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Abstract

The local neurotoxicity of drugs administered peri- or epidurally
can be influenced, among other factors, by leachables resulting from
the packaging material. In this study, the neurotoxicity of Tripropyl-
ene Glycol Diacrylate (TPGDA), a leachable resulting from printing
ink, was assessed in vitro and in vivo. Reduction of neuronal cell
viability, as measured by the Neutral Red Uptake assay, occurred at
concentrations of 12.5uM TPGDA or higher. Reduction of metabol-
ic activity of neuronal cells, determined by the CellTiter-Glo® assay,
started at concentrations of 6.25uM TPGDA. Changes in the spike
and burst pattern, as measured by the eCiphr® Neuro assay, were
observed with 1hr incubation of cells with concentrations of 20uM
TPGDA. No histopathological changes in morphology of the spinal
cord were observed after intrathecal administration of up to 0.65uM
TPGDA. The concentration of 0.65uM TPGDA is thus the highest
determined concentration without local neurotoxic effects in vivo in
rats and thereby considered safe for administration to patients.
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Introduction

During drug development, adverse effects of a drug product are
assessed through numerous toxicological studies. The safety of a
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drug product, however, is not only dependent on the effects of the ac-
tive pharmaceutical ingredient. Drug degradants, impurities, as well
asleachables resulting from different components of the packaging
material have a substantial impact as well, and their safety needs to
be demonstrated. In this context, neuronal tissuesare of utmost impor-
tance due to their role in the central functions they control, and their
limited regenerative capabilities. Impurities and leachables associated
with drugs indicated for administration in close proximity to neuronal
tissues, such asperidural local anesthetics, must therefore beevaluated
for local neurotoxic effects.

Here, we investigated the local neurotoxic effect of Tripropyl-
eneglycol Diacrylate (TPGDA, CAS 42978-66-5), a leachable re-
sulting from printing ink (Product Quality Research Institute (PQRI))
[1]. The systemic toxicity of TPGDA is well described. It is severe-
ly irritating to the eyes and classified as a skin sensitizer (European
Chemicals Agency (ECHA))[2]. Data on skin irritation range from
none to slight edema after 48h as well as slight to well define ery-
thema after 72h of exposure (European Chemicals Agency (ECHA))
[2]. Following oral administration, TPGDA induces adverse effects in
the liver, but has not been shown to cause neurotoxic effects at dos-
es up to 750mg/kg/day (European Chemicals Agency (ECHA))[2].
Local effects after oral administration are due to the irritating nature
of the substance, and include hyperplasia and hyperkeratosis in the
non-glandular portion of the stomach (European Chemicals Agency
(ECHA))[2]. However, local neurotoxic effects of this irritating sub-
stancehave neither been determined in animals, nor in human beings.
The aim of this study was to determine a concentration of TPGDA not
eliciting local neurotoxic effects when administered in close proxim-
ity to neural tissue.

Materials and Methods
Chemicals

TPGDA was obtained from Chemical Point UG (Deisenhofen,
Germany).

In vitro Experiments

Cell treatment for Neutral Red Uptake (NRU) and CellTiter-Glo®
assay: The cells used in these assays werederived from a human bone
marrow-derived neuroblastoma cell line, SHSYSY, which is often
used as an in vitro model for neuronal function and differentiation.
Thecells were routinely grown in Ham’s DMEM/F-12 medium sup-
plemented with 10% Fetal Bovine Serum at 37°C in a humidified
atmosphere containing 5% carbon dioxide. One day prior to the ex-
periments, cells were plated in 384-well tissue culture plates, 25uL/
well at approximately 1x10°cells/mL for CellTiter-Glo® assay, and
25uL/well at approximately 4x10°cells/mL for NRU assay followed
by overnight incubation. Subsequently, cells were treated with TPG-
DA (triplicate, 10 concentrations in 2-fold dilutions)or controls (du-
plicate, 10 concentrations in 2-fold dilutions and incubated at 37°C in
a humidified atmosphere, 5% CO, for 48hr. Chlorpromazine (CPZ)
and carbonyl cyanide 3-Chlorophenylthydrazone (CCCP) were used
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as positive controls and Dimethyl Sulfoxide (DMSO) served as the
vehicle control (0.5% final concentration)on all plates.

Neutral Red Uptake: Following 48hr incubation, media was re-
moved and replaced with 25uL of prepared Neutral Red (33pug/mL
NR) solution followed by further incubation at 37°C for 3hr. After in-
cubation, Neutral Red solution was removed, cells were washed once
with 25pL PBS and 50uL of Neutral Red Assay Solubilization Solu-
tion (49 parts water + 50 parts ethanol + 1 part acetic acid) was added
to each well. The plate was placed on the plate shaker for 10min to
fullyextract Neutral Red from the cells followed by absorption mea-
surement via spectrophotometer at 540nm.

CellTiter-Glo®: After incubation with test compounds, 25uL media
from each well was removed and replaced by 25uL of the CellTi-
ter-Glo® (1:1 ratio). The plate was placedon a plate shaker for 2min
and then incubated at room temperature in the dark for 10min. Lumi-
nescence was measured on a Synergy H1 plate reader within 20min.

Cell treatment for eCiphr®Neuro: Functional neurotoxicity was as-
sessed with the eCiphr®Neuro assay. This assay used spike (single
action potential) and burst (periods of rapid action potential spiking
followed by quiescent periods) data from cryogenically preserved rat
cortical neurons and to investigate the effect of compounds on several
aspects of a spike pattern. 48-well microelectrode array plates were
coated with polyethyleneimine, rinsed and allowed to dry in a sterile
environment overnight at room temperature.

Lhr prior to plating, a laminin solution was applied to the center
of the well covering the electrodes and incubated at 37°C. Cryopre-
served rat cortical neurons were thawed and slowly diluted with neu-
robasal medium supplemented with Gibco B-27 neuronal cell culture
supplement, L-glutamine and penicillin-streptomycin (NB/B27) in a
drop-wise manner to avoid osmotic shock. Following a centrifugation
step, the supernatant was decanted, and the cell pellet was suspended
in NB/B27 medium at a concentration of 5 x 10° cells per mL.

Prior to plating, the laminin solution was aspirated from the wells
and the cells were plated onto the Microelectrode Array (MEA) plates
resulting in 75,000 cells per well. The plates were incubated for 2hr at
37°C to allow sufficient attachment and then 250uL of NB/B27 me-
dium was slowly added to each well. After a 1-day incubation period,
an additional 250pL of the same medium was added to achieve a final
well volume of 500uL. The cells were maintained in a humidified
incubator at 37°C for 13-16 days with media changes 3 times a week
before experimental procedures were performed. The activity of cells
was recorded prior to dosing (baseline) using the Axion Biosystems
Maestro microelectrode array system.

For dosing, 250uL of medium was removed from each well, dis-
pensed into the corresponding wells of a sterile 48-well plate and
mixed with vehicle, positive controls, or test compounds (DMSO
final concentration 0.2%) at four concentrations in triplicate. The for-
mulations were carefully added back to the corresponding wells of the
MEA and incubated for 1hr at 37°C. A post-dose recording was ob-
tained on the MEA system. Picrotoxin 10uM and Domoic acid 10uM
were included as positive controls on all plates, while DMSO 0.2%
was added as the negative control.

eCiphr®Neuro microelectrode array: All recordings were obtained
with Axion Biosystems Maestro microelectrode array system (Axion
Biosystems), a 768-channel high throughput MEA platform, utilizing

48-well plates configured with 16 electrodes per well. Prior to com-
pound addition, a baseline of spontaneous spike activity was record-
ed using the Maestro system. At a predetermined time (one hourpost
dose), an additional recording was obtained. Both raw data files were
re-recorded using AXIS software’s Spontaneous Neural Configuration
to generate a spike file.

Prior to baseline recordings, an assessment of activity was per-
formed for each well of the 48-well MEA by observing spontaneous
spike activity on the Maestro system. Wells with no or sparse activity
were eliminated from the experiment determined by visual inspection
of the live spike trains for each well.

After a 3-min equilibration time, baseline recordings of approxi-
mately 15min in length were obtained immediately before the addi-
tion of treatment compounds and controls. For analysis, electrodes
with 100 or more spikes (~7 spikes/min) were determined to be “ac-
tive” and only wells with 5 or more active electrodes were used in the
final analysis. Following 1hr incubation at 37°C with compounds, an-
other 15min recording was obtained after a 3min equilibration time.
If a treated well fell below the activity threshold due to compound
effect, only spike count was determined and reported. All other pa-
rameters were not calculated.

The following endpoints, calculated using custom MATLAB
(MathWorks, Natick, MA) scripts, were reported:

+ Firing Rate: Number of spikes normalized by time of the recording
* Burst Rate: Number of bursts normalized by time of the recording

* Number of Spikes in Burst: Calculated number of spikes that oc-
cur within bursts

* Percent of Isolated Spikes: Percent of spikes occurring outside of
bursts

» Cocfficient of Variation (CV) of the Inter Spike Intervals (ISI):
Difference in time between adjacent spikes in each channel was
computed to obtain the inter-spike intervals. The mean and stan-
dard deviation of the ISI’s for each channel was computed to yield
a coefficient of variation

* Normalized IQR Burst Duration: Interquartile Range of the burst
duration is normalized by the median of the burst duration

* Burst Duration: Length of time that a burst lasts between the first
and last spike

+ Inter burst Interval: Time between the trailing spike of each burst
and the leading spike of the subsequent burst

» Inter spike interval distance: ISI-distance is calculated by the
Kreuz method for spike train synchrony

* Normalized Mean Absolute Deviation (MAD) burst spike num-
ber: Statistical dispersion of the spikes in bursts

* Median ISI/Mean ISI: Median inter spike interval divided by the
mean inter spike interval

* Median ISI: Median inter spike interval

Analysis of in vitro experiments: For the CellTiter-Glo®, the percent
change relative to controls was calculated by dividing the lumines-
cence value of each well of treated cells by the average luminescence
value of the vehicle control wells and multiplying by 100. For the
NRU assay, the percent change relative to controls was calculated
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by dividing the absorbance value of each well of treated cells by the
average absorbance value of the vehicle control wells and multiplying
by 100.

Response (% control) = [Response with Compound]/[Vehicle Re-
sponse] x 100

A dose response curve was used to determine the IC50 using
GraphPad Prism software for the results of the NRU and the Cell-
Titer-Glo® assay. The percentages of control of each endpoint of the
eCiphr®Neuro were statistically analysed with a two-way ANOVA.

In Vivo Experiment

Animals: A total of 60 Sprague Dawley rats, 30 males and 30 females,
aged 9 to 10 weeks old and with an initial bodyweight of 351 to 406g
(males) and 250 to 305g (females) were used in this study. Animals
were group housed (up to 3 animals of the same sex and same dosing
group together) in polycarbonate cages containing appropriate bed-
ding equipped with an automatic watering valve. Target temperatures
of 19°C to 25°C with a relative target humidity of 30% to 70% were
maintained. A 12hr light/12hr dark cycle was maintained as well. PMI
Nutrition International Certified Rodent Chow No. 5CR4 as well as
tap water was provided ad libitum throughout the study. All animal
experiments comply with the Canadian Council on Animal Care and
are in accordance with the National Research Council (US) Commit-
tee for the Update of the Guide for the Care and Use of Laboratory
Animals (National Institute of Health) [3].

Experimental design: Animals were divided into 3 groups. Ten
animals per sex of each group received either the vehicle or a low
or a high dose of TPGDA via intrathecal injection. On day 2 after
dosing, 5 animals per sex per group were euthanized and analyzed
histopathologically. After a recovery period of 14 days, the remaining
5 animals per sex per group were euthanized and analyzed on day 15
after dosing.

Dosing: Animals of the vehicle control group received 50uL 0.9%
sodium chloride for injection (Reference Item). Animals receiving
TPGDA were administered 50uL of a 39 pg/L or 195 ug/L TPG-
DA containing 0.9% sodium chloride solution, resulting in dosages
of 1.95ng/animal and 9.75ng/animal. The Test and Reference Items
were administered once via a single direct intrathecal injection at the
lumbar level (L4/L5). The dosing syringe was filled with 50uL of Test
or Reference Item dose formulations and 0.2 to 0.3mL of air was at-
tached to the needle and the volume was slowly injected. The wound
was closed using a subcuticular suture of absorbable suture material.

The needle (with syringe) remained in the intrathecal space for at
least 30 seconds aftercompletion of the injection. The position of the
needle was confirmed so that the opening was facing rostral prior to
the dose administration.

Observations: The animals were removed from the cage, and a de-
tailed clinical observation was performed once pretreatment (on Day
-1), weekly thereafter, and on the day of termination.

Tissue preparation: Main study and recovery animals surviving un-
til scheduled euthanasia were weighed andeuthanized by exsanguina-
tion by incision from the abdominal aorta following isofluraneanes-
thesia. Main study and recovery animals were subjected to a complete
necropsy examination, which included evaluation of the carcass and

musculoskeletal system; all external surfaces and orifices; cranial
cavity and external surfaces of the brain; and thoracic, abdominal, and
pelvic cavities with their associated organs and tissues. Representa-
tive samples of the tissues were collected from all animals, preserved
in 10% neutral buffered formalin, embedded in paraffin, sectioned,
mounted on glass slides, andstained with hematoxylin and eosin for
histopathological analysis.

Statistical analyses of in vivo experiments: Levene’s test was used
to assess the homogeneity of group variances parametric assumption
at the 5% significance level. Datasets with at least three groups were
compared using an overall one-way ANOVA F-test or Kruskal-Wallis
test (when parametric assumptions were not met) at the 5% signifi-
cance level. The above pairwise comparisons were conducted using
a two-sided Dunnett’s or Dunn’s test, respectively, when the overall
test was significant. Datasets with two groups were compared using
a two-sided t-test or Wilcoxon Rank-Sum test, respectively. All sig-
nificant pairwise comparisons were reported at the 0.1, 1, and 5%
significance levels.

Results and Discussion

To investigate the local neurotoxic effects of TPGDA we under-
took three in vitro experiments and one in vivo experiment in rats. In
all in vitro experiments, the positive controls reacted as expected and
were therefore considered valid. In the NRU assay, an experiment
assessing the percentage of viable cells compared to the negative
control, TPGDA revealed an IC50 of 22.35uM with the dose range
0f 0.195 - 100uM. The highest non-toxic concentration was 6.25uM
(Figure 1). In the CellTiter-Glo® assay, an experiment determining the
percentage of ATP produced by the metabolically active cells com-
pared to the negative control, TPGDA revealed an IC50 of 12.92uM
with the dose range of 0.195 - 100uM. The highest non-toxic concen-
tration was 3.13uM (Figure 2). In the eCiphr®Neuro, no changes in
neuronal activity occurred up to a concentration of 6.25uM TPGDA.
At 20uM, TPGDA caused a decrease in the median number of spikes
in burst, which was close to, but did not reach significance (p = 0.06).

In addition, 20uM TPGDA treatment of cells resulted in a sta-
tistically significant increase in percent isolated spikes.Statistically
significant increases in the median Inter Spike Interval (ISI) as well
as the median/mean ISI occurred with 2 and 20uM TPGDA (Figure
3). All other parameters were not statistically significantly different
at 20uM concentration. The high variability of the median ISI in this
very small number of samples (n=3) puts into question the biological
relevance of the observed change in these two related endpoints (me-
dian ISI and median/mean ISI).

The in vitro cytotoxicity of TPGDA was also assessed in cell types
other than neuronal cells by another research group. In normal human
epidermal keratinocytes and bronchial epithelium,treatment with up
to 200uM TPGDA did not induce cytotoxic effects, while normal hu-
man dermal fibroblasts only tolerated TPGDA concentrations of up to
40uM without cytotoxic effects [4]. Of note, incubation times were
shorter in the experiments reported by Nylander-French and cowor-
kers, 18hr instead of 48hr, and thus no direct comparison to our study
can be done.

No TPGDA-related microscopic findings were noted at comple-
tion of the main or recovery periods after intrathecal injection of up to
195ug/L TPGDA (0.65uM) in rats. Furthermore, no TPGDA-related
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clinical observations or unscheduled deaths were observed through-
out the study. One limitation of the study is that only concentrations
of up to 0.65uM TPGDA were administered intrathecally. The actual
concentrations without neurotoxic effects may thus be higher.
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Figure 1: Neutral red uptake assay after 48hr incubation of neuronal cells
with TPGDA. At concentrations of > 6.25uM, the percentage of viable cells
decreased and was close to zero at concentrations > 50uM TPGDA. Data are
given as mean + SD of three individual wells.
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Figure 2: Cell Titer-Glo® assay after 48hr incubation of neuronal cells with
TPGDA. At concentrations of > 3.13uM, the percentage of metabolically active
cells decreased and was close to zero at concentrations > 50pM TPGDA. Data
are given as mean + SD of three individual wells.
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Figure 3: eCiphr®Neuro assay after 48hr incubation of neuronal cells with
TPGDA. At concentrations 20uM, the median number of spikes in burst de-
creased, while the percentage of isolated spikes increased. Median Inter Spike
Interval (IST) and median/mean ISI both increased at concentration of 2 and
20uM, but not 6.3uM TPGDA. Data are given as mean = SD of three individual
wells. Dashed horizontal line = 100 % of mean control cell value.

In summary, the main finding of this study is the determination of
a non-neurotoxic concentration of 0.65uM TPGDA in vivo despite
the irritant potential of this substance. Concentrations up to 3.13uM
were tolerated for 48hr incubation in neuronal tissue in vitro and war-
rant further investigations of the actual highest non-neurotoxic dose
in vivo. For the time being, 0.65uM TPGDA are considered safe for
administration to human patients even in close proximity to vulnera-
ble neuronal tissue.
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