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Two Tales of a City:
An Ethnic and Cultural Study

James J. Lu, PhD

Charles Dickens’ novel 4 Tale of Two Cities opens with a proverbial paragraph, “It
was the best of times, it was the worst of times, it was the age of wisdom, it was the age
of foolishness, it was the epoch of belief, it was the epoch of incredulity, it was the season
of Light, it was the season of Darkness, it was the spring of hope, it was the winter of
despair...” (1). Dickens’ novel, published in 1859, focuses on some extraordinary events
taking place in London and Paris during a turbulent time in history. That I allude to the
Dickens’ title and quote his famous opening passage certainly carries a purpose: to call
attention to the two contrastive tales which continue to unfold before our eyes.'

The City of Riverside has been taking pride in its cultural heritage preservation, as
seen through a considerable list of landmarks designated by the city’s Cultural Heritage
Board. The official list contains 108 significant landmarks, representing heritages from the
various ethnic communities across a wide spectrum. On top of the list stands the Mission Inn
which is also listed as a treasure on the national register, Washington, DC. On the same list
is the historic Chinatown Site. Although the Chinatown no longer exists as a “town” because
there is no visible structure at all, like the Mission Inn it is a site officially recognized at all
four levels of the government--the City, the County, the State, and the Nation. In short, it is
listed on the National Register of Historic Places (NRHP). Scholars, particularly historians,
consider the Riverside Chinatown one of the most important Chinese sites in the United
States.

'This article is a new version rewritten and expanded by James J. Lu, an article based on a conference
paper copresented by this author and Vince Moses at Harvard University in 2010.
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TWO TALES OF ACITY: AN ETHNIC AND CULTURAL STUDY

A SHARP CONTRAST BETWEEN THE MISSION INN AND THE HISTORIC
CHINATOWN SITE

Mission Inn is indeed magnificent. To fully appreciate the Inn one really needs to pay
a visit in person. The hotel’s website offers a charming and fairly accurate self-portrayal,
though partly for advertising purposes:

Surrounded by breathtaking architecture, timeless beauty and old-world charm,

[t]he Mission Inn Hotel & Spa welcomes you to a destination where rich history,

modern luxury, and classic elegance exist in perfect balance.

Where magnificent grand vistas harbor countless intimate hidden treasures. And
where the outside world is left behind, setting a grand stage for memories that will last

a lifetime.

For over a century, world leaders and Hollywood stars have chosen The

Mission Inn ...as a place of refuge and renewal. Originally built as a two-story adobe

guesthouse in 1876, the Inn has become the crown jewel of Inland Southern California,

occupying an entire city block. (https://www.missioninn.com/)

Now, how does Riverside’s Chinatown look like? Unfortunately, it looks completely
desolate. It can be described as virtually a wasteland. To understand why, we need a
flashback into distant history. Since 1870s, the two tales of a city, Riverside’s Mission
Inn and Chinatown, have been unfolding side by side. Put explicitly, the two tales may be
understood in terms of Dickensian conceptual opposites--the best times and the worst times;
the age of wisdom and of foolishness; the epoch of belief and the epoch of incredulity;
the season of Light, and the season of Darkness; and the spring of hope and the winter of
despair. These paring opposites, of course, should not be taken as absolute or static, because
the Mission Inn and the Chinatown, while parallel and contrastive, at times also interrelate
and interact. Thanks to the prominence of two charismatic protagonists — Frank Miller and
George Wong, these two tales together offer a complex dialogue which Mikhail Bakhtin
would consider “dynamic” and “polyphonic.” Other factors involved (social, cultural,

historical and political) have been shaping forces in the development of the two tales.

A FLASHBACK: EARLY CHINESE AMERICAN SETTLEMENT IN
RIVERSIDE

The California Gold Rush of 1848 drew thousands of Chinese from Guangdong and

Fujian to a place they called “Gold Mountain” — California. Thousands more came to this
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new State to build the Union Pacific Railroad in the 1860s. Driven from the gold fields by
violence and the foreign miner’s tax, they moved on to work on the Central Pacific Railroad.
Between 12,000 and 14,000 Chinese worked on the construction of the Central Pacific. They
were paid from $25 to $35 per month for strenuous labor, which included blasting rock and
laying track through the High Sierras. The death toll was heavy, but Chinese courage, skill,
and endurance accomplished an early completion of the transcontinental railroad (See, 1996).

Completion of the transcontinental railroad in 1869 furloughed thousands of Chinese
laborers at a time when California agriculture needed a massive labor force. Access to the
seemingly tireless Chinese workers enabled growers to change from extensive low-care
farming to labor intensive cultivation of specialty crops that yielded greater profits. Many
immigrants from Guangdong possessed superior orchard and truck gardening skills, the
result of centuries of farming the fertile region of southeastern China. The Chinese applied
their skills to California agriculture in various capacities, as truck gardeners, vegetable
peddlers, farm cooks, ranch foremen, harvest laborers, commission merchants, large-scale
tenant farmers, and owner-operators (Chan, 1986; Moses and Focht, 1985).

According to historical records, the City of Riverside was founded in 1870. The next
year 1871, a group of Chinese immigrants arrived in Riverside for a place to live and labor.
In “A Selected Chronological History of Chinese Pioneers in Riverside and the Southern
California Citrus Belt,” UCR scholar Harry Lawton narrates: “[In] 1871--New Settlers
arrived almost daily in Riverside to establish ranches. Chinese cooks, servants, and field
hands are among the first settlers” (Wong, An American Chinatown, 60-61). Three years
later, in 1874, Christopher Miller, father of Frank Miller who later became the owner of the
Mission Inn, brought his family to settle in Riverside for business opportunities. Biographer
Maurice Hodegen describes the Miller family’s trip almost cinematically: “...Christopher
Miller left the [Wisconsin] village for California in bitter February weather of 1874.... In
the dimness of a rising moon the horses hauled the wagon up from the river onto a mesa and
to the settlement called Riverside” (Master of the Mission Inn, 2015). In the new city, the
Millers and the early Chinese immigrants were, likewise, looking for a better life.

In the 1870s, citrus, a second kind of gold rush pulled the early Chinese immigrants to
the new city Riverside, originally the hometown of the famous Washington Navel Orange.
Between 1885 and the early 1930s, early Chinese pioneers lived and worked in this citrus
town. They established a flourishing Chinatown of more than 450 full-time residents, and
housed an additional 2,500 during harvest season (Moses and Focht, 1985; Lawton, 1987).

Riverside’s Chinese pioneers belonged primarily to the Taishan District Association,

from regions immediately around the mouth of the Pearl River on the Canton Delta. They
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TWO TALES OF ACITY: AN ETHNIC AND CULTURAL STUDY

were almost all members of the Wong Family Association and from Gom-Benn village. The
Chee Kung Tong, a Triad Society, had a chapter headquartered in Riverside’s Chinatown
(Wong, 1987). In 1879 the first Chinese were reported to be working in the raisin packing
sheds. The year 1880 found the Chinese migrant laborers replacing Native Americans as
agricultural workers. The citrus and grape crops did not have conflicting picking seasons;
the grape harvest preceded the citrus harvest. The citrus industry soon felt the impact of the
Chinese labor force. Finally, some Chinese workers were able to find almost continuous
employment in one geographic area with different agricultural crops. This situation enabled
them to maintain the same residence for eight months of a year and took some of the migrant
quality out of their lifestyle (Chan, 1986; Moses and Focht, 1985).

Cultivation of a number of citrus varieties was a precautionary measure against the
kind of disaster which had happened with the mono-variety potato crop in the 19" century
Ireland. Citrus seedlings planted in the groves around Riverside included the Chinese
Mandarin orange. Growers discovered, however, that none of the varieties brought from
China were successful in the Riverside environment. The stock of a new orange variety
from Bahia, Brazil, which came into the Riverside area via the United States Department
of Agriculture, proved to be absolutely correct for regional climate and soil. Nevertheless,
the Chinese did assist with the experimental development of methods for cultivating and
caring for the variety and provided the intensive labor necessary to grow it (UC, The Citrus
Industry, Vol. 5, 1989).

In Riverside, Chinese ranch “cooks” and harvest laborers assisted growers with
planting, grafting, pruning, fertilizing, tilling, irritating, and various other aspects of navel
orange production. The Chinese offered suggestions for solutions to insect control. For
example, during the 1880s the Duey Woo Lung Company suggested an established Chinese
method of pest control for the Cottony Cushion Scale. This company proposed that local
growers subscribe to them for Chinese workers to hand wash the leaves of every tree in
the city. The proposal was met with horror by the local anti-Chinese agitators (Wong, An
American Chinatown, 1987).

Riverside had become a principal shipper of citrus fruit in the United States; during
1890 more than 487,882 boxes of oranges and other citrus crops were packed. By combining
Chinese knowledge and labor with professional promotional techniques, the 1895 Riverside
citrus growers had made their community the richest city per capita in the United States.
Land prices shot up, which reinforced the “need” for a low wage Chinese labor force to
continue intense cultivation of the “highly profitable” Washington Navel orange. One

innovation of the Chinese became known as the “Chinese pack” — a method that allowed a
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worker to pack various sizes of fruit and still achieve an even top layer.

Riverside’s citrus industry, built on the backs and with the brains of the Chinese,
helped capitalize Southern California and turned the city into a mecca for world-wide
citrus research and technology. Sunkist Growers, Inc., the Citrus Experiment Station of the
University of California, citrus packing house machinery, orchard heating, and a host of
related developments all originated in Riverside. The citrus industry was not the only route
to economic security for Riverside’s pioneer Chinese. The Chinese truck farmers for around
50 years supplied Riverside residents with vegetables. These crops were grown in the fertile
soil of the Santa Ana River bottom land. The Chinese entrepreneurial spirit expanded into
other enterprises such as the laundry business. The Duey Woo and Hong Woo laundries in
Riverside dried the clothing on racks behind the shops. Efforts in the 1880’s and 1890°s to
stamp out Riverside’s Chinese laundries met with failure. Duey Woo Lung even forced one

competitive Anglo steam laundry into bankruptcy (Moses and Focht, 1985).

ANTI-CHINESE AGITATION AND THE CHINESE EXCLUSION ACT OF 1882

As mentioned earlier, after the city of Riverside was established in 1771, the Millers
and the early Chinese immigrants were arrived almost at the same time; they were looking
for a better life. But due to their different ethnic identities and social status, their subsequent
experiences differed vastly. While the Millers enjoyed respect and prestige, the Chinese early
immigrants had to confront racism often in violent forms.

Because Chinese language, culture, religion, and race militated against the acceptance
by the dominant white culture, the early Chinese immigrants were treated badly, although
citrus growers supported the Chinese presence, due to their skills and labor. Most Chinese
men immigrating to Gold Mountain, including Riverside, retained their traditional customs
including their dress, shaved forehead, and queue (“pigtail”). In China, the shaved forehead
and queue were required signs of subjugation to the Manchu dynasty. By the same token,
powerful traditions, coupled with a desire by immigrants to return home, were barriers to
melding with the host culture. The results proved tragic for any of these strangers in an
alien land. At the same time, immigrants to Gold Mountain maintained strong ties with their
families and villages in China, including Gom-Benn. Through Taoist and Confucian rituals,
festivals, and practices, they reinforced their memories of home and reminded themselves
that they were “sojourners” in a strange land. Temples, or “Joss Hoses,” were nearly always
built in Chinatown. They were financed by public subscription or through large individual

donations. Many were dedicated to Guan Gong, the God of War, who symbolized both
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martial valor and brotherly devotion. Riverside was no exception to this rule.

By 1882, anti-Chinese agitation led by recent Irish immigrants, under the rubric of the
Workingmen’s Party, had become so widespread in America that the United States Congress
passed the Chinese Exclusion Act, which prohibited Chinese laborers from entering the
country. Congress renewed the exclusion in 1892 as the Geary Act. These acts would lead
to the demise of most local and medium-sized Chinatowns throughout the country by the
1920s. Riverside’s once thriving town took the same turn. The last lone resident of the town
died in 1974, and the last structures on site were demolished by a prospective developer in
1977 (Saxton, 1975).

THE ESTABLISHMENT OF RIVERSIDE HISTORIC CHINATOWN

The historic Chinatown was established by early Chinese pioneers in 1885, also known
as the second Chinatown in Riverside, for there had been a Chinese Quarter in downtown,
a smaller, less concentrated section located the north side of Ninth Street between Main
and Orange streets. From 1871 to 1885, the Chinese residents worked and lived there, but
as anti-Chinese violence spread, particularly after the 1882 Chinese Exclusion Act became
a federal law, they were forced out of downtown to settle on the city’s outskirts, currently
along Tequesquite between Brockton and Pine Streets. There they survived, and continued to
work diligently. Over the years, the Chinatown gradually became a flourishing community. It
normally housed around 450 full-time residents, and an additional 2,500 during the harvest
season from January through April. The Chinese pioneers made great contributions to the
City of Riverside. For example,

* They contributed horticultural techniques brought with them to California
from the citrus-producing regions of southern China, including furrow irrigation
(claimed as the “Riverside Method”), pattern packing of fruit, called the “China Pack,”
and insect pest control techniques for scale pests. They were also the chief skilled labor
force for the Inland Citrus Belt. It is fair to say that they were instrumental in making
possible the rise of Riverside’s famous navel Orange Empire.

» Furthermore, as the Chinatown developed, some of its residents became
labor contractors, merchants, businessmen, as well as vegetable growers and dealers
in all the Riverside citrus districts, providing a strong middleman minority that helped
build up Riverside as a powerful economic and cultural capital of southern California,
rivaling Los Angeles at the time,

* The Chinese Remittance Banker, Wong Sai Chee, served more than 2,500 of
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his countrymen in Riverside and San Bernardino, and acted as a liaison with the Anglo
citrus barons of Riverside, creating a solid bridge between the two cultural groups.
* Duey Woo Lung Co., a laundry owned by Wong Nim, provided the best

laundry service in the Riverside area for many years.
THE STEADY AND RAPID ASCENT OF THE MISSION INN

The Mission Inn evolved from the Glenwood Cottages built in 1876 which Frank
Miller later purchased from his father and spent years to improve before redesigning it into
a grand hotel. Opened in 1903, the Mission Inn became an instant sensation near and far, its
name reflecting owner Frank’s passion for Mission Revival, an architectural style inspired
by the late 18" and early 19" century Spanish missions in California. As soon as the Inn
was opened, Frank Miller received virtually a delightful advertising gift: President Franklin
Roosevelt visited the Inn on May 7, 1903. In the following 30 or so years, the Mission Inn
saw the best of times. As Maurice Hodgen notes in his Master of the Mission Inn (2014),
only did the Inn continue to expand, adding the Mission wing, the Cloister Wing, the
Spanish Wing, the Gallery and the Rotunda Wing, but the luxury hotel also steadily became
a prestigious gathering place for politicians, artists, entrepreneurs as well as travelers in
general. Readily accepted by the mainstream society and culture, the Mission Inn along
with Frank Miller enjoyed advantages that neither the early Chinese immigrants nor their
Chinatown could even dream of. Between 1903 and earl 1930s, for the Mission Inn and for
Frank Miller, it was the best of times, the age of wisdom, the epoch of belief, the season of
Light, the spring of hope.

In an article titled “Grande Dames: Historic hotels in California,” scholar Lydia
Kremer observed:

Working with prominent architect Arthur Benton and financed by railroad baron Henry
Huntington, Miller opened the first wing of the current Mission Inn building in 1903...For 30
years, it evolved with new wings that reflected various architectural trends and the work of
several California architects including Arthur Benton, Myron Hunt and G. Stanley Wilson...
In 1977 — thanks to the efforts of Friends of the Mission Inn as well as government officials
— the inn was designated a National Historic Landmark, sparking a $50 million renovation
in the 1980s. (Desert Sun, 2015)

According to the website of Evergreen Memorial Historic Cemetery, “Presidents
as well as barons of business enjoyed the Inn. In the early days these included Benjamin

Harrison, William McKinley, Theodore Roosevelt, Taft, and Herbert Hoover. In later years, it
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included both Nixon and Kennedy as well as Ronald Reagan, who honeymooned there with

Nancy” (http://evergreen-cemetery.info/people/frank-augustus-miller/).

THE MISFORTUNES OF EARLY CHINSE PIONEERS

As the Mission Inn arose to become increasingly charming, historic Chinatown site
continued to decline. After they first arrived in Riverside, the Chinese pioneers frequently
experienced hard times marked by hatred and violence against them. Despite their significant
contributions to the city’s economy and cultural diversity, they were treated not only as
strange aliens with weird exotic customs, but worse, as heathens and usual suspects of
immoral acts. In 1892, the US Congress passed the Geary Act, a renewal of the 1882
Chinese Exclusion Act, to continue excluding the Chinese immigrants from naturalization
and prohibiting their wives from coming over for family reunion. The Geary Act went
further, requiring all Chinese residents in the US to carry a certificate of residence, or they
would be subject to deportation or one-year imprisonment. Such worsening conditions, local
and national, caused the demise of most Chinatowns throughout the country by the 1920s.
Riverside’s Chinatown, as a result, suffered drastic decline. Many residents left to scatter
elsewhere. In short, for the early Chinese pioneers, those few decades could be considered
perhaps the worst of times, the age of foolishness, the epoch of incredulity, the season of

Darkness, and the winter of despair.

UNIQUE INTERETHNIC CONTACTS

It was against such a backdrop that in 1914 George Wong (his Chinese name was
Wong Ho Leun) emigrated to Riverside to join his father who had been living and working
as a laborer in Riverside. Upon arrival in the Chinatown, although facing a broad adverse
environment, Ho Leun, at the age of 14, had his aspirations. First of all, he wanted to help
his father. From the records kept by the Evergreen Cemetery, we know that the teenager
soon found a job as a houseboy. His master was Stephen Herrick, a real estate developer
and founder of both the East Riverside Land Company and East Riverside Water Company.
It was Herrick’s wife who gave Ho Leun the English name “George.” George attended
the Chinese Mission School, and later even taught English to younger Chinese children.
A graduate of 1923 class from Poly High School, he attended Riverside City College. He
had to drop out because someone falsely accused him of selling drugs. Eventually, he was

exonerated, but the painful experience discouraged him from returning to finish college (http://

9 <



FAREE / ACADEMIC PERSPECTIVES

www.evergreen-cemetery.info/founders.php?id=25312). Several sources indicate that George

Wong worked in the Mission Inn as a cook (Evergreen, etc.). Although not much detail is
available of George’s time spent working in the Inn, this episode of the story is historically
and narratologically significant. George Wong and Frank Miller must have come very close
to each other in real life. They could have even met in the Inn.

In fact, the year George Wong emigrated to Riverside was the same year when Frank
Miller warmly received Booker T. Washington in the Mission Inn. Washington was a former
slave who, after emancipation, made himself a prominent African-American educator and
social activist. Back then in the early 19" century, befriending a black man in public would
not be viewed kindly. By doing that anyways, Frank Miller proved himself a progressive
visionary ahead of his time. He also gave moral support to the Japanese immigrant Jukichi
Harada when the latter in 1918 fought a legal batter for the right to own a home in Riverside
through his American-born children. Biographer Zona Gale observed in 1938, “He [Frank
Miller] had great feeling and fondness of other races...” (131). It must be with that same
feeling, the same fondness that Frank hired George Wong as a cook and other Chinese
immigrants as employees for his hotel. In addition, as an art collector, Frank sought artifacts
from different parts of the world, including Asia. He brought back from China, among other
antiques, the famous Nanking Bell. [See PowerPoint Picture 12?]. Biographer Hodgen has
written a book intended to explain the significance of Miller’s Asian collection: “Many asked
about the unexpected Asian emphasis in decoration, furniture and architecture. In response
I wrote a book — 130 pages — called More Than Decoration, the Asian Objects at the
Mission Inn. Using the best scholarship I describe fifty significant artifacts in detail and have
included an essay interpreting Miller’s attraction to things Asian.” Although Hodgen’s book
does not seem to have been published, the point is clear: that in his life time Frank Miller
liked and respected different cultures.

One would wonder if Frank Miller might have invited George Wong into his Rotunda
Wing to look at the Chinese decorations and the Nanking Bell, or if George, during his work
as a cook in the Mission Inn, found himself naturally attracted by all the Chinese artifacts
on display in the hotel. Regardless, it is known that in his later years George Wong became
himself a passionate collector: he collected more than 40 cars in addition to many Chinese
antiques and artifacts. Equally interesting is the fact that after purchasing the Chinatown
property in a court sale in 1941, George built a restaurant called Bamboo Gardens on the
site where he lived largely alone. The idea of running a restaurant on the Chinatown must
have resulted at least partly from his previous experience as a cook in the Mission Inn.

That George Wong refused to leave Chinatown but instead bought and protected it as his
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permanent home while other residents left due to extreme social pressure and financial
hardship made him almost a hero. Just as Frank Miller has become a shining symbol of the
Mission Inn, so has George Wong of the Chinatown. At this point, it is important to point
out that during World War II, because China joined the Allied Powers, President Franklin
Roosevelt signed the Magnuson Act that repealed the Chinese Exclusion Acts, thereby lifting
the restrictions on the Chinese from being considered as American citizens. The subsequent
1952 McCarran-Walters Act and 1965 Immigration and Naturalization Act further improved

the social conditions for Asians (“Golden Venture,” http://www.goldenventuremovie.com/

Chinese Immigration.htm). Significant changes in the larger social context for a minority
group could make a huge difference in their personal lives. In 1961, the City of Riverside
decided to honor George Wong by naming a short street near the Chinatown “Wong Ho
Leun” in Chinese and “Wong Way” in English. Seven years later, in 1968, the County of
Riverside recognized the Chinatown as a Historical Landmark before the State of California
in the same year designated it as a State Point of Historical Interest. Only during and after
World War II did a breeze of “spring of hope” finally arrive for the Chinese immigrants in
the U.S.

THE INTERSECTIONS BETWEEN FICTIONAL AND REAL WORLDS

In the fictional world, a story, however long or short, usually ends if and when the
protagonist dies. In his theory Bakhtin advocates the open-endedness of the novel as a genre,
but in most novels that open-endedness can find suggestive meaning only in a definitive
narrative closure. In the real world, even after a historical figure or legendary person long
passed away, life would go on, and the closely - related people or things would continue
to extend the story. Now, in real life and in our historical tales, what has happened to the
Mission Inn after Frank Miller died in 1935? And what has happened to the Chinatown after
George Wong passed away in 1974?

In the case of the Mission Inn, Steve Lech and Kim Jarrell Johnson, authors of a book
titled Riverside s Mission Inn, describe Frank Miller’s passing in June 1935 as “the end of an
era” (8). Over the next 50 or so years, the hotel continued to function as a local treasure, but
not without some extraordinary difficulties. For example, after changing hands twice with
new owners, the Inn faced an aging problem in its structure, as well as a far less desirable
management. Then, in 1984, it was closed for renovation, but what was expected as a two-
year renovation lasted for seven years. In spite of those difficulties, both the government and

capable groups always came to its rescue. So write Lech and Johnson, “In 1969, the friends
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of the Mission Inn formed to help save the aging structure. The City of Riverside purchased
it in 1976 and formed the Mission Inn Foundation to oversee its operation” (8) Indeed,
the current owner, local businessman and entrepreneur Duane R. Roberts, who bought the
renovated hotel in 1992, is best known as the “Keeper of the Inn.” That is why and how the
Mission Inn has managed to retain its charm, its magnificence. Arguably it is more gorgeous
today than ever.

In the case of the Chinatown, there has not been such luck. After George Wong’s death,
the last structure on the site was demolished by a prospective land developer in 1977, despite
the site’s designations as an important landmark of the City, of the County, and of the State
(Saxton, 7975). In 1980 the Office of the Riverside County bought the land, yet instead of
preserving it and making it a decent educational site for students to learn of an important part
of the city’s history, the site since then has remained a barren, dirty, deserted, and debris-
filled wasteland. Meanwhile, competing for space property, commercial developers have
been eyeing its potential use for business. Attempts to commercialize the site continued
even after the 1984-85 limited archaeological excavations which led to the recognition
of the site as a national historic place listed on the National Register. In 2008, developer
Doug Jacobs entered into escrow with the County Office of Education to buy the land and
construct a 65,500 square-feet medical office building on it. Riverside citizens of different
ethnic backgrounds, particularly the Chinese and Chinese-American communities, gathered
over 4,000 petitions against the project; they spontaneously organized the Riverside Chinese
Culture Preservation Committee (RCCPC) to prevent a complete erasure of Riverside’s
historic Chinatown under the name of necessary commercial development. Nonetheless,
the Riverside City Council unanimously approved the Jacobs project. A lawsuit followed,
filed by a new organization Save Our Chinatown Committee. SOCC won the case, thereby
putting a stop to the commercial development of the Chinatown site. However, the historic
stie remains a ruined and miserable wasteland. Ideally, the site should be cultivated into a
Chinese American memorial park, but the risk of this nationally-significant historic yet long-
neglected, largely-abandoned to be completely erased remains high.

Charles Dickens’ historical novel 4 Tale of Two Cities carries profound social and
moral messages. One such message is a moral lesson: that discriminatory practices such
as the Poor Law enacted in London during Dickens’ time could cause unrepairable social
damage, whereas caring for the poor and marginalized can bring hope, transformation, and
spiritual redemption. A visit to Riverside City’s government website probably gives a ray
of hope. Under the web page “City of Arts & Innovation: History of Riverside,” we find the

following instructive passages:
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Riverside is fortunate to have a wealth of sites and buildings that provide a
link to the city’s past and a strong sense of place. This is the result of the hard work
and careful planning of the city’s Historic Preservation Program. Created by the City
Council in 1969, it identifies and advances the preservation of Riverside’s historic
neighborhoods, and civic and commercial resources.

Examples include the Mission Inn, the Chinatown site, the National Packing
House, Citrus Experiment Station and engineering feats like the Gage Canal. (http.//

www.riversideca.gov/visiting-aboutriv.asp)

Let’s hope that by placing the Mission Inn and the Chinatown site together as two
quintessential examples of the city’s historic preservation goals and accomplishments,
the Riverside government, along with its citizens, will eventually find the best way to
balance cultural preservation and commercial development with respect to the future of the
Chinatown site. The two tales of a city should not be diverged to the extreme: one with a
heart-breaking gloomy ending, while the other with what seems to have been relatively too-

easy an elevation of magnificence as well as a “living happily ever after” scenario.
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The Potential Role of Acupuncture
Induced Nitric Oxide Release in
Treatment of SARS-CoV 19
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ABSTRACT

The ongoing outbreak of COVID-19 has quickly become a daunting challenge to
global health. In the absence of satisfied therapy, effective treatment interventions are
urgently needed. Previous studies have demonstrated that acupuncture is effectively
relieving common symptoms of COVID-19 including breathlessness, nausea, insomnia,
leukopenia, fatigue, vomiting, and abdominal pain. Experiments have shown that nitric
oxide (NO) inhibits the replication cycle of severe acute respiratory syndrome (SARS)
coronavirus with similar structures of COVID-19. NO gas inhalation to increase the level
of NO results in restoring lung function by reducing airway resistance and improving
virus-induced lung infections in SARS patients. Recent case report showed that a
medical acupuncturist with symptoms likely consistent with severe COVID pneumonia
was full recovery by self-administered medical acupuncture and cupping therapy at
home. Clinical features and pathophysiology demonstrated that NO deficiency and
endothelial dysfunction contribute to the development of COVID-19. Several studies

from different groups consistently demonstrated that acupuncture increase NO synthase
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ROLE OF ACUPUNCTURE AGAINST COVID-19

expression and induce an elevation of NO production and release in plasma and the local
skin regions in both animals and humans. It is suggested that exogenous NO supplies
or interventions to induce NO can play an important role in protective effects against
inflammation and acute lung injury for patients during this pandemic. This article
reviews the rationale for mechanisms of NO induction induced by acupuncture in the
possible treatment of COVID-19 and highlights its potential for contributing to better
clinical outcomes and improving future clinical studies of acupuncture on treatment of
COVID-19.

Keyword: COVID-19, SARS, nitric oxide, acupuncture, endothelial dysfunction,

inflammation, mechanisms

INTRODUCTION

The ongoing outbreak of COVID-19, known as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (2019), has quickly become a daunting challenge to global
health. The COVID-19 epidemic is spreading all over the world with a 6.9% mortality rate,
but there is no targeted treatment satisfied and confirmed by well-designed clinical trials
[1, 2]. Supportive treatment is currently being employed for the most common symptoms
being fever, chills, shortness of breath, myalgia, headache, anosmia, dysgeusia, cough, and
sore throat [3, 4]. China has reported that, as of February 17, 2020, about 85% of confirmed
COVID-19 patients have been treated with TCM [5, 6]. In response to a call by the Chinese
government to employ Traditional Chinese Medicine (TCM) to help with prevention,
treatment, and rehabilitation, the China Association of Acupuncture-Moxibustion developed
guidance for acupuncture and moxibustion intervention on COVID-19 [6, 7]. This guidance
included advice on how to self-administer acupuncture and moxibustion under the direction
of a physician in the various stages of disease process and recovery [7].

Acupuncture and electroacupuncture (EA) have long been used in Asia for various types
of pain relief including pain and treat respiratory diseases, and are increasing in popularity
in the West [8-11]. Previous randomized controlled trial reported that acupuncture is an
effective therapeutic approach for chronic obstructive pulmonary disease (COPD) associated
breathlessness [12]. The recent systematic review and meta-analysis show that acupuncture
can relieve breathlessness in subjects with advanced diseases supported by a number of

randomized controlled trials [13-15]. Previous clinical studies have also demonstrated
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that acupuncture is effectively relieving common symptoms including nausea, insomnia,
leukopenia, fatigue, vomiting, abdominal pain, abdominal distension, and anxiety disorders
[16-22]. It is believed that some symptoms of COVID-19, breathlessness, insomnia,
leucopenia, fatigue, nausea and vomiting, abdominal pain and abdominal distension as
well as anxiety, may be improved by acupuncture treatment [15]. Recently, a case report
indicated a patient as a frontline anesthesiologist and medical acupuncturist with pulmonary
symptoms likely consistent with severe COVID pneumonia who was full recovery by self-
administered medical acupuncture and cupping therapy at home [23]. Acupuncture may
play a role in the treatment and rehabilitation of the COVID-19, and relieve the symptoms
caused by COVID-19. However, there is no well-designed clinical trial to elucidate the
effectiveness and safety of acupuncture with high-quality evidence in the treatment of
COVID-19. Relevant studies have recently proved that acupuncture improves multiple
symptoms involved in COVID-19 and has a case reporting the therapeutic effects, therefore,
it is urgent to introduce novel research ideas into the research of the potential mechanisms of
acupuncture for treatment of COVID-19 [11]. In this review, the evidence and understanding
of the role of nitric oxide (NO) in the pathophysiology of new coronary pneumonia have
been summarized with an emphasis on recent development of endothelial dysfunction
and NO deficiency in the development of COVID-19. Acupuncture and related stimuli-
induced NO production and release have been aimed to reveal the possible mechanisms
of acupuncture against SARS/COVID-19 through the effects of NO on inhibition of
coronavirus, improvements of inflammation and a cytokine storm. The increased interest
in the NO on COVID-19 development and treatment has led to an open-minded attitude
towards understanding this system, which is fundamental important to establish the valid
aspects of scientific basis of the mechanisms and therapeutic effects of acupuncture on
treatment of COVID-19.

THE ROLE OF NITRIC OXIDE (NO) IN THE PATHOPHYSIOLOGY OF
COVID-19

NO deficiency and endothelial dysfunction in the development of COVID-19

It is well-documented that NO is one of the most important messenger molecules,
and NO stimulates guanylyl cyclase to generate cGMP, a second messenger directing
vasodilatation [24]. Intrinsic vasodilator action of NO-cGMP is critical important in
microvascular endothelial dysfunction (MEF) and serves as a surrogate index of MEF [25-

27]. Endothelial dysfunction (ED) contributed to various cardiovascular disorders including
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essential hypertension, coronary artery disease, and thrombus formation [27-29].

A recent review (Martel et al., 2020) on strategies suggested to increase airway nitric
oxide for treatment and possibly prevention of Covid-19 [30]. The clinical presentation
of Covid-19 begins with acute respiratory distress in the lungs that moves quickly to
vascular networks throughout the gut, kidney, heart, brain and skin with associated ED and
abnormally rapid life-threatening blood clotting [2, 30, 31]. It is believed that Covid-19 is
emerging as a thrombotic and vascular disease targeting endothelial cells throughout the
body and is particularly evident in patients with cardiometabolic comorbidities associated
with ED [30, 32]. Since the endothelium releases NO as the vasodilator and antithrombotic
factor, nitric oxide whereas in injured vessels, NO is impaired contributing to hypertension
and thrombus formation [31]. A hallmark of MED and thrombotic events is suppressed
endothelial nitric oxide synthase (eNOS) with concomitant nitric oxide deficiency. It is
suggested that restoring nitric oxide, independent of eNOS, may counter endothelitis and
contribute to pulmonary vasodilation, antithrombotic, and direct antiviral activity [30, 32].
Moreover, NO has been demonstrated to interfere with the interaction between coronavirus
viral S-protein and its cognate host receptor, ACE-2 while NO-mediated S-nitrosylation of
viral cysteine proteases and host serine protease, TMPRSS2, which are both critical in viral

cellular entry, appear to be NO sensitive [33-36].

The therapeutic effects of nitric oxide (NO) on SARS-CoV 19

Previous experiments have shown that NO inhibits the replication cycle of severe acute
respiratory syndrome (SARS) coronavirus [37]. NO also inhibits the virus by reducing the
production of viral RNA and reducing the expression of thioprotein and its binding receptor
Angiotensin Converting Enzyme 2 [38]. The thioprotein binds to Angiotensin Converting
Enzyme 2, which is also the pathogenic target receptor of the 2019 new coronavirus [2].
A trial analysis of a coronavirus extracted from SARS clinical patients published in The
Lancet in 2003 showed that glycyrrhizin extracted from licorice root produces NO release
effect, thereby inhibiting the replication of SARS virus [39]. In a small clinical study in
Beijing during the SARS prevention and treatment period in 2004, inhaling NO gas in 6
patients not only reduced airway resistance, increased arterial oxygen partial pressure and
oxygen saturation, but also took a chest radiograph after stopping NO gas inhalation [40].
Interestedly, after stopping NO gas inhalation the density and range of lung infiltration and
physiological functions continued to be improved. Obviously, NO gas not only reduces
airway resistance and improves lung function, but it also has obvious benefits for virus-
induced lung infections [40]. The 2019-nCoV and SARS-CoV belong to different subtypes
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of coronaviruses and have similar structures [2]. Clinical evidence shows that NO gas
inhalation to increase the level of NO which results in restoring lung function by reducing
airway resistance and improving virus-induced lung infections. Clinical features, pathology
and homology suggest that uncontrolled inflammation and a cytokine storm likely drive
COVID-19’s unrelenting disease process [2, 30]. Interventions that are protective against
inflammation, cytokine storm, and acute lung injury can play a critical role for patients
and health systems during this pandemic. NO is an antimicrobial and anti-inflammatory
molecule with key roles in pulmonary vascular function in the context of viral infections
and other pulmonary disease states. Increased evidence supports the rationale for exogenous
NO supplements and interventions to increase endogenous NO synthesis/release against the
pathogenesis of COVID-19, which is potential for contributing to better clinical outcomes

and healthcare capacity.

ACUPUNCTURE INDUCED NITRIC OXIDE PRODUCTION AND RELEASE

Acupuncture induces nNOS expression and NO release in acupuncture points
(acupoints) and the brain of rats

Our previous studies demonstrated that neuronal NO synthase (nNOS) expression is
increased in the dorsal medulla, the gracile nucleus and nucleus tractus solitarius (NTS), by
electroacupuncture (EA) stimulation of ST36 (Zusanli) in rats [41]. EA ST36, an acupoint
on the leg, induced nNOS-NO generation in the dorsal medulla causes a decrease in arterial
blood pressure [42]. Withdrawal latencies to mechanical and noxious heat stimuli are
reduced in Zucker Diabetic Fatty (ZDF) neuropathic rats and improved by EA ST36 in the
rats associated with increased NO release in the gracile nucleus [43]. EA ST36-induced
alleviation of pain/mechanical hypersensitivities in ZDF neuropathic rats are potentiated
by an NO donor and inhibited by a selective inhibitor of neuronal NO synthesis infused
into the gracile nucleus. Consistent with the postulated role of the dorsal column pathway
in nociceptive regulation, our results show that expressions of transient receptor potential
vanilloid type-1 (TRPV1) endowed with nNOS are predominantly increased in the gracile
nucleus and in local acupoints following EA ST36 in rats [44, 45]. Other study reported that
EA stimulation increases the circulating concentration of endothelial NO synthase in rats
with hypoxia-induced pulmonary hypertension [46]. Consistently, EA stimulation of acupoint
ST36 induced antinociception are blocked by both inhibitors of NO synthase and guanylyl
cyclase, which suggest that NO-cGMP pathway mediates orofacial antinociception induced
by EA ST36 [47]. Intraperitoneal administration of specific inhibitors of nNOS, inducible

» 26



ROLE OF ACUPUNCTURE AGAINST COVID-19

NO synthase and a ATP-sensitive K+ channels blocker reversed the antinociception induced
by EA. The results suggest that NO participates of antinociceptive effect of EA through
nNOS, iNOS and ATP-sensitive K+ channels activation [48].

Double immunostaining of transient receptor potential vanilloid type-1 (TRPV1)
receptor and nNOS revealed co-localization of TRPV1 and nNOS in both subepidermal
nerve fibers and in dermal connective tissue cells [45]. A high expression of TRPV1
endowed with nNOS in subepidermal nerve fibers exist in the acupoints and the expression
is increased by EA [44, 45]. The results suggest that the higher expression of TRPV1 in the
subepidermal nerve fibers and its upregulation after EA stimulation may play a key role in
mediating the transduction of EA signals to the CNS, and its expression in the subepidermal
connective tissue cells may play a role in conducting the local effect of the EA. Other
studies have shown that either manual acupuncture or EA at the ST36 acupoint significantly
increased components of the TRPV1-related signaling pathway in mice [49], and modified
acupuncture-induced reflex excitatory cardiovascular responses in humans [50]. The results
suggest that the TRPV1 signaling pathway is highly correlated to acupuncture effects
and EA-induced expression of TRPV1-nNOS in the ST36 and the NTS/gracile nucleus is
involved in the signal transduction of EA stimuli via somatosensory afferents-brain pathways
[45, 46, 51].

Acupuncture induces NO release in humans

We have demonstrated, using dermal microdialysis in human subjects, that dialysate
NO-cGMP releases in the subcutaneous tissue of the forearm skin along the PC acupoints
are increased by EA stimulation [52]. The results are consistent with the results reported that
transcutaneous electrical nerve stimulation (TENS) induces an elevation of NO and cGMP
release biocaptured over PC acupoints in humans [53]. Recently, the effects of reinforcing
method using manual acupuncture (MA) vs. reductive EA on local NO release have been
examined using the novel biocapture device over skin regions in humans [54]. Results show
that NO levels biocaptured over the skin regions are increased following MA by twisting/
rotating the needle with gentle amplitude and moderate speed. In contrast, NO levels over
the areas of the skin regions are moderately reduced by high-frequency EA (30 Hz), a
reduction method. The laser acupuncture (LA) also induces NO release at acupoints with the
more level at contralateral side than stimulating site measured by dialysis tube taped to the
areas [55]. Kimura, et al. reported that acupuncture induces cutaneous vasodilatation in the
forearms of humans, which is attenuated by application of NO synthesis inhibitor [56]. It

is postulated that acupuncture stimulation improves local circulation and allows for a flush
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of algesic or sensitizing substances, leading to pain relief, thus NO release mediates local
effects of acupuncture as therapeutic mechanisms of acupuncture analgesia [57-59].

These results suggest that MA, EA, LA, and TENS consistently demonstrated
an elevation of NO release. It is well-documented that NO improves circulation and
microvascular endothelial function, which contribute to various cardiovascular disorders,

thrombus formation [27-29], anti-inflammation, and pain relief [57-59].

CONCLUSION

The COVID-19 epidemic is spreading all over the world, and the etiological agent of
COVID-19 has been confirmed as SARS-CoV-2. The effective treatment interventions are
urgently needed since there is no satisfied treatment at the time of this writing. Many studies
have been conducted on Chinese herbal remedies with protocols published for various stages
of the COVID-19 disease, but acupuncture studies with regard to COVID-19 are sparse.
Acupuncture therapy is relatively easy to practice with minimal risks to the patients but the
potential mechanisms of acupuncture for the treatment of COVID-19 are unknown. NO is an
antimicrobial and anti-inflammatory molecule with key roles in pulmonary vascular function
in the context of viral infections. Previous studies have demonstrated that NO inhibits
the replication cycle of SARS coronavirus, and NO gas inhalation to increase the level of
NO results in restoring lung function by reducing airway resistance and improving virus-
induced lung infections in SARS patients. Recent studies have suggested that NO deficiency
and ED contribute to the development of COVID-19. Acupuncture is effectively relieving
common symptoms of COVID-19 including breathlessness, nausea, insomnia, leukopenia,
fatigue, vomiting, and abdominal pain. Several studies from independent groups consistently
demonstrated that MA, EA, LA, and TENS induce local NO-cGMP release in humans. MA
and EA also increase NO synthase expression and induces an elevation of NO production
in plasma and over local skin regions in both animals and humans. Moreover, it has been
suggested that exogenous NO supplies or interventions to elevate NO production may
have protective effects against inflammation and acute lung injury for COVID-19 patients
and health systems during this pandemic. Whether the therapeutic effects of acupuncture
for treatment and prevention of COVID-19 require further investigation by well-designed
clinical trials in order to further understand the therapeutic nature of therapy on COVID-19.
The possible mechanisms of NO induction induced by acupuncture should contribute to
better clinical outcomes and facilitating clinical studies of acupuncture on treatment and
prevention of COVID-19.
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ABSTRACT

One of the most important open questions in science is how our consciousness
is established. The definitive explanation of consciousness is still unconfirmed. The
recent rise of quantum biology as an emerging field at the border between quantum
physics and the life sciences suggests that quantum events have been implicated in
photosynthesis, avian migration and olfaction, and quantum effects could play a
non-trivial role in the neural processing in brain. Most recent studies proposed that
general anesthetic, which switches off consciousness, does this through quantum
means. This review aims to focus on some consciousness hypotheses derived from
quantum mechanics and the framework of the quantum effects on neural processing for

consciousness formation and origin by the convincing experimental evidence.
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QUANTUM EFFECTS ON CONSCIOUSNESS IN BRAIN

INTRODUCTION

In the twentieth century, medical research was mainly carried out at physics, chemistry,
molecular biology and genetics level, which led the way for medicine to move to deeper
level in 21st century. In fact, the knowledge about human body, especially the brain, we have
learned is still superficial in the sense of so much mystery to be unveiled. What is the origin
of consciousness and cognition? How are they processed in the brain? These two issues have
been challenging the medical researchers for past decades.

Quantum biology is a new discipline arising from recent research that suggests that
biological phenomena such as photosynthesis, enzyme catalysis, avian navigation or
olfaction may not only operate within the bounds of classical physics but also make use
of the several non-trivial features of quantum mechanics, such as coherence, tunnelling,
entanglement and superposition. One of the most celebrated examples is the claimed long-
lived quantum coherence observed in the transport of exciton energy in photosynthesis
[1]. A more established role for quantum mechanics is found in the tunnelling of electrons
and protons in enzyme catalysis [2]. Beyond these examples of quantum biology, quantum
entanglement has been implicated in avian navigation [3], while quantum tunnelling has been
proposed to be involved in olfaction [4, 5] and gene mutation [6]. The newest significant
findings from research have expanded the role of quantum biology to more complex systems
in which quantum dynamics might be enhanced by a finely tuned and constructive interplay
between the quantum system and its surroundings, which makes the roots of quantum
biology go much deeper. For instance, the studies in quantum neuroscience have gained
impressive insights from the brain studies at atomic/subatomic or quantum level.

Quantum physics started in the early twentieth century and deals with the behavior of
matter and light on the atomic and subatomic scale. It attempts to describe and account for
the properties of molecules, atoms and their constituents — electrons, protons, neutrons,
and other more esoteric particles such as quarks and gluons. These properties include the

interactions of the particles with one another and with electromagnetic radiation.

POSSIBILITY OF QUANTUM EFFECTS IN THE BRAIN

All these fundamental particles that make up matter including living things have strange
dynamic behaviors, different what we expect at macroscopic level. In the world of quantum
particles, classical laws of physics are no longer applicable. The elementary particles have

unique elusive eigenstates, which set up barriers for us to uncover the mystery of the brain.
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Studies in quantum biology pave the way for the exploration of quantum effects on the brain.
There is a theory that our brain can determine more definite superpositions for particles
and that is what grants us our consciousness. The second interesting idea is based upon
the quantum entanglement, which is established on the relationships and dependency that
particles have with one another.

The emergence and loss of consciousness can happen in an instant under different
conditions. The permanent loss of consciousness can be seen in a patient that is in a persistent
vegetative state or death. The reversible loss of consciousness is the basis of anesthesia.
It is a prerequisite for a patient to receive surgical treatment. The patient’s consciousness
temporarily lost when the patient received surgical treatment. Although we have gained a
better understanding for the mechanism of anesthesia induction at cellular and molecular
level in the brain. We still have a difficult time characterizing what we understand the process
and origin of consciousness. According to most recent study [7], the general anesthesia,
which switches off consciousness, could be initiated by quantum processing, measured by
changes in electron spin.

In order to understand the quantum activity in the brain, let’s review some facts. The
element composition of the human body is mainly composed of oxygen (65%), carbon
(18.5%), hydrogen (9.5%), nitrogen (3.2%), calcium (1.5%), and phosphorus (1%). There
is also a small amount of other trace elements that play a role in the regulation of cellular
function, information processing and signal transduction. Among those elements, hydrogen,
oxygen, phosphorus, and calcium are more important in quantum neuroscience. The nuclear
spin of hydrogen and phosphorus atom is at half-integer spin [=1/2. Calcium phosphate
(Ca(H,PO,),) is a biological molecule composed of phosphorus, oxygen and calcium ions. It
has been suggested to be an important promoter of quantum entanglement within the brain.

An atom consists of a central nucleus that is surrounded by electron(s). The nucleus
contains protons and neutrons. Both particles are composed of quarks, in which the
difference lies in the orientation and momentum of quarks. Proton is composed of two upper
quarks and one lower quark arrangement. In contrast to proton, neutron is composed of one
lower quark and two upper quarks arrangements. We know that the nuclear spin is very
sensitive to the electric field if its spin number is greater than the integer 1, and the quantum
decoherence is very fast at milliseconds to seconds. For example, the third element lithium 7
(Li7) in the periodic table, its nuclear spin is I= 3/2, its decoherence time is only 10 seconds.
While the nuclear spin is half an integer (I=1/2), it is only sensitive to the magnetic field, and
the quantum decoherence time is very slow. By contrast, lithium element 6 (Li6), its nuclear

spin is at [=1/2, the decoherence time can reach 5 minutes.
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Let’s also review several important concepts in quantum mechanics and dynamics.
Quantum dynamics studies the motion and interaction of subatomic particles at the
minimum energy level. First, ‘quantum spin’ is the intrinsic angular momentum. In quantum
mechanics, angular momentum is discrete, quantized in units of Planck’s constant divided
by 4 Pi. Niels Bohr proposed that angular momentum is quantized in 1913 and used this to
explain the line spectrum of hydrogen. Second, ‘quantum coherence and decoherence’ is the
fundamental concept of quantum physics. Quantum coherence is the ability of a quantum
system to demonstrate interference. It is shared with the environment and appears to be lost
with time. Therefore, Quantum decoherence is the loss of quantum coherence, which means
that the interference from the environment will cause the information in the coherent system
to be lost and cause the wave function to collapse. Third, ‘quantum entanglement’ refers to
a pair of coherent quanta, in which one of quanta is changed, the other one will be perceived
with zero-time difference, no matter how far away the quantum is. This is what Einstein
called the ghost effect. Fourth, the ‘uncertainty’ of the quantum means the more precise you
want to determine the position of a quantum, the less you know of its precise dynamics, such
as its angular momentum and speed. Fifth, the ‘wave-particle duality’ of quantum means
that a quantum is both a particle and also has characteristics of a wave. For example, the
photon passes through a gap and is projected onto the opposite reflector. You can see the
diffraction wave formed by the photon. Sixth, the ‘superposition’ of quantum is the feature
of a quantum system whereby it exists in several separate quantum states at the same time.
Any two (or more) quantum states can be added together (“superposed”) and the result will
be another valid quantum state. Seventh, the ‘quantum tunneling effect’ means that quantum
can pass through macroscopic potential energy barriers without resistance. The phenomenon
sometimes exhibited by moving particles that succeed in passing from one side of a potential

barrier to the other although of insufficient energy to pass over the top.

QUANTUM NEUTRON IN LITHIUM PLAYS A ROLE IN THE CHANGE OF
COGNITION AND CONSCIOUSNESS

Dr. J. A. Sechzer et al. chose the third element lithium from the periodic table to design
an interesting experiment [8]. Lithium has long been used to treat manic depression in
the clinic. Its pharmacokinetics are relatively clear. It is safe for living organisms, but the
mechanism of action has yet to be determined.

The researchers fed different lithium isotopes with altered neutrons to pre-impregnated

and impregnated female rats, then observe the efficacy on maternal cognition, consciousness

37 <4



FAREE / ACADEMIC PERSPECTIVES

and behavior in different groups. The steady-state lithium 7 (Li-7) that exists in nature is
composed of three protons and four neutrons in the nucleus surrounding three electrons. A
steady-state lithium 6 (Li-6) is an isotope of Li-7 which lost one neutron from the nucleus. Li
6 and Li 7 both have the same atomic weight since the mass of the lost neutron is negligible.
Their chemical properties are still the same.

The experiments were carried out in three female rat groups before and after conception
(Table 1): group 1 with Li 7, group 2 with Li 6 and group 3 without lithium. They were fed
for 10 days before pregnancy and 20 days during pregnancy, because the gestation period of
rats is generally 19 to 23 days. The mothers’ mental and behavioral changes were recorded
and analyzed during pregnancy and after delivery. The results are very interesting. In the first
group rats fed with Li 7, the mothers are unwilling to make a nest for their newborns during

pregnancy and after delivery. They are also unwilling to feed and care for the newborns after

Table 1. Lithium isotopes with altering neutrons could account for the results from the

experiments in maternal rats

Groups fed . Impregnated . .
Pre-impregnated Efficacy on mothering behavior
with Female Rats
Lithium 7 10 days 20 days nest building: absent
(99%)
Pharmacy 10 days 20 days nursing: infrequent/short duration
Lithium grooming of pups: infrequent state
(Li-7:92%) of alertness: “low”
Lithium 6 10 days 20 days nest building: excessive, nursing:
(95%) very frequent/long duration
grooming/retrieval of pups:
excessive state of alertness:
“very high”
Control 10 days 20 days all: “average.”
-no lithium

Nuclear spin processing might be operational in the brain: two lithium isotopes (Li-7
and Li-6) with altered the number of neutrons have the opposite effects on the cognition,

consciousness and behavior in maternal rats.
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delivery and appear lethargic. The results are quite different in the second group rats fed
with Li 6. The mothers constantly made nests for newborns and strived for perfection during
pregnancy and after delivery. They fed newborns in a state of excitement and care for them
with full of energy all day long. In contrast to both lithium groups, the mothers in the control
group without lithium built nest and took care of their newborns in a common way and
behaved normally. These studies suggest that altering quantum neutron in the lithium nucleus
can affect the rats’ mental state, cognition, consciousness and behavior.

A reasonable assumption is that one neutron lost from the lithium nucleus changes
the lithium nuclear spin. The Li 7 nuclear quantum spin number is [=3/2, which is greater
than the integer 1. Its nuclear rotation is very sensitive to electric field, and the quantum
decoherence time is very short. Whereas Li 6 nuclear spin number becomes half integer
[=1/2, it is only sensitive to magnetic field. Its quantum decoherence time is greatly extended,

which facilitates the quantum entanglement.

QUANTUM SPIN INVOLVES CONSCIOUSNESS SWITCHING

This theoretical hypothesis is supported by the following Xenon experiments, in which
the process of consciousness formation may change with altering Xenon quantum spin
state. Xenon, the element 54 in the periodic table, is an expensive rare gas and an important
anesthetic. It can induce the human body to reversible state while losing consciousness. There
are several stable isotopes of Xenon in nature. The difference between these isotopes is the
number of neutrons in the nucleus, which determines the state of xenon nucleus quantum spin.
However, the chemical properties of these stable xenon isotopes are still the same. It has been
known that xenon (Xe129) and xenon (Xel31) have nuclear spin number at I= 1/2 and [=3/2,
in contrast to xenon (Xe132) and xenon (Xe134) with nuclear spin number at zero.

N. Li et al measured the effect of the above four xenon isotopes on mice when inducing
loss of consciousness with a loss righting reflex in their experiment, in order to determine if
the xenon isotopes with different nuclear rotation change the mice’s consciousness [9]. The
experimental rats were divided into two groups. The rats in first group inhale Xel132 and
Xe134 without nucleus rotation. The rats in second group inhale Xe129 (1/2) and Xel31 (3/2)
with nucleus rotation. The results from rat’s loss of righting reflex (ED50) showed that the
rats inhaled xenon Xe132 and Xel34 easily lost consciousness. By contrast, the second group
rats inhaled xenon Xel29 and Xel31 presented resistance to loss of consciousness. Their
awake time was also prolonged. These results indicate that Xe129 and Xel31 with nuclear

spins can slow down the self-induced loss of consciousness and keep or enhance the state
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of consciousness. This conclusion was supported by another experiments. The researchers
found that Xe129 and Xel31 with nuclear spins may slow down the loss of consciousness
caused by isoflurane, a very potent general anesthetic. But Xe132 and Xe134 without nuclear

rotation can rapidly promote isoflurane-induced loss of consciousness at low dose.

QUANTUM SUPERPOSITION INSIDE MICROTUBULE MAY INFLUENCE
ORIGIN OF CONSCIOUSNESS

The next question is why the nuclear spin may change the formation processing of
consciousness. Does the formation of consciousness occur at the synaptic junctions between
neuronal cells, or in the organelles inside neurons in the brain?

Recent studies revealed that it is possible that primitive consciousness takes place in
the microtubules of neurons in brain [10]. The neuron in brain is composed of three parts:
Axon which stretches out like long slender branch and transmit information to different
neurons and other tissues; Dendrites that are short branches extended from the neurons,
along which impulses received from other cells at synapses are transmitted to the cell body;
Cell body which contains nucleus and cytoplasm with organelles. The microtubule, a cellular
cytoskeleton organelle, is composed of 13 o and B tubulins to form a tubular cylinder. Each
tubulin contains 86 aromatic amino acids in which the benzene ring of each amino acid forms
a Pi-resonance electron cloud, a dipole resonance state coming along. An ordered collective
resonance is formed. The oscillation frequency occurs at terahertz (10" Hz). This dipole
resonance oscillation formed in the microtubules may be the basis for the initial formation
of consciousness. The dipole electron cloud resonates synchronously, and the polarity is
opposite orderly in the state of consciousness. When consciousness lost, the electron cloud
resonance changes from synchronization to discrete, and the polarity disappears.

Dr. Hameroff, professor of anesthesia at Tucson University in the United States, and
Dr. Sir Roger Penrose, professor of mathematics and quantum physics at the University
of Cambridge in the United Kingdom, proposed the theory called “Orchestra Objective
Reduction” [11]. The objective reduction is a quantum process and orchestrated by
cellular structure- microtubules. The consciousness depends on biologically ‘orchestrated’
coherent quantum processes in collections of microtubules within brain neurons. The
quantum superposition inside microtubule may influence the quantum state returning to
the macroscopic state. Recorded EEG (Electroencephalography) could be the macroscopic
results from the resonant wave superposition and regression.

According to the results from the previous experiments of xenon isotopes in rats and
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the theory of “Orchestra Objective Reduction”, it can be postulated that the anesthetics
Xel29 and Xel31 with nuclear spin enters the neuronal microtubules in which they may
block or hinder the Pi electron cloud formed from the resonance ring of aromatic amino
acids during the process of loss of consciousness. The Xel132 and Xel34 without quantum
nuclear rotation promotes the discrete resonance of the Pi electron cloud, destroys the order
of the dipole, and accelerates the loss of consciousness. Above studies and hypothesis also
correlates with the research done by Fisher et al. into a possible mechanism by which neural

entanglement might proceed with consciousness formation [12].

‘POSNER MOLECULE’ PROTECTS NEURAL QUANTUM ENTANGLEMENT

Dr. Matthew Fisher, professor of quantum physics at University in California Santa
Barbra, discovered that the Posner cluster molecule, which is ubiquitous in the human body,
can provide an ideal place for quantum coherence and entanglement at body temperature.
One of biggest challenges to quantum modeling of consciousness is phenomenon of
decoherence. The environment of biological systems is not ideal because it is too hot, too wet
and too noisy destroying any quantum effects before they could prove useful. Max Tegmark
calculated the timescales on which decoherence occurs in the environment of the brain is
considerably shorter than neural firing rates measured in milliseconds [13]. Dr. Fisher’s
study proposed that for quantum spins in Posner molecule, the coherence times could be as
long as hours to days. Posner molecule consists of nine calcium ions and six phosphates to
form a hexahedron. The entangled phosphate spins lead to the formation of entangled Posner
molecules, in which the nuclear spin of the phosphorus atom is half-integer I=1/2, which
greatly prolongs the quantum coherence time (1-10 days). Therefore, the entangled Posner
molecule makes it possible to give rise to quantum effects on the neural processes in brain.

Phosphorus is bound into phosphate or polyphosphate ions such as pyrophosphate.
Phosphate ions constitute part of the adenosine triphosphate (ATP) molecule, an organic
chemical that acts as a source of energy for the many essential actions that sustain living
organisms. Fisher postulates that when adenosine triphosphate is hydrolyzed to adenosine
monophosphate and pyrophosphate the two phosphorus nuclei in the pyrophosphate ion will
have a specific spin alignment, either a singlet or one of three triplet states [14]. A quantum
mechanical treatment of the enzyme catalyzed reaction that creates two phosphate ions out
of pyrophosphate demonstrates that this reaction depends on the nuclear spin state. More
specifically, the conditional outcome of the enzyme reaction, where the spin dynamics of the

triplet states are unfavorable, results in that the phosphorus nuclear spins in the two distinct
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phosphate ions emerge in singlet entangled state.

ATP and guanosine triphosphate (GTP) both are energy-rich molecules. ATP is the
energy carrier in the cell and widely involved in the phosphorylation and dephosphorylation
of cellular molecules in the body. It not only provides energy for all biological activities but
also releases entangled phosphorus into their downstream molecules during the processing.
Without protection, a pair of entangled phosphorus may quickly become decoherent. When
the entangled phosphate is protected by Posner molecules, the time of quantum entanglement
is maintained and extended. If a pair of entangled phosphates are split into different Posner
clusters, they can continue to maintain quantum entanglement. These entangled phosphates
can even be transported to remote location in the body.

GTP has specific roles in many signaling pathways and provides energy for tubulin
polymerization [15]. The entangled phosphates are distributed to tubulin dimers in the GTP-
bound state. Subsequently, the tubulin bound GTP is hydrolyzed to GDP for polymerization
[16]. The roles of these entangled phosphates in the microtubules for consciousness

formation are yet to be identified.

SUMMARY

1. Consciousness may arise inside neurons, rather than the connections between neurons
or the transmission of neurotransmitters at synapses.

2. Quantum spin, quantum entanglement and quantum superposition may participate in
the occurrence of consciousness.

3. The Pi electron cloud resonance in the microtubules of the neurons may be the initial
state of consciousness formation.

4. Posner molecules in the body can provide an optimized environment for quantum

processing in the brain.
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ABSTRACT

Bacterial infection remains one of the leading causes of death worldwide due
to the continuous rise of multiple antibiotic-resistant bacteria. Focusing solely on
bacteria as the drug targets is a major limitation inherent in the conventional antibiotic
therapy. Recently, host-directed therapies have become such an innovative approach to
modulate the host defense system and the interplay of innate and adaptive immunity.
Our previous studies showed that memantine (MEM), an a7 nAChR antagonist, could
efficiently block multi-drug resistant Escherichia coli-caused bacteremia and meningitis
in a mouse model. However, the underlying mechanisms that govern the antibacterial
effects of MEM are still unknown. In this study, we demonstrated that MEM is able
to significantly suppress E. coli infection by enhancing E. coli-induced formation and
release of NETs in vitro and in vivo. MEM could promote the trapping and bactericidal
activities of the polymorphonuclear neutrophils (PMNs) in a manner dependent on
a7 nAChR, since knockdown of this receptor noticeably reduces the survival ability
of bacteria in PMNs while MEM no longer affects the survival of bacteria in PMN:s.
Our results also showed that when the expression of S100A9, an antiseptic protein, is
inhibited, pathogen survival rates in PMNs increase significantly. MEM reverses this
effect in a concentration-dependent manner. MEM stimulates the production of MPO,
S100A9, and DNA in PMNs and accelerates the release of depolymerized chromatin
fibers into the extracellular space, suggesting the formation of NETs. Taken together, our
data suggest that MEM effectively blocks bacterial infection through the promotion of
the antibacterial function of NETs induced by E. coli.

Keyword: bacterial infection, antibiotic resistance, memantine, neutrophil extracellular
traps, a7 nAChR

INTRODUCTION

The emergence of antibiotic resistance has become a severe public health problem.
Bacteria resistant to multiple antibacterial agents such as carbapenem-resistant

enterobacteriaceae (CRE), methicillin-resistant Staphylococcus aureus (MRSA),
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vancomycin-resistant enterococci (VRE), extensively drug- resistant tuberculosis (XDR-TB),
and extensively drug-resistant Acinetobacter baumannii (XDRAB) are often referred to as
“superbugs.” These bacteria infect at least 2 million people per year in the USA alone, with
23,000 dying as a direct result of these infections (Khan and Siddiqui, 2014). It suggests that
there is an emergent need to develop new antibacterial drugs with novel strategies (Yu et al.,
2015).

Host-directed therapies in adjunct to traditional antibiotic drugs become such innovative
approaches to modulating the host defense system and the interplay of the innate and
adaptive immunity (Munguia and Nizet, 2017). Development of a serious bacterial infection
basically represents a failure of innate immune cells to execute their antimicrobial defense
function (Munguia and Nizet, 2017). Pharmacologically targeting powerful immune cell
killing and boosting the host defense system against pathogens could be an important way to
treat infections, and would reduce frequencies in inducing drug resistance (Yu et al., 2015;
Munguia and Nizet, 2017; Chiang et al., 2018).

Polymorphonuclear neutrophils (PMNs), the most abundant leukocytes in humans and
other primates, play a central role in innate host defense against invading microorganisms
(Hosoda et al., 2017). Activation of reactive oxygen species (ROS) is an important
mechanism by which PMNs kill bacteria (Nguyen et al., 2017). Another important bacterial
clearance pathway utilizes neutrophil extracellular traps (NETs), which are structures
composed of granule proteins and nuclear constituents that are released by neutrophils.
NETs have been shown to bind, disarm, and kill pathogens including both Gram-positive
(Staphylococcus aureus, Streptococcus pneumoniae, and Group A streptococci), Gram-
negative bacteria (Salmonella enterica erovar Typhimurium and Shigella flexneri), and
certain fungi (Candida albicans). The granular components of NETs are peptides and
enzymes (e.g., elastase and myeloperoxidase), and the nuclear constituents are chromatin
DNA and histones (Brinkmann et al., 2004; Wartha et al., 2007b). Brinkmann et al. showed
that neutrophils produce NETs when activated with interleukin-8 (IL-8), phorbolmyristate
acetate (PMA), or lipopolysaccharide (Brinkmann et al., 2004).

Our previous studies on host-pathogen interplay show that a7 nAChR (a7R), an
essential regulator of inflammation, is critical for the pathogenesis of E. coli-induced sepsis
and meningitis (Chi et al., 2011, 2012). Using a7R KO in vitro and in vivo model systems,
we have demonstrated that a7R plays a detrimental role in the genesis of bacteremia and the
penetration of E. coli and neutrophils across the blood-brain barrier (BBB). These findings
support the notion that a7R could serve as a unique drug target for broad-spectrum host-

directed antimicrobial agents against bacterial infections, which lead to bacteremia and
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all too often sepsis. Using in vitro and in vivo models of the BBB and RNA-seq (Yu et al.,
2015), our drug repositioning studies have shown that memantine (MEM), an FDA-approved
drug for the treatment of Alzheimer’s disease (AD), efficiently blocks pathogenicities
induced by meningitic Escherichia coli E44 and IHE2015 (a multiple antibiotic-resistant
strain) in a manner dependent on a7R. In addition, we found that MEM efficiently inhibits
bacteremia caused by E. coli in an animal model (Wang et al., 2015; Yu et al., 2015).
Notably, NETs have been shown to be an important antibacterial mechanism, since
NETs can capture microbial pathogens and exert bactericidal activity through the action of
antimicrobial peptides, histone and other NET-associated components (Hosoda et al., 2017).
Our laboratory has demonstrated that a7R is an essential regulator of the host inflammatory
response against bacteria (Chi ef al., 2011). a7R-mediated inflammatory effects could be
blocked by its antagonist, MEM (Yu ef al., 2015). Based on these findings, we hypothesized
that MEM interacts first with the drug target a7R and then induce NET-mediated bacterial
killing in PMNSs. In this study we tried to confirm our hypothesis that the formation of NETs

is associated with the ability of MEM to block infection by using in vitro and in vivo models.

MATERIALS AND METHODS

Chemicals and Reagents

Memantine hydrochloride and the NETosis assay kit were purchased from Cayman
Chemical (Ann Arbor, MI). The NET activator PMA, phagocytosis inhibitor Cytochalasin D,
MPO antibody, and a S1I00A9 antibody were purchased from Abcam (Cambridge, MA). The
neutrophil elastase (NE) ELISA Kit was purchased from R&D Systems (Minneapolis, MN).
DNA fluorescent dye Picogreen was purchased from Thermo Fisher Scientific (Waltham,
MA), CHRNA7 (a7R encoding gene), and SI00A9 siRNA (small interfering RNA) kits were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The CHRNA7 antibody was
purchased from GenScript (Piscataway, NJ). The S100A9 ELISA kit was purchased from
CUSABIO (Wuhan, China).

Bacterial Strains and Culture Conditions

Escherichia coli E44 is a rifampin-resistant strain derived from the RS218 strain (O18:
K1: H7), which is a clinical isolate from the cerebrospinal fluid (CSF) of neonates with
meningitis (Huang et al., 2001). RS218 and E44 have the same virulence phenotypes. E44-
green fluorescent protein (GFP) is an E44 strain containing a GFP vector. Bacteria were

cultured in L broth at 37°C overnight without agitation, unless otherwise specified.
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Detection of DNA and Neutrophil Elastase

The Ficoll-Paque method was used to isolate neutrophils from blood, and subsequently
1 x 10 PMNs were cultured in each well of a 96-well-plate. The cells were then treated
with 100 nm PMA, different concentrations of E44, or E44 along with MEM for 4 h. After
the fluorescent DNA dye Picogreen was added and incubated with the samples for 10 min,
the fluorescence value of every group was estimated with fluorescence microplate reader.
Neutrophil elastase activity was measured using NETosis assay kit (Cayman Chemical)

according to the manufacturer’s instruction.

Neutrophil Killing Assays

Neutrophil killing assays were performed as described by Katharina Beiter ef al.
(2006). A total of 1 x 10° PMNs were seeded in 24 well-plates and cultured with RPMI
medium (containing 10 mM HEPES and 2% heat-inactivated human serum) with or without
Cytochalasin D, which is a phagocytosis inhibitor. The cells were treated with E. coli E44
(MOI = 50) and different concentrations of MEM (1, 5, 25 uM) for 2 h. The bacteria were
then collected and enumerated after being cultured on LB agar plates containing rifampicin
(30 pg/ml). Neutrophil killing was calculated on the basis of the number of colony- forming
units (CFUs) recovered from wells with neutrophils and the CFUs recovered from wells
without neutrophils. NET- mediated killing was calculated on the basis of the number of
CFUs recovered from Cytochalasin-D-treated neutrophils and the CFUs recovered from
Cytochalasin-D-treated wells without neutrophils. Intracellular killing was determined as the
difference between total killing and extracellular killing.

Quantification of trapping was performed as described by Wartha et al. (2007a).
Neutrophils were seeded and activated with 25 nM PMA for 10 min. After washing, cells
were treated with 10 mg/ml Cytochalasin D to inhibit phagocytosis. An MOI of 50 was
used for infection with E. coli E44, and different concentrations of MEM were incubated
with the cells. After brief centrifugation and incubation for 5 min, the supernatant was
removed and used for serial plating to quantify viable bacteria. The cells were subsequently
treated for 15 min with RPMI + DNase (20 U/ml) to dissolve NETs. Viable bacteria were
quantified by the plating of serial dilutions. The percentage of CFUs trapped in NETs was
calculated with the following formula: %trapped = [(CFUDnase - CFURPMI ) / (CFUDnase
+ CFUsupernatant )] x 100. CFUDNase represents total numbers of untrapped and trapped
bacteria since the DNase concentration of 20 U/ml did not affect bacterial viability. Under
the condition without addition of DNase, the trapped bacteria were killed by NETs and the
CFURPMI represent the viable untrapped bacteria. The relative trapping was calculated with
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the following formula: (%trapped in groups treated with MEM /% trapped in groups without
MEM treatment) % 100.

To analyze DNA release from neutrophils induced by PMA, E. coli, or/and MEM, the
DNA fluorescent dye Picogreen was added and incubated with the samples for 10 min, and
the fluorescence value of every group was then estimated. Neutrophils without any treatment

were used as the control group.

CHRNA7 and S100A9 Knockdown Experiments

Knockdown experiments were performed using human CHRNA7 and S100A9 siRNA
(small interfering RNA) kits from Santa Cruz Biotechnology as described previously
(Ichikawa ef al., 2011; Schaal et al., 2018). Opti-MEM (Gibco Life Technologies) and
Lipofectamine 2000 transfection reagent (Invitrogen, USA) were used to transfect HL60
cells with siRNAs according to the supplier’s recommendations. An unspecific scrambled
siRNA was served as control. HL-60 cells were inoculated in 24-well plate and siRNA
knockdown experiments were performed using a final siRNA concentration of 25 pmol with
2 uL transfection reagent per well. Media was replaced by complete medium containing 10%
FBS 4-6 h after transfection. After replacing the medium and incubating for an additional 24

h, cells were used for western blot analysis, survival assays, and immunofluorescence assays.

Human Neutrophil Isolation

Neutrophils were isolated from the peripheral blood of healthy donors as described
by Halverson ef al. (2015). The ethics committee of Southern Medical University (SMU)
approved the study. Written informed consent was obtained from all participants. At first,
whole blood was collected and mixed 5:1 in acid citrate dextrose. Red blood cells were then
removed using dextran sedimentation and hypotonic lysis with KCI. The cell pellet was
subjected to Ficol-Histopaque density centrifugation after the red blood cells had been lysed.
The subsequent pellet was resuspended in 2 mL of HBSS (Hank’s balanced salt solution,
Invitrogen 14175-095). To determine the viable cell concentration, the collected cells were

counted using a hemocytometer and Trypan blue staining.

Immunofluorescence Microscopy

PMNSs separated from blood were incubated with E44, MEM, and PMA. PMNs without
any treatment were used as the control group. After blocking with 5% (w/v) BSA in PBS, the
cells were stained with primary antibodies against SI00A9 or MPO at 4°C overnight, then
treated with a secondary antibody labeled with PE or FITC at room temperature for 1 h. The
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cells were immersed in mount medium containing DAPI, and examined under a fluorescence
microscope at the Congressman Dixon Cellular Imaging Core Facility, Children’s Hospital,
Los Angeles. To ensure that the fluorescence strength of each treatment was comparable, all

the images were acquired with the same parameters.

Mice

C57BL/6J mice were obtained from the Animal Experimental Center of SMU. The
animals were used at 68 weeks of age. All experiments were approved by the Animal Care
and Ethics Committee of SMU. Mice (6 per group) were intraperitoneally injected with 2
x 10" E44 or with 2 x 10" E44 along with different concentrations of MEM (5-20 mg/kg of
body weight). After infection with E44 for 24 h, mice were anesthetized and blood, liver,
lung, and spleen tissue was collected. Blood samples were diluted and cultured on BHI agar
plates containing rifampicin. Liver, lung, and spleen tissue was weighed, triturated, diluted,

and cultured on BHI agar plates containing rifampicin.

Statistical Analysis

The data were analyzed by ANOVA and covariates were followed by a multiple
comparison test such as the Newmann-Keuls test to determine the statistical significance
between the control and treatment groups. Graph Pad Prism v5.0 software was used.

Comparisons with a p<0.05 were considered to be statistically significant.
RESULTS

MEM Promoted the E44-Induced Formation of NETs

DNA is a major component of NETs. Accordingly, we measured DNA release from
neutrophils in order to assess NET formation. As shown in Figure 1A, MEM was able to
enhance DNA release from PMNs infected with E44 in a concentration-dependent manner
when compared to the control without treatment. Additionally, we measured the formation of
neutrophil elastase (NE) using the NETosis assay kit. Similar to what was found when DNA
release was analyzed, while E44 alone stimulated the production of NE, MEM was able to
significantly promote E44-indcued NE release in a concentration-dependent manner (Figure
1B). These results indicate that MEM enhances E44- induced NET formation.

MEM Promoted NET-Mediated Bacteria Trapping and Killing
Neutrophils kill bacteria either by phagocytosis (intracellular killing) or with NETs
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(extracellular killing). A phagocytosis inhibitor Cytochalasin D was used to distinguish
intracellular killing and extracellular killing. A total of 1 x 10° PMNs were cultured in 24-
well plates with or without Cytochalasin D, and the cells were treated with E44 (MOI = 50)
and different concentrations of MEM (0, 1, 5, and 25 uM) for 2 h. Subsequently, the bacteria
were cultured on BHI agar plates, collected, and counted. As shown in Figure 2A, MEM
significantly promoted the killing effect of PMNs on E44, including both intracellular killing

and extracellular killing, in a concentration-dependent manner. Additionally, we found that
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FIGURE 1. MEM enhanced E44-induced formation of NETs. (A) Detection of extracellular DNA using
fluorescence microscope after the neutrophils infection with E. coli E44. A number of 1 x 10° collected PMNs
was cultured in 96 well-plates. The cells was treated with 100 nm PMA (positive control) or E44 for 4 h. Then
the released DNA was detected with the DNA fluorescent dye of Picogreen; (B) The expression levels of
neutrophil elastase (NE) in neutrophils treated with PMA or E44 along with MEM. Bar graphs show the means
+ SD of three different experiments. Scatter plots in the bar graphs represent the three biological replicates.

Significant differences with regard to the controls are marked by asterisks (*P < 0.05; ***P < (0.001).
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when DNA was digested with DNase, MEM promoted NET trapping in a concentration-
dependent manner (Figure 2B). As shown in Figures 2C,D, MEM was able to enhance the
intracellular killing ability of PMNs. It is worth noting that when the MOI was <50, the
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FIGURE 2. MEM enhanced bacterial killing by neutrophils. (A) Intracellular and extracellular killing of E.
coli E44 after treatment with MEM. Neutrophil killing of bacteria includes two parts: intracellular killing and
extracellular killing. A intracellular killing inhibitor of Cytochalasin D was used to distinguish intracellular
killing of PMNs and extracellular killing microbes; (B) NETs trapping promoted by MEM. Neutrophils were
stimulated for NET formation and infected with E44 at an MOI of 50. Different concentration of MEM was
incubated with the neutrophils. Viable bacteria were quantified by plating of serial dilutions. The percentage
of CFU trapped by NETs was calculated according to the formula described in section Materials and Methods;
(C) MEM could enhance the intracellular killing ability of PMNs. Different MOI (5, 50, 100) was used for
infection with E44-GFP, and a concentration of 50 uM MEM was added and incubated with PMNs for 1 h.
PMNs without bacteria infection was used as a control group. Then the cells were collected by centrifuge
and fixed on slide. DAPI was used for cell staining of nucleus (blue fluorescence). The intracellular killing of
bacteria (green fluorescence) by neutrophils was counted, and 100 of neutrophils was assessed for each sample;
(D) Phagocytized particles in PMNs treated with E44 or/and MEM. Phagocytized particles were counted under
a fluorescence microscopy. CON represents cell treated with E44, and MEM group represents cell treated with
E44 and memantine. Each bar represents the average of three different experiments = SD (n = 3). Scatter plots
in the bar graphs represent the three biological replicates. # P < 0.05 (P value of the intracellular killing %), *P
<0.05, ¥**P < 0.01, ***P < 0.001 (P value of the extracellular killing %).
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PMNs did not show an obvious change in morphology. However, when the MOI was >50,
each PMN was observed to contain at least 50 E44 bacteria, along with a significant nuclear
morphology change. Collectively, these results suggest that MEM not only promotes the
formation of NETs, but also enhances the NET-mediated bacterial trapping and killing of E.
coli E44.

MEM Enhanced the NET Function and Inhibits E. coli Dissemination in vivo

Mice were intraperitoneally injected with 2 x 10" E44 or 2 x 10’ E44 along with
different concentrations of MEM. Twenty four hours later, the mice were anesthetized and
blood was collected. The serum was analyzed using Picogreen and the Mouse PMN elastase
ELISA Kit (R&D Systems) to quantify the formation of NETs. As shown in Figures 3A,B,
E44 significantly stimulated the release of DNA and elastase into blood. These results
suggest that MEM promotes the formation of NETs in vivo after E. coli E44 infection.

To explore whether MEM blocks E44 dissemination, mice were intraperitoneally
injected with 2 x 10" E44 or 2 x 10’ E44 along with different concentrations of MEM. After
infection with E44 for 24 h, the mice were anesthetized and blood, liver, lung, and spleen
tissue was collected. Blood samples were diluted and cultured on BHI agar plates containing
rifampicin. The liver, lung, and spleen tissue was weighed, triturated, diluted, and cultured on
BHI agar plates containing rifampicin. As shown in Figures 3C-F, MEM effectively blocked

the dissemination of E44 in infected mice.

CHRNA7 Knockdown Led to a Failure of MEM-Enhanced Intracellular Killing Ability
of PMNs

S100A9 and a7R are both involved in the regulation of Ca’" - mediated signal
transduction. S100A9 is also an antimicrobial protein which is released by PMNs during
bacterial infection. HL60 cells were stimulated with 1.3% DMSO to generate PMNs. A total
of 1 x 10° PMNs of differentiated PMNs were cultured in 24-well plates and transfected
with CHRNA7 or S100A9 siRNA using lipofectmine 2000. After the CHRNA7 and STI00A9
genes were knocked down using siRNA, the intracellular killing ability of PMNs was tested
(Figure 4A). demonstrated that MEM could enhance the intracellular killing ability of
neutrophils in a manner of dose dependent. As shown in Figure 4B, the survival rate of E44
in the CHRNA7 knockdown group was significantly lower than that of the normal group.
The addition of MEM did not affect the intracellular killing ability of PMNs, even when the
concentration of MEM reached 50 uM. As shown in Figure 4C, after knockdown of ST00A9,

the survival rate of E44 in PMNs increased when compared to the normal group.
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MEM Promoted the Expression of theBactericidal Enzyme MPO and S100A9

PMNs were treated with PMA, E. coli E44, and different doses of MEM. Subsequently,
these cells were analyzed using immunofluorescence. To detect the formation of NETs, all
cell samples were incubated with fluorescent MPO (green) and S100A9 (red) antibodies, and
nuclei were stained by DAPI. The fluorescence value was analyzed with Image J software,
and the relative fluorescence value was calculated as the fluorescence values of treatment

groups/the fluorescence value of control group. Under the fluorescence microscope, we
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FIGURE 3. MEM promoted NETs formation and could block E44 dissemination in mouse model. Mice (6 per
group) were intraperitoneally injected with 2 x 107 E44 or with 2 x 107 E44 along with different concentrations
of MEM (5-20 mg/kg of body weight). After infection with E44 for 24 h, mice were anesthetized and blood,
liver, lung, and spleen tissue was collected. The serum used to detect the cell free DNA using Picogreen and NE
using a Mouse PMN Elastase ELISA kit. For NE detection, the serum was diluted 1:2. The blood was diluted
from 1:10 to 1:108 and cultured on BHI agar plates containing rifampicin. Liver, lung, and spleen tissue was
weighed, triturated, diluted, and cultured on BHI agar plates containing rifampicin. (A) Cell free DNA in serum;
(B) NE concentration in serum; (C) The bacterial levels in blood of mice; (D) The bacterial levels in liver tissue
of mice; (E) The bacterial levels in lung tissue of mice; (F) The bacterial levels in spleen tissue of mice. The
mice were treated as described in Materials and Methods, and then the blood, liver, lung, and spleen tissues
were collected. Blood samples were diluted and cultured on the BHI agar plates. The liver, lung, and spleen
tissues were weighted and triturated, then diluted and cultured on the BHI agar plates. All values represent the
means of determinations. Bacteria levels in blood are expressed as log CFU/ml, and in tissues are expressed as
log CFU/g. *P < 0.05, **P < 0.01, ***P < 0.001.
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observed that the nuclei of the control group cells maintained a segmented structure.
However, the nuclear structures of cells in the groups treated with PMA, E44, and MEM
were damaged significantly. These cells exhibited a mass production of MPO, S100A9, and
DNA (Figures 5SA-D). Additionally, depolymerized chromatin fibers were released into the
extracellular space and formed a network structure, suggesting the formation of NETs. The
expression level of SI00A9 in cell culture medium induced by the MEM was also detected
using ELISA method. The data as shown in Figure 5SE demonstrated that MEM could
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FIGURE 4. CHRNA?7 knockdown led to a failure of MEM-enhanced intracellular killing ability of PMNs. A
total of 1 x 106 of PMNs were cultured in 24-well plates and transfected with CHRNA7 or S100A9 siRNA.
Cells were treated with E. coli E44 (MOI = 50) or/and different concentrations of MEM for 2 h. (A) Bacterial
survival in PMNs with titration of memantine treatment; (B) Survival of E44 in PMNs with (+) or without (—)
CHRNA?7 knockdown after treatment with different concentration of MEM; (C) Survival of E44 in PMNs with
(+) or without (=) SI00A9 knockdown after treatment with different concentration of MEM. Relative survival
was expressed as an n-fold increase or decrease relative to the basal level (Cells without siRNA and MEM
treatment). Each bar represents the average of three different experiments + SD. Scatter plots in the bar graphs

represent the three biological replicates. **P < 0.01, ***P < (0.001 compared with the control.
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significantly induce the expression of SI00A9. Gene expression knockdown by transfection
of siRNAs into PMNs weakened the promotion effects of E44 and MEM on the expression
of MPO and S100A9 (Supplementary Data).
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FIGURE 5. MEM promoted the expression of bactericidal enzyme MPO and antiseptic protein S100A9.
The PMNs were treated with PMA, E. coli E44, different dose of MEM, and then incubated with fluorescent
conjugated antibodies of MPO and S100A9, and the cell nucleus was stained with DAPI. (A) Expression of
MPO and S100A09 in cells treated with PMA or PMA in combination with different concentration of MEM; (B)
Expression of MPO and S100A9 in cells treated with E44 and different concentration of MEM; (C) Quantitative
analysis of the relative fluorescence value of MPO induced by PMA, E44, and MEM; (D) Quantitative analysis
of the relative fluorescence value of SI0O0A9 induced by PMA, E44, and MEM; (E) Expression level of
S100A9 in culture medium induced by E44 or/and MEM. A total of 1 x 10° of PMNs were cultured in 24-well
plates, and treated with E. coli E44 or/and different dose of MEM for 2 h. Then the samples were collected
and centrifuged. The S100A9 in the supernatant was detected using the S100A9 ELISA kit according to the
manufacturer’s instructions. Each bar represents the average of three different experiments = SD. Scatter plots
in the bar graphs represent the three biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001
compared with the control. Colors: MPO is shown in green; SI00A9 is shown in red; Cell nucleus stained with

DAPI is shown in blue.
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DISCUSSION

NETs have been considered to be a component of human innate immunity due to their
ability to trap and kill pathogens. NETs are produced by activated neutrophils and consist
of a DNA backbone with embedded antimicrobial peptides and enzymes. Granule proteins,
histones, and chromatin together form an extracellular structure that traps and prevents the
spread of bacteria (Brinkmann et al., 2004; Wartha et al., 2007b; Halverson et al., 2015).
Proteases such as neutrophil elastase embedded in NETs degrade virulence factors (IpaB
of S. flexneri and a toxin of S. aureus) (Weinrauch et al., 2002), bactericidal permeability-
increasing protein (BPI), and histones. NETs also kill bacteria efficiently, and at least one of
the NET components, histone, exerts antimicrobial activity at surprisingly low concentrations
(Brinkmann et al., 2004).

In this study, we observed that pathogen-induced NET formation, including the
release of elastase and DNA from neutrophils, was increased when the infected cells were
incubated with MEM. In the mouse infection model, MEM could also induce the formation
of NETs and inhibited the dissemination of E. coli. When compared to the control group, the
distribution of bacteria in blood, liver, lung, and spleen tissues was significantly less in the
MEM-treated group.

Previous reports suggest that a7R plays a detrimental role in the host defense against E.
coli infection. It has been has confirmed that a7R is expressed on many types of cells, such
as endothelial cells, fibroblasts, synoviocytes, polymorphonuclear neutrophils, dendritic
cells, NK cells, B cells, and T cells (Tracey, 2009). Meningitic E. coli and nicotine can
additively or synergistically induce the cellular release of Ca®" which may expand bacterial
cell signaling through the cholinergic a7R pathway (Chi ef al., 2011). SI00A9 is expressed
abundantly in neutrophils and is able to regulate the ability of neutrophils to respond acutely
to infection (Raquil et al., 2008; De Filippo et al., 2014; Yoshioka et al., 2016). The presence
of S100A9 is critical in both murine and human NETs to inhibit bacterial growth (Achouiti
et al., 2012). Results from the PMN intracellular killing assay indicate that the survival rate
of E44 in the a7R knockdown group was significantly lower than that of the control group.
Treatment with MEM did not affect the intracellular killing ability in this context. In contrast,
after knockdown of S100A9, the bacterial survival rate in PMNs increased when compared
to the control group. Furthermore,

MEM inhibited bacterial survival in PMNs in which S100A9 was knocked down in a
concentration-dependent manner. MEM could significantly stimulate the production of MPO,
S100A9, and DNA in PMNs and accelerated the release of depolymerized chromatin fibers

57 <4



FAREE / ACADEMIC PERSPECTIVES

into the extracellular space, suggesting the formation of NETs.

Further investigation of factors that modulate the cytoplasmic EF-hand Ca’* -binding
protein S100A9-mediated signaling pathway may reveal more insights into the mechanisms
responsible for enhancement of neutrophil antimicrobial activity. SI00A9 could be regulated
by phosphorylation, but the importance of this phosphorylation on the NET activity of this
protein has not yet been extensively studied (Schenten et al., 2018). Along these lines, it
is interesting to determine if the enhancement of NET release and bactericidal activity is
phosphorylation-dependent. Exploring the mechanism underlying phosphorylated SI00A9-
induced NET formation may facilitate discovery of signaling molecules specifically
optimized to promote targeted enhancement of innate immune responses. Also, it is important
to examine the impact of this phosphorylation on pro-inflammatory cytokine expression and
secretion in neutrophils.

In conclusion, our data provide evidence that MEM is a host-directed antimicrobial
agent that has the potential to be developed as a novel therapeutic for the treatment of
bacterial infection. Furthermore, our data demonstrate a potential mechanism by which MEM

exerts antimicrobial functions related to the promotion of pathogen-induced NET formation.
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Rupture Zones of the 2014 M6 South Napa
Earthquake in California Characterized by
Fault-Zone Trapped Waves
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ABSTRACT

We use fault-zone trapped waves (FZTWs) to evaluate continuity between the West
Napa (WNF) and Franklin (FF) faults and fault branching within the WNF zone in
northern California. The FZTWs generated by 55 on-fault aftershocks of the 24 August
2014 Mw 6.0 South Napa earthquake are identified in three-component seismograms
recorded at three dense arrays deployed across the resulting surface ruptures. Our 3D
finite-difference simulations of the recorded FZTWs show that the WNF zone consists
of a 400- to 500-m-wide, 5- to 7-km-deep, low-velocity waveguide, with seismic velocities
reduced by 40 to 50%. Post-S coda durations of the FZTWs increase with distance
between the aftershocks and the recording arrays, demonstrating that the low-velocity
waveguide extends southward to the FF, within which seismic velocities are reduced by
30-35%. These FZTWs indicate that the combined WNF-FF zone is at least ~54 km long.
The FZTWs generated by two explosions detonated within the main surface rupture of
the WNF and recorded by a 15-km-long seismic array across the fault zone, demonstrate
that the rupture is highly distributed on the multiple fault strands during the M6 South
Napa earthquake. Within 1.5 km of the main 2014 surface rupture, there are at least two
subordinate fault traces that formed 3- to 6-km-long surface ruptures. Finite-difference

modeling suggests these subordinate rupture zones form low-velocity waveguides and
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connect with the main rupture at ~2-3 km depth. FZTWs recorded at the Carneros
Fault (CF), ~1-km west of the WNFZ, suggest that the CF connects with the WNFZ at
shallow depths, even though there was not surface rupture on the CF during the 2014
earthquake. We suggest that the continuous and widely distributed WNF-FF may pose
significant regional hazards from amplification and extended ground shaking along the
fault-zone waveguides, even if surface rupture is limited to only a segment of the overall

fault zone.

INTRODUCTION

The 2014 South Napa M6 mainshock occurred at a depth of 9.4-km, with aftershocks
extending between 2 km and 12 km depth (Hardebeck and Shelly, 2014). The mainshock
epicenter was located ~6 km northwest of the City of American Canyon and 1.7 km south of
the southernmost mapped surface rupture. The epicenter was also close to mapped trace of
the less known fault, the Franklin fault (FF) (Bryant, 2005; Graymer et al., 2002; Wesling
and Hanson, 2008). However, the surface rupture did not fall on the main trace of any of
these faults, but instead between the Carneros and West Napa faults and northwest along
strike from the northern mapped end of the FF. 3D surfaces show that the Carneros Fault is
a steeply dipping fault that runs just west of the near-vertical 2014 rupture plane (Graymer,
2014). The Carneros Fault does not appear to have been involved in the earthquake, although
relocated aftershocks suggest possible minor triggered slip. To south, the FF is a steeply east-
dipping fault, suggesting that the South Napa earthquake occurred on the northernmost reach
of the FF within its 3D junction with the West Napa Fault (WNF). UAVSAR data (Donnellan
et al., 2014) and relocated aftershocks (Hardebeck and Shelly, 2014) suggest that the main
WNF experienced triggered slip and afterslip along a length of roughly 20 km. Therefore, it
is possible that the 2014 rupture took place along a largely unrecognized westerly strand of
the WNF which is also steeply west-dipping based on focal mechanisms of the mainshock
and connection of the surface rupture to the relocated hypocenter. Focal solutions by UC
Berkeley show right-lateral motion along a plane having the similar strike and rake (Brocher
etal.,2015).

The 2014 mainshock produced ~14 km of surface rupture along the WNF, with
maximum surface displacements of 40-45 cm (e.g., Hudnut et al., 2014). The mapped surface
rupture consisted primarily of a zone of right-lateral fractures from less than one meter to

more than tens of meters wide. Although the surface rupture varied along the rupture length,

» 64



SOUTH NAPA EARTHQUAKE IN CALIFORNIA

it was usually observed as a zone of en echelon left-stepping fractures (Brocher ef al., 2014).
Combined UAVSAR and GPS estimates of fault slip for the Mw 6.0 South Napa Earthquake,
show slip on a single fault at the south end of the rupture near the epicenter of the event, but
the rupture branches out into multiple faults further north near the Napa area (Donnellan
et al., 2014). The eastern two sub-parallel faults break the surface, while three faults to the
west are buried at depths ranging from 2-6 km with deeper depths to the north and west. The
geodetic moment release is equivalent to a M6.1 event. Additional ruptures are observed in
the interferogram, but the inversions suggest that they represent superficial slip that does not
contribute to the overall moment release. The rupture propagated mostly to the north and up-
dip, directing the strongest shaking toward the City of Napa, where peak ground accelerations
between 45% g and 61% g and MMI intensities of VII-VIII were reported (Boatwright et al.,
2014). The highest peak ground acceleration (1g) in the region was recorded near the town
of Crockett, at the Carquinez Bridge probably due to local site conditions (Boatwright et a/,
2015; Celebi et al., 2015) or to an unusual path effect. However, there are strong positive
residuals in strong motion records at stations to the south of the earthquake, suggesting
stronger shaking in the along-strike direction of faults in the region (Baltay and Boatwright,
2015). In particular, these positive residuals may align with the Quaternary-active Franklin
or Southhampton faults. Such positive residuals are consistent with a fault-zone waveguide
effect along these faults.

Intense fracturing during earthquakes, brecciation, liquid-saturation, and possibly high
pore-fluid pressure near the fault are thought to create low-velocity zones that can efficiently
trap seismic waves. Fault-zone trapped waves (FZTWs), also referred to as guided waves,
arise from coherent multiple reflections and corresponding high reflection coefficients at the
boundaries between the low-velocity fault zone and the surrounding higher velocity rocks
(Li et al., 1990; Li and Leary, 1990). FZTWs have been used to characterize the magnitude
of fault rock damage and multiple ruptures along active faults and post-earthquake healing
process in our study of rupture zones of the 1994 M9.4 Landers and 1999 M7.1 Hector Mine
earthquakes (Li et al., 1994, 1998, 2000, 2003, 2014; Vidale and Li, 2003; Cochran et al.,
2009), and the rupture zone of the 2004 M6 Parkfield earthquake on the San Andreas Fault
in California (Li et al., 1997, 2004, 2006; Li and Malin, 2008). In this paper, we use FZTWs
generated by aftershocks and explosions to characterize the subsurface structure of fault
rock damage along the West Napa Fault Zone (WNFZ) that ruptured in the M6 South Napa
earthquake occurring southwest of the City of Napa, California on 24 August, 2014 as well
as the adjacent faults (Fig. 1). The WNF zone is located east of the Hayward-Rodgers Creek
Fault (HRCF) system and approximately 13 km west of the Concord-Green Valley Fault
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(CGVF) system. Both fault systems have generated historic damaging earthquakes, including
the 31 March 1898 M5.8-6.4 Mare Island earthquake (Hough, 2014) and the 3 September
2000 M5.2 Yountville earthquake (Langenheim et al., 2006).

THE AFTERSHOCK DATA AND WAVEFORM ANALYSES

Four days after the M6 South Napa earthquake, the U.S. Geological Survey (USGS)
installed three seismic arrays Array 1, Array 2 and Array 3 (Al, A2 and A3) consisting
of a total of 50 short-period (4.5 Hz) seismic stations across the West Napa Fault (WNF)
and adjacent faults for ~2 weeks (Catchings et al., 2014). 1.9-km-long A1l and A2 were
deployed perpendicularly across the West Napa Fault Zone (WNFZ), at locations near the
ends of the northern and southern surface ruptures, respectively (Fig. 1). A3 was deployed
across the intersection of the Franklin and Southhampton faults, which could be southward
continuations of the WNFZ. The station spacing along each array was 100 m, with vertical,
fault parallel, and fault perpendicular velocity sensors (4.5 Hz) at each station. The
seismometers recorded in continuous mode at 100 samples per second and were synchronized
by internal GPS clocks before and after deployment. A1 consisted of 20 stations, referred
to here as stations A1-01 to A1-20. A2 consisted of 20 stations. A3 consisted of 10 stations
A3-1 to A3-10. Seven REFTEK-130 three-channel seismographs (R1 to R7) with 2Hz .22
sensors were deployed around the WNFZ. R1 to R4 were located close to the surface rupture
and the south part of the WNF (Fig. 1).

Approximately 180 aftershocks and local earthquakes were recorded at the three
seismic arrays and REFTEK stations between August 28 and September 9 (Julian dates 240
to 252) of 2014. We examined the waveform data from all the recorded events and selected
55 aftershocks from which seismograms show appropriate signal-to-noise ratio. Figure 1b
shows locations of the 55 aftershocks, among which 41 aftershocks generated FZTWs. We
identify the FZTWs on the basis of extended coda waves with large amplitudes that follow
the S-arrival on seismograms recorded at stations within a fault zone. Generally, the coda
length of the coherent guided waves increases with increasing hypocentral distance between
the earthquake source and the recording site, while the difference between the P- and S-arrivals
also increases with increasing hypocentral distances. Empirical studies have shown that
the ratio of the post-S coda time to the time difference between the P- and S-arrivals is
approximately higher than 1.2 for prominent FZTWs (Li et al., 2014). In this study, we use
the ratio of post-S coda time to S-P arrival time difference (¢-—t)/(¢s—t,) higher than ~1.2, to

indicate prominent FZTWs well generated and observed for aftershocks that occurred within
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or close to the low-velocity fault zone. #,and ¢, are the P- and S-arrival times; t, is the post-S
coda time in which the amplitudes of FZTWs are above twice those of the background

signals.

Post-S Coda Durations of FZTWs Increasing with Focal Depth
For example, we analyzed FZTWs generated by aftershocks E14, E7, E26, and ES

(see Fig. 1b), which occurred along the northern projection of the 2014 surface rupture at
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Figure 1. (a) Map shows the 2014 M6 South Napa earthquake (star). aftershocks (dots), surface ruptures
(thick red line). three seismic arrays Al, A2 and A3 (blue bars). REFTEK seismographs RI-R7 (triangles), and
faultsbrawn lines. (b) Map shows aftershocks (circles) recorded on the arrays between 08/28 and 9/9 of 2015,
including 41 on-fault aftershocks (solid circles with numbers) generating FZTWs. The thick pink line denotes
the 2014 surface rupture zone. (c) Map shows locations of 10 stations (triangles) of A3 that crosses the Franklin
and South Hampton faults. (d) Schematic diagram showing station locations (triangles) of Al and A2 across the
northern and southem parts of the WNF rupture zone. The red line denotes the 14-km-long surface rupture of

the WNF within a 400-m-wide rupture zone (brawn band) determined by FZTWs.
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depths increasing from 2.8 km to 6.6 km (Fig. 2). Their epicentral distances to the center of
Al range from 1 to 3 km. The raypaths between these aftershocks and A1 are sub-vertical.
FZTWs with relatively large amplitudes and long post-S coda durations are prominent at
five stations located within the rupture zone. At array Al, post-S coda durations of FZTWs
increase from 0.8 s to 1.6 s as aftershock hypocenters increase from 2.8 km to 6.6 km. The (¢#.—
t5)/(t<tp) ratio for on-fault aftershocks range from 1.3 to 1.6 with the maximum ratio for the
shallowest event E14 at 2.8-km depth. The FZTWs recorded at arrays Al and A2 for these

E14 M1.6 at 2.8-km depth and epicenter ~1.0-km north of A1 ~12-km north of A2
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Figure 2. (a) Seismograms and amplitudes registered at 12 stations (A1-01 to A1-16) of Al for four on-fault
aftershocks E14, E7, E26, and E5. Histogram shows maximum amplitudes of post-S coda in 3 s windows for
each seismogram recorded at Al. Spectral amplitudes of seismograms at station A1-08 of A1 within the rupture
zone are computed and normalized (0—1). FZTWs (in boxes) are observed at stations A1-05 to A1-09 of A1 and
stations A2-13 to A2-17 of A2. Post-S coda durations of FZTWs at A1 increase from 0.8 to 1.6 s as aftershock
depths increase from 2.8 to 6.6 km (the move-out denoted by the slope of a gray line). (b) Same plot as shown
in (a) but for the data recorded at 12 stations (A2-09 to A2-20) of A2 for these aftershocks. Post-S coda
durations of FZTWs registered at A2 are 3.0-3.1 s.
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aftershocks suggest that a remarkable low-velocity damage zone along the WNFZ likely
extends further northward from the surface rupture of the 2014 M6 South Napa earthquake
to depths of at least 5-6 km.

In another example, we evaluated FZTWSs generated by three aftershocks E31, E2 and
E32 (see Fig. 1.1) occurring at depths of 4.8, 7.7, and 9.3 km depths between Al and A2,

and recorded at the two arrays (Fig. 3). Prominent FZTWs are observed at stations within

E31 M2.0 at 4.8-km depth, ~9.5-km south of A1 ~1.5-km north of A2
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Figure 3. (a)Seismograms, amplitudes, andnormalized spectral amplitudes registered at A1 from three on-fault
aftershocks E31. E2 and E32 at 4.8. 7.7 and 9.3 km depth. Post-S coda durations of FZTWs for stations of Al
within the rupture zone are 2.3-2.6 s for these aftershocks. (b) Same as in (a), but for A2. Prominent FZTWs (in
boxes) seen at stations A1-5 to A1-9 of Al and stations A2-12 to A2-17 of A2. Histograms show the maximum
amplitude of post-S coda at each array station. The post-S coda durations of FZTWs at A2 increase from 1.4
s to 1.7 s (denoted by a grey line) as aftershock depths increase from 4.8-km to 7.7 km. There is only a slight
increase (0.1s)for focal depths between 7.7 km and 9.3 km. FZTWs are not shown at away-tault stations.
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and near the 2014 surface rupture zone for each aftershock. The post-S coda durations of
FZTWs (measured at A2) increase from 1.4 s to 1.7 s as their focal depths increase from
4.8 km to 7.7 km) but the post-S coda durations only slightly increase from 1.7 s to 1.8 s
for aftershocks with focal depths between 7.7 km and 9.3 km, suggesting that a significant
low-velocity waveguide likely extends to approximately 7.7 km depth at A2. Post-S coda
durations (2.3 to 2.6 s) of FZTWs recorded A1l for the same aftershocks. The (z—t5)/(ts—tp)
ratio for aftershocks E31 and E2 range from 1.2 to 1.4, suggesting a remarkable low-velocity
waveguide along the rupture zone to depth ~5-7 km between A1 and A2, but the ratio for the

deep aftershock E32 is 1.1, indicative of weak waveguide effect below ~7 km.

Post-S Coda Durations of FZTWs Increasing with Epicentral Distance

To examine the continuity of the rupture zone along the WNFZ at seismogenic depths,
Figure 4 shows FZTWs recorded at A1, A2, and A3 for an on-fault aftershock E51 (see Fig.
1b) located ~6 km south of A2 at ~5 km depth. FZTWs from E51 are prominent at stations
of Al and A2 located within the rupture zone. Post-S coda durations of the FZTWs average
~2.8 sat Al and ~1.7 s at A2. In contrast, post-S coda durations are much shorter at stations
located outside of the rupture zone. At A3, we observe FZTWs with 3.8 s of post-S coda
durations at stations A3-02 and A3-03 located near the Southhampton Fault (F1), and at
stations A3-09 and A3-10 located near the Franklin Fault (F2). The FZTWs traveling ~28-km
distance from aftershock E51 to array A3 show 3.8 s post-S coda duration while the FZTWs
traveling ~18-km distance from the same aftershock to A1 show 2.8 s post-S coda duration,
suggesting that either (a) rocks within the fault zone to the north from E51 along the WNFZ
have been more severely damaged than those along the fault zone to south from E51 and A3
along the Franklin Fault, or (b) The deeper travel path to A3 only samples the deeper (and
higher velocity) part of the waveguide. The (¢—f)/(¢<t,) ratios for FZTWs are 1.2-1.3 at Al
and A2 along the WNF but ~0.8 for A3, showing less trapping efficiency of the waveguides
south of E51 along the FF. In general, these ratios are smaller than those for FZTWs
generated by aftershocks occurring within the central part of the rupture zone between
Al and A2 (see Figs. 1.3 to 1.8), indicating the low-velocity waveguide south of A2 has
weaker trapping efficiency than that along the central part of the rupture zone at seismogenic
depths. Alternatively, the smaller ratios may infer weaker excitation of FZTWs because they

originate lower than or at the bottom of the rupture zone.

FZTWs Observed at Three Cross-Fault Arrays and Along-Fault REFTEK Stations
We analyzed waveform data recorded at REFTEK-130 seismographs (R1-R7) deployed
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along the WNFZ and the Franklin Fault. For example, Figure 5 shows prominent FZTWs
recorded at four stations R1 to R4 located close to the faults, but not at station R7 located ~2
km away from the WNF for three on-fault aftershocks E26, E13 and E20 occurring at depths
of 5 km, 9.6 km and 8.7 km, respectively.

We measured post-S coda durations of FZTWs increasing from 1.5 s to 5 s as the

hypocentral distances between aftershock E26 and four on-fault stations R1-R4 increase
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Figure 4. Vertical-component seismograms, amplitudes, and normalized spectral amplitudes at arrays Al,
A2 and A3 for an on-fault aftershock E5S1. FZTWs (in boxes) are observed at stations A1-05 to A1-09 of Al,
stations A2-12 to A2-17 of A2, and stations A3-02. A3-03. A3-09, and A3-10 of A3. Post-S coda durations of
FZTWs average 2.8 s at Al and 1.7 s at A2. Spectral amplitudes of seismograms show FZTWs with ~2.8 s
and~1.7 s coda durations at stations A1-08 and A2-14. Much shorter durations are observed at stations A1-02.
Al1-14, A2-09. and A2-19 outside of the rupture zone. FZTWs with 3.8 s duration appear at stations A3-02 and
A3-03 near the FF (denoted by F1). and at stations A3-09 and A3-10 near the Southhampton Fault (F2).
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from ~6 km to ~36 km. Similarly, we measured post-S coda durations of FZTWs increasing
from 1.8 s to 3.9 s as the hypocentral distances between aftershock E13 and REFTEK
stations R1-R4 increase from ~10 km to ~23 km. We measured post-S coda durations of

FZTWs increasing from 1.8 s to 3.3 s as the hypocentral distances between aftershock E20

E13 at 9.6-km depth E20 at 8.7-km dopth
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Figure 5. Seismograms and normalized spectral amplitudes at four on-fault R1-R4 and one off-fault
seismometers R7 (triangles)deployed along the WNF and FF (gray lines) for aftershocks (a )E26, (b) E13 and
(c) E20 (stars). Epicentral distances between aftershocks and recording stations are plotted in the schematic
diagrams. The post-S durations of FZTWs are marked by horizontal red bars with measured duration time. (d)
Post-S durations of FZTWs (red dots)measured at four on-fault stations to R4 along with the WNFZ and the
FF. and the cross-fault seismic array A3 for three on-fault aftershocks E26, E13 and E20 versus hypocentral
distances between three aftershocks and stations. showing that the post-S coda durations of FZTWs increase

with increasing travel distances, with larger increasing rate along the WNFZ than along the Franklin Fault.
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and stations R1-R4 increase from 9 km to 20 km. In contrast, the post-S coda durations at
station R7 out of the WNFZ is 1.5-1.6 s. The (t—t)/(ttp) ratios for these FZTWs at R1-R4
range from 1.0 tol.6 with the larger ratio for FZTWs recorded at R1 and R2 located within
the WNFZ rupture zone and smaller ratio at R4 close to the Franklin Fault, indicating the
stronger waveguide trapping effect along the WNFZ rupture zone than the FF. Moreover,
we measured FZTWs recorded at four REFTEK stations for 30 on-fault aftershocks (refer to
Li et al., 2016). The measurements of FZTWs at R1 and R2 are consistent with those at co-
located stations of arrays Al and A2 within the rupture zone for the same aftershocks. We
notice the P-type FZTWs with the post-P coda durations of 1.2-1.5 s at stations A2-13 to A2-
16 of array A2 located within the WNFZ for shallow aftershocks E14 and E15.

SUBSURFACE DAMAGE STRUCTURE INFERRED FROM FZTWS

We have observed significant FZTWs generated by 41 Napa aftershocks and recorded
on three cross-fault seismic arrays (Al, A2, and A3) and four REFTEK seismographs (R1 to
R4) deployed along the WNFZ and the Franklin Fault. The (z—)/(tstp) ratios for FZTWs
are equal to or larger than 1.2 on most seismograms recorded at A1, A2, and R1 to R3 for
sources and receivers both located within or along the rupture zone of the 24 August 2014
M6 South Napa earthquake. However, the (7—f)/(ts—tp) ratios for FZTWs on seismograms
recorded at R4 and A3 located along the south WNF and Franklin fault (FF) that did not
rupture in the 2014 M6 earthquake are ~0.8-1.0 s, indicating a waveguide having moderate
trapping efficiency along the south WNFZ and the FF. In contrast, the (¢#.—t)/(¢s—t,) ratios
on seismograms recorded at all seismic stations for aftershocks occurring far away from the
WNFZ and FF are less than 0.5, indicating no significant FZTWs were excited by these off-
fault events.

Figure 6a shows measured post-S coda durations of FZTWs recorded at on-fault stations
of arrays A1, A2, A3 and REFTEK stations R1 to R4 for the 41 aftershocks occurring within
the WNFZ versus their hypocentral distances between aftershocks and seismic stations
(refer to Li et al., 2016 for details). The measurements show that post-S coda durations of
FZTWs recorded at A1, A2, R1, R2 and R3, which were located on or close to the surface
rupture of the 2014 M6 South Napa earthquake, increase from ~1.0 s to ~4.0 s as hypocentral
distances of these aftershocks increase from ~3-km to ~21-km. The longer coda durations
of thee FZTWs result from their greater travel distances within the low-velocity waveguide.
Although an ~14-km-long surface rupture was observed, the subsurface rupture likely

extends beyond the northernmost and southernmost ends of the surface rupture, consistent
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with aftershock alignments (Hardebeck and Shelly, 2014) and afterslip observations (Hudnut
et al., 2014). The post-S coda durations of FZTWs recorded at R4 and A3, which were
deployed at the south WNF and FF, increase from ~2.5 s to ~6.0 s as hypocentral distances of
these aftershocks increase from ~20-km to ~50-km, but show a smaller increasing rate than
that for A1, A2, R1, R2, and R3. The post-S coda durations of FZTWs generated by these
aftershocks suggest that the low-velocity waveguide along the WNFZ extends continuously
to the FF, but the waveguide trapping efficiency of the south WNFZ and FF is weaker than
that along the WNFZ with surface rupture during the 2014 M6 South Napa earthquake.
Although there is an amount of scatter in the data in Figure 6a, the data are in general
consistent with a continuous low-velocity waveguide at seismogenic depths along with the
2014 rupture zone. The aftershocks with shorter hypocentral distances (either at shallower
depths or nearer to seismic arrays) show the greatest (¢-—t)/(ts—tp) ratio for guided waves,
implying strongest trapping efficiency of the waveguide at shallow depths between Al and
A2. We note that for all aftershocks with similar hypocentral distances, the two shallowest
aftershocks E14 and E42 occurred at 2.8 km and 4.25 km depth, show the highest (¢-—t)/
(t—tp) ratios of 1.4-1.6, implying a more prominent low-velocity waveguide at the shallow
depths.

FZTWs recorded at A1, A2, A3, R1, R2, R3 and R4 show that the low-velocity
waveguide along the WNFZ extends further southward to at least A3 but possibly with a
more moderate fault zone velocity reduction. The existence of a relatively low-velocity
waveguide to the south of the 2014 M6 South Napa earthquake is also consistent with the
ground motion observations by Baltay and Boatwright (2015).

Empirical studies have shown that the generation of FZTWs is strongly dependent on
the source location with respect to the low-velocity waveguide (e.g., Li and Leary, 1990;
Li and Vidale, 1996), whereby earthquakes located within the waveguide generate stronger
FZTWs than earthquakes located out of the waveguide. Thus, the relative amplitudes of
the FZTWs allow us to delineate the geometry of subsurface rupture zone. Figures 6b and
6¢ show the locations of 55 aftershocks in a 3-D volume, including 41 aftershocks with
prominent FZTWs recorded at A1, A2, R1, R2 and R3 that have (z—f)/(ts—t,) ratios greater
than 1.1 and 14 aftershocks without prominent FZTWs and with (¢.—t,)/(ts—;) ratios less than
0.7. Hypocenters of aftershocks that generated prominent FZTWs delineate the NNW-SSE-
striking rupture zone that dips to the west at > 80°. The most recently damage zone at depth
is several kilometers longer than the ~14-km-long 2014 surface rupture and likely extends to
at least ~7-8-km depth near the mainshock hypocenter but only ~5-6-km deep in the northern

portion of rupture zone.
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Figure 6. (a) Measured post-S coda durations of FZTWs recorded at arrays Al, A2 and A3 (red. blue and green
circles), and stations R1, R2 and R3 (red, blue and pink stars) for 41 aftershocks at various depths within the
WNFZ rupture zone. Post-S coda durations of FZTWs are plotted versus hypocentral distances between the
aftershocks and recording stations, showing the more rapid increase of durations with distance for aftershocks
at distances <20-km due to the greater velocity reduction and the greater waveguide effect within the shallower
portion of the central part of rupture zone. The lines are the least-squares fit to the measurements. (b) 3D
volume showing hypocenters of 55 aftershocks recorded at arrays A1 and A2 (green bars), and stations R1,
R2 and R3 (yellow triangles)deployed across and along the WNFZ (thick red line). Thin lines are ray paths
between Al (red), A2 (blue), R1 (red), R2 (blue), R3 (pink) and the aftershocks (open circles) that generated
FZTWs. Green lines are ray paths between recording stations and aftershocks (stars) without clear FZTWs. The
damage zone of the WNFZ (bounded by two rectangular planes) likely extends to ~5-6 km depth beneath A1l
and~7-8 km depth beneath A2. (c¢) 3D volume viewed along the WNF. Locations of aftershocks (open circles)

generating FZTWs delineate the nearly vertical rupture zone.
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3-D FINITE-DIFFERENCE SIMULATIONS OF FZTWS GENERATED
BY AFTERSHOCKS

We developed models of the WNFZ subsurface rupture zone on the basis of the
hypocenters of aftershocks that generated prominent FZTWs and the measurements of
FZTW coda durations and waveguide trapping efficiency (Fig. 6a). With layer depths, fault
dip, and velocities of the surrounding basement rocks based on an existing velocity model
for the region (Fig. 7a) from Stidham et al. (1999) and Brocher et al. (2005), we constructed
a velocity model (see Fig. 7b and Table 1) for the WNFZ and Franklin Fault. Velocities and
attenuation (Q) in our model are depth dependent because increasing pressure with increasing
depth influences the density and the bulk modulus of rocks as well as the healing rates of
damaged rocks (Byerlee, Rice, 1992; Sibson, 1996; Marone, 1998). The depth-dependent
pressure increase may also influence the development of fault gouge due to normal stress
and rock strength (Scholz, 1990). For these reasons, we used varying velocities with depth
in our model. Our 3-D model includes a 20-km-long 400-m-wide rupture zone within which
velocities are reduced by 25-50% relative to wall-rock velocities beneath the West Napa
Fault where A1, A2, R1, R2 and R3 were located, and a 30-km-long fault zone within which
velocities are reduced by 20-35% beneath the Franklin Fault where R4 and A3 were located
(Fig. 7b). We infer a maximum velocity reduction within a 200-m-wide damaged fault core at
shallow depths (see model parameters in Table 1). The depth of the low-velocity rupture zone
increases from 5-km beneath Al to 8-km beneath A2 and A3. The damage zone diminishes

below those depths. To compute synthetic seismograms, we used a 3-D finite-difference code

Table 1. Model Parameters for West Napa Rupture Zone and Franklin Fault
Model parameters WNF (FF) Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
Depth of the layer bottom, km 1.0 3.0 5.0 8.0 10.0
Waveguide width, m, Damage 400/200 400/200 300/150 200/100
zone/core

Waveguide S velocity, km/s 1.0/0.75 1.3/1.0 1.8/1.25 2.0/1.5

(1.3/1.0) (1.7/1.3) (2.3/1.6)  (2.6/2.0)
Waveguide P velocity, km/s 2.0/1.5 2.6/2.0 3.5/2.5 4.0/3.0

(2.6/2.0) (3.4/2.6) (4.5/3.2)  (5.2/4.0)
Waveguide Q-value 20 30 50 60
Wall-rock S velocity, km/s 1.5 2.0 2.5 3.0 3.5
Wall-rock P velocity, km/s 3.0 4.0 5.0 6.0 6.5
Wall-rock O-value 50 80 100 150/200
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that fits waveforms of FZTWs recorded at A1 and A2. The finite-difference computer code
is second order in time and fourth order in space (Graves, 1996; Vidale et al., 1985), and it
propagates the complete wave-field through an elastic media with a free surface boundary
and spatially variable anelastic damping (an approximate Q).

The low-velocity waveguide, composed of a 200-m-wide fault core zone of maximum
velocity reduction sandwiched within a 400-m-wide damage jacket with milder velocity
reduction, is embedded in the higher-velocity surrounding rocks with a free surface. The
north portion of the waveguide with greater velocity reductions along the WNF rupture zone
is 20-km long while the southern portion of the waveguide with more moderate velocity
reductions along the FF is 30-km long (Table 1). The seismic array was placed across the
waveguide along the fault strike. The seismic waves were derived from a double-couple
source (according to the mainshock focal mechanisms) with radiation patterns. When the
grid spacing is 50-m or 25-m, the maximum frequency of synthetic waveforms is 3-Hz or
6-Hz.

We simulated the FZTWs recorded at A1, A2 and A3 as well as R4 for aftershocks that
occurred at various depths and epicentral distances via a trial-and-error, forward-modeling
procedure to obtain the well-fit model parameters. For example, Figure 7c shows synthetic
waveforms, using the inferred velocity model (Fig. 7b), agreeable with seismograms recorded
at seismic array Al for three on-fault aftershocks (E8, E31 and E2 in Fig. 1b). We use a
double-couple source within the fault zone. FZTWs with large amplitudes and ~2.2-2.4 s of
post-S coda durations are observed at five near-fault stations A1-05 to A1-09 of A1 within
the rupture zone. The consistency of the observed and computed seismograms suggests that
the 2014 rupture zone consists of a remarkable low-velocity waveguide formed by severely
damaged rocks. Seismic energy is trapped and best propagated with large amplitudes along
the waveguide for frequencies between 1 and 6 Hz. We compare synthetic waveforms (Fig.
7d) developed from our velocity model (Fig. 7b) with seismograms recorded at array A2 for
three on-fault aftershocks E33, E22 and E26. The post-S-wave coda durations of synthetic
FZTWs are 2.2-3 s at five stations A2-13 to A2-17 of A2 located within the rupture zone.
Figure 7e shows synthetic FZTWs with 3.5-5.2 s post-S coda durations at stations A3-09 and
A3-10 of array A3 near the FF, consistent with the observed data recorded at A3 for three
on-fault aftershocks E22, E12 and E18. Figure 7f shows synthetic and observed FZTWs
with 3.3-4.5 s post-S coda durations at REFTEK station R4 for these three aftershocks. In
general, the coda durations of FZTWs increase as their travel distances within the waveguide
increase, however, the increasing rate for FZTWs traveling along the WNF rupture zone

within which rocks were severely damaged in the 2014 M6 mainshock is higher than along
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Figure 7. (a) 1-D P-and S-velocities for the Napa region from Brocher et al. (2005) used for wall-rock
velocities in ourmodel. (b) A 2-D slice of our 3-D velocity model of the WNFZ at A2. The 400-m-wide rupture
zone is exposed at the surface. Velocities within the rupture zone along the WNFZ are reduced by 40-50% from
wall-rock velocities. but reduced by 30-35% along the FF. (c) 3-D finite-difference synthetic seismograms (blue
lines) using the model in (b) with observed seismograms (red lines) at seismic array Al for three aftershocks
(ES8, E31 and E2) located at depths of 7.6. 4.8 and 7.7 km, and ~10-km south of Al. Seismograms were <8 Hz
filtered. (d) Synthetic and observed seismograms at array A2 for aftershocks E33, E22 and E26 at depths of 11,
9.2 and 5.1 km, and 6. 7 and 14 km south of A2. (e) Synthetic and observed seismograms at stations A3-09 and
A3-10 of array A3 across the Franklin Fault for aftershocks E22, E12 and E18 at depths 0f 9.2, 7.7 and 4.6 km,
and 23. 31 and 35 km north of array A3. (f) Synthetic and observed seismograms at REFTEK station R4 located
at the south WNF for aftershocks E22. E12 and E18 located at 11. 19 and 23 km north of R4, showing FZTWs (in

green boxes) recorded at stations within the rupture zone.
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the south WNF and the FF that were unbroken at the surface in the 2014 M6 earthquake.
We note that the FZTW coda durations (2.2 s) for deep aftershocks E22 and E33 at 9-11 km
depths is shorter than those (2.3-2.4 s) from aftershocks E2, E8 and E31 at depths of 4.8-
7.7 km, although the hypocentral distances of the deep events are greater than those of the
shallower events. We suggest the shorter coda for the deeper event results from a diminished
low-velocity waveguide below ~7-8 km depth.

The model parameters given in Table 1 are not uniquely constrained by this forward
modeling because there are trade-offs among them. However, our inferred velocity model
resulted from 3-D finite-difference simulations of FZTWs provides a first-order estimate of
the overall structure of the WNFZ and Franklin Fault in the subsurface.

THE FZTWS GENERATED BY EXPLOSIONS

In September of 2016, an active seismic experiment with shots conducted in Napa
Valley by the USGS (Catchings et al., 2016). A 15.4-km-long seismic line (called 2016 W-E
Line in Fig. 8) consisting of 155 stations with vertical and horizontal L28 4.5-Hz sensors
was deployed across the West Napa Fault Zone (WNFN) and adjacent faults. The station
spacing is 100 m. The W-E seismic line nearly perpendicularly crossed multiple surface
ruptures along at least three fault strands of the WNFZ. 36 shots were detonated along the
two seismic lines, and two explosions (called SP1001 and SP1002 in Fig. 8) were detonated
within the west rupture zone along the main trace of the WNFN at ~3.5-km north and ~5-
km south of the 2016 W-E Line, respectively. Small amount of explosives set off at the
bottom of 7-10-m-deep drill holes allows seismic energy generated by tiny artificial sources
to eliminate the near-surface soil affect and travel through the subsurface geological layers
efficiently. Because the length of the 2016 W-E Line is much longer than the cross-fault
seismic arrays in the 2014 experiment, the FZTWs recorded in the 2016 experiment will
provide more information on the rupture branching during the 2014 Mw 6.0 earthquake and
allow us to measure the width of multiple rupture zones more accurately.

In the same way, we use the ratio of post-S coda time to S-P arrival time difference
(t—ts)/(ts—tp), to indicate prominent FZTWs well generated and observed for explosions
detonated within the low-velocity rupture zone when the ratio is higher than 1.2. Figure 9
shows band-pass (2-6 Hz) filtered seismograms recorded at 2016 W-E Line for explosion
SP1001. The FZTWs with large amplitudes and long durations (2.0-2.5 s) after S-wave at
stations located within the main and branch rupture zones exposing at the surface along
multiple strands of the WNFZ associated with the 2014 M6 earthquake. The time differences
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between the P- and S-arrivals are approximately 1.5 s. Thus, (¢—ts)/(t—tp) ratios for these
FZTWs generated by shot SP1001 range from 1.4 to 1.7, suggesting that remarkable low-
velocity waveguides formed by damaged rocks along multiple fault strands of the WNFZ
at shallow depth in the 2014 M6 South Napa earthquake. The longest post-S coda (~2.5 s)
of FZTWs with largest (1—t)/(ts—tp) ratio (~1.7 s) are registered at stations (numbered from
48 to 54) located within the ~500-600-m wide rupture zone along the main strand of the
WNFZ (called WNFm), indicating that fault rocks of the WNFm experienced most severely
damage in the 2014 mainshock. Comparatively, we observe FZTWs with 2.1-2.3 s post-S
coda durations and 1.4-1.5 (¢.—t5)/(ts—tp) ratios at stations (from 61 to 65, and from 69 to 72)
located within ~300-400-m wide WNFel and WNFe2, indicating that fault rocks along the
east rupture zones experienced slightly less damage than those along the main rupture zone.
We observe wavetrains with relative large amplitudes and ~1.5-s post-S coda duration in
seismograms recorded at stations (numbered from 32-35) close to the Carneros Fault. These

wavetrains are likely the leaking-mode FZTWs produced within the low-velocity waveguide
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Figure 8. (a) Map shows the 2014 M6 South Napa earthquake (red star), multiple surface ruptures (red lines)
along the main and east strands WNFm. WNFel and WNFe2 of the WNFZ, Array 1 and Array 2 (yellow bars) in
2014, the 2016 W-E Line (red line)and N-S Line (green line), 36 in-line shots (red and green circles explosions
SP1001 and SP1002 (white stars) and adjacent faults (brawn lines). (b) 3-D volume shows schematic geometry
of multiple fault strands of the WNFZ and the CF, which connect at ~3-km depth. White curves denote ray

paths from explosions to stations.
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when a seismic source is located outside the waveguide. The (z—t5)/(¢<—tp) ratio of these
wavetrains is ~1.0, suggesting that a ~400-m-wide waveguide with more moderate velocity
reduction and weak trapping effect exists along the CF than those along the WNFZ at
shallow depth. The CF did not rupture in the 2014 M6 earthquake although minor slips might
occur on it due to strong shaking by the nearby earthquake.

Regarding to shot SP1002, we observe prominent FZTWs with large amplitudes and
post-S coda durations of ~4 s at stations located within rupture zones along multiple strands
of the WNFZ and ~3 s at stations close to the Carneros Fault (refer to Li et al., 2016). The
time differences between the P- and S-arrivals are approximately 2.2 s at stations within the
WNFZ, and 2.5 s at stations near the CF. The (z.—)/(ttp) ratio for FZTWs recorded at the

WNFZ is ~1.8, showing remarkable low-velocity damage zones produced along multiple

Observed and Synthetic Seismogfams anﬁg W-E Liné for Explosion SP1001
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Figure 9. Observed (red lines) and 3D finite-difference synthetic (blue lines) vertical- and horizontal-component
seismograms at 60 stations of the 2016 W-E Line for explosion SP1001. Seismograms have been 1-6 Hz band-
pass filtered. Large-amplitude FZTWs (in boxes) with 2.5-s, 2.3-s and 2.1-s post-S durations at stations located
within the 400-500-m wide rupture zones(marked by vertical bars) on the main fault (WNFm) and east strands
WNFel and WNFe2 of the WNFZ. FZTWs with 1.5 s post-S coda duration are at stations within the 400-m
wide CF. The duration of FZTWs is the average value of measurements at stations within the rupture zone. We
notice P-type FZTWs at stations located within rupture zones. The FZTWs at the adjacent Camneros fault show

relatively short S-code duration.
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strands of the WNFZ in the 2014 M6 earthquake. The post-S durations and (¢.—g)/(ts—tp)
ratios measured at multiple strands of the WNFZ are similar although surface breaks along
these fault strands are separated southward, suggesting that rupture zones along multiple
fault strands might merge at depth. Therefore, the FZTWs generated by SP1002 detonated
on the southern main WNF can propagate northward along multiple fault strands. The (7—t)/
(ttp) ratio of FZTWs recorded at the CF is ~1.2, showing that the CF has weaker trapping
effect than the WNF. Combined with the surface expression and geometry of the WNF and
CF, we tentatively explain that the CF runs subparallel to the north WNF, and likely connects
the southern WNF-FF at shallow depth. Fault Rocks within the CF could be damaged by
historical earthquakes and probably slightly damaged by the 2004 M6 mainshock even
though it did not rupture in the 2014 South Napa earthquake.

We have synthesized seismograms generated by explosions SP1001 and SP1002, based
on the structure model shown in Figure 8b. However, the low-velocity waveguides along
WNFm and WNFel/WNFe2 strands of the WNFZ are 500-m (400-m) and 400-m (300-m)
wide in the top layer (second top layer) of the model, within which seismic velocity reduced
by 50%, 45% and 40% from surrounding rocks. The CF is 400-m (300-m) wide in the top
layer (second top layer) of the model, within which seismic velocity reduced by 35%. These
fault traces are separated at the surface (Fig. 8). but we assume that they merge at 2-3 km
depth. The 2006 W-E Line is placed across the multiple waveguides. The seismic waves were
generated by an explosion source within the WNFm at ~3.5-km (~5-km) from the seismic
array for SP1002 (SP1002). Figure 9 shows the 3-D finite-difference synthetic waveforms
using these model parameters for comparison with seismograms for explosion SP1001. An
explosion source was placed within the main rupture zone. Both P- and S-FZTWs generated
by explosion appear at stations located within multiple rupture zones along the WNFZ and
the CF. The synthetic FZTW post-S-wave coda durations are comparable with observations
at stations located within these low-velocity fault-zone waveguides. The longest post-S coda
(~2.5 s) of FZTWs is at stations (from 48 to 54) located within the ~500-m wide rupture zone
WNFm, within which fault rocks experienced most severely damage in the M6 mainshock.
Comparatively, FZTWs with 2.1-2.3 s post-S coda durations appear at stations (from 61
to 65, and from 69 to 72) located within ~400-m wide rupture zones WNFel and WNFe2,
within which fault rocks experienced slightly less damage than those within the main rupture
zone. In contrast, ~1.5-s post-S coda duration is at stations (from 32-35) within the ~400-m
wide the Carneros Fault with more moderate velocity reduction and weak trapping effect than
those along the WNFZ rupture zones at shallow depth. The synthetic P-FZTWs with ~1.2-s

coda durations are also agreeable with those in vertical-component seismograms recorded at
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stations within WNFZ rupture zones.

We then computed spectral amplitudes and post-S coda durations in seismogram
recorded at 60 stations of the 2016 W-E Line for SP1001 and SP1002 (Fig. 10). We observe
largest spectral amplitudes and longest post-S coda durations of FZTWs at stations within
multiple rupture zones along the WNFZ and moderate spectral amplitudes and post-S coda
durations of FZTWs at stations on the CF. These measurements show remarkable low-
velocity waveguides formed by highly damaged rupture zones along multiple fault strands
of the WNFZ, which likely connect at depth as they run southward. The CF that had no
surface breaks but might be lightly damaged due to strong shaking from the nearby 2014
M6 earthquake runs sub-parallel to the north WNF and connects the south WNF-FF so that
the FZTWs generated by explosion SP1002 could propagate along the waveguide to seismic

stations located within or close to the CF.

DISCUSSION AND CONCLUSION

Using FZTWs generated by 55 on-fault aftershocks of the 2014 M6 South Napa
earthquake and recorded on three seismic arrays across the 2014 surface ruptures of the WNF,
our 3D finite-difference simulations and analysis of these FZTWs in time and frequency
indicate that the WNF zone consists of an ~400-500-m-wide, 5-7-km-deep, waveguide within

which seismic wave velocities are reduced by 40 to 50%. Measured S coda durations of these
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Figure 10. Measured spectral amplitudes (black dots with line) and post-S coda duration (gray dots with
line) of seismograms recorded at 60 stations of the 2016 W-E Line for (a) SP1001 and (b) SP1002. Spectral
amplitudes are normalized. Larger amplitudes and longer post-$ durations of FZTWs appear within rupture
zones (black bars) of the WNFZ.
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FZTWs increase with distance between the aftershocks and the recording arrays, suggesting
the low-velocity waveguide extends southward to the FF, within which seismic velocities are
reduced by 30-35%. FZTWs indicate that the combined WNF-FF zone is at least ~54 km,
but potential fields data indicate that the WNF may extend to the Maacama fault, suggesting
a WNF-FF zone that is at least 110 km long. FZTWs generated by two explosions detonated
within the main surface rupture of the WNF and recorded by a 15-km-long seismic array
across the fault zone show that the faulting is highly distributed. Within 1.5 km of the main
2014 surface rupture, there are at least two subordinate fault traces that formed 3- to 6-km-
long surface ruptures. Our trial and error forward modeling of FZTWs using a 3-D finite
difference code suggests that these subordinate rupture zones form low-velocity waveguides
and connect with the main rupture at ~2-3 km depth. FZTWs recorded at the CF, ~1-km west
of the WNFZ, suggest that the CF connects with the WNFZ at shallow depths, although there
was no surface rupture on the CF during the 2014 event. We suggest that the continuous and
widely distributed WNF-FF may pose significant regional hazards from amplification and
extended ground shaking along the fault-zone waveguides, even if surface rupture is limited

to only a segment of the overall fault zone.
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