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The scope of physiological
anaysis and its utility in the 
study of global changes

The term physiology is essentially synonymous with 
function

The science of physiology explains how organisms
work and how these workings are influenced by the 
changing environments in which organisms live

Somero (2012) - ANNU. REV. MARINE SCI. 4:39



the processes by which natural
selection adjusts the frequency of
genes that code for traits affecting
fitness

the process of tuning physiology of
organisms within their lifetime allowing
them to cope with varying
environments, and it is also referred to
as phenotypic plasticity

Adaptation

Acclimatization



Biomarker
The simplest definition … a biomarker is a change in a
molecular, cellular, tissue, orgnaims and even behavioral
component that indicates an alteration in physiology from
normal

Why looking at the molecular responses?

They are the first mechanisms to 
be activated in the biological
respose to enviornmental stimuli

They are the indication of animal-
environment interaction

They may forecast changes at
higher biologcal levels



Biomonitoring using the biomarker approach and 
sentinel organisms



Pollutant bioaccumulation

Goldberg (1975) –
The Mussel Watch

UNEP_MAP (1999) Today

Broad spectrum of  pollutant sources
considered (natural toxins, physical
stressors, emerging pollutants)

Mixed exposure scenarios

Incorporating -omic technolgies, whole
life-cycle analyses

Integrating biological and chemical
datasets è Weight Of Evidence

Addressing whole pathway
perturbations è Adverse Outcome
Pathways

About 100 
papers/year

Few biomarkers
considered, mainly related
to metal or oil spill
pollution



Sentinel organisms
MUSSELS CLAMS

Mytilus 
galloprovincialis

Chamelea 
gallina

Tapes 
philippinarum

Water column sediment sediment

Good survival Low survival Good survival

High sensitivity High sensitivity Low sensitivity

Measurable
responses

Measurable
responses

Few measurable
responses

Good
reproducibility

low
reproducibility

low
reproducibility

Indicator or sentinel species are those species
that are sensitive to environmental
disturbance and develop measurable
biological responses that provide an early
warning that more severe water quality
conditions are likely to occur unless mitigation
measures are taken.

Acknowledged sentinel species …

Main features: 

• Sensitive enough to develop sublethal 
responses towards environmental stress

• Widespread in the study area and simple 
to be sampled 

• Fast and repeatable biological responses 
• Good knowledge about their physiology 

and acclimatory features 



Planktonic

Benthic

Introduction
Marine mussels (Mytilus spp.) as model 
organisms in environmental physiology

• Sessile 

• Benthic filter-feeder

• Lives in coastal marine environments

characterized by:

• high daily/seasonal variability of 

environmental variables (temperature, 

salinity, pH …)

• continuous exposure to natural and 

anthropogenic toxins
Effective mechanisms of protection and
adaptation are needed to cope with
environmental challenges



Experimental setup

▪

 X

IL MONITORAGGIO DI 
AMBIENTI ACQUATICI

Sedimento Analisi Mineralogico-Geochimica

Biomarker/BioaccumuloAnalisi BiologicaOrganismi
Silvia Franzellitti                                                          Corso IFTS – 30-31 marzo 2009

Caging experiments

about 30 days

Sampled tissues : 
- Haemolimph
- digestive gland
- mantle/gonads



Which biomarkers?

▪

 X

QUALI E QUANTI 
BIOMARKERS?

APPROCCIO A 2 LIVELLI

(Viarengo et al., 2007 –
Biochem. and Physiol.)

Silvia Franzellitti                                                          Corso IFTS – 30-31 marzo 2009

1° LIVELLO
Screening

- LMS è valutazione dei livelli di stress

- Tassi di mortalità è identificazione dei siti con

elevati livelli di contaminazione

NO effetti

Il sito NON 
presenta 
criticità

SI effetti

2° LIVELLO

BATTERIA DI BIOMARKERS
per la definizione del livello di 

VULNERABILITÀ BIOLOGICA
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Lysosomal membrane stability assay
early-warning parameter predicting effects at the
population level

Reduced
lysosomal

membranes
stability

Induced
stress 

syndrome

Reduced
health status



 X

Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 

Sorgenti di inquinamento
nella Pialassa Baiona.

Industrial wastewaters

Power plan cooling waters

Agricolture 
wastewaters

Negli anni ‘50 – ‘70
- Mercurio 
- IPA, PVC, PVA 

Oggi
- Scarichi urbani
- Acque di scolo da zone agricole
- Scarichi industriali depurati

• Laguna costiera salmastra situata
a nord-est della città di Ravenna
(Italia).

• E’ inclusa nella convenzione di
Ramsar tra le come zona umida di
interesse internazionale e nel
Parco del Delta del Po.

• La circolazione delle acque dolci
è regolata artificialmente.

• Gli scambi d'acqua col mare
avvengono grazie all'escursione di
marea.

Tipologia di contaminanti 
riversati nella Pialassa Baiona:acque di drenaggio da aree

a vocazione agricola e
zootecnica

acque reflue depurate
dall’area industriale e
dalla città di Ravenna

Area 
portuale

acque di raffreddamento
da centrali termoelettriche



Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 

From the end of the '50s to the '70s the lagoon has been 
impacted by poorly treated industrial waste waters, produced 
mainly by chemical plants manufacturing synthetic polymers. 
The lagoon is nowadays affected by a widespread 
contamination of the sediments by metals, and a north–south 
increasing gradient was observed for Hg and organic pollutants
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In generale, la contaminazione 
segue un gradiente crescente 
nord-sud

GRADIENTE NORD-SUD NELLA 
CONTAMINAZIONE DA Hg E IPA 

CONTAMINAZIONE DIFFUSA DA METALLI PESANTI 
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Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 

BAC 5

BAC 3

BAC 1

BAI 2

MAG 1

BAI 4

TBF 1

TBF 3

TBF 4

MAG 5

MAG 3

BAI 1
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Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 
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Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 
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Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 
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Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 

Combining the biomarker responses 
The Expert Decision Support System  
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Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 

How to explain the high mortality at the MAG sites? 

Chemical pollution + thermal pollution
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Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 

How to explain the high mortality at the MAG sites? 

Autumn 2006 
Molecular biomarkers to study the development of a stress syndrome 

at the MAG sites  

I biomarkers indicano 
uno stato di salute 
significativamente 

alterato dopo 7-14 di 
esposizione 

Biomarkers indicate a physioloigical
alteration from day 7 



 X

Evaluating the quality of transitional environments 
through sentinel organisms and the biomarker approach 

How to explain the high mortality at the MAG sites? 

Autumn 2006 
Molecular biomarkers to study the development of a stress syndrome 

at the MAG sites  

I biomarkers indicano 
uno stato di salute 
significativamente 

alterato dopo 7-14 di 
esposizione 

L’analisi dei profili di 
espressione di geni 
sensibili allo stress 
ambientale indica 
alterazioni a livello 

molecolare già dopo 2 
giorni di esposizione

Biomarkers indicate a 
physioloigical
alteration from day 7 

Trasncripional profiles significantly
altered from day 2



How temperature may affect cytoprotective responses in marine 
ectoterms

• Both displaying cytoprotective functions
• Highly conserved across evolution
• May be co-regulated 

70 kDa heat shock proteins
(Hsc70, Hsp70)

MXR-related active transporters
(Pgp, Mrp2) 
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• Both displaying cytoprotective
functions
• Highly conserved across evolution
• May be co-regulated 



The bivalve neuroendocrine control

Nei molluschi non è possibile
identificare un vero e proprio sistema
endocrino.

Neurosecretory cells and ganglia that
release in the open circulatory system
molcecules acting as neuroendocrine
modulators

The location of the main neurosecretory structures in a
gastropod mollusc, with the nervous ganglia enlarged
to show the main neurosecretory centers (green dots)
on the left, and the known neuroendocrine effects
elicited from different ganglia (green arrows).



Serotonin (5-HT) is and high-tier physiolopgical controller in bivalves 

Cardiac 
output

• Cilia beeting in gill
cells

• Catch muscle

• Gametogenesis and
spawning

Respiration and 
feeding 

Reproduction 

• Mantle tissue physiologyShell 
biogenesis 

Growth • Metabolism
• Larvae development



Is it possible to assess a regulatory pathway in a marine 
invertebrate?

GTP

ATP

cAMP

G-protein

Receptor

PKA

ABCB

Adenylyl
cyclase

-Noradrenaline
-Serotonin
-Propranolol

Forskolin

-dBcAMP
-H89

In vitro experiments with Mytilus 
galloprovincialis living
haemocytes exposed to:

pharmacological modulators 

physiological agonists



Is it possible to establish a regulatory pathway in a marine 
invertebrate?

12 
mussels/plate 

Haemolymph recovery 
(posterior blood sinus)

Haemolymph 
pooling 

Incubate (16°C, 30 min) for 
haemocyte settlement

Check haemocyte settlement 
under microscope

Haemocyte treatment in ASW 
containing the selected compounds 

(16°C, different durations)

cAMP-related
parameters

• cAMP cell contentè ELISA assay
• PKA activity è spectrophotometric

assay  

• Total RNA extraction
• cDNA preparation
• real-time PCR

ABCB mRNA 
expression



Is PKA involved in the control of ABCB gene 
transcription in mussels?

Putative binding sites for PKA-activated transcription factor within the
unstranslated 5’ regulatory regions of mussel ABCB genes
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abcb1
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Is PKA involved in the control of ABCB gene 
transcription in mussels?
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Forskolin
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Is PKA involved in the control of ABCB 
gene transcription in mussels?
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A 5-HT1 receptor is expressed in mussel
hemocytes
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recettore Proteina G 
accoppiata

Pathway di 
trasduzione

5-HT1 Gi cAMP ê

5-HT2 Gq IPé & Ca++é

5-HT4 Gs cAMP é

5-HT5 ?? ??

5-HT6 Gs cAMP é

5-HT7 Gs cAMP é

1-h exposure to 1 µM 5HT + 15 
min pre-incubation with 100 
µM PROP



Effects of agonists NOR and 5-HT
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PROP blocks 5-HT effects
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OXYTETRACYCLINE



Experimental setup



HSP70

ABCB



R-subunit

Active state of PKA

R-subunit

Inactive state of PKA

(Inactive) 
C-subunits

(Active)
C-subunit

+ cAMP

(Active)
C-subunit

Cu/OTC
Alteration of the 
signaling pathway
that leads to cAMP
binding to R-subunits

TEMPERATURE
Disruption of structural
integrity of C-subunits
leading to decreased
phosphorylation activty

cAMP
binding site

GP
CR

G
AC

cAMP

PKA(a)

CRF

P

EITHER PROTEIN 
ACTIVATION OR 
INHIBITION

PKA(i)
P

Sp1CRE-BPAp-1 HSF-1

ATP

ABCB 
HSP70

Acclimatization
to laboratory

conditions

Acclimatization to 
test temperatures

Cu/OTC 
treatments

16°C 

24°C

20°C

Sampling

Day 6 Day 15 Day 19

Cu OTCcontrol

Cu OTCcontrol

Cu OTCcontrol

Cu or OTC concentration-related
variation at each temperature
expressed by the Area Under the Curve
(AUC)\



The threats of emerging pollutants



Mussels as microplastic bioccumulator

From Haemolymph..

… to other tissues/organs
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Pharmaceuticals as enviornmental pollutants

EU recognizes
pharmaceutical as an 
environmental issue 

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52019DC0128

improve environmental monitoring
approaches by coupling analytical
(chemical) and complementary
(biological in vivo in vitro and in silico
testing) techniques, and to fill
knowledge gaps on ecotoxicity of
pharmaceuticals

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52019DC0128


1. To assess whether a pharmaceutical at
concentrations found in coastal waters
induces consistent stress responses in
marine organisms

Identification of highly active compounds among
environmental pharmaceuticals (Christen et al., 2010
– Aquat. Toxicol.)

üThe mode of action of the pharmaceutical;
üThe degree of homology between the human drug
target and the potential target in aquatic organisms;
üThe relevance of the affected pathways

Stress 
responses

Mode of 
action

PHARMA as emerging
contaminants

biomarkers of stress 
response 
•Lysosomal membrame stability
•Activity of Antioxidant enzymes
•…

2. To assess the MODE OF ACTION (MoA)
of a pharmaceutical in marine mussels in
relation with its molecular targets

PHARMA as
therapuetic
agents

Target specifc endpoints



PROPRANOLOL
A β-adrenergic receptor blocker
used in human therapy against
cardiovascular diseases

ü Highly prescribed

ü 10% excreted unchanged

ü variably removed by treatment plants (60- 96%)

ü fairly persistent, scarcely biodegraded

ü bioaccumulative,

ü rather water soluble,

ü low tendency for adsorption to organic matter

üvery stable in the range of pH values typical of
seawater

Water sol = 100 g/L

Log Kow = 0.78 at pH 7; 3.5 at pH 9

Suitable candidate as
emerging pollutant for

the aquatic environment



Propranolol effects on aquatic organisms

Effective concentrations far
exceeds PROP levels measured in
aquatic environments

Is PROP really not dangerous 
for marine wildlife?

BUT pharmaceuticals are designed to
affect specific molecular targets, and to
be effectives at low concentrations



Experimental set-up

• 3-days acclimatization
•7-days exposure 
• 35-psu seawater
• Continuous aeration
• Constant water temperature 
(16°C) 

5 concentrations of (DL)-propranolol 
encompassing the environmental range 

Sampled tissues :  -haemolimph
- digestive gland
- mantle/gonads

0.3 ng/L 3 ng/L 30 ng/L 300 ng/L
30000 

ng/L

Estuary waters

Waste waters

Surface waters

Significant 
physiological 

effects in bivalves

≥100 µg/L

Concentration 
of exposure

Coastal waters



*p<0.05 vs control

The biomarker responses

Stress responses induced by propranolol
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Propranolol interaction with its specific
molecular targets 

PROP acts as an antagonist  for 2 
families of membrane receptors

Stress 
response

GTP

ATP

cAMP

G-protein

Receptor

Adenylyl
cyclase

Metabolism

Reproduction
(gametogenesis
and spawning)

Gill 
functioning

Regulation of 
“Catch” muscle

PKA

PROP

Receptor control 
on the cAMP 
synthesis

Putative effect 
following receptor 
blockage by PROP

β adrenergic 
receptor
(β-ADR)

Enanched cAMP 
synthesis rate

Decreased cAMP 
levels

Serotonin receptor 
(5HT1/2 rec)

Decreased cAMP 
synthesis rate

Increased cAMP 
levels



The cAMP/PKA system
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PROP interaction with its specific molecular targets
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Gender bias and seasonal patterns

October-November
(gonad development
and gametogenesis)

February-March
(Pre-spawning) 

Digestive gland Gills Mantle/gonads
0
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control
PROP 300 ng/L
PROP 30,000 ng/L

Dealing with 
propranolol effects on 
mussel cell signaling

LMS 
GSI

LMS
GSI

Preliminary experimental
trials



Gender bias and seasonal patterns



Unexpected effects on embryo-larval development… 

10 mm

• Mussels have complex life cycle with a planktonic
development up to the juvenile stage, when larvae
complete their metamorphosis, settle to the sea
bottom and grow up as a benthonic adult.

• Early planktonic stages are considered the most
sensitives to environmental stressors.

• Fast evolving adaptation



Natural spawning of sexually 
mature mussels

Sperm:oocyte mixing under 
controlled conditions (16°C)

check for fertilization success
(> 85% fertilized eggs)

Embriotoxicity and morphological effects of 
pharmaceuticals

Larvae grown for 48 h in the presence of PHARMA 
TESTED CONCENTRATIONS

30 min pf 24 h pf 48 h pf



Carbamazepine

Propranolol

Embriotoxicity and morphological effects of 
pharmaceuticals



Embriotoxicity and morphological effects of 
pharmaceuticals

DICLOFENAC



Embriotoxicity and morphological effects of 
pharmaceuticals

Estradiol



Not only pharmaceuticals … plastic polymers and 
additives

BISPHENOLS
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Not only pharmaceuticals … plastic polymers and 
additives

STYRENE



Ontogeny of the serotoninergic neuromodulatory system in mussel embyos

5-HT1 mRNA 
levels



Pharmaceuticals as enviornmental pollutants: the recent mthodological
approach

The Adverse Outcome Pathway
(AOP)

an Adverse Outcome Pathway (AOP) describes a sequence of events
commencing with the initial interaction of a stressor with a biomolecule
within an organism that causes a perturbation in its biology, which can
progress through a series of intermediate key events up to and apical
adverse outcome relevant to risk assessment or regulatory decision-
making


