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with a 1% false-positive error rate (Sasaki er al., 2009). As shown
in Fig. 2A. we first monitored ongoing network activity under con-
ditions of (in mm): K¥, 4.2; Mg™. 1.5; Ca®*, L.5. for 10 min to
detect relay sequences. We then changed the extracellular solution
to the modified aCSF (in mm: K*. 2.2; Mg**. 3.0; Ca**. 3.2). This
procedure was employed to minimize spontaneous activity and syn-
aptic transmission failure, and thereby increase the fidelity of ROT-
ing. After the network stabilization, we clamped two-five neurons at
a holding potential of 0 mV to record inhibitory PSCs. and moni-
tored the spatiotemporal firing patterns of neurons using fMCI
(Fig. 2B). To improve detection accuracy, we conducted whole-cell
recordings from two-five neurons that were located at an inter-cell
distance of > 50 um. A cocktail of ionotropic glutamate receptor
antagonists, CNQX and APS, was applied so that PSCs reflected
inhibitory activities more faithfully. Under these conditions, we
applied 50 mm K* through a glass pipette and induced calcium
events in a small fraction of neurons. The pipette was slowly moved
over the pyramidal cell layer to equally activate as many neurons as
possible (Fig. 2C). Some calcium events in different neurons coin-
cided during relatively short time periods. but most of them were
not fully synchronized and were separable. We analysed the relative
timing between calcium events of individual neurons and inhibitory
PSCs of the patched neurons, and determined putative inhibitory
neurons that projected to the patch-clamped neuron. In the example
data shown in Fig. 2D, the timings of the calcium events of neuron
#37 coincided significantly with the timings of PSCs, with a P-value
< 0.01, which indicates that this neuron could be a presynaptic cell
candidate that transmits inhibitory transmission to the patched neu-
ron. By applying this analysis to all imaged neurons, we defined the
positions of putative inhibitory cells. The ratio of putative inhibitory
neurons to total active neurons was 19.1 4 1.8% (1 = 2935 active
cells from five slices). This fraction is in agreement with the estima-
tion that the overall proportion of interneurons in the hippocampal
pyramidal cell layer is ~20% (Freund & Buzsaki, 1996). Based on
the offline identification of putative excitatory and inhibitory cells,
we separately reconstructed their ongoing activity patterns (Fig. 2F)
that were recorded before application of ROTing (for procedure, sce
Fig. 2A). The frequency of spontaneous activity of inhibitory
neurons was slightly higher than that of excitatory neurons, but the
difference was not statistically significant (Fig. 2G).

Inhibitory neurons are active before repeating sequences

We then investigated how excitatory and inhibitory neurons are
engaged in the sequential events. The ratios of the number of events
participating in sequences to the total number of events were
41.8 £ 3.9% and 35.8 £ 8.8% in excitatory (n = 515 cells) and
inhibitory (1 = 54 cells) cells, respectively. To examine the activity
changes before and after the appearance of repeating sequences, we
aligned rastergrams of population activity to the onset of individual
sequences (Fig. 3A). The resulting peri-event time histogram revealed
that the firing rates of inhibitory cells increased progressively before
the emergence of repeating sequences: the mean calcium event fre-
quency of inhibitory cells increased significantly by 510% during a
period of 20-100 ms before the onset of repeating sequences
(Fig. 3B; P = 0.031, 1, = 3.24, paired-r test, n = 54 cells from five
slices). In contrast, no elevation of the firing rate occurred in excit-
atory cells (P > 0.05, n = 515 cells). Once sequences started, excit-
atory and inhibitory neurons showed 3.4 and 4.5 times increases in
their firing rates, respectively (P < 0.05, Tukey's test after anova).
These firing rate changes resembled those observed during SW-Rs
(Csiesvari er al., 1999, 2000; Klausberger er al., 2003).

Interneurons precede repeating sequences 2031

We analysed the activity patterns of individual inhibitory cells
and identified interneurons that were specifically activated before
individual sequences (Fig. 3C). We observed that the same inhibi-
tory neurons tended to be activated prior to the emergence of identi-
cal sequences (Fig. 3D). The probability that a sequence was
repeatedly preceded by the same inhibitory cell was significantly
higher than the probability that a sequence was preceded by differ-
ent inhibitory cells (Fig. 3D; P = 0.042, 1, = 2.95, paired r-test). To
examine the spatial relationship of the pre-activated interneurons
and the subsequent relay sequences, we measured the cell-to-cell
distance between the neuron activated first in a sequence and the
interneuron that fired ahead of the sequence (Fig. 3E). The mean
distance was 61.3 4 2.4 um, which was significantly smaller than
that obtained from 100 surrogate datasets (Fig. 3F; P = 1.3 x 107%,
Dysg5 = 0.20, Kolmogorov—-Smirnov test). The surrogates were gen-
erated by random shuffling of the cell identity within each cell map.
These results suggest that the generation of repeated sequences was
determined by the firing of specific interneurons that were located
close to the initiation sites of the sequences.

To further verify the relevance of the selective increase in firing
rates in inhibitory cells, we determined if the activity patterns of
individual cells can predict the sequence-onset times. In each cell
type, we created a vector (prediction vector) that represented the
ratios of the number of calcium events that preceded any sequences
by 0-100 ms to the number of total events in individual cells
(Fig. 4A). The ratio represents the prediction probability that one
sequence emerges 0—-100 ms after the calcium event of each neuron.
Typically, inhibitory cells showed higher probabilities than excit-
atory cells. Then, the likelihood of the emergence of a repeating
sequence was calculated at every instantaneous time by defining the
prediction scores as the ratio of the number of correctly predicted
events to the total number of predicted events. The prediction scores
obtained from inhibitory cells were significantly higher than those
from excitatory cells and those of inhibitory cells in IEI-shuffled
datasets (Fig. 4B; P < 0.05, Tukey’s test, n = 5). Thus, compared
with excitatory cells, the activity patterns of inhibitory cells
provided a better prediction for sequence emergence.

Next, we examined the firing properties of interneurons with a
prediction probability of > 0.20 (termed here ‘trigger interneurons’).
Based on the temporal patterns of calcium events, individual trigger
interneurons were classified into three cell types: oscillatory cells
(type 1); bursty cells (type 2); and random firing cells (type 3).
Oscillatory cells were defined as cells in which the coefficient of
variation of IEIs was < 0.6. Bursty cells were defined as cells in
which 40% of the IEIs were < | s, Random firing cells were defined
as cells that were not classified into the above two types. Out of 20
trigger interneurons, six cells and 10 cells were found to be oscilla-
tory and bursty cells, respectively (Fig. 4C). This result suggests
that both firing types are likely to contribute to the generation of
repeating sequences.

Activation of a single interneuron can trigger repeating
sequences

In order to clarify the causal influence of interneurons on the emer-
gence of repeating sequences, we tested whether stimulation of an
interneuron could trigger repeating sequences in surrounding neu-
rons. An anatomically identified interneuron was whole-cell recorded
and spike trains were repeatedly evoked while monitoring popula-
tion activity by fMCI (Fig. 5B). In five cells out of 10 cells
recorded, phasic stimulation (200 pA, 500 ms) at a frequency of
0.1 Hz increased the frequency of repeating sequences by
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Fi1G. 2. Mapping of inhibitory neurons in the hippocampal CA3 region. (A) Schematic illustration of the experimental procedure. After recording ongoing activ-
ity patterns using fMCT (left), the ionic composition of the aCSF was modified to 3.2 my Ca®" and 2.2 mm K¥, and ionotropic glutamate receptor antagonists
(CNQX and APS) were added. Then, reverse optical trawling (ROTing) was performed to identify interneurons (right). (B) Confocal image of a hippocampal
slice loaded with OGB-1 (top): 125 neurons were searched for inhibitory synaptic connections (bottom). A few neurons were activated by the local application
of K* through a glass pipette (yellow pipette), which was manually moved over the network. The evoked activity patterns were monitored using fMCI, and
inhibitory PSCs were recorded from one-three CA3 pyramidal cells in whole-cell configuration at a holding potential of 0 mV. (C) PSCs in a patched neuron
(top) and the spatiotemporal pattern of the calcium events of 125 neurons (bottom) in response to K application. Each dot represents a single calcium event.
The shaded area indicates the regions activated during movement of the K* pipette. (D) Typical events in (C). In this case, the calcium events of neuron #37
were time-locked to PSC onsets, and thus this neuron was identified as a presynaptic cell candidate that innervated the patched neuron. (E) Calcium events of
putative excitatory and inhibitory neurons in the same plot shown in (C) (left). The locations of these cells are shown in the cell map (right). Neurons that did
not exhibit activity during ROTing are shown in light gray. (F) A typical rastergram of ongoing calcium events of 110 putative excitatory and 15 inhibitory
neurons. (G) The mean frequency of calcium events of 515 excitatory and 54 inhibitory cells. Error bars are SEM.
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F1G. 3. Sequence-preceding activation of inhibitory neurons. (A) (top) Four representative repeating sequences (gray lines) were aligned to the timing of their
first activities in the sequences. Unconnected plots (Smith er al., 2004) represent events not involved in sequences. (Bottom) Peri-event time histogram summa-
rizing the changes in the mean firing rates of 515 excitatory and 54 inhibitory cells relative to the onset of repeating sequences. (B) The average event frequen-
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*P < 0.05, Tukey’s test after one-way anova. (C) Representative sequences preceded by the same inhibitory cell #5 (top, same), or different cells #4 and #7
(bottom, difterent). Calcium event onsets of the focused inhibitory cells are shown in blue on the top of the corresponding rastergrams. Neuronal events
involved and not involved in sequences are shown in black and gray, respectively, in the rastergrams. Relay sequences are indicated by the arrows. (D) The
probabilities that repeating sequences are preceded by the same or different inhibitory cells are compared. Error bars are SEM. *P < 0.05, paired r-test. (E) Two
examples of repeating sequences and the spatial arrangements of the participating neurons. The inhibitory cells activated before the sequences are shown in the
triangle. (F) The cumulative probability distribution of the cell-to-cell distances between the first active cells in individual sequences and the inhibitory cells that
were activated before the emergence of the sequences is compared with that in 100 surrogates, which were generated by random shuffling of the cell identity in
the same cell map. **P < 0.01, Kolmogoroy—Smirnov test.
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F1G. 4. Prediction of the occurrence of repeating sequences by interneuron
firing. (A) The timing of individual repeating sequences (top) was extracted
from the rastergram (bottom). Gray-scale images (right) show the prediction
vector P~ for the rastergram, which represents the percentage of the events
detected 0-100 ms before sequence emergence in each cell. (B) The mean
prediction scores are compared between excitatory and inhibitory cells. The
score calculated from IEI-shuffled activity in inhibitory cells is shown in

gray. Error bars are SEM. *P < 0.05, Tukey’s test after anova. (C) Times of

repeating sequences (top) and calcium events of representative oscillatory,
bursty and random firing interneurons (bottom).

125-220% within 500 ms after the interneuron firing (P = 0.038.
14 = 3.06, paired z-test). These cells that were successful in trigger-
ing sequences show fast-spiking or non-fast-spiking responses to
current injection (Fig. 5A). Both types possessed multipolar den-
drites and exhibited dense preferential innervation of the CA3 prin-
cipal cell layer, suggesting a perisomatic interneuron subtype
(Fig. 5A). Voltage-clamp recordings revealed that these successful
neurons received strong PSCs prior to the onset of sequence occur-
rence (Fig. 5C; P =0.039, 1, = 3.03, paired r-test). These results
suggest that a subset of hippocampal interneurons receive strong
synaptic inputs that drive their spikes preceding repeating sequences,
which in turn determines active cell patterns in the following
sequences.

Discussion

Recent advances in multi-channel unit recordings from behaving
animals have revealed that distinct subsets of neurons are repeatedly
activated during both waking and sleep; this repeated activation
could underlie memory consolidation and retrieval (O'Neill et al.,
2010; Carr et al., 2011; Schwindel & McNaughton, 2011). In the
present work, we took advantage of functional optical imaging and

analysed the temporal relationships between the emergence of

repeating sequences and individual spikes. We discovered that inhib-
itory interneurons, rather than excitatory pyramidal cells, exhibited
an enhanced activity level before the initiation of repeating
sequences. Moreover, we observed that pre-activated interneurons
were located in the vicinity of the neurons that were activated first
in sequences.

Hippocampal interneurons in vivo preferentially discharge action
potentials in discrete time windows relative to the timing of SW-Rs,
suggesting unique roles in synchronous network oscillations (Ylinen
et al., 1995; Klausberger er al., 2003). Parvalbumin-expressing bas-
ket cells increase their firing rates during SW-Rs (Lapray et al.,
2012). The activation of perisomatic-targeting interneurons is suffi-
cient to trigger SW-Rs by controlling the balance between excitatory
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F1G. 5. Stimulation of an interneuron can trigger repeating sequences. (A)
Representative reconstruction of two interneurons as visualized with Alexa
568 labeling on a schematic representation of the hippocampus. Only the
main dendrites and axon fibers are illustrated. The typical voltage trace in
response to a suprathreshold current pulse (200 pA) is shown in the right
inset. (B) Simultaneous current injection of the interneuron shown in (A, left)
and optical imaging of population activity by fMCIL The frequency of
sequences increased in phase with the times of interneuronal firing (arrows).
Events involved and not involved in sequences are shown as black and gray
dots, respectively. The right panel shows the frequency of sequences with
and without the interneuronal firing. Error bars are SEM. *P < (.05, paired
r-test. (C) Simultaneous voltage-clamp recording of an interneuron (top,
Viy = =70 mV) combined with fMCI (bottom). The right panel shows the
amplitude of PSCs 0-500 ms before the emergence of repeating sequences
Lscqucncc) The average amplitudes in other periods are shown as ‘No
sequence’. Error bars are SEM. *P < (.05, paired r-test.

and inhibitory inputs in a subpopulation of pyramidal neurons (El-
lender et al., 2010). Additionally, the firing of axo-axonic cells,
which exclusively target the pyramidal cell axon initial segment, is
transiently enhanced at the beginning of SW-Rs and strongly sup-
pressed during SW-Rs (Klausberger et al., 2003; Viney et al.,
2013). Taken together, these stereotyped inhibitory cells may collab-
oratively provide conditions permissive for the initiation of SW-Rs.
In addition to this notion, our findings indicate that inhibitory neu-
rons play a crucial role not only in triggering the flow of network
oscillations but also in creating precise repeating sequences in
hippocampal circuits.

The frequency of ripple oscillations in cultured slices was
0.10 £ 0.05 Hz (Fig. 1F), and lower than those reported in acute
slice preparations (= 0.5 Hz: Maier er al., 2003: Wu et al., 2005:
Norimoto ez al., 2012: Hajos et al., 2013). It was rather comparable
to the frequency observed in in vivo animals, ranging from 0.05 to
0.5 Hz. This might be owing to the recovery of connectivity among
neurons in culture. In addition, acute slice preparations require a
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high perfusion rate (3—-15 mL/min) for metabolic supply to generate
SW-Rs, whereas the perfusion rate of 1.5-2.0 mL/min was sufficient
to obtain SW-Rs in our cultured slices. Therefore, mechanisms
underlying SW-Rs in cultured slices might differ from those in acute
slices. To extrapolate our results to in vivo brain functions, further
experimental work will be required using an advanced experimental
approach.

The emergence of repeating sequences has been theoretically pre-
dicted by the synfire chain hypothesis (Abeles. 1991). which posits
that the precisely timed reactivation of distinct neuronal subsets
propagates through neural networks (Diesmann ez al., 1999). Such
precise firing sequences have been verified in recent decades (Prut
et al., 1998; Mao er al., 2001; Tkegaya er al., 2004; Luczak et al.,
2007). However, the existence of reactivated patterns with millisec-
ond precision has been called into question by the claim that repeat-
ing patterns in spike trains (Baker & Lemon, 2000: Oram et al.,
2001) and membrane potential fluctuations (Mokeichev er al., 2007)
could occur by chance. This contradiction arises from different
assumptions for creating surrogates to be compared with the original
datasets. In general, too strong statistical assumptions cause false-
negative detection of sequences and tend to lead to a conclusion
against the existence of sequences. In fact, neuronal networks are
non-randomly woven by synaptic connections (Song et al., 2005;
Yoshimura er al., 2005; Yu et al.. 2009). Because in the biological
system the function is tightly coupled to the structure, it is a natural
consequence that functional activities emitted by a non-randomly
structured neuronal network are non-randomly patterned in space
and time. We thus suspect that the failure to reject the null hypothe-
sis against the sequence existence in several studies is simply due to
inappropriate statistical assumptions for data surrogates.

The contributions of inhibitory circuits to the regulation of repeat-
ing sequences are attributable to a variety of physiological principles
at the single-cell level. One of the most likely mechanisms is that
inhibitory inputs reset the regular firing of principal cells that are
not originally a part of the sequence, and delay their firing to enable
their participation in a later phase of the sequence. On a millisecond
time scale, feed forward interneurons preserve the temporal fidelity
of synaptic integration and action potential generation in pyramidal
cells (Pouille & Scanziani, 2001; Lamsa er al., 2005). In addition to
such inhibitory effects, interneurons can elicit a post-inhibitory
rebound depolarization, which in turn is capable of triggering an
action potential or a short burst of spikes within a restricted time
window (Lytton & Sejnowski. [991; Buzsaki & Chrobak, 1995;
Cobb er al., 1995: Ellender er al., 2010). Assuming that numerous
pyramidal cells share the common subthreshold influence of a single
presynaptic interneuron (Freund & Buzsaki, 1996; Fino & Yuste,
2011), the synergistic effects of phase resetting and depolarizing
overshoot could powerfully regulate the dynamics of neuronal
ensembles. In line with this prediction. a recent paper has demon-
strated that the activation of single inhibitory neurons can more
effectively induce synchronous activity patterns in the developing
hippocampus  (Bonifazi ef al., 2009) and animal behavioral
responses (Houweling & Brecht, 2008) than the activation of excit-
atory principal cells. Taken together, we suggest that inhibitory
interneurons perform the dynamic selection and control of precisely
timed replay in neuronal ensembles, leading to information transfer,
memory formation and retrieval in the cortex.
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The extracellular L-glutamate (L-Glu) concentration is elevated in neuroinflammation, thereby causing
excitotoxicity. One of the mechanisms is down-regulation of astrocyte L-Glu transporters. Some anti-
depressants have anti-inflammatory effects. We therefore investigated effects of various antidepressants
on the down-regulation of astrocyte L-Glu transporters in the in vitro neuroinflammation model. Among
these antidepressants, only paroxetine was effective. We previously demonstrated that the down-

regulation of astrocyte L-Glu transporters was caused by L-Glu released from activated microglia. We
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here clarified that only paroxetine inhibited L-Glu release from microglia. This is the novel action of
paroxetine, which may bring advantages on the therapy of neuroinflammation.
© 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/3.0/).

Increasing evidence indicates that inflammatory processes play
important roles in the pathogenesis of many neurodegenerative
disorders {1—3). Under the neuroinflammatory conditions, it is
known that the extracellular concentration of L-glutamate (L-Glu)
and inflammatory mediators, such as proinflammatory cytokines,
prostaglandins, free radicals and complements are elevated (4). L-
Glu is one of the most abundant excitatory neurotransmitters in the
mammalian CNS. The released L-Glu is immediately uptaken by
astrocyte L-Glu transporters, GLAST (EAAT1 in human) and GLT-1
(EAAT2 in human), or sustained elevation of extracellular concen-
tration of L-Glu induce excitotoxicity. The impairment of the
astrocyte L-Glu transporters is reported in various neurological
disorders including Alzheimer's disease {5), Parkinson's diseases
(6) and amyotrophic lateral sclerosis (7). We found that the
expression level of L-Glu transporters in astrocytes of astrocyte-

Abbreviations: ATP, adenosine 5'-triphosphate; CNS, central nervous system;
DIV, days in vitro, GABA, y-aminobutyric acid; L-glu, L-glutamate; LPS, lipopoly-
saccharide; PBS, phosphate-buffered saline; P2X4, P2X prinoceptor 4; RNA, ribo-
nucleic acid; SD, Sprague-Dawley; SDS, sodium dodecyl sulfate; SNRI,
serotonin—norepinephrine reuptake inhibitor; SSRI, selective serotonin reuptake
inhibitor; TCA, tricyclic antidepressant; 5-HT, 5-hydroxytryptamine.

* Corresponding author. Tel./fax: +81 3 3700 9698.

E-mail address: kasato@nihs.go.jp (K. Sato).

Peer review under responsibility of Japanese Pharmacological Society.

http://dx.doiorg/10.1016/1.jphs.2014.09.002

microglia-neuron mixed culture was decreased in the in vitro
model of the early stage of inflammation in the previous study (8).
We clarified the interaction between astrocytes and microglia un-
derlie the down-regulation of L-Glu transporters, i.e., activated
microglia release L-Glu and the resulting elevation of extracellular
L-Glu cause down-regulation of astrocytic L-Glu transporters. Some
antidepressants are known to have anti-inflammatory effects (9,
10). In this study, therefore, we investigated the effects of various
antidepressants on the decrease in the astrocytic L-Glu transporter
function in the early stage of inflammation and the contribution of
microglia to the effects.

Astrocyte-microglia-neuron mixed culture and microglia cul-
ture were performed according to the methods previously
described (8). Antidepressants and serotonin (5-HT) were dissolved
in PBS at 100 uM and 10 mM, respectively, and were diluted with
culture medium at the time of use. At 8 DIV, the astrocyte-
microglia-neuron mixed culture was treated with 10 ng/mL LPS
for 72 h. Antidepressants were applied from 1 h before to the end of
the LPS-treatment. Then the concentration of the L-Glu remaining
in the culture medium 30 min after changing extracellular con-
centration of L-Glu to 100 M was measured. The measurement of
the extracellular L-Glu concentration in the medium was per-
formed according to the methods previously described {8). Real-
Time Quantitative RT-PCR, Western blotting, immunocytochem-
istry were also performed according to the methods previously

1347-8613/© 2014 The Authors. Production and hosting by Elsevier B.V. on behaif of Japanese Pharmacological Society. This is an open access article under the CC BY-NC-ND

license (http://creativeconumons.org/licenses/by-nc-nd/3.6/).
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Fig. 1. Effects of antidepressants on the decreased L-Glu transport activity under the inflammatory condition. A—E. Antidepressants were applied to the mixed culture from
1 h before to the end of the LPS-treatment (10 ng/ml, 72 h). L-Glu transport activity was quantified as the L-Glu remaining 30 min after changing the extracellular concentration to
100 pM. Paroxetine prevented the LPS-induced decrease in the L-Glu transport activity in a concentration-dependent manner (A). Fluvoxamine (B), sertraline (C), milnacipran (D),
and amitriptyline (E) had no effects. **: p<0.01 vs. control group, #: p <0.05 vs. LPS-treated group, Tukey's test following ANOVA (N =6). F. Typical image of the microglia-
astrocyte-neuron mixed culture immunostained with cell type-specific markers (Ibal: microglia; GFAP: astrocytes; BIII tubulin: neurons). G, H. Effects of paroxetine on the
expression level of GLAST. Mixed cultures were treated with LPS (10 ng/ml) in the absence or presence of the paroxetine for 24 h (for mRNA level quantification) or 72 h (for protein
level quantification). The expression level of GLAST was quantified at mRNA level (G) and protein level (H). LPS (10 ng/ml) caused significant decrease in GLAST mRNA level and
paroxetine significantly prevented the decrease (G). LPS (10 ng/ml) caused significant decrease in GLAST protein level and paroxetine almost completely prevented the decrease (H).
**: p<0.01 vs. control group, ##: p <0.01 vs. LPS-treated group, Tukey's test following ANOVA (N =5).
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described {8). The microglia culture was treated with LPS for 24 h in
the presence or absence of antidepressants and the concentration
of L-Glu in the medium was measured. All sets of the experiments
were repeated in triplicate. All procedures described above were in
accordance with institutional guidelines.

In the previous report, we showed that the expression level of
astrocytic L-Glu transporters was decreased in the astrocyte-
microglia-neuron mixed culture in LPS (10 ng/ml, 72 h)-induced
inflammation model without cell death (8). We first compared the
effects of various groups of antidepressants, i.e., selective serotonin
reuptake inhibitors (SSRIs) (paroxetine, fluvoxamine, and sertra-
line), serotonin—norepinephrine reuptake inhibitor (SNRI) (milna-
cipran), and tricyclic antidepressant (TCA) (amitriptyline), on the
decrease in the astrocytic L-Glu transporter function in this
inflammation model. To quantify L-Glu transport activity, we
measured the concentration of L-Glu remaining 30 min after
changing the medium to the one containing 100 uM of L-Glu. In
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Fig. 2. Relation of the effects of paroxetine on LPS-induced decrease in L-Glu transport
activity with its SSRI function and the direct effect on astrocytes. A. 72 h treatment
with 5-HT (1-100 pM) did not affect LPS-induced decrease in the L-Glu transport
activity. B. 72 h treatment with paroxetine (10—1000 nM) of astrocyte culture did not
affect its L-Glu transport activity. **: p <0.01 vs. control group, Tukey's test following
ANOVA (N=6).

each set of experiment, LPS-induced decrease in the L-Glu transport
activity was stably reproduced (Fig. 1 A—E). Among antidepressants,
only paroxetine prevented the LPS-induced decrease in L-Glu
transport activity (Fig. 1A). The effect was concentration-dependent
and reached significant at 1 pM. The other antidepressants had no
effects (Fig. 1B—E). Typical image of the astrocyte-microglia-neuron
mixed culture was shown in Fig. 1F. We have clarified that LPS-
induced decrease in L-Glu transport activity was caused by the
decrease in the expression level of GLAST, a predominant L-Glu
transporter in the mixed culture, in both of mRNA and protein
levels (8). In this study, LPS-induced decreases in the expression of
GLAST, were reproduced at both of mRNA (28.8 + 4.7% of the con-
trol) and protein (69.5 +4.7% of the control) levels (Fig. 1G, H). We
then examined the effects of paroxetine on the LPS-induced
decrease in the L-Glu transporter expression. Paroxetine signifi-
cantly prevented the decreases at both of mRNA (28.8 +4.7 to
49.6 +3.3%; n = 10) and protein (from 69.5 +4.7% to 91.0 + 5.1%;
n=>5) levels (Fig. 1G, H). As is shown in Fig. 1, fluvoxamine and
sertraline, the other SSRIs in this study, did not affect the decrease
in L-Glu transport activity, suggesting that paroxetine revealed the
effects through the mechanisms independent of its inhibitory effect
on serotonin selective transporter. In support of this, LPS-induced
decrease in L-Glu transport activity was not changed by the
elevation of extracellular serotonin concentration (Fig. 2A). We also
confirmed that paroxetine did not directly affect the L-Glu trans-
port activity of the astrocyte culture (Fig. 2B). In our previous
report, the down-regulation of GLAST in the inflammation model
was caused by the elevation of extracellular L-Glu released from
microglia (8). We therefore compared the effects of the antide-
pressants on LPS-induced L-Glu release from microglia. When
microglia culture was treated with 10 ng/ml LPS for 24 h in the
presence or absence of the antidepressants, only paroxetine sup-
pressed L-Glu release in a concentration-dependent manner
(Fig. 3A). The other antidepressants had no effects (Fig. 3B—E). We
confirmed that paroxetine did not affect the microglial viability
until 10 uM by LDH assay (data not shown). These results strongly
suggest that the protective effect of paroxetine on the LPS-induced
down-regulation of astrocytic L-Glu transporters was caused by the
suppression of L-Glu release from microglia.

The shape of microglia in the mixed culture was dramatically
changed to amoeboid type by LPS and this morphological change
was remarkably suppressed by paroxetine (unpublished observa-
tion). This suggests that paroxetine does not only suppress L-Glu
release from microglia alone but also microglial activation. To
demonstrate this possibility, the effect of paroxetine on the
microglial activation is needed to be confirmed using multiple
parameters. Because SSRIs have diverse chemical structures despite
a common mode of action of 5-HT function {11), it is possible that
paroxetine revealed the effects through interaction with
paroxetine-specific target molecules. Because paroxetine exhibited
the powerful inhibition of calcium influx via P2X4 receptors {12),
P2X4 receptor is one of the most probable candidate molecules. The
expression level of P2X4 receptor in microglia is up-regulated in
inflammatory pain model in spinal cord and is thought to be
important for microglial inflammatory responses (13). MAPK
signaling molecules {14) and GABA(B) receptor (15) are possibly
involved in the paroxetine-specific effects as well. The effective
concentration of paroxetine to reduce L-Glu release was 1 pM. Ac-
cording to the attached documents of paroxetine (http://www.info.
pmda.2o.jp/), intracerebral concentration of paroxetine reaches
77 nM by 25 mg/day-repeated administration. It is therefore un-
likely that paroxetine affects astrocyte L-Glu transporters and
microglia by the general dosage of SSRI. For clinical application of
our present findings, further investigation concerning application
period and dosage is needed.
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Fig. 3. Effects of antidepressants on the L-Glu release from microglia under the inflammatory condition. In each set of experiment, antidepressants were applied to the mixed
culture from 1 h before to the end of the LPS-treatment (10 ng/ml, 24 h). The extracellular concentration of L-Glu was quantified. Paroxetine prevented the LPS-induced L-Glu
release from microglia in a concentration-dependent manner (A). Fluvoxamine (B), sertraline (C), milnacipran (D), and amitriptyline (E) had no effects on LPS-induced L-Glu release
from microglia. **: p <0.01 vs. control group, #: p <0.05 vs. LPS-treated group, Tukey's test following ANOVA (N = 6).

In conclusion, we found that paroxetine inhibit the L-Glu release
from activated microglia and prevent down-regulation of astrocytic
L-Glu transporters in the early stage of neuroinflammation. This is
the novel pharmacological effect of paroxetine, which may bring
advantages on the therapy of the disease associated with
neuroinflammation.
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ABSTRACT — Carbon nanotubes (CNTs) are used in many fields; however, little is known about the
effects of CNTs on the central nervous system (CNS). In this study, we found that extracts of sonicated
CNTs suppressed the proliferation of neural stem cells (NSCs). Single-walled CNTs (SWCNTs) and mul-
tiple-walled CNTs (MWCNTSs) were suspended in PBS (1 mg/mL) and sonicated for 5 hr using a water
bath sonicator. Supernatants from both types of CNTs suppressed NSC proliferation. The effects weak-
ened in a dilution-ratio-dependent manner and strengthened in a sonication time-dependent manner. Metal
concentrations extracted from SCNTs and MCNTs after 5-hr of sonication were determined using induc-
tively coupled plasma mass spectrometry. Mn, Rb, Cs, Tl, and Fe were detected in the SWCNT super-
natant, and Mn, Cs, W, and T! were detected in the MWCNT supernatant. The concentration of Mn, Rb,
and Fe eluted from the SWCNTs and Rb eluted from MWCNTs following sonication were sufficient to
suppress NSC proliferation alone. N-acety! cysteine (NAC) and ascorbic acid (AA) reversed the effects
of Mn and Fe and restored NSC proliferation. The effects of Rb and T} were not affected by the antioxi-
dants. Both antioxidants largely restored the suppression of NSC proliferation induced by the SWCNT
and MWCNT supernatants. These results suggest that metals extracted from CNTs via a strong vibration
energy can suppress NSC proliferation through ROS production by the extracted metals.

Key words: Carbon nanotube, Neural stem cell, Metals, Proliferation

INTRODUCTION

CNTs are fiber~-shaped nanomaterials that consist of
graphite hexagonal-mesh planes (graphene sheet) in a sin-
gle-layer (single-walled carbon nanotubes (SWCNTs)) or
in multiple layers with nest accumulation (multi-walled
carbon nanotubes (MWCNTs)). The structure of SWC-
NTs is a honeycomb carbon lattice rolled into a cylinder,
and the basic morphology consists of a sheet of tangled
SWCNT (with a diameter of approximately 2 nm) bundles
with diameters tens of nanometers in length. The structure
of MWCNTs consists of honeycomb carbon lattices rolled
into a multi-layer tubular shape, and the basic morpholo-

gy is composed of particles of tangled MWCNTs with a
diameter of approximately 30 nm. CNTs are used in many
fields, including energy, healthcare, environment, materi-
als, and electronics. However, adverse effects of CNTs on
human health are poorly understood. Exposure to asbes-
tos is known to cause asbestosis, bronchogenic carcino-
ma, mesothelioma, pleural fibrosis and pleural plaques,
indicating that both the lungs and the pleura are targets
of asbestos (Donaldson ef al., 2013). CNTs also exist as
fibers or compact particles; thus, most studies concerning
the adverse effects of CNTs have focused on lung toxicity
(Jaurand et al., 2009; Pacurari er al., 2010) based on the
fiber pathogenicity paradigm developed in the 1970-80s.
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However, recent reports showed that nano-particles can
cross the blood-brain barrier (BBB) and enter the brain
(Sharma and Sharma, 2007). Furthermore, it has been
suggested that the olfactory nerve pathway is a portal of
entry into the CNS (Henriksson and Tjalve, 2000; Persson
et al., 2003; Mistry et al., 2009; Balasubramanian
et al., 2013). Recent reports showed that MWCNTs are
toxic to neural cells (Belyanskaya er af., 2009; Xu ef al.,
2009; Gavello ef al., 2012). Here, we investigated the
effects of CNTs on the self-renewal of neural stem cells
(NSCs). The mammalian CNS comprises various cell
types, including neurons, astrocytes, and oligodendro-
cytes, and these cells differentiate from NSCs at specif-
ic brain developmental stages. Sufficient proliferation of
NSCs before differentiation is essential to supply the neu-
rons and glia required for brain function (Caviness ef al.,
1995; Kriegstein and Alvarez-Buylla, 2009). In addition,
NSCs are maintained in the subventricular zone and the
hippocampal subgranular zone in the adult brain. Adult
neurogenesis from these NSCs plays a key role in high-
er-order brain functions, such as cognition, learning and
memory (Couillard-Despres et al., 2011; Eisch and Petrik,
2012; Rolando and Taylor, 2014). Thus, the effects of
CNTs on the proliferation of NSCs need to be determined
for both of brain development and brain function. Here,
we report that sonicated extracts of CNTs suppressed
the proliferation of NSCs. We also determined that these
effects were mediated through ROS produced by residual
metals in the CNTs.

MATERIALS AND METHODS

Materials

CNTs (SWCNT: purity > 95%; Lot No.: SW1859;
MWCOCNT: purity: > 98%; Lot No.: 04-12/10#1-(4)) were
supplied by Nikkiso Co., Ltd. (Shizuoka, Japan). Both
test materials were not coated or modified. The detailed
physiochemical properties of Nikkiso CNTs have been
previously reported (Ema ez al., 2011; Matsumoto ef al.,
2012). Epidermal growth factor (EGF), MnCl,, RbCl,
TICI, FeCl,, FeCl;, and NAC were purchased from
Sigma (St. Louis, Mo, USA). Fibroblast growth factor 2
(FGF2) was purchased from PeproTech (Rocky Hill, NJ,
USA). AA was purchased from WAKO (Osaka, Japan).
The BrdU cell proliferation assay kit was purchased from
Merck (Darmstadt, Germany). B27 supplement, TrypLE
Select, FBS, and DMEM were purchased from Life Tech-
nologies (Grand Island, NY, USA).

Vol. 1 No. 3

Preparation of supernatants of sonicated CNT
solutions

SWCNTs and MWCNTs were suspended in PBS
(1 mg/mL) and sonicated for 10 min or 5 hr using a water
bath-sonicator (Hitachi-Kokusai Electric Inc., Tokyo,
Japan) at a frequency of 36 kHz and a watt density of 65
W/264 cm?. The supernatants of sonicated CNT suspen-
sions were diluted with culture medium 10- to 1,000-fold.

Rat neural stem cell (NSC) culture

Rat NSCs were cultured as previously described
(Reynolds et al., 1992; Hamanoue e7 al., 2009) with slight
modifications. Briefly, the telencephalons were dissected
from embryonic day 16 (E16) rats of either sex in ice-cold
DMEM/F12. The tissue was then minced and dispersed
into single cells by pipetting. Cells were then cultured
in DMEM/F12 containing B27 supplement (1/200),
20 ng/mL fibroblast growth factor 2 (FGF2) and 20 ng/mL
epidermal growth factor (EGF) for 7 days. The prima-
ry neurospheres were incubated with TrypLE Select for
15 min and dissociated by pipetting. Single cells were
seeded in 96-well plates for the proliferation assay.

Measurement of metal concentrations

CNTs were suspended in PBS (1 mg/mL) and sonicated
for 5 hr using a water bath sonicator. The metal concen-
trations in the CNT supernatants were quantified using an
inductively coupled plasma mass spectrometer (ICP-MS)
(Agilent 7500ce ICP-MS, Agilent Technologies.
Santa Clara, CA, USA) fitted with a collision/reaction
cell in helium mode. We first detected metals at concen-
trations exceeding the detection limits using a semi-quan-
titative analysis. Next, we determined the concentration
of the detected metals (i.e., Mn, Fe, Rb, Cs, W, and TI)
using a full quantitative analysis with calibration curves.

Treatment of NSCs with the supernatants
of sonicated CNT suspensions, metals, and
antioxidants

NS8Cs were treated with the supernatants of sonicat-
ed CNT suspensions, MnCl, (1-100 ppb), RbCI (1-100
ppb), TICIL;(0.1-10 ppb), FeCl, (100-10,000 ppb) or FeCl,
(100-10,000 ppb) with or without 10 pM N-acetyl
cysteine (NAC) or 10 uM ascorbic acid (AA) for 24 hr.

NSC proliferation assay

We quantified NSC proliferation according the
instructions from the BrdU cell proliferation assay kit
(Calbiochem, Hayward, CA, USA). The primary neu-
rospheres were dissociated into single cells and seed-
ed in 96-well plates at a density of 2 x 107 cells/
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well. BrdU was added to the medium during the treat-
ment of NSCs. After incubation, the cells were fixed,
and BrdU-immuno-labeling was performed. The flu-
orescence intensities were used as a marker of prolif-
eration. The fluorescence was measured at an excita-
tion wavelength of 320 nm and emission wavelength of
460 nm with a fluorescence microplate reader (Spectra
Max Microplate reader, Molecular Devices, Sunnyvale,
CA, USA).

Data analysis and statistics

All data are shown as the mean = S.E.M. The statis-
tical analysis was performed using Student’s #-test or an
ANOVA followed by a Tukey’s test. Differences were
considered to be significant at p < 0.05.

RESULTS

SWCNTs and MWCNTs were suspended in PBS
(1 mg/mL) and sonicated for 5 hr using a water bath soni-
cator. The supernatants of the sonicated CNT suspensions
were collected and diluted with culture medium 10- to
1,000-fold. We found that a 24-hr treatment with super-
natants of SWCNT and MWCNT suppressed NSC prolif-
eration in a dilution ratio-dependent manner (Fig. 1). The
suppression of proliferation was stronger with the SWC-
NT supernatant when compared with the MWCNT super-
natant. The effects of sonication time were also assessed.
The suppressive effects of both supernatants disappeared
when the sonication time was changed from 5 hr to
10 min (Fig. 2). These results suggest that the suppression
of NSC proliferation is due to factors released from CNTs
in a sonication time-dependent manner.

CNTs are manufactured using metallic catalysts
(Ding et al., 2008; Yazyev and Pasquarello, 2008;
Banhart, 2009; Tyagi et al., 2011). Thus, we speculat-
ed that residual metals extracted from CNTs during the
5-hr sonication may be responsible for the suppression of
NSC proliferation. We therefore quantified the metal con-
tents in the CNT supernatants. The metals in the SWCNT
and MWOCNT supernatants were first analyzed using ICP-
MS in a semi-quantitative mode. Next, the concentra-
tions of metals were determined using calibration curves
(Table 1). We found that a 5-hr sonication induced the
extraction of multiple metals from the CNTs. Mn, Rb,
Cs, T1, and Fe were detected in the SWCNT supernatant,
whereas Mn, Cs, W, and Tl were detected in the MWC-
NT supernatant. Among these metals, the concentration
of Fe in SWCNT supernatant was remarkably high (from
N.D. to 7.110 ppb). The concentrations of these metals in
PBS were largely negligible and did not change after a
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Fig. 1. Effects of the supernatants of sonicated CNT suspen-
sions on the proliferation of rat NSCs. The superna-
tants of SWCNTs and MWCNTs suppressed NSC
proliferation in a dilution ratio-dependent manner.
*:p < 0.05, **: p <0.01 vs. control group (N = 6),
ANOVA followed by a Tukey’s test.
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Fig. 2.  Sonicationtime-dependence of CNT supernatant effects.

The effects of SWCNT and MWCNT supernatants dis-
appeared with a sonication time of 10 min. However,
a 3-hr sonication time produced a significant suppres-
sion of NSC proliferation. *: p < 0.05 vs. control group
(N = 6), ANOVA followed by a Tukey’s test.

5-hr sonication.

Next, we examined the direct effects of the metals at
concentration ranges detected in the supernatants. Fig. 3
shows the metals that had a suppressive effect on NSC

Vol. I No. 3
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Table 1. Metals eluted from CNTs by sonication for 5 hr.

Concentrations of metals (ppb)

PBS PBS
somicaion -+ ’
Mn o nd
Rb 3.97 3.84
Cs nd nd
w nd 0.05
TI md nd
Fe nd nd

Tt 107

SWCNT SWCNT MWCNT MWCNT

7 + R
033 1604  nd 026
6.88 13,33 4.06 461

0.1 0.32 nd 0.59

nd 0.08 nd 0.4

0.05 0.17 nd 0.37

nd 7110 nd nd

The metal concentrations in the gjbe?n&ﬁt of SWCNT and MWCNT were q@ﬁ[i'ffiicidiuis'iﬁg ICP-MS in a Seﬁli-qﬁaniitati‘Q'e mode
followed by a full quantitative mode. Mn, Rb, Cs, W, Tl. and Fe were detected in the SWCNT supernatant. Mn, Rb, Cs, W, T1, and
Fe were detected in the MWCNT supernatant. The concentration of Fe in the SWCNT supernatant was remarkably high (7.110 ppb).

140 120 120 120 120
2 120
B
% 100 } —— 100 100 ey 1004 —
o
«, 100 _L
o r 80 80 80 80
=2
E/ 80
= 60 60 60 60
g 60
= 40 ** 4 40 40
S 40
a
d‘j 20 20 20 20 i 20

0 0 0 s () |8 0
cont 1 10 100 cont 1 10 100 cont 0.1 1 10 cont 100 1000 10000 cont 100 1000 10000

Mn*" (ppb) Rb* (ppb)

Fig. 3.

TI3* (ppb) Fe* (ppb) Fe3* (ppb)

The direct effect of metals in CNT supernatants. Mn2*, Rb*, T3, Fe?*, and Fe** suppressed NSC proliferation in a concen-

tration-dependent manner. *: p < 0.03, **: p <0.01 vs. control group (N = 12). ANOVA followed by a Tukey’s test.

proliferation (Fig. 3). Mn2*, Rb*, TI3*, Fe*, and Fe¥* sup-
pressed the proliferation of NSCs in a concentration-de-
pendent manner. These results indicate that Mn, Rb, and
Fe were present in the SWCNT supernatant at a concen-
tration high enough to suppress NSC proliferation. This
effect was induced by the Rb in the MWCNT supernatant.
Some metals are known to produce reactive oxygen spe-
cies (Ding et al., 2008) that can result in oxidative stress
on lipids, DNA and proteins (Henriksson and Tjalve,
2000; Choi er al., 2007; Alekseenko et al., 2008; Kim
et al., 2011; Latronico ef al., 2013; Roth and Eichhorn,
2013; Sripetchwandee ef al., 2013). Thus, we examined
the involvement of ROS in the suppression of NSC pro-
liferation. N-acetyl cysteine (NAC) (10 pM) and ascorbic
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acid (AA) (10 uM) are typical antioxidants that can sig-
nificantly restore the suppression of the NSC proliferation
caused by Mn2*, Fe, and Fe3* (Fig. 4A). The effect of Rb
and T1 were not affected by NAC or AA (data not shown).
These results suggest that ROS is involved in the suppres-
sive effects produced by Mn and Fe. We also examined
whether ROS played a role in the suppression of NSC
proliferation by the CNT supernatants (Fig. 4B). Both
NAC and AA markedly restored the decrease in NSC pro-
liferation caused by the SWCNT and MWCNT superna-
tants. We confirmed that both of these antioxidants alone
did not affect NSC proliferation (data not shown). Taken
together, these results suggest that the suppressive effects
of the sonicated extract of CNTs were mainly caused by
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Antioxidants attenuated the reduction in NSC proliferation caused by metals and CNT supernatants. The suppression of

the NSC proliferation caused by Mn?*, Fe>", Fe3* (A) and the supernatants of CNTs (B) was significantly restored by NAC
(10 uM) and AA (10 uM). *: p < 0.05,%*: p < 0.01 vs. control group, #: p < 0.03, ##: p < 0.01 vs. metal or CNT-superna-
tant-treated groups (N = 7), ANOVA followed by a Tukey’s test.

ROS produced by residual metals.
DISCUSSION

We found that the supernatants of sonicated CNT sus-
pensions suppress NSC proliferation. We also determined
that these effects were largely mediated by ROS produc-
tion from residual metals. To demonstrate the involve-
ment of ROS, we used the two antioxidants NAC and
AA. NAC exerts its protective by increasing glutathione

levels (Yim er al., 1994; Arfsten et al., 2007; Li ef al.,
2009), directly scavenging ROS, and activating ERK1/2
(Zhang et al., 2011). AA is a powerful water-soluble anti-
oxidant that acts by scavenging ROS and reactive nitro-
gen species (Carr and Frei, 1999; Kojo, 2004). The con-
centrations of NAC and AA used in this study were at a
level shown to suppress the effects of ROS in previous
studies (Carr and Frei, 1999; De la Fuente and Victor,
2001; Nakajima ef al., 2009).

Proliferative NSCs have a high endogenous ROS lev-
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el (Le Belle er al., 2011), and redox balance is impor-
tant to regulate NSC/neural progenitor cell (NPC)-self-
renewal and differentiation (Smith er al., 2000; Li ef al.,
2007; Hou et al., 2012; Topchiy et al., 2013). For exam-
ple, mitochondrial superoxide negatively regulates NPC-
self-renewal in the developmental cerebral cortex (Hou ef
al., 2012). High levels of ROS inhibit O-2A progenitor
proliferation (Smith er al., 2000; Li et al., 2007). In oth-
er cases, NADPH oxidase (Nox) 4-generated superoxide
drives mouse NSC proliferation (Topchiy er al., 2013).
Ketamine-induced ROS enhanced the proliferation of
NSCs derived from human embryonic stem cells (Bai e/
al., 2013). The effect of ROS on NSC/NPC proliferation
may change depending on the subcellular localization of
the ROS generation and the timing of the ROS genera-
tion.

The suppression of NSC proliferation by the superna-
tants of both CNTs were virtually restored by the anti-
oxidants, suggesting that the effects of CNT-supernatants
were mediated through ROS stress. After a 5-hr sonica-
tion, multiple metals were detected in the SWCNT and
MWCNT supernatants using ICP-MS. Mn, Rb, Cs, Tl,
and Fe were detected in the SWCNT supernatant, and
Mn, Cs, W, and Tl were detected in the MWCNT super-
natant. OQut of these SWCNT metals, the effects of Mn
and Fe were reversed by antioxidants, suggesting that Mn
and Fe play the main role in the suppression of NSC pro-
liferation by CNT supernatants. In the MWCNT superna-
tant, the concentrations of Mn and Fe were insufficient to
suppress NSC proliferation. Thus, a combination of ROS
produced by multiple metals might produce synergistic
suppressive effects.

Fe is essential for biological processes, but it is also
known to be toxic in excess. Fe?* overload into the cells
and shuttling of Fe>* to Fe’* leads to cellular malfunctions
due to RGOS production (Halliwell and Gutteridge, 1992;
Touati, 2000). Although Fe** has been largely consid-
ered as non-cytotoxic (Braun, 1997; Bruins ef «l., 2000),
it has its own mechanisms that can alter cell viability
(Chamnongpol ef al., 2002). Fe** shows ROS production
even while bound to proteins (Alekseenko er al., 2008).
GSH revealed pro-oxidant effects in the presence of an
exogenous Fe*r (Zager and Burkhart, 1998). Furthermore,
Fe?* and Fe3* were shown to enter brain mitochondria and
cause mitochondrial depolarization and ROS production
(Sripetchwandee et a/., 2013). Mn is also essential for bio-
logical processes, but it has been known to be a neurotox-
icant in excess. Mn induces oxidative stress (Choti ef al.,
2007; Park and Park, 2010) and the release of cytokines
(Park and Park, 2010). Mn further potentiates inflamma-
tion by the release of MMP9 through ROS production
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and modulation of ERK (Latronico er /., 2013). Rb was
also detected in the supernatants of SWCNT and MWC-
NT. Here, we found that Rb alone suppressed NSC prolif-
eration in a ROS-independent manner. Rb has long been
considered as nontoxic. Rb is generally used as a medi-
cal contrast medium because of its long half-life. Thus,
the mechanism behind the Rb effects should be clarified
quickly.

Most commercial CNTs contain ultrafine metal parti-
cles composed of Fe, Ni, Y, Co, Pb, and Cu that are used
as catalysts (Ding ef af., 2008; Yazyev and Pasquarello,
2008; Banhart, 2009; Tyagi er al., 2011). Recent studies
showed that metal impurities play a major role in CNT
cytotoxicity (Liu et al., 2008; Kim er al., 2010). The resid-
ual metals can remain in the contact solvent or embed
inside the CNTs (Pumera, 2007; Fubini er a/., 2011;
Aldieri ef al., 2013). In our study, the content of Fe in
SWOCNT was remarkable. A SWCNT is a graphene sheet
protected metal core/shell of nanoparticles (Pumera,
2007). This structure may have caused the higher levels
of metal impurities when compared with MWCNTs. Our data
suggest that the residual metallic catalysts are released by
vibration energy with a sonication frequency of 36 kHz,
watt density of 65 W/264 cm? and sonication time of
5 hr. Pumera er /. indicated that washing with concen-
trated nitric acid removed up to 88% (w/w) of metal cat-
alyst nanoparticles (Pumera, 2007). For public health and
the safer applications of CNTs in nano-medicine, it is
preferable to decrease the amount of the metal impurities
by improving the washing process.
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