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ABSTRACT

Caffeine, a biologically active drug with many know n
molecular targets, is recognized as a contaminant o f
aquatic systems including marine systems. Although the
concentrations of caffeine reported from aquatic sy stems
are low (ng/L to ug/L), harmful ecological effects not
detected by traditional toxicity tests could occur as a
result of caffeine contamination. The goals of this thesis
project were to: 1) quantify concentrations of caff eine
occurring in the coastal ocean off of the Oregon Co ast and

to determine if higher levels were correlated with

proximity to caffeine pollution sources; and 2) investigate

the sub-lethal cellular toxicity of environmentally

relevant concentrations of caffeine on Myti | us
cal i forni anus, an intertidal mussel that is one of the

dominant species of the Oregon Coast.

Caffeine was analyzed at 14 locations in the coasta I

ocean off of the Oregon Coast. Sampling locations w ere
stratified between populated areas identified as ha ving
sources of caffeine pollution and sites located in sparsely

populated areas not in proximity to major caffeine
pollution sources. Caffeine concentrations were als o]

measured in the major water body discharging near s ampling



locations. Caffeine was detected in water from the
ocean off of the Oregon Coast at concentrations ran
from below the reporting limit to 44.7 ng/L. The oc
and concentrations of caffeine in the coastal ocean
correspond well with pollution threats from populat
density and point and non-point sources, but did co
with a storm event occurrence. Caffeine concentrati
rivers and estuaries draining to the coast ranged f
below the reporting limit to 152.2 ng/L.

Hsp70, a molecular biomarker of cellular stress, wa
used to investigate the sub-lethal toxicity of

environmentally relevant concentrations of caffeine

mussel M californianus. Hsp70 concentrations in the gill

and mantle tissue of mussels exposed to 0.05, 0.2,
ug/L of caffeine for 10, 20, and 30 days were compar

basal levels in control mussels. Hsp70 in the gill

of M californianus had an initial attenuation of the

stress protein followed by a significant albeit mod
up-regulation relative to controls in all but the O
treatment. Hsp70 in the mantle tissue of mussels e
to caffeine did not differ from control mussels.
This Study confirms the presence of caffeine

Oregon’s coastal ocean and provides laboratory evid
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that environmentally relevant concentrations of caf feine
can exert an effect on M cal i fornianus gill tissue at the

molecular-level.
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CHAPTER 1: INTRODUCTION

In the last decade, caffeine has been recognized as
ubiquitous contaminant of aquatic systems. Caffeine
been detected in rivers and lakes (Barber et. al. 1
Kolpin et al. 2002; Boyd et al. 2003; Buerge et al.
Metcalfe et al. 2003; Kim et al. 2007; Nakada et al
Rounds et al. 2009; and many others), wetlands (Pee
al. 2006), groundwater (Seiler et al. 2009; Nakada
2008; Standley et al. 2008), estuaries and bays (Si
and Chen 2002; Peeler et al. 2006; Benotti and Brow
2007; Comeau et al. 2008; Ferreira 2005) and other
systems (Weigel et al. 2002; Buerge et al. 2003; Si

al. 2009; Knee et al. 2010). Consequently, caffeine

been described as one of the most common organic wa

contaminants in natural waters (Kolpin 2002).

The most commonly cited sources of caffeine to aqua
systems (e.g. wastewater discharge, sewage spills,
septic systems, and storm water run-off) are common
to marine systems; yet the occurrence and concentra
caffeine in marine systems have been poorly documen
With the exception of estuaries and coastal bays, w
have residence time and physico-chemical characteri

that differ from other marine systems, the occurren
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caffeine in marine systems has been the focus of on ly four

studies.

Of these four studies, two were conducted in tropic al
systems (Singh et al. 2009 and Knee et al. 2010) an d
another study collected a single set of samples fro m three
locations in the Mediterranean Sea (Buerge et al. 2 003).

The most comprehensive study of the distribution of

caffeine in a temperate marine system analyzed samp les from
15 locations in the North Sea and found caffeine to be
ubiquitous in this water body (Weigel et al. 2002). No
other study has documented the occurrence of caffei ne
across a large marine system. Therefore it is uncle ar
whether the distribution of caffeine found in the N orth Sea
is similar to other marine systems in temperate reg ions.

The Oregon Coast receives discharge from wastewater

treatment plants directly and from streams and rive rs
draining to the coast. Elevated levels of bacteria at some
Oregon beaches have been attributed to wastewater d ischarge
and failing septic systems (Benedict and Neumann 20 04).
According to the Natural Resources Defense Council, 15% of
reported beach contaminations in Oregon in 2008 wer e due to
sewage spills/leaks. These same sources that can co ntribute

to elevated bacterial levels can also be sources of



caffeine contamination. Despite these potential sou rces of
caffeine, there are currently no data on the occurr ence of
caffeine in Oregon’s coastal waters and no means to

determine if caffeine poses a threat to any of the

ecological communities along the Oregon Coast.

Although the concentrations of caffeine that have b een
reported from freshwater, estuarine, and marine sys tems
tend to be low (in the ng/L to low ug/L range), it is
possible that harmful ecological effects could occu r at
existing concentrations of caffeine. Conventional t oxicity
tests suggest that current levels of caffeine pose a
negligible risk to aquatic organisms (Quinn et al. 2008;
Moore et al. 2008). However, caffeine is a biologic ally
active drug with many known molecular targets and s ome

studies using less traditional assays indicate that

caffeine can have effects on aquatic organisms that are
missed by conventional toxicity tests (Gagne et al 2006;
Pollack et al. 2009). However, the concentrations o f
caffeine used in these studies were 500-1200 fold g reater
than the highest concentration reported from a mari ne or

estuarine system. Therefore, it remains unclear if
environmentally relevant concentrations of caffeine can

have sub-lethal effects on aquatic organisms.



The goals of this thesis project were to: 1) quanti fy
concentrations of caffeine occurring in the coastal ocean
off of the Oregon Coast and to determine if higher levels

were correlated with proximity to caffeine pollutio

sources (Chapter 2); and 2) investigate the sub-lethal

cellular toxicity of environmentally relevant

concentrations of caffeine on Mytilus californianus, an
intertidal mussel that is one of the dominant speci es of
the Oregon Coast (Chapter 3). These are two fundame ntal
steps in assessing the potential ecological risk po sed by

caffeine contamination on the Oregon Coast.



CHAPTER 2: OCCURRENCE AND CONCENTRATION OF CAFFEINBN
SEAWATER FROM THE OREGON COAST

INTRODUCTION

The occurrence of caffeine, a biologically active

drug, has been documented in marine and estuarine s ystems
over the last decade. The studies reporting caffein e have
documented low levels (ng/L to low ug/L range) of caffeine
primarily from estuaries, bays, and inlets, with so me
isolated reports from seas and coastal oceans (Tabl e 2.1).
These initial studies of caffeine in marine systems have
largely focused on documenting the presence of the drug
over relatively small spatial scales (e.g. in one e stuary,
or bay or in the vicinity of one population center) , but
have highlighted the fact that caffeine may persist in
marine waters. Despite these research efforts, it r emains
unclear whether caffeine is a ubiquitous contaminan t of

marine systems and if there is any trend in the
distribution of caffeine relative to anthropogenic sources
of caffeine contamination.
The sources of caffeine to marine systems, and to
other aquatic systems, are primarily anthropogenic.
Caffeine is among the most widely consumed drugs in the

world (Bradley et al 2007). It is found in a variet y of



Table 2.1. The locations and concentrations of caff

studies. ND= Not detected.

eine reported in seawater in previous

Location Type of Water Concentration Range Source
North Sea Sea 2 ng/L Weigel et al. 2001
Mediterranean Sea Sea ND-5 ng/L Buerge et al. 2003
Hanelai Bay, Kauai,
Hawaii Bay ND-10 ng/L Knee et al. 2010
North Sea Sea 2-16 ng/L Weigel et al. 2002

Miami River and
Biscayne Bay, Florida

Estuary and bay

22-41 ng/L (Miami River); ND-12

ng/L (Biscayne Bay) Gardinali and Zhao 2002

Miami River, Key
Largo Harbor, and
Looe Key, Florida

Estuary, canal
system, and
offshore reef

13-68 ng/L (Miami River); 5.7-52
(Key Largo Harbor); ND-29 (Looe

Key) Singh et al. 2010

Boston Harbor and
Massachusetts Bay,

Massachusetts Estuary and bay

5-71 ng/L (Massachusetts Bay);

140-1600 ng/L (Boston Harbor) Siegener and Chen 200

Tromso Sound, Norway;
North Atlantic/Artic
Ocean

Ocean inlet;
Ocean (10 km
from coastline)

17-87 ng/L; 7-9 ng/L Weigel et al. 2004

Guanabara Bay, Rio de
Janeiro, Brazil Bay

134-147 ng/L

Ferreira 2005

Sarasota Bay, Florida

Enclosed Lagoon ND-166 ng/L

Peeler et al. 2006

Halifax, Pictou, and
Cocagne watersheds,
Nova Scotia, Canada Estuary

ND-1400 ng/L

Comeau et

Jamaica Bay, New York Estuary

ND-~5000 ng/L

al 2008

Benotti and Brownawell 2007



beverages and food products and in many pharmaceuti
products (Buerge et al 2003). Although -caffeine is
naturally occurring alkaloid present in more than 6

species (Barone and Roberts 1996), -caffeine-produci
plants are generally limited to tropical areas. In
temperate North America there are no known natural

of caffeine (Siegener and Chen 2002; Peeler et al 2

Caffeine has also been isolated from the Gorgonians

Echi nogogi a pseudossapo, Par anuri cea

Echi nonmur aceae spl endens as part of research investigating

natural products from marine organisms (Jingyu et a
Imre et al. 1987; Parameswaran et al. 2002). Since
are isolated detections from a few voucher specimen
not known whether this represents a common or signi
source of caffeine to marine systems. To my knowled
caffeine-producing organisms have been identified i
Pacific Ocean.

The primary pathways by which anthropogenic caffein
is transported to marine systems include effluent d
from wastewater treatment plants (WWTPs), directly
streams and rivers draining to the coast, contamina
groundwater, particularly in areas with on-site was

treatment systems, and storm water run-off. Of thes
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discharge from wastewater treatment plants has rece ived the
most attention, while the others are increasingly
recognized as potential sources (Buerge et al. 2006 ; Peeler
et al. 2006; Nakada et al. 2008; Rounds et al. 2009 ).

Some of the earliest studies in which caffeine was
documented in natural waters were conducted by the United
States Geological Survey (USGS) as part of a study

examining the concentrations and mass transport of

pesticides and organic contaminants in the Mississi ppi
River and its tributaries (Pereira et al. 1995). Th e
profile of caffeine in the Mississippi River and it S
tributaries showed that caffeine tracked the effect s of
population density on water quality. Peak concentra tions of
caffeine were measured below Minneapolis/St. Paul a nd St.
Louis. The elevated concentrations of caffeine in t he
lllinois River, a tributary of the Mississippi Rive r, were

attributed to the large population in the Chicago
metropolitan area.

Such caffeine contamination of natural waters was

primarily attributed to discharge from wastewater t reatment
plants (Buerge et al. 2003). The majority of ingest ed
caffeine is converted to one or more secondary meta bolites
(Tang-Liu et al 1983). A small portion (0.5-10%) re mains



intact when excreted (Tang-Liu et al. 1983; Siegene
Chen 2002; Buerge et al. 2003). The average daily c
consumption per person in the U.S. has been estimat
140 to 210 mg/day (Gardinali and Zhao 2002; Buerge
2003). Caffeinated beverages, coffee grounds and ot

and pharmaceutical products that are disposed down
drain may also enter the wastewater system. Togethe
represent a very significant caffeine burden, parti

in heavily populated areas; but caffeine loads to n
waters from WWTP discharge are ultimately a functio
both consumption of caffeine, which is dependent
population and consumption habits, and the eliminat

efficiency of local WWTPs (Buerge et al. 2003).

WWTPs can eliminate some of the caffeine that enter

in the effluent, but the elimination efficiency can
quite variable. Removal efficiencies can vary depen

the treatment processes employed, age of the activa
sludge, hydraulic retention time, environmental con

such as temperature and light intensity, and physic
properties including the adsorption capacity of com

on sludge (Carballa et al. 2004; Lin et al. 2009).

et al. (2006) reported elimination efficiencies for

caffeine of 81% to >99% in Swiss WWTPs. This is sim
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the elimination efficiencies of 85%-100% reported b y Lin et

al. (2009) from four Taiwanese WWTPs. For U.S. WWTP S,
Siegener and Chen (2002) and Benotti and Brownawell (2007)
reported removal rates for caffeine of 67% in Bosto n
Harbor, Massachusetts and 64% in Jamaica Bay, New Y ork.

These estimates of the removal efficiency of caffei ne
were based on WWTPs employing secondary treatment ( e.g.
biological filtration). The removal efficiency dim inishes

considerably in WWTPs wusing less advanced treatment
processes. For example, Weigel et al. (2004) report ed a
removal efficiency of 13% in a WWTP using mechanica I

filtration, but not biological treatment.

Significant caffeine loading from WWTPs can also oc cur
from combined sewer overflows (CSO) or sewage spill S
regardless of removal efficiencies during normal WW TP
operation. For example, Buerge et al. (2003) found adtoh
fold discrepancy between measured caffeine concentr ations

in Swiss Midland lakes and estimates based on local

population and consumption habits and the eliminati on
efficiencies of WWTPs in the area. The discrepancie S were
attributed to untreated sewage inputs from CSOs tha t enter
the lake during storm events. In a subsequent study , Buerge
et al. (2006) estimated that even a small percentag e of

10



untreated wastewater could considerably increase th e load

of caffeine to receiving waters. They concluded tha t
caffeine could be a good organic tracer of CSOs in areas
where WWTPs have high elimination efficiencies duri ng
normal operations, but not if elimination efficienc ies were
low.

The fact that caffeine is not a good tracer of CSO

events in areas where WWTPs have Ilow elimination

efficiencies has been demonstrated. In Jamaica Bay, New
York, Benotti and Brownawell (2007) found that caff eine
concentrations decreased following heavy precipitat ion that
induced CSOs, compared to concentrations during dry weather
conditions. This observation was consistent with th e
expected behavior of compounds with poor eliminatio ns
efficiencies that are diluted by the heavy precipit ation
that causes CSOs. In contrast, the concentration in the
receiving water body of compounds that normally had high
elimination efficiencies increased following a CSO because

the treatment process was by-passed.

Other pathways by which caffeine can enter marine

systems include groundwater discharge and storm wat er run-
off. Caffeine contaminated groundwater can discharg e into
marine systems as was shown by Peeler et al. (2006) in

11



Sarasota Bay, Florida. Caffeine in groundwater can

originate from leaking sewer lines (Nakada et al. 2 008) or
from the leachate of on-site wastewater treatment s ystems,
particularly in communities that rely heavily on on -site
systems (Buerge et al. 2006; Peeler et al. 2006) Similar
to WWTPs, the removal efficiency of on-site wastewa ter
treatment systems can vary depending on the type of
treatment employed (e.g. biofilters or sand filters ).
Matamoros et al. (2009) tested four types of on-sit e
wastewater treatment systems and reported mean remo val
efficiencies ranging from 67-99%. This does not acc ount for
failing or poorly maintained on-site systems that
presumably have reduced elimination efficiencies, a Ithough
this has not been systematically tested.

Storm water run-off has only very recently been
recognized as a source of caffeine to water bodies. In one
of the only studies to account for this source of ¢ affeine,
Rounds et al. (2009) cautioned that caffeine might be
present in streams as a result of people discarding coffee-
cup residue on the street. They estimated that in F anno
Creek, Oregon, which has typical flows of 4 ft 3s, the
measured caffeine concentration of 0.01 ug/L represents a
spill of only 1 ounce of coffee residue that is com pletely

12



mixed into the stream every 2.5 hours. Since caffei
entering the storm water system is not removed (exc
where the sewer and storm water systems are combine
when the system capacity is not exceeded), storm wa
could represent a significant source of caffeine to
systems, including marine systems. A comparison
estimated caffeine loads from WWTP effluent and sto
has not been done.
Despite the fact that marine systems
wastewater and storm water discharge, directly and
streams that discharge to the coastal ocean, and th
coastal communities rely on on-site wastewater trea
systems, there is a relative paucity of information
occurrence and distribution of caffeine in marine s
The majority of the studies reporting caffeine from
systems have been conducted in estuaries or coastal
near a major metropolis (Siegener and Chen 2002; Ga
and Zhao 2002; Ferreira 2005; Peeler et al. 2006; B
and Brownawell 2007; Comeau et al 2008).
information is needed to better understand the patt
contamination in different marine

caffeine types of

systems.
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Due to the low concentrations of caffeine reported
from estuaries and bays receiving waste discharge f
large population centers, caffeine contamination in
coastal waters, where contaminant plumes could oste
experience rapid mixing and extensive dilution, mig
expected to be negligible. However, recent work has
that surf zone entrainment and along-shore transpor
pollution can be significant (Grant et al. 2005).
Furthermore, the environmental conditions (temperat
salinity, pH, microbial activity) in open coastal w
may lead to the enhanced stability of contaminants
caffeine (Weigel et al. 2001). Therefore, nearshore
waters  may caffeine

actually be  susceptible to

contamination.

The Oregon Coast receives discharge from wastewater

treatment plants directly and from streams and rive
draining to the coast. Elevated levels of bacteria

Oregon beaches have been attributed to wastewater d
and failing septic (Benedict and Neumann 2004). Acc
to the Natural Resources Defense Council, 15% of re
beach contamination events in Oregon in 2008 were d
sewage spills/leaks. The same sources that can cont

to elevated bacterial levels can also be sources of

14

rom
open
nsibly
ht be
shown

t of

ure,
aters
such as

coastal

rs
at some
ischarge
ording
ported
ue to

ribute



caffeine contamination. Despite these potential sou
caffeine, there are currently no data on the occurr
caffeine in Oregon’s coastal waters.

The primary goal of this study was to provide a
preliminary survey of caffeine concentrations in ne
open coastal waters along the Oregon Coast, and to
correlation with human population centers. The rese
presented in this chapter provides new information
distribution of caffeine in open coastal waters. Th

addressed the following questions:

» Is caffeine commonly detected in the coastal ocean
of the Oregon Coast?

* Is caffeine found at background levels throughout t
Oregon Coast or are there signals from developed
areas?

* How do the concentrations of caffeine in Oregon’s
coastal ocean compare to water bodies draining into
the ocean?

METHODS

Sampling Location Selection

Fourteen coastal ocean locations were sampled along
the Oregon Coast, from Astoria in the north to Broo
the South. Sampling locations were evenly stratifie
between two categories: 1) populated areas with pol

threats (point and non-point sources) and 2) sparse
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populated areas with no identifiable pollution thre ats. A

definition of the criteria used to select sites in

populated areas with pollution threats is provided in Table
2.2. In addition, for each of the ocean sampling lo cations
that had pollution threats, the major river dischar ging

near that location was also sampled.

The criteria for site selection were adopted from t he
United State Environmental Protection Agency (USEPA )
standards used to select Oregon’s beach sites for
application to the USEPA’s BEACH Act (Benedict and Neumann
2004). These standards are based on the distance fr om a
WWTP or stream that is potentially impacted by each

pollution source.

Table 2.2. Criteria used to select sampling locati ons with
caffeine pollution threats.

Pollution threats  Criteria

Located within the boundary of one of
the seven most populated costal cities

Population in Oregon
Wastewater treatment plant (WWTP)
Point sources within 5 miles

Non-point sources  River or stream within %2 mile

Criteria  for sampling location selection were

evaluated using GIS (ArcGIS 9.2). The base layers, listed
in Table 2.3, were downloaded from the Oregon Geosp atial
Enterprise Office ( http://www.GIS.Oregon.gov ). The base
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layers were clipped to the seven counties that bord
Oregon Coast. These seven counties are Clatsop, Til
Lincoln, Lane, Douglas, Coos, and Curry Counties. A
definition was built for the clipped Oregon Water B
layer so that only streams, rivers, and estuaries w

active (i.e. lakes and reservoirs were excluded).

er the
lamook,
query
odies

ere

The Oregon Department of Environmental Quality
Profiler ( http://deq12.deq.state.or.us/fp20 ) was used to
identify all wastewater treatment plants (WWTPS) lo cated
within the seven coastal counties. This information was
exported as a .csv file and the latitude/longitude used to
create a layer of WWTPs.
Table 2.3. Base layers used n the GIS analysis for selecting
sampling locations.
Layer Source
Oregon State Boundaries 2001 Oregon Bureau of Land
(1:24,000) Management
Boundary Counties 2007 Oregon Bureau of Land
(1:24,000) Management
Geographic Information
Services Unit, Oregon
City Limits 2009 (1:24,000) Department of Transportation
Oregon Water Bodies 2005 Pacific Northwest
(1:24,000) Hydrography Framework
Oregon State Parks 2008 Oregon Parks and Recreation
(1:24,000) Department
National Agricultu re Imagery

USDA-FSA-APFO Digital Ortho
Mosaic 2006 (1 meter)

Program, United States
Department of Agriculture
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The seven largest population centers were identifi ed

using the population attribute in the City Limits | ayer.
Three areas were identified where two or more citie S were
next to each other. These areas were Astoria/Warrin gton,
Coos Bay/North Bend, and Seaside/Gearhart. For the purposes
of the analysis these were treated as one area. The seven

most populated areas in the Oregon Coast and their
population are listed in Table 2.4.

Potential sampling locations were identified by

creating a 5-mile buffer around the features in the WWTPs
layer and a Y2-mile buffer around the features Orego n Water
Bodies layer that were within the seven most popula ted
areas along the Oregon Coast. Areas with the most p otential
pollution impact from point and non-point sources w ere
identified by creating an intersection of the WWTPs and
Oregon Water Bodies buffer and of the City Limits | ayer.
Table 2.4. The seven most populated areas in the Or egon Coast
with populations from the Oregon 2000 Census Data.

' Population
City (Rank) (From Oregon census data 2000)
Coos Bay/North Bend (1) 24918
Astoria/Warrington (2) 13909
Newport (3) 9532
Lincoln City (4) 7437
Florence (5) 7263
Seaside/Gearhart (6) 6895
Brookings (7) 5447

18



Final sampling locations were selected from the
potential sampling areas after visual inspection of
satellite imagery to ensure that the area had publi
to the ocean. A sampling location with public acces
similarly identified for the major river dischargin
% mile of each of the selected ocean sampling locat
ensure that the river sampling location was downstr
the pollution impacts in the area, a sample from th
estuarine area of the river had to be collected in
instances, as reflected in the salinity measurement

Potential sampling locations in sparsely populated
areas with no identifiable pollution threats were s
by querying the Oregon State Parks layer for parks
public access to the ocean that were outside the
intersection of the WWTPs, the Oregon Water Bodies
and the City Limits layer. Final sampling locations
were as far as possible from a city or other develo
were selected from the potential locations.

A list of the final sampling locations that were
selected is provided in Table 2.5. Figure 2.1 and F
2.2 shows the sampling locations located along the

and South Oregon Coast, respectively.
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Chemicals

Caffeine (Fluka Analytical, 1.0 mg/mL +5% in methan ol) and
13Cs-labeled caffeine (Fluka Analytical, 1mg/ml in meth anol,
99% purity) were purchased from Sigma-Aldrich. 1B¢Cs-labeled
caffeine was used as a surrogate standard to determ ine
recovery rates. Solvents used for sample preparatio n were

either ACS reagent grade or Optima grade (ultra hig

purity) from Fisher Scientific.

Table 2.5: Selected sampling locations listed from north to
south and pollution threat (waste water treatment p lants, high
population, and proximity to caffeinated stream).

Name Pollution Threats
Astoria/Warrenton Yes

Seaside/Gearhart Yes

Cape Lookout No

Lincoln City Yes

Newport Yes

Carl Washburne No

Florence Yes

Siltcoos No

Horsfall No

Coos Bay/North Bend Yes

Seven Devils No

Cape Blanco No

Ophir Beach No

Brookings Yes
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Figure 2.1: Final sampling locations in the North O regon Coast
showing the location of WWTPs and the WWTP and stre am buffers

used in the GIS analysis.
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Figure 2.2: Final sampling locations in the South O regon Coast
showing the location of WWTPs and the WWTP and stre am buffers

used in the GIS analysis.
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Sample Collection

Sea and river water samples were collected in 1-L
amber bottles (Fisher Scientific) from the surf zon
off the river channel bank, respectively. Bottles a
were rinsed six times with sample water. The bottle
submerged 38 cm below the water surface, filled to
capacity, and immediately capped underwater. Sample
kept on ice and in the dark in a cooler until extra
(within 24 hours). Salinity at each sampling locati
measured using a hand-held meter (YSI 55). There ar
currently no standard methods for collecting water
for caffeine analysis. However, due to the ubiquity
caffeine, precautionary methods to minimize the ris
inadvertent sample contamination are common practic
minimize the risk of sample contamination, sample
collectors abstained from all caffeinated products
coffee, tea, energy drinks) beginning 24 hours prio
sample collection and throughout sample preparation
collecting or preparing samples, sample collectors

standard respirators and fresh latex gloves.
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Sample Preparation

Extraction was done using ENVI-Carb, solid phase

extraction (SPE) disposable tubes (Supelclean, grap hitized
nonporous carbon, bed wt. 250 mg, 6 ml volume) acco rding to
manufacturer’'s instructions. ENVI-Carb SPE tubes ha ve
extreme affinity for organic polar and non-polar co mpounds
from polar matrices. Prior to use, the tubes were r insed
with 5 ml of dichloromethane (ACS reagent grade) an d then
conditioned with 5 ml of methanol (ACS reagent grad e) and

10 ml of nanopure water.

Samples were decanted to 1 L and fortified with 13Cs-
labeled caffeine to a concentration of 50 ng/L. The BGs-
labeled caffeine was used as a surrogate for caffei ne to
estimate sample recovery and correct for any losses from
sample processing. 1 L sample was passed through a GF/C
glass microfibre filter (Whatman, particle retentio nl2 um)
mounted on to a Swinnex filter holder and then the SPE tube
at approximately 5 ml/min. After the sample was ext racted,
the tubes were washed with 5 ml of nanopure water a nd then
dried for approximately 5 minutes. The tubes were t hen
washed with 5 ml of methanol (ACS reagent grade) to remove
any remaining water. Prior to sample preparation, m ethanol
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was tested to ensure that this solvent did not remo ve any
caffeine from the SPE tubes.

The analytes were recovered with 10 ml of

dichloromethane (Optima grade) into a glass vial. T he
dichloromethane extract was reduced to dryness in a gentle
hot water bath at a temperature below the boiling p oint of
dichloromethane (at approximately 20 °C). The residue was
then brought to a final volume of 100 ML using

dichloromethane (Optima grade).
GC-MS-SIM
Aliquots of 1 pL of the final extract were analyzed by
gas chromatography-mass  spectrometry (GC-MS). GC-MS
analysis was performed using an Agilent 5975C Gas

Chromatographer with a Mass Selective Detector. The column
used was HP-5MS (5% phenyl methyl silox, 30 m x 250 pm X

0.25 um). The injection was splitless and the carrier gas

was helium (purity 99.999%). All samples where run at least
twice to verify the stability of the instrument res ponse.
The analytical conditions are summarized in Table 2 .6 and a
sample GC-MS chromatogram and mass spectrum is pres ented in
Figure 2.3.
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Table 2.6: Summary of GC-MS analytical conditions

GC analytical conditions

Carrier gas: Helium
Oven temperature
program: Initial temperature 60 °C (2 min)

15 °C/min to 250 °C (10 min)
Then 10 °C/min to 300 °C (3 min)
Final Temperature 300 °C

Run Time 20 min

Injection mode: Splitless
Injector temperature: 220 °C

Total flow: 51.93 ml/min
Septum purge flow: 1 ml/min

Column:

HP-5MS (5% phenyl methyl silox)

30 m x 250 um x 0.25 um

MS analytical conditions

Solvent delay 6 min
MS transfer line

temperature: 230 °C
EMV Mode Absolute
EMV Voltage 1400

SIM mode ions:

Caffeine 194, 109, 82

13C3-labeled caffeine 197

Analytes were quantified in the SIM mode using the

most intensive ions, m z 194 for caffeine and 197 for 13Gs-
labeled caffeine. Caffeine identification was confi rmed by
GC retention time and two qualifier ions (m/z 82 an d 109).
A sample chromatogram with the ions 194 and 197 ove rlaid is
shown in Figure 2.4. The amount of caffeine and 13Cs-labeled
caffeine in each sample was determined from the pea k area
of the 194 and 197 ions compared to standard calibr ation
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solutions. Five concentrations each of caffeine and

labeled caffeine were used for the calibration stan

(0.01, 0.05, 0.1, 0.5 and 1 ng/ pL). Final sample caffeine

concentrations were adjusted for recovery rates of
labeled caffeine. Samples showed acceptable recover
37-136% (mean= 78%, S.D.= 20%).
Qv QL

Quality assurance samples were analyzed in runs wit
samples and included field blanks, method blanks, a
standards. Field blanks were prepared with nanopure
in the laboratory and traveled in the cooler with t
samples. Handling and sample preparation was identi
field blanks and samples. A total of six blanks wer
analyzed. Caffeine concentrations in nanopure water
were 2.5 ng/L (S.D. = 2.0 ng/L). The reporting limi
caffeine was adjusted to account for blank detectio
adjusted reporting limit was determined by adding t

times the standard deviation to the mean blank caff

concentration (8.5 ng/L) following Standley et al.(2008).
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Abundance
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le+07 R.T.=12.47 >
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Abundance

194
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2500000
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m/z-->

Figure 2.3. Sample A) chromatograms and B) mass spe ctrum foras
ng/uL standard solution run in SIM mode.
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Abundance

<4+— 194
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197
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2000000
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1000000

500000

O I e R B R L S A L R
12.45 12.46 12.47 12.48 12.49 12.50 12.51 12.52 12.53 12.54

Time-->

Figure 2.4. Sample chromatogram of a 5 ng/L standard
solution with the quantifier ions for caffeine and

labeled caffeine overlaid (ions 194 and 197).

RESULTS

Of the twenty-one water samples, including 14 from
coastal ocean and 7 from adjacent water bodies, ana
for caffeine, nine samples contained caffeine above
reporting limit (8.5 ng/L). The nine samples includ
ocean samples and 4 freshwater samples.

Despite the scrupulous methods used to avoid sampl
contamination, field blanks contained low levels of
caffeine. Five of the six field blanks had concentr
of 1.6 to 1.9 ng/L, and one blank had 6.6 ng/L.
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Samples from the coastal ocean had -caffeine

concentrations ranging from below the reporting lim it to
44.7 ng/L (Table 2.7). The occurrence and concentra tions of
caffeine in the coastal ocean did not correspond we Il with
pollution threats from population density and poten tial
point and non-point sources. Coastal ocean samples from
Coos Bay/North Bend and Astoria/Warrenton, two of t he most
populated areas on the Oregon Coast, both had caffe ine

concentrations below the reporting limit. Caffeine

concentrations in seawater samples from Carl Washbu rne and
Cape Lookout, two areas identified as not being in the
immediate vicinity of pollution threats, had the hi ghest
levels of caffeine measured in any of the coastal o cean

samples (Table 2.7).
With the exception of a sample taken from the seawa ter
in the Astoria/Warrenton area, all river and coasta | ocean

samples  collected from the North Oregon  Coast

(Astoria/Warrenton to Carl Washburne) on April 3, 2 010 had
detectable levels of caffeine. All river and coasta | ocean
samples collected on April 9, 2010 from the South O regon
coast (Florence to Brookings) were below the detect ion
limit. On April 2, 2010, the day prior to the colle ction of

samples from the North Oregon Coast, an unusual lat e-season
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storm brought heavy rainfall, strong winds, and hea vy surf
to the northern coast of Oregon. This storm and ass ociated
rainfall likely influenced the higher levels of caf feine
observed along the North Oregon Coast.

Samples from water bodies adjacent to coastal ocean
sampling locations had caffeine concentrations rang ing from
below the reporting limit to 152.2 ng/L (Table 2.7)
Caffeine measured at coastal ocean sampling locatio ns in
the North Oregon Coast exhibited a strong negative
correlation  (Pearson’s R=0.92, p-value <0.05) with
concentrations measured in adjacent water bodies (F igure
2.5). Samples collected from the South Oregon Coast were
not included in this analysis because caffeine

concentrations were below the reporting limit.
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Table 2.7: Caffeine concentrations and salinity in
bodies adjacent to coastal ocean sampling sites fro
south).

coastal ocean samples and water
m the Oregon Coast (north to

Caffeine Salinity Pollution Adjacent Caffeine Salinity

Name (ng/L) (PSU) Threats River (ng/L) (PSU)

Astoria/ <MRL 22.0 Yes Columbia 152.2 2.4

Warrenton River
Estuary

Seaside/ 9.2 20.0 Yes Necanicum 91.0 2.5

Gearhart River

Cape Lookout  44.7 23.5 No

Lincoln City  18.1 26.4 Yes Siletz 11.3 14.3
River
Estuary

Newport 18.2 25.9 Yes Yaquina 66.9 17.1
River
Estuary

Carl Washburne 29.7 23.7 No

Florence <MRL 25.3 Yes Siuslaw <MRL 5.8
River
Estuary

Siltcoos <MRL 29.5 No

Horsfall <MRL 29.6 No

Coos Bay/North <MRL 29.3 Yes Coos Bay <MRL 20.1
Estuary

Seven Devils <MRL 29.6 No

Cape Blanco <MRL 29.3 No

Ophir Beach <MRL 28.3 No

Brookings <MRL 27.3 Yes Chetco <MRL 0.3

River
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Figure 2.5: Relationship between caffeine measured in coastal
ocean samples and adjacent water bodies.
DISCUSSION
This study provides a snapshot of the distribution of
caffeine along the Oregon Coast. Caffeine was detec ted in
coastal ocean water from several locations along th e Oregon
Coast, verifying that caffeine can be a contaminant in the
coastal ocean off of the Oregon Coast. Notably, rep ortable
levels of caffeine were only detected in the North Oregon
Coast post a large, late-season storm, but not from samples
collected one week later from the South Oregon Coas t.
The concentrations of caffeine encountered in the
coastal ocean ranged from below the reporting limit to 44.7
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ng/L. These concentrations are similar to caffeine

concentrations reported in previous studies from ot

ocean marine systems (Table 2.1). Higher caffeine

concentrations have been reported in other types of
systems, but these were from enclosed water bodies
estuaries and bays) in highly populated areas (Sieg

Chen 2002; Peeler et al. 2006; Benotti and Brownawe

or from areas near wastewater discharge (Comeau et
2008). Higher caffeine concentrations than found in
study may be present in the coastal ocean off of th

Coast during combined sewer overflows, raw or parti
treated sewage spills, or near the outfalls of wast
treatment plants that discharge directly into the o
This study did not directly target these events or
areas near WWTP outfalls.

One of the main aims of this study was to investiga
the relationship between caffeine concentrations in
coastal ocean and pollution threats from population
and potential point and non-point sources. Pereira
(1995) reported that in the Mississippi River and i
tributaries caffeine tracked the effects of populat
density on water quality. A similar pattern of caff

distribution could be reasonably expected in the co
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ocean off the Oregon Coast since sources of caffein
anthropogenic. In one of the few studies to investi
distribution of caffeine in a marine system over a

scale, Weigel et al. (2002) found that caffeine was
ubiquitous in the North Sea, but this finding has n

validated in another region.

Caffeine concentrations in the coastal ocean off of
the Oregon Coast were not found to correspond well
pollution threats from population density and poten
point and non-point sources. The highest levels of
were detected at two of the locations identified as
being in the immediate vicinity of pollution threat
Neither was caffeine found to be a ubiquitous conta
in the coastal ocean off of the Oregon Coast, as wa
reported in the study from the North Sea. Samples f
of the fourteen coastal ocean locations were below
reporting limit for caffeine, including samples fro
two most populated areas on the Oregon Coast (Coosb
Bend and Astoria/Warrenton).

This study, however, provided anecdotal evidence th
along the Oregon Coast caffeine contamination of th
coastal ocean may be associated with storm events.

coastal ocean and river samples collected from the
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Oregon Coast on April 3, 2010, with the exception o
costal ocean sample collected from the Astoria/Warr
area, had a caffeine concentration above the report
limit. On April 2, 2010 there was an unusual late-s
storm event that brought heavy rainfall to the Oreg
Coast. In contrast, all samples collected from the
Oregon Coast on April 9, 2010, one week after the s
event, had caffeine concentrations below the report
limit.

Storm events can be associated with CSO events and
also mobilize other sources of caffeine, such as se
tank leachate and storm water. Although the elimin
efficiency of caffeine for many WWTPs can be quite
(Buerge et al. 2006; Lin et al. 2009), during wet-w
conditions WWTPs may not achieve the same effluent
if total flow exceeds the treatment capacity result
increased caffeine delivery to receiving waters (Bu
al. 2006; Benotti and Brownawell 2007). The behavio
other transport pathways (e.g. septic tank leachate
storm water run-off) during wet-weather conditions
poorly understood, but could also increase the caff

burden to receiving waters.
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The sources of caffeine that were mobilized as a
result of the April 2 storm are not known, since th
did not attempt to quantify the contribution of dif
sources of caffeine to the coastal ocean. The conce
of caffeine in rivers adjacent to coastal ocean sam
locations was measured as part of this study. River
discharge represents one non-point source of caffei
the coastal ocean. Interestingly, an inverse relati
was found between caffeine concentrations in coasta
locations and adjacent rivers and the highest caffe
concentrations were found at two locations (Cape Lo
and Carl Washburne SP) that do not have river disch
the vicinity.

The transport and fate of materials discharged by
rivers is related to the patterns and dynamics of r
plumes during discharge events (Warrick et al. 2004
Recent work has shown that river water and constitu
be delivered rapidly to coastal waters kilometers a
river mouths (Warrick et al. 2004; Washburne et al.
Warrick et al. 2007). Surf zone entrainment and alo
transport of pollution from river plumes has been s
be significant (Grant et al. 2005). Similar dynamic

also been shown for the plumes of sewage outfalls
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discharging to the ocean (Sun and Tao 2004). Theref
suggested by Warrick et al. (2004 and 2007), water
impacts from outflow of a watershed may be exhibite
portions of the coastal ocean far from the source
watershed.

Such a phenomenon might explain the distribution of
caffeine observed in this study. During storm event
dynamics of river plumes, including from the Columb
(Fiedler and Laurs 1990), the largest source of fre
flow to the eastern Pacific Ocean, may result in th
transport of caffeine from river discharge to areas
away from river mouths. This could explain why the
levels of caffeine were observed at two locations t
not have rivers discharging in the vicinity (Cape L
SP and Carl Washburne SP), while the caffeine conce
measured at the sampling locations near the Columbi
had caffeine levels below the reporting limit. Both
locations with higher caffeine concentrations that
near river mouths had salinities in the 23 PSU rang
indicating that seawater was appreciably diluted re

to typical surface salinities in this region of the

Ocean (32.5 PSU; Fiedler and Laurs 1990).
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An alternative explanation could be that areas outs
of populated centers have wastewater treatment faci
or on-site systems that do not remove caffeine resu
a greater caffeine burden; and that these sources a
mobilized during storm events. This does not explai
level of caffeine in the Astoria/Warrenton area. Gi
relatively high concentration of caffeine measured
Columbia River (152 ng/L), it was surprising that t
sample collected from the coastal ocean had caffein
below the reporting limit.

Caffeine concentrations in receiving water bodies ¢
vary temporally due to seasonal changes in consumpt
elimination efficiencies of WWTPs, and transport pr
(Buerge et al. 2003; Benotti and Brownawell 2007).
and Brownawell (2007) reported that caffeine concen
in Jamaica Bay, New York were higher during dry wea
conditions compared to wet weather conditions. Peel
al. (2006) reported variable temporal differences i
levels of caffeine measured at the same locations o

three sampling periods separated by several months.

The Oregon Coast is a popular vacation destination

during the summer months (July-September) and caffe

consumption could increase as a result of this tran
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population increase. Frequent wet weather during th
of November through March could also increase the ¢
burden to the coastal ocean if such conditions resu
enhanced transport and reduced elimination efficien
caffeine in WWTPs. Therefore it would not be surpri
find temporal variations in caffeine concentrations
the Oregon Coast, which could include higher concen
than reported in this study.

This study establishes the occurrence of caffeine
the coastal ocean off of the Oregon Coast. The resu
suggest that the occurrence of caffeine along the O
Coast is associated with wet-weather conditions. Th
mechanisms by which storm events result in caffeine
delivery to the coastal ocean were not addressed by
study. To gain a better understanding of the distri
of caffeine in the coastal ocean off of the Oregon
and potentially of other pollutants, the relative
importance of different sources of caffeine, how th
behave seasonally, and process that may affect the
transport of caffeine once it enters the coastal oc

should be further researched.
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CHAPTER 3: EXPRESSION OF HSP70, A MOLECULAR MARKER OF

STRESS,

IN THE GILL AND MANTLE TISSUE OF

MYTI LUS

CALI FORNI ANUS EXPOSED TO LOW CONCENTRATIONS OF CAFFEINE

INTRODUCTION

Caffeine is recognized as a ubiquitous contaminant
aquatic ecosystems. Caffeine is among the most comm

organic contaminants of surface waters and has been

detected in streams, lakes, estuaries and oceans (B

al. 2003). The concentrations of caffeine
reported from aquatic environments are in the low n
per liter range. It remains unclear whether such
concentrations of caffeine, 1/1000000th the concent
of a drip-brewed cup of coffee, have any measurable
on aquatic organisms. Since caffeine is a drug with
physiological effects, even at low concentrations,
constantly released to the aquatic environment
wastewater effluent and other anthropogenic activit
there is sufficient justification to explore the po

relevant concentrations

effects of environmentally

caffeine on aquatic organisms.

typically

via

The majority of the research on caffeine has been

aimed at understanding its effects on humans, a fac
is not surprising given that caffeine is the world’

consumed non-prescription drug (Benowitz 1990). The
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of action of caffeine include: i) antagonizing aden
receptors; 1)) inhibiting phosphodiesterases; iii)
sensitizing ryanodine-sensitive channels in the
sarcoplasmic and endoplasmic reticulum to activatio
calcium; and iv) antagonizing GABA A receptors

benzodiazepine-positive modulatory site (Daly 2007)

g 0 OH

Cyclic AMP

i

i
L4
ol |

Adenyl Cyclase Phosphodiesterase

AMP L, .
IP3/DAG o .

\ ’; 0 o N Inh
IP3-sensitive Ryanodine sensitive
calcium release channels calcium release channels

N Ca? N Ca?t

[N | 11

i Ll
Ca?t Ca2

Sarcoplasmic Reticulum

Figure 3.1: Cellular pathways and the specific poin
caffeine is known to act (from Rana et al. 2007).
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In  humans, cytochrome P450 is involved in the

metabolism of caffeine (Berthou et al. 1991). Altho ugh
cytochrome P450 is highly conserved, caffeine is mo re toxic

to other organisms, including horses, dogs, parrots , and
spiders due to their underdeveloped capacity to met abolize

the drug (Pollack et al. 2009).

Increasing concerns about the prevalence of caffein e
in the aquatic environment have fueled a few studie S
investigating the effects of caffeine on aquatic or ganisms.
Fraker and Smith (2004) found that ecologically rel evant
levels of some organic wastewater contaminants, inc luding
caffeine, had behavioral and physiological effects on
northern leopard frog ( Rana pi pi ens) tadpoles. Gagne et al.
(2006) reported that, although caffeine was not ver y toxic

to trout ( Oncor hynchus nyki ss) hepatocytes, it produced
lipid peroxidation at a threshold concentration of 14 uM

after 48-hour exposure at 15 °C. Moreover, in Vvitro

incubation of caffeine with trout microsomes increa sed both
the rate of oxidation of NAPDH and the lipid peroxi dation
in microsomes after a 60-minute incubation at 30 °C . The
results of this study suggest that caffeine exposur e could

lead to oxidative damage at low milligram per liter

concentrations.
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Other studies suggest that environmentally relevant

levels of caffeine are not a threat to aquatic orga nisms.
Smith and Burgett (2005) reported that environmenta lly
relevant concentrations of caffeine (0.6 to 600 ug/L) did

not affect the survivorship or activity of the Amer ican

toad ( Bufo americanus) tadpoles. Similarly, Quinn et al.

(2008) classified caffeine as non-toxic based on ac ute
(mortality) and chronic (feeding behavior, attachme nt and

growth) toxicity tests on the freshwater cnidarian Hydr a
at t enuat a.

Caffeine exposure impaired the reproduction of the
water flea Ceri odaphnia dubia (IC50 = 44 mg/L) and
inhibited the growth of the fathead minnow Pi mephel as

pronel as (IC50 = 71 mg/L) (Moore et al. 2008). Given that

these concentrations were several orders of magnitu de
higher than environmental concentrations, caffeine did not
appear to pose a threat to freshwater organisms, bu t as the
authors point out, there remains the potential for effects

from long-term exposure.

There are few studies on the effect of caffeine on

marine organisms, and none of these studies employe d
environmentally relevant levels of caffeine. Cheney et al.
(1945) found that caffeine affects oxygen consumpti on and
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the normal rate of cleavage division in the fertili zed eggs

of the sea urchin, Arbacia puntulata. Nath and Rebhun
(1976) reported inhibition of mitosis in sea urchin eggs
exposed to caffeine. Caffeine was shown to induce b leaching
in the tropical sea anemone Ai ptasi a pul chel | a, ostensibly
through its effect on levels of intracellular prote in
phosphorylation (Sawyer and Muscataine 2001). Incr eased
duration of exposure to caffeine resulted in a sign ificant
increase in the percent of symbiotic algae released from A

pul chel | a. A subsequent study on the effect of caffeine on
four species of coral endosymbionts found that alga I
cultures grown in 60-mg/L caffeine exhibited up or down
regulation of a number of proteins associated with
glycolysis, photosynthesis, and the physiological s tress
response (Pollack et al. 2009). Heatshock proteins were up-
regulated 2 to 3 fold in the coral endosymbiont
Synbi odi nium sp. and down-regulated up to 9 fold in
Synbi odi ni um gor eaui .

Some challenges exist in detecting impacts to natur al

populations by contaminants that are found at low

concentrations in the environment. Contaminants can cause
changes at all levels of biological organization an d subtle
or chronic biological effects resulting in irrevers ible
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long-term changes could be occurring in apparently
ecosystems (Hyne and Maher 2004). These changes m
be initially detected if the focus of ecological ri
assessment is on coarse levels of biological organi

HSPs have been suggested as sensitive biomarkers of
sub-lethal or subtle toxicity of pollutants (Sander

Depledge 1994; Lewis et al. 1999) because they are

in protecting and defending cells from environmenta
offenses (Sanders et al. 1990) and their induction

more responsive than traditional indices of contami

effects (Feder and Hofmann 1999).

Several reviews of HSPs and their application in

environmental monitoring are available (e.g. de Pom
1996; Pyza et al. 1997; Feder and Hofmann 1999; Lew
al. 1999; Mukhopadhyay et al. 2003). Briefly, HSPs
proteins that are synthesized in response to cellul
stress that induces denaturation of other proteins.

the different families of HSPs, the 70-kDa family (

is most highly conserved and has been most extensiv
studied. Four key features of Hsp70 have driven its
application in environmental risk assessment:. 1) it
highly conserved in a wide variety of organisms fro

bacteria to humans; 2) it responds to a variety of
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environmental stresses, including thermal stress, h

metal  exposure, organic pollutants, hypoxia/anoxia,
salinity stress, and exposure to ultraviolet radiat

its induction is very sensitive to environmental as

and, 4) its expression has been correlated to other
toxicological end points.

Some concerns about the use of Hsp70 as a biomarker
environmental toxicology have been raised (Feder an
Hofmann 1999; Staempfli et al. 2002). The stress hi
an organism can affect the expression of HSPs and ¢
xenobiotic compounds have been reported to inhibit
expression of HSPs. The response of HSPs and induct
thresholds may be specific to different tissues (Ch
al. 1997; Feder and Hoffman 1999). Depending on the
and concentration of the tested pollutant, the timi
induction of Hsp70 in response to pollutant stress
and can be missed by measuring over the wrong time
(Staempfli et al. 2002).

Some of these concerns can be minimized in laborato
studies that assess the effect of a single contamin
controls  for

employ adequate comparison.

organisms from the same environment with

acclimation in the laboratory can help ensure that
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organisms, including controls, have a similar stres S
history. Measuring the response of Hsp70 in differe nt
tissues and over several time periods can help to e nsure
that a tissue-specific or time-dependent induction is not
missed. Finally, care must be observed when interpr eting
results of HSP bioassays and drawing conclusions ab out the
toxicity of a contaminant. Despite the concerns rai sed
about the use of Hsp70 as a biomarker in environmen tal
toxicology, Hsp70 remains a potent and sensitive to ol for
investigating the toxicity of contaminants of conce rn
(Mukhopadhyay et al., 2003)

The objective of this study was to investigate the
toxicity of environmentally relevant concentrations of
caffeine  on the common intertidal mussel Mytil us
cal i f orni anus using Hsp70 as a biomarker of the effects of
this ubiquitous aquatic contaminant. Mussels are id eal
marine species to investigate the potential effects of
contaminants because they are stationary, widesprea d, easy
to collect, filter feeders that have been used wide ly in
toxicity studies using Hsp70 as a biomarker of effe ct
(Laporte 2005). M californianus is one of the dominant
species on the Oregon Coast. The study addressed th e

following questions:
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* Is Hsp70 expression in M californianus increased by
exposure to environmentally relevant concentrations of

caffeine?

* Is there a difference in the expression of Hsp70 in

different tissues of M californianus exposed to
caffeine?
* Does the expression of Hsp70 change with the durati on

of exposure to caffeine?

METHODS

Study Organisms and Acclimation Conditions

M californi anus mussels were collected at the Oregon

Coast from a study site in the town of Yachats (N

44°18'81.3" W124°06'52.3"). Mussels (10 to 12 mm) were
collected from the same area on a single day in Sep tember
2008 and transported in a chilled cooler to Portlan d State
University. In the laboratory, mussels were acclima ted in
10 gallon aquaria filled with UV filtered deionized water
adjusted to a salinity of 32 PSU (Instant Ocean). T he
aguaria were connected to in-line chillers (Sealine ) and to
an in-tank filter system (Figure 3.2). The acclimat ion
temperature was 10-11 °C, similar to the temperatur e at the

time of collection (10-11 °C). After three days of

acclimation the experiment was started. Mussels wer e held
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under a natural light cycle of approximately 12 hou rs of
daylight and 12 hours of dark.

A pilot experiment verified that in-tank caffeine

concentration did not decrease appreciably in seawa ter over

a seven-day period. To test for caffeine degradatio n, a
tank was set up with twelve mussels and spiked with a known
concentration of caffeine. After one week, 1 liter samples

of water were removed from the tank and caffeine

degradation from initial concentration was verified using
solid phase extraction (EnviCarb, Supelco) and GC-M S
analysis.

Experimental design

M cal i forni anus were exposed to one of four caffeine

concentrations ranging from 0.05 ug/L to 0.5 ug/L. These

are realistic concentrations reported from differen t marine
systems (Siegener and Chen 2002; Weigel et al. 2004 ; Peeler

et al. 2006; Comeau et al 2008). Control mussels we re not
exposed to caffeine. Twelve randomly selected musse Is were
placed in each of the five caffeine treatments (O, 0.05,
0.1, 0.2, or 0.5 ug/L). The tank water was changed every

five days and spiked with caffeine using a freshly prepared
stock solution. After each water change, mussels we re fed 5

ml of Instant Algae (Reed Mariculture).
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Four mussels from each treatment were sacrificed af
10, 20, and 30 days. Mussels were dissected and a s
gill lamellae and mantle tissue from each mussel wa
in separate cryovials. Sample tissues were immediat
frozen in liquid nitrogen and stored in a -80 °C fr
until tissue preparation. No test organisms died du
experiment. Hsp70 concentrations in mussel tissues
subsequently measured using the protocol described
Buckley et al. (2001).

Tissue preparation

Approximately 100 mg of tissue was ground in a sma

centrifuge tube using a pestle. The ground tissue w
homogenized in a 1:1 (volume/volume) solution of
homogenization buffer consisting of 32mM Tris-HCI (

and 2% sodium dodecyl sulfate (SDS). The homogenate
heated to 100° C for five minutes and then centrifu
12,000 g for 10 minutes. The supernatant was collec

a new centrifuge tube and the pellet discarded. The
content of the supernatant was determined by the Br
assay (Pierce, Rockford, IL, USA). The supernatant
stored in a -80° C freezer until further analysis.
lamellae and mantle tissue were prepared using the

procedure.
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Figure 3.2: Experimental tanks. Tanks were connecte d to in-line
chillers and the temperature maintained at 10 °-11C.
Electrophoresis and Immunochemical Assay of Hsp70

Equal amounts of protein (15 ug) from each sample were
separated via SDS-polyacrylamide gel electrophoresi s on 10
lane 10% polyacrylamide gels. One lane in each gel was
loaded with Precision Plus Protein Kaleidoscope sta ndard
(Bio-Rad) and one with a standard sample used to ca librate
protein expression within and among gels. The stand ard
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sample was from one of the experimental mussel samp
Following approximately 1.5 hours of electrophoresi

V, the proteins were transferred to nitrocellulose

using wet electrophoretic transfer at 30 V overnigh
(approximately 15 hours).

Nitrocellulose blots were blocked in 5% non-fat dry
milk in 1X PBS for one hour. The immunodetection wa
performed using an Hsp70 polyclonal antibody (Hsp70
R, Santa Cruz Biotechnology) that reacts only with
Hsp70 isoform. Blots were then incubated for 1.5 ho
the primary antibody diluted 1:5000 in 5% non-fat d
in 1X PBS, followed by three ten minute washes in 1
with 0.1% Tween-20. Blots were then incubated for 1
peroxidase-conjugated goat-anti-rabbit antibody (Th
Scientific) diluted 1:5000 in 5% non-fat dry milk i
PBS, followed by six five minute washes in 1X PBS w
Tween-20. Blocking and incubation in primary and se
antibody was done under constant agitation at room
temperature.

Western blots were developed using SuperSignal Wes
Pico Chemiluminescent Substrate (Thermo Scientific)
exposed to film (Kodak BioMax MR-1). Scanning densi
using

ImageJd ( http://rsb.info.nih.gov/ij/
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determine the levels of Hsp70 expression relative t o the
standard sample.

Data Analysis

Differences in Hsp70 expression were analyzed with a two-
way ANOVA with caffeine concentration and exposure duration

as the fixed factors and Hsp70 concentration as the

dependent variable. Significant fixed factors were further
investigated using a one-way ANOVA and post-hoc Tuk ey
tests. Statistical analyses were performed using SP SS 17.0
(2008).

During the first ten days of the experiment the

chiller for the caffeine treatment of 0.1 ug/L experienced

a power outage. When the power outage was discovere d, the
temperature in that tank was 23 °C and could have b een at
that temperature for a maximum of 48 hours. Althoug h,
mussel samples from that treatment were collected a nd
analyzed for Hsp70 expression, the data are not inc luded

since this represented a thermal change that likely

affected Hsp70 expression.

RESULTS
The primary antibody used against Hsp70 was highly

specific producing bands only at approximately 70 k Da. The
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gill lamellae and mantle tissue of control mussels

exhibited basal levels of Hsp70 that were similar f or the
duration of the experiment and had low variability. This
could be due to the thermal history of the mussels, which
were collected from the high intertidal area where thermal
stress is a common occurrence. Sample Western blots for the
gill lamellae and mantle tissue are presented in Fi gure

3.3, A and B, respectively.

O kDa

OkDa

Figure 3.3: Sample Western blots from selected (A) gill and (B)
mantle tissue samples. (Note: Since tissue samples were randomly
loaded on the 10-lane gel, the sample blots shown i n this figure

do not illustrate trends in Hsp70 expression)
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Hsp70 expression in the gill tissue responded to

caffeine exposure. The response was time dependent, but did
not exhibit a linear dose-response relationship wit h
increasing concentration, although interaction betw een dose

and time was significant (Figure 3.4; Table 3.1).

c 31 .
) b [0 O ug/L
@ b* a
4 E3 0.05 ug/L
e
2n 5 0.2 ug/L
Xa 2
s 0.5 ug/L
o w m-m -
s 2 T
o & 1 = a
I o 1- — S
o= — &
0 = H
o 0 1 T T 1 F “+
,\qu,bQ ,\QQ,Q,,)Q '\Q'],Q‘bQ ,\QQ,Q,,)Q
Exposure duration (days) grouped
by caffeine concentration (ug/L)
Figure 3.4: Mean Hsp70 expression in the gill lamel lae of M
cal i f or ni anus exposed to three concentrations of caffeine for 10 ,
20, and 30 days. Error bars represent the range of Hsp70
concentrations  (n=4).  Significant  differences in Hs p70
concentration for exposure duration within caffeine dose are
indicated by the letter convention (p-value <0.05). An asterisk
indicates that the Hsp70 expression for that exposu re duration
was significantly different from the control (p-val ue <0.05).
Table 3.1: Summary of two-way ANOVA results for the gill tissue.
Source Sum of Squares df F p-value
Dose 2.336 3 3.104 0.039
Time 6.296 2 12.548 0.000
Dose * Time 6.140 6 4.079 0.003
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A profile plot of mean Hsp70 expression of the thre

caffeine treatments and the control over time is pr esented
in Figure 3.5. This representation of Hsp70 express ion is
meant to illustrate overall trends. Some of the tre nds are

not significant due to high variabilty in Hsp70

concentrations within treatment.

2 50 Dose
—0 ug/L
----- 0.05 ug/L
0.2 ug/L
£ S ek g
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0
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)
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o] ‘ ,,O
g -
o 1.00- "
= P
oo Spmm———
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0. 50+
I | !
10 20 30
Time (days)

Figure 3.5: Profile plot of mean Hsp70 expression o ver the
duration of the experiment. The profile plot illust rates overall
trends, but some trends were not significant due to high

variability in Hsp70 expression within treatment.
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Caffeine initially produced an inhibitory effect on

Hsp70 followed by a time and dose dependent recover y. After
thirty days, Hsp70 in the mussels exposed to 0.05 a nd 0.2
ug/L caffeine was moderately up regulated relative t o]
controls. At 10 days of exposure to caffeine, mean Hsp70
levels of mussels in all three caffeine treatments were
lower than in the control mussels. This trend was n ot
statistically  significant because individual mussel S
exhibited marked variability in the response of Hsp 70, but
some of the mussels in each of the three treatments had
very low or no detectable Hsp70. Similar variabilit y in
Hsp70 was not exhibited by the control mussels duri ng the

time course of the experiment.

Exposure to caffeine at 0.05 ug/L induced a moderate
up-regulation of Hsp70 in the gill lamellae of M

californianus after 20 days of exposure. Hsp70 levels

remained elevated after 30 days of exposure. In th e 0.2
ug/L treatment, the levels of Hsp70 did not exhibit a up-
regulation until 30 days of exposure. The maximum H sp70
levels detected were similar for the 0.05 and 0.2 pg/l

treatments. Interestingly, in the highest caffeine

treatment (0.5 pg/L), a similar increase in Hsp70

58



expression was not observed during the duration of this
experiment.

M californianus exposed to caffeine exhibited a

different pattern of Hsp70 expression in the gill | amellae
and the mantle tissue. After 30 days, Hsp70 expres sion in
the mantle tissue (Figure 3.6) was unresponsive to caffeine
exposure. Results of the two-way ANOVA are summariz ed in
Table 3.2.

c 1.5+
.% I O ug/L
2 T E3 0.05 ug/L
%—8 104 1 — E 1 - 0.2 ug/L
= H o B 0.5 ug/L
22 [ =[i 1
el — = ot
» © = H 2 &
I 9 0.51 = H = %
QO R M s i
© = = B E
5 = E = %
o 0.0 T T | —— T
NDa® Oa® O0ad OO
Exposure duration (days) grouped
by caffeine concentration (ug/L)
Figure 3.6: Relative Hsp70 expression in the mantle tissue of M
cal i f or ni anus exposed to three concentrations of caffeine for 10 ,
20, and 30 days. Error bars represent the range of Hsp70

concentrations (n=4).
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Table 3.2: Summary of the two-way ANOVA results for the mantle
tissue.

Source Sum of Squares df F p-value
Dose 0.181 3 2.308 0.930
Time 0.121 2 2.323 0.112
Dose * Time 0.056 6 0.356 0.902
DISCUSSION

Caffeine, a potent neuroactive drug, is recognized as
a ubiquitous contaminant in aquatic systems. Tradit ional
ecotoxicology endpoints suggest that the levels of caffeine
currently detected in aquatic systems do not pose a threat
to aquatic organisms. There remains a potential for
sublethal effects not detected by traditional endpo ints and
effects from long-term exposure to low levels of ca ffeine.

This study investigated the effect of caffeine on the
intertidal mussel M californianus using Hsp70 as a
biomarker of cellular stress in response to exposur e to
environmentally relevant concentrations of caffeine . Since
Hsp70 affords cellular protection from environmenta I
assaults, it has been employed as a biomarker of su blethal
effects not detected by traditional endpoints.

This study demonstrates that Hsp70 in the gill tiss ue

of M californianus responds to exposure at environmental
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relevant concentrations of caffeine. The response o

in the gill tissue exhibited a complex pattern acro

and time. Initially, caffeine appears to have an
attenuating effect on Hsp70 expression for all caff
levels tested. This trend, however, was not signifi

likely due to the small sample size and high variab
measured Hsp70 concentrations. High variability in
expression in response to contaminant exposure can
trends and has been reported in other studies (Stae

al. 2002; Laporte 2005).

Increasing the duration of exposure resulted in up-
regulations of Hsp70, which was dependent on caffei
concentration. Hsp70 was up regulated after 20 days
0.05 ug/L caffeine treatment and after 30 days in the 0.2
ug/L treatment, but did not exhibit a similar increa
the 0.5 pg/L treatment over the 30-day duration of this
experiment. The mechanism inducing this type of Hsp
response to caffeine exposure remains to be elucida

Only one previous study has investigated the respon
of Hsp70 to caffeine exposure in aquatic organisms.
et al. (2009) assessed the effect of caffeine on co
algal endosymbionts by identifying proteins sensiti

caffeine exposure. Heatshock proteins were up-regul
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to 3 fold in the coral endosymbiont Synbi odi ni um sp. and
down-regulated up to 9 fold in Synbi odi ni um gor eaui .

The concentration of caffeine used to incubate cora I

algal endosymbionts in the study by Pollack et al. (2009)
falls within the range that would be toxic if found in
human blood serum. It is not surprising that an eff ect on
HSP proteins was observed at this high concentratio n of
caffeine since it can potentially inhibit many cell ular
processes. All known stresses, if sufficiently inte nse,

induce HSP expression (Feder and Hoffman 1999).

In contrast, the concentrations of caffeine used in

the present study were in the ng/L to ug/L level. Due to the

large diversity of Hsp70 inducers, the cellular str ess
response is thought to be triggered by different me chanisms
of toxicity, among which protein damage (e.g. misfo Iding)
would be the common link (Ait-Aissa et al. 2000). T here is
currently no evidence that the low levels of caffei ne

tested in this experiment are proteotoxic.

Prolonged oxidative stress from chronic exposure to

caffeine could result in an upward regulation of Hs p70 as
the organism attempts to cope with cellular damage. Gagne
et al. (2006) reported that exposure to caffeine co uld lead

to oxidative damage of trout hepatocytes. However, the
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concentrations of caffeine at which trout hepatocyt es were

incubated were in the mg/L range, 1000 times higher than
the concentrations tested in this study. The role o f
oxidative stress in inducing an Hsp70 response in t he gill

of M californianus exposed to low levels of caffeine could
be investigated further by verifying that oxidative stress
is occurring (e.g. quantifying lipid peroxidation).

Other mechanisms not related to proteotoxicity may

also induce an Hsp70 response. In humans, caffeine is able

to significantly block adenosine receptors at low s erum
concentrations ( pumol) and this is considered the most common

mode of action of caffeine (Fredholm et al. 1999). Blocking
of adenosine receptors by caffeine results in a los s of the

inhibitory  effect of  adenosine and triggers a
catecholaminergic response. Catecholamines have pre viously
been shown to up-regulate intracellular and extrace llular
Hsp72 in laboratory rats (Johnson et al. 2005).

Several studies have identified neuroendocrine and

nervous system functions in molluscs that are analo gous to
the hypothalamic-pituitary system of vertebrates; s imilar
elements are at the basis of the response and trigg ering
(Stefano et al. 2002; Fabbri et al. 2008). For exam ple,
adenosine receptors have been reported from the mus sel
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Mytilus edulis. Theophylline, which bears structural and
pharmacological similarity to caffeine, blocked the

inhibitory effects of a potent adenosine analog on

neurotransmitter release in I n vitro preparations from the
pedal ganglia of M edul i s (Barraco and Stefano 1990) In
the oyster Crassostrea gi gas, circulating noradrenaline and

dopamine have been shown to increase in response to
physiological stress (Lacoste et al. 2001a).

Assuming that the mode of action of caffeine on
adenosine receptors is similar between vertebrates
molluscs, exposure to low levels of caffeine could
stimulate the release of catecholamines resulting i
induction of Hsp70 in M californianus. In at least one

study, noradrenaline was shown to induce the Hsp70

and

gene

promoter in the oyster Crassostrea gigas and abalone

Haliotis tuberculata (Lacoste et al. 2001b). The authors
postulated that the integrated response to stress i
related to the heat shock response.

Cell signal transducers, such as changes in

intracellular pH, cyclic AMP, Ca2+, Na+, inositol

trisphosphate, protein kinase C, and protein phosph atases,

have also been implicated in the modulation of Hsp7

expression (Kiang and Tsokos 1998). For example, a study of
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U-937 human promonocytic cells showed that treatmen
the cAMP increasing agent isoproterenol plus theoph
decreased basal levels of Hsp70 (Vilaboa et al. 199
Caffeine can affect many of these cell signal trans

(see Figure 3.1). Caffeine’s effect on cell signal

transducers could potentially mediate an Hsp70 resp

While the potential mechanisms detailed above could

explain the observed up-regulation of Hsp70 in the

t with
ylline
5).

ducers

onse.

gill

lamellae of M californianus with caffeine exposure, they

do not explain the transient and concentration-depe
attenuation of Hsp70 observed here. A quenching phe

of Hsp70 has been described in some organisms expos
some types of contaminants. Arts et al. (2004) prop
that the ability to inhibit HSP induction might ind

more toxic response than producing elevated levels
proteins, which indicates that the organism is able
maintain homeostasis under environmental assault.

In discussing this phenomenon, Eckwert et al. (1997
proposed that the dose-response curve for Hsp70 cou
divided into three sections: (1) homeostasis: a sta
basal Hsp70 expression, (2) compensation: a state o
accompanied by Hsp70 induction, and (3) non-compens

state of severe stress and pathological damage bloc
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Hsp70 expression. This type of response was observe
rotifer Brachionus plicatillis. Hsp60 Ilevels of
plicatillis exposed to crude oil in the laboratory were

only higher than control rotifers at very low
concentrations of crude oil (Wheelock et al. 1999).
model proposed by Eckwert et al. (1997) does not ac
for the duration of the stress, but the duration of
can interact with dose to alter the response of Hsp

Such a quenching phenomenon could explain the time
concentration-dependent attenuation of Hsp70 observ
this study. In the case of the gill lamellae of
cal i f orni anus, the attenuation of Hsp70 was transient and
concentration dependent. Gill tissue from mussels e
to the lowest caffeine concentration exhibited a fa
recovery to levels equal to the control mussels. Th
tissue from all but the highest treatment eventuall
exhibited a moderate time-dependent up-regulation o
relative to controls. The actual mechanism(s) invol
guenching (or attenuating) the HSP response has bee
investigated, but has been hypothesized to be the r
tissue damage (Ekwert et al. 1997). This is not lik
be the case with caffeine since the attenuation of

the gill lamellae was transient.
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Unlike the gill lamellae, the mantle tissue of M

cal i forni anus did not exhibit an Hsp70 response over the

duration of this experiment. Although HSP expressio nis a
ubiquitous molecular mechanism for coping with stre ss, the
HSP response to stresses can be tissue specific (Fe der and
Hofmann 1999). Chapple et al. (1997) found tissue-s pecific
inducibility of Hsp70 in M edul is despite all tissues

being exposed to the same temperatures. Compared wi th
mantle and adductor muscle tissues, gill tissue sho wed the
greatest increase in levels of Hsp70 proteins. Othe r
tissues of M californianus may exhibit an Hsp70 response

to caffeine exposure, but this remains to be tested

Caffeine is a potent neuroactive drug that is
recognized as a ubiquitous contaminant in aquatic s ystems.
M cal i forni anus exposed in  the laboratory  to
environmentally relevant concentrations of caffeine
exhibited an Hsp70 response. Since Hsp70 affords ce llular
protection from environmental assaults, both the up -
regulation after prolonged exposure and the potenti al

attenuation of the response should be investigated further.
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CHAPTER 4: CONCLUSIONS
This study confirms the presence of caffeine in the

coastal ocean off of the Oregon Coast and provides

laboratory evidence that environmentally relevant

concentrations of caffeine can exert an effect on
cal i forni anus gill tissue at the molecular level.

The results from this study suggest that along the

Oregon Coast caffeine loading is associated with we
weather events. The introduction of caffeine into t
coastal ocean likely occurs as pulses associated wi

rainfall events that overwhelm WWTPs and/or mobiliz
sources of caffeine (e.g. septic tank leachate and
water run off). A lack of agreement between caffein
concentrations and the presence of potential source
caffeine pollution suggests that along the Oregon C
transport of contaminants, such as caffeine, from s
watersheds to more distant areas may be significant
that the significance of the contribution of caffei
sources other than WWTPs may be underestimated. Eit
this study illustrates the importance of understand
behavior of contaminant pathways and transport mech

M cal i forni anus the

exposed in laboratory

environmentally relevant concentrations of caffeine
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exhibited an Hsp70 response. The duration of this
experiment was limited to 30 days and it remains un
how Hsp70 in the gill tissue or other tissues may r
under sustained chronic exposure to low concentrati
caffeine. It cannot be ruled out that caffeine may
exacerbate the effects of stress from other environ
stresses including other contaminants.

Since Hsp70 affords cellular protection from
environmental assaults, both the up-regulation afte
prolonged exposure and the potential attenuation of

response should be investigated further.
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APPENDIX A: RECORD OF MODIFICATIONS TO INITIAL STUD
PROPOSAL

This section is intended to provide a detailed reco
of all the modifications that were made to the stud
and methodology of the initial study proposal. A co
the study design and methodology of the initial stu
proposal is provided here for reference. Wherever a
modification was made to the study design or method
the initial study proposal an endnote has been adde

providing an explanation of the reason for the modi

and any other relevant details.

rd
y design
py of

dy

ology of

fication

STUDY DESIGN AND METHODOLOGY OF THE INITIAL STUDY P ROPOSAL

I. Quantifying environmental levels
caffeine

A. Field sampling sites

and organismal

1
Environmental and organismal levels of caffeine wi

be measured on the Oregon Coast based on two sampli
(Table 1). Five rocky river-rocky-intertidal system
be sampled on a monthly basis for one calendar year
Fifteen sites, including the five river-rocky-inter
systems, five estuarine systems, and five rocky-int
systems that do not receive inputs from any signifi

rivers will be sampled in the summer (July 2008) an
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(December 2008). The five estuarine sites are expec
differ from the river-rocky-intertidal and rocky-in
sites because they are dominated by estuarine proce
that may effect the concentration, retention, and
processing of anthropogenic caffeine. Sampling duri
summer (dry season) and the winter (wet season) wil
account for the effect of precipitation-induced run
the concentration of caffeine in coastal waters

The five paired river-rocky intertidal systems are
sites of ongoing studies by Dr. Elise Granek and we

selected based on the following characteristics.

» Each basin has rocky intertidal habitat <1 km from
river mouth.

» Estuarine processing in each system is likely to be
reasonably slight due to the absence of major bays
attendant low water residence times, enhancing the
potential for interactions between upland land-use
coastal ecosystem response.

» These watersheds fall along a gradient from fairly
unaltered by human activity to more heavily impacte
by human disturbance. This categorization of lightl
to heavily disturbed watersheds will allow us to
explicitly  test whether differences in  human
population density are reflected in coastal communi
health and loads.

» Historic or current data on in stream water quality
available for each watershed.

The five estuarine sites and five rocky-intertidal

areas that do not receive inputs from any significa
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rivers were selected based on their spatial distrib ution

and the criteria briefly described above.

B. Sample collection

2 3

Water, sediment , and organisms will be collected at each

sampling site during each sampling event using the

collection methods outlined below. At each river-ro cky-
intertidal and rocky-intertidal site, tissue sample s will
be collected from Hedophyl I um sessi | e kelp (slow growing),

Ulva spp. macroalgae (fast growing), the filter-fee ding

mussel Mtilus californianus, and the predatory snalil

Nucel | a emar gi nat a. At the estuarine sites, a common filter

feeder (e.g. Crassostrea gi gas) will be sampled to measure
caffeine concentration in organismal tissue. All sa mples
will be immediately placed on dry ice and transport ed to
PSU, where they will be frozen at -80° C until anal yzed for
caffeine.

 Water-3 “grab” samples will be collected below the
surface in 1-L amber propylene bottles.

* Sediment- approximately 50 grams of surface sedimen ts
(2-3 cm) will be collected using a Dixie© cup and
stored in new Zip-lock® bags covered with aluminum

foil paper to impede photodegradation of caffeine.
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* Kelp/macroalgae- approximately three 15 grams sampl

will be scraped from rocks, lightly rinsed with

deionized water, and stored in aluminum foil paper.

* Mtilus californianus- 5 individuals will be collected

from three areas at each site, removed from the she

and stored in aluminum foil paper.

* Nucel l a emargi nat a- approximately 10 individuals will

be collected from three areas at each site, removed

from the shell, and stored in aluminum foil paper.

At the time of sample collection, a hand-held YSI w
temperature and salinity probes will be used to rec
these parameters.
C. Caffeine analysis

Levels of caffeine in water and sediment samples w
be determined using established extraction, solid p
clean-up, and GC/MS procedures for the detection
environmental caffeine in freshwater and marine sam

(Peeler et al. 2006). GC/MS analysis for caffeine w

of

run at WSU Vancouver in the laboratory of Dr. Steve

Sylvester. Concentration of caffeine in the tissue
organisms will be measured employing the same proce
used for water and sediment (outlined below) after

extraction of freeze-dried tissue.
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I. Sample extraction
Prior to extraction, sediment and tissue samples

will be freeze-dried at the USGS Oregon Water

Resources laboratory on the PSU campus. Dried sampl es
will be ground using a mortar and pestle to facilit ate
extraction. Caffeine from sediment and tissue sampl es

will be extracted with a Soxhlet extraction system
using organic solvents.
ii. Sample clean-up

Reversed phase solid-phase extraction (SPE) with
LC-18 ° columns will be used to extract caffeine from
liquid samples. Washing and elution will follow the

procedure described by Peeler et al. (2006).

iii. GC/MS analysis 6
A small aliquot (5 uL) of the final sample will be
injected into an Agilent GC/MS spectrometer. Sample S

will be chromatographed with the following GC/MS
conditions: GC oven at 70 °C for one minute, follow ed

by a 25 °C ramp to 180 °C (about 5 minutes), and

finally a 5 °C ramp to 240 °C (about 12 minutes). The
final temperature will be held for approximately th ree
minutes at the end of the run. The MS will be run i n
selected ion mode (SIM) to obtain the lowest detect ion
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limits possible. Peaks produced by the 194 and 197
ions will be used to quantify 12C-caffeine (natural )

and 13C-caffeine (internal standard), respectively.

iv. QA/QC 7
Liquid samples will be spiked 13C-labeled caffeine
as an internal recovery standard. The 13C-caffeine

internal recovery standard accounts for any losses
during extraction (e.g., breakthrough during SPE) a nd
GCI/MS analysis assuming that 12C-caffeine and 13¢-
caffeine are processed and analyzed with the same
efficiency.
II. Sub-lethal effects of caffeine (in lab caffeine
exposure experiments)
A. Sample collection
Live specimens of Mytilus californianus and Nucella
emargi nata will be collected from the 5 river-rocky-
intertidal areas. A minimum of 75 Mytilus californianus and
150 Nucel | a enar gi nat a will need to be collected to run the
in lab caffeine exposure experiments. Live specimen s will
be transported in coolers to PSU and maintained in
recirculating salt-water aquaria in the laboratory of Dr.
Brad Buckley.

B. In-lab caffeine exposure experiments

82



In-lab caffeine exposure experiments will be conduc ted
using identical caffeine exposure levels independen tly on
the two invertebrate species of interest. For Mytil us

cal i forni anus, n=5 individuals will be held in 10-gallon

tanks with filtered, temperature controlled, aerate d
seawater and exposed to one of five different doses of
caffeine: 0, 0.05, 0.1, 0.2, and 0.5 ug caffeine/L prepared

from stock caffeine solutions. Each exposure level will be
replicated in triplicate. After 3-week exposure per iod,
individuals will be sacrificed and their tissue ext racted.

Tissue samples will be immediately frozen on liquid

nitrogen to await biochemical analysis. Half of the tissue
sample will be used to measure concentration of caf feine
using the procedures outlined above for the extract ion,

10

clean-up, and GC/MS analysis of caffeine For Nucel | a

emar gi nat a, the same exact procedure will be followed with

the exception that the number of individuals per do se will
be n=10.
C. Immunohistochemistry for Quantitative Assessment of

Stress Protein Production 11

Immunohistochemistry or *“western blotting” will be
used to quantify the levels of Hsp70 and cytochrome P450 12

in the tissues of mussels and snails exposed to caf feine.
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Tissues will be thawed and homogenized in a lysis

buffer containing 10 mM Hepes (pH 7.9), 10 mM KClI, 1.5 mM
MgClI2, 0.1 M EDTA, 1 mM DTT, 0.25% NP-40, 0.1 mM PM SF and
protease inhibitor cocktail (Sigma). Tissue extract s will

be diluted 1:1 (v/v) in 2 X homogenization buffer, to a
final concentration of 32 mM Tris-HCI (pH 6.8) and 2% SDS.

Homogenates will be heated at 100°C for 5 min and c

centrifuged at 12,000 x g for 10 min. Pellets will be
discarded, and total protein content of the superna tants
will be determined by Bradford assay (Pierce, Rockf ord, IL,
USA). Equal amounts of protein from each sample wil | be

separated according to molecular mass, via SDS-

polyacrylamide gel electrophoresis (SDSPAGE), on 7. 5%
polyacrylamide gels. Following 1.5 h electrophoresi s at 150
V, proteins will be transferred to nitrocellulose b lots,

via semi-dry electrotransfer for 1.5 h at 150 V.

Blots will be blocked for 1 h in 5% non-fat dry mil k
(NFDM) in 1 X PBS under constant shaking. Blots wil | be
washed 3 times for 5 min in 1 X PBS containing 0.01 % Tween-
20. Following washes, blots will be incubated in pr imary
antibody (1:1,000 dilution in 1 X PBS containing 5% NFDM)
for 1.5 h. Blots will be incubated in a primary ant ibody

against either Hsp70 or cytochrome P450 (Santa Cruz

84



Biotechnology) for 1.5 h at room temperature. Follo wing

incubation in primary antibody, blots will be washe d3x10
min in 1 X PBS with 0.1% Tween-20, then incubated i n a
secondary antibody (horseradish peroxidase conjugat ed
Protein A, 170-6522, BioRad) at a dilution of 1:500 Oinl1X
PBS containing 5% NFDM. Blots will be washed a fina | time
and exposed to enhanced chemiluminescent reagent (E CL,
Amersham), for 5 min. Blots will be wrapped in plas tic wrap

and exposed to X-ray film (XOMAT-AR film, Kodak).
Densitometry will be conducted on blots using Image Master
software (Amersham); all experimental values will b e

standardized to the control values.

t Samples were collected from the locations listed in the
initial study proposal. The results from those samp les were
invalidated due to analytical issues, high levels o f blank
contamination, and inadequate QA/QC. The sample res ults

reported in this study were analyzed in a different

laboratory, after modifying the collection and filt ering
procedure. The collection and filtering procedures used is
reported in the methods section of Chapter 2. Brief ly, more
rigorous procedures were used to avoid potential sa mple
contamination; the filtering procedure was modified to
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minimize sample handling; and stricter QA/QC proced
were established.

2Sediment samples were not collected due to the lack
established procedure by the analyzing laboratory a
time limitations for establishing a procedure and t

its performance.

¥ Organism samples were not collected due to the lack
established procedure by the analyzing laboratory a
time limitations for establishing a procedure and t

its performance.

* Samples were analyzed for caffeine at Portland Stat
University in the laboratory of Dr. James Pankow.

> Sample water was passed directly from the sample bo
a GF/C glass microfibre filter (Whatman 1.2

to a Swinnex filter holder and then through and ENV
SPE tube (Supelclean) using uninterrupted flow set
approximately 5 ml/min.

®Various modifications were made to the GC-MS proced
GC-MS conditions are detailed in the methods sectio
Chapter 2.

"QA/QC was found to be inadequate. Modifications inc
running a minimum of 1 field blank per every five s

that were analyzed. For each GC-MS run a fresh batc
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calibration standards was made up and analyzed at t he
beginning of the run. Check standards prepared by a n
independent party were also analyzed with each run.

8 Caffeine exposure experiments with Nucel | a emar gi nat a were
not conducted due to time limitations.

°The caffeine exposure experiment using Mytil us

cal i f or ni anus was performed according to the design

outlined in the initial procedure. Initially, the

temperature in the experimental tanks was going to be
controlled by maintaining a controlled temperature in the
room and having temperature data loggers in each ta nk.
However, due to construction in the building that w as
affecting power to one of the air conditioning unit sinthe
tank room, it became impossible to maintain a satis factory
temperature in the room. Several mussels died and t he tanks
became fouled. As a result, the experiment was abor ted and
the sampling design was modified. Sealine in-line ¢ hillers
were used to maintain the temperature in the tanks. Since

it was logistically impossible to set up the 15 chi llers
that would have been required to complete the exper iment as
planned, the experiment was modified, as outlined i n the
methods section of Chapter 3. Briefly, all mussels exposed
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to one of five doses of caffeine were placed in the same
experimental tank.

Y Tissue analysis for caffeine was not performed due to the
lack of an established procedure by the analyzing

laboratory and to time limitations.

1 Some modifications were made to the western blottin g
procedure based on the methodology used by the host lab.
The details of the method used are listed in the me thods

section of Chapter 3.

2Western analysis for Cytochrome P450 was not comple ted.
The commercial antibody CYP1AL1, rabbit polyclonal i gG
(Santa Cruz Biotechnology) failed to react with mus sel
tissue and consistently produced blank blot films. Due to
time limitations, an alternative antibody was not t ested.
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