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Abstract

Peripheral inflammation often causes changes in mood and emergence of depressive behavior, and
is characterized by a group of physical manifestations including lethargy, malaise, listlessness,
decreased appetite, anhedonia, and fever. These behavioral changes are induced at the molecular
level by pro-inflammatory cytokines like interleukin (IL)-1pB, IL-6 and TNF-a. The basolateral
amygdala (BLA) is a key brain region involved in mood and may mediate some of the behavioral
effects of inflammation. However, it is unknown whether peripheral inflammatory state affects the
activity of BLA neurons. To test this, adult male Sprague Dawley rats were treated with IL-1p (1
ug, intraperitoneal (i.p.)), and behavioral and electrophysiological measures were obtained. IL-1p
reduced locomotion in the open-field test and also reduced home-cage mobility, consistent with
features of sickness-like behavior. Using /n vivo single-unit extracellular electrophysiological
recordings from anesthetized rats, we found that spontaneous BLA neuronal firing was acutely
(<30 min) increased after IL-1p, followed by a return to baseline level, particularly in the basal
nucleus of the BLA complex. To verify and expand on effects of peripheral inflammation, we
tested whether another, longer lasting inflammagen also changes BLA neuronal firing.
Lipopolysaccharide (250 pg/kg, i.p.) increased BLA firing rate acutely (<30 min) and persistently.
The findings demonstrate a rapid effect of peripheral inflammation on BLA activity and suggest a
link between BLA neuronal firing and triggering of behavioral consequences of peripheral
inflammation. These findings are a first step towards understanding the neuronal basis of
depressive behavior caused by acute peripheral inflammation.
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INTRODUCTION

Peripheral inflammation and infection are associated with changes in mood and are
characterized by a group of physical manifestations including lethargy, malaise, listlessness,
decreased appetite, anhedonia, and fever (Dunn and Swiergiel, 1998; Konsman et al., 2002;
Anisman and Merali, 2003; Dantzer, 2009). Evidence suggests the coexistence of immune
dysfunction with psychological changes in patients suffering from a wide range of
neuropsychiatric and non-neurological disorders (Segerstrom and Miller, 2004;
Schneiderman et al., 2005; Hunter, 2012). Immunotherapies are increasingly used clinically,
and often produce effects on mood (Raison et al., 2005; Hodes et al., 2015; Kovacs et al.,
2016).

Psychological stress and depression have been intimately linked to peripheral inflammation
(Dunn and Swiergiel, 1998; Kiecolt-Glaser and Glaser, 2002; Kiecolt-Glaser et al., 2002;
Anisman and Merali, 2003; Dantzer and Kelley, 2007; Dantzer et al., 2008; Howren et al.,
2009; Felger and Lotrich, 2013). Patients with depression have increased levels of
circulating pro-inflammatory cytokines, including interleukin (IL)-6 and tumor necrosis
factor (TNF)-a (Dantzer, 2009; Howren et al., 2009; Felger and Lotrich, 2013; Lindqvist et
al., 2009; Levine et al, 1999). Antagonism of TNF by infliximab improves depressive
symptoms in a subset of treatment-resistant patients with high baseline inflammatory
biomarkers (Raison et a/., 2013). In addition, interferon (IFN)-a used in treatment of some
viral infections and cancers increases peripheral IL-6 and (TNF)-a and induces symptoms of
depression (Capuron et al., 2002; Maddock et al., 2005; Raison et al., 2005). While it has
received less attention, IFN-a also increases IL-1 (Sissolak et al., 1992), and there is
evidence for a link between IL-1 and mood. Increased IL-1p levels have been found in
peripheral samples from several different populations of patients with depression (Mota et
al., 2013; Owen et al., 2001; Thomas et al., 2005), including middle-aged patients with
unipolar depression (Mota et al., 2013) and it correlated with unipolar depression severity in
geriatric patients (Thomas et al., 2005). IL-1p levels in cerebrospinal fluid are elevated in
patients with unipolar depression (Levine et al, 1999) or correlated with severity of unipolar
depression (Martinez et al, 2012). This is further validated by meta-analysis that confirms
correlation between IL-1p levels and unipolar depression (Howren et al., 2009). There are
also hints toward a link between increased IL-1p and mood in rodent studies. Elevation in
brain IL- 1 levels is necessary and sufficient to cause depression in mice (Goshen et al.,
2008). Furthermore, in a rodent model of peripheral nerve injury, upregulation of IL-1p,
both in the periphery and within the brain was sufficient to produce depression-like
behavior, and it can be blocked by IL-1 receptor antagonist (Gui et a/., 2016; Norman et al.,
2010). Together, these studies suggest that inflammatory cytokines may trigger the
development of depression (Felger and Lotrich, 2013).
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While there is substantial and increasing clinical evidence for effects of immune modulators
on mood, the mechanism for this is not clear. Systemic inflammation induced by peripheral
injection of the pro-inflammatory cytokine IL-1f in rats is known to cause a time- and dose-
dependent increase in the expression of c-Fos in the corticotrophin releasing factor (CRF)
and oxytocin producing cells of the paraventricular nucleus of the hypothalamus (PVH),
along with similar activation of neurons in the bed nucleus of stria terminalis, central
amygdala, lateral parabrachial nucleus, dorsomedial and ventrolateral medulla (Ericsson et
al., 1994). The systemic inflammation with IL-1 can also induce the release of prostaglandin
(PG) E2 from the intramedullary perivascular cells, which in turn activates the P\VH neurons
and thereby stimulating the hypothalamo-pituitary-adrenal axis (Ericsson et al., 1997).
Several neuroimaging studies in humans have shown that specific brain regions respond to
peripheral inflammation. For example, increased peripheral inflammatory cytokines was
associated with fMRI activation of ventral prefrontal cortex, temporal cortex, cuneus and
fusiform gyrus in women undergoing a grief elicitation task (O’Connor et a/., 2009).
Escherichia coli endotoxin, which induces acute inflammation, increased fMRI activity in
insular and posterior cingulate cortex, precuneus, temporal sulcus and pole, medial
prefrontal cortex, and dorsomedial prefrontal cortex, with activation of the latter three
structures correlated with depressed mood (Eisenberger et al,, 2009). A similar endotoxin
challenge enhanced amygdala activity in response to socially threatening images and was
associated with greater feelings of social disconnection (Inagaki et a/. 2012). This hints
toward cortical and amygdala targets for the immune system in its effects on mood. In
rodents, intracerebroventricular treatment with I1L-1f triggers Fos in the amygdala in
addition to many other brain regions (Konsman et al., 2000), further supporting the
amygdala as a potential target for the effects of inflammation on mood.

Although peripheral immune activation has effects on mood and emotion and can induce
expression of amygdala immediate early genes within hours, it is unknown whether
inflammation can alter the firing of amygdala neurons and whether this can occur on a rapid
time scale, or is associated with prolonged changes in amygdala neuronal firing. In the
present study we used electrophysiological approaches to test if acute peripheral
inflammation, induced by an IL-1p dose high enough to induce classical behavioral features
of sickness, rapidly changes the /n vivo activity of neurons in an amygdala region that plays
a prominent role in mood and emotion, the basolateral amygdala (BLA).

EXPERIMENTAL PROCEDURES

Ethical approval

All experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) of Rosalind Franklin University of Medicine and Science, and complied with the
Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).
Measures were taken to reduce any distress to the animals and the total number of animals
used for the study.
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Animal subjects

Materials

Adult male Sprague Dawley rats (Envigo, Indianapolis, IN; post-natal day 59-63) were
housed 2-3 per cage in the climate controlled Biological Resource Facility at Rosalind
Franklin University of Medicine and Science, with ad /ibitum access to food and water. They
were allowed to acclimate for at least 7 days before experiments. Lights in the housing room
were on a reversed 12h light / dark schedule (light off: 07:00-19:00). All efforts were taken
to avoid single housing of the rats; in very rare instance, single housing was restricted for a
very short period (1 — 2 days). Peripheral inflammation can be acutely induced by peripheral
injection of IL-1p, or more persistently by LPS (Lacosta et a/., 1998; Copeland et al., 2005;
Lukens et al., 2012; Biesmans et al., 2013). Rats were randomly assigned to receive a single
injection (i.p.) of either 0.9% saline (control) or IL-1p in the first experiments; saline or LPS
in the second experiments. A total of 127 rats were used in the study and their distribution
for individual experiment is mentioned under the specific experimental procedures below.
Briefly, 40 rats for behavioral experiments, 39 rats for electrophysiological experiments and
48 rats for ELISA experiments were used in the study.

Recombinant rat IL-1B (GenScript, Piscataway, NJ) at 1ug / 250uL (i.p.) was chosen based
on demonstrated effectiveness in sickness behavior induction (e.g. Lacosta et a/., 1998) and
our pilot experiments that replicated these results in rats. Lipopolysaccharide (LPS; from
Escherichia coli 0127:B8, Sigma-Aldrich, St. Louis, MO) at 250 pg / kg body weight in a
volume of 1 mL / kg is effective at causing sickness behavior in rats; additionally, this dose
and route of LPS administration has been shown previously to be effective in inducing
inflammatory changes in different brain regions via a fast conducting neural pathway as well
as a slow conducting humoral pathway producing a longer lasting inflammatory effect in the
brain (Bluthe et al., 1992; Konsman et al., 2002; Konsman et al., 2008). Control rats were
treated with same volume of 0.9% sterile saline i.p.

Behavioral Experiments

Substantially reduced activity level is a key feature of sickness behavior upon peripheral
inflammation (Bluthe et a/,, 1992; Biesmans et al., 2013). This reduced activity is expected
to persist across a range of environments. To verify use of a behaviorally meaningful dose,
IL-1B (1 pg/ 250uL i.p.) or saline was administered to rats at predetermined times before
measuring their activity in the open-field and home-cage.

a. Open field test.—The open field test (black opaque, 24 in.x35 in. or 60.96 cmx88.90
cm) was performed in a dimly lit room (20-25 Ix) with computer-generated white noise (65—
70 dB) for 5min at 30, 120 and 240min post-treatment. Behavioral recordings were obtained
using IR-sensitive cameras (Fire-i, Unibrain, San Ramon, CA) connected to a computer
(Dell E6500, Round Rock, TX) and were saved for off-line analysis using ANY-Maze
version 4.99 z (Wood Dale, IL). The field was thoroughly cleaned with 70% ethanol
between rats. The total distance traveled in the field was quantified and compared. Different
cohorts of rats were used at different time points and hence analysis of the data has been
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done using two-way ANOVA. A total of 25 rats were used in the open field test (14 rats for
control group, 11 rats for IL-1p treated group).

b. Home-cage mobility period.—Treated rats were monitored in their home cages at
60, 180 and 300 min post-treatment. The immobility time was recorded by digital stopwatch.
The mobility period per session was calculated by subtracting the immobility period from
5min. The same rats were tested at the different time points and hence twoway repeated
measures (RM)-ANOVA has been used for analysis of the data. A total of 15 rats were used
in the home cage mobility test (8 rats for control group, 7 rats for IL- 1P treated groups).

In vivo Extracellular Electrophysiology

BLA neuronal firing rate was determined using /n vivo extracellular electrophysiological
recordings following previously published methods (Zhang and Rosenkranz, 2012). A total
of 39 rats were used in the electrophysiology study. For the IL-1p treated group, 72 neurons
from 16 rats (1 — 18 neurons / rat; median: 4 neurons / rat; mean: 4.5 neurons / rat) and for
its corresponding control 73 neurons from 9 rats (1 — 16 neurons / rat; median: 9 neurons /
rat; mean: 8.1 neurons / rat) were included. For the LPS treated group, 29 neurons from 7
rats (1 — 8 neurons / rat; median: 2 neurons / rat; mean: 2.8 neurons / rat) and for its
corresponding control 15 neurons from 4 rats (2 — 6 neurons / rat; median: 3.5 neurons / rat;
mean: 3.7 neurons / rat) were included. This is because only these neurons fulfilled all the
criteria mentioned in the data analysis section. For simplicity, the specific number of
neurons from the number of rats at different time periods are mentioned below in the result
section under the section describing the firing rates of the neurons.

Briefly, rats were anesthetized by urethane (1.5 g/kg i.p.; Sigma-Aldrich) and positioned in a
stereotaxic apparatus (Stoelting, Wood Dale, IL). Body temperature measured rectally was
maintained at 36-37 C (Model TC-1000, CWE Inc, Ardmore, PA). Burr holes were drilled
in the skull and a concentric bipolar electrode (0.25 mm outer diameter, Rhodes Medical
Instrument, Summerland, CA) was lowered to the medial prefrontal cortex (+2.7 to +3.2 mm
anterior, —0.5 to —0.7 mm lateral, —4.2 to —5.4 mm ventral from bregma) and used only to
measure EEG-like local field potential activity for the studies described here. Adequate
depth of anesthesia was confirmed by slow rhythmic EEG-like activity (~1 Hz). Dura
overlying the BLA (=2.5 to —3.6 mm caudal and - 4.4 to —5.1 mm lateral from bregma) was
removed. Single-barrel glass electrodes filled with 2% Pontamine Sky Blue (Alfa Aesar,
Ward Hill, MA) in 2 M sodium chloride (Fisher Scientific, Pittsburgh, PA) were slowly
lowered into the amygdala using a hydraulic microdrive (Model MO-10, Narishige, East
Meadow, NY). A minimum of 45 min was allowed from the time of electrode implantation
before any recording was attempted, in order to let the animals achieve hemodynamic
stability. This was followed by a period of baseline (pre-treatment) recordings (30-60
min).Rats were then injected i.p. with either IL-18 (1 pg / 250pL), saline (250uL), LPS (250
ug / kg body weight in a volume of 1 mL / kg) or saline (1 mL / kg). Post-treatment
recordings were started as soon as any neuronal firing was obtained after the injection.

Electrophysiological signals collected by the recording electrode were amplified and filtered
(0.3 Hz — 3 kHz; Dagan Corp., Minneapolis, MN). Signal were audially monitored (Model
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AMB8 Grass Instruments, West Warwick, RI) and digitized (5-10 kHz; Model ITC-18,
HEKA, Bellmore, NY) for display and analysis (AxoGraph X version 1.6.4, Sydney,
Australia), and storage (Mac Pro/2.8 Apple, Cupertino, CA).

At the end of electrophysiological recording, Pontamine Sky Blue was ejected (—29 pA, 30—
45 min) to mark the recording site. Brains were removed and stored in 4%
paraformaldehyde (Fisher Scientific) in 0.1 M phosphate buffer overnight at 4C followed by
cryoprotection in 25% sucrose (Sigma-Aldrich) in 0.1 M phosphate buffer. Brains were then
sliced into 60 mm thick sections using a freezing microtome (Leica Microsystems Inc.,
Buffalo Grove, IL) and stained with Cresyl Violet (Sigma-Aldrich). All recording sites were
reconstructed in atlas representations based on the histology.

Quantification of Serum IL-1p after Peripheral Immune Challenge

Serum levels of cytokine IL-1p were assessed by ELISA at different time points (<30min,
60-120min and >240min) using the Quantikine ELISA Rat IL-1p kit (RLB00; R&D
Systems, Minneapolis, MN). Single i.p. injection of saline, IL-1p or LPS (as above) was
followed by urethane (<1.5 g/kg body weight), decapitation within 15-30 min of the
anesthesia injection, and trunk blood collection. Serum was separated by centrifugation and
stored (<7days; —20C freezer) until quantitative ELISA was performed in duplicate or
triplicate following kit literature (R&D Systems, Minneapolis, MN). Actual time windows
of blood collection from the time of treatment with saline (control), IL-1p or LPS have been
listed in Figure 7E.

Data Analysis

BLA neurons were included if: (i) Their locations were within the confines of the BLA
complex, as determined by histological reconstruction. The BLA was delineated in Cresyl
Violet stained sections based on the borders defined in stereotaxic atlas representations
(Paxinos and Watson, 2009). (ii) Their recorded action potentials (APs) had a clear signal-
to-noise ratio (>3:1). (iii) At least 3 continuous minutes of data were obtained. The
spontaneous firing rate of BLA neurons was measured as the number of APs per second
(Hz). (iv) AP half-width > 200 ps is used as a conservative criterion to exclude potential
interneurons (Zhang and Rosenkranz, 2012; Zhang and Rosenkranz, 2016). BLA activity
was also assessed by quantifying the number of spontaneously active neurons recorded per
electrode track, a gross estimation of the relative number of spontaneously active neurons.
This was quantified only for electrode tracks that penetrated through the entire BLA.

Statistical analysis was performed using Microsoft Excel and GraphPad Prism version 6.0h
(La Jolla, CA). Data distribution was tested using the D’ Agostino and Pearson omnibus
normality test (a=0.05). For testing variance homogeneity between two groups, F-test was
performed, where p < 0.05 indicated non-homogeneity in variance. For more than two
groups, variance homogeneity was tested using the Brown-Forsythe test, where p < 0.05
indicated that the variance was significantly different and hence non-homogeneity in
variance. When conditions of both normality and variance homogeneity were satisfied,
parametric tests were performed (unpaired #test for comparison between two groups, and
analysis of variance (ANOVA) for comparison among more than two groups followed by
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Holm-Sidak’s post hoc test when p-value became significant). When either of the two
conditions were not satisfied either non-parametric test (Mann-Whitney Utest for
comparison between two groups) or parametric test with Holm-Sidak’s correction method
(a.=0.05) without assuming consistent standard deviation (S.D.) test (for comparison among
more than two groups) was performed. Statistical significance was set at p<0.05. Values are
expressed either as mean + S.E.M. (for parametric result) or median with distribution-based
measures (box and whisker plot for non-parametric result).

When data of multiple neurons were obtained from single rat for an overall measure, within-
subject averaging was performed. However, when analysis was performed across time, this
approach could not be used. Because of the nature of /n vivo recordings, the time at which a
firing neuron is recorded cannot be predicted, leading to data in which different neurons
from the same rat are spread across different time epochs, and not every rat has a neuron
recorded in every time epoch. This second factor prohibits the use of two-way repeated
measures ANOVA. To diminish concerns related to this approach, the number of neurons per
rat recorded for any time epoch was minimized (<3), and results were scrutinized in order to
ensure that no single rat disproportionately influenced results.

RESULTS

Effect of IL-1p on locomotor behavior

IL-1B decreased the total distance traveled in the OFT (Figure 1; main-effect of treatment:
F(1,62)=74.05, p<0.0001, two-way ANOVA). This was observed at all measured time points
[30min (Ncontroi=14 rats, Nj_.1g=10 rats), 120min (Ncontroi=13 rats, Nj_.1g=11 rats), and
240min (Ncontrol=12 rats, Nj1=8 rats), p<0.001, Holm-Sidak’s post hoc test]. Sickness
behavior induced by IL-1 reduced the overall activity of the rats in open field significantly
(as evidenced by decreased total distance traveled). This substantial locomotor decrease
made it difficult to accurately interpret a decrease in central area time and central area
exploration of the open field (data not shown) was due to anxiety. Similarly, IL-1p decreased
home-cage mobility time (Figure 1; main effect of treatment: F(1,13)=1565, p<0.0001, two-
way RM-ANOVA) at each time point assessed [60min, 180min and 300min (N¢ontro1=8 rats,
Nj_-1p=7 rats at each time point), p<0.0001, Holm-Sidak’s post hoc test without assuming
consistent S.D., £ratio = 12.384 (60 min), 20.802 (180 min), 6.466 (300 min) vs. control at
respective time-point].

BLA Neuronal Recordings

The recording sites for IL-1p and control groups were spread throughout the BLA (Figure
2). The BLA is comprised of projection neurons (approximately 80%) and interneurons
(approximately 15-20%), which can be tentatively parsed based on AP half-width
(Washburn and Moises, 1992; Rainnie et al., 1993; Rosenkranz and Grace, 1999). Neurons
with AP half-width above 200 ps were only considered in the present study. AP half-width
from all recorded BLA neurons was plotted as a frequency distribution and fit tested to a
single polynomial or two polynomials. A total of 133 neurons from 22 rats were included
post-treatment. The frequency distribution data fit best to a single polynomial (34 order)
with a normal distribution (Figure 3B), consistent with a single population. The longer
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duration half-width of recorded neurons is consistent with BLA projection neurons. The AP
half-width of neurons from the two treatment groups were also similar (Figure 3C; (=2328,
mediancontroi=360, median ..15=338.2, N¢ontroi=73 neurons / 9 rats, Nj_.1g= 72 neurons / 16
rats, p=0.236, Mann- Whitney U'test). These data suggest that the analyzed neuronal data
were sampled from a similar population of projection neurons across groups.

Effects of IL-1p on Spontaneous Firing Rate of BLA neurons

a. Spontaneous firing rate.—The firing of BLA neurons was recorded pre-treatment
and at variable times after saline control (Figure 4A; pre-treatment: 8 neurons from 4 rats;
post-treatment: 73 neurons from 9 rats) or IL-1 injection (Figure 4B; pre-treatment: 12
neurons from 7 rats; post-treatment: 72 neurons from 16 rats). The firing rate of neurons
recorded from the BLA complex was compared among five different time-period windows
[Figure 4; pre-treatment (Ncontro1=8 neurons / 4 rats, N _.1g=12 neurons / 7 rats), <30min
(Ncontroi=14 neurons / 6 rats, Nj..15=15 neurons / 9 rats), 30-60 min (Ncontroi=11 neurons /
5 rats, Nj.13=14 neurons / 7 rats), 60-120min (Ncontroi=19 neurons / 7 rats, Nj_.13=16
neurons / 6 rats) and 2120min (Ncontro1=29 neurons / 7 rats, Ny_.1g=27 neurons / 7 rats) after
treatment]. There was no difference in the pre-treatment firing rate between control and
IL-1B groups, therefore the pre-treatment values were combined together (n=20 neurons / 11
rats) during analysis. There was a significant main-effect of time (F(4,185)=4.703, p=0.001;
Figure 4C) and a significant interaction when analyzing the effects of treatment (control /
IL-1B) over time (Treatment x time interaction: F(4,185)=3.133, p=0.016, two-way
ANOVA). Further analysis revealed a significant increase in the firing rate of the IL-1
group at <30min from treatment compared to the control (Figure 4C; DF=185, £3.319,
p<0.05; Holm-Sidak’s post hoc test without assuming consistent S.D.; t-ratio = 2.300 (< 30
min), 1.511 (30 — 60 min), 0.611 (60 — 120 min), 0.467 (=120 min)) as well as compared to
all other time-period windows (Figure 3B, right; vs. baseline: p<0.05; vs. 30-60min: p<0.05;
vs. 60-120min: p<0.05; vs. =2120min: p<0.01; Holm-Sidak’s post hoc test without assuming
consistent S.D. after significance in one-way ANOVA). The firing rate was unaffected in the
control group across all the time points (Figure 4A, right; and Figure 4C).

The firing pattern can reflect functional neuronal changes, even in the absence of a change in
firing and can be quantified as the coefficient of variation (CV) of the inter-event interval
(IEI). Increased CV is consistent with a shift towards irregular or bursting firing patterns.
IL-1B caused an increase of CV compared to control (Figure 4E, r =2.130, df = 23, p=
0.044, CV of IEl¢ontrol = 0.991+0.056, CV of 1Elj .1=1.225+0.075, within-subject
averaging of CV has been performed; Neontro1=73 neurons / 9 rats, Ny_.1g=72 neurons / 16
rats, p=0.0001, unpaired £test). CV of firing was increased (main effect of treatment:
F(1,163)=12.01, p=0.0007, two-way ANOVA) at the <30min window (Figure 4E, right;
DF=163, £2.935, p<0.05, Holm-Sidak’s post hoc test) and =120 min (Figure 4E, right;
DF=163, £2.567, p<0.05, Holm-Sidak’s post hoc test) compared to the control. These data
indicate that the firing pattern became more irregular after IL-1B-challenge.

b. Neurons per track.—Number of spontaneously firing neurons encountered per track
in the BLA is a gross estimate of global relative BLA activity (Zhang and Rosenkranz,
2012). Our data show that the number of neurons per track was significantly reduced in the
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IL-1p treated group compared to the control (Figure 4D, left; = 2.340, df = 20, p=0.029,
within-subject averaging of neurons per track was performed; number of tracks: 81 tracks / 9
rats (control) and 102 tracks / 13 rats (IL-1B); Control: 0.967+ 0.151, IL-1p: 0.573 +£0.094;
unpaired #test). Analysis across time showed only a trend towards reduction in the number
of neurons per track after IL-1p (Figure 4D, right; treatment effect: F(1,193)=1.293,
p=0.256, two-way ANOVA).

Different Effects of IL-1p Treatment on Basal and Lateral Nuclei

The lateral and basal nuclei have complementary roles in emotion, but may be differentially
impacted by peripheral inflammation. Therefore, the data were separated and analyzed by
nucleus.

a. Basal nucleus (BA): IL-1p significantly impacted the firing of BA neurons (Figure
5A; main effect of treatment, F(4,85)=7.461, p<0.0001), and a significant interaction when
analyzing treatment effects over time (Figure 5A; Treatment x time interaction:
F(4,86)=3.283, p=0.014, two-way ANOVA). IL-1p increased BA neuronal firing rate at
<30min compared to control (Figure 5A, middle; Holm-Sidak’s post hoc test, DF=86,
£=3.057, p<0.05). The firing rate was unaffected in the control group across all the time
points (Figure 5A, middle). In addition, IL-1p increased the firing CV at <30min compared
to control (Figure 5A, lower; treatment effect: F(1,77)=4.302, p=0.041, twoway ANOVA,
DF=77, =2.771, p<0.05, Holm-Sidak’s post hoc test). In the control group, a total of 39
neurons from BA nuclei fulfilled the criteria for analysis which was spread out as follows: 5
neurons / 3 rats (< 30 min), 3 neurons / 3 rats (30 — 60 min), 11 neurons / 5 rats (60 — 120
min) and 20 neurons / 7 rats (= 120 min). In the IL-1p treated group, a total of 39 neurons
from BA nuclei fulfilled the criteria for analysis and were spread out as follows: 8 neurons /
4 rats (< 30 min), 5 neurons / 4 rats (30 — 60 min), 13 neurons / 5 rats (60 — 120 min) and 13
neurons / 5 rats (= 120 min).

b. Lateral nucleus (LAT): There were no significant effects of IL-1p on the firing of
LAT neurons (Figure 5B; Treatment x time interaction: F(4,72)=0.063, p=0.992, two-way
ANOVA). However, IL-1p increased the CV of LAT neuron firing (main effect of treatment
F(1,68)=9.443, p=0.003, two-way ANOVA), though no single time point emerged with a
significant increase in CV compared to control (Figure 5B, lower; p>0.05, Holm-Sidak’s
post hoc test). In the control group, a total of 34 neurons from LAT nuclei fulfilled the
criteria for analysis which was spread out as follows: 9 neurons / 4 rats (< 30 min), 8
neurons / 3 rats (30 — 60 min), 8 neurons / 3 rats (60 — 120 min) and 9 neurons / 5 rats (= 120
min). In the IL-1p treated group, a total of 33 neurons from LAT nuclei fulfilled the criteria
for analysis and were spread out as follows: 7 neurons / 4 rats (< 30 min), 9 neurons / 4 rats
(30 — 60 min), 3 neurons / 2 rats (60 — 120 min) and 14 neurons / 7 rats (= 120 min).

LPS effects on firing of BLA neurons

The transient effects of IL-1p on BLA firing were unexpected, given the potential for IL-18
to ramp up immune activity. IL-1p can induce c-Fos in the BLA (Brady et a/.,1994;
Konsman et a/.,2000). However, c-Fos induction could be related to brief or prolonged
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increases of BLA neuron activity. Therefore, we also tested the effects of an inflammagen
with a known long duration of action, LPS.

a. Effect of peripheral LPS treatment on BLA neuronal firing.

The AP half-width distribution of BLA neurons showed a unimodal normal distribution
curve (Figure 6B), and the AP half-width was similar in both groups (Figure 6C, £=0.429,
df=42, Control: 331.5£18.33, LPS: 321.84+13.15, N¢ontrol=15 neurons / 4 rats, N ps=29
neurons / 7 rats, p=0.669, unpaired #test). This is consistent with recordings from one
population of BLA neurons, likely pyramidal neurons.

LPS significantly increased the firing rate of BLA neurons compared to the control group
(U=2, mediancontroi=0.223, median ps=2.300, N¢ontrol=15 neurons, Nj_ps=29 neurons,
p<0.0001, Mann-Whitney U'test; data not shown in figure). To determine if LPS causes long
lasting effects on BLA firing, the firing rate was compared among four different time-period
windows (pre-treatment (Ncontroi=6 neurons, Ny ps=5 neurons), < 30min (N¢ontrol=5 Neurons,
Nps=9 neurons), 30-60 min (N¢gntroi=3 neurons, N ps=4 neurons), 60-120min (N¢ontrol=3
neurons, Ni_ps=10 neurons), and =120min (N¢ontro=4 neurons, N ps=6 neurons) after
treatment). There was a significant main effect of LPS on firing (Figure 7B; F(1,45)=27.75,
p<0.0001) and a significant interaction (Treatment x time interaction: F(4,45)=3.734,
p=0.010, two-way ANOVA). LPS increased the firing of BLA neurons at <30min (DF=45,
£=0.504, p<0.001, Holm-Sidak’s post hoc test), between 30-60 min (DF=45, £=3.286,
p<0.01) and also between 60-120min (DF=45, £3.113, p<0.01) compared to the control
(Figure 7B). Results above indicated an effect of IL-1p on firing of BA neurons. Therefore,
BA neurons were the focus of examination for the effects of LPS. On further scrutiny, a
significant effect of LPS on the firing rate of neurons of the BA nuclei was found (Figure
7C; Treatment x time interaction: F(4,34)=2.932, p=0.034; main effect of treatment:
F(1,34)=14.16, p=0.0006). While there was no significant effect on the firing of LAT
neurons (Treatment x time interaction: F(3,12)=2.272, p=0.132). There was no significant
effect of LPS on BLA neuron firing pattern overall (CV of IEI, p=0.857, £=0.185, df=9,
within-subject averaging of CV of IEI was performed; N¢ontroi=15 neurons / 4 rats, N|_ps=29
neurons / 7 rats; unpaired #test; data not shown in figure), nor when assessed over time
(Figure 7D; Treatment x time interaction effect: F(4,45)=1.478, p=0.224, two-way
ANOVA). Thus, immune activation can produce longer lasting effects on BLA neuron
activity.

b. Time-dependent effect of IL-18 and LPS on serum pro-inflammatory state.

LPS induces an increase of peripheral IL-1p, and IL-1p level can reflect the time course of
LPS immune-activating effects. IL-1B administration itself acts physiologically at many
targets, and may also induce further production of IL-1p levels. Therefore, measurement of
IL-1pB levels in the periphery can reflect the time course of the capacity of LPS or IL-1p
treatment to exert immune-mediated effects. To confirm that differences between IL-1p and
LPS could be due to differences in the time course of their systemic effects, IL-1p levels in
serum were measured after IL-1p and LPS treatment. Both IL-1p and LPS increased serum
IL-1p levels (Figure 7D; main effect of time, F(2,39)=25.40, p<0.0001; main effect of
treatment: F(2,39)=65.09, p<0.0001; Treatment x time interaction: F(4,39)=11.56,
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p<0.0001, two-way ANOVA). The serum level of IL-1p was similar in all the groups at
<30min (15 - 25 min window) post-treatment. However, it was significantly higher in IL-1p
treated group (£=4.472, DF=39, p<0.01; Holm-Sidak’s post hoc test) and LPS treated group
(£9.145, DF=39, p<0.0001; Holm-Sidak’s post hoc test) 60-120min (100 — 120 min
window) post-treatment compared to control. LPS had a greater impact than IL-1p treatment
(£=5.610, DF=39, p<0.0001; Holm-Sidak’s post hoc test). Beyond 240 min (280 — 310 min
window) post-treatment, serum level of IL-1p remained elevated only in the LPS treated
group compared to both the IL-1p treated and the control groups (£9.209, DF=39, p<0.0001
vs. IL-1p treated group; £7.415, DF=39, p<0.0001 vs. control; Holm-Sidak’s post hoc test).
There was no significant difference between the IL-1 -treated and control groups at this
time period (£2.613, DF=39, p>0.05; Holm-Sidak’s post hoc test).

DISCUSSION

This study aimed to understand the effects of peripheral administration of an inflammagen,
in a dose that causes sickness-like behavior, on the firing of BLA neurons. Earlier studies in
rats have shown that peripheral immune activation using LPS or streptococcal enterotoxin B
alters EEG-like activity in central amygdala 125-200min post-treatment (Engler et al., 2011,
Prager et al.,, 2013) and caudal amygdala at 110min post-treatment (Doenlen et al., 2011).
Those studies did not observe rapid effects in the amygdala, perhaps because EEG-like
activity lacks the resolution of single neurons or because it might reflect a change in
synaptic inputs or volume conduction, and might not reflect a change in the firing of
amygdala neurons. We found that peripheral inflammagens rapidly increase the firing of
BLA neurons, thereby providing a clue as to how it might trigger changes in behavior. This
finding provides a functional interpretation for previous observations of BLA immediate
early gene transcription after inflammagen exposure, and greatly refines the time course for
BLA activation. Furthermore, the rats in these experiments were anesthetized, so it is
unlikely that effects on BLA activity were an indirect consequence of malaise instead of
immune activation. This effect of peripheral immune challenge on BLA neurons may be the
first step in the enduring effects of inflammation on mood and emotion.

Previous studies have reported different effects on rodent open field behavior depending on
the dose and time post-treatment of IL-1p. Rat IL-1p in a dose of 1 pg i.p. increased
locomotor activity while a lower dose (10 ng) increased grooming and rearing activities
(Song et al., 2006). On the other hand, Swiergiel and Dunn found that decreased line
crossings in the center of the open field was associated with decreased line crossings in the
periphery as well as total number of line crossings at doses of 100 ng or more, but not with
30 ng dose, of IL-1p i.p. in mice 30 or 60 min post-treatment (Swiergiel and Dunn, 2007).
However, the effects of peripherally injected IL-1 on BLA firing are not necessarily related
to the effects on locomotor activity observed in the present study. The behavioral tests were
performed only to confirm the effectiveness of IL-1p in causing sickness-like behavior.

Peripheral inflammation and infection lead to the production and release of pro-

inflammatory cytokines like IL-1p, IL-6 and TNF-a (Zhang and An, 2007; Dantzer, 2009).
The acute elevation of peripheral pro-inflammatory cytokines produces classical features of
sickness behavior and depressed mood. Some of these symptoms may be triggered through
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the BLA. It is now known that peripheral immune stimuli utilize multiple routes to relay
their signals to the brain (Dantzer et al., 2000; Konsman et al., 2002; Felger and Lotrich,
2013). One of the fastest routes is via stimulation of the vagus nerve; other rapid routes
include humoral pathways to circumventricular organs, (Katsuura et a/., 1990; Dantzer et al.,
2000; Konsman et al., 2002), specific saturable transporters and activation of blood-brain
barrier endothelium and subsequent activation of perivascular macrophages (Banks et al.,
1995; Dantzer, 2009). The rapid effects of IL-1p on BLA neuronal firing in the current study
are most parsimoniously explained by effects mediated by the vagus nerve upon i.p.
administration. The relatively short duration of the effects on BLA firing may be explained
by decreased effects on the vagus as IL-1p moves from the peritoneal cavity to distribute in
other tissue and blood. In fact, effects of IL-1 i.p. injection on firing already diminished by
the time peak IL-1p is observed in the serum (Figures 4C and7E). Further consistent with
this, IL-1 injection rapidly increases NE release within the brain (Dunn, 2006), as would be
expected by activation of the vagus nerve. NE causes a predominantly excitatory effect on
BLA neuron firing (Buffalari and Grace, 2009), which may underlie BLA activation after
peripheral immunoactivation.

However, it is likely that IL-1p will exert a range of slower actions via other described
cascades, and may induce effects on BLA function that are missed by focusing on the firing
rate. IL-1 receptors are found in the BLA and there are hints of a prolonged effect of IL-1p
on firing pattern of BLA neurons (Figure 4E, right), and perhaps even a later suppression of
BA neuron firing at longer latencies after IL-1p injection. BLA neurons are relatively
quiescent under anesthetized recording conditions, and usually fire only in response to a
barrage of synaptic input (Rosenkranz and Grace, 1999; Rosenkranz, 2011). Therefore, the
alteration of BLA neuron firing pattern after IL-1p might be due to modulation of excitatory
and/or inhibitory inputs to BLA neurons. Indeed, /n vitro BLA recordings indicate that
IL-1B may shift the balance of excitatory and inhibitory synaptic inputs to BLA neurons (Yu
and Shinnick-Gallagher, 1994). In contrast, LPS did not modify the firing pattern of BLA
neurons, but did cause a prolonged increase of firing. We speculate that this may reflect
differences in the effects of IL-1p and LPS, at these doses, on synaptic input to the BLA.

Several recent studies have demonstrated that pro-inflammatory cytokines may increase
glutamatergic release in the amygdala. In a mouse model of complete Freund’s adjuvant
(CFA)-induced chronic inflammatory pain, using /n vitro whole-cell patch-clamp recording
it has been recently shown that peripheral inflammation increased glutamatergic
transmission in the BLA, as evidenced by increase in the frequency and amplitude of the
miniature excitatory post-synaptic currents (mMEPSCs) and inhibition of GABAergic
transmission as evidenced by decrease in the frequency and amplitude of the miniature
inhibitory post-synaptic currents (mIPSCs) (Chen et al., 2013). In addition, exogenous pro-
inflammatory cytokine TNF-a significantly increased mEPSC frequency and amplitude
while significantly decreasing mIPSC frequency and amplitude in the BLA, without
changing the resting membrane potential, thereby suggesting that TNF-a. contributes to the
changes in the BLA synaptic transmission (Chen et a/., 2013). Another recent study using
similar /n vitro whole-cell patch-clamp recordings has shown that i.p. challenge with LPS in
adult male mice increases glutamatergic release in the amygdala through the chemokine
CXCL12 and its receptor CXCR4 thereby causing anxiety-like behavior in the mice (Yang et
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al., 2016). Similar recruitment of chemokines might play a role in the alteration of the BLA
neuronal firing observed in our study. One study has shown that the pro-inflammatory
cytokine TNF-a increases the firing rate and GABA release in neurons in rat brain slices
from a different amygdala region, the central amygdala (CeA; Knapp et al,, 2011). Another
whole-cell recording study has found that application of IL-18 (50 ng/mL) for 12 — 15 min
in brain slices caused dual effects on mIPSC frequency and amplitude recorded from CeA
neurons, as evidenced by increased mIPSC frequency in 62% neurons with decreased
mIPSC frequency in 28% neurons, as well as decreased mIPSC amplitude in 38% of
neurons, no effect on mIPSC amplitude in 48% of neurons and both increase in frequency
and amplitude of mIPSC in 14% of neurons (Bajo et a/., 2015), suggesting the existence of
the effect of IL-1B on the spontaneous action potential-independent transmission of GABA
via both pre- and post-synaptic mechanisms, with predominance of post-synaptic
mechanism, in the CeA neurons. These studies suggest that modulation of synaptic activity
may be an important mechanism for the effects of inflammation on amygdala neuronal
activity. In addition, the ligand-gated non-selective cation channels transient receptor
potential vanilloid 1 (TRPV1) are expressed in very high density within the BLA where they
increase neuronal excitability (Xiao ef al,, 2016) and can mediate the effects of IL-1p and
other inflammatory cytokines on excitability in the brain (Musumeci et al.,, 2011; Rossi et
al., 2011).

LAT and BA nuclei subserve different, but complementary role in associative memory and
emotion (Calandreau et al., 2005; Blume et al., 2017). We found more robust effects of
IL-1B challenge on BA neurons. Because the LAT is more heavily implicated in short-
duration responses to cues (Erlich et al., 2012), while the BA is involved in longer duration
responses (Orsini et al,, 2011), one might expect that inflammagen would preferentially
modulate longer lasting emotion states and mood, such as depressive-like behavior and
generalized anxiety. This effect of inflammagen on the neural substrates of long-lasting
emotion states may provide an initial neurobiological hint to the association between
depressive disorders and inflammation in humans.

We acknowledge a few limitations in this study. First, we have used urethane anesthesia
before blood collection for serum IL-1p measurement, which itself may impact cytokine
levels. This approach was preferred in this instance to more approximate recording
conditions. Although we had similar urethane-anesthetized rats in the control group, we
acknowledge that this can interfere with accurate assessment of absolute levels of cytokines.
Second, since we injected the rats with recombinant rat IL-1f, serum ELISA detected both
endogenous and exogenous IL-1p, which reflects the overall IL-1p load, not only the effects
of exogenous IL-1p on endogenous levels. Third, we have used only one dose of IL-1p and
LPS to see their effect on BLA neuronal physiology. This may contribute to differences in
the duration of their effects.

Sickness behavior induced by pro-inflammatory cytokines resembles some of the clinical
signs and symptoms of depression. Depression is associated with significantly elevated pro-
inflammatory cytokines. Inflammatory states that are sufficient to cause sickness behaviors
may also result in the emergence of depressive disorders in vulnerable subjects (Dantzer,
2009). BLA hyperactivation is often observed in patients with depression (Frodl et a/., 2002;
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Rubinow et al., 2016). The current results provide a potential link between hyperactivation
of the BLA upon inflammation, and amygdala hyperactivation in depression. The goal of our
study was to examine the effects of peripheral inflammation on BLA neuronal firing /in vivo.
Although we have not tested the effects of peripheral inflammation in behavioral mood
assays in this study, it would be important to examine how the effects of peripheral
inflammation on mood might relate to effects on BLA neuronal firing.
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HIGHLIGHTS:
. IL-1B (1 g, i.p.) induced sickness-like behavior in adult male Sprague
Dawley rats.
. It increased the firing rate in the BLA complex acutely with a change in firing
pattern.
. The effect was more prominent in the basal nucleus of the BLA complex.
. LPS (250 pg/kg, i.p.) increased BLA firing rate acutely and persistently.
. Immunogen challenge increased BLA firing rate before serum IL-1p reached

its peak.
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Figure 1: IL-1p treatment produces a reduction in locomotor activity
To confirm effectiveness of IL-1f in inducing sickness-like behavior, locomotion was

measured in an open field and in their home cages at different time points. (A) Experimental
timeline at which locomotion in the open field test (30 min, 120 min and 240 min) and
home-cage mobility (60 min, 180 min and 300 min) was measured. (B) IL-1p caused a
significant decrease in the total distance traveled in the open field (C) IL-1p caused a
significant decrease in home-cage mobility at all the time points tested. **p<0.01,
***p<0.001, ****p<0.0001 vs. control at respective time points; Holm-Sidak’s post hoc test
after significance in (B) two-way ANOVA, and (C) two-way RM-ANOVA. N=7-14 rats at
each time point per group. Plots show mean + S.E.M.

Neuroscience. Author manuscript; available in PMC 2019 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Munshi and Rosenkranz Page 21

Rostral

O Control - Caudal
mIL-18 < 1] ]

-3.12

Figure 2: Location of recording sites in BLA
Recording sites in the BLA were reconstructed from brain sections (Paxinos and Watson,

2009) after localization of the Pontamine Sky Blue dye ejected at the conclusion of /n vivo
recording. (A) Brain sections containing BLA recording sites are shown schematically, listed
by bregma level. Recording sites from control group are marked by open circles while those
from IL-1B group are shown by black boxes. The numbers below each section indicates
distance (in mm) from bregma. (B) An example histological section of a rat brain
counterstained with Cresyl Violet showing the location of ejected Pontamine Sky Blue dye
in the BLA from an electrophysiological recording (indicated by white arrow).
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Figure 3: Extracellular electrophysiological recordings from BLA neurons
(A) Neuronal firing traces in the control and IL-1p groups at <30 min (upper panel) and later

time points (>120 min, lower panel) post-treatment. (B) BLA neurons can be tentatively
separated into projection neurons and interneurons based on AP half-width. Frequency
distribution of the AP half-widths (us) from all recorded neurons is plotted here. The data
distribution is best fit with one third-order polynomial curve, instead of two curves,
indicating that all recordings were obtained from a single population of neurons, most likely
BLA projection neurons. (C) There is no significant difference between AP half-widths of
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neurons from post-treatment control and IL-1p groups (p=0.355, Mann-Whitney Utest),
indicating that similar population of BLA neurons were sampled in both groups. n.s.
indicates non-significance. Data represented with box and whisker plot showing the
minimum, 25™ percentile, median, 75™ percentile and maximum values.

Neuroscience. Author manuscript; available in PMC 2019 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Munshi and Rosenkranz

A 10 107 n.s.
N 8 | T8 .
z z
[ 6 o 6
® ° [o] °
o 4 ., o 41 .
= d ° o ° < ° ° ° °
= oPo, % @ o = o &
u__ 2 °° 0:0 M °°° g o 2 ° LE 2_ g o°o : °e2 o, ooooo
Solaese Be e © ﬁ
o ; . i , olmEE m
100 0 100 200 300 400 Pre- <30 30-60 60-120 >120
Time since saline injection (min) treatment 54 treatment (min)
101 104 * % * %k
I
N 81 N 81
e : e -
o 61 . ' o 6 . .
S 4 8
2 el IR
= 24 Ll fm e = .
T T R 24 | Ual s
0l ___-.h_.q’\: ...:’ ﬁ‘l..-. A:" . oL .'5 N P
: : : : : 0.
100 0 100 200 300 400 Pre- <30 30-60 60-120 2120
G Time since IL-1B injection (min) treatment 5+ treatment (min)
4_
— *
N
L 34
o o Control
o 5 =|L-1B
£ *
i M
01— : : - .
Pre- <30 30-60 60-120 >120
D Heaiment Post-treatment (min)
2 as
¥ S
c = ©
= 5159 >
Q <
SE 22
mw© -1
- 0 17 [ « -
@ 7 P
= 5 14
S 8 o5 =
> Q o)
q) ~—
z b
0 T 0 T T T T T
Control IL-1B Pre- <30 30-60 60-120 2120
e Post-treatment (min)
E 2
. 3
_ é 1.5+ *
E w *
- ® = 2 *
S o 1 —— s}
> b >
Oy 0,
8051
0 . 01— : : : -
Control IL-18 Pre- <30 30-60 60-120 2120
treatment

Post-treatment (min)

Figure 4: IL-1p treatment acutely increases firing rate in the BLA
(A) Control group. Firing rate of individual BLA neuron plotted against time from treatment

(left). Neurons were grouped into time bins based on the time at which they were recorded.
There was no significant effect of control treatment on firing across the time points tested,
namely: pre-treatment (baseline), <30 min, 30-60 min, 60-120 min, and =120 min post-

treatment (right; £>0.05; one-way ANOVA). (B) IL-1p treated group. Firing rate of
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individual BLA neuron is plotted against time from treatment (left). When analyzed over
time, there was a significant effect of IL-1p on firing (right; p/=0.001; oneway ANOVA). (C)
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IL-1B group shows a significant increase in the firing rate at <30 min compared to the
control, but returns to the baseline value at later time points. There is a significant interaction
between treatment and time [(p=0.016, two-way ANOVA); *p<0.05 by Holm-Sidak’s post
hoc test without assuming consistent S.D. after significance in two-way ANOVA]. (D) IL-1p
treatment significantly reduced the number of neurons per track in BLA (left; *p<0.05 vs.
control, unpaired #test) and showed a trend towards a reduction in the number of neurons
per track over time compared to the control group (right; F(1,193)=1.293, p=0.256, two-way
ANOVA). (E) There is a significant post-treatment increase in the CV of IEI of neuronal
firing in the IL-1p group compared to the control group (left; *p<0.05, unpaired f-test).
Further analysis shows that the CV of IEI is significantly increased at <30 min and =120 min
(right; *p<0.05 vs. control, Holm-Sidak’s post hoc test after significance in two-way
ANOVA). The line through 0 time-point represents time of treatment. Dotted lines represent
30 min, 60 min and 120 min post-treatment. Plots show mean + S.E.M.

Neuroscience. Author manuscript; available in PMC 2019 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Munshi and Rosenkranz Page 26

A _ B 10 ~ O Control
10+ Basal nuclei Lateral nuclei m IL-1B
N 8- N 8
L Lz S
o 61 Q@ 6 u
© B 4 e
e 4] |
o
g’ ° o ) o £ d) -lO S¢)
= 2l = 2
LL . o o ©® L 0 % . .. Un - o
-
ol ™ L 0- " o 08' e
100 0 100 200 300 400 -100 0O 100 200 300 400
Time since saline injection (min) ~ Time since saline injection (min)
6 6+
*
- = n.s
o L p
o 4 o
© ©
(@)]
8) 24 £ 24
= * =
L LL
0 T T T T T 0 T T T T !
Pre- <30 30-60 60-120 120 Pre- <30 30-60 60-120 2120
treatment  post-treatment (min) reatment Post-treatment (min)
2 1 2 7 n.s.
_ *
W 154 W 15
© ©
> >
O 1 i O 1 .
0.5 T T T T T 05 T T T T T
Pre- <30 30-60 60-120 2120 Pre- <30 30-60 60-120 =120
treatment treatment

Post-treatment (min) Post-treatment (min)

Figure 5: IL-1p preferentially impacted firing of neurons in the basal nucleus
(A) Basal nucleus (BA) of the BLA complex. Firing rate of individual neurons from the BA

is plotted against time (upper). The firing rate between the two groups was compared among
five different time windows (middle; pre-treatment (baseline), <30 min, 30-60 min, 60-120
min, and =120 min post-treatment). There was a significant interaction between treatment
and time (middle; p=0.014, two-way ANOVA). CV of IEI was significantly increased at <30
min window in IL-1p group (lower). *p<0.05 by Holm-Sidak’s post hoc test after
significance in two-way ANOVA. (B) Lateral nucleus (LAT) of the BLA complex. Firing
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rate of individual neurons from the lateral nucleus is plotted against time (upper). The firing
rate between the two groups was compared among the same five different time windows.
There was no significant interaction (p=0.992, twoway ANOVA) and no significant main
effects. There was a main effect of treatment on CV of IEI (p=0.003, two-way ANOVA),
though no single IL-1B treatment time point emerged as significant compared to control in
post hoc tests (p>0.05, Holm-Sidak’s post hoc test). The line through 0 time-point represents
time of treatment. Dotted lines represent 30 min, 60 min and 120 min post-treatment. Plots
show mean + S.E.M.
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Figure 6: BLA neuronal recording after peripheral LPS treatment
(A) Recording sites of BLA neurons from LPS and control groups were reconstructed and

plotted onto a stereotaxic rat brain atlas (Paxinos and Watson, 2009). Recording sites from
control group are marked by open circles and those from LPS-treated group are shown by
black triangles. The numbers (mm) indicate bregma level of the sections (B) Frequency
distribution of AP half-widths is consistent with a single population of neurons recorded
from the BLA (best fit to one curve instead of two). (C) The AP half-width of neurons in the
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LPS treated group was similar to the control (p=0.669, unpaired #test). n.s. indicates non-
significance. Plot shows mean + S.E.M.

Neuroscience. Author manuscript; available in PMC 2019 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Munshi and Rosenk

A

E

ranz

" B
N : N
L h T
[O) - " [0
© 4- ) ©
— ‘A | S
2 SRERE 2
= 2 AAA A A =
i.t (le j A‘A A LE

(o) A
04 Hpooae @ & *
100 0 100 200 300 400
Time since injection (min)
8+ @ Control (BA)
_. | #LPS (BA)
N 6
L N * ]
()
T Y 5
= >
£ 2 ©
= *
L
04
Pre- <30 30-60 60-120 2120
HeAmEnL Post-treatment (min)
1000~

-

E 800+

(@)}

£ 600

==

i 400

g 200

()

n 0.

15-25

o]

Page 30

o Control
A LPS

% 3k %k % %

T T T T T
Pre- <30 30-60 60-120 =120
treatment

Post-treatment (min)

1 o Control
| « LPS

T

Pre- <30 30-60 60-120 =120
treatment

Post-treatment (min)

[ Control
N IL-18
B LPS

100-120 280-310

Post-treatment (min)

Figure 7: LPS treatment causes prolonged increase in BLA firing rate
(A) The firing of BLA neurons was measured and plotted against time after saline (control)

or LPS treatment. The line through 0 time-point represents time of treatment. Dotted lines
represent 30 min, 60 min and 120 min post-treatment. (B) The BLA firing rate between the
two groups was compared among five different time-period windows (pre-treatment
(baseline), <30 min, 30-60 min, 60-120 min, and =120 min post-treatment). There was a
significant interaction between treatment over time (p=0.010, two-way ANOVA). The LPS
group showed a significant increase in the firing rate at <30 min 30 — 60 min and 60-120
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min (i.e. <120 min) after treatment compared to the control. **p<0.01, ***p<0.001 by
Holm-Sidak’s post hoc test after significance in twoway ANOVA. (C) Firing rate was
significantly increased in the basal (BA) nuclei after LPS treatment at < 30 min. *p<0.05 by
Holm-Sidak’s post hoc test after significance in two-way ANOVA. (D) CV of IEI is not
changed in the LPS-treated group compared to control (Treatment x time interaction:
£=0.224, two-way ANOVA). (E) Pro-inflammatory state induced by IL-1p and LPS
treatment in the periphery can be estimated by the eventual infiltration of IL-1p into
circulation. Serum levels of IL-1pB were assessed by ELISA at different time points (<30 min
(15 - 25 min window), 60-120 min (100 — 115 min window) and >240 min (280 — 310 min
window)) after single i.p. injection in saline (control group; 250 pL), IL-1p (1 pg in 250 L)
or LPS (250 pg/kg in a volume of 1 mL/kg) treated rats. Serum IL-1p levels were unchanged
at <30 min (15 — 25 min window) post-treatment in all the three groups, but was
significantly increased in the IL-1p and LPS treated groups at the 60-120 min post-
treatment time-point compared to the control. At 60-120 min time-point (100 — 120 min
window), level of IL-1p in the serum was also significantly higher in the LPS-treated rats
compared to the IL-1p treated group. After 240 min (280 — 310 min window) of treatment,
serum IL-1P remained elevated only in the LPS-treated group compared to the other two
groups. **p<0.01, ****p<0.0001 vs. control; ## p<0.0001 vs. IL-1f group at respective
time points; n.s. indicates non-significance vs. control at that time-point; Holm-Sidak’s post
hoc test after significance in two-way ANOVA. Serum samples from N = 5 rats (control), 7
rats (IL-1p) and 4 rats (LPS) / group at each time point were tested from a total of 48 rats in
duplicate or triplicate. Plots show mean + S.E.M.
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