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The role of neuro-inflammation in diverse, acute and chronic brain pathologies is being increasingly recognized. Neuro-
inflammation is accompanied by increased levels of both pro- and anti-inflammatory cytokines; these have deleterious as
well as protective/reparative effects. Inflammation has varying effects on neurogenesis and is a subject of intense contemporary
interest.V¢ show thaTNF-o and IFN<, used concomitantlycause apoptosis of adult rat hippocampal progenitor/stem

cells in vito as detected by thEUNEL and MTT assays on time scales of several howfs.have coupled Raman
spectroscopy to an optical trap to probe early changes of apoptosis in single, live neural stem cells that have been treated
with pro-inflammatory cytokines, TNE-and IFN-v. Our spectroscopic results on very early-stage apoptosis also show
that cells can be divided into two groups: those that show an increase in the intensity of the DNA band and those that show
the opposite. Changes caused by inflammation-induced denaturation of DNA are observed in the Raman spectra that
correspond to very early stages of apoptosis, occurring on very fast time scales: as short as 1@ddittiote®f the
anti-inflammatory cytokine IL-10 either 10 min before or 10 min after treatment withI'lfd IFN-~ reverses the

changes substantiallfhe findings of this preliminary study imply that inflammation may induce very rapid changes
leading to cell death but that these are reversible, in the early stages at least.
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Introduction cells, which is characterized by DNA condensation
and fragmentation, nuclear shrinkage, chromatin and
cytoplasmic condensation and disintegration (l€err
al., 1972Wyllie et al., 1980). It appears that cells in
the hippocampus, one of the regions of ongoing
neurogenesis, are particularly vulnerable to both acute
and chronic inflammation as occur in traumatic brain
fjnjury (TBI) and neurodegenerative disorders. The
cognitive deficit with memory impairment and
emotional disturbances that is often a sequel to brain
A commonly observed outcome of neuro- inflammation, is due both to neuronal apoptosis as well

inflammation is apoptosis, that is, cell death of neural @s damage to neural stem cells (NSCs) with disrupted

Brain inflammation is known to be a complex cascade
of cellular and molecular responses to stress, injury
infection or neuro degeneration of the central nervous
system (CNS). The inflammatory response, which
attempts to get rid of, or contain, the stressor and
return the CNS to its normal state, occurs within
minutes and involves both cells as well as an array o
immune mediators like the cytokines.

* Author for Correspondence: E-mail: atmol 1@tifr.res.in; Tel: 02222782736
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neurogenesis in the hippocampus (Krawohl andchanges are reversible at the early time points tested.
Kaiser 2004a,b; Peng al., 2008 Waldau and Shetty

2008). Acute inflammation is accompanied by Meéthods

increasedevels of pro-inflammatory cytokines such
as TNFe, IL-18, IL-6 and IFN< (Csukaet al.,
1999; Morganti-Kossmast al., 2001; Goodmaset Raman spectroscopy measurements were carried out
al., 2008; Frugieat al., 2010; Dalgard et a] 2012; using a home built single-beam Ranfareezers set-
Christie andrurnley, 2013) which have variedfetts up whose details have been published elsewhere
on neurogenesis (Ben-Hur et a2003;Wonget al ., (Bankapur et al, 2010; Zachariah et gl 2010).A
2004; Cacckt al., 2005; Shengt al., 2005; losif et schematic representation is shown in Fig. 1A along
al., 2006:Tzong-Shinet al., 2008)Acute insult also  with a typical Raman spectrum of the NSC (Fig. 1B)
raises levels of anti-inflammatory cytokines like IL- recorded by keeping a slit width of 100 pm. The
10 (Csukaetal., 1999; Hensleat al., 2000; Dziurdzik =~ Raman spectrum was measured using a single laser
etal., 2004; Shiozakdt al., 2005; Kamnet al., 2006; beam (785 nm wavelength) to optically trap, and
Kirchoff et al., 2008). excite, a single live cell for Raman scattering. The
spatial intensity distribution within the laser beam was

The injured .bra|r.1 attempts repair by producing expanded from nearly 1.5 mm in diameter (the size
new neurons. Injury is also amenable to rescue by

o - ~7of the beam emanating from our diode laser) to 10
endogenous or exogenous therapeut-lc |nterv§ntlonsfnm using a Galilean type beam expander comprising
such as cgl!transplanta.\tlon.'For such mterventlo.nstoa plano-concave lens (=5 cm) and a biconvex lens
succeed, it is crucial to identify very early time points (=30 cm) A dichroic mirror with high reflectivity at

fat.WhICh changes of cell death or damagg oceur post-785 nm and high transmission above 785 nm directed
injury. It has hitherto been observed, using standard

biological that h ch i the beam vertically into the microscope objective of
lological assays that SUCh changes occur on time, iy e teq microscope (Nikon Eclip§eU, Japan)
scales of several hours to days (Cabtal., 1998;

h that th ded b filled the objecti
Holmin and Hojeberg, 2004; Sheng & @005; Cacci stich fha fe exparidec beam overiiec the objecive

etal. 2005). | . ts wh it t(Fig. 1A). The objective had a large numerical
) a. )'. N experiments whose resu _S we repor aperture (1.3 NA) and 100x magnification (Nikon,
in the following we have made use of microRaman

t RS led t ical trap to det Japan) which enabled the laser beam to be focused
spectroscopy (RS) coupledto an opticaltrap to de eCEo a near-diffraction limited spot, thus facilitating the

and quantify early changes of apoptosis in live neural
stem cells that have been treated with pro-
inflammatory cytokines, TNk and IFN<. Our
methodology is such that we are able to detect, for Backscattered light was collected by the same
the first time,the effect of pro-and anti-inflammatory microscope objective and was directed to the output
cytokines on neural stem cells on time scales as shorport of the microscope by an optical path selector
as 10 minutes. Our spectroscopic results on very early-The weak Raman signal was separated from the
stage apoptosis also show that cells can be dividecaccompanying strong Rayleigh signal by means of an
into two groups: those that show an increase in theoptical edge filter (Semrock, USA). The filtered
intensity of the DNA band and those that show the Raman signal was focused onto the slit of an /4.1
opposite.We obseve that addition of the anti- spectrograph (iHR 320, Horiba Jobwon, Japan)
inflammatory cytokine IL-10 either 10 min before or equipped with a holographic grating (1200 grooves/
10 min after treatment with TNE-and IFN- mm) which laterally dispersed the sigralkconcave

~ reverses the chges substantiallyhe findings of ~ mirror (f=32 cm) focused the laterally separated
our preliminary set of experiments open new vistas spectral lines (the Raman lines constituting the
for studies than can probe, in detail, the extent to whichspectrum, as shown in Fig. 1B) on to a liquid nitrogen
inflammation can induce very rapid changes leading cooled CCD detector (Symphqgiyoriba Jobiryvon,

to cell death. Our work indicates that such rapid Japan).We determined the resolution of our

Single Cell Spectroscopy with Raman Tweezers

formation of a high intensity gradient that is crucial
for optical trapping of single cells (Ashkin, 1970).
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Fig. 1: A: Schematic representation of the single beam Raman tweezers set-up. B: Raman spectrum of a single, live cell.
C: Determination of spectrometer resolution with respect to phenylalanine peak at 999 chin the above spectrum

spectrometer with respect to the phenylalanine peakeach case) were recorded consecutively from the
at 999 cm'of the cell spectrum (Fig. 1C) to be 6.3 same cell. The experiment was repeated by adding
cmr L, 20 ng/ml of IL-10, either 10 minute pre- or post-
: treatment with TNF-a+IFN-v (20 ng/ml each). The
Our measurement procedure in the present . " o .
. . three experimental conditions utilized in our series of
series of experiments was as follows. Raman spectra .
. measurementn different sets of cells from the same
were recorded by us using NSCs before and after . . o
: : . culture but over several consecutive days (identified
treatment with the inflammatory cytokines TNF-« as x,yz, ...) are as summarizedTable 1
and IFN-v, with and without the anti-inflammatory Yz '
cytokine IL-10.Adult rat hippocampal NSCs/ To summarize, we recorded (a) four spectra
progenitors were suspended in phosphate buffer saline@ach from a selected live, trapped cell in every
(PBS). 200 pl of this suspension was placed in acondition, (b) one spectrum before adding the
custom-made sample cell and control Raman spectraytokines (baseline control), and (c) three successive
were acquired by trapping onecell from the suspensionspectra 10 minutes after addition of the cytokines.
at a timeAfter acquisition of Raman data, 20 ng/ml The results that we present encompass 32 spectral
each of TNF-a and IFN-~ were added to this 200 pl measurements from 8 neural stem cells. Control
cell suspension. Care was taken to retain the cell fromexperiments were also performed by recording three
which the control Ramaspectrum was recorded successive Raman spectra every 10 minutes from
within the trapping volume while adding the cytokines. two cells, without adding any of the cytokines.
The trapped cell was left for 10 minutes under the
effect of the added cytokines following which three
sets of Raman spectra (10 minutes acquisition time in>

It is pertinent to note that we subjected raw
pectra acquired in our experiments to 5-point moving
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Table 1: Summary of the measurement procedure followed in the present experiments.

Condition Cytokines added after recording baseline control spectrum Raman Spectra Recorded
0" Minute 10" Minute
| TNF-a+IFN-y — Control x, Cycle x.1, Cycle x.2, Cycle x.3
Il IL-10 TNF-a+IFN- Control y Cycle y1, Cycle y2, Cycle y3
1 TNF-a+IFN- IL-10 Control z, Cycle z.1, Cycle z.2, Cycle z.3

averages smoothing and, subsequemtlylti-point chamber slides treated in triplicate wellgth
baseline correction was applied. Such baselineconcentrations of cytokines as described in earlier
subtraction becomes necessary because fluorescenaétro studies on neural cells (Ben Hur ef &003;
signals covering a wide range of frequencies inevitably Cacciet al, 2005; Sheng et al2005; Belanger et al
accompany Raman spectée also acquired spectra 2011): IL-13 (20 ng/ml); TNF-« (20 ng/ml); IFN-~
bare glass slides so as to enable us to identify certairi20 ng/ml); IL-6 (50 ng/ml), IL-10 (20 ng/ml), IL-4
spectral features being contributed by the glass slidg20 ng/ml), TGF3 (10 ng/ml) and combinations

rather than the cells placed on the slide. thereof,for a period of 48 or 72 hours. Nuclei were
_ _ _ counterstained with DAPI (Sign#ddrich, USA). 7-

I'solation of Hippocampal Progenitors/stem Cells, 9 high power fields per well of the chamber slides

Cytokine Treatments, TUNEL and MTT assays were counted to a total of 300-400 cells per well. For

Hippocampal progenitors/stem cells were isolated fromthe  MTT (3-4, 5-dimethylthiazol-2-yl-2,5-
Wistar rats (wt. 200-250 gm) according to a diphenyltetrazolium bromide) reduction assay for cell

modification of an earlier described protocol (Palmer Viability/survival, NSCs were plated in 96-well tissue
etal., 1995). Briefly hippocampi were dissected from culture plates and treated with cytokines, with 6 wells
brains of the rats and neural progenitor cells werePer conditionAt the end of each experiment medium
isolated using a Percoll density gradient centrifugation. fom each chamber-slide well was removed and 100

To obtain fairly pure populations of neural progenitors, Hl MTT reagent (0.5 mg/ml in DMEM) added in the
the isolated cells were initially plated on poly-L- dark and plates incubated overnight in the,CO

ornithine (20 pg/ml) and laminin (10 pg/ml) - coated incu'b'ator at 37C. The reaction was then stopped by
T-25 flasks in DMEM/F-12 medium supplemented addition of 100 pl/ well of 10% SDS-0.01 N HCl and
with B-27 and 40ng/ml FGF-2 at 37°C in a humidified KePt in the dark for 6 hours on a slow shakére

atmosphere with 5% COAfter about 3 weeks, dense SUpernatant frqm eagh well was analyzed
colonies of proliferating progenitor-like cells were SPectrophotometrically using a TECAN ELISA plate

manually stripped, mechanically dissociated and platedf®@der (Switzerland) at 570 nm wavelength. Readings
in poly-L-ornithine-coated-25 flasks (Nunc, USA) from the different conditions were expressed as
in Neurobasal medium supplemented with B-27 and percent viability with respect to control. Statistical
40 ng/ml FGF-2. NSCs were characterized by a@nalysis was performed by one-wANOVA
immunocytochemical detection of marker expression. followed by post-hoGukey-Kramer tests.

To ascertain the fefcts of cytokines on survival/  Results and Discussion
cell death of adult rat hippocampal progenitors in vitro
the TUNEL (Terminal deoxynuceotidyl transferase
dUTP nick-end labelling) assay was performed using
theTACS 2TdT-Fluorin situ apoptosis detection kit
(Trevigen, USA) on NSCs plated in Lalekr(USA)

' A typical Raman spectrum of an NSC is shown in
Fig. 2 with Raman frequencies assigned to the
multifarious peaks that are clearly resolx&d.utilized
available literature to carry out the frequency
assignment (Bankaput al., 2010; Parker1983).
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Table 2: Assignment of peaks observed in the Raman
spectrum shown in Figure 2

S.No.FrequencyAssignments

(cnm?)
1 597 p:AmideVI (membrane)
2 619 Phe: C-C twist
3 640 p: C-S strTyr: C-C twist
4 718 Phospholipid:Choline: C-N symstr
Fig. 2: Typical Raman spectrum of an optically trapped 5 725 A
neural stem cell (inset) recc.>r(.j§d Wi‘th 25 mW qf llaser 6 756 T, Trp
power and 60 sec of acquisition time while giving 5
average accumulations 7 783 C,T,U, DNA or Lip:O-P-O diester sym str
8 806 DNA:bk:O-P-O sym str
Table 2 lists the assigned frequencies for the peaks irﬁJ 819 Phospholipid: O-P-O diesterantisymstr
our spectra; the tabulated data provide an overviewl? 932 p: skeletal vibration
of the spectral features that characterize the stenil 976 Deoxyribose
cells used in our experimentlthough a detailed 12 999 Phe: C-C skeletal vibration

analysis of the individual Raman features is not within ,
the scope of the present report, we note that the

. . . 14
Raman spectrum is dominated by lines that
correspond to signatures expected from proteins, lipids1®> 1087~ DNA:bk:O-P-O sym str, p:C-N str,

and nucleic acids - the major building blocks of cells. Phophory! Cholin: PGP anti-sym str
16 1121 p: C-N str
For the purposes of the present set of 17 1165 Collagen: NH*

experiments, we focus on those parts of the spectrum

that show differences before and after addition to the'® 1181 bz:; dNA base external C-Nts Phe, p:C-H
cell suspension of the inflammatory cytokines, TNF- .

« and IFN=, and anti-inflammatory cytokines IL- 12 1208 ¥ PheA T, p:Amide Ii
10. We find that these dirences mainly manifest 20 1265 p:Amide Ill, C,A

themselves in the region of 783 dira spectral line 21 1298 p: Amide Il

that is primarily ascribed to DNfVable 2). Figures 55 1306 A, p: Amide lll, Phospholipid:CH
3-5 show typical spectra we have measured for23
different cells. Differences (percentage increase or
decrease) in spectral intensity of the DNA peak post?4 1378 TAG
cytokine treatment are clearly brought out in Figs. 25 1448 p:C-H, def
3D, 4D, and ® (which show post-treatment spectra 2 1577 A G
with the respective control spectra subtracted). For,,
clarity of presentation we have divided cells into two
groups, depending on whether the resulting intensity28
of the DNA peak is high or low relative to thatin the 29 1616 Tyr, Trp, p: C=C
respective baseline control spectrum. 30 1656 p: Amide |

1029 Phe, p: C-N str
1072 Phospholipid: C-O str

1337 A, G p: C-H def

7 1585 A, G
1603 Phe,Tyr, p: C=C

Figs. 3,4D show difference spectra Abbreviations: def: deformation, bk: vibration of DNA backbone,
corresponding to Group 1 (increase in intensity of the St": stretching, U,C,A,G:ring breathing modes of the DNA/

e . RNA basesTyr: Tyrosine,Trp: Tryptophan, Phe: Phenylalanine,
DNA band); Fig. ® shows difference spectra p: Protein, Lip: Lipid Rib: ribose, NA: nucleic acids
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Fig. 3: A-C: Overlaid Raman spectra of different Group | NSCs (numbered 1, 2, 3 — see text) before and after cytokine
treatments 1: TNF-« + IFN-~; 2: IL-10 + (TNF-a and IFN-~); and 3: (TNF-a and IFN-v) + IL-10. D: Percentage differences
in the intensity of the 783 cm! DNA peak under the three cytokine treatments. Note the high (30%) increase in
intensity just 10 minutes after addition of (TNF« + IFN-~) and the reversal upon addition of IL-10 either 10 minutes
prior or 10 minutes after treatment with (TNF-a + IFN-~)

corresponding to Group Il (decrease in intensity of minutes and 30 minutes (from —15% to —4.5%). Here
the DNA band). Interestinglywe find that the  also, pre-treatment with IL-10 reverses this trend
response of the cells to the added cytokines depend@from —12% at 10 minutes to —18% at 30 minutes).
on whether they are Group | or Group Il cells.In group Post-treatment with IL-10 again produces the same
| cells (Figs. ®) the addition of TNFa + IFN-y effect as in the case of Group | NSCs.

produces a high-intensity DNA band at 10 minutes ] ] ) )
which reduces significantly (from 32% to ~20%) at There is an acute paucity of earlier work with

30 minutes. Pre-treatment with IL-10 (prior to addition WHiCh We can compare our present observations.
of TNF-a + IFN=y) reverses this trend (the Apoptosis has commonly been described as occurring

~34%). On thein a series of distinct, morphological and biochemical
stages (HackeR00O; Saraste and Pulkki, 200Dhe
initial stages involve activation of intracellular

enhancement being from ~23% to
other hand, post-treatment with IL-10 produces the
same trend as treatment with TNF IFN-~, albeit aal
at reduced levels. These trends are qualitativelyP@thways and only later are the characteristic
reproduced in anber set of Group | NSCs (FigD3 morphological features such structural changes in
In Group Il cells, on the othéand, the initial TNFe DNA, nuclear shrinkage, chromatin and cytoplasmic
+ IFN= treatment resulted in a marked decrease incondensation and disintegration evident. Nuclear
the intensity of the DNA band at 10 minutes. The changes play a predominant role in descriptions of
extent of such decrease is seen to diminish at 2cf:\poptosis with early chromatin condensation first along
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Fig. 4: A-C: Overlaid Raman spectra of different Group | NSCs (numbered 1, 2, 6 — see text) before and after cytokine
treatments 1: TNF-« + IFN-~; 2: IL-10 + (TNF-a and IFN-~); and 3: (TNF-a and IFN-v) + IL-10. D: Percentage differences
in the intensity of the 783 cm! DNA peak under the three cytokine treatments

the nuclear membran® study of earlypre-apoptotic  to the intensity of the DNA spectral band in the region
nuclei described such changes (Johresah, 2000). 774 cnt! to 805 cmi! (with a peak at ~783 cm).
Chromatin condensation involving the entire nucleus Zoladeket al. (2011) studied human breast cancer
and nuclear degradation with fragmentation, consideredcells and showed a ~1.5 fold increased intensity of
by some to be the hallmark of apoptosis, occurred atRaman bands associated with DNA in all cells
a later stage, along with phosphatidylserine exposed to 6 hours of etoposide; this increase in
externalization and formation of apoptotic bodies. The intensity was assigned to nuclear condensation seen

molecular events responsible for these are, as yetin the early stages of apoptosis. Intensity increase of
not completely understood. the same Raman band was also reported for apoptotic

_ _ HelLa (Uzunbajakavat al., 2003), but here the
Although there are no spectroscopic studies that

_ : - increase was much highex factor of 4-5. On the
have looked at apoptosis at early time points (0n theyher hand, decreased intensity of the DNA band in

scale of minutes, as in our study), there have beeny,,niotic cells has been reported in other studies
experiments that have probed changes of apOptos'fVerrier et al., 2004; Ong et al., 2012; Kfakt al.

in live cells on long times _scales, between 2 and 72540g). such decrease was attributed to either marked
hours (Zoladelet al., 201; Uzunbajakavat al.,  pclear condensation (pyknosis) or to the cleavage

2003;Ver.rier etal, 2004; Ong eta 2012; Kraft & ¢ pNA into short fragments packed into apoptotic
al., 2006; Moritz et al., 2010). These have yielded ,qies Krafft et al.(2006) have suggested that
results that are contradictosspecially with regards
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Fig. 5: A-C: Overlaid Raman spectra of different Group Il NSCs (numbered 4, 5, 8 — see text) before and after cytokine
treatments 1: TNF-« + IFN-~; 2: IL-10 + (TNF-a and IFN-~); and 3: (TNF-a and IFN-v) + IL-10. D: Percentage differences
in the intensity of the 783 cm® DNA peak under the three cytokine treatments. Note the marked decrease (by 15%) of
the intensity of the DNA peak just 10 minutes after addition of (TNFew + IFN-~), which is further accentuated (to 18%)
by IL-10 pre-treatment at 30 minute

increased condensation might lead to more base-baske divided into two groups: those that show an increase
interaction and consequentlto decreased DNA in the intensity of the DNA band and those that show
intensities. In only one earlier study (Moritz et,al  the opposite. These changes were se#fNry and
2010) has it been reported that the DNA band bothTNF-« - treated NSCs at as early a stage as 10-30
increased as well as decreased in inten$itgse minutes; interestinglythese changes were seen by
experiments were conducted on Jurkat cells, with us to be partially reversed upon addition of IL-10 either
spectral measurements made on time scales of 12-720 minutes before or 10 minutes after treatment with
hours. Here again the increase in Raman signal inlFN-~ and TNF-a.. Moreover these changes were
some cells was attributed to chromatin condensationnot accompanied by any discernible morphological
and nuclear fragmentation. The decrease in intensityalterations of apoptosis in all the cells we studied.
in another group of cells was, on the other hand,Neither is there corresponding information in the
attributed to late-stage apoptosis where nuclearliterature on detectable morphological changes at such
fragments were expelled from the cell, leaving behind early time scale$Ve postulate, as in the case of prior
an “empty” cell. work, that the increasing DNA intensity may be due
to early nuclear condensation, whereas the decreased

As already noted, qu spectroscopic results on DNA intensity could be indicative of the occurrence
very early-stage apoptosis also show that cells can
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of cavitation between the clumped chromatin in the 2010; and references therein) has yielded evidence
“pro-apoptotic” stage described by Johnsbral. that occurrence of optically-induced damage is unlikely
(2000). This variability in response of the different when incident laser power levels are kept less than
NSCs in our study may be attributed to asynchrony~30 mW as long as the irradiated cells are kept in a
of cell cycles of the NSCs. physiologically relevant medium, which they were in
our present series of measurements. The lowest
possible incident power levels were utilized that we
found to we commensurate with adequate signal-to-
oise ratio and spectral resolution.

The application of optical trapping methods on
biological matter inevitably raises the important
guestion of potential laser-induced damage within the
trapping volume. Such potential damage is expectedn
to be dependent on both wavelength and the incident Secondly our choice of laser wavelength was
laser power levels used. It might be expected thatdictated by the following considerations. The
photochemically induced alterations in the biochemical efficiency of Raman scattering is known to exhibit a
properties of a trapped cell might include damage towavelength deperahce that scales as*. This
DNA, alterations in cell metabolism, and the onset of indicates the desirability of using short wavelengths.
chemical processes like oxidation (Calmettes andHowever earlier work has established that as
Berns, 1983). The tight spatial focusing that underpinsindicated by the work of Neuman et al. (1999), shorter
optical trapping inevitably generates localized laser wavelengths result in increased propensity for laser-
intensities that might easily exceed several MWcm induced photo damage. The use of longer wavelengths
within the focal volume, resulting in localized thermal also offers a potential advantage of reducing
effects like the formation of bubbles (Ramanandan fluorescence effects that compete with the weak
et al., 2009), the creation of thermal traps, and Raman signals. Howevdonger wavelengths lead to
generation of acoustic waves (Lapotko and Zharov inescapable problems related to the efficiency of
2005).Any or all of these éécts might be expected CCD-based photon detectors that are readily available
to give rise to photomechanical effects that might at presentAs discussed by Snoaik al. (2009), the
prove to be deleterious to the trapped stem cells ofbest available detection efficiency of ~50% is obtained
interest in our studyVe refer to a cogent discussion over the wavelength range 600-800 nm. The
of such experimental considerations (Snhook et al., corresponding value aroungith wavelength is 10%
2009) in the light of which we have undertaken the while at 1064 nm it is almost zero. In the present
experimental design of our Ramdneezers  series of experiments we took care to meaRaman
apparatus and our measurement scheme. spectra of untreated NSCs at time intervals of 10, 20,

and 30 minuted/Ne found no discernible dérences

thlrstIy, I;.;er power Ie\f[els}useq tg.trzp OILf[r CeIIS;]Iin spectral lines profiles but intensities showed
and o record Raman spectra from individual frappe insignificant variability to the extent of +2% and -
cells, were measured just after the microscope

T _ 5%. These small variabilities confirm that there is no
objective in our experimental set-up by means of an

_ _ _ laser-induced damage to our NSCs.

integrating sphere coupled to a photodiode. Laser

power levels incident on any trapped cell were kept We used th&FUNEL assay to quantitatively
low enough to ensure cell viabilityn earlier screen for cell death of NSCs exposed to various
experiments, we have made measurements on trappegro- and anti-inflammatory cytokines inwtri-rom
cells for periods as long a4 hour recording Raman  our results (Fig. 6Ait is evident that concomitant
spectra every 5-10 minutes, so as to ensure thaaddition of IFN-vand TNF-acaused a significant
recorded spectra were consistent during the entireamount of NSC apoptosis (p < 0.001)-greater than
stretch of each experimental run to minimize concernsthat seen with either cytokine added singly or with
regarding cell viabilityOptical trap work on live cells  any of the other pro-inflammatory cytokines that we
that has been conducted in our laboratory over severalested. When time-course experiments were
years (see Bankapur et al., 2010; Zachariah et al., performed with IlN-~ and TNFe«, significant
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Percent TUNEL positive cells

Hl Untreated Control (48 hrs)
B TNFa (20ng/ml)+IFN- y(20ng/ml) W Untreated Control (48 hrs)
BETNFa (20ng/ml)+IFN- y(20ng/ml)

Percent TUNEL positive cells

Percent TUNEL positive cells

Fig. 6: Pro-inflammatory cytokines IFN-~ and TNF-a used concomitantly cause significant apoptosis (p< 0.001) of NSCs that
can be partly reversed by addition of the anti-inflammatory cytokine IL-10 either 30 min prior or 30 min after
treatment with IFN-~ and TNF-« in vitro. A: Quantitation of the pro-apoptotic efect of various pro-inflammatory and
anti-inflammatory cytokines on NSCs by the TUNEL assay over 72 hourm vitro; B: Morphology of untreated (control),
IFN-~-treated and IFN—~ + TNF-« - treated TUNEL positive NSCs; C-D: Viability of IFN-~ and TNF-a-treated NSCs over
time by the TUNEL and MTT assays, espectively; E:Addition of IL-10 to NSCs 30 min prior, and 30 min, 1 houy 2 hours,
and 3 hours after IFN~ and TNF-« treatment in vitro. The pro-apoptotic effect of IFN~ and TNF-« treatment on NSCs was
partly reversed only when IL-10 was added 30 min prior (p < 0.05) or 30 min after (p < 0.01). F: Details of DAPI-stained
(1) and TUNEL-stained (2) nuclei of IFN«y + TNF-«a-treated NSCs showing an apoptotic TUNEL +ve nucleus, a convoluted
nucleus with condensed chromatin (white arrow) and the nucleus of an NSC showing no changes (blue arrow)
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apoptosis was detectable only at 18-24 hours by theour finding of a pro-apoptotic effect of IFNas well
TUNEL and MTT assays, respectively (Fig. 6 §;,D as the additive effect of concomitant IFNind TNF-
in concordance with other studies (Ben-Htu@l., o, could possibly be an outcome @lls in these
2003; Caccet al., 2005). When the anti-inflammatory studies being isolated from differing species of
cytokine IL-10 was adetl either 30 min priorto or 30  different ages, from different regions (that is,
min after IFN= and TNFe, we observed partial subventricular zone or subgranular zone of the
reduction of this outcome as well as improvidbility hippocampus) and whether the experiments were
of the NSCs (p < 0.05 and p < 0.01, respectively) conducted invit orinvivo. It general, it is accepted
(Fig. 6E). This was not evident when IL-10 was that suppressing the effects of IkNand TNF-« is
added laterat 1 hour 2 hours, or 3 hours post- beneficial in improving stem cell therapies (Breton
treatment (Fig. B). Until recently apoptosis was and Mao-Draayer2011). The anti-inflammatory
considered to be an irreversible process, especiallyeffects of IL-10 have only recently been studied. IL-
once the critical checkpoints such as mitochondrial 10 is also increased in neuro-inflammation (Cstika
fragmentation and DNA damage occurred. In contrast,al., 1999; Henslegt al., 2000; Dziurdzilet al., 2004;
a few recent studies have provided indications thatShiozaki et al, 2005; Kamm et al 2006; Kirchoff et
apoptosis may be reversible either in the early stagesl., 2008), and counteracts the deleterious effects of
(Geske et al, 2001) or even in late stagesafi et pro-inflammatory cytokines such as IFN-~ and IL-
al., 2012). 17 (Knoblach and Faden, 1998nget al., 2009).
. . _ IL-10 increases both neurogenes is and
It is noteworthy that, in our experiments, oligodendrogenesis invilrang et al, 2009). More

although changes were not visually discernable atveryrecently adeno-associated virus-mediated

early time points at which spectroscopic changes Wereoverexpression of neuronal 1L-10 ameliorated

obser\(ed, various mor'pholog|ca| stages of apOptOS'scognitive dysfunction in a mouse modeittheimers
were, indeed, evident in ti&JNEL assayas shown

in Fig. 6F disease (Kiyotat al., 2012) and EAE, the animal
N F1g. BF model of MS, was suppressed when IL-10-transduced

Neural stem cells have been reported to expres§NSCs were injected intravenously (Kloseal.,
receptors for both IFN-and TNFe (TNF-RI, TNF- 2013). When IL-10 was administered by different
RII) but not IL-1 or IL-6 (Ben-Hur et al 2003; losif routes in a rodent model of TBI post-injury (Knoblach
et al., 2006). Ben-Huret al. (2003) reportech and Faden, 1998), the outcome was improved only by
decrease in the proliferation of NSCs isolated from systemic administration in vivout not when IL-10
newborn rat striata, when both IFNand TNFe was given intra-cerebroventricularl@ur findings
were added togethewhereas IFNy alone caused —show thatIL-10 has a direct anti-inflammatory effect
increased apoptosis that was partially blocked by thein counteracting the pro-apoptotic effects of pro-
addition of TNFe.. Other studies have reported that inflammatory cytokinedFN-yand TNFe, on NSCs
TNF-a causedincreased apoptosis when added to in vitro. Interleukin-10 has powerful immune-
cells of a neural stem cell line (Caetil., 2005) or ~ regulatory properties and recombinant IL-10 has been
in fetal neural stem cells through TNF-RI (Sheng et tried for the therapy of established immune diseases
al., 2005), or resulted in cell death of NSCs by necrosisWith limited success, warranting further investigation
(Wonget al., 2008). IFN= inhibited NSC proferation ~ (Assadullatet al., 2003).

and differentiated NSCs but did not cause apoptosis Itis pertinent to note that the primary significance

In one report (anet a, .2004) whereas in another of our findings lies in the recognition that inflammation-
NSCs and their differentiated progeny were found to .

both t ¢ IF ; d IF induced damage in neural stem cells can occur
texpzess to ; Nép():es 0 ItNo-Iﬂ'acetE o:js anl N-t fextremely rapidly and that it can be reversed by early
reatment of WSS resuited in the development o anti-inflammatory measures, such as IL-10 in our
dysfunctional diferentiated progeny (#hteret al.,

i, ) . study In acute inflammatory conditions, suchréd,
2011). These apparently conflicting results, including the inflammatory response begins within minutes -
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much earlier than was previously thought, and this isprogenitors of the hippocampus. Further investigations,
accompanied by an increase in levels of many of theespecially in animal models, are required to verify these
pro- and anti-inflammatory cytokines (Kamm et,al  findings in vivo as well as on the prognosis of clinical
2006; Frugieret al., 2010) thus leaving a narrow symptoms secondary to neuro-inflammation, such as
window for endogenous or exogenous interventions cognitive deficits.

to prevent significant damage to neural stem/
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