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Abstract

Modifications to neural circuits of the paraventricular hypothalamic nucleus (PVN) have been
implicated in sympathoexcitation and systemic cardiovascular dysfunction. However, to date, the
role of insulin-like growth factor 1 receptor (IGF-1R) expression on PVN pathophysiology is
unknown. Using confocal immunofluorescence quantification and electrophysiological recordings
from acute PVN slices, we investigated the mechanism through which age-dependent IGF-1R
depletion contributes to the progression of inflammation and sympathoexcitation in the PVN of
spontaneously hypertensive rats (SHR). Four and twenty weeks old SHR and Wistar Kyoto
(WKY) rats were used for this study. Our data showed that Angiotensin I/1l and pro-inflammatory
high mobility box group protein 1 (HMGB1) exhibited increased expression in the PVN of SHR
versus WKY at 4 weeks (p<0.01), and were even more highly expressed with age in SHR
(p<0.001). This correlated with a significant decrease in IGF-1R expression, with age, in the PVN
of SHR when compared with WKY (p<0.001) and were accompanied by related changes in
astrocytes and microglia. In subsequent analyses, we found an age-dependent change in the
expression of proteins associated with IGF-1R signaling pathways involved in inflammatory
responses and synaptic function in the PVN. MAPK/ErK was more highly expressed in the PVN
of SHR by the 4t week (p<0.001; vs WKY), while expression of neuronal nitric oxide synthase
(nNOS; p<0.001) and calcium-calmodulin dependent kinase 11 alpha (CamKlla; p<0.001) were
significantly decreased by the 4t and 20t week respectively.

Age-dependent changes in MAPK/ErK expression in the PVN correlated with an increase in the
expression of vesicular glutamate transporter (VGLUTZ2) (p<0.001 vs WKY), while decreased
levels of CamKlla was associated with a decreased expression of tyrosine hydroxylase (p<0.001)
by the 20t week. In addition, reduced labeling for GABA in the PVN of SHR (p<0.001)
correlated with a decrease in nNOS labeling (p<0.001) when compared with the WKY by the 20t
week. Electrophysiological recordings from neurons in acute slice preparations of the PVN of 4
weeks old SHR revealed spontaneous post-synaptic currents of higher frequency when compared
with neurons from WKY PNV slices of the same age (p<0.001; n=14 cells). This also correlated
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with an increase in post-synaptic densities (PSD-95) in the PVN of SHR when compared with the
WKY (p<0.001). Overall, we found an age-dependent reduction of IGF-1R, and related altered
expression of associated downstream signaling molecules that may represent a link between the
concurrent progression of synaptic dysfunction and inflammation in the PVN of SHR.
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Introduction

Dysregulation of synaptic function in the neural cardiovascular control center has been
implicated in the cause and progression of hypertension (Shell et al., 2016; Suyama et al.,
2015; Glass et al., 2015). Projections from the paraventricular hypothalamic nuclei (PVN) to
the nucleus of solitary tract (NTS) and rostral ventrolateral medulla (RVLM) constitutes the
pre-autonomic sympathetic system which in turn projects to the intermediolateral grey
column (IML) to reach the cardiac sympathetic plexus (Pyner, 2014; Affleck et al., 2012).
This circuit has also been implicated in the neural control of metabolism, electrolyte and
fluid balance through the regulation of neuropeptides, such as Angiotensin Il, Orexin and
adiponectin, and neurotransmitters involved in hypothalamic-hypophysial homeostatic
regulation (Eliava et al., 2016; Foppen et al., 2016; Hao et al., 2016).

Aging-related changes in the brain are often associated with increased expression of pro-
inflammatory cytokines, oxidative stress and synaptic changes that contributes to the
observed pathophysiology in neural systems (Badowska-Szalewska. et al., 2015; Gupta et
al., 2014). Furthermore, hypertension has been described as an inflammatory disorder
associated with elevated levels of circulating Angiotensin Il (Ang I1) and pro-inflammatory
cytokines that alters synaptic activity (Takesue et al., 2016a; Hay, 2016; Qi et al., 2015). Ang
Il activates Angiotensin type 1 Receptor (AT1R) which increases oxidative stress and
inflammation through up regulation of NADPH Oxidase (NOX) and depletion of neuronal
nitric oxide synthase (nNOS) (Topchiy et al., 2013; Yuan et al., 2015).

Ang ll-induced inflammation is also associated with an increase in cytoplasmic translocation
of high mobility group box protein 1 (HMGB1), known to promote danger associated
molecular pattern signaling (DAMP) (Song et al., 2014; Nair et al., 2015; Enokido et al.,
2008; Qi et al., 2015). Synergistically, Ang 1l and HMGBL1 facilitate the depletion of nNOS
and adversely alter synaptic activity (Reis et al., 2016). Owing to its effect on nNOS, Ang Il
can reduce the bioavailability of NO and inhibitory GABA neurotransmission while
increasing paraventricular sympathoexcitation in hypertension (Yuan et al., 2015; Wu et al.,
2016; Jang et al., 2105; Campese et al., 2002; Li and Pan, 2005; Zhang t al., 1998; DiCarlo
et al., 2002). Similarly, an increase in circulating Ang I, in hypertension, has been linked to
the upregulation of downstream molecules and receptors implicated in HMGB1-driven
inflammation and synaptic dysfunction (Song et al., 2014; de Kloet et al., 2013; Dange et al.,
2015; Lin et al., 2015). HMGB1 signaling may alter the synaptic activity of catecholamines
by activating toll-like receptor 4 (TLR4) and downstream molecules, like NF-xB: which
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favour the transcription of genes known to promote tyrosine hydroxylase synthesis (Kizaki
etal., 2009; Liu et al., 2014; Lin et al., 1995; Zhang et al., 2015; Abdelsalam and Safar,
2015). In a related pathway, Ang Il-mediated activation of MAPK/ErK1/ErK2is also
associated with the modulation of inflammation, and increased vesicular release of
presynaptic glutamate in the brain (Tao et al., 2016; Yu et al., 2016; Zucker and Gao, 2005;
Park and Rongo, 2016; Zhou et al., 2016). Thus, Ang Il-induced sympathoexcitation, in the
PVN, may involve the alteration of excitatory (glutamate and cathecolamines) and inhibitory
(GABA) systems through signaling molecules generated in the inflammatory pathways
(Dendorfer et al., 2002; Liu et al., 2014).

Insulin-like growth factor 1 receptor (IGF-1R) is also involved in the regulation of synaptic
activity and attenuation of inflammation in the nervous system (Zhao et al., 1997; Sernia et
al., 1997). IGF-1R is relatively abundant in post-synaptic terminals where it influences
synaptic plasticity through the regulation of catecholaminergic B, and ionotropic glutamate
receptors (Chesik et al., 2008; Fernandez and Torres-Alemén, 2012; Ding et al., 2006). In
addition to its effects on synaptic function, IGF-1R promotes the release of calcium-
calmodulin dependent kinase 1l (CamKlla), which attenuates inflammation by inactivating
molecules involved in HMGB1-dependent DAMP signaling (Ding et al., 2006; Sinha et al.,
2011). Furthermore, cross-talk between IGF-1 and Ang Il signaling pathways is possible;
especially in the alteration of receptor expression patterns involving ErK1/ErK2 signaling
downstream of Ang Il receptor (AT1R) and IGF-1R (Jia et al., 2011). However, to date, the
role of IGF-1R expression patterns in the PVN of SHR, and its possible role in inflammation
and sympathoexcitation has yet to be elucidated. Thus, we investigated age-related changes
in IGF-1R/Ang Il signaling relative to the concurrent progression of inflammation and
sympathoexcitation in the PVN of SHR.

Animal Preparation

Spontaneously hypertensive rats (SHR) and Wistar Kyoto Rats (WKY) were procured from
the Charles River Laboratory (Wilmington, WA). Four (4)- and 20-week old male rats were
separated into four groups of n7=I0animals each and maintained under standard laboratory
condition. All animal handling procedures were done using guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) of the Louisiana State University.

Immunohistochemistry

Rats were perfused transcardially with 10mM PBS (pH 7.4). Subsequently, the perfusion
fluid was replaced by 4% phosphate buffered paraformaldehyde (4% PFA). The whole brain
was removed and fixed in 4% PFA for 24 hours following which the tissue was
cryopreserved in 4% PFA containing 30% Sucrose (4°C). Free-floating cryostat sections
(40um) were obtained and washed (3 times) in 10mM PBS (pH 7.4). In order to block non-
specific protein interaction, sections were incubated in normal goat or rabbit serum,
respectively (Vector Labs, Burlingame, CA) prepared in 10mM PBS (with 0.03% Triton-X
100) at room temperature for 2h. Sections were washed three times in PBS and incubated in
a primary antibody solution overnight at 4°C. Primary antibodies [Goat Anti-Ang I/11 (1:
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250; Santa Cruz-sc-7419, Dallas, TX), Rabbit anti-IGF-1R (1:100; ThermoScientific-
MAB5-15148, Waltham, MA), Rabbit anti-HMGB1 (1:300; Abcam-ab79823, Cambridge,
UK), Rabbit anti-Tyrosine Hydroxylase (1:500; Abcam-ab6211), Rabbit anti-GABA (1:200;
Abcam-ab8891), Rabbit anti-nNOS (1:200; Cell Signaling-#4231, Danvers, MA), Rabbit
anti-MAPK/ErK1/ErK2 (1:100; Cell Signaling-#9102), Mouse anti-CamKlla (1:100; Cell
Signaling-#50049), Rabbit anti-PSD-95 (1:100; Cell Signaling-#2507), Guinea pig anti-
VGLUT 2 (1:250; EMD Millipore-AB2251, Danvers, MA), Mouse anti CD11b (1:250;
Abcam-AB1211), Rabbit anti GFAP (1:300; Abcam-AB7620), and Rabbit anti NeuN-Alexa
488 Conjugate (Abcam; 1:300)] were prepared in 10mM PBS, 0.03% Triton X-100 and
normal goat or rabbit serum. Further processing involved incubation in secondary antibody
solution [Goat anti-Rabbit Alexa-568, Goat anti-Rabbit Alexa-594, Goat anti-Mouse
Alexa-568, Rabbit anti-Goat Alexa 594, Goat anti-Guinea Pig Alexa 568 (Thermofisher;
1:1000), 10mM PBS, 0.03% Triton X-100 and normal serum] for 1h at room temperature in
a dark enclosure. Immunolabeled sections were washed and mounted on gelatin-coated
slides with plain anti-fade mounting medium or mountant containing DAPI (Vector Labs).

Confocal Microscopy and Quantification

The distribution of proteins, receptors and enzymes were imaged using immunofluorescence
quantification and confocal microscopy on an Olympus FluoView 10i (Olympus America,
Center Valley, PA). Cell and protein counting was done using Image J (NIH, Betheda, MD)
and compared for the four groups in One Way ANOVA with Tukey post-hoc test (GraphPad
Prism \ersion 5). Statistical significance set at £<0.05 (95% Confidence Interval). The
outcome was presented in a grouped bar chart with error bars; representing the mean and
standard error of mean respectively (mean£SEM).

Electrophysiology

In separate slice electrophysiological experiments, 4 weeks old SHR and WKY rats were
decapitated after deep sedation with isoflurane. The whole brain was dissected and kept in
ice-cold oxygenated artificial cerebrospinal fluid [ACSF; in mM 125 NaCl, 25 NaHCOs3, 3
KCI, 1.25 NaH,POy4, 1 MgCl,, 2 CaCl, and 25 Glucose]. Coronal slices (500um thick)
containing the PVVN were obtained in cold oxygenated ACSF using a vibrotome and were
immediately transferred into an oxygenated ACSF bath maintained at 34°C. After a recovery
period of 1h, the brain slices were transferred to a perfusion chamber mounted on an
Olympus BX 51 Microscope (Olympus America). Flame pulled low resistance glass pipette
electrode (3-5 MQ) were prepared on a Flaming/Brown P-97 Micropipette puller (Stutter
Instruments, Novato, CA) and filled with an intracellular solution [in mM 135 Potassium
gluconate, 7 NaCl, 10 4-(2hydroxy ethyl)-1-piperazineethanesulfonic gluconate, 1-2
NayATP, 0.3 Guanosine Trisphosphate (GTP) and MgCls; the pH was adjusted with KOH
and final Osmolality was set at 290mOsm]. Using a micromanipulator, the electrode was
visually guided to create a loose patch in order to isolate post-synaptic currents (PSC) (n=9
cells in SHR and n=5 cells in WKY) in voltage clamp mode (Leech and Holz, 1994).
Spontaneously evoked activity and changes in membrane potential were detected using
Multiclamp 700B Amplifier and Digidata 1440A digital acquisition system (Molecular
Devices, Sunnyvale, CA) with filters set at 1KHz and 10Hz (upper and lower band pass).

J Neurochem. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ogundele et al.

Results

Ang I

HMGB1

Page 5

Pipette access resistance ranged from 5-20MQ throughout the duration of the recording.
Spontaneously evoked PSCs were measured with voltage held (V) at =60mV/with no
agonists added to the bath ASCF for SHR and WKY cortical slices. Analysis of recordings
was performed in ClampFit (Molecular Devices).

At 4 weeks, the expression of Ang I/I was higher in SHR compared to WKY (P<0.01). Ang
I/11 expression was significantly increased with age in the PVN of SHR20Weeks compared
with SHR4Weeks (n<0.001). Similarly, the expression of Ang I/11 in the PVN increased with
age in the WKY (p<0.05) (Fig. 1A-B). At higher magnification, Ang I/ll was mostly
localized within the cytoplasm and interneuronal spaces in the PVN of SHR. By contrast,
the WKY PVN neurons expressed Ang I/l predominantly in the interneuronal space (Fig.
1C) by the 4™ week. Ang I/11 over-expression was observed both intracellularly and in the
extra-neuronal compartments within the PVN of SHR20WeeKs (Fig. 1C: p<0.01).

No significant change occurred in HMGB1 expression in the PVN when the SHR was
compared with the WKY by the 41 week. However, for both groups, by the 201" week,
nuclear HMGBL expression increased significantly (Fig. 2; p<0.001). No significant
difference in HMGB1 expression was observed in the PVN of SHR and WKY by the 20t
week (Fig.2A-B), however, further analysis showed predominantly extra nuclear HMGBL1 in
the PVN of SHR (Fig. 2C).

CD11b and GFAP

IGF-1R

At 4 weeks, the SHR showed a lower count for microglia when compared with the WKY
(Fig. 3A-B; p<0.05). Furthermore, distribution of microglia increased in the PVN of SHR
(p<0.001), but not WKY, by the 20t week. However, the microglia field area was 20%
wider in the SHR when compared with the WKY by the 41 and 20t week (Fig. 3C-D;
p<0.01and p<0.05). In subsequent analysis, we evaluated the distribution of astrocytes and
found a prominent increase in population in the PVN of SHR - versus the WKY - at 4 weeks
(p<0.001). No significant change in astrocyte count was seen in the PVVN of SHR at 20
weeks when compared with the WKY rats (Fig. 3E-F). Similar to our observations for
microglia, astrocytes found in the PVN of SHR showed a prominent increase in astrocytic
field by the 4t and 20t week when compared with the WKY (Fig. 3G-H; p<0.001 and
p<0.001 respectively).

Analysis of double-labeled (NeuN and IGF-1R) sections showed that IGF-1R was
preferentially expressed in the PVN, when compared with adjacent thalamic and ventral
hypothalamic areas (Fig. 4A-B). This suggests that IGF-1R is particularly important for
PVN function and changes in the expression of IGF-1R in the PVN may contribute to
inflammatory response and synaptic dysfunction in SHR. By the 4™ week, no significant
change was seen in IGF-1R expression in the PVN when the SHR was compared with WKY.
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However, IGF-1R reduced with age when SHR20Weeks \yas compared with SHR4weeks
(p<0.001). Similarly, a decline in IGF-1R, with age, was observed in the WKY (p<0.05). It
is noteworthy to mention that IGF-1R expression was empirically higher in the WKY versus
the SHR of the same age (20 weeks) (Fig. 4C-D).

Downstream molecules of IGF-1R signaling in the PVN of SHR

Previous studies have shown, extensively, the role of IGF-1R signaling in the development
and maintenance of synapses in the brain. Furthermore, the progression of neural
hypertension has been shown to involve synaptic dysregulation in the PVN. In addition to
the observed age-related loss of IGF-1R in the PVN (versus WKY; Fig. 4), we evaluated the
expression pattern of proteins (CamKlla, MAPK/ErK1/ErK2) involved in IGF-1R
signaling, synaptic function and inflammation.

Our data showed that CamKlla expression did not change significantly in the PVN of SHR
when compared with WKY at 4 weeks. However, CamKlla expression was significantly
lower by the 20th week compared to SHR4Weeks (p<0.001) (Fig. 4E-F CamKlla). By
contrast, WKY showed no significant change in CamKlla expression with age, and had
higher expression than the SHR by the 20" week (p<0.001).

MAPK/ErK was upregulated in the PVN of SHR by the 4" week when compared with
WKY (p<0.001). Since MAPK/ErK has been implicated in synaptic function and
inflammation through the phosphorylation of CamKlla, an upregulated MAPK/ErK may
downregulate IGF-1R function through the inhibition of CamKlla.. Surprisingly,
MAPK/ErK expression was reduced with age in SHR when SHR4Weeks was compared with
SHR20weeks (n<0.05). Furthermore, SHR20Weeks showed a significant decline in MAPK/ErK
versus the WKY of same age (Fig. 4E-F MAPK/ErK).

In order to correlate the significance of MAPK/ErK/CamKlla expression to the change in
synaptic function and inflammation mediated through oxidative stress, we evaluated the
distribution of nNOS in the PVN of SHR and WKY rats at 4 and 20 weeks. Interestingly, we
observed no significant change in nNOS with age in the SHR and WKY rats (4 weeks versus
20 weeks). However, nNOS was significantly lower in the PVVN of SHR at 4 and 20 weeks
versus the WKY (p<0.001) (Fig. 4E-F nNOS). This outcome suggests a persistent level of
oxidative stress between the 41-20™ week in the PVN of SHR. Furthermore, changes in
nNOS have been shown to cause alterations in excitatory NMDAR and inhibitory GABA
activity during inflammation and sympathoexcitation.

Neurotransmitter systems

In order to elucidate the role of age-related PVN inflammation on synaptic dysfunction, we
evaluated the relationship between the secondary signaling molecules in IGF-1R/HMGB1
signaling pathways (CamKlla, MAPK/ErK and nNOS) and the expression of excitatory
(tyrosine hydroxylase, glutamate) and inhibitory (GABA) neurotransmitters molecules in the
PVN of SHR and WKY. Our results showed an increase in tyrosine hydroxylase expression
when SHR4Weeks was compared with SHR20Weeks (n<0,001; Fig. 5A-C), which interestingly
was also observed in the WKY (p<0.01). However, the SHR showed a more prominent
increase at 20 weeks versus the WKY (p<0.05; Fig. 5A-C). Alterations in the expression of
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MAPKI/ErK were associated with increased presynaptic vesicular glutamate transporter
(VGLUT 2) expression with age in the PVN of SHR when SHR*Weeks yas compared with
SHR20weeks (n<0.001; Fig. 6A-C). Similarly, VGLUT2 expression was higher in the PVN of
the SHR when compared with the WKY by the 20t week (p<0.01). From these findings, we
suggest that depletion of IGF-1R in the PVN may be associated with the progression of
sympathoexcitation through increased catecholaminergic and glutamatergic signaling events.
Subsequently, we evaluated the significance of NNOS depletion in the PVN of SHR on the
inhibitory GABAergic system. A significant reduction in GABA was observed in the PVN
of both SHR and WKY when the 41" week was compared with the 20t week scores
(p<0.001). However, the SHR showed a more significant decrease in GABA when compared
with the WKY by the 20t week (p<0.05; Fig. 7A-C).

Synaptic Modifications

Quantification and analysis of post-synaptic density (PSD-95) showed that changes in the
expression of excitatory and inhibitory neurotransmitter systems were associated with
postsynaptic morphological modifications in the PVN of SHR (Fig. 8A). At 4 weeks, the
PSD-95 expression was higher in the SHR when compared with the WKY (p<0.05).
However, by the 20t week, a decline in PSD-95 was seen in the WKY (p<0.05) while the
expression of the protein increased significantly in the SHR (p<0.001) (Fig. 8B-C).

Physiological changes

Subsequent characterization of physiological properties of PVN neurons using whole-cell
patch clamp electrophysiology showed a defective baseline action potential for PVN neurons
of SHRAWeeks versus the WKY in current clamp (Fig. 9A; p<0.001). In voltage clamp mode,
the frequency of inward currents was significantly higher in SHR versus the WKY (mean
+SEM, p<0.001); although the amplitude was unchanged (Fig. 9A-B). The EPSCs were
associated with abnormal phases of repetitive firing when the SHR was compared with the
WKY (Fig. 9B). The frequency of spontaneously evoked currents was significantly higher in
the SHR versus the WKY when the holding voltage (V},) was set at —-60mV. Furthermore,
the amplitude of the spontaneous inward currents increased significantly in the PVN neurons
of SHR; when compared with the WKY (Fig. 9B).

Discussion

Although Ang ll-induced hypertension involves neural and systemic cardiovascular changes,
this study focused exclusively on some of the neural PVN changes associated with the
spontaneous development of sympathoexcitation in SHR and control WKY rats. Previous
studies have shown that SHR become hypertensive after the fifth week and remain so until
the end of life (end organ damage) when compared with the control WKY strain (Care et al.,
2016; Kilick-Erkek et al., 2015; Lindesay et al., 2016; Gowrisankar and Clark, 2016). The
role of Angiotensinergic activation in the PVN and systemic circulation has long been
described in the cause and progression of hypertension in humans and rodent experimental
models alike (Takesue et al., 2016; Shell et al., 2016). Furthermore, activation of AT{R, by
Ang 11, in the PVN may contribute to the progression of neuroinflammation and
sympathoexcitation described in SHR and other hypertensive models (Ogawa et al., 2012;
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Kishi, 2016). However, the mechanism through which sympathoexcitation and inflammation
progresses simultaneously in the PVN to create the hypertensive state has yet to be
elucidated.

IGF-1R signaling activates CamK/la which interacts structurally with dopaminergic D2
receptor (D2R) and controls B,R during catecholaminergic neurotransmission (Chesik et al.,
2008; Kawaai et al., 2015). Through this mechanism, IGF-1R can indirectly regulate the
synaptic activity of ionotropic glutamate receptors (AMPAR and NMDAR) by exerting
control on calcium movement (Hoerndli et al., 2015; Kawaai et al., 2015; Chesik et al.,
2008). However, during Ang Il mediated inflammation in SHR, IGF-1R and its messenger
molecule (CamKlla) are down regulated and may result in the loss of catecholaminergic and
glutamatergic synaptic control (Fig. 10). Furthermore, an increase in MAP/ErK signaling- as
a result of IGF-1R/CamKIla depletion - promotes the pre-synaptic release of glutamate
(excitatory synaptic activity) (Yu et al., 2016). Taken together, the outcome of this study
suggests that IGF-1R depletion with age may represent the hallmark of synaptic dysfunction
and inflammation associated with early onset neural hypertension in SHR. This was in
agreement with the reports by Zhao and co-workers (1997) that described an age-dependent
change in IGF-1R as a factor involved in neuroinflammation.

IGF-1R signaling in Ang ll-induced PVN Inflammation

We have shown that elevated PVN Ang I/l is associated with a decrease in IGF-1R and may
represent a mechanism that promotes sympathoexcitation and inflammation in neural
hypertension. From our observations, we hypothesize that an age-dependent IGF-1R
depletion may be involved in the PVN pathophysiological characteristics of SHR and
hypertension models (Fig.1-4). Based on these observations and studies by other groups
(Takesue et al., 2016a; Yu et al., 2015), we deduce that an increase in PVN Ang Il with age
in SHR promotes inflammation by reducing neurotropin receptor expression (IGF-1R). This
is consistent with the results of Okajima and Harada (2008) that describe a decline in serum
IGF-1 in SHR (when compared with the WKY). Furthermore, treatment with IGF-1 through
pharmacological stimulation of sensory neurons reduces the deleterious effects by blocking
inflammation in SHR (Okajima and Harada, 2006).

The expression of pro-inflammatory cytokine (HMGBL), involved in the onset of DAMP
signaling, increased with age in the PVN of SHR and WKY. However, in the PVN of SHR,
cytoplasmic translocation (activation) of HMGB1 was more prominent when compared with
the WKY by the 20" week. Mechanistically, Ang Il may facilitate neurotropin depletion
through the activation of AT{R, which increases MAPK/ErK signaling. MAPK/ErK
increases JNK and cJUN which promotes nuclear activation and post-translational
modifications of HMGB1 (Dange et al., 2015; Chen et al., 2012; Chen et al., 2012). In
addition, previous studies have shown that an increase in MAPK/ErK is associated with up-
regulated NOX and oxidative stress (Simdes et al., 2015; Morales et al., 2014). As a result,
nNOS and other antioxidant (induced nitric oxide synthase and Cyclooxygenase) systems
are depleted leading to an increase in inflammation through oxidative stress (Dai et al.,
2014; Zhang t al., 1998; DiCarlo et al., 2002).
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Quantification of MAPK/ErK in the PVN showed that the protein was up-regulated in the
SHR at 4 weeks compared with the WKY (p<0.001; Fig. 4E-F). An increase in MAPK/ErK
was associated with an age-dependent decrease in IGF-1R and CamKlla by the 20t week.
To support these findings, previous studies have shown that IGF-1R and CamKlla are
involved in the attenuation of inflammation through the phosphorylation of MAPK/ErK1/
Erk2 (Waldsee et al., 2014; Cassilhas et al., 2012). Furthermore, a decline in IGF-1R
signaling may promote inflammation through the loss of signaling molecules involved in the
attenuation of inflammation (Lewis and Spandau, 2008). Based on these prepositions, we
have shown that the PVN of SHR is characterized by an age-dependent decrease in IGF-1R/
CamKIla/nNOS and an increase in Ang II/HMGB1/MAPK/ErK.

Microglia and astrocytic activation in the PVN of SHR

A more aggressive progression of inflammation in the PVN of SHR was further supported
by quantification data from microglia (CD11b) and astrocytic (GFAP) activation. As such,
by the 4t week, depletion in 7VOS was accompanied by an increase in astrocyte count, and
astrocytic and microglia area fields when compared with the WKY (Fig. 3). Similar to our
observations in this study, previous reports have shown that an increase in microglia
(Dworak et al., 2012) or astrocytes (Thaler et al., 2012; Hsuchou et al., 2009) in the brain
may contribute to the progression of sympathoexcitation in pre-autonomic sympathetic
centers. Additionally, strong evidence suggests that early onset oxidative stress in the PVN
of SHR involves the concurrent depletion of nNOS and astrocytic activation. As shown
previously by Mandell and VandenBerg (1999), an upregulated MAPK/ErK pathway
represents a common promoter of astrogliosis and oxidative stress during brain
inflammation. Furthermore, active calcium signaling events has been identified in astrocytes
during glutamatergic excitotoxicity and cell death (Ranaivo et al., 2012). Ultimately, these
imply a critical role for astrocytic activation in the early onset of synaptic dysfunction seen
in the SHR; especially, with respect to increased glutamatergic and catecholaminergic
activity (Fig. 5-6). Although no significant increase was seen in microglia count, the
morphology of the CD11b positive cells and field are suggestive of the onset of
inflammatory response and DAMP signaling events. Evidently, a recent study has shown a
strong relationship between upregulated microglia and neurons involved in the control of
cardiovascular function (Kapoor et al., 2016). Accordingly, the data from Takesue and co-
workers showed that both Ang Il infusion model and SHR showed an increase in microglia
activation in the PVN, and was associated with an elevated blood pressure; probably through
sympathoexcitation (Takesue et al., 20163, b).

IGF-1R signaling in inflammation and synaptic regulation

IGF-1R has been implicated in inflammation and synaptic function (Zhao et al., 1997). In
this study, we identified proteins that act downstream of IGF-1R that are also involved in
Ang 1l signaling and synaptic function. Based on this premise, we hypothesized that a
change in the expression of IGF-1R may affect synaptic function and inflammation, in part,
by altering the proteins in Ang Il signaling pathway (Fig. 4). Primarily, we investigated Ang
I1-mediated inflammation involving the upregulation of HMGB1 in the PVVN (Song et al.,
2016), activation of MAPK/ErK and reduction of nNOS. Furthermore, elevated MAPK/ErK
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has been implicated in the inactivation (phosphorylation) of CamKlla and IGF-1R signaling
(Yuetal., 2016; Zhao et al., 1997). Mechanistically, Ang Il-mediated upregulation of
MAPKI/ErK, through HMGBL, facilitates an increase in VGLUT2 expression; associated
with sympathoexcitation. Since IGF-1R and CamKlla regulates the activity of
catecholaminergic and ionotropic glutamate receptors (Chesik et al., 2008; Kawaai et al.,
2015), MAPK/ErK-mediated change in CamKIlla may promote a change in
catecholaminergic and glutamatergic neurotransmission. Furthermore, Ang Il-related
increase in MAPK/ErK is linked with the depletion of nNOS; associated with the inhibition
of GABA (Reis et al., 2016).

Synaptic Modifications in the PVN

Neural projections from the PVN have been identified to the rostral ventrolateral medulla
(RVLM) and represent the pre-autonomic sympathetic center that controls systemic
cardiovascular function (Pyner, 2014; Shell et al., 2016). Excitatory glutamatergic and
inhibitory GABA neuron populations have also been identified in parts of the PVN where
they control the release of neuropeptides (Ang I1), stress hormones (CRH) and electrolyte
balance (Aguilera et al., 1995a; Aguilera et al., 1995b; Nillni, 2010). Thus, an increase in
MAPK/ErK and a reduction in nNOS may alter excitatory and inhibitory neurotransmission,
in the PVN, thus contributing to the progression of sympathoexcitation in systemic
cardiovascular and metabolic disorders, similar to the reports by Yu et al. (2016) and others
(Stratton et al., 2014; Tejas-Juarez et al., 2014; Kusek et al., 2013).

The PVN was thought to be a heterogeneous structure which contains several
neurotransmitter systems that forms part of the descending hypothalamic hypophysial tract
involved in neuroendocrine function (Holsen et al, 2013; Wamsteeker et al., 2013).
Predominantly, the excitatory catecholaminergic system projects to the C1
catecholaminergic neuron population of the RVLM and increases the heart rate when
activated (Badoer, 2001; Kishi et al., 2001). Similarly, pharmacological blockade of
catecholaminergic receptors or degeneration of tyrosine hydroxylase positive neuron
population in the PVN disrupts metabolism and heart rate (Zheng et al., 2014).

An increase in PVN Ang Il can increase the threshold of sympathoexcitatory potentials and
inflammation in the pre-autonomic sympathetic centers (PVN and RVLM), which often
leads to hypertension (Kang et al., 2014; Glass et al., 2015; Garbor and Leenen, 2012). In
this study, we compared the expression of excitatory (glutamate and catecholamine) and
inhibitory (GABA) neurotransmitter system molecules in the PVN relative to inflammation
and synaptic dysfunction. Our results showed that catecholaminergic and glutamatergic
expression increased with age in the SHR versus WKY (Fig. 5-6), while GABA reduced
profoundly in the SHR (Fig. 7). Similarly, structural modifications were observed in post-
synaptic density morphology with age when the SHR was compared with WKY (Fig. 8).
From these findings, we deduced that an increase in excitatory activity coupled with a
decrease in inhibitory activity contributes to the progression of sympathoexcitation, with
age, in the PVN. In slice physiological recordings from PVN neurons, spontaneously evoked
PSCs were characteristic of the PVN neurons in SHR by the 4™ week. Interestingly, a study
by Li et al. (2008) has shown similar synaptic dysfunction in the parasympathetic neurons of
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SHR between the 111 and the 13" week. Although, synaptic dysregulation has been
identified in adult SHR (L. et al., 2008), our findings here suggest it is an early event
associated with upregulated MAPK/ErK and reduced nNOS expression; which may promote
glutamatergic and reduce GABA activity respectively (Fig. 10).

Conclusion

Our findings indicate that IGF-1R is generally over expressed in the PVN, compared to the
surrounding hypothalamus, and reduced more prominently with age in the SHR. We have
shown that an increase in MAPK/ErK and decrease in nNOS were characteristic of the PVN
in SHR by the 4" week; when compared with the WKY. In addition, the PVN neurons, at
this time showed abnormal EPSCs attributable to synaptic dysfunction. By the 201" week,
imbalance between excitatory (glutamate/cathecolamines) and inhibitory (GABA)
neurotransmitter systems was accompanied by an increase in pro-inflammatory cytokines,
depletion of IGF-1R and synaptic regulator (CamKlla.). Taken together, an age-dependent
change in the expression pattern of proteins involved in the synaptic and inflammatory
pathways of IGF-1R was linked with the progression of synaptic dysfunction and
inflammation in the PVN of SHR.
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Figure 1.
A-C| Angiotensin I/1l expression in the PVN. (A) Ang I/l was mostly localized within the

interneuronal space of PVN neurons of WKY rats at 4 weeks (n=6, scale bar =20um). By
contrast, in the PVN of SHR#Weeks Ang /11 increased in the PVN neurons and interneuronal
space when compared with the WKY#Weeks (n=6 mean+SEM, “p<0.01). A slight increase
in Ang I/11 was observed in the PVN of the WKY at 20 weeks (n=6) when compared with
the 4 weeks old rats (n=6, mean+SEM, Pp<0.05). The distribution of Ang I/11 increased
profoundly in the PVN of SHR when SHR20Weeks \as compared with the SHRAWeeKS (n=6,
mean+SEM, ¥p<0.001). Similarly, the distribution of Ang I/11 was significantly higher in the
SHR at 20 weeks, versus the WKY (n=6, mean+SEM, ®p<0.001). (B) Quantification of Ang
I/11 in the PVN of SHR and WKY at 4 and 20 weeks. (C) Higher magnification
representative confocal images showing the localization Ang I/11 in the cytoplasm and
interneuronal spaces of PVN neurons (n=6, scale bar =5um). The SHR showed a
significantly higher Ang I/11 expression in the neuron and interneuronal space when
compared with the WKY (arrows).
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20 Weeks

Figure 2.
A-C| Expression of HMGBL1 in PVN of SHR and WKY rats. (A) No significant change was

observed in the expression of HMGB1 when the SHR was compared with the WKY at 4
weeks (n=4). An increase in HMGB1 expression with age was seen in the WKY when the
WK Y4weeks yas compared with WK Y20Weeks (n=4 mean+SEM, Pp<0.001). Similarly, the
distribution of HMGBL in the nucleus of PVN neurons increased in SHR by the 201" week;
versus SHR4Weeks (n=4 mean+SEM, ¥p<0.001). No significant change was seen in HMGB1
distribution when the SHR was compared with the WKY by the 20" week (n=4, scale
bar=20um). (B) Quantification of the relative distribution of HMGBL1 in the nucleus and
cytoplasm of PVN neurons in SHR and WKY rats (4 and 20 weeks). (C) Representative
confocal images showing the localization of HMGBL in the nucleus of PVN neurons in 4
and 20 weeks old SHR (n=5, scale bar = 5um). The distribution of extranuclear HMGB1
increased in the SHR at 20 weeks when compared with SHR4weeks,
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Figure 3.
A-H| Distribution of microglia (CD11b) and astrocytes (GFAP) in the PVN of SHR and

WKY rats at 4 and 20 weeks. (A) Significantly lower microglia count was recorded in the
PVN of SHR (*p<0.05) at 4 weeks when compared with WKY (n=6, scale bar =20um). By
the 20t week, the SHR showed a profound increase in microglia count when compared to
the SHR4Weeks (¥p<0.001). (B) Bar chart depicting the distribution of microglia in the PVN
of SHR and WKY rats. (C) Higher magnification representative confocal images showing
the filed area covered by microglia cells in the PVN. (D) Although the microglia count did
not change significantly in the SHR, we observed a prominent increase in the microglia field
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versus the WKY (¢p<0.01; scale bar =3um). Similarly, by the 20t week, the SHR
maintained a wider microglia field when compared with the WKY (®p<0.05). (E)
Representative confocal images showing the distribution of astrocytes in the PVN of SHR
and WKY rats. (F) Statistical analysis ( 7-fes?) showed that GFAP positive cells (astrocytes)
increased significantly in the PVN of SHR when compared with the WKY by the 41 week
(*p<0.001; scale bar =20pm), and was reduced by the 20t week (¥p<0.01). (G-H) The SHR
showed a wider astrocyte filed area by the 41" and 20t week when compared with the WKY
(*p<0.001 and ®p<0.001; scale bar =5um)
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Figure 4.
A-F| IGF-1R expression in downregulated in the PVVN of SH and WKY rats with age. (A-B)

Confocal image showing the preferential expression of IGF-1R in the PVN of rats when
compared with the dorsal (DHA) and ventral hypothalamic areas (VHA) (n=3, scale
bar=50um; p<0.001) (C) Representative confocal images for the expression of IGF-1R in
the PVN of SH and WKY rats at 4 and 20 weeks (n=6). No significant change was observed
in IGF-1R expression when the SHR was compared with WKY at 4 weeks (scale bar=20um,
5um). A profound decrease in IGF-1R expression was seen in the PVN of the WK 20weeks
when compared with the WKY#Weeks pyN (n=6, mean+SEM, Pp<0.05). Similarly, IGF-1R
decreased in the PVN of SHR20WeekS \when compared with SHR#Weeks

(n=6, mean+SEM, ¥p<0.01). (D) Quantitative representation of IGF-1R distribution in the
PVN of SHR and WKY rats. (E) Change in the expression of IGF-1R-associated signaling
molecules (CamKlla, MAPK/ErK1/ErK2 and nNOS) with age contributes to the
progression of synaptic changes in the PVN of SHR (n=6, scale bar=20um). (CamKlla) No
significant change was observed in CamKlla expression when the SHR was compared with
WKY at 4 weeks (n=6). Similarly, no significant change was seen in CamKlla., with age, in
the WKY PVN (WKY4weeks yersys WK Y20Wweeks) By contrast, an age-dependent depletion
of CamKlla was observed in the PVN of SHR by the 201" week when compared with
SHR4Weeks (n=6, mean+SEM, ¥p<0.001) and WKY?20weeks (n=6 Mean+SEM, ®p<0.001).
(MAPK/ErK) MAPK/ErK was over-expressed in the PVN of SHR at 4 weeks; when
compared with the WKY (n=6, mean+SEM, “p<0.001). The distribution of MAPK/ErK did
not change significantly with age in the PVN of WKY rats at 4 and 20 weeks. By contrast,
MAPK/ErK decreased significantly with age in the PVN of SHR20Weeks when compared
with SHR4Weeks (n=6, mean+SEM, ¥p<0.001) and WKy 20weeks

(n=6, mean+SEM, ©p<0.05). (NNOS) No significant change in nANOS was observed with age
in the PVN of SHR and WKY from the 4t to 20" week. A profound decrease in nNOS was
seen in the SHR when compared with WKY at 4 (n=6, mean+SEM, “p<0.001) and 20
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weeks (n=6, mean+SEM, ®p<0.001) (scale bar=20um). (F) Statistical (bar graph)
representation for the expression of CamKlla, MAPK/ErK and nNOS in the PVN of SHR
and WKY rats.
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A-C| Age-dependent change in Tyrosine Hydroxylase in the PVN of SH and WKY rats. (A)

No significant difference in catecholaminergic activity was seen when tyrosine hydroxylase
expression was quantified in the PVN of SHR and WKY at 4 weeks. Catecholaminergic
activity increased with age in WKY rats when WKY4Weeks \was compared with WK 20weeks
(n=4, mean+SEM, Pp<0.001). Similarly, an increase in catecholaminergic activity was
observed in the PVN of SHR rats from 4 to 20 weeks (n=4, mean£SEM, ¥p<0.001). We
observed a more significant increase in the catecholaminergic activity in the PVN of SHR at
20 weeks when compared with WKY (n=4, mean+SEM, ®p<0.001) (scale bar=20um). (B)
Representative confocal image showing the co-localization of tyrosine hydroxylase and
NeuN (yellow) considered for the quantification of tyrosine hydroxylase and identification
of catecholaminergic neurons in the PVN of SHR20Weeks (scale bar=5pm). (C) One-way
ANOVA comparison for tyrosine hydroxylase expression in the PVN of SHR and WKY rats.
Data was presented as bar graphs with error bars representing mean+SEM.
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Figure 6.

A-C| VGLUT 2 expression in PVN neurons of SHR. (A) No significant change in VGLUT2
expression in the PVN of SHR and WKY rats at 4 weeks. Similarly, VGLUT2 expression
did not change with age in the WKY when WKY4Weeks yas compared with WK 20weeks,
VGLUT? expression increased in the PVN of SHR with age when SHR20Weeks \yag
compared with SHR* Weeks (n=4 mean+SEM, ¥p<0.001). Furthermore, VGLUT2 was over-
expressed in the SHR20Weeks \yhen compared with the WKY (n=4, mean+SEM, ®p<0.001)
(scale bar=20um). (B) Higher magnification confocal image showing the co-localization of
VGLUT2 and NeuN in the PVN of SHR20Weeks (scale bar=5um). (C) Statistical analysis and
bar graph showing the distribution of VGLUT2 in the PVN of SHR and WKY rats.
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Figure 7.
A-C| Depletion of GABA in the PVN of SHR. (A) At 4 weeks, no significant change in

GABA was observed when the SHR was compared with the WKY. GABA reduced
prominently in the PVN of WKY rats with age. This was seen as a significant decrease when
WK Y 4weeks yas compared with WK Y20Weeks (n=5 mean+SEM, Pp<0.001). Similarly, a
significant reduction in GABA was seen in the PVN of SHR with age; when SHR4Weeks yyag
compared with SHR20Weeks (n=4 mean+SEM, ¥p<0.001). Although GABA reduced in the
WKY and SHR with age, we recorded a more significant decrease in the PVN of SHR
versus the WKT at 20 weeks (n=4, mean+SEM, ®p<0.05) (B) Higher magnification confocal
image showing the co-localization of GABA and NeuN in the PVN (scale bar=5um). (C)
Statistical analysis and bar graph representation of GABA expression in the PVN of SHR
and WKY rats.
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Figure 8.
A-C]| Post-synaptic modifications occur with age in the PVN of SHR and WKY rats. (A)

PSD-95 expression increased significantly in the SHR when compared with the WKY by the
4™ week (n=5, mean+SEM, *p<0.05). Furthermore, PSD-95 decreased with age in the

WK Y20 weeks py/N: when compared with WKY# Weeks (n=4, mean+SEM, Pp<0.05). PSD-95
increased significantly with age in the SHR, when compared with the WKY at 20 weeks
(n=4, mean+SEM, ®p<0.001) (scale bar=20um). (B) Higher magnification confocal image
showing the distribution of post-synaptic densities in the PVVN (scale bar=5um). (C)
Statistical analysis and bar graph representation of PSD-95 distribution in the PVN of SHR
and WKY rats.
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Figure.

A-C| Synaptic dysfunction occurs early in the PVN of SHR. (A) Whole-cell perforated patch
recording of EPSCs in current and voltage clamp mode. SHR PVN neurons (n=9 cells)
showed spontaneous neural activity characterized by abnormal and repetitive inward
currents when compared with the WKY (n=5 cells). (B) The PVN neurons of SHR#weeks
showed a defective baseline action potential versus the WKY in current clamp (mV). In
voltage clamp mode, the frequency of inward currents (EPSC) was significantly higher in
SHR versus the WKY (mean+SEM, *p<0.001); although the amplitude was unchanged. (C)
Phase-contrast image showing the electrode placement (arrow) above a PVN neuronal cell
body.
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Figure9.
Schematic illustration of possible interactions between PVN inflammation and

sympathoexcitation in spontaneously hypertensive rats. The activation of HMGB1 occurs as
a result post-translational modifications which involves acetylation of the box B
components. This is also associated with the cytoplasmic translocation of the protein.
Depending on its redox state, HMGBL1 either binds to TLR4 or CXCR4 to promote
inflammation or leucocyte migration in the nervous system. The activities of MAPK in
HMGBL signaling facilitate the release of downstream molecules (NF-xB). Furthermore, it
increases the release of transcriptomes (Nurrl and Pitx3; not investigated), which favors the
production of tyrosine hydroxylase (catecholaminergic activity). MAPK also increases the
presynaptic releases of glutamate (vesicular glutamate activity) and control
catecholaminergic neurotransmission; thus affecting sympathoexcitation. In a separate
pathway, HMGB1 promotes the depletion of nNOS and depletes the “inhibitory”
GABAergic system; further promoting sympathoexcitation. Change in the expression pattern
of IGF-1R may play important roles in the control of inflammation and sympathoexcitation.
Through the activation of CamKlla, IGF-1R reduces the rate at which HMGB1 activates
NF-xB. Similarly, CamKIlla phosphorylates MAPK/Erk1/Erk2 to reduce the progression of
inflammation mediated through TLR4. Ultimately, IGF-1R and its secondary messenger
molecule (CamKlla) interact with catecholaminergic receptors at synaptic terminals to exert
control on the activation of ionotropic glutamatergic receptors.
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