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Stress is a potential trigger for a number of neuro-
psychiatric conditions, including anxiety syndromes
and schizophrenic psychoses. The temporal neocortex
is a stress-sensitive area involved in the development
of such conditions. We have recently shown that asep-
tic inflammation and mild electric shock shift the bal-
ance between synaptic excitation and synaptic
inhibition in favor of the former in this brain area
(Garcia-Oscos et al., 2012), as well as in the prefrontal
cortex (Garcia-Oscos et al., 2014). Given the potential
clinical importance of this phenomenon in the etiology
of hyperexcitable neuropsychiatric illness, this study
investigates whether inactivation of the peripheral
immune system by the “anti-inflammatory reflex” would
reduce the central response to aseptic inflammation.
For a model of aseptic inflammation, this study used
i.p. injections of the bacterial toxin lipopolysaccharide
(LPS; 5 pM) and activated the anti-inflammatory reflex
either pharmacologically by i.p. injections of the nico-
tinic a7 receptor agonist PHA543613 or physiologically
through electrical stimulation of the left vagal nerve
(VNS). Patch-clamp recording was used to monitor syn-
aptic function. Recordings from LPS-injected Sprague
Dawley rats show that activation of the anti-
inflammatory reflex either pharmacologically or by VNS
blocks or greatly reduces the LPS-induced decrease of
the synaptic inhibitory-to-excitatory ratio and the satu-
ration level of inhibitory current input-output curves.
Given the ample variety of pharmacologically available
a7 hicotinic receptor agonists as well as the relative
safety of clinical VNS already approved by the FDA for
the treatment of epilepsy and depression, our findings
suggest a new therapeutic avenue in the treatment of
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stress-induced hyperexcitable conditions mediated by
a decrease in synaptic inhibition in the temporal cor-
tex. ©2015 Wiley Periodicals, Inc.
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Stress, together with genetic predisposition, is a
major component in the etiology of neuropsychiatric dis-
ease (Hains and Arnsten, 2008; Craig, 2010). Many deca-
des of basic and clinical research suggest that illness,
physical injury, environmental challenge, and psychologi-
cal stress share a converging pathway leading, in vulnera-
ble individuals, to mental disease through common
pathological mechanisms involving activation/hyperacti-
vation of the neuroendocrine axis (Herman, 2010) and of
the autonomic system (Goldstein, 2010) as well as inflam-
mation (Leonard and Song, 2010).
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The temporal cortex (TC) is a stress-sensitive brain
area that has been implicated in the etiology of numerous
neuropsychiatric illnesses, including depression (Van Tol
et al., 2010; Kroes et al., 2011; Lai and Wu, 2012; Frick
et al., 2013), anxiety disorders (Cassimjee et al., 2010; Ink-
ster et al., 2011), and schizophrenic psychoses (Jalbrzikowski
et al., 2013; Fulham et al., 2014; Pietersen et al., 2014a,b;
Sellmann et al., 2014). The exquisite sensitivity of human
TC to psychosocial stress (Allendorfer and Szaflarski, 2014;
Allendorfer et al., 2014) is underscored by the area-specific
finding of increased endoplasmic reticulum stress proteins in
brains from suicide subjects (Bown et al., 2000). Temporal
cortical areas are also specifically vulnerable to inflammation
following typhoid vaccination, as shown by positron emis-
sion tomography (Harrison et al., 2014).

One of the hallmarks of schizophrenia is the impair-
ment of a large class of interneurons releasing y-
aminobutyric acid (GABA; Deidda et al., 2014; Pietersen
et al., 2014b; Schmidt and Mirnics, 2014), which is respon-
sable, at least in the juvenile and adult mammal, for synap-
tic inhibition. The relationship between stress and synaptic
impairment has not been fully unraveled. It is known that
different types of acute stress activate a systemic inflamma-
tory cascade (Steptoe et al., 2007; Munhoz et al., 2008),
which in turn induces central effects, such as a decrease in
the ratio between synaptic inhibition and synaptic excita-
tion (sI/E; Beattie et al.,, 2002; Stellwagen and Malenka,
2006; Garcia-Oscos et al., 2012), of which a reduced
GABAergic signaling is an important component. Because
this phenomenon has a large pathogenic potential in the
etiology of hyperexcitable neuropsychiatric conditions such
as schizophrenic psychoses and epilepsy (Atzori et al,
2012), this study investigates whether the activation of a
peripheral cholinergic process, referred to as the “anti-
inflammatory reflex” (Tracey, 2002; Wang et al., 2003;
Oke and Tracey, 2009), has the ability to contain the
stress-induced central reduction in GABAergic signaling.

The current study uses aseptic inflammation as a rat
model of acute stress, consisting of a single, systemic injec-
tion of the bacterial toxin lipopolysaccharide (LPS), which
has previously been shown to be effective in reducing
GABAergic currents (Atzori et al., 2012; Garcia-Oscos
et al., 2012). Excitatory synaptic currents and their ratios
were monitored with patch-clamp recording in brain slices
from previously treated animals. The anti-inflammatory
reflex was activated either indirectly by stimulation of the
left vagal nerve (VNS), which releases endogenous acetyl-
choline through activation of its descending (motor)
branch, or directly through activation of peripheral nico-
tinic a; receptors, which mediate the anti-inflammatory
reflex. The results show that either VNS or systemic injec-
tion of a nicotinic o7 agonist suffices to block or greatly
reduce the decrease of synaptic inhibition and the corre-
sponding shift in the s/IE produced by systemic LPS.

MATERIALS AND METHODS

Brain Slices

Sprague Dawley rats, 25-50 days old (mean ~35 days
old), were housed two to four per cage in the facilities of the

Stage:  Page: 2

vivarium at 22°C and about 50% humidity subject to a 12-hr
light/dark cycle and handled by trained laboratory personnel to
minimize stress (cage cleaning, displacement between cages,
etc.). Animals were anesthetized with isoflurane (Baxter, Round
Lake, IL) and sacrificed according to NIH guidelines, and their
brains were sliced with a vibratome (VT1200; Leica, Wetzlar,
Germany) in a cold solution (0—4°C) containing (in mM) 126
NaCl, 3.5 KCl, 10 glucose, 25 NaHCO3, 1.25 NaH,PO,, 1.5
CaCl,, and 1.5 MgCl, titrated at pH 7.4 and saturated with a
mixture of 95% O, and 5% CO, (artificial cerebrospinal fluid;
ACSF). Coronal slices (270-um thickness) were cut from the
most caudal one-fourth of the brain after removal of the occipi-
tal convexity as previously described (Atzori et al., 2001, 2005).
Slices from pretreated animals (as described in the following sec-
tions) were subsequently incubated in ACSF at 32°C before
being placed in the recording chamber.

Patch-Clamp Recordings

Slices were rapidly transferred to an immersion chamber
where layer 2/3 cells were visually selected by using an upright
microscope (BX51; Olympus, Tokyo, Japan) with a X60 objec-
tive and an infrared camera system (DAGE-MTI, Michigan
City, IN). Although the selection of large, triangular cell bodies
with a prominent apical dendrite was suggestive of pyramidal
morphology, the sporadic picking of local GABAergic inter-
neurons (which represent <10% of the local neurons) cannot be
ruled out. A 2-mV 100-msec-long voltage pulse was applied at
the beginning of every episode to monitor the quality of the
recording. Access resistance (10-20 M) was monitored
throughout the experiment. All experiments were performed at
room temperature (22°C). Recordings that displayed more than
20% change in input or access resistance were discarded from
the analysis. All signals were filtered at 2 kHz and sampled at
10 kHz. Further details of the procedures with regard to the
preparation and electrophysiological recordings, including
measurements of the synaptic inhibitory—excitatory ratio and
input—output (I/O) curves for inhibitory (GABAergic) currents,
have been described elsewhere (Kawaguchi, 1995; Atzori et al.,
2001, 2005; Garcia-Oscos et al., 2012).

Measurement of Inhibitory Postsynaptic Currents

In experiments in which only inhibitory postsynaptic
currents (IPSCs) were studied, a holding membrane potential
of Vi, =60 mV was used, with 3-5-MQ electrodes filled with
a solution containing (in mM) 100 CsCl, 5 1,2-bis(2-amino-
phenoxy)ethane-N,N,N’,N'-tetraacetic acid K, 1 lidocaine
N-ethyl bromide, 1 MgCl,, 10 N-(2-hydroxyethyl) piperazine-
N'-(2-ethanesulfonic acid), 4 glutathione, 1.5 ATPMg, 0.3
GTPNa,, and 20 phosphocreatine titrated to pH 7.3, with
osmolarity of 270 = 5 mOsm.

Electrical Stimulation of Synaptic Currents

Electrically evoked postsynaptic currents were measured
by delivering one electrical stimulus (90-180 psec, 10-50 pA)
every 30 sec with an isolation unit A365 (WPI, Sarasota, FL)
through a glass stimulation monopolar electrode filled with
ACSF at approximately 100-200 pm from the recorded neu-
ron. Synaptic responses were monitored at different stimulation
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Fig. 1. Schematic of the time sequence of VNS. VNS (one 500-msec
train at 5 Hz every minute) was begun 10 min before the i.p. injec-
tion of LPS (5 uM) and continued during an interval of 75 min, with
a 10-min break halfway through. After a 3-hr interval (at the end of
which the effect of LPS is maximal), the animal was sacrificed, and
synaptic currents were recorded during the next several hours. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.|

intensities before baseline recording. Detection threshold was
set at approximately 150% of the SD of the noise (typical noise
approximately 4-5 pA, threshold approximately 7-8 pA). The
holding voltage was corrected for the junction potential
(Votier < 10 mV).

In some experiments, inhibitory and excitatory currents
were measured within the same cell. A low-Cl intracellular
solution was used in which CsCl was lowered to 10 mM, and
the remainder, 90 mM, was substituted with K gluconate,
resulting in a theoretical reversal potential for CI” close to the
hyperpolarized holding potential, to minimize the contribution
of GABAergic currents (Garcia-Oscos et al., 2012).

IPSC 1I/O curves were determined as a function of
increasing stimulation intensity. Each point in the 1I/O curves
corresponds to averaged responses over four to 10 extracellular
electrical responses delivered at the same intensity. For each
recording, three parameters were extracted, response threshold,
initial slope, and saturation current. The threshold was the
smallest intensity eliciting a nonzero synaptic response. The ini-
tial slope was calculated between the first two nonnull responses
of each curve. The saturation current was the maximum IPSC
amplitude observed and typically did not significantly change in
the rightmost part of the I/O curve.
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Drugs

LPS (serotype 0127:B8) was purchased from Sigma (St.
Louis, MO). All other drugs were purchased from Sigma or
Tocris (Ellisville, MO). 6,7-Dinitroquinoxaline-2,3-dione (10
uM) and kynurenate (2 mM) were used for blocking a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor and
N-methyl-D-aspartate receptor-mediated currents. Gabazine
(20 pM) was used to block GABA, receptor (GABAAR)-medi-
ated currents. After recording of an initial baseline for 10-15
min, drugs were bath applied for 10 min or longer until they
had reached a stable condition as defined in Statistical Analysis
(Garcia-Oscos et al., 2012).

Animal Procedures

Rats were anesthetized with isoflurane, and body temper-
ature and respiration were maintained at physiological levels.
All procedures were performed in accordance with the NIH
Guidelines for the care and use of laboratory animals. Rats received
an 1i.p. injection of sterile saline (0.3 ml) or a dose of LPS
(10 mg/kg of body weight) and were decapitated with a guillo-
tine 8 hr after treatment to obtain brain slices (Atzori et al.,
2001).

The procedure used for VNS was similar to procedures
described elsewhere (Engineer et al., 2010; Nichols et al.,
2011). Animals were anesthetized with sodium pentobarbital
(50 mg/kg; Sigma). For vagal nerve exposure, a rostrocaudal
incision was made in the ventral aspect of the neck on the left
side. Muscles were separated with glass probes, and the left cer-
vical vagus nerve was separated from the carotid artery. The
vagus nerve was gently guided into a cuff constructed from
Micro-Renathane (0.080 in. o.d., 0.040 in. i.d.) tubing and
braided platinum iridium (0.006 in. diameter) wire with Teflon
insulation. The platinum iridium wires lined the inside of the
cuft with the insulation removed to provide conductivity,
allowing bipolar stimulation only around the nerve. The plati-
num—iridium wires from the cuff to the head attachment were
threaded subcutaneously along the neck to the top of the skull
as described previously (Engineer et al., 2010).

Anesthetized and implanted animals were subjected to
stimulation of the vagal nerve (0.5 pA, 1-sec stimulation at 10
Hz every 20 sec with 500-psec bipolar stimuli for 10 min) to
induce an immediate activation of the anti-inflammatory reflex.
Immediately after VNS, animals were treated with an i.p. injec-
tion of LPS or saline solution (0.9 g NaCl/liter). After a 10-min
break to allow the LPS to start its effect, animals were again
stimulated for 45 min before a break of 3 hr, at the end of
which animals were sacrificed for brain slicing and subsequent
recording. VNS was started prior to the LPS challenge to maxi-
mize activation of the anti-inflammatory reflex. Although the
VNS protocol that was used had been originally planned for
optimizing stimulation of the ascending branch of the vagal
nerve, it still substantially activates the descending branch of the
vagal nerve. A sketch of the experimental sequence of the
protocol is shown in Figure 1.

Statistical Analysis

For analysis of the postsynaptic current amplitudes,
a statistically stable period was defined as a time interval
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Fig. 2. Activation of the “anti-inflammatory reflex” blocks the LPS-
induced reduction in synaptic ratio between inhibition and excitation.
A: Single-cell patch-clamp recordings display representative traces of
inhibitory currents (blue) and excitatory currents (red) in the following
experimental settings: implanted but nonstimulated vagal nerve stimu-
lator in 1.p. saline-injected animals (sham, upper left traces); nonstimu-
lated vagal nerve stimulator in LPS-injected animal recorded before
3.5 hr after LPS injection (LPS < 3.5, upper center traces). After LPS
injection and VNS (LPS + VNS, protocol given in Fig.1, upper right
traces), LPS-injected recorded more than 3.5 hr after LPS injection
(LPS > 3.5 hr, lower left traces), LPS injection and VNS with vagot-
omy of the ascending branch of the stimulated (left) vagus nerve
(LPS + VNS + VGX, lower center traces), and LPS injection follow-
ing i.p. injection of the nicotinic oy receptor agonist PHA543613
(LPS + PHA543613, lower-right traces). B: Average ratio between
inhibitory and excitatory synaptic currents for the conditions listed
above. *P < 0.05. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

(5-8 min) during which postsynaptic current mean amplitude
measured during any 2-min assessment did not vary accord-
ing to the Mann-Whitney U test (Salgado, et al., 2011a,b).
All data are expressed as mean £ SEM. The eftects of drug
application on the PSC amplitude changes are reported as
Agea/ Ac, Where Ay, and Ay are mean PSC amplitude
in treatment and in control, respectively. Drug effects were
assessed by measuring and comparing the different parameters
(Atreat/ Acet, inhibitory PSC and excitatory PSC mean ampli-
tudes, or other parameters as indicated) of baseline (control)
vs. treatment with a Mann-Whitney U-test. One-way
ANOVA with Tukey’s post hoc test was used for compari-
sons between different groups of cells (Salgado et al., 2011a).
Student’s f-test (paired or wunpaired, depending on the
experiment) was used for all other comparisons. Changes are
reported as statistically significant at P < 0.05. All results are
shown in the figures, and statistical samples are reported in
the figure legends.
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RESULTS

To determine how the anti-inflammatory reflex modified
the synaptic response to LPS in the TC, we measured elec-
trically evoked excitatory and inhibitory postsynaptic cur-
rents (eEPSCs and eIPSCs) with two different patch-clamp
recording assays on slices from pretreated animals. The first
assay determined the ratio between synaptic inhibition and
synaptic excitation within a single neuron with a recording
intracellular solution with markedly different reversal
potential for GABAAR -mediated currents vs. glutamatergic

o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
receptor (AMPAR)-mediated currents, whereas N-
methyl-D  aspartate  receptor-mediated currents were

blocked pharmacologically. As described previously,
recording at the reversal potential for one receptor mini-
mizes its contribution while allowing measurement of the
synaptic response for the other. The ratio between eIPSCs
and eEPSCs was calculated off-line (see Materials and
Methods). The second assay determines stimulus—response
(I70) curves for eIPSC and for increasing stimulation cur-
rents, as described elsewhere (see Materials and Methods).

Activation of the Anti-Inflammatory Reflex Blocks
the LPS-Induced Reduction in the sI/E Ratio

To activate the anti-inflammatory reflex, a platinum
stimulator (cuff) was implanted around the left vagal
nerve, and the following protocols were used: 1) stimula-
tion of the disconnected electrode in i.p.-injected animals
(sham); 2) stimulation of the disconnected electrode in
i.p. LPS-injected animals; and 3) stimulation of the fully
connected electrode in ip. LPS-injected animals
(LPS + VNS). The averages of 10 or more representative
eIPSCs (blue) and eEPSCs (red) are shown in the upper
traces in Figure 2A. eIPSCs and eEPSCs are represented
by outward and inward currents recorded, respectively, at
a resting potential, the Nernst potential for AMPAR- and
GABAAR-mediated currents, respectively. As expected
from previous work, LPS injection yielded a significant
and specific decrease of eIPSC amplitude, whereas eEPSC
amplitude was, on average, unchanged in recordings per-
formed within the first 3.5 hr after sacrificing the experi-
mental animal. The effect of LPS is shown in the
difference between the first and the second couple of
traces (Fig. 2A, left and center), displaying a typical pro-
portion for such currents (Fig. 2B, average in the black
and red bars; n=06 and n =29, respectively; P <0.02,
unpaired Student’s f-test). VNS resulted in a complete
block of the depressing effect of LPS, as shown in the
upper right couple of traces in Figure 2A (nonsignificantly
different [n.s.] compared with sham; n=12; Fig. 2B,
average in the green bar) under the same recording condi-
tions. Recordings were started more than 3.5 hr after sac-
rificing the animal (LPS > 3.5 hr; n = 9) and displayed an
sI/E ratio similar to control (sham) values for sI/E, as
shown in the representative traces at lower left in Figure
2A (Fig. 2B, average in the yellow bar).

To answer the question of whether the ascending
branch of the vagal nerve was responsible for at least part

Journal of Neuroscience Research

Path: D:/JW/Support/Printer _Autopdf/3D_IN/JW-JNR#140199

F2


http://wileyonlinelibrary.com

J_ID: zZ3p Customer A_ID: JNR23550 Cadmus Art: JNR23550 Ed. Ref. No.: 6071.R1 Date: 21-January-15

>
(s y)

Stage: Page: 5

VNS Blocks Central Effects of LPS 5

C 1000

40pA  BOpA 90pA 1000

sham _I\ J\\ —l\ =3 —

2 800 < "

s &

- E =
LPS M I~ - 3 w0 E s00
LPS+ = 5
VNS _k N N < E 400 =
i 13 8 —8— saline L

+ 3 200 —— LPS [
PHA _k 'Qu me % —— LPS + VNS 2
543613 J —— LPS +PHAS43613 @ (Q -
0 L (\G Q‘J @9 (5
0 20 40 60 80 100 120 & Y 2 ‘?".P
stimulation intensity (uA) \‘,{9 x@Z“F
)
N

Fig. 3. Activation of the anti-inflammatory reflex blocks the LPS-
induced reduction of the saturation levels of I/O curves of inhibitory
currents. A: Representative traces of e[PSCs obtained from slices at
the indicated stimulation currents (40, 60, 90 pA) under the condi-
tions reported at left. Upper row shows implanted but nonstimulated

of the protective effect of the VNS action, we repeated the
same experiment (LPS injection and VNS) after severing
the vagus nerve to be stimulated above the stimulating cuff,
so that the sensory branch of the vagal nerve would not be
stimulated (LPS + VNS + VGX). As displayed in the rep-
resentative couple of traces in Figure 2A (center lower;
Fig. 2B, average in blue bar), under these conditions the
effect of VNS was similar to the effect without vagotomy
(n = 12; n.s., unpaired Student’s f-test), suggesting that the
effect of VNS was determined by activation of the
descending (motor) branch. Time course and details of the
protocol are given in Materials and Methods.

Because it is known that nicotinic a; receptors
mediate the anti-inflammatory reflex, we also tried to
activate such process directly with i.p. injections of the
nicotinic ay agonist PHA543613 (2 mg/kg; LPS + PHA).
Similar to VNS, the injection of PHA resulted in the
block of the LPS-induced reduction in the sI/E ratio, as
shown in the representative traces in Figure 2A (lower
right; Fig. 2B, average in pink bar, n.s., unpaired Stu-
dent’s t-test; n = 5).

VNS and PHA543613 Block the LPS-Induced
eIPSC Decrease

Because LPS injection preferentially (or exclusively)
appears to target inhibitory vs. excitatory synapses, we
sought to determine the effect of the activation of LPS in
the absence and in the presence of the anti-inflammatory
reflex on eIPSCs in a range of stimulation intensities used
to evoke pharmacologically 1solated IPSCs. Axon afferents
in the brain slice were stimulated with currents in the
range up to 120 pA.

We recorded eIPSC in a subset of the conditions
reported in the previous paragraph, saline-injected animals
with disconnected vagal nerve stimulator (sham), LPS-
injected and disconnected vagal nerve stimulator (LPS),
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saline-injected (sham). The sets of traces below show LPS injected
and nonstimulated (with LPS only), with LPS + VNS, and with i.p.
injection of the nicotinic o receptor PHA543613 (PHA). *P < 0.05.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

or LPS-injected with VNS (LPS + VNS). Representative
traces of these recordings are shown in Figure 3A for the
stimulation currents indicated above. LPS injections sig-
nificantly reduced the average eIPSC amplitude (Fig. 3B;
saline black, LPS red; P < 0.05, unpaired Student’s #-test;
n=>5 for each condition), whereas VNS prevented such
effect throughout the stimulation range (Fig. 3B; LPS +
VNS green; n = 5).

The i.p. administration of PHA543613 also resulted
in an even larger eIPSC response throughout the stimula-
tion range (Fig. 3A, bottom row; Fig. 3B, I/O yellow
symbols, n.s., unpaired Student’s t-test; n = 5), suggesting
that activation of the anti-inflammatory through direct
pharmacological block of nicotinic o; receptors is at least
as strong a blocker of the central effects of LPS as VINS.
Figure 3C summarizes these data in terms of saturation cur-
rents, representing the rightmost value of the I/O curves.

DISCUSSION

The peripheral and central nervous systems communicate
with a dense, complex, and largely unknown network of
biochemical interactions (Hosoi et al., 2002; Muller et al.,
2011). Whereas several studies have focused on the ability
of the CNS to produce peripheral ailments (Dhabhar,
2014; Jenkins et al., 2014), this study sought to determine
whether the peripheral reduction of inflammation mitigates
the central effects of LPS-induced systemic stress. We have
previously shown that aseptic inflammation as well as other
stressors may lead to a decrease in the sI/E ratio in the TC
(Garcia-Oscos et al., 2012). Given the pathogenic potential
of this process in the etiology of stress-related neuropsychi-
atric conditions (Maguire, 2014), particularly schizophrenic
psychoses (Pietersen et al., 2014a), we sought to identify
effective treatments for the relief of the central effects of
peripheral inflammation.

The current results show that VNS completely
blocks the decrease in sI/E ratio as well as the decrease in
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the maximum obtainable response (I/O curve saturation
current) of the inhibitory response induced by peripheral
LPS injection. The independence of this result from the
integrity of the ascending branch of the stimulated vagal
nerve indicates that activation of the efferent branch of
the vagal nerve is responsible for the attenuation of the
LPS-induced central effect. The wvagal nerve possesses
multiple peripheral targets, including the spleen and the
liver, which carry out important immune/inflammatory
functions and have the potential to release mediators of
central effects by direct permeation of the blood-brain
barrier, by changes in its permeability, or through activa-
tion of the ascending branch of the vagal nerve (Hosoi
et al., 2002). The effectiveness of the nicotinic a; agonist
in reproducing the protective action of VNS, both as
blockage of the LPS-induced decrease in sI/O ratio and
blockage of the depression of the inhibitory currents I/O
saturation levels, corroborates the hypothesis that activa-
tion of the anti-inflammatory reflex may attenuate the
impairment of central inhibition associated with periph-
eral inflammation (Wang et al., 2003).

A wealth of data supports the notion that stress is a
potential trigger for schizophrenic psychoses (Segarra et al.,
2012; Misiak et al., 2014) and that inhibitory synaptic trans-
mission 1s particularly vulnerable to stress (Geuze et al.,
2008; Skilbeck et al., 2010; Maguire, 2014). It is well
known, for example, that the appearance of several neuro-
psychiatric symptoms 1is susceptible to peripheral acute
inflammation and/or elevation of immune indicators. The
list of stress-sensitive symptoms includes schizophrenic psy-
choses (Hains and Arnsten, 2008), epilepsy (Allendorfer and
Szaflarski, 2014; Allendorfer et al., 2014), depression
(Anacker et al., 2013; Weinstein et al., 2014), tinnitus
(Minen et al., 2014), anxiety-spectrum disorders such as
panic attacks (Ising et al., 2012), posttraumatic stress disorder
(Kross et al.,, 2008), generalized anxiety (Faravelli et al.,
2012), and phobias (Kramer et al., 2012). A critical involve-
ment of the central GABAergic system in the expression of
these illnesses is further supported by the ample clinical evi-
dence of the effectiveness of GABA enhancers, such as ben-
zodiazepines and barbiturates, in the symptomatic treatment
of such conditions (Ketter et al., 1999). The current data
suggest pharmacological as well as nonpharmacological
alternatives to the use of enhancers of GABA R function
(which possess a large potential for abuse and even addic-
tion) in the treatment of conditions mentioned above and
offer a complementary explanation of the effectiveness of
VNS in the symptomatic relief of epilepsy and depression.

ACKNOWLEDGMENTS

The authors have no conflicts of interest related to this
study.

REFERENCES

Allendorfer JB, Szaflarski JP. 2014. Contributions of fMRI towards our
understanding of the response to psychosocial stress in epilepsy and psy-
chogenic nonepileptic seizures. Epilepsy Behav 35:19-25.

Allendorfer JB, Heyse H, Mendoza L, Nelson EB, Eliassen JC, Storrs
JM, Szaflarski JP. 2014. Physiologic and cortical response to acute

ID: jwweb3b2server Time: 17:55 |

Stage:  Page: 6

psychosocial stress in left temporal lobe epilepsy: a pilot cross-sectional
fMRUI study. Epilepsy Behav 36:115-123.

Anacker C, Cattaneo A, Musaelyan K, Zunszain PA, Horowitz M,
Molteni R, Luoni A, Calabrese F, Tansey K, Gennarelli M, Thuret S,
Price J, Uher R, Riva MA, Pariante CM. 2013. Role for the kinase
SGK1 in stress, depression, and glucocorticoid effects on hippocampal
neurogenesis. Proc Natl Acad Sci U S A 110:8708-8713.

Atzori M, Lei S, Evans DI, Kanold PO, Phillips-Tansey E, McIntyre O,
McBain CJ. 2001. Differential synaptic processing separates stationary
from transient inputs to the auditory cortex. Nat Neurosci 4:1230-1237.

Atzori M, Kanold PO, Pineda JC, Flores-Hernandez J, Paz RD. 2005.
Dopamine prevents muscarinic-induced decrease of glutamate release in
the auditory cortex. Neuroscience 134:1153-1165.

Atzori M, Garcia-Oscos F, Mendez JA. 2012. Role of IL-6 in the etiol-
ogy of hyperexcitable neuropsychiatric conditions: experimental evi-
dence and therapeutic implications. Future Med Chem 4:2177-2192.

Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von
Zastrow M, Beattie MS, Malenka RC. 2002. Control of synaptic
strength by glial TNFalpha. Science 295:2282-2285.

Bown C, Wang JF, MacQueen G, Young LT. 2000. Increased temporal
cortex ER stress proteins in depressed subjects who died by suicide.
Neuropsychopharmacology 22:327-332.

Cassimjee N, Fouche J-P, Burnett M, Lochner C, Warwick ], Dupont
P, Stein DJ, Cloete KJ, Carey PD. 2010. Changes in regional brain
volumes in social anxiety disorder following 12 weeks of treatment
with escitalopram. Metab Brain Dis 25:369-374.

Craig IW. 2010. Genetic polymorphism in stress response. In: Fink G,
editor. Stress science. San Diego: Elsevier. p 325-336.

Deidda G, Bozarth IF, Cancedda L. 2014. Modulation of GABAergic
transmission in development and neurodevelopmental disorders: investi-
gating physiology and pathology to gain therapeutic perspectives. Front
Cell Neurosci 8:119.

Dhabhar FS. 2014. Effects of stress on immune function: the good, the
bad, and the beautiful. Immunol Res 58:193—-210.

Engineer ND, Riley JR, Seale JD, Vrana WA, Shetake JA, Sudanagunta
SP, Borland SM, Kilgard M. 2010. Reversing pathological neural activ-
ity using targeted plasticity. Nature 470:101-104.

Faravelli C, Lo Sauro C, Lelli L, Pietrini F, Lazzeretti L, Godini L,
Benni L, Fioravanti G, Talamba GA, Castellini G, Ricca V. 2012. The
role of life events and HPA axis in anxiety disorders: a review. Curr
Pharm Des 18:5663-5674.

Frick A, Howner K, Fischer H, Eskildsen SF, Kristiansson M, Furmark
T. 2013. Cortical thickness alterations in social anxiety disorder. Neu-
rosci Lett 536:52-55.

Fulham WR, Michie PT, Ward PB, Rasser PE, Todd ], Johnston PJ,
Thompson PM, Schall U. 2014. Mismatch negativity in recent-onset
and chronic schizophrenia: a current source density analysis. PLoS One
9:¢100221.

Garcia-Oscos F, Salgado H, Hall S, Thomas F, Farmer GE, Bermeo J,
Galindo LC, Ramirez RD, D’Mello S, Rose-John S, Atzori M. 2012.
The stress-induced cytokine interleukin-6 decreases the inhibition/exci-
tation ratio in the rat temporal cortex via transsignaling. Biol Psychiatry
71:574-582.

Garcia-Oscos F, Pena D, Housini M, Cheng D, Lopez D, Borland MS,
Salgado-Delgado R, Salgado H, D&Mello S, Kilgard MP, Rose-John
S, Atzori M. Vagal nerve stimulation blocks interleukin 6-dependent
synaptic hyperexcitability induced by lipopolysaccharide-induced acute
stress in the rodent prefrontal cortex. Brain Behav Immun 2015;43:
149-158.

Geuze E, van Berckel BNM, Lammertsma AA, Boellaard R, de Kloet
CS, Vermetten E, Westenberg HGM. 2008. Reduced GABA, benzo-
diazepine receptor binding in veterans with posttraumatic stress disor-
der. Mol Psychiatry 13:74-83.

Journal of Neuroscience Research

Path: D:/JW/Support/Printer _Autopdf/3D_IN/JW-JNR#140199



J_ID: zZ3p Customer A_ID: JNR23550 Cadmus Art: JNR23550 Ed. Ref. No.: 6071.R1 Date: 21-January-15

Goldstein DS. 2010. Sympathetic noradrenergic and adrenomedullary
hormonal systems in stress and distress. In: Fink G, editor. Stress sci-
ence. San Diego: Elsevier. p 399—404.

Hains AB, Arnsten AF. 2008. Molecular mechanisms of stress-induced
prefrontal cortical impairment: implications for mental illness. Learn
Mem 15:551-564.

Harrison NA, Doeller DF, Voon V, Burgess N, Critchley HD. 2014.
Preripheral inflammation impairs human spatial memory via actions on
the medial temporal lobe glucose metabolism. Biol Psychiatry 76:585—
93.

Herman J. 2010. Stress response: neural and feedback regulation of the
hpa axis. In: Fink G, editor. Stress science. San Diego: Elsevier. p 75—
80.

Hosoi T, Okuma Y, Nomura Y. 2002. The mechanisms of immune-to-
brain communication in inflaimmation as a drug target. Curr Drug Tar-
gets Inflamm Allerg 1:257-262.

Inkster B, Rao AW, Ridler K, Nichols TE, Saemann PG, Auer DP,
Holsboer F, Tozzi F, Muglia P, Merlo-Pich E, Matthews PM. 2011.
Structural brain changes in patients with recurrent major depressive dis-
order presenting with anxiety symptoms. ] Neuroimaging 21:375-382.

Ising M, Hohne N, Siebertz A, Parchmann A-M, Erhardt A, Keck M.
2012. Stress response regulation in panic disorder. Curr Pharm Des 18:
5675-5684.

Jalbrzikowski M, Jonas R, Senturk D, Patel A, Chow C, Green MF,
Bearden CE. 2013. Structural abnormalities in cortical volume, thick-
ness, and surface area in 22q11.2 microdeletion syndrome: relationship
with psychotic symptoms. Neuroimage Clin 3:405-415.

Jenkins FJ, Van Houten B, Bovbjerg DH. 2014. Effects on DNA damage
and/or repair processes as biological mechanisms linking psychological
stress to cancer risk. ] Appl Biobehav Res 19:3-23.

Kawaguchi Y. 1995. Physiological subgroups of nonpyramidal cells with
specific morphological characteristics in layer II/III of rat frontal cortex.
J Neurosci 15:2638-2655.

Ketter TA, Post RM, Theodore WH. 1999. Positive and negative psy-
chiatric eftects of antiepileptic drugs in patients with seizure disorders.
Neurology 53:S53-S67.

Kramer M, Seefeldt WL, Heinrichs N, Tuschen-Caffier B, Schmitz J,
Wolf OT, Blechert J. 2012. Subjective, autonomic, and endocrine reac-
tivity during social stress in children with social phobia. J Abnorm
Child Psychol 40:95-104.

Kroes MCW, Rugg MD, Whalley MG, Brewin CR. 2011. Structural
brain abnormalities common to posttraumatic stress disorder and depres-
sion. J Psychiatry Neurosci 36:256—265.

Kross EK, Gries CJ, Curtis JR. 2008. Posttraumatic stress disorder fol-
lowing critical illness. Crit Care Clin 24:875-887, ix—x.

Lai C-H, Wu Y-T. 2012. Frontal regional homogeneity increased and
temporal regional homogeneity decreased after remission of first-
episode drug-naive major depressive disorder with panic disorder
patients under duloxetine therapy for 6 weeks. J Affect Disord 136:
453-458.

Leonard B, Song C. 2010. Cytokines, stress, and depression. In: Fink G,
editor. Stress science. San Diego: Elsevier. p 560-565.

Maguire J. 2014. Stress-induced plasticity of GABAergic inhibition. Front
Cell Neurosci 8:157.

Minen MT, Camprodon J, Nehme R, Chemali Z. 2014. The neuropsy-
chiatry of tinnitus: a circuit-based approach to the causes and treatments
available. J Neurol Neurosurg Psychiatry 85:1138—1144.

Misiak B, Frydecka D, Zawadzki M, Kreftt M, Kiejna A. 2014. Refining
and integrating schizophrenia pathophysiology: relevance of the allo-
static load concept. Neurosci Biobehav Rev 45:183-201.

Journal of Neuroscience Research

ID: jwweb3b2server Time: 17:55 |

Stage: Page: 7

VNS Blocks Central Effects of LPS 7

Miiller N, Myint A-M, Schwarz MJ. 2011. Inflammatory biomarkers and
depression. Neurotox Res 19:308-318.

Munhoz CD, Garcia-Bueno B, Madrigal JL, Lepsch LB, Scavone C,
Leza JC. 2008. Stress-induced neuroinflammation: mechanisms and
new pharmacological targets. Braz ] Med Biol Res 41:1037-1046.

Nichols JA, Nichols AR, Smirnakis SM, Engineer ND, Kilgard MP,
Atzori M. 2011. Vagus nerve stimulation modulates cortical synchrony
and excitability through the activation of muscarinic receptors. Neuro-
science 189:207-214.

Oke SL, Tracey KJ. 2009. The inflammatory reflex and the role of com-
plementary and alternative medical therapies. Ann N 'Y Acad Sci 1172:
172-180.

Pietersen CY, Mauney SA, Kim SS, Lim MP, Rooney RJ, Goldstein
JM, Petryshen TL, Seidman LJ, Shenton ME, McCarley RW, Sonntag
K-C, Woo T-UW. 2014a. Molecular profiles of pyramidal neurons in
the superior temporal cortex in schizophrenia. ] Neurogenet 28:53—69.

Pietersen CY, Mauney SA, Kim SS, Passeri E, Lim MP, Rooney RJ,
Goldstein JM, Petreyshen TL, Seidman L], Shenton ME, Mccarley
RW, Sonntag K-C, Woo T-UW. 2014b. Molecular profiles of
parvalbumin-immunoreactive neurons in the superior temporal cortex
in schizophrenia. ] Neurogenet 28:70-85.

Salgado H, Garcia-Oscos F, Patel A, Martinolich L, Nichols JA, Dinh L,
Roychowdhury S, Tseng KY, Atzori M. 2011a. Layer-specific norad-
renergic modulation of inhibition in cortical layer II/III. Cereb Cortex
21:212-221.

Salgado H, Garcia-Oscos F, Dinh L, Atzori M. 2011b. Dynamic modula-
tion of short-term synaptic plasticity in the auditory cortex: the role of
norepinephrine. Hear Res 27:26-36.

Schmidt MJ, Mirnics K. 2014. Neurodevelopment, GABA system dys-
function, and schizophrenia. Neuropsychopharmacology 40:190-206.
Segarra R, Ojeda N, Zabala A, Garcia J, Catalan A, Eguiluz JI, Gutierrez
M. 2012. Similarities in early course among men and women with a
first episode of schizophrenia and schizophreniform disorder. Eur Arch

Psychiatry Clin Neurosci 262:95-105.

Sellmann C, Villarin Pildain L, Schmitt A, Leonardi-Essmann F,
Durrenberger PF, Spanagel R, Arzberger T, Kretzschmar H, Zink M,
Gruber O, Herrera-Marschitz M, Reynolds R, Falkai P, Gebicke-
Haerter PJ, Matthaus F. 2014. Gene expression in superior temporal
cortex of schizophrenia patients. Eur Arch Psychiatry Clin Neurosci
264:297-309.

Skilbeck KJ, Johnston GA, Hinton T. 2010. Stress and GABA receptors.
J Neurochem 112:1115-1130.

Stellwagen D, Malenka RC. 2006. Synaptic scaling mediated by glial
TNF-alpha. Nature 440:1054-1059.

Steptoe A, Hamer M, Chida Y. 2007. The effects of acute psychological
stress on circulating inflammatory factors in humans: a review and
meta-analysis. Brain Behav Immun 21:901-912.

Tracey KJ. 2002. The inflammatory reflex. Nature 420:853-859.

Van Tol M-J, van der Wee NJA, van den Heuvel OA, Nielen MMA,
Demenescu LR, Aleman A, Renken R, van Buchem MA, Zitman FG,
Veltman DJ. 2010. Regional brain volume in depression and anxiety
disorders. Arch Gen Psychiatry 67:1002-1011.

Wang H, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S, Li JH,
Yang H, Ulloa L, Al-Abed Y, Czura CJ, Tracey KJ. 2003. Nicotinic
acetylcholine receptor alpha7 subunit is an essential regulator of inflam-
mation. Nature 421:384-388.

Weinstein AA, Deuster PA, Francis JL, Bonsall RW, Tracy RP, Kop
WJ. 2014. Neurohormonal and inflammatory hyperresponsiveness to
acute mental stress in depression. Biol Psychol 84:228-234.

Path: D:/JW/Support/Printer _Autopdf/3D_IN/JW-JNR#140199



