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Brain rhythms control microglial response and cytokine
expression via NF-κB signaling
Ashley Prichard1†, Kristie M. Garza1,2†, Avni Shridhar1, Christopher He1, Sara Bitarafan3,4,
Alyssa Pybus1,3, Yunmiao Wang2, Emma Snyder1, Matthew C. Goodson1,2,3, Tina C. Franklin1,
Dieter Jaeger1,2, Levi B. Wood1,3,4*, Annabelle C. Singer1,2,3*

Microglia transform in response to changes in sensory or neural activity, such as sensory deprivation. However,
little is known about how specific frequencies of neural activity, or brain rhythms, affect microglia and cytokine
signaling. Using visual noninvasive flickering sensory stimulation (flicker) to induce electrical neural activity at
40 hertz, within the gamma band, and 20 hertz, within the beta band, we found that these brain rhythms differ-
entially affect microglial morphology and cytokine expression in healthy animals. Flicker induced expression of
certain cytokines independently of microglia, including interleukin-10 and macrophage colony-stimulating
factor. We hypothesized that nuclear factor κB (NF-κB) plays a causal role in frequency-specific cytokine and
microglial responses because this pathway is activated by synaptic activity and regulates cytokines. After
flicker, phospho–NF-κB colabeled with neurons more than microglia. Inhibition of NF-κB signaling down-regu-
lated flicker-induced cytokine expression and attenuated flicker-induced changes in microglial morphology.
These results reveal a mechanism through which brain rhythms affect brain function by altering microglial mor-
phology and cytokines via NF-κB.
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INTRODUCTION
Brain rhythms are found in many brain structures and result from
coordinated electrical neural activity at specific frequencies in re-
sponse to task demands and environmental stimuli (1–3).
Gamma frequency neural activity (~30 to 100 Hz) increases
during attention and sensory processing, whereas beta frequency
(~12.5 to 30 Hz) is associated with active concentration and sup-
pression of motor behaviors (2, 4). Furthermore, neural activity is
modulated rhythmically in response to rhythmic sensory stimuli,
and this entrainment enhances sensory processing, including atten-
tion (5). While brain rhythms and neural entrainment to sensory
stimuli are well known to reflect and influence neuronal electrical
function, little is known about how different frequencies of neural
activity affect other brain functions, such as immune signaling (6).
Our recent work has shown that gamma frequency (40 Hz) nonin-
vasive flickering sensory stimulation (flicker) recruits microglia to
engulf pathogens in mousemodels of Alzheimer’s disease, revealing
that this specific frequency of neural activity alters microglia, the
primary immune cells of the brain in the presence of Alzheimer’s
pathology (7–11). However, microglial responses vary with patho-
logical context, and, therefore, it is unclear whether these effects of
gamma flicker on microglia generalize to healthy brains (12). Fur-
thermore, the mechanisms by which gamma frequency activity
alters microglia and immune signaling pathways remain unknown.

Brain immune function is typically ascribed to microglia, the
primary phagocytes in the brain, because of their roles in engulfing
pathogens and secreting both cytokines and related extracellular
signals that support neuronal health (12–14). Microglia are
known to respond to changes in sensory and neural activity, such
as sensory deprivation or seizures (15–17). In the healthy adult
brain, microglial processes dynamically shift to survey surrounding
synapses, acquiring elongated phenotypes to scan their environ-
ment and monitor neuronal activity (e.g., hyper-ramified). Micro-
glia rapidly change their phenotype through intermediate stages to
shortened processes and enlarged soma when detecting pathogens
(e.g., hypo-ramified) and evolve into ameboid phenotypes that can
lack processes altogether (18). Nevertheless, little is known about
how specific patterns of neural activity, beyond gross increases or
decreases, affect microglia and cytokines in healthy individuals.
While microglia are a commonly accepted source of cytokines,
neurons are known to secrete specific cytokines, such as fractalkine
(CX3CL1) (19–22). Although the mechanisms that govern neuro-
nally sourced cytokines have received limited attention, cytokine ex-
pression is controlled by canonical phospho-protein signaling
pathways, which are present in both microglia and neurons, includ-
ing the nuclear factor κB (NF-κB) and mitogen-activated protein
kinase (MAPK) signaling cascades (23–26). NF-κB is activated in
neurons by synaptic activity, and we have shown that 40 Hz
flicker increases activation of this pathway (10). Because of its reg-
ulation by synaptic activity and its role in cytokine expression, the
NF-κB pathway could be a key mechanism by which brain rhythms
regulate microglial responses (27–30).

Sensory experiences can induce frequency-specific brain
rhythms, such as gamma, and neural activity is modulated by rhyth-
mic sensory stimuli. Thus, it is important to understand how spe-
cific frequencies of neural activity affect cytokines and microglia.
Cytokine and microglial responses to specific frequencies of
neural activity may play a role in how the brain adapts to the
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environment. Flicker stimulation, which precisely induces specific
frequencies of neural activity, allows us to noninvasively test the
effects of different frequencies of neural activity without signifi-
cantly increasing or decreasing mean firing rates, which has more
commonly been investigated (9). We and others have shown that
simple flickering lights and sounds, similar to a fast strobe light
and beeping, drive specific frequencies of neural activity in
primary sensory areas at the flicker frequency of the stimulus (7–
9, 31, 32) and beyond (33, 34). Thus, flicker stimulation noninva-
sively induces specific frequencies of neural activity to test how
this activity affects microglia and cytokines without significantly
changing average neural firing rates (8, 9). Previously, we have
shown that 20 and 40 Hz visual flicker led to different patterns of
cytokine protein expression in healthy mice, but the effects of spe-
cific flicker frequencies on microglia in healthy mice and the causal
biomolecular mechanisms by which neural activity causes these
changes are unknown.

To elucidate how brain rhythms modulate microglia and cyto-
kines, we tested the hypothesis that flicker differentially affects mi-
croglia and cytokines via NF-κB, which is a canonical phospho-
protein signaling pathway. First, we established frequency-specific
effects of flicker on microglia and cytokine-related transcription
in healthy mice. We used 20 and 40 Hz flickering stimuli because
they drive frequencies of neural activity within common, naturally
occurring brain rhythms, and we previously found that specific fre-
quencies have distinct effects on cytokine protein levels. We found
that 1 hour of 40 or 20 Hz flicker was sufficient to differentially
transform microglial morphology, consistent with different func-
tional roles, and to alter transcription of genes that control cytokine
expression (12). We next investigated the cellular source of flicker-
induced cytokine expression because cytokines can both cause mi-
croglial changes or arise from microglia. We found that 40 Hz
flicker in microglia-depleted mice increases tissue levels of the cy-
tokines macrophage colony-stimulating factor (M-CSF), which re-
cruits microglia, and interleukin-10 (IL-10), which is anti-
inflammatory, indicating that these cytokines are expressed from
a different cellular source. Because NF-κB andMAPK pathways reg-
ulate synapses and immune function, we tested the hypothesis that
these pathways are necessary for flicker-induced cytokine expres-
sion and microglial changes. We found that inhibition of either
NF-κB or MAPK signaling pathways before flicker exposure
down-regulated expression of cytokines, while inhibition of NF-
κB only prevented microglial branching responses to 40 Hz
flicker. Together, these results show that specific frequencies of
flicker elicit a distinct effect on microglia and cytokine transcrip-
tion. Furthermore, these findings reveal an NF-κB–mediated signal-
ing mechanism by which 40 Hz flicker activity affects cytokines and
microglia. Collectively, our data thus define a previously unknown
pathway linking flicker stimulation, brain rhythms, and brain
immune signaling.

RESULTS
Visual flicker elicits corresponding frequency-specific
activity in primary visual cortex
We first established that visual flicker induces neural activity at the
specific frequency of flicker across all of the visual cortex. While
prior work has shown that visual flicker induces neural activity at
the specific frequency of flicker in the visual cortex using local

field potential recordings (35), these recordings do not assess
neural activity on a large spatial scale across cortex or even across
all primary visual cortex. Thus, we began the current study by
asking whether both 20 and 40 Hz flicker stimuli would respectively
drive 20 and 40 Hz neural activity across visual cortex. To test this,
we performed wide-field voltage imaging at 200 frames/s during 20
or 40 Hz flicker with a fast voltage indicator, JEDI-1P-Kv, that can
detect high-frequency neural activity (35). With this approach, we
detected fast fluctuations in voltage within neurons. We observed
strong neural responses in the frequency of the visual flicker
throughout bilateral primary visual cortex at both 20 and 40 Hz
(Fig. 1B and fig. S1). During 20 Hz flicker, the voltage increases
and decreases over 50 ms, consistent with a 20 Hz signal, while
during 40 Hz flicker, the voltage increases and decreases over 25
ms, consistent with a 40 Hz signal (Fig. 1B and fig. S1). Twenty-
hertz flicker produces a peak in the power spectral density at 20
Hz, while 40 Hz flicker produces a peak at 40 Hz. Note that peaks
at multiples of the stimulus frequency at 40 and 60 Hz during 20 Hz
flicker are expected harmonics of 20 Hz due to the fact that the
neural response is not a perfect sinusoid and represent the differ-
ence between the real signal and a perfect sinusoid. A peak at har-
monic frequencies in the power spectral density does not mean that
there is a corresponding periodic signal in time domain, as evi-
denced by the clearly slower oscillations during 20 Hz flicker.
Thus, 20 Hz flicker induces 20 Hz neural activity, and 40 Hz
flicker induced 40 Hz neural activity.

Visual 20 and 40 Hz flicker stimuli elicit distinct microglial
morphological responses in healthy mice
Having established that 20 and 40 Hz flicker induce different brain
rhythms throughout primary visual cortex, we next asked whether
20 and 40 Hz stimulation led to different microglial morphologies
that correspond to different microglial functions (18, 36). We hy-
pothesized that 40 Hz flicker would induce a transition to hypo-
ramified microglial morphology, as observed during synaptic en-
gulfment and other microglia activity, while 20 Hz flicker would
induce microglia with hyper-ramified morphology that occurs
during surveillance or homeostatic processes (13, 37).We compared
40 Hz flicker to 20 Hz flicker to best identify the effects of the spe-
cific frequency of periodic activity rather than the general effects
due to any stimulus that turns on and off. We compared 40 to 20
Hz instead of random stimulation to compare two periodic stimuli
and the related neural activity and because we have found that
random stimulation exhibits variable effects on cytokines (10).
We expected that while 20 and 40 Hz would elicit different micro-
glial responses, these effects should bemore subtle than those due to
injury or disease, instead reflecting a range of microglial morphol-
ogy present in the healthy brain (36, 38–41). To test this hypothesis,
we analyzedmicroglial morphology after the micewere exposed to 1
hour of flicker at either 20 Hz flicker, 40 Hz flicker, or no flicker
(constant light) (Fig. 1, A and C). We found that the 40 Hz flicker
elicited a significant increase in soma area compared to 20 Hz,
whereas 20 Hz elicited significantly increased process length and
branching compared to 40 Hz (Fig. 1, E to G; fig. S2; and table
S1). However, these changes were not associated with significant
differences in Iba-1 (encoded by Aif1) transcription (P = 0.6 unad-
justed, DESeq2). Thus, 40 Hz stimulation leads to more ameboidal
morphology with fewer ramifications consistent with engulfing mi-
croglial phenotypes, in line with ours and others’ prior studies (9,
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18, 36), and 20 Hz stimulation results in a more ramified morphol-
ogy with longer processes consistent with surveillance phenotypes.

RNA sequencing analysis reveals differences in cytokine-
related transcription factors between 20 and 40 Hz flickers
To identify potential molecular mechanisms of these different mi-
croglial morphological responses to brain rhythms, we asked which

immune-related gene pathways also differentially respond to 20 and
40 Hz flickers. To broadly examine changes in expression of several
potentially microglia-related pathways with relatively high sequenc-
ing depth, we used bulk RNA sequencing (RNA-seq) to quantify
gene expression in the visual cortices of mice exposed to 20 or 40
Hz combined audio/visual flicker, which is expected to have similar
effects in the visual cortex as visual-only flicker (10). We then used a

Fig. 1. Visual flicker affects microglial morphology in a frequency-specific manner in wild-typemice. (A) Light-emitting diode (LED)–lined stimulation box for mice.
(B) Representative spatial heatmap of power differences at 40 Hz (left) or 20 Hz (right) during visual flicker relative to no flicker fromwide-field voltage imaging of JEDI-1P-
Kv, shared scale bar for visualization. Right: Mean and 95% confidence interval (CI) of voltage imaging traces. n = 6 mice, 10 trials per mouse. (C) Mean and 95% CI power
spectral density of voltage imaging signal in primary visual cortex (2 by 2 pixels) during 40 Hz visual flicker (left, red) or 20 Hz flicker (right, blue) and baseline (black). Peaks
at 40 and 60 Hz are expected harmonics of 20 Hz due to the fact that the neural response is not a perfect sinusoid. (D) Example Iba-1+microglia (red). Scale bars, 30 μm. (E)
Sholl analysis of microglia after 40 Hz flicker (red), 20 Hz flicker (blue), or no flicker (gray) shows significant differences between groups (linear mixedmodel with repeated
measures). (F) Soma area differed after 40 Hz (n = 6 mice, 459 microglia), 20 Hz (n = 5 mice, 398 microglia), or no flicker (n = 5 mice, 388 microglia) [F(12,1242) = 98.63, P =
1.75 ×10−40; t tests: 40 Hz versus 20 Hz, P = 9.56 × 10−10; 40 Hz versus no flicker, P = 1.04 ×10−8; 20 Hz versus no flicker, P = 9.56 ×10−10]. (G) Total process length differed
after 40 or 20 Hz flicker [F(2,443) = 6.8925, P = 0.0011; t tests: 40 Hz versus 20 Hz, P = 0.0007; 40 Hz versus no flicker, P = 0.432; 20 Hz versus no flicker, P = 0.0622]. (H) Full
branching depth differed after 40 or 20 Hz flicker [F(2,443) = 4.789, P = 0.0088; t tests: 40 Hz versus 20 Hz, P = 0.0069; 40 Hz versus no flicker, P = 0.7235; 20 Hz versus no
flicker, P = 0.0915]. For (F) to (H), one-way analysis of variance (ANOVA) and post hoc t tests with Tukey’s post hoc test correction. Box plots inside violin plots indicate
median and quartiles, and dots indicate individual microglia. **P < 0.01, ***P < 0.001, and ****P < 0.0001.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Prichard et al., Sci. Adv. 9, eadf5672 (2023) 9 August 2023 3 of 18



gene set variation analysis (GSVA) with the C2 canonical signaling
pathways gene sets database (MSigDB, Broad) (42). We found that
different frequencies of flicker differentially affect transcription
factors that control cytokine expression with a more nuanced
effect than injury or disease. We did not identify clear changes in
signaling pathways that have previously been shown to affect micro-
glial responses to neural activity, including norepinephrine and che-
moreceptor P2Y12 (fig. S3). We also did not identify any
significantly enriched gene sets between 20 and 40 Hz flicker
related to immunity, including MAPK pathway, cytokine signaling,
stress response, or complement cascade (Fig. 2A and data S1).
However, these cytokine-related immune pathways are made up
of broad lists of more than 50 genes, and a more detailed examina-
tion revealed significant differences in expression of transcription
factors that control cytokine expression, such as Ifit1 and Irak4
(Fig. 2, B and C) (43–45). While the 20 and 40 Hz flickers
induced significant differences in cytokine expression, neither pro-
duced coordinated expression patterns indicative of broad inflam-
mation that is often found in lipopolysaccharide models, for
example (46). Given that these changes in cytokine expression are
associated with changes in microglial morphology and occur in
healthy brains, they suggest an overall frequency-specific modula-
tion of cytokines that is distinct from that due to injury or disease.

Flicker stimulation induces microglia-dependent and
-independent cytokines
Because cytokines both signal to and are secreted by microglia, we
determined the necessity of microglia for flicker-induced cytokine
expression by examining protein expression changes after depleting
microglia. We compared 40 Hz effects to those of 20 Hz because
these stimuli differentially affected cytokines and microglia and
because 20 Hz flicker controls for key aspects of the flickering stim-
ulus, including light exposure, stimuli turning on and off repeatedly,
and any salience associated with flickering stimuli. We depleted mi-
croglia using PLX3397 (PLX) (290 parts per million in the chow; see
Materials and Methods and fig. S4), exposed mice to visual flicker,
and then used a Luminex multiplexed immunoassay to quantify
protein expression of 32 cytokines in the visual cortex, including
many that previously showed differential expression in response
to 40 and 20 Hz flicker in our prior work (Fig. 3 and data S3)
(10). We initially compared protein expression in control animals
fed a regular diet versus PLX diet, showing that expression of
some cytokines persisted in microglia-depleted mice (fig. S5). We
accounted for the multidimensional nature of the data using a dis-
criminant partial least-squares regression [partial least-squares dis-
criminant analysis (PLSDA)], as we have done previously (10). We
identified two latent variables to separate flicker frequency condi-
tion [latent variable 1 (LV1)] and intact versus depletion of micro-
glia (LV2). LV1 separated 40Hz flickered animals to the right and 20
Hz flickered animals to the left along LV1 (Fig. 3B). In addition,
microglia-depleted animals (40 Hz PLX) separated toward the top
from microglial-intact animals toward the bottom along LV2. We
evaluated potential overfitting of the model using a permutation
analysis, wherein sample labels were permuted 1000 times, and dis-
tances between group centroids were compared against true group
labels. This analysis revealed that true group assignments were
better than random (40 Hz versus 20 Hz, P = 0.316; 40 Hz versus
40 Hz PLX, P = 0.20; 40 Hz PLX versus 20 Hz, P = 0.107).

We identified which cytokines had decreased or intact expres-
sion levels when microglia were depleted. First, we determined
the profile of cytokines in LV1 (Fig. 3C) that were associated with
40 Hz (positive) or 20 Hz (negative) and the profile of cytokines in
LV2 (Fig. 3D) that were associated with microglial depletion (PLX,
positive) versus microglial intact mice (negative). Top correlates
from LV1, including IL-10, which has anti-inflammatory functions,
were not significantly changed by microglial depletion, showing
that it is microglia independent (Fig. 3E). In contrast, the top cor-
relate from LV2 was M-CSF (CSF1, the agonist for CSF1R, which is
antagonized by PLX3397), which was increased bymicroglial deple-
tion and is known to recruit microglia, showing that its expression
levels were microglia dependent, but lead to increased rather than
decreased expression (Fig. 3I). Some cytokines including IL-13, an
anti-inflammatory cytokine, and macrophage inflammatory
protein–1β (MIP-1β), a chemokine, weremicroglia dependent, con-
sistent with the known role of microglia in cytokine expression (47).
Unexpectedly, flicker-induced expression of IL-10 andM-CSF is in-
dependent of microglia or increased in the absence of microglia.
Because microglia are commonly thought of as the primary
source of cytokines, we sought further evidence of cytokine expres-
sion in the absence of microglia. Accordingly, we assessed cytokine
levels after microglia depletion alone in animals that were not
exposed to flicker. Consistent with our hypothesis that cytokines
can be expressed in the absence of microglia, we find that some cy-
tokines are elevated following microglia depletion without flicker
exposure. Because we have previously established that 40 Hz
flicker elevates cytokines including M-CSF and IL-10, these
results, combined with our prior findings, support our hypothesis
that these cytokines can arise from nonmicroglia cells (10). Thus,
flicker stimulation increased the expression of both microglia-de-
pendent and -independent cytokines.

Single-nuclear RNA-seq identifies most of differentially
expressed genes in neurons
Since we found that flicker stimulation induces both microglia-de-
pendent and -independent cytokine expression, we next used
single-nuclear RNA-seq (snRNA-seq) to profile transcriptional
changes within each cell type in the visual cortices of mice
exposed to no flicker, 20 Hz, or 40 Hz visual stimulation for 1
hour (n = 4 per group). More than 5000 nuclei were analyzed per
sample, and Azimuth (see Materials and Methods) was used to
identify multiple neuronal populations (layer L2/3 glutamatergic
and layer L5 glutamatergic), astrocytes, oligodendrocytes, and mi-
croglia/perivascular macrophages (PVMs), among other cell types
(Fig. 4A and fig. S5A). Although 20 and 40 Hz are modestly differ-
ent stimuli, differential gene expression analysis revealed that 40 Hz
flicker had pronounced effects on L2/3, L6, and L5 neuronal popu-
lations, with fewer differentially expressed genes (DEGs) in oligo-
dendrocytes, astrocytes, and microglia/PVMs compared to 40 Hz
and no flicker (Fig. 4B and data S2). Comparing 40 to 20 Hz in
L2/3 glutamatergic neurons revealed that 40 Hz flicker increased
genes associated with neurotransmission and synaptic plasticity
(e.g., Gls, Gria2, and Rims1) as well as cell signaling and transcrip-
tion pathways, e.g., genes related to NF-κB and/or MAPK (e.g., Ptn,
Wnk1, and Egr3). Many of these genes were also up-regulated in 40
Hz compared to no flicker. In astrocytes, 40Hz versus 20Hz showed
increased expression of growth factors and receptors (e.g.,Vegfa and
Eps15), cell signaling (e.g., Prkd1 and Ppp2r5a), and scaffolding
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proteins (e.g.,Abi1, Faf1, andGab2). Last, 40 Hz compared to 20 Hz
in microglia showed increased expression of membrane receptors
(e.g., Grid2, Lrrc4c, Pcdh7, and Cldn11) and cytoskeletal genes
(e.g., Sgcz). Gene ontology (GO) analysis of genes up-regulated in
40 Hz versus 20 Hz flicker revealed enriched GO terms associated
with extracellular signal–regulated kinase 1 (ERK1)/ERK2 cell sig-
naling and cellular morphogenesis in L2/3 neurons (Fig. 4D) but no

enriched terms in astrocytes. In microglia/PVMs, we found enrich-
ment of terms associated with cell organization, cell migration, and
cell motility (Fig. 4E), transcriptional changes that are consistent
with our observed morphological changes (Fig. 1). Collectively,
these data show that 40 Hz flicker elicits multiple changes in the
visual cortex across diverse cell types and biological functions.
Moreover, enrichment of GO terms for cell signaling at this 1-

Fig. 2. Audio/visual flicker for 1 hour at 20 Hz or 40 Hz significantly modulates cytokine-related transcription factors. (A) GSVA did not identify significant en-
richment of immune-related gene sets after 20 Hz (blue) or 40 Hz (red) flicker (means ± SEM, statistical testing via gene set permutation analysis, and dots indicate
individual animals). (B) Heatmap representation of all genes within each pathway reveals that 20 Hz versus 40 Hz flicker drive distinct patterns of gene expression
within the “cytokine signaling” pathways but no clear patterns in other pathways (rows are z-scored, each row is a gene, and each column is an animal). (C) Many of
the top and bottom 10 genes within the cytokine signaling pathway are each significantly differentially regulated (top left, DESeq2, *P < 0.05 unadjusted). Top/bottom 10
genes for “complement” (top right), “cellular stress” (bottom left), and “MAPK pathway” (bottom right) signaling show no significant differences.
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Fig. 3. Forty-hertz flicker up-regu-
lates expression of cytokines M-
CSF and IL-10 in microglia-deplet-
ed mice. (A) Cytokine expression in
visual cortices of mice fed PLX and
exposed to 1 hour of 40 Hz flicker (top
“40 Hz PLX”) or control diet then
exposed to 40 Hz (center “40 Hz”) or
20 Hz (bottom “20 Hz”) flicker. Cyto-
kines (columns) are ordered by their
LV1 weights. Color indicates z-scored
expression levels. Each row is an
animal. (B) PLSDA identified LV1, the
axis that separated 40 Hz (red and
beige)– and 20 Hz (blue)–exposed
animals. LV2 separated animals
treated with PLX and 40 Hz flicker
(beige) from control and 40 Hz flicker
exposure (red). (C) Left: LV1 (40 Hz LV)
scores were significantly different
between groups [means ± SEM;
F(2,33) = 7.747, P = 0.0017] with sig-
nificant differences between control
diet and 40 Hz versus 20 Hz flicker (P =
0.0043, Dunnett’s multiple compari-
sons). Right: Weighted profile of cy-
tokines in the 40 Hz profile based on
which cytokines best correlated with
separation of 40 Hz (positive) versus
20 Hz flicker control (negative)
(means ± SD, a leave-one-out cross-
validation). (D) As in (C) for LV2 (PLX
LV). Scores were significantly different
between groups [means ± SEM;
F(2,33) = 7.630, P = 0.0019] with sig-
nificant differences between animals
exposed to 40 Hz flicker and pre-
treated with PLX diet or control diet (P
= 0.0010, Dunnett’s multiple com-
parisons). (E) IL-10 expression differed
across the three groups [F(2,33) =
7.195, P = 0.0026], with a significant
increase in 40 Hz versus 20 Hz control
(IL-10, P = 0.0014). (F) LIF expression
differed between 40 and 20 Hz
control groups (P = 0.0362). (G) IL-13
expression differed across groups
[F(2,33) = 3.840, P = 0.0317] with sig-
nificant differences between 20 and
40 Hz flicker (P = 0.0345) and between
40 Hz flicker control and PLX pre-
treated animals (P = 0.0479). (H) MIP-
1β expression differed across groups
[F(2,33) = 3.315, P = 0.0488] with sig-
nificant differences between 40 Hz
control and 40 Hz with PLX diet (P =
0.0339). (I) M-CSF expression differed across groups [F(2,33) = 4.959, P = 0.0131) with significant differences between 40 and 40 Hz plus PLX diet (P = 0.0445). (E) to (I) show
means ± SEM; one-way ANOVA throughout. * P < 0.05, ** P < 0.005, *** P < 0.0025, ns, not significant. a.u., arbitrary units.
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Fig. 4. snRNA-seq analysis reveals DEGs in multiple cell types after flicker. (A) Uniform Manifold Approximation and Projection (UMAP) projection of single-cell data
from all 12 samples reveals separation into clusters by cell type (reference mapping and cell type labeling via Azimuth) with approximately even representation across
stimulation conditions. (B) Number of DEGs by cell type from pseudo-bulk data of 40 Hz, 20 Hz, or no flicker stimulation [n = 4 per stimulation group; P < 0.05, false
discovery rate (FDR)–adjustedWald test]. (C) Volcano plots of DEGs from pseudo-bulk data from layer 2/3 intratelencephalon-projecting (L2/3 IT) neurons (left), astrocytes
(center), and microglia/PVM (right). Differential expression analysis was conducted for 40 Hz versus 20 Hz flicker stimulation (top row) and 40 Hz versus no flicker stim-
ulation (bottom row) (FDR-adjusted Wald test). (D) GO analysis of DEGs identified significantly enriched biological processes in L2/3 IT neurons and (E) microglia/PVMs
(PANTHER 17.0 overrepresentation test, FDR-adjusted Fisher’s exact P < 0.25).
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hour time point at the transcript level is consistent with our prior
findings that 40 Hz flicker robustly activates NF-κB and MAPK sig-
naling in the visual cortex after 15 min (10).

Phosphorylated NF-κB colocalizes with neurons
following flicker
Having previously found increased phosphorylation of the NF-κB
pathway in visual cortex after 15 min of 40 Hz flicker (10) and that
NF-κB gene sets were enriched in neuronal populations, we next
hypothesized that phosphorylated NF-κB (pNF-κB) would localize
to neurons after 40 Hz flicker stimulation, indicating NF-κB activa-
tion within neurons. We examined colocalization of pNF-κB and
neurons or microglia after 15 min of 40 Hz flicker because phos-
phorylation within the NF-κB pathway is inherently transient,
and we previously found the most robust activation of the
pathway after 15 min of 40 Hz flicker. To address this question,
we colabeled pNF-κB with cell markers for neurons (NeuN, neuro-
nal nuclear protein) and microglia (Iba-1) (10). After 40 Hz flicker
stimulation, pNF-κB colocalized with most NeuN+ labeling and
little Iba-1 labeling. Specifically, 43% (SEM = 0.064) of pNF-κB
signal colocalized with neurons compared to 22% (SEM = 0.04)
of microglia [F(1,26) = 8.95, P = 0.006] (Fig. 5). These findings in-
dicate that pNF-κB signaling occurs within neurons after flicker.
There was a significant effect of flicker condition [F(2,26) = 5.56,
P = 0.01]; however, Tukey’s post hoc tests revealed that the effect
of flicker condition was due to significant differences between the
flicker conditions 40 Hz versus no flicker for NeuN overlap (P
= 0.008).

Gamma flicker–induced microglial changes are mediated
by NF-κB
Having found that pNF-κB colabeled with neurons and that micro-
glia-modulating cytokine expression was stimulated by 40Hz flicker
in microglia-depleted mice, we next reasoned that inhibition of pre-
dominantly neuronal pNF-κB would inhibit changes in microglial
morphology. To test this, we examined inhibition of two pathways
previously shown to be altered by flicker (10). We expanded our ap-
proach to examining both NF-κB, which localized to neurons, and
the MAPK pathway because we previously found that phosphoryla-
tion of both pathways are altered by 40Hz flicker, both are known to
respond to synaptic activity (10, 48, 49), and our snRNA-seq iden-
tified genes and GO terms associated with general signaling that
could encompass both pathways. As above, we compared microglial
morphology in mice exposed to 40 Hz and vehicle, 40 Hz and
MAPK inhibitors, or 40 Hz and NF-κB inhibitors. We compared
40 Hz flicker and vehicle or MAPK and NF-κB inhibitors to 20
Hz flicker because these stimuli isolate the effects of different fre-
quencies of stimulation while controlling for nonspecific effects of
flickering stimuli. Furthermore, these stimuli elicit different micro-
glial morphologies with 40 Hz flicker eliciting microglia to shift
toward an ameboid-like shape, with increased soma area and
shorter processes, while 20 Hz flicker elicited microglia to shift
toward a phenotype where processes are more branched and elon-
gated. Mice were injected intraperitoneally with small-molecule in-
hibitors of NF-κB [IMD0354 (10 mg/kg) plus curcumin (100 mg/
kg)], which inhibits phosphorylation of NF-κB and its translocation
into the nucleus or MAPK [MAPK/MAPK kinase (MEK) inhibitor
SL327 (100 mg/kg) plus MAPK/c-Jun N-terminal kinase (JNK) in-
hibitor SP600125 (15 mg/kg)] pathways 1 hour before exposing

Fig. 5. pNF-κB colocalizes with neurons after exposure to 40 Hz flicker. (A) Top: Representative images show colocalization of pNF-κB volume (red) with neuronal
marker, NeuN, (green) volume after 15 min of 40 Hz flicker exposure. Scale bars, 20 μm. Bottom: Representative images labeling microglia marker Iba-1 (cyan) show low
colocalization of pNF-κB (red) volume within microglia volume after 15 min of 40 Hz flicker exposure. Scale bars, 20 μm. (B) Percent of total pNF-κB volume colocalized
with cells (top, neurons; bottom, microglia) across flicker frequencies. ANOVA results show that pNF-κB was highly colocalized with neurons (mean = 43% across all
experimental groups; SEM = 0.064) compared to microglia (mean = 22%; SEM = 0.04) [F(1,26) = 8.95, P = 0.006], with a significant effect of flicker condition [F(2,26) =
5.56, P = 0.01). Tukey’s post hoc tests revealed that the effect of flicker condition was due to significant differences between flicker conditions 40 Hz versus no flicker for
NeuN (P = 0.008) compared to 40 Hz versus 20 Hz (P = 0.17) or 20 Hz versus no flicker (P = 0.28).**P < 0.01.
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animals to flicker using multiple inhibitors for each pathway
because of the known compensatory effects within each pathway.
Following exposure to 40 Hz flicker, we found that microglia
soma area was significantly smaller after NF-κB inhibition than
MAPK inhibition (pJNK + pERK inhibitor) but was not different
from the 40 Hz and vehicle control, suggesting that these inhibitors
have distinct but mild effects on soma size [F(2,370) = 7.5909, P =
0.0006; Tukey’s post hoc test: vehicle + 40 Hz versus MAPK inhib-
itor + 40 Hz, P = 0.1757; MAPK inhibitor + 40 Hz versus NF-κB
inhibitor + 40 Hz, P = 0.0795; MAPK inhibitor + 40 Hz versus
NF-κB inhibitor + 40 Hz, P = 0.0003; Tukey’s post hoc test corrected
for multiple comparisons; Fig. 6C]. Assessing branching depth, NF-

κB inhibition increased process branching when compared to both
the 40 Hz vehicle group and MAPK inhibitor [F(2,229) = 7.3418, P
= 0.0008; post hoc t tests: vehicle + 40 Hz versus MAPK inhibitor +
40 Hz, P = 0.7765; MAPK inhibitor + 40 Hz versus NF-κB inhibitor
+ 40 Hz, P = 0.0006; MAPK inhibitor + 40 Hz versus NF-κB inhib-
itor + 40 Hz, P = 0.0051; Tukey’s post hoc test corrected for multiple
comparisons; Fig. 6D]. Because we found that NF-κB affects micro-
glia processes, and we previously showed that 40 and 20 Hz flickers
have different effects on microglia processes, we then aimed to
better understand how 40 Hz and no flicker differentially affect mi-
croglia processes. To do so, we performed an experiment in which
animals underwent either 40 Hz flicker or no flicker after vehicle

Fig. 6. Forty-hertz flicker–inducedmicroglia changes aremediated by phospho-signaling pathways. (A) Example 20× images show clusters of representative Iba-1+

microglia and single representativemicroglia (bottom) from each experimental condition [vehicle + 40 Hz, MAPK inhibitor (pJNK + pERK inhibitor) + 40 Hz, NF-κB inhibitor
+ 40 Hz, and vehicle + 20 Hz] taken at 40×magnification. Scale bars, 30 μm. (B) Soma area of Iba-1+ microglia differed between groups [F(3,475) = 14.8797, P = 2.84 ×10−9;
(post hoc t tests: MAPK inhibitor + 40 Hz versus NF-κB inhibitor + 40 Hz, P = 0.0003; Tukey’s post hoc test corrected for multiple comparisons] and (C) full branching depth
of Iba-1+ microglia differed between groups [F(2,229) = 7.3419, P = 0.0008; post hoc t tests: vehicle + 40 Hz versus MAPK inhibitor + 40 Hz, P = 0.7765; MAPK inhibitor +40
Hz versus NF-κB inhibitor + 40 Hz, P = 0.0007; MAPK inhibitor + 40 Hz versus NF-κB inhibitor + 40 Hz, P = 0.0051; Tukey’s post hoc test corrected for multiple comparisons].
For (B and C) violin plots, F and P values were generated from one-way, two-tailed, unpaired ANOVA test. Differences between groups were found from Tukey’s post hoc
multiple-comparisons test. Box plots inside violin plots indicate median and quartiles, and dots indicate individual microglia. **P < 0.01 and ***P < 0.001.
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injection or 40 Hz or no flicker after NF-κB inhibitor (fig. S6). Forty
hertz flicker led to smaller convex hull volume but more branches
than no flicker, suggesting more, but shorter, process segments (fig.
S6, B and C). Forty hertz flicker led to more short-process segments
than no flicker, and NF-κB inhibitor abolished this effect, leading to
longer segments (fig. S6, E and F). Together, these results show that
40 Hz flicker exposure leads to more but shorter branches and that
NF-κB is required for 40 Hz flicker–induced changes in microglia
branching but not increases in cell body diameter. NF-κB inhibition
with 40 Hz flicker appears to shift microglia into a more ramified
state similar to that elicited by 20 Hz flicker (i.e., longer branching
depth and process length) rather than the hypo-ramified pattern we
observed following exposure to 40 Hz flicker, indicating NF-κB’s
role as a mediator in frequency-specific effects on microglia
morphology.

Cytokine expression is down-regulated byMAPK andNF-κB
inhibitors
Having found that the NF-κB and MAPK signaling pathways
mediate flicker-induced changes in microglial morphology, we con-
cluded by asking whether inhibition of these pathways affects cyto-
kine expression after 40 Hz flicker. To test this, we quantified 32
cytokines using Luminex analysis in mice exposed to 40 Hz and
MAPK inhibitors, 40 Hz and NF-κB inhibitors, 40 Hz and
vehicle, or 20 Hz and vehicle. PLSDA revealed that 40 Hz samples
separated to the right, while 20 or 40 Hz with either MAPK or NF-
κB separated to the left along LV1 (Fig. 7B and data S3). LV1 (Fig. 7,
C and D) consisted of a profile of cytokines associated with 40 Hz
stimulation, including tumor necrosis factor–α (TNF-α), IL-1β,
monokine induced gamma interferon (MIG), IL-15, and keratino-
cyte chemoattractant (KC), all of which have proinflammatory
properties (24, 49, 50), indicating that inhibition of each pathway
suppresses the proinflammatory effects of 40 Hz compared to 20
Hz. The PLSDA also revealed that MAPK inhibition separates
toward the bottom and NF-κB separates toward the top, along
LV2, indicating that each inhibitor has distinct effects on cytokine
expression (Fig. 7E). As above, the model was evaluated for poten-
tial overfitting using a permutation analysis with sample labels per-
muted 1000 times, and distances between group centroids were
compared against true group labels. This analysis revealed that
true group assignments were better than random (Pperm = 1.0 for
40 Hz versus 20 Hz, Pperm = 0.128 for MAPK inhibitor versus 40
Hz, Pperm = 0.417 for NF-κB inhibitor versus 40 Hz, Pperm =
0.227 for MAPK inhibitor versus NF-κB inhibitor, and Pperm =
0.67 for NF-κB inhibitor versus 20 Hz). Several of the cytokines
we found that were expressed after microglia depletion were de-
creased following inhibition of NF-κB and MAPK, including IL-
10, M-CSF, and leukemia inhibitory factor (LIF) (fig. S7), indicating
that expression of these cytokines is both independent of microglia
and dependent on these phospho-signaling pathways.

In sum, our data show that different frequencies of flicker elicit
different brain rhythms with divergent microglial and cytokine re-
sponses. Furthermore, our results show that much of the 40 Hz
flicker–induced expression of cytokines arises from microglia, al-
though not all, and that changes in microglia and cytokine expres-
sion depend on pNF-κB. Our results are thus consistent with a
model in which 40 Hz flicker induces phosphorylation of NF-κB
that, in turn, leads to expression of cytokines that affect microglial
phenotypes. The initial effect on microglia may result from

microglia-independent cytokines, such as M-CSF and IL-10,
which arise from neuronal pNF-κB (Fig. 8). This, in turn, could ini-
tiate further release of cytokines from microglia. Our results point
to previously unknown mechanisms of brain neuron-microglia
communication in response to flicker and flicker-induced
brain rhythms.

DISCUSSION
In the current study, we found that flicker-induced brain rhythms
have frequency-specific effects on microglia and cytokines via acti-
vation of NF-κB. We found that 1 hour of visual stimulation at spe-
cific frequencies is sufficient to alter microglial morphology into
different phenotypes consistent with performing disparate func-
tions (36). Forty-hertz flicker induced 40 Hz neural activity, micro-
glia morphology associated with engulfment, and an altered profile
of cytokine expression. In contrast, 20 Hz flicker induced 20 Hz
neural activity, microglia surveillance or homeostatic phenotypes,
and a different pattern of cytokine expression compared to 40 Hz.
Furthermore, we found transcriptional changes in microglia/PVM
consistent with these morphological changes. Through microglia
depletion, we identified 40 Hz flicker–induced cytokines that were
microglia independent, including M-CSF, a microglial chemokine
and colony-stimulating factor, and IL-10, an anti-inflammatory cy-
tokine, which may, in turn, induce microglial responses. We then
investigated the role of NF-κB and MAPK signaling in mediating
flicker-induced microglia and cytokine changes because these path-
ways are both regulated by cytokine expression and respond to syn-
aptic activity (27–30). pNF-κB was highly localized within neurons
compared to microglia. Inhibition of NF-κB or MAPK signaling re-
vealed that 40 Hz flicker–induced cytokines are mediated in part by
NF-κB and MAPK signaling, while 40 Hz flicker–induced changes
in microglial ramification were mediated by NF-κB signaling only.
Together, these results show that different flicker frequencies and
flicker-induced brain rhythms elicit distinct microglia and cytokine
responses mediated by the NF-κB signaling pathway. These studies
reveal previously unrecognized effects of different brain rhythms in
microglia and cytokines and important mediators underlying how
brain rhythms and flicker stimulation rapidly elicit changes in brain
signaling and cytokines.

Interactions between neurons, microglia, and cytokines support
neuron health and survival and are key to normal brain functions,
such as development and learning (13, 14, 16, 51). Moreover, micro-
glial dysfunction plays a key role in multiple diseases, for example,
by overly pruning synapses in anxiety and depression disorders or
failing to clear pathogenic proteins that accumulate in neurodegen-
erative diseases (12). While prior studies have shown that broad in-
creases or decreases in neural activity, such as seizure activity or
silencing, alter microglia, little work has shown how specific pat-
terns of neural activity affect microglia (14, 22, 52, 53). This is espe-
cially important to understand because extensive research has
shown that different frequencies of neural activity occur naturally
and are associated with different brain functions (54). Our own
recent work has shown that 40 Hz frequency neural activity recruits
microglia into an engulfing state in mouse models of Alzheimer’s
disease (7–9). However, prior studies have primarily considered
pathological states and 40 Hz (gamma) activity. Whether these
effects generalize and indicate that brain rhythms beyond gamma
control microglial responses in normal adult brains was
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unknown. We previously showed that 40 Hz flicker alters cytokine
protein expression in healthy mice (10), which is consistent with
our current findings that 40 Hz flicker alters transcription factors
in control of cytokine expression (Fig. 3). Here, we also found
that flicker-induced neural activity has distinct frequency-specific
effects on microglia in healthy mice. We compared different fre-
quencies of flicker to best identify the effects of the specific

frequency of rhythmic activity rather than the general effects due
to any stimulus that turns on and off. In particular, we compared
40 Hz flicker to 20 Hz flicker based on our earlier findings that 20
Hz flicker induces 20 Hz neural activity without changing mean
firing or behavior and that 20 Hz flicker leads to lower cytokine ex-
pression. Because microglial morphology changes as microglia shift
between surveillance and engulfing states, we examined microglial

Fig. 7. Forty-hertz flicker–induced cytokine protein expression is mediated by MAPK and NF-κB pathways. (A) Cytokine expression in visual cortices of mice
administered either vehicle (top and bottom), MAPK inhibitors (top center), or NF-κB inhibitors (bottom center) phospho-signaling inhibitors and then exposed to 1
hour of 40 Hz (top) or 20 Hz (bottom) visual flicker. Each row represents one animal (n = 6). Cytokines (columns) are arranged in the order of their weights on the LV1 in (D).
Color indicates z-scored expression levels for each cytokine. (B) PLSDA identified LV1, the axis that separated vehicle + 40 Hz flicker–exposed animals (red) to the right and
all other groups to the left (vehicle + 20 Hz flicker, blue; MAPK inhibited + 40 Hz flicker, purple; NF-κB inhibited + 40 Hz flicker, green). Dots indicate individual animals for
all graphs in this figure. LV2 separated the two inhibitor types (NF-κB inhibited, green; MAPK inhibited, purple). (C) The weighted profile of cytokines that make up LV1
based on which cytokines best correlated with separation of 40 Hz (positive) versus other groups (means ± SD from a leave-one-out cross-validation). (D) LV1 scores were
significantly different for the 40 Hz group compared with the comparison groups [means ± SEM; F(3,20) = 13.28, P < 0.0001, one-way ANOVA]. (E) The weighted profile of
cytokines thatmake up LV2 based onwhich cytokines best correlatedwith separation of the two inhibited groupsMAPK inhibitor (positive) and NF-κB inhibitor (negative)
(means ± SD from a leave-one-out cross-validation). (F) LV2 scores were significantly different between the four groups [means ± SEM; F(3,20) = 3.689, P = 0.0291, one-way
ANOVA], with post hoc analysis revealing a significant difference between animals injected with the MAPK versus NF-κB inhibitors (P = 0.0415). *P < 0.05, **P < 0.01, ***P
< 0.001.
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morphology histologically after 40 and 20 Hz flicker (13, 37). We
found that 1 hour of 40 or 20 Hz flicker led to significant differences
in microglial morphology in visual cortex. Specifically, after 20 Hz
flicker, microglia have longer, more branched processes closer to the
cell soma with smaller cell bodies, changes that are consistent with
surveillance functions, while 40 Hz had the opposite effects (13, 37).
The microglial morphological changes in response to 40 Hz are
similar to those we observed in prior studies in animal models
with amyloid β pathology, revealing that microglial responses to
40 Hz flicker are not specific to Alzheimer’s disease pathology. Mi-
croglial morphology with shortened processes and enlarged soma
are typically observed during development or under pathological
conditions when microglia engulf synapses or pathogens. Thus,
we found a nonpathological stimulus that induces this microglial
morphology in adulthood in healthy brains. The current study
was conducted in healthy mice in the absence of pathology,
showing that the effect of flicker on brain immunity is a general
process that may play a role in normal brain function.

We have found that NF-κB and MAPK phospho-signaling path-
ways mediate the effects of flicker-induced gamma on cytokines and
microglia. Prior work studying the effects of neural activity on mi-
croglia has typically not examined NF-κB and MAPK phospho-
protein signaling pathways (52, 53, 55). Thus, this study reveals pre-
viously unidentified mechanisms of neural activity–cytokine-mi-
croglia interactions. While the MAPK and NF-κB pathways and
downstream cytokine signaling represent canonical immune-regu-
latory pathways, they work in concert with other diverse pro- and
anti-inflammatory pathways. These pathways are parallel to, or
mediate the functions of, other diverse immune-regulatory mecha-
nisms, including Janus kinase/signal transducers and activators of
transcription (56), phosphatidylinositol 3-kinase/Akt/mammalian
target of rapamycin (57), the complement system (58), sphingo-
sine-1-phosphate (59), and scavenger receptors (60), among many
others. Moreover, microglia express purinergic receptors, including
P2Y12, which can evokemigration and activation (61). Although we

do not rule out the importance of any of these pathways, we did not
interrogate them in the current study because of our prior findings
that 40 Hz flicker stimulates rapid MAPK and NF-κB pathway ac-
tivity within 5 min. Furthermore, our unbiased gene RNA-seq
screen and pathway analysis (fig. S3) did not implicate these alter-
native mechanisms.

We found that flicker induced the expression of a few cytokines
even when microglia were depleted. While microglia are commonly
thought of as the primary source of cytokines, prior evidence shows
that neurons also release cytokines (19–22). Furthermore, we found
that some cytokines are microglia dependent. Unexpectedly,
however, some flicker-induced cytokines were microglia indepen-
dent, including IL-10 and M-CSF (Fig. 3). M-CSF promotes micro-
glia survival, proliferation, and phagocytosis, and IL-10 has anti-
inflammatory functions (62–67). Therefore, these results establish
that a subset of flicker-induced cytokines do not arise from micro-
glia. Because 40 Hz flicker–induced cytokine expression requires
NF-κB and some of these cytokines are microglia independent,
we wondered in which cell type NF-κB is activated. We found
that pNF-κB was highly colocalized with neurons following 40 Hz
flicker. These results show that neurons are abundant sources of
pNF-κB, which leads to cytokine expression and microglia recruit-
ment in healthy adult mice, and uncover a role for NF-κB in gamma
frequency effects on microglia and cytokine signaling.

The present study has several limitations that suggest avenues of
future research. First, we used small-molecule MAPK (JNK + ERK)
and NF-κB signaling inhibitors to define the roles of these pathways
in mediating cytokine expression in response to 40 Hz flicker. We
selected these inhibitors because they inhibit cell signaling across
multiple cell types, but this leaves open the question of which
cells play a causal role in the observed cytokine-suppressive
effects. We believe that this concern is partially abrogated because
we quantified cytokines 1 hour after the start of stimulation, and,
thus, secondary effects through other cell types would be unlikely
to have sufficient time to translate into protein changes or would

Fig. 8. Proposed mechanisms by which 40 Hz flicker changes microglia and cytokine signaling. (1) Visual flicker entrains neurons in mouse visual cortex, (2) ac-
tivating MAPK and NF-κB pathway signaling in the neuron to regulate distinct (3) cytokines, and, subsequently, (4) microglial morphology. (2) pNF-κB labeling was highly
colocalized with neurons, more so than microglia, and was present even in the absence of microglia, suggesting that neurons play a key role in the modulation of the
neuroimmune environment via NF-κB signaling. (3) Forty-hertz flicker increased the expression of several key cytokines including M-CSF, known to recruit microglia, and
IL-10, a powerful anti-inflammatory, even in the absence of microglia. (4) Frequency-specific changes were evident in microglia morphology accompanying the altered
expression of anti-inflammatory cytokines: 20 Hz flicker elicited a surveillance morphology phenotype, whereas 40 Hz flicker elicited an engulfment/amoeboid morphol-
ogy phenotype, suggesting that specific frequencies play an important role in regulating brain immunity. When the NF-κB pathway was inhibited, 40 Hz flicker did not
fully induce this ameboid-like state in microglia. Furthermore, cytokine expression following flicker was mediated by NF-κB phospho-signaling, suggesting that NF-κB
signaling mediates flicker’s effects on microglial cell morphology and cytokine signaling.
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have minimal effects (68). Moreover, we have shown that phos-
pho–NF-κB colocalizes with neurons, meaning that the main
effects of these phospho-signaling inhibitors may be in neurons.
Furthermore, our snRNA-seq analysis identified changes in genes
associated with cellular signaling in L2/3 neurons but primarily
changes associated cytoskeletal reorganization in microglia. Never-
theless, there remains the possibility that NF-κB from nonneuronal
cells is playing a role in flicker-induced cytokine and microglial re-
sponses. Future cell type–specific knockout studies will confirm
whether neuronal signaling is indeed responsible for flicker-
induced cytokine expression. Future studies will also investigate
the role of other glia, such as astrocytes, in NF-κB signaling and cy-
tokine expression. In addition, it is possible that the NF-κB inhib-
itor acts by inhibiting NF-κB in microglia; thus, flicker could induce
NF-κB in microglia to alter microglia and the production of cyto-
kines. Second, we used the small-molecule CSF1R inhibitor
PLX3397 to define the role of microglia in mediating cytokine ex-
pression in response to 40 Hz flicker because it effectively depletes
microglia without the need for transgenic animals or induction of
Cre recombination using tamoxifen, which is immunomodulatory
(69). However, it has recently been shown that CSF1R inhibitors can
have direct effects on neurons in addition to their well-known
effects on peripheral monocytes (70). We are encouraged that
several of our most important up-regulated cytokines (e.g., M-
CSF and IL-10) in response to 40 Hz flicker are preserved in
CSF1R-treated/microglia-depleted mice. We therefore conclude
that these cytokines are secreted independent of microglia.
Flicker-induced cytokine expression changes after microglia deple-
tion could result from multiple cell types, including neurons or as-
trocytes. DEGs and GO terms in L2/3 neurons associated with
cellular signaling suggest that neurons are likely an important
source of flicker-induced extracellular signals, such as cytokines.
Future studies will verify the roles of microglia using Cre-Lox–me-
diated microglial depletion. Furthermore, brain rhythms are diverse
not only with different frequencies of activity but also different
circuit mechanisms and relationships to sensory stimuli. Thus,
further work is needed to fully elaborate how the diverse array of
brain rhythms affect microglia and cytokines. Last, we conducted
the present work in males to be consistent with prior studies, but
the effects of brain rhythms on microglia and cytokine responses
in females need to be established.

In total, we reveal a causal link between flicker, brain rhythms,
microglial state, and the secretion of cytokines via the NF-κB
pathway. On the basis of our combined results, we propose a
model in which specific frequencies of neural activity, including
gamma, increase activation of NF-κB phospho-signaling in
neurons, leading to neuronal cytokine release, which, in turn,
alters microglial state. This model is in line with prior work
showing that NF-κB phospho-signaling in neurons is regulated by
synaptic activity (27–30). Thus, our data reveal mechanistic bases
for frequency-specific neuron-to-microglia signaling elicited by
visual flicker and brain rhythms. This neuronal regulation of micro-
glia and cytokine responses may play a role in plasticity since
gamma oscillations have been shown to increase during learning
and memory or in response to injury (71–73). Furthermore,
because we find that flicker effects generalize beyond the context
of Alzheimer’s pathology, this sensory-induced and brain
rhythm–induced regulation of microglia and cytokine responses

could be harnessed to mitigate pathological neuroimmune activity
present in multiple diseases.

MATERIALS AND METHODS
Mice
The Georgia Tech Institutional Animal Care and Use Committee or
the Emory Institutional Animal Care and Use Committee approved
all animal work performed in this study. For experiments assessing
microglia, cytokines, and phospho-signaling, adult (2- to 3-month-
old) male C57BL/6J mice were obtained from the Jackson Labora-
tory. Mice were pair-housed and acclimated to the vivarium for at
least 5 days before experiments began. Food and water were provid-
ed ad libitum. Experiments were performed during the light cycle
and conducted at different times of day and with varying order of
stimulus presentation to control for circadian effects. Animals were
randomly assigned to flicker exposure groups, and experimenters
were blind to flicker exposure conditions during analysis for all ex-
periments. For wide-field imaging experiments, EMX1-Cre male
mice were bred in-house to allow neonatal injection of the adeno-
associated virus (AAV) vectors on postnatal day 0 (P0) (described
below). Mice for imaging experiments were housed on reversed
light cycle (12-hour light and 12-hour dark), and imaging experi-
ments were performed during the dark cycle. Mice started to
receive water restriction 5 days before the experiments and were ha-
bituated to the head-fixation setup.

Voltage imaging of visual cortex
To achieve pan-cortical expression of voltage indicators and refer-
ence fluorescence for widefield imaging, P0 EMX1-Cre pups re-
ceived intracerebroventricular injections bilaterally with 4 μl of
AAV vectors (2 μl per hemisphere) (52). The injected solution con-
sisted of AAV.php.eb-EF1a-DIO-JEDI-1P-Kv2.1-WPRE (3 × 1012
viral genomes per ml or vg/ml) and AAV9-hSyn-mCherry (9 ×
1012 vg/ml). A 10-μl Nanofil syringe and a 34-gauge beveled
needle (World Precision Instrument) were used to load and inject
the vector mixture. The injection site was identified using two-fifth
of the distance between the lambda sutures to each eye with a tar-
geting depth of 3 mm.

Mice (3 months old) that expressed voltage sensor, JEDI-1P-Kv,
and reference fluorescence, mCherry, were implanted with an
imaging window using the clear skull preparation (52, 55) and head-
plate and were allowed to recover for 7 days after surgery.Wide-field
voltage imaging was conducted using a high-speed complementary
metal-oxide semiconductor imaging system (MiCAM ULTIMA,
SciMedia Ltd.) at 200 frames/s. During voltage imaging experi-
ments, a light barrier was placed around the imaging window to
prevent visual flicker from contaminating imaging signals.
Animals were imaged during 20 and 40 Hz visual flickers for 10
trials in which each trial consisted of 10-s baseline (no flicker)
and 10-s flicker stimulation. Light-emitting diodes (LEDs) were
used to apply visual flicker with intensity approximately 400 lux
at the head of the animal.

Voltage imaging analysis
Signals from 100 by 100 pixels (10 mm by 10 mm) were binned to
groups of 2 by 2 pixels yielding 2500 (50 by 50) traces. A preprocess-
ing pipeline was used to subtract background fluorescence, correct
photobleaching, and regress hemodynamics, motion artifact, and

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Prichard et al., Sci. Adv. 9, eadf5672 (2023) 9 August 2023 13 of 18



potential light contamination caused by visual flicker (35). The
JEDI-1P-kv signals were low pass–filtered at 70 Hz. The reference
mCherry signals were filtered at 0 to 1, 1 to 10, 10 to 19.5, 19.5 to
20.5, 20.5 to 38, and 38 to 42 Hz, respectively, to regress out the
shared nonvoltage artifacts from the voltage signals using ordinary
least-squares methods. The extracted voltage signals were used for
further analyses. To identify the cortical areas that responded to
visual flicker, we calculated pixel-wise power spectrum. Pixel-wise
power at 20 or 40 Hz during either baseline or visual flicker was av-
eraged, and the mean power during baseline was subtracted from
that during visual flicker, n = 10 trials. The difference in power at
the frequency of interest from binned pixels was used to generate
spatial heatmaps. The heatmaps were resized to 100 by 100 pixels
and masked with a cortical map adapted from Brain Explorer
(Allen Institute for Brain Science, 2004) (74). The heatmaps were
used to select a 2 by 2 pixel region of interest (ROI) in V1 that re-
sponded strongly to visual flicker. Voltage signal at the selected ROI
from each animal was used to calculate the power spectrum from
each trial, which was averaged to plot the mean power spectral
density during baseline and stimulation, respectively, using
MATLAB DSP System toolbox (dsp.SpectrumAnalyzer).

Visual stimulation exposure
Mice were habituated in a dark room in the laboratory for at least 1
hour before experimentation. At the start of experimentation, mice
were transferred to enclosures for flicker exposure, which had three
opaque sides and one clear side that faced a strip of LEDs. Animals
were exposed to either LED lights flashing at 40 Hz frequency (50%
duty cycle: 12.5-ms light on and 12.5-ms light off ), 20 Hz frequency
(50% duty cycle: 25-ms light on and 25-ms light off ), or no flicker
for either 15 min or 1 hour. LED intensity was about 400 lux at the
head of the animal. Immediately after stimulation exposure, mice
were anesthetized with isoflurane, and within 3 min, mice were de-
capitated, and brains were removed. The left hemisphere’s visual
cortex was microdissected, placed in microcentrifuge tube, and
flash-frozen using liquid nitrogen to be used for cytokine and
phospho-protein assays. The right hemisphere was used for
immunohistochemistry.

Phospho-protein inhibitors
The NF-κB pathway was inhibited using inhibitor of NF-κB kinase
inhibitor (IMD0354 at 10 mg/kg) combined with curcumin (S1848
at 100mg/kg). TheMAPK pathway was inhibited usingMEK inhib-
itor (SL327 at 100 mg/kg) and JNK inhibitor (SP600125 at 15 mg/
kg). All drugs were solubilized in vehicle consisting of dimethyl sulf-
oxide, polyethylene glycol, polysorbate 20 (Tween 20), and sterile
physiologic saline. Drugs were delivered via intraperitoneal injec-
tion 30 min before the start of 1 hour of flicker stimulation.

Microglia depletion
Microglia were depleted using pexidartinib (PLX3397, MedChe-
mExpress) incorporated into open standard diet with 15 kcal% fat
(Research Diets Inc.) at a dose of 290 mg/kg (fig. S4). A control
group was fed an open standard diet with 15 kcal%. Mice were
fed depletion or control diet for 3 weeks, and animal weight was
monitored to ensure that weight gain or loss did not differ
between groups. Microglia depletion was confirmed via histology.

Immunohistochemistry and microscopy
Following brain extraction, right hemispheres were drop-fixed into
cold 4% paraformaldehyde for 24 hours, rinsed in 1× phosphate-
buffered saline (PBS), and stored in PBS with 0.02% sodium azide
(NaN3). Each hemisphere was rinsed and placed in 30% sucrose for
3 days and then frozen. Sagittal sections were obtained at 30 μm for
phosphoprotein staining and 40 μm formicroglia staining. Two sec-
tions per animal were rinsed three times for 10 min each in 1× PBS
on a shaker, blocked for 1 hour in blocking buffer (0.3% Triton X-
100, 7.5% normal goat/donkey serum, and 1× PBS), incubated over-
night at 4°C in primary antibody (anti–pNF-κB, anti-NeuN, and
anti–Iba-1), and diluted in blocking buffer at antibody combination
and concentrations shown in table S2. Sections were then washed in
1× PBS three times for 10 min each and incubated on shaker at
room temperature for 2 hours in secondary antibody solution
(goat anti-rabbit 555 and goat anti-mouse 488) diluted in blocking
buffer with antibody combinations and dilutions shown in table S2.
Sections were then washed in 1× PBS three times for 10 min each,
and nuclei were stained with 40,6-diamidino-2-phenylindole for 1
min. Sections were mounted using VECTASHIELD, and Z-stack
images of visual cortex were taken on a Nikon Crest spinning
disk confocal microscope with a 40× objective or a Zeiss LSM700
with a 20× objective for glial imaging and reconstruction and
pNF-κB colocalization, respectively. For pNF-κB colocalization,
nonspecific background staining was reduced by increasing the
salt concentration (NaCl) in the blocking buffer from 0.3 to 0.5
M (75).

Cytokine and phospho-protein assays
For signaling and cytokine analysis, the visual cortex was thawed on
ice and lysed using Bio-Plex lysis buffer (Bio-Rad). After lysing,
samples were centrifuged at 4°C for 10 min at 13,000 rpm.
Protein concentrations in each sample were determined using a
Pierce bicinchoninic acid protein assay (Thermo Fisher Scientific).
Total protein concentrations were normalized in each sample using
Bio-Plex lysis buffer (Bio-Rad), and 6 μg was loaded for cytokine
analysis. Cytokine analysis was conducted using the Milliplex
Mouse MAP Mouse Cytokine/Chemokine Magnetic Bead Panel
32-Plex Kit [Eotaxin, granulocyte CSF (G-CSF), granulocyte M-
CSF (GM-CSF), interferon-γ (IFN-γ), IL-1α, IL-1β, IL-2, IL-3, IL-
4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-
17, interferon gamma-induced protein 10 (IP-10), KC, leukemia in-
hibitory factor (LIF), lipopolysaccharide-induced CXC chemokine
(LIX), monocyte chemoattractant protein-1, M-CSF, MIG, MIP-1α,
MIP-1β, MIP-2, RANTES, TNF-α, and vascular endothelial growth
factor (VEGF)]. All kits were read on a MAGPIX system (Luminex,
Austin, TX).

Morphology and colocalization analysis
Bitplane Imaris 9.7.1 (Oxford Instruments, Concord, MA) was used
to assess morphology of Iba-1+ microglia and colocalization of
pNF-κB with both NeuN+ neurons and Iba-1+ microglia while
blinded to treatment groups. Surface reconstruction parameters
were optimized across samples and examined by eye while
blinded and before any hypothesis testing. To assess microglia mor-
phology, only microglia whose processes were completely within
the bounds of the image were included in analysis. Z-stack images
of Iba-1+–stained visual cortex tissue were modified using Gaussian
filtering and cropped to standard dimensions (2301 μm by 3301 μm
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by 101 μm). Within Imaris, microglia were automatically recon-
structed as surfaces using standardized thresholds pertaining to di-
ameter of clustered signal and level of surface detail. Irrelevant
surfaces were filtered by number of voxels and total area. Surfaces
were then manually corrected on the basis of visual inspection. Sur-
faces that belonged to the same cell were grouped together as a
single surface. Following reconstruction, microglia surfaces were fil-
tered again to remove any remaining surfaces not part of a recon-
structed cell. Surfaces were transformed into processes based on
standardized thresholds including diameter, gaps between surfaces,
and surface detail, and process properties were quantified. We mea-
sured soma area, total process length, branching depth, and number
of branches at each Sholl radii from the soma (fig. S7).

To assess colocalization of stained pNF-κB with both NeuN+

neurons and Iba-1+ microglia, Z-stack images of stained visual
cortex tissue were modified using baseline subtraction and
gamma correction filtering and cropped to standard dimensions
(2400 μm by 2400 μm by 120 μm). Within Imaris, cells (either
neurons or microglia) were reconstructed as surfaces using stan-
dardized thresholds pertaining to diameter of clustered signal and
level of surface detail. pNF-κB staining was reconstructed as surfac-
es using a different set of thresholds. Using both sets of surfaces, all
pNF-κB staining was eliminated except for the surfaces that were
located a maximum distance of 5 μm from the reconstructed
cells. Volumetric percent of total pNF-κB compared to overlap of
pNF-κB staining with NeuN or Iba-1 cell stain was used to deter-
mine whether pNF-κB colocalized to a cell type.

Partial least-squares discriminant analysis
Data were z-scored within each group, and a PLSDAwas performed
inMATLAB (MathWorks) using the algorithm by C. Nunes (Math-
Works File Exchange). To identify LVs that best separated condi-
tions, an orthogonal rotation in the plane of the first two LVs
(LV1-LV2 plane) was performed. Error bars for LV1 figures repre-
sent the mean and SDs after iteratively excluding single samples (a
leave-one-out cross-validation) and recalculating the PLSDA 1000
times. To test different flicker conditions and durations, cytokine
experiments were performed over several cohorts, and samples
were normalized by removing batch effects. We performed a
batch effects analysis (combat package in R v 3.5.0) to remove any
between-experiment variability before conducting the PLSDA. Last,
for analyzing the effect of 40 Hz flicker following microglia deple-
tion, the data from three cohorts were combined by performing a
batch-effects analysis (combat package in R version 3.2.0) to
remove any between-experiment variability before conducting
the PLSDA.

Bulk RNA-seq
mRNA were quantified from male, 4- to 6-month-old wild-type
mice exposed to either 20 or 40 Hz audio/visual flickering for 1
hour (n = 8). RNA was isolated from visual cortices using a
QIAGENRNeasy kit (217804, QIAGEN,Hilden, Germany) accord-
ing to the manufacturer’s protocol. Libraries were sequenced for
paired-end mRNA using the NovaSeq 6000 sequencing system to
obtain a sequencing depth of 30 to 40 million reads per sample.
Before sequencing, quality control was performed using a bioana-
lyzer for RNA integrity number greater than seven. The NEBNext
Poly(A) mRNA Magnetic Isolation Module and NEBNext Ultra II
Directional RNA Library Prep Kit were used to prepare sequencing

libraries. RNA alignment was performed by Molecular Research
Laboratory, and data were validated for fastq integrity and quality.
Specifically, each sample was run on four lanes and merged, fol-
lowed by using DNAstar ArrayStar. Reads were mapped using the
mouse reference genome GRCm39. For read assignment, the
threshold was set at 20 base pairs and 80% of the bases matching
within each read. Duplicated reads were eliminated, and genes
with less than 20 total raw counts were removed from analysis.
All gene counts were normalized using the DESeq2 package in
R. RNA-seq data are deposited on the National Center for Biotech-
nology Information (NCBI) Gene Expression Omnibus under ac-
cession number GSE225842.

GSVA and statistical analysis of gene expression data
To study holistic gene changes within different pathways relevant to
brain immunity and neurotransmission function, GSVA analysis
was conducted. GSVA is an unsupervised enrichment algorithm,
which identifies variations of pathway activity by defining enrich-
ment score for gene sets, each containing a set of genes with
shared cellular function. For GSVA gene set reference and
symbols, the Molecular Signatures Database C2 (v7) gene sets
(MSigDB) were used. To compare statistical differences between
groups for each pathway of interest, enrichment scores for each
gene set between groups were computed by measuring the true dif-
ferences inmeans versus the differences computed by a random dis-
tribution obtained by permuting the gene labels 1000 times. False
discovery rate (FDR)–adjusted P values were computed for detec-
tion of differences between two groups, and significant level was
set at an FDRof <0.25. All data are presented as means ± SEM. Non-
parametric Wilcoxon rank sum test was used to determine the
group differences (40 Hz versus 20 Hz) in individual genes within
each pathway. P < 0.05 was considered statistically significant. All
analyses were performed in R using the stats package v.3.6.2.

Single-nuclear RNA sequencing
Twelve male wild-type mice aged 2 months were randomly assigned
to three groups: 1 hour each of ambient light, 20 Hz visual stimula-
tion, or 40 Hz of visual stimulation. Immediately after stimulation,
right visual cortex was removed and flash-frozen in liquid nitrogen.
Nuclei extraction, 10x Chromium Next GEM Single Cell 30 GEM
v3.1 library preparation (5000 cells), and Illumina sequencing
with 250 M paired-end reads were conducted by Admera Health.
Count matrices were calculated from two lanes per sample using
10x Genomics Cell Ranger 7.0.1 using 10x Genomics Cloud Anal-
ysis with introns included (76). We removed cells containing fewer
than 200 features, more than 3000 features, or greater than 20% mi-
tochondrial RNA to account for droplets, multiple cells, or dying
cells, respectively. Count matrices were log-normalized in R using
the Seurat package function NormalizeData() through which
feature counts were divided by the total counts per cell, multiplied
by a scale factor of 10,000, and then naturally log-transformed by
ln(1 + x) (77–80). The resulting data for each sample were uploaded
to the Azimuth web app (National Institutes of Health Human Bio-
molecular Atlas Project) for cell type assignment by reference-based
mapping against the Yao et. al. (81) mouse primary motor cortex
cell atlas. snRNA-seq data are deposited un the NCBI Gene Expres-
sion Omnibus under accession number GSE226822.

Pseudo-bulk data were prepared by aggregating counts of each
gene across all cells of each Azimuth-assigned subclass label to
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produce a cell type–specific count matrix of 12 samples and 32,285
features. Each count matrix was normalized across samples using
median of ratios method and analyzed for DEGs using DESeq2
(82). DEGs were defined as having a Wald test FDR-adjusted P
value less than 0.05.

GO was conducted separately for L2/3 neuron, astrocytes, and
microglia data using PANTHER overrepresentation test on
PANTHER 17.0, available on the GO Resource. We used the
mm10 GO biological process complete annotation set with
Fisher ’s exact test and FDR-corrected P values. The test was
applied using a query set of genes significantly elevated after 40
Hz stimulation (Wald test FDR-adjusted P value less than 0.05; n
= 249 genes in L2/3 IT, n = 112 genes in astrocytes, and 40 genes
in microglia) and a background of all nonzero features within
each cell type, which pass DESeq2-independent filtering of the
mean of normalized counts (9465 genes in L2/3 IT, 5571 genes in
astrocytes, and 4751 genes in microglia) (82).

Statistical analysis
For morphology and colocalization analyses, hypothesis testing was
performed between the four groups using one-way, two-tailed, and
unpaired analyses of variance (ANOVAs) assuming equal variance,
with an α value of 0.05. Differences between groups were found
from post hoc multiple-comparisons tests with a Tukey’s post hoc
test correction. We used the linear mixed model procedure in SPSS
26 (IBM) for Sholl analyses after binning data by radii, with
maximum-likelihood estimation of fixed effects for the frequency
and intercept, including random effects for individual differences,
repeated measures for radius and glial cell, and identity covariance
structure. For multiplex analysis, either a one-way ANOVA (more
than two groups) or two-tailed unpaired t test (two groups) was
used to determine whether there was a significant LV1 separation
between groups. The top correlated cytokines and/or phospho-pro-
teins of LV1 were isolated, and an ANOVA or two-tailed unpaired t
test was performed using GraphPad Prism 8 (GraphPad Software,
La Jolla, CA) to determine statistical significance between groups.
These tests were followed by a post hoc Dunnett’s multiple compar-
isons test to determine differences between specific groups or a
Tukey’s multiple comparisons test to compare differences in phos-
phorylation levels across time. To further confirm significant differ-
ences between groups using PLSDA, a permutation analysis was
conducted, which randomly assigned animals into experimental
groups and ran the PLSDA based on these shuffled values 1000
times. The mean for each permuted value was then compared as
the square root of the difference between the sums of squares on
the LV1 and LV2 axis of PLSDA. For each test, true group assign-
ment showed Ppermute < 0.05 compared to the randomly permuted
distribution, further confirming the validity of our data. To
compare individual cytokine expression in the microglia depletion
and flicker experiment, a one-way ANOVA was used, following by
multiple comparisons using the Tukey method.
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