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Type II IFN (IFN-γ) is a proinflammatory T lymphocyte cytokine that
serves in priming of microglia—resident CNS macrophages—
during the complex microglial activation process under pathological
conditions. Priming generally permits an exaggerated microglial
response to a secondary inflammatory stimulus. The impact of
primed microglia on physiological neuronal function in intact cor-
tical tissue (in situ) is widely unknown, however. We explored the
effects of chronic IFN-γ exposure on microglia in hippocampal slice
cultures, i.e., postnatal parenchyma lacking leukocyte infiltration
(adaptive immunity). We focused on fast neuronal network waves
in the gamma-band (30–70 Hz). Such gamma oscillations are fun-
damental to higher brain functions, such as perception, attention,
and memory, and are exquisitely sensitive to metabolic and oxi-
dative stress. IFN-γ induced substantial morphological changes and
cell population expansion in microglia as well as moderate up-
regulation of activation markers, MHC-II, CD86, IL-6, and inducible
nitric oxide synthase (iNOS), but not TNF-α. Cytoarchitecture and
morphology of pyramidal neurons and parvalbumin-positive in-
hibitory interneurons were well-preserved. Notably, gamma oscil-
lations showed a specific decline in frequency of up to 8 Hz, which
was not mimicked by IFN-α or IL-17 exposure. The rhythm distur-
bance was caused by moderate microglial nitric oxide (NO) release
demonstrated by pharmacological microglia depletion and iNOS
inhibition. In conclusion, IFN-γ priming induces substantial prolif-
eration and moderate activation of microglia that is capable of
slowing neural information processing. This mechanismmight con-
tribute to cognitive impairment in chronic brain disease featuring
elevated IFN-γ levels, blood–brain barrier leakage, and/or T cell
infiltration, well before neurodegeneration occurs.
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Microglia are the resident CNS macrophages that become
activated in most brain disorders, such as stroke, bacterial

meningoencephalitis, multiple sclerosis, and Alzheimer’s disease
(1, 2). Activation of microglia is complex and features changes in
morphology, antigen presentation, and cytokine and free radical
release as well as migration and phagocytosis; its consequences
range from neuroprotective to neurotoxic (3–7). However, the
impact of different activated phenotypes on neuronal function is
widely unknown (8–10).
Type II IFN (IFN-γ) is a soluble cytokine that is predomi-

nantly released from T helper type 1 (Th1) cells, cytotoxic T
lymphocytes, and natural killer cells (4, 11). Notably, T cell in-
filtration and/or elevated IFN-γ have been reported in several
neurologic disorders and animal models, including stroke, mul-
tiple sclerosis, and Alzheimer’s disease (12–17). IFN-γ serves in
the priming of microglia that associates with a variety of cellular
adaptations, including changes in morphology, up-regulation of
receptors, and increased levels of proinflammatory cytokines (4,
18–20). Notably, priming has been generally considered to permit
an exaggerated microglial response to secondary—and otherwise
subthreshold—inflammatory stimuli (20–24). For example, bac-
terial lipopolysaccharide (LPS) acting through Toll-like receptor 4

(TLR4) then triggers the release of proinflammatory and cytotoxic
substances, such as TNF-α, IL-6, and nitric oxide (NO), finally
resulting in neuronal death (1, 3, 25, 26). However, the impact of
IFN-γ–primed microglia on synaptic activity and neural informa-
tion processing has been widely unexplored (9, 23).
We addressed this fundamental question in postnatal brain

tissue (in situ), i.e., organotypic hippocampal slice cultures (7,
10). Slice cultures feature well-preserved cytoarchitecture and
functional neuronal networks, whereas they inherently lack leu-
kocyte infiltration from blood vessels during experimental ex-
posures (27–30). Cholinergic gamma oscillations (30–70 Hz)
were used as a sensitive functional readout of precise synaptic
transmission between excitatory pyramidal neurons and inhibi-
tory interneurons (31, 32).

Results
Microglial Priming and Slowing of Gamma Oscillations. We exposed
slice cultures (Fig. 1A) to recombinant IFN-γ at different con-
centrations for 72 h (“chronic”) in the presence of a serum
component to explore its full priming potential in microglia (5,
25). IFN-γ induced prominent changes in the morphology of
microglia (Fig. 1B). Specifically, there was a more homogeneous
Iba1 staining pattern, microglial hypertrophy with gradual re-
duction of ramification associated with shortening and flattening
of cellular processes as well as pronounced spatial overlap of
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microglia. Similar morphological changes have been reported
in vitro and in vivo (18, 33, 34). The size of the microglial pop-
ulation increased 3.8-fold at the high concentration of IFN-γ (Fig.
1C). This substantial proliferation of microglia was associated with
up-regulation of activation markers, such as MHC-II and CD86,
and increased levels of IL-6; TNF-α was similar to naive control
slice cultures (Figs. 1 D and E and 2A and SI Appendix, Fig. S1).
The expression of inducible nitric oxide synthase (iNOS) (mRNA
and protein level) and the concomitant release of nitric oxide
(NO) were also increased (Fig. 2 B–D). These increases in IL-6,
iNOS, and NO were moderate because the exposure of IFN-γ plus
LPS, which served as a positive control, resulted in severalfold
higher values (exaggerated microglial response, see below).
The cytoarchitecture of slice cultures as well as the morphol-

ogy of excitatory pyramidal neurons and parvalbumin-positive
inhibitory interneurons were well-preserved (Fig. 3 A and B and
SI Appendix, Fig. S2). Notably, parvalbumin-positive inhibitory
interneurons, such as fast-spiking GABAergic basket cells, con-
tact the perisomatic region of excitatory pyramidal neurons and
are essential for the emergence of cortical gamma oscillations
in vivo and in situ (31, 35). Moreover, these interneurons are
exquisitely sensitive to metabolic and oxidative stress (29, 32).
We next tested the functional integrity of the neuronal network

by eliciting persistent gamma oscillations with acetylcholine (Fig.
3C) (29, 31). Gamma oscillations (30–70 Hz) were present in
control and IFN-γ–exposed slice cultures (Fig. 4A). IFN-γ induced
a clear decline in the frequency of gamma oscillations of up to 8 Hz,
however (Fig. 4B). Peak power and full width at half-maximum

(FWHM) were unchanged (Fig. 4 C and D). The latter oscillation
properties primarily reflect number and synchronization of acti-
vated synapses. Albeit decreasing the frequency, IFN-γ did not
affect the stability of gamma oscillations over time (Fig. 5). This
rhythm slowing was specific because chronic exposures to IFN-α
(type I IFN) or IL-17 (Th17 response) did not affect the prop-
erties of gamma oscillations (SI Appendix, Fig. S3) (36, 37).
Priming of microglia is supposed to result in an exaggerated

microglial response to a secondary inflammatory stimulus (3, 20,
21). We tested this mechanism in situ using simultaneous
(IFN-γ+LPS) and serial (IFN-γ→LPS) exposures to IFN-γ and
LPS, at relatively low concentrations (3, 25). Notably, the single
exposure to IFN-γ or LPS has either no or only minor effects on
neuronal activity and survival in hippocampal slice cultures (Fig.
4 and SI Appendix, Fig. S4) (27, 38, 39). IFN-γ plus LPS induced
strong iNOS expression and severalfold higher release of IL-6,
TNF-α, and NO (Fig. 2D and SI Appendix, Fig. S2 A–C), similar
to other reports (3, 5, 40). In addition, complete loss of neuronal
activity and widespread inflammatory neurodegeneration oc-
curred (SI Appendix, Fig. S2 D and E). This neurotoxic effect is
mainly mediated by massive NO release (3, 39, 41). Thus, the

Fig. 1. Microglial morphology, cell numbers and markers. (A) Maintenance
and exposure (+IFN-γ, 72 h) of rat hippocampal slice cultures in medium or
medium plus clodronate (+CLOD) was done in the incubator. After 10
d in vitro (DIV), slice cultures and supernatant were analyzed with various
methods. (B) Immunohistochemistry with the general marker Iba1 in naive
control (CTL) and slice cultures exposed to IFN-γ (1,000 ng/mL). (C)
Stereology-based cell counting of Iba1-positive cells. For n/N slices/prepara-
tions: CTL, 9/5; IFN-γ, 9/3. *P < 0.001, Mann-Whitney rank sum test. (D)
Immunohistochemistry with the activation marker MHC-II in CTL and IFN-γ
(1,000 ng/mL). (E) mRNA levels of CD74 (part of the MHC-II complex) were
determined in tissue homogenates pooled from five slices, each. For N prep-
arations: CTL, 4; IFN-γ (100 ng/mL, 24 h), 4; *P < 0.001 vs. CTL, unpaired t test.
Sample images are taken from CA3 (Fig. 3).

Fig. 2. Microglial cytokine release and iNOS expression. Slice cultures were
exposed to IFN-γ or clodronate (100 μg/mL) plus IFN-γ (1,000 ng/mL) (CLOD+
IFN-γ) for 72 h. (A) IL-6 and TNF-α levels in the culture medium. For n/N
membranes/preparations: CTL, 4/4; IFN-γ (100 ng/mL), 4/4 (IL-6), and 5/4
(TNF-α); IFN-γ (1,000 ng/mL), 3/3 (IL-6), and 5/4 (TNF-α); CLOD+IFN-γ, 3/3
(IL-6), and 2/2 (TNF-α). *P < 0.01 vs. CTL and CLOD+IFN-γ, and < 0.05 vs.
IFN-γ (100 ng/mL), one-way ANOVA with Tukey’s post hoc test. (B) iNOS mRNA
levels were determined in tissue homogenates pooled from five slices, each. For
N preparations: CTL, 2; IFN-γ (100 ng/mL), 3; IFN-γ (1,000 ng/mL), 2. *P < 0.01 IFN-γ
(100 ng/mL) and IFN-γ (1,000 ng/mL) vs. CTL, *P < 0.05 IFN-γ (1,000 ng/mL) vs.
IFN-γ (100 ng/mL), one-way ANOVA with Tukey’s post hoc test. (C) Nitrite
levels reflecting NO release were determined in the culture medium. CTL, 5/5;
IFN-γ (100 ng/mL), 6/5; IFN-γ (1,000 ng/mL), 6/5; CLOD+IFN-γ, 4/4. Each *P < 0.05
vs. CTL and CLOD+IFN-γ, one-way ANOVA with Tukey’s post hoc test. (D)
Immunohistochemistry of iNOS in CTL, IFN-γ (1,000 ng/mL), and IFN-γ
(100 ng/mL) plus LPS (10 μg/mL) that served as a positive control. Sample
images are taken from CA3 (Fig. 3).
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exaggerated inflammatory response of primed microglia can
be reliably replicated in slice cultures.
These foregoing findings suggest that priming of microglia

with IFN-γ in situ is associated with moderate microglial acti-
vation and specific slowing of gamma oscillations.

Microglial iNOS-Mediated Slowing of Gamma Oscillations. IFN-γ
receptors are functionally present in microglia, astrocytes, and,
perhaps, in neurons (3, 42–44). To test whether slowing of gamma
oscillations was mediated by microglia, we used liposome-
encapsulated clodronate; this nontoxic bisphosphonate induces
apoptosis specifically in macrophages/microglia after ingestion
and intracellular accumulation (30, 39). Exposure to clodronate
resulted in the almost complete depletion of microglia in other-
wise untreated slice cultures (Fig. 6A). The residual microglial
cells showed a more intense Iba1 staining and appeared more
hypertrophic. IFN-γ was still capable of inducing proliferation of

these microglia, even in the presence of clodronate. This might
reflect the high self-renewal capacity of microglia (45). Notably,
IFN-γ could not induce the specific decline in frequency in
microglia-depleted slice cultures (CLOD+IFN-γ) (Fig. 6A and SI
Appendix, Fig. S5). Peak power and FWHM were still unchanged.
Possible side-effects of liposomes on gamma oscillations were
excluded in control experiments (SI Appendix, Fig. S6). These data
show that slowing gamma oscillations is primarily mediated by
microglia rather than astrocytes in situ (41, 42).
We next tested whether the moderate microglial iNOS-mediated

NO release was sufficient to disturb gamma oscillations. We used
N-3-aminomethyl-benzyl-acetamidine (1400W) at low concentra-
tion (10 μM) (40, 41). The 1400W is a potent inhibitor of iNOS and
selective over neuronal NOS (nNOS) and endothelial NOS (eNOS).
Indeed, coapplication of 1400W (IFN-γ+1400W) prevented the
slowing of gamma oscillations induced by IFN-γ (Fig. 6B). In addi-
tion, we observed an increase in peak power and a decrease in
FWHM; these changes were also partially present in slice cultures
exposed to 1400W alone. Conversely, acute application of the
external NO-donor S-nitroso-N-acetyl-DL-penicillamine (SNAP)
with the recording solution (positive control) decreased frequency
and power of gamma oscillations in naive control cultures, whereas
FWHM was unchanged (Fig. 6C and SI Appendix, Fig. S7). These
effects occurred at a low SNAP concentration (100 μM) that is
sufficient to elevate neuronal NO levels in slice cultures but far

Fig. 3. Intact cytoarchitecture and neuronal morphology. Slice cultures
were exposed to IFN-γ (1,000 ng/mL) or clodronate (100 μg/mL) plus IFN-γ
(1,000 ng/mL) (CLOD+IFN-γ) for 72 h. (A) Toluidine blue (TB) staining. (B)
Immunohistochemistry of parvalbumin-positive (PV) inhibitory interneurons.
Sample images are taken from entire individual slice cultures (A, Top), the
CA3 region (A, Bottom), and stratum pyramidale of CA3 (B). Note the well-
preserved cytoarchitecture and neuronal morphology in all groups. (C)
Gamma oscillations were elicited by acetylcholine (2 μM) and physostigmine
(400 nM) (ACh+Phy, gray bar) at 34 ± 1 °C (Left). All local field potential (LFP)
recordings were done in stratum pyramidale of CA3 (Middle); DG, dentate
gyrus. Note the complex network of parvalbumin-positive interneurons that
are essential for the emergence of gamma oscillations (Right).

Fig. 4. Slowing of neuronal gamma oscillations. Slice cultures were exposed
to different concentrations of IFN-γ for 72 h. (A) Sample traces of gamma
oscillations (Fig. 3C) and corresponding power spectral density (PSD) calcu-
lated from data segments of 5 min. (B) Frequency (f), (C) power, and (D)
FWHM were calculated from PSD in naive control (white) and exposed
(black, gray shades) slice cultures. For n/N slices/preparations: CTL 25/5; IFN-γ
(10 ng/mL), 13/3; IFN-γ (100 ng/mL), 17/3; IFN-γ (500 ng/mL), 13/3; IFN-γ (1,000
ng/mL), 18/4. Each *P < 0.05 vs. CTL, Kruskal-Wallis test with Dunn’s post hoc
test. Note the decline in frequency (B).
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below the concentrations required to induce pathological seizure-
like events (46). The additional effects of 1400W and SNAP on
peak power and FWHM likely reflect complex interactions be-
tween nNOS-/iNOS-mediated NO release and the precise synaptic
mechanisms underlying gamma oscillations (31, 47).
These foregoing complementary findings suggest that the

specific slowing of gamma oscillations is primarily mediated by
moderate iNOS up-regulation and concomitant NO release from
microglia.

Discussion
Priming of Microglia with IFN-γ in Situ. IFN-γ is a dimerized soluble
leukocyte cytokine and the only member of the type II IFN class.
It is predominantly released from Th1 cells, cytotoxic T lympho-
cytes, and natural killer cells (4, 11). In many studies on microglial
activation, IFN-γ has been traditionally used as a primer to evoke
exaggerated microglial responses upon stimulation with microbial
or endogenous ligands, such as bacterial LPS or amyloid-β peptide
(3, 5, 26, 40). However, the effects of IFN-γ itself on microglial
proliferation and activation, particularly in postnatal brain tissue
(in situ), are less well-defined (8–10).
Slice cultures have been increasingly used to study the acti-

vation of microglia in situ, i.e., in the natural (“organotypic”)
environment with active neurons, astrocytes, and oligodendro-
cytes, and in the absence of leukocytes (7, 27, 28, 30). Under
control conditions, slice cultures feature microglia with ramified
morphology, low levels of activation markers, and minimal re-
lease of proinflammatory cytokines and NO (SI Appendix, SI
Discussion). Notably, slice cultures exposed to different stimuli
provide a reliable experimental model to explore the impact of
different microglial phenotypes on the (dys)functions of indi-
vidual neurons and neuronal networks (38, 39).

We exposed slice cultures to recombinant IFN-γ ranging from
10 to 1,000 ng/mL in the culture medium for 72 h. This experi-
mental approach has been used in monocultures and microglia–
neuron cultures (in vitro) to evoke maximal cytokine and NO
release; within slice cultures, the final IFN-γ concentration might
be lower because of prolonged diffusion distance, smaller extra-
cellular space, and activity of proteinases, however (1, 3, 5, 25).
We obtained a 1.9-fold (39) and a 3.8-fold microglial cell pop-
ulation expansion at 100 and 1,000 ng/mL IFN-γ, respectively, that
went along with prominent morphological changes. Our data
contrast with in vitro studies showing that IFN-γ had either no

Fig. 5. Microglia-mediated slowing of gamma oscillations. Slice cultures
were exposed to IFN-γ (1,000 ng/mL) and clodronate (100 μg/mL) plus IFN-γ
(1,000 ng/mL) (CLOD+IFN-γ) for 72 h. (A) Sample spectrograms of gamma os-
cillations (Fig. 3C) were calculated from recordings in individual slices. Heat-
scale colors encode for power in arbitrary units (a.u.). (B) Corresponding fre-
quencies were calculated at 30-s intervals. For n/N slices/preparations: CTL,
25/5; IFN-γ, 18/4; CLOD+IFN-γ, 12/5. Note the stability of gamma oscillations
over time in each group (two-way ANOVA with Holm-Sidak’s post hoc test).

Fig. 6. Microglial iNOS-mediated slowing of gamma oscillations. Slice cul-
tures were exposed to IFN-γ (1,000 ng/mL), clodronate (100 μg/mL) plus IFN-γ
(1,000 ng/mL) (CLOD+IFN-γ), the iNOS inhibitor 1400W (10 μM), or IFN-γ plus
1400W (IFN-γ+1400W) for 72 h. Frequency (f), power, and FWHM of gamma
oscillations (Fig. 3C) were calculated from power spectral density (PSD) in
naive control (white) and exposed (black, gray shades) slice cultures. (A, Top)
For n/N slices/preparations: CTL, 25/5; IFN-γ, 18/4; CLOD+IFN-γ, 12/5. *P < 0.05
vs. CTL and CLOD+IFN-γ, Kruskal-Wallis test with Dunn’s post hoc test. Note
the absence of the decline in frequency in microglia-depleted slice cultures
(CLOD+IFN-γ). (A, Bottom) Stereology-based cell counting of Iba1-positive
cells. CLOD, 12/4; CLOD+IFN-γ, 17/4. *P < 0.01, Mann-Whitney rank sum test.
Note the magnitudes of microglial depletion (Right) and expansion (Fig. 1C).
(B) CTL, 13/4; 1400W, 13/3; IFN-γ+1400W, 12/3. Each *P < 0.05 vs. CTL, Kruskal-
Wallis test with Dunn’s post hoc test (f, power), one-way ANOVA with Holm-
Sidak’s post hoc test (FWHM). (C) Gamma oscillations in control condition,
during acute application of SNAP (100 μM) and after SNAP removal. 17/7. Each
*P < 0.05 vs. CTL, Friedman test with Dunn’s post hoc test (f, power), one-way
repeated-measures ANOVA with Holm-Sidak’s post hoc test (FWHM).
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effect on microglial growth or even decreased microglial numbers
(48, 49); this might reflect the use of mixed dissociated glial cell
cultures from newborn rats and, perhaps, the absence of active
neuronal networks. However, our in situ data basically replicate
the effects of systemic and intracerebroventricular IFN-γ admin-
istration on microglial proliferation, including typical morpho-
logical changes in vivo (18, 20, 33). IFN-γ also moderately
increased microglial activation markers, such as MHC-II, iNOS,
and IL-6, but not TNF-α. This moderate microglial response likely
reflects suppression by spontaneous neuronal activity (19, 29). We
note that iNOS expression in astrocytes is negligible in slice cul-
tures, even when exposed to IFN-γ and LPS (39, 40).
Similar features of primed microglia have been reported in the

context of aging, traumatic CNS injury, and neurodegenerative
disease in patients and animal models (15, 23, 34, 50). In view of
these aspects, our data support the current concept of microglial
priming (20, 23).

Slowing of Gamma Oscillations by Microglial NO Release in Situ. We
tested the functional integrity of the local neuronal network in the
hippocampal CA3 region, which is intrinsically capable of generating
gamma oscillations (30–70 Hz) (29, 31). Gamma oscillations require
precise chemical and electrical synaptic signaling between excitatory
pyramidal neurons and inhibitory interneurons (31, 35). Among the
latter, parvalbumin-positive, fast-spiking GABAergic basket cells
featuring unique biophysical and bioenergetic properties have a key
role in rhythm generation (31, 32). Gamma oscillations emerge in
many cortical areas of the awake brain during sensory perception,
selective attention, voluntary movement, and memory formation,
and they feature high energy expenditure (29, 35, 51, 52). Therefore,
gamma oscillations provide a sensitive functional readout of even
discrete neuronal network dysfunction (32).
We found a decline in the frequency of gamma oscillations in

slice cultures exposed to IFN-γ. This specific disturbance already
occurred at 100 ng/mL IFN-γ; and it was absent in microglia-
depleted slice cultures, widely excluding direct actions of IFN-γ
on neurons (43). We recently showed that 100 ng/mL IFN-γ for
72 h increased the microglial cell number about 1.9-fold (39).
Therefore, our findings suggest that the IFN-γ–mediated slowing
of gamma oscillations requires, at least, the doubling of the local
microglial population. Indeed, local microgliosis and astrogliosis
are common characteristics of different brain disorders (1, 2, 7).
A few studies reported on chronic effects of IFN-γ on neu-

ronal functions, such as hippocampal short-term and long-term
synaptic plasticity, including cognitive performance (44, 53, 54).
We show that IFN-γ also slows neuronal gamma oscillations that
are fundamental to spike-timing–dependent plasticity and higher
brain functions (31, 35). Importantly, we identify moderate iNOS
up-regulation and concomitant NO release as the key factors
that might cause neuronal dysfunctions. Our in situ data are
widely in line with in vitro reports on IFN-γ–induced microglial
NO release (3, 25, 55). Indeed, it is well-established that IFN-γ is
one of the most typical inducers of iNOS in macrophages and
microglia (1, 4, 11). The moderate NO release seems to be a
specific response because IFN-γ widely failed to induce reactive
oxygen species production in microglia, at least, in vitro (24, 56).
Therefore, our data provide details for the current concept of
microglial priming (20, 23), i.e., the presence of an inflammatory
NO component that can disturb cortical gamma oscillations. We
note that microglial priming with IFN-γ might differ from other
priming scenarios, such as stress or prion disease models (21, 22).
NO has a complex physiological role in neurotransmission. NO

release from constitutive nNOS is Ca2+-dependent and occurs at
certain pre- and postsynaptic sites of excitatory and inhibitory neu-
rons (47). Thus, the increase of NO by up-regulation of microglial
iNOS can even discretely disturb physiological neurotransmission
associated with, for example, neuronal network oscillations and
synaptic plasticity (57–59). Whether the related rhythm slowing

reflects direct and/or synergistic NO-mediated alterations in the
intrinsic biophysical properties of neurons, glutamatergic and
GABAA-receptor–mediated neurotransmission, and/or energy
metabolism needs to be explored (SI Appendix, SI Discussion) (31,
32, 58, 60).
Slowing of gamma oscillations might significantly impair neural

information processing in local cortical networks as well as in-
formation transfer between remote cortical networks, and well
before neurodegeneration occurs (32, 35, 51, 52, 61). Such a
general mechanism might apply to a variety of (chronic) clinical
situations that are associated with elevated IFN-γ levels, blood–
brain barrier leakage and/or T cell infiltration (SI Appendix, SI
Discussion). Prominent examples are aging, (post) stroke, multiple
sclerosis, and, perhaps, Alzheimer’s disease (2, 9, 10, 23, 37, 62).
We provide in situ evidence that the priming step of microglia

with IFN-γ features moderate microglial activation, including
iNOS up-regulation that is capable of slowing neural information
processing. Our study might contribute to the development of
pharmacologic strategies for treating several neurologic and
psychiatric disorders associated with low-grade inflammation.

Materials and Methods
More information is provided in SI Appendix, SI Materials and Methods and
SI Appendix, SI References.

Slice Cultures and Exposures. Wistar rats (Charles River Laboratories) were
handled in accordance with the European directive 2010/63/EU and with
consent of theanimalwelfare officers atUniversity ofHeidelberg (licenses, T46/
14 and T96/15). Hippocampal slice cultures were prepared from 9- to 10-d-old
pups in sterile conditions and maintained on Biopore membranes at the in-
terface between serum-containing culture medium (4 mM glucose) and hu-
midified normal atmosphere enriched with 5% (vol/vol) CO2 (36.5 °C) (29, 39).
Cell culture materials were certified free of endotoxin and IFN-γ. Chemical
depletion of microglia was achieved with liposome-encapsulated clodronate
(Liposoma B.V.) (30, 39). Exposures to recombinant IFN-γ (PeproTech), 1400W
(Sigma-Aldrich), and LPS (Enzo Life Sciences) were done in the dark.

Biochemical Analyses. Culture mediumwas sampled and rapidly frozen to −80 °C.
Calibrations and biochemical analyses were performed in accordance with the
manufacturer’s instructions using a microplate reader (Bio-Rad Laboratories)
(39). Samples were analyzed with ELISA kits (R&D Systems). NO release was
derived from the concentration of its oxidation product, nitrite, with a Griess
reaction-based assay (Merck Chemicals).

RNA Isolation and qRT-PCR. RNA isolation and cDNA synthesis were performed
with the RNeasy Plus Mini kit (Qiagen) and High Capacity cDNA Reverse
Transcription kit (Applied Biosystems), respectively. qPCRwas carried out on a
StepOnePlus Real-Time PCR System (Applied Biosystems) using TaqMan assays
[MHC-II (CD74), iNOS, ACTB]. Gene expression was determined by compar-
ative gene expression analysis; β-actin served as endogenous control.

Immunohistochemistry and Stereological Cell Counting. Slice cultures were
fixed in 4% (vol/vol) paraformaldehyde and cut into thin (25 or 30 μm)
sections with a cryostat (CM1850; Leica Microsystems). Microglia were
stained with anti-Iba1 (WAKO Chemicals), anti-CD86 (Abcam), and anti-
MHC-II (Abcam), neurons with toluidine blue (Sigma-Aldrich) and anti-
parvalbumin (Sigma-Aldrich), and iNOS with anti-iNOS (Merck Chemicals).
Primary antibodies were visualized with fluorescent or biotin-conjugated
secondary antibodies. Stereological analyses were performed with Stereo
Investigator (MBF Bioscience). Volume-corrected microglial cell counting was
done using an optical fractionator probe (39).

Local Field Potential Recordings. After exposures, slice cultures were rapidly
transferred to the recording chamber [95% (vol/vol) O2, 5% (vol/vol) CO2;
34 ± 1 °C] (29, 39). The recording solution contained 129 mM NaCl, 3 mM
KCl, 1.25 mM NaH2PO4, 1.8 mM MgSO4, 1.6 mM CaCl2, 21 mM NaHCO3, and
10 mM glucose (pH 7.3). The local field potential was recorded with micro-
electrodes connected to an amplifier (EXT 10–2F; npi electronic), low-pass–
filtered at 3 kHz, and digitized at 10 kHz using CED 1401 interface and
Spike2 software (Cambridge Electronic Design). Gamma oscillations were
elicited by application of acetylcholine and physostigmine. Standard salts
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and acetylcholine were purchased from Sigma-Aldrich, physostigmine was
purchased from Tocris, and SNAP was purchased from Biomol.

Calculations and Statistics. Offline signal analysis of gamma oscillations was
performed in MatLab 11.0 (The MathWorks). Data segments of 5 min were
low-pass–filtered with a digital Butterworth algorithm at 200-Hz corner
frequency and processed with Welch´s algorithm with a Hamming window
size of 4,096 points for calculation of the power spectral density (bin size =
2.441 Hz). Spectrograms were derived from continuous wavelet transforms

of a given recording using Morlet wavelets. Data are reported as mean ±
SEM from slice cultures (“slices”) (n) and independent preparations (N),
unless stated otherwise. Statistical significance was determined in GraphPad
Prism 6.0 (GraphPad Software); data distribution was tested with Shapiro-
Wilk test. Statistical tests are specified in the legends.
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