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Optogenetics is widely used to control diverse cellular functions
with light, requiring experimenters to expose cells to bright
light. Because extended exposure to visible light can be toxic to
cells, it is important to characterize the effects of light stimula-
tion on cellular function in the absence of exogenous optogenetic
proteins. Here we exposed cultured mouse cortical neurons that
did not express optogenetic proteins to several hours of flash-
ing blue, red, or green light. We found that exposing neurons
to as short as one hour of blue, but not red or green, light re-
sults in the induction of neuronal-activity-regulated genes with-
out inducing neuronal activity. Our findings suggest blue light
stimulation is ill-suited to long-term optogenetic experiments,
especially those that measure transcription.

Correspondence: gray@genetics.med.harvard.edu

Significance Statement: Optogenetics is widely used to control cel-

lular functions using light. In neuroscience, channelrhodopsins,

exogenous light-sensitive channels, are used to achieve light-

dependent control of neuronal firing. This optogenetic control of

neuronal firing requires exposing neurons to high-powered light. We

ask how this light exposure, in the absence of channelrhodopsin, af-

fects the expression of neuronal-activity-regulated genes, i.e., the

genes that are transcribed in response to neuronal stimuli. Sur-

prisingly, we find that neurons without channelrhodopsin express

neuronal-activity-regulated genes in response to as short as an hour

of blue, but not red or green, light exposure. These findings sug-

gest that experimenters wishing to achieve longer-term (an hour or

more) optogenetic control over neuronal firing should avoid using

systems that require blue light.

Introduction

With the development of optogenetic technologies over the
past decade (1, 2), it has become increasingly common to ex-
pose biological samples to high-powered light. Optogenetics
enables light-based control over diverse cellular functions–
including neuronal firing (3), transcription (4, 5), and cell sig-
naling (1)–via exogenous proteins that are activated by spe-
cific wavelengths of light. Results of such experiments can
be difficult to interpret if light by itself, in the absence of op-
togenetic proteins, affects cellular processes. Therefore, it is
important to characterize how light exposure affects biologi-
cal samples.

Sustained light exposure can form free radicals that affect

cellular processes. In cell culture experiments, hours-long
light exposure lowers cell viability via toxic oxidation and
free radical formation in the media (6–10). Furthermore, D.

melanogaster larvae and C. elegans are sensitive to free radi-
cals that accumulate internally when the animals are exposed
to visible light for hours to days (11–13). In both cell cul-
ture and animal studies, shorter (i.e., blue-er) wavelengths of
light have greater negative effects than longer wavelengths.
Despite the potential for side effects with blue light, the ma-
jority of optogenetic proteins, including channelrhodopsin
(ChR2) and cryptochrome-2 (CRY-2) (1, 2), are activated by
blue light in the 450-500 nm range, although other optoge-
netic proteins are responsive to longer wavelengths of light
(3, 14, 15). In neuroscience, blue light stimulation has been
used with exogenous channelrhodopsins to to control neu-
ronal firing for hours to days (16–19), time scales likely to
result in light-induced toxicity. Indeed, exposing cultured
neurons to 20 hours of blue light flashing at 1Hz reduces vi-
ability (20). However, less severe cellular changes that may
occur separately from, or in early stages of, cell death have
not been characterized.

Here we focused on assessing the role of light exposure on
transcription. We were particularly interested in character-
izing the effects of light on transcription in neurons because
optogenetically-driven neuronal activity induces expression
of activity-regulated genes, such as Fos (21). Therefore, op-
togenetics could be a useful tool to precisely control neuronal
activation to study the resulting activity-regulated gene ex-
pression. Furthermore, optogenetics can be used to directly
control transcription (4, 5) and to control signaling pathways
that regulate transcription (1), suggesting that experimenters
may wish to measure transcriptional outputs of optogenetic
experiments in many contexts.

We therefore asked whether neuronal transcription is af-
fected by one to six hours of blue, red, or green light ex-
posure. We chose light wavelengths that activate published
channelrhodopsin variants (3, 14, 15) and timepoints rele-
vant to activity-regulated gene induction (22, 23). We found
that cultured neurons without channelrhodopsin induced the
activity-regulated genes Fos, Npas4, and Bdnf when exposed
to one or six hours of blue light, but not when exposed to
red or green light. Our findings suggest light by itself, in
the absence of optogenetic proteins, can induce transcription.
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Therefore, experiments that measure transcription following
long-term optogenetic stimulation should take precautions,
such as using longer-wavelength light, to avoid experimental
confounds from this light-induced transcription.

Materials and Methods

Cell culture. Corticies were dissected from embryonic
day 16 (E16) CD1 or C57/Bl6 mouse embryos of mixed
sex. They were dissociated with papain (Worthington,
(L)(S)003126). 250,000 dissociated cells/well were plated on
48-well Lumos OptiClear plates (Axion), which have opaque
well walls and had been coated overnight with poly-ornithine
(30mg/mL, Sigma) and laminin (5ug/mL) in water and then
washed once with PBS. Cultures were maintained at 37¶C at
5% CO2 in BrainPhys media (StemCell Technologies) with-
out phenol red supplemented with SM1 (StemCell Technolo-
gies) and penicillin/streptomycin (ThermoFisher).

Light Stimulation. Light stimulation was done using the Lu-
mos system programmed with AxIS software with power
set at 100% (Axion Biosystems). According to the manu-
facturer, 100% power corresponds to 3.9mW/mm2 for blue
light, 1.9mW/mm2 for green light, and 2.2mW/mm2 for red-
orange light. These irradiance measurements were taken
from the bottom of a well with no media (personal correspon-
dance with Axion Biosystems). The wavelengths used were
475nm (blue), 530nm (green), and 612nm (red-orange). The
temperature was maintained by putting the plate on a 37¶C
warming plate (Bel-Art). The CO2 was maintained at 5%
throughout the duration of the recording using the base pro-
vided with the Axion Lumos system. Neurons were silenced
with APV (100uM, Tocris) and NBQX (10uM, Tocris) at
least 8h before stimulation to replicate conditions that would
be used in optogenetic experiments. Light-exposed wells and
wells left in the dark were on the same plate.

Temperature Measurement. We measured temperature us-
ing a thermocouple (Omega, 5TC-TT-K-30-36) inserted into
a well that was exposed to light stimulation. The temperature
on the thermometer attached to the thermocouple was moni-
tored at the start of the stimulation and at least once an hour
for the duration of the light exposure (up to 6h).

RNA extraction and qPCR. Immediatley following stim-
ulation, samples were collected in Trizol (Invitrogen), and
total RNA was extracted using the RNeasy mini kit (QIA-
GEN) with in-column DNase treatment (QIAGEN) accord-
ing to the instructions of the manufacturer. The RNA was
then converted to cDNA using the High Capacity cDNA Re-
verse Transcription kit (Applied Biosystems). For quantative
PCR (qPCR), we used SsoFast Evagreen supermix (BioRad)
with primers in Table 1. For qPCR analysis, we used a stan-
dard curve for each primer to convert Ct values into relative
amounts of expression. We normalized our neuronal-activity-
regulated gene values by values for the housekeeping gene

Gapdh in order to control for any differences in the amount
of cDNA in each reaction. Gapdh values were not signifi-
cantly different between conditions (p>0.1, two-sided t-test).
Furthermore, Gapdh mRNA is highly expressed and highly
stable, making it less likely to be altered by small changes in
transcription. Each biological replicate was from a different
dissection on a different day. T-tests testing fold induction
were performed on log fold change values from biological
replicates testing the difference from a fold change of 1.

Gene Primer
Fos (fw) GGCTCTCCTGTCAACACACA
Fos (rv) TGTCACCGTGGGGATAAAGT
Npas4 (fw) GTTGCATCAACTCCAGAGCCAAGT
Npas4 (rv) ACATTTGGGCTGGACCTACCTTCA
Bdnf (fw) TCCACCAGGTGAGAGTG
Bdnf (rv) GCCTTCATGCAACCGAAGTA
Gapdh (fw) CGTCCCGTAGACAAAATGGT
Gapdh (rv) TCGTTGATGGCAACAATCTC

Table 1. qPCR primers.

Neuronal Activity Measurement. Neuronal activity was
measured using neurons plated on Axion MEAs in 48-well
optical plates. MEA plates were coated as above. Neurons
from post-natal day 0 or 1 (P0-1) mice were dissociated and
cultured as above. Recording was done using the Axion Mae-
stro with the Axion software.

Results

To determine the effect of light exposure on neurons, we ex-
posed cultured cortical neurons that did not express channel-
rhodopsin to a pattern of blue (475 nm) light consisting of
2-ms pulses at a frequency of 10 Hz. We used a light inten-
sity of around 3.9 mW/mm2 (see Methods), which is similar
to, or less than, the light intensity recommended for optoge-
netic activation of channelrhodopsin and similar molecules
(3, 14, 15). After light exposure, we assessed the mRNA
expression of the neuronal-activity-regulated gene Fos using
qPCR. We found neurons exposed to just one hour of 10 Hz
flashing blue light have 2.7-fold higher Fos mRNA expres-
sion than neurons left in the dark (Figure 1A). Following
six hours of light exposure, we observed a four-fold induc-
tion of Fos mRNA, suggesting that blue light exposure–in the
absence of optogenetic proteins–induces Fos mRNA expres-
sion.

We next asked whether Fos is induced by red (612 nm) or
green (530 nm) light. We exposed neurons to six hours of the
same 10-Hz pattern and found that neither red nor green light
exposure induces Fos expression (Figure 1B-C).

We then asked whether increasing the amount of blue light
exposure increases gene induction. When we changed the
pattern of blue-light stimulation to a frequency of 100 Hz,
we found that neurons showed a 12-fold increase in Fos ex-
pression after six hours of light exposure. This was more than
the four-fold increase we saw after six hours of exposure 10
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Fig. 1. Cultured cortical neurons without channelrhodopsin were exposed to a pat-
tern of 10Hz, 2-ms pulses of A) 475nm (blue), B) 612 nm (red), or C) 530nm (green)
light for 1 or 6 hours. Induction of the activity regulated gene Fos was measured
using RT-qPCR. Values plotted are the fold induction in mRNA expression at 6h
compared to neurons not exposed to light. Bars represent the average of three
biological replicates and dots are the values from each replicate. p-values from a
one-sided Student’s t-test.

Hz blue light (p=0.009, t-test), indicating that more light ex-
posure results in more gene induction (Figure 2). However,
we found that for red light, even the 100 Hz stimulation pat-
tern failed to induce Fos, indicating that light-induced gene
expression is specific to shorter (blue-er) wavelengths.

Fig. 2. Cultured cortical neurons without channelrhodopsin were exposed to a pat-
tern of 100Hz, 1-ms pulses of 475nm (blue) or 612 nm (red) light for 6 hours. In-
duction of the activity regulated gene Fos was measured using RT-qPCR. Values
plotted are the fold induction in mRNA expression at 6h compared to neurons not
exposed to light. Bars represent the average of three biological replicates and dots
are the values from each replicate. p-values from a one-sided Student’s t-test.

We next investigated whether Fos induction might be due to
one of several possible secondary effects of blue light expo-
sure. Fos is usually induced in neurons as a result of the
membrane depolarization that occurs during an action po-
tential. However, neurons without channelrhodopsin grown
on multi-electrode arrays did not fire more action potentials
when exposed to light (Figure 3A), ruling out membrane de-
polarization as a cause of Fos induction. We also confirmed
that the sustained blue light exposure did not substantially
alter the temperature of the media. Even with 100Hz stim-
ulation, the media remained at 37+/-1¶C for the duration of
the experiment (Figure 3B). These findings suggest that the
blue-light-induced gene expression is likely a direct rather
than secondary effect of light exposure.

Finally, we asked whether others of the hundreds of neuronal-
activity-regulated genes are induced by light exposure.
Specifically, we assessed expression of Bdnf and Npas4

mRNA using qPCR. We hypothesized that since Bdnf is reg-
ulated differently from Fos (22, 23), it may not be induced
by the Fos-regulating signaling pathways activated by blue
light exposure. However, we found that Bdnf mRNA expres-

Fig. 3. A) Cultured cortical neurons without channelrhodopsin plated on multi-
electrode arrays were exposed to the indicated light conditions. As in all exper-
iments, neurons were silenced before light exposure with synaptic blockers APV
and NBQX. Each line represents an action potential. Light is ON at the highlighted
times. Representative example from one experiment. B) Temperature measure-
ments were taken from a well exposed to blue light at several time points during the
course of a 6-hour experiment. The red line represents the temperature at which
the neurons were cultured before starting the assay. Representative example from
one experiment.

sion is induced by a six-hour exposure to blue, but not red
or green, light (Figure 4A). Induction of Npas4 mRNA, un-
like Fos (24), is relatively specific to activated neurons (25).
We thus reasoned that if the gene induction in response to
blue light stimulation were activated as part of a response to
oxidation and cell death (6–8), a neuronal-activation-specific
gene might not be induced. Surprisingly, we found that a six-
hour exposure to blue, but not red or green, light also resulted
in induction of Npas4 mRNA (Figure 4B). We therefore sus-
pect that many neuronal-activity-regulated genes are induced
by blue light exposure.

Fig. 4. Cultured cortical neurons without channelrhodopsin were exposed to a pat-
tern of 10Hz, 2-ms pulses of 475nm (blue), 612 nm (red), or 530nm (green) light for
6 hours. Induction of the activity regulated genes A) Bdnf and B) Npas4 were mea-
sured using RT-qPCR. Values plotted are the fold induction in mRNA expression at
6h compared to neurons not exposed to light. Bars represent the average of three
biological replicates and dots are the values from each replicate. p-values from a
one-sided Student’s t-test.
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Discussion

We show in cultured cortical neurons without channel-
rhodopsin, that extended exposure to blue light induces
neuronal-activity-regulated genes. This gene induction does
not occur in response to exposure to red or green light. Our
findings indicate that blue light is ill-suited to optogenetic ex-
periments that use long-term light exposure and those that as-
sess changes in transcription in response to optogenetic stim-
ulation. This work also emphasizes the importance of includ-
ing experimental controls (26) in optogenetic experiments to
determine the effects of light on cells in the absence of light-
activated proteins.

Our finding that blue, but not red or green, light induces spu-
rious transcription is consistent with other work demonstrat-
ing detrimental effects of short-wavelength light (8, 20, 27,
28). Several studies that have compared the effects of blue
light to other wavelengths of light both in vitro and in C. ele-

gans have found that blue light has greater effects on cell via-
bility (10), C. elegans behavior (11), and C. elegans survival
(12). These data suggest that using optogenetic proteins that
are activated by longer wavelengths of light (14, 15) might
allow experimenters to avoid side effects of light exposure.

We speculate that neurons induce transcription in response to
blue light due to the oxidation that occurs in biological liquids
in response to extended light exposure (6–9, 20). Oxidative
stress can induce transcription of primary response genes, in-
cluding Fos, in a variety of cell types via activation of cell-
signaling pathways, including the MAPK and NFkB path-
ways (29). Because oxidative stress activates similar path-
ways as neuronal activity (22), we might expect oxidative
stress to activate many neuronal-activity regulated genes. In-
deed, we observed that blue light exposure induces all three
of the neuronal-activity-regulated genes that we tested.

In neuronal cell culture systems, blue light exposure likely
induces oxidation due to the presence of compounds such
as riboflavin, tryptophan, and HEPES in cell culture media
(28, 30–32). BrainPhys, the media used in this study, con-
tains both riboflavin and HEPES (33), as does the common
neuronal culture media, Neurobasal (manufacturer’s pam-
phlet). Therefore, supplementing neuronal culture media
with antioxidants (9, 16) or altering it to exclude compounds
that cause oxidation (20) may mitigate the detrimental ef-
fects of blue light in culture systems. Alternatively, sensi-
tive channelrhodopsins (21) can be used to minimize the du-
ration of light exposure and thus its negative effects. No-
tably, we suspect that blue light exposure induces transcrip-
tion in non-neural cultures, as the common cell culture media
DMEM also contains riboflavin and HEPES (manufacturer’s
pamphlet). Thus, spurious blue-light-induced gene expres-
sion may be a concern in any experiment that measures tran-
scription in response to an opotogenetic stimulus, including
those that use optogenetics to directly induce transcription in
non-neural cells (4, 5).

The toxic oxidation that occurs in culture media suggests
that in vitro experiments may be particularly sensitive to blue

light exposure. However, oxidation-prone compounds exist
within cells and in interstitial fluids, suggesting that light
exposure could also affect cells in vivo. Consistent with
this idea, exposing C. elegans to blue light likely produces
free radicals within the worm (11), and C. elegans, planeria,
and D. melanogaster have free-radical-detecting cells that re-
spond to light exposure in the absence of cell culture media
(11, 13, 34). Alternatively, it is possible that endogenous
opsins or cytochromes, which are expressed in our cultures
(23) and in the brain (35), play a role in the observed gene
induction, in which case we would expect to observe simi-
lar activity-regulated gene induction in vivo. Indeed, there is
some evidence that blue light stimulation in the absence of
channelrhodopsin may induce Fos expression in the rat brain
(36), although it is not clear whether this is due to light stim-
ulation or other factors, such as the trauma from implanting
the optical fiber. Therefore, it will be important for future
work to assess the impact of blue light exposure on neuronal
transcription in vivo.
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