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Microglial activation induced by LPS mediates excitation of
neurons in the hypothalamic paraventricular nucleus projecting
to the rostral ventrolateral medulla
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Microglia are known to be activated in the hypothalamic para-
ventricular nucleus (PVN) of rats with cardiovascular diseases.
However, the exact role of microglial activation in the plastic-
ity of presympathetic PVN neurons associated with the modu-
lation of sympathetic outflow remains poorly investigated. In
this study, we analyzed the direct link between microglial acti-
vation and spontaneous firing rate along with the underlying
synaptic mechanisms in PVN neurons projecting to the rostral
ventrolateral medulla (RVLM). Systemic injection of LPS induced
microglial activation in the PVN, increased the frequency of
spontaneous firing activity of PVN-RVLM neurons, reduced
GABAergic inputs into these neurons, and increased plasma NE
levels and heart rate. Systemic minocycline injection blocked
all the observed LPS-induced effects. Our results indicate that
LPS increases the firing rate and decreases GABAergic trans-
mission in PVN-RVLM neurons associated with sympathetic
outflow and the alteration is largely attributed to the activation
of microglia. Our findings provide some insights into the role
of microglial activation in regulating the activity of PVN-RVLM
neurons associated with modulation of sympathetic outflow in
cardiovascular diseases. [BMB Reports 2021; 54(12): 620-625]

INTRODUCTION

Activation of microglia in the brain is associated with neuronal
plasticity in the central nervous system (1-4). Activated microglia
increase spontaneous epileptiform discharges in the stratum
pyramidale in the CA1 region of the hippocampus (4). Molecules
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released by microglia potentiate N-Methyl-D-aspartic acid or
N-Methyl-D-aspartate receptor-mediated synaptic responses in
organotypic cortical slice cultures (3). Microglia are activated
in the hypothalamic paraventricular nucleus (PVN) of rats with
myocardial infarction (Ml)-induced cardiac damage or neuro-
genic hypertension (5-7). Sympathetic activity, which is regulated
by presympathetic neurons in the hypothalamic PVN (8), and
sympathetic activity-related neuronal firing rate are dramatical-
ly elevated in pathological conditions such as congestive heart
failure (HF), following MI and hypertension (9-12). Thus, many
studies have suggested that elevated microglial activation in
the brain may play a pivotal role in sympathetic hyperactivity
seen in several pathological states including HF and hyperten-
sion (5, 6, 13). However, despite accumulating evidence, the
precise role of microglial activation in neuronal plasticity of
presympathetic PVN neurons associated with the modulation
of sympathetic outflow remains poorly investigated.

Presympathetic PVN neurons project to the rostral ventrola-
teral medulla (RVLM; PVN-RVLM neurons) or to the intermedio-
lateral cell column of the spinal cord (IML; PVN-IML neurons)
(14). The RVLM region possesses neurons playing a essential
role in determining peripheral sympathetic vasomotor tone and
blood pressure (BP), and thus RVLM neurons are described to
as a cardiovascular center (15, 16). PVN-RVLM neurons play a
critical role in the long-term control of the cardiovascular
system in hypertension and HF (10, 12).

In this study, we investigated the direct link between micro-
glial activation and the spontaneous firing rate along with the
synaptic mechanisms in PVN neurons projecting to the RVLM.

RESULTS

LPS-induced microglial activation and its blockade by
minocycline

As shown in Fig. 1C, systemic LPS injection induced activation
of microglia as demonstrated by elevation in microglial specific
protein Iba-1 expression, characterized by intensive staining
and hypertrophy with large soma and thick processes in the
PVN (Fig. 1C and insets) and a significantly higher number of
Iba-1 immunoreactive pixels than the other groups (Fig. 1E, P
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< 0.001). However, pre-treatment with minocycline before LPS
administration did affect LPS-induced morphological changes
after LPS injection (Fig. 1D and insets), as shown in saline- and
minocycline-treated rats (Fig. 1A, B, respectively). Collectively,
the results indicate the activation of microglia by systemic LPS
treatment. The LPS-induced microglial activation in the hypo-
thalamic PVN was abrogated by systemic minocycline admini-
stration.

LPS-induced increase of firing rate and its blockade by
minocycline

This study analyzed a total of 206 PVN-RVLM neurons (19 rats)
using the brain slice patch-clamp technique. Supplementary
Table 1 demonstrates the basic membrane properties of the
four groups of PVN-RVLM neurons. None of these properties
varied significantly between groups (P > 0.05). The majority
of the labeled PVN-RVLM neurons recorded displayed sponta-
neous activity in saline (37 of 56 neurons, 66%), minocycline
(33 of 49 neurons, 67.3%), LPS (35 of 47 neurons, 74.5%),
and minocycline + LPS group (37 of 54 neurons, 68.5%) (Fig.
2A). The proportion of spontaneously active and silent neurons
did not differ significantly between groups (P > 0.05, using
Fisher’s exact test). The mean firing rate of LPS group (3.08 +
0.38 Hz) was significantly higher than that of saline (1.45 +
0.21 Hz), minocycline (1.74 + 0.30 Hz), and minocycline +
LPS groups (1.70 + 0.24 Hz) (P < 0.01; Fig. 2B, left). In addi-
tion, the CV of the firing rate of LPS group (0.52 + 0.07) was
significantly lower than that of saline (1.07 + 0.17), minocy-
cline (1.00 + 0.14), and minocycline + LPS groups (0.99 +
0.14) (P < 0.01; Fig. 2B, right). As demonstrated in Fig. 2C,
retrogradely labeled PVN-RVLM neurons were observed in the
dorsomedial cap and the ventral regions and in the posterior
regions of PVN. The inset of Fig. 2A shows a typical example
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Fig. 1. Minocycline inhibits LPS-induced activation of microglia in
PVN. (A-D) Images of PVN tissue slices stained with anti-Iba-1.
Images acquired from saline (A), minocycline (B), LPS (C) and mino-
cycline + LPS groups (D), respectively. Note that insets in each
figure show details of microglial morphology under high magnifi-
cation. Scale bars are 200 um and 10 pm (insets), respectively.
() Quantification of lba-1 immunostaining in the PVN of four
groups in 24 h following last challenge. ***P < 0.001 by one-way
ANOVA, followed by Newman-Keul’s multiple comparison test. N
= 3 rats per group.
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of the injection site in the area of RVLM. Collectively, these
results indicate that the LPS-induced increase in the firing rate
was dependent on microglial activation in PVN-RVLM neurons.

LPS-induced reduction of spontaneous IPSC frequency and its
blockade by minocycline

We analyzed the spontaneous miniature synaptic currents at
the resting membrane potential (—55 to —70 mV) in the whole
cell voltage-clamp mode to record both outward and inward
synaptic currents simultaneously (Fig. 3Aa). The outward currents
were completely blocked by the GABA4 receptor antagonist
(20 uM bicuculline, BIC; Fig. 3Ab) indicating that these cur-
rents were IPSCs, whereas the inward currents were absolutely
blocked by the antagonist cocktail of ionotropic glutamate
receptors [20 UM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
and 50 uM dl-2-amino-5-phosphonopentanoic acid (AP5); Fig.
3Ac] confirming that these currents were EPSCs. The current
records demonstrated in Fig. 3B demonstrate less frequent
sIPSCs (upward events) in the PVN-RVLM neurons in LPS (Fig.
3Bc) than in saline (Fig. 3Ba), minocycline (Fig. 3Bb), and
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Fig. 2. Minocycline inhibits LPS-induced increase in firing rate of
PVN-RVLM neurons. (A) Representative traces (upper panels) and time
course histograms (lower panels) of spontaneous action potentials
involving PVN-RVLM neurons in saline (a), minocycline (b), LPS
(0), and minocycline + LPS group (d) under cell-attached voltage
clamp mode (bin size = 5 s). (B) Summary bar graphs showing
the mean firing rate and CV of PVN-RVLM neurons (n = 37 for
saline; n = 33 for minocycline; n = 35 for LPS; and n = 37 for
minocycline + LPS). (O) Fluorescence images of the hypothalamic
PVN regions showing distribution of retrograde-labeled PVN-RVLM
neurons. Fluorescent images were superimposed onto images of
the same slices obtained under bright light. The insets in (C) re-
present the injection sites of fluorescent dye located in the RVLM
of the medulla. Bars represent the mean + SEM. **P < 0.01 by
one-way ANOVA followed by the Newman-Keul’s multiple compa-
rison test. 3V, third ventricle; Fx, fornix; Scale bars are 100 um
(©) and 1 mm (insets in C).
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Fig. 3. Minocycline inhibits LPS-induced decrease in the frequency
of spontaneous inhibitory postsynaptic currents (sIPSCs) in PVN-RVLM
neurons. Spontaneous excitatory postsynaptic currents (EPSCs) and
IPSCs recorded from PVN-RVLM neurons. (A) top: blockade of
upward current by antagonists of GABAA receptor (20 uM Bic; b)
and downward current by ionotropic glutamate receptor anta-
gonist (50 UM AP5 and 20 uM CNQX; ¢). Bottom: spontaneous
EPSCs (downward) and IPSCs (upward) at expanded time scale
before (a), during treatment with BIC (b), and BIC and CNQX +
AP5 (o) at a holding potential of —62 mV. (B) Representative
traces of spontaneous synaptic currents recorded in the PVN-RVLM
neurons derived from saline (a), minocycline (b), LPS (c), and
minocycline + LPS groups (d). The synaptic currents were
recorded in normal ACSF and at resting membrane potential. All
the traces are continuous within each set of records. (C and D)
summary bar graphs showing the mean frequency, amplitude, and
decay time constants of sIPSCs and sEPSCs in PVN-RVLM neurons
obtained from saline (n = 14), minocycline (n = 13), LPS (n =
15), and minocycline + LPS group (n = 15), respectively. Values
are mean SEM. **P < 0.01 by one-way ANOVA, followed by
the Newman-Keul’s multiple comparison test. Tpsx and Toow
represent fast and slow decay time constants, respectively.

minocycline + LPS groups (Fig. 3Bd). The mean frequency of
sIPSCs was significantly (P < 0.01) less in LPS (0.59 + 0.05 Hz)
than in saline (1.36 + 0.25 Hz), minocycline (1.72 + 0.35 Hz),
and minocycline + LPS group (1.41 + 0.27 Hz) (Fig. 3D).
However, no significant differences in the mean amplitude of
sIPSCs (saline vs. LPS vs. minocycline vs. minocycline + LPS,
13.60 + 1.25 pAvs. 14.39 + 0.66 pA vs. 15.90 + 0.94 pA vs.
15.44 + 0.94 pA, P > 0.05; Fig. 3D) or in the two decay time
constants of sIPSCs were observed between the four groups
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Fig. 4. Effect of Bic on firing activity of PVN-RVLM neurons in
each group. (A) typical time course histograms (left panels) and
representative traces (right panels) of firing activity of PVN-RVLM
neurons before and after treatment with 20 uM Bic (bin size =
10 s). Note two types of neurons responsive (upper panels) and
un-responsive (lower panels) to Bic. (B) Left panel: comparison of
the proportions of neurons un-responsive and responsive to bicucul-
line in PVN-RVLM neurons derived from saline, minocycline, LPS,
and minocycline + LPS group. Right panel: summary bar graphs
showing the effect of bicuculline on the firing rate of PVN-RVLM
neurons obtained from saline (n = 8), minocycline (n = 7), LPS
(n = 8), and minocycline + LPS groups (n = 8). Values are mean
SEM. **P < 0.01 based on Student’s t-test for paired samples or
Fisher’s exact test.

(saline vs. LPS vs. minocycline vs. minocycline + LPS: tfast,
411 + 0.28 ms vs. 3.71 + 0.25 ms vs. 3.76 + 0.28 ms vs.
3.70 + 0.28 ms, tslow, 21.80 + 2.43 msvs. 21.73 + 3.17 ms
vs. 22.88 + 1.29 ms vs. 21.70 + 2.27 ms; P > 0.05; Fig. 3D).
Further, in contrast to the changes in sIPSCs, no significant
differences in frequency were detected between groups (saline
vs. LPS vs. minocycline vs. minocycline + LPS, 3.46 + 0.61
Hz vs. 2.75 + 0.44 Hz vs. 3.33 + 1.01 pA vs. 3.54 + 0.48 pA,
P > 0.05; Fig. 3C), amplitude (saline vs. LPS vs. minocycline
vs. minocycline + LPS, 17.44 + 1.48 pAvs. 19.10 + 1.54 pA
vs. 20.89 + 1.01 pA vs. 20.63 + 0.95 pA, P > 0.05; Fig. 30),
and decay time constants (saline vs. LPS vs. minocycline vs.
minocycline + LPS, 3.14 + 0.23 ms vs. 3.15 + 0.29 ms vs.
2.95 + 0.23 ms vs. 3.03 + 0.21 ms; P > 0.05; Fig. 30) of
SEPSCs (downward events) of PVN-RVLM neurons in each
group. These results indicate that the LPS-induced activation of
microglia preferentially alters GABA release into PVN-RVLM
neurons.

+
+

Blunted effect of bicuculline on the firing rate in the LPS group
and its blockade by minocycline

We analyzed the effect of endogenous GABA on PVN-RVLM
neuronal activity in each group. Fig. 4 shows the response of
some neurons to the GABA4 receptor antagonist (20 uM BIC)
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(Fig. 4Aa) and the lack of response of others to bicuculline
(Fig. 4Ab). Bath administration of bicuculline increased the
firing rate of PVN-RVLM neurons tested in saline (7 of 8 neurons,
88%), minocycline (5 of 7 neurons, 71%), and minocycline +
LPS groups (7 of 7 neurons, 100%). The summarized data
show that bicuculline significantly increased the firing rate
(saline, from 1.58 + 0.51 to 2.86 + 0.56 Hz; minocycline,
from 2.23 + 0.51 to 3.25 + 0.59 Hz; and minocycline + LPS,
from 1.53 + 0.31 to0 2.63 + 0.43 Hz; P < 0.01, respectively;
Fig. 4B, right). However, in the LPS group, bicuculline increased
the firing rate in 2 of 8 neurons tested (25%) and the changes
were not significant (from 3.00 + 0.63 to 3.58 + 0.59; P >
0.05; Fig. 4B, right). In addition, we compared the proportion
of neurons with altered firing rate following bicuculline treat-
ment in each group. The proportion of responsive and un-re-
sponsive neurons differed significantly in PVN-RVLM neurons
between each group (P < 0.01 using Fisher’s exact test; Fig.
4B, left). Taken together, the results show that the effect of
GABA4 receptor blockade on the firing activity was blunted in
PVN-RVLM neurons of the LPS group, reinforcing earlier obser-
vations that the LPS-induced activation of microglia reduces
the release of synaptic GABA into PVN-RVLM neurons.

LPS-induced sympathetic overactivation and its blockade by
minocycline

Plasma NE levels and heart rate can be regarded as markers of
sympathetic tone (17, 18). Using the markers, we investigated
whether LPS injection induced an increase in sympathetic acti-
vity and whether minocycline inhibited the LPS-induced effect.
As shown in Supplementary Fig. 1A, the mean concentration
of NE in the LPS group (1.81 + 0.54 ng/ml) was significantly
higher than that of saline (0.51 + 0.11 ng/ml), minocycline
(0.63 + 0.11 ng/ml), and minocycline + LPS groups (0.72 +
0.23 ng/ml) (P < 0.01; Supplementary Fig. 1A). Similarly, the
mean heart rate of LPS group (378 + 26.7 bpm) was signifi-
cantly higher than that of saline (311 + 7.4 bpm), minocycline
(320 + 9.6 bpm), and minocycline + LPS groups (328 + 9.2
bpm) (P < 0.01; Supplementary Fig. 1B). Collectively, these
results show that elevation in sympathetic tone depends on the
activation of microglia.

DISCUSSION

Over the past decade, studies reported that the activation of
microglia was closely related to sympathetic excitation such as
HF and hypertension (19-21). However, the exact role and under-
lying mechanisms of microglial activation in such pathological
conditions are still disputed (22). In the present study, we de-
monstrate that microglial activation in the PVN increases the
spontaneous firing activity of PVN-RVLM neurons associated
with sympathetic outflow and that the increase is largely attri-
buted to a reduction in basal GABAergic inputs. This conclu-
sion is supported by the systemic LPS-induced microglial acti-
vation in the PVN, increased frequency of spontaneous firing
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activity of PVN-RVLM neurons, reduced GABAergic inputs into
PVN-RVLM neurons, and increased plasma NE levels and heart
rate. Systemic minocycline injection inhibited all the observed
LPS-induced effects. This study provides evidence suggesting
that microglial activation in the PVN enhances neuronal excita-
tion of PVN-RVLM neurons, which may in turn, lead to sym-
pathetic overactivity commonly seen in pathological conditions
including HF and hypertension.

Our results show the increased spontaneous firing activity of
PVN-RVLM neurons via disinhibition of GABAergic inhibitory
synaptic inputs. An important question raised by the present
work relates to the role of activated microglia following sys-
temic LPS injection in reducing GABAergic input into PVN-
RVLM neurons. Systemic LPS injection increases pro-inflam-
matory cytokines (PICs) such as interleukin (IL)-1, IL-6 and
tumor necrosis factor-o. (TNF-0r) in the PVN (23), with activated
microglia constituting a major source of increase in PICs (24, 25).
Especially, IL-1f increased the activity of electrophysiologically
identified preautonomic parvocellular PVN neurons and decrea-
sed inhibiting GABAergic input via a prostaglandin E2-depen-
dent mechanism, while glutamatergic input was not affected
by IL-1B (26). Thus, it is possible that LPS-induced activation of
microglia in the PVN releases IL-1p, and thereby decreases GABA
release, which in turn, leads to neuronal excitation of PVN-RVLM
neurons. Another possibility is neurotoxic reactive astrocytes,
which are induced by activated microglia via secretion of
IL-1a, TNF and C1q complement component (27). Chen et al.
showed that astrocytes were activated in the PVN of rats
experiencing acute myocardial infarction (AMI), and astrocyte
suppression by fluorocitrate, an inhibitor of astrocytic activation,
reduced the expression of proinflammatory cytokines, neural
activation, and sympathetic neural activity (28). Accordingly,
aberrant astrocytes may play an active role in sympathetic
excitation associated with the development and progression of
hypertension and heart failure by releasing gliotransmitters and
PICs (28-31). However, the function of cytokine receptors or
reactive astrocytes on GABAergic and PVN-RVLM neurons has
yet to be demonstrated. The precise roles of PICs and astro-
cytes in regulating the activity of PVN-RVLM neurons requires
further study.

Minocycline, which permeates through the blood-brain barrier
(32), is a semi-synthetic tetracycline antibiotic with anti-inflam-
matory activity in the central nervous system (33). Minocycline
blocks microglial activation in the brain, without directly
affecting astrocytes and neurons (34). Although the mechanism
of minocycline action remains to be determined, our immuno-
histochemistry results (Fig. 1) demonstrate that minocycline
treatment for three consecutive days effectively blocked the
morphological changes associated with microglial activation in
the PVN. Further, pre-treatment with minocycline before sys-
temic LPS injection effectively abrogated all LPS-induced effects
on PVN-RVLM neurons and markers of sympathetic activity
(heart rate and plasma NE), while minocycline alone had no
effect (see Figs. 2-4 and Supplementary Fig. 1). Previous reports
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indicated that central (intracerebroventricular injection; 50
ug/2 pl/L min) and peripheral injection (intravenous injection;
100-150 mg/kg) of minocycline suppresses motor activity in
rats (35). However, the dose (50 mg/kg, for 3 d) of minocy-
cline used in this study attenuated LPS-induced neuroinflam-
mation without affecting social behavior (36). These results indi-
cate the limited role of minocycline in microglial inhibition
under our experimental conditions.

In conclusion, our results provide some insights into the role
of microglial activation in regulating neuronal activity in PVN-
RVLM neurons and further modulation of sympathetic outflow.
Sustained exploration of the neurophysiological role of micro-
glia in the PVN under pathological conditions accompanying
sympathetic overactivity is warranted.

MATERIALS AND METHODS

Details on the used methods are provided in the expanded
Materials and Methods section in the online data supplement.
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