Neurotoxicology and Teratology 57 (2016) 95–105

Contents lists available at ScienceDirect

Neurotoxicology and Teratology
journal homepage: www.elsevier.com/locate/neutera

Natural exposure to domoic acid causes behavioral perseveration in Wild
Sea lions: Neural underpinnings and diagnostic application
Peter F. Cook a,b,⁎, Colleen Reichmuth a, Andrew Rouse a, Sophie Dennison c, Bill Van Bonn d, Frances Gulland e
a

Institute of Marine Sciences, University of California Santa Cruz, Santa Cruz, CA 95060, USA
Department of Psychology, Emory University, Atlanta, GA 30322, USA
Marine Mammal Radiology, San Francisco, CA, USA
d
Shedd Aquarium, Chicago, IL 60605, USA
e
The Marine Mammal Center, Sausalito, CA 94965, USA
b
c

a r t i c l e

i n f o

Article history:
Received 27 February 2016
Received in revised form 4 August 2016
Accepted 5 August 2016
Available online 7 August 2016
Keywords:
Domoic acid
Sea lion
Perseveration
Habituation
Hippocampus
Behavioral diagnosis

a b s t r a c t
Domoic acid is a naturally occurring algal toxin that causes neurological symptoms and mortality in exposed marine life. California sea lions (Zalophus californianus) are the most visible victims, and suffer epilepsy and progressive hippocampal atrophy. Despite its reliable neurological effects, little is known about how exposure to domoic
acid alters behavior, which is critical for understanding the impact of toxic exposure on long-term survival in sea
lions and other exposed animals, including humans. Better understanding of the behavioral effects may also inform veterinary diagnosis and treatment. Anecdotally, exposed sea lions have been reported to show enhanced
perseverative behavior. To assess the neurobehavioral effects of domoic acid, we compared veterinary diagnoses,
measures of hippocampal volume from in vivo MRI, and behavioral measures of habituation and dishabituation in
27 wild sea lions undergoing rehabilitation. The sample was divided post-hoc between subjects with clear veterinary diagnoses of chronic domoic acid toxicosis and those with no evidence of the disease. In the behavioral task,
subjects were exposed repeatedly to sounds from two source locations, and, following a short delay, exposed
again. Veterinary diagnosis of domoic acid toxicosis was associated with extent of hippocampal damage, predicted delayed habituation in phase 1, and enhanced dishabituation in phase 2. Receiver operating characteristic
analysis indicated that delayed habituation in phase 1 was diagnostically predictive. Enhanced dishabituation
in phase 2 was correlated with reduced right ventral hippocampal volume. Together, delayed habituation and enhanced dishabituation following domoic acid exposure indicate a clinically relevant and potentially maladaptive
behavioral pattern of perseveration.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
Domoic acid (DA) is a neurotoxic metabolite of Pseudo-nitzschia
algae; it propagates through ocean food chains, causing neurological insult and mortality in a range of species (Beltrán et al., 1997; Kvitek et al.,
2008; Lefebvre et al., 1999; Lefebvre et al., 2002; Scholin et al., 2000).
Due to environmental changes and anthropogenic inﬂuences in marine
systems, the size and persistence of Pseudo-nitszschia blooms are increasing (Anderson et al., 2008; Lefebvre et al., 2016; Silver et al.,
2010). This has increased toxic exposure in sea life that feed directly
on algae and animals at higher trophic levels that bioaccumulate DA
through feeding on prey that feed on the algae. There is also concern regarding repeated low dose exposure in some human populations
(Jeffery et al., 2004; Lefebvre and Robertson, 2010). California sea
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lions, which are exposed to the toxin through ﬁlter-feeding ﬁsh prey
species, are the most visible victims of DA poisoning and can serve as
bellwethers for its widespread effects on other species (Bossart, 2011;
Reddy et al., 2001). Prior to 1998, there were few documented neurological signs in stranded sea lions along the California coast, but since
that time several thousand California sea lions have come to shore in
distress (i.e., stranded) with indications of DA poisoning. Chronic exposure to DA—and resultant mortality—in North Paciﬁc sea lion populations is now believed to be widespread (Goldstein et al., 2008). As a
neurotoxin, DA alters the behavior of exposed animals. While the
acute effects of intoxication can be fatal, many animals survive initial exposure. The persistent behavioral effects of DA exposure may interfere
with long-term survival and need to be better understood. Improved
understanding of these behavioral effects may also aid veterinary diagnosis and treatment. Managing the welfare of affected sea lions is a
pressing concern for wildlife managers. In addition, due to the large
number of individuals affected, wild sea lions with DA toxicosis provide
an accessible, natural model for understanding the effects of DA.
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The acute and chronic neurotoxic effects of DA have been explored
both in laboratory models and wild animals, and, despite some differences in disease course among species, the mechanisms are fairly well
understood (Pulido, 2008). DA binds preferentially to α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate receptors inducing excitotoxic effects. AMPA and kainate receptors are
distributed throughout the brain (Bahn et al., 1994; Ritter et al., 2001),
and distributed lesions are sometimes seen in sea lions naturally exposed to DA (Silvagni et al., 2005) and rodents exposed in the laboratory
(Colman et al., 2005). However, kainate receptors are highly concentrated in the mammalian hippocampus (Bernabeu and Sharp, 2000), and
the most reliable site of gross neurological damage in DA-affected animals has been the hippocampus (Goldstein et al., 2008; Montie et al.,
2012; Silvagni et al., 2005; Pulido, 2008). As a result, the bulk of neurobehavioral research on DA has been focused on the hippocampus and
the behavioral and cognitive functions it supports. In both laboratory
and wild animals, DA exposure leads to extensive cell death in the dentate gyrus and CA3 portion of the hippocampus, and can cause seizures
(Muha and Ramsdell, 2011; Ramsdell and Gulland, 2014; Silvagni et al.,
2005). Long-term sub-lethal effects include chronic epilepsy and resultant gross hippocampal atrophy (Dakshinamurti et al., 1991).
Although the molecular mechanism of DA toxicity is extensively
studied, and appears generally consistent across species, dose-response
relationships and patterns of gross brain damage are not consistent between laboratory rodents and wild animals exposed naturally. Relatively low doses of DA are fatal to rodents, and rodents are more likely to
suffer bilateral lesions than sea lions and humans, which tend to present
with unilateral left or right brain lesions (Goldstein et al., 2008; Pulido,
2008). Potential species differences in gross neurological sequelae to DA
underscore the need for ecologically valid models to study the disease
(Buckmaster et al., 2014; Cook et al., 2015). Not only may these better
illustrate the neurological effects across species, but they will allow
more conﬁdent assessments of potentially maladaptive behavioral and
cognitive deﬁcits in humans and wild animals naturally exposed to
DA. However, to date, the cognitive and behavioral effects of DA have
been studied predominantly in rodent models.
As noted, DA disproportionately targets the hippocampus, a structure that plays an integral role in allocentric spatial memory across species (Burgess et al., 2002; Eichenbaum et al., 2016; Squire, 1992). This
has guided the bulk of behavioral research with DA exposed laboratory
rodents, which has demonstrated reliable spatial memory deﬁcits following toxic exposure (Clayton et al., 1999; Grant et al., 2010; Petrie
et al., 1992; Sutherland et al., 1990). A recent neurobehavioral study
with wild sea lions with DA toxicosis also found disrupted spatial working and long-term spatial memory, notably dependent on extent of right
dorsal hippocampal atrophy (Cook et al., 2015). This sea lion ﬁnding is
consistent with evidence that the dorsal portion of the hippocampus,
and in humans the right dorsal portion, selectively contributes to spatial
and event memory (Bohbot et al., 1998; Moser and Moser, 1998). However, animals with toxic DA exposure show atrophy throughout the hippocampal assembly, and spatial memory deﬁcits are unlikely to
represent the sum total of behavioral impairment from toxic exposure.
The hippocampus is also generally implicated in direction of attention (Pribram and McGuinness, 1975), arousal (Green and Arduini,
1954), emotion (LeDoux, 2003), and decision making (Johnson et al.,
2007). There is some reason to believe these functions are at least partially localized to ventral portions of the hippocampus (Fanselow and
Dong, 2010), which, again, are damaged in rodents with DA exposure
and selectively damaged in some exposed sea lions (Cook et al., 2015;
Pulido, 2008). However, very few behavioral studies have assessed the
effect of DA exposure on cognitive and behavioral domains outside of
memory.
One promising avenue of research is examination of DA's effect on
perseverative behavior and related phenomena such as habituation
and dishabituation. Perseveration, deﬁned as a lack of behavioral ﬂexibility or tendency to repeat behaviors without utility (Sandson and

Albert, 1987), can accompany epilepsy and hippocampal damage or
dysfunction (Abela et al., 2012; Kimble and Kimble, 1965; Langston et
al., 2012; Sakata et al., 2013; Trent et al., 2013) and is associated with
arousal and attention in humans (Fischer et al., 2005), both linked
with ventral hippocampal function. As deﬁned by Rankin et al. (2009),
habituation is the process by which response weakens to a repeated
stimulus, while dishabituation is the process by which a previously habituated response recovers. Hippocampal subregions have been functionally implicated in both processes (Crusio and Schwegler, 1987;
Save et al., 1992; Yamaguchi et al., 2004).
In laboratory studies, rodents exposed to kainic acid, a close analog
to DA, show perseverative behavior (Arkhipov et al., 2008). Increased
reactivity and altered habituation have been shown in rodents exposed
to DA (Zuloaga et al., 2016). Wild sea lions with DA exposure have been
described in the rehabilitation setting as engaging in repetitive and
seemingly non-directed behaviors, such as scratching, pacing, and
chewing (Goldstein et al., 2008), and one experimental behavioral
study found delayed habituation to auditory tones in wild sea lions
with signs of DA toxicosis (Cook et al., 2011).
Perseverative behavior is likely maladaptive for ﬂexible central place
foragers like sea lions, which change their foraging strategies in response to changing environmental conditions (Francis et al., 1991). Speciﬁcally, perseveration could lead to persistence in ineffective foraging
strategies, making wild sea lions with chronic DA toxicosis less efﬁcient
predators, which could in turn help explain death from malnutrition
and dehydration (Goldstein et al., 2008). In addition, if habituation
and dishabituation are reliably altered in animals with DA toxicosis,
measures of these phenomena may be useful tools to enhance veterinary diagnosis.
Such enhancements of veterinary assessments are needed. To date,
clinical diagnosis of DA toxicosis in wild animals has been reliant on
the use of in vivo brain imaging to assess hippocampal atrophy
(Goldstein et al., 2008; Gulland et al., 2002), an expensive and resource-intense process. Because DA is cleared from the blood stream
quickly following exposure (Pulido, 2008; Truelove and Iverson,
1994), and exposure to low doses may not always produce neurological
signs (Iverson et al., 1988; Tryphonas et al., 1990), diagnosis based on
tissue, fecal, or urine sampling is unreliable. Recent diagnostic research
has turned to machine learning algorithms to assess proteins and serum
peptide patterns in blood (Neely et al., 2015; Neely et al., 2012). Behavior has also been assessed for diagnostic merit. An observational assessment of sea lions with DA toxicosis showed a pattern of behavioral
abnormalities—including perseveration (Wittmaack et al., 2015)—with
potential diagnostic efﬁcacy, and habituation rates have also been
shown predictive of diagnosis in wild sea lions with DA toxicosis
(Cook et al., 2011). However, replication is needed under realistic clinical conditions, and neither of these studies assessed the relationship between speciﬁc neurological changes and behavioral abnormality.
To clarify the relationship between perseverative behavior and neurological insult from DA in wild sea lions, and to assess the diagnostic efﬁcacy of experimental measures of habituation and dishabituation, we
evaluated 27 wild California sea lions undergoing rehabilitation. Twelve
individuals presented with a primary diagnosis of chronic DA toxicosis,
and 15 individuals presented with a range of health concerns, including
malnutrition, infection, injury, and cancer, but none of the signs of DA
toxicosis. We measured behavioral orienting responses to repeated auditory stimuli for comparison to veterinary diagnostics and morphometric analyses of regional hippocampal volume from in vivo
magnetic resonance imaging (MRI). To support potential diagnostic
use of the behavioral testing, all subjects were exposed to the same sequence of auditory stimuli in a presentation schedule made up of two
phases: 54 repetitions of an auditory tone alternating between two speciﬁc source locations (A and B), followed 3 min later by 54 repetitions of
the same auditory tone alternating between one familiar (A) and one
unfamiliar (C) source location. This ﬁxed and automated exposure
schedule allowed us to objectively assess initial responsiveness
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(habituation) in phase 1 and response recovery (dishabituation) in
phase 2, as well as relative responsiveness to novel versus familiar locations in phase 2 (potentially associated with spatial memory). Neurologically healthy animals typically show differential response to objects in
novel locations, and hippocampal damage can interfere with this
(Eacott and Norman, 2004; Ennaceur et al., 1997; Mumby et al., 2002).
We hypothesized that, relative to control subjects, California sea
lions with chronic DA toxicosis would: 1) exhibit hippocampal atrophy,
2) demonstrate delayed behavioral habituation in phase 1 (AB), and 3)
demonstrate enhanced dishabituation in phase 2 (AC). We also assessed
relationships between total and regional hippocampal atrophy and behavioral performance.
2. Methods
2.1. Subjects
Twenty-nine wild California sea lions undergoing rehabilitation at
The Marine Mammal Center (TMMC) in Sausalito, California were evaluated (Table S1). The sea lions ranged in age from pups (b 1 year old) to
adults (N5 years old). Data were collected during two separate testing
periods (July 2010–November 2011 and August–November 2012, described below). During both periods of data collection, subjects were selected opportunistically from the available patient population at TMMC
by an experienced veterinarian tasked with providing a sample that was
approximately equally balanced between sea lions with primary diagnoses of chronic DA toxicosis (Goldstein et al., 2008) and control sea
lions with no apparent neurological deﬁcits. Decisions used for subject
selection were based on preliminary diagnoses, and did not inform subsequent grouping for data analysis. Because subjects were selected from
a rehabilitation population, there was a range of potentially overlapping
medical conditions represented among them, including malnutrition,
infection, physical trauma, and DA toxicosis (see Greig et al., 2005). To
be included in the study, individuals had to be generally responsive to
environmental stimuli and willing to eat. Sea lions were not selected
so as to balance secondary diagnoses between the preliminary DA and
control groups. However, the majority of individuals had one primary
diagnosis, suggesting that secondary diagnoses would be unlikely to explain apparent effects of DA toxicosis.
Experimenters were blind to preliminary veterinary evaluations
during collection and analysis of all behavioral and neural data. Following completion of behavioral and MRI testing (at ﬁnal disposition for
each sea lion) the same veterinarian who selected subjects for the
study assigned a post-hoc diagnosis that was then used for sorting sea
lions into DA and control groups for data analysis (as in Cook et al.,
2015; Cook et al., 2011). The deciding veterinarian was blind to the behavioral data collected in the present study and to the quantitative measures of hippocampal volume acquired from MRI, but took into account
all other available information on each subject. Relevant information included any clinical results (such as eosinophilia in a blood sample, levels
of DA in urine or fecal samples), observations made of the subject during
rehabilitative care at TMMC (e.g., observed seizures), ﬁnal outcome for
each subject (e.g., successful release, death, euthanasia), post-mortem
and histological information (when available), a qualitative review of
the MRI images conducted by an experienced veterinary radiologist,
and epidemiological data on presence of DA producing blooms at the
stranding site and concurrent DA cases. The post-hoc diagnosis allowed
for a discrete assessment of whether each subject was suffering from
acute or chronic DA toxicosis, and it was this ﬁnal diagnostic measure
that was used in further analysis, rather than the initial veterinary assessment made during subject selection.
Of note, although the radiologist's qualitative assessment of hippocampal atrophy did not characterize regional speciﬁcity or gross extent
of damage, and veterinarians were blind to volumetric assessment of
hippocampus (described below), the inclusion of this information in
the diagnosis meant that clinical diagnosis and quantitative assessment
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of regional hippocampal volume were not wholly independent experimental measures. However, veterinary diagnosis of DA in this population typically involves qualitative assessment of hippocampal damage
from in vivo MRI or post-mortem histology, and any attempt to validly
assess the relationship between typical diagnosis and morphometric
measures of hippocampal volume must include all typically obtained
measures.
2.1.1. Period 1
Between July 2010 and November 2011, 16 sea lions were individually tested at Long Marine Laboratory (LML) at the University of California Santa Cruz. These subjects were part of a separate study examining
the neurobehavioral effects of toxic DA exposure (Cook et al., 2015).
They undertook testing for the present study following 10 to 20 days
of participation in behavioral procedures at LML. In brief, these procedures comprised a number of food-based spatial memory assays, and
did not involve auditory stimuli or exposure to the testing enclosure
used in the present study. The mean time (± std. dev) under care for
each of these subjects, from their admission to TMMC to the date of testing at LML for the present study, was 37 days ±16.6.
2.1.2. Period 2
Between August and November 2012, 13 additional subjects were
tested at TMMC while undergoing rehabilitation. These subjects did
not take part in the previous study described above. The mean time
(±std. dev) from admission to TMMC to testing to the date of testing
for these subjects was 30 days ±20.6.
Testing conditions and procedures were the same between the two
test periods and facilities, except as noted in the supplementary text. Behavioral and neural measures were compared between periods, and
there was no statistical evidence that time period and testing conditions
inﬂuenced results.
2.2. Behavioral testing procedure
At both sites, subjects were tested in square, cement-ﬂoored pens
measuring approximately 3 × 3 m (Fig. 1). Both pens were surrounded
by chain-link fence on three sides with a solid wall along the fourth side.
Subjects were not exposed to the pens prior to testing. Two Advent
AV570 ampliﬁed speakers were placed outside of the pen prior to the

Fig. 1. Testing arrangement for auditory exposures. During phase 1 of testing, the auditory
stimulus was presented repeatedly alternating between speakers in location A and B.
During phase 2 of testing, the auditory stimulus was presented repeatedly alternating
between speakers in location A and C. Behavioral responses were recorded to an
overhead video camera.
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subject's arrival. Speakers were placed at ground level, facing into the
pen from the two corners at either side of the entry gate (deﬁned as locations “A” and “B”). Testing sessions were ﬁlmed in their entirety with
a Sony HD DCR-SR68 Handycam placed with full overhead view of the
pen.
Subjects were transported individually to the testing pen from their
living enclosure in a kennel used for transport (an enclosed box with a
hinged cage front, similar to a large dog crate) and were tested between
noon and 7 PM, not less than 1 h from their most recent meal. Transport
in the kennel took no more than 5 min. Following transport, subjects
were released into the pen and the kennel was removed. Each subject
was allowed 3 min to acclimate to the enclosure prior to the start of testing. Experimenters were in a control room, out of sight, during acclimation and subsequent sound presentation.
The auditory stimulus used for this study was a “looming” tone,
which has some of the auditory characteristics of a rapidly approaching
object (Ghazanfar et al., 2002). The tone was 750 ms in duration, with
the majority of energy centered at 1 kHz. The tone increased in amplitude from ~65 to 85 dB re 20 μPa at 1 m over its duration (unweighted).
Stimulus features were selected to be salient to sea lions based on their
established auditory sensitivity. As sea lion hearing threshold in air at
this frequency is approximately 20 dB (Reichmuth et al., 2013;
Schusterman, 1974), the equivalent maximum sensation level of the received stimuli was only 65 dB. No physiological measures were obtained, although no gross startle or clear avoidance behavior was observed
in any subjects in this or a previous study (Cook et al., 2011) using the
same stimuli.
Auditory cues were transmitted to the speakers via Windows Media
player from an HP notebook computer. Sound presentation always
followed an ABAB (or ACAC) pattern such that stimuli alternated repeatedly between the two speaker locations. There were two phases
of sound presentation, constituting the two experimental phases in
this study. In the ﬁrst phase, the sound stimulus was presented alternately from the initial speaker locations A and B, 54 times in total (27
per location). Following this presentation phase, an experimenter physically moved one of the speakers from its original location (B) to a new
location (C), diametrically opposed to location “A”. The speaker at location “A” remained in the same position throughout testing. To control
for stimulus enhancement from differentially interacting with the
speakers, after moving the speaker from location “B” to “C”, the experimenter walked over to the speaker at location “A” and crouched next to
it for approximately 3 s.
After altering the speaker conﬁguration following the ﬁrst presentation phase, the experimenter retreated again to the out-of-sight control
room, and a three-minute delay period began. Following the delay, the
second presentation phase began. The auditory stimulus was presented
54 times in an alternating pattern switching between the familiar (A)
and novel (C) speaker locations.
In both experimental phases, inter-stimulus intervals were between
0.2 and 7.5 s, semi-randomized such that the mean interval across each
phase was 4 s. Stimulus presentation schedule was held constant across
subjects. Both presentation phases were begun based on time elapsed
(from subject entry to the testing pen in phase 1 and from the return
of the experimenter to the testing room following speaker rearrangement in phase 2), and were not dependent on subject behavior, which
the experimenter did not monitor during testing. Following the second
testing phase, the subject returned to its home pen.
2.3. Behavioral data collection
Behavioral response data were coded post-hoc from video recordings by an individual who was blind to subject identity, veterinary assessment, and imaging results. A second independent coder, also blind
to subject identity, veterinary assessment, and imaging results, recorded
responses for a subset of ten subjects to obtain a measure of interobserver reliability. Both coders employed the same criteria for

determining response, as originally deﬁned and implemented in Cook
et al. (2011). Following each individual sound presentation, a decision
was made by the coder regarding whether the sea lion had produced
an orienting response to the stimulus or had not. This was deﬁned as a
binary choice—because either “response” or “no-response” had to be
coded for each stimulus presentation, the coder was allowed to watch
each stimulus presentation event as many times as necessary to make
a decision. A response was deﬁned as a noticeable change in head orientation (N 5°) in the vertical or horizontal plane toward the location of the
speaker presenting the stimulus. The change in head orientation had to
begin after the onset of the stimulus and before 0.5 s had elapsed following stimulus offset. The subject's head was not required to move into direct alignment with the speaker presenting each stimulus for a response
to be counted; rather, it merely needed to move to closer angular alignment with the relevant speaker location than it had begun. Head movement away from the speaker was not counted. Further, other apparent
behavioral markers of response, such as body startle, were not considered. Examples of an orienting response and of no response can be
seen in Videos S1 and S2. Notably, responses were recorded from a
wide-angle camera placed above the pen looking down. Therefore, ability to see reorientation in the vertical plane was likely limited. However,
quite small alterations of head orientation were clearly visible in the
horizontal plane.
To maximize potential ease of future veterinary implementation,
and due to the discrete nature of the behavioral coding, Phase 1 (AB)
and Phase 2 (AC) responsiveness was measured simply as the total
number of coded positive responses for each subject. Thus, more responses in phase 1 was taken as a mark of delayed habituation, while
more responses in phase 2 was taken as a mark of enhanced
dishabituation. Relative response to the novel (C) versus familiar (A) location in Phase 2 was coded as the ratio of total responses to C versus
total responses to A. These values were used in all subsequent behavioral analyses.

2.4. MRI data collection
Within a few days following behavioral testing, each subject
underwent structural MRI evaluation. Subjects were imaged at
AnimalScan Advanced Veterinary Imaging in Redwood City, CA, on a
1.5 T Siemens Magnetom Symphony scanner. Subjects were imaged in
vivo under isoﬂurane anaesthesia with veterinary supervision as described by Cook et al. (2015). Subjects' heads were placed in a CP extremity coil, selected to optimize signal-to-noise ratio. The primary
use of the MRI data was to obtain quantitative, volumetric brain measurements. These measurements were computed from manual tracings
on the output images from Turbo Spin Echo (TSE) T2-weighted scans
obtained in an oblique plane perpendicular to the long axis of the hippocampus as in Cook et al. (2015). This imaging orientation contributes to
the ease of manual sectioning of the hippocampus in California sea lions
(Goldstein et al., 2008; Montie et al., 2009).
Scans obtained from subjects in data acquisition period 1 (July
2010–November 2011) were acquired with the following imaging parameters: TR = 5470 ms, TE = 14 ms, FOV = 160 × 160 mm, slice thickness = 2.0 mm, voxel size = 0.625 mm × 0.695 mm × 2 mm. Subjects
included in the second data acquisition period (August–November
2012) were being imaged opportunistically during a separate experimental brain imaging protocol. As a result, time constraints mandated
increasing slice thickness on the oblique imaging sequence so as to
limit total scanning time to under 1 h, above which extended anaesthesia can lead to increasing health complications. The oblique scans
obtained from subjects included in data acquisition period 2 (August–
November 2012) were acquired with the following parameters: TR =
3950 ms, TE = 98 ms, FOV = 160 × 160 mm, slice thickness =
3.0 mm, voxel size = 0.625 mm × 0.695 mm × 3 mm. Possible confounds in volumetric measurements due to increased slice thickness
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in data acquisition period 2 were evaluated and determined to be minimal, as discussed in the supplemental text.

2.4.1. Hippocampal morphometrics
Manual tracing of MRI images was conducted by an experienced individual who was blind to veterinary assessment, behavioral results,
and subject identity. A second, independent tracer, also blind to veterinary assessment, behavioral results, and subject identity, evaluated a
subset of ten brains to allow for a measure of inter-observer reliability.
Tracing was conducted using Quanta2 software (UC Davis IDEA Lab,
Alzheimer's Disease Center grant, NIH P30 AG010129). For each subject,
the right and left dorsal and ventral hippocampus, and total brain
(minus the cerebellum) were traced (Fig. 2). Criteria for hippocampal
tracing were the same as those described in Cook et al. (2015), and
were informed by prior hippocampal morphometry with sea lions
(Montie et al., 2012; Montie et al., 2009). Importantly, although relative
brain volume is a related measure to extent of hippocampal atrophy
from DA exposure, regional brain volume cannot be taken solely as a
measure of possible atrophy—relative hippocampal volume will vary
even among healthy animals.
In brief, the cornu ammonis (CA), dentate gyrus, alveus, and a
portion of the subiculum were traced along the longitudinal axis of
the hippocampus. Termination criteria for the septal and temporal hippocampal boundaries were conservatively selected to maximize reliability of tracing across subjects. Hippocampus was traced ventral to
the splenium of the corpus callosum and dorsal to the interpeduncular
fossa as presenting in the oblique imaging orientation. Lateral and medial boundaries were predominately deﬁned by ﬂuid ﬁlled structures
surrounding the hippocampus. To correct for variation in hippocampal
size due to natural variability in total brain size, relative hippocampal
volumes were computed for each sea lion by dividing the absolute volumes of the hippocampal regions by total brain volume. These relative
volume measurements, expressed as percentages, were then used in
further analyses, and are referred to subsequently in this manuscript
simply as “hippocampal volume.” To obtain regional measures of ventral and dorsal right and left hippocampal volume, tracings were split
evenly along the longitudinal axis of the hippocampus such that there
was an equal number of slices in the dorsal and ventral portion, and
the volume from each portion calculated. For hippocampi traced across
an odd number of slices, the volume of the center slice was halved and
apportioned equally between the dorsal and ventral volumes.
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2.5. Statistical analyses
Intra-class correlation coefﬁcients (Shrout and Fleiss, 1979) were
computed to assess reliability between the two volumetric hippocampal
tracers. Cohen's Kappa (Cohen, 1968) was computed to assess reliability
between the two individuals coding behavioral orienting responses.
To determine if DA subjects in the current study had gross hippocampal atrophy, a standard t-test was used to compare total hippocampal volume between control and DA subjects (as in Cook et al., 2015). To
determine if lesions were regionally speciﬁc, a within-subjects ANOVA
was then computed with DA status as the independent variable and regional hippocampal volume for each subject as the dependent variable.
As noted above, a diagnosis of DA toxicosis can be supported by qualitative assessment of hippocampal atrophy from MRI. Quantitative and
qualitative measures of hippocampal volume are not wholly independent, meaning that assigned DA status and hippocampal volume in
the current study are not wholly independent. However, this relationship was not of primary experimental interest, but was rather assessed
to conﬁrm in the current sample prior evidence of a link between DA
status and hippocampal atrophy.
DA toxicosis is most commonly seen in adult female sea lions. This
made it difﬁcult to balance the DA group for sex and age. The control
group showed wide variability in sex and age (Table S1), and to assess
potential effects of sex and age on responsiveness, a MANOVA was
used to probe for a relationship between sex and age and phase 1 and
2 responsiveness in the control group.
As in Cook et al. (2011), phase 1 responsiveness was compared between DA and control subjects with a standard t-test. This was the primary analysis in the current study. To determine if DA status also
predicted Phase 2 responsiveness, Phase 2 responsiveness was used as
the dependent variable with diagnosis as the independent variable
and Phase 1 responsiveness as nuisance variable in an ANCOVA analysis.
Controlling for variance associated with number of responses in phase 1
was an important consideration, as it has been clearly demonstrated
that repeated stimulation after apparent behavioral habituation can
delay the onset of response recovery (Rankin et al., 2009).
As in Cook et al. (2011), a receiver operating characteristic (ROC)
curve (cf., Metz, 1978) was computed for phase 1 responsiveness, and
the area under the curve was used as a measure of diagnostic efﬁcacy.
Multivariate regression was used to look for relationships between
regional hippocampal atrophy and behavioral measures. Phase 1 responsiveness, phase 2 responsiveness, and relative response to novel

Fig. 2. Hippocampal Tracing. Three representative T2-weighted image slices obtained along the transect indicated by the red lines in (A). A right hippocampal tracing—represented on the
left side of the images—is shown for the caudodorsal-most slice (B), a center slice (C), and the rostroventral-most slice (D). White signal next to the traced hippocampus is cerebrospinal
ﬂuid in the lateral ventricle, which is visibly enlarged in (D) as a result of right hippocampal atrophy. Abbreviations: Al: alveus CA: cornu ammonis CP: cerebral peduncle CS: collateral
sulcus Fi: ﬁmbria IF: interpeduncular fossa HS: hippocampal sulcus LV: lateral ventricle of temporal horn PG: parahippocampal gyrus Pi: pineal gland RC: rostral colliculus Sb: subiculum.
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vs familiar location in phase 2 were all used as dependent variables
against dorsal and ventral left and right hippocampal volumes as independent variables in three separate regression analyses. The regression
with phase 2 responsiveness also included phase 1 responsiveness
as a nuisance variable, as in the ANCOVA comparing DA diagnosis
to phase 2 responsiveness. Signiﬁcance of model p values were
assessed using a Bonferroni correction for multiple comparisons.
In models showing signiﬁcance, individual variables (i.e., regional
hippocampal volumes) were assessed for their conditional contribution to the model, that is, whether each made a signiﬁcant contribution to the model holding all other variables steady (as in Cook
et al., 2015).
All statistics were computed in the software package R. All P values
reported were two-sided, except for that in the comparison of total hippocampal volume to DA status—given the strongly established directional link between these measures, a one-sided test was deemed
appropriate. For signiﬁcant results, measures of effect size were computed: Cohen's d for t-tests, partial eta squared for ANOVA, and Cohen's
f2 for local effect size in multiple regression.

3. Results
3.1. Diagnosis
Twelve sea lions received a post-hoc diagnosis of chronic DA toxicosis and one diagnosis of acute DA toxicosis. Again, the diagnoses used in
analysis were provided by an experienced veterinarian at ﬁnal disposition for each subject, taking into account all available clinical information, but blind to study ﬁndings. The acute subject was excluded from
analysis to focus interpretation on subjects presenting with chronic
DA toxicosis. The other 15 sea lions received a variety of diagnoses but
had no neurological signs save for one subject with restricted cerebellar
lesions attributed to pneumocerebellar disease (see Van Bonn et al.,
2011). Reliable MRI data could not be obtained from two other subjects
due to motion during scanning that produced artifacts interfering with
image quality, and behavioral data from one of these subjects was compromised by equipment failure during testing—this subject was
completely excluded from analysis. Thus the ﬁnal sample of subjects
for behavioral analysis was 27, for MRI analysis 26, and for combined
behavioral and brain analysis, 25.

3.2. Reliability of behavioral and neurological ﬁndings
Behavioral and MRI measures were highly reliable between independent raters. Interobserver reliability between the two independent
coders of behavioral orienting response data indicated reliable criteria
and implementation for determining response (Kappa + SE =
0.66 + 0.22, 83.2% agreement). Intra-class correlations between the
two tracers for volumetric measurements of the hippocampus from
MRI showed high reliability in tracing criteria as in Cook et al. (2015)
(Right hippocampus: r = 0.838, P b 0.0001, Left hippocampus: r =
0.904, P b 0.0001).
3.3. Validity of ﬁndings given rehabilitation population
DA and control groups were not optimally balanced to control for effects of age and sex. We therefore assessed potential effects of these factors on behavioral response in the control group. Neither age nor sex
predicted phase 1 and 2 responsiveness in a MANOVA (Age: F6 =
1.60, P = 0.20; Sex: F2 = 1.98, P = 0.20). This is consistent with a
prior auditory response task with DA and control sea lions in a rehabilitation setting, where age and sex were not predictors of performance
(Cook et al., 2011). This suggests that neurobehavioral differences between the control and DA group are likely not attributable to biases in
subject selection.
3.4. DA status and hippocampal atrophy
To determine whether our measure of hippocampal volume was related to assigned DA status, we assessed relationships between total
hippocampal volume and diagnosis and between regional hippocampal
volume and diagnosis. Subjects with DA toxicosis had lower relative
total hippocampal volume compared to control subjects, as found previously in Cook et al., 2015, and consistent with extensive prior evidence
demonstrating hippocampal atrophy in animals with DA exposure
(Goldstein et al., 2008; Montie et al., 2012; Silvagni et al., 2005)
(Fig. 3). Although relative hippocampal volume may vary aside from
DA status, this ﬁnding suggests that lower hippocampal volumes in
the current study are indicative of damage from DA toxicosis. There
was no regional speciﬁcity of hippocampal volume between DA and
control subjects, showing a pattern of variable damage in all four regions of interest for the study.

Fig. 3. Reduced hippocampal volume in sea lions with DA toxicosis. Total (summing left and right volume, left panel) and regional (right panel) hippocampal volumes as percentage of total
brain volume are shown for control subjects and those with DA toxicosis. Plots show mean, 25th and 75th percentile within each box, with whiskers extending to the highest and lowest
values within 1.5 * the inter-quartile range. Total hippocampal volume was lower in DA (0.339%) than control (0.393%) subjects (t test: t24 = 1.93, P = 0.03, one-tailed, Cohen's d = 0.88).
There was no signiﬁcant interaction between diagnosis and regional hippocampal volume (ANOVA: F3 = 0.69, P = 0.56). C = control subjects, DA = subjects with DA toxicosis, dL =
dorsal left hippocampus, dR = dorsal right hippocampus, vL = ventral left hippocampus, vR = ventral right hippocampus.

P.F. Cook et al. / Neurotoxicology and Teratology 57 (2016) 95–105

Although hippocampal atrophy is reliably associated with DA toxicosis and was observed in the current study, the hippocampus is not the
only brain region affected by DA toxicosis. An experienced veterinary
radiologist did note a range of other neurological signs in the DA subjects, including increased signal intensity and signs of inﬂammation in
cortical regions. However, aside from hippocampal changes, there was
no consistent sign of neuropathology across the majority of subjects.
Areas of particular interest in regards to auditory responsiveness may be
brain regions subserving auditory and vibrissal sensory processing. There
were no gross signs of damage to the trigeminal or vestibulocochlear
nerves or consistent signs of lesions in dorsal temporal or trigeminal cortex
in any of the subjects.
3.5. DA status and behavioral performance
To determine whether subjects with DA toxicosis had altered patterns of habituation and dishabituation, and whether these might be
useful for diagnosis, we compared number of responses in phase 1
and phase 2, and responses to novel versus familiar locations in phase
2, between DA and control sea lions. DA status was a strong predictor
of delayed habituation in phase 1 (Fig. 4), with DA subjects showing
nearly double the responsiveness. In addition, an ROC analysis of
phase 1 responsiveness against post-hoc diagnosis suggested that
phase 1 responsiveness was a useful diagnostic measure of chronic DA
toxicosis (Fig. 5). Together, this constitutes a robust replication of the
ﬁndings in Cook et al. (2011). DA status was also a marginally signiﬁcant
predictor of enhanced dishabituation in phase 2 (Fig. 4), linking a diagnosis of DA toxicosis in the present study with hippocampal atrophy,
decreased habituation, and increased dishabituation.
3.6. Hippocampal volume and behavioral performance
Next we assessed potential relationships between hippocampal volume—indicative of extent of DA-related hippocampal atrophy—and the
behavioral measures. Although DA status predicted hippocampal atrophy and phase 1 responsiveness, neither total hippocampal volume
nor regional hippocampal volumes predicted habituation rate in phase
1 or relative response to the novel versus familiar sound source location
in phase 2. However, while total hippocampal volume did not predict
phase 2 responsivness, ventral right hippocampal volume did predict
total phase 2 responsiveness (Fig. 6). Smaller ventral hippocampal volume was correlated with increased responsiveness when controlling for
phase 1 responsiveness, indicating that ventral right hippocampal atrophy is linked with enhanced dishabituation.
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4. Discussion
We found that wild sea lions with chronic DA toxicosis had hippocampal lesions, delayed habituation of behavioral orienting to a repeated auditory cue and enhanced dishabituation of behavioral orienting to
that same cue following a brief recovery period. In addition, extent of
right ventral hippocampal atrophy predicted enhancement of
dishabituation following the short delay. Dissociable features of DA toxicosis may delay habituation and enhance dishabituation in sea lions.
ROC analysis indicated that a simple responsiveness measure has diagnostic efﬁcacy, replicating and extending prior research with wild sea
lions (Cook et al., 2011). These ﬁndings demonstrate a clinically relevant
pattern of perseverative behavior in sea lions with DA toxicosis that may
directly affect survival in the wild.
4.1. Study validity
Because this study used wild animals in a rehabilitation setting, it
was impossible to control for DA dose and to fully control for secondary
health factors that may have affected habituation and dishabituation.
However, the results have the beneﬁt of ecological validity, being measured directly in the species of interest. Wild sea lions with DA toxicosis
present with a range of possible neurological signs in addition to speciﬁc
hippocampal lesions. These may affect behavior as well. However, these
signs have not been consistently localized across subjects in prior research or the current study. DA subjects in the current study showed
no consistent extra-hippocampal neurological signs that could easily
explain altered habituation and dishabituation behavior.
Also of note, although DA status has been repeatedly and reliably
linked with hippocampal atrophy in sea lions both by histology and
volumetry (Cook et al., 2015; Goldstein et al., 2008; Montie et al.,
2012; Silvagni et al., 2005), and there was an apparent statistical relationship between relative hippocampal volume and DA status in the
current study, relative hippocampal volume is not a direct analog for
hippocampal atrophy. Hippocampal volume will vary between animals
for a wide range of reasons aside from speciﬁc insult from DA. Therefore,
relationships between behavioral impairment and hippocampal volume
in the current study may be only partly indicative of the speciﬁc effects
of DA-related atrophy.
4.2. Negative ﬁnding for memory impairment
Despite evidence of impaired discrimination of spatial novelty with
hippocampal damage in rodents (Eacott and Norman, 2004), and despite our prior ﬁndings of impaired spatial memory correlated with

Fig. 4. Diagnosis and behavioral response plots show responsiveness during phase 1 between subjects diagnosed with DA toxicosis and controls. Total measured orienting responses for
each subject to the 54 stimulus presentations are shown on the y axis. Boxes show mean, 25th and 75th percentile data, with whiskers extending to the highest and lowest values within
1.5 ∗ the inter-quartile range. (Left panel) In phase 1, DA subjects were far more responsive than controls indicating delayed habituation (t test: t25 = 3.06, P = 0.005, two-tailed, Cohen's
d = 1.17, Fig. 4, Table S2). (Right panel) Responsiveness in Phase 2 was also greater in DA subjects than controls when correcting for total Phase 1 responsiveness, albeit with marginal
signiﬁcance, indicating enhanced dishabituation (ANCOVA: F23 = 3.97, P = 0.06, two-tailed, eta squared =0.09). ** = P b 0.01; dagger = P b 0.1.

102

P.F. Cook et al. / Neurotoxicology and Teratology 57 (2016) 95–105

during stimulus presentations. Subjects may have been more likely to
respond to a proximal speaker than a distal one, irrespective of which
location was novel and which familiar. Future examination of relative
responsiveness to sound location in this population will need to take potential positional biases into account.
4.3. Dissociation of habituation and dishabituation

Fig. 5. Diagnostic efﬁcacy of Phase 1 responsiveness. ROC curve shows diagnostic efﬁcacy
of measures of total responsiveness in phase 1. Sensitivity (proportion correct positive
diagnoses) is on the y axis versus 100 – speciﬁcity (proportion of incorrect positive
diagnoses) on the x axis, and points on the curve represent responsiveness thresholds
for diagnosis, beginning with higher thresholds to the left and progressing to lower
thresholds to the right. An optimal diagnostic test has 100% sensitivity (no missed
positive diagnoses) with 100% speciﬁcity (no false positive diagnoses). With the present
data, a correct positive diagnosis rate of 79% would be achievable with a false positive
diagnosis rate of 29% at a response threshold of 28 (area under the curve = 0.735,
P b 0.05, two-tailed, Table S4).

hippocampal damage in sea lions with DA toxicosis (Cook et al., 2015),
hippocampal volume did not predict relative response to the novel versus familiar sound source for the sea lions in the current study. This may
be attributable to stimulus modality—most laboratory studies have used
exploration of objects, not passive presentation of auditory stimuli, to
assess sensitivity to spatial novelty. Notably, because the salience of an
auditory stimulus varies strongly with proximity to sound source, relative response to the two sound sources during phase 2 of the current experiment may have been confounded by variability in subject location

Fig. 6. Ventral hippocampal volume predicts dishabituation. Mean responsiveness in
phase 2 is plotted conditionally (i.e., after regressing out the other independent
variables, in this case volumes of the other hippocampal regions and phase 1
responsiveness) against ventral right hippocampal volume as a percentage of total brain
volume. A multivariate regression model including dorsal and ventral right and left
hippocampal volumes as independent variables, with phase 2 responsiveness as the
dependent variable and phase 1 responsiveness as a nuisance variable, was a strong
predictor of phase 2 responsiveness (F19 = 6.75, R2 = 0.64, P b 0.001, two-tailed) and
ventral right hippocampal volume predicted phase 2 responsiveness (t19 = −2.5, P =
0.02, two-tailed, Cohen's f2 = 0.22). Total hippocampal volume did not predict phase 1
responsiveness, phase 2 responsiveness with phase 1 responsiveness as a nuisance
variable, nor relative response to novel versus familiar location in phase 2 (Phase 1:
F24 = 1.79, R2 = 0.09, P = 0.09; Phase 2: t22 = 0.91, P = 0.37; Novel versus familiar in
Phase 2: t22 = 0.64, P = 0.53). Regional hippocampal volumes did not predict
responsiveness during phase 1 (not pictured)(F21 = 0.80, R2 = 0.13, P = 0.54, twotailed). Nor did regional hippocampal volumes predict relative novel to familiar
responsiveness in phase 2 (not pictured) (F20 = 0.76, R2 = 0.13, P = 0.56, two-tailed).
* = P b 0.05.

DA status was associated with reduced hippocampal volume, decreased habituation and enhanced dishabituation. However, hippocampal volume predicted only dishabituation, not habituation. This could
indicate a dissociation between different features of DA toxicosis and
different behavioral sequalae. A neurobehavioral dissociation of habituation and dishabituation is consistent with the general literature on
these phenomena (Carew et al., 1971; Groves and Thompson, 1970;
Rankin et al., 2009; Thompson and Spencer, 1966). Because extent of
hippocampal damage did not predict extent of decreased habituation
in the current study featuring subjects with chronic DA toxicosis, nor
in a previous study featuring subjects with acute DA toxicosis (Cook et
al., 2011), decreased habituation is likely driven by some feature of DA
toxicosis unrelated to disease progression or severity. One candidate is
insult to the dentate gyrus that may occur during initial exposure to
the toxin.
4.3.1. Dentate gyrus and habituation
Cells in the dentate gyrus are primary targets of DA, and animals
show death of hilar neurons in this region following initial neurotoxic
exposure (Pulido, 2008). Of note, the sea lion dentate gyrus is thinner
than that observed in primates and rodents (Buckmaster et al., 2014),
and sea lions with DA toxicosis show markedly more cell loss in dentate
gyrus than is typically observed in exposed laboratory rodents (Silvagni
et al., 2005). Dentate disruption has been implicated in delayed habituation seen in laboratory rats exposed to DA (Zuloaga et al., 2016), and
targeted disruption of dentate gyrus function interferes with sensorimotor habituation in rats (Caine et al., 1991). In a normally functioning
brain, the dentate gyrus is believed to act as a sensory ﬁlter between entorhinal cortex and the CA portion of the hippocampus (Hsu, 2007), and
is implicated in the function of hippocampal networks that drive attentional processes and behavioral orienting responses (Fanselow and
Dong, 2010; Friedman et al., 2009; Monaco et al., 2014; Sokolov,
1990). Evidence of the role the dentate gyrus may play in habituation
in a healthy brain is supported by studies using cellular recording and
in vitro methods. The dentate shows progressive response decrement
with repeated stimulation in a pattern consistent with behavioral habituation (Krug et al., 1989; Mays and Best, 1975; Rausche et al., 1989;
Teyler and Alger, 1976). Importantly, this property is not consistent
across hippocampal subregions – CA does not show the same pattern
of response decrement in parallel studies. Together, these observations
suggest that initial insult and cell death in the dentate gyrus from the
acute effects of DA toxicosis may be enough to signiﬁcantly disrupt habituation of behavioral orienting responses in affected sea lions, prior to
manifestation of gross hippocampal atrophy driven by epilepsy.
Of note, epilepsy has also been shown to alter responsiveness and
habituation in humans (Trent et al., 2013). All DA subjects in the current
study were believed to have chronic epilepsy, but we had no way to
quantify severity of epileptic disease for comparison with habituation
and dishabituation.
4.3.2. Hippocampal volume and dishabituation
While hippocampal volume did not predict altered habituation in
the current study, ventral right hippocampal volume was correlated
with enhanced dishabituation such that animals with greater ventral
hippocampal atrophy showed increased phase 2 responsiveness. Laboratory experiments with DA exposed animals have not focused on speciﬁc deﬁcits potentially related to ventral hippocampal damage.
However, general neurobehavioral studies using lesions and cellular
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recording have attempted to determine the speciﬁc function of ventral
hippocampus. The ventral hippocampus contributes to response inhibition (Bickford-Wimer et al., 1990; Chudasama et al., 2012; Daenen et al.,
2003), and though hippocampal damage to the dorsal or ventral portion
does not reliably impair behavioral habituation (Gray and McNaughton,
1983; Kant et al., 1984; Köhler, 1976; Leaton, 1981; Save et al., 1992),
disruption of ventral hippocampal function can lead to hypersensitivity
and hyperactivity (Bast et al., 2001; Chambers and Self, 2002; Clark et
al., 1992; Daenen et al., 2001; Kamback, 1967; Sams-Dodd et al., 1997;
Sanwald et al., 1970). Both hypersensitivity and hyperactivity are associated with dishabituation in the behavioral literature (Hochner et al.,
1986). While some evidence indicates that dishabituation and sensitization are themselves dissociable, both processes are independent of habituation (Marcus et al., 1988). In the present study, it is possible that
ventral hippocampal disruption related to DA led to disinhibition of attentional behavior or sensory hypersensitivity, which then contributed
to enhanced behavioral dishabituation in phase 2.
4.4. Lateralization
The right lateralization of brain atrophy related to dishabituation in
the current study is also of interest. Lateralization of hippocampal function has been shown clearly in humans (Burgess et al., 2002), predominately related to memory performance. Hippocampal lateralization of
memory functions has also been shown in some birds (Bingman and
Gagliardo, 2006; Jonckers et al., 2015), but has been debated in rodents
(Spasojevic et al., 2013; Fenton and Bures, 1993). There is evidence for
lateralization of other functions in the rodent brain (Costa et al.,
2016). We previously found evidence for right lateralization of hippocampal memory processes in wild sea lions (Cook et al., 2015), and
sea lions do show evidence of behavioral lateralization (Böye et al.,
2005; Wells et al., 2006), as well as some hemispheric lateralization
during sleep (Lyamin et al., 2008; Lyamin and Chetyrbok, 1992). This
evidence suggests a general propensity to lateralization of neurobehavioral function in sea lions that may explain the predictive relationship of
right hippocampal atrophy to behavioral dishabituation in the current
study.
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Weise et al., 2006), behavioral perseveration emerging with DA toxicosis could interfere with optimal foraging behavior with energetic
consequences (Costa et al., 2004; Costa and Gales, 2003). Behavioral
perseveration could also have a compounding relationship with previously demonstrated spatial memory deﬁcits in these sea lions (Cook et
al., 2015). In addition, the present ﬁndings support the use of diagnostic
assays relying on behavioral sequelae to neurotoxic exposure.
The ability to conduct controlled neurobehavioral assays on wild animals in a rehabilitation setting represents an ecologically valid parallel
approach to laboratory study of domoic acid's damaging effects. While
there is a tradeoff with experimental control, wild sea lions are accessible, experimentally tractable, big-brained, long-lived mammals, and as
such may serve as ideal models for exploring the effects of environmental ocean toxins, and for predicting their impact on other naturally
exposed animals, including humans.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ntt.2016.08.001.
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4.5. Diagnosis
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