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HIGHLIGHTS

® Unilateral microinjection of GSH into the NTS produced pressor response in conscious rats.

® GSH into the NTS increased LF band of the spectral analysis but produced no change in LF/HF ratio.

® GSH blunts the cardiovascular responses to exogenous L-glutamate into the NTS.

® [-glutamate cardiovascular responses were still blocked even after blood pressure reached its peak to GSH.
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Redox imbalance in regions of the CNS controlling blood pressure is increasingly recognized as a leading
factor for hypertension. Nucleus tractus solitarius (NTS) of the dorsomedial medulla is the main region
receiving excitatory visceral sensory inputs that modulate autonomic efferent drive to the cardiovascular
system. This study sought to determine the capacity of reduced glutathione, a major bioactive antioxi-
dant, to modulate NTS-mediated control of cardiovascular function in unanaesthetized rats. Male Fischer
344 rats were used for microinjection experiments. Cardiovascular responses to L-glutamate were first

Iéfgxo;crlz;sure used to verify accurate placement of injections into the dorsomedial region comprising the NTS. Next,
Glutathione responses to GSH or vehicle were recorded followed by responses to L-glutamate again at the same site.

GSH microinjection increased mean arterial pressure (MAP) compared to vehicle and abrogated responses
to subsequent injection of L-glutamate. These data indicate that GSH microinjection into the NTS affects
blood pressure regulation by dorsomedial neuronal circuits and blunts L-glutamate driven excitation in
this region. These findings raise the possibility that increased antioxidant actions of GSH in NTS could
contribute to autonomic control dysfunctions of the cardiovascular system.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Glutathione is produced in the CNS by glial cells and to a lesser
extent by neurons [26]. The mechanism of glutathione action in the
CNS has mainly been considered to depend on its antioxidant prop-
erties. Inits reduced form (GSH), it is readily oxidized in the CNS and
thus can protect against harmful effects of free radicals [reviewed
by [14]]. However, GSH peptide is also capable of modulating exci-
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tatory neurotransmission due to its ability to directly interact with
and modify functional properties of glutamate receptors. Indeed,
Ogita and colleagues reported that oxidized glutathione (GSSG)
as well as GSH each decrease binding affinity of [3H] glutamate
without affecting the number of binding sites [21]. These findings
suggested that glutathione could act to reduce glutamatergic neu-
rotransmission. However, subsequent studies revealed that more
physiological millimolar concentrations of glutathione have ago-
nist properties at n-methyl-p-aspartate (NMDA) receptors [20].
Hence, whether the dominant neuromodulatory role of GSH is
inhibitory or excitatory has not been established and, indeed, may
vary among neuronal cell types and across brain regions.
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Other studies have raised the possibility that glutathione acts
at specific receptors in the CNS. This provides a possible mecha-
nism of action that is distinct from those related to modulation of
excitatory amino acid neurotransmission. Studies indicate that glu-
tathione binding sites reside mainly on astrocytes and suggest that
glutathione acts as an indirect neuromodulator [11,12]. However,
earlier observations suggested the presence of glutathione binding
sites in synaptic membranes — suggesting direct neuronal actions
— and this was confirmed recently in cortical synaptic membranes
[15].

Despite these findings, few studies have sought to determine
the functional significance of glutathione in modulating CNS neu-
ronal activity. Available evidence suggests that thiol-containing
compounds might be important modulators in neural pathways
of autonomic cardiovascular control. For example, Ohta and col-
leagues showed that microinjection of the thiol-containing amino
acid L-cysteine into the nucleus tractus solitarius (NTS) elicited pro-
nounced hypotensive and bradycardic responses [23] that were
abolished by acute pharmacological blockade of ionotropic gluta-
mate receptors [23], suggesting that reduced thiols in NTS facilitate
glutamatergic neurotransmission. On the other hand, datain the lit-
erature shows that H,0,, an oxidant agent, also produced robust
bradycardic and hypotensive responses when injected into the NTS
and is abrogated by the blockade of ionotropic glutamate receptors
as well [6].

Since GSH is an endogenously generated thiol-containing com-
pound and an antioxidant, its main effect on glutamatergic
pathways within the dorsomedial medulla, specially the NTS, has
yet to be determined. Hence, this study sought to investigate in
conscious freely moving rats the effect of GSH microinjection in
NTS on ongoing arterial pressure and heart rate and on responses
of these variables to acute microinjection of L-glutamate.

2. Materials and methods
2.1. Animals

Male Fischer 344 rats (220-250 g) from the main breeding stock
of the institutional animal facility (CCA-UFOP — Federal University
of Ouro Preto UFOP) were used. Animals were housed in collec-
tive cages (maximal four per cage) under temperature (22 &+3°C)
and humidity (40-60%) controlled conditions and with a 12:12h
light:dark cycle (lights on: 07:00 h AM). After surgical procedures,
animals were housed in individual cages until experimentation.
Rats received standard chow (Guabi Rat Chow, Paulinia, SP, Brazil)
and water ad libitum. Experiments were performed in accordance
with Brazilian Society for Neuroscience guidelines and Behavior
Guidelines for Animal Experimentation and were approved by the
institutional animal care and use committee (CEUA) from the Fed-
eral University of Ouro Preto (CEUA-UFOP, protocol n° 2010/85).

2.2. Drugs

Reduced glutathione (GSH) and L-glutamate (Sigma, St. Louis,
MO, USA) were diluted in phosphate buffered saline (PBS) to final
concentrations of 20 nmol and 1 nmol, respectively. GSH was neu-
tralized with an equimolar amount of sodium bicarbonate prior to
dilution.

2.3. Animal instrumentation

Stainless guide cannulae directed to the NTS were implanted
in rats anesthetized with a ketamine (80mg/kg, i.p.)/xylazine
(7 mg/kg, i.p.) cocktail (Cristalia Produtos Quimicos e Farmacéu-
ticos, Itapira, SP). Rats were placed in a Stoelting stereotaxic
instrument and a stainless steel cannula (14.0 mmx0.6 mm o.d.)

was implanted so that its tip was located 14.5 mm caudal and
7.5 mm ventral to bregma and 0.5 mm lateral to midline. Two jew-
eler’s screws were implanted in the skull, and the cannula was
anchored to the screws with acrylic cement. Immediately following
surgery, rats received an intramuscular injection with 30,000 IU of
penicillin (Fort Dodge Satide Animal Ltda., Campinas, SP) and were
housed singly with ad libitum access to chow and water.

Three days after stereotaxic surgery, also under
ketamine/xylazine anesthesia, a polyethylene cannula (PE-10
connected to PE-50, Clay Adams, Parsippany, NJ, USA) filled with
heparinized saline (125 IU/ml), was inserted into the abdominal
aorta through the right femoral artery of each rat to measure
pulsatile arterial pressure (PAP), mean arterial pressure (MAP) and
heart rate (HR) according to procedures indicated below.

2.4. Experimental protocols

Experiments were performed in unanesthetized freely mov-
ing rats, approximately 48 h after femoral cannulation surgery. To
insure minimal impact of acute stress on experimental outcomes,
after connecting arterial cannulae to recording instruments rats
were allowed to stabilize in their home cages for at least 1 h before
commencing experiments.

Unilateral injections into the NTS were made with a 5 pl Hamil-
ton syringe connected by polyethylene tubing (PE-10) to an injector
cannula made of 32 gauge stainless steel tubing. The injector, when
fully inserted, protruded ~1.5 mm beyond the tip of the guide can-
nula to target NTS. Each injection volume was 100nL and was
delivered over a period of 5-10s.

2.5. Effects of reduced glutathione microinjections in NTS of
conscious rats

Effects of GSH (20 nmol/100nL) in NTS (lateral aspect of the
commissural NTS) were tested 40 min after the injection site was
functionally identified with L-glutamate (L-glu, 1 nmol/100nL),
which typically produced a robust decrease in MAP and HR [5,6].
From a group of 9 rats with positive functional identification of the
NTS, 4 rats were used to teste the effects of GSH on cardiovascular
responses to L-glu into the same site. In this group, vehicle (100 nL)
was injected 20 min after the first L-glu injection and 20 min before
the GSH injection. Cardiovascular responses to L-glutamate at the
same site were retested 60 min after GSH microinjection. In an
additional control group (3 rats), an injection of vehicle (100 nL)
replaced the GSH injection.

2.6. Histology

At the end of each experiment, injection sites were marked
with 2% Evan'’s Blue solution (100 nL). Immediately after the injec-
tion, animals were deeply anesthetized with sodium thiopental
(70 mg/kg of body weight, i.v.) and perfused through the heart
with 0.9% NaCl (30 ml) followed by 10% buffered formalin (100 ml).
Brains were removed and kept in 10% buffered formalin solution for
at least 24 h. Coronal slices were cut to a thickness of 50 um on a
freezing microtome, mounted on glass slides, stained with Neutral
Red and viewed under a light microscope to determine the location
and distribution of dye at the injection site. When the distribution of
dye encompassed the NTS, injections were accepted and the results
from those experiments were included in the data analysis.

2.7. Data analysis
Cardiovascular responses to L-glutamate and GSH microinjec-

tions were quantified by measuring the maximum change in MAP
and HR taking as baseline 20 s of the records just before each NTS
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microinjection. Results are reported as mean =+ standard error of
the mean (SEM).

Heart rate variability (HRV) was evaluated before, immediately
after GSH microinjection and 20 min after GSH microinjection.
Consecutive systolic intervals (SI) of 880-1050 heart beats were
analyzed by the Heart Rate Variability module of the LabChart 8.1.5
for Windows software (ADInstruments Pty Ltd, Australia). Spectra
was divided in low frequency (LF) and high frequency (HF) bands
and each was set to range from 0.2 to 0.75Hz and 0.75-2.50Hz
respectively. Ratio between LF and HF was used to estimate sym-
pathovagal balance modulation. Power density was measured as
ws? and band’s power density were calculated as percent of total
power density in the spectrum.

Analysis of variance (ANOVA) for repeated measures was used
for group comparisons followed by post-hoc pair-wise com-
parisons with Bonferroni’'s post-test. All data were statistically
analyzed using Prism software version 6.00 (GraphPad Software,
San Diego California USA). Differences were considered significant
when the probability of a Type I error was less than 5% (p <0.05).
Statistic power ([3) was calculated for pairwise comparisons using
the calculator tool available in the RSS Research website and con-
sidered valid when higher than 0.80.

3. Results

Microinjections made in 9 rats were considered to specifically
target NTS. Histology showed that dye microinjected (100 nL) into
NTS encompassed most of the intermediate subnucleus within the
sub-postremal region, with some diffusion to surrounding areas as
shown in Fig. 1 (panel c). Baseline mean arterial pressure (MAP)
and heart rate (HR) in these experiments averaged 116 +9 mmHg
and 346 + 39 bpm, respectively.

Microinjections of GSH into the NTS significantly increased MAP
(19.4+1.4mmHg, n=9) compared to vehicle (2.5+0.8 mmHg,
n=4) (unpaired t-test; p <0.05) and reduced HR (GSH, —36.8 4.2
bpm, n=9; vehicle, —5.9 + 2.5 bpm, n=4; unpaired t-test; p <0.05)
as shown in Fig. 1 (panels a and b). Pressor responses to GSH lasted
~5 min. Changes in MAP and HR elicited by microinjections of vehi-
cle (100 nL) into the NTS followed the same protocol described for
GSH microinjections.

Fig. 2 shows that the initial microinjection of L-glutamate
into NTS produced depressor (-50 +£14 mmHg; n=4) and brady-
cardic (-237 +£16 bpm; n=4) responses. Prior microinjection of
GSH into the same site effectively abolished (p <0.05; 3=0.929)
responses to subsequent injection of L-glutamate (1+2mmHg
and —7 +£4 bpm; n=4). Both L-glutamate-evoked responses were
compared to responses elicited by vehicle microinjections 20 min
before the injection of GSH (2+1mmHg and6+3 bpm, n=4).
The MAP (-49 + 12 mmHg) and HR (-250 £ 25 bpm) responses to
L-glutamate before (n=3) and after (MAP, —48 + 11 mmHg; HR,
—242 +15 bpm, n=3; 3=0.95) vehicle injections were not differ-
ent.

Frequency-domain variability of the heart rate analysis showed
an increase in HF band power immediately after (40.4+4.4%;
ANOVA followed by Bonferroni’s post test; p <0.05; n=9) compared
with before (27.8 &+ 2.3%) GSH microinjection into the NTS (Fig. 3).
No differences were found between 20 min after GSH and before or
20 min after and immediately after (Fig. 3). LF band and LF/HR ratio
were not different among the periods evaluated (Fig. 3).

4. Discussion

Results from this study showed that GSH microinjection
into NTS, at the concentration used in these experiments (20
nmol/100 nL), elicited mild pressor response and blunted depressor
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Fig. 1. MAP and HR effect of GSH microinjection into NTS of conscious freely mov-
ing rats. (a) Traces of pulsatile arterial pressure (PAP), mean arterial pressure (MAP)
and heart rate (HR) showing responses reduced glutathione (GSH, 20 nmol/100 nL).
Dashed lines delineate microinjection time. (b) Summary data showing that GSH
(20 nmol/100 nL) microinjection in NTS significantly increased MAP when com-
pared to vehicle microinjection. (¢) Schematic drawing of the microinjection sites
(top) and photomicrograph of a neutral red stained coronal section (50 m) through
the dorsal medulla oblongata including the NTS (lateral aspect of the commissural
NTS), indicated by the dashed lines (botton). Black circles indicate the center of GSH
microinjection and white circles indicate the center of vehicle microinjections. Tri-
angle indicates site of injection and arrow indicates the central canal. *different from
vehicle; unpaired t-test; p<0.05.

and bradycardic responses to NTS microinjection of L-glutamate in
conscious freely moving rats, thereby suggesting that GSH has an
inhibitory effect on glutamatergic neurotransmission in NTS.

The concept that brain GSH plays a physiological role in regulat-
ing cardiovascular function is consistent with literature evidence
that thiol containing compounds as cysteine, cysteine sulfinic
acid [29] and S-nitrosocysteine [18,23] elicit robust cardiovascular
responses when injected into the NTS. The cardiovascular actions of
the L-cysteine into the NTS seem to be largely diminished by the L-
glutamate receptors antagonist kynurenic acid [23] suggesting that
cardiovascular responses evoked by L-cysteine may depend on glu-
tamatergic pathways in the NTS. On the other hand, overall brain
and plasma GSH seem to be reduced in renovascular [7] and Dahl
salt [4] hypertension animal models. These findings suggest that
keeping CNS and peripheral glutathione contents within normal
range is likely an important factor for mechanisms controlling car-
diovascular function. Consistent with this, chronic administration
(in the tap water) of the glutathione synthase inhibitor buthionine-
sulfoximine has been reported to increase blood pressure inrats [9].
Taken together, these findings raise the possibility that GSH may
contribute to cardiovascular pathologies in different ways depend-
ing on what mechanisms are affected and how they are affect by
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Fig. 2. Changes in MAP and HR elicited by L-glutamate microinjections in NTS before and after GSH or vehicle in conscious freely moving rats. (a) Reduced glutathione (GSH,
20 nmol/100 nL) microinjection into NTS abrogated depressor and bradycardic responses to subsequent injection (60 min later) of L-glutamate (L-glu, 1 nmol/100 nL). Vehicle
(100 nL) microinjection had no effect on either response to a second L-glu microinjection. (b-e) Summary data. *different from vehicle and L-glu after GSH; ANOVA followed
by Bonferroni’s post test; p <0.05; statistic power 0.929 for the comparison between L-glu responses before and after GSH.

changes in GSH levels. Here we examine the cardiovascular effects
of acute changes in GSH levels exclusively within the dorsomedial
medulla and how it affected local glutamatergic transmission.
Although GSH actions may have important implication for
improving disease treatment, the functional relevance of GSH
changes to neural control of blood pressure is not well under-
stood. The brain concentration of GSH averages between 2 and
3 mM, with the concentration in astrocytes (~4 mM) being higher
than in neurons (2.5 mM) [reviewed in [26]]. Largely on this basis,
it has been proposed that fluctuations of GSH levels more pro-

foundly impact the function of glia compared to neurons. However,
this may not be the case. Indeed, some studies have reported
that glutathione can influence neuronal behavior both by modu-
lating glutamate receptor function [20,21] and by acting at specific
glutathione receptors expressed by neurons [15,22]. L-glutamate
is an important mediator of neuronal activation by inputs aris-
ing from peripheral cardiovascular sensors and is a key excitatory
transmitter within CNS circuitry that mediates cardiorespiratory
reflexes [3,8,13,16,17,19,25,28,30,31]. Studies have revealed that
both reduced (GSH) and oxidized (GSSG) glutathione are capable of
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Fig. 3. Percent contributions of the LF and HF bands to the total power density
(ps?) measured in the spectra acquired before (Baseline), immediately after (GSH)
and 20 min after (20 min post GSH) GSH (20 nmol/100 nL) microinjection into the
NTS. The inset graph represents the LF/HF ratio. LF and HF bands ranged from 0.2
to 0.75Hz and 0.75-2.50 Hz respectively. * different of Baseline; Two Way ANOVA
followed by Bonferroni’s post test; p<0.05.

displacing L-glutamate from its receptor [20]. Janidky and colleagues
further demonstrated that GSH binds via its gamma-glutamyl
moiety to ionotropic glutamate receptors and, at micromolar
concentrations, displaces excitatory agonists, acting to halt their
physiological actions (citation of the Janaky paper). The afore-
mentioned findings clearly point toward glutathione having a net
inhibitory effect on neurotransmission mediated by L-glutamate.
However, other studies point toward an alternate action. At
millimolar concentrations, GSH increase current through NMDA
receptor channels by acting through its free cysteinyl thiol group
to modulate redox sites on the NMDA receptor [14]. Thus, given
evidence for millimolar concentrations of GSH in the CNS, facil-
itation of glutamatergic neurotransmission also appears possible
[14,20,27].

The present study indicates that the dominant effect of GSH on
local glutamatergic transmission within the dorsomedial medulla
comprising the NTS in conscious rats was to abrogate excitatory
actions of L-glutamate. It was evident from our observation that car-
diovascular responses evoked by L-glutamate in NTS were nearly
abolished by prior microinjection of GSH into the same site. Based
on that, the GHS actions in the NTS seem to be correlated to its
antioxidant property. In a previous study by our group, we showed
that H,0, microinjections into the NTS elicited robust bradycardic
and hypotensive responses which were abrogated by previous
kynurenic acid microinjection [6]. Since GSH and H,0, are in the
opposite sides of the redox balance, we speculate that both may act
through redox modulatory sites on glutamate receptors to increase
or diminish local neuronal activity. The existence of redox modula-
tory site have already been proposed on both NMDA and non NMDA
glutamate receptors [1,2,27] as well as functional data have pro-
vide further evidences of the importance of such redox modulatory
sites in regulate neuronal excitability by L-glutamate [6,18,23,24].
In addition, GSH microinjection by itself acutely increased blood
pressure, even though GSH was microinjected only unilaterally.
This finding indicates that an acute increase in GSH availabil-
ity within NTS interferes with blood pressure regulation at rest
possibly by interfering with glutamatergic neurotransmission. A
caveat to this interpretation is that GSH could have concentration-
dependent effects that could participate in observed responses. The
present study, for example, cannot rule out the possibility that
GSH either reduced NTS neuronal excitability or perhaps enhanced
local inhibitory neurotransmission, either of which could have con-
tributed to its ability to increase resting MAP and to blunt responses
to subsequent injection of L-glutamate. Another mechanism que

could explain the lack of glutamate responses after GSH is the
possible selective depletion of glutamate from neurons/astrocytes
produced by the high tissue concentrations of GSSG (oxidized
glutathione) or GSH. If that was the case in our study, GSH microin-
jections would cause a massive increase in extracellular glutamate
which would naturally binds to its post-synaptic receptors at last-
order neurons and produce huge depression in blood pressure
levels. That would be like the injection of L-glutamate into the same
site. However, data do not support this hypothesis because GSH
microinjection into the NTS produced the opposite response, a mild
increase in blood pressure. Thereby, we do not believe this could
be a major mechanism by which GSH is acting within dorsomedial
medulla.

To assess how GSH-mediated blockade of L-glutamate receptors
could impact autonomic control of the heart, we evaluated heart
rate variability. Spectral analysis of the systolic interval revealed
that LF band power density was not affected and that HF band
power density was increased by GSH microinjection into NTS. LF/HF
ratio was not affect by GSH suggesting that autonomic balance
was kept within normal range despite of increased HF band power
density just after GSH microinjection. It has been proposed in the
literature that HF band mostly reflect respiratory sinus arrhyth-
mia, which can be linked to parasympathetic cardiovagal outflow
[10]. This mater have been reviewed recently in the literature and
raised evidences led to two important conclusions: 1) LF power
seems to reflect baroreflex function and not cardiac sympathetic
tone and 2) LF/HF ratio may reflect modulation of cardiac auto-
nomic outflows by the baroreflex and not the cardiac autonomic
outflows directly [10]. Since LF band was similar before and after
the unilateral GSH microinjection, we suggest that baroreflex may
not be significantly affect by the GSH microinjection in this study.
Furthermore, increased modulation of parasympathetic activity to
the heart, as indexed by HF band power density, may result from
functional compensation of the circuit unreached by the GSH in
response to the mild increase in blood pressure, thereby explaining
the apparent contradiction.

In this study, we first demonstrated that the endogenous tripep-
tide GSH seem to abrogate local glutamatergic transmission within
the dorsomedial medulla in conscious rats. Such strong inhibition
is commonly reported for glutamate receptors antagonists and may
uncover important role for GSH in the reflex control of blood pres-
sure. From our findings, we can now draw a possible regulatory
function for GSH in vivo as a powerful endogenous regulator of
the glutamatergic transmission in cardioregulatory neural circuits.
Different of cysteine, GSH does not act activating glutamate recep-
tors [23] and may have a complete distinct mechanism of action
from other thiol-containing compounds which have been demon-
strated produce cardiovascular responses when injected into the
NTS [18,23]. Consequently, results presented here provide a new
and potential important line of investigation that may uncover
potential role for GHS as a neuromodulator involved with neural
cardiovascular control.
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