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Abstract 
According to current estimates from the UN climate panel, the atmospheric pCO2 is 

projected to increase from today’s 400 µatm to 800-1150 µatm by the end of the 

century, driving unprecedented changes in sea water chemistry in a process 

commonly referred to as ocean acidification. Several studies have revealed that these 

projected elevations in water pCO2 alter behaviour and sensory functions in both coral 

reef and temperate fish, suggesting an impairment in neural functions. The underlying 

mechanism responsible for these abnormalities has been suggested to involve the 

main inhibitory neurotransmitter receptor in the brain, the GABAA receptor, since the 

behavioural alterations can be reversed by treatment with a GABAA receptor 

antagonist. When exposed to elevated pCO2, fish regulate their acid–base balance by 

accumulating HCO3
− in the blood, accompanied by a release of H+ and Cl− to the 

water. It has been suggested that these ion-regulatory changes affect the 

electrochemical gradients for Cl− and HCO3
− across neuronal membranes, which can 

lead to GABAA receptors becoming excitatory rather than inhibitory in some neural 

circuits. 

The overall aim of the thesis was to investigate the molecular responses in the 

brain of fishes challenged with the future elevated CO2 levels. Three-spined 

stickleback (Gasterosteus aculeatus) was used as a main model species as it is a 

teleost physiologically tolerant to various environments but behaviourally and 

neurologically sensitive to sustained exposure to elevated CO2. The project first 

identified an involvement of the GABAA receptor in the stickleback’s behavioural 

response to a sustained high-CO2 environment, and then went on to investigate 

changes in the expression of genes linked GABA function, neurogenesis and 

neuroplasticity. Thus, in Paper I quantification of behavioral lateralization was used 

to confirm the apparent ubiquitous neural mechanism of the altered GABAA receptor 

function in high-CO2 exposed three-spined stickleback. It was found that exposing 

fish to a moderate dose of the specific GABAA antagonist gabazine restored the 

lateralization that was lost during exposure to high-CO2.  

 Since it had been found that the altered GABAA receptor function developed 

from over several days, we hypothesized that there would be changes in the 

expression of genes linked to the function of the GABAA receptor. Paper II showed 
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that eexposure to elevated CO2 had only minor effects on the expression of the nearly 

50 GABA related genes examined. The minor changes seen involved increased 

mRNA levels of α subunits of the GABAA receptor, which possibly reflected 

compensatory mechanisms in the high-CO2 condition. However, if this was the case 

they were apparently insufficient for restoring normal neural function since the 

behavioural alterations persisted within the time frame studied (42 days).  

 The GABAA receptor is known to be involved in modulating neuronal 

proliferation, differentiation and maturation in the mammalian brain and in light of 

the widespread neural alterations seen in fish exposed to elevated CO2, we 

hypothesized that also fish brain plasticity and neurogenesis are altered during such 

conditions. Therefore, in Paper III we analysed the mRNA expression levels of 

genetic markers for cell proliferation and neural differentiation in the brain of three-

spined stickleback and two coral-reef fish species: cinnamon anemonefish 

(Amphiprion melanopus) and spiny damselfish (Acanthochromis polyacanthus). 

exposed to elevated CO2. Of these species, only the stickleback displayed changes 

(increases) in the expression of the genes studied. This indicate a species-specific 

regulation of genes involved in neurogenesis, and/or differences in coping styles and 

behavioural plasticity among fish species in response to the predicted-future CO2 

level. 

To conclude, the data collected in this thesis confirm that exposure to a 

predicted future CO2 level can cause significant alterations of neural functions in fish, 

and that these are linked to altered GABAA receptor activity. Since only minor 

changes in the expression of GABA related genes were detected, it is likely that the 

function of the GABAA receptor is mainly affected on level activity other than gene 

expression, such as transmembrane ion gradients ant post-transcriptional regulation. 

Thus, further studies are needed to clarify the mechanisms linking the function of this 

important neurotransmitter receptor to ocean acidification. 
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Abbreviations 
AE3 = anion exchanger 3 
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Introduction  

Effects of increased CO2 in the ocean carbon equilibrium 
Increased human fossil fuel combustion and deforestation have raised the partial 

pressure of atmospheric CO2 (pCO2) from 280 µatm in the preindustrial era to over 

400 µatm at the present-day, and it is projected to reach 800-1150 µatm within this 

century (Collins et al., 2013) (Figure 1). Such high sustained CO2 levels have 

probably not occurred in the earth atmosphere for 20 – 30 million years (Beerling and 

Royer, 2011; Hönisch et al., 2012) and are driving unprecedented changes in sea 

water chemistry in a process commonly referred to as ocean acidification (Doney et 

al., 2009).  
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Figure 1. Atmospheric CO2 level future-projections. Time series of changes in 

atmospheric CO2 level simulated by the model for assessment of greenhouse gas induced climate 

change 6 (MAGICC 6) (purple lines) or by the earth system models (ESMs) for the representative 

concentration pathway 8.5 (RCP8.5) (red and white line). A concentration of 1 ppm = a partial pressure 

of 1 µatm. Figure from Collins et al. (2013).  

 

Oceans play crucial roles in controlling the global carbon cycle on earth by 

acting as CO2 reservoirs. Earlier in earth history, like during mid-Eocene, many 
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marine organisms probably managed to adapt to a rise CO2 levels, since the rate of 

CO2 increase took place over a long-time period, also enabling surface waters to mix 

with deep waters (Santana-Casiano and Gonzalez-Davila 2005). By contrast, while 

the present CO2 exchange rate between the atmosphere and the ocean is rapid, the 

buffering capacity of deep waters is quite slow, reducing the ocean ability to 

counteract the increase in CO2 level (Santana-Casiano and Gonzalez-Davila 2005). 

Once dissolved in the water, CO2 is partially converted into carbonic acid 

(H2CO3), which in turn rapidly dissociates into bicarbonate (HCO3
-) and carbonate 

(CO3
2-): 

 

CO2+ H2O ó H2CO3 ó H+ + HCO3
- ó 2H+ + CO3

2- 

 

This inorganic carbon equilibrium largely determines the amount of free 

protons in the water and thus the ocean pH value. At present pH of ~ 8.1, the carbon 

equilibrium is made up of 1 % dissolved CO2 in water, 90 % HCO3
-  and 9 % CO3

2- 

(Doney et al., 2009). The uptake of future-additional CO2 from the atmosphere by the 

ocean will account for an increase of 100 – 150 % of H+/HCO3
-
 and a 50 % decrease 

of CO3
2- by the end of this century (Orr et al., 2005). Indeed, as the dissolved CO2 

increases in the water shifts the reaction equilibrium towards to left, additional H+ and 

HCO3
-
 are formed and some of the H+ released combine with CO3

2- to form more 

HCO3
-. Such a shift in carbon equilibrium is reflected by a decrease in calcium 

carbonate saturation state (Ω CaCO3) and a decrease in ocean pH of up to 0.32 

(Figure 2) (Santana-Casiano and Gonzalez-Davila 2005; Collins et al., 2013). 

Furthermore, recent models suggest an amplification of seasonal oscillations in ocean 

CO2 content and a decline in the ocean buffer factor (also called Ravelle factor) as 

atmospheric CO2 level continues to rise (McNeil and Sasse, 2016). Consequently, 

surface ocean CO2 level could reach 1000 µatm in summer for atmospheric CO2 

concentrations that exceed 650 parts per million, with significant consequences for 

many marine species (Wittmann and Pörtner, 2013).  
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Figure 2. Projected global ocean surface pH. Time series of global ocean surface pH over 

the artic (green), the Southern Ocean (blue) and the tropics (red). Projection were made from 11 

CMIP5 ESMs under RCP8.5 (solid lines) or RCP2.6 (dashed lines). Figure from Ciais et al. (2013). 

 

 Acid-base regulation in fish in near-future CO2 levels  
The unprecedented predicted changes in CO2 levels are something for which many 

marine organisms are likely to stand unprepared. From a respiratory point of view, the 

projected increases in the atmospheric CO2 level might not sound very alarming, since 

animals often have quite high internal levels of CO2 derived from their own 

respiration. However, fish, as water breathers, have quite low blood levels of CO2 (1-

4 mmHg) compared to air breathing organisms (humans ≈ 40 mmHg) due to the high 

solubility of CO2 in water and therefore fast release of CO2 from blood over the 

respiratory surface (Claiborne et al., 2002). As a consequence, changes in the CO2 

levels in air and in water will have a higher impact on water breathers than air 

breathers. Common vertebrate responses to hypercapnia (high environmental CO2) 

are to minimize or reduce acidosis by: i) buffering it with bicarbonate or non-

bicarbonate molecules; ii) modify respiratory ventilation to reduce the PCO2 in the 

blood and thereby increase pH; iii) alter exchanges of net transport of acid–base 

equivalents (reviewed by Brauner and Baker, 2009). Ventilation, as an acid-base 

regulatory mechanism, is mainly used among terrestrial air breathers, while in fish the 

same mechanism can only slightly alter CO2 tension due to the low steady state PCO2 

and bicarbonate system in their body fluids (Claiborne et al., 2002; Evan et al., 2005; 

Brauner and Baker, 2009). As a result, the most common strategy utilized by fish in 

order to recover from a respiratory acidosis is a net accumulation of plasma [HCO3
-] 
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that is matched with an equimolar release of Cl-
 over the gills (review Brauner and 

Baker, 2009).  

Hypercapnia has been extensively studied in fish for a long time, mainly by 

using unrealistically high CO2 levels to highlight the mechanisms of acid base-

regulation in these animals. As water environmental CO2 level increases, fish 

experience an immediate elevation of blood PCO2 with a concomitant drop in plasma 

pH due to a rapid conversion of CO2 to H2CO3 by carbonic anhydrase (CA) (Heisler, 

1984; Ishimatsu et al., 2005) and further to HCO3
- and H+. Changes in intracellular 

pH will reduce metabolic performance since most biochemical processes have an 

optimal pH performance window. Therefore, maintenance of a constant pH in body 

fluids and cells is an important part of animal homeostasis (Heisler, 1984). As soon as 

exposure to experimental hypercapnia induces a blood PCO2 greater than 10-

16mmHg, the capacity of fish to use their buffering mechanisms decrease due to 

insufficient amounts of Cl- in exchange of HCO3
- for a complete acidosis 

compensation (review Brauner and Baker, 2009). This buffering limit is termed "the 

bicarbonate maximal threshold", and can be expected at plasma [HCO3
-] of about 25 

to 32 mM in fish (Heisler, 1984, 1986). However, the degree of hypercapnia that fish 

might be exposed to in nature is lower than such experimentally induced situations 

(except in some extreme habitats) (Heisler, 1986).  

Several studies on future-environment CO2 levels have demonstrated that pH 

changes are actively counteracted by fish. A study on Gulf toadfish (Opsanus beta) 

showed that exposure to 1000 and 1900 µatm CO2 for 24 h resulted in a full pH 

compensation in 4h and 2h respectively (Esbaugh et al., 2012). Plasma PCO2 (~1-2 

mmHg at control; ~2-3 mmHg at 1000 µatm; ~ 3-4 mmHg at 1900 µatm) and HCO3
- 

(~3-4 mM at control; ~4-5 mM 1000 µatm and ~ 6-7 mM at 1900 µatm) increased 

significantly in both high-CO2 exposure groups, confirming their use of HCO3
- as 

compensatory response to future-CO2 levels (Esbaugh et al., 2012). Similar results 

were later reported in a study by Heuer and colleagues (2016), where they showed a 

significant increase in plasma HCO3
- (~15 mM at control and ~ 20 mM at 1900 µatm) 

in the spiny damselfish Acanthochromis polyacanthus exposed to 1900 µatm CO2 for 

4 days. That study revealed that the damselfish even overcompensated brain pH, 

leaving the fish in the high-CO2 water with slightly more alkaline brains than the 

controls. While these results show a clear ability of fish to regulate blood and tissue 

pH, the fish are still left with increased PCO2 and [HCO3
-], and reduced [Cl-], in their 
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extracellular fluids and tissues, which could have implications for transmembrane ion 

gradients.  

Neurosensory and behavioural responses in fish exposed to high-CO2 
The rapidly growing number of experimental studies on the consequences of ocean 

acidification on fish reveal that a number of behavioural, developmental and 

physiological functions can be significantly affected by the elevated pCO2. Munday 

and colleagues (Munday et al., 2009, 2010; Dixon et al., 2010) carried out pioneering 

studies on the effects of ocean acidification on the behavior of coral-reef fish Ward´s 

damselfish (Pomacentrus wardi) and orange clownfish (Amphiprion percula), 

reporting impaired olfactory discrimination and increased risk taking (boldness). 

Larvae of clownfish that were reared in high-CO2 water (700 and 850 µatm) showed a 

dose dependent loss in their ability to discriminate between different cues that are 

important to find their home habitat in the coral reef. Even more striking, the high-

CO2 exposed fish became attracted to odors that they would normally avoid, including 

the odors of their predators (Munday et al., 2010). Disruption of the neural processing 

of olfactory cues was suggested as underlying mechanisms since no changes were 

found in the morphology of their olfactory organs.  

Further studies exposing various marine fishes to high-CO2 levels revealed 

more alterations in sensory processes. These include changes in directional responses 

to daytime reef noise (Simpson et al., 2011), and a reduced temporal resolution in the 

retinal response to light, potentially impairing the fish from responding to fast stimuli 

(Chung et al., 2014). Additional alterations of the visual system were observed in 

newly hatched larvae of two-spotted goby (Gobiusculus flavescens), where exposure 

to elevated CO2 significantly increased their phototactic response (swimming toward 

a light source), which might lead to maladaptive responses to weak or absent signals 

(Forsgren et al., 2013). Both Ambon damselfish (Pomacentrus amboinensis) and 

three-spined stickleback (Gasterosteus aculeatus) demonstrated disruption of learning 

after exposure to high-CO2 levels (Ferrari et al., 2012; Jutfelt et al., 2013; Chivers et 

al., 2014). Changes in boldness and activity were also detected in the dottyback 

(Pseudochromis fuscus; Cripps et al., 2011), cardinalfish (Cheilodipterus 

quinquelineatus; Devine et al., 2012), three-spined stickelback (Jutfelt et al., 2013) 

and leopard coral grouper (Plectropomus leopardus; Munday et al., 2013). Moreover, 

the Californian rockfish (Sebastes diploproa) showed increased anxiety when exposed 
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to 1125 µatm CO2 (Hamilton et al., 2014) and loss of behavioural expression of 

cerebral lateralization was detected in the yellowtail demoiselle (Neopomacentrus 

azysron) (Domenici et al., 2012; Nilsson et al., 2012) and in the three-spined 

stickleback (Lai et al., 2015; Näslund et al., 2015). Ocean acidification has also been 

demonstrated to have impact on marine sound orientation, affecting mulloway 

(Argyrosomus japonicus) larvae at their settlement stage (Rossi et al., 2016).  

Although several studies on ocean acidification have shown alteration of 

behaviour and sensory responses in numerous fish species exposed to high-CO2, a few 

studies on temperate species such as the Atlantic cod (Gadus morhua) and Atlantic 

silverside (Menidia menidia) find resilience against elevated ambient CO2, which can 

be related to adaptations in species experiencing a strong variation in pCO2 in their 

current habitat (Murray et al, 2014; Jutfelt and Hedgärde, 2015). 

 

Neural mechanism behind the basis of the neurosensory and 
behaviour abnormalities 
The widespread effects on sensory systems and cognitive functions such as learning 

and lateralization (Domenici et al., 2012; Ferrari et al., 2012; Nilsson et al., 2012; 

Jutfelt et al., 2013; Chivers et al., 2014) suggest an involvement of a common and 

widespread neural mechanism. Nilsson and colleagues (2012) indicated that this 

mechanism involved an important neurotransmitter receptor: the γ-aminobutyric acid 

receptor A (GABAA receptor). Indeed, both the previously observed loss of 

lateralization in the yellowtail demoiselle (Domenici et al., 2012) and the altered 

olfactory preferences in the orange clownfish (Munday et al., 2009) were restored by 

a moderated dose of the GABAA receptor antagonist gabazine (Nilsson et al., 2012) 

implicating an involvement of this neural receptor. Subsequent studies supported this 

hypothesis. Gabazine treatment has been found to reverse impairment of learning in 

the ambon damsel (Chivers et al., 2014), counteracting a reduction of retinal light 

response (critical flicker fusion threshold of the electroretinogram) in the spiny 

damselfish (Chung et al., 2014) and restoring behavioural lateralization in three-

spined stickleback (Lai et al., 2015; Paper I). Similarly, Hamilton et al. (2014) 

showed an increase in anxiety in high-CO2 reared individuals of the Californian 

rockfish after exposure to muscimol, an agonist of the GABAA receptor.	 
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Acid-base regulation striving to maintain blood and tissue pH may be the first 

step in the chain of events leading to behavioural alterations in hypercapnic fish. The 

low steady state PCO2 and bicarbonate system in fish limit their ability to use 

respiratory compensation in case a metabolic acidosis event (Evan et al., 2005). 

Rather, when exposed to elevated CO2, most fish species regulate their acid–base 

balance by accumulating HCO3
− in blood plasma, accompanied by a release of H+ and 

Cl− over the gills into the ambient water (Ishimatsu et al., 2008; Brauner and Baker, 

2009). This led Nilsson and colleagues (2012) to suggest that pH-regulatory changes 

in fish exposed to high-CO2 alter the gradients of Cl- and HCO3
- over neuronal 

membranes in a way that renders some GABAA receptors depolarizing (i.e. 

excitatory) rather than hyperpolarizing (i.e. inhibitory) (Figure 3).  

 

 
Figure 3. The proposed neural mechanism behind the behavioural aberrations 

seen in teleost species exposed to high-CO2 conditions. GABAA is an ionotropic receptor 

with conductance for Cl− and HCO3
−. When two GABA molecules activate the receptor, a net inflow of 

these negatively charged ions into the postsynaptic neuron cause hyperpolarization of the neuronal 

membrane that counteracts depolarizing excitatory input. When exposed to elevated CO2, the ion-

regulatory mechanisms used by fish to avoid acidosis lead to altered transmembrane Cl− and HCO3
− 

gradients across the neural membrane, which in turn cause a reversal of GABAA-receptor function. As 

a consequence, activation of the receptor leads a net outflow of negative charge, probably mainly 

carried by HCO3
− ,, causing depolarization of the neuronal membrane.  

	

Thus, GABAA receptor is a ligand-gated ion channel with conductance for Cl- 

and HCO3
- and the intracellular and extracellular [Cl-] and [HCO3

-] determine the 

reversal potential for GABAA (EGABAA). Since the receptor has a higher permeability 
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for Cl- (at least in mammals – not studied in fish) the EGABAA is close to the chloride 

reversal potential (ECl-), with a small positive deviation due to permeability to HCO3
- 

(Lambert and Grover, 1995) (Figure 4). In most mature mammalian neurons, 

activation of the GABAA receptor causes an inflow of Cl- ions into the neuron, with a 

smaller component of HCO3
- flowing out, leading to hyperpolarization and inhibition 

of the neuron (reviewed by Farrant and Nusser, 2005) (Figure 3). For a relative HCO3
-

/Cl- permeability of around 0.2-0-4 the role of intracellular [Cl-] is significant in 

setting the GABAA reversal potential (Farrant and Kaila, 2007) (Figure 4). Indeed, in 

some conditions of neuronal over-activity, anion gradients are reversed due to 

increased intracellular [Cl-] and/or intracellular [HCO3
-] leading to depolarization and 

excitation of the neuron (Lambert and Grover, 1995; Kahle and Staley, 2008; Kim et 

al., 2009). 

 

 
Figure 4. Reversal potential for GABAA receptor. Reversal potential for GABAA was 

calculated for different HCO3
-/Cl- permeability ratios and intracellular [Cl-] using the Goldman 

equation. Extracellular concentration of Cl- and HCO3
-were assumed to be 130 and 25mM respectively. 

Intracellular concentration of HCO3
- was set at 14.1mM. Figure from Farrant and Kaila (2007). 

 

Based on the few studies available, calculations of the EGABAA of neurons in 

fish exposed to near-future CO2 are consistent in showing a possibility for a shift in 

the GABAA receptor equilibrium potential from causing hyperpolarization to 
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depolarization (Heuer and Grosell, 2014; Heuer et al., 2016; Nilsson and Lefevre, 

2016; Regan et al., 2016). The EGABAA calculated for both spiny damselfish and Gulf 

toadfish showed positive deviations from resting potential when exposed to 1900 

µatm CO2 level in the water, underlying the potential for an abnormal depolarization 

and excitatory response (Heuer et al., 2016) (Figure 5).  

 

 
Figure 5. Ocean acidification effect on reversal potential for GABAA receptor. 
EGABAA was calculated using the Goldman equation (for more details see Heuer and Grosell, 2014). 

Intracellular and extracellular HCO3
- concentrations were measured in both damselfish and toadfish in 

control or elevated CO2 water. Extracellular Cl- was assumed to be 150mM and adjusted assuming 

equimolar exchange HCO3
- / Cl- between blood and water. Intracellular Cl- was set at 8mM. Figure 

from Heuer et al. (2016). 

 

Interesting, a teleost species that normally lives in hypercapnic waters, the striped 

catfish (Pangasianodon hypophthalmus), has been found to display behavioural 

changes (including increased activity) when acclimated for one week to normocapnic 

water (Regan et al., 2016). By using a Goldman equation and measured or estimated 

values of brain and blood pH and bicarbonate, a hyperpolarizing GABAA reversal 

potential was calculated for the high-CO2 condition and a depolarizing GABAA 

reversal potential for low-CO2 condition. This made the authors suggest that brain ion 

regulation in fishes is fine-tuned to the prevailing ambient CO2 conditions and 

changes in these conditions are prone to affect GABAA receptor activity (Regan et al., 

2016). 
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GABAA, the main inhibitory neurotransmitter receptor in the 
vertebrate brain 
The GABAA receptor is the most abundant inhibitory neurotransmitter receptor in the 

vertebrate brain, and it has been linked to virtually all neural processes, including 

development, neural migration, network modulation, memory, learning, cognition, 

vigilance and behaviour, to name a few (Sieghart and Sperk, 2002; Makkar et al., 

2010; Luscher et al., 2011). Not surprisingly, changes in GABAergic transmission 

and receptor expression can directly affect the human brain functions leading 

neurological disease including anxiety, epilepsy and mood disorders (Luscher et al., 

2011). 

The GABAA receptor in mammals (and presumably in all vertebrates) is 

composed of five subunits that together form a central selective anion channel 

(Bormann et al., 1987). Each subunit consists of an N-terminal extracellular domain 

followed by four transmembrane domains (TM) and a large intracellular loop between 

the TM3 and TM4 (Benarroch 2007) (Figure 6). 

 

	
Figure 6. The γ-aminobutyric acid receptor A structure. The most common GABAA 

receptor in the mammalian brain is a receptor composed by two α, two β and one γ subunit, with the 

most common combination being α1, β2 and γ2 subunits. Each subunit consists of four transmembrane 

domains (namely M1-M4 in the left picture). Figure from Benarroch (2007). 

. 

Today, a total of 19 genes have been found to encode for GABAA receptor 

subunits in mammals, namely α1-6, β1-3, γ1-3, δ, π, ε, θ and ρ1-3 (reviewed by 

Farrant and Kaila, 2007). The combination of different subunits in the receptor can 
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give different receptor subtype permutations, conferring distinct physiological and 

pharmacological properties to the receptor (Herd et al., 2007). This heterogeneity is 

even increased by the presence of alternative splice variants of the subunits that 

contribute to additional GABAA subtypes (reviewed by Farrant and Kaila, 2007). 

Normally, a combination of the two most highly expressed subunits, α and β, 

is sufficient to form a functional mammalian GABAA receptor, while the presence of 

a third subunit is also often observed (review Farrant and Kaila, 2007). Indeed, the 

most predominant GABAA receptor stoichiometry among mammals is a heteromeric 

receptor composed of two α, two β and one γ subunit, with the most common 

presence of the subunits α1, β2 and γ2 (Fritschy et al., 1992; Mc Kernan and Whiting, 

1996; Pirker et al., 2000; Sieghart and Sperk, 2002; Whiting, 2003; Benke et al., 

2004). In other GABAA receptors reported, the γ subunit is replaced by either δ, π or ε 

(forming αβδ, αβπ or αβε), whereas the θ subunit might replace the β subunit 

(Sieghart and Sperk, 2002; review Farrant and Kaila, 2007). 

GABAA receptor stoichiometry changes along with its distribution in the 

neuron. Receptors that include γ2, α1 and α2 subunits in their pentameric assembly 

are usually located in the synaptic area where they mediate a phasic inhibition, i.e. a 

rapid and brief inhibitory post synaptic potential (IPSP) (reviewed by Farrant and 

Nusser, 2005). The activation of this receptor is due to GABA release in the synaptic 

cleft. GABA leaking out of the synapse can activate extrasynaptic GABAA receptors 

made up of δ, α4 or α6 subunits, and these are mainly responsible for slower, but 

longer lasting IPSPs causing tonic inhibition (review Farrant and Nusser, 2005). 

 

GABAA receptor expression in fish 
Information on GABAA receptor composition in fish remains very scarce. An 

immunochemistry analysis has confirmed a widespread distribution of the receptor in 

the brain of Atlantic salmon (Salmo salar) (Anzelius et al, 1995). Using a monoclonal 

antibody against the GABAA receptor β2 and β3 subunits, the GABAA receptor 

appeared to be present in the telencephalon (cerebral cortex in mammalian brain), in 

the superior and inferior colliculus and in the cerebellum. Investigation of the GABAA 

receptor genes in the brain of the anoxia tolerant crucian carp (Carassius carassius) 

revealed the expression of the subunits α1-6, β2, γ2 and δ1-2 (Ellefsen et al. 2008). 

While the mammalian receptors are dominated by subunits α1, β2, and γ2 (Pirker et 
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al., 2000), the most highly expressed subunits in the crucian carp were α4, α 6, and δ 

(Ellefsen et al. 2008). A recent report on the expression profile of GABAA subunits in 

zebrafish (Danio rerio) brain, showed α1, β2, γ2 and δ to be the most prominently 

expressed subunits (Cocco et al., 2016). Interestingly, in both crucian carp and 

zebrafish brains, the δ subunit was the most highly expressed (Ellefsen et al., 2008; 

Cocco et al., 2016), possibly suggesting that extrasynaptic GABAA receptors causing 

tonic inhibition play more important roles in fish than in mammals. 

 

Ion gradient regulation across GABAergic neuronal membrane 
In mammals, the high intracellular [Cl-] that makes GABAA receptors excitatory has 

been linked to changes in expression of the Na+/K+/2Cl- co-transporter 1 (NKCC1) 

and the K+/Cl- co-transporter 2 (KCC2) (Delpire, 2000) (Figure 7). The NKCC co-

transporter family is responsible for transporting Cl- into cells through a Na+/K+-

coupled Cl- inward transport. By contrast, KCC co-transporters are responsible for 

K+-coupled Cl- outward transport in cells. It has been found that these two opposing 

transport mechanisms play crucial roles during postnatal brain development since the 

high intracellular [Cl-] is linked to an up-regulation of NKCC1 mRNA expression, 

while the low [Cl-]i in mature neurons is due to an up-regulation of KCC2 mRNA 

expression (Delpire, 2000). 

 

 
Figure 7. Ion co-transporters involved on setting the GABAA receptor reversal 

potential. Anion gradient across neural membranes is controlled by neuronal transporters. NKCC1 

and AE3 cause Cl- movement into the cell, while KCC2 and NDAE leads Cl- extrustion. Carbonic 

anhydrase hydrates CO2 to form H2CO3 that dissociates to HCO3
- and H+. In turn HCO3

- is moved out 

of cells by AE3. Figure from Heuer and Grosell, (2014). 
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Additional mechanisms may influence anion gradients across neural 

membranes (Figure 7). One such mechanism is the voltage-gated Cl- channel 2 

(ClC2), which has an important role in determining the intracellular [Cl-] through 

chloride extrusion in neurons expressing inhibitory GABAA receptors (Ratté and 

Prescott, 2001). De novo expression of ClC2 in neurons with high [Cl-]i has been 

demonstrated to result in a constitutive conductive Cl-efflux, preventing intracellular 

Cl- accumulation and directly reducing GABAA receptor-mediated depolarization in 

mammals (Staley et al., 1996; Ratté and Prescott, 2011).  

The anion exchanger 3 (AE3) is a co-transporter which is highly expressed in 

the brain, where it has an important role in the regulation of the Cl- equilibrium 

potential and pHi by exchanging Cl- for intracellular HCO3
- over cell membranes in 

neurons (Casey et al., 2009; Hübner et al., 2013). Both intracellular [Cl-] and [HCO3
-] 

concentrations can be influenced by the Na+-driven anion exchanger (NDAE), which 

exchanges extracellular Na+ and HCO3
- for intracellular Cl- and H+ (Romero et al., 

2000;). Finally, [HCO3
-]i is also influenced by the rate of hydration of intracellular 

CO2 through the action of CA (Lindskog et al., 1997). 

 

GABA metabolism 
The function of the GABAergic transmission is also affected by the timing of GABA 

release and uptake from the extracellular space. GABA is synthesised from L-

glutamate in a decarboxylation catalysed by glutamic acid decarboxylase (GAD), of 

which there are two major forms, GAD 1 and GAD 2 (also known as GAD 67 and 

GAD 65) (Eugene and Kuriyama, 1968). As other neurotransmitters, GABA is stored 

in synaptic vesicles that fuses with the presynaptic membrane and release their 

contents in response to an action potential in a Ca2+ dependent manner (Li and Chin, 

2003).  

The magnitude and duration of GABA action relies not only on the rate of 

release but also on the uptake to the cytoplasm by specific GABA transport proteins, 

GAT 1-3 (reviewed by Scimemi, 2014). In the mammalian brain, GATs show a 

widespread distribution. GAT 1 is highly expressed in neurons and glial cells, while 

GAT 2 and GAT 3 are mainly found in ventricles, blood vessels and astrocytic 

processes (Minelli et al., 1995, 1996, 2003). GABA is catabolized by GABA 
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aminotransferase (GABAT) and glutamate decarboxylases (Eugene and Kuriyama 

1968).  

The clustering, targeting and degradation of GABAA receptors in the post-

synaptic area is regulated by GABAA receptor associated proteins and proteins-like, 

GABARAP and GABARAPL (Nemos et al., 2003). GABRAPL proteins are 

expressed at higher levels in the Central Nervous System (CNS) than GABARAP, 

which in turn are particularly highly expressed in gland tissue (Nemos et al., 2003). In 

mammals, both GABARAP and GABRAPL have been found to interact with GABAA 

at the γ subunit (Wang et al., 1999). Dysfunction of GABAergic transmission through 

reduced receptor clustering has been shown reduce receptor channel conductance, and 

been linked to reduced learning, fear conditioning and behavioural inhibition toward 

natural adverse stimuli in mice (Crestani et al., 1999). 

 

GABAA, neurogenesis and neuroplasticity 
While GABAA receptors obviously plays important roles to convey inhibitory neural 

signals, GABAA receptors acting excitatory due to high intracellular [Cl-] and [HCO3
-

] have been shown to be essential for proper neural development, differentiation and 

plasticity in both immature and mature CNS systems (see reviews Delpire, 2000; 

Sernagor et al., 2010). In both cases, depolarizing GABAergic transmission promotes 

an increase in intracellular Ca2+ through the activation of voltage-gated Ca2+-

channels, followed by a cascade of molecular events involved in neurogenesis 

(Tozuka et al., 2005). A pioneering study by Ben-Ari and colleagues (1989) reported 

that immature pyramidal cells had depolarizing GABAergic neurons even before 

maturation of glutamatergic neurons, the most common excitatory neurons in the 

CNS. Moreover, Ekström and Ohlin (1995) presented results strongly indicating that 

GABA was one of the first neurotransmitters expressed in the developing CNS of the 

three-spined stickleback. Since then, further studies have disclosed immature neurons 

with GABAergic activity in the cortex, hippocampus, cerebellum, olfactory bulb, 

retina, brain stem, spinal cord and peripheral nervous system of vertebrates (see 

review in Sernagor et al., 2010). 

GABA-mediated depolarization has also been shown to regulate neurogenesis 

in response to network activity in mature neural systems (review by Markwardt and 

Overstreet-Wadiche, 2008). Adult neurogenesis consists of integration of functional 
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neurons derived from adult neural stem cells. Cell proliferation during the adult-stage 

is fundamental for allowing the brain to modify and adapt to external stimuli and for 

processes such as cognition and learning (reviewed by Abrous and Wojtowicz, 2015). 

In the adult mammalian brain, neuronal proliferation predominantly occurs in two 

restricted regions in the telencephalon, namely the subventricular zone (SVZ) of the 

telencephalic lateral ventricle and the subgranular zone (SGZ) of the dentate gyrus in 

the hippocampus. Interestingly, the new-born neurons in these two areas go through 

different developmental and differentiation pathways. Through a rostral migratory 

stream (RMS), neuroblast cells in the SVZ move to the olfactory bulb where they 

differentiate into GABAergic and dopaminergic interneurons (Kaslin et al., 2008), 

while the new cells in the SGZ move next to the dentate gyrus forming glutamatergic 

granule neurons (Kaslin et al., 2008). 

 

Neurogenesis in fish 
Neuronal proliferation in the adult brain of teleost fish is imposing. Differently from 

the mammalian brain, fish have from twelve to sixteen proliferation zones distributed 

along the rostral-caudal brain axis from the olfactory bulb to the telencephalon, 

diencephalon, rhombencephalon and spinal cord (see review Ganz and Brand, 2016) 

(Figure 8).  

 

 
Figure 8. Proliferation zones in zebrafish (Danio rerio). Red areas represent the 

proliferation zones found in the adult brain of zebrafish: 1) olfactory bulb; 2) ventral and 3) dorsal 

telencephalon; 4) preoptic 5) ventral thalamic, 6) habenular, (7) pretectal, (8) dorsal thalamic, (9) 

posterior tubercular and (10) hypothalamic proliferation zones in the diencephalon; (11) tectal and (12) 

torus longitudinalis proliferation zones in the mesencephalon; (13) posterior mesencephalic lamina; 

(14a) molecular layer proliferation zone extending through the valvula and copus cerebelli and (14b) 
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cerebellar caudal lobe extending from the ventricular lumen through the granular layer to its surface in 

cerebellar; (15) facial (LVII) and vagal (LX) lobes extending caudally into the nucleus of Cajal in 

medulla oblongata; (16) rhombencephalic ventricular proliferation zone. Dots represent a scattered 

proliferation in the olfactory bulb and telencephalon. From Grandel et al. (2006). 

 

In a study by Grandel and colleagues (2006), two main neuronal precursor cell 

populations were identified in adult zebrafish brain. One is a group of mobile 

neuroblasts that migrate from the telencephalic, habenular and cerebellar proliferation 

zones to other parts of the brain; the other is a group of stationary neuroblasts that 

remain in the nuclear areas where they born. As in mammals, new cells migrate from 

the ventral telencephalon, but only a minor number of cells in the RMS move to the 

olfactory bulb, and the lateral telencephalic area, which is thought to be homologous 

to the dentate gyrus in mammals. Interestingly, zebrafish continuously generates 

several subtypes of new monoaminergic tyrosine hydroxylase or serotonin positive 

neurons in the olfactory bulb (Grandel et al., 2006). The proliferation zones found in 

the zebrafish by Grandel and colleagues (2006) match surprisingly well with the 

proliferation zones found in the three-spined stickleback (Ekström et al., 2001) 

(Figure 9).  

 

 
Figure 9. Proliferation zones in adult three-spined stickleback brain. Coloured areas 

represent the proliferation zones found in the adult brain of stickleback: 1a) dorsal telencephalon; 1b) 

internal cellular layer (ICL) of the olfactory bulb; 2) ventral telencephalon; 3) preoptic area; 4) ventral 

thalamus; 5) epithalamus; 6) dorsal thalamus; 7) pretectal; 8) posterior tubercular; 9) hypothalamus; 

10a) optic tectum; 10b) midbrain tegmentum. The different colour of PZ denotes the proliferation zone 

along the midline of the brain (red) and along lateral to midline (blue). From Ekström et al. (2001). 
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Despite that the two species inhabit quite different environments and are not 

phylogenetic closely related, they present a high degree of similarity of proliferation 

pattern suggesting a teleost ground plan. The PZ on the stickleback are mainly located 

between the telencephalon and diencephalon and between the mesencephalon and 

rhomboencephalon. The main difference compared zebrafish is that the PZ in the 

central thalamus in the stickleback appears as two distinct areas, separated by a 

distinct gap (PZ4 in Figure 9), while in zebrafish only one proliferation zone is 

present (PZ5 in Figure 8). Furthermore, stickleback presents a deep proliferation zone 

in valvula cerebelli (PZ11; Figure 9). Similar large proliferation zones were found in 

the adult brain of the brown ghost (Apteronotus Leptorhynchus), which however does 

not present proliferation zones in the dorsal telencephalon and in the optic tectum that 

are instead confined to the telencephalic ventricular zone and the tectal margin 

(Zupanc and Horschke, 1995).  

The functional significance of neurogenesis during fish adulthood is not well 

understood, but it might be fundamental for the brain to modify and adapt in response 

to external stimuli and maintain neural processes such as neural plasticity, cognition 

and learning (reviewed by Abrous and Wojtowicz, 2015). Compared to mammals, 

where the cellular division decreases during adult stage, in teleost fish cell 

proliferation increases with age, body weight and body length (Zupanc and Horsche, 

1995). Moreover, external stimuli such as environmental changes, social experiences 

and raring conditions can influence cell proliferation and differentiation in different 

parts of fish brain (Kihslinger and Nevitt, 2006; Von Krogh et al., 2010; Johansen et 

al., 2012; Sørensen et al., 2012). 

 

Neurogenesis markers 
NeuroD (neurogenic differentiation factor), DCX (doublecortin), PCNA 

(proliferating cell nuclear antigen) and BDNF (brain-derived neurotrophic factor) are 

four markers of proliferation, neural differentiation and synaptic plasticity in adult 

vertebrate brain (Takahashi et al., 1981; Takahashi et al., 1993; Lee, 1997; Couillard-

Despres et al., 2005; Rossi et al., 2006; Johansen et al., 2012). NeuroD is a basic 

helix-loop-helix (bHLH) transcription factor involved in the later stages on 

neurogenesis and it is required for neuronal determination, differentiation and survival 

of precursor neural cells after cell division (Lee, 1997; Kim, 2013). Injections of 
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synthetic mRNA encoding for NeuroD into Xenopus embryos was shown to convert 

ciliated epidermal cells into neurons, demonstrating NeuroD as a downstream factor 

for neuronal differentiation (Lee, 1997). Indeed, increase in NeuroD expression after 

excitatory activity in the brain correlates with neuronal proliferation and 

differentiation of neural stem/progenitor cells (NCPs) (Deisseroth et al., 2004) 

As NeuroD, DCX is linked to neural determination and differentiation. DCX 

is a microtubule-associated protein, which has been found to be highly expressed in 

progenitor cells and newly generated neuroblasts in adult mammalian brain (Brown et 

al., 2003; Couillard-Despres et al., 2005). On the other side, PCNA has a central role 

in DNA replication in all cells (i.e. not only neurons) as a processivity factor for DNA 

polymerase δ and ε. It is also involved in DNA repair and perhaps in transcription and 

cell cycle regulation (review by Kelman, 1997).  

Lastly, BDNF is a member of neurotrophin family of growth factors that plays 

an important role in brain development, synaptic plasticity and influences the neural 

transmission via modulation of GABAergic synapses (review by Binder and 

Scharfman 2004). Environmental enrichment and external stimuli enhance brain 

plasticity through involvement of BDNF (Ickes et al., 2000; Rossi et al., 2006). 



	 27	

Aim 

The overall aim of the thesis was to further characterize the mechansisms 

responsible for the neural dysfunctions shown by fish challenged by the elevated CO2 

levels projected to be reached at the end of this century due to human CO2 emissions. 

Three-spined stickleback was used as main model species as it is a teleost 

physiologically tolerant to various environments but nevertheless behaviourally 

affected by sustained exposure to elevated CO2. Moreover it has a sequenced and 

annotated genome, which facillitate molecular studies. The specific aim of the 

molecular studies was to clarify if the exposure to elevated CO2 causes alterations in 

the expression of genes hypothesized to be involved in the behavioural abberations 

seen, which included genes involved in GABAeric neurotransmission, neurogenesis 

and neuroplasticity. 

 

Following, the specific aims of each paper: 

Paper I  
Altered neurotransmitter function in CO2-exposed stickleback (Gasterosteus 
aculeatus): a temperate model species for ocean acidification research.  

• Study the altered brain function and behavioural dysfunction in high-CO2 

treated water in three-spined stickleback. 
• Investigate the involvement of altered neurotransmitter activity in behavioural 

alterations in sustained-CO2 water. 
• Define three-spined stickleback as model species for future physiological and 

molecular mechanisms in high-CO2 condition. 

 

Paper II  
Expression of genes involved in brain GABAergic neurotransmission in three-
spined stickleback exposed to near-future CO2. 

• Invesitgate the gene expression regulation of GABAergic system in response 
to high-CO2 level in three-spined stickleback. 

• Define alterations in the expression of genes linked with altered GABAA 
receptor function in brains of hypercapnic fish. 
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Paper III 
Regulation of neurogenesis and neuroplasticity in response to ocean acidification 
in three teleost species  

• Investigate brain coping style mechanisms in CO2-enriched condition in the	
three-spined stickleback a well-characterized species in terms of its 
behavioural and neurosensory aberrations in high CO2-condition 

•  Comparision of brain coping style mechanisms among three-spined 
stickleback, cinnamon anemonefish (Amphiprion melanopus) and spiny 
damselfish (Acanthochromis polyacanthus). 

• Study the expression of four genetic markers related with neurogenesis and 
neuroplasticity in response to high-CO2 level. 
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Methodological considerations 
This thesis is based on data retrieved from behavioural observations of wild-caught 

three-spined stickleback and brain samples from tissue of wild-caught three-spined 

stickleback, cinnamon anemonefish and spiny damselfish. Care was taken to reduce, 

replace and refine (RRR) when using animals in these studies. 

Experimental design 

High-CO2 set-up 
Exposure of sticklebacks to control and high CO2 in Papers I-III was performed using 

the same CO2 system at Sven Lovén Centre for Marine Sciences (Kristineberg), 

University of Gothenburg (Sweden). The aquaria were continuously supplied with 

water from four header tanks, two providing aerated control water and two providing 

high-CO2	 water. The header tanks were supplied with surface seawater pumped from 

the Gullmars fjord. Water from the header tanks was gravity fed through silicone 

tubing to each holding aquarium at a rate of ~1 l min. In the high-CO2	 tanks, the level 

of CO2	 was regulated by keeping the pH stable with a pH stat (Aqua Medic, 

Bissendorf, Germany) connected to a solenoid valve controlling the bubbling of the 

water with CO2. Temperature, pH and pCO2 were measured daily from a randomly 

chosen aquarium from each exposure group. The pCO2	 was measured with an infrared 

CO2	 probe connected to a submerged CO2-permeable membrane (GM70 

CARBOCAP; Vaisala, Vantaa, Finland) equipped with an aspiration pump, as 

described by Munday et al. (2012). Alkalinity was measured every third day by taking 

a sample of 25 ml from one treatment and one control aquarium. These samples were 

filtered through a 2 µm filter and analysed in a titration machine (SI Analytics, Mainz, 

Germany) by stepwise addition of hydrogen chloride. Water salinity measures were 

provided by the field station’s monitoring of surface water.  

Exposure of cinnamon anemonefish to high-CO2 level was carried out at 

James Cook University in 45 L aquaria provided with continues flow of seawater at 

1.5 mLmin-1. The high-CO2 was regulated by an AquaMedic AT-controller (Aqua 

Medic, Bissendorf, Germany) that that dosed a 3000L sump with CO2 to maintain the 

pH at the appropriate level for the desired pCO2. Salinity (Hach HQ15d) and 

alkalinity were checked weekly. Total alkalinity was estimated by GranTitration 

(Metrohm 888 Titrando titrator) and validated against certified reference material 
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(A.G. Dickson Scipss Institute of Oceanography). pCO2 was calculated in CO2SYS 

(http://cdiac.ornl.gov/oceans/co2rprt.html) using the daily pHNBS (pH calibrated in 

National Bureau of Standards buffers) and temperature (°C) readings and the weekly 

total alkalinity and salinity measurements.  

Spiny damselfish exposure to control or CO2 water was performed at the 

Marine Station in Lizard Island using 60 l header tanks connected to the rearing 

aquaria. High-CO2 water was achieved by dosing the required CO2 in the header tank 

by a set pHNBS. Through a power-head pump the water was then delivered into the 

aquaria by a pH controller (Aqua Medic GmbH, Bissendorf, Germany) at ~1000 

ml/min−1. Control aquaria received seawater from a 60 l header tank diffused with 

ambient air. For each aquarium, the temperature was measured twice daily.  

The pHNBS of each aquarium was monitored regularly and total alkalinity 

was estimated by Gran titration using certified reference materials (Dr A. Dickson, 

Scripps Institution of Oceanography). Measured were done from replicate water 

samples of control and high CO2 water taken throughout the experiment, and pCO2 

were measured as described for stickleback. 

 

Behaviour experiments 

Lateralization 
Behavioural lateralization is a powerful test commonly used to investigate brain 

function for different decision-making tasks. The left versus right responses to 

environmental stimuli during behavioural activity is the expression of brain 

specialization and brain functional activity that confer the ability to animals to carry 

out parallel processing and enables simultaneous responses to different stimuli 

(Bisazza et al., 1998; Dadda et al., 2012). In most vertebrates, fish included, the 

behaviour lateralization is related to the presence of a dominant eye, which is 

responsible for scrutinizing incoming stimuli from the environment, and the position 

of the individual in relation to the observer. In fact, turning towards the left allows the 

fish to use the right eye to monitor a potential predator on its right side, providing the 

fish with a stronger field of vision. At the same time the left eye can be focused on a 

different task such as acquiring resources. Improved schooling performance, escape 

response, orientation and cognitive tasks are some advantages of brain asymmetry 
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(Bisazza and Dadda, 2005; Sovrano et al., 2005; Vallortigara et al., 2005; Dadda et 

al., 2010).  

In Paper I, the behavioural lateralization test was used to investigate altered 

brain function in three-spined stickleback exposed to high-CO2 level. Single 

individuals were introduced in a double T-chamber (Figure 10) and gently encouraged 

to swim until the end of the runway, where the direction in which they turned was 

recorded.  
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Figure 10. The double T-chamber used for the behavioural lateralization test in 

three-spined stickleback. The chamber used in this study measured 50 cm × 50 cm, with a 

runway 9 cm wide and was filled with water to a height of 5 cm, supplied from the holding aquarium 

from which the fish was taken. From Lai et al. (2015). 

 

Fish were encouraged to swim back and forth until 20 turns were recorded and 

the score of each individual’s turn preference was used to calculate the relative (Lr) 

and the absolute lateralization (La) according to Domenici et al. (2012).  

To check a possible involvement of the GABAA receptor in CO2 effects, the 

behavioural lateralization was retested in the same individuals 10 days after the first 

trial. This time, the fish were tested twice, once immediately before and once 

immediately after a 30 min treatment with gabazine. The treatment involved placing 

each fish a 200 ml jar containing 50 ml seawater with gabazine (4 mg l-1; Sigma-

Aldrich Co., St Louis, MO, USA;) as described by Nilsson et al. (2012).  
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Samples preparation 

Sample collection and preservation of nucleic acids 
Brain samples from the three-spined stickleback (Paper II and Paper III) and 

cinnamon anemonefish (Paper III) were rapidly dissected, snap-frozen in liquid 

nitrogen and stored at -80 °C until further use. Brain samples from the spiny 

damselfish (Paper III) were immersed in RNA-Later (QIAGEN) and kept refrigerated 

for three days before storage at -80 °C. In molecular studies, avoiding degradation of 

ribonucleic acids is a major challenge since these are considered to be fragile 

molecules	 and preservation of tissues is needed to avoid molecule degradation or 

transcriptional induction. Samples collection processing methods may affect RNA 

integrity and influence gene expression analysis (Bustin et al., 2009). Preservation of 

cellular structures is what preserves RNA stability in tissue. Immersion in liquid 

nitrogen and the subsequent storage at -80 °C is a general procedure, however RNA-

Later is also used as common stabilization reagent for imminent preservation of 

tissues and RNA. The RNA-later is well suited in case of transportation, shipping and 

storage without need for ice or dry ice, making it useful for preservation of RNA from 

tissues gathered in the field. What is more likely to induce RNA degradation is 

mistreatment of tissues before sampling and transportation, or contamination by 

RNAases during lab work. 

	

RNA isolation  
Total RNA was extracted from brains using TRIzol® reagent (Invitrogen, Carlsbad, 

CA, USA). This reagent is a monophasic solution of phenol, guanidine isothiocynate 

and other components that allow isolating high quality of total RNA from cells and 

tissues. Phenol is an organic compound commonly used to purify nucleic acids from 

protein contaminants. Due to its non-polarity status, when added to a cell sample 

solution together with chloroform, the TRIzol® creates two-density phases. On top, a 

polar aqueous phase solution containing RNA and water, at the bottom an organic 

non-polar phenol phase containing DNA, denatured proteins and other components. 

On the other hand, guanindine isothiocyanate maintain integrity of RNA just after cell 

lysis through denaturation and inhibition of RNAse. RNA was subsequently from the 

aqueous phase through isopropanol. To remove any trace quantities of DNA 

contamination, the total RNA was DNase treated with TURBO DNAse-free kit 
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(Ambion Applied Biosystem, Foster City, CA). This last step is very important for 

removal of any remnant genomic DNA that can interfere with downstream 

experiments. Subsequently, cDNA was synthesised in duplicate from each totalRNA 

sample using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) 

and oligo(dT)18 in a total reaction volume of 20 µl. All procedures were carried out in 

accordance with manufacturer’s protocols.   

 

Partial cDNA cloning and sequencing in damselfish and clownfish 
In contrast to the three-spined stickleback, the genomes of cinnamon anemonefish and 

spiny damselfish are not sequenced and annotated to date. Therefore, cloning and 

sequencing were required in order to obtain sequences for genes of interest and to 

allow design of primers for further experiments in these two species. PCR products 

were cloned using pGEM® -T Easy Vector System I (Promega, Madison, WI, USA) 

and CaCl2 competent Escherichia coli cells and then cultured on LB plates containing 

ampicillin and IPTG/X-gal for blue/white selection of colonies. White colonies were 

further processed by colony PCR, and their products were sequenced by GATC. 

Using primers targeting the plasmid region outside the PCR insert allow sequencing 

of the full length of the inserted amplicon without missing first and last nucleotides 

along the sequence. All procedures were carried out according the manufacturer´s 

protocols.  

 

Normalization of qPCRs results 
Reference genes were used to normalize the real-time polymerase chain reaction (RT-

PCR or qPCR) results on the gene expression analysis. A reference gene is a gene 

equally expressed among cells in different tissues and under different treatment 

conditions (Vandenbroucke et al., 2001). To date, few reference genes have been used 

to normalize qPCR data in cinnamon anemonefish and spiny damselfish. For instance, 

eukaryotic translation elongation factor 1 alpha (Ef1-α) and beta-actin (β-actin) were 

used in cinnamon anemonefish (Lee et al., 2014; Choi et al., 2016) and lactate 

dehydrogenase (ldh-b) for the spiny damselfish (Edmunds et al., 2011). On the 

contrary, ubiquitin (ubc) and ribosomal protein L13A (rpl13A) have previously been 

demonstrated to be the most stably expressed genes in the three-spined stickleback 

(Hibbeler et al., 2008). For all these reasons, ubc and rpl13A were tested and used to 



	 34	

normalize qPCR of all three species under analysis here. Using random brain samples 

from control and high-CO2 exposure groups the crossing point (Cp) and the primer 

efficiencies (E) values were checked to be constant and no differences on mRNA 

expression levels were detected between the control and CO2-treated group. The 

geometric average of their expression was then used to normalize the data sets, since 

this method has been shown to be a prerequisite for an accurate qPCR expression 

analysis leading the possibility of studying small expression differences 

(Vandesompele et al., 2002; Hellemans et al., 2007).  

 

Quantification of mRNA transcript levels 
The qPCR is the most common method used for analysing mRNA expression levels 

patterns in different tissues and treatments groups (Bustin, 2002). Despite that the 

assay is easy to perform, considerable attention and precaution are needed in order to 

obtain high accuracy of qPCR performance. RNA samples were DNAse treated to 

remove any remnant genomic DNA contamination that might result in inaccurate 

qPCR quantification. Specific primers were designed in order to discriminate between 

closely related transcripts. The best primer pair was considered to be the one with the 

lowest Cp value, high E and specific melting curve. Even an additional precaution 

was made in order to avoid amplifying genomic DNA; the primer sequences were 

directed to exons-exon overlaps. The SYBRgreen stain used for the qPCR reactions is 

both light- and thermosensitive. Accordingly, it was protected from light when 

possible and repeated freeze–thawings were avoided. An automated robot (Bravo 

robot; Agilent Technologies, USA) was used to pipette and prepare plates with 384 

wells each by reducing the variability and contamination between the plates. In order 

to discriminate between technical or biological outliers, the cDNA synthesis was 

performed twice for each total RNA sample, and each cDNA sample was run in 

duplicate. Altogether, a total of four qPCR reactions were performed for each sample 

of total RNA.  

	

mRNA levels versus protein levels 
Exposure to environmental challenges such as changes in temperature, salinity and 

oxygen is what dominate daily life strategies, physiology and behaviour of living 

organisms (Cossins et al., 2006). Adaptive responses are the base mechanisms used to 
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mitigate new challenges, and information on the initial processes of adaptive change, 

as genomic sources, is a prerequisite to get detailed insights into mechanism 

underpinning environmental plasticity (Cossins et al., 2006). 

As a well-known dogma in biology, information from genes get transcribed 

into RNA and sequentially translated into functional protein. There is a general 

assumption that mRNA abundance is informative in the prediction of protein 

expression, however, this conclusion does not find full support in the literature. 

Limited studies found an overall positive correlation between mRNA and protein 

expression levels. In mice, ovarian cancer genes with differentially expressed mRNAs 

have significantly higher correlations between mRNA and protein than non-

differentially expressed mRNAs, however only 29 genes were examined 

(Koussounadis et al., 2014). In humans, a study of 71 genes showed that mRNA-

protein correlation varies among gene function, showing the highest correlation in 

genes related with extracellular component (Guo et al., 2008).  

Diverse regulatory mechanisms may occur during transcription and translation 

that enhance or repress the synthesis of proteins from mRNA (Maier et al., 2009) 

(Figure 11). Conformational changes in mRNA structure, mRNA size, codon bias, 

ribosomal density, post-translational factors can influence the final protein synthesis 

and functionality (Maier et al., 2009). As well as noise and experimental errors play a 

role when comparing mRNA-protein expression (Maier et al., 2009). 

 
Figure 11. Factors that may influence mRNA-protein expression level. The figure illustrates an 

overview of the central synthesis pathway from mRNA expression to protein turnover. In the yellow 

boxes the several mechanisms that enhances or repress the synthesis of proteins from mRNA. Figure 

from Maier et al. (2009). 
 

Analysis of both mRNA transcripts and protein expression level is a desire 

endpoint for a molecular biology study, and each analysis should complement each 

other.  
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In the current thesis, due to the little information available on the GABAergic 

system in fish, we firstly decided to focus our effort on the quantification of mRNA 

transcripts in the three-spined stickleback. Doing that we had the chance to detect and 

investigate the presence of multiple paralogues genes that may play important and 

slightly divergent roles in fish brain. Taken together, insights in mRNA regulatory 

mechanism facilitate a better understanding of gene expression levels, however, to get 

a more global view of biological mechanisms a protein analysis should also be 

included. 	
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Synopsis of results 

Paper I 
Lai F, Jutfelt F and Nilsson GE  
Altered neurotransmitter function in CO2-exposed stickleback (Gasterosteus 
aculeatus): a temperate model species for ocean acidification research.  
2015, Conservation Physiology Volume 3 cov018. 
 

In this first paper, behavioural lateralization was used as a test to determine 

stickleback brain dysfunction after exposure to high-CO2 level and to investigate a 

possible involvement of the GABAA receptor, the main inhibitory neurotransmitter 

receptor in vertebrate brain. The acid-base regulatory mechanisms in fish exposed to 

high CO2 are such that may change HCO3
- and Cl- ion gradients across the neural 

membrane may render some GABAA receptors excitatory rather than inhibitory 

thereby affecting fish behaviour. After 50 days of high-CO2 exposure, three-spined 

stickleback showed a loss of behavioural lateralization compared a control group 

exposed to normal CO2 level, suggesting altered brain function. To test for an 

involvement of GABAA receptors, we re-run the lateralization test after fish had been 

treated with the GABAA receptor antagonist gabazine. The loss in behavioural 

lateralization in high-CO2 exposed fish was reversed by the gabazine treatment, 

indicating that elevated CO2 interferes with GABAA receptor function in stickleback. 

We proposed that also changes in gene expression may be involved since previous 

studies have shown that the altered behavioural functions develop over several days. 
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Paper II 
Lai F, Fagernes CE, Jutfelt F, and Nilsson GE 

Expression of genes involved in brain GABAergic neurotransmission in three-
spined stickleback exposed to near-future CO2 

2016, Conservation physiology, in press. 
 

Since Paper I indicated an involvement of GABAA receptor function in the 

behavioural alterations displayed by three-spined stickleback under high-CO2 

conditions, we proceeded by investigating the molecular expression pattern of the 

GABAA receptor and other genes involved in GABAergic neurotransmission. 

Consequently, we quantified the mRNA transcription levels of twenty-eight genes 

encoding for the GABAA receptor subunits, six for GABA transporters (GAT1-3), 

GABA aminotransferase (GABAT), three for glutamate decarboxylases (GAD 1-2), 

three for GABAA receptor associated protein and protein like (GABARAP and 

GABARAPL), fourteen for ion co-transporters (KCCs, NKCCs, ClC2s, AE3 and 

NDAE), and finally two for carbonic anhydrases (CAII and CAVII).  

Exposure to high-CO2 condition had only minor effects on the expression of 

genes involved in GABAergic neurotransmission in three-spined stickleback. A 

significant increase in mRNA levels was found in the α family subunits of the 

GABAA receptor, while the mRNA levels of the other genes investigated were not 

significantly affected by the elevated pCO2 treatment. This lack of change included 

the Cl- transporters NKCC1 and KCC2, which are known to play an important role in 

setting the reversal potential for Cl- in the mammalian CNS, thereby shifting the 

GABAA receptor action from excitatory to inhibitory during ontogeny. 

 Although the minor changes seen in some mRNA levels might reflect 

compensatory mechanisms in the high-CO2 condition, these are apparently 

insufficient for restoring normal neural function since the behavioural changes 

persisted within the time frame studied.  
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Paper III 
Lai F, Fagernes CE, Bernier N, Miller MG, Munday PL, Jutfelt F, Nilsson GE 
Responses of neurogenesis and neuroplasticity related genes to ocean 
acidification in the brain of three teleost species. 
2016, ready for submission. 
 

In this last paper of the thesis, the effects of elevated CO2 treatment on the expression 

of genes involved in brain plasticity were investigated in the three-spined stickleback 

and in the two-tropical species: cinnamon anemonefish and spiny damselfish. These 

three species where exposed to high-CO2 regimes that have previously been found to 

have effects on their behaviour. It is well established that in contrast to mammals, fish 

have a high potential to generate new neurons throughout their lifespan, which is 

necessary for the continuous brain growth and the ability to modify and adapt to new 

external stimuli. We chose to quantify the mRNA expression of four genes that are 

markers for cell proliferation (PCNA), neural determination and differentiation 

(NeuroD and DCX) and synaptic plasticity (BDNF). The results showed a species-

specific regulation of genes involved in neurogenesis in response to ocean 

acidification. mRNA expression levels NeuroD and DCX were up-regulated in three-

spined stickleback exposed to high-CO2, while no changes were detected for 

cinnamon anemonefish or spiny damselfish. mRNA expression levels for PCNA and 

the BDNF remained unaffected by high-CO2 treatment in all three species examined. 

The results might indicate a difference in coping styles and behavioural plasticity 

among fish species in response to the predicted-future CO2 level, and it is possible 

that the brains of the tropical fish species studied are less capable of adaptive neural 

responses to predicted-future CO2 levels. 
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General discussion 

The past evolutionary change as a key for future evolutionary 
predictions 
Global research studies are providing crucial insight into biological responses of 

marine fish species to ocean acidification, revealing notable impacts on behaviour and 

sensory systems, otolith growth, mitochondrial function and metabolic rate, 

underpinning fish as marine organisms particularly sensible to future CO2 level and 

ocean pH (reviewed by Heuer and Grosell, 2014).  

A major challenge for ocean acidification studies is to estimate possible 

adaptive responses of fish under a range of future conditions, in particular since these 

environmental challenges will occur over several generations. To date, there are still 

few studies that aimed to assess evolutionary responses of fish to ocean acidification, 

resulting in a big lag on the evolutionary perspective. For instance, one study on 

natural marine CO2 seeps showed that fish species exhibit behavioural dysfunction 

similar to those reported in studies on predicted-future CO2 levels, thereby revealing 

problematic adaptations throughout generations (Munday et al., 2014). 

During fish evolution, the Earth has gone through dramatic changes in O2, 

CO2 and global temperature, which have played important roles for diversification of 

fish species (Pörtner et al., 2005; Ward 2006) (Figure 12). From the early Triassic 

period (200-250 millions year ago) until today, teleost fish have radiated into about 

26000 species. However, during the Permian period, a profound mass extinction 

resulted in a loss of as much as 96% of marine species, possibly representing the 

greatest biodiversity crisis in the history of animal life (Randall et al., 2014). Despite 

that this occurred during volcanic activity and global fires leading to elevated CO2, 

low O2 and increased temperatures, fish showed a large potential to adapt through 

changes in swimming and feeding behaviour, aided by genome duplication events 

(Wittman and Pörtner 2013; Randall et al., 2014). On the other hand, 81% of 

calcareous sponges, corals, brachiopods, bryozoans and most of the Echinodermata 

genera were lost during this time period, possibly due to the low resilience of calcified 

organisms (Knoll et al., 2007; Payne and Clapham. 2012). It is important to underline 

that in this mass extinction scenario, CO2 was at a lower range level compared those 

expected in CO2 future scenarios and the synergistically combination of changes in 



	 41	

CO2, O2 and water pH is what accounted for such mass extinction across marine 

animals (Knoll et al., 2007; Payne and Clapham, 2012). 

 

a)

b)

c)

 
Figure 12. Carbon cycle evolution over the past 300 millions years. Reconstruction of 

(a) climate perturbation events of (b) atmospheric CO2 and (c) average ocean pH. From Hönisch et al. 

(2012). 

 

At present, it is not known to what degree natural selection will be able to 

counteract the physiological effects of future-CO2 levels. When an involvement of the 

GABAA receptor in neural dysfunction of hypercapnic fish was first suggested, it was 

hypothesised that highly active fish with a need for rapid oxygen uptake, and 

therefore large respiratory surface areas, would be more at risk for being affected by 

increases in the water CO2 level (Nilsson et al., 2012). The reason for this is that a 

large respiratory surface area should also be associated with a fast release of CO2 from 

blood to water, approaching equilibrium with the ambient water, making the blood 
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carbonate system more sensitive to ambient changes in CO2. Indeed, fish in general 

have quite low internal levels of CO2 compared to air breathing animals due to the 

high solubility of CO2 in water. As in the Permian, the synergistic effects of 

temperature, CO2 and O2 in the 21st century can in association affect physiological 

functions and thereby future fish communities and a possible evolutionary adaptation 

could enhance the potential for an evolutionary response. 

 

Three-spined stickleback, a good model species for ocean 
acidification studies 
The three-spined stickleback is a fish species able to tolerate a wide range of 

environmental conditions and few would have considered it to be particularly 

vulnerable to ocean acidification. The first evidence of its sensitivity to high-CO2 was 

presented by Jutfelt and colleagues (2013). After being acclimated for 40 day in 

control (330 µatm CO2) or high CO2 water (991 µatm CO2), the stickleback was 

tested for boldness, exploratory behaviour, lateralization and learning. It was found 

that the stickleback is a species showing behavioural lateralization, with 40% (La, 

absolute lateralization index) of the population showing a turning preference when 

faced with an obstacle. This side-turning preference is a reflection of brain 

lateralization and hemisphere specialization that confer to animals the ability to carry 

out parallel processing and enables simultaneous responses to different stimuli 

(Bisazza et al., 1998; Dadda et al., 2012). Stickleback exposed to high-CO2 for 40 

days showed significantly lower turning preferences with a population preference 

reduced to 20 % (Jutfelt et al., 2013). The result was confirmed in Paper I, showing 

an even larger decrease in absolute lateralization after 50 days high-CO2 exposure. 

We could then also examine an involvement of GABAA receptor by treating the fish 

with the GABAA antagonist gabazine finding that the suppressive effect of high-CO2 

on behavioural lateralization was reversed. It can be presumed that by partially 

blocking the GABAA receptor, gabazine can reduce Cl-/HCO3
- outflow and thereby 

diminish the excitatory activity of the GABAA receptor. We did not measure the [Cl-] 

and [HCO3
-] in either intracellular and extracellular compartments. However, 

calculations of GABAA equilibrium potentials of neurons in fish exposed to near-

future pCO2 are consistent in showing a possibility for a shift in the GABAA receptor 

equilibrium potential from causing hyperpolarization to depolarization (Heuer and 
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Grosell, 2014; Heuer et al., 2016; Nilsson and Lefevre, 2016; Regan et al., 2016).  

Most importantly, the result of Paper I allowed us to use the tree-spined 

stickleback as a model species for the subsequent studies in Paper II and Paper III. In 

Paper II we investigated the mRNA expression level of a wide range of genes that are 

directly or indirectly linked with the GABAA receptor activity. Our primary attention 

was focused on the GABAA receptor subunits and on the ion co-transporters since 

several studies on mammals have shown that regulation of these genes is at the base 

of the mechanism involved in shifting GABAA receptor activity from inhibitory to 

excitatory. Interestingly, only minor changes were detected for expression levels of 

the family of α subunits. These changes in high CO2 might indicate possible 

compensatory mechanisms used by three-spined stickleback to restore a proper 

GABAA receptor function, however, the changes are apparently not sufficient since 

the behavioural dysfunctions detected in the same individuals by Jutfelt et al. (2013) 

persist within the time frame studied. Also, we cannot exclude that the changes 

detected in this study are in fact maladaptive rather than adaptive and even contribute 

to the behavioural alterations reported. One possibility is that neural circuits that 

become overactive due to the occurrence of excitatory GABAA receptors will through 

feedback mechanisms strive to adjust this by increasing the number of GABA 

receptors (not "knowing" that these are now excitatory), which in this case 

unfortunately will make the situation worse. Maybe surprisingly, exposure to high-

CO2 did not result in significant changes at the mRNA expression levels for ion 

transporters. As mentioned, these transporters are known to play important roles in 

setting the reversal potential for Cl- in mammalian CNS, leading to a shift of the 

GABAA receptor function from excitatory in immature neurons to inhibitory in 

mature neurons (Delpire, 2000). In any case, this does not appear to happen in CO2 

exposed stickleback under the present conditions since we found no significant 

changes in the expression of NKCC1 and KCC2, or in other Cl- and HCO3
- 

transporters.  

In addition to regulate behaviours, the GABAA receptor is also involved in 

modulating neuronal proliferation, differentiation and maturation in adult mammalian 

brain and in light of the widespread neural alterations seen in fish exposed to elevated 

CO2, we hypothesized that also fish brain plasticity and neurogenesis are altered 

during such conditions. Therefore, in Paper III we analysed the mRNA expression 

levels of genetic markers of cell proliferation and neural differentiation in the adult 
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brain of three-spined stickleback, cinnamon anemonefish and spiny damselfish 

exposed to elevated CO2. The study indicated a possible species-specific regulation of 

genes involved in neurogenesis since exposure to high-CO2 did not result in 

significant differences in the mRNA expression levels of the four neurogenesis related 

factors in the two tropical species. However, the three-spined stickleback showed 

increased mRNA expression levels of both NeuroD and DCX in response to elevated 

CO2. In adult mammalian hippocampus, an increase of the NeuroD expression has 

been linked to the excitatory activity of GABAA (Deisseroth et al., 2004). It might be 

that a shift in the GABAA receptor activity from hyperpolarizing to depolarizing in 

stickleback exposed to high-CO2 is responsible for triggering the increased expression 

of NeuroD and DCX. These differences in expression among the species studied 

might suggest a difference in coping styles and behavioural plasticity among fish 

species in response to the predicted-future CO2 level. 

 

Concluding remarks 
This thesis aimed at expanding the neurophysiological understanding of future-CO2 

effects on fish. In particular, a role of altered gene expression was examined, both 

with regard to the function of GABAergic neurotransmission and neural plasticity. 

The main switch responsible for disturbed behaviour and neural responses was again 

indicated to be linked to GABAA receptor activity. While minor changes in GABAA 

receptor mRNA levels were detected, it is clear that further studies are needed to 

better understand the mechanisms leading to GABAA receptor dysfunction, as this 

appears to be a key to our understanding of the neural effects of ocean acidification. 

The thesis has in one respect expanded the field by showing that also brain plasticity 

may be influenced by exposure to elevated pCO2, as indicated by data on stickleback 

showing increased expression of genes regulating neural determination and 

differentiation. 
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