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The Stress-Induced Cytokine Interleukin-6 Decreases
the Inhibition/Excitation Ratio in the Rat Temporal
Cortex via Trans-Signaling
Francisco Garcia-Oscos, Humberto Salgado, Shawn Hall, Feba Thomas, George E. Farmer,
Jorge Bermeo, Luis Charles Galindo, Ruben D. Ramirez, Santosh D’Mello, Stefan Rose-John, and
Marco Atzori

Background: Although it is known that stress elevates the levels of pro-inflammatory cytokines and promotes hyper-excitable central
conditions, a causal relationship between these two factors has not yet been identified. Recent studies suggest that increases in interleukin
6 (IL-6) levels are specifically associated with stress. We hypothesized that IL-6 acutely and directly induces cortical hyper-excitability by
altering the balance between synaptic excitation and inhibition.

Methods: We used patch-clamp to determine the effects of exogenous or endogenous IL-6 on electrically evoked postsynaptic currents on
a cortical rat slice preparation. We used control subjects or animals systemically injected with lipopolysaccharide or subjected to electrical
foot-shock as rat models of stress.

Results: In control animals, IL-6 did not affect excitatory postsynaptic currents but selectively and reversibly reduced the amplitude of
inhibitory postsynaptic currents with a postsynaptic effect. The IL-6-induced inhibitory postsynaptic currents decrease was inhibited by
drugs interfering with receptor trafficking and/or internalization, including wortmannin, Brefeldin A, 2-Br-hexadecanoic acid, or dynamin
peptide inhibitor. In both animal models, stress-induced decrease in synaptic inhibition/excitation ratio was prevented by prior intra-
ventricular injection of an analog of the endogenous IL-6 trans-signaling blocker gp130.

Conclusions: Our results suggest that stress-induced IL-6 shifts the balance between synaptic inhibition and excitation in favor of the latter,
possibly by decreasing the density of functional �-aminobutyric acid A receptors, accelerating their removal and/or decreasing their
insertion rate from/to the plasma membrane. We speculate that this mechanism could contribute to stress-induced detrimental long-term
increases in central excitability present in a variety of neurological and psychiatric conditions.
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T emporary stress-induced increase in excitability is a symptom
common to many psychiatric conditions, such as schizo-
phrenic psychoses (1,2), posttraumatic stress disorder (3),

nxiety (4), depression (1), and autistic spectrum disorders (ASD)
5–7), but also to neurological conditions, including epilepsy (8,9)
nd tinnitus (10). Such increase in excitability can lead to impaired
ehavior (abnormal startle response, irritability, aggression), abnor-
al perception (hyperacusis, hypersensitivity to touch, sensory-

nduced seizures), and/or altered emotion (paranoia, delusions,
motional arousal).

A plethora of factors (adenosine triphosphate depletion, infec-
ion, trauma, chronic fatigue, acute stress) potentially triggering
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yper-excitable neurological or psychiatric conditions are also
nown to elevate the synthesis and release of cytokines (11–14).
ro-inflammatory cytokines—including interleukin (IL)-1, IL-6, and
umor necrosis factor � (TNF-�)—are known to affect the brain at
he behavioral, morphological, and functional level, inducing for
xample, sickness behavior (15), neurogenesis (16), and synaptic
lasticity (17).

Recent studies have indicated a specific role of IL-6 in stress-
elated pathophysiology. For example, messenger RNA levels of
L-6, synthesized in pyramidal neurons of the cortex (18) and of the
ippocampus (19), are greatly increased by psychological stress

20), whereas abnormal increases in systemic levels of IL-6 follow
he administration of a standardized social stress test in nonpsychi-
tric patients with a history of childhood maltreatment but not in
ontrol subjects (21). Furthermore, noninflammatory stressors se-

ectively activate IL-6-producing vasopressin-positive neurons of
he paraventricular and supraoptic nuclei of the hypothalamus,
hich in turn release systemic IL-6 (22).

Although neuronal membranes do not seem to display IL-6
eceptors (23), they possess gp130 receptors—which upon stimu-
ation by the complex formed by IL-6 and its soluble receptor “shed”
y non-neuronal brain cells initiate the Janus kinase/signal trans-
ucer and activator of transcription/extracellular signal-regulated
inase/phosphatidyl inositol 3 kinase (PI3K) signal transduction, a
rocess referred to as “trans-signaling pathway” (24,25). Impor-

antly, an abnormally high level of IL-6 has the potential to induce
tatus epilepticus, probably by decreasing the expression of the �2-3

nd �2 subunits of �-aminobutyric acid-A receptors (GABAARs) in
everal brain regions, including the temporal cortex (26). A tempo-

ary or long-term hyper-excitability of the temporal cortex is hy-
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pothesized to underlie the onset of tinnitus and hyperacusia, posi-
tively correlated with increased levels of IL-6 (27). An exquisite
vulnerability of the temporal lobe to damage by diverse stressors
might contribute to its relevance to schizophrenic psychoses, au-
tism, and epilepsy (28).

The causal relationship linking the increase in IL-6 levels and
central hyper-excitability is yet poorly understood. We considered
the possibility that IL-6 increases neuronal excitability by a direct
action at the synaptic level. To test this hypothesis we determined
the effects of the exogenous application of IL-6 as well as the IL-6-
dependence of the balance between inhibitory and excitatory syn-
aptic transmission on two types of stress, on a rat temporal cortex
preparation. We found that acute administration of IL-6, lipopoly-
saccharide (LPS) systemic injection, or foot-shock (FS) shifts the
balance between excitation and inhibition in favor of the former. The
pharmacological sensitivity of the IL-6 modulation of GABAergic re-
sponses is consistent with an increased, possibly ligand-dependent,
internalization of GABAARs from the neuronal membrane.

Materials and Methods

Preparation
We used a temporal cortex slice preparation similar to a previ-

ously described one (Supplement 1) (29). 6,7-Dinitroquinoxaline-
2,3-dione (DNQX) (10 �mol/L), kynurenate (2 mmol/L) were used in
a series of experiments for blocking �-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor- and N-methyl-D-aspartate re-
ceptor-mediated currents. Gabazine (20 �mol/L) was used to block
GABAAR-mediated currents.

rugs and Solutions
Recombinant rat IL-6 (R&D Systems, Minneapolis, Minnesota)

as activated with phosphate-buffered saline at a concentration of
5 �g/1 mL and was used at 10 ng/mL, in the range of central (up to

ng/mL) and systemic (up to 15 ng/mL) concentrations measured
fter immune challenge (30,31). The blocker of the IL-6 trans-path-
ay (32), soluble glycoprotein 130Fc (sgp130Fc), was produced in

he laboratory of S.R.-J. at the Department of Biochemistry at the
hristian Albrecht Universitat (Kiel, Germany). Lipopolysaccharide

serotype 0127:B8) was purchased from Sigma (St. Louis, Missouri).
ll other drugs were purchased from Sigma or Tocris (Ellisville,
issouri). After recording an initial baseline for 10 –15 min, drugs
ere bath-applied for 10 min or longer, until reaching a stable

ondition (as defined in Statistical Analysis). For slice incubation
ith wortmannin (200 nmol/L), the drug was dissolved in ethanol

final dilution 1/2000). Brefeldin A (400 nmol/L), similar to 2-Br-
exadecanoic acid (20 �mol/L) was also dissolved in ethanol (final
ilution 1/500). The dynamin inhibitory peptide (P4) (20 �mol/L)
as dissolved as described previously (33).

lectrophysiology
Electrophysiological methods are discussed in detail in Supple-

ent 1. Electrically evoked postsynaptic currents were measured
y delivering one or two electric stimuli (90 –180 �sec, 10 –50 �A)
00 msec apart, every 10 sec, with an isolation unit, through a glass
timulation monopolar electrode filled with artificial cerebrospinal
uid at approximately 100 –200 �m from the recorded neuron.
ynaptic responses were monitored at different stimulation inten-
ities before baseline recording. Detection threshold was set at
pproximately 150% of the SD of the noise (typical noise approxi-
ately 4 –5 pA, threshold approximately 7– 8 pA). A �2 mV 100-
sec-long voltage pulse was applied at the beginning of every

pisode to monitor the quality of the recording. Access resistance

10 –20 M�) was monitored throughout the experiment. Record- c
ngs displaying �20% change in input or access resistance were
iscarded from the analysis. All signals were filtered at 2 kHz and
ampled at 10 kHz. Reversal potential for postsynaptic currents
ere evaluated, determining current-voltage (I-V) relationships for

he evoked postsynaptic current (peak amplitude of 10 events
t each holding potential Vh in the range from Vh � �90 mV up to

h � 	 60 mV). Evoked inhibitory postsynaptic currents (IPSCs)
eversed polarity close to the theoretical reversal potential of �65

V (�64 
 2 mV, n � 3), whereas evoked excitatory postsynaptic
urrents (EPSCs) reversed at Vexc � 10.5 
 3 mV (n � 3). All experi-
ents were performed at room temperature (22°C).

urgery
Rats were anesthetized with isoflurane, and body temperature

nd respiration were maintained at physiological levels. The surgi-
al site was shaved and sterilized, and subjects were positioned in a
tereotaxic (David Kopf Instruments, Tujunga, California) instru-

ent so that the frontal and parietal bones of the skull were parallel
o the surgical platform. Rats received stereotaxic implantation
ith bilateral guide cannulae in the lateral ventricles under aseptic

onditions, as follows. Skull screw anchors were fixed to the skull,
nd cannulae (23-gauge stainless steel) were implanted (coordi-
ates: from bregma P-1.0 mm, L-1.3 mm; from cortical surface �3.5
m) and secured in place with dental acrylic. A dummy cannula was

nserted in the guide cannulae to prevent occlusion and infection. Rats
eceived intraperitoneal (IP) injection with aspirin (150.0 mg/kg) after
urgery and then again 7–8 hours later to aid with postoperative dis-
omfort and were allowed 72 hours to recover. Accurate placement of
he cannulae was confirmed by allowing 2 �L of sterile saline to flow
ia gravity into the lateral ventricles. If cannulae placement could not
e confirmed, the animal was excluded from the study. All procedures
ere in accordance with the National Institutes of Health Guidelines

or the Care and Use of Laboratory Animals.

nimal Studies
LPS Injections. On test day, rats were injected (CMA/100 mi-

roinjector, 10 �L Hamilton syringe) intracerebro-ventricularly (ICV)
ith sterile saline containing .1% bovine serum albumin (BSA) (ve-
icle) or 100 ng sgp130Fc dissolved in 2 �L vehicle. One hour later,

ats received IP injection, with sterile saline (.3 mL) or a dose of LPS
.33 mg/kg body weight) eliciting a pro-inflammatory cytokine re-
ponse in the brain (34) and were decapitated by a guillotine 8
ours after treatment for obtaining brain slices (29).

Footshock. Rats were placed in an FS chamber (30 cm � 10
m). A 1.6-mA FS lasting 5 sec was administered every 4 min for a
otal session duration of 64 min. Immediately after treatment, rats
ere sacrificed, and brains slices were obtained. One hour before
eing subjected to the FS procedure, animals received injection
ith the microinjector through the cannulae with either .1% BSA

vehicle) or 100 ng sgp130Fc dissolved in 2 �L vehicle.

tatistical Analysis
Statistical methods are described in the online Analysis section

n Supplement 1. Data comparisons were reported as different only
f p � .05. Single, double, and triple asterisks (�, ��, and ���) indicate
� .05, p � .02, or p � .01, respectively, unless otherwise indicated.

esults

L-6 Selectively Decreases GABAergic Postsynaptic Currents
IL-6 application (10 ng/mL or 45 nmol/L) did not change the

ean evoked excitatory postsynaptic currents (eEPSC) amplitude
time course in Figure 1A) (Figure 1B: mean eEPSC amplitude in

ontrol or after IL-6). Neither paired pulse ratio (PPR) (Figure 1C) nor

www.sobp.org/journal
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the coefficient of variation (CV) (Figure 1D) changed after applica-
tion of IL-6, suggesting that on average excitatory synaptic trans-
mission is not affected by IL-6. On the contrary, bath-application of
IL-6 reliably resulted in the decrease of approximately 50% in the
amplitude of gabazine-sensitive evoked inhibitory postsynaptic
currents (eIPSC) (example of time course in Figure 1E, average in
Figure 1F). The change in eIPSC amplitude was not accompanied by
changes in mean PPR (Figure 1G) or CV (Figure 1H), suggesting a
postsynaptic action of IL-6.

IL-6 Shifts the Balance Between Inhibition and Excitation
To test the single-cell balance between inhibitory and excitatory

synaptic input we used an intracellular solution allowing separate
measurement of EPSCs and IPSCs within a single-cell recording (see
Materials and Methods). We determined the resting potential for
inhibitory synaptic currents in the presence of DNQX and kynurenic
acid (Figure 2A; insert shows a sample of traces at increasing hold-
ing potentials), as the intersection of the I-V curve with the voltage
axis (Vinh � �64 
 2 mV, n � 3). The value obtained experimentally
was close to the theoretical reversal potential for Cl� (ECl

� � �65
V). Synaptic currents recorded at Vh � 	10 mV were completely

blocked by application of gabazine, demonstrating their GABAer-
gic nature (example of time course in Figure 2B). The inward synap-
tic currents obtained at a holding potential (Vh) of �65 mV were

ompletely blocked by DNQX (example of time course in Figure 2B),
onfirming that they were mediated by GABAARs. Similarly, we
valuated an I-V relationship in the presence of gabazine (Figure
C), which displayed the profile of �-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor-mediated glutamatergic currents
with an inward rectification probably due to residual polyamine
internal block (35).

We determined the excitatory and inhibitory components of the
synaptic responses in control as well as after bath-application of
IL-6 within the same cell, by identifying a stimulation site and inten-
sity that produced a solid signal at Vh � �65 mV as well as at Vh �

10 mV, to activate both GABAergic and glutamatergic axons (ex-
mple traces and time course in Figure 2E and 2F, respectively). This
xperiment confirmed that IL-6 decreases the cellular synaptic in-
ibition/excitation ratio (SIER) (same sample, Figure 2G) without
hanging eEPSC amplitude (n � 9, Figure 2H) while decreasing

IPSC amplitude (same sample, Figure 2I). t

www.sobp.org/journal
L-6 Decreases Muscimol-Evoked Currents
The stability of PPR and CV in the GABAergic response is sugges-

ive of a postsynaptic effect of IL-6. To determine a postsynaptic
omponent of the modulation more directly, we tested the effect of
ath-application of IL-6 on the response to the pressure-applied
ABAAR agonist muscimol (100 �mol/L). Brief (3–12 msec) applica-

ions of muscimol every 90 sec produced gabazine-sensitive inward
urrents that greatly outlasted the duration of the muscimol appli-
ations themselves (duration of the responses was approximately
0 sec; see insert in Figure 3A). As shown in the example in the time
ourse of Figure 3A, application of IL-6 decreased the maximum
mplitude of muscimol-induced responses to an extent similar to
he IL-6-induced reduction in SIER (mean IL-6-induced reduction in
igure 3B, n � 9), confirming that IL-6 affected GABAAR-mediated
esponses mainly or completely by a postsynaptic mechanism.

harmacologic Properties of the IL-6-Induced Decrease of
ABAergic Responses

We considered the possibility that IL-6 decreased GABAAR-me-
iated signal by modifying the equilibrium between membrane
xpression and internalization of GABAARs, similar to the action of
ther modulators (36). To test this hypothesis we used a series of
harmacological agents known to interfere with receptor traffick-

ng and/or internalization.
The process of receptor internalization requires the presence of

unctional PI3K/protein kinase B (AKT) (37). Slice pre-incubation
uring 2 hours or more with the PI3K/AKT blocker wortmannin (200
mol/L) completely prevented the IL-6-induced decrease in eIPSC
mplitude (representative time course and traces in Figure 4A, left
nd center, respectively), suggesting that the process is PI3K-de-
endent. The normalized effect of IL-6 after incubation in wortman-
in is compared with vehicle (Figure 4A, right panel, n � 8, p �
onsignificant [ns], Student t test).

A similar effect was obtained by adding to the pipette solution
he ADP-ribosylation factor-protein inhibitor Brefeldin A (38), which
locks small intracellular guanosine triphosphate (GTP)ases, affect-

ng the displacement of endosomes from the cytosol to the mem-
rane and vice versa. Representative time course and traces illus-

rating the absence of the IL-6 effect with Brefeldin A in the
ntracellular solution are shown in Figure 4B, left and center, respec-

Figure 1. Interleukin (IL)-6 modulation of synaptic activ-
ity. (A) Representative example of temporal course of the
effect of IL-6 (10 ng/mL) on the amplitude of excitatory
postsynaptic currents (EPSCs) recorded from cortical
layer II/III neurons. The insert displays the average of 10
traces corresponding to the points indicated by the num-
bers. (B) The mean amplitudes of evoked excitatory post-
synaptic currents (eEPSCs) do not differ before and after
IL-6 application (p � n.s., n � 10). (C) The ratio between
second and first response amplitude (paired pulse ratio
[PPR]  A2/A1) in a pair pulse protocol (interpulse inter-
val�100 msec) was not changed by application of IL-6 (p �
n.s., same sample). (D) The EPSC coefficient of variation
(CV) (calculated across 50 responses) is independent of
the presence of IL-6 (p � n.s., same sample). (E) Represen-
tative example of temporal course of the effect of IL-6 on
the amplitude of inhibitory postsynaptic currents (IPSCs)
(13.7 
 1.4 min from the start of IL-6 application to 50%
maximal effect, n � 20). (F) The mean amplitudes of
evoked inhibitory postsynaptic currents (eIPSCs) are sig-
nificantly smaller after IL-6 application (���p � .0001, n �
20). (G) The PPR is still unchanged after the application of
IL-6 (p � n.s., same sample). (H) The IPSC CV is indepen-
dent of IL-6 (nonsignificantly different [n.s.]).
ively. The normalized effect of Brefeldin A is compared with the
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respective data with control intracellular solution in the rightmost
panel of Figure 4B (n � 11, p � ns, Student t test).

Palmitoylation is a reversible covalent modification necessary to
anchor and modify membrane protein distribution to the plasma
membrane, which is blocked by the competitive blocker of palmi-
toyl acyl transferase 2-Br-hexadecanoic acid by substituting palmi-
tate on the catalytic site of palmitoylating enzymes (39). The pres-
ence of 2-Br-hexadecanoic acid in the pipette solution prevented,
on average, the IL-6-induced decrease in eIPSC amplitude (repre-
sentative time course and traces in Figure 4C, left and center, re-
spectively). The normalized effect of 2-Br-hexadecanoic acid is com-
pared with the respective data with control intracellular solution in
the rightmost panel of Figure 4C.

Dynamin inhibitory peptide specifically blocks the dynamin-
dependent internalization of GABAARs after activation of insulin-
like and other receptors (33). The presence of P4 in the pipette
solution completely blocked the IL-6 depression of the eIPSC am-
plitude (representative time course and traces in Figure 4D, left and
center, respectively). The normalized effect of P4 is compared with
the respective data with control intracellular solution in the right-
most panel of Figure 4D.

Together, these results strongly suggest that IL-6 is reducing the
amplitude of GABA R-mediated currents by altering the density of
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GABAARs in the plasma membrane. n
ffect of Stress on the Synaptic Inhibition/Excitation Ratio
Although the results of our in vitro experiments demonstrate

he effect of exogenously applied IL-6 on the SIER, it is yet not clear
hether endogenous IL-6 released by actual stressors have the

ame effect. We tested this hypothesis by using two types of stres-
ors known to increase endogenous levels of IL-6: single-shot sys-
emic administration of LPS (31), and electrical FS (30,40).

LPS Decreases SIER in an IL-6-Dependent Manner. Lipopoly-
accharide 8 hours before the preparation of the brain slices signif-
cantly reduced SIER in patch-clamp recordings performed up to 3.5
ours after animal sacrifice but not at a later time (n � 13 at �3.5
ours, p � .05; n � 7 at �3.5 hours, ns) (Figure 5A, bars 1 and 2,

espectively), compared with control subjects. To establish the IL-6
ependence of the LPS-induced decrease in SIER we repeated sim-

lar experiments but accessing the lateral ventricles with cannulae.
he IP injection of vehicle and ICV BSA did not change SIER (n � 8)

Figure 5A, p � ns; bar 3). The IP injection of LPS and ICV BSA
roduced the same SIER as LPS injections without any ICV treat-
ent (Figure 5A, bar 4, n � 7, p � .05). The IP injection of LPS 1 hour

fter ICV injection of 100 ng of the IL-6 trans-signaling pathway
locker sgp130Fc did not produce the decrease in SIER observed in

he absence of sgp130Fc (Figure 5A, bar 5; n � 13, p � ns), showing
hat LPS decreased SIER in an IL-6-trans-signaling-dependent man-
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Figure 2. Interleukin-6 decreases synaptic balance be-
tween inhibition and excitation. (A) Synaptic current-volt-
age (I-V) relationship obtained mediating 10 eIPSCs in the
presence of the glutamate receptor blockers 6,7-Dinitro-
quinoxaline-2,3-dione (DNQX) (10 �mol/L) and kynure-
nate (KYN) (2 mmol/L). The reversal potential for �-ami-
nobutyric acid-A receptor (GABAAR)-mediated currents
(VGABA � �64 
 2 mV, n � 3) is close to the Cl- Nernst
potential calculated theoretically (VCl� � �65 mV). The
insert displays the inversion of inhibitory synaptic cur-
rents. (B) Effect of SR-95531 (gabazine) application on the
amplitude of the signal recorded at Vh � 	10 mV, con-
firming the GABAergic nature of the synaptic response.
(C) The I-V relationship in the presence of the GABAAR and
N-methyl-D-aspartate receptor (NMDAR) blockers gaba-
zine and kynurenic acid. Synaptic currents display rectifi-
cation probably due to the presence of unchelated poly-
amines (n � 3). The insert displays some of the traces. (D)
The DNQX blocks synaptic currents at Vh � �65 mV, con-
firming the glutamatergic nature of the synaptic re-
sponse. (E) Representative traces (above) and sketch of
the holding potential Vh corresponding to the experiment
in (F). Scale bars are calibrated as in the rightmost trace.
(F) After identification of the proper stimulation site and
intensity, producing a reliable eEPSC and eIPSC, a baseline
of eEPSC was recorded at Vh � �65 mV for 15 or more min
(red triangles on the left). After depolarization to Vh � 	 10
mV, a baseline of synaptic responses (eIPSCs, blue circles)
was recorded before application of IL-6 (10 ng/mL), which
lasted for the whole remainder of the experiment. After
stabilization of the eIPSC, amplitude was shifted back to
Vh � �65 mV to monitor possible changes in eEPSC (red
triangles on the right). Numbers 1– 4 in (E) correspond to
traces in 1– 4 in (F). Traces were obtained by averaging 10
consecutive events. (G) The IL-6 decreases the ratio be-
tween inhibitory and excitatory synaptic amplitudes (syn-
aptic inhibition/excitation ratio  AIPSC/AEPSC) without
changing glutamatergic responses (��p � .02) (H) but
only affecting inhibition (I) (n � 7; ���p � .002). AMPA,
�-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid;
other abbreviations as in Figure 1.
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FS Decreases SIER in an IL-6-Dependent Manner. Foot-
shock is known to increase the levels of both peripheral and central
IL-6 (30, 40). We stressed experimental animals with electrical FS
(1.5 mA, 5 sec every 4 min) during 64 min (see Material and Meth-
ods). The FS treatment decreased SIER (n � 13, p � .05) (Figure 5B,
bar 1). In these experiments, previous ICV injection of BSA alone did
not change the FS-induced SIER depression (n � 7, p � .05; Figure
5B, bar 2), whereas ICV administration of BSA with sgp130Fc pro-
duced an SIER similar to baseline (n � 12, p � ns) (Figure 5B, bar 3).
Results are shown together with SIER in control and after IL-6 in the
in vitro experiment for comparison. These results suggest that the
SIER is subject to acute and reversible modulation by stressors
through an increase in IL-6.

Discussion

Our results demonstrate for the first time that acute administra-
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Figure 3. Interleukin-6 decreases muscimol-evoked IPSCs (cIPSCs). (A) Tem-
poral course of points of the effect of IL-6 (10 ng/mL) on cIPSC amplitude.
The insert shows the signal induced by 10-msec-long delivery of the GABAA

agonist muscimol (100 �mol/L), applied every 90 sec at approximately 100
�mol/L from the recording area produced. (B) A summary chart showing
that IL-6 significantly decreases cIPSC amplitude (���p � .001, n � 9). ind.
resp. ampl., induced response amplitude; other abbreviations as in Figure 1.
tion of the pro-inflammatory cytokine IL-6 selectively decreases I

www.sobp.org/journal
ABAergic inhibition without changing glutamatergic excitation in
he temporal cortex of the rat. As a result, the balance between
ynaptic inhibitory and excitatory input to cortical neurons shifted
oward excitation. In general, cytokines might affect pre- and/or
ostsynaptic function. In our experiments, the failure of IL-6 to
hange eIPSC PPR or the CV suggests a postsynaptic nature of the
ffect, which was further corroborated by the decrease in the re-
ponse to postsynaptic application of the GABAAR agonist musci-

ol after IL-6 application.
Several earlier studies suggest that pro-inflammatory cytokines

an alter synaptic function in different brain regions in a highly
ariable and area-dependent manner. For example, somnogenic
nd motor-depressant effects of IL-1� have been ascribed to an
ugmentation of GABAAR-mediated muscimol-evoked signal in
ortical cultures (41), whereas TNF-� alters excitatory and inhibitory
ynaptic responses in the visual system and in the hippocampus
42,43), shifting the balance between excitation and inhibition in
avor of the former. A similar contribution of IL-6 to synaptic excitabil-
ty is present in the spinal cord, where IL-6 increases postsynaptic
urrents induced by applications of �-amino-3-hydroxy-5-methyl-4-

soxazolepropionic acid or N-methyl-D-aspartate and decreases spon-
aneous IPSC frequency as well as currents induced by GABA and
lycine (44). A postsynaptic IL-6-induced decrease in GABAergic signal
s we found in the temporal cortex might similarly shift the balance
f excitation/inhibition in favor of the former, further enhancing the
resynaptic downregulation of parvalbumin-positive GABAergic
eurons caused by nicotinamide adenosine dinucleotide phos-
hate-oxidase activation, as reported in numerous previous studies

45– 47).

echanisms of Action of IL-6
Two mechanisms could account for changes in postsynaptic

nhibition: direct biophysical modulation of GABAAR function, or
ABAAR altered trafficking or internalization. GABAARs are known

o undergo internalization after binding of clathrin-mediated adap-
or protein (AP2) to specific binding motifs of the �1-3 or �2 GABAAR
ubunits (33,36,48). Our pharmacological data suggest that IL-6
mpairs the translocation of GABAARs between plasma membrane
nd cytosolic compartment in either direction. The Phosphatidyl

nositol 3 kinase/AKT is involved in the regulation of synaptic func-
ion (37,49) and is ubiquitously involved in the regulation of mem-
rane internalization in many different preparations (50). Phos-
hatidyl inositol 3 kinase/AKT is also required for GABAAR

nternalization in the amygdala and in the hippocampus (51). In our
xperiments, the IL-6-induced decrease of IPSC amplitude was
locked by the PI3K/AKT inhibitor wortmannin, indicating the in-
olvement of PI3K/AKT in the IL-6-synaptic shift favoring excitation,
esembling the effect of TNF-�—which decreases SIER by inhibiting
he expression of GABAARs while increasing the expression of glu-
amate receptor-1 subunits (43).

Brefeldin A impairs intracellular vesicle trafficking (52,53) as well
s membrane protein translocation/internalization (53–55) by in-
ibiting small GTP-ases like ADP-ribosylation factor- or RAB-related
roteins, responsible for or otherwise involved in endocytosis

38,56,57). Specifically, Brefeldin A induces GABAAR channel redis-
ribution by inhibiting Brefeldin-A-GDP/GTP exchange factor 2
BIG2, a postsynaptic mouse protein bound to �2- and �3-GABAAR
ubunits, with 95% homology with its human homolog) and has a
ritical role in vesicular trafficking of �2,3-containing GABAAR sub-
nits from/to endoplasmic reticulum and Golgi apparatus (58 – 61).
he presence of Brefeldin A in the recording pipette prevented the
L-6-induced decrease in GABAAR-mediated current. Our results are
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qualitatively and quantitatively similar to those obtained in HEK-
293T cells (44% decrease in the density of GABAAR � subunits) (62).

Trafficking and internalization of membrane receptors depends
n protein palmitoylation (63). It is known, for instance, that the

nternalization of the �2 subunit of the GABAAR is palmitoylation-
ependent (39,64,65). We found that intracellular postsynaptic
lock of palmitoylation inhibits the IL-6-induced decrease of the

PSCs amplitude, suggesting that the effect depends on a func-
ional anchoring processing of GABAARs to a lipid bilayer.

The trafficking of membrane proteins including ionotropic re-
ceptors from and to the intracellular compartments depends on the
accessibility of specific intracellular moieties to molecular motors
including the GTP-ase dynamin. The peptide P4 selectively targets
dynamin, blocking vesicular displacement from the membrane to
the cytosolic compartment (66). GABAAR trafficking is specifically
impaired in the presence of P4 in both heterologous systems
(33,67) as well as in acute slice preparations (68). In our study, P4 in
the recording electrode abolished the IL-6-induced depression of
eIPSC, suggesting that IL-6 decreases the GABAergic signal through
a dynamin-dependent process. Altogether, our results suggest that
IL-6 decreases the availability of GABAARs to the plasma membrane
by altering the cycle of insertion/internalization of GABAARs.

Trafficking and internalization of GABAARs is a highly regulated
rocess (61,69) whose short- and long-term dysregulation is a po-

ential cause of numerous pathologic conditions like epilepsy, par-
icularly in the temporal lobe (26,70,71). Brain infiltration by leuko-
ytes that produce pro-inflammatory cytokines as well as
lterations in immune cell transcription were identified as contrib-
tors to the pathophysiology of temporal lobe epilepsy (72). Nu-

0 20 40 60 80 100

eI
PS

C
 a

m
pl

itu
de

 (p
A)

-200

-150

-100

-50

0

50 IL-6 pre-incubation in wortmannin

IL-6

control

30
 p

A

50 m

0 20 40 60 80 100

eI
PS

C
 a

m
pl

itu
de

 (p
A)

-300

-200

-100

0

100

2-Br-hexadecanoic in intr. sol.

50
 p

A

100 m

IL-6

control

0 20 40 60 80

eI
PS

C
 a

m
pl

itu
de

 (p
A

)

-100

-50

0

100 

IL-6

control
20

 p
A

brefeldin A in intr. sol.

time (min)
0 20 40 60

eI
PS

C
 a

m
pl

itu
de

 (p
A

)

-60

-40

-20

0 dynamin inhib. pep. in intr. sol.

IL-6

control
100 m

20
 p

A

IL-6

IL-6

IL-6

A

B

C

D

erous other studies also link the increase in IL-6 with epilepsy and i
eizures as cause or precipitating factor (73,74). The temporal cor-
ex might be exquisitely sensitive to stress, possibly resulting in
ysfunctional sensory and limbic circuits, an important factor in the
tiology of schizophrenic psychosis (75,76).

The IL-6-dependent decrease in SIER after systemic LPS or FS
elivery reinforces the hypothesis of a critical role played by IL-6 in

he stress-induced control of the balance between excitation and
nhibition. Our finding of a connection between immune challenge
nd synaptic inhibition parallels the results of a study showing that
erinatal LPS injections increase the levels of pro-inflammatory
ytokines, impairing dopaminergic modulation of cortical interneu-
ons in the schizophrenia model of ventral hippocampus lesion
77). Interestingly, a hypothesis on the immune origin of the dis-
ases of the autistic spectrum, which is often comorbid with hyper-
ctivity and epilepsy, is gaining increasing support (78,79). An ex-
rapolation of our results to humans would suggest that prolonged
tress could give rise to abnormal plasticity and development of the
emporal cortex in genetically vulnerable individuals, leading in turn to

hyperexcitable neocortex, as hypothesized in autism spectrum
isorder (6,80).

We speculate that an enhanced excitability caused by a de-
rease in GABAAR density might be an adaptive response to tempo-
ary stressors, whereas the prolonged presence of stressors might
esult in unpredictable long-term plasticity and a potentially detri-

ental maladaptive response. An imbalance between synaptic in-
ibition and excitation caused by increased synthesis, release,
nd/or sensitivity to IL-6 might be a shared factor in the etiology of
large and heterogeneous group of neurological and psychiatric

onditions associated with behavioral and central hyperexcitabil-
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Figure 4. Pharmacology of the IL-6-induced eIPSC modu-
lation. (A) The panel on the left displays a representative
time course of eIPSCs after slice pre-incubation (�2 hours)
with wortmannin (400 nmol/L). Wortmannin prevented
the IL-6 induced-decrease in eIPSC (n � 8, p � n.s., paired
Student t test between eIPSC amplitude before or after
IL-6 application), indicating the involvement of phos-
phatidyl inositol 3 kinase (PI3K)/protein kinase B (AKT).
Middle panel in (A) shows the corresponding traces in
control or after bath-application of IL-6. The rightmost
graph compares the normalized effect of IL-6 on eIPSC
(AIL-6/Acontrol) in the absence (left bar) or in the presence of
wortmannin in the incubation solution. (B–D) As in the
preceding, leftmost, middle, and rightmost panels illus-
trate the action of drugs dissolved in the pipette solution
on a representative time course (left), corresponding
traces (middle), and comparison with the effect of IL-6 in
control (right). (B) Brefeldin A (400 nmol/L) completely
prevents the IL-6-induced depression of eIPSC amplitude
(n � 11). (C) 2-Br-hexadecanoic acid (2-Br-hexad. acid; 20
�mol/L) also blocks the effect of IL-6 on eIPSC amplitude
(n � 8). (D) The presence of the dynamin inhibitor peptide
(dynamin inhib. pep.; 20 �mol/L) in the intrapipette solu-
tion, similar to the previous drugs, blocks the IL-6-induced
eIPSC decrease (n � 8). ***Significance level of the statis-
tics comparing eIPSC normalized amplitudes in the pres-
ence or in the absence of the drugs (all p � .01, unpaired t
Student test, n � 28, n � 31, n � 28, and n � 28 for A, B, C,
and D, respectively). ctr. intr. sol., control intracellular so-
lution; other abbreviations as in Figure 1.
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ing why drugs that restore the balance between inhibition and
excitation, like GABAAR enhancers such as benzodiazepines and

arbiturates and/or antiglutamatergics such as lamotrigine (81),
re so effective in the early treatment of patients suffering from
tress-related conditions—who often are prescribed condition-
pecific long-term treatments only at a later stage.
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