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Alzheimer’s disease signatures in the
brain transcriptome of Estuarine Dolphins

Check for updates
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Climate warming is one factor increasing the severity of harmful algal blooms (HABs). Innovative
exposure models are needed to understand how HABs affect brain health. Here, we examined HAB
exposure on the brain transcriptome of dolphins found stranded in Florida’s Indian River Lagoon. We
report the neurotoxin 2,4-diaminobutyric acid (2,4-DAB) is 2900 times more concentrated in dolphin
brains during bloom seasons compared to non-bloom seasons. The same dolphins show 536
differentially expressed genes whose enrichment reveal impairment in GABAergic synapses,
basement membrane alteration, and Alzheimer’s disease (AD) risk factors that increase with each
subsequent season. Dolphins also display concurrent AD-like neuropathological changes and
elevated AD gene expression with 2,4-DAB exposure. Our study demonstrates disproportionate
seasonal exposure to 2,4-DAB increases AD signatures in the brain transcriptome. As our climate
warms, HABs will continue to intensify. Understanding the impact of HAB exposures will help to
identify populations at risk for neurological illnesses.

Main
Climate warming and nutrient pollution have been associated with the
frequent occurrence of harmful algal blooms (HABs) in the Indian River
Lagoon (IRL), a 251-km estuary with brackish water occupying nearly half
of Florida’s east coast1. Super blooms, like the ones experienced in the IRL
over the last 15 years have been shown todeplete oxygen, killfish and reduce
seagrass2. It is estimated that HABs can cause a loss in the billions of dollars
by impacting tourism, recreational fishing, property damage, and job loss3.
The last decade has recorded some of the warmest surface temperatures in
modern times in Florida and surrounding states4. Rising marine and fresh
water temperatures will cause HABs to occur earlier in season and to occur
for a longer duration, thus putting more stress on ecosystems5. Therefore,
organisms will be more impacted during bloom seasons, which typically
occur during warm weather5.

Toxins produced duringHABs can bio-magnify in the aquatic foodweb,
posing a significant health risk to marine life, terrestrial mammals, and
humans6. Acute effects of these toxins are well defined; however, long-term
and chronic exposures are an area of intense research. Several studies have
shown neurotoxins originating fromHABs to be concentrated in brain tissues
of individuals diagnosed with neurodegenerative diseases, suggesting these
toxins may be correlated with disease etiology7,8. Thus, there is an urgent need

for innovative experimental models to help guide our understanding of how
exposures to HAB toxins impact brain health across the lifespan.

Dolphins are long-lived marine mammals, a well-regarded sentinel
species for toxin exposure, and can provide us with a range of relative
exposures to HAB toxins and other pollutants in our environment9. Dol-
phins are also considered a natural model of Alzheimer’s disease (AD),
because with age they develop the two main neuropathological changes
associated with the disease: amyloid beta (Aβ) plaques and tau neurofi-
brillary tangles (NFTs)10–13. The co-occurrence of AD neuropathological
changes and the natural accumulation of algal toxins observed in dolphins
allows a unique opportunity to study the impact of these two converging
events on the brain. In the IRL, dolphins have increased mortality rates
during summer months when HABs are most common, suggesting sea-
sonality may also play a critical role in increasing the susceptibility to algal
toxin neurotoxicity14,15. Therefore, studies investigating the interaction
between seasonand toxin exposure areneeded topredict riskofneurological
diseases, especially since the brain transcriptome shows the highest impact
of gene seasonality16. The analysis of the dolphin skin transcriptome has
provided insight on gene seasonality for persistent organic pollutants17.
However, the interaction of gene seasonality and HAB toxin effects on the
brain are unknown.
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Here, we investigate the role of seasonal variation in HAB toxin
exposure on the brain transcriptome of dolphins found stranded in the IRL,
awater body located less than 200miles fromMiami-DadeCounty, Florida,
USA. A county which had the highest prevalence of individuals living with
AD in 202418. Opportunistic samples were collected over nearly a decade,
starting in 2010, a year before the substantial change in the IRL ecologic
system occurred caused by long-lasting phytoplankton blooms15. Archived
brain tissues collected at necropsy was used to measure HAB neurotoxin
exposure, AD related dementia gene expression, whole transcriptome
analysis, and AD histopathology (Supplementary Fig. 1).

Results
Indian River Lagoon dolphins
Twenty common bottlenose dolphins (Tursiops truncatus truncatus) found
stranded in the IRL from 2010 to 2019 were examined in this study. Adult
(n = 15) and juvenile (n = 5) were sampled over a 155 km stretch of the IRL
including: two from the Banana River, six from the northern Indian River,
five from theMosquito Lagoon, six from theNorthernCentral IndianRiver,
and one dolphin from the Halifax River (Tomoka River tributary). Our
cohort consisted of a one-to-one ratio of females to males with a median
body length of 243.5 cm, with a minimum of 212 cm and a maximum of
261 cm. Causes of death included acute trauma, emaciation and inanition,
viral infection and pneumonia, which were present in both the control and
experimental groups. For our analysis dolphins were classified into two
seasonal groups based on their date of stranding: non-bloom (n = 11,
December–May) and bloom (n = 9, June–November) (Supplementary
Tables 1 and 2).

Bloom season and exposure to 2,4-diaminobutyric acid
All dolphin cerebral cortex samples were positive for 2,4-diaminobutyric
acid (2,4-DAB)orDABA, aneurotoxinproducedby cyanobacteria, diatoms
and dinoflagellates and a structural isomer of the neurodegenerative agent
β-N-methylamino-L-alanine (BMAA)19. Brain concentrations of 2,4-DAB
were observed from the limit of detection (LOD= 0.01 ng/g) to 89 ng/g
using trichloroacetic acid (TCA) extraction. 2,4-DAB detection was con-
firmed in the cerebellum of nine dolphins where those archived samples

were available (Fig. 1a, b, Supplementary Table 2). A second extraction
method using hydrochloric acid (HCl) yielded four positive dolphins with a
larger concentration range (not detected to 1042 ng/g). Dolphins from the
North Indian River and Banana River had the highest frequency of positive
testing. The highest concentrations of 2,4-DAB were detected in June and
August (Fig. 1b; Supplementary Tables 2–3). The median brain con-
centration of 2,4-DAB in dolphins from bloom seasons was 29.0 ng/g (95%
CI: 22.0–36.0) (p = 0.0037, Mann–Whitney U), which was approximately
2900-fold more concentrated than those in the non-bloom season (Fig. 1c).
BMAA was only detected in one dolphin from the non-bloom season and
the structural isomer N-(2-aminoethyl) glycine (AEG) was not detected
(Supplementary Table 3).

Bloom season and the dolphin brain transcriptome
Whole transcriptome analysis was performed on cerebral cortex RNAswith
a median RIN of 9.1 (95% CI: 8.9–9.5) comparing bloom and non-bloom
seasons (Supplementary Table 4). A principal component analysis using all
differentially expressed (DE) gene transcripts using a false discovery rate
(FDR) ≤0.05, stranding seasons, and 2,4-DAB brain concentration showed
three distinct clusters. Dolphins stranded during non-bloom seasons were
tightly clustered.Whereas, dolphins sampledduring bloomseasonshad two
clusterswith larger variances inPC1andPC2 (Fig. 2a). Strandeddolphins in
the bloomvsnon-bloomseasonshad536DEprotein encoding genes,which
included 420 up- and 116 down-regulated genes using a FDR cut-off of
≤0.05. The top three upregulated (VIT, MT-ND1 & MT-ND5) and most
significant genes (ACAP1, ZNF235 & ARHGEF19) are involved in mental,
metabolic, and neuronal diseases. The top three downregulated genes
(CCR2, PIK3CG&ANKRD22) andmost significant genes (NCF2, RBM3, &
ETNK1) were associated with blood, immune, and neuronal diseases
(Fig. 2b). A table of top 20 upregulated and downregulated genes can be
found in the supplementary material (Supplementary Tables 5 and 6).
Hierarchical cluster analysis of the 536 DE genes and dolphins show
grouping of dolphins by season (Fig. 2c). Similarity matrix analysis of the
536 DE genes shows the relationship of each dolphin in non-bloom and
bloom seasons. Again, brain transcriptomes of stranded dolphins in the
bloom seasons were more positively correlated with those stranded in the

Fig. 1 | Exposure to the neurotoxin 2,4-diaminobutyric acid increases during
bloom seasons. a UHPLC-MS/MS chromatography of the presence of 2,4-diami-
nobutyric acid (2,4-DAB) in the cerebral cortex of an Indian River Lagoon dolphin.
Structural isomers β-N-methylamino-L-alanine (BMAA) and N-(2-aminoethyl)
glycine (AEG) were also evaluated. b 2,4-DAB was detected in all dolphin brain
samples using TCA extraction, with those from the North Indian River and Banana
River having the highest median brain concentration. BMAA was detected in one
dolphin from theMosquito Lagoon using an HCL extraction method. AEGwas not

detected with either method. c Dolphins stranded in the bloom seasons had a
median concentration of 29 ng/g (95% CI: 22.0–36.0) concentration of 2,4-DAB in
their brains (Mann–Whitney U; n = 11, 9 dolphins, effect size d = 1.07). Error bars
indicate theminimum andmaximum values. For the limit of detection (LOD) value
(0.01 ng/g) were used for calculation. NB non-bloom. a was designed using
ChemDraw and b was created in BioRender. Davis, D. (2025) https://BioRender.
com/p96wek4.
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same season (Fig. 2d).Dolphins in the bloom seasons also showed increased
TARBDP expression, a marker of neurodegenerative disease, which has
been shown to be increased with BMAA isomer exposure20,21. TARBDP
expression was confirmed by qPCR measurements p = 0.0244; Spearman
r = 0.5490) (Fig. 2e).

Altered synaptic transmission and blood brain barrier
Gene Ontology (GO) database search of the 116 downregulated dolphin
gene transcripts against the Homo sapiens catalog showed enrichment in
the following top GO terms: glutamate decarboxylase activity (>100-
fold; GO:0004351), the neuronal cell body (3.8-fold; GO:0043025),
and cellular processes (1.5-fold; GO:0009987). GO database search of
the 420 upregulated gene transcripts were associated with the following
top GO terms: laminin-3 complex (48.7-fold; GO:0005608), positive reg-
ulation of integrin-mediated signaling pathway (23.3-fold; GO:2001046),
and actin binding (2.5-fold; GO:0003779) (Fig. 3a, Supplementary
Tables 7–9).

Comparative assessment of predictive protein-protein interaction
networks (PPINs) functional enrichment analysis of human and dolphin
were performed on the top most enriched GO terms for up- and down-
regulated transcripts: glutamate decarboxylase activity and laminin-3
complex (Fig. 3a). We show that PPINs for both species are highly simi-
lar, except for an interaction between ALDH5A1 and SLC32A1. Individual

gene expression levels for each GO term were also compared between
stranded dolphins in the bloom season and bulk transcriptomic data from
AD patients. Stranded dolphins in the bloom season displayed a similar
decrease in expression of glutamate decarboxylase activity and increased
expression of the laminin-3 complex as seen in AD patients (Fig. 3b and
Supplementary Fig. 2). Reactome pathway enrichment of these two protein
networks for both speciesweremost significant forGABAsynthesis, release,
release cycle, reuptake and degradation well as laminin interactions across
both species (Fig. 3c and Supplementary Table 10). A heat map of GABA
synapse related genes highlighting differential expression for non-bloom
and bloom seasons (Fig. 3d).

Toxin exposure and temporal adaptation in gene expression
The IRL dolphin brain transcriptome was evaluated with respect to 2,4-
DAB tissue concentration. We observed 63 gene transcripts that showed
expression which were positively (44 genes) or negatively (19 genes) cor-
related with 2,4-DAB brain concentration (Fig. 4a and Supplementary
Table 11). Of these 63 genes, 31 genes (49%)were identified in the following
PPINs: positive regulation of cell migration, galactose metabolism, clathrin
binding and RNA binding. One network did not have a significant
enrichment. The differential effect of 2,4-DABconcentration onCCL27 and
CCR2 gene expression, a chemokine and chemokine receptor respectfully,
were the most significant (Supplementary Fig. 3).

Fig. 2 | Bloom season changes the dolphin brain
transcriptome. a Principal component analysis
comparing 536 differentially expressed (DE) genes,
stranding season, and 2,4-DAB brain concentration.
b Volcano plot of the 536 DE genes comparing
bloom vs. non-bloom (NB) seasons. Dolphins bea-
ched in the bloom seasons had 420 upregulated
genes (green) and 116 downregulated genes
(orange) (FDR ≤ 0.05). Genes with the highest fold
change andmost significant p-values are highlighted
in blue. c,dHeatmaps displaying hierarchical cluster
and similarity matrix analysis of the relationship of
all 536 DE genes. e Spearman r correlation analysis
of normalized expression of TARDBP from
qPCR and RNA Seq assays (n = 17 dolphins for all
analyses a–e).
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We also evaluated dolphin brain transcriptome expression by year of
stranding. We observed 19 genes (non-bloom season) and 35 genes (bloom
season) whose expression correlated with stranding year (Fig. 4b). We found
15 of these transcripts overlapped with the gene transcripts that were cor-
related with 2,4-DAB tissue concentration (Fig. 4c, Supplementary
Tables 12 and 13). These overlapping genes observed are linked to neuro-
logical disorders such as AD, amyloidosis, diabetic neuropathy; sensorineural
hearing loss, etc. Genes related to the development of AD, such as of
advanced glycosylation end product receptor (AGER) gene, ARHGEF19

were observed to increase with each sequential bloom season Fig. 4d. These
data suggest both 2,4-DAB toxin exposure, bloom season, and time may
interact to regulate these transcripts.

Bloom season and Alzheimer’s disease risk factors
Weobserved increased transcriptionof the apolipoproteinE (APOE) gene, a
risk factor and best predictive biomarker of AD up to 6.5-fold in some
dolphins (Fig. 4e)22. APOE gene expression was also positively correlated
with the expressionof theAGER gene,whichhas shown to also be correlated

Fig. 3 | The GABAergic synapse and the basement membrane are altered during
bloom season. a Gene Ontology (GO) enrichment analysis of molecular, cellular,
and biological functions for upregulated (green; n = 420) and downregulated
(orange; n = 116) dolphin genes using a human (Homo sapiens) database search.
Glutamate decarboxylase activity (>100-Fold; GO:0004351) and laminin-3 complex
(48.7-fold GO:0005608) were the top enriched GO terms (labeled with star).
bComparative protein-protein interaction networks of GO terms, GO:0004351 and
GO:0005608, for IRL dolphins and Alzheimer’s disease (AD) patients. Relative gene

expression from the frontal pole ofADversus normal controlswas obtained from the
Alzheimer DataLens bulk transcriptomic database. Differential expression of bloom
vs non-bloom (NB) season dolphins is depicted. cReactome pathway enrichment for
GO:0004351 and GO:0005608 for dolphin (Tursiops truncatus). d Heatmap and
cluster analysis of dolphin genes related to the GABAergic synapse. bwas created in
BioRender. Davis, D. (2025) https://BioRender.com/ovsibtb. c was generated with
STRING.
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with 2,4-DAB tissue concentration (Fig. 4d and Supplementary Fig. 4).
Studies have shown increased in AGE receptor activity is associated with
APOE e4 in humans22. Neuregulin 3 (NRG3) a promoter of excitatory
synapse formation and crucial player in the development and function of
the nervous system, was decreased by 36% (p = 0.0025,Mann–Whitney U).
We also observed a 3-fold increase in the tumor necrosis factor receptor
superfamily member 25 (TNFRSF25) or death receptor 3, responsible for
apoptosis signaling and AD neurodegeneration (p = 0.0003, Mann U).
Lastly, as mentioned above, we observed an increased in mitochondrially
encoded NADH:Ubiquinone (MT-ND1 or ND1) during bloom seasons
(Fig. 4e, also see Fig. 2b).MT-ND1 has been shown to be a blood biomarker
for early stage AD23.

Dolphins and Alzheimer’s disease-like neuropathology
Genes encoding for the hallmark neuropathological changes observed in
AD, such as the amyloid-βprecursor protein (APP),microtubule-associated
protein tau (MAPT), and TAR DNA binding protein (TARDBP), were
found to be elevated with increased brain concentrations of 2,4-DAB and

bloom season (Fig. 5a, e, i). Genes involved in familial forms of AD (PSEN1
and PSEN2), and frontotemporal dementia (GRN and C9orf72) expression
was unchanged (Supplementary Fig. 5). The increased expression of APP,
MAPT, and TARDBP genes was further supported by the presence of AD-
like neuropathological changes in the dolphin brain, suchas intracellularAβ
deposits, Aβ plaques (Fig. 5b–d), phosphorylated tau intracellular staining
of pre-NFTs, tau neuropil threads (Fig. 5f–h), and phosphorylated TDP-43
intracytoplasmic inclusions (Fig. 5j–l)21,24. We observed varying degrees of
AD-like neuropathological changes in all dolphins regardless of season.
Thus, our data suggests 2,4-DAB exposure and bloom season may interact
to exacerbate AD pathology.

Finally, shellfish poisoning (SP) is a syndromewhich can causedolphin
stranding25. Neurotoxins associated with SP, such as okadaic acid and
domoic acid, have been associatedwithmemory impairment and have been
used to induced AD-like pathology in experimental animal models26,27. To
determine the extant SPmay have contributed to transcriptomic changes in
our cohort, a curateddataset of 8092 genes associatedwith SPwas compared
to our 536 DE dolphin genes. A third dataset of 29,056 curated genes

Fig. 4 | Bloom season, 2,4-DAB exposure and temporal adaptation of Alzhei-
mer’s disease risk factors. a Correlation analysis for 2,4-DAB brain tissue con-
centration (n = 17 dolphins) vs. differential expressed (DE) genes. b Correlation
analysis of year of stranding for non-bloom (n = 8 dolphins) and bloom (n = 9
dolphins) seasons vs. DE genes. c Venn diagram analysis of genes correlated with
seasons (19 and 35 transcripts) and those correlated with 2,4-DAB brain tissue
concentration (63 transcripts) identifies 15 overlapping DE gene transcripts sig-
nificantly correlated with season, year, and 2,4-DAB brain tissue concentrations.
d Correlation plots showing the impact of sequential bloom seasons on genes

associated with Alzheimer’s disease (AD) susceptibility increased in bloom seasons.
The gene encoding for cold-inducible RNA-binding protein (CIRBP), a stress
response protein was increased across the entire dolphin cohort. e AD risk factor
gene, apolipoprotein E (APOE; Cohen’s d = 1.07) along with early onset marker
(NRG3; Cohen’s d =−1.53), death receptor 3 gene (TNFRSF25; Cohen’s d = 1.43)
and mitochondrial dysfunction (MT-ND1; Cohen’s d = 0.59) were regulated by
bloom seasons (n = 8 vs n = 9 dolphins per season). Error bars on boxplots indicate
the minimum and maximum values. a & b were created in BioRender. Davis, D.
(2025) https://BioRender.com/26bppmd and ChemDraw.
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Fig. 5 | Alzheimer’s disease-like neuropathological changes in Indian River
Lagoon dolphins. a Expression of the amyloid precursor protein gene (APP) was
increasedwith 2,4-DAB exposure. APP is cleaved to form the toxic peptide amyloid-β (Aβ).
b Aβ deposits can be shown throughout the dolphin cortical layers. c Intracellular Aβ
deposits and dAβ plaques are the earliest event in the progression of ADneuropathological
changes. e The microtubule associated protein tau (MAPT) gene was also increased with
2,4-DAB exposure. Abnormal tau proteins are hyperphosphorylated to formneurofibrillary
tangles. f Superficial cortical layers 2 and 3 in our IRL dolphins were positive for Tau
pThr217, a clinical biomarker for detection of early stage AD. g Differential expression of
Tau pThr217 can be observed in neurons and h long neuritic threads. i Transactive

response DNA binding protein 43 gene TARDBP encodes for the TDP-43 protein was
increased with 2,4-DAB exposure. Phosphorylated TDP-43 intracytoplasmic inclusions
have been shown inmore than 50% of AD patients with amore progressive disease course.
j, k TDP-43 inclusions are observed in neurons and glia cells in the cortex and in cells
around the perivascular space (l). LOD: limit of detection; POS+: quantifiable levels of toxin.
Sample size for all bar graphs NB LOD n=5, NB POS+ n=3, and Bloom POS+ n=7,
unpaired t-test (a, ND LOD vs. NB POS+) and Kruskal–Wallis (e, i). Error bars on bar
graphs indicate theminimumandmaximumvalues. Digital scanmagnification =b, f (×10)
j (×20) c, d, g, h, k, l (×40). Scale bar =b, f (500 μm); j (100μm); c, d, g, h, k, l (50 μm).
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associated with AD was also included to compare the similarity of all three
datasets. We found 98% of the dolphin genes overlap with AD and roughly
42% of the genes overlapped with both AD and SP. However, we did not
observe any of our dolphin genes overlapping exclusively with SP. Fur-
thermore, transcription of genes encoding for proteins involved in SP illness
(PPPC1A and GCLM) were unchanged in our dolphin cohort (Supple-
mentary Fig. 6). Although, it is difficult to rule out the contributions of other
HAB toxins in our cohort, our data suggests that the toxins responsible for
SP do not play amajor role in the observed transcriptomic changes reported
here. However, further studies are needed to understand the complex
interactions of HAB neurotoxins on the brain across the life span.

Discussion
In 2024, surface temperatures on Earth were the warmest recorded in
modern times28. As global temperatures rise, HABs will continue to inten-
sify, increasing the risk of exposure to algal toxins5. For the last 25 years,
Florida’s IRL has experienced severe HABs that have been paralleled by a
state-wide 3.3 °C average annual increase in temperature29. Here, we show
that dolphins stranded during bloom seasons in the IRL had dispropor-
tionate exposures to the neurotoxin 2,4-DAB, increased expression of
Alzheimer’s disease (AD) related genes, and transcriptomic changes
reflecting altered GABAergic synapse and basement membrane alteration.
Albeit the sample size of this study was limited due to the challenge of
obtaining beached dolphins with the highest quality brain RNAs.With this
stringent inclusion criteria, we analyzed dolphins with a median RNA
integritynumber (RIN)of 9.1.Nevertheless, the toxin associated increases in
AD related gene expression in the IRL bottlenose dolphins (Tursiops
truncatus) and concurrent AD-like neuropathological changes were similar
to those observed in other cetaceans (Delphinus delphis, Phocoena pho-
coena) thathadbeen exposed tocyanotoxins and found stranded inbrackish
water systems10,21.

Originally described as a neurolarthyrogen, 2,4-DAB has been shown
to provoke hyperirritability, tremors, and convulsions within hours of
exposure30. The toxinhas alsobeenclassified as an excitatory aminoaciddue
to its ability to stimulate membrane depolarization in a concentration
dependent manner31. In addition, 2,4-DAB functions as a non-linear, non-
competitive inhibitor of the enzyme gamma-aminobutyric acid (GABA)
transaminase, which can caused elevated levels of GABA in the synapse and
neurotoxicity32. Exposure to 2,4-DAB is suggested to be more toxic than its
structural isomer BMAA, which has been linked to AD and has been co-
detected in autopsied brains fromADpatients as well as dolphins with AD-
like changes7,10,33. Further studies are needed to elucidate the role 2,4-DAB
plays in Alzheimer’s disease and related dementias and its potential
synergistic effects with other HAB neurotoxins.

Dolphins stranded during bloom seasons had decreased expression of
glutamate decarboxylase (GAD), an enzyme responsible for the conversion
of the neurotransmitter glutamate to GABA34. Clinically, reduced function
of GAD activity has been implicated in dyskinesia, mental, psychiatric,
neurodegenerative, and neurodevelopmental disorders35. In AD, expression
of bothGAD1 andGAD2 genes are decreased, suggesting2,4-DABexposure
could further exacerbate this pathological change36. Transcriptomic sig-
natures of laminin-3 complex or S-laminin, also termed laminin-121 was
also observed to be associated with 2,4-DAB exposure in the bloom season.
Laminins are part of the basementmembrane and interact with integrins to
regulate many biological functions. Laminin-121 is located in the synapse,
consists of inα1β2γ1 chain, supports neurite outgrowth, synaptogenesis, the
blood brain barrier (BBB) and topologically complex assemblies of cells37,38.
IRL dolphins had upregulation of the LAMA1, LAMA3 and LAMB2 genes
that encode for laminin-121 and -321 isomers found in brain, liver, and
muscle fibers. In high concentrations, the β2 chain is toxic to neurons and
has been observed in Aβ plaques of AD patients39. The upregulation of
laminin-3 complex could suggest a response to BBB injury and neuroin-
flammation in our dolphin cohort40.

Lastly, it has been reported that at least one half of stranded bottlenose
dolphins have severe to profound hearing loss41. Many factors can

contribute to hearing loss in dolphins, including age, birth defects, andnoise
pollution.Evenacute loss ofhearing is associatedwithbehavioral effects42. In
this study, we did not have data available regarding the hearing status in our
dolphin cohort.However, we show several gene transcripts (MY1OF, STRC,
SYNE4) correlated with both 2,4-DAB exposure, bloom season and year of
stranding. In human, hearing loss is a risk factor for AD and can accelerate
AD related neuropathology43. Given the effects of 2,4-DAB on the brain
transcriptome, future studies are needed to understand the role of this
molecule in the etiology of neurodegenerative diseases.

Methods
Study site
Florida’s IRL is defined as a shallow (<1m), 250 km long microtidal
estuarine system, which extends along five counties on the east coast of
Florida from Ponce de Leon to the Jupiter Inlets and consists of three main
interconnected sub-basins (Indian River, Banana River, and Mosquito
Lagoon). In this study, the sample sites extended from Sebastian Inlet north
to the through Halifax River and included the following sub-basins (Mos-
quito Lagoon, Banana River, Northern Indian River, North-Central Indian
River, and Halifax River and tributaries (Tomoka River). The IRL has been
subjected to several large-scale ecosystem changes in the last decade,
including diminishing seagrass coverage associated with nutrient accumu-
lation and declining water quality44,45. Likewise, multiple HABs have been
documented within the IRL for decades.

Dolphins
Common bottlenose dolphins (Tursiops truncatus truncatus) that stranded
within the study areawere examined under a StrandingAgreement between
Hubbs-SeaWorld Research Institute (HSWRI) and National Oceanic and
Atmospheric Administration (NOAA) Fisheries. Dolphin carcasses were
examined by established protocols46. Biological sex was determined by
external examination of the genital region and internal examination of the
reproductive organs. Total body length was measured as a straight-line
length from the tip of the rostrum to the fluke notch and was used to
estimate age class: adult male (>246 cm), adult female (>231 cm), juvenile
male (161–245 cm), juvenile female (161–230 cm)47. To best eliminate
influencing factors of demographics, nutritional status, and agonal states on
toxin uptake and transcriptomic data, we selected dolphins with the highest
possible quality postmortem brain specimens and ensured that control and
experimental groups had equal representation in age class, biological sex,
decomposition level, and cause of death. For our analysis dolphins were
classified into two seasonal groups based on their date of stranding: non-
bloom (December–May; n = 11) and bloom (June–November; n = 9)
(Supplementary Table 1). The brain was extracted, cerebral cortex and
cerebellum excised (~150 g), placed in aWhirl-Pak® bag (Wisconsin USA),
and frozen at −80 °C until further analysis. A permit to obtain, store, and
analyze dolphin brain samples was obtained from the National Marine
Fisheries Service (NMFS) by the University of Miami (file: 1514-08b). The
University of Miami Institutional Animal Care and Use Committee
(IACUC) reviewed and authorized this study before receiving brain speci-
mens. The handling of dolphin brain biospecimens satisfies the require-
ments of the Marine Mammal Protection Act pursuant to 50 CFR 216.22.

UHPLC-MS/MS
Triple quadrupole tandemmass spectrometry (UHPLC-MS/MS) was used
to determine the presence of HAB toxins in IRL dolphin brain48. Dolphin
brain samples (100mg, wet weight) were hydrolyzed in HCl (6.0M)
[200mg/ml] at 110 °C for 18 h. The pellet was hydrolyzed in 6.0M HCl
(333mg/ml) at 110 °C for 16 h. Both the supernatant and hydrolyzed
protein fractions were filtered through a centrifuge/ filtered (0.2 µm,
ultrafree-MC GV Sigma–Aldrich) at 14,171 × g for 3min and diluted (1/
10 supernatant; 1/50 HCl) before derivatization with aminoquinolyl-N-
hydroxysuccinimidyl carbamate (AQC, WAT052880, Waters Corp, Mil-
ford, MA) using 10 µl sample+ 70 µl borate buffer mixed with internal
standard (β-N-methyl-D3-amino-DL-alanine-15N2, Sigma Aldrich Custom
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Synthesis, 2011) and 20 µl AQC. The final concentration of internal stan-
dard in the derivatized sample was 0.055 ng/g. Each sample was injected
three times into the mass spectrometer (3 µl injection volume) and the
concentration of each isomerwas calculated based on a standard curve with
R2 = 0.99. The limit of detection (LOD) for all three isomers was 0.01 ng/g
and lower limit of quantification (LLOQ)was calculated to be 0.037 ng/g for
each isomer based on the US Food and Drug Administration methods for
Instrument validation (2018-10926 (83 FR 23690). Analysis was conducted
on a TSQ Quantiva triple quadrupole mass spectrometer attached to a
Thermo Vanquish Ultra High-Pressure Liquid Chromatography Auto-
sampler equipped with a Vanquish pump and heated column compart-
ment. Separation of two BMAA isomers: N-[2-aminoethyl] glycine (AEG),
2,4-diaminobutyric acid (2,4-DAB)) from BMAA was achieved with gra-
dient elution using 20mM ammonium acetate, pH 5.0 (Fisher Scientific
LiChropur™ ≥ 99%) (A) and 100% methanol (Chromasolv; Honeywell
Burdick & Jackson, Muskegon, MI) (B) as follows: flow rate of 0.5ml/min,
initial conditions 10% B, 1.0min 10% B, 4.8 mins 40% B (curve 5), 5.0min
90%B (curve 5), 6.8 min 90%B, 6.81min10%B (curve 5), and8min10%B.
Separationwas performedusing aThermoHypersilGoldC-18 column (PN
25002–102130) 100 × 2.1 mm, particle size 1.9 µmheated to 65 °C. Samples
were analyzed in positive ion, single reactionmonitoringmode using heated
electrospray ionization using previously published ion transitions. Mass
spectrometer ion source properties were as follows: 3500V-positive ion, 50
Arb Sheath gas, 10 Arb Aux gas, Sweep gas 0.1 Arb, vaporizer temperature
400 °C, and ion transfer tube temperature 350 °C. Validation curves and
parameters were performed passing all criteria exceeding minimum
requirements for a single-laboratory validation48. All samples were run and
normalized with an internal BMAA standard. System blanks (AQC deri-
vatized blanks, internal standards, and deionized water) were injected
between sample injections.

RNA extraction and cDNA synthesis
Total RNA was extracted from approximately 100mg of frozen dolphin
cerebral cortex using RNeasy Lipid Tissue Mini Kit (Qiagen Inc., USA)
following the manufacturer’s instructions. DNase I on-column treatment
(Qiagen Inc., USA) was applied to samples to eliminate any genomic DNA
contamination. RNA concentration was measured for each sample using a
NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, USA). To
determine the quality of RNA, Agilent 2100 Bioanalyzer (Agilent Tech-
nologies Inc., USA) was used to obtain an RNA integrity number (RIN)
(Supplementary Table 4). cDNA library was generated from 5 μg of total
RNA for each sample using the High-Capacity Reverse Transcription Kit
(Thermo Fisher Scientific, USA).

Quantitative PCR
Seven genes that are known tobe commonly involved in the pathogenesis of
Alzheimer’s disease (AD) and several related dementias (APP, C9orf72,
GRN, MAPT, PSEN1, PSEN2, and TARDBP) were selected for analysis.
Gene expressionwasmeasuredusing customdolphinADPCRassayswitha
TaqMan Universal PCR Master Mix on a QuantStudio® 6 Flex Real-Time
PCR System (ThermoFisher Scientific,USA). CustomTaqMan assayswere
designed by the Thermo Fisher Bioinformatics Team based on the Tursiops
truncatus genome turTur149 (Supplementary Table 14). Gene expression
levels were normalized to 40S ribosomal protein S9 gene (RPS9) one of the
most stable genes in cetacean species50. All samples were measured in tri-
plicate and no template control (NTC) was performed for each assay. For
each sample, 100 ng cDNA was amplified and run at the following condi-
tions: 2min at 50 °C, 10min at 95 °C, 40 cycles: 15 s at 95 °C, and 1min at
60 °C. Experimental set-up and data analysis were performed using
QuantStudio® 6 Flex Real-Time PCR System Software v1.0 (Thermo Fisher
Scientific, USA). All real-time PCR data files were imported into Expres-
sionSuite Software v1.0.4 (Applied Biosystems, USA) to analyze relative
expression across all plates using comparative CT (ΔΔCT) method21. After
the rawdatawas normalized to the internal control, the fold change of genes

was calculated using the groups with the lowest detectable level of 2,4-DAB
toxin as controls and the results were grouped by season.

Transcriptomics
Total dolphin RNAs extracted from the cerebral cortex were submitted for
RNA sequencing at the John P. Hussman Institute for Human Genomics
Center for GenomeTechnology at theUniversity ofMiamiMiller School of
Medicine (Miami, Florida, USA). RNAs (n = 17, median RIN of 9.1 (CI:
8.9–9.5)werepreparedwith theNugenUniversal PlusmRNA-Seq (M01442
v2) using 600 ng via Qubit and 14 cycles PCR. Libraries were sequenced on
Illumina Novaseq 6000 and ~30M reads were generated per sample. Pri-
mary RNAseq bioinformatics raw FASTQs were processed through a
bioinformatics pipeline including adapter trimming byTrimGalore (v0.6.1)
andCutadapt (v2.3)withPython (v3.6.11) alignmentwith the STARaligner
2.5.2a algorithm and gene counts or reads quantified against the Ensembl
v101gene release database for turTru1 using the Gene Counts function in
STAR. All protein encoding genes that had a raw read count were analyzed.
Differential gene expression of gene counts for each dolphin were trans-
formed and normalized with R software v4.2.1. We analyzed the differen-
tially expressed genes for enriched pathways with GO Ontology for
Biological Processes, Cellular Processes and Molecular Process using
PANTHEROverrepresentationTest (Released 20240807) forGOOntology
database DOI: 10.5281/zenodo.14083199 Released 2024-11-03. Dolphin
genes were compared against Homo sapiens (all genes in database). Statis-
tical analyses used FISHER test with FDR correction. To identify potential
protein-protein interaction networks (PPINs) between differentially
expressed genes, we utilized the STRINGdb database accessed at https://
string-db.org/withdefault parameters usingmediumconfidence interaction
(0.4). For comparative expression of GO terms in Alzheimer’s disease
patients and dolphins, bulk transcriptomic data values from the frontal pole
of AD vs non-cognitively impairment (NCI) patients were used from the
Alzheimer’s DataLENS database (https://alzdatalens.partners.org/). For
comparison of dolphin genes with curated genes for SP (MESH ID:
D057096) and AD (MESH ID: D000544), curated gene and toxin interac-
tion databases were obtained from the Comparative Toxicogenomic
Database (CTD) (https://ctdbase.org/).

Immunohistochemistry
Archived formalin-fixed paraffin-embedded blocks from IRL dolphin
necropsies (n = 7) were used to prepared brain sections on a Leica micro-
tome (Leica Biosystems, Deer Park, IL, USA). Brain sections (7 μm) were
mounted to positive charge slides dehydrated, deparaffinized and placed
into 3% hydrogen peroxide for 10min. Antigen retrieval was performed
using heated 10mM citric acid (pH 6.0) for 30min or formic acid (Sigma-
Aldrich, St. Louis,MO,USA) for 5min. Following antigen retrieval, 5% goat
serum (Vector Laboratories, Newark, CA, USA) was applied to tissues
sections for 20min to block nonspecific antibody binding. The following
primary antibodies were incubated on tissue sections overnight at 4 °C:
mouse monoclonal β-Amyloid 1–16 (6E10; 1.25 μg/mL; BioLegend, San
Diego, CA, USA), rabbit polyclonal Phospho-Tau (Thr217; 2 μg/mL;
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA); mouse mono-
clonal phospho- TDP-43 (Ser409/410; 1.0 μg/mL; Cosmo Bio, Carlsbad,
CA, USA) in phosphate-buffered saline (PBS). The next day, goat-anti-
rabbit IgG or horse-anti-mouse IgG biotinylated secondary antibodies were
applied to brain sections (15 μg/mL; Vector Laboratories, Newark, CA,
USA) for 60min before adding the avidin–biotin complex for an additional
60min (1:200, ABC; Vector Laboratories, Newark, CA, USA). To visualize
the reaction, 3,3′-diaminobenzidine or DAB (Millipore Sigma, Burlington,
VT, USA) was added to brain sections for 10min. Postmortem brain tissue
sections from AD patients were used as positive pathology controls. A 40×
digital scan of each slide was generated using an EasyScan Pro 6 (Motic,
Schertz,TX,USA) andexported toObjectiveViewTM(ObjectivePathology,
HaltonHills, ON, Canada) and FIJI ImageJ VER2.00-rc-69/1.52p (National
Institute of Health, USA) for analysis.
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Statistical analyses
Statistical analyses and graphing of data sets were performed using Prism 9
(GraphPad Version 9.5.1 (528). Normality of datasets were determined
using D’Agostino & Pearson test and the Shapiro–Wilk test. Single com-
parisons used Mann–Whitney U test and multiple comparisons
Kruskal–Wallis with Dunn’s multiple comparisons test. Spearman R cor-
relationwas used to determine linear relationships of data sets. All statistical
analyses performed were two-sided. Data is presented as the median and
95% confidence interval. Effect size (Cohen’s d) was calculated for single
comparisons using mean values and standard deviations of the population.
Hierarchical cluster and similaritymatrix analysis of differentially expressed
genes was performed using Morpheus software https://software.
broadinstitute.org/morpheus. Venn diagrams were generated using
Venny 2.1 software (https://bioinfogp.cnb.csic.es/tools/venny/index.html).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data presented here that support the findings of this study are available
within the manuscript and the Supplementary Information. The numerical
source data used to generate heatmaps and graphs are available for down-
load in the figshare data repository (https://doi.org/10.6084/m9.figshare.
29618978)51. RNA sequencing of brain tissue from estuarine dolphins can
also be accessed by at NCBI Gene Expression Omnibus under accession
number GSE303874 (https://www.ncbi.nlm.nih.gov/geo/).

Code availability
The code used in this study is publicly available and can be found on a
GitHub repository at https://github.com/FelixKrueger/TrimGalore and also
on Zenoob https://doi.org/10.5281/zenodo.7598955.
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