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to stimulation with blue light only (Fig. 3D), suggesting that thewere quite variable; consistent with the large variability of
reduction in photocurrent loss was too weak to have a pronounceg@hotocurrents we measured (Fig. 1B).
effect on spike train firing. Thus, it appears that the run-down of An attractive property of the slow ChR2 mutants is their
photocurrents upon repeated stimulation limited the number ofenhanced light sensitivity, which could enable light stimulaition
light-triggered spike trains in ChR2(C128A)-expressing cells.  vivowithout the need to implant fiber optics. We were interested
Why did some pyramidal cells fire long spike trains whereasvhether extremely low light intensities would induce different firing
others fired only single spikes or failed to fire APs altogetherfatterns in ChR2(C128A)-expressing neurons. We first stimulated
We classified cells based dheir response to the first cells with a long but very dim light pulse (0.01 mW, 1000 ms). A
stimulation pulse into four categories (Fig. 4): Cells that didsecond stimulation pulse with high light intensity (8.4 mW,
not reach firing thresholch& 4), sparse firing (1-30 APs:=5), 1000 ms) was applied after a 2.5 min interval (Fig. 4E). To
train firing (=30 APs,n=6), and cells entering depolarization minimize current loss between stimulation trials, light-induced
block 6=7). Cells entering depolarization block were defined depolarization was terminated by applying a green pulse 20 s after
by strong spike amplitude attenuation due to incompletestimulation. Bursts of APs were fired in response to stimulation with
repolarization between spikes (Fig. 4A). The range of depolareither low or high light intensity in 5 cells we recorded from.
izations leading to train firing was very narrow (3828 mV; Interestingly, the number of spikes was very similar under both
Fig. 4B), as was the range of initial firing frequencies in thistimulation conditions (0.01 mW: 28B%.1 APs; 8.4 mW:
group (45.8&3.5 Hz; Fig. 4C). Cells entering depolarization 23.667.2 APs). However, due to the slow depolarization with low
block were characterized by strong depolarization (Fig. 4B)light intensity, the first spike was fired after a delay of&398 ms
high initial firing frequencies - in some cases exceeding 100 Hwhereas the delay was only@86 ms for high light intensity. The
(Fig. 4C) - and very short delays to first spike &2 ms; firing pattern of a given cell was similar after low and high intensity
Fig. 4D). In summary, responses of individual pyramidal celldight stimulation. The initial firing frequency was higher with a
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Figure 4. Analysis of light-triggered activity in current-clamped cells. (A) Sample traces of a cell entering depolarization block after the first

stimulation pulse. Note the pronounced spike amplitude attenuation. The second pulse induced a smaller depolarization and a series of APs. (B — D)
Spike train parameters. Cells were classified based on their response to the first stimulation pulse. Train fixB89: APs, n=6. Depolarization block,
n=7. Subthreshold depolarization, n=4. Sparse firing: 1-30 APs, n=5. (E) Spike trains in a pyramidal neuron stimulated with very low or high light
intensity. Analysis of the instantaneous firing frequency reveals a similar rapid frequency drop under both conditions.
doi:10.1371/journal.pone.0008185.9g004
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bright stimulation pulse and thus rapid depolarization, but the firing hippocampal slice cultures for endogenous c-Fos protein. Under
frequency rapidly dropped independently of the stimulationbasal conditions, c-Fos expression was very low (Fig. 6A). Exposing
condition (see Fig. 4E, right). When the stimulation paradigmthe cultures to 50 mM K (3 2 min, 10 min intervals) led to
was repeated the number of APs per stimulation trial rapidlystrong c-Fos induction 2 h after stimulation (Fig. 6A). To test for
decreased (after 6 repetitions: 0.01 mW:Gl14 APs; 8.4 mW: light-induced expression of c-Fos, we stimulated transfected
2.861.9 APs). These results indicate that ChR2(C128A) carcultures in the cell culture incubator with LED-generated light
reliably induce AP firing even at very low light intensities, apulses (300 ms pulse length, ISI=90s). In a first set of
property that may be useful to activate cells deep within the brainexperiments, we fixed cultures at different time points after
stimulation with 10 light pulses and stained for c-Fos (Fig. 6B).
Recording of Light-Triggered Responses in Cell-Attached Interestingly, c-Fos levels were already significantly increased after
Mode 30 min (p<0.01; Fig. 6C). After 1 h, c-Fos expression reached a

To characterize light-triggered activity in unperturbed pyrami- plateau that was maintained for about 2 h.

dal neurons, we performed a series of cell-attached recordingsst.Ne)l(t’t. we Ttlmuls\t/edf culéu;ﬁst W'th. ?'ﬁ%rleml. n#tmb?rs of
(Fig. 5A). Similar to whole cell recordings, the number of APs imufation puises. e found that a single blue ight pulse was

decreased with repeated stimulation in most cells (8/11 Ce"Ssufflment to induce c-Fos expression in transfected pyramidal cells

Fig. 5B and C (top)). We also observed cells that fired an increasi%%fo'o3 compared to non-stimulated control; Fig. 6D). After a

number of spikes upon repeated stimulation (3/11 cells: Fig. 5 gle light pulse, c-Fos levels were heterogeneous: Significant c-

; . . . : os upregulation (signal larger than mea@ SD of control) was
aqd ¢ (bottom)). During the f'r.St stimulations, the;e cells f!red Wetected in 7/15 cells. After 10 light pulses, maximal optical c-Fos
brief high frequency burst with pronounced spike amplitude. . . . . .

! ; ; ; induction was reached. High K stimulation induced even
attenuation immediately after light onset (average delay; : . .
4.060.7 ms), and a few more spikes after a silent period of 20stronger c-Fos signals (Fig. 6D, dotted line). We conclude that

. . ! P P the lack of further c-Fos upregulation by additional light pulses was

60's (F|g. 5C, bottom)._ In these_ cells, run_-down of photocurrent ost likely due to run-down of photocurrents, limiting the number
paradoxically led to an increase in total spike output in subseque f spike trains triggered in individual neurons. Importantly
stimulations, suggesting that during the first stimulations, the¥ '

tered depolarizati block litativel ll-attach dnduction of c-Fos after light stimulation was restricted to
entered depolarization block. Qualitatively, our cell-attac edy ansfected cells (see Fig. 6B).

recordings thus confirmed the results of light stimulation in Light-triggered depolarizations were typically very large
whole-cell configuratioln: Similar response classes were found, al f—iig. 4B), raising the possibility that action potentials were not
long bursts .Of APs V.V'th d_ecreasmg frequency were observe_d quired to induce immediate early gene expression. We tested the
bOt.h recording conflgu_ratlons (Fig. 5D). Qu_antlta_mv_ely,_ spike ossibility that calcium influx through ChR2 itself and through
trains were often !onger in ce!l-attached recordlngg, indicating tha w-voltage-activated calcium channels was sufficient for c-Fos
whole-cell recording slightly impeded AP generation. induction. Application of the Nachannel blocker TTX during
) . ) stimulation blocked c-Fos induction, indicating that spiking

Cell-Autonomous c-Fos Induction by Light-Triggered activity was necessary to trigger the signaling cascade leading to
Action Potential Firing c-Fos expression (Fig. 6E). On the other hand, glutamate receptor

To investigate the cellular consequences of ChR2(C128A)antagonists (NBQX, CPP) did not impair light-induced c-Fos
induced spike bursts, we stained stimulated and non-stimulated ratxpression, indicating that synaptic activity was not required to
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Figure 5. Cell-attached recordings of light-induced spike trains. (A) Sample trace. Cell-autonomous activity was isolated by bath-application

of NBQX. (B) In the majority of cells the number of spikes decreased with repeated stimulation (8/11 cells). Asterisks indicate cells presumably
entering depolarization block after initial stimulation pulses. (C) Top: Spike raster for cell with long delay to first spike (10.75 ms). Bottoke Bysiter

for cell with short delay to first spike (4.25 ms) presumably entering depolarization block. (D) Top: Long spike train containing 394 APs. Bottoke: Spi
train in current-clamped cell (355 APs) for comparison.

doi:10.1371/journal.pone.0008185.g005
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Figure 6. Cell-specific c-Fos induction by light-triggered spike trains. (A) Immunostaining for endogenous c-Fos in CAl area of rat
hippocampal slice cultures under basal conditions (top) and 2 h after stimulation by extracellular application of 50 mM(Bottom). (B) c-Fos
induction in a pyramidal neuron expressing ChR2(C128A) and cytosolic RFP after 10 stimulation pulses. Cultures were fixed 2 h after stimulation and
stained for c-Fos. (C) c-Fos signal in non-stimulated cells (n=27) and at different time points after light stimulation (n=18, 24, 18, 25, 21). Green
shaded bar indicates mea6SD of non-stimulated control cells. c-Fos induction was significant at all time points<(@.01). (D) Significant c-Fos
induction was observed after a single blue light pulse (n=17, 15, 14, 21, 19, 11). Dashed line indicates average c-Fos signal after 50 mM K
stimulation. (E) Light-triggered c-Fos induction was blocked by TTX, but not by NBQX or CPP<6.@1 compared to control. (F) Green fluorescence

in live organotypic slice cultures (CA3) from fosGFP transgenic mice under basal conditions (top) and 4 h after brief stimulation with 50 MM K
(bottom). (G) Light-induced GFP expression in fosGFP reporter mouse neurons expressing ChR2(C128A) and RFP. (H) Light-induced GFP expression
was quantified 4 h after light stimulation (10 pulses). Scale bars in (A,B,F,Gura0

doi:10.1371/journal.pone.0008185.g006
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induce c-Fos. These results validate the use of c-Fos expressioriratuiced strong fosGFP expression in pyramidal neurons (Fig. 6F).
an indicator for cellular activity [8,13]. Moreover, these data showLight stimulation of cultures transfected with ChR2(C128A) and
that calcium influx through the ChR2 pore itself (see [3]) is notRFP (300 ms pulse length, 10 pulses, I1SI=90 s) led to strong and
sufficient to induce c-Fos expression. significant expression of the fosGFP reporter protein specifically in
In order to investigate if ChR2(C128A) could be used to controltransfected neurons (Fig. 6G,H<p.05). As a control, we verified

c-fos promoter-driven transgene expression, we prepared hippdhat transfected but not light-stimulated cells did not express GFP
campal slice cultures from fosGFP transgenic mice [21]. These micgbove background. Taken together, our data show that light-
express a fosGFP fusion protein and have been used to identify amdggered spike bursts reliably induced c-Fos expression in a cell-
characterize recently activated neurons in live brain tissue [21]specific and cell-autonomous manner. Moreover, light-induced
Under basal conditions, virtually no fosGFP signal was detectableapike trains can be exploited to control the expression of custom
Brief stimulation with 50 mM K (3 2 min, 10 min intervals) transgenes driven by the c-fos promoter.
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