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October 17, 2018; doi:10.1152/ajpregu.00362.2017.—Recent evi-
dence suggests hypertension may be secondary to chronic inflamma-
tion that results from hypoactive neuro-immune regulatory mecha-
nisms. To further understand this association, we used systemic lupus
erythematosus (SLE) as a model of inflammation-induced hyperten-
sion. In addition to prevalent inflammatory kidney disease and hyper-
tension, SLE patients suffer from dysautonomia in the form of
decreased efferent vagal tone. Based on this, the cholinergic anti-
inflammatory pathway, an endogenous vagus-to-spleen mechanism
that, when activated results in decreases in systemic inflammation,
may be compromised in SLE. We hypothesized that stimulation of the
cholinergic anti-inflammatory pathway via pharmacological potenti-
ation of the efferent vagus nerve would reduce inflammation and halt
the development of hypertension and renal injury in SLE. Female
NZBWF1 mice, an established model of murine SLE, and female
control mice were treated with galantamine (4 mg/kg daily ip), an
acetylcholinesterase inhibitor, or saline for 14 days. At the end of
therapy, carotid catheters were surgically implanted and were used to
measure mean arterial pressure before the animals were euthanized.
Chronic galantamine administration attenuated both splenic and renal
cortical inflammation, which likely explains why the hypertension and
renal injury (i.e., glomerulosclerosis and fibrosis) typically observed
in murine SLE was attenuated following therapy. Based on this, the
anti-inflammatory, antihypertensive, and renoprotective effects of
galantamine may be mediated through activation of the cholinergic
anti-inflammatory pathway. It is possible that dysfunction of the
cholinergic anti-inflammatory pathway exists in SLE at the level of
the efferent vagus nerve and promoting restoration of its activity
through central cholinergic receptor activation may be beneficial.

galantamine; hypertension; lupus nephritis; neuroimmune; renal in-
flammation

INTRODUCTION

Hypertension affects nearly one-half of the adult population
in the United States, and this figure will only increase in the
coming decades (67). Despite growing awareness of the nu-
merous etiologies of hypertension, at least 15-20% of hyper-
tensive patients are resistant to current treatment modalities
(50). It is, therefore, necessary to investigate novel mecha-
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nisms involved, to develop new therapeutic strategies to target
the disease.

Recent studies support the role of dysregulated immune cell
activity and chronic inflammation in the development and
maintenance of hypertension. In general, elevated circulating
proinflammatory cytokines [i.e., TNF-a (5), IL-6 (5), and B
cell activating factor (BAFF) (11), among others] are corre-
lated with hypertension, indicating that peripheral inflamma-
tion may mechanistically contribute to chronic increases in
blood pressure (7, 10, 37). Renal inflammation, in particular,
also directly affects kidney processes that may promote in-
creases in blood pressure. TNF-a in the kidney, for example,
has been shown to increase renal vascular resistance (56), as
well as, prompt immune cell-mediated renal damage (52, 68)
Blockade of TNF-«, in turn, attenuates both renal injury and
hypertension in a variety of experimental animal models (16,
17, 63, 64). In response, the finding that immunomodulatory
drugs are therapeutic in both hypertensive animal models (60)
and in human patients with underlying chronic inflammation
(24) warrants further investigation into the mechanisms that
regulate renal inflammation, in particular, due to the role of the
kidneys in the long-term control of blood pressure.

Endogenous nervous system/immune system interactions
are known to control inflammation both acutely (46) and
chronically (15, 32). Tracey and colleagues have demonstrated
that the vagally mediated cholinergic anti-inflammatory path-
way is capable of attenuating splenic inflammation on an
immediate basis, in the context of an acute inflammatory
stressor (3, 6, 8, 31). However, the role of this nerve-to-spleen
pathway in chronic, or even inherent inflammatory states, in
the case of autoimmunity, is not as well delineated. We have
identified the autoimmune inflammatory disease systemic lu-
pus erythematosus (SLE) as an appropriate model to investi-
gate neuroimmune mechanisms that regulate chronic inflam-
mation, which, if left unchecked, can lead to hypertension (38,
54). Indeed, the prevalence of hypertension in SLE is exceed-
ingly high, especially in its target demographic of reproduc-
tive-age women who are normally protected from hypertension
and cardiovascular disease (54). Dysautonomia is also associ-
ated with SLE, and these patients have decreased heart rate
variability in the high-frequency power domain, which indi-
cates impaired efferent vagal tone (61). A functioning efferent
vagus nerve is thought to be necessary for proper neuroimmune
communication in the cholinergic anti-inflammatory pathway,
and since efferent vagal tone is decreased in SLE, perhaps the
efficacy of this pathway in reducing inflammation is compro-
mised.
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Galantamine is a reversible acetylcholinesterase inhibitor
capable of crossing the blood-brain barrier and can act upon
M1 muscarinic receptors centrally to potentiate efferent vagus
nerve activity (48). In the present study, we hypothesized that
pharmacological stimulation of the efferent vagus nerve, using
galantamine, would enhance the cholinergic anti-inflammatory
pathway and attenuate systemic inflammation, thus protecting
from renal inflammation, renal injury, and hypertension in a
mouse model of SLE.

MATERIALS AND METHODS

Animals Female SLE (NZBWFI) and control (NZW/LacJ) mice
were obtained from Jackson Laboratories (Bar Harbor, ME) at 5—-6 wk
of age. All mice were maintained on a 12-h light/dark cycle in
temperature-controlled rooms with access to food and water ad libi-
tum. Mice were monitored starting at 29 wk of age, an age at which
SLE mice have already developed autoantibodies and renal disease.
All animal studies were approved by the University of North Texas
Health Science Center Institutional Animal Care and Use Committee
and were in accordance with National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Acute vagus nerve recording. Vagus nerve recordings were per-
formed on anesthetized animals. SLE and control mice were weighed
and intraperitoneally injected with a-chloralose (80 mg/kg) and ure-
thane (1,000 mg/kg). Fur was shaved off the cervical region and mice
were instrumented with a model SPR 671 Millar catheter in the left
carotid artery to continuously record blood pressure and heart rate.
The right cervical vagus nerve was localized and placed on a hooked
platinum-iridium electrode (36 gauge). The electrode was encased in
QuikSil silicone gel to minimize noise and interference from the
environment. Electric signals were amplified (>X200,000) and filtered
(band pass: 10-10,000 Hz) to represent vagus nerve activity. A
10-min baseline was recorded in Spike2 (Cambridge Electronic De-
sign), and then a single dose of galantamine (4 mg/kg dissolved in
saline) was intraperitoneally injected, with the following vagus nerve
activity recorded. Vagal activity was allowed to recover to baseline,
and this process was repeated.

Chronic galantamine administration. At 32-33 wk of age, animals
were randomly divided into four groups: control/vehicle, control/
galantamine, SLE/vehicle, and SLE/galantamine. Animals were in-
jected intraperitoneally with galantamine (4 mg-kg™'-day—'; Sigma,
St. Louis, MO) (48) or the vehicle, normal saline, for 14 consecutive
days.

Blood pressure measurements. At 34-35 wk of age (following 2
wk of galantamine injections), catheters were implanted into the left
carotid artery as previously described (38—43). Mean arterial pressure
was then measured in conscious mice via pressure transducers for 1.5
h for 2 consecutive days postsurgery. At the end of the study,
anesthetized mice were perfused with 2% heparinized saline and then
euthanized. Plasma and tissues (i.e., kidneys and spleen) were har-
vested and stored for biochemical analysis.

Autoantibody measurements. Plasma double-stranded DNA (dsDNA)
autoantibodies, an index of SLE disease severity, were quantified via
commercial ELISA kits (Alpha Diagnostics), as previously described
(18, 22, 40-42, 65).

Inflammatory mediators. Upon euthanasia of anesthetized mice, the
spleen was dissected from each mouse and was homogenized at 4°C
in RIPA buffer. The renal cortex was dissected from the right kidney
and was also homogenized in RIPA buffer. Aortas were stripped from
the spine of each mice and then flash frozen in liquid nitrogen to
quickly crush with a plastic plunger to homogenize with an appropri-
ate amount of RIPA buffer (i.e., 8 times the weight of the aorta).
Protein concentrations of the splenic, renal cortical, and aortic super-
natants were quantified via bicinchoninic acid assay (ThermoFisher).
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Standard Western blotting techniques were performed as previ-
ously described using splenic, cortex-rich renal, and aortic homoge-
nates (18) to measure TNF-a (catalog no. sc-52746; Santa Cruz
Biotechnology, Santa Cruz, CA); high mobility group box protein 1
(HMGB-1) (catalog no. sc-26351; Santa Cruz Biotechnology); and
BAFF (catalog no. MAB1357-100; R&D Systems, Minneapolis,
MN), all well-accepted markers of proinflammation. Proteins of
interest were visualized using horseradish peroxidase-conjugated don-
key anti-mouse, donkey anti-rabbit, or goat anti-mouse secondary
antibodies, as appropriate. Western blots were imaged using the
ChemiDoc MP Imaging System (Bio-Rad Laboratories; Hercules,
CA) following chemiluminescent detection via Clarity Western ECL
(Bio-Rad) and analyzed using Image Lab software version 5.1. Data
are reported as volume intensity, which refers to the cytokine densi-
tometry of the protein band normalized to total lane protein, which
was determined by the stain-free total protein method as previously
described (23). For TNF-«, both the 26- and 51-kDa bands were
analyzed, the former comprising the transmembrane form and the
latter, constituting the active, secreted trimeric form (57). To empha-
size the mechanistic role of renal inflammation upon blood pressure,
only data from animals that also had blood pressure measurements
were included in the analysis of renal proinflammatory cytokine
measurements.

Indices of renal injury. Albumin excretion rate was determined
following 24-h urine collection via metabolic cages and quantification
of urinary albumin by ELISA (Alpha Diagnostics) as previously
described (18, 22, 38—43, 65). Formalin-fixed sections of left kidney
were embedded in paraffin and then sliced at 6 pm and stained with
Periodic-Acid Schiff and Masson’s Trichrome, and 30 glomeruli from
each subject were blindly scored, as previously reported (43).

Statistical analysis. All data are calculated as means = SE and
statistical analysis were performed using SigmaPlot 11.0 (Systat,
Richmond, CA). Statistical differences (all P < 0.05) between mul-
tiple groups were determined by two-way ANOVA, with or without
repeated measures, followed by the Holm-Sidak post hoc test, as
specified in the figures and accompanying figure legends.

RESULTS

Galantamine increases efferent vagus nerve activity. To
confirm the ability of peripherally administered galantamine to
potentiate efferent vagus nerve activity, anesthetized SLE and
control mice were injected with galantamine (4 mg/kg ip), and
the immediate response of the vagus nerve was recorded.
Galantamine produced a robust increase in vagus nerve activity
that was mirrored by a decrease in heart rate in control and SLE
mice (n = 4/group; Fig. 1, B and D). In comparison, intraperi-
toneal injection of normal saline did not affect vagus nerve
activity or heart rate in control or SLE mice (n = 3/group, Fig.
1, A and O).

Galantamine has no effect on body weight. SLE mice treated
with vehicle and galantamine had higher body weight than
control mice treated with vehicle and galantamine throughout
the study (P < 0.001) (Fig. 2). In addition, body weight was
significantly reduced throughout the study (P < 0.001). How-
ever, there was no significant interaction between treatment
group and time (P = 0.274).

Galantamine decreased plasma concentrations of dsDNA
autoantibodies in female SLE mice. Plasma dsDNA autoanti-
bodies are a commonly accepted diagnostic and prognostic
indicator of the severity of SLE in both human patients and
animal models. Female SLE mice had elevated plasma dsDNA
autoantibodies (3.0e5 = 5.8e4 vs. 5.8e4 £ 1.8e4 activity units;
P < 0.001) compared with controls (Fig. 3). Galantamine
attenuated plasma concentrations of dsDNA autoantibodies in
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Fig. 1. Galantamine increases efferent vagus nerve activity. Representative vagus nerve activity (V, voltage) recorded from the cervical vagus, and corresponding
heart rate (BPM, beats per minute) tracings at baseline and immediately after administration of normal saline or galantamine (4 mg/kg ip) in anesthetized control
(A and B) and systemic lupus erythematosus (SLE, C and D) mice (n = 3—4/group).

SLE mice (1.4e5 = 3.0e4; P < 0.001) but had no significant
effect in control mice (1.5e4 * 4.1e3; P = 0.733).
Galantamine reduces splenic cytokines in female SLE mice.
As proposed, the cholinergic anti-inflammatory pathway re-
sults in a reduction in cytokine release from the spleen on
stimulation of the vagus nerve. To confirm that galantamine
alters splenic cytokines through modulation of the cholinergic
anti-inflammatory pathway, we measured inflammatory medi-
ators in the spleen following after galantamine therapy. Many
of the splenic cytokines measured [e.g., both the 26-kDa
(transmembrane) and 51-kDa (trimeric) forms of TNF-a and
BAFF] appeared to be reduced after galantamine therapy in
SLE mice; however, because of the variability of disease in the
animals, significance was not reached following a two-way
ANOVA (Fig. 4, A, B, and D). However, splenic HMGB-1 was
elevated in SLE mice compared with controls (6.8e6 = 1.3e6
vs. 1.0e6 £ 2.1e5 intensity units; P < 0.001) and decreased in
galantamine-treated SLE mice compared with vehicle-treated
SLE mice (2.0e6 * 2.6e5 vs. 6.8e6 = 1.3e6 intensity units;
P = 0.008) (Fig. 4C). Galantamine had no effect on splenic
HMGB-1 in controls (8.7e5 = 1.7e5 intensity units; P =
0.898). Finally, splenic IL-1f3 was not different among control
and SLE groups treated with galantamine or vehicle (Fig. 4E).

Galantamine prevents the rise in blood pressure and de-
creases renal injury typically observed in female SLE mice. To
determine whether chronically enhancing the cholinergic anti-
inflammatory pathway with galantamine effects SLE hyperten-
sion, we measured blood pressure following galantamine ther-
apy. While control mice were normotensive, SLE mice were
hypertensive at 34—35 wk of age (115 = 2 vs. 141 = 6 mmHg;
P < 0.001) (Fig. 5A). Galantamine-treated SLE mice had ~12
mmHg lower mean arterial pressure than vehicle-treated SLE
mice at 34-35 wk (128 £ 3 vs. 141 = 6 mmHg; P = 0.024).
Galantamine did not significantly affect blood pressure in
control mice (124 = 4 mmHg; P = 0.085).

Although there were no significant differences in albumin
excretion rate among treatment groups (Fig. 5B), SLE mice
predictably had increased glomerulosclerotic injury compared
with controls (P = 0.010). Galantamine-treated SLE mice had
decreased renal glomerulosclerotic injury compared with ve-
hicle-treated SLE mice (P = 0.019) (Fig. 5C). Galantamine did
not have a statistical effect on glomerulosclerosis in control
mice (P = 0.212).

Galantamine decreases renal proinflammatory cytokine ex-
pression in female SLE mice. To determine whether a reduction
in renal inflammation ultimately protected SLE animals from
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Fig. 2. Galantamine does not alter body weight. There was a natural significant
reduction in body weight (g, grams) in all mice used in the study between
weeks 32 and 34. Both vehicle- and galantamine-treated systemic lupus
erythematosus (SLE) mice had greater body weight than control mice through-
out the study. Body weight did not differ between vehicle-treated SLE mice
and galantamine-treated SLE mice or between vehicle-treated control mice and
galantamine-treated control mice. Values are presented as means = SE. A
two-way ANOVA with repeated measures was used to make statistical com-
parisons (n = 11-13/group).

hypertension and renal injury, we measured inflammatory
mediators in the renal cortex. When compared with control
mice, SLE mice had higher renal cortical TNF-«, both in the
26-kDa (transmembrane) and 51-kDa (trimeric) forms (4.4e6 *
7.5e5 vs. 6.7e5 £ 1.3e5 intensity units, P < 0.001 for 26 kDa;
4.4e6 * 6.3e5 vs. 8.8e5 £ 2.4e5 intensity units for 51 kDa,
P < 0.001), whereas galantamine-treated SLE mice had de-
creased expression of this cytokine compared with vehicle-
treated SLE mice (2.4e6 = 7.7e5 vs. 4.4e6 = 7.5e5 intensity
units, P = 0.028 for 26 kDa; 2.5¢6 = 6.5e5 vs. 4.4e6 = 6.3e5
intensity units, P = 0.025 for 51 kDa) (Fig. 6, A and B).
Galantamine had no effect on transmembrane or trimeric TNF-a
in controls (1.2e6 * 4.6e5, P = 0.476 for 26 kDa; 1.4e6 *
5.8e5, P = 0.534 for 51 kDa).

Renal cortical HMGB-1 and IL-1B were elevated in SLE
mice compared with controls (3.8e6 * 1.1e6 vs. 9.6e5 *= 2.2e5
intensity units, P = 0.010 for HMGB-1; 1.7e7 £ 1.8e6 vs.
4.9e6 = 5.7e5 intensity units, P < 0.001 for IL-1B). Galan-
tamine did not have a significant effect on HMGB-1 or IL-13
in SLE (1.7e6 = 4.6e5 intensity units, P = 0.068 for HMGB-1;
1.3e7 = 2.8e6 intensity units, P = 0.083 for IL-1[3) or control
mice (2.6e6 * 7.9¢e5 intensity units, P = 0.118 for HMGB-1;
Fig. 6, C and E). Finally, renal cortical BAFF was not different
(based on the results of the two-way ANOVA) among SLE and
control groups treated with galantamine or vehicle (Fig. 6D).

Galantamine does not affect aortic expression of TNF-a.
Vascular inflammation is also implicated in the development of
hypertension, so we investigated whether galantamine had any
effect on vascular inflammation. Neither the transmembrane
nor the trimeric forms of TNF-a were different between groups
based on the results of a two-way ANOVA (Fig. 7, A and B).

GALANTAMINE HALTS LUPUS HYPERTENSION

DISCUSSION

We demonstrated that 2 wk of daily galantamine therapy /)
reduced SLE disease severity, 2) attenuated splenic inflamma-
tion and renal inflammation, and 3) reduced blood pressure and
renal injury in SLE mice. Our findings suggest that the pre-
vention of SLE hypertension may be the result of the effects of
galantamine on systemic and renal inflammation, as well as
SLE disease severity: 2 wk of galantamine treatment decreased
both splenic (Fig. 4) and renal cortical (Fig. 6) proinflamma-
tory cytokine expression and significantly reduced dsDNA titer
in SLE mice (Fig. 3). The results of this study indicate that
potentiation of the efferent vagus nerve and enhancement of
the cholinergic anti-inflammatory pathway may protect from
renal inflammation, hypertension, and renal injury in SLE. Our
findings increase curiosity of the protective effects of central
cholinergic stimulation in diseases of chronic inflammation
like hypertension and SLE.

Galantamine is a reversible acetylcholinesterase inhibitor
that crosses the blood-brain barrier and prolongs acetylcholine
expression to promote activity of cholinergic neurons (20, 36),
especially clinically in Alzheimer’s disease (55). Other clinical
applications of galantamine include protection from glaucoma
(2) and general neuroprotection (4, 9). Galantamine is known
to potentiate efferent vagus nerve traffic because of its ability
to prolong the life of acetylcholine at M1 muscarinic channels
centrally (55). In rodents, galantamine was also demonstrated
to act on central M2 muscarinic receptors to potentiate efferent
vagus nerve activity (31). Others have suggested that galan-
tamine may act peripherally by preventing cholinesterase ac-
tivity in the vicinity of nicotinic receptors (51). We confirmed
in this study that galantamine increases efferent vagus nerve
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Fig. 3. Galantamine decreases SLE disease severity. Anti-double-stranded
DNA (dsDNA) autoantibodies are specific to systemic lupus erythematosus
(SLE) and used to diagnose the condition, as well as gauge the severity of
disease. Female SLE mice have elevated anti-dsDNA autoantibodies in
their plasma compared with control mice. Galantamine-treated SLE mice
had attenuated anti-dsDNA autoantibody concentrations in their plasma
compared with vehicle-treated SLE mice. Values are presented as
means = SE. A two-way ANOVA was conducted to detect statistical
differences. P values and accompanying symbols were determined using
the results of Holm-Sidak post hoc analysis. (n = 11-13/group; *P vs.
control/vehicle; *P vs. SLE/vehicle).
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Fig. 4. Galantamine reduces splenic proinflammatory mediator in female SLE mice. A and B: Western blots of tumor necrosis factor (TNF)-a. C: high-mobility
group box protein 1 (HMGB-1). D: B cell activating factor (BAFF). E: interleukin (IL)-1p in the spleen. Splenic TNF-a (at 26 kDa, the transmembrane form),
TNF-a (at 51 kDa, the trimeric form), BAFF and IL-13 were not significantly altered. Splenic HMGB-1 was elevated in vehicle-treated systemic lupus
erythematosus (SLE) mice compared with controls and galantamine markedly attenuated its expression. All values are presented as means = SE. Statistical
comparisons were determined using a two-way ANOVA. P values and accompanying symbols were determined using the results of Holm-Sidak post hoc
analysis. (n = 5-6/group; *P vs. control/vehicle; *P vs. SLE/vehicle).

activation (Fig. 1), and we propose that galantamine mediates
its anti-inflammatory, therapeutic effects (also demonstrated in
this study) by stimulating the cholinergic anti-inflammatory
pathway and inhibiting downstream inflammation (Figs. 4 and
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6). The cholinergic anti-inflammatory pathway is an intricate
communicative mechanism that begins with efferent vagal
transmission to the celiac ganglion, which prompts splenic
nerve release of norepinephrine in the spleen, which activates
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Fig. 5. Galantamine decreases blood pressure and dampens the severity of renal injury in female SLE mice. A: mean arterial pressure (mmHg) measured in
conscious mice via indwelling carotid catheters. Systemic lupus erythematosus (SLE) mice had higher blood pressure compared with control mice.
Galantamine-treated SLE mice were protected from the rise in blood pressure that the vehicle-treated SLE mice experienced. Galantamine had no statistical effect
on mean arterial pressure in controls. (n = 6—8/group) B: albumin excretion rate (AER) was based on results from albumin ELISA on urine and the amount
of time spent in metabolic cages. Although there are obviously higher AERs in SLE mice, there was no significant difference among groups possibly due to
variability of the disease. (n = 10—13/group) C: representative histological images and quantification of glomerulosclerosis in renal cortical glomeruli stained
with Periodic Acid Schiff. Thirty glomeruli from each subject were blindly scored and assigned one of the following scores: 0: no glomerulosclerosis,
hypercellularity, mesangial cell expansion, intact glomerular basement membrane; 1: O to 25% of the cross-sectional area is characterized by glomerulosclerosis,
nodules, and hypercellularity; 2: 25 to 50% of the cross-sectional area is characterized by glomerulosclerosis, nodules, and hypercellularity; 3: 50—75% of the
cross-sectional area is characterized by glomerulosclerosis, nodules, and hypercellularity; or 4: >75% of the cross-sectional area is characterized by
glomerulosclerosis, nodules, and hypercellularity. SLE mice had increased glomerulosclerotic and hypercellular cross-sectional area compared with controls.
Galantamine-treated SLE mice had decreased glomerulosclerosis compared with vehicle-treated SLE mice. (n = 3-7/group). All values are presented as
means * SE. Statistical comparisons were determined using a two-way ANOVA. P values and accompanying symbols were determined using the results of
Holm-Sidak post hoc analysis. (*P vs. control/vehicle; *P vs. SLE/vehicle).

specialized T cells to synthesize and release acetylcholine. This  to the importance of this pathway in regulating inflammation in
T cell-generated acetylcholine then binds to a7-subunit of the chronic inflammatory diseases.

nicotinic acetylcholine receptor (o7-nAChR) on splenic im- The anti-inflammatory effects of galantamine being protec-
mune cells, ultimately inhibiting proinflammatory cytokine tive in murine SLE are not unusual, considering that immuno-
release (3, 6, 47, 49, 62). The present study will help elucidate modulatory and immunosuppressive agents are the most com-
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Fig. 6. Galantamine reduces renal cortical proinflammatory mediators in female SLE mice. A and B: Western blotting for tumor necrosis factor (TNF)-a. C:
high-mobility group box protein 1 (HMGB-1). D: B cell activating factor (BAFF). E: IL-1f in the renal cortex. Renal cortical TNF-a (at 26 kDa, the
transmembrane form) and TNF-a (at 51 kDa, the trimeric form) were elevated in vehicle-treated systemic lupus erythematosus (SLE) mice compared with
controls, and galantamine markedly attenuated its expression. Renal cortical HMGB-1 and IL-1 were also increased in vehicle-treated SLE mice compared with
controls; however, galantamine did not significantly alter expression. Statistical comparisons were determined using a two-way ANOVA. P values and
accompanying symbols were determined using the results of Holm-Sidak post hoc analysis. (n = 5-7/group; *P vs. control/vehicle; *P vs. SLE/vehicle).

mon treatment for SLE patients as they delay the disease
course and consequently lessen the severity of the many of the
systemic complications of SLE (24, 45). The most common
cause of death in SLE is cardiovascular disease (21), for which
hypertension is a known risk factor. However, clinical trials for
immunosuppressive drugs do not usually investigate the effi-
cacy of these treatments against hypertension specifically, and
other anti-inflammatory agents, especially exogenous gluco-

corticoids (33), worsen hypertension (35). Donepezil, another
acetylcholinesterase inhibitor that crosses the blood-brain bar-
rier like galantamine, also improved the inflammatory profile
in a cecal ligation and puncture mouse model of sepsis (30).
Although the anti-inflammatory actions of acetylcholinesterase
inhibitors are well documented (25, 27, 31), not much is known
about the effects of chronic galantamine therapy on blood
pressure regulation. An early study demonstrated that intrave-
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Fig. 7. Galantamine does not alter aortic proinflammatory mediators in female SLE mice. Western blot analysis of aortic TNF-a at 26 kDa (A) and 51 kDa (B)
showed no differences between groups. SLE, systemic lupus erythematosus. Statistical comparisons were determined using a two-way ANOVA. P values and
accompanying symbols were determined using the results of Holm-Sidak post hoc analysis (n = 5-7/group).

nous galantamine infusion results in an unusual acute hyper-
tensive response in rats (12); however, by contrast and as
demonstrated in our present study, chronic galantamine admin-
istration has the opposite effect (Fig. 5A).

In our study, we discovered that galantamine therapy medi-
ated an ~12 mmHg drop in blood pressure in the NZBWF]
disease model of SLE hypertension (Fig. 5A). Others have
found that acetylcholinesterase inhibition prevented the devel-
opment of hypertension and decreased plasma inflammatory
markers in spontaneously hypertensive rats, although their
treatments were prophylactically administered for a total du-
ration of 16 wk (35). In the present study, the implications of
such a generous blood pressure difference after only 2 wk of
treatment are exciting, since galantamine therapy began when
inflammatory end-organ damage in the kidneys and blood
vessels had already manifested in SLE mice. The reduction in
renal injury that we discovered may help explain this drop in
blood pressure, since renal inflammation promotes hyperten-
sion. In addition to decreasing both renal (and splenic) inflam-
mation (Figs. 4 and 6), galantamine attenuated other autoim-
mune inflammatory processes in SLE mice (Fig. 3). Future
studies may examine the effects of other clinically used ace-
tylcholinesterase inhibitors in experimental hypertension to
determine whether this therapeutic decrease is specific to
galantamine or a property of other agents from its class.

In spontaneously hypertensive rats, donepezil decreased
blood pressure and systemic inflammation while pyridostig-
mine (an acetylcholinesterase inhibitor that does not cross the
blood-brain barrier) did not, indicating that central acetylcho-
linesterase inhibition specifically contributes to anti-inflamma-
tory processes (35). Since galantamine crosses the blood-brain
barrier, we likewise found that central acetylcholinesterase
inhibition mediates a powerful attenuation of autoimmune
processes in SLE, as treatment with galantamine significantly
reduced plasma dsDNA autoantibody concentration (Fig. 3),
the most commonly accepted diagnostic and prognostic indi-
cator of the severity of human SLE (19). The phenomenon that
only two weeks of galantamine treatment significantly attenu-
ated dsDNA autoantibody titer in SLE mice is exciting in terms

of potential translational application to human SLE patients.
Galantamine has additionally shown to be efficacious in nono-
bese diabetic (NOD) type 1 diabetic mice, another form of
autoimmune disease resulting from antibodies produced
against pancreatic islet cells (27). After 2 wk of daily injec-
tions, female NOD mice had a lower anti-insulin autoantibody
titer, and both the incidence of hyperglycemia and diabetes was
prevented in these mice (27). Galantamine also decreased
plasma, liver, and muscle inflammation through its central
mechanism of action, as indicated by dose-dependent de-
creases in brain acetylcholinesterase activity, in the n5-strep-
tozocin rat model of diabetes type II (1).

Clinical studies have shown that SLE patients suffer from
dysautonomia in the form of decreased efferent vagal tone,
which manifests as decreased heart rate variability (59). De-
creased heart rate variability is also noted in other chronic
inflammatory states and may be indicative of a hypoactive
cholinergic anti-inflammatory pathway (14). For instance, in
rheumatoid arthritis, patients with heightened heart rate vari-
ability indicating higher vagus nerve tone respond better to
anti-inflammatory treatment (34). Our rationale for using gal-
antamine in SLE is to correct a hypoactive or dysfunctional
cholinergic anti-inflammatory pathway in the pathogenesis of
lupus hypertension due to lessened vagus nerve firing, as
galantamine potentiates vagus nerve firing centrally (31). The
effects of galantamine on potentiating, and therefore function-
ally increasing efferent vagal outflow, (31) call into mind
treatment modalities such as electrical vagus nerve stimulation,
a novel therapeutic modality for conditions as varied as epi-
lepsy, to rheumatoid arthritis (70), although pharmalogical
agents like galantamine and other acetylcholine-bolstering
agents portend fewer cardiac side effects and are less invasive
(29). Treatment could also be ceased more readily, if neces-
sarily. However, reversible acetylcholinesterase inhibition is
also known to cause systemic side effects, especially in the
gastrointestinal system (13). No gastrointestinal side effects
were noted in any of the animal groups treated with galan-
tamine, and ultimately this manifested as no difference in body
weight throughout the study (Fig. 2). In sum, our discovery that
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central vagus nerve potentiation using the acetylcholinesterase
inhibitor galantamine protected from renal inflammation, hy-
pertension, and renal injury in murine SLE shows that increas-
ing cholinergic anti-inflammatory pathway activity may be
protective in this autoimmune disease. This observation can
also be taken to mean that the cholinergic anti-inflammatory
pathway is hypoactive in SLE. Future studies will investigate
dysfunction at other areas of the pathway in SLE, as well as
possible deficiencies in other neuroimmune pathways mediated
by the vagus nerve.

The results from this study are also promising in the context
of therapeutics for essential hypertension. Chronic inflamma-
tion may be implicated in other etiologies in hypertension, as it
is becoming increasingly known that systemic, low-grade in-
flammation is correlated with high blood pressure (66). Addi-
tionally, the loss of renal function, stemming from etiologies as
diverse as SLE to diabetes, also accompanies and exacerbates
longstanding hypertension (58). Renal proinflammatory cyto-
kine expression has been mechanistically linked to renal injury
in the pathogenesis of hypertension. In fact, TNF-a in the
kidney contributes to angiotensin-II-induced experimental hy-
pertension (68) and inhibition of TNF-a with etanercept de-
creases renal inflammation and prevents hypertension in auto-
immune- (64) and angiotensin II-induced hypertension (26), as
well as in fructose- (63), high-salt- (17), and deoxycorticoste-
rone acetate-fed (16) rats. Other anti-inflammatory agents yield
therapeutic effects in hypertension, especially the immunosup-
pressive agent mycophenolate mofetil, an agent that inhibits T
and B cell growth, which prevents salt-sensitive hypertension
in angiotensin II-treated Sprague-Dawley rats while decreasing
infiltrating renal immune cells (53). A similar phenomenon
was demonstrated in a mouse model of SLE, where mycophe-
nolate mofetil reduces renal immune cells and renal injury while
also preventing hypertension (60). Mycophenolate mofetil also
has been shown to lower blood pressure in hypertensive rheu-
matoid and psoriatic arthritis patients after three months of
treatment (28). Clearly, anti-inflammatory agents mediate pro-
tective effects in both experimental animal models of hyper-
tension and in hypertensive patients with autoimmune disease.
Likewise, we discovered that galantamine treatment reduced
glomerular injury in SLE mice (Fig. 5C), although it did not
significantly impact urinary albumin excretion following drug
administration (Fig. 5B). This finding may have been due to the
time course of renal injury in SLE mice; perhaps the galan-
tamine administration was able to decrease the severity of
structural and glomerular injury in tandem with decreasing
blood pressure, but glomerular basement injury continued to
facilitate the loss of albumin in the urine. Additionally, the
female NZBWFI model of SLE presents variably in its pheno-
type, and it is not unusual for several mice from a cohort to
undergo fulminant renal failure or other flare-ups of the dis-
ease, similarly to human lupus patients (44); this phenomenon
may help explain the lack of significance we obtained in certain
areas. Our study addresses both renal inflammation and injury
in the pathogenesis and maintenance of hypertension, and
supports the concept that targeting a higher, neural target that
regulates inflammation (e.g., the vagus nerve) may be thera-
peutic, even in the context of established disease. Galan-
tamine’s central mechanism of action may help to elucidate
novel targets in the treatment of both hypertension and SLE.

R1269
Perspectives and Significance

Our study demonstrates that galantamine, a centrally acting
acetylcholinesterase inhibitor, may be protective in the chronic
autoimmune disease systemic lupus erythematosus. We and
others have demonstrated that galantamine directly enhances
efferent vagus nerve activity, which can subsequently activate
the cholinergic anti-inflammatory pathway and inhibit inflam-
mation downstream. When administered chronically, we have
shown that galantamine attenuates splenic and renal inflamma-
tion, decreases pathogenic autoantibodies, and ultimately de-
creases blood pressure in a murine model of SLE. The findings
from this study demonstrate that chronic interventions that
enhance vagally-mediated neuroimmune pathways may lead to
protective functional results. This, in turn, may identify addi-
tional novel targets for the treatment of chronic inflammatory
diseases like hypertension, SLE, and other autoimmune dis-
eases.
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