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Purposk. To investigate specific effects of denervation and stimulation of the internal carotid
nerve (ICN) on the choroid and retina.

MetHoDs. Female Sprague Dawley rats underwent unilateral ICN transection (n = 20) or acute
ICN electrical stimulation (z = 7). Rats in the denervation group were euthanized 6 weeks
after nerve transection, and eyes were analyzed for changes in choroidal vascularity (via
histomorphometry) or angiogenic growth factors and inflammatory markers (via ELISA). Rats
in the stimulation group received acute ICN electrical stimulation with a bipolar cuff
electrode over a range of stimulus amplitudes, frequencies, and pulse widths. Choroidal blood
flow and pupil diameter were monitored before, during, and after stimulation.

Resurts. Six weeks after unilateral ICN transection, sympathectomized choroids exhibited
increased vascularity, defined as the percentage of choroidal surface area occupied by blood
vessel lumina. Vascular endothelial growth factor (VEGF) and VEGF receptor-2 (VEGFR-2)
protein levels in denervated choroids were 61% and 124% higher than in contralateral
choroids, respectively. TNF-o levels in denervated retinas increased by 3.3-fold relative to
levels in contralateral retinas. In animals undergoing acute ICN electrical stimulation,
mydriasis and reduced choroidal blood flow were observed in the ipsilateral eye. The
magnitude of the reduction in blood flow correlated positively with stimulus frequency.

Concrusions. Modulation of ICN activity reveals a potential role of the ocular sympathetic
system in regulating endpoints related to neovascular diseases of the eye.
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cular neovascular diseases, such as exudative (wet) AMD
Oand diabetic retinopathy (DR), are the most common
causes of moderate-to-severe vision loss in developed coun-
tries." Diseases involving retinal or subretinal neovasculariza-
tion are accompanied by increased intraocular expression of
proangiogenic factors, including different subtypes of vascular
endothelial growth factor (VEGF).? Current treatments involve
anti-VEGF therapies alone or combined with another medica-

tion or laser photocoagulation.‘q”4

Autonomic innervation of the eye includes sympathetic and
parasympathetic pathways via different nerves, including those
originating from the superior cervical ganglion (SCG) and
pterygopalatine ganglion.” Several lines of evidence suggest a
critical role of the sympathetic nervous system in maintaining
ocular vascular homeostasis.® The internal carotid nerve (ICN)
projects from the SCG to the eye and is the eye’s only source of
sympathetic innervation.” Prior studies in rat by Steinle et al.*®
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investigated the role of the SCG in regulating choroidal
vascularity and related endpoints. These studies reported that
surgical removal of the SCG leads to increased choroidal
vascularity after 6 weeks. This remodeling is accompanied by
photoreceptor cell death arising from apoptosis.'® A better
understanding of autonomic control of the choroid could
facilitate development of new therapeutic approaches for
ocular neovascular diseases.

Physiologic angiogenesis involves angiogenic and antiangio-
genic factors, such as VEGE pigment epithelium-derived factor
(PEDF), and TNF-o.. An imbalance in these factors can lead to
choroidal neovascularization (CNV), the hallmark pathology of
wet AMD. Changes in expression levels of angiogenic growth
factors have been reported in rat choroid and retina following
SCG removal.!'™*® In particular, choroidal VEGF and PEDF
levels rise following sympathectomy,'! while retinal VEGF and
PEDF levels fall.'*'? These findings implicate a potential role of
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the ocular sympathetic system in CNV, and therefore suggest
that the sympathetic nervous system may be involved in wet
AMD. Rodent studies have also shown that that SCG removal
can lead to a DR-like phenotype. Specifically, surgical removal
of the SCG in rats causes retinal capillary basement membrane
thickening and loss of pericytes after 6 weeks,'* whereas B-
adrenoreceptor (AR)-knockout mice exhibit increased TNF-o
protein levels in the retina.'>'® Recently, it was also shown
that surgical removal of the SCG in mice induces a phenotype
resembling dry AMD."”

In recent years, the field of bioelectronic medicine has
emerged with a goal of treating diseases caused by autonomic
disbalance.'® These therapies typically involve electrical stimu-
lation or blocking of autonomic nerves to selectively affect the
function of individual organs innervated by those nerves. We
hypothesize that chronic electrical modulation of ocular
sympathetic activity will slow, stop, or even reverse progression
of ocular neovascular diseases by normalizing levels of
angiogenic growth factors that regulate blood vessel prolifera-
tion. Although prior studies have investigated effects of SCG
removal or cervical sympathetic trunk (CST) stimulation on the
choroid and retina, the SCG and CST are not practical targets for
a clinical neuromodulation therapy. Existing clinical electrodes,
which are designed to wrap around or be inserted into nerves,
are incapable of interfacing directly with ganglia.'® Furthermore,
the SCG and CST innervate a large number of organs in the head
and neck (e.g., salivary, thyroid, parathyroid, and facial sweat
glands), and so stimulation of the SCG or CST would likely
produce a variety of off-target side effects.*>*! Such off:target
effects are a leading reason why many bioelectric therapies that
have undergone clinical trials fail to achieve commercial
success.”* A therapy based on direct neuromodulation of the
ICN would potentially overcome these limitations, as it could
leverage existing clinical electrode technologies while offering
the benefit of ocular specificity. To demonstrate proof of
concept of such an approach, we measured the effects of
unilateral ICN denervation on changes in choroidal vascularity
and angiogenic factors. We also applied acute electrical
stimulation of the ICN to investigate the effects of sympathetic
activation on choroidal blood flow. To our knowledge, no other
studies have investigated the effects of direct ICN modulation on
the choroid or retina.

METHODS

Animals

Twenty-seven female Sprague Dawley rats, aged at postnatal
day (P) 60 £ 5 days, were used in this study (sex, strain, and
age were chosen to be consistent with prior studies).®'> The
first group of rats (n = 20) underwent unilateral ICN surgical
denervation and were euthanized after 6 weeks. Several
endpoints were measured in the ipsilateral versus contralateral
(control) eye after euthanasia. A second group of rats (n = 7)
underwent acute electrical stimulation of the ICN while
monitoring pupil diameter and choroidal blood flow. All
experiments were performed in accordance with the Univer-
sity of Southern California Institutional Animal Care and Use
Committee approval and guidelines on animal use and with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

ICN Transection

A technique for rat superior cervical ganglionectomy, previ-
ously published by Savastano et al.,?®> was modified in order to
selectively transect the ICN while preserving the other SCG
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braches (external carotid nerve and cervical sympathetic
trunk). Rats were anesthetized with ketamine/xylazine and
placed in the supine position in order to expose ventral
structures of the neck. A vertical incision was made in the
middle of the neck. The incision began 2 cm below the
intermandibular region in the presternal region. The skin was
retracted and the tissue underneath, including superficial
cervical fascia with mandibular glands, was dissected by blunt
dissection. Neck muscles were exposed (sternohyoid, omohy-
oid, sternomastoid, and posterior belly of the digastric
muscles), and the carotid triangle was located between the
muscles. Within the triangle, the carotid bifurcation was
identified and separated into its structures (external and
internal carotid arteries; Fig. 1A). The occipital artery and
hypoglossal nerve were clearly observed. The SCG was
identified below those structures, and the internal and external
carotid nerves were exposed (Fig. 1B). The ICN was fully
transected 1 mm distal to the SCG, beneath/adjacent to the
hypoglossal nerve. Following ICN transection, the skin incision
was closed with a nonabsorbable suture (nylon 6-0), and
antibiotic ointment was applied.

To verify successful surgery, eyelid and eyeball position
were evaluated over the next 3 days.>® Ptosis of the ipsilateral
eyelid was generally observed within 4 to 12 hours after
surgery, followed by exophthalmos between 12 and 24 hours.
Permanent ptosis ensued around 24 hours after ICN transec-
tion (Fig. 1C). Six weeks after surgery, animals were
cuthanized, and both eyes were removed for further analysis.

Choroidal Vascularity

Choroidal vascularity was measured by histomorphometry in
the eyes of five rats. Six weeks after unilateral ICN transection,
rats were deeply anesthetized with ketamine/xylazine and
perfused transcardially with 20 to 30 mL of cacodylate buffer
containing 1% sodium nitrate (to maximally dilate vessels for
subsequent histomorphometric analysis®®). This was followed
by perfusion with 200 mL of half-strength Karnovsky’s fixative.
Eyes were enucleated, hemisected, and posterior portions were
immersed in half-strength Karnovsky’s fixative overnight. Tissue
was embedded in plastic, sectioned at 1-um thickness, stained
with toluidine blue, and imaged with an Aperio ScanScope slide
scanner (Leica Biosystems, Buffalo Grove, IL, USA).

Images were analyzed in Aperio ImageScope software.
Measurements were made from an average length of 2 mm of
choroid per eye. Choroidal vessels were identified and
characterized as arterioles, venules, or capillaries as described
previously.®? All lumina were outlined, and the total surface
area occupied by the lumina was extracted. This luminal
surface area was divided by the total choroidal surface area in
order to calculate the percentage of choroid occupied by blood
vessels in each eye. Diameters and counts of each blood vessel
type (arterioles, venules, and capillaries) were also determined
in each eye. Choroidal thickness was measured at approxi-
mately 50-um intervals over the length of the tissue and
averaged for each eye.

Angiogenic Growth Factor and Inflammatory
Marker Levels

The enzyme-linked immunosorbent assay (ELISA) was used to
measure protein levels in denervated and control eyes. VEGF
and VEGF receptor-2 (VEGFR-2) were measured in the choroid
(with albumin as a control), while TNF-o0 was measured in the
retina. Rats (# = 15) were euthanized 6 weeks after ICN
transection, and eyes were enucleated. Retinas and posterior
poles were isolated from each eye. Control and denervated
tissues were pooled separately and homogenized in buffer
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FiGure 1.

ICN transection surgery in rat. (A, B) Photographs of the dissection with anatomic landmarks labeled. (C) Ptosis of the ipsilateral eyelid

was observed 24 hours after surgery. OA, occipital artery; ECA, external carotid artery; ICA, internal carotid artery; CCA, common carotid artery;

ECN, external carotid nerve; VN, vagus nerve.

containing mixed protease inhibitors for protein extraction.
Total protein concentration was determined by a Bio-Rad
protein assay (Bio-Rad Laboratories, Hercules, CA, USA). VEGF
protein in the posterior poles was assessed with a VEGF ELISA
kit (detection range of 3-500 pg/mL; R&D Systems, Minneap-
olis, MN, USA). VEGFR-2 levels in the posterior poles was
assessed with a KDR/VEGFR2/FLK1 ELISA kit (62.5-4000 pg/mL
detection range; LifeSpan BioSciences, Seattle, WA, USA).
Albumin protein in the posterior poles was assessed with an
albumin ELISA kit (1.56-100 ng/mL detection range; Antibodies-
Online, Limerick, PA, USA). TNF-o protein in the retinas was
assessed with a TNF-o ELISA kit (15-1000 pg/mL detection
range; Cell Applications, San Diego, CA, USA). All ELISA assays
were performed in triplicate. Protein concentrations were
normalized by the total protein.

ICN Stimulation

Seven rats underwent unilateral ICN electrical stimulation
while monitoring pupil size and choroidal blood flow. Rats
were anesthetized with ketamine/xylazine, and the ICN was
exposed as described above (without cutting the nerve).
Adipose tissue surrounding the nerve was microdissected
away. A bipolar cuff electrode (Micro Cuff Tunnel; CorTec,
Freiburg, Germany) with a 200-um inner diameter was placed
around the ICN and secured with a 6-0 suture knot wrapped
around the cuff. Proper placement of the cuff was verified by
measuring the electrode impedance with a potentiostat
(Gamry Instruments, Warminster, PA, USA). Typical 1-kHz
impedance magnitudes ranged from 2 to 10 kQ.

The ICN was electrically stimulated with charge-balanced
biphasic current pulses delivered by an isolated pulse stimulator
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(Model 2100; A-M Systems, Sequim, WA, USA). Pulse trains were
delivered at a frequency of 7.5, 15, or 30 Hz, and pulse width
was set at 100, 200, or 500 ps/phase. Activation threshold was
defined as the minimum current amplitude that caused
mydriasis. ** Pupil diameter and choroidal blood flow were
monitored before, during, and after acute electrical stimulation.
Pupil diameter was measured with calipers under dim light.
Blood flow in the anterior and posterior choroid were measured
with a laser Doppler monitor (moorVMS-LDF; Moor Instru-
ments, Wilmington, DE, USA) and VP4 blunt needle probe (800-
um outer diameter). Blood flow recordings from the anterior
choroid were made extraocularly by positioning the probe tip in
gentle contact with the eye, 2 to 3 mm posterior to the limbus.
Posterior choroidal blood flow was measured intraocularly. A
superotemporal pars plana incision was made using a 25-G
needle, and the blunt needle Doppler probe was introduced
into the incision and positioned in the posterior pole (2-3 disc
diameters away from optic nerve in the inferior nasal quadrant).
The probe was placed in gentle contact with the retina while
avoiding retinal vessels. Flux, which is directly proportional to
blood flow,?> was recorded with moorVMS-PC software. The
time constant was set to 0.5 seconds. Each laser Doppler
recording lasted 120 seconds, with electrical stimulation
delivered continuously for 30 seconds. Animals were euthanized
at the end of the experiment.

RESULTS

Choroidal Vascularity

Figure 2A shows representative toluidine blue-stained sections
from a denervated and control choroid. Histomorphometric
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Ficure 2. Increased choroidal vascularity was observed in denervated eyes. (A) Representative images of control and denervated choroids. Blood
vessel lumina are outlined in orange. Scale bar, 50 um. (B) Percentage of choroidal surface area occupied by blood vessel lumina in five rats that
underwent unilateral ICN transection. Choroidal vascularity increased in four of five animals. (C, D) Mean lumen diameter (C) and number of lumina
per millimeter segment of choroid (D) across the five animals. Error bars indicate SEM.

analysis revealed that in four of five animals, denervation led to
increased choroidal vascularity in sympathectomized eyes (Fig.
2B). Denervated choroids had an average of 42.6% of choroidal
surface area occupied by blood vessel lumina, compared with
31.9% in control choroids. This increase in vascularity was
caused by a combination of changes in lumen diameter (Fig.
2C) and numbers of lumina (Fig. 2D). Arterioles, venules, and
capillaries were larger in denervated choroids than in control
choroids, but differences were not statistically significant (P >
0.05). Similarly, lumina (except capillaries) were more abun-
dant in denervated choroids but not significantly higher in
number than in control choroids (P > 0.05). These findings are
consistent with those of Steinle et al.,>° who found that SCG
removal in Sprague Dawley rats led to increased choroidal
vascularity after 6 weeks. We also measured the choroidal
thickness, which was not statistically different between
denervated and control eyes (63.1 = 14.8 and 60.6 £ 17.5
um, respectively; P = 0.81), unlike Steinle et al.®® who
reported changes in choroidal thickness following sympathec-
tomy.

Angiogenic Growth Factor and Inflammatory
Marker Levels

Six weeks following unilateral ICN transection, VEGE VEGFR-2,
and TNF-a protein levels all increased in denervated eyes (Fig.
3). VEGF and VEGFR-2 levels in denervated choroids were
60.5% and 124.4% higher than in contralateral choroids,
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respectively. Choroidal albumin levels (measured as a control)
were similar in both eyes, indicating that the VEGF and VEGFR-
2 changes were not an artifact of increased choroidal
vascularity. TNF-a protein in denervated retinas was roughly
3.3-fold more abundant than protein levels in contralateral
retinas.

ICN Stimulation

At all pulse durations (100, 200, 500 ps/phase) and stimulus
frequencies (7.5, 15, 30 Hz) tested, electrical stimulation of the
ICN at suprathreshold current amplitudes caused mydriasis in
the ipsilateral eye while having no apparent effect on the
contralateral pupil. When the stimulus was turned on, the
pupil gradually dilated until reaching its maximum diameter,
tens of seconds later. The time to full dilation was inversely
proportional to stimulus amplitude (Fig. 4). Upon cessation of
stimulation, the pupil gradually constricted to its original
diameter.

ICN stimulation caused reduced choroidal blood flow at all
pulse durations and stimulus frequencies, both in the anterior
and posterior choroid. At a fixed-pulse duration, the magnitude
of the change in blood flow correlated positively with stimulus
frequency (Fig. 5A). For a given pulse duration and stimulus
frequency, the change in blood flow during suprathreshold
stimulation was an all-or-none response (Fig. 5B). Thresholds
for affecting choroidal blood flow were higher than pupil
dilation thresholds (Figs. 5C, 5D).
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Figure 3. Choroidal VEGE choroidal VEGFR-2, choroidal albumin, and retinal TNF-o protein levels measured by ELISA, 6 weeks after unilateral ICN
transection (z = 15 rats). Units represent measured protein normalized to total protein. Error bars indicate SD.

DISCUSSION

Collective findings from our study indicate that surgically
blocking ocular sympathetic activity through ICN transection
has proangiogenic effects. Six weeks after ICN denervation, we
observed an increase in choroidal vascularity accompanied by
higher levels of proangiogenic factors in the choroid and
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Ficure 4. Relationship between stimulus amplitude and time to full
pupil dilation. Stimulus parameters were 15 Hz, 100 ps/phase, and 25
to 1500 pA. Threshold amplitude was measured at 100 pA. The lines at
the top of the chart indicate the pupil diameter when fully dilated, for
each stimulus amplitude. Diameter at rest was 3.5 mm.
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retina. Steinle et al.®® also reported increased choroidal

vascularity in Sprague Dawley rats following sympathetic
denervation. Although this effect likely arises from remodeling
and neovascularization within the choroid, it is possible that
the increased choroidal vascularity was indirectly caused by a
long-term vasodilation due to a loss of sympathetic tone. In
order to avoid the confounding effect of comparing vasodilated
choroids in denervated eyes with nonvasodilated choroids in
control eyes, animals were perfused with sodium nitrate at the
time of euthanasia to cause maximal choroidal vessel
dilation.®® However, it may still be the case that the vessels
in denervated choroids were more dilated than those in control
choroids, causing the percentage of choroidal surface area
occupied by blood vessel lumina to increase. Indeed, we
observed larger vessels in denervated versus control eyes (see
Fig. 2C), although differences in vessel diameter were not
statistically significant.

The increase in choroidal vascularity that we observed may
be, in part, due to upregulation of angiogenic growth factors or
their receptors (see Fig. 3). Indeed, choroidal VEGF upregu-
lation is observed in AMD patients and has also been reported
in rats after SCG removal.!1° However, it should be noted that
VEGF upregulation can arise from a number of factors,
including inflammation, ischemia, and hypoxia.*” It is possible
that sympathetic denervation caused these side effects, leading
to an increase in VEGE A better marker of choroidal
remodeling may be VEGF receptor (VEGFR-2) levels. Steinle
and Lashbrook'! found that SCG removal caused lower VEGFR-
2 protein levels in denervated choroids, despite causing higher
VEGF levels. As a result, they concluded that “it is unclear
whether VEGF signaling is increased in the choroid following
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Effects of ICN electrical stimulation on choroidal blood flow and pupil size in the ipsilateral eye. (A) Laser Doppler flux recordings from

anterior choroid during acute ICN electrical stimulation at three frequencies (7.5, 15, and 30 Hz). The stimulus (100 ps/phase, 150 pA) was applied
between 30 and 60 s (horizontal line). Results in the posterior choroid were similar. PU: perfusion units. (B) Laser Doppler flux recordings from
anterior choroid during acute ICN electrical stimulation at threshold (100 pA) and suprathreshold amplitudes (200, 300, and 400 pA). The stimulus
(500 ps/phase, 15 Hz) was applied between 30 and 60 seconds (borizontal line). Results in the posterior choroid were similar. (C, D) Strength-
duration curves for current (C) and charge (D) showing ICN electrical stimulation thresholds for mydriasis (dashed line) and choroidal

vasoconstriction (solid line).

sympathectomy.” In another study, Wiley et al.'> found that
VEGF and VEGFR-2 levels in the retina were significantly
reduced after sympathectomy. Our study showed an opposite
effect but in the choroid: choroidal VEGF and VEGFR-2 both
increased following ICN transection. Thus, surgically blocking
ocular sympathetic activity may have opposing effects on the
retina and choroid, at least with regard to angiogenic growth
factor levels.

In addition to affecting VEGF and VEGFR-2 levels, ICN
transection resulted in elevated amounts of retinal TNF-o
protein. This is consistent with findings by Jiang et al.'> and
Panjala et al., 16 in which B-AR receptor knockout mice
exhibited 20% to 30% more retinal TNF-o protein than wild-
type mice. TNF-o upregulation is involved in many diseases as
oxidative signaling in angiogenesis.”® Upregulation of inflam-
matory cytokines such as TNF-o is implicated in the
pathogenesis of DR.?

As expected, we found that electrical stimulation of the ICN
caused a temporary reduction in choroidal blood flow due to
vasoconstriction, as well as mydriasis resulting from adrenergic
effects on the iris dilator muscle. Other studies in rat have
reported decreased uveal blood flow following acute cervical
sympathetic trunk stimulation, an effect mediated exclusively
by 0;-ARs.**! The fact that 100-ps pulses induced vasocon-
striction and mydriasis suggests that these responses are
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mediated by A-a fibers, which have chronaxies on the order
of 5 to 100 ps.*?

Targeted therapy based on electrical stimulation of the
nervous system, sometimes referred to as bioelectronic
medicine, has been under growing investigation in recent
years.'®33 Our results suggest that modulation of ICN activity
could serve as a treatment for ocular neovascular diseases, such
as wet AMD and DR. Because transection of the nerve led to
increased choroidal vascularity and higher abundance of
angiogenic and inflammatory factors, electrical stimulation of
the nerve may produce the opposite (i.e., antiangiogenic)
effects. ICN electrical stimulation also induces vasoconstric-
tion, which may offer an approach to regulate choroidal blood
flow in patients with CNV. While the extent to which our
findings will translate to humans is unknown, we chose to
conduct this study in rats due to the extensive similarities
between rodent and primate ocular sympathetic nerve
anatomy and function.?**3%3% Innervation and neurotrans-
mitter expression patterns in rat and human choroid are
similar.>* Additionally, rodents are the most common animal
model for investigating ocular therapies that target the f-
adrenergic system.6 Further experiments should be conducted
to determine safety and reliability of ICN stimulation, as well as
the translatability of these findings to higher species.
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