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Algal toxin impairs sea lion memory and
hippocampal connectivity, with
implications for strandings
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Domoic acid (DA) is a naturally occurring neurotoxin known to harm marine
animals. DA-producing algal blooms are increasing in size and frequency.
Although chronic exposure is known to produce brain lesions, the influence
of DA toxicosis on behavior in wild animals is unknown. We showed, in a
large sample of wild sea lions, that spatial memory deficits are predicted by
the extent of right dorsal hippocampal lesions related to natural exposure

function in rodents, we devel-
oped two spatial memory assays
and compared performances
with  hippocampal volumes,
measured using in vivo magnetic
resonance imaging (MRI). The
hippocampus was manually
traced (fig. S1), and structural
volumes were calculated as per-
centages of total brain volume
for each animal (9). Veterinary
diagnosis predicted hippocampal
volume [repeated measures
analysis of variance (ANOVA): F
= 16.25, df = 1, P < 0.001] (9),
justifying the use of volume as
the primary independent varia-
ble. Given the magnitude and
range of hippocampal volumes
across the sample, subsequent
analyses treated volume as a
continuous variable.

Because lesions are typically
unilateral in this population (3),
and because other species show
lateralization of hippocampal
function (10), right and left hip-

to DA and that exposure also disrupts hippocampal-thalamic brain
networks. Because sea lions are dynamic foragers that rely on flexible
navigation, impaired spatial memory may affect survival in the wild.

Domoic acid (DA) is an amino acid neurotoxin that causes
neurological symptoms in marine animals, most visibly Cali-
fornia sea lions (CSLs, Zalophus californianus) (I). As a re-
sult of environmental change and human impacts on
marine systems, the size and frequency of DA-producing
Pseudo-nitsczhia algal blooms are increasing (2), and toxic
exposure is widespread in CSLs (3). Although exposed CSLs
show a reliable and specific pattern of seizures and hippo-
campal lesions (4), the sublethal effects on behavior are un-
clear. In rodents and humans, the hippocampus is necessary
for spatial memory (5, 6). As dynamic central-place foragers
(7), CSLs may be especially vulnerable to spatial memory
deficits, and anecdotal data from postrehabilitation tracking
show unusual movement patterns in exposed animals (8).
Together, these observations suggest that DA exposure in
CSLs and resultant hippocampal damage could be associat-
ed with impaired spatial memory. In this study, we used
controlled behavioral studies, integrated with prerelease
veterinary care and structural and functional neuroimaging,
to directly test this hypothesis in wild sea lions.

Between April 2009 and November 2011, we studied 30
wild CSLs undergoing veterinary care and rehabilitation
(table S1). Drawing from the literature on hippocampal

pocampal volumes were re-
gressed separately with
behavioral performance. In some
species, spatial memory is more
reliant on the septal (dorsal)
than on the temporal (ventral) hippocampus (11). Accord-
ingly, we divided the hippocampi in half by length and con-
ducted follow-up regression analyses with ventral and
dorsal hippocampal volumes (9). We report these results
when they differ from those expected based on analyses of
the entire longitudinal extent of the hippocampus. Rodent
data suggest that the dorsal third of the hippocampus may
be sufficient to support spatial memory (II), so in cases
where the dorsal half was a significant predictor of behav-
ior, we conducted follow-up analyses that substituted the
volume of the dorsal third. Results were comparable to the
dorsal half analyses (9).

The first behavioral task involved spatial alternation in a
two-choice maze (fig. S2). Delayed alternation performance
is impaired by hippocampal lesions in rodents (72) and is
believed to rely on the role of the hippocampus in represent-
ing and sequencing memory for recent navigational epi-
sodes (6). After training to a baseline success rate of 85% on
free-running left-right alternation (movie S1) (9), each sea
lion was presented with 40 delay trials, in which the ani-
mals had to wait for 7 s at the beginning of each trial before
entering the maze (movie S2). Delay trials were paired with
40 no-delay comparison trials. Right, but not left, hippo-
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campal volume positively correlated with performance on
delay trials. In addition, dorsal, but not ventral, right hippo-
campal volume positively correlated with performance (Fig.
1).

The second behavioral assessment was a spatial foraging
task in which four possible food locations (opaque buckets)
were made available once every 24 hours in the animals’
enclosure (fig. S3 and movie S3). For each animal, one set
location always contained food, while the others did not. At
the beginning of a test session, subjects received fish at a
central location while the buckets were simultaneously pre-
sented. Latency to the correct location across sessions and
mean within-session errors (revisits to previously visited
locations) were recorded (9). Rodent data indicate that with-
in-session errors in similar spatial choice tasks track hippo-
campal damage (I13). In our subjects, right, but not left,
hippocampal volume was positively correlated with within-
session performance (Fig. 1).

To assess longer-term spatial memory, an additional per-
formance measure was extracted from the foraging task.
Because the mean cross-session learning curve for all ani-
mals was fit nearly perfectly by a power function (Fig. 2),
the slope of the logged power curve for each animal was
used to index the cross-session learning rate (table S3). Nei-
ther right nor left hippocampal damage was predictive of
learning rate across all sessions (table S4). However, indi-
vidual learning rates correlated positively with dorsal right
hippocampal volumes and negatively with ventral right hip-
pocampal volumes (Fig. 2).

The data reviewed thus far suggest a direct relationship
between right hippocampal structure and spatial memory in
sea lions. Spatial memory also depends on dynamic interac-
tions between the hippocampus and other brain regions
(14), with the hippocampal-thalamic axis being particularly
relevant (15). CSLs with DA toxicosis present with seizures
(3), which alter hippocampal networks in rodents (16). Ac-
cordingly, we used functional MRI to examine hippocampal-
thalamic functional connectivity (I7) in 11 CSLs undergoing
rehabilitation between August and October 2012 (table S2).
Five of the 11 showed volumetric evidence of gross hippo-
campal lesions (9). The other six animals served as a provi-
sional control group. Although their complete ecotoxicant
exposure history was not available, independent assessment
by a veterinary radiologist and veterinarian found no evi-
dence of neurological abnormality (9).

Animals with hippocampal lesions showed reduced hip-
pocampal-thalamic  connectivity (repeated measures
ANOVA: F = 22.3, df = 1, P < 0.001) (Fig. 3). Reductions in
connectivity were bilateral, with no statistical interaction
between group (DA versus control) and laterality [F(0.003)
< 1, df = 1] (9). A subsequent voxel-wise test showed high
hippocampal-thalamic connectivity in controls (fig. S5) (9).

These data combining behavioral and neural measures
in wild sea lions suggest that spatial memory is impaired
and hippocampal-thalamic connectivity is disrupted as a

result of DA-related hippocampal damage. The functional
lateralization matches that found in humans (70) and may
be consistent with findings of functional cortical asymmetry
in sea lions (I18). Because we examined wild CSLs, the effects
of non-DA-related neurological insults were not fully con-
trolled. This limitation is also a strength, because our results
directly generalize to wild individuals.

Impairment in short- and long-term spatial memory as a
result of hippocampal lesions and altered hippocampal net-
works probably interferes with foraging in CSLs and could
partly explain maladaptive navigational behavior and con-
sequent mortality. Because chronic exposure to DA is wide-
spread in CSLs, these impairments could have population-
level consequences, particularly in combination with chang-
ing ocean conditions that lead to less reliable foraging con-
ditions (7, 19). In addition, these findings have practical
application in the veterinary and rehabilitation setting. Giv-
en the negative correlation that we found between naviga-
tional memory and the extent of hippocampal damage, in
vivo measurements of hippocampal volume in stranded sea
lions may be useful markers of prognosis and postrelease
outcomes. Specifically, animals with right dorsal hippocam-
pal lesions might be at increased risk in the wild. More gen-
erally, these results, obtained from an ecologically valid
sample of wild animals that were naturally exposed to DA,
may be applicable to other affected species, including sea
birds and cetaceans, that are less accessible for neurobehav-
ioral study.
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Fig. 1. Spatial memory is related to the integrity of the right
hippocampus. The conditional scatterplots show correlations between left
and right hippocampal volumes (as a percentage of total brain volume; x
axes) and performance measures (y axes) related to behavioral alternation
and foraging tasks, after regressing out other dependent variables.
Regression analyses for alternation included no-delay test errors as an
independent variable to control for variance in test performance that was
unrelated to memory. Alternation, right: t = -2.82, df = 27, P < 0.0L
Alternation, left: t(0.54) < 1, df = 27. Foraging, right: t = -2.66, df = 23, P <
0.01. Foraging, left: t(0.5) < 1, df = 23. The insets on the right show
correlations of ventral and dorsal right hippocampal volumes with
performance measures after regressing out other dependent variables.
Alternation, dorsal: t = =2.05, df = 27, P < 0.05. Alternation, ventral: t(0.235)
< 1, df = 27. Foraging, dorsal: t = -1.72, df = 23, P < 0.1. Foraging, ventral:
t(0.33) < 1, df = 23. Confidence bands for fit lines are shown in gray. Each
point represents one animal. *P < 0.1; *P < 0.05; **P < 0.01.
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Fig. 2. Dissociable contributions of the dorsal and ventral right
hippocampus to long-term spatial memory. Mean latency (to finding a
reward) across all subjects is shown as a function of testing day [curve: y
= a*x® + ¢, coefficient of determination (R?) = 0.97]. The inset conditional
plots (right) show correlations between dorsal and ventral right
hippocampal volume (as a percentage of total brain volume; x axes) and
the foraging acquisition rate [log-transformed latency per testing day, y
axes; represented as the slope of the logged power curve, with the
steeper negative slope (faster acquisition) lower on the axis] after
regressing out other dependent variables. Dorsal: t = =3.21, df = 21, P <
0.005. Ventral: t=2.44,df =21, P < 0.05. *P < 0.05; ** P < 0.01.
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Fig. 3. Altered hippocampal-thalamic connectivity in animals with
hippocampal lesions. Shown are maps of hippocampal-thalamic
correlation coefficients, averaged for five brains with hippocampal lesions
(right) and six without (left). The colors of the lines connecting regions of
the brain represent the correlation strength of their respective time
courses, with warmer colors indicating higher correlations.
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