAT monoclonal antibody immunotherapy of human metastatic

colorectal carcinoma in mice

Britta Hardya,*, Sara Morgensternb, Annat Raitera, Galina Rodionova,
Ludmilla Fadaeeva, Yaron Nivc

aFelsenstein Medical Research Center, Tel Aviv University School of Medicine, Rabin Medical Center, Beilinson Campus,

Petah Tikva 49100, Israel
bDepartments of Pathology, Rabin Medical Center, Beilinson Campus, Petah Tikva 49100, Israel

cGastroenterology, Rabin Medical Center, Beilinson Campus, Petah Tikva 49100, Israel

Received 20 March 2005; accepted 14 June 2005

Abstract

BAT monoclonal antibody exhibited anti-tumor activity mediated by T and NK cells. We have evaluated the efficacy of

murine and humanized BAT for the treatment of human colorectal carcinoma liver metastases in nude mice. HM7, a human

colorectal carcinoma was injected into the spleen to colonize the liver. A single intravenous administration of both BAT

antibodies significantly reduced the number of metastases and liver weights. Histological examinations demonstrated

lymphocyte accumulation near remnant tumors and in tumor-free tissues of BAT treated mice. The efficacy of humanized BAT

in the regression of hepatic metastases in human colorectal carcinoma has potential clinical use.

q 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Cancer immunotherapy; BAT monoclonal antibody; Mice tumor model; Metastatic colorectal carcinoma; liver metastases; Liver

histopathology
1. Introduction

Colorectal cancer (CRC) is a major cause of

cancer-associated morbidity and mortality in

developed countries [1–3]. Primary colorectal carci-

noma becomes life threatening when it metastasizes to

the liver [4–5]. Surgery alone may be curative in the

early stages but adjuvant therapy is needed at later

stages [6]. Unfortunately, in cases diagnosed in
0304-3835/$ - see front matter q 2005 Elsevier Ireland Ltd. All rights re

doi:10.1016/j.canlet.2005.06.046
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advanced stages, cure with either surgery or

chemotherapy is not efficient [7–8]. Immunotherapy

is used in cancer treatment to modulate the immune

system response to kill tumor cells. Several types of

immunotherapy based on different humoral and cell-

immunity factors are currently undergoing preclinical

and clinical trials. One approach involves the use of

monoclonal antibodies that selectively bind to a

specific determinant on T cells, thereby either

initiating an activation pathway or inducing an

inhibitory effect [9–11].

We have described a monoclonal antibody (mAb)

which we termed BAT, that induces regression of
Cancer Letters 229 (2005) 217–222
www.elsevier.com/locate/canlet
served.
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murine tumors in the lungs of mice (B16 melanoma,

3LL Lewis lung carcinoma or MCA fibrosarcoma)

[12] and of human tumors (SK-28 melanoma) in lungs

of SCID mice engrafted with human lymphocytes

[13]. However, BAT differs from other agonistic

antibodies, such as anti-CD3 and anti-CTLA4, in that

its anti-tumor activity involves the stimulation of both

T cells and natural killer (NK) cells. BAT induces

proliferation of CD4CT cells and secretion of

interferon-gamma [14]. BAT mAb is directed against

a determinant on Daudi cells, a human Burkitt

lymphoma cell line which stimulates murine lympho-

cytes and human peripheral blood T cells [15]. The

murine BAT mAb has been humanized for clinical

trials. Humanized antibodies are important because

they bind to the same antigen as the original

antibodies, but are less immunogenic when injected

into humans [16]. The aim of the present study was to

investigate the effect of both humanized BAT mAb

(HuBAT) and murine BAT in the treatment of hepatic

metastases of human CRC in mice.
2. Materials and Methods
2.1. BAT antibody production

BAT is a murine mAb developed in our laboratory

as previously described [12]. Murine BAT was used at

10 mg/mouse, which was previously found to be an

optimal anti-tumor concentration in mice [12].

HuBAT mAb was prepared by Aeres Ltd., (London,

England) by recombinant DNA technology in which

complementary-determining regions (CDRs) from the

murine BAT, converts donor murine BAT immuno-

globulin into a human-like immunoglobulin, by CDR

grafting [16].
2.2. Binding of BAT mAb and HuBAT to Daudi cells.

Murine BAT mAb and HuBAT were added at

different concentrations (10, 20, 40 and 80 mg/ml) to

0.5!106 Daudi cells samples for 2 h on ice. After

washing the cells, anti-mouse or anti-human fluor-

escein (Sigma, Rehovot, Israel) were added to the

samples for 30 minutes on ice. Mean fluorescent

intensity (MFI) was evaluated by FACS analysis,
using FACSCalibur flow cytometer (Becton Dick-

inson, Esembodegem, Belgium).

2.3. Human CRC cell line HM7

HM7 is a sub-clone of the human CRC cell line

LS174T. It was selected for its high mucin synthesis

and metastatic potential [17]. The cells were obtained

as a generous gift from Professor Robert S. Breselier

(MD Andersen, USA). They were grown in DMEM

supplemented with 10% FCS, L-glutamine (2mM),

Na-pyruvate (1nMol), penicillin (100 units/ml),

streptomycin sulfate (0.1 mg/ml) and nystatin

(12.5 mg/ml). Cultures were maintained at 37 8C in a

humidified 5% CO2 incubator.

A large stock of cells was prepared to maintain the

homogeneity and tumorigeneity of the cell lines. The

stock was prepared by subcutaneous injection of 106

HM7 cells to nude mice, the resulting tumor at 0.5 cm

diameter was removed, followed by tumor disruption,

suspension and growth in vitro for about 1 week in

large bottles and then frozen.

2.4. In vivo studies

We used a previously published human CRC liver

metastatic tumor model [17]. In brief, BALB/c nude

mice were anesthetized and their spleens were

exposed. The tumor cell line, HM7 (2!106 cells in

0.250 ml PBS), was injected into the exposed spleen;

after 1 minute, spleens were removed and the

excisions closed. Mice were sacrificed 24 days after

tumor inoculation.

HM7 cells retained their ability to colonize the

liver as bulky metastatic nodules. BAT (10 mg/mouse)

in PBS was injected intravenously 12 days after tumor

inoculation. HuBAT was injected at 1 mg/mouse

(effective concentration determined in preliminary

experiments). Control mice were injected with mouse

IgG3 at 10 mg/mouse. The livers were weighed, and

the number of tumor nodules was counted.

2.5. Histological examinations

Liver specimens were fixed in 4% buffered

formalin, embedded in paraffin blocks, sectioned in

4-micron thick layers and stained with hematoxilin

and eosin. Liver sections were examined for
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the presence of tumor metastases; special attention

was addressed to the liver-metastasis interface in the

involved parenchyma and to the presence of lympho-

cytes and histiocytes.
3. Results

3.1. Comparative binding of BAT and HuBAT

to Daudi cells

Binding of HuBAT to that of murine BAT mAb to

Daudi cells were compared by FACS analysis. As can

be seen in Fig. 1, increasing concentrations of murine

BAT mAb or HuBAT bound Daudi cells in a similar

fluorescent intensity. The percent of mean fluor-

escence intensity (%MFI) was calculated as the

fluorescent intensity per maximal fluorescent intensity

x100, for each concentration of antibody used in this

assay.

3.2. BAT treatment of CRC liver metastases

in mice injected with human HM7 cells

Nude mice injected with human HM7 cells were

divided into 3 groups: (1) injected 12 days after tumor

inoculation with BAT mAb at a concentration of

10 mg/mouse; (2) injected with humanized BAT
Fig. 1. Comparative study of murine and HuBAT monoclonal

antibodies HuBAT or murine BAT mAbs were added in different

concentrations to Daudi cells. Percent of mean fluorescence

intensity (%MFI) was determined by FACS analysis. Increasing

concentrations of murine BAT mAb or HuBAT bind Daudi cells in

a similar fluorescent intensity to Daudi cells.

F

m

i

i

(

l

c

(HuBAT) at a concentration of 1 mg/mouse; (3)

injected with 10 mg/mouse of normal mouse IgGs

(controls). All mice were sacrificed 24 days after

inoculation and the anti-tumor effect of HuBAT was

compared to that of the BAT mAb and the control

mice (Fig. 2). Both BAT and HuBAT exhibited anti

tumor effect on hepatic metastasis, as manifested by

the reduced number of liver tumor nodules and the

reduced liver weight. Livers obtained from 11

untreated nude mice injected with human colon

carcinoma, had an average weight 3.58G1.66gr,

whereas livers obtained from mice given a single
ig. 2. Mice injected with HM7 cells and treated with BAT Nude

ice injected with human colorectal cancer HM7 cells were divided

nto 3 groups 12 days later: (1) injected with BAT (nZ8); (2)

njected with HuBAT (nZ8); (3) injected with normal mouse IgG 3

nZ11). Mice were sacrificed 24 days after tumor inoculation. The

ivers were weighed (Fig. 2a) and the number of tumor nodules was

ounted (Fig. 2b).



Fig. 3. Photograph of colorectal cancer metastases in livers Livers contain bulky pale nodules, which are the tumor lesions, encompassing most

of the liver volume in non-treated mice. BAT and HuBAT antibodies induced a decrease in tumor metastases. Control mice received normal

mouse IgG3.
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injection of either antibody were within the normal

weight range: 1.51G0.2gr in the BAT antibody

treated group and 1.43G0.2gr in the HuBAT antibody

group (nZ8). Separate comparisons of the number of

metastases and weights of the liver among the three

groups, using the Tukey-Kramer HSD statistical test,
Fig. 4. Histological examination of sections from livers. (a): Mice that wer

liver metastatic colorectal tumors. Note extensive metastatic involvement o

mouse treated by BAT. The largest metastasis measured 0.15 cm and was s

a dense lymphocytic ring (arrows) (H&E !40). (c): Higher magnification (

tissue (L) by histiocytes (H) in a palisade arrangement, and lymphocytes. (

mouse.
yielded significant differences between the BAT and

HuBAT groups and the control group (P%0.01). The

livers of the untreated mice contained tumor lesions,

bulky pale nodules (Fig. 3) that filled liver volume,

whereas the livers from the BAT and HuBAT-treated

group were of a normal shape and color.
e not treated with BAT (injected with control IgG3) developed large

f liver parenchyma (!40). (b): Section shows liver parenchyma of a

urrounded by a granulomatous reaction consisting of histiocytes and

H&E !200) showing the malignant glands (M) separated from liver

d): Lymphocytic infiltrate in liver of tumor-free (BAT-treated) nude
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3.3. Histological study of BAT-treated mice livers

demonstrates small necrotic tumor lesions

surrounded by dense lymphocytes

Histological examinations of the livers were

performed on day 24 after tumor inoculation. Sections

through the liver parenchyma of the untreated mice

demonstrated massive tumor involvement (Fig. 4a). In

contrast, the liver parenchyma of BAT-treated mice

was either free of tumors or contained only

micrometastatic tumors. In some of the small necrotic

tumors (Fig. 4b), the cells were surrounded by a

granulomatous reaction consisting of histiocytes and a

dense lymphocyte ring (Fig. 4c). Furthermore, in the

liver parenchyma of the BAT-treated mice, we noted

epithelioid granuloma formed by histiocytes and

surrounded by lymphocyte infiltrate (Fig. 4d).
4. Discussion

Most cases of human CRC are diagnosed in

advanced stages and cannot be cured by surgery or

chemotherapy. Immunotherapy is being developed as

an alternative treatment modality, which may change

this fatal outcome. In this study we treated hepatic

metastases of CRC with a single administration of

either murine or human BAT mAb. BAT-treated mice

exhibited a significantly lower development rate of

hepatic metastases, compared to control mice. This

observation supports the efficacy of immunotherapy

and demonstrates, in vivo, the anti-tumor and anti-

metastatic effects of BAT antibodies.

We have previously reported that BAT exhibited

anti-tumor properties in mice bearing a variety of

murine and human tumors in lungs [12–13]. To

evaluate the potential clinical use of this antibody in

human CRC, we tested BAT injection to nude mice in

which human CRC tumors developed in the livers,

similar to the disease pattern in human CRC patients.

In this study both BAT and HuBAT induced anti-CRC

tumor activity in the metastatic livers. The reduction

of the number of metastases and the correlating liver

weights were similar in BAT and HuBAT treatments.

On pathological examinations of BAT treated mouse

livers, we confirmed the anti tumor activity against

metastases accompanied by granulomatous reactions

consisting of histiocytes and dense lymphocytic rings.
We have previously analyzed the lymphocyte sub-

populations in these athymic mice. We found that

injection of BAT mAb in nude mouse induced

lymphopoiesis and a 20% increase in CD3 and CD4

T cells. The proportion of NK cells also increased due

to BAT administration [18]. These findings provide an

explanation of the BAT anti metastatic activity in the

nude mouse. The efficacy of humanized BAT in the

regression of hepatic metastases in human colorectal

carcinoma suggest potential development into therapy

for clinical use.
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Background: CT-011, a humanized monoclonal antibody that is directed against a B7 

family-associated protein, was previously shown to efficiently elicit anti-cancer immune 

response against a wide range of murine and human tumors (Hardy et al PNAS 94:5756-

5760, 1997; Hardy et al. Intl. J. Oncol. 19: 897-902, 2001). Its interaction with both NK 

cells and CD4+CD45+RO T cells culminates in NK- and T- cell dependent immune 

responses. CT-011 target-antigen operates through the PI3K pathway to extend the 

survival of effector/memory T cells and to promote the generation of tumor-specific 

memory T cells.  

 

Aims: The purpose of this first in human clinical study was to evaluate the safety and 

determine the maximal tolerated dose (MTD) of CT-011 single intravenous 

administration in pts with advanced stage hematological malignancies. 

 

Methods: We studied the safety profile of CT-011 in 17 pts with advanced hematological 

malignancies. All pts failed several lines of conventional chemotherapy and radiotherapy 

as well as allo (n=6) or auto SCT (n=3). Eleven of the pts were females and six were 

males with a median age of 55 (20-77, range) years. Eight had AML, four NHL, three 

CLL, one MM and one HD. CT-011 was given in a single 5h IV infusion in escalating 

doses starting at 0.2 mg/kg up to 6.0 mg/kg (3 pts at each dose level). One pt at the lowest 

dose level was re-enrolled five months after the first administration at a higher dose level 

for a total of 16 administered treatments.  

 

Results: CT-011 was safe and well tolerated with no treatment-related toxicities. 

Common adverse events included minimal allergic reactions and low grade fever. No 

single dose MTD was found in this study. One AML pt with resistant leukemia that was 

platelet-dependent with plt < 10x10^9/L is currently 9 months post first CT- 011 infusion 

in partial response and is platelet transfusion-independent. Two other pts (CLL-1, HD-1) 

remain with stable disease with no disease progression for more than 8 months and two 



additional pts (NHL) exhibit minimal response to treatment . Four other pts are alive with 

active disease with a median follow up of 3 (1-6) months, while seven pts died from their 

advanced resistant disease. Accrual to this study as well as pts follow up continues. 

 

Conclusions: A single administration of CT-011 is safe and well tolerated in pts with 

advanced hematological malignancies. The observed anti-tumor activity may be related to 

CT-011 interaction with the B7 receptor family-associated protein resulting in 

enhancement of tumor-specific immune response. Future studies will evaluate the 

combination of donor lymphocyte infusion and CT-011 for pts with hematological 

malignancies having minimal residual disease after stem cell transplantation.  
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ABSTRACT Monoclonal antibodies were raised against
Daudi B-lymphoblastoid cell line membranes. An mAb (BAT)
was selected for its ability to stimulate human and murine
lymphocyte proliferation. BAT induced cytotoxicity in human
and murine lymphocytes against natural killer cell-sensitive
and -resistant tumor cell lines. A single intravenous admin-
istration of BAT to mice that had been inoculated with various
murine tumors (e.g., B16 melanoma, 3LL carcinoma, and
methylcholanthrene fibrosarcoma) resulted in striking anti-
tumor effects as manifested by complete tumor regression and
prolonged survival of the treated mice. BAT exhibited a
diminished but significant antitumor effect in athymic nude
mice, which are deficient in T lymphocytes, and in beige mice,
which are deficient in NK cells. Furthermore, selective deple-
tion of T or NK cells in mice reduced the response to the
antitumor effect of BAT. These data indicate a dual role for T
and NK cells in mediating the antitumor activity of BAT. We
report here on the antitumor activity of BAT mAb on human
tumor xenografts in mice. BAT demonstrated an antitumor
effect in nude mice bearing human colon carcinoma (HT29)
xenografts. It failed, however, to inhibit established lung
metastases in severe combined immunodeficient (SCID) mice
that had been inoculated (i.v.) with SK28 human melanoma.
Engraftment of human lymphocytes into SCID mice bearing
human melanoma xenografts rendered them responsive to the
antitumor effect of BAT. The efficacy of BAT in the regression
of human tumors by activation of human lymphocytes indi-
cates its potential clinical use.

Monoclonal antibodies (mAbs) directed against various T cell
determinants were previously reported to induce proliferation
and differentiation of T cells (1). The most remarkable among
them is the mAb against CD3 determinant, which was able to
induce clonal proliferation, elicit mitogenic activity, and also
trigger the cytolytic process in T lymphocytes (2–4). Addi-
tional immunostimulatory mAbs were found to react with CD5
(5), CD69 (6), and CD28. The latter, an antigen on the T cell
that interacts with its ligand, B7, present on antigen presenting
cells including tumor cells (7–9). In vivo antitumor activity of
anti-CD3 and of anti-CD28 was previously reported (10, 11).
Activation of T cells, which elicit a variety of effector functions,
results from interaction of antigen with the T cell antigen
receptor and a costimulation directed to additional surface
determinants such as the CD28 (12).
We previously reported a mAb directed against human

B-lymphoblastoid cell membranes (BAT) that stimulates hu-
man lymphocytes, as manifested by enhanced murine and
human lymphocyte proliferation and cytolytic activity against

tumor cells in vitro (13). BAT binding protein was identified as
a 48- to 50-kDa monomeric protein (13). BAT was found to
induce murine tumor regression in C57BL mice that was
mediated by its immune stimulatory properties (14).
In the present study, we evaluated the antitumor activity of

BAT in nude mice carrying human tumor xenografts and in
severe combined immunodeficient (SCID) mice engrafted
with human lymphocytes and inoculated with human tumor
cells (15, 16).

MATERIALS AND METHODS

Monoclonal Antibodies. BAT was generated and purified as
described (14). In brief, BALByc mice were immunized with
membranes from Daudi cells. Spleen cells were fused with
myeloma NS-O cells. BAT was selected by its ability to bind
Daudi cells and by its ability to induce proliferation of human
peripheral blood mononuclear cells (PBMC). Cells were
grown in RPMI 1640 medium supplemented with fetal calf
serum (10%), sodium pyruvate, glutamine, and antibiotics and
incubated at 378C in a humidified atmosphere containing 5%
CO2. BAT was purified on a protein G Sepharose column
according to manufacturer’s instructions (Pharmacia).
Cell Preparations for Engraftment to SCID Mice. Human

PBMC were obtained from blood of healthy donors by Ficolly
Hypaque density centrifugation. Cells were washed and sus-
pended in PBS. Cells (53 107) were injected i.p. to each SCID
mouse to construct a human immune system in these mice.
Splenocytes were obtained from either untreated C57BL

mice or from mice 24 h after injection of 100 mgymouse of anti
CD3 (PharMingen) or anti-asialoGM1 (ASGM1) (Wako
Chemicals, Dallas). Cells (5 3 107) were injected i.p. to each
SCID mouse.
Activation of Lymphocytes by Tumor Cells and BAT. Hu-

man PBL (2 3 106yml) were incubated on HT29 human colon
carcinoma cells monolayers for 1 day. Peripheral blood lym-
phocyte (PBL) cells were then removed from the tumor cell
monolayer, washed twice with medium, and suspended at the
initial concentration. Splenocytes obtained from tumor-
inoculated mice were suspended at 23 106yml, and BAT at 0.1
mgyml was added for 3 days in vitro.
Proliferation Assay of Lymphocytes upon Incubation with

BAT. PBLs were separated from PBMC by removing the
adherant monocytes after 1-h incubation on plastic Petri
dishes. Aliquots of 2 3 106 PBL (200 ml) in culture medium
containing 5% human type AB serum were incubated for 3
days in 96-well f lat-bottom plates with and without BAT at 0.1
mgyml. [3H]Thymidine (1 mCiywell; 1 Ci5 37 GBq) was added
for 20 h before harvesting. Cultures were harvested into glass
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filters and radioactivity was counted using a liquid b-scintil-
lation counter.
Mouse Tumor Models. Five to six female mice, obtained

from Harlan Laboratories (Jerusalem), 6–8 weeks old were
used in each group for every experiment. SCID mice were
maintained in sterile conditions at a controlled temperature.
B16 murine melanoma cells (5 3 104) were injected i.v. into

C57BL wild type, nude mice (C57BL nuynu), beige mice, or
SCID mice that had been engrafted with murine splenocytes.
BAT was injected i.v. at 10 mgymouse 14 days later. Twenty-
four days after tumor inoculation, mice were killed and lungs
metastases were counted and scored by number, size, and lung
weight.
HT29 human colon carcinoma cells were injected s.c. at

106ymouse at the axillary region of wild-type or nude mice.
BAT (10 mgymouse) was injected i.p. at days 7, 14, and 21
posttumor inoculation. Beginning at 7 days posttumor inocu-
lation, the tumor size was measured daily until day 30 post-
tumor inoculation, when the untreated mice died.
SK-mel 28 (SK28), a human melanoma-derived cell line

(originally obtained from Sloan–Kettering Institute, New
York) was injected i.v. into SCID mice at 5 3 105ymouse. We
found that i.v. injection of these cells resulted in tumor lesions
in the lungs. SK28 melanoma cells were inoculated 1 day
following i.p. administration of anti-ASGM1 (35 mgymouse)
(Wako Chemicals). Anti-ASGM1 is a rabbit polyclonal anti-
body that binds to murine NK cells and depletes these cells
when injected i.p. into mice (17). This antibody was previously
used to enhance engraftment of human PBMC into SCIDmice
(17). Human PBMC (5 3 107ymouse) were engrafted i.p. to
SCID mice. Treatment with BAT was done by a single i.v.
injection (10 mgymouse) 14 days posttumor inoculation or at
different times as indicated in the tables. Twenty-four days
posttumor inoculation, the mice were killed, the lungs re-
moved, melanoma metastases were counted, and lung weight
was determined.

RESULTS

We evaluated the antitumor activity of BAT in mice bearing
human tumors. Initially we studied the antitumor effect of
BAT in athymic nude mice bearing murine B16 melanoma. As
demonstrated in Table 1, BAT was found to be effective in this
tumor model although to a lesser extent than in the wild-type
mice. C57BL mice inoculated with murine B16 melanoma and
treated with BAT had zero or only 1 6 1 melanoma lesion
compared with the nude mice that had numerous tumor
metastases. The antitumor effect of BAT in nude mice that are
deficient in T cells, suggests that non-T cells could mediate its
antitumor activity. Similar experiments using beige mice (Ta-

ble 1) which are deficient in NK cells (18), showed similar
results, namely, a reduced number of tumor lesions in the lungs
of BAT-treated beige mice although not to the same extent as
was observed in the wild-type mice. In the following experi-
ment, C57BL mice were depleted of T or NK cells by in vivo
administration of the appropriate antibodies. As seen in Table
2, depletion of either T cells or NK cells increased the tumor
resistance to BAT. However prolonged administration of the
antibodies as in experiment 1 (Table 2) indicates that NK
depletion was effective in rendering mice resistant to the
antitumor activity of BAT.
The antitumor activity of BAT in nude mice implanted s.c.

with human colon carcinoma (HT29), was also demonstrated
(Fig. 1). The growth of the tumor in these mice treated with
BAT was delayed up to 24 days posttumor inoculation and was
half the size on day 46 compared with the tumor size in
untreated mice.
We have investigated whether BAT is capable of inducing

human tumor regression via the stimulation of human lym-
phocytes. SCID mice injected with murine or human tumors
failed to respond to BAT treatment and died within 14 days
posttumor inoculation. We then established that engraftment
of murine splenocytes enabled BAT to induce regression of
murine B16 melanoma in the SCID mice (Table 3). BAT was
administered 14 days posttumor inoculation, the time at which
BAT was previously found to be most effective in inducing
regression of murine tumors in wild-type mice (14). BAT
treatment in the engrafted SCID mice reduced the number of
lung metastases from 217 6 65 to an average of only 7 6 3.
Engraftment of splenocytes fromC57BLmice, which had been

FIG. 1. BAT treatment of human colon carcinoma (HT29) growth
in nude mice. Nude mice were injected (s.c.) with human HT29 cells
(106ymouse) and treated with BAT (10 mgymouse). BAT was injected
i.p. at days 7, 14, and 21 posttumor inoculation.

Table 1. Antitumor activity of BAT in nude and beige mice
bearing B16 melanoma

BAT treatment

No. of metastases

Exp. 1 Exp. 2

2 1 2 1

Effect of BAT in nude mice
C57BL .200 0 .200 1 6 1
Nude .200 48 6 25 95 6 45 10 6 3

Effect of BAT in beige mice
C57Bl 141 6 8 0 49 6 8 0
Beige .200 47 6 39 140 6 47 101 6 44

Mice were injected (i.v.) with B16 melanoma (5 3 104) cells and 14
days later with BAT (10 mgymouse). Mice were sacrificed 24 days
posttumor inoculation and the number of lungmetastases were scored.
More than 200 represents confluent tumor growth in the lungs. Five
mice were used in each group in each experiment, and the results are
expressed as mean 6 SD.

Table 2. The effect of T- or NK cell-depletion in mice bearing
B16 melanoma on the antitumor activity of BAT

BAT treatment

Number of metastases

Exp. 1 Exp. 2

2 1 2 1

Nondepleted 113 6 80 0.5 6 1 .200 0
T cells depleted .200 56 6 9 .200 37 6 23
NK cells depleted .200 .200 .200 160 6 60

C57BL mice were injected i.p. with either anti-CD3 (100 mg) or
anti-asialo GM1 (35 mg) 1 day prior to B16 melanoma injection and
on days 7, 14, and 21 days posttumor inoculation. Experiment 1: Mice
injected with anti-CD3 or anti-asialoGM1 on day 12 and 22 posttumor
inoculation. Experiment 2: Five mice were used in each group.
Animals were sacrificed on day 24 posttumor injection and the
numbers of metastases were scored. Results are expressed as the
means 6 SD.
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depleted of CD3, rendered the SCID mice recipients resistant
to the antitumor effect of BAT. In contrast, engraftment of
NK-depleted splenocytes rendered the SCID mice only par-
tially resistant to BAT treatment (Table 3).
We extended these studies to evaluate the antitumor effect

of BAT against human tumors. SCID mice were engrafted i.p.
with human PBMC along with an inoculation i.v. of human
melanoma (SK28) cells. Inoculation i.v. of human SK28 mel-
anoma cells led to development of tumor lesions in the lungs
(similar to the previously reported model of established lung
metastases using a variety of syngeneic murine tumors) (14).
Administration of BAT to these mice, 14 days after tumor
inoculation, resulted in a marked regression of tumor lesions
in the lungs (Table 4, Fig. 2). Ten out of the 32 mice in five
different experiments treated as above were tumor-free. Illus-
trations of the lungs of BAT-treated mice compared with the
lungs of untreated mice are presented in Fig. 2. The distribu-
tion of human lymphocyte subpopulations in the lungs of SCID
mice engrafted with human PBMC and treated with BAT was
investigated. Some 15% of the cells in the lungs were human
CD3-positive, whereas 13% were human CD56-positive. Some

7% were CD3- and CD56-positive. The antitumor effect of
BAT in the SCID mice was dependent upon the engrafted
human lymphoid cells. In these mice, treatment by BAT
reduced the number of metastases from an average of 174 6
53 to 8 6 9 and lung weight from 702 6 140 mg to a normal
weight of 2066 17 mg. It should be noted that the engraftment
of the human lymphoid cells by themselves had a slight
antitumor effect (Table 4). Treatment with anti-asialoGM1 of
nonengrafted mice, which were inoculated with SK28 mela-
noma, did not change their response to the antitumor effect of
BAT. Nonengrafted mice treated or untreated by anti-
asialoGM1 died 10–13 days posttumor inoculation.
We previously demonstrated that the antitumor activity of

BAT against murine B16 melanoma was maximally pro-
nounced upon administration of the antibody between days 10
and 14 posttumor inoculation (14). Similar effects of BAT’s
antitumor activity, when administered on day 14 posttumor
inoculation, in SCID mice engrafted with human PBMC and
inoculated with SK28 melanoma, were achieved. Administra-
tion of BAT 3 days after tumor inoculation had only a marginal
nonsignificant antitumor effect, whereas administration of the

FIG. 2. Lungs from SCID mice bearing human melanoma treated with BAT. (Upper) Lungs from human PBMC engrafted SCID mice 24 days
postinoculation with SK28 human melanoma. (Lower) Lungs from human PBMC engrafted SCID mice 24 days postinoculation with SK28 human
melanoma and 10 days posttreatment with BAT.

Table 3. Regression of murine B16 melanoma in SCID mice
engrafted with murine splenocyte subpopulations and treated
with BAT

Splenocyte engraftment

No. of metastases per
BAT treatment

2 1

Nonengrafted .250 .250
Nondepleted 217 6 65 7 6 3
CD3 depleted .250 .250
NK depleted .250 84 6 38

SCID mice were engrafted i.p. with splenocytes (5 3 107ymouse)
from C57BL mice or from C57BL mice that were injected with
anti-CD3 (100 mgymouse) or anti-asialoGM1 (100 mgymouse) 1 day
prior to isolation of splenocytes for engraftment. B16 melanoma cells
were injected i.v. 5 days later. BAT (10 mgymouse) was injected i.v. 10
days following tumor administration. Mice were sacrificed 24 days
posttumor inoculation and the number of lung metastases was deter-
mined. Five SCID mice were used in each group and the results are
expressed as the mean 6 SD.

Table 4. Number of lung metastases and lung weight in SCID
mice engrafted with human lymphocytes, inoculated with human
melanoma (SK28), and treated 14 days later with BAT

BAT treatment
Nonengrafted,

2

Engrafted with
human PBMC

2 1

No. lung metastases .250 174 6 53 8 6 9
(n 5 13) (n 5 25) (n 5 32)

Lung weight, mg 867 6 82 702 6 140 206 6 17
(n 5 12) (n 5 22) (n 5 32)

SCID mice were injected with anti-GM1 (25 mgymouse). On the
following day, human PBMC (5 3 107ymouse) were injected i.p.
Human melanoma cells (SK28) were inoculated i.v. 3–5 days later at
5–7 3 105ymouse. Mice were treated with BAT (10 mgymouse) in a
single injection i.v. 14 days posttumor inoculation.Mice were sacrificed
on day 24 posttumor inoculation, and the extent of lung metastases was
evaluated by scoring the number of metastases and lung weights.
Average lung weight of untreated mice is 210 6 10 mg. n, The total
number of mice studied in five different experiments.
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antibody after 14 days reduced metastases from confluence to
an average of 10 6 17. BAT administered 5 days and 10 days
posttumor inoculation was also effective and reduced metas-
tases to 89 6 7 and 35 6 12, respectively (Table 5).
To study whether BAT elicited its antitumor effect as a result

of a stimulatory signal provided by the tumor cells, we con-
ducted experiments in which splenocytes isolated from mice
bearing tumors exhibited an enhanced response in vitro to
stimulation by BAT (Fig. 3). Splenocytes of C57BL mice
injected with B16 melanoma, were co-cultured in the presence
of BAT (1 mgyml) in vitro and the [3H]thymidine uptake was
measured. As can be seen, uptake of thymidine in splenocytes
from mice bearing tumors for 5 days increased (26633 6 872)
in the presence of BAT, compared with the splenocytes of
tumor-free mice (13156 6 447). To further examine the
mechanism of BAT activation, we studied the stimulatory
effect of BAT in vitro on human PBLs that were preincubated
on HT29 human colon carcinoma cell monolayers. Results of
4 experiments using 4 different human PBLs are shown in Fig.
4. Exposure of lymphocytes to the tumor cells in vitro led to a
significant increase in their proliferative response ranging from
a 12- to 22-fold increase in [3H]thymidine uptake. Moreover,
in lymphocytes that were pre-exposed to tumor cells and then
cultured with BAT, thymidine uptake increased 22- to 44-fold.
Lymphocytes that were incubated on allogeneic macrophage
monolayers did not acquire the enhanced sensitivity to stim-
ulation by BAT (data not shown).
The cell surface markers (CD3 for T cells and CD56 for NK

cells) of the lymphocytes from the different experimental
groups described in Fig. 4 were analyzed by fluorescence cell
analyzer. The percent of CD3yCD56-positive double-labeled
cells increased to 25 6 2 following preincubation on tumor
monolayers and incubation with BAT. The percent of CD3y
CD56 cells of the lymphocytes that were incubated on tumor
cells alone was 17 6 1%, whereas it was 9 6 3% of the
lymphocytes treated with BAT alone. In control untreated
group 6 6 1% of CD3yCD56-positive cells were detected.

DISCUSSION

The BAT mAb generated against human B-lymphoblastoid
cell line was found to bind to and stimulate human T cells. The
stimulation was manifested by induction of cell proliferation
and cytolytic activity to NK-resistant and NK-sensitive tumor
target cells (13). This antibody also stimulated murine spleno-
cytes in vitro and was found to induce in vivo regression of a
variety of murine tumors (14). Tumor regression was related
to the immune-stimulatory properties of the antibody. This
conclusion is strongly supported by the observation that the
antitumor activity could be transferred with splenocytes from
mice treated with the antibody. Furthermore, mice bearing

tumors that had been cured by treatment with BAT were
refractory to a tumor rechallenge (14).
To evaluate the potential clinical use of this antibody in

human cancer, experiments were initiated in mice bearing
human tumors. First, we investigated whether BATwould elicit
an antitumor effect in nude mice, which are commonly em-
ployed for studies involving human tumor xenografts (19).
Nude mice are deficient in T cells, and the question was raised
whether BAT would induce antitumor activity in these im-
mune-compromised animals. As observed in Table 1, BAT
exhibited antitumor activity in nude mice bearing the B16
melanoma. This effect, however, was incomplete as compared
with the curing effect that was attained in wild-type (C57BL)
animals bearing the same tumor. A similar incomplete anti-
tumor effect of BATwas also observed in nudemice implanted
subcutaneously with human colon carcinoma (Fig. 1).
The lymphocyte cell type that mediates the antitumor effect

in nude mice may involve NK cells that are present in these
mice. This possibility was further supported by the experiment

FIG. 3. Proliferation of splenocytes from B16 melanoma bearing
mice in the presence and absence of BAT. Splenocytes obtained from
C57BL mice at various days postinjection with murine B16 melanoma
cells were cultured in the presence of BAT (1 mgyml) for 3 days (E)
and without BAT for 3 days (■). [3H]Thymidine uptake was deter-
mined as described.

FIG. 4. Thymidine uptake in human PBLs incubated on human
HT29 colon carcinoma cells in the presence and absence of BAT. Four
experiments using four different human PBLs are shown. PBLs were
cocultured on HT29 human colon cells. The lymphocytes were re-
moved after 1 day, washed, and resuspended to 2 3 106yml. Lympho-
cytes were cultured in the absence and presence of BAT at 0.1 mgyml
for 3 more days and [3H]thymidine uptake was determined as de-
scribed.

Table 5. BAT treatment at different times following human
melanoma inoculation of SCID mice engrafted with
human lymphocytes

BAT treatment, day No. metastases Lung weight, mg

None .250 750 6 70
3 206 6 75 665 6 150
5 89 6 7 315 6 8
10 35 6 12 219 6 1
14 10 6 17 217 6 6

BAT was administered (10 mgymouse) at different times in relation
to tumor inoculation at day 0. Human PBMC were engrafted i.p. at 5
3 107ycells per mouse, 1 day postinjection of anti-GM1 (25 mgy
mouse). Tumor cells were injected i.v. 3–5 days later at 7 3 105
cellsymouse. Twenty-four-day posttumor inoculation mice were sac-
rificed and the number of lung metastases and weights were deter-
mined. Average lung weight of untreated mice is 210 6 10 mg.
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depicted in Table 2, which indicated that continuous depletion
of NK cells diminishes the antitumor effect of BAT. However
the possibility that T cells could mediate the antitumor effect
of BAT is indicated from experiments (Table 1) demonstrating
that BAT exhibited antitumor response in the beige mouse that
is deficient in NK cells (18). Supporting this view are exper-
iments in which SCID mice bearing murine B16 melanoma
engrafted with splenocytes depleted of CD3 lymphocytes
failed to respond to BAT (Table 3). In these experiments
engraftment of splenocytes which were NK-depleted rendered
the SCID mice partially responsive to BAT. Recent studies
have shown that CD3yCD56-positive lymphocytes exhibited a
potent antitumor activity (20–23). We have found that CD3y
CD56-positive cells are generated in vitro upon stimulation of
human lymphocytes by BAT and human tumor cells. Thus it is
possible that this cell type plays a role in the antitumor effect
induced by BAT. Taken together, it is possible that either NK
or T cells can mediate the antitumor effect of BAT. Further-
more cross talk between these sub-populations (24) may also
play an important role in mediating the effect of BAT.
A question of utmost clinical importance was whether BAT

could induce human tumor regression mediated by activation
of human lymphocytes. To address this question, we evaluated
the effect of BAT in SCID mice engrafted with human
lymphocytes and inoculated with human SK28melanoma cells.
BAT alone failed to induce tumor regression in SCID mice.
Engraftment of PBL alone into SCID mice had a slight
antitumor effect, which most probably is related to the genetic
disparity between the tumor and the engrafted PBLs. Themost
pronounced antitumor effect was achieved when BAT was
administered into the SCIDmice that had been engrafted with
human PBLs. In contrast to the curative effect that was
attained in the wild strain of mice, the antitumor effect in the
SCID mouse engrafted with PBL, although most pronounced,
was incomplete in a few cases. This may result from the
incomplete reconstitution of the immune system in the SCID
mice (25) and was also demonstrated in the experiment in
SCID mice that had been inoculated with B16 melanoma and
engrafted with syngeneic splenocyctes (Table 3).
Our previous results in normal C57BL mice bearing murine

tumors indicated that maximal antitumor effect was obtained
upon administration of BAT late after tumor inoculation. A
similar effect was also observed when BAT was administered
to human PBMC-engrafted SCID mice at different times after
inoculation of SK28 human melanoma. It is possible that
lymphocytes sensitization by the tumor cells led to their
enhanced response to BAT. Support for this notion was
obtained from experiments in which the stimulatory response
to BAT was assessed in vitro in splenocytes derived from tumor
bearing mice and was also demonstrated in our in vitro
experiments which showed that human lymphocytes sensitized
by human tumor cells increased proliferation in the presence
BAT (Fig. 4).
The nature of the two signals elicited by the tumor cells and

by BAT is not known. It is possible that the first signal elicited
by the tumor involves the presentation of a tumor antigen to

the T cell receptor. The second signal provided by BAT may
represent an accessory signal. The finding that BAT induced
regression of human tumors mediated by activation of human
lymphocytes points to its therapeutic potential in cancer
patients.

We thank Dr. Yehuda Shoenfeld for helpful discussions and his
critical review of the manuscript. We thank Mrs. Sara Domintz for the
preparation of the manuscript.
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Introduction: Cord blood (CB) is used to restore hematopoiesis in transplant patients lacking marrow donors. 

CB is associated with higher rates of delayed/failed engraftment. Peled et al. (Br J Haematol. 2002 

Mar;116(3):655-61) developed an expansion technology using the copper chelator tetraethylenepentamine

(TEPA), which enhanced the expansion of primitive CB populations when combined with early acting cytokines.
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. Non-volume reduced Cord Blood unit required change in protocol. 
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Table 1. Clinical Data

Table 2. Data summary, analysis for 100-day follow up

Conclusions: 
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identified fractionated unit.
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Methods: A phase I/II clinical trial employing this technology was initiated (Figure 3). 10 patients with high-

risk, heavily pre-treated hematologic malignancies have been enrolled with CB units that were cryopreserved in 

2 fractions. 21 days prior to infusion, AC133+ cells were isolated from the smaller (if unequal) or 50% CB 

fractions using the CliniMACS device and cultured for 21 days in media containing 10% FBS and SCF, FLT-3, 

IL6, TPO plus the copper chelator TEPA (Gamida). Patients received a total (expanded plus unmanipulated) 

median of 1.8 (range 1.3-6.6) x107 TNC/kg and 1.6x105 (range 0.4-49.9) CD34+ cells/kg. Myeloablative and 

Prophylaxis regiments are shown in Figure 2. Clinical Data is presented in Table 1. Progenitor enrichment scale 

derived from the total number of CD34+ cells transplanted from both fractions divided by the calculated  number 

of AC133+ cells present in the entire unmanipulated unit
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Objectives. We have demonstrated epigenetic modulation of CD34+ cell differentiation by the
high-affinity copper (Cu) chelator tetraethylenepentamine (TEPA). TEPA slowed down the
rate of CD34+ cell differentiation and increased their engraftability in SCID mice. TEPA
biological activity was attributed to its effect on cellular Cu levels as (a) treatment with TEPA
resulted in reduction of cellular Cu, and (b) excess of Cu reversed TEPA’s activity and
accelerated differentiation. In the present study we further evaluated the role of cellular Cu in
TEPA’s biological activity.

Methods. The effects of Cu-chloride, TEPA, TEPA/Cu mixtures at various ratios, and
a synthesized, stable, TEPA-Cu complex on short- and long-term cord blood–derived CD34+

cell cultures as well as on the overall and chelatable cellular Cu were investigated.

Results. Addition of TEPA, TEPA/Cu mixtures at up to equimolar concentrations, and the
TEPA-Cu complex to CD34+ cell cultures resulted in inhibition of differentiation and
enhancement of long-term self-renewal. Measurement of the overall cellular Cu by atomic
absorption spectrophotometry showed 20 to 40% decrease by TEPA while the TEPA-Cu
mixture and the TEPA-Cu complex increased cellular Cu by 10- to 20-fold, as did CuCl2.
However, measurement of the cellular pool of labile Cu showed similar reduction (50% from
the control) by all the TEPA forms, while CuCl2 increased it. Thus, inhibition of
differentiation and enhancement of self-renewal of CD34+ cells was correlated with reduction
in the cellular chelatable Cu content.

Conclusion. The results suggest that decreasing of the chelatable Cu pool, rather than overall
Cu, is the mechanism that stands behind TEPA’s biological activity. � 2005 International
Society for Experimental Hematology. Published by Elsevier Inc.
Introduction
Metal ions such as iron (Fe), calcium (Ca), magnesium
(Mg), and zinc (Zn) are known to play important roles in
basic cell functions such as cell survival, proliferation, and
differentiation. Relatively little attention, however, has been
drawn to the role of copper (Cu) in key cellular functions,
despite well-documented and significant clinical manifes-
tations of Cu deficiency [1–3]. The symptoms of such
deficiency involve several organ systems, yet of particular
relevance to this study is the fact that Cu deficiency is often
associated with hematopoietic cell differentiation arrest,
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which results in anemia, neutropenia, and thrombocytope-
nia [1–3]. These pathological manifestations are unrespon-
sive to iron therapy but are rapidly reversed following Cu
supplementation [1–5]. Morphological and functional
evaluation of the bone marrow (BM) of neutropenic, Cu-
deficient patients demonstrates the striking absence of
mature cells (‘‘maturation arrest’’) along with the presence
of intact progenitor cells. This finding suggests that the short-
age of functional circulating blood cells in these patients
is due to a block in development of the hematopoietic
stem/progenitor cells (HSPCs) in a Cu-deficient micro-
environment [1].

Further insight into the role of Cu in hematopoiesis
comes from studies with established cell lines. Bae and
Percival [6] have demonstrated that retinoic acid–induced
Experimental Hematology. Published by Elsevier Inc.
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HL-60 cell differentiation was associated with accelerated
uptake of Cu during the early stages of differentiation.
Accordingly, addition of excess Cu to the culture medium
sensitized the cells to retinoic acid–induced differentiation
[7]. Ceruloplasmin, the main Cu-binding protein in serum,
was demonstrated in vitro [8] and in vivo [9] to be a potent
inducer of hematopoietic cell differentiation. In this
context, it is interesting to note that ceruloplasmin has
been shown to have a therapeutic effect in patients with
aplastic anemia [9]. While excess Cu was associated with
enhanced differentiation, Cu-deficient cells displayed sub-
optimal responses to several differentiation signals; re-
duction of Cu in U937 cells by the polyamine Cu-chelator
triethylenetetramine was shown to inhibit cell differentia-
tion induced by 1,25-dihydroxyvitamin D3 and phorbol 12-
myristate 13-acetate [10].

To gain insight into the role of Cu in the regulation of
HSPC proliferation and differentiation, we used cultures of
cord blood (CB)-derived purified CD341 cells grown in
cytokine-supplemented liquid medium. Cellular Cu con-
centration was moderately modulated by addition of Cu or
a Cu chelator, tetraethylenepentamine (TEPA) [11]. Treat-
ment with TEPA resulted in enrichment of progenitor
subsets (CD341CD382 and CD341CD382Lin2) that
displayed prolonged ex vivo expansion of CFUc and
CD341 cells and an enhanced capacity to repopulate
NOD/SCID mice [12,13]. In contrast, treatment with Cu
chloride resulted in a marked decrease in CD341 cells and
the early subsets and, consequently, in their long-term
culture potential. These results suggested that changes in
the cellular Cu mediated the biological effects of these
reagents. Indeed, we demonstrated that only Cu, but not
other transitional metal ions, could reverse TEPA’s effect
[11]. However, this reversal was achieved only with excess
of Cu. At equimolar ratio, Cu did not quench TEPA’s effect.

In the present study, we reevaluate the role of Cu in
HSPC self-renewal and differentiation. For this purpose, we
synthesized a stable TEPA-Cu complex and compared its
effect on CD34 cells to that of the TEPA:Cu (1:1) mixture
and TEPA. The results indicated similar biological activity
for all these reagents. Yet, measurement of the overall
cellular Cu content indicated that while TEPA decreased it,
the TEPA:Cu (1:1) mixture and the complex, as well as Cu
chloride, which has an opposite biological activity, de-
creased it.

Cellular Cu is mostly bound to various cellular compo-
nents such as ceruloplasmin and various enzymes such as
Cu/Zn superoxide dismutase. Very little exists as loosely
bound, labile ions. The labile form of Cu can be quantified by
its ability to bind to cell-permeable chelators, and thus it is
operationally characterized as chelatable Cu. We determined
the chelatable Cu pool by its effect on the fluorescence of the
cell-permeable chelator calcein acetoxymethyl ester as
measured by flow cytometry. The results indicated that
TEPA in all its forms decreased this Cu pool, while Cu
chloride increased it. These results suggest that reduction in
the chelatable Cu pool rather than that of the overall Cu
content is the mechanism that stands behind the effect of
TEPA on cord blood–derived CD341 cells.

Materials and methods

Purification of cord blood–derived CD34 cells
Cells were separated from umbilical cord blood obtained from
normal full-term deliveries from Chaim Sheba Medical Center,
Tel Hashomer, Israel (informed consent was given). Samples were
collected and frozen according to Rubinstein et al. [14] within 24
hours postpartum. Prior to use, the cells were thawed, and CD341

cells purified by immunomagnetic bead separation using a Mini-
MACS CD34 progenitor cell isolation kit (Miltenyi Biotec,
Bergisch Gladbach, Germany), according to the manufacturer’s
recommendations.

Ex vivo expansion
Purified CD341 cells were cultured in culture bags (American
Fluoroseal Co., Gaithersburg, MD, USA) at a concentration of 1 3

104 cells/mL in MEMa/10% FCS containing the following human
recombinant cytokines: thrombopoietin, interleukin-6, FLT-3
ligand, stem cell factor (each at a final concentration of 50 ng/
mL), and interleukin-3 at 20 ng/mL (Pepro Tech, Inc., Rocky Hill,
NJ, USA), and incubated at 37�C in a humidified atmosphere of
5% CO2 in air. The cultures were topped weekly with the same
volume of fresh medium up to week 3, and then up to the
termination of the experiment the cultures were weekly demi-
depopulated.

The two-phase culture assay
To evaluate the biological effect of various forms of tetraethyle-
nepentamine (TEPA) and Cu chloride (Aldrich, Milwaukee, WI,
USA), cultures were treated for 3 weeks (treatment phase) with
a specific reagent or combination of these reagents, as indicted, in
addition to cytokines, while control cultures were treated with
cytokines only. From week 3 on, both experimental and control
cultures were treated with cytokines only for an additional 5
weeks (assay phase). CFUc and CD341 cells were assayed as
previously described [12] to determine the effect of specific
treatment on the long-term culture potential.

Immunostaining and flow cytometry
The cells were washed with a phosphate-buffered saline (PBS)
solution containing 1% bovine serum albumin (BSA), and stained
(at 4�C for 30 minutes) with fluorescein isothiocyanate (FITC)- or
phycoerythrin (PE)-conjugated antibodies. The cells were then
washed in the above buffer and analyzed using a FACScalibur flow
cytometer (Becton-Dickinson, San Jose, CA, USA). The cells
were passed at a rate of up to 1000 cells/second, using a 488-nm
argon laser beam as the light source for excitation. Emission of
104 cells was measured using logarithmic amplification, and
analyzed using CellQuest software (Becton-Dickinson). Cells
stained with FITC- and PE-conjugated isotype control antibodies
were used to determine background fluorescence.
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Determination of CD341 cell content after expansion
CD341 cells were measured in a purified, reselected fraction,
using the MiniMACS CD34 progenitor cell isolation kit as
described above (purification of cord blood–derived CD34 cells).
CD341 cell content of the entire culture was calculated as follows:
Number of CD341 cells recovered following repurification 3

culture volume / volume of the portion of the culture subjected to
repurification. Up to week 3 the cultures were topped weekly with
fresh medium; therefore, the culture volume was measured
directly. From week 3 on, the culture volume was calculated by
multiplying the actual volume by the number of passages. Fold
expansion was calculated by dividing the CD341 cell content of
the culture by the number of inoculated CD341 cells.

Determination of early CD341 cell subsets
The percentages of the early CD341 cell subsets were determined
from the repurified CD341 cell fraction. Cells were washed and
immuno-stained as described above with FITC anti-CD38 and PE
anti-CD34 antibodies for determination of CD341CD382 cells
and FITC anti-CD34 and PE anti–lineage-specific antibodies (anti
CD38, CD33, CD14, CD15, CD3, CD61, CD19) (Becton-Dick-
inson) for determination of CD341CD382Lin2 cells. Results are
given as percentage of CD341 cells. Absolute numbers of
CD341CD382 and CD341CD382Lin2 cells in the culture were
calculated from the total number of CD341 cells recovered
following the repurification step.

Preparation of the TEPA-Cu complex
TEPA$5 HCl (3 mmol, 1.1 g, obtained from Sigma) was treated
with a 15-mL solution of 1 N NaOH in methanol. The precipitate of
NaCl was separated by centrifugation at 3000 rpm for 5 minutes.
The solution of TEPA base was diluted with 120 mL methanol and
a light blue 30-mL solution of 3 mM CuCl2 in H2O was added. A
bright blue color solution was formed. The reaction solution was
evaporated under vacuum at 25 to 30�C. The residue was diluted
with 100 mL methanol and again evaporated under vacuum to
remove water. This process was repeated twice. The residue was
dissolved in isopropanol (15 mL) and the resulting NaCl precipitate
was removed by filtration. The filtrate solution was diluted with
diethyl ether (45 mL) and the resulting solution was recrystallized
at 8 to 10�C for 2 weeks to obtain the crystallized TEPA-Cu
complex. The solution was filtered out, and the resulting recrystal-
lized solid material (dark blue precipitate) on the walls of the flask
was washed with diethyl ether (50 mL). The ether was removed and
the solid product was dried under vacuum, yielding 0.74 g of dark
blue solid TEPA-Cu complex product. No traces of residual free Cu
or TEPA were detected by fast atom bombardment mass
spectrometry (FAB-MS) [15].

Cu determination
Overall cellular Cu content was determined as previously
described [7]. In brief, cells were harvested and washed with
PBS. Aliquots of 2 3 106 cells in metal-free Eppendorf tubes were
pelleted and dissolved with 0.03 mol/L ultra-pure nitric acid
(Mallinckrodt Baker B.V., Deventer, Holland). Samples were
sonicated and then analyzed by graphite furnace atomic absorption
spectrophotometry using a model 460 spectrophotometer with
a HGA 2200 controller (Perkin Elmer, Norwalk, CT, USA).

Cellular chelatable Cu was measured as follows: cells were
washed twice with saline and incubated at a density of 0.5 to 1 3
106/mL with 0.25 mM calcein acetoxymethyl ester (CA-AM) for
15 minutes at 37�C. Then, the cells were washed twice and
exposed to either TEPA, the TEPA:Cu (1:1) mixture, the TEPA-Cu
complex, or none, as indicated. Cellular fluorescence was
measured after incubation with CA-AM and 3 hours thereafter
by flow cytometry using a 488-nm argon laser for excitation and
the FL1 PMT for measuring emission. Unstained cells served to
determine background fluorescence. CellQuest software (Becton-
Dickinson) was used to calculate the mean fluorescence channel of
the studied cell population in arbitrary fluorescence units.

The procedure is based on the ability of CA-AM to enter viable
cells and to become fluorescent upon hydrolysis [16,17].
Following binding of Cu calcein fluorescence is quenched. This
quenching is much greater than that caused by iron or any other
metal ion [18,19]. The decrease in fluorescence under different
conditions measures, in relative terms, the chelatable Cu pool.

Statistics
The nonparametric test (Wilcoxon Rank Test) was applied for
testing differences between the study groups for quantitative
parameters. All tests applied were two-tailed, and p value of 5% or
less was considered statistically significant. The data were
analyzed using SAS software (SAS Institute, Cary, NC, USA).

Results

The effect of Cu on CD341 cell cultures
CB-derived CD341 cells were treated with cytokines and
10 mM Cu chloride during the first 3 weeks of the culture
(treatment phase) and then with cytokines only for
additional 5 weeks (assay phase). Analysis of the cultures
at the end of the treatment phase indicated that the number
of total nuclear cells (TNC) was similar in cultures treated
or untreated with Cu (Fig. 1A). The CFUc content of the
Cu-treated cultures was 1.6-fold lower than in the untreated
cultures (170 6 78 vs 272 6 172, respectively, n 5 3), but
this difference did not reach statistical significance ( p O
0.05) (Fig. 1B). At the end of the assay phase (week 8),
significantly lower CFUc were found in Cu-treated cultures
than in control cultures (43 6 11 3 103 vs 124 6 9 3 103,
respectively, n 5 3, p ! 0.05 (Fig. 1C). FACS analysis of
the subset cell composition on week 3 of cultures treated
with different concentrations of Cu (5–20 mM) revealed
remarkably lower absolute numbers of CD341,
CD341CD382, and CD341CD382Lin2 cells in Cu-treated
cultures (Fig. 2A–C). Notably, at all the tested concen-
trations, Cu chloride treatment did not adversely affect the
TNC number during the treatment phase (Fig. 2D),
suggesting that the Cu treatment specifically impaired the
proliferation of progenitor cells.

The effect of simultaneous treatment
with Cu and TEPA on CD341 cell cultures
Next, we tested the effect of simultaneous treatment with
TEPA and Cu on CFUc content (Fig. 3) and cell
immunophenotype (Fig. 4). At up to equimolar concentra-
tion, Cu did not attenuate TEPA’s effect on long-term



1095T. Peled et al./ Experimental Hematology 33 (2005) 1092–1100
(8-week) CFUc. Surprisingly, even at equimolar ratio
(TEPA:Cu 1:1) the CFUc content of the cultures was
comparable to that of only-TEPA-treated cultures and was
significantly above that of control (nontreated) cultures.
Only excess Cu (TEPA:Cu 1:2) overrode TEPA’s effect

Figure 2. Analysis of the cell composition of 3-week cultures treated with

Cu. CD341 cell cultures (n 5 3), grown in the presence of cytokines, were

treated for 3 weeks with or without different concentrations of Cu chloride.

Absolute numbers of CD341 (A) , CD341CD382 (B) , and

CD341CD382Lin2 cells (C), stained, analyzed, and calculated as

described in Materials and methods, are demonstrated. TNC numbers are

shown in D.

Figure 1. The effect of Cu on CD341 cell cultures. CD341 cell cultures

(n 5 3), grown in the presence of cytokines, were treated for 3 weeks with

or without 10 mM Cu chloride. The numbers of TNC (A) and CFUc (B)

were determined. From week 3 on, the cultures were grown with cytokines

alone. CFUc content was determined on week 8 (C). Cumulative numbers

are shown.
(Fig. 3B). Notably, on week 3, the CFUc (Fig. 3A) and
CD341 cell content (Fig. 4C) were comparable in control
and treated cultures. In sharp contrast, at this time CD341

early cell subsets (CD341CD382 and CD341Lin2) were
higher in cultures treated with either TEPA:Cu 1:1 or TEPA
alone compared to control cultures (Fig. 4A,B).

The effect of a TEPA-Cu complex on CD341 cell cultures
In order to further explore the effects of TEPA and Cu, we
synthesized a stable TEPA-Cu complex. Mass-spectra
analysis of the TEPA-Cu-complex in solution (Fig. 5A)
indicated the presence of two peaks of TEPA-Cu complex
with molecular mass of 252 and 287, which correspond to
TEPA-Cu complex and TEPA–Cu chloride complex,
respectively. The two-dimensional chemical structure of
the ionized form is shown in Figure 5B. Peaks of free Cu
(MW563) and free TEPA (MW5190) as well as other
analogs of the TEPA-Cu complex were not detected. A
similar pattern was observed after one month incubation at
37�C, indicating the stability of the synthesized compound.

To evaluate its biological activity, CD341 cell cultures
were treated for 3 weeks with cytokines in the absence or
presence of various concentrations (15–40 mM) of the
TEPA-Cu complex. Analysis of cultures on week 8
demonstrated a dose-related increase in CFUc in cultures
pretreated with the TEPA-Cu complex at times when
control cultures declined (Fig. 6A). The CD341 cell

Figure 3. Effect of simultaneous treatment with TEPA and Cu at 1:1 and

1:2 molar ratios on short- and long-term CFUc expansion. CD341 cell

cultures (n 5 3), grown in the presence of cytokines with 10 mM TEPA, 10

mM TEPA 1 10 mM Cu chloride (1:1), 10 mM TEPA 1 20 mM Cu chloride

(1:2), or none. From week 3 on, the cultures were grown with cytokines

alone. CFUc were determined on weeks 3 (A) and 8 (B). Cumulative

numbers were calculated as described in Materials and methods.
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Figure 4. Effect of simultaneous treatment with Cu and TEPA on short-term expansion of CD341 cells. CD341 cells were treated for 3 weeks with 10 mM

TEPA, 10 mM TEPA 1 10 mM Cu chloride (1:1), or cytokines alone (n 5 3). For FACS analysis of early progenitor subsets, CD341CD382 (A) and

CD341CD382Lin2 (B), purified CD341 cells were stained, analyzed, and cumulative numbers were calculated as described in Materials and methods.

Numbers of purified CD341 cells and TNC numbers are shown in C and D, respectively.
content of 8-week cultures treated with optimal concen-
trations of TEPA-Cu complex (40 mM) and TEPA (10 mM)
were comparable (27 6 10 3 106 and 27 6 9 3 106,
respectively), and significantly above that of control
cultures (4 6 2 3 106, n 5 4, p ! 0.05) (Fig. 6B).

Phenotype analysis of 3-week cultures (Fig. 7A–C)
demonstrated that the fold expansion of CD341CD382 cells
in the treated cultures was significantly (p! 0.05) above that
of control cultures (169 6 40 and 21 6 6, respectively).
Similar results were obtained with CD341CD382Lin2 cells
(153 6 26 and 37 6 14, respectively), while CD341 cell
expansion remained comparable to control cultures. To
determine the specificity of the TEPA-Cu complex for
TEPA’s biological effects, we prepared and analyzed
a TEPA-Zn complex. The preparation of this molecule was
similar to that of the TEPA-Cu complex. Its biological
analysis indicated no effect on CD34 cells (data not
shown).

The effect of TEPA, TEPA:Cu (1:1), TEPA-Cu
complex, and Cu chloride on cellular Cu content
Determination of the total cellular Cu content after
treatment with TEPA, Cu-chloride, and the TEPA-Cu
complex at various concentrations was performed by
Figure 5. Mass spectrum analysis of the TEPA-Cu complex. Mass spectrum analysis of TEPA-Cu complex maintained in solution (A) and the two-

dimensional structure of the TEPA-Cu complex (B) are shown.
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atomic absorption spectrophotometry as described in
Materials and methods. This technique measures total
cell-associated Cu and does not discriminate between
chelatable and tightly bound Cu. The results indicated that
TEPA, at 5 and 10 mM, reduced overall cellular Cu by 20%
and 40%, respectively, whereas the TEPA-Cu complex (25–
100 mM) or Cu-chloride (5–20 mM) resulted in a dose-
related increase in overall cellular Cu (Fig. 8A–C).

To determine the effect of the different culture
conditions on the chelatable Cu pool, cells were loaded
with CA-AM, as described in Materials and methods,
followed by a 3-hour incubation with TEPA, TEPA:Cu
(1:1), TEPA-Cu complex, Cu chloride, 20 mM each, or none
(control). Cellular fluorescence was measured before the

Figure 6. The biological activity of the TEPA-Cu complex. CD341 cell

cultures (n 5 4), grown in the presence of cytokines, were treated for 3

weeks with the indicated concentrations of the TEPA-Cu complex. From

week 3 on, the cultures were grown with cytokines alone. On week 8,

cultures were analyzed for their CFUc content. Cumulative numbers are

shown (A). CD341 cells were treated with 40 mM TEPA-Cu complex, 10

mM TEPA, or cytokines alone for 3 weeks. From week 3 on, all cultures

were treated with cytokines only. At week 8, CD341 cells were repurified

and enumerated (n 5 4). Cumulative numbers are shown (B).
incubation with the above reagents and 3 hours later. The
results show that the fluorescence of control cells following
3-hour incubation dropped by about 50% while the
decrease in fluorescence of cells treated with TEPA,
TEPA-Cu (1:1), or the TEPA-Cu complex dropped by
20% only (Fig. 9A).

Thus, the overall cellular Cu content was profoundly
elevated by treatment with TEPA:Cu (1:1), TEPA-Cu
complex, and Cu, while TEPA reduced it (Fig. 9B). In
contrast, the chelatable Cu pool was reduced by all the
TEPA reagents, while Cu chloride significantly increased it
(Fig. 9A).

Discussion
In vitro expansion of HSPCs is constrained by commitment
and differentiation [20]. In order to maximize the ex vivo
expansion of HSPCs for research and therapeutic (trans-
plantation) purposes attempts are constantly being made to
overcome this limitation by defining epigenetic modulators
that favor HSPC self-renewal with only limited differenti-
ation [21–23]. We have previously reported data suggesting
that cellular Cu content modulates self-renewal and
differentiation of HSPCs [11]. Short-term (3 weeks)
treatment with the Cu chelator TEPA resulted in enrichment
of cord blood–derived progenitor subsets (CD341CD382

and CD341CD382Lin2) that displayed prolonged ex vivo
expansion of CFUc and CD341 cells and an enhanced
capacity to repopulate NOD/SCID mice [12,13]. In
contrast, 3-week treatment with Cu chloride resulted in
a marked decrease in CD341 cells and the early subsets.
During the treatment with Cu chloride the number of TNC
and CFUc were comparable to control cultures, but the
long-term potential of these cultures was impaired.

The results of these experiments suggested that changes
in the cellular Cu mediated the biological effects of these
Figure 7. The effect of the TEPA-Cu complex on 3-week expansion of CD341 cell subsets. CD341 cells were treated with the TEPA-Cu complex (40 mM)

or with cytokines alone. Purified CD341 cells were stained for CD34/CD38 (A) and CD34/Lin/CD38/L in (B) and analyzed by FACS. CD341 cells are

shown in C (n 5 3). Fold expansion was calculated as described in the Materials and methods.
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Figure 8. Measurement of overall cellular Cu content. CD341 cells were treated with the indicated concentrations of TEPA (A), the TEPA-Cu complex (B),

Cu chloride (C), or cytokines alone (control). Cellular Cu was determined by atomic absorption spectrophotometry as described in Materials and methods.

Results of the Cu content are shown as percentages of control, cytokine-treated cultures.
reagents. Indeed, we demonstrated that only Cu, but not
other transitional metal ions, could reverse the TEPA’s
effect [11]. However, this reversal was achieved only with
excess of Cu. Contrary to studies in other cell systems
[24,10], in our experiments, at equimolar concentration
(TEPA:Cu 1:1), Cu did not quench the TEPA’s effect. These
surprising results prompted us to reevaluate the role of Cu
in self-renewal and differentiation. For this purpose, we
synthesized a stable TEPA-Cu complex at 1:1 molar ratio
and evaluated its effect on CD34 cells. The results indicated
that the complex had biological activity similar to the
TEPA:Cu (1:1) mixture as well as TEPA.

We next determined the effect of these reagents on the
overall Cu content of CD34 cells using atomic absorption
spectrophotometry. The results indicated that TEPA re-
duced it whereas the TEPA-Cu mixture and complex or Cu
chloride increased it (Figs. 8 and 9B).
Cu is present in cells in at least two various forms: one
which is firmly bound to compounds such as ceruloplasmin
and various enzymes such as Cu/Zn superoxide dismutase
and the other a more loosely bound, labile pool, possibly
involved in the synthesis of Cu proteins [25,26]. Under
physiological conditions the amount of the labile pool is
quite small [26], but it may have a significant biological
role. To measure the cytosolic pool of labile Cu we utilized
a novel flow cytometry method that makes use of a cell-
permeable Cu chelator: calcein. The change in calcein
fluorescence under different culture conditions measures
the amount of calcein-bound Cu that in turn reflects the
relative levels of cellular chelatebale Cu. We demonstrated
that a 3-hour treatment with TEPA, TEPA:Cu (1:1), and
TEPA-Cu complex of calcein preloaded cells reduced by
50% the decrease in fluorescence, relative to the decrease in
the fluorescence of untreated cells (Fig. 9A), suggesting
Figure 9. The effect of TEPA, TEPA:Cu (1:1), TEPA-Cu complex, and Cu chloride on chelatable (A) and overall (B) cellular Cu. Cells were loaded with

calcein, then washed twice and exposed for 3 hours to either TEPA, the TEPA:Cu (1:1) mixture, the TEPA-Cu complex, and Cu chloride (20 mM each) or

none (control), as indicated. Cellular fluorescence was measured after incubation with calcein (T0) and 3 hours thereafter (T3) by flow cytometry as described

in Materials and methods. Percentage decrease in fluorescence during 3-hour incubation was calculated relative to the fluorescence of calcein-loaded cells

(T0) as follows: fluorescence at T3 3 100/fluorescence at T0 (A). The decrease in fluorescence represents, in relative terms, the available chelatable Cu pool.

In parallel, overall Cu content of cells treated with 20 mM of the above-mentioned reagents was measured by atomic absorption spectrophotometry as

described in Materials and methods (B).
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that all these reagents reduce the availability of chelatable
Cu. Thus, although the overall cellular Cu content was
profoundly elevated by treatment with TEPA:Cu (1:1)
mixture and complex, as well as Cu chloride, and TEPA
reduced it, the chelatable Cu was reduced by all the TEPA
reagents, while Cu chloride significantly increased it.

At least two mechanisms may account for the biological
effects of TEPA; the first suggests that a TEPA-Cu chelate is
the specific active intermediate responsible for TEPA’s
biological activity. Since TEPA has the strongest binding
affinity for Cu (its stability constants for Cu, Zn, Co, Fe, Mn
are 23, 15, 13, 10, 7, respectively) [27], it is expected to
form a chelate, similar to the synthesized TEPA-Cu complex
[25]. The chelate, as well as the complex, acts directly to
affect pathways involved in self-renewal and differentiation
of CD34 cells. This mechanism does not require reduction
of cellular Cu since the TEPA:Cu (1:1) mixture and the
TEPA-Cu complex, which display biological activity
similar to TEPA, have opposite effect on the overall Cu
content. This mechanism also fails to explain the effect of
Cu chloride on self-renewal and CD34 cell differentiation.
The second mechanism involves changes in the levels of the
chelateble Cu pool. All the TEPA reagents were found to
reduce this pool while Cu chloride was found to increase it.
This correlates with their effect on self-renewal and
differentiation.

Intracellular Cu was reported to regulate gene expression
[28–31] and cell differentiation [32,33] by a variety of
pathways. It modifies the function of transcription factors
and the activities of Cu enzymes such as S-adenosylhomo-
cysteine hydrolase and protein arginine methyltransferase
1, which are involved in protein methylation. Cu chelation
by TEPA deactivates these enzymes, resulting in protein
hypomethylation and inhibition of neurite differentiation
[24]. Cu has also been shown to suppress the enzyme
histone acetyl transferase, resulting in a decrease in overall
and specific histone acetylation; Cu chelators, in contrast,
had an opposite effect [34]. Reversible histone acetylation/
deacetylation plays a pivotal role in transcriptional
modulation of cell fate [35,36]. Histone deacetylase
inhibitors were reported to increase the self-renewal of
hematopoietic CD341 cells in vitro and their engraftability
in vivo [37]. Cu may be involved in hematopoietic cell
regulation by modulating cellular post-translational modi-
fication activities.

The results of the present study support the notion that
reduction of the chelatable Cu pool rather than a specific
TEPA-Cu chelate mediates the mechanism of TEPA’s
activity on CD341 cells. Further studies are in progress
to clarify this mechanism.
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Background

We have previously demonstrated that the copper chelator tetra-

ethylenepentamine (TEPA) enables preferential expansion of early

hematopoietic progenitor cells (CD34�CD38� , CD34�CD38�Lin� )

in human umbilical cord blood (CB)-derived CD34� cell cultures.

This study extends our previous findings that copper chelation can

modulate the balance between self-renewal and differentiation of

hematopoietic progenitor cells.

Methods

In the present study we established a clinically applicative protocol

for large-scale ex vivo expansion of CB-derived progenitors.

Briefly, CD133� cells, purified from CB using Miltenyi Biotec’s

(Bergisch Gladbach, Germany) CliniMACS separation device and

the anti-CD133 reagent, were cultured for 3 weeks in a clinical-

grade closed culture bag system, using the chelator-based

technology in combination with early-acting cytokines (SCF,

thrombopoietin, IL-6 and FLT-3 ligand). This protocol was

evaluated using frozen units derived from accredited cord blood

banks.

Results

Following 3 weeks of expansion under large-scale culture conditions that

were suitable for clinical manufacturing, the median output value of

CD34� cells increase by 89-fold, CD34�CD38� increase by 30-fold

and CFU cells (CFUc) by 172-fold over the input value. Transplanta-

tion into sublethally irradiated non-obese diabetic (NOD/SCID) mice

indicated that the engraftment potential of the ex vivo expanded

CD133� cells was significantly superior to that of unexpanded cells:

609/5.5% vs. 219/3.5% CD45� cells, P�/0.001, and 119/1.8% vs.

49/0.68% CD45�CD34� cells, P�/0.012, n�/32, respectively.

Discussion

Based on these large-scale experiments, the chelator-based ex vivo

expansion technology is currently being tested in a phase 1 clinical

trial in patients undergoing CB transplantation for hematological

malignancies.

Keywords

ex vivo large-scale expansion, pre-clinical development, tetraethyle-

nepentamine.

Introduction
Cord blood (CB) is a valuable source of stem cells.

Transplanted CB hematopoietic stem/progenitors cells

(HPC) can treat malignant and non-malignant disorders

[1�/3]. However, the major clinical limitation of CB

transplantation is the low number of HPC in comparison

with mobilized peripheral blood or BM grafts. This

limitation may explain the slower time to engraftment

and higher rate of engraftment failure following CB

transplantation [4,5]. To overcome this limitation, ex vivo

expansion of CB progenitors with a cocktail of growth

factors has been attempted [6]. It was shown that a

Correspondence to: Professor Arnon Nagler, Director of Hematology Division, Bone Marrow Transplantation & Cord Blood Bank, Chaim Sheba

Medical, Tel Hashomer, Israel.
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combination of early- and late-acting cytokines, including

SCF, thrombopoietin (TPO), G-CSF and IL-3, resulted in

only a marginal-fold expansion of late (CD34�) and early

(CD34�CD38� ) progenitor cells, probably due the fact

that the late-acting cytokines drive the cultures mainly

toward accelerated differentiation [7�/9]. On the other

hand, cultures with only early-acting cytokines (SCF,

TPO, IL-6 and FLT-3 ligand) resulted in better and

prolonged expansion of both late and early progenitors

[10,11], which are important for short-term early trilineage

engraftment [12�/14].

We have previously demonstrated that short-term

(3 weeks) treatment with the polyamine copper chelator

tetraethylenepentamine (TEPA) augmented the long-term

expansion potential of CB-derived progenitor cells [15].

During the treatment period, TEPA inhibited the onset

of cytokine-driven differentiation of early progenitor

cells, resulting in a robust accumulation of CD34�CD38�

and CD34�Lin� cells, with no effect on proliferation

and differentiation of more mature committed cells

[CD34�Lin� and CFU culture (CFUc)] [16]. These

results strongly suggest that TEPA supports the self-

renewal division cycle without compromising differentia-

tion capacity of hematopoietic stem cells.

In view of these results, the TEPA-based expansion

procedure was adapted to comply with current good

manufacturing practice (cGMP) standards required for

clinical trials. In the present study we describe the

development of a clinical-scale procedure using Miltenyi

Biotec’s (Bergisch Gladbach, Germany) CliniMACS se-

paration device, and the anti-CD133 reagent for progeni-

tor cell enrichment and 3-week expansion in culture

bags, using the chelator-based technology with an

early-acting cytokine cocktail (FLT-3 ligand, IL-6, TPO,

SCF).

Methods
CB samples

Cells were obtained from neonatal umbilical cord blood

after normal full-term delivery (informed consent was

given). Samples were collected and frozen in our labora-

tories according to Rubinstein et al . [17] within 24 h

postpartum, or kindly provided by the New York Blood

Bank (New York, NY) and the Duke University Medical

Center Cord Blood Bank (Durham, NC).

Thawing procedure and CliniMACS separation of

CD133� and CD34� cells

The cells were thawed by doubling the volume of the

blood sample in 2.5% dextran (Sigma, St Louis, MO) and

1.25% HSA (Bayer Co., Elkhart, IN). Prior to centrifuging

an additional 40 mL of 10% dextran was added.

The cells were resuspended in 40 mL of 2.5% dextran/

1.25% HSA and then filled to 100 mL with PBS

(Biological Industries, Beit-HaEmek, Israel) containing

0.4% sodium citrate solution (Baxter HealthCare Co.,

Deerfield, IL) and 1% HSA. The pellet was incubated with

0.15% w/v intravenous immunoglobulin (IvIg; Omrix

Biopharmaceuticals, Nes-Ziona, Israel) for 10 min at

room temperature before centrifugation, and then resus-

pended in PBS containing 0.4% sodium citrate solution

and 1% HAS, and 0.25 mg/mL recombinant human

deoxyribonuclease (rHu-Dnase) added. Subsequently, the

cells were labeled with Miltenyi’s anti-CD133 (clone 1) or

anti-CD34 CliniMACS reagent (Miltenyi Biotec) and

separated by CliniMACS (according to the manufacturer’s

instructions). Following separation, cells were stained with

trypan blue, counted, assayed for CFUc and immunophe-

notyped to determine purity.

Purity determination of CD34�/ and CD133�/

enriched cell fractions

The cells were washed with a PBS solution containing 1%

BSA (PBS/1%BSA), and stained (at 48C for 30 min) with

FITC-conjugated anti-CD45 (Becton Dickinson, San Jose,

CA) and either PE-conjugated anti-CD34 (DAKO,

Glostrup, Denmark) or PE anti-CD133 (Miltenyi Biotec)

Ab. In addition, the percentage of cells exhibiting both the

CD133 and CD34 markers was measured by staining the

cells with FITC�/anti-CD34 (IQ Products, Groningen, the

Netherlands) and PE�/anti-CD133 (Miltenyi Biotec) Ab.

The cells were then washed in the above buffer and

analyzed using a FACScalibur† flow cytometer (Becton

Dickinson, Immunofluorometry Systems, Mountain View,

CA). The cells were passed at a rate of up to 1000 cells/

second, using a 488-nm argon laser beam as the light

source for excitation. Emission of 5000 cells was measured

using logarithmic amplification, and analyzed using the

CellQuest software (Becton Dickinson). Cells stained with

FITC- and PE-conjugated isotype control Ab were used to

determine background fluorescence.
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Cell counting

The number of total nucleated cells (TNC) was deter-

mined by diluting the cells 1:2 with trypan blue and

differentially counting viable and dead cells using a

hemocytometer under an upright microscope at 100�/

magnification.

Assay for CFUc

Cells, 1000 (CD34� or CD133�) before culture and 1500

following culture, were added per 3 mL semisolid minimal

essential alpha medium (MEMa), containing methylcellu-

lose (Sigma), 30% FCS, 1% BSA, 1�/10�5 M b-

mercaptoethanol (Sigma), 1 mM glutamine (Biological

Industries), 2 IU/mL erythropoietin (Eprex, Cilag AG Int.,

Schaffhausen, Switzerland), SCF and IL-3, both at

20 ng/mL, G-CSF and GM-CSF, both at 10 ng/mL

(Perpo Tech Inc., Rocky Hill, NJ), and 2 mm hemin

(Sigma). Following stirring, the mixture was divided into

two 35-mm dishes and incubated for 14 days at 378C in a

humidified atmosphere of 5% CO2 in air. At the end of the

incubation period, colonies (both myeloid and erythroid)

were counted under an inverted microscope at 40�/

magnification. CFUc content was calculated as the

following: number of scored colonies per two dishes�/

total cell number/1500 or 1000. The number of cells was

determined by multiplying the number of cells/mL by the

culture volume. CFUc frequency was calculated as number

of colonies divided by the number of cells seeded.

Ex vivo expansion

Purified CD34� or CD133� cells were cultured at

1�/104 cells/mL in MEMa and 10% FCS (Biological

Industries) containing the following human recombinant

cytokines: TPO, IL-6, FLT-3 ligand and SCF, each at a

final concentration of 50 ng/mL (Pepro Tech Inc.), and 5

mm TEPA (Aldrich, Milwaukee, WI). VueLife Teflon PEP

culture bags (American Fluoroseal Co., Gaithersburg, MD)

were used: 72-mL bags were used for up to 20�/104

initiating cells, and 270-mL bags were used for up to

20�/70�/104 cells. The cultures were incubated for 3

weeks (unless otherwise stated) at 378C in a humidified

atmosphere of 5% CO2 in air. Cultures were topped

weekly with the same volume of fresh medium, FCS,

cytokines and TEPA. At the termination of the experi-

ment, cells were counted following staining with trypan

blue, assayed for CFUc and immunophenotyped for

surface antigens.

Surface antigen analysis of cultured cells

The cells were washed with PBS/1%BSA and stained (at

48C for 30 min) with both FITC�/anti-CD45 and PE�/

anti-CD34 (both from DAKO) Ab for determination of

CD34� cells, with FITC�/anti-CD38 and PE�/anti-CD34

for determination of CD34�CD38� cells and with FITC�/

anti-CD45 and PE�/Ab to lineage specific antigens

(Becton Dickinson). The cells were then washed and

analyzed as described above.

Clinical grade reagents

During the development phase, the research grade ingre-

dients were replaced by clinical grade ingredients as follows.

Thawing procedure and CliniMACS separation: Gen-

tran-40, a ready-made 10% w/v dextran solution, HSA

and IvIg (all from Baxter), Dnase (Genentech Inc., San

Francisco, CA) and PBS (Hyclone, Logan, UT). CFUc

assay: MethoCultTM, a methylcellulose-based medium

(StemCell Technologies, Vancouver, Canada). Ex vivo

expansion: MEMa and FCS (gamma-irradiated defined

fetal bovine serum batch), from Hyclone.

TEPA was purchased from NovaSep (Boothwyn, PA).

The cytokines TPO, IL-6, SCF and FLT-3 ligand were

from R&D Systems (Minneapolis, MN). They are human

recombinant cytokines from non-mammalian origin (de-

rived from either Escherichia coli or Sf-21 cells). FLT-3

ligand and TPO were purified on affinity columns

containing MAb. The cytokines were filtered through a

0.2-micron membrane, packaged under aseptic conditions

and tested for endotoxin. Cytokine batches used in the

study were tested for sterility by Charles River Labora-

tories (Rockville, MD) according to the ICH guideline

Viral safety evaluation of biotechnology products derived from cell

lines of human or animal origin adopted by the ICH Steering

Committee (March 5, 1997) and the Code of Federal

Regulations (April 1, 2003).

Reselection of cultured CD34� cells

To purify the CD34� cells, cultured cells were harvested

and subjected to two cycles of immunomagnetic bead

separation, using a MiniMACS CD34 progenitor cell

isolation kit (Miltenyi Biotec) according to the manufac-

turer’s recommendations. The purity of the CD34�

population thus obtained was 90�/98%, as evaluated by

flow cytometry. The eluted cells were then counted and

dually stained with PE�/anti-CD34 and FITC�/anti-CD38

Ab for determination of the percentage of CD34�CD38�
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cells. CD34� cell content of the entire culture was

calculated as follows: number of CD34� cells recovered

following repurification�/culture volume/volume of the

portion of the culture subjected to repurification. Fold

expansion of CD34� cells was calculated by dividing the

CD34� cell content of the culture by the number of

inoculated CD34� cells. The CD34�CD38� cell content

of the entire culture was calculated from the total CD34�

cells. Fold expansion was calculated by dividing the total

CD34�CD38� cell number following culture by the

number of inoculated cells.

Stability tests of the expanded graft

Following 3-week expansion, the cells were harvested,

washed twice with PBS/EDTA�/HSA solution, resus-

pended in transfusion solution (PBS/EDTA�/HSA buffer)

at 1�/1.5�/106 cells/mL and transferred (at least 30 mL)

into a transfusion bag (Transfer bag-Terumo, Teruflex T-

150, Tokyo, Japan). Closure clamps were used to prevent

foaming. The bags were kept in a shipping container

(Styrofoam) at 229/48C. Data loggers were put inside the

container and its inner surface fastened for temperature

monitoring. The bags were sampled to assess the number

of viable cells and CFUc at 0, 6, 10 and 24 h.

Transplantation of human CB-derived CD133�

cells into NOD/SCID mice

Each CB unit was frozen in two portions. CD133� cells

purified from the first portion were cultured for 3 weeks

with TEPA, as described above. The second portion of

each unit was kept frozen until the day of transplantation

(non-cultured cells). Mice were transplanted either with

the progeny of 5�/104 cultured CD133� cells or with

10�/106 non-cultured mononuclear cells. Control mice

were injected with medium only.

NOD/SCID mice, aged 10�/11 weeks, bred and main-

tained at the Department of Immunology, the Weizmann

Institute of Science, Rehovot, Israel, were injected intra-

venously with the above cells 1 day after they had been

irradiated at 375 cGy.

The mice were killed 4 weeks post transplantation; BM

was collected from both femurs and tibiae. The BM cells

were washed in PBS/1%BSA and stained (at 48C for 30 min)

with PE-conjugated Ab to human CD45 (DAKO) and

FITC-conjugated Ab to human CD34 (IQ Products),

CD41, CD61, glycophorin A (DAKO), CD14, CD15,

CD33 and CD19 (Becton Dickinson). Following incubation,

the suspension was treated with FACS lysing solution

(Becton Dickinson) to remove red blood cells, washed in

PBS/1%BSA and analyzed by flow cytometry, as described

above.

Calculations

Ex vivo expansion of TNC, CD34, CD34�CD38� cells

and CFUc are reported either as total numbers (number of

cells per mL multiplied by the final culture volume) or as

fold-expansion (total numbers divided by initial seeding

cell number).

Statistics

The following statistical tests were used. The non-para-

metric test (Wilcoxon rank test) was applied for testing

differences between the study groups for quantitative

parameters. The data was analyzed using the SAS software

(SAS version 8.2; SAS Institute Inc., Cary, NC).

Results
Progenitor cell purification

As a first step toward large-scale experiments and a clinical

trial, we replaced the research-grade CD34-based separa-

tion device with the clinical grade CD133-based device.

For this purpose, we compared the anti-CD34 and anti-

CD133 CliniMACS reagents, using the CliniMACS

separation device, with respect to the yield (number of

cells) (Figure 1a) and purity (percent of CD34� or

CD133� cells) (Figure 1b). The results indicated no

statistically significant difference. Most (�/90%) of the

cells in the enriched populations were double positive for

both CD133 and CD34. A representative FACS analysis is

shown in Figure 1c. A comparison of the fractions with

respect to their CFUc frequency also produced similar

results, 0.29/0.1% and 0.129/0.07%, respectively.

Clinical-scale ex vivo expansion

To optimize the duration of the expansion procedure, we

compared 2- vs. 3-week cultures. Cultures were initiated

with 1�/104 cells/mL purified by the CliniMACS utiliz-

ing the anti-CD133 reagent. The cells were grown in

290-mL culture bags (initial culture volume/bag, 25 mL)

in alpha medium supplemented with FCS, a combination

of four cytokines (SCF, TPO, IL-6 and FLT-3 ligand,

50 ng/mL each) and 5 mm TEPA. The cultures were

topped up weekly with an equal volume of fresh medium.
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Figure 2 shows that the cumulative numbers (�/106) of

TNC, CD34� and CD34�CD38� cells were significantly

higher following 3-week expansion compared with 2

weeks: 849/7 vs. 349/3, 229/2 vs. 119/2, and 5.49/1 vs.

2.69/0.4, respectively. Only limited expansion was ob-

served following the first week of culturing (data not

shown).

We then compared the expansion potential of cells

purified from the same CB unit with either the anti-

CD133� or the anti-CD34� reagents. The cultures

(n�/4) were initiated with 2.5�/105 cells and grown for

3 weeks. The yield of TNC was 10659/124�/105 and

7609/75�/105 (P�/0.19), CFUc 819/9 and 839/11�/ 105

(P�/0.66), CD34� cells 439/7�/105 and 399/9�/105

Figure 1. Comparison between anti-CD133 and anti-CD34 CliniMACS enrichment reagents. Frozen CB units (n�/6) were thawed, divided

into two equal portions and enriched for progenitor cells using anti-CD133 or anti-CD34� reagents and CliniMACS separation device. Cell yield

(a) was determined by counting the number of viable cells in the positive fraction. Purity (b) was determined by FACS analysis of double stained

cells with PE�/anti-CD45 and either anti-CD34 or FITC�/anti-CD133 Ab. A representative FACS analysis dot-plot of CD133-enriched cells is

shown in (c). The eluted cells were double stained with isotype controls (left panel) or with both PE�/anti-CD133 and FITC�/anti-CD34 Ab

(right panel). The percentage of cells in each quadrant is indicated.
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Figure 2. Optimization of the expansion duration. Cultures (n�/18) were initiated with purified CD133� cells. TNC (a), CD34� (b) and

CD34�CD38� (c) cells were determined after 2 and 3 weeks. Cumulative numbers were calculated as described in the Methods.

Figure 3. Phenotype analysis of 3-week cultures. Cultures were initiated with either CD133� or CD34� cells. After 3 weeks cultured cells

(n�/18) were double stained with PE�/anti-CD45 and FITC�/anti-lineage specific Ab and analyzed by FACS. The percentages of cells expressing

CD38, myeloid (CD14, CD15, CD33), lymphoid (CD3, CD4, CD19, CD56), erythroid, (GlyA) and megakaryocytic (CD41, CD61) antigens as

well as that expressing the progenitor cell antigen (CD34) are shown.
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(P�/0.89), CD34�CD38� cells 129/3.6�/105 and 5.69/

1.3�/105 (P�/0.11), in cultures initiated with CD133�

cells and with CD34� cells, respectively. In this set of

experiments, CD34� and CD34�CD38� cells were deter-

mined following affinity reselection of CD34� cells, as

described in the Methods. Additional immunophenotyping

indicated similar proportions of cells expressing myeloid,

lymphoid or megakaryocytic phenotype in cultures in-

itiated either with CD34� or CD133� cells (Figure 3).

Evaluation of the expansion procedure

Based on the above-described experiments, we carried out

a large-scale evaluation of the following expansion proce-

dure. A 20% portion of a CB unit was thawed and

progenitor cells were enriched by the CliniMACS anti-

CD133 procedure. The purified cells were grown for 3

weeks in culture bags with cGMP components, including

cytokines and TEPA. Of the frozen CB units studied, 18

were derived from accredited CB banks (Netcord Düssel-

dorf, Germany, and COBLT) and 4 units from the

Gamida-Cell research-grade CB bank (Jerusalem, Israel).

The results showed that the yield of viable cells was in the

range of 17�/35�/104 and the purity 58�/97%. The

percentages of CD34� and CD34�CD38� cells following

3-week expansion are shown in Figure 4.

The input numbers of CD34�, CD34�CD38� and

CFU cells as well as the output numbers following 3 weeks

expansion are shown in Table 1. The median output value

of CD34� cells increased by 89-fold, CD34�CD38�

increased by 30-fold and CFUc by 172-fold over the input

values.

We then determined the expansion efficacy with regard

to the number of cells of different subtypes available for

transplantation. For this purpose, the number of cells in the

expanded product (derived from 20% of the CB unit) and

the number of cells in the non-manipulated 80% portion,

were combined and compared with the number of cells in

the whole (100%) non-manipulated unit (Table 2).

Statistical analysis of the data demonstrated that the

numbers of CFUc, CD34� and CD34�CD38� cells in a

graft also containing expanded cells were significantly

higher than in a non-manipulated graft (P B/0.025),

whereas the total nuclear cell numbers were comparable

(P�/0.4).

Stability of the expanded graft

To prepare the expanded cell product for transplantation,

the cells are resuspended in infusion buffer and transferred

into a transfusion bag. Since there may be a delay of several

hours between the completion of the manufacturing

process and the infusion of the cells into the patient, we

conducted a 24-h stability study as described in the

Methods. Cell samples were taken immediately after

inoculation of the cells into the transfusion bags, and 6,

10 and 24 h thereafter. The results shown in Table 3

demonstrate that the numbers of viable cells and CFUc

during the 24 h were statistically comparable.

NOD/SCID engraftment potential of the

expanded graft

The marrow-repopulating ability of the expanded cells in

NOD/SCID mice was compared with that of non-

 

Figure 4. Large-scale evaluation of the 3-week expansion procedure. Cultures were initiated with CD133�-enriched cells following separation on

CliniMACS of 22 CB units [four research-grade units (squares) and 18 clinical-grade units (circles)]. After 3 weeks, the cultured cells were double

stained with PE�/anti-CD45 and FITC�/anti-CD34 (a) or FITC�/anti-CD34 and PE�/anti-CD38 (b). Percentages of CD34� and

CD34�CD38� cells were determined by FACS analysis.
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expanded cells, both derived from the same CB unit. Mice

were concomitantly transplanted with either 10�/106 non-

expanded mononuclear cells (containing 5�/104 CD133�

cells) or all the progeny of purified 5�/104 CD133� cells

following a 3-week large-scale expansion. In all eight

experiments, mice injected with cultured cells contained a

significantly higher percentage of total human (CD45�)

cells (Figure 5a and Table 4), and human progenitor

(CD45�CD34�) cells (Figure 5b), compared with mice

injected with non-cultured cells (P�/0.001 and P�/0.012,

respectively). Calculated engraftment efficacy, i.e. the

percentage of CD45� cells in mice transplanted with

cultured cells divided by the percentage of CD45� cells in

mice transplanted with non-cultured cells, ranged from 1.7

to 31.

Phenotype analysis demonstrated that the expanded

cells maintained the potential to differentiate in vivo into

various hematopoietic lineages, myeloid (CD14, CD15,

CD33), megakaryocyte (CD41 and CD61), erythroid

(glycophorin A) and B lymphoid (CD19). The engraftment

of all assessed hematopoietic lineages was significantly

higher in mice transplanted with expanded cells compared

with non-cultured cells (Figure 5b).

Discussion
Umbilical CB has been used successfully as a source of

hematopoietic stem cells in allogeneic stem cell transplan-

tation. Advantages of using CB include reduced suscept-

ibility to post-transplant infections and to GvHD, as well

as greater availability of a donor. The major limitation of

using CB is related to the low cell dose in CB and possibly

to some intrinsic properties of CB cells [18]. Ex vivo

expansion is a strategy to increase the number of cells

available for transplantation. Two general protocols sui-

table for clinical application have been published [19�/21].

The first protocol comprises a two-step culture system

Table 1. Expansion of cells following 3-week culture

Input Output Median-fold

increase

Range Median Mean9/SE Range Median Mean9/SE

TNC�/107 2�/20 12 129/3

CD34��/104 17�/35 25 259/2 131�/3061 2224 21209/556 89

CD34�CD38 � �/104 2�/17 11 109/3 33�/803 335 3619/103 30.5

CFU�/104 2�/7 3 49/1 136�/1100 517 5379/144 172

The cultures were initiated with CD133� cells derived from a 20% portion of a CB unit. At the initiation of the cultures (input) and after 3 weeks (output),

cells were analyzed for the indicated parameters. Median-fold increase was calculated by dividing the median output by the median input values.

Table 2. Number of specific cells available for infusion in the non-expanded vs. expanded graft

No. cells Treatment Median Mean9/SE P-value Expansion

efficacy***

TNC�/107 Non-expanded* 76.3 71.89/5.8

Expanded** 74.3 69.49/6.6 0.4 0.97

CD34� cells�/104 Non-expanded 124.5 118.39/18

Expanded 2345.0 22209/559 0.0025 19

CD34�CD38 � cells�/104 Non-expanded 53.5 46.89/�/12.7

Expanded 378.0 398.39/�/112.2 0.025 7

CFUc�/104 Non-expanded* 15.0 17.59/4.3

Expanded 528.0 550.79/146 0.009 35

Cells in each CB unit were frozen in two portions of 80% and 20%. The 20% portion was thawed, counted and the CD133 cells purified and cultured for 3

weeks as described in the Methods. The numbers present the cells of the various subsets calculated for the 100% non-expanded cells of the CB unit (*) and a

mixture of the 80% non-expanded plus the culture output of the 20% portion (**).

***Calculated by dividing the median expanded cell graft values by the median non-expanded graft values.

Development of ex vivo expanded cord blood-derived cell graft 351



Table 3. Stability of the expanded graft

Exp. # 0 h 6 h 10 h 24 h

(a) No. viable cells�/104/mL

1 779/0.6 739/0.3 779/3.9 919/3.8

2 649/11 509/3.1 549/2.0 379/6.9

3 1049/5.2 1069/4.8 969/12.1 1029/6.9

(b) CFU�/104/mL

1 3.39/0.2 3.69/0.1 4.09/0.4 4.29/0.1

2 2.19/0.3 3.29/0.2 1.69/0.2 2.09/0.4

3 6.99/0.4 7.09/0.4 6.69/0.7 7.39/0.9

Following 3-week expansion, the cells were harvested, washed and transferred into bags as detailed in the Methods. The bags were kept in a shipping container

at 229/48C and sampled to assess the number of viable cells (a) and CFUc (b) at time 0, 6, 10 and 24 h.

Figure 5. Engraftment of clinical-grade cultured cells in NOD/SCID mice. Mice (3�/5 per experimental group) were transplanted with all the

progeny of 5�/104 CD133� cells after 3 weeks expansion or with the equivalent fraction of MNC before expansion (10�/106 cells), both derived

from the same CB units. Four weeks after transplantation, human cell engraftment was evaluated by FACS analysis of CD45� cells (a). Progenitor

cells (CD34�) and lineage-specific differentiated cells were evaluated by FACS analysis of cells double stained with PE�/anti-human CD45 and

FITC�/anti-human lineage antigens (b). The data in (a) present the mean9/SE of each experiment of eight (#1�/8) consecutive experiments. The

data in (b) present the mean9/SE of four experiments. GPA�/GlycophorinA.
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initiated with CB-derived CD34� cells. The cells were

cultured in Teflon culture bags supplemented with defined

medium containing SCF, G-CSF and TPO [9]. The

second protocol comprises an automated continuous

perfusion culture device developed by Aastrom Bios-

ciences [21]. In this system cultures are initiated with

CB-derived mononuclear cells and expanded for 12 days

in media supplemented with FBS, horse serum, PIXY321,

FLT-3 ligand and erythropoietin [21]. The duration of

both clinical applicative protocols is 12�/14 days and in

both protocols the cultures are supplemented with a

mixture of early- and late-acting cytokines. These condi-

tions accelerate cell proliferation and differentiation,

resulting in increased expansion of TNC and further

maturation of myeloid precursors. Clinical studies per-

formed using these protocols demonstrated that clinical-

scale expansion of CB is feasible, and that administration

of these cells is well tolerated [19�/21].

Our current study presents an applicable protocol for

clinical-scale ex vivo expansion of CB-derived CD133�

progenitor cells in the presence of early-acting cytokines

and the copper chelator TEPA. As opposed to the

previously reported expansion protocols, it appears that

the present culture conditions enable better expansion of

less differentiated cell subsets.

Due to regulatory and proprietary concerns, we utilized

the Miltenyi Biotec’s CliniMACS apparatus [22] and the

anti-CD133 CliniMACS reagent, both of them clinically

approved, replacing the research-grade MiniMACS CD34

progenitor cell isolation kit. The CD133 antigen is a novel

marker for stem/progenitor cells. Phenotypic and func-

tional studies indicated that the CD133-enriched popula-

tion could serve as an alternative to CD34� cell selection

and engraftment purposes [23�/25]. Furthermore,

CD133� selected cells have already been used in clinical

transplantation settings without any safety impairment

[26]. In our study, we demonstrated similar yield and

purity, crucial parameters for successful transplantation

[22], using the CliniMACS instrument in combination

with either the anti-CD34 or anti-CD133 reagent.

The duration of most expansion protocols for clinical

application is between 10 and 14 days [19�/21]. We

evaluated the feasibility of the chelator technology to

extend the expansion in order to maximize the number of

early and late progenitor cells. To this end, we compared 2

vs. 3-week cultures and found that the latter was superior

with respect to the yields of TNC, CD34� and
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CD34�CD38� cells (Figure 2). Although the technology

enables longer expansion [16], it is not desirable in a

clinical setting. Following a 3-week large-scale clinical

grade expansion, the yield of early progenitor

(CD34�CD38� ) cells was higher in cultures initiated

with CD133� cells (129/3.6�/105) than in cultures

initiated with a similar number of CD34� cells (5.69/

1.3�/105).

Using optimized clinically applicable conditions, e.g.

CD133 cell enrichment, CliniMACS separation device and

culture bags, we evaluated the procedure on 22 frozen CB

units, 18 of which were obtained from accredited CB

banks. In spite of the high variability among CB units [27],

we demonstrated the efficacy of the procedure to expand

early and late progenitor cells. In these experiments the

median output value of CD34� cells increased by 89-fold,

CD34�CD38� increased by 30-fold and CFUc by

172-fold over the input values.

We then determined the expansion efficacy with regard

to the number of cells of different subtypes available for

transplantation. Since in clinical trials expanded cells will

be given in addition to non-manipulated cells of the same

unit, the efficacy depends on the portion of the unit taken

for expansion. We calculated the efficacy based on the

expanding 20% portion of the unit. The results show

(Table 2) that the major contribution of the expanded

product is in the numbers of early progenitor cells

(CD34�CD38� ) as well as that of late progenitor cells

(CD34�, CFUc). Numbers of TNC in the expanded graft

were comparable to those in the non-expanded unit.

Finally, we demonstrated that our clinical-scale ex-

panded cells successfully engrafted SCID mice. In eight

consecutive experiments, the percentage of engrafted

human progenitors as well as that of myeloid and

lymphoid cells was significantly superior in mice trans-

planted with expanded cells to that in mice transplanted

with non-expanded cells.

In summary, we describe a 3-week large-scale expansion

procedure, utilizing a combination of copper chelator

(TEPA) with early-acting cytokines (SCF, TPO, IL-6

and FLT-3 ligand), a clinically approved separation device

and clinical grade reagents. Extensive research and devel-

opment work demonstrated that FCS is suitable for the

expansion process. As there is no regulation that prohibits

the use of FCS in clinical trials in the USA, the use of a

specific lot of FCS and its certificates of analysis were

submitted to the FDA as part of Gamida Cell’s investiga-

tional new drug (IND) application. The expansion proce-

dure, evaluated using CB units derived from accredited CB

banks, was demonstrated to produce a high yield of early

progenitors with increased SCID engraftment potential.

This novel strategy for ex vivo expansion of CB progenitors

is currently under study in a phase 1 clinical trial.
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The skin is a valuable organ for the development and exploitation of gene medicines. Delivering genes to skin is restricted however by the
hysico-chemical properties of DNA and the stratum corneum (SC) barrier. In this study, we demonstrate the utility of an innovative technology
hat creates transient microconduits in human skin, allowing DNA delivery and resultant gene expression within the epidermis and dermis layers.
he radio frequency (RF)-generated microchannels were of sufficient morphology and depth to permit the epidermal delivery of 100 nm diameter
anoparticles. Model fluorescent nanoparticles were used to confirm the capacity of the channels for augmenting diffusion of macromolecules
hrough the SC. An ex vivo human organ culture model was used to establish the gene expression efficiency of a �-galactosidase reporter plasmid
NA applied to ViaDermTM treated skin. Skin treated with ViaDermTM using 50 �m electrode arrays promoted intense levels of gene expression in

he viable epidermis. The intensity and extent of gene expression was superior when ViaDermTM was used following a prior surface application of
he DNA formulation. In conclusion, the RF-microchannel generator (ViaDermTM) creates microchannels amenable for delivery of nanoparticles
nd gene therapy vectors to the viable region of skin.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The ability to target genes directly to the skin provides a strat-
gy for the treatment of certain localised heritable genetic skin
iseases (Greenhalgh et al., 1994; Ehrlich et al., 1995), vari-
us forms of malignancies (Hart and Vile, 1994) and cutaneous
ounds (Byrnes et al., 2004; Lee et al., 2004). Furthermore,

genetic immunisation’ via the skin provides a method of vac-
inating patients by introducing DNA into cells, leading to
xpression of foreign antigen and the subsequent induction of
n immune response (Fynan et al., 1993; Raz et al., 1994; Shi et
l., 1999). Intra-cutaneous DNA vaccines utilise the highly com-

∗ Corresponding author. Tel.: +44 29 20875815; fax: +44 29 20874149.
E-mail addresses: birchalljc@cardiff.ac.uk, birchalljc@cf.ac.uk

J. Birchall).

petent antigen-presenting capabilities of epidermal Langerhans
cells in eliciting a systemic immune response, leading to more
proficient and cost-efficient vaccination compared with conven-
tional vaccines (Lin et al., 2000). As the immune response is
induced by a single gene rather than an entire organism, this
approach is also considered to be safer than using live attenu-
ated vaccines (Durrant, 1997).

The challenge of delivering genes to the viable region of
skin is a product of the physico-chemical properties of the large
hydrophilic DNA molecule, with or without an additional car-
rier vehicle, and the significant barrier properties of cutaneous
tissue. Superficially the skin is regarded as a valuable organ for
the development and clinical administration of gene medicines
as it is readily accessed, well characterized and easily monitored
(Hengge et al., 1996). However, if cutaneous gene therapy is to
translate from the laboratory to clinical practice then approaches

378-5173/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2005.12.036
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must be developed to efficiently and reproducibly transport the
delivered transgene to the target cell population. The primary
role of the skin however, is to serve as a physical barrier to the
invasion of foreign material. In humans, the epidermis, which
constitutes the uppermost layer of the skin, is approximately
50–150 �m thick with the non-viable SC layer, approximately
15–20 �m in thickness, representing the principal barrier to pen-
etration and permeation of substances through the skin (Birchall,
2004). Therefore, in order to deliver therapeutic compounds to
the epidermis, the underlying dermis or the systemic circulation,
delivery strategies must overcome the physical barrier created
by the nature of the tightly packed dead cells of the SC. Tra-
ditional transdermal formulation strategies aim to enhance the
delivery of small therapeutic molecules, less than 500 molecular
weight, across the SC by paracellular, transcellular or intracellu-
lar routes. However, in order to deliver DNA and proteins, more
innovative and radical methods of drug delivery are required. To
date, the physico-chemical methods employed to promote ther-
apeutic drug or gene transfer to the skin include the use of direct
DNA injection (Hengge et al., 1995, 1996; Chesnoy and Huang,
2002) chemical enhancers (Barry, 1987; Pillai and Panchagnula,
2003), iontophoresis (Green, 1996; Préat and Dujardin, 2001),
biolistic particle bombardment (Cheng et al., 1993; Heiser, 1994;
Udvardi et al., 1999), electroporation (Prausnitz et al., 1993;
Dujardin et al., 2001; Zhang et al., 2002), sonophoresis (Lavon
and Kost, 2004), laser ablation (Nelson et al., 1991), microseed-
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microchannels by cell ablation at specific locations (Levin et
al., 2005).

The purpose of the present study using the ViaDermTM

technology was two-fold. Firstly, to extensively characterize
ViaDermTM-generated microchannels within ex vivo human
skin. Secondly, to assess the feasibility of ViaDermTM in sup-
porting the transdermal delivery of a mammalian expression
plasmid with subsequent reporter expression within the target
region of the skin.

2. Materials and methods

2.1. Materials

The 7.2 kb pCMV� plasmid construct containing the �-
galactosidase reporter gene and the pEGFP-N1 (4.7 kb) plas-
mid containing the green fluorescent protein reporter gene were
propagated and purified as detailed previously (Birchall et al.,
1999). Fluorescein isothiocyante (FITC)-labelled polystyrene
nanospheres (L-1280) were obtained from Sigma Chemicals
(Poole, UK). OCT embedding medium and Histobond® micro-
scope slides were from RA Lamb Ltd. (Eastbourne, UK).
One percent aqueous eosin solution and Harris’ haematoxylin
solution were from BDH Laboratory Supplies (Dorset, UK).
One percent aqueous toludine blue solution was from TAAB
Laboratories Equipment Ltd. (Berkshire, UK). Cell culture
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ng (Eriksson et al., 1998), skin tattooing (Bins et al., 2005) and
he recent use of microfabricated microneedles (Henry et al.,
998; McAllister et al., 2000, 2003; Chabri et al., 2004).

Recently, we have developed an innovative technology,
oined ViaDermTM, which creates transient microchannels
cross the SC thereby enabling a more direct and controlled pas-
age of molecules to the underlying viable epidermis and dermis.
iaDermTM has an intimately spaced array of microelectrodes
hich are placed against the surface of skin to individually con-
uct an applied alternating electrical current at radio frequency
RF). Application of this rf electrical current (100–500 kHz) to
he tissue elicits a vibration in motion of ions with localized fric-
ional heating of tissue resulting in a rapid obliteration of cells
lose to the energy source. The intimate and orderly spacing
f the microelectrodes therefore drives the orderly generation
f functional microchannels. The passage of the electric cur-
ent through cells in the upper skin strata generates localised
onic vibrations, heating, evaporation and cell ablation to create

icrochannels.
Previously, we have reported that RF-generated microchan-

els reside in the epidermis and dermis and are amenable to
he effective transdermal delivery of small molecules (Sintov
t al., 2003) and proteins (Levin et al., 2005) into the systemic
irculation. Furthermore, the microchannels did not impinge on
nderlying blood vessels and nerve endings thus minimizing
kin trauma, bleeding and neural sensations (Sintov et al., 2003).
learly, the use of electricity for augmenting transcutaneous
rug delivery also applies to some of the other aforementioned
hysical delivery methods, e.g. iontophoresis, electroporation.
nlike these examples however, the technology described in

his study leads to the creation of an orderly array of defined
lastics were obtained from Corning-Costar (High Wycombe,
K). MEM (EAGLES) 25 mM HEPES, Dulbecco’s Modified
agle’s Medium (DMEM 25 mM HEPES), foetal bovine serum,
enicillin-streptomycin solution and trypsin-EDTA solution 1×
ere obtained from In-Vitrogen Corporation, Paisley, UK. All
ther reagents were of analytical grade and purchased from
isher Scientific UK (Loughborough, UK).

.2. ViaDermTM treatment of human skin

Full-thickness human breast skin was obtained from mastec-
omy or breast reduction with ethical committee approval and
nformed patient consent. Skin was collected from a variety of
onors ranging from 45 to 65 years of age. Matched samples
ere used for each individual experiment. To maintain struc-

ural and cellular viability the skin tissue was transported on
ce in MEM (EAGLES) 25 mM HEPES growth media and used
ithin 3 h of excision. All excess adipose tissue was removed
y blunt dissection.

The components and operating conditions of the RF-
icrochannel generator (ViaDermTM, TransPharma Medical,

srael) have been described previously (Sintov et al., 2003).
riefly the ViaDermTM device comprises an electronic con-

roller unit and a disposable array of stainless steel electrodes
100 or 50 �m in length) at a density of 100 electrodes/cm2 in a
otal area of 1.4 cm2. Thus, application of an RF-activated array
1.2 cm × 1.2 cm) resulted in the generation of 144 microchan-
els over the 1.4 cm2 area. Studies were performed using the
lectrodes at device parameter settings resulting in one, two or
ve bursts of 700 �s burst length at an applied voltage of 290 or
30 V and an RF frequency of 100 kHz. Control experiments
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involved equivalent pressure application of the ViaDermTM

device to human skin in the absence of the RF-generating power
source.

2.3. Electron microscopy of full thickness skin

ViaDermTM treated (100 �m electrode, density of
200 microchannels/cm2) full thickness human skin sam-
ples were fixed with 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 60 min at room temperature and
washed for 10 min (2 × 5 min) in the same buffer. The samples
were post-fixed in 1% osmium tetroxide in 0.1 M cacodylate
buffer for 1 h at 4 ◦C and then dehydrated with a graded series
of ethanol concentrations as follows (70% for 10 min at 4 ◦C,
100% for 10 min at 4 ◦C, 100% for 10 min at 4 ◦C, 100% for
10 min at 4 ◦C). The samples were subsequently transferred to
a critical point drier (Samdri 780, Maryland, USA) for 12 h.
The samples were mounted on metal stubs and gold sputter
coated, using an Edward sputter coater, prior to examination in
a Philips XL-20 scanning electron microscope.

2.4. Electron microscopy of epidermal sheets

Following ViaDermTM treatment (100 �m electrode) of full
thickness human skin, epidermal sheets were isolated by a heat
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solution for 5 s or (iii) toludine blue: 1% aqueous toludine blue
solution for 5 min.

2.7. Diffusion of fluorescent nanoparticles through
RF-microchannelsTM

Non-treated and ViaDermTM treated (50 and 100 �m elec-
trodes) full thickness human skin was heat separated in order
to isolate the epidermal membranes which were subsequently
mounted between the donor and receptor compartments of static
Franz-type glass diffusion cells. The receptor phase of each cell
was filled with phosphate buffered saline (PBS; pH 7.4). The
receptor arm was sealed with a foil cap and the donor chamber
occluded with NESCO® film to prevent sample evaporation. The
cells were placed on a stirring plate in a water-bath maintained
at 37 ◦C, to provide continuous agitation and a skin surface tem-
perature of 32 ◦C. Prior to addition of the test formulations to
the donor chamber, cells were allowed to equilibrate for at least
30 min and the integrity of epidermal membranes was visually
inspected.

Fluorescently (FITC) labelled polystyrene nanospheres
(100 nm diameter) were used as a size-representative model for
the delivery of non-viral gene therapy vectors (Chabri et al.,
2004). A volume of 500 �l of a 50 �l/ml dilution of the fluores-
cent nanosphere stock suspension, concentration 4.5710 �l−1,
was applied to the surface of ViaDermTM treated epidermal
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eparation technique (Christophers and Kligman, 1963). The
esulting epidermal sheets were placed in cold distilled water
nd then gently lifted from the water onto a metal stub. The
ounted epidermal sheet was allowed to dry, gold sputter coated

nd the samples were examined using a scanning electron micro-
cope (Philips Xl-200 SEM) (Electron Microscopy Unit, Cardiff
chool of Biosciences, Cardiff University, Cardiff, UK).

.5. Visualisation of microchannels en face

ViaDermTM treated (100 �m electrode) skin was incubated
n media (MEM (EAGLES), 25 mM HEPES) for 24 h at 37 ◦C.
ollowing two washes in phosphate buffered saline (PBS) the
kin was fixed in 0.5% gluataraldehyde for 2 h on ice. Methy-
ene blue staining involved a 5 min surface application of five
rops of methylene blue solution on the ViaDermTM treated skin
ollowed by removal of excessive stain with a brief PBS rinse
nd an ethanol surface swab. Tissue stained with methylene blue
as visualised using an Olympus BX50 microscope and a Schott
L1500 electronic light source.

.6. Histology of ViaDermTM treated tissue

Skin was treated with ViaDermTM using either 50 or 100 �m
lectrode arrays. Following treatment the skin was washed with
BS and fixed for 4 h in 0.5% glutaraldehyde on ice. Fixed tissue
as embedded in OCT and sectioned using a Leica CM3050S
ryostat. Sections were collected on Histobond® microscope

lides and stained with either—(i) eosin: 1% aqueous eosin
olution for 5 s, (ii) haematoxylin and eosin (H&E): Harris’
aematoxylin solution for 5 min followed by 1% aqueous eosin
embranes. Control cells consisted of untreated epidermal
embrane with either the nanosphere suspension or PBS applied

o the donor phase. At each timepoint 200 �l samples were
emoved from the receptor arm at regular intervals and replaced
ith PBS. On completion of the experiment, samples were anal-
sed using a fluorescence spectrophotometer (BMG Fluostar,
ylesbury, UK) with excitation and emission wavelengths set
t 485 and 520 nm, respectively. A calibration curve was per-
ormed using standard dilutions of the suspension of fluorescent
anoparticles.

.8. Localised delivery of fluorescent nanoparticles in
iaDermTM treated human skin

ViaDermTM treated (100 �m electrode) skin was placed in
six-well cell culture plate and maintained in 1.5 ml MEM

EAGLES) 25 mM HEPES. Fifty microliters of a concentrated
4.5710 �l−1) stock of fluorescent red polystyrene nanospheres
as applied to the treated skin surface and the sample incubated

or 6 h at 37 ◦C. At 6 h a further 2 ml of media was added the
ubmerged skin was incubated for a further 18 h. Following two
ashes in PBS the skin was fixed in 0.5% gluataraldehyde for
h on ice and embedded in OCT medium prior to tissue sec-

ioning using a Leica CM3050S Cryostat. Sections were either
isualised unstained under blue fluorescence or stained with
aematoxylin and eosin (H&E) (Olympus BX50 microscope).

.9. Gene expression in ViaDermTM treated human skin

Human skin was pre-treated with the ViaDermTM device,
0 �m electrode arrays, prior to the topical application of 50 �l
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of pCMV� plasmid DNA solution (1 mg/ml) to the skin surface.
This area of skin was thereafter post-treated with the ViaDermTM

device at the identical skin location as the first ViaDermTM appli-
cation. The treated human skin was placed on lens tissue sup-
ported by metal gauze in a six-well cell culture plate containing
7.5 ml media (DMEM 25 mM HEPES supplemented with 5%
foetal bovine serum and 1% penicillin/streptomycin) per well.
This organ culture maintained the skin at an air–liquid interface
for 24 h at 37 ◦C. Following one wash in PBS/MgCl2 (30 min)
the tissue was fixed for 2 h in 2% glutaraldehyde/MgCl2 at 4 ◦C.
Subsequently the tissue was rinsed in a series of PBS/MgCl2
solutions for 2, 3 h and 30 min. The tissue was stained for �-
galactosidase expression over 20 h using X-Gal staining solution
[X-Gal (5% (v/v) of a 40 mg/ml solution in dimethylformamide),
potassium ferricyanide (0.84% (v/v) of a 0.6 M solution), potas-
sium ferrocyanide (0.84% (v/v) of a 0.6 M solution), magnesium
chloride (0.2% (v/v) of a 1 M solution), Tris–HCl buffer pH 8.5
(50% (v/v) of a 0.2 M solution), deionised water to 100%]. Tis-
sue was visualised en face using either a Zeiss Stemi 2000C
Stereomicroscope with a 2.0× attachment or an Olympus BX50
microscope, both with a Schott KL1500 electronic light source.

For sectioning, the samples were embedded in OCT and sec-
tioned using a Leica CM3050S Cryostat. Tissue sections were
collected onto Histobond® microscope slides and stained with
H&E.

3

f

Fig. 1. Scanning electron microscopy of an RF-microchannel in intact human
skin. Bar = 50 �m.

was initially investigated using scanning electron microscopy
(SEM). Fig. 1 shows a channel created using the 100 �m elec-
trode appearing as a deep invagination into the surface of the
skin tissue. Further SEM characterisation of the heat-separated
epidermal membrane, comprising of SC and viable epidermis,
treated with ViaDermTM is shown in Fig. 2. These data show
that the RF-microchannels either totally or partially penetrate
the epidermal membrane. Although the depth of the microchan-
nels was variable, possibly due to variation in thickness of the
separated epidermal sheet (Eriksson et al., 1998), the diameter of
the microchannels (∼50 �m), was reproducible and consistent

F iderm
f
d

. Results and discussion

The surface morphology of the microchannels created in
ull-thickness breast skin following application of ViaDermTM

ig. 2. Scanning electron microscopy of RF-microchannels in heat-separated ep
TM
ollowing two applications of ViaDerm , bar = 1 mm; (B) high magnification showing

epth using an angled electron beam, bar = 50 �m.
al membrane. (A) Low magnification showing distribution pattern of channels
dimensions of microchannels, bar = 100 �m; (C) visualisation of microchannel
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with the microchannel dimensions observed in full-thickness
skin (Fig. 1). More accurate determinations of the depth and
structural morphology of the microchannels are provided in the
histological tissue sections.

The quantity and distribution pattern of microchannels cre-
ated in ViaDermTM treated skin is shown in Fig. 3. The distribu-
tion pattern of the channels can be visualised through their ability
to uptake and retain a low molecular weight marker, i.e. methy-
lene blue (Fig. 3A). At higher magnification the dye appears
to diffuse to the periphery of the microchannel (Fig. 3B). The
application and considerable potential of this technology for the
cutaneous delivery of low molecular weight medicaments has
previously been reported (Sintov et al., 2003).

The structural dimension of microchannels created in human
breast skin following application of ViaDermTM was assessed
using transverse sectioning. The photomicrographs are repre-
sentative of the entire population of channels observed. Fig. 4
illustrates the dimensions of RF-microchannels that are created
in human breast skin following application of ViaDermTM with
50 �m electrode arrays at different parameter settings. In the
majority of processed skin sections (n > 100), the channels are
approximately 50 �m in length and 30–50 �m at their widest
aperture, extending only to the viable epidermis.

In line with the data depicted in Fig. 4, doubling the elec-
trode length to 100 �m resulted in further penetration through
the human epidermis and impingement into the superficial
d
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Fig. 3. Light microscopy of methylene blue stained skin following ViaDermTM

treatment. (A) Low magnification, bar = 1 mm; (B) high magnification, original
magnification = 40×, bar = 500 �m.

F electrode arrays. (A) One burst of 700 �s burst length, toludine blue stained; (B) two
b 0×, bar = 100 �m.
ermal layer (Fig. 5). Representative sections (n > 100) show
hat microchannels were approximately 100 �m in length and
0–50 �m at their widest aperture. Consequently, using isolated
uman breast skin, the 100 �m electrode arrays can create a
icrochannel of sufficient length to permit specific cell targeting

or localised cutaneous gene therapy applications (Greenhalgh et
l., 1994; Sawamura et al., 2002) and genetic vaccination (Dean
t al., 2003). Clearly, the exploitation of different electrode
engths for creating microchannels of varying depths under-
cores the flexibility of ViaDermTM for permitting controlled
elivery of therapeutics to different target cell populations.

ig. 4. Light microscopy of human breast skin treated with ViaDermTM 50 �m
ursts of 700 �s burst length, toludine blue stained. Original magnification = 20
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Fig. 5. Light microscopy of human breast skin treated with ViaDermTM 100 �m electrode arrays. (A) One burst of 700 �s burst length, toludine blue stained; (B)
three bursts of 700 �s burst length, toludine blue stained. Original magnification = 200×, bar = 100 �m.

Previously, from ex vivo studies employing a permeation
methodology, we have demonstrated the total inability of the
ViaDermTM device to generate microchannels when discon-
nected from a power source as evidenced by both negative
visualization and lack of drug permeation (Sintov et al., 2003).
Such findings were totally substantiated in follow up in vivo
studies whereby application of drugs at a ViaDermTM treated
skin site in the absence of a power supply resulted in no trans-
dermal drug delivery as compared to robust drug deliveries with

a functional power supply (Sintov et al., 2003; Levin et al.,
2005). In our histological studies, and subsequent gene deliv-
ery experiments, we confirm the previously published ex vivo
and in vivo observations (Sintov et al., 2003; Levin et al., 2005)
of the total absence of microchannels on the surface skin follow-
ing the placement of the ViaDermTM device disconnected from
a functional power source.

Following confirmation of the ability of ViaDermTM to cre-
ate microchannels in human skin, further experiments were
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ig. 6. Light (A) and fluorescent (B) photomicrographs of RF-microchannels conta
C) diffusion of fluorescent nanoparticles through ViaDermTM treated epidermal mem
he receptor phase of Franz cells over a 12 h period. (©) Untreated skin—PBS donor p
reated skin—topical nanoparticles, (�) 100 �m array ViaDermTM treated skin—top
ining fluorescent nanoparticles. Original magnification = 100×, bar = 100 �m;
branes. Data presented as percentage of topical nanoparticle dose detected in

hase, (×) Untreated skin—topical nanoparticles, (�) 50 �m array ViaDermTM

ical nanoparticles (N = 3 ± S.D.).
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performed to demonstrate the capability of these microchan-
nels to permit cutaneous delivery of macromolecules or
nanoparticulates. To that end, 100 nm fluorescent nanoparticles
were selected as an easily detectable and size-representative
model nanoparticle delivery system. Indeed, we have previ-
ously reported their application as an experimental tool for
lipid:polycation:pDNA (LPD) non-viral gene delivery parti-
cle studies (Chabri et al., 2004). Fig. 6 confirms that the
RF-microchannels created in skin following application of
ViaDermTM are of sufficient dimensions to uptake, entrap and

permit the diffusion of 100 nm fluorescent nanoparticles. The
channels shown in Fig. 6A and B appear to be larger than those
observed in Fig. 5, possibly due to changes in the tissue sam-
ple over the incubation period (24 h compared with 0 h). These
micrographs imply that the RF-microchannels generated can be
considered to be of appropriate dimensions for the cutaneous
delivery of macromolecules and non-viral gene therapy vectors.

Fig. 6C shows the data from a Franz-type diffusion
experiment designed to determine the transit of the 100 nm
nanoparticles through ViaDermTM treated and control epidermal
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ig. 7. Photomicrographs of ViaDermTM treated human skin stained for �-galactos
ight microscopy, original magnification = 40×; (C) en face stereomicroscopy of ViaD
ryosection, original magnification = 100×; (E) H&E stained cryosection, original m
idase expression (50 �m arrays). (A) En face stereomicroscopy; (B) en face
ermTM treated human skin treated with the pEGFP-N1 plasmid; (D) unstained

agnification = 100×, bar = 100 �m.
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membranes. The non-treated epidermal membranes demonstrate
the significant barrier function of this membrane to 100 nm
nanoparticles, with undetectable penetration observed following
12 h incubation. Following ViaDermTM treatment the epidermal
membranes demonstrated a significantly enhanced (p > 0.05,
one-way analysis of variance) permeability to the nanoparticles.
Interestingly, whilst application of the 50 �m electrode arrays
mediated reproducible permeation of the membrane to facili-
tate the diffusion of approximately 5% of the surface-applied
nanoparticles, appliance of the 100 �m electrode arrays led to
enhanced, though more variable, disruption of the membrane,
as evidenced by an increase in mean penetration of the 100 nm
nanoparticles. A possible mechanism for the more variable per-
meation of nanoparticles following ViaDermTM treatment using
the 100 �m electrodes is provided by the SEM images in Fig. 2.
When the skin is treated with ViaDermTM using the 50 �m elec-
trodes and the epidermal membrane is subsequently removed by
heat separation, it is not guaranteed that the entire membrane,
i.e. stratum corneum and viable epidermis, will be punctured
although disruption of the outer 15–30 �m will be sufficient to
overcome the primary diffusive barrier, the stratum corneum.
The observed increase in nanoparticle permeation therefore
results from particle transit through the ablated SC channels
and subsequent diffusion through the underlying epidermis. As
shown in Fig. 2, skin treatment with ViaDermTM using the
100 �m electrodes can occasionally effect complete penetra-
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the skin. The ViaDermTM device represents a significant break-
through in the challenge of delivering high molecular weight
medicaments through the SC barrier. In particular, the ability to
facilitate minimally invasive, targeted and controlled delivery of
genes to the viable epidermis further supports the experimental
and clinical evaluation of this novel transdermal drug delivery
technology.
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Purpose. To evaluate the bioavailability and bioactivity of human growth hormone (hGH) delivered
transdermally through microchannels (MCs) in the skin created by radio-frequency (RF) ablation.
Methods. The creation of MCs was observed in magnified rat and guinea pig skin after staining by
methylene blue. Various doses of hGH in a dry form were applied on rat or guinea pig (GP) skin after
the formation of MCs. The pharmacokinetic profile of systemic hGH in both animal models was
monitored for 15 h post patch application. Bioactivity of the transdermally delivered hGH was verified
by measuring IGF-I levels in hypophysectomized rats.
Results. The ordered array of MCs was clearly visible in the magnified rat and guinea pig skin. The MCs
were very uniform in diameter and of equal separation. Creation of MCs in the outer layers of the skin
enabled efficient delivery of hGH, with a bioavailability of 75% (rats) or 33% (GPs) relative to sub-
cutaneous (s.c.) injection with plasma profiles resembling that of s.c. injection. Elevated levels of sys-
temic insulin-like growth factor-1 (IGF-I) were observed after transdermal delivery of hGH to hypophy-
sectomized rats indicative of the bioactivity of the transdermally delivered hGH in vivo.
Conclusions. Formation of RF-microchannels is a well-controlled process. These MCs permitted the
transdermal delivery of bioactive hGH in rats and GPs with high bioavailability.

KEY WORDS: transdermal drug delivery; radio-frequency ablation; Via Derm; stratum corneum;
human growth hormone.

INTRODUCTION

The number of peptide and protein drugs has increased
dramatically in the past decades and is expected to grow fur-
ther as a result of intense biotechnology research in academia
and industry. Elucidation of appropriate delivery methods for
this group of active molecules is extremely challenging, and
currently most of these drugs are given by injection. However,
various alternative strategies are being developed. These in-
clude oral methods that overcome the proteolysis in the GI
tract (1), nasal delivery, buccal delivery (2), inhalation (3) or
transdermal methods (4). Most of the methods developed so
far have various limitations, such as drug molecular weight,
low deliverable dose, or low bioavailability.

Recently, a new transdermal delivery technology was de-
veloped, being adapted from the well-known medical tech-
nology of radio-frequency (RF) ablation (5–8). It is based on
an electronic device, termed ViaDerm, which generates an
electrical current at high frequency in the range of radio fre-
quencies (100–500 kHz). The passage of this current through
cells in the upper skin layers, via an array of microelectrodes

placed on the skin, brings about ionic vibrations within the
skin cells leading to local heating, liquid evaporation, and cell
ablation. Consequently, small microchannels (MCs), called
RF-microchannels, are formed across the stratum corneum
(SC) and epidermis, which are highly amenable to the trans-
dermal delivery of water-soluble drugs into the systemic cir-
culation (9).

Human growth hormone (hGH) is a 22-kDa protein with
clinical use in children having short stature due to hGH-
deficiency, renal insufficiency, Turner syndrome, and Prader-
Willi syndrome. Recently, hGH was also approved by the
FDA for children with severely short stature. Additionally,
this drug is also indicated in adults who suffer from either
acquired or childhood onset hGH-deficiency. hGH therapy,
which demands years of good compliance to achieve its thera-
peutic effects, is currently administered by frequent subcuta-
neous (s.c.) injections. A depot injection was also developed
that reduced the frequency of injection to once or twice a
month. However, due to pain and irritation side effects (10),
the success of this product is mediocre. Therefore, a user-
friendly hGH delivery method is a keenly sought-after thera-
peutic.

The aim of the current study was to investigate if RF-
generated MCs could support the transdermal delivery of
hGH in rats and guinea pigs (GPs). Furthermore, in vivo
bioactivity of hGH was assessed by monitoring the produc-
tion of IGF-I, a key downstream mediator following hGH
receptor activation.
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MATERIALS AND METHODS

Instruments

The device used to produce microchannels in the skin
(ViaDerm, TransPharma Medical, Lod, Israel) was previ-
ously described in detail (9). The standard array of electrodes
that was used produced MCs in the density of 100 MCs/cm2 in
a total area of 1.4 cm2. In the hGH delivery studies, the device
was applied twice on each skin area, so the MC density was
200 MCs/cm2. Prior to ViaDerm application on the skin of
animals, the hair was clipped using an Oster A5 clipper (cat.
no. 78005-500, McMinnville, TN, USA), and shaved using a
no. 40 blade and a Braun 3615 shaver. Immediately after
ViaDerm application, TransEpidermal Water Loss (TEWL)
was measured using a Dermalab instrument (Cortex Technol-
ogy, Hadsund, Denmark).

Visualization of MCs

Fresh rat and guinea pig skin samples (Sprague-Dawley
male rat, 350 g; Dunkin Hartley male guinea pig, 600 g; Har-
lan Laboratories Ltd., Rehovot, Israel) were excised from the
animals, immediately pretreated with ViaDerm (100 MCs/
cm2), and then stained with 1% aqueous methylene blue
(Carlo Erba Reagenti). The solution was applied for 15 s on
the skin site, then wiped with soft tissue paper followed by
isopropyl alcohol pads (Webcol, Kendall Company, Mans-
field, MA, USA).

The control group consisted of application of the Via-
Derm device on the skin in the absence of the power source
but held with the same pressure followed by methylene blue
staining. A Video Inspection System (S-T Industries Inc.
model 20-8600, St. James, MN, USA) equipped with ×10 lens,
was used in order to observe the created MCs.

Preparation of hGH Patches

Lyophilized hGH (Genotropin 16 or 36 IU/vial, Pharma-
cia & Upjohn, Puurs, Belgium) was used for the preparation
of “printed” patches, in a proprietary owned process (11).
This “print-like” method is based on accurately depositing
small droplets of hGH solution on a transdermal backing liner
at a total area of 1.4 cm2 followed by a controlled drying
process. This method permits accurate dosing and stable
patches that contain a thin uniform layer of the protein in a
dry form.

Animals

Study protocols were approved by the Institutional Ani-
mal Care and Use Committee of Assaf Harofeh Medical Cen-
ter (Zriffin, Israel), and all procedures were conducted ac-
cording to the Principles of Labotarory Animal Care (NIH
Publication No. 85-23, revised 1985). Wild-type and hypophy-
sectomized male Sprague-Dawley rats, 200–350 g, as well as
wild-type male Dunkin Hartley guinea pigs 500–700 g (Harlan
Laboratories Ltd.) were used. They were kept at constant
temperature with a 12 h light:12 h dark cycle. Water and
pelleted food (Koffolk, Tel Aviv, Israel) were freely avail-
able. The hypophysectomized rats were treated daily with s.c.
injections of hydrocortisone sodium succinate (500 �g kg−1

day−1 Solu-Cortef�, (hydrocortisone sodium succinate for in-

jection, USP, Pharmacia & Upjohn) and thyroxine sodium
(15 �g kg−1 day−1, Eltroxin, Bedford Labs, Bedford, OH,
USA) from the day of arrival until beginning of the trial.

Procedures

The animals were anaesthetized by intraperitoneal (i.p.)
injection of a combination of ketamine hydrochloride (85 mg/
kg for rats and 70 mg/kg for GPs; Ketaset, Fort Dodge, IA,
USA) and xylazine (3 mg/kg for rats and 6 mg/kg for GPs,
Xyl-M2 veterinary, VMD, Arendonk, Belgium). Anesthesia
was maintained using Isoflurane (0.5–1.5%, Isoflurane, Rho-
dia, Bristol, UK) or Halothane (0.5–2%, Rhodia, Bristol, UK)
gas. Animals were placed in a dorsal recumbancy, and the
abdominal hair was clipped and shaved. The application site
was then wiped using an isopropyl alcohol pads (Webcol,
Kendall). Thirty minutes later, TEWL measurements were
used to check the skin integrity. Then, ViaDerm treatment
was performed and followed by a second TEWL measure-
ment 5 min post ViaDerm treatment. A hGH patch desig-
nated for each study protocol was then placed over the 1.4
cm2 ViaDerm treated area. In each study, one group of ani-
mals received an hGH subcutaneous injection and was used
as a reference group.

Blood samples were collected over 15–24 h, at time in-
tervals specific for each study protocol, from the tail vein in
rats and from a preinserted carotid cannula (PE-50, Portex
Hythe, Kent, UK) in guinea pigs. Serum (rats) and plasma
(GPs) were separated using a centrifuge (Hsiangtai Machin-
ery Ind. Co. Ltd., Taipei Hsien, Taiwan) for 10 min at 6000
rpm and stored at −20°C until analysis. At the end of the
study, the animals were euthanized after intracardial admin-
istration of pentobarbitone sodium (140 mg/kg, Pental, CTS
Chemical Industries, Hod Hasharon, Israel).

Bioavailability of hGH in Rats and GPs Treated
with ViaDerm

In order to study the bioavailability of hGH in rats, trans-
dermal doses of 75, 150, 300, or 450 �g hGH were applied on
normal rats’ skin pretreated by ViaDerm application. Plasma
hGH profiles were compared to those obtained following s.c.
administration (150 �g hGH per rat). Each treatment group
consisted of six animals. A test similar to the rat study de-
scribed above was performed with GPs using transdermal
doses of 50, 150, 300, and 400 �g per GP and an s.c. dose of
50 �g per animal. Each treatment group consisted of 5–6
animals.

Bioactivity of Transdermal Applied hGH

The bioactivity of the hGH was verified by measurement
of IGF-I in hypophysectomized rats. A 200 �g hGH patch was
directly applied to the 1.4 cm2 (n � 9) skin area that was
pretreated by ViaDerm application. The levels of hGH and
IGF-I in the serum of these rats were compared to those
found in the s.c. treated group (150 �g hGH, n � 6). A
nontreated group and hGH on intact skin (800 �g) served as
negative controls.

Analytical Methods

The dose of hGH placed on the printed patches was
measured using high performance liquid chromatography
(HPLC) analysis (EP 5.0, Somatropin assay). Briefly, the ac-
tive material was extracted with 1 ml of 25 mM buffer phos-
phate, pH � 7, and was analyzed by size exclusion
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(SE) HPLC using 30 cm column (internal diameter � 7.8
mm) TSK Gel G2000 SW 5 �m (TOSOH Bioscience, Stutt-
gart, Germany), precolumn TSK-Gel 6 cm × Ø 6 mm
(TOSOH), phosphate/2-propanol mobile phase (97 volumes
of 0.063 M buffer phosphate pH 7.0, with 3 volumes of 2-pro-
panol), and detection at 214 nm.

hGH levels in rats and GP serum or plasma was mea-
sured using an enzyme-linked immunosorbent assay (ELISA)
commercial kit (DSL-10-1900, Diagnostic Systems Laboratories,
Inc., Webster, TX, USA). The kit is specific for human growth
hormone and does not detect endogenous GP or rat GH. Areas
under the concentration curves (AUCs) were calculated using a
trapezoid method. Levels of IGF-1 were measured by the func-
tional separation method, as previously described (12).

RESULTS

The photomicrograph of Fig. 1 shows a magnified image
of rat (Fig. 1A) and guinea pig (Fig. 1B) skin samples after
formation of MCs by ViaDerm and staining with methylene
blue. The ordered pattern of microchannels can be observed.
The diameter of all the MCs and the distances between MCs
were uniform.

The TEWL values of the skin before and after ViaDerm
application on rats and GPs were as follows: 2.9 ± 0.8 and 4.0
± 0.8 vs. 39.2 ± 5.1 and 36.1 ± 5.6 g h−1 m−2 for rats and GPs
before and after ViaDerm application, respectively. A signifi-
cant increase in the TEWL was observed as a result of the
formation of MCs in the skin.

Figure 2 depicts serum or plasma levels of hGH in rats
(Fig. 2A) or GPs (Fig. 2B), respectively, after s.c. injection
or transdermal delivery from patches containing increasing
amounts of hGH. Table I summarizes the AUC and bioavail-
ability level of the various transdermal doses compared to
s.c. administration. A dose-dependent increase in the
Cmax and AUC was observed in both animal species up to a
dose of 300 �g per 1.4 cm2. A further increase in the amount
of active material on the patch resulted in reduced bioavail-
ability.

The serum hGH and IGF-1 levels are presented in Fig. 3.
Delivery of hGH by s.c. injection or by application of hGH
patch on ViaDerm treated skin resulted in a peak in the level
of the hGH in the serum of the hypophysectomized rats. Both
delivery methods resulted also in an increase in IGF-1 level.
In the control group, there was no change in the levels of
hGH and IGF-1.

Fig. 1. Microchannels on the surface of ViaDerm treated (A) fresh rat and (B) guinea pig skin samples, after staining with methylene blue
solution. The control group consisted of application of the ViaDerm device on the skin in the absence of the power source but held with the
same pressure followed by methylene blue staining. (I) Control, (II) ViaDerm treated skin.
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DISCUSSION

The orderly pattern of RF-generated MCs in terms of
their diameter and separated distances (Fig. 1) lays credence
as to the reproducibility of the ViaDerm in creating MCs.
Because methylene blue coloration of the MCs was a very
rapid process, it would demonstrate the hydrophilic nature of
the MCs. Indeed, previous studies showing the presence of

extracellular fluid in MCs from porcine skin would support
the theory of the hydrophilic nature of the MCs (9).

The notion of using electricity for enhancement of trans-
dermal drug delivery is not exclusive to the RF-microchannel
technology. Iontophoresis uses an electrical field in order to
drive ionized drug molecules across the SC barrier (13). In
electroporation, short electrical pulses are used to create tran-
sient aqueous pores in the SC (14). Neither of these methods
creates an orderly array of pores or MCs, by ablation of cells
in specific locations, as presented in this study. Moreover, the
ViaDerm device is user-friendly and minimally invasive. A
human device safety study with 20 subjects was successfully
completed with the electric parameters tested in this study. It
was found that the ViaDerm device produced only slight ir-
ritation responses (minimal erythema and no edema) of a
transient nature and the pain levels recorded were within the
acceptable range for clinical use (in preparation).

It is important to note that the area covered with MCs is
very small compared to the total skin area. MCs were created
in a density of 200 MCs per cm2 and less than 1% of the total
treated area consists of MCs. Nevertheless, these MCs are
highly amenable to the transdermal delivery of hGH, as non-
ViaDerm treated skin is totally impermeable to hGH due to
its large molecular size and hydrophilic nature (see also Fig.
3A, hGH on intact skin).

It is known that breaching the SC integrity is accompa-
nied by an elevation in TEWL (15). Therefore, the formation

Table I. Mean AUC and Relative Bioavailability Values in Rats and
Guinea Pigs

Mode of delivery

Dose
micrograms

(mcg)
AUC

(ng.hr/ml.)
Bioavailability

(% of s.c.)

Rats
s.c. 150 489 100
Transdermal 75 184 75.3
Transdermal 150 376 76.9
Transdermal 300 727 74.3
Transdermal 450 884 60.3
Guinea pigs
s.c. 50 176 100
Transdermal 50 57 32.4
Transdermal 150 175 33.1
Transdermal 300 362 34.3
Transdermal 400 404 28.7

Fig. 2. hGH levels (ng/ml) in serum or plasma after application of
increasing doses of transdermal hGH on 1.4 cm2 ViaDerm treated
area and s.c. injection of hGH: (A) Serum levels in rats. (B) Plasma
levels in GP. Each data point represents the mean ± SEM of 5–6
animals.

Fig. 3. Serum levels (ng/ml, mean ± SEM) of (A) hGH and (B) IGF-I
after application of 200 �g hGH on 1.4 cm2 ViaDerm treated area (n
� 9), s.c. injection of 150 �g hGH (n � 7), or no treatment (n � 9)
(control). Serum levels of hGH after application of 800 �g hGH on
intact skin served as negative control (A).
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of MCs in the skin was verified by comparing TEWL values
before and after treatment with the ViaDerm. There was a
significant enhancement, of about 13- and 9-fold in rats and
GPs, respectively, in TEWL values after ViaDerm applica-
tion, despite the fact that the MCs occupy less than 1% of the
skin area. It is also interesting to note that in rats and in
guinea pigs the enhancement in TEWL was of a similar mag-
nitude, despite of the differences in thickness of skin layers
(16). The increase in TEWL serves as an indication for the
creation of MCs, and as a predictor for the enhancement in
transdermal drug delivery (17).

Low bioavailability is one of the major obstacles for the
development of user-friendly delivery methods for peptides
and proteins. The manufacturing processes of these active
materials are usually complex with associated high costs. As
compared to parenteral methods, this low bioavailability sig-
nificantly reduces the feasibility of developing these alterna-
tive delivery methods as commercial products. If the bioavail-
ability of the protein using the delivery method is low (less
than 10–20%), there is a significant loss of protein resulting in
higher manufacturing costs. This is despite the fact that more
convenient methods will probably increase patient compli-
ance and therefore drug efficacy (4). The bioavailability of
hGH in this study relative to s.c. injection was found to be
surprisingly high (75% in rats and 33% in GP; Table I). The
RF-microchannel technology not only enabled the delivery of
a high-molecular-weight protein (hGH) but also permitted a
very efficient transdermal delivery of the drug.

This high bioavailability can be explained by the pro-
posed mechanism of absorption of the hGH from a powder
form. It is postulated that the highly water soluble hGH is
dissolved by fluid that exudes from the created MCs. Conse-
quently, a very high, local concentration of hGH solution is
formed in situ. The delivery of the dissolved molecules is then
mediated through the MCs into the viable tissues of the skin
by diffusion across a steep concentration gradient. This leads
to a high delivery rate and peak blood profile of the drug. The
profile resembles that of s.c. injection, with a small delay in
Tmax that stems from the time required for dissolving the solid
hGH and diffusion through MCs.

It is well-known that the SC functions as a rate control-
ling membrane in the case of transdermal delivery (18). In this
study, we have demonstrated a clear increase in AUC in re-
sponse to increasing amounts of drug on the patch. This dose
response was linear up to a dose of 300 �g per 1.4 cm2 and was
observed in both rats and GPs. It is a reasonable hypothesis
that following ViaDerm treatment, the SC no longer poses as
a barrier to drug penetration through the aqueous microcon-
duits. However, this linear increase in AUC did not persist at
doses higher than 300 �g. It would appear that in both animal
species, a dose of 300 �g/1.4 cm2 can be defined as the “maxi-
mal efficient dose,” at least when using the specific MCs den-
sity and electrodes that were used in this study. The factors
that limit the delivered dose may be dissolution rate of hGH
from the patches, the diffusion rate through the channels, the
healing process of the channels and/or metabolism of the pro-
tein drug by skin derived proteases. These factors may also
explain the differences in bioavailability observed in rats and
GPs. It may be that these species differences stem from dif-
ferent healing rate and/or differences in proteases population
and activity. This issue, as well as its relevance to human skin,
should be further studied.

In addition to bioavailability, it is necessary to evaluate
the effect of the processing method and delivery route on the
integrity, conformation, and activity of the delivered protein
drug (4). In this study, the bioactivity of the transdermally
delivered hGH was clearly demonstrated using the hypophy-
sectomized rat model. GH effects on cartilage growth are
partly mediated by circulating IGF-1. A deficiency of GH is
associated with low levels of IGF-1. In order to demonstrate
the bioactivity of the hGH delivered through ViaDerm
treated skin, hypophysectomized rats were used. The absence
of hypophysa in these rats brings about minimal levels of
endogenous GH, with concomitantly very low serum levels of
IGF-1. Delivery of exogenous hGH in an active state elicits
IGF-I release by the rat liver, which is expressed by a peak in
serum IGF-I levels (19,20). Significant hGH doses in the
plasma were measured in the ViaDerm treated rats reaching
maximum levels within 4 h (Fig. 3A). The elevation in hGH,
either in the s.c. or transdermal groups, was followed by an
increase in IGF-1 (Fig. 3B), demonstrating that the hGH de-
livered transdermally was in an active form. The fact that the
hGH retained its bioactivity throughout the patch manufac-
turing process and diffusion through skin layers underscores
the notion that this delivery method might be used in a clini-
cal setting.

In conclusion, this study demonstrates the functionality
of the RF-microchannel technology as an alternative delivery
method to s.c. injection of hGH. The similarities between the
two methods in bioavailability, bioactivity, and serum drug
profile offer much hope that the development of a commer-
cial product based on this transdermal technology might be
feasible.
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Abstract

The aim of this study was to increase the skin penetration of two drugs, granisetron hydrochloride and diclofenac sodium,
using a microelectronic device based on an ablation of outer layers of skin using radiofrequency high-voltage currents. These
radiofrequency currents created an array of microchannels across the stratum corneum deep into the epidermis. The
percutaneous penetration studies were first performed in vitro using excised full thickness porcine ear skin. An array of 100

2microelectrodes/cm was used in these studies. The skin permeability of both molecules was significantly enhanced after
pretreatment with the radiofrequency microelectrodes, as compared to the delivery through the untreated control skin. Steady

2 2state fluxes of 41.6mg/cm /h (r50.997) and 23.0mg/cm /h (r50.989) were obtained for granisetron and diclofenac,
respectively. The enhanced transdermal delivery was also demonstrated in vivo in rats. It was shown that diclofenac plasma
levels in the pretreated rats reached plateau levels of 1.2260.32mg/ml after 3 h to 1.4760.33mg/ml after 6 h, as compared
to 0.1660.04 mg/ml levels obtained after 6 h in untreated rats. Similarly, application of granisetron patches (3% in
crosslinked hydrogel) onto rats’ abdominal skin pretreated with radiofrequency electrodes resulted in an averaged peak
plasma level of 239.3643.7 ng/ml after 12 h, which was about 30 times higher than the plasma levels obtained by 24-h
passive diffusion of the applied drug. The results emphasize, therefore, that the new transdermal technology is suitable for
therapeutic delivery of poorly penetrating molecules.
   2003 Elsevier Science B.V. All rights reserved.

Keywords: Radiofrequency-microchannels; Radiofrequency ablation; Granisetron; Diclofenac; Transdermal delivery; Skin permeation

1 . Introduction ministration of drugs and other substances is re-
markably restricted. Passive penetration of the SC is

The outmost dermal layer, the stratum corneum particularly difficult for hydrophilic and charged
(SC), forms an effective barrier to the permeation of molecules. Consequently, transdermal delivery of
external chemicals; therefore, the transdermal ad- drugs has been the subject of intensive research. In

addition to the vehicle formulations and the chemical
enhancers [1,2], physical methods such as micronee-*Corresponding author. Tel.:1972-8-647-2709; fax:1972-8-
dles [3,4], iontophoresis and electroosmosis [5–7],647-2960.

E-mail address: asintov@bgumail.bgu.ac.il(A.C. Sintov). electroporation [8–13], and ultrasound [14] have
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been investigated. Synergistic interactions between The present paper is the first report describing this
chemical and physical enhancers as well as syner- novel method in facilitating the transport of hydro-
gism between two physical means of drug enhance- philic drugs, granisetron hydrochloride (pK 59.4,a

ment were also studied [15–17]. MW5348.9) and diclofenac sodium (pK 54.0,a

Radiofrequency (RF) thermal ablation is a well- MW5318.1), through the SC barrier. We have
known and effective technology for electrosurgery chosen these drugs because the transdermal adminis-
and ablation of malignant tissues. The method in- tration of charged and polar molecules is difficult
volves placing of a thin, needle-like electrode direct- due to the intrinsic lipophilicity of the SC. The
ly into the tumor. During the application of RF method of using RF energy is based on creating an
energy, a frequency alternating current moves from array of small microchannels across the SC into the
the tip of the electrode into the tissue surrounding viable epidermis by microablating skin cells. The
that electrode. As the ions within the tissue attempt high frequency electrical current conducted through
to follow the change in the direction of the alternat- the aqueous medium of the stratum corneum gener-
ing current, their movements result in frictional ates heat that brings about an instant removal of cells
heating of the tissue, producing coagulative necrosis beneath the electrode. Due to the high velocity (1 ms
and cell ablation. Operations using radiofrequencies per electrode), it is postulated that only heat conduc-
are considered safe and convenient during the tion results in the creation of microchannels, and
surgery, since cessation of neuromuscular stimula- other mechanisms such as electrochemical reactions
tion occurs at approximately 100 kHz. That is, while do not take place. Skin electroporation, which is
the target tissue absorbs the heat energy released operated by low duty cycle, high intensity electric-
during the electrosurgery, the applied high-frequency field pulsing, is also believed to create transient
current does not affect the proximal muscles [18– aqueous microchannels [8–13]. The creation of
21]. This technology has been adapted as an optional transient aqueous microchannels by RF energy has
physical enhancer of drug transport across the skin. been evidenced for the first time in the present
Its potential in the creation of aqueous microchannels report. The operating principle of RF-microchannel-
in the outer layer of the skin was studied. ing formation are shown in Scheme 1. As illustrated,

Scheme 1. Schematic presentation of RF-microchannels.
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a closely spaced array of tiny electrodes is placed cess, such as a peak current, final current, voltage,
against the skin while an alternating current at radio time and energy. The array is made of a polycarbo-
frequency is applied to each of the microelectrodes. nate body and stainless steel electrodes of length 100
This forms RF-microchannels on the very outer layer mm and diameter 40mm. It has 140 electrodes
of the skin through ablation of cells. The microchan- spaced 1 mm from each other in a square matrix
nels are designed to penetrate only the outer layers of arrangement. In this prototype, each electrode is
the skin where there are no blood vessels or nerve individually operated. The electrodes are designed to
endings, resulting in minimal skin trauma and neural create micro-channels that are 40mm wide and 70
sensation. mm deep. The operation of the RF-microchannel

generator is simple and easy. The user holds the
controller in his hand and presses the array against

2 . Materials and methods the test site on the skin. When a minimum pressure is
placed on the skin the RF-generator is activated and

2 .1. Instruments and materials the treatment begins automatically. Within seconds
(typically less than a millisecond per burst per

The RF-microchannels generator (ViaDerm�, electrode) the array completes its work. The density
Transpharma Ltd, Israel) is illustrated in Scheme 2 of the microelectrode array used in these studies was

2[22]. ViaDerm� generator is made of two primary 100 or 200 microelectrodes/cm . Each electrode
components: a reusable electronic controller in a size received a multiple number of bursts of RF energy as
similar to a phone handset, and a disposable array programmed. The animal studies (rats) were done
that can snap onto the end of the controller. The with the following conditions: applied voltage: 200
controller can communicate with a computer and be or 250 V; RF frequency: 100 kHz; burst length: 1
reprogrammed to change any of the critical parame- ms; number of bursts: 5; time between bursts: 15 ms.
ters used. The controller is also able to measure and Excised porcine skin for in vitro testing and his-
download electrical inputs during the ablation pro- tological observation was treated with an applied

Scheme 2. The handset system and the microelectrodes array (ViaDerm�, Transpharma Ltd.) as designed to facilitate the transdermal drug
delivery by transmission of radio frequency currents through the electrodes into the skin, and by the creation of microchannels.
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voltage of 380 V and five bursts or with 330 V and granisetron HCl) were pipetted into the donor cham-
two bursts, respectively. bers (0.5 or 1 ml of granisetron or diclofenac

Granisetron hydrochloride was obtained from solutions, respectively). Phosphate buffered saline
Natco Pharma, Hyderabad, India. Diclofenac sodium (PBS, pH 7.4) or ethyl alcohol–PBS (1:9) in
was purchased from Sigma. The drug solutions at a granisetron or diclofenac experiments, respectively,
concentration of 1% w/v were freshly prepared. was passed through the receiver cells at a flow rate
Sodium diclofenac was dissolved in 1:4 ethanol– of 2 ml /h. Samples from the receiver solutions were
water, while granisetron HCl was dissolved in dis- collected into tubes (using a fraction collector,
tilled water. For the pharmacokinetics experiments, Retriever IV, ISCO), at predetermined times for a
granisetron in solution was soaked into a crosslinked 24-h period. The samples were kept at 48C until
polyethylene oxide wound dressing (Vigilon, Bard analyzed by HPLC.
Inc.) to obtain a hydrogel patch containing 3% w/v
of drug substance. This formulation was prepared 2 .3. HPLC analysis of samples from receiver
and used in vivo instead of 1% w/v concentration solutions
utilized in the in vitro studies. All solvents were
HPLC grade (Merck, Germany).

2 .3.1. Diclofenac
Aliquots of 20 ml from each sample were injected2 .2. In vitro skin permeation study

into a HPLC system, equipped with a prepacked C18

column (Phenomenex LUNA�, 5 mm, 15034 mm).The permeability of diclofenac sodium and
The HPLC system (ProStar modules, Varian Inc.)granisetron hydrochloride through full thickness
was equipped with an autosampler and a UV detectorporcine ear skin was measured in vitro with a flow-
(Varian’s ProStar model 310). The quantification ofthrough Franz diffusion cell system (Laboratory
diclofenac was carried out at 280 nm. The samplesGlass Apparatus, Berkeley, CA). The diffusion area

2 were chromatographed using an isocratic mobilewas 3.1 cm . Full-thickness porcine skin was excised
phase consisting of acetonitrile–sodium acetate buf-from fresh ears of slaughtered white pigs (breeding
fer, pH 6.3 (35:65) at a flow rate of 1 ml /min.of Landres and Large White, locally grown in

Kibbutz Lahav, Israel). Transepidermal water loss
measurements (TEWL, Dermalab Cortex Technolo- 2 .3.2. Granisetron

gy, Hadsund, Denmark) were performed and only Aliquots of 10 ml from each sample were injected
those pieces that the TEWL levels were less than 15 into the HPLC system, equipped with a prepacked

2g/m /h were mounted in the diffusion cells. Skin C column (Phenomenex LUNA�, 5 mm, 1503418

microchanneling was performed in cells defined as mm). The detection of granisetron was carried out at
pretreatment group, then TEWL was measured again 305 nm. The samples were chromatographed using
to control the operation (see Table 1). The skin an isocratic mobile phase consisting of acetonitrile–
pieces were placed on the receiver chambers with the sodium acetate buffer, pH 4.2 (40:60) at a flow rate
stratum corneum facing upwards, and the donor of 0.75 ml /min.
chambers were clamped in place. Data were expressed as the cumulative drug

Drug solutions (1% w/v sodium diclofenac or permeation (Q ) per unit of skin surface area,Q /St t

Table 1
2Summary of TEWL values obtained before and after treatment with RF currents in the overall experiments (values are expressed in g/m /h)

Drugs aimed Control experiments Tested skin before Tested skin after
to be tested (without RF treatment) treatment treatment

Excised porcine skin Diclofenac 6.8360.54 8.2261.33 17.360.99
In vitro Granisetron 8.3860.93 10.6761.2 23.462.06
Abdominal rat skin Diclofenac 5.0560.65 5.3561.06 25.3861.44
In vivo Granisetron 6.1660.98 5.760.98 23.7364.33
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2(S53.1 cm ). The steady-state fluxes (J ) were 2 .5. HPLC analysis of plasma extractsss

calculated by linear regression interpolation of the
experimental data.

2 .5.1. Diclofenac
Into 100 ml of plasma, 200 ml of methanol was

2 .4. Pharmacokinetic studies of transdermal drug
added and mixed well. After centrifugation, aliquots

in rats
of 20 ml from each vial were injected into the HPLC
system, equipped with a prepacked C column18Male Sprague–Dawley rats (400–500 g, Harlan
(Phenomenex LUNA�, 5 mm, 15034 mm). The

Laboratories Ltd., Jerusalem, Israel) were anesthe-
HPLC system (Shimadzu VP series) was equipped

tized (5 mg/kg ketamine i.p.) and were placed on
with an autosampler and a diode array detector. The

their back. Anesthesia was maintained with 0.1 ml
quantification of diclofenac was carried out at 280

ketamine (100 mg/ml) along the experiment. The
nm. The samples were chromatographed using an

procedure protocol related to animals was reviewed
isocratic mobile phase consisting of acetonitrile–

and approved by the Institutional Animal Care and
sodium acetate buffer, pH 6.3 (30:70) at a flow rate

Use Committee.
of 1.5 ml /min. Calibration curves (peak area vs.

The abdominal skin hair was trimmed off and
drug concentration) were linear over the range 1–20

shaved carefully, and was cleaned with isopropyl
mg/ml.

alcohol. After 30 min, the transepidermal water loss
was measured to check skin integrity. At this stage,
RF-microchannels were generated on the shaved skin2 .5.2. Granisetron
of a test group. After generation of RF-microchan- The procedure was basically performed according
nels, TEWL was measured again and the obtained to Kudoh et al. [23]. Into 1 ml plasma, 500 ml of
values were documented (see Table 1). It was phosphate buffer (pH 7) was added and mixed well.
obvious according to the TEWL data that the hair The mixture was transferred on a 500-mg C-2 Bond
clipping and shaving did not cause apparent damage Elute SPE cartridge pre-washed consecutively with
to the skin. Each test group of the diclofenac methanol, water and phosphate buffer (pH 7). After
pharmacokinetic study consisted of three animals for plasma application, the SPE cartridge was washed
the whole testing duration, while the test group of with 2 ml water and 2 ml acetonitrile–water 40:60.
the granisetron study consisted of four animals for The cartridge was dried under vacuum and graniset-
each time period (n54; five sampling times; total of ron was then eluted with 2 ml methanol followed by
20 rats). Each experiment was accompanied by a 2 ml methanol containing 1% trifluoroacetic acid.
control group of animals that were not undergoing The combined eluent was dried at 408C under
the pretreatment procedure (n56 for diclofenac,n54 nitrogen and the residue was dissolved in 200 ml
with a total of 20 rats for granisetron application). methanol–water 10:90. Aliquots of 30 ml from each
Drug solutions (1% diclofenac sodium or 3% sample were injected into the HPLC system,
granisetron hydrochloride in a hydrogel sheet) were equipped with a prepacked C column (Hypersil8

then applied on the skin surface. In the case of BDS C-8 10033.0 mm, 3mm). The HPLC system
diclofenac solution, special containers glued to the (1050 HP) was equipped with an autosampler, and a
skin by a silicon rubber were used to hold drug fluorescence detector (Model 1046A). The detection
solution over the specified place. Skin surface areas of granisetron was carried out at 305-nm excitation

2 2 2of 1.4 cm or 2.8 cm (1.4 cm32) were covered wavelength and 365-nm emission wavelength. The
with granisetron patches and diclofenac solutions, samples were chromatographed using an isocratic
respectively. Blood samples were taken under anes- mobile phase consisting of acetonitrile–0.1 M ace-
thesia from the tail vein (while monitoring di- tate buffer (pH 4.7) containing 10 mM hexa-
clofenac) or directly from the heart (while moni- nesulfonate and 0.23 g/ l EDTA (19:81) at a flow
toring granisetron) into heparanized tubes. After rate of 0.3 ml /min. Calibration curves (peak area vs.
centrifugation, plasma samples were kept at220 8C drug concentration) were linear over the range 2–100
until analyzed for drug concentration. ng/ml.
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2 .6. Histology epidermis — 36.9mm vs. 49.5mm, respectively [26]
— indicating that RF-microchannels would go into

RF-microchannels were created at a density of 200 the human epidermis without perturbing the dermis.
2channels /cm on the dorsal skin of a pig. Skin The permeability of diclofenac sodium and

biopsies were taken immediately after RF-mi- granisetron hydrochloride through excised porcine
crochannels creation, by a biopsy punch, and pre- ear skin was significantly enhanced after pretreat-
served in 4% buffered formaldehyde solution. The ment with RF energy, as compared to the delivery
samples were embedded in paraffin wax, cut to a through the untreated control skin (Figs. 2–3). After
thickness of 4–5mm, stained with hematoxylin and lag times of 3 and 9 h, pseudo steady state fluxes of

2 2eosin (HandE) and examined microscopically. 41.6mg/cm /h (r50.997) and 23.0mg/cm /h (r5
0.989) were obtained for granisetron and diclofenac,
respectively. These results were compared to fluxes

3 . Results obtained after 24-h penetration through untreated
2intact skin (passive delivery) — 5.9mg/cm /h (r5

2The photomicrograph of Fig. 1 shows the mi- 0.983) and 6.0mg/cm /h (r50.988) for granisetron
crochannel produced by RF energy of 330 V applied and diclofenac, respectively. The concentration of
voltage (100 kHz; two bursts). The tissue around the the drugs in the donor was 10 mg/ml; therefore, the
microchannel showed normal epidermal and dermal ‘apparent permeability coefficients’ (J divided byss

structure, with no pathological changes. The mi- donor concentration) after RF-microchanneling were
24 24crochannel produced at these conditions measures 41.63310 and 22.98310 cm/h for granisetron

about 30mm in diameter and 70mm in depth from and diclofenac respectively (Table 2). The values
the epidermal surface into the superficial dermis. The obtained for granisetron and diclofenac were 7.1 and
porcine epidermis is usually thinner than human 3.8 times, respectively, higher than the coefficients

2Fig. 1. Photomicrograph of cross-section of porcine skin treated with RF currents (density5200 electrodes/cm ) of 200 V applied voltage
(100 kHz; five bursts) showing a localized microchannel intruding the epidermis into the superficial dermis (70mm in length),
hematoxylin–eosin staining, 4003.
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obtained after a passive diffusion through the porcine
skin. As shown in Fig. 2, by multiplying the density
of the electrodes array from 100 to 200 electrodes/

2cm , the in vitro percutaneous penetration of di-
clofenac changed slightly (apparent permeability

24coefficient526.3310 cm/h compared to 23.03
2410 cm/h), although it was not statistically signifi-

cant.
The enhanced transdermal delivery was also dem-

onstrated in vivo in rats. It was shown that di-
clofenac plasma levels in the pre-treated rats reached
plateau levels of 1.2260.32 mg/ml after 3 h to
1.4760.33 mg/ml after 6 h, as compared to
0.1660.04 mg/ml levels obtained after 6 h inFig. 2. In vitro percutaneous penetration of diclofenac sodium

from 1% hydroalcoholic solution after skin was pretreated with untreated rats (Fig. 4). This enhancement was
RF currents of 200 V applied voltage (100 kHz; five bursts), using achieved by using an array consisting of 1002an array of 100 microelectrodes/cm (triangles) and 200 2electrode/cm and an applied voltage of 250 V.2microelectrodes/cm (circles). Passive diffusion through untreated

When a power of 200 V was applied, the drugskin is also illustrated (squares). The in vitro testing was per-
plasma levels were significantly reduced (P.0.05),formed on porcine ear skin in Franz diffusion cells (n56).

rising to only 0.93mg/ml after 6 h. Fig. 5 shows the
pharmacokinetics profiles of granisetron in rats for
24 h after dermal application of patches containing
3% granisetron. A group of animals that were pre-

2treated with an array of 100 electrodes/cm deliver-
ing an RF energy of 250 V applied voltage was
compared with the untreated control group (n54).
The plasma levels of granisetron in the pretreated
group reached a peak after 12 h with an averaged
value of 239.3643.7 ng/ml. This enhanced con-

Fig. 3. In vitro percutaneous penetration of granisetron hydrochlo-
ride from 1% aqueous solution after skin was pretreated with RF
currents of 200 V applied voltage (100 kHz; five bursts), using an

2array of 100 microelectrodes/cm (squares). Passive diffusion
through untreated skin is also illustrated (diamonds). The in vitro
testing was performed on porcine ear skin in Franz diffusion cells
(n56).

Table 2
Comparison of the apparent permeability coefficients obtained for
granisetron and diclofenac transport through porcine skin

Permeability coefficient (cm/h)
Fig. 4. Plasma levels (mg/ml) of diclofenac in rats after applica-

2Granisetron Diclofenac tion of 1% hydroalcoholic solution on 2.8 cm skin surface area.
The diamond-shaped symbols represent skin pretreatment with RF24 24Intact skin 5.86310 6.05310
currents of 250 V applied voltage (100 kHz; five bursts) (n53),a 24 24RF -treated skin 41.63310 22.98310
while the circle-shaped symbols represent skin pretreatment with

a 2RF-microchannels were created using 100 electrodes/cm . RF currents of 200 V applied voltage (n53). The pharmacokinetic
Applied voltage: 200 or 250 V; RF frequency: 100 kHz; and profile of passive diffusion through untreated skin is represented
number of bursts: 5. by the square-shaped symbols (n56).
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2Fig. 5. Plasma levels (ng/ml) of granisetron in rats after application of 3% aqueous solution in Vigilon hydrogel patches on 1.4 cm skin
surface area. The square-shaped symbols represent skin pretreatment with RF currents of 200 V applied voltage (100 kHz; five bursts)
(n54). The pharmacokinetic profile of passive diffusion through untreated skin is represented by the diamond-shaped symbols.

centration was about 30 times higher than the plasma tumors and lesions by RF-electrodes [19], the RF
levels after dermal granisetron application, which power (,1 MHz) causes oscillatory movement of
passively absorbed to the blood circulation during 24 ions in the tissue with a velocity that is proportional
h, as demonstrated by the pharmacokinetics profile to the electric field intensity. This ionic current
of the control group (Fig. 5). results in a frictional energy loss, heating and

coagulation necrosis. It has been postulated accord-
ing to the fact that the immediate surroundings of the

4 . Discussion microchannel was not damaged that heat is created in
the ablated cells themselves, rather than being con-

It has already been evidenced by many publi- ducted from an external source. Further mechanistic
cations that high voltage electric-field pulses sig- studies are needed to elucidate how RF currents
nificantly increase the transdermal flux of drugs [8– work on skin tissue.
13]. This phenomenon, which is called electropora- The fluxes and the permeability coefficients of
tion (or electropermeabilization), is believed to in- diclofenac sodium and granisetron hydrochloride
volve the creation of transient aqueous ‘pores’ in the through porcine skin in vitro, as shown in Table 2
lipid bilayers of the SC. While neither visual evi- and Figs. 2–3, demonstrate that granisetron HCl is
dence of these pores has been reported nor the twice more permeable through RF-pretreated porcine
physical nature of the structural skin changes is skin than diclofenac sodium. The molecular weights
known, the mechanism by which electroporation of both drugs are similar (349 and 318 for graniset-
increases the transdermal flux is incomplete, thus ron and diclofenac salts, respectively), however, in
being explained by theoretical models of transient the vehicle and in the physiological environment of
aqueous pathways in planar lipid bilayer systems the skin they are salts, which possess opposite
[24]. Our study presents for the first time a new charges. Since granisetron is a positively charged
method of creating visual pores or microchannels in molecule and diclofenac is negatively charged polar
the skin outer layers by radiofrequency currents. The molecule, it may imply that electrostatic attraction/
mechanism by which these visual microchannels repulsion ratios dictate the migration along the
(Fig. 1) are created may be explained by the heat aqueous microchannels. This might also be an indi-
released during a fast flow of ions in the epidermis. cation of a potential gradient that is created by RF
Based on the known practice of needle ablation of microchanneling procedure in which, like ion-
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[4] D.V. McAllister, M.G. Allen, M.R. Prausnitz, Microfabri-tophoresis, monovalent cations cross the skin more
cated microneedles for gene and drug delivery, Ann. Rev.easily than monovalent anions based on the net
Biomed. Eng. 2 (2000) 298–313.

negative charge of the skin [25]. It is also reasonably [5] P. Singh, P. Liu, S.M. Dinh, Facilitated transdermal delivery
postulated that the diffusion through the aqueous by iontophoresis, in: R.L. Bronaugh, H.I. Maibach (Eds.),
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