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Abstract

This study tested the hypothesis that lipopolysaccharide (LPS) lowers arterial pressure through
two different mechanisms depending on the dose. Previously, we found that a low hypotensive
dose of LPS (1 mg/kg) lowers arterial pressure by activating vagus nerve afferents. Here we report
that hypotension evoked by high dose LPS (15 mg/kg) can be prevented by injecting lidocaine into
the OVLT but not by vagotomy or inactivation of the NTS. The hypotension produced by both
LPS doses was correlated with elevated extracellular norepinephrine concentrations in the POA
and prevented by blocking alpha-adrenergic receptors. Thus, initiation of endotoxic hypotension is
dose-related, mechanistically.
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1. INTRODUCTION

Septic shock has been characterized as a systemic inflammatory response to bacterial
infection accompanied by persistent hypotension, tissue hypoperfusion and inadequate
cellular oxygen utilization (Vincent, 2008; Angus and van der Poll, 2013). Although
substantial progress has been made toward understanding the molecular pathophysiology of
septic shock (Van Amersfoort et al., 2003; Angus and van der Poll, 2013; Bosmann and
Ward, 2013; King et al., 2014) it continues to be a major cause of death and mortality rates
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remain unacceptably high (Martin et al., 2003; Jawad et al., 2012). Hence, there is a pressing
need for new therapeutic strategies for treating, or preventing, septic shock.

Although hypotension, per se, does not fully account for the pathogenesis of septic shock,
certainly restoration of arterial pressure and microvascular blood flow with intravenous
fluids and vasopressors is standard initial therapy (Angus and van der Poll, 2013; Vincent
and De Backer, 2013). Accordingly, treatments that prevent the initial fall in arterial
pressure evoked by severe sepsis may, in theory, avoid some of its detrimental effects and
reduce or eliminate requirements for resuscitation fluids and vasopressors. This
consideration raises the question: What initiates the fall in arterial pressure during sepsis?

To address this question experimentally, we treated rats with lipopolysaccharide (LPS), a
cell wall constituent of Gram-negative bacteria commonly used in experimental models of
septic shock. It is often assumed that LPS lowers arterial pressure by stimulating the release
of tumor necrosis factor-a (TNF-a) and other cytokines which act on the vasculature to
produce vasodilation (Ulloa and Tracey, 2005). However, in earlier studies, we tested an
alternative hypothesis; that endotoxic hypotension is initiated through a central mechanism
(Yilmaz et al., 2008b). This hypothesis is based on evidence that LPS causes fever through a
central mechanism in which the preoptic area of the hypothalamus (POA) plays a pivotal
role (Blatteis et al., 2005). We found, as in the case of fever, that the fall in arterial pressure
evoked by a relatively low hypotensive dose of LPS, 1 mg/kg i.v., could be prevented by
microinjecting the local anesthetic lidocaine or the alpha-adrenergic receptor antagonist
phentolamine into the POA of conscious or anesthetized rats (Yilmaz et al., 2008a; 2008b).
Lipopolysaccharide administration also elevated extracellular norepinephrine (NE)
concentrations in the POA (Villanueva et al., 2009), which suggests that LPS initially lowers
arterial pressure by stimulating NE release. Together, these results indicate that endotoxic
hypotension is initiated by activation of adrenergic neurons in the POA.

These findings raise a second fundamental question, how does a peripheral signal from LPS
stimulate NE release within the POA? This issue has been studied extensively with regard to
LPS-induced fever. LPS administration raises body temperature through two different
mechanisms depending on the dose; low LPS doses (1 pg/kg i.v.) cause fever by activating
vagus nerve afferents whereas higher doses (30 ug/kg i.v.) activate receptors in the organum
vasculosum of the lamina terminalis (OVLT), the area postrema and, possibly, other
circumventricular organs (Sehic and Blatteis, 1996; Azab and Kaplanski, 2001;
Romanovsky et al., 2005).

The dose of LPS necessary to lower arterial pressure is considerably higher than the
pyrogenic dose (Steiner et al., 2009) and it is unknown whether a similar dichotomous
mechanism explains LPS-induced hypotension. In earlier studies we tested whether LPS
lowers arterial pressure by activating vagus nerve afferents and found that either
subdiaphragmatic vagotomy or lidocaine injection into the nucleus tractus solitarius (NTS),
where vagal afferents synapse, prevented initiation of LPS hypotension completely (Yilmaz
et al., 2008a). Lidocaine injection into either the OVLT or area postrema was ineffective,
however. The fall in arterial pressure evoked by a relatively low hypotensive dose of LPS is
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thus initiated through vagus nerve afferents, not by activation of receptors in the OVLT or
area postrema.

In this study we tested whether the hypotensive effect of a relatively high hypotensive dose
of LPS, 15 mg/kg i.v., is initiated through the same, or a different, neural pathway. Here we
report evidence that the cardiovascular effects of high dose LPS are mediated by the OVLT,
but not the vagus nerve.

2. MATERIALS AND METHODS

Male Sprague-Dawley rats (250-300 g; Charles River Laboratories, Wilmington, MA) were
anesthetized with 4% isoflurane and maintained with 1.5% isoflurane in 100% O,. The left
femoral artery and left jugular vein were cannulated with PE-50 tubing filled with
heparinized saline (100 U/ml) to record arterial pressure and administer drugs. At the
beginning of each experiment the arterial cannula was connected to a volumetric pressure
transducer attached to a DA100C transducer amplifier (BIOPAC Systems, CA, U.S.A.).
Avrterial blood pressure and heart rate were recorded using a Biopac MP150 system and
AcgKnowledge software (BIOPAC Systems, CA, U.S.A.). The animal protocols were
conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals.

2.1. Microdialysis

A sterile, 17 mm long, 17-gauge, thin-walled stainless steel guide cannula with a tightly
fitting indwelling stylette was implanted stereotaxically into the POA 0.3 mm caudal and 0.8
mm lateral to bregma and 8.5 mm below the dural surface (Paxinos and Watson, 2005) and
fixed to the skull with four stainless steel screws and dental acrylic cement. Concentric
microdialysis probes were constructed as previously described (Blatteis et al, 2005).
Approximately two hours before each experiment the stylette was removed from the guide
cannula and replaced with a sterile microdialysis probe with the tip of the dialysis membrane
protruding 1 mm below the end of the guide cannula. The probe was fixed to the skull with
tissue adhesive and perfused with sterile artificial cerebrospinal fluid (NaCl, 148 mM; KClI,
2.7 mM; CaCl,, 1.2 mM; MgCl,, 0.8 mM, pH 7.4), prepared fresh daily and pre-warmed to
38 °C, using sterile 1-ml tuberculin syringes clamped to a syringe pump (model #A-99;
Razel Scientific Instruments, Stamford, CT, U.S.A.).

The microdialysis probes were perfused for a 90 min stabilization period at an initial flow
rate of 4 pl/min for 10 min, then at 3 pl/min for 10 min, then at 2 pl/min for the remainder of
the experiment. The microdialysis effluents were collected at 10 min intervals into ice cold
polypropylene tubes containing 1 ul 5% perchloric acid and stored at =20 °C until analysis.
At the end of each experiment the rat was euthanized with an overdose of isoflurane, the
brain was rapidly removed, frozen on dry ice and sections (50 pm) were cut with a
microtome cryostat. The sections were mounted on slides, stained with eosin, air dried,
cover slipped and the location of the tip of the microdialysis probe was confirmed by visual
inspection. Only data from confirmed probe placements were included.
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2.2. Norepinephrine analysis

The NE concentration of microdialysis samples was evaluated using HPLC with
electrochemical detection (Villanueva et al., 2009). Samples (5 ul) were injected using a
CMA 200 refrigerated automatic sampler (CMA Microdialysis, North Chelmsford, MA,
U.S.A)) onto a 150 x 3 mm ODS C18 column (ESA, Inc., Bedford, MA, U.S.A.) perfused
by BAS 200A HPLC pumps (BAS, Inc., West Lafayette, IN, U.S.A.) at 0.25 ml/min with a
mobile phase containing 80 mM sodium dihydrogen phosphate monohydrate, 2.0 mM 1-
octanesulfonic acid sodium salt, 100 pl/liter triethylamine, 5 nM EDTA and 10%
acetonitrile, pH 3.0. Norepinephrine was analyzed by using an ESA Coulochem Il 5200A
electrochemical detector with an ESA 5041 high-sensitivity microbore analytical cell and an
ESA 5020 guard cell. Electrochemical detection was performed at 220 mV and 1.0 nA with
the guard cell at 350 mV. All samples were analyzed in triplicate. The limit of detection for
NE was 0.2 pg/5 pl. The chromatographic data were collected and analyzed with a
PowerChrom system (AD Instruments, Castle Hill, NSW, Australia) and expressed as pg/ml
of sample. Baseline values were defined as the average extracellular fluid NE concentration
of the three samples collected before saline or LPS administration.

2.3. Stereotaxic injections

For intra-POA injections, isoflurane-anesthetized rats were mounted in a stereotaxic frame
and the alpha-adrenergic receptor antagonist phentolamine (5 ug; 1.0 pl), (Sigma Chemical
Co., St. Louis, MO) or saline (1.0 pl) was injected bilaterally into the POA with a Hamilton
syringe (Model #62, Hamilton Co., Reno, NV) lowered at a 15° angle to a site 1.4 mm
lateral and 0.3 mm caudal from bregma at a depth of 8.6 mm below the dural surface
(Paxinos and Watson, 2005). For NTS injections, lidocaine (2%; 1.0 pl; Sigma Chemical
Co., St. Louis, MO) or saline (1.0 ul) was injected through a cannula lowered vertically into
the NTS 1.6 mm lateral and 13.3 mm caudal to bregma and a depth of 7.9 mm below the
dural surface (Paxinos and Watson, 2005). For injections into the OVLT, lidocaine (2%; 1.0
ul) or saline (1.0 pl) was injected on the midline 0.6 mm rostral from bregma and a depth of
8.0 mm below the dural surface (Paxinos and Watson, 2005). For injections into the area
postrema, lidocaine (2%; 1.0 pl) or saline (1.0 pl) was injected, on the midline 14.0 mm
caudal to bregma and a depth of 7.5 mm below the dural surface (Paxinos and Watson,
2005).

Drugs were dissolved in 0.9 % saline containing 0.2% Chicago Sky Blue dye to mark the
injection sites. Drug injections were delivered at a constant rate over a 1 min period. Two
minutes after the stereotaxic injection of lidocaine, phentolamine or saline, rats were
administered LPS (15 mg/kg) or saline (1 ml/kg) i.v. and arterial pressure and heart rate
were recorded at 1 min intervals for 1 or 3 h. The 15 mg/kg LPS dose was selected based on
evidence that it produces a prolonged hypotension and results in a mortality rate of at least
60% (Varga et al., 1998) in contrast to 1mg/kg i.v. LPS which causes little or no mortality
(Rosengarten et al, 2007; Yilmaz et al., 2008a).

At the end of each experiment, each rat was sacrificed with an overdose of isoflurane, the
brain was removed, frozen on dry ice and sections (50 um) were cut with a microtome
cryostat (Microm Model HM505E, Waldorf, Germany). Sections were mounted on slides,
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stained with eosin, air dried and cover slipped and the location of the cannula tip was
confirmed. Only data from confirmed placement of the cannulas were included in this
report.

2.4. Subdiaphragmatic vagotomy

The abdomen of isoflurane-anesthetized rats was opened by a midline incision and the
esophagus and the stomach were gently retracted. The dorsal and ventral trunks of the vagus
nerves around the esophagus were carefully dissected and cut with microsurgery scissors
immediately below the diaphragm. Control animals underwent the same procedure except
the nerves were not severed. Fifteen minutes later animals were administered LPS (15
mg/kg) or saline (1 ml/kg) i.v. and blood pressure and heart rate were monitored for 60
minutes.

2.5. Cervical vagotomy

Following a midline dissection of the cervical region, the left and right vagus nerves were
separated carefully from neighboring tissues and cut simultaneously with microsurgery
scissors. Control animals underwent the same procedure except the nerves were not severed.
Fifteen minutes later animals were administered LPS (15 mg/kg) or saline (1 ml/kg) i.v. and
blood pressure and heart rate were monitored for 60 minutes.

2.6. Statistical analysis

Data are presented as mean + standard error of the mean (SEM) and were analyzed by
repeated measure two-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test using SigmasStat 3.0 (SPSS, Chicago, IL, U.S.A.). A two sided P value of
<0.05 was considered significant.

3. RESULTS

3.1. High Dose LPS increases extracellular fluid NE concentrations in the POA

Previous studies showed that i.v. administration of 1 mg/kg LPS elevates extracellular NE
concentrations in the POA although the effect of higher LPS doses has not been reported
(Villanueva et al., 2009). To test this, isoflurane-anesthetized rats were treated with 15
mg/kg LPS i.v. and extracellular NE concentrations were sampled by microdialysis and
analyzed by HPLC. Intravenous LPS administration increased extracellular NE
concentrations in the POA significantly (F1 7 = 25.24; P < 0.001) (Fig. 1). Extracellular NE
increased to approximately 500 % of control values within 10 min of LPS administration
and remained significantly above control values for at least 50 min (Fig. 1). Saline
administration did not affect extracellular fluid NE concentrations in the POA significantly
(Fig. 1). These data show that 15 mg/kg LPS elevates extracellular NE in the POA as shown
previously for a lower dose of LPS (Villanueva et al., 2009).

3.2. Phentolamine injection into the POA inhibits LPS hypotension

Intravenous administration of 15 mg/kg LPS produced a biphasic fall in arterial pressure
(Fig. 2A). Mean arterial pressure began to decline within 5 min of LPS administration,
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reached its nadir at 10 min, and returned toward baseline values within 35 min (Fig. 2A).
Avrterial pressure began to decline a second time after 55 min and remained significantly
below control values for the remainder of the 3 h experiment (Fig. 2A). Lipopolysaccharide
administration did not affect heart rate significantly (Fig. 2B).

In an earlier study, we showed that bilateral phentolamine injection into the POA prevented
the hypotension induced by a lower LPS dose, 1 mg/kg i.v. To test whether alpha-adrenergic
receptors mediate the cardiovascular effects of 15 mg/kg LPS, we microinjected
phentolamine (5 pg; 1 pl) or saline (1 pl) bilaterally into the POA before treating rats with 15
mg/kg LPS i.v. Figure 2A shows that phentolamine reduced the initial depressor effect of
LPS and inhibited the second, decompensatory phase of LPS-induced hypotension
significantly (F 324 = 12.23; P < 0.001) (Fig. 2A). Phentolamine did not affect arterial
pressure significantly in saline treated control animals (Fig. 2A) and did not influence heart
rate significantly in either control or LPS treated animals (Fig 2B).

3.3. Acute subdiaphragmatic vagotomy

To test the hypothesis that vagus nerve afferents mediate the depressor response evoked by
15 mg/kg LPS we transected the vagus nerve below the diaphragm 15 min before injecting
LPS i.v. Acute subdiaphragmatic vagotomy did not inhibit LPS hypotension significantly
compared to sham vagotomy, however. Figure 3A shows that LPS administration lowered
arterial pressure to approximately the same extent in vagotomized rats as it did in sham
operated control animals. Heart rate was unaffected by LPS in both vagotomized and sham-
operated animals (data not shown). Acute subdiaphragmatic vagotomy did not affect
baseline arterial pressure (sham surgery = 109.7 £ 4.7 mmHg; vagotomy = 112.9 + 3.3
mmHg) or heart rate (sham surgery = 388 + 29 BPM; vagotomy = 357 + 19 BPM)
significantly. Previously, we showed that subdiaphragmatic vagotomy had no demonstrable
effect on baseline arterial pressure or heart rate during the 60 min time course of the
experiment (Yilmaz et al., 2008a).

3.4. Cervical vagotomy

To test whether a higher level of vagotomy would inhibit the depressor response induced by
15 mg/kg LPS the vagus nerves were cut at the cervical level 15 min before LPS
administration. Bilateral cervical vagotomy also failed to prevent LPS hypotension (Fig.
3B). Cervical vagotomy did not affect baseline mean arterial pressure or heart rate values
compared to sham operated controls (data not shown). Together, these data show that neither
subdiaphragmatic nor cervical vagotomy inhibits the hypotension produced by 15 mg/kg
LPS.

3.5. Lidocaine injection into the NTS

To further investigate whether vagus nerve afferents mediate the hypotension evoked by 15
mg/kg LPS we inhibited neuronal activity in the NTS with the local anesthetic lidocaine
before treating rats with LPS. Lidocaine (2%; 1.0 ul) injection into the NTS failed to inhibit
the hypotension evoked by 15 mg/kg LPS, however (Fig. 4). Lidocaine injection into the
NTS had no effect on arterial pressure in control animals and did not influence heart rate in
either control or LPS treated animals (data not shown). These results are in agreement with
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the results of acute vagotomy experiments and further support the hypothesis that 15 mg/kg
LPS does not lower arterial pressure by activating vagus nerve afferents.

3.6. Lidocaine injection into the OVLT or area postrema

Lipopolysaccharide raises body temperature through two different mechanisms depending
on the dose; low hyperthermic LPS doses activate vagal nerve afferents whereas high doses
activate receptors in circumventricular organs. This raises the possibility that a high
hypotensive dose of LPS may lower arterial pressure through a similar mechanism involving
the OVLT and/or area postrema.

To test this hypothesis we injected lidocaine into the OVLT before treating rats with LPS.
Once again i.v. administration of 15 mg/kg LPS decreased arterial pressure within 5 min in
saline treated control animals but did not affect heart rate significantly (Fig. 5).
Microinjection of lidocaine (2%; 1.0 pl) into the OVLT inhibited the fall in arterial pressure
evoked by 15 mg/kg i.v. LPS significantly (F 3 36 = 6.62; P < 0.001). Lidocaine had no
significant effect on mean arterial pressure or heart rate in control animals treated with i.v.
saline in lieu of LPS. These data indicate that activation of neurons within the OVLT is
necessary for 15 mg/kg LPS to lower arterial pressure.

In subsequent experiments, we tested whether the area postrema was involved in the
response to 15 mg/kg i.v. LPS. Lidocaine administration into area postrema failed to inhibit
the depressor response to LPS. The maximum fall in mean arterial pressure evoked by LPS
following lidocaine injection into the area postrema (—35.4 + 4.4 mmHg; n = 5) was not
significantly different from the maximum change following saline injection (-39.2 £ 6.6
mmHg; n = 5). Heart rate was not affected significantly by lidocaine, LPS or combined
treatment (data not shown). Together these results show that inhibition of neuronal activity
in the OVLT, but not the area postrema, attenuates the depressor response evoked by 15
mg/kg LPS.

3.7. Confirmation of injection sites

Figure 6 illustrates the placement of phentolamine and saline injections targeted on the
preoptic area (Fig. 6; left panel) and lidocaine and saline injections into the OVLT (Fig. 6;
right panel).

4. DISCUSSION

In this report we show that the initial fall in arterial pressure evoked by a relatively high
dose of LPS, 15 mg/kg i.v., is attenuated by inhibiting neuronal activity in the OVLT with
lidocaine but is unaffected by either cervical or subdiaphragmatic vagotomy or by lidocaine
injection into the NTS. These findings contrast the response to 1 mg/kg i.v. LPS which is
blocked by vagotomy and intra-NTS lidocaine injection but not by inactivation of the OVLT
or area postrema (Yilmaz et al., 2008a). The effects of both 1 mg/kg and 15 mg/kg LPS
appear to be mediated by NE release in the POA because both doses elevated extracellular
NE concentrations in the POA (Villanueva et al., 2009) and because phentolamine injection
into the POA prevented LPS hypotension irrespective of dose (Yilmaz et al., 2008a).
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Together, these data indicate that LPS lowers arterial pressure through two different
anatomical sites, depending on the dose, which converge on NE neurons within the POA.

The OVLT is in relatively close proximity to the POA, raising concern that the inhibitory
effect of lidocaine could result from spread of the lidocaine injectate from the OVLT into
the POA. Indeed, microinjection of lidocaine directly into the POA blocks LPS (1 mg/kg
i.v.) hypotension completely (Yilmaz et al. 2008b). An indirect effect seems unlikely,
however, because a 1 pl lidocaine injection inhibits neuronal activity in an effective radius
of 0.8 mm (Sandkiihler et al., 1987), slightly less than the distance between the OVLT and
POA injections used in this and previous studies (Yilmaz et al., 2008a). Moreover, in earlier
experiments, lidocaine injection into the OVLT had no effect whatsoever on the hypotension
evoked by 1 mg/kg LPS (Yilmaz et al., 2008a). This observation argues against the
possibility that lidocaine prevents the cardiovascular effects of a higher dose of LPS, 15
mg/kg, by spreading from the OVLT into, and inactivating, the POA.

The present finding that vagotomy fails to prevent the hypotension caused by 15 mg/kg LPS
is consistent with an earlier report by Pitterman et al. (1983) that abdominal vagotomy was
unable to prevent the fall in arterial pressure evoked 100 mg/kg i.v. LPS in conscious rats
and failed to reduce mortality caused by this supramaximal LPS dose. On the other hand,
Mailman (2002) reported that the depressor effect of 5 mg/kg i.v. LPS was blocked
completely by application of lidocaine to the subdiaphragmatic vagus of pentobarbital-
anesthetized rats, consistent with the finding that vagotomy inhibits the response to 1 mg/kg
LPS reported earlier (Yilmaz et al., 2008a). Together, these data suggest that the “‘cut off’ for
vagal mediation of LPS hypotension is between 5 and 15 mg/kg LPS.

These experiments were predicated on extensive evidence that the mechanism responsible
for the thermoregulatory effects of LPS and cytokines is dose-dependent: very low LPS
doses (1 pg/kg i.v.) cause fever by activating vagus nerve afferents whereas higher doses (30
ug/kg i.v.) activate receptors in the OVLT, area postrema (AP) and, perhaps, other
circumventricular organs (Sehic and Blatteis, 1996; Romanovsky et al., 1997; Hansen et al.,
2001; Blatteis et al., 2005; Romanovsky et al., 2005). The vagus nerve is also thought to
mediate some of the behavioral and endocrine effects of LPS. The behavioral depression and
reduced social interaction caused by relatively low doses of LPS (100 ug/kg to 1.25 mg/kg
i.p.) are prevented by vagotomy (Bluthé et al., 1994; Konsman et al., 2000) or NTS
inactivation with bupivacaine (Marvel et al., 2004), for example. Interestingly, however,
Turek et al. (2005) reported that vagotomy did not interfere with the ability of rats to select a
warm ambient temperature when placed in a thermal environmental gradient after receiving
LPS (50 pg/kg LPS i.p.). These data suggest that behavioral depression and
thermoregulatory behavior may be mediated by different central pathways.

Subdiaphragmatic vagotomy also attenuates the hyperalgesia (Watkins et al., 1994) and
elevated circulating ACTH concentrations LPS provokes (Gaykema et al., 1995; Wieczorek,
2005). Curiously, however, vagotomy does not prevent the rise in circulating corticosterone
caused by LPS in rats (Gaykema et al., 1995; Hansen et al., 2000) although, evidently, it
does so in mice (Wieczorek et al., 2005). Collectively, these data indicate that the vagus
nerve conveys the ‘signal” from circulating LPS to the brain for some, although not all, LPS
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responses. A role for the OVLT, if any, in mediating these responses has not been
extensively evaluated. Indeed, Konsman et al. (2000) proposed that vagal nerve afferents
mediate the behavioral and endocrine effects of LPS that comprise sickness behavior
whereas the OVLT mediates LPS fever at behaviorally relevant LPS doses (250 ug/kg, i.p.).

Nonetheless, there is abundant evidence that the OVLT and adjacent regions of the
anteroventral third ventricle region (AV3V) are involved in cardiovascular regulation
(McKinley et al., 2001). In transneuronal retrograde tracing experiments, injection of a
pseudorabies viral vector into sympathetic ganglia labeled neurons in the POA and, after an
additional time delay, the OVLT and adjacent medial preoptic area indicating that both the
OVLT and POA influence sympathetic activity transynaptically (Westerhaus and Loewy,
1999). Data from track tracing studies further indicate that the OVLT sends direct
projections to the lateral, medial and ventrolateral preoptic areas (Camacho and Phillips,
1981; Chou et al., 2002; Uschakov et al., 2007), POA regions likely to be affected by the
phentolamine and lidocaine injections used in this and an earlier study to prevent LPS
hypotension (Yilmaz et al., 2008a; 2008b). Electrical stimulation of the AV3V region lowers
arterial pressure (Knuepfer et al., 1984) although selective stimulation of the OVLT
produces the opposite response; it elevates blood pressure by causing vasoconstriction in
renal and mesenteric vascular beds (Mangiapane and Brody, 1987). Electrical stimulation of
the adjacent median preoptic nucleus produces hypotension and hindquarter vasodilation,
which presumably explains the depressor effect of AV3V stimulation (Mangiapane and
Brody, 1987). These physiological studies argue against the conclusion that LPS lowers
arterial pressure by activating the OVLT and suggest, instead, that the adjacent median
preoptic nucleus could mediate the response.

Nevertheless, electrical stimulation, however precisely localized, is a rather non-selective
means of reproducing the pharmacological effects of LPS. Other lines of evidence support
the conclusion that OVLT neurons mediate the depressor responses reported here. Ott et al.
(2010) showed that LPS directly activates neurons and glial cells isolated from the OVLT of
neonatal rats, causing rapid, transient increases in intracellular calcium concentrations in a
subpopulation of neurons, astrocytes and microglia. This finding is consistent with evidence
that Toll-like receptors (TLRs), including the TLR-4 receptor thought to mediate the effects
of LPS, have been localized in the OVLT (Laflamme and Rivest, 2001) and are expressed
by microglial cells (Olson and Miller, 2004). The rise in intracellular calcium concentrations
LPS produces invitro is consistent with evidence that LPS administration into the OVLT
induces nitric oxide synthase (NOS) in vivo (Lin and Lin, 2000). Moreover, microinjection
of hydroxylamine and other nitric oxide donors into the OVLT, to stimulate nitric oxide
synthesis, lowers arterial pressure substantially, by 55 mm Hg, in urethane-anesthetized rats;
conversely, NOS inhibitors increase blood pressure significantly (Lin et al., 1999). These
data raise the possibility that LPS lowers arterial pressure by stimulating NO synthesis in the
OVLT.

These considerations support the conclusion that LPS lowers arterial pressure by activating
receptors in the OVLT which ultimately stimulates NE release in the POA. Anatomical tract
tracing studies support a role for the POA in cardiovascular regulation, showing that POA
neurons innervate the nucleus tractus solitarius, parabrachial nucleus, midbrain
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periaqueductal gray (PAG) and other cardioregulatory brain regions (Rizvi et al., 1992;
Simerly and Swanson, 1988). Electrical or chemical stimulation of the POA lowers arterial
pressure and induces c-fos expression in the ventrolateral column of the PAG (VIPAG),
suggesting that the vVIPAG mediates the response (Inui et al., 1995; Behbehani and Da Costa
Gomez, 1996). Moreover, lidocaine injection into these fos immunoractive sites in the
VIPAG inhibit the hypotensive response evoked by POA stimulation (Behbehani and Da
Costa Gomez, 1996), as does destruction of cell bodies in the VIPAG with excitatory amino
acid injections (Inui et al., 1995). Activation of VIPAG neurons is thought to influence
cardiovascular function through a descending pathway that involves the midline raphe nuclei
and ventrolateral medulla (Bago and Dean, 2001; Vagg et al., 2008). In preliminary studies,
we found that lidocaine injection into the VIPAG prevented the hypotension evoked by LPS
(1 mg/kg) suggesting that this previously characterized pathway from the POA to the
VIPAG, midbrain raphe nuclei and ventrolateral medulla may mediate the response.

The mechanisms responsible for the rather unusual dose-related effects of LPS remain
somewhat unclear. The simple observation that low hypotensive doses of LPS lower arterial
pressure by activating vagal nerve afferents whereas higher doses act through the OVLT
suggest that receptors and/or second messenger systems in the OVLT may exhibit a lower
affinity for LPS than those in the vagus. Exactly how a similar dichotomous dose-response
for fever can operate at doses that are orders of magnitude lower remains mechanistically
enigmatic, however. Conceivably, LPS may evoke fever in the OVLT indirectly, by
stimulating the release of cytokines, and could lower arterial pressure by directly activating
TL-4 receptors on OVLT neurons (Ott et al., 2010) although this is, obviously, mere
speculation. Nonetheless, despite these mechanistic ambiguities, the global implications of
these findings remain noteworthy; evidence that endotoxic hypotension is initiated through a
central mechanism may provide new avenues for treating or preventing septic shock.
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Figure 1.
Intravenous LPS administration increases extracellular fluid NE concentrations in the POA.

Isoflurane-anesthetized rats were treated with LPS (15 mg/kg) or saline i.v. and extracellular
NE concentrations were sampled 10 min before and at 10 min intervals thereafter. The
numbers in parentheses indicate the number of animals in each group. Data represent the
mean + SEM and were analyzed using two-way repeated measures ANOVA followed by
Tukey’s test. ECF = Extracellular fluid. *, P < 0.05, significantly different from extracellular
NE concentrations at the same time point in saline treated animals.
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Bilateral phentolamine injection into the POA inhibits the hypotension produced by i.v. LPS
(15 mg/kg) injection. Phentolamine (5 pg/ul) or saline (1 pl) was injected into the POA of
anesthetized rats bilaterally and, 2 min later, LPS or saline was administered i.v. Mean
arterial pressure (MAP; panel A) and heart rate (panel B) were monitored for 180 min. The
numbers in parentheses indicate the number of animals in each group. Baseline MAP and
heart rate values were: POA saline + i.v. saline = 109.8 + 4.2 mmHg and 361 + 25 BPM;
POA saline + i.v. LPS = 112.2 + 3.7 mmHg and 371 £ 19 BPM; POA phentolamine + i.v.
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saline = 105.1 + 2.9 mm Hg and 377 £ 31 BPM; POA phentolamine + i.v. LPS = 1145 +
4.1 mmHg and 325 + 12 BPM. Data were analyzed using two-way repeated measures
ANOVA followed by Tukey’s test. *, P < 0.05, significantly different from the POA saline
plus i.v. saline treated group. BPM = beats per minute.
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Figure 3.
Neither subdiaphragmatic nor cervical vagotomy inhibit the hypotension evoked by LPS.

Subdiaphragmatic or cervical vagotomy was performed 15 min before rats were
administered LPS (15 mg/kg) or saline i.v. and mean arterial pressure (MAP) and heart rate
were monitored for 60 min (n = animals in each group). Baseline MAP values for
subdiaphragmatic vagotomy were: sham vagotomy + LPS = 110.5 + 3.3 mmHg; vagotomy
+ LPS = 106.6 + 3.2 mmHg. Baseline MAP for cervical vagotomy were: sham vagotomy +
LPS =121.5 + 6.7 mmHg; vagotomy + LPS = 111.9 + 5.8 mmHg. Data are presented as the
mean £ SEM maximum change in MAP after LPS administration and were analyzed with
two-way repeated measure ANOVA followed by Tukey’s test.
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Figure 4.
Bilateral lidocaine injection into the NTS does not affect the hypotension produced by i.v.

LPS (15 mg/kg) injection. Lidocaine (2%; 1 pl) or saline (1 pl) was injected bilaterally into
the NTS of anesthetized rats and, 2 min later, LPS or saline was administered i.v. Mean
arterial pressure (MAP) and heart rate were monitored for 60 min. The numbers in
parentheses indicate the number of animals in each group. Baseline MAP values were: NTS
saline + LPS = 113.3 + 2.8 mmHg; NTS lidocaine + LPS = 117.2 £ 2.6 mmHg. Data are
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presented as the mean + SEM maximum change in MAP after LPS administration and were
analyzed with two-way repeated measures ANOVA followed by Tukey’s test.
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Figure 5.

Li?jocaine injection into the OVLT inhibits the hypotension produced by i.v. LPS (15
mg/kg) injection. Lidocaine (2%; 1 ul) or saline (1 pl) was injected into the OVLT of
anesthetized rats and, 2 min later, LPS or saline was administered i.v. and mean arterial
pressure (MAP; panel A) and heart rate (panel B) were monitored for 60 min. The numbers
in parentheses indicate the number of animals in each group. Baseline MAP and heart rate
values were: OVLT saline + i.v. saline = 109.8 £ 4.2 mmHg and 361 + 25 BPM; OVLT
saline + i.v. LPS =112.2 £ 3.7 mmHg and 371 + 19 BPM; OVLT lidocaine + i.v. saline =
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105.1 £ 2.9 mm Hg and 377 £ 31 BPM; OVLT lidocaine + i.v. LPS = 114.5 + 4.1 mmHg
and 325 + 12 BPM. Data were analyzed using two-way repeated measures ANOVA
followed by Tukey’s test. *, P < 0.05, significantly different from the OVLT saline plus i.v.
saline treated group. #, P < 0.05, significantly different from the OVLT saline plus i.v. LPS
treated group. BPM = beats per minute.
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Figure 6.
Schematic representation of the location of microinjections into the POA and OVLT. Left

panel: The open circles (O) and filled squares (M) indicate the location of phentolamine
injection sites in saline and LPS treated animals, respectively. Right panel: The open circles
(O) and filled squares (M) indicate the location of lidocaine injections in saline and LPS
treated animals, respectively.
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