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Resumen 
 

Actualmente existe un creciente interés sobre el impacto de las dietas en 

la cognición. Es ampliamente conocido que el cerebro requiere una gran 

cantidad de energía para llevar a cabo sus funciones vitales. La gran 

mayoría de esta energía es consumida por las neuronas para mantener las 

sinapsis, donde los receptores AMPA desempeñan un papel significativo. 

Nuestro grupo ha demostrado recientemente que el tráfico de la 

subunidad GluA1 de estos receptores AMPA hacia la membrana 

plasmática se reduce en situaciones de escasez de glucosa. De acuerdo con 

esto, esta tesis se centra en dilucidar los efectos de diferentes nutrientes 

en el tráfico de la subunidad GluA1 de los receptores AMPA, las funciones 

sinápticas y los procesos cognitivos. Para poder abordarlos, se utilizaron 

cultivos primarios de neuronas y cortes de hipocampo para analizar el 

efecto de nutrientes intentando imitar diferentes dietas. También se 

llevaron a cabo experimentos in vivo para examinar el impacto de estas 

dietas en procesos de memoria. Los resultados de esta tesis mostraron 

que, por un lado, el ácido palmítico, un ácido graso saturado, disminuyó la 

cantidad de niveles de GluA1 en la superficie, mientras que el ácido oleico 

y el ácido docosahexaenoico ω-3, dos ácidos grasos insaturados, 

aumentaron la cantidad de GluA1 en la membrana plasmática. Por otro 

lado, el β-hidroxibutirato, un cuerpo cetónico utilizado como fuente de 

energía en el cerebro durante una dieta cetogénica (basada en la ingesta 

baja de carbohidratos y alta en grasas), elevó los niveles de GluA1 en la 

superficie. Además, este cuerpo cetónico contrarrestó los efectos 

negativos del ácido palmítico en los niveles sinápticos de GluA1, la 

transmisión sináptica y la excitabilidad neuronal. De igual manera, la 

administración oral de BHB fue capaz de revertir el deterioro cognitivo 

mediado por una dieta rica en grasas saturadas. También se exploró si el 

eje malonil-CoA - CPT1C está involucrado en los efectos del ácido palmítico 

y del β-hidroxibutirato. Finalmente, se identificó la región de SAC1 que 

interactúa con CPT1C, ya que estas dos proteínas forman parte del 

macrocomplejo de los AMPARs y están involucradas en la regulación del 

tráfico de dichos receptores. En conclusión, los resultados confirman el 

importante papel de los nutrientes en la neurotransmisión, brindando 

nuevas perspectivas sobre por qué ciertas dietas son capaces de retrasar 

los deterioros cognitivos. 
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Abstract 

 

Nowadays there is an increasing interest about the impact of diets on 

cognition. It is widely known that brain demands huge amount of energy 

to carry out its vital functions. The vast majority of this energy is consumed 

by neurons to maintain synapses, where AMPA receptors assume a 

significant role. Our group has recently shown that the AMPAR subunit 

GluA1 trafficking toward the plasma membrane is downregulated upon 

glucose depletion. In agreement with this, this thesis is focused on 

elucidating the effects of different nutrients on GluA1 trafficking, synaptic 

functions and cognitive processes. To address so, primary neuronal 

cultures and hippocampal slices were used to analyze the effect of 

nutrients imitating different diets. In vivo experiments were also 

conducted to examine the impact of diets in memory processes. Results of 

this thesis showed that, on the one hand, palmitic acid, a saturated fatty 

acid, decreased the amount of surface GluA1 levels, while oleic acid and 

ω-3 docosahexaenoic acid, two unsaturated fatty acids, increased the 

amount of GluA1 at the plasma membrane. On the other hand, β-

hydroxybutyrate, a ketone body used as a source of energy in the brain 

during ketogenic diet (based on low carbohydrate and high fat intake), 

raised surface GluA1 levels. Furthermore, this ketone body counteracted 

the negative effects of palmitic acid on synaptic GluA1 levels, synaptic 

transmission and neuronal excitability. Moreover, β-hydroxybutyrate oral 

administration was able to reverse the cognitive impairment mediated by 

saturated high fat diet. It has been explored whether malonyl-CoA – CPT1C 

axis is involved in palmitic acid and β-hydroxybutyrate effects too. Finally, 

it has been identified the region of SAC1 interacting with CPT1C, since 

these two proteins form part of the AMPAR macrocomplex and are 

involved in the regulation of its trafficking. Overall, results confirm the 

important role of nutrients in neurotransmission, providing new insights 

into why certain diets are able to delay cognitive impairments.  
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1. Synaptic transmission 
The human brain stands as the most intricate and enigmatic organ within 

the body, functioning as the core of our thoughts, emotions, memories 

and behaviors. Although the brain represents only 2% of the total body 

weight, this vital organ consumes approximately 20% of the total body’s 

energy expenditure. All this energy is mainly used for ion and 

neurotransmitter transport, which predominantly takes place in synapses 

(Attwell & Laughlin, 2001).  

 

Neurons are the fundamental units of the nervous system, responsible for 

transmitting information from one part of the body to another thanks to 

the synapses. It is well-known that they establish communication through 

the release of neurotransmitters from their presynaptic terminals into the 

synaptic cleft (Di Maio, 2008). Subsequently, these molecules are detected 

by the receptors on the postsynaptic neuron’s membrane and the 

chemical signal is expanded throughout the neuron.  

 

However, they are not the only cells that take part in synapses. Astrocytes 

also modulate synaptic neurotransmission through their internal Ca2+ 

levels. Their increase triggers the release of chemical neurotransmitters 

from the glial cells themselves. This fact led to introduce a novel concept 

that completely transformed the understanding of synaptic transmission 

known as the “tripartite synapse” (Araque et al., 1999). Later on, microglia, 

the resident immune cells of the central nervous system (CNS), has been 

proposed as synaptic sensors also participating in the process called 

“quad-partite synapse” (Paolicelli & Gross, 2011; Schafer et al., 2013). 

Indeed, it has been recently suggested the concept of “multipartite 

synapse” where oligodendrocytes and the extracellular matrix would have 

a further role (Louail et al., 2023).  

 

As mentioned earlier, neurons are the main character of the synapse due 

to their huge electrical excitability. These crucial components of synapses 

can fire an action potential (also known as spike) as it is represented in 

figure 1. It is an all-or-none firing event where there are voltage changes 

across the plasma membrane (Hodgkin & Huxley, 1952).  
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Figure 1. Events on the plasma membrane during an action potential. The 
membrane voltage is determined by the relative ratio of ions both extracellular 
and intracellular. A chemical signal triggers the opening of sodium ion (Na+) 
channels and it initiates the action potential (despolarization). The resting 
potential is restored by the opening of potassium ion (K+) channels 
(repolatization). There may be a brief hyperpolarization, making it temporarily 
more challenging to trigger another action potential. Finally, the sodium-
potassium pump actively transports three sodium ions out while bringing two 
potassium ions into the cell, restoring the proper ion balance.  
 

 

These local voltage changes (postsynaptic potentials) in the plasma 

membrane represent the neuron’s response to incoming signals from 

other neurons through the release of neurotransmitters. The majority of 

neurons receive inputs from both excitatory and inhibitory synapses 

leading to excitatory postsynaptic potentials (EPSPs) and inhibitory 

postsynaptic potentials (IPSPs). EPSPs cause temporary depolarization of 

the postsynaptic membrane, bringing it closer to the threshold for firing 

an action potential (Vadakkan, 2016). In contrast, IPSPs produce a 

temporary hyperpolarization, making it more difficult for the neuron to 

reach the action potential threshold. The balance between these opposing 

potentials is crucial for the complex computations performed by neurons, 

allowing them to integrate incoming information and determine whether 

or not to transmit signals to downstream neurons (Taub et al., 2013). 
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EPSPs are graded, they have an additive effect. Thus, the summation of 

several EPSPs increase the likelihood for the initiation of an action 

potential in a neuron. If the cumulative inputs are frequent and strong 

enough, they can effectively push the membrane potential past the 

threshold, leading to the firing of an action potential. 

 

EPSPs can be measured using various electrophysiological techniques that 

offer valuable insights into synaptic signaling within neural circuits (Acker 

et al., 2016; Richardson & Silberberg, 2008; Sayer et al., 1990; Stuart & 

Häusser, 2001). Furthermore, field EPSPs (fEPSPs) can also be analyzed 

collecting the electrical activity generated by a population of neurons 

rather than the activity of a single one even in vivo (Heim et al., 2022).  

 

 

1.1. Mechanisms of neurotransmitters’ release 
When the action potential reaches the axon terminal, it triggers the 

opening of voltage-gated calcium channels in the presynaptic membrane. 

They are the responsible for the fusion of vesicles and the posterior 

exocytosis of neurotransmitters (Katz, 1969). Calcium ions bind to 

synaptotagmin signaling vesicle fusion (Fernández-Chacón et al., 2001). 

This promotes the assembly of the soluble N-ethylmaleimide-sensitive 

factor (NSF) attachment protein receptors (SNARE) complex, where each 

membrane has its own SNARE proteins, generating mechanical force that 

overcomes lipid bilayer repulsion, forming the stalk and leading to fusion 

(Chernomordik & Kozlov, 2008). This involves vesicle-SNAREs 

(synaptobrevin, also known as VAMP) and target-SNAREs (syntaxin and 

SNAP-25) zippering, bringing the synaptic vesicle and the presynaptic 

membrane close (Söllner et al., 1993) as it is shown in figure 2. Apart from 

the SNARE complex itself, there are other proteins such as Munc and 

complexin which play complementary roles. Munc ensures the proper 

formation of the SNARE complex, preventing premature vesicle fusion 

(Wang et al., 2019), while complexin acts as a brake, inhibiting full 

zippering until calcium ions trigger its release (Chen et al., 2002).  
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Figure 2. Neurotransmitters’ release during a synapse. The action potential 
facilitates the entrance of calcium ions into the cells. This movement of ions allow 
synaptic vesicles to fuse with the presynaptic membrane and release 
neurotransmitter which will bind the postsynaptic receptors. 

 

 

Once docked and fused, the synaptic vesicles undergo exocytosis releasing 

neurotransmitters into the synaptic cleft. They diffuse across it and bind 

to specific receptor molecules on the postsynaptic membrane. In the case 

of an excitatory synapses, glutamate, the main excitatory 

neurotransmitter, binds to the three types of ionotropic receptors: α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 

(AMPARs), N-methyl-D-aspartate receptors (NMDARs) and kainate 

receptors (Traynelis et al., 2010). 

 

Among these receptors, AMPARs predominantly mediate rapid 

neurotransmission driving postsynaptic depolarization. They will be 

explained in detail in section 2. It is remarkable that the postsynaptic 

exocytosis of AMPARs also requires the SNARE-mediated fusion 

machinery but it is different from the mechanism used during presynaptic 

neurotransmitter release (Jurado et al., 2013). 
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NMDARs have relatively slow kinetics compared to AMPARs’. Moreover, 

they are known as “coincidence detector” because their activation needs, 

apart from the ligand binding, the removal of magnesium ion which is 

blocking the channel. This ion is only displaced when neuron experiences 

an adequate depolarization (Furukawa et al., 2005). By contrast, kainate 

receptors can modulate both presynaptic glutamate and γ-aminobutyric 

acid (GABA) release (Negrete-Diaz et al., 2022). Furthermore, in addition 

to these ionotropic receptors, there are metabotropic glutamate 

receptors which are involved in “slower” neurotransmission. They are 

linked to G proteins and modulate cell excitability through second 

messenger signaling pathways (Niswender & Conn, 2010).  

 

After neurotransmitter molecules have communicated their signal, they 

are typically taken back up into the presynaptic neuron through 

transporters and repackaged into synaptic vesicles for future release 

(Andersen et al., 2021). 

 

However, it can occur that in the absence of any neurotransmission signal, 

synaptic vesicles release its content taking place miniature excitatory 

postsynaptic currents (mEPSCs). They are not evoked by an action 

potential in the presynaptic neuron but rather result from the 

spontaneous release of a single synaptic vesicle containing glutamate. 

They are the smallest unit of excitatory synaptic transmission and their 

study allows to analyze the properties of individual synapses. 

 

 

1.2. Synaptic plasticity 
The capacity of neurons to change the strength of their connections is 

known as synaptic plasticity. This mechanism is essential for the 

development of brain networks (Stampanoni Bassi et al., 2019). It shapes 

brain connectivity regulating cognitive functions such as learning and 

memory (Magee & Grienberger, 2020). Donald Hebb proposed a 

groundbreaking concept that has influenced our understanding of 

neurotransmission: the connection between two neurons should increase 

when neuron A consistently contributes to the firing of neuron B (Hebb, 

1949). He emphasized causality and repetition as the basis for these 

modifications, highlighting that it is not simultaneous firing but the 

consistent triggering of one neuron by another that strengthens their 

connection. This notion of causation anticipated the understanding of 
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spike-timing-dependent plasticity, emphasizing the temporal precedence 

of events (Caporale & Dan, 2008). Traditionally, Hebbian plasticity is 

summarized as “neurons that fire together wire together” (Shatz, 1992).   

 

It is important to take into account that the strengths of all synapses in a 

neuron must be globally adjusted to maintain a stable level of activity. That 

is what is known as homeostatic plasticity (synaptic scaling). If a neuron is 

underactive, all of its synapses could be strengthened proportionally to 

restore its firing rate to a normal range (Turrigiano & Nelson, 2004). Thus, 

homeostatic plasticity returns neurons to their initial state after any 

alteration, including those from Hebbian plasticity. It prevents neurons 

from being overloaded in one direction or the other. Hence, there is a 

potential significance in integrating Hebbian and homeostatic plasticity 

(Fox & Stryker, 2017).  

 

Neuronal networks have the characteristic of producing rhythmic 

oscillations in distinct frequency ranges (Buzsáki & Watson, 2012). 

Neurons’ excitability fluctuates during these oscillations, leading to 

increased firing likelihood during the depolarization phase. In contrast, 

during the hyperpolarizing phase, they are less likely to respond to 

excitatory inputs (Wang & Buzsáki, 1996). When a population of neurons 

engages in synchronous bursting, it leads to alterations in the network. 

Specifically, high-frequency activity induces long-term potentiation (LTP), 

while low-frequency bursting, long-term depression (LTD).  

 

Both LTP and LTD are anti-homeostatic activity and the most studied types 

of plasticity. In the case of LTP, it is involved in creating highly 

interconnected neural structures influencing learning and memory 

processes (Lynch, 2004). This enables the formation of precise connections 

by remodeling dendritic spines in volume and clustering (Hill & Zito, 2013). 

Moreover, AMPARs increase their number on the postsynaptic membrane 

during LTP due to an increase in their exocytosis. They are involved in the 

initial phase of LTP by enhancing synaptic strength, while NMDARs play a 

crucial role in the late phase of LTP which is related with structural changes 

in synapses, such as the growth and stabilization of dendritic spines 

(Luscher & Malenka, 2012). On the other hand, LTD is characterized by a 

significant spine shrinkage that can result in the removal of dendritic 

spines (Zhou et al., 2004). Despite their opposing effects, LTP and LTD 
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interact reciprocally to fine-tune neural connections regulating cognitive 

processes.  

 

There are other types of plasticity which have no long-lasting changes 

compared to LTP and LTD: the short-term potentiation and the short-term 

depression. The alterations they caused in synaptic strength are relatively 

short-lived and tend to decay relatively quickly, from a few milliseconds to 

several minutes (Zucker & Regehr, 2002). Paired-pulse facilitation and 

depression are examples of this plasticity (Citri & Malenka, 2008).  

 

The AMPA/NMDA ratio is considered an indicator of plasticity in the 

excitatory glutamatergic synapses because it reflects the relative 

contributions of the two major types of glutamate receptors in 

neurotransmission (Watt et al., 2004). Their balance can signal whether 

synaptic strength is potentiated or weakened. 

 

Hence, synaptic transmission is a dynamic process that underlies our 

ability to learn, remember and adapt to our ever-changing environment. 

Its intricate mechanisms allow for the strengthening and weakening of 

synaptic connections. This process is regulated by postsynaptic receptors 

(mainly AMPARs), signaling pathways and structural changes within 

neurons.  

 

 

 

2. AMPARs 
AMPARs are the main glutamate-gated ion channels and mediate fast 

excitatory synaptic transmission in the CNS of mammals. For this reason, 

they are the perfect targets for the modulation of synaptic excitation. 

Upon glutamate activation, AMPARs swiftly undergo desensitization 

(Traynelis et al., 2010). Their functions are carried out in the millisecond 

timescale (Twomey et al., 2019) and their activation results in the influx of 

cations, predominantly sodium ions (Na+), into the postsynaptic neuron. 

This influx of positive ions leads to membrane depolarization, which (if it 

reaches the threshold) can trigger the generation of an action potential.  
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Moreover, they participate in synaptic strength and plasticity which 

underlies more advanced cognitive processes such as learning and 

memory (Barry & Ziff, 2002; Malinow & Malenka, 2002).  

 

AMPARs are dynamically regulated in number and properties at synapses 

through various mechanisms such as receptor trafficking, post-

translational modifications and interactions with other proteins which will 

be discussed later. Indeed, alterations in AMPARs cause a wide range of 

neurological disorders (Guo & Ma, 2021). Their overexpression leads to 

neuroexcitotoxicity and, eventually, neuronal death (Kwak et al., 2010). 

On the contrary, neuronal dendritic arborization decreases when their 

levels are downregulated (Yoon et al., 2012).  

 

Therefore, the intracellular transport of AMPARs is rigorously controlled 

during synaptic plasticity and it is probably the responsible of the amount 

of AMPARs present at the plasma membrane (Hangen et al., 2018). There 

are three different pathways through which AMPARs can reach plasma 

membrane (figure 3).  

 

The first of them is the canonical ER-trans Golgi network (TGN) secretory 

pathway. The trafficking of newly synthesized AMPARs involves a huge 

network of internal membrane compartments (Choquet & Triller, 2013). 

Initially, the receptor is synthesized in the ER, where it undergoes 

assembly into tetramers and goes through protein quality control 

mechanisms. This fact ensures that only properly folded receptors are 

exported (Greger et al., 2007). For instance, palmitoylation process occurs 

here contributing to the stabilization of the receptor’ structure and 

protecting it from degradation. Subsequently, AMPARs are transported to 

the Golgi where further processing takes place. At this stage, 

palmitoylation specifically at cysteine 585 promotes the accumulation of 

the receptor in this compartment. It is noteworthy that the ER 

transmembrane protein CPT1C, which will be explained in detail in section 

4, is a modulator of this post-translational modification (Gratacos-Batlle et 

al., 2015).  

 

After budding from the Golgi, secretory vesicles with AMPARs go to the 

plasma membrane, thanks to the participation of microtubules and motor 

proteins associated with them, such as kinesin and dynein (Kapitein et al., 

2010). Moreover, electrophysiological recordings have indicated that 
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AMPAR-mediated synaptic transmission relies on both proteins. When LTP 

occurs, the increase of AMPARs is due to an increase in their secretory 

transport (Esteves da Silva et al., 2015; Hangen et al., 2018).  

 

The second pathway consists of the endo- and exocytosis of recycled 

AMPARs. The internalization of already existing AMPARs from the plasma 

membrane allows a rapid response to any stimuli by either removing or 

inserting the receptors as needed (Moretto & Passafaro, 2018). Once 

AMPARs are internalized, they become part of early endosomes, which 

have the potential to undergo acidification and transform into late 

endosomes (Parkinson & Hanley, 2018). Alternatively, these early 

endosomes can either return directly to the plasma membrane or travel 

through recycling endosomes before reintegration with the participation 

of some vesicle-associated SNARE proteins (Bakr et al., 2021). Just as the 

previous pathway, this route can also be modulated by activity-dependent 

post-translational modifications. In addition, it has been corroborated that 

the suppression of AMPARs exocytosis contributes to LTD (Fujii et al., 

2018; Hirano, 2018). 

 

The third and last known pathway to date is the Golgi-independent 

transport route as approximately 80% of dendrites lack the Golgi 

apparatus (Krijnse-Locker et al., 1995). This mechanism enables the swift 

insertion of AMPARs into the plasma membrane. AMPARs leave ER and 

they are promptly conveyed to recycling endosomes (Bowen et al., 2017). 

Subsequently, they reach the plasma membrane.  
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Figure 3. AMPARs’ secretory trafficking pathways. 1) Canonical ER-TGN secretory 
route. 2) Endo- and exocytosis of recycled receptors. 3) The Golgi-independent 
transport. EE: early endosomes. ER: endoplasmic reticulum. GA: Golgi apparatus. 
LE: late endosomes. PM: plasma membrane. RE: recycling endosomes. 

 

 

2.1. Structure 
AMPARs are made up of different subunits from GluA1 to GluA4 

constituting homo- or heterotetramers. Each subunit contributes in 

different ways to AMPARs giving them distinct channel kinetics, ion 

selectivity and trafficking characteristics. Nevertheless, all subunits have a 

common structural topology based on four domains: an extracellular N-

terminal domain (NTD), which is sometimes known as the amino-terminal 

domain (ATD), a ligand-binding domain (LBD), a transmembrane domain 

(TMD) and a short cytoplasmic C-terminal domain (CTD). (Greger et al., 

2017; Twomey et al., 2019).   

 

 

 

 

 

 

 

 

 

 

 
Figure 4. AMPARs topology. A) Common subunit structure of AMPARs with 
domain architecture. B) Organization of an AMPAR tetramer. mRNA editing sites 
(R/G and Q/R) are represented with black dots. The ligand glutamate is shown as 
a red square. S1 and S2 represent stretches of the LBD separated by the plasma 
membrane. CTD: C-terminal domain. ECR: extracellular region. ICR: intracellular 
region. LBD: ligand-binding domain. NTD: N-terminal domain. TMD: 
transmembrane domain. 

 

 

These four domains are constituted by three different layers: the 

extracellular region (ECR), the transmembrane region and the intracellular 

region (ICR). The ECR includes the largest portion of AMPAR 

(approximately 85%) and it is formed by the NTD and the LBD. On the one 

B) A) 
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hand, the NTD has a two-fold symmetric architecture and it is necessary 

for the assembly, regulation and trafficking. On the other hand, the LBD 

folds into a bilobate structure too capturing the ligand (glutamate) within 

this interlobe cleft. Its clamshell-like structure is made up of two 

polypeptide stretches (S1 and S2) divided by TMDs. The S2 stretch 

presents two different isoforms (flip or flop) relying on alternative splicing. 

Each isoform exhibits unique gating kinetics and respond in very different 

ways to allosteric modulators (Sommer et al., 1990). Just located before 

the flip/flop site is the R/G mRNA editing site, which also modulate gating 

properties (Lomeli et al., 1994).  

 

This type of ionotropic transmembrane receptors has an overall 

organization where the connection between NTD and LBD is notably less 

compact, resulting in the receptor taking on a distinctive “Y-shaped” 

configuration (figure 4B). The two NTD dimers extend outward from the 

LBD (Mayer, 2006). Nevertheless, GluA2/3 and GluA2/4 heteromers have 

the ability to assume a vertically compressed NMDAR-like structure. Here, 

the NTD is constrained in a compact “O-shaped” configuration, achieved 

through a cysteine cross-link (Herguedas et al., 2016). Moreover, in the 

case of homomeric GluA2 structures, they present a “N-shaped” form too 

(Herguedas et al., 2016). 

 

The TMD is the responsible for forming the ion channel. Among them, 

TMD1, TMD3 and TMD4 span the entire cellular membrane, whereas 

TMD2 forms a sort of reentrant loop which plays a crucial role in shaping 

the channel pore. The Q/R mRNA editing site is found in this TMD 

significantly reducing the permeability of GluA2-containing AMPARs to 

calcium ions and makes them more resistant to polyamine block (Hume et 

al., 1991). Therefore, in the absence of GluA2 subunits, an AMPAR will be 

permeable for calcium ions (in addition to sodium and potassium ions).  

 

The cytoplasmic CTD, which constitute ICR, is the most heterogeneous 

domain. It differs between subunits: GluA1 and GluA4 have a long tail, 

whereas GluA2 and GluA3 present a short one (Granger et al., 2013). It is 

involved in subunit-specific protein interactions and trafficking. Its 

phosphorylation affects channel conductance although its role in LTP 

remains unclear (Hosokawa et al., 2015; Kristensen et al., 2011).  
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Moreover, the expression of the subunits varies depending on the 

development stage. In the first phases, there is a notable presence of 

AMPARs lacking the GluA2 subunit leading to a high calcium permeability. 

GluA1 and GluA3 subunits are also low during this period but higher during 

adulthood. Therefore, GluA4 is the subunit which is most abundantly 

expressed during early developmental stages (Lilliu et al., 2001; Zhu et al., 

2000).  

 

 

2.2. Post-translational modifications 
AMPARs are regulated by several post-translational modifications 

including phosphorylation, palmitoylation, ubiquitination, nitrosylation or 

even O-GlcNAcylation (Diering & Huganir, 2018). Numerous modifications 

have been described to occur in tandem. As a result, particular 

combinations of these post-translational modifications may be either 

favored or inhibited.  

 

Among post-translational modifications, phosphorylation is the most 

completely studied and abundant type. Many sites have been described 

to undergo this modification affecting serine (S), threonine (T) and 

tyrosine (Y) residues as it can be shown in figure 5. AMPARs’ CTD serves as 

substrates for various protein kinases including cAMP-dependent kinase 

(PKA) at GluA1 S845 and GluA4 S842; protein kinase C (PKC) at GluA1 

S818/S831/T840, GluA2 S863/S880, GluA3 S885 and GluA4 T830; 

Ca2+/calmodulin-dependent kinase II (CAMKII) at GluA1 S831 and GluA4 

S842; p21-activated kinase 3 (PAK3) at GluA1 S863 and Src family tyrosine 

kinase at GluA2 Y876 and GluA3 Y881 (Diering & Huganir, 2018). Indeed, 

one site can be phosphorylated by more than one kinase.  
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Figure 5. Amino acid sequences of GluA1-GluA4 CTD with their post-translational 
modifications indicated. Symbol “?” represents the changes confirmed to occur 
but the specific amino acid undergoing the modification has not been identified 
yet. In the cases of phosphorylation, the specific kinase that causes it is indicated. 
Modified from (Diering & Huganir, 2018).  
 

 

Moreover, the phosphorylation sites of GluA2 are conserved in GluA3 

subunit. Nevertheless, the better known and analyzed post-translational 

modifications are the ones that take place in GluA1 subunit at S831 and 

S845 residues (Park, 2018). Both of them are highly related to synaptic 

plasticity and learning and memory processes. Knock-in mice with 

mutations in S831 and S845 (S831A/S845A) show partial impairment in 

hippocampal LTP (Lee et al., 2003). Therefore, either of them alone could 

potentially facilitate LTP but it has been published that S845 plays a crucial 

role in the expression of LTD (Lee et al., 2010).  

 

Phosphorylated GluA1 at S831 (but not at S845) is notably concentrated 

within PSD contributing to the targeting and stability of receptors in this 

area (Diering et al., 2016). It also increases single-channel conductance 

and the regulation of receptor trafficking in synaptic integration (Summers 

et al., 2019). S845 phosphorylation is responsible for receptor recycling 

between intracellular endosomes and the extrasynaptic plasma 

membrane (Traynelis et al., 2010) facilitating the endosomal recycling of 
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GluA1 subunits. This process halts their sorting to late endosomes and 

lysosomes for degradation (Fernandez-Monreal et al., 2012).  

 

Upon normal conditions in cultured neurons, around 15-20% of GluA1 

goes through phosphorylation at either S831 or S845 and just a tiny 

portion of this subunit experiences dual phosphorylation (Diering et al., 

2016; Oh et al., 2006). However, these results seem to be controversial 

because in another study less than 1% of GluA1 was phosphorylated at 

S831 and even less than 0.1% at S845 in hippocampal tissues (Hosokawa 

et al., 2015) These data force the scientific community to reevaluate the 

mechanisms that underlie synaptic plasticity.  

 

Additionally, as mentioned earlier, post-translational modifications can 

influence each other. For instance, T840 phosphorylation hinders the 

increase in S845 phosphorylation by PKA and the consequent potentiation 

of AMPARs (Gray et al., 2014). There can be influences even between 

different types of post-translational modifications: S831 phosphorylation 

by CaMKII is enhanced by S-nitrosylation at C875 (Selvakumar et al., 2013).  

 

The potential combinations of these modifications open up a vast 

landscape of regulatory possibilities, allowing for precise control over 

receptor properties. As the understanding of these modifications deepens, 

it is likely that mechanisms underlying synaptic transmission and plasticity 

could be explained with more detail.  

 

 

2.3. Protein interactors and regulation 
AMPARs are not only built up by their four basic subunits forming the 

described tetramers. Indeed, they are macromolecular complexes 

requiring the presence of many other proteins (Bissen et al., 2019; 

Schwenk et al., 2012). Like post-translational modifications do, these 

protein interactors modulate AMPARs’ trafficking, gating properties and 

maturation. Thus, they carry out functions such as being auxiliary proteins 

or scaffolding ones.  

 

Due to the large amount of proteins forming the macrocomplex, only the 

most well-known and recent discovered ones will be explained here. 

AMPAR’s macrocomplex comprises an “inner core” constituted of the 

most tightly bound proteins, including transmembrane AMPA-regulatory 
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proteins (TARPs), cornichon proteins (CNIHs) and postsynaptic density 

protein 95 (PSD95). In addition, there is an “outer core” containing more 

variable peripheral components (Schwenk et al., 2012). 

 

TARPs family (with stargazin being particularly noteworthy) and CNIHs are 

the typical auxiliary subunits of AMPARs. On the one hand, in the case of 

stargazin, it binds AMPARs both inside and outside the cell (Bedoukian et 

al., 2006) and its interaction with the glutamate-binding region of the 

receptor plays a significant role in channel desensitization (Tomita et al., 

2007). When AMPARs are in the ER, this protein can act as a chaperone 

being the responsible for the proper folding of AMPAR subunits 

(Vandenberghe et al., 2005). On the other hand, CNIHs participate in both 

trafficking and gating kinetics maintaining the channel in an active state 

(Boudkkazi et al., 2014; Schwenk et al., 2009).  

 

PSD95 is a scaffold protein which modifies spine density and morphology.  

Spine dimensions increase with its overexpression, but when reducing 

PSD95 levels hinders not only spine morphology development but also 

spine growth (Ehrlich et al., 2007). Thus, PSD95 plays a role in the 

maturation of glutamatergic synapses and synaptic strength (Beique & 

Andrade, 2003). Moreover, it has been described that this protein can 

interact with stargazin controlling surface AMPARs trafficking (Bats et al., 

2007).  

 

Regarding GluA1 subunit, which is the focus of study in this thesis, 

synapse-associated protein 97 (SAP97) and protein 4.1 seem to be 

important for this subunit. SAP97 has the particularity to only bind GluA1 

due to a novel sequence motif in its C-terminus (Leonard et al., 1998). It 

controls early trafficking of GluA1 to the dendritic membrane and synaptic 

and extrasynaptic reservoirs of AMPARs at the cell surface (Sans et al., 

2001). Protein 4.1 binds GluA1’s CTD linking AMPARs to actin cytoskeleton 

ensuring their presence on cell surface (Shen et al., 2000).  

 

Recently, it has been published that when AMPARs are in the ER there is a 

novel complex transiently formed made up of ABHD6, FRRS1l and CPT1C 

(Brechet et al., 2017; Schwenk et al., 2019). Indeed, these proteins do not 

participate in AMPARs macrocomplex when the receptors leave the ER. 

ABHD6 enhances the stability of GluA monomers, whereas FRRS1l/CPT1C 

complex facilitates the formation of GluA tetramers with CNIHs and TARPs 
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preparing the receptors for their exit from the ER (Schwenk et al., 2019). 

Moreover, our group has recently demonstrated CPT1C regulates the 

transport of GluA1 to the plasma membrane through the canonical 

pathway in collaboration with another protein, SAC1, which will be 

described in detail in section 5. 

 

The trafficking of GluA1 is regulated by the complex CPT1C-SAC1 based on 

malonyl-CoA, a precursor of fatty acids. Its levels fluctuate depending on 

the nutritional status of the cells and CPT1C can sense it by the binding to 

malonyl-CoA. When nutrients are available and malonyl-CoA levels are 

high, CPT1C inhibits SAC1 phosphatase activity, so there is more PI4P in 

the TGN allowing a correct transport of GluA1 to the plasma membrane. 

However, in a fasting situation, there is a decrease in malonyl-CoA levels 

and CPT1C no longer inhibits SAC1. Consequently, there is less PI4P in the 

TGN preventing the transport of AMPARs (Casas et al., 2020). 

 

Figure 6. Regulation of GluA1 trafficking through CPT1C. In a normal situation, 
malonyl-CoA – CPT1C axis inhibits SAC1 activity allowing the correct transport of 
GluA1 to the plasma membrane. Nevertheless, in a fasting situation, SAC1 is active 
due to low malonyl-CoA levels. CPT1C: Carnitine palmitoyltransferase 1C. ER: 
endoplasmic reticulum. PI4P: phosphatidylinositol 4-phosphate. PM: plasma 
membrane. TGN: trans-Golgi network. Modified from (Casas et al., 2020). 

 

 

It is noteworthy to wonder whether there are other nutritional situations 

that modify malonyl-CoA levels that can also regulate the transport of 

AMPAR through CPT1C-SAC1 axis. 
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3. Diets’ effects on AMPARs, synaptic function and 

cognition 
Similar to the way fasting has demonstrated to regulate the transport of 

AMPARs, several metabolic conditions and nutrients have an influence on 

the functionality of these glutamatergic receptors, synaptic plasticity, and 

subsequently, on cognition, as it has been recently reviewed in our group 

(Fado et al., 2022). As it was mentioned before, the brain consumes a lot 

of energy and this energy comes from the nutrients we daily eat. They play 

a crucial role in modulating brain functions, with their impact reaching far 

beyond simply providing energy (Gardener & Rainey-Smith, 2018; Spencer 

et al., 2017). There are important evidences from animal studies and 

emerging findings from research involving humans which corroborate this 

point of view (Gómez-Pinilla, 2008; Klimova et al., 2020; Puri et al., 2023). 

 

The brain, a highly metabolically active organ, depends on a consistent 

supply of essential nutrients to function optimally. Its main source of 

energy are carbohydrates, particularly glucose. They provide a readily 

available and efficient fuel for neurons supporting various cognitive 

processes, including learning and memory.  

 

However, upon situations with a low carbohydrate intake, such as fasting, 

the brain shifts to using ketone bodies (β-hydroxybutyrate (BHB), 

acetoacetate and acetone), produced by the liver from fats, as an 

alternative energy source (Kolb et al., 2021; Puchalska & Crawford, 2017).  

 

Various dietary patterns have been studied for their effects on cognition. 

For instance, the Mediterranean diet, rich in fruits, vegetables, whole 

grains and healthy fats, like olive oil and fatty fish, has been associated 

with improved cognitive function and a reduced risk of cognitive decline 

(Sikalidis et al., 2021). On the other hand, Western diets, high in saturated 

fats, sugars and processed foods, have been linked to cognitive 

impairments and an increased risk of conditions like Alzheimer's disease 

(Lopez-Taboada et al., 2020). This thesis has focused on the impact of fats 

as they have both negative and positive effects on cognition. 
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3.1. Saturated high fat diet 
Saturated fatty acids have generated increasing attention for their 

potential influence on cognition and brain health. Among these, palmitic 

acid (PA), has emerged as a subject of particular interest. It is present in 

red meats (beef, lamb…), butter and palm oil, which is used in many 

processed foods. 

 

In vitro studies show that the co-treatment with PA and insulin induces 

lower levels of GluA1’s phosphorylation and increases palmitoylation, 

altering the trafficking of AMPARs towards the plasma membrane (Spinelli 

et al., 2017). Therefore, PA affects AMPARs in cortical neurons without any 

observed changes in NMDARs levels (Loehfelm et al., 2020).  

 

Moreover, PA treatment alters neuronal morphology and reduces 

dendritic arborization in neuronal primary cultures (McLean et al., 2019). 

Neurons present swelling in their somas and the formation of axonal and 

dendritic blebs with a significant decrease in synaptic connections 

weakening the excitability of these cells (Loehfelm et al., 2020). The 

morphological changes caused by PA are driven by the activation of  

phosphoinositide 3-kinase (Loehfelm et al., 2020). It phosphorylates the 

phosphoinositide PI(4,5)P2, which directly enhances the stability of GluA1 

on the surface of the plasma membrane (Seebohm et al., 2014). 

 

Nevertheless, when studying the effects of saturated fatty acids in vivo, 

the composition of fats used is not always specified. In most cases, a high 

fat diet (HFD) consists of a mix of fats, with a predominance of saturated 

fats over unsaturated ones. Despite the fact that short period of HFD does 

not cause any change in short-term memory, it does in long-term memory 

(Wang et al., 2020). The same results are found when using HFD for a long 

time: a decrease in spine density and weakened cognitive processes 

(Hahm et al., 2020; Kim et al., 2020; Wang et al., 2015; Wu et al., 2022).  

 

Young animals fed with a saturated fatty acid diet (SFAD) for a few days, 

have demonstrated that LTP is decreased and the long-term memory is 

impaired. With short-term SFAD, cognitive deficits are also found when 

memory is analyzed with several tests such as the Morris water maze, 

novel object recognition, object place recognition and Y-maze (Fernandez-

Felipe et al., 2021; Spinelli et al., 2017; Spinelli et al., 2020). The analysis 

of LTD reveals that this kind of synaptic plasticity is increased with SFAD 
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(Fernandez-Felipe et al., 2021). Over an extended period on this particular 

diet (more than 2 months), young animals do not exhibit alterations in 

learning, but they do experience changes in cognitive flexibility (Leyh et 

al., 2021).  

 

Feeding with SFAD for 2 weeks results in impaired memory in adult 

animals (Beilharz et al., 2016). Consuming SFAD for 8 weeks also leads to 

memory deficits and dendritic loss in the hippocampus (Granholm et al., 

2008). 

 

Although it seems that saturated fatty acids have detrimental effects on 

cognition, there is controversy on the topic because several studies do not 

suggest this. In diet-induced obesity with HFD, surface GluA1 levels are 

increased (Osborne et al., 2016) and, in another study, no changes in 

memory were detected at all (Lee et al., 2021). The lack of effect of mixed 

HFD could be due to the presence of unsaturated fatty acids, which will be 

described below.  

 

Regarding human studies, a stronger and more evident correlation 

between diminished memory performance is observed in both younger 

and older age groups when they have a higher habitual consumption of 

unhealthy saturated fats. This association is notably more pronounced in 

these age groups compared to the healthier adult population (Baym et al., 

2014; Gibson et al., 2013; Golomb & Bui, 2015; Martin et al., 2018; 

Okereke et al., 2012). 

 

In addition, this type of fats not only affect neurotransmission, but also 

other physiological mechanisms. It is related with an increase in 

microglia’s inflammation (Butler et al., 2020), cell stress (McLean et al., 

2019) and decreased BDNF levels in hippocampus (Spinelli et al., 2020). 

However, as it has been explained, the biochemistry mechanisms and 

pathways, by which these changes that influence memory occur, are 

poorly understood with just a few experiments conducted in the field.  

 

 

3.2. Unsaturated high fat diet 
Nevertheless, it is worth noting that not all the effects of fatty acids can be 

negative. Unsaturated fatty acids, crucial components of a balanced diet, 

have beneficial impacts on cognition. It is important to take into account 
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the two categories of unsaturated fatty acids: monounsaturated fatty 

acids (MUFAs) and polyunsaturated fatty acids (PUFAs), each with 

different properties and health implications. 

 

MUFAs, such as the oleic acid (OA), are found in sources like olive oil, 

avocados and nuts, whereas PUFAs are present in foods like fatty fish 

(salmon, sardines…), flaxseeds and walnuts. Indeed, they are classified in 

two main types: omega-3 (ω-3) and omega-6 (ω-6) such as 

docosahexaenoic acid (DHA) and araquidonic acid (AA), respectively. The 

balance between these two types of PUFAs is critical, as an excessive 

intake of ω-6 fatty acids relative to ω-3s can lead to an inflammatory 

response (D'Angelo et al., 2020). 

 

To examine the impact of MUFAs, specifically OA, several studies have 

been carried out involving mice subjected to diets rich in this fatty acid for 

more than two months. Nevertheless, none of them have demonstrated 

any alterations in the total AMPARs expression or the levels of GluA1 

phosphorylation (Lauretti et al., 2020; Thomas et al., 2017).  

 

By contrast, the detrimental effects in dendritic morphology showed by 

the saturated fatty acids (PA) in primary neuron cultures can be reversed 

when treated with DHA (Loehfelm et al., 2020; McLean et al., 2019). 

Therefore, it is implied that consuming a balanced combination of 

unsaturated and saturated fatty acids, might have the potential to 

counteract the negative cognitive effects of SFAD.  

 

Under an ω-3-enriched diet, AMPARs levels are increased in the 

hippocampus, the region related to learning and memory processes (Dyall 

et al., 2007; Lee et al., 2012). DHA administration induces the increase in 

the number of dendritic spines and the expression of synaptic proteins in 

cultured neurons (Cansev et al., 2008). In aged mice, ω-3 PUFAs also 

increase dendritic arborization and, even, neurogenesis process (Cutuli et 

al., 2014).  

 

According to these cellular changes, older mice show improved cognitive 

performance in spatial learning and memory when they have a daily 

administration of ω-3 PUFAs (Cutuli et al., 2014; Lee et al., 2012). Indeed, 

in mouse models of some neurodegenerative diseases such as Alzheimer’s 

disease, this type of unsaturated fatty acids can restore the deleterious 
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effects of amyloid-β peptide oligomers (Lee et al., 2016; Thomas et al., 

2017).  

 

Similar to the effect of saturated fatty acids, unsaturated ones also impact 

on other biological processes. They lead to elevated BDNF levels and a 

decrease in astrocytosis (Cutuli et al., 2014; Lee et al., 2016) 

 

In reference to human studies, a Mediterranean diet supplemented with 

extra-virgin olive oil (rich in OA) and mixed nuts has neuroprotective 

effects on cognition (Martínez-Lapiscina et al., 2013). In young adults, 

supplementing the diet with DHA does not enhance working memory 

(Bauer et al., 2014). Nevertheless, ω-3 PUFAs exhibit beneficial results on 

cognitive functions among older adults (Kulzow et al., 2016; Power et al., 

2022) but it remains unclear whether they can prevent cognitive decline 

in healthy elderly people (Rangel-Huerta & Gil, 2018). In the case of 

patients with early Alzheimer’s disease, ω-3 supplementation improves 

brain functions (Canhada et al., 2018). 

 

All these data underline the impact of different types of dietary fats, both 

saturated and unsaturated fatty acids, on brain’s cognitive functions, as it 

is summarized in figure 7.   

 

Figure 7. Fatty acids effects on brain’s functions. Main changes reported in 
neuronal morphology, neuroplasticity, cognitive processes and other mechanisms 

involved when saturated fatty acids and ω-3 PUFAs are present in the diet.  
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3.3. Ketogenic diet 
In the case of the previous diets, fat typically comprises 40-60% of the 

calorie intake, with glucose remaining the primary energy source for 

neurons. In contrast, the ketogenic diet involves a composition where fats 

constitute 90% of calories, while carbohydrates are restricted to 5-15%. As 

a result, ketone bodies become the principal energy source for neurons. 

Traditionally, ketonegenic diet has been associated to decrease seizures 

of epilepsy (Sampaio, 2016). Recently, accumulating evidence suggests 

that this diet results effective in decreasing cognitive decline.  

 

On the one hand, young animals fed with ketogenic diet improve their 

short-term memory, but no changes are found in the long-term memory 

(Fukushima et al., 2015). GluA1 subunit levels are increased in the 

hippocampus without any alterations in GluA2’s levels (Fukushima et al., 

2015) but no differences are found in learning processes (Rodenas-

Gonzalez et al., 2022; Silva et al., 2005). However, there are other studies 

where ketogenic diet leads to impaired memory and a decrease in LTP 

magnitude (Blaise et al., 2015; Miles & Skelton, 2020; Zhao et al., 2004). 

 

Adults rodents exhibit enhanced memory under ketogenic diet 

(Hernandez et al., 2018; Newman et al., 2017), but no changes in learning 

and LTP (Huang et al., 2019). By contrast, in an Alzheimer’s disease mouse 

model, this diet results in improved learning and memory with an 

increased in hippocampal dendritic spines (Xu et al., 2021).  

 

On the other hand, BHB supplementation also shows effects in cognition. 

In young animals, it induces higher levels of BDNF in the hippocampus (Hu 

et al., 2018). This supplementation ameliorates memory in aged mice 

(Wang & Mitchell, 2016) and improves it in animals with Alzheimer’s 

disease (Kashiwaya et al., 2010; Yin et al., 2016; Zhang et al., 2013). Thus, 

it is important to emphasize the differences between ketogenic diet, 

which can vary widely in composition, and ketone body supplementation.  

 

Regarding human studies, no changes in cognitive performance have been 

reported in adults following a ketogenic diet (Iacovides et al., 2019), 

whereas it improves paired associate learning in elderly people (Krikorian 

et al., 2012). Ketone body supplementation also enhances working 

memory in older adults (Yomogida et al., 2021) and in patients with 

Alzheimer’s disease (Ota et al., 2019). 
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Therefore, it seems like ketone bodies can mitigate adverse effects in the 

presence of brain damage linked to neurodegenerative diseases, as it is 

summarized in figure 8. BHB, the main ketone body and the most 

efficiently used one as energy source, prevents the oxidative stress-

induced impairments in hippocampal LTP (Kimura et al., 2012; Maalouf & 

Rho, 2008). In epilepsy, the anticonvulsant effectiveness of the ketogenic 

diet is associated with the serum concentration of BHB, which can directly 

activate the potassium voltage-gated channels (Manville et al., 2020). The 

supplementation with this ketone body causes an enhancement in 

cognitive functions in patients with Alzheimer’s disease (Henderson et al., 

2009; Newport et al., 2015). In the case of Parkinson’s disease, BHB has 

the potential to reduce the dopaminergic neurodegeneration by 

increasing the bioavailability of L-DOPA (Tieu et al., 2003). Moreover, in 

multiple sclerosis, BHB increases BDNF levels, the primary neurotrophic 

growth factor generated by neurons involved in myelin repair (Di Majo et 

al., 2022). 

 

 
Figure 8. BHB’s effects on neurological diseases. This ketone body is able to 
counteract the negative effects brain disorders cause.  

 

 

Nevertheless, the precise mechanism by which these diets influence 

synaptic processes remains unclear and has yet to be fully elucidated. It 

becomes evident that further studies are required to gain a more 

comprehensive understanding of how these diets influence AMPAR 

function, synaptic plasticity and cognition. 
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4. Carnitine palmitoyltransferase 1C 
CPT1C was the latest member of the carnitine palmitoyltransferases (CPTs) 

family to be found out (Price et al., 2002). This family of proteins carry out 

the transport of fatty acids towards the mitochondria in order to break 

them down and obtain energy from β-oxidation. There are different 

proteins with carnitine acyltransferase activity based on the length of the 

fatty acid they catalyze: carnitine acetyltransferase (CrAT) for short-chain 

fatty acids, carnitine octanoyltransferase (COT) for medium-chain fatty 

acids and CPT for long-chain fatty acids. Furthermore, this last group is 

composed of 4 isoforms: CPT1A, CPT1B, CPT1C and CPT2.  

 

CrAT is located in the mitochondrial matrix, endoplasmic reticulum (ER) 

and peroxisomes. COT is only found in peroxisomes. However, members 

of CPT family differ in tissue and subcellular localization (figure 9). 

Meanwhile CPT2 is ubiquitously expressed throughout the organism and 

found in the inner membrane of the mitochondria (Demaugre et al., 1990), 

CPT1A is only expressed in lungs, pancreas, liver, intestine, ovaries and 

brain (McGarry & Brown, 1997); whereas CPT1B is highly found in muscle, 

brown adipose tissue and testis (Esser et al., 1996). Both of them are in 

the outer membrane of the mitochondria while CPT1C, the isoform this 

project is focused on, is in the ER and it is only expressed in mammalian 

neurons (Sierra et al., 2008), tumor cells (Zaugg et al., 2011) and stem cells 

(Roa-Mansergas et al., 2018).  
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Figure 9. Cellular location of carnitine transferases. SCFA: short-chain fatty acids. 
MCFA: medium chain fatty acids. LCFA: long-chain fatty acids. Adapted from 
(Casals et al., 2016).  

 

CPT1C shares 86% and 85% of coding sequence identity with CPT1A and 

CPT1B respectively (Price et al., 2002). These enzymes consist of two 

transmembrane domains associated with a short intraluminal loop 

allowing the N- and C-terminal regions to be both towards the cytoplasm. 

Table 1 describes the different domains of CPT1C. This protein has a 

unique characteristic compared with the other two canonical isoforms: it 

has a longer C-terminal consisting of 39 extra amino acids. Recent studies 

have revealed that this extended tail plays a critical role in facilitating 

interactions between CPT1C and other proteins of the ER, such as SAC1 

(Casas et al., 2020) modulating its function.   

 
Table 1. Domain’s features of mouse CPT1C. 

Region Amino acids Description 

N-terminus 1-52 Cytoplasmic 

Transmembrane 53-75 Helical 

Topological domain 76-103 Luminal 

Transmembrane 104-126 Helical 

C-terminus 127-803 Cytoplasmic 

 

 

The tiny N-terminal domain has an important function too. It is the 

responsible of the ER localization (Sierra et al., 2008). In addition, it can be 

in two different conformations, Nα and Nβ, alternating between them 

based on the physiological conditions (feeding or fasting) of the cell (Rao 

et al., 2011; Samanta et al., 2014).  

 

 

4.1. Catalytic activity and regulation by malonyl-CoA 
CPT1s specially catalyze the transesterification process between acyl-CoA 

esters and carnitine, resulting in the formation of acylcarnitine esters and 

coenzyme A (CoA). This step facilitates the translocation of fatty acids to 

the mitochondria as it was mentioned before. Subsequently, CPT2 carries 

out the reverse reaction by converting acylcarnitines back into acyl-CoA 

within the mitochondrial matrix. This transformation allows the acyl-CoA 

to undergo β-oxidation (figure 9). 
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Nevertheless, despite having all the motifs that are essential for CPT 

activity conserved along with the acyl-CoA binding sites, CPT1C seems not 

to have catalytic activity and does not participate in the fatty acid 

oxidation. It has been demonstrated that CPT1C has limited enzymatic 

function in the presence of different acyl-CoA esters and carnitine (Price 

et al., 2002; Wolfgang et al., 2006). Moreover, CPT1C shows a catalytic 

efficiency 20-300 times lower than that of CPT1A (Sierra et al., 2008).  

 

Although CPT1C has minimal catalytic activity, it can bind malonyl-CoA 

with the same affinity as CPT1A does (Price et al., 2002). Malonyl-CoA is 

the first intermediate in the fatty acid biosynthesis. This metabolite is 

synthesized by the acetyl-CoA carboxylase (ACC) from acetyl-CoA, which is 

then used by the fatty acid synthase (FAS) to produce long-chain fatty 

acids. It can be converted again to acetyl-CoA by the malonyl-CoA 

decarboxylase (MCD).  

 

The nutritional status of the organism modulates the levels of malonyl-

CoA (figure 10). During periods of reduced nutrient availability, the 

activation of AMP-activated protein kinase (AMPK) results in the inhibition 

of ACC (by its phosphorylation) and a subsequent decrease in malonyl-CoA 

levels. In these conditions, long-chain fatty acids will not be generated, 

leading to energy conservation within the organism (Hardie, 2015). 

However, under feeding conditions its levels increase again (Tokutake et 

al., 2010). This dynamic regulation has been observed in different brain 

regions, such as the hypothalamus, cortex, hippocampus and cerebellum. 
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Figure 10. Levels of malonyl-CoA depend on feeding/fasting conditions. In a 
feeding situation, there is an increase in ACC activity, leading to high levels of 
malonyl-CoA. Conversely, during fasting, ACC is phosphorylated and inhibited, 
resulting in a decrease in malonyl-CoA levels and the corresponding reduction in 
the synthesis of LCFA. ACC: acetyl-CoA carboxylase, CPT1C: carnitine 
palmitoyltransferase 1C, FAS: fatty acid synthase, LCFA: long-chain fatty acids, 
MCD: malonyl-CoA decarboxylase. 

 

 

Considering all these aspects, CPT1C is a malonyl-CoA sensor (Fado et al., 

2021). When CPT1C senses malonyl-CoA levels, it does modify the activity 

of its interactors such as SAC1, ABHD6 or protudin. In normal conditions 

(feeding), CPT1C inhibits SAC1 and ABHD6 enzymes. A fasting situation 

triggers decreased levels of malonyl-CoA (figure 10) blunting the inhibitory 

effect of CPT1C on ABHD6 (Miralpeix et al., 2021) or SAC1 (Casas et al., 

2020). This results in increased levels of endocannabinoid 2-

arachidoniyglycerol (2-AG), the substrate of ABHD6, and PI4P, the 

substrate of SAC1. In the case of protudin, in the same fasting situation, 

CPT1C would slow down axon growth (Palomo-Guerrero et al., 2019), a 

process where protudin participates as it will be explained later.  

 

 

4.2. Implication in cognition 
As it was mentioned above, CPT1C is widely distributed throughout the 

nervous system, specifically in neurons (Sierra et al., 2008). It presents 

significant levels in key brain region such as the hypothalamus, 

hippocampus, cortex, cerebellum and amygdala (Dai et al., 2007). It is well-

known the relationship between the hippocampus and learning and 

memory processes, with CPT1C playing an important physiological role in 

this context. CPT1C’s effects at synaptic, cellular and molecular level 

explain its involvement in cognition. 

 

CPT1C KO mice show a delayed learning in the Morris water maze 

demonstrating an impaired spatial learning (Carrasco et al., 2012). Open 

field and object location tests were also evaluated with the same results 

(Iborra-Lazaro et al., 2023). Nevertheless, no anxiety- and depression-like 

behavior is found when CPT1C KO mice are tested in the elevated plus 

maze (Iborra-Lazaro et al., 2023).  
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It has been published that the absence of CPT1C induces impairments in 

dendritic spine morphology in hippocampal neurons (Carrasco et al., 

2012). These cells have a strong enhancement in filopodia (being an 

indicator of immature spines) and a significant decrease in mature spines 

(both, mushroom and stubby ones). This phenotype of CPT1C KO neurons 

can be rescue by CPT1C overexpression (Carrasco et al., 2012), suggesting 

that dendritic spine maturation requires CPT1C. Moreover, cortical 

neurons from CPT1C KO mice have shorter axons and reduced branching 

than WT neurons, indicating that CPT1C is essential for an adequate 

neurite growth (Palomo-Guerrero et al., 2019).  

 

Furthermore, as expected, synaptic plasticity is also altered in CPT1C 

deficient neurons. On the one hand, mEPSCs are decreased in 

hippocampal neurons from CPT1C KO mice (Fado et al., 2015) and LTP is 

also disrupted at the CA3-CA1 synapse of the hippocampus from slices of 

CPT1C KO mice (Iborra-Lazaro et al., 2023). On the other hand, the CPT1C 

overexpression is able to improve glutamate-evoked whole-cell currents 

of GluA1 (Gratacos-Batlle et al., 2015). 

 

 

Figure 11. CPT1C’s role in cognition. There are normal dendritic spines with 
normal cognitive functions due to the correct trafficking of GluA1 to the plasma 
membrane in WT animals. However, under CPT1C deficiency in KO mice, the 
number of filopodia increase, surface GluA1 levels decrease and cognition is 
impaired.  
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As explained previously (see section 2.), CPT1C was identified as part of 

the AMPAR complex (Brechet et al., 2017; Schwenk et al., 2012). This 

protein can modulate the post-transcriptional GluA1 protein synthesis and 

AMPAR trafficking to the cell surface (Casas et al., 2020; Fado et al., 2015; 

Gratacos-Batlle et al., 2015). In fact, CPT1C deficiency results in a reduction 

of AMPARs at the synaptic level in cultured hippocampal neurons (Fado et 

al., 2015). However, CPT1C does not participate in the gating properties of 

AMPARs (Gratacos-Batlle et al., 2015).  

 

For CPT1C regulation of surface AMPAR levels, the palmitoylable cysteine 

residue located at position 585 of GluA1 plays a critical role (Gratacos-

Batlle et al., 2015), because its mutations blocks CPT1C-induced GluA1 

trafficking towards plasma membrane.  

 

 

4.3. Other functions 
Beyond the effects in cognition, CPT1C is also involved in motor functions, 

food intake and cancer. Regarding the first one, CPT1C deficiency causes 

impaired coordination associated with a reduction in muscle strength, 

hypoactivity and decreased daily locomotor activity in mice (Carrasco et 

al., 2013). Moreover, another study provides further evidence of muscle 

weakness and altered coordination (Iborra-Lazaro et al., 2023).  

 

These motor deficits that CPT1C KO mice present correlate with some of 

the symptoms of human CPT1C mutations. In fact, a form of hereditary 

spastic paraplegia (HSP) has been related to CPT1C mutations in patients 

(Hong et al., 2019; Rinaldi et al., 2015). HSP is described by impaired 

functions of corticospinal motor neurons with lower extremity weakness 

(Fink, 2013). There have been no reports of significant cognitive deficits in 

these patients, but more exhaustive tests are needed. This neurological 

disorder is also characterized by the impairment of organelle transport 

along the axon (Blackstone et al., 2011; Boutry et al., 2019).  

 

Among the identified mutations in HSP related to CPT1C, one of them 

(Q76X) is a missense mutation that introduces a premature stop (Hong et 

al., 2019) and the other one (R37C) is an amino acid substitution in the N-

terminal regulatory domain of CPT1C (Rinaldi et al., 2015). This mutated 

CPT1C impairs the formation of lipid droplets which are the responsible 

for the storage of fatty acids, further corroborating the key role of CPT1C 



Introduction 

 

52 
 

in lipid metabolism. Moreover, R37C mutation reduces axon growth in 

neurons. In fact, CPT1C has recently been implicated in the anterograde 

transport of late endosomes/lysosomes at the axonal tip, necessary for 

axon growth. This effect of CPT1C is malonyl-CoA dependent (Palomo-

Guerrero et al., 2019).  

 

Additionally, CPT1C regulates food intake and energy balance. It has been 

demonstrated that CPT1C KO mice have reduced body weight and 

decreased food intake compared to WT (Wolfgang et al., 2006). However, 

these animals are much more susceptible to gain body weight when fed 

with HFD, even when consuming nearly the same amount of food as the 

WT (Rodriguez-Rodriguez et al., 2019; Wolfgang et al., 2008).  

 

Under HFD, these animals present insulin resistance, characterized by 

increased hepatic gluconeogenesis and reduced glucose uptake in skeletal 

muscle (Gao et al., 2009). These alterations cause a decrease in fatty acids 

oxidation storing lipids in these tissues, explaining the obesogenic 

phenotype.  

 

Furthermore, under fasting conditions, CPT1C KO mice display a lower 

degree of body weight loss (Pozo et al., 2017). Strikingly, when CPT1C is 

overexpressed in the hypothalamus of WT mice, it provides protection 

from diet-induced obesity (DIO) without any decrease in food intake (Dai 

et al., 2007).  

 

Moreover, CPT1C is essential in the regulation of ghrelin and leptin, the 

two mayor hormonal regulators of food intake. On the one hand, the 

intracerebroventricular (icv) administration of the orexigenic peptide 

ghrelin, which stimulates appetite, promotes a food-seeking behavior and 

food intake in fully satiated WT mice (Ramirez et al., 2013). However, 

these effects are attenuated in CPT1C KO mice corroborating the key role 

of CPT1C in mediating the impact of ghrelin on feeding behavior. On the 

other hand, the effects of the anorexigenic hormone leptin, which reduces 

appetite and promotes satiety, are impaired in CPT1C KO mice (Gao et al., 

2011). These animals do not have a proper activation of leptin-induced 

brown adipose tissue thermogenesis that counteracts the development of 

obesity (Rodriguez-Rodriguez et al., 2019).  
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Finally, CPT1C is also related to cancer. When depleting CPT1C in cancer 

cells, tumor growth is inhibited (Zaugg et al., 2011). Moreover, CPT1C is a 

downstream target of the AMPK/p53 pathway establishing a direct 

connection with the metabolic adaptation of tumor cells to environmental 

changes, especially hypoxia and nutrient deficiency (Sanchez-Macedo et 

al., 2013). Recently, it has been published that a lower CPT1C expression 

directly correlates with a lower pathological tumor response to 

anthracyclines, suggesting CPT1C as a new predictive biomarker for breast 

cancer treatment (Muley et al., 2023). Most published studies suppose 

that CPT1C activates β-oxidation in cancer cells adapting them to survive 

to the dynamic conditions of tumor microenvironment. Nevertheless, 

CPT1C would rather play a more indirect role in tumors regulating CPT1A-

mediated fatty acid oxidation at mitochondria-ER contact sites by 

sequestering malonyl-CoA (Fado et al., 2023). It is noteworthy to consider 

that neurons and cancer cells do not use fatty acids as the primary source 

of energy. Cancer cells could benefit from CPT1C as a nutritional sensor to 

control lipid metabolism for membrane synthesis when they are dividing 

(Fado et al., 2023).  

 

 

 

5. SAC1 
SAC1 is an enzyme that plays a crucial role in regulating lipid metabolism 

and cellular processes within cells. It is a lipid phosphatase which 

dephosphorylates phosphatidylinositol 4-phosphate (PI4P) into 

phosphatidylinositol (PI) in vivo and it is conserved in protein sequence, 

subcellular localization and function. However, in vitro studies have shown 

that SAC1 can remove phosphate groups from PI3P and PI(3,5)P2 too (Guo 

et al., 1999). 

 

It was discovered and named as a “suppressor of actin 1” defects in yeast 

cells of Saccharomyces cerevisiae more than 25 years ago (Novick et al., 

1989). SAC1 yeast mutants are viable but show sensitivity to cold 

temperatures, disordered intracellular actin and decreased chitin 

secretion rate (Novick et al., 1989; Schorr et al., 2001). They are inositol 

auxotrophs despite exhibiting no abnormalities in inositol biosynthesis 

(Whitters et al., 1993) and present ATP transport alterations 

(Kochendörfer et al., 1999). Despite the fact that SAC1 is not essential for 
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yeast, it is fundamental in flies and mice. In the case of flies, SAC1 deletion 

leads to embryonic lethality attributed to dorsal closure, a crucial stage in 

the development of Drosophila melanogaster (Wei et al., 2003). In mice, 

SAC1 knock-down causes early embryonic lethality by mitotic defects in 

formation of multipolar spindles, resulting in atypical chromosome 

separation (Liu et al., 2008). Moreover, the viability and growth of cell lines 

are compromised when silencing SAC1 with siRNA (Cheong et al., 2010). 

 

Mammalian SAC1 is ubiquitously expressed throughout adult and 

embryonic tissues, with elevated levels in cerebellar Purkinje cells 

(Nemoto et al., 2000). As regards its subcellular distribution, it is mainly 

localized at the ER, Golgi apparatus and membrane contact sites (ER-

plasma membrane and ER-Golgi) (Del Bel & Brill, 2018).  

 

Most of the studies carried out to explore SAC1 distribution within the cell 

have been conducted in yeast. The overexpression of this protein at the 

ER in yeasts results in a reduction of PI4P levels with no defects over this 

organelle (Konrad et al., 2002). However, when a dysfunctional SAC1 

variant is overexpressed, PI4P levels are increased impairing protein 

processing and affecting cellular functions (Tahirovic et al., 2005).  

 

In Golgi apparatus, SAC1 has an expression gradient because it is 

differently distributed among the three distinct compartments (cisternae). 

SAC1 presents higher levels in cis-regions than in trans-ones resulting in an 

increasing gradient of PI4P from cis- to trans-parts of the Golgi (Cheong et 

al., 2010; Wood et al., 2012).  

 

This capacity of SAC1 to regulate PI4P levels within the Golgi apparatus 

depends on an effector molecule known as GOLPH3 in mammalian cells 

(or Vps74 in yeasts). SAC1 interacts with this molecule, which 

simultaneously binds PI4P (Cai et al., 2014). In cases of SAC1 mutations, 

the Golgi’s ability to confine GOLPH3 is compromised. Furthermore, the 

high levels of PI4P disrupt the anterograde transport of Golgi’s enzymes, 

leading to an abnormal redistribution at the plasma membrane (Dippold 

et al., 2009; Wood et al., 2009).  

 

SAC1 also plays a crucial role at membrane contact sites. They are 

important for non-vesicular transport of molecules. The plasma 

membrane is tethered to the ER through the action of mammalian ORP5/8 
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(Osh6/7 in yeasts) exchanging PI4P and the lipid phosphatidylserine (PS) 

(Chung et al., 2015). The SAC1-mediated hydrolysis of PI4P is vital for 

efficient countertransport by ORP proteins (Moser von Filseck, Copic, et 

al., 2015). This transfer of PI4P from the plasma membrane to the ER 

(against its concentration gradient) leads to its hydrolysis by SAC1 in cis-

region, helping the uptake of PS by ORP proteins. This process facilitates 

constant levels of this lipid in the plasma membrane where they are 

necessary for several biological process (Chung et al., 2015). Nevertheless, 

it was also described that SAC1 can modulate PI4P in trans-region (Stefan 

et al., 2011).  

 

In the case of ER-Golgi contact sites, VAP proteins are the responsible for 

tethering these two organelles (Wakana et al., 2015) and sterols are 

exchanged for PI4P instead of PS (Moser von Filseck, Vanni, et al., 2015). 

Nevertheless, there is a debate whether SAC1 regulates PI4P pool at these 

contact sites through the cis- or trans-region. On the one hand, it is 

published that SAC1 dephosphorylates PI4P at the ER suggesting an 

obligate “cis” activity of SAC1 (Zewe et al., 2018). On the other hand, it is 

also proposed that SAC1 operates in trans-regions, especially at ER-TGN, 

thanks to the FAPP1 protein (Venditti et al., 2019). Indeed, it has been 

published that the trans-activity of SAC1 regulates the AMPAR’s transport 

depending on the presence of nutrients (Casas et al., 2020).  

 

 

 

 

 

 

 

 

 
Figure 12. Implication of SAC1 at membrane contact sites. ORP5/8 are in charge 
of the exchange of PI4P and PS between the ER and the PM. VAP mediate the 
exchange of PI4P and sterols between the ER and the GA. ER: endoplasmic 
reticulum. GA: Golgi apparatus. PM: plasma membrane. PS: phosphatidylserine. 

 

 

Finally, SAC1’s control of PI4P is essential for the correct formation and 

trafficking of vesicles at the TGN (Del Bel & Brill, 2018). SAC1 is also present 
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at endolysosomal membranes and has different functions such as 

membrane tubule formation and mediation of autophagosome-lysosome 

fusion (Liu et al., 2021; Zhang et al., 2021).  

 

 

5.1. Structure 
SAC1 has a primary sequence similarity to a subfamily of 

cytosolic/peripheral membrane phosphoinositide phosphatases known as 

synaptojanins. It has a long N-terminal domain, 2 transmembrane domains 

and a short C-terminal domain (table 2). Recently, its structure has been 

resolved with the high-resolution cryo-EM (Schafer et al., 2023). 

 
Table 2. Domain’s features of mouse SAC1. 

Region Amino acids Description 

N-terminus 1-520 Cytoplasmic 

Transmembrane 521-541 Helical 

Topological domain 542-548 Lumenal 

Transmembrane 549-569 Helical 

C-terminus 570-587 Cytoplasmic 

 

This distribution of domains facilitates a “J” topology allowing the N- and 

C-terminus face the cytosol and the transmembrane regions bind the 

protein to the membrane (Del Bel & Brill, 2018). SAC1 is characterized by 

a domain of approximately 500 amino acids known as SAC1 domain 

containing the phosphatase activity (Guo et al., 1999). This domain 

presents seven highly maintained motifs among different species (figure 

13).  

 

 
Figure 13. Schematic mammalian SAC1 protein domains with their main 
characteristics. Numbers 1-7 correspond to conserved motifs within the 
phosphatase domain in mammals. LZ: putative leucine zipper. TMD: 
transmembrane domain. Based on (Del Bel & Brill, 2018). 
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Firstly, mammalian SAC1 has a putative leucine zipper at the N-terminal 

domain responsible for oligomerization and its localization at the Golgi 

apparatus (Blagoveshchenskaya et al., 2008). In addition, the second 

conserved motif of SAC1 domain together with the first transmembrane 

domain are also implicated in Golgi localization (Wang et al., 2013). The 

catalytic motif (CX5R(T/S) is found in the 6th motif characterized by a 

unique P-loop conformation, where the phosphatase activity takes place 

(Manford et al., 2010). SAC1 has a large cationic catalytic groove where 

the catalytic cysteine is distantly positioned from the conserved arginine 

responsible for the phosphate group binding (Zhong et al., 2012), 

suggesting a conformational change: the catalytic residues must move 

closely to each other to allow PI4P hydrolysis. Thus, it is proposed an 

allosteric activation of SAC1 activity by anionic phospholipids, such as PS, 

which could induce the conformational alteration necessary to bring the 

cysteine and arginine together (Zhong et al., 2012).  

 

Regarding the C-terminal extreme, it has a coat protein I (COPI) binding 

motif (583-KEKIDD) accountable for the presence of SAC1 in the ER 

(Blagoveshchenskaya et al., 2008). This motif is not present in yeasts and 

flies.  

 

Several studies have been done comparing SAC1 protein sequence within 

different species. Human SAC1 exhibits 32% identity with yeast SAC1 and 

95%, with rat SAC1 (Rohde et al., 2003). Figure 14 shows a scheme of the 

conservative domains of SAC1 among species. In the case of human SAC1 

domain, it starts from amino acid 121 to 500 and the putative leucine 

zipper, from amino acid 98 to 126 (Rohde et al., 2003). Moreover, the 

leucine zipper motif is perfectly conserved in mammalian SAC1 family 

members. The conservation of SAC1 sequence suggests that its function 

has been preserved throughout evolution due to the importance this 

protein has in cellular processes.  
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Figure 14. Comparison between the phosphatase signature motif and the leucine 
zipper motif of different species. Phosphatase signature motif is in blue in the 
SAC1 homology domain. Identical amino acids are highlighted. Conserved leucines 
are in red. hSAC1: human SAC1. mSAC1: mouse SAC1. rSAC1: rat SAC1. ySAC1: 
yeast SAC1. fSAC1: fly SAC1. L: putative leucine zipper. T: transmembrane 
domains.  

 

 

A detailed analysis of the yeast SAC1 crystal structure shows a N- (SacN) 

and C-terminal (SacC) subdomains (1-182 and 183-503 amino acids, 

respectively) within N-terminus (Manford et al., 2010). SacN is composed 

of 3 layers of β-sheets and 4 α-helices facilitating protein interactions, 

whereas SacC presents 9 β-sheets surrounded by 5 α-helices (Manford et 

al., 2010).  

 

 

5.2. Metabolic regulation 
As it was mentioned before, SAC1 is expressed in the ER, Golgi apparatus 

and membrane contact sites. The presence of SAC1 in these 

compartments relies on the nutrients’ provisions in the cellular 

environment (Mayinger, 2009). When there are enough growth factors, 

SAC1 localizes to the ER and, when there is nutrient deprivation, it is in the 

Golgi (Blagoveshchenskaya & Mayinger, 2009).  
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On the one hand, when there is nutrient availability, SAC1 is quickly re-

located from the Golgi to the ER, facilitating Golgi PI4P levels to increase 

and the rapid enhancement of secretion. To do so, SAC1 needs the 

interaction of COPI vesicles through the dilysine motif (KEKIDD) at its C-

terminal domain (Rohde et al., 2003).  

 

The SAC1’s translocation to the ER is regulated by the p38 MAPK pathway 

(Blagoveshchenskaya et al., 2008). To remain in the Golgi, SAC1 requires 

to oligomerize. However, p38 separates these oligomers and SAC1 can be 

easily transported to the ER thanks to COPI vesicles. Under these 

conditions, there is a decreasing PI4P gradient from the Golgi to the ER.  

 

On the other hand, in starved mammalian cells, SAC1 remains in the Golgi 

and halts the increase of PI4P levels here, resulting in a slowdown of 

constitutive secretion. In addition, the absence of nutrients triggers SAC1 

oligomerization thanks to its N-terminal LZ motif in the Golgi 

(Blagoveshchenskaya et al., 2008). This SAC1’s accumulation in the 

organelle needs COPII-dependent vesicular trafficking along with the 

involvement of 14-3-3 protein.  

 

Moreover, c-Jun N-terminal kinase 3 (JNK3), a protein kinase 

predominantly expressed in the brain (Nakano et al., 2020), binds to SAC1 

oligomers in the Golgi inhibiting anterograde transport (Yang & Cynader, 

2014). The second conserved motif (figure 13) is the responsible for the ER 

exit of SAC1 (Del Bel & Brill, 2018). Upon this type of situation, an 

increasing PI4P gradient is generated from Golgi to ER. This adaptive 

shuttling between the different compartment is summarized in figure 15. 
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Figure 15. Dynamic regulation of SAC1 in ER-Golgi in mammalian cells. The 
localization of SAC1 depends on the nutritional status of the cells. In nutrients’ 
presence, it is translocated to ER increasing PI4P levels in the Golgi and enabling 
secretion. Under starvation situation, SAC1 is in the Golgi decreasing PI4P levels 
and blocking secretion.  

 

 

5.3. Cellular functions 
SAC1 participates in a variety of complex processes such as membrane 

trafficking, cytoskeletal distribution and intracellular communication (Del 

Bel & Brill, 2018).  

 

It has been published that SAC1 participates in regulating axon guidance 

within the embryonic CNS in D. Melanogaster (Lee et al., 2011). When 

SAC1 is mutated, it leads to an aberrant crossing of cell adhesion molecule 

axon tracts at the midline (Lee et al., 2011). Furthermore, SAC1 is also 

essential for maintaining the structural integrity of the retinal floor in D. 

Melanogaster (Griffiths et al., 2020). These data emphasize the critical 

function of SAC1 in tissue development.  

 

In post-embryonic synapses, SAC1 downregulation causes disruptions in 

the distribution of various postsynaptic components, synaptic growth and 

the integrity of microtubules (Forrest et al., 2013). SAC1 knock-down cells 

provoke the aggregation of an essential factor in axons’ synaptic active 

zones (Wagh et al., 2006). Hence, SAC1 is crucial for the proper functioning 

of axonal processes.  
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It has been reported that cultured primary rat neurons treated with an 

excitotoxic concentration of NMDA (mimicking a metabolic stress) lead to 

the palmitoylation of JNK3 and its attachment to the Golgi complex (Yang 

et al., 2013). Upon physiological conditions, the kinase is not palmitoylated 

and remains in the cytosol without interacting with SAC1. Under metabolic 

dysregulation, JNK3 is palmitoylated and binds SAC1, decreasing PI4P 

necessary for the exit of GluA1-vesicles from the Golgi (Yang et al., 2013). 

These data underscore the relevance of SAC1 in the secretory pathway.  

 

SAC1 is also important in lipid homeostasis. Yeast SAC1 mutants present a 

40% reduction in the cellular PS levels (Tani & Kuge, 2010) and an aberrant 

accumulation in intracellular membranes (Tani & Kuge, 2014). Conversely, 

PS allows SAC1 to dephosphorylate PI4P facilitating the phospholipid 

transfer to the plasma membrane (Zhong et al., 2012). This self-regulation 

links PS distribution and abundance to PIP metabolism through SAC1 

activation. Moreover, yeast SAC1 mutants show a reduced rate of 

sphingolipid biosynthesis resulting in higher ceramide levels (Brice et al., 

2009; Tani & Kuge, 2010).  

 

Finally, SAC1 has been related to cancer cell metastasis. Reducing SAC1 

levels leads to decreased cell-cell adhesion with cytoskeletal 

reorganization and increased cell migration in breast cancer cells (Tokuda 

et al., 2014). Therefore, SAC1 is a critical protein that regulates 

phosphoinositide lipid metabolism, membrane trafficking and synaptic 

function. Its proper function is essential for maintaining neuronal health 

and synaptic plasticity. 

 

 

5.4. SAC1 – CPT1C interaction 
As previously mentioned, SAC1 interacts with CPT1C, which senses 

malonyl-CoA depending on the nutritional status of the cell. This 

interaction is permanent, CPT1C is always tethering SAC1 independently 

of malonyl-CoA presence. Nevertheless, the connection is inhibitory when 

there is malonyl-CoA in the cell. In the absence of the molecule, SAC1 can 

carry out its phosphatase activity although CPT1C remains linked to it.  

 

The interaction between these two proteins predominantly takes place 

within the ER-TGN contacts. It has also been published that the presence 
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of CPT1C at these contact sites corresponds to an increased abundance of 

SAC1 in these regions (Casas et al., 2020). 

 

In addition, CPT1C, through its binding to SAC1, regulates the exit of 

AMPARs from TGN to the plasma membrane. CPT1C senses malonyl-CoA 

levels and SAC1 is released from CPT1C’s inhibition when they decrease, 

retaining AMPARs in TGN. Thus, SAC1 – CPT1C interaction modulates 

AMPARs’ trafficking toward the plasma membrane.  

 

CPT1C does not interact with SAC1 through its last 40 amino acids, the C-

terminus (Casas et al., 2020). However, this part of the protein is very 

important as CPT1C uses it to bind to GluA1 subunit (Casas et al., 2020), 

but it is unknown which motifs SAC1 and CPT1C use to interact with each 

other. 
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Cognition can be affected by diets, especially at young and old ages. Our 

hypothesis is that unsaturated fats and ketone bodies enhance AMPA 

receptors' trafficking and synaptic plasticity, while saturated fats are 

detrimental. The effects of nutrients on AMPAR trafficking is partially 

mediated by the interaction between CPT1C and SAC1. 
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1. To explore the effects of different fatty acids and ketone bodies on 

AMPA receptor trafficking and synaptic transmission 

 

1.1. To examine whether unsaturated and saturated diets can 

contribute to the phosphorylation of GluA1 in brain hippocampus 

and cortex 

 

1.2. To determine the effect of fatty acids and ketone bodies’ 

treatments on surface GluA1 in primary cortical neurons 

 

1.3. To study whether BHB can reverse the saturated fatty acids’ 

effects on synaptic GluA1 in primary hippocampal neurons 

 

1.4. To characterize the effects of fatty acids and ketone bodies on 

excitatory synaptic transmission in brain slices 

 

1.5. To demonstrate the implication of fatty acids and ketone bodies 

in memory 

 

1.6. To establish whether the malonyl-CoA – CPT1C axis is involved in 

nutrient-mediated GluA1 regulation 

 

 

2. To elucidate the interaction between SAC1 and CPT1C 

2.1. To check the correct expression and subcellular localization of 

truncated proteins 

 

2.2. To analyze the interaction between SAC1 and CPT1C proteins 

through FRET techniques 

 

2.3. To describe the interaction between SAC1 and CPT1C proteins via 

pull-downs 
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1. Animal procedures 
C57BL/6J wild type (WT) mice were used for experiments. They were kept 

in a controlled environment with a 12h light-12h dark cycle (light on at 8 

a.m., light off at 8 p.m.) maintaining the same temperature and humidity 

conditions. Mice were fed with a standard laboratory chow diet (other 

case indicated as it is described in table 3) and had unrestricted access to 

water.  

 
Table 3. Composition of diets used for this thesis. 

Diet 
Composition (% kcal) 

Reference 
Fats Carbohydrates Proteins 

Standard diet 

(SD) 
10 70 20 

D12450J, 

Research Diets 

High fat diet 

(HFD) 
60 20 20 

D12492, 

Research Diets 

Saturated fat diet 

(SFAD) 
49 31 20 

D19121204, 

Research Diets 

Monounsaturated 

fat diet (MUFAD) 
49 31 20 

D19121203, 

Research Diets 

 

For primary neuron cultures, pregnant mice with embryos of E15.5 were 

sacrificed by cervical dislocation. The embryos’ heads were cut off as soon 

as they were taken out of the uterus. All animal procedures were 

performed in agreement with European guidelines (2010/63/EU) and 

approved by the Research Ethical Committee of the International 

University of Catalonia (CBAS-2020-05).  

 

 

1.1. Behavioral and cognitive tests 
5 weeks-old mice were fed with SD (10% of kcal from fat) or SFAD (49% of 

kcal from saturated fatty acids) for a period of 7 weeks. Simultaneously, 

they received intragastric administrations of either vehicle (water) or BHB 

(100 mg/kg/day). Throughout the study, animals had unrestricted access 

to food and water. Animals were also weighed every week to analyze their 

gain in body weight. After that, three different tests were conducted: 

novel object recognition test (NORT), object location test (OLT) and open 

field test (OFT) in collaboration with Christian Griñán Ferré from University 

of Barcelona. 
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Figure 16. Schematic representation of the experimental design before 
conducting behavioral tests.  

 

 

1.1.1. Novel object recognition test 

NORT allows the analysis of both short- and long-term recognition 

memory involving cortical areas as well as the hippocampus. As previously 

described (Grinan-Ferre et al., 2020), it was performed in a 90o, two-arm, 

25 cm-long and 20 cm-high maze. Before the real test took place, mice 

underwent a 3-day habituation period, spending 10 minutes per day in the 

maze individually. On the fourth day, they were allowed to freely explore 

it during a 10-minute acquisition trial (habituation phase). During this 

phase, they examined two identical novel objects placed at the end of each 

arm. Short-term memory was evaluated 2 hours after the habituation 

phase with another 10-minute retention trial, where one of the two 

identical objects was replaced by a novel one. 24 hours later, mice were 

tested again, using a new objet along with an object that was identical to 

the new one used in the previous trial as shown in figure 17. 

 

 
Figure 17. Scheme of the NORT indicating the differences in objects used in the 
habituation phase, 2h and 24h trials.  

 

 

The exploration time of the novel object (TN) and the exploration time of 

the old object (TO) were quantified by reviewing video recordings of each 

trial session. Object exploration was defined as the mouse’s nose touching 

the object or pointing it toward the object at a distance ≤ 2cm. The 
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cognitive performance was analyzed using the discrimination index (DI) 

calculated as (TN-TO)/(TN+TO). 

 

1.1.2. Object location test 

OLT evaluates spatial learning which mostly depends on hippocampal 

activity. This test is based on the spontaneous decision of mice to spend 

more time exploring a novel object location compared to a familiar one 

(Ennaceur & Meliani, 1992). It was performed in a box (50 x 50 x 25 cm). 

Three of the wall were white, while the fourth wall was black (figure 18). 

The box remained empty the first day allowing mice to acclimate to it for 

10 minutes. The following day, two identical 10-cm high objects were 

positioned equidistant from each other and the black wall. Mice explored 

them for 10 minutes too. The last day, one of the objects was relocated in 

front of the white wall, serving as a test of spatial memory. The evaluation 

of the cognitive performance was done in the same way as the NORT. 

 

 
Figure 18. Scheme of the experimental design for the OLT.  

 

 

1.1.3. Open field test 

OFT is also used to study spatial learning apart from an anxiety-like 

behavior (Grinan-Ferre et al., 2016). In this case, the ground of the box (50 

x 50 x 25 cm) was divided into central and peripheral zones to facilitate the 

analysis of the distance travelled. Mice were positioned either at the 

center or at one of the corners of the open field. They explored it for 5 

minutes and the distance travelled was considered as a primary indicator 

of locomotion. 
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2. Cellular biology 
2.1. Cells and maintenance 

In this thesis, both cell lines and primary cortical/hippocampal neurons 

were used. All cell types were always maintained at a temperature of 37oC, 

with a CO2 concentration of 5% and humidity of 95%.  

 

2.1.1. Cell lines 

The cell lines used were the following: 

 HEK293T cells: they are a stable clone from the human embryonic 

kidney 293T cell line. Its genome expresses the simian virus 40 (SV40) large 

T antigen which allows them to generate recombinant proteins using 

plasmid vectors that incorporate the SV40 promoter. For this reason, they 

are widely used for lentiviral production and expression of eukaryotic 

proteins.   

 SH-SY5Y cells: they were derived from the SH-SY subclone of the 

parental SK-N-SH human neuroblastoma cell line. They can be converted 

from neuroblast-like state into mature human neurons by the addition of 

specific compounds. SH-SY5Y were differentiated into a neuron-like type 

by adding 10 µM of retinoic acid (R2622 Sigma) diluted in DMSO 

(1029521011 Merck) to normal medium. For the control group, 20 000 

cells/mL were seeded in a 24-well plate and, for the differentiated group, 

40 000 cells/mL. The medium was changed every 2-3 days. These cells 

were seeded in coverslips previously treated with 1/50 diluted collagen 

(354236 Corning). The coverslips were incubated for 1h at 37oC and then, 

washed 3 times with 1X PBS. 

 

Both cells lines were maintained with DMEM (Dulbecco’s Modified Eagle 

Medium) with high glucose concentration (D5671 Sigma-Aldrich) 

supplemented with 10% of fetal bovine serum (FBS; FBS12A Capricorn 

Scientific), 1% glutamax (X0551-100 Biowest) and 1% penicillin-

streptomycin (P0781 Sigma-Aldrich). 

 

2.1.2. Primary cortical/hippocampal neurons 

Primary cortical/hippocampal cultures were prepared from mouse 

embryos (E15.5) of C57BL/6J mice. Brain dissection was carried out in 

sterile conditions as previously described (Parcerisas et al., 2020). 
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The coverslips used for the culture were cleaned with nitric acid overnight 

with agitation. The next day, 3 washes with water and one wash with 

ethanol were done. Once the coverslips were completely dried, they were 

sterilized. Lastly, the same day of the culture, coverslips in plates for 

immunochemistry studies were incubated with 0.1 mg/mL poly-D-lysine 

and plates for molecular and biochemical assays (with no coverslips), with 

0.05 mg/mL of poly-D-lysine. After an hour of incubation at 37oC and 

before seeding, they were washed 3 times with 1X PBS. 

 

First of all, embryos were extracted by caesarean section and placed into 

cold 1X PBS supplemented with 3% of glucose. Cortices and hippocampi 

were extracted using a stereoscopic microscope and placed in 2.7 mL of 

1X PBS-glucose and 300 µL of trypsin (15400054 ThermoFisher) for 8 

minutes at 37oC inverting the falcon tube every 2 minutes to facilitate cell 

disaggregation.  

 

In order to stop the digestion reaction, 1.6 mL of horse serum (10368902 

Fisher) were added. Afterwards, 500 µL DNase (4716728001 Merk) were 

added and the falcon tube was incubated for 8 minutes at 37oC being 

inverted every 2 minutes. 

 

Later, tissues were mechanically dissociated with a pipette 30 times and 

passed through a 40 µm cell strainer (542040 ddBiolab). The cell 

suspension was then centrifuged at 800 rpm for 5 minutes. The 

supernatant was removed and the pellet was re-suspended in 1 mL of 

culture medium. 

 

The culture medium was composed of Neurobasal (21103049 

ThermoFisher), 1% glutamax, 1% penicillin-streptomycin, 2% B27 

(17504044 ThermoFisher) and 1/5 of glia conditioned medium. Depending 

on the amount of brains dissected, 5-10 mL of culture medium were added 

to the cell suspension after centrifugation.  

 

Finally, trypan blue was used to count viable cells in a Neubauer chamber. 

For molecular and biochemical assays, 300 000 cells/mL were seeded in 

poly-D-lysine (P7886 Sigma-Aldrich) coated plates. However, for 

immunochemistry studies, 180 000 cortical cells/mL and 150 000 

hippocampal cells/mL were seeded in poly-D-lysine coated coverslips-
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containing plates. Neurons were maintained for 2 weeks and one-fifth of 

the culture medium was changed every 3-4 days.  

 

To obtain the glia conditioned medium, the rest of the neurons that were 

not used for culture were seeded in a T-75 flask with a medium composed 

of Neurobasal, 1% glutamax, 1% penicillin-streptomycin and 10% FBS to 

avoid the growth of neurons and stimulate glia proliferation. The day after 

the seeding, it was necessary to change the medium in order to eliminate 

all the neurospheres formed. A week later, this medium was replaced by 

a medium containing Neurobasal, 1% glutamax, 1% penicillin-

streptomycin and 2% B27. After 10 days, the conditioned medium 

containing factors secreted by glia was harvested: it was centrifuged for 

10 minutes at 1500 rpm, filtered and stored at -20oC. This process can be 

repeated twice because the glia in the flask will continue proliferating and 

generating new factors. 

 

 

2.2. Transfection 
Transfection was used to introduce exogenous genetic material into 

cultured cells. It is based on the opening of temporary pores in the cell 

membrane to facilitate the uptake of the genetic material. There are 

several methods to approach transfection. The ones used in this thesis 

were the calcium phosphate and polyethylenimine (PEI) for FRETse and 

pull-down, respectively.   

 

2.2.1. Calcium phosphate 

When HEK293T had a confluence of 60-80% they were transfected with 

calcium phosphate. The culture medium was removed 2 hours before the 

transfection and new medium was added. The following amount of 

reagents for a 6-well plate was added in this order: 1 µg of DNA, 86.5 µL 

of 0.1X TE, 48.5 µL of buffered water, 15 µL of 2.5M CaCl2 and 150 µL of 

2X HeBS. This last reagent was added dropwise while vortexing. The total 

volume of transfection for 6-well plate was 300 µL.  

 

0.1X TE: 1 mM Tris-HCl pH 8 and 0.1 mM EDTA pH 8 

Buffered water: milliQ water supplemented with 2.5 mM HEPES pH 

7.3 

2XHeBS: 280 mM NaCl, 50 mM HEPES and 1.5 mM Na2HPO·2H2O pH 

7 
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The transfection mixes were left 20 minutes at RT before being added to 

HEK293T dropwise. The medium was changed after 24 hours and the 

experiments were performed 24 hours later.  

 

2.2.2. Polyethylenimine 

Polyethylenimine (PEI) is a highly efficient transfection reagent.  It has a 

very low cytotoxicity and breaks cell membrane minimally. The ratio of 

PEI:DNA used was 3:1 and the amount of DNA was 15 µg (7.5 µg in the 

case of being transfected with two different plasmids) for 100 mm Ø 

dishes. 

 

Once cells had a confluence of 60-80% approximately, they were 

transfected with PEI (24765 Polysciences). The medium used to prepare 

the transfection mixture was DMEM with just 1% glutamine (DMEMg).  

 

The first transfection mixture was composed of 15 µg of DNA and 450 µL 

of DMEMg. The second transfection mixture consisted of 45 µL of PEI and 

450 µL of DMEMg. Both mixtures were incubated for 5 minutes at RT and 

then, the second mixture was added over the first one. The final mixture 

was incubated for 15 minutes at RT and the 900 µL were added to cells. 

After 48 hours, the experiments (pull-down) were performed. 

 

 

2.3. Infection with lentivirus 
2.3.1. Production 

Primary cortical neurons were infected with lentivirus to silence CPT1C. 

Lentiviruses have an RNA-based genome and replicate by forming a 

temporary DNA copy through reverse transcription. They also rely on 

integrases to insert their DNA into the genome of host cells. Moreover, 

they are highly efficient in infecting not only dividing cells but also non-

dividing cells such as neurons. Nevertheless, they lack the ability to self-

replicate.  

 

The pLVTHM plasmid (Addgene #12247) was used as a lentiviral vector to 

introduce RNA interference sequences (RNAi). Previously in the research 

group, short hairpin-loop RNA of mCPT1C (shCPT1C) and a short hairpin-

loop RNA with a random sequence (shRandom) were cloned into pLVTHM 

plasmid using ClaI/MluI as the cloning site. Thus, pLVTHM_shmCPT1C-GFP 
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was used for silencing CPT1C protein and pLVTHM_shRandom-GFP, for 

control group (see figure 19).  

 

In addition to the lentiviral vector, a viral packaging vector (capsid) and a 

viral envelope vector are required to generate lentiviruses. They allow 

virus to fuse with the host cell membrane and introduce the capsid 

containing the genome. The viral packaging vectors used in this thesis 

were psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259). Their 

maps are shown in figure 19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Backbone size: 11 113 bp 

Vector type: mammalian 

expression, lentiviral, RNAi, 

Cre/Lox 

Bacteria resistance: ampicillin 

Copy number: high copy 

 

A) 
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Figure 19. Plasmids’ map created with SnapGene. A) Backbone of pLVTHM plasmid 
use for generate shCPT1C and shRandom viruses. B) Viral packaging vector 
psPAX2. C) Viral envelope vector pMD2.G. 

 

 

The calcium phosphate method was used to produce lentiviruses. For each 

generated virus three 100 mm Ø dishes were seeded with 500 000 

Backbone size: 10 703 bp 
Vector type: mammalian 
expression, lentiviral, 
packaging 
Bacteria resistance: ampicillin 
Copy number: high copy 

B) 

Backbone size: 5 822 bp 

Vector type: mammalian 

expression, lentiviral, 

envelope 

Bacteria resistance: 

ampicillin 

Copy number: low copy 

 

C) 
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cells/mL of HEK293T per each dish. After 24 hours, cells had to be 80% 

confluence in order to be transfected.  

 

Two hours before the transfection, the medium was changed and half of 

the maximum volume of the dish was added fresh. For each dish the 

volumes of the reagents were the following: 

 
Table 4. Amount of each reagent used for calcium phosphate transfection in a 
100 mm Ø dish. 

 

 

 

 

 

 

 

 

 

 

 

The medium was replaced by 5 mL of new medium a day after the 

transfection, and 8 hours later, the first virus-containing medium was 

collected and stored at 4oC. This process was repeated the next day in the 

morning and in the afternoon. Then, the virus-containing medium was 

centrifuged at 3000 g 1h at 4oC using filtered tubes (VS2042 Sartorius), 

aliquoted and stored at -80oC.  

 

2.3.2. Titulation 

For titulation, cells were infected with different volumes of viruses to 

know the concentration of viral particles in a given volume. HEK293T were 

seeded at a final concentration of 50 000 cells/mL in 24-well plate. The 

next day, cells from two wells were counted again to know the number of 

cell per well at 1DIV. Furthermore, 250 µL of medium was removed from 

each well to facilitate the infection. Afterwards, HEK293T were infected 

with different amount of viruses: 0.015, 0.03, 0.06, 0.125, 0.25, 0.5, 1, 2, 3 

and 4 µL.  

 

After 24 hours, 1 mL of new medium was added to each well to stop the 

infection. Two days later, HEK293T were detached and GFP positive cells 

 [stock] Volume 

Lentivirus vector 1 µg/µL 45 µL 

Packaging vectors 
pMD2.G 1 µg/µL 15.9 µL 

psPAX2 1 µg/µL 29.1 µL 

TE 0.1X 0.1X 1.3 mL 

Buffered water - 727 µL 

CaCl2 2.5 M 223 µL 

HeBS 2x 2.25 mL 
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were counted using the fluorescent-activated cell sorting (FACS) through 

BD FACSCaliburTM. FACS is a type of flow cytometry which enables the 

detection of cells emitting fluorescence.  

 

The data analysis for titulation was done with Flowing Software. Taking 

into account the percentages of GPF+ cells, a dilution curve was generated 

and the concentration of virus in transduction units per milliliter (TU/mL) 

was obtained according to this formula: 

 
TU

mL
=

% GFP positive cells · counted cells at 1DIV

µL of viral solution added in the well
 

 

 

 

 

 

 

 

 

 

 

 
Figure 20. Graph of the dilution curve for virus titulation. 

 

 

2.3.3. Infection 

Cortical neurons were infected at 7DIV and the experiments were 

performed at 14-15DIV. For shCPT1C or shRandom virus, 1 MOI was used 

to infect cells. 

 

 

2.4. Cellular treatment with fatty acids and ketone bodies 
On the one hand, oleic acid (OA; O7501 Sigma), palmitic acid (PA; P9767 

Sigma) and docosahexaenoic acid (DHA; D8768 Sigma) were prepared with 

a final concentration of 3 mM. First, 0.5 g deffated BSA (126575 Millipore) 

were added in 5 mL of 0.9% NaCl at 37oC with agitation and the 

corresponding amount of the fatty acid was added to 500 µL of 0.1N NaOH 

at 80oC. Once everything had been dissolved properly, the fatty acids were 

added dropwise to the BSA solution and left 5 more minutes at 37oC. Then, 
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the solutions were filtered and stored at -20oC. It is important to take into 

account that 500 µL of 0.1N NaOH had to be added to another BSA solution 

as a control group known as the “vehicle”.  

 

On the other hand, β-hydroxybutyrate (BHB; H6501 Sigma) was prepared 

at a final concentration of 250 mM in water. 

 

Cortical/hippocampal neurons were treated for 2h or 24h at 14DIV and 

13DIV respectively with the different treatments. In the case of 

differentiated SH-SY5Y cells, treatments of 2h and 24h were also done 

after seven and six days after seeding, respectively. 

 

 

 

3. Molecular biology 
3.1. Protein detection 

3.1.1. Cellular lysis 

To extract protein from cultured cells, they were first washed with 1X PBS 

three times. Then, lysis buffer (20 mM Tris pH 7.5, 5 mM EDTA, 150 mM 

NaCl, 1% NP40) with phosphatase inhibitor (ratio 1:40 in lysis buffer; 

A32957 Fisher Scientific) and protease inhibitor (ratio 1:40 in lysis buffer; 

A32955 Fisher Scientific) was added (50 µL of lysis buffer per well in 12-

well plate). 

 

The scraped cells were collected and incubated for 30 minutes at 4oC with 

agitation. After it, they were centrifuged at 10 000 rpm at 4oC for 10 

minutes to eliminate the not-lysed cells and stored at -20oC. 

 

3.1.2. Tissue homogenization 

Hippocampal samples and 10-20 mg of cortical samples were 

homogenized. The lysis buffer used was RIPA buffer (R0268 Sigma-Aldrich) 

complemented with phosphatase and protease inhibitor in a ratio of 1/40 

to RIPA buffer too. For each sample 120 µL of RIPA buffer with inhibitors 

were added. Moreover, samples were sonicated 8 times (0.6 cycle and 

80% amplitude) to break intact cell components. Then, they were 

incubated for 20 minutes at 4oC with agitation. Finally, they were 

centrifuged in the same way as the lysed cells and stored at -20oC. 
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3.1.3. Protein quantification 

Protein quantification was conducted in different ways depending on the 

type of biological sample. On the one hand, proteins from cell lines were 

measured using Bradford (5000006 Bio-Rad). A 1/5 dilution of Bradford 

reagent was used and 200 µL were added per well. After an incubation of 

5 minutes at RT, the absorbance at 595 nm was read with a plate reader. 

 

On the other hand, proteins from neurons and tissues were quantified 

with Pierce™ BCA Protein Assay Kit (23225 ThermoFisher). A 1/50 dilution 

of BCA reagent was used and 200 µL were added per well. After an 

incubation of 30 minutes at 37oC, the absorbance at 562 nm was read with 

a plate reader. 

 

The BSA stock for the calibration curve (0, 2, 5, 10, 15, 20, 25, 30 µL) was 

prepared in water at 0.1 mg/mL. This calibration curve was then used to 

interpole the concentrations of the samples. 

 

3.1.4. Western blot 

Western blot allows the detection of a specific protein from the total 

extract of proteins in a sample.  

 

The first step of the technique is the preparation of the sample. After 

protein quantification, samples were prepared with a final concentration 

of 0.5 µg/µL by adding water and 5X loading buffer (125 mM Tris pH 6.8, 

25% glycerol, 10% SDS, 10% β-mercaptoethanol, 2.5% H2O and 

bromophenol blue). In addition, they were boiled at 95oC for 5 minutes to 

denaturalize proteins.  

 

The second step is the electrophoresis allowing the protein separation 

according to their molecular weight among a polyacrylamide gel (Midi-

PROTEAN BioRad). Electrophoresis was run with a voltage of 200V in 

electrophoresis buffer (25 mM Tris-HCl pH 8.3, 192 mM glycine and 0.05% 

SDS). 

 

The third step is the transference to a PVDF membrane (IPVH00010 

Merck). To do so, a “sandwich” consisting of a sponge, Whatman paper 

(11330744 Fisher Scientific), SDS-PAGE gel, PVDF membrane, Whatman 

paper and a sponge was created. This “sandwich” was put in a tray 
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containing transfer buffer (25 mM Tris pH 8.3, 192 mM glycine and 10% 

methanol) and a current of 400mA was applied for 90 minutes at 4oC. 

 

The fourth step is the blocking of the membrane to avoid unspecific 

binding of antibodies. The blocking was done with 5% fat-free powdered-

milk in TBS-T (0.1 % Tween20 (P9416 Sigma-Aldrich) in 1X TBS (20 mM Tris, 

137 mM NaCl and 3.9 mM HCl). The membrane was incubated with 

blocking solution for 30 minutes at RT on a shaker.  

 

The fifth step is the primary antibody incubation. Once the membrane was 

blocked and all the empty spaces were filled with milk’s proteins, the 

membrane was incubated with the correspondent primary antibody 

overnight at 4oC in plastic-sealed bags with permanent agitation. Each 

antibody was diluted following the instructions provided in the data sheet 

(table 5). 

 
Table 5. Primary antibodies used in this thesis with their dilution factor and 
reference. All of them were prepared in TBS-T with 0.2% BSA solution 
(10735078001 Roche). 

Antibody Dilution Host Reference 

α-ACC 1:1000 Rabbit 3676 Cell Signalling 

α-p(Ser79)-ACC 1:2000 Rabbit 3661 Cell Signalling 

α-β-actin 1:5000 Mouse MA1-91399 Fisher 

α-BDNF 1:1000 Rabbit SC-546 Santa Cruz 

α-calnexin 1:1000 Rabbit ab22595 abcam 

α-CPT1C 1:6000 Rabbit 
Produced by Dolors 

Serra’s laboratory 

α-CREB 1:1000 Rabbit sc-58 Santa Cruz 

α-p(Ser129)-CREB 1:1000 Rabbit sc-101662 Santa Cruz 

α-FAS 1:1000 Mouse sc-48357 Santa Cruz 

α-GFP 1:1000 Rabbit 2956S Cell Signalling 

α-GluA1 1:1000 Rabbit PC246 Millipore 

α-p(Ser831)-GluA1 1:1000 Rabbit ab76321 abcam 

α-p(Ser845)-GluA1 1:1000 Rabbit ab109464 abcam 

α-SAC1 1:1000 Rabbit 13033-1-AP ProteinTech 

 

The next step is the secondary antibody incubation (see table 6) that 

allows the visualization of the protein’s band through an indirect 

enzymatic reaction. The secondary antibody has conjugated a horseradish 
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peroxidase which reacts with luminata (WBLUF0500 Merck) and emits 

light. The incubation of secondary antibody was done for 1 hour at RT with 

agitation.  

 
Tabla 6. Secondary antibodies used in this thesis with their dilution factor and 
reference. 

Antibody Dilution Host Reference 

α-mouse-HRP 1:20 000 Goat 115-035-003 Jackson 

α-rabbit-HRP 1:10 000 Goat 111-035-144 Jackson 

 

 

After the incubation with the primary and secondary antibodies, 

membranes were washed three times with TBS-T solution for 5 minutes in 

agitation at RT.  

 

Finally, emitted light was detected using Syngene G:Box system and 

quantified by densitometry with ImageJ Software. The housekeeping gene 

actin was used as a control to normalize protein expression levels.  

 

 

3.2. Plasmid constructs 
Cloning was conducted making copies of the desired DNA by PCR 

amplification and inserting it into the plasmid of interest by 

recombination. The figure 21 shows a diagram with every step of this 

process. 
 

 

 

 

 

 

 

 

 

 

 

Figure 21. Schematic representation of cloning’s steps. 

 

Deletions in SAC1 protein were conducted in this thesis to study the 

interaction with CPT1C. The plasmid used as a backbone for the insertion 
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of SAC1’s deletions was pcDNA3.1(+)-MycHis_A (see figure 22). Moreover, 

a fluorescent protein (mTurquoise2) was inserted in this plasmid to 

facilitate the visualization of transfected cells. The restriction enzyme used 

for that was KpnI (R3142 New England BioLabs) and the primers to amplify 

the insert mTurquoise2 are detailed in table 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 
Figure 22. Design for backbone plasmid. A) Map of pcDNA3.1(+)-MycHis_A 
plasmid created with SnapGene. B) Map of pcDNA3.1(+)-MycHis_A plasmid with 
the mTurquoise2 protein inserted created with SnapGene. 

Backbone size: 5493 bp 

Vector type: mammalian expression 

Bacteria resistance: ampicillin 

Copy number: high copy 

A) 

B) 
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Table 7. Amplifying primers for mTurquoise2 insert. The purple part corresponds 
to the restriction site of KpnI enzyme and the green one, the start codon. They 
were designed taking into account a 40-60% of G/C. 
 

Primer Sequence (5’→3’) 

CFP-KpnI 

Forward 
GACCCAAGCTGGCTAGTTAAGCTTGGTACC

ATGGTGAGCAAGGGCGAGGAGCTGTTCACC 

Reverse 
CACTGGACTAGTGGATCCGAGCTCGGTACC

CTTGTACAGCTCGTCCATGCCGAGAGTG 

 

 

Seven constructs (C1-C7) codifying for mouse SAC1 protein with different 

deletions were generated: C1 (1-587aa; the full-length protein), C2 (89-

587aa), C3 (189-587aa), C4 (275-587aa), C5 (378-587), C6 (436-587aa) and 

C7 (520-587aa). They are shown in figure 23. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) B) 

C) D) 
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Figure 23. Maps of pcDNA3.1(+)-MycHis_A-mTurq2 plasmid with SAC1 inserts. A) 
C1 (1-587aa) which corresponds to the whole SAC1 protein. B) C2 (89-587aa). C) 
C3 (189-587aa). D) C4 (275-587aa). E) C5 (378-587). F) C6 (436-587aa). G) C7 (520-
587aa) which corresponds to just the two transmembrane domains and the C-
terminus. 

 

 

3.2.1. DNA amplification 

The SAC1 DNA fragment was amplified with the polymerase chain reaction 

(PCR) to obtain many copies of it. Depending on the length of the SAC1 

DNA fragment to be amplified, different primers were used (table 8). They 

were re-suspended according to the datasheet to a final concentration of 

100 µM.  

 

 

E) F) 

G) 
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Table 8. Primers’ sequences for cloning SAC1. The purple part corresponds to the 
restriction site of KpnI enzyme and the blue one, the restriction site of BamHI. The 
green part represents the start codon and the red one, the stop codon. They were 
designed taking into account a 40-60% of G/C. 

Primer Sequence (5’→3’) 
Insert’s 

size 

C1 

Forward 
GAGCTGTACAAGGGTACCGAGCTCGGATCC

ATGGCGGCCGCAGCCTACGAGCATCTGAAG 
1764 bp 

Reverse 
CAGAATTCCACCACACTGGACTAGTGGATCC

TCAGTCTATCTTTTCTTTCTGGACCAGTC 

C2 

Forward 
GAGCTGTACAAGGGTACCGAGCTCGGATCC

GGGATACTGGGCACAATCCATCTGGTGGCA 
1590 bp 

Reverse 
CAGAATTCCACCACACTGGACTAGTGGATCC

TCAGTCTATCTTTTCTTTCTGGACCAGTC 

C3 

Forward 
GAGCTGTACAAGGGTACCGAGCTCGGATCC

GTGTTGCATGGCTTTATTACTATGCACTCA 
1200 bp 

Reverse 
CAGAATTCCACCACACTGGACTAGTGGATCC

TCAGTCTATCTTTTCTTTCTGGACCAGTC 

C4 

Forward 
GAGCTGTACAAGGGTACCGAGCTCGGATCCC

ATCCACAGATCAGCAAAGTAGCAAATCAC 
942 bp 

Reverse 
CAGAATTCCACCACACTGGACTAGTGGATCC

TCAGTCTATCTTTTCTTTCTGGACCAGTC 

C5 

Forward 
GAGCTGTACAAGGGTACCGAGCTCGGATCC

GTGACAAACCAGGACGGAGTTTTCCGCAGC 
633 bp 

Reverse 
CAGAATTCCACCACACTGGACTAGTGGATCC

TCAGTCTATCTTTTCTTTCTGGACCAGTC 

C6 

Forward 
GAGCTGTACAAGGGTACCGAGCTCGGATCC

AATGCCTGGGCCGATAATGCTAATGCTTGTG 
459 bp 

Reverse 
CAGAATTCCACCACACTGGACTAGTGGATCC

TCAGTCTATCTTTTCTTTCTGGACCAGTC 

C7 

Forward 
CGAGCTGTACAAGGGTACCGAGCTCGGATCC

AAATTCCTGGCGTTGCCTATCATCATGG 
207 bp 

Reverse 
CAGAATTCCACCACACTGGACTAGTGGATCC

TCAGTCTATCTTTTCTTTCTGGACCAGTC 

 

 

The final volume of the reaction was 50 µL. Table 9 has the volumes for 

each reagent and table 10, the steps for the PCR. After the first 5 minutes 

of denaturalization, 6 µL of PFU enzyme (EMBL Heidelberg core facility) 



Methodology 

 

92 
 

diluted 1/10 were added. The PFU enzyme is a DNA polymerase that 

replicates DNA catalyzing the polymerization of nucleotides in the 5’→3’ 

direction in the presence of magnesium. 

 
Table 9. Volumes of reagents used for PCR. 

Reagent Volume (µL) 

10X PFU buffer* 5 µL 

2.5 mM dNTPs 6 µL 

50 mM MgCl2 1.5 µL 

50 ng of SAC1 DNA 2 µL 

DEPC H2O* 28.5 µL 

10 µM primer mix 

(forward + reverse) 
1 µL 

 

*10X PFU buffer: 200 mM Tris-HCl (pH 8.8), 100 mM (NH4)2SO4, 100 mM 

KCl, 1% (v/v) Triton-X100, 20 mM MgSO4 

*DEPC H2O: 10 µL of diethyl pyrocarbonate (DEPC; D5758 Sigma-Aldrich) 

in 100 mL of MQ H2O (18 mΩ) 

 

 
Table 10. Description of PCR steps. 

 
Process Temperature Time 

Initial denaturalization 95oC 5’ 

x25 

cycles 

Denaturalization 95oC 30’’ 

Annealing 65oC 45’’ 

Elongation* 72oC 2’ 

Final elongation 72oC 10’ 

Hold 12oC ∞ 

*For the elongation step it is recommended 1 minute per kb 

 

On the other hand, the backbone vector was digested with BamHI (R3136 

New England BioLabs) to introduce the SAC1 insert on it. The digestion mix 

contained: 1 µL of DNA (pcDNA3.1(+)-MycHis_A – mTurq2), 1 µL of BamHI 

as the restriction enzyme, 5 µL of 10X CutSmart Buffer and 44 µL of DEPC 

H2O. The digestion was carried out in a thermal cycler for 15 minutes.  
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3.2.2. DNA purification and extraction 

To isolate the amplified gene and the digested vector, an electrophoresis 

in agarose gel was done. Samples were prepared with 10X loading buffer 

(0.42% bromophenol blue, 0.42% xylene cyanol FF, 50% glycerol in 

bidistilled water) and the electrophoresis was conducted at 120V using 1X 

TAE electrophoresis buffer (40 mM Tris-acetate pH 8.3, 1 mM EDTA, 0.5 

μg/mL ethidium bromide (GX12420 Genaxis).  

 

Then, the desired DNA fragment was cut off and purified with the Nucleo 

Spin Gel and PCR clean up kit (740609.250 Machery Nagel) following the 

manufacturer’s instructions. Finally, to check if the purification was done 

properly, the samples (80 ng of DNA) were charged in an agarose gel. 

 

3.2.3. Recombination 

The final step was the recombination of the insert DNA (in this case the 

different deletions of SAC1 protein) with the vector backbone. To do so, 

25 ng of vector DNA and 50 ng of insert DNA (the amount of insert is 

recommended to be twice the amount of vector) were added in a final 

volume of 10 µL. The reaction took place in the thermal cycler at 50oC for 

70 minutes in the presence of the 5X In-Fusion HD recombinase (638948 

Takara). 

 

3.2.4. DNA spectrophotometric quantification 

DNA was measured using a micro-plate reader. In addition, it was taken 

into account that the absorbance ratio between 260/280 was around 1.8 

to be sure that all the constructs were well-purified.  

 

Furthermore, an analytical restriction digestion was performed to the 

obtained plasmid and 200 ng of DNA were charged in an agarose gel to 

visualize the correct fragment’s size of the digested DNA. 

 

3.2.5. DNA sequencing 

As the polymerase can introduce some mutations in the insert, the new 

generated constructs were sequenced. 2 µL of 5 µM primer (table 11) and 

1 µg of DNA added to a maximum final volume of 10 µL were sent to 

Macrogen for sequencing. 
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Table 11. Primers used for sequencing the new constructs. 

Constructs Primers’ sequence (5’→3’) 

C1/C2/C3 GGATTTCCAAGTCTCCACCCCATTG 

C1/C2/C3/C4/C5/C6/C7 CGATCACATGGTCCTGCTGGAGTTC 

C1/C2/C3 GTTTGTCCAGACTCGAGGATCAATAC 

C1/C2/C3/C4/C5 GGAAATTCCTGGCGTTGCCTATCATC 

 

 

3.3. Protein-protein interaction by pull-down 
To study the interaction between two proteins, a type of co-

immunoprecipitation based on the union of the protein of interest (tagged 

with streptavidin) to the Strep-Tactin® Superflow® high capacity resin (2-

1208-002, IBA Lifesciences) was used to purify its interacting proteins. If 

this protein of interest is able to interact with another one, the two 

interacting proteins will be purified together with the streptavidin resin 

(figure 24). 

 

Figure 24. Schematic representation of pull-down done for this thesis. 

 

 

First of all, HEK293T were seeded in a 100 mm Ø dish at a final 

concentration of 150 000 cells/mL. Two dishes per condition were seeded. 

Cells were transfected with PEI two days after the seeding with mCPT1C-

eGFP-streptavidin or calnexin-eGFP-streptavidin plasmids (both 

engineered by Xavier Fontanals Palacios) to study the interaction. 

Calnexin-eGFP-streptavidin was used as a control. Two days after, the pull-

down was conducted.  

 

HEK293T were washed with 5 mL of 1X PBS at 4oC and centrifuged at 600 

g for 5 minutes at 4oC (each step of the protocol was done at this 

temperature). This process was repeated two more times. Then, the pellet 
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was re-suspended in 0.5 mL of lysis buffer/dish (100 mM pH 7.5, 150 mM 

NaCl, 10% glycerol and inhibitors of proteases) and samples were 

sonicated for 30 seconds/seeded dish.  

 

In order to degrade any nucleic acid, 250 U of benzonase (E1014 Sigma) 

per gram of pellet were added and the sample was incubated for 10 

minutes with agitation. Later, it was centrifuged at 10 000 g for 10 minutes 

to eliminate non-lysed cells. GDN detergent (GDN101 Anatrace) was 

added with a final concentration of 1% and incubated for 2 hours with 

agitation to solubilize proteins. 

 

Afterwards, the sample was centrifuged at 200 000 g for 1 hour and the 

supernatant containing the solubilized proteins was added to a 2 mL 

columns (89896 Thermo Scientific) previously equilibrated with the resin.  

 

When the sample passed through the resin, the protein of interest tagged 

with streptavidin (mCPT1C or calnexin) was retained in the resin. The 

columns were washed three times with wash buffer (purification buffer 

with 0.2% of GDN). 

 

Finally, proteins were eluted with 300 µL of elution buffer (purification 

buffer, GDN diluted 1:1000 and 2.15 mg/mL of desthiobiotin). The 

desthiobiotin (2-1000-001 IBA Lifesciences) must be sonicated for 10 

seconds before its addition. Results were checked by Western blot.  

 

 

 

4. Microbiology 
4.1. Bacterial transformation 

To achieve the bacterial transformation with exogenous DNA, the 

Escherichia coli (E. coli) DH5α competent cells were used allowing an 

efficient taking up of foreign DNA from their environment. They were 

grown in sterile LB liquid or agar plates with the corresponding antibiotic.  

 

Firstly, 15 µL of the recombined plasmid were added to 150 µL of DH5α 

(no more than this 1:10 proportion can be added to the bacteria because 

otherwise it can be toxic for them). The bacteria with the DNA were left 

on ice for 30 minutes. 
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Afterwards, a heat-shock was done for 75 seconds at 42oC allowing that 

the cell membrane became permeable to facilitate the insertion of the 

plasmid. Then, they were incubated at 4oC for 5 more minutes.  

 

An enriched medium like SOC (500 µL) was added to the bacteria and they 

were incubated 1h at 37oC with strong agitation. In order to concentrate 

bacteria, they were centrifuged 2 minutes at 12000 rpm and the pellet was 

re-suspended in 100 µL of medium.  

 

This volume containing the bacteria with the plasmid of interest was 

plated in a LB agar plate with the corresponding antibiotic. Then, the plate 

was incubated overnight at 37oC.  

 

The next day, a colony was picked up and it was cultivated in 5 mL of liquid 

LB with the corresponding antibiotic at 37oC overnight with agitation. 

 

 

4.2. Bacterial glycerol stocks 
For long-term storage of plasmids, it is necessary to glycerinate them. In a 

cryotube, 300 µL of 80% glycerol were added to 1200 µL of bacteria 

containing the plasmid of interest. This cryotube was stored at -80oC.  

 

 

4.3. Plasmidic DNA extraction 
The extraction of plasmidic DNA was conducted using the Miniprep DNA 

purification kit (A1330 Promega) following the instructions provided by 

the manufacturer. If bigger amounts of DNA were needed, the Midiprep 

(MB14101 NZYtech) or Maxiprep (740414.50 Cultek) DNA purification kit 

were used following the instructions provided by the manufacturer too. 

 

 

 

5. Microscopy 
5.1. Immunocytochemistry 

Immunocytochemistry can detect proteins in fixed cells using a specific 

primary antibody and an appropriate secondary antibody conjugated with 
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a fluorophore. The desired protein can be then visualized under a 

fluorescent microscope. 

 

First of all, cells were washed three times with cold 1X PBS and fixed with 

4% paraformaldehyde (252549 Sigma-Aldrich) for 15 minutes at 4oC. After 

that, they were washed three times again.  

 

If the protein was localized inside the cell, a permeabilization step was 

performed to provide access to that protein. To do so, cells were incubated 

with 0.1% triton solution (X100 Sigma-Aldrich) for 30 minutes at RT. 

However, when the target protein was localized in the plasma membrane, 

this step was skipped. 

 

In order to prevent non-specific binding of antibodies, cells were 

incubated with a blocking solution composed of 2% goat serum (g-9023 

Sigma-Aldrich) for 20 minutes at 37oC.  

 

Then, 24 µL of primary antibody per coverslip were added in a wet 

chamber. The incubation lasted 1 hour and it was carried out at 37oC. The 

dilution used for each antibody is detailed in table 12. After this 

incubation, coverslips were washed three times with 1X PBS. 

 
Table 12. Primary antibodies used for immunocytochemistry. They were diluted 
in blocking solution.  

Antibody Dilution Host Reference 

α-GluA1 1:300 Mouse ab174785 abcam 

α-PSD95 1:30 Rabbit ab18258 abcam 

α-GFP 1:1000 Chicken ab13970 abcam 

α-Calnexin 1:200 Rabbit ab22595 abcam 

 

 

Later, 300 µL of the secondary antibody (table 13) were added to the 24-

well plate containing the coverslips with cells. This incubation lasted also 

1 hour at 37oC and then cells were washed three times with 1X PBS. 

 
Table 13. Secondary antibodies used for immunocytochemistry. They were 
diluted in blocking solution.  

Antibody Dilution Host Reference 

α-mouse 488 1:150 Goat A11001 Invitrogen 
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α-rabbit 568 1:300 Goat A11011 Invitrogen 

α-chicken 488 1:1000 Goat A11039 Invitrogen 

 

 

To label the cellular nuclei, a short incubation of 5 minutes with 1:1000 

Hoescht solution (1 mg/mL; 14530 Sigma-Aldrich) was conducted. 

Additionally, coverslips were washed with 1X PBS three times again.  

 

Finally, coverslips were mounted with Fluoromount-G® (0100-01 Southern 

Biotech) and the immunocytochemistry was stored at 4oC until imaged. 

 

 

5.2. Image acquisition and analysis 
All images were acquired using a LEICA DMi8 confocal microscope. They 

were taken under a 63x oil- objective using type F immersion liquid 

(11513859 Leica) with a size of 1024x1024 pixels resolution. The lasers 

used were 405, 488 and 594 nm of wavelength. Approximately 15 stacks 

with 0.5 µm-distance were taken per each image. 

 

Imaris Software (9.3 version Bitplane) was used for the analysis. In 

cultured neurons, the quantification of surface GluA1 was performed on 

primary dendrites (the first ones branched from the main axon). A region 

of interest (ROI) measuring 15 µm x 5 µm was chosen and the intensity 

sum of GluA1’s dots was measure inside this area. In the case of SH-SY5Y 

cell line, the ROI was 7.5 µm x 5 µm as the neurites are much shorter.  

 

For synaptic GluA1 quantification in cultured neurons, the intensity sum 

of GluA1 was quantified inside the ROI generated by PSD95 channel (used 

as a synaptic marker). 

 

 

5.3. Protein-protein interaction by Föster resonance energy 

transfer 
Föster resonance energy transfer or fluorescence resonance energy 

transfer (FRET) is a technique used to study the interaction between two 

proteins in both living or fixed cells. It is based on the energy transfer 

between two fluorophores tagged to the target proteins. This method can 

only be used when: 1) the emission spectrum of the donor overlaps with 
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the excitation spectrum of the acceptor and 2) the distance between the 

donor and the acceptor is less than 10 nm (figure 25). There are two 

variations of FRET studied in this thesis: the sensitized emission and the 

acceptor bleaching.  

 

 

 

 

 
 

 

 

Figure 25. Conditions necessary for a FRET. A) Minimum distance between 
fluorophores. B) Wavelengths’ representations where donor’s emission spectrum 
and acceptor’s excitation spectrum overlaps. 

 

 

5.3.1. FRET sensitized emission 

FRET sensitized emission (FRETse) is measured in living cells by three 

different combinations of excitation (ex) and emission (em) filters: donor 

channel (Dex and Dem), FRET channel (Dex and Aem) and acceptor channel 

(Aex and Aem). It is highly recommended for membrane protein-protein 

interaction studies (Qian et al., 2014). 

 

For that, HEK293T were transfected with calcium phosphate (see section 

2.2.1.). The donors were the plasmids pcDNA3.1(+)-MycHis_A-mTurq2-

SAC1 or CPT1C_pmTurquoise2-N1 and the acceptors, CPT1C-EYFP and 

SAC1-EYFP.  

 

The donors containing SAC1 as the protein of interest were engineered 

specifically for this thesis and the ones containing CPT1C were engineered 

by Ana Cristina Reguera Moreno (as part of her thesis project) and Dr. 

Marta Palomo Guerrero (Palomo-Guerrero et al., 2019). Regarding the 

acceptors, the CPT1C-EYFP plasmid was kindly provided by Dr. Dolors Serra 

and SAC1-EYFP was engineered by Dr. Maria Casas Prat (Casas et al., 2020). 

 

The amount of DNA used for donors was adjusted depending on the 

molecular weight of the plasmids, but the control group was always 0.4 

A) B) 
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µg. In the case of acceptors, increasing amounts of DNA were used (from 

0.25 µg to 6 µg). 

 

Before starting the experiment, cells were washed twice with Hank’s 

balanced salt solution (HBSS; 14025-050 Fisher) to eliminate any color 

from the medium that could interfere with the fluorometric assay. Then, 

1 mL of HBSS containing glucose (1 mg/mL) was added per well to remove 

cells from the plate. Once detached, they were centrifuged at 3200 rpm 

for 5 minutes and pellets were re-suspended in 250 µL of HBSS-glucose. 

 

In order to use the same concentration for each condition, a Bradford 

assay was performed loading a 96-well plate with 10 µL of sample. The 

concentration was adjusted to 0.2 mg/mL adding more HBBS-glucose until 

reaching the appropriate volume for that.  

 

Afterwards, 100 µL of cellular suspension were added to a black 96-well 

plate and 3 reads with different wavelengths were used to do the FRETse: 

- Read 1 (CFP): excitation 420/50 nm – emission 485/20 nm 

- Read 2 (FRETse): excitation 420/50 nm – emission 530/25 nm 

- Read 3 (YFP): excitation 495/10 nm – emission 530/25 nm 

 

Finally, a saturation curve for each studied interaction was represented. 

The x axis corresponds to the fluorescence ratio emitted by basal YFP and 

CFP in mols, and the y axis shows the basal ratio of read2/read1. The basal 

data refer to the difference between the read (donor-acceptor transfected 

cells) and the control read (only donor transfected cells).  

 

5.3.2. FRET acceptor photobleaching 

FRET acceptor photobleaching (FRETap) is based on the increase of donor 

fluorescence intensity when eliminating the acceptor’s in a specific ROI (5 

µm x 5 µm).  

 

After 24 hours of transfection (see section 2.2.1.), HEK293T were fixed and 

mounted using Fluoromount-G®. FRETap was conducted in the Scientific 

and technological center of the University of Barcelona (CCiTUB). The data 

were analyzed with ImageJ Software using the following formula: 

 

 

 
FRET efficiency (%) =  

Post bleaching donor intensity − Pre bleaching donor intensity

Post bleaching donor intensity
· 100 

 



Methodology 

101 
 

6. Electrophysiology 
Electrophysiology studies the electrical activity of living neurons decoding 

the molecular and cellular processes that cause their signaling. Patch 

clamp and extracellular recordings were conducted for this thesis. 

 
6.1. Recording in primary cultures: miniature excitatory 

synaptic current (mEPSC) 
Miniature excitatory postsynaptic currents (mEPSCs) are the current 

events that can be recorded from a postsynaptic neuron as a consequence 

of the spontaneous release of one single vesicle from presynaptic neurons 

contacting the recorded neuron. This type of electrophysiological 

recordings was done using cultured cortical neurons (see section 2.1.2.) in 

collaboration with David Soto and Aida Castellanos from University of 

Barcelona as previously described (Fado et al., 2015).  

 

Coverslips were mounted in a recording chamber placed on the stage of 

an inverted microscope (Olympus IX50). Whole-cell patch-clamp currents 

were recorded using an Axopatch 200B amplifier-Digidata1440A Series 

interface board with pClamp10 software (Molecular Devices Corporation). 

Recordings were conducted at RT (25-26oC). The extracellular solution 

used for bathing the cells contained the following (in mM): 140 NaCl, 3.5 

KCl, 10 HEPES, 20 glucose, 1.8 CaCl2, and 0.8 MgCl2 (pH 7.4 adjusted with 

NaOH).  

 

To isolate AMPAR-mediated mEPSCs, specific blockers were added to the 

extracellular solution: 1 μM tetrodotoxin (TTX; ab120054 Abcam) to inhibit 

evoked synaptic transmission, 50 μM D-(-)-2-amino-5-

phosphonopentanoic acid (D-AP5; ab120003 Abcam) to block NMDA 

receptors and 100 μM picrotoxin (PTX; P1675 Sigma-Aldrich) to block 

GABAA receptors.  

 

Recordings were performed with electrodes made from borosilicate glass 

(1.2 mm o.d., 0.69 mm i.d.; GC120F-10 Harvard Apparatus) with a final 

resistance of 4-5 MΩ, pulled using a puller P-97 (Sutter Instrument Co.). 

These electrodes were filled with an internal solution containing (in mM): 

116 K-Gluconate, 6 KCl, 8 NaCl, 10 HEPES, 0.2 ethylene glycol tetraacetic 

acid (EGTA), 2 MgATP, 0.3 Na2GTP (pH 7.2 with KOH). 
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Series resistance (Rs) from the recordings was 17.71 ± 0.92 MΩ and was 

controlled at the beginning and at the end of the experiment. Cells 

exhibiting a change in Rs greater than 20% were excluded from the 

analysis. Moreover, mEPSCs were filtered at 2 KHz and digitized at 5 KHz. 

Events were detected using amplitude threshold of 5 pA.  

 

From the recorded miniature events, several parameters were analyzed: 

amplitude, frequency, rise time and deactivation kinetics (figure 26). The 

amplitude of the events was calculated as the difference between the 

baseline current 5 ms before the event and the peak current of such event 

(measured in picoamperes; pA). For the amplitude, only events with 

monotonic fast rise and uncontaminated decay were included. The 

frequency was calculated by dividing the number of detected events by 

the recorded time. The rise time is the time (in ms) that takes one event 

to reach the minimum current once the current deflection is observed 

(note that the events are detected as a downward deflection). Finally, the 

deactivation kinetics (showed as weighted kinetics) is the measure of the 

decaying phase of the current and the τ represents the time that the 

current takes to diminish at one third of its maximum value at the peak 

(figure 26). 

 

 

 

 

 

 

 

 

 

 

 
Figure 26. Schematic representation of the parameters measured in mEPSCs. 

 

 

These parameters give us important information. The frequency refers to 

whether there are changes at the presynaptic level, while the amplitude, 

rise time and the time weighted are related to postsynaptic changes. More 

specifically, amplitude is typically related to changes in the number of 

receptors, while rise time and time weighted are kinetic parameters 
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associated with the subunit composition of postsynaptic receptors. The 

analysis of mEPSCs was performed with IGOR Pro 6.06 (Wavemetrics) 

using NeuroMatic 2.03 (Rothman & Silver, 2018). 

 

 

6.2. Recording in slices 
Whole-cell recordings in slices were performed in Pablo E. Castillo’s 

laboratory in the Albert Einstein College of Medicine (New York).  

 

Once the hippocampus of 1 month-old male mice was extracted on ice, it 

was put over a 4% agarose gel and slices were cut using a vibratome 

(model VT 1200S Leica Microsystems) with a thickness of 300 µm. Then, 

the slices were first incubated with a sucrose solution and extracellular 

artificial cerebrospinal fluid (aCSF) solution (1:1 proportion) for 20 minutes 

at 37oC oxygenated with a 95% O2/5% CO2 mixture (carbogen). Afterwards, 

they were incubated with both solutions in the same proportion again for 

10 minutes at RT with carbogen. The last incubation was only done with 

aCSF solution for 20 minutes at RT with carbogen too. After these three 

incubations, slices were ready to start the recordings. 

 

Sucrose solution: 2.5 mM KCl, 1 mM CaCl2, 4 mM MgSO4, 4 mM MgCl2, 

1.6 mM NaH2PO4, 26 mM NaHCO3, 20 mM glucose and 215 mM 

sucrose 

aCSF solution: 124 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1.3 mM 

MgSO4, 1 mM NaH2PO4, 26 mM NaHCO3 and 10 mM glucose 

 

Field excitatory postsynaptic potentials (fEPSPs) were recorded from CA1 

pyramidal neurons at stratum radiatum while stimulating Schaffer 

collateral (SC) fibers to evoke synaptic responses in dorsal hippocampal 

slices. The recordings were done with glass pipettes-containing 

electrodes: the stimulating one was filled with aCSF and the recording one, 

with NaCl, as shown in figure 27. The distance between the electrodes was 

100 µm. 
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Figure 27. Schematic representation of the circuit recorded for fEPSPs.  

 

 

During the recordings, the slices were placed in an immersion chamber 

constantly perfused (2 mL/min) with aCSF, carbogen and 50 µM PTX. The 

total volume recirculating through the chamber was 200 mL. In addition, 

the temperature was continuously monitored and maintained at 28 ± 1oC. 

 

Before any recording, slices were incubated at RT for two hours with 

different treatments: 200 µM PA, 200 µM vehicle (BSA), 2 mM BHB and 

200µM PA + 2mM BHB. Unlike the treatments’ preparation for cells, the 

stock solutions of the fatty acid and the ketone body were prepared more 

concentrated (50 mM and 800 mM respectively) to use the minimum 

volume when incubating the slices in the immersion chamber in order to 

avoid alterations in the recordings. 

 

6.2.1. Field excitatory postsynaptic potentials (fEPSP) 

The LTP was induced using a high-frequency stimulation (HFS) protocol 

composed of 2 trains of bursts (100 pulses at 100 Hz with a 10 seconds 

interval). Data acquisition was carried out with an amplifier (model 

MultiClamp 700A, Molecular Devices). Data analysis (slope and amplitude) 

was performed using IgorPro (WaveMetrics).  
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Figure 28.  Evoked synaptic response for a fEPSP indicating the stimulus artifact, 
fiber volley, slope and amplitude. 

 

 

6.2.2. Input-Output curves 

Evoked synaptic responses were measured increasing stimulus intensities 

to generate input/output (I/O) curves from 10 to 90 volts (V). Data 

acquisition and analysis were done as the previous section. 

 

6.2.3. Paired-pulse ratio 

Paired-pulse ratio (PPR) is the ratio between the slope (or amplitude) of 

the second response to that of the first after performing two stimuli. These 

stimuli were separated by 100 milliseconds (ms). Data acquisition and 

analysis were done as explained before. 

 

6.2.4. AMPA/NMDA ratio 

Once the voltage clamp seal was achieved, the membrane potential was 

held at -70 mV. Subsequently, using an extracellular electrode, SC fibers 

were stimulated to evoke AMPA-mediated EPSCs in the recorded neuron. 

After 5-10 minutes, the neuron was depolarized to +30 mV to record 

NMDA-mediated EPSCs for another 5-10 minutes. 

 

The AMPA/NMDA ratio was obtained by dividing the amplitude of AMPA-

mediated EPSCs by the amplitude of NMDA-mediated EPSCs. Previously, 

electronic subtraction was performed to remove any residual AMPA 

current in the recordings conducted at +30 mV. This step was necessary 

since an AMPA receptor antagonist was not employed to record NMDA-

mediated EPSCs. 
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7. Data processing and statistical analyses 
Data analysis was conducted using Graphpad Prism 9.0 Software. Results 

were presented as mean ± SEM and the statistical test depended on the 

number of groups that were compared. A Student t-test was used for 

comparisons between two groups when data followed a normal 

distribution or, a non-parametric Mann Whitney U test, in the case one 

group did not follow a normal distribution. One-way or two-way ANOVA 

test (followed by Bonferroni test) was used for comparisons between 

more than two groups. Statistical significance was considered at a p value 

less than 0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). The 

statistical test for each experiment is specified.  
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Chapter I 

Effects of nutrients on GluA1 trafficking and 

synaptic transmission 
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As it was mentioned in the introduction section, our group has provided 

evidences showing that the basal transport of AMPAR subunit GluA1 to 

the plasma membrane is downregulated upon glucose depletion, through 

the sensing of malonyl-CoA by CPT1C (Casas et al., 2020). For that reason, 

this chapter is focused on the effects that different nutrients have on 

neurotransmission. Furthermore, our group tries to elucidate the 

molecular mechanisms responsible for these changes through the 

malonyl-CoA – CPT1C axis. 

 

To address the impact of nutrients on synaptic transmission, three 

different approaches were used: 1) to measure levels of surface and 

synaptic GluA1 using in vivo and in vitro models, 2) to analyze synaptic 

function through electrophysiological recordings and 3) to explore 

cognitive processes in mice models. 

 

 

 

1. Diets’ effect in vivo 
To study the effect of diets on GluA1 levels in vivo, 9-11 weeks-old mice 

were sacrificed after being fed for seven days with different types of diets 

(see composition of diets in table 3 in methodology section 1). Firstly, the 

effects of a low-fat diet (SD; 10% kcal from fat, 70% carbohydrates and 

20% proteins) and a high-fat diet (HFD; 60% kcal from fat, 20% 

carbohydrates and 20% proteins) were compared. Secondly, for a better 

study of the impact of different fatty acids on GluA1 levels, special diets 

with distinct proportion of unsaturated and saturated fatty acids were also 

used: a high-fat diet enriched only with unsaturated fatty acids (MUFAD, 

49% kcal from fat) and a high-fat diet enriched only with saturated fatty 

acids (SFAD, 49% kcal from fat).  

 

 

1.1. Effect of HFD in WT or CPT1C KO animals 
Initially, it was decided to explore whether there were differences in total 

and surface GluA1 between WT and CPT1C KO mice. As an approximation 

to measure the levels of GluA1 at the surface, p(S845)-GluA1 was analyzed 

since the phosphorylation in this residue causes GluA1 to translocate to 

the plasma membrane (Purkey & Dell'Acqua, 2020). Mice were fed for 1 

week with SD and brains were dissected extracting the hippocampus and 

the cortex.  
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In hippocampus, total GluA1 levels were reduced in KO mice (figure 29A) 

but no clear differences were observed when analyzing its 

phosphorylation ratio. In contrast, the results in cortical samples were the 

opposite: the levels of total GluA1 did not change between the two groups 

of mice while the pGluA1/GluA1 ratio was reduced in KO mice (figure 29E). 

Results suggest that total GluA1 decreased in the hippocampus of CPT1C 

KO mice while surface GluA1 is decreased in the cortex. Results also 

suggest that AMPAR synthesis and trafficking are impaired in CPT1C KO 

mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 29. Expression of total GluA1 and p(S845)-GluA1 levels in different parts of 
the brain. A-B) Hippocampal levels of GluA1 and ratio of p(S845)-GluA1. C) 
Representative blots of total hippocampal GluA1, p(S845)-GluA1 and actin. D-E) 
Cortical levels of GluA1 and ratio of p(S845)-GluA1. F) Representative blots of total 
cortical GluA1, p(S845)-GluA1 and actin. Actin was used as housekeeping to 
normalize protein levels. Data are represented as mean ± SD, n=6-8/group. The 
results are from one independent experiment. Hippocampal GluA1: WT (1.000 ± 
0.326, n=7) and KO (0.594 ± 0.090, n=8). Hippocampal ratio of p(S845)-GluA1: WT 
(1.000 ± 0.537, n=6) and KO (1.540 ± 0.442, n=8). Cortical GluA1: WT (1.000 ± 
0.371, n=7) and KO (1.170 ± 0.319, n=8). Cortical ratio of p(S845)-GluA1: WT 
(1.000 ± 0.252, n=8) and KO (0.430 ± 0.246, n=8). Statistical significance was 
performed by Student t-test. **p<0.01, ***p<0.001. 
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Then, the effect of short-term HFD (7 days) on the levels of GluA1 

phosphorylation in the cortex was further investigated. As it was 

mentioned in the introduction section, this thesis is focused on S845 and 

S831 GluA1 phosphorylations. The phosphorylation in residue 845 

increases exocytosis, whereas S831 increases single-channel conductance 

(Purkey & Dell'Acqua, 2020).  

 

Results show that HFD did not change the phosphorylation ratio of GluA1, 

neither in WT or CPT1C KO mice. This suggests that HFD treatment for only 

1 week is not enough to impact the surface transport of GluA1 in the 

cortex. On the other hand, changes in p(S845)-GluA1 ratio between WT 

and KO mice were observed in SD, as previously shown in figure 29. 

However, these changes were no longer evident in animals fed with a HFD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 30. Cortical levels of GluA1 after seven days of HFD in WT and CPT1C KO 
mice. A) Levels of total GluA1. B) Levels of phosphorylated GluA1 (S845). C) Levels 
of phosphorylated GluA1 (S831). D) Representative blots of GluA1, p(S845)-GluA1, 
p(S831)-GluA1 and actin. Actin was used as housekeeping to normalize protein 
levels. Data are represented as mean ± SD, n=4-20/group. The results are from 
one (KO + HFD), two (WT + HFD and KO + SD), or three (WT + SD) independent 
experiments. GluA1: WT SD (1.000 ± 0.276, n=20), WT HFD (0.862 ± 0.229, n=12), 
KO HFD (0.984 ± 0.403, n=13) and KO HFD (0.671 ± 0.284, n=5). Ratio p(S845)-
GluA1: WT SD (1.000 ± 0.326, n=20), WT HFD (1.132 ± 0.422, n=14), KO SD (0.625 
± 0.356, n=13) and KO HFD (1.085 ± 0.370, n=5). Ratio p(S831)-GluA1: WT SD 
(1.000 ± 0.388, n=13), WT HFD (1.270 ± 0.527, n=13), KO SD (1.154 ± 0.439, n=4) 
and KO HFD (1.026 ± 0.455, n=4). Statistical analysis was performed by two-way 
ANOVA followed by Bonferroni’s post correction. *p<0.05. 
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1.2. SFAD and MUFAD do not alter GluA1 phosphorylation 
As no differences were observed between SD and HFD (composed by a mix 

of saturated and unsaturated fats) when analyzing the expression of GluA1 

in the cortex, HFD was replaced with a specific diet with only saturated 

fatty acids (SFAD) or only monounsaturated fatty acids (MUFAD). 

 

As it can be observed in the figure 31, short-term feeding with SFAD and 

MUFAD did not change the levels of phosphorylated GluA1 (both for serine 

845 and serine 831) compared to SD. A similar observation is noted when 

comparing total GluA1 levels of the three diets.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 31. Levels of GluA1 in WT mice’s cortex after 1 week of SFAD/MUFAD. A) 
Levels of total GluA1. B) Levels of phosphorylated GluA1 (S845). C) Levels of 
phosphorylated GluA1 (S831). D) Representative blots of GluA1, p(S845)-GluA1, 
p(S831)-GluA1 and actin. Actin was used as housekeeping to normalize protein 
levels. Data are represented as mean ± SD, n=4-7/group. The results are from one 
independent experiment. GluA1: SD (1.000 ± 0.136, n=6), SFAD (0.918 ± 0.249, 
n=7) and MUFAD (0.850 ± 0.233, n=7). Ratio p(S845)-GluA1: SD (1.000 ± 0.121, 
n=5), SFAD (1.118 ± 0.229, n=6) and MUFAD (1.137 ± 0.144, n=7). Ratio p(S831)-
GluA1: SD (1.000 ± 0.202, n=4), SFAD (1.030 ± 0.335, n=7) and MUFAD (1.029 ± 
0.252, n=7). Statistical analysis was performed by one-way ANOVA followed by 
Bonferroni’s post correction. 

 

 

Since short-term diet did not affect GluA1 levels or its phosphorylation, a 

long-term diet (1 month) was conducted in order to check its potential 

A) B) 

C) D) 
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impact on AMPAR. Interestingly, no significant differences were obtained 

although there appears to be a slight tendency to increase total GluA1 in 

SFAD (p=0.1331). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. Levels of GluA1 in WT mice’s cortex after 1 month of SFAD/MUFAD. A) 
Levels of total GluA1. B) Levels of phosphorylated GluA1 (S845). C) Levels of 
phosphorylated GluA1 (S831). D) Representative blots of GluA1, p(S845)-GluA1, 
p(S831)-GluA1 and actin. Actin was used as housekeeping to normalize protein 
levels. Data are represented as mean ± SD, n=5-9/group. The results are from one 
independent experiment. GluA1: SD (1.000 ± 0.277, n=9), SFAD (1.395 ± 0.560, 
n=7) and MUFAD (0.971 ± 0.360, n=7). Ratio p(S845)-GluA1: SD (1.000 ± 0.276, 
n=8), SFAD (0.850 ± 0.327, n=8) and MUFAD (1.237 ± 0.467, n=6). Ratio p(S831)-
GluA1: SD (1.000 ± 0.266, n=6), SFAD (0.768 ± 0.383, n=5) and MUFAD (1.376 ± 
0.594, n=5). Statistical analysis was performed by one-way ANOVA followed by 
Bonferroni’s post correction. 

 

 

Overall, these results indicate that short-term diets do not affect 

phosphorylated GluA1 levels at the cortex but that long-term diets could 

have some kind of impact. More animals should be analyzed to further 

confirm these preliminary results.   
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2. Nutrients’ effect in vitro 
To simulate the different types of diets (SFAD and MUFAD) in an in vitro 

model, different fatty acids were chosen to treat primary cultures of 

cortical neurons. Palmitate was used as a saturated fatty acid; oleate, as a 

monounsaturated fatty acid and DHA, as a polyunsaturated fatty acid. 

Moreover, to simulate an exclusively fat-based diet, such as the ketogenic 

diet, BHB (a ketone body) was employed.  

 

2.1. Short-term treatments 
Primary cortical neurons obtained from mouse embryos were treated at 

14 DIV with different nutrients just for two hours to simulate a short-term 

diet. 

 

The effects of palmitate in surface GluA1 were first analyzed. For 

measuring them, an antibody against an external domain of GluA1 was 

used without permeabilizing the cells. Figure 33A shows a reduction in 

surface GluA1 levels due to palmitate. However, no effects were observed 

in total or phosphorylated GluA1, suggesting the absence of correlation 

between surface and phosphorylation levels of GluA1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 33. Palmitate’s short-term effects on surface GluA1 levels in cortical 
neurons. A) Surface GluA1 quantified by immunocytochemistry in cortical 
neurons (n=45 cells) under 2h palmitate treatment (200 µM). Hoechst was used 

A) 
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to detect nuclei. Results of integrated intensity in 15 µm of primary dendrites 
were normalized by the control treatment. Data are represented as mean ± SEM 
of 90 dendrites from three independent experiments. Control (BSA; 1.000 ± 0.056, 
n=79) and PA (0.704 ± 0.069, n=82). Scale bar = 40 µm; scale bar of inset 
magnifications = 10 µm. B) Cortical levels of total GluA1. C) Cortical levels of 
phosphorylated GluA1 (S845). D) Cortical levels of phosphorylated GluA1 (S831). 
D) Representative blots of GluA1, p(S845)-GluA1, p(S831)-GluA1 and actin after 
2h incubation with 200 µM palmitate. Actin was used as housekeeping to 
normalize protein levels. Data are represented as mean ± SEM, n=13-20 from four 
independent experiments. GluA1: control (BSA; 1.000 ± 0.091, n=20) and PA 
(1.202 ± 0.075, n=18). Ratio p(S845)-GluA1: control (BSA; 1.000 ± 0.119, n=16) and 
PA (0.749 ± 0.104, n=13). Ratio p(S831)-GluA1: control (BSA; 1.000 ± 0.055, n=16) 
and PA (0.971 ± 0.190, n=16). Statistical analysis was performed by Student t-test. 
**p<0.01. 

 

 

When analyzing the results of the monounsaturated fatty acid oleate, no 

significant differences were found (figure 34). This could be due to the 

brief duration of the treatment.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Oleate’s short-term effects on surface GluA1 levels in cortical neurons. 
A) Surface GluA1 quantified by immunocytochemistry in cortical neurons (n=45 
cells) under 2h oleate treatment (200 µM). Hoechst was used to detect nuclei. 
Results of integrated intensity in 15 µm of primary dendrites were normalized by 
the control treatment. Data are represented as mean ± SEM of 90 dendrites from 
three independent experiments. Control (BSA; 1.000 ± 0.037, n=84) and OA (1.084 
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± 0.044, n=86). Scale bar = 40 µm; scale bar of inset magnifications = 10 µm. B) 
Cortical levels of total GluA1. C) Cortical levels of phosphorylated GluA1 (S845). 
D) Cortical levels of phosphorylated GluA1 (S831). D) Representative blots of 
GluA1, p(S845)-GluA1, p(S831)-GluA1 and actin after 2h incubation with 200 µM 
oleate. Actin was used as housekeeping to normalize protein levels. Data are 
represented as mean ± SEM, n=6-10 from two independent experiments. GluA1: 
control (BSA; 1.000 ± 0.064, n=6) and OA (1.088 ± 0.110, n=10). Ratio p(S845)-
GluA1: control (BSA; 1.000 ± 0.169, n=6) and OA (0.840 ± 0.132, n=9). Ratio 
p(S831)-GluA1: control (BSA; 1.000 ± 0.205, n=6) and OA (1.497 ± 0.272, n=6). 
Statistical analysis was performed by Student t-test (GluA1 and p845) and Mann-
Whitney U test (p831). 

 

 

Then, a polyunsaturated fatty acid, the DHA, was studied. As it was 

mentioned in the introduction, the DHA is the most abundant ω-3 fatty 

acid on the brain. This fatty acid did not cause any change in total or 

surface GluA1 (figure 35A-B), but it increased GluA1’s phosphorylation at 

the serine 831 (figure 35D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 35. DHA’s short-term effects on surface GluA1 levels in cortical neurons. A) 
Surface GluA1 quantified by immunocytochemistry in cortical neurons (n=45 cells) 
under 2h DHA treatment (200 µM). Hoechst was used to detect nuclei. Results of 
integrated intensity in 15 µm of primary dendrites were normalized by the control 
treatment. Data are represented as mean ± SEM of 90 dendrites from three 
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independent experiments. Control (BSA; 1.000 ± 0.032, n=93) and DHA (1.081 ± 
0.037, n=114). Scale bar = 40 µm; scale bar of inset magnifications = 10 µm. B) 
Cortical levels of total GluA1. C) Cortical levels of phosphorylated GluA1 (S845). 
D) Cortical levels of phosphorylated GluA1 (S831). D) Representative blots of 
GluA1, p(S845)-GluA1, p(S831)-GluA1 and actin after 2h incubation with 200 µM 
DHA. Actin was used as housekeeping to normalize protein levels. Data are 
represented as mean ± SEM, n=13-22 from four independent experiments. GluA1: 
control (BSA; 1.000 ± 0.089, n=22) and DHA (0.948 ± 0.070, n=19). Ratio p(S845)-
GluA1: control (BSA; 1.000 ± 0.081, n=18) and DHA (0.967 ± 0.083, n=16). Ratio 
p(S831)-GluA1: control (BSA; 1.000 ± 0.059, n=17) and DHA (1.289 ± 0.136, n=13). 
Statistical analysis was performed by Student t-test. *p<0.05. 

 

 

On the other hand, treating cortical neurons with the ketone body (BHB) 

for 2h was enough to increase the surface GluA1 levels as it is shown in 

figure 36A. However, no changes were observed in total GluA1 or its 

phosphorylated forms (figure 36B-D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 36. BHB’s short-term effects on surface GluA1 levels in cortical neurons. A) 
Surface GluA1 quantified by immunocytochemistry in cortical neurons (n=45 cells) 
under 2h BHB treatment (5 mM). Hoechst was used to detect nuclei. Results of 
integrated intensity in 15 µm of primary dendrites were normalized by the control 
treatment. Data are represented as mean ± SEM of 90 dendrites from three 
independent experiments. Control (1.000 ± 0.035, n=98) and BHB (1.221 ± 0.042, 
n=86). Scale bar = 40 µm; scale bar of inset magnifications = 10 µm. B) Cortical 
levels of total GluA1. C) Cortical levels of phosphorylated GluA1 (S845). D) Cortical 
levels of phosphorylated GluA1 (S831). D) Representative blots of GluA1, p(S845)-
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GluA1, p(S831)-GluA1 and actin after 2h incubation with 5 mM BHB. Actin was 
used as housekeeping to normalize protein levels. Data are represented as mean 
± SEM, n=5-18 from two (p(S831)-GluA1) to three independent experiments. 
GluA1: control (1.000 ± 0.126, n=15) and BHB (1.129 ± 0.154, n=18). Ratio p(S845)-
GluA1: control (1.000 ± 0.117, n=13) and BHB (0.817 ± 0.097, n=17). Ratio p(S831)-
GluA1: control (1.000 ± 0.215, n=6) and BHB (1.156 ± 0.239, n=5). Statistical 
analysis was performed by Student t-test. ****p<0.0001. 

 

 

Considering the results of short-term treatments, only the palmitate and 

the BHB have an effect on surface GluA1. Unsaturated fatty acids, 

including both monounsaturated and polyunsaturated forms, have no 

effect in the short-term.  

 

 

2.2. Long-term treatments 
Considering that some nutrients of interest in this thesis did not show any 

effect on GluA1 levels during the short incubation period, it was deemed 

necessary to explore the impact of these nutrients under a long-term 

treatment. Therefore, the same treatments explained above were 

repeated for 24 hours. In this case, with the same concentration of 

palmitate (200 µM), the decrease of surface GluA1 was even bigger as it is 

represented in figure 37A. Nevertheless, total and phosphorylated GluA1 

levels did not present any change again (figure 37B-D).  
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Figure 37. Palmitate’s long-term effects on surface GluA1 levels in cortical 
neurons. A) Surface GluA1 quantified by immunocytochemistry in cortical 
neurons (n=45 cells) under 24h palmitate treatment (200 µM). Hoechst was used 
to detect nuclei. Results of integrated intensity in 15 µm of primary dendrites 
were normalized by the control treatment. Data are represented as mean ± SEM 
of 90 dendrites from three independent experiments. Control (BSA; 1.000 ± 0.041, 
n=77) and PA (0.602 ± 0.033, n=72). Scale bar = 40 µm; scale bar of inset 
magnifications = 10 µm. B) Cortical levels of total GluA1. C) Cortical levels of 
phosphorylated GluA1 (S845). D) Cortical levels of phosphorylated GluA1 (S831). 
D) Representative blots of GluA1, p(S845)-GluA1, p(S831)-GluA1 and actin after 
24h incubation with 200 µM palmitate.  Actin was used as housekeeping to 
normalize protein levels. Data are represented as mean ± SEM, n=11-21 from four 
independent experiments. GluA1: control (BSA; 1.000 ± 0.062, n=21) and PA 
(1.064 ± 0.072, n=21). Ratio p(S845)-GluA1: control (BSA; 1.000 ± 0.080, n=11) and 
PA (1.004 ± 0.120, n=16). Ratio p(S831)-GluA1: control (BSA; 1.000 ± 0.081, n=17) 
and PA (1.290 ± 0.178, n=17). Statistical analysis was performed by Student t-test. 
****p<0.0001. 

 

 

Contrary to the short-term treatment, treating cortical neurons for 24h 

with unsaturated fatty acids, oleate or DHA (figure 38 and figure 39, 

respectively), did increase surface GluA1. Furthermore, total GluA1 levels 

were diminished in both cases (figure 38B and 39B), suggesting that a 

substantial portion of GluA1 is directed towards the membrane surface. 

Notably, the phosphorylated levels remained unchanged. 
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Figure 38. Oleate’s long-term effects on surface GluA1 levels in cortical neurons. 
A) Surface GluA1 quantified by immunocytochemistry in cortical neurons (n=45 
cells) under 24h oleate treatment (200 µM). Hoechst was used to detect nuclei. 
Results of integrated intensity in 15 µm of primary dendrites were normalized by 
the control treatment. Data are represented as mean ± SEM of 90 dendrites from 
three independent experiments. Control (BSA; 1.000 ± 0.038, n=80) and OA (1.194 
± 0.064, n=60). Scale bar = 40 µm; scale bar of inset magnifications = 10 µm. B) 
Cortical levels of total GluA1. C) Cortical levels of phosphorylated GluA1 (S845). 
D) Cortical levels of phosphorylated GluA1 (S831). D) Representative blots of 
GluA1, p(S845)-GluA1, p(S831)-GluA1 and actin after 24h incubation with 200 µM 
oleate. Actin was used as housekeeping to normalize protein levels. Data are 
represented as mean ± SEM, n=8-10 from two independent experiments. GluA1: 
control (BSA; 1.000 ± 0.077, n=10) and OA (0.684 ± 0.052, n=10). Ratio p(S845)-
GluA1: control (BSA; 1.000 ± 0.117, n=10) and OA (0.948 ± 0.120, n=10). Ratio 
p(S831)-GluA1: control (BSA; 1.000 ± 0.163, n=10) and OA (1.111 ± 0.252, n=8). 
Statistical analysis was performed by Student t-test. **p<0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 39. DHA’s long-term effects on surface GluA1 levels in cortical neurons. A) 
Surface GluA1 quantified by immunocytochemistry in cortical neurons (n=45 cells) 
under 24h DHA treatment (200 µM). Hoechst was used to detect nuclei. Results 
of integrated intensity in 15 µm of primary dendrites were normalized by the 
control treatment. Data are represented as mean ± SEM of 90 dendrites from 
three independent experiments. Control (BSA; 1.000 ± 0.033, n=100) and DHA 
(1.160 ± 0.051, n=99). Scale bar = 40 µm; scale bar of inset magnifications = 10 
µm. B) Cortical levels of total GluA1. C) Cortical levels of phosphorylated GluA1 
(S845). D) Cortical levels of phosphorylated GluA1 (S831). D) Representative blots 
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of GluA1, p(S845)-GluA1, p(S831)-GluA1 and actin after 24h incubation with 200 
µM DHA. Actin was used as housekeeping to normalize protein levels. Data are 
represented as mean ± SEM, n=15-22 from three independent experiments. 
GluA1: control (BSA; 1.000 ± 0.075, n=21) and DHA (0.684 ± 0.067, n=22). Ratio 
p(S845)-GluA1: control (BSA; 1.000 ± 0.057, n=17) and DHA (1.059 ± 0.104, n=18). 
Ratio p(S831)-GluA1: control (BSA; 1.000 ± 0.085, n=15) and DHA (1.069 ± 0.127, 
n=18). Statistical analysis was performed by Student t-test. *p<0.05, ***p<0.001. 

 

 

Regarding the ketone body, the same increase observed at the short-term 

treatment was obtained at long-term (figure 40A). It seems like BHB has a 

strong effect in both the short and the long-term treatments (20% of 

increase at 2h and 30% at 24h approximately), highlighting the essential 

role that ketone bodies might have in the brain. However, prolonged 

incubation with BHB resulted in a reduction in serine 831 phosphorylation 

(figure 40D).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. BHB’s long-term effects on surface GluA1 levels in cortical neurons. A) 
Surface GluA1 quantified by immunocytochemistry in cortical neurons (n=45 cells) 
under 24h BHB treatment (5 mM). Hoechst was used to detect nuclei. Results of 
integrated intensity in 15 µm of primary dendrites were normalized by the control 
treatment. Data are represented as mean ± SEM of 90 dendrites from three 
independent experiments. Control (1.000 ± 0.038, n=95) and BHB (1.303 ± 0.046, 
n=93). Scale bar = 40 µm; scale bar of inset magnifications = 10 µm. B) Cortical 
levels of total GluA1. C) Cortical levels of phosphorylated GluA1 (S845). D) Cortical 
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levels of phosphorylated GluA1 (S831). D) Representative blots of GluA1, p(S845)-
GluA1, p(S831)-GluA1 and actin after 24h incubation with 5 mM BHB. Actin was 
used as housekeeping to normalize protein levels. Data are represented as mean 
± SEM, n=6-18 from two (p(S831)-GluA1) to three independent experiments. 
GluA1: control (1.000 ± 0.074, n=15) and BHB (1.303 ± 0.166, n=18). Ratio p(S845)-
GluA1: control (1.000 ± 0.057, n=10) and BHB (0.864 ± 0.074, n=15). Ratio p(S831)-
GluA1: control (1.000 ± 0.122, n=6) and BHB (0.550 ± 0.062, n=6). Statistical 
analysis was performed by Student t-test. **p<0.01, ****p<0.0001. 

 

Overall, these results establish a distinct cellular impact of the studied 

nutrients. In addition, each nutrient showed a stronger effect with the 

long-term treatment than with the short one, suggesting that a continuous 

consumption of these nutrients can influence the brain at a cellular level.  

 

 

2.3. Alternative model in differentiated SH-SY5Y 
Taking into account primary cultures of cortical neurons are difficult to 

obtain, an alternative model to study the effect of nutrients was 

developed. Despite the fact that SH-SY5Y are a neuroblastoma cell line, 

they can be converted into a neuron-like type by adding retinoic acid to 

the medium. Once differentiated, they show extensions simulating 

dendrites and axons which are called neurites.  

 

Figure 41 shows the effect of short-term treatments with different fatty 

acids and the ketone body. In this cell model, nutrients did not alter the 

surface GluA1 levels except in the case of the oleate, in which an increase 

in surface GluA1 was observed. The great changes observed in primary 

cultures are not present here. As differentiated SH-SY5Y are a neuron-like 

type, they probably need more time to be influenced with palmitate and 

BHB.  
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Figure 41. Short-term effects on surface GluA1 levels in differentiated SH-SY5Y 
treated with different nutrients. A) Surface GluA1 quantified by 
immunocytochemistry in differentiated SH-SY5Y under 2h palmitate treatment 
(200 µM). Control (BSA; 1.000 ± 0.062, n=35) and PA (0.910 ± 0.074, n=30). B) 
Surface GluA1 quantified by immunocytochemistry in differentiated SH-SY5Y 
under 2h oleate treatment (200 µM). Control (BSA; 1.000 ± 0.062, n=35) and OA 
(1.180 ± 0.054, n=34). C) Surface GluA1 quantified by immunocytochemistry in 
differentiated SH-SY5Y under 2h DHA treatment (200 µM). Control (BSA; 1.000 ± 
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0.080, n=23) and DHA (1.007 ± 0.069, n=22). D) Surface GluA1 quantified by 
immunocytochemistry in differentiated SH-SY5Y under 2h BHB treatment (5 mM). 
Control (1.000 ± 0.059, n=31) and BHB (1.128 ± 0.057, n=33). Hoechst was used 
to detect nuclei. Results of integrated intensity in 7.5 µm of neurites were 
normalized by the control treatment. Data are represented as mean ± SEM of 22-
35 neurites from one (DHA) to two independent experiments. Scale bar = 25 µm; 
scale bar of inset magnifications = 5 µm. Statistical analysis was performed by 
Student t-test. *p<0.05. 

 

 

However, the same significant effects observed in primary cultures were 

found with the long-term treatment using the same concentration of 

nutrients (200 µM for fatty acids and 5 mM for BHB). The palmitate 

decreased surface GluA1 levels while the unsaturated fatty acids (oleate 

and DHA) and the ketone body (BHB) increased them (figure 42).  
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Figure 42. Long-term effects on surface GluA1 levels in differentiated SH-SY5Y 
treated with different nutrients. A) Surface GluA1 quantified by 
immunocytochemistry in differentiated SH-SY5Y under 24h palmitate treatment 
(200 µM). Control (BSA; 1.000 ± 0.082, n=36) and PA (0.709 ± 0.053, n=36). B) 
Surface GluA1 quantified by immunocytochemistry in differentiated SH-SY5Y 
under 24h oleate treatment (200 µM). Control (BSA; 1.000 ± 0.082, n=36) and OA 
(1.626 ± 0.093, n=35). C) Surface GluA1 quantified by immunocytochemistry in 
differentiated SH-SY5Y under 24h DHA treatment (200 µM). Control (BSA; 1.000 ± 
0.100, n=26) and DHA (1.556 ± 0.118, n=28). D) Surface GluA1 quantified by 
immunocytochemistry in differentiated SH-SY5Y under 24h BHB treatment (5 
mM). Control (1.000 ± 0.062, n=44) and BHB (1.617 ± 0.111, n=40). Hoechst was 
used to detect nuclei. Results of integrated intensity in 7.5 µm of neurites were 
normalized by the control treatment. Data are represented as mean ± SEM of 26-
44 neurites from one (DHA) to two independent experiments. Scale bar = 25 µm; 
scale bar of inset magnifications = 5 µm. Statistical analysis was performed by 
Student t-test. **p<0.01, ***p<0.001, ****p<0.0001. 

 

 

Considering the results with the long incubation period in differentiated 

SH-SY5Y, these neuron-like cells are a suitable alternative model to study 

the effect of nutrients. In addition, they avoid the use of animals. 
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3. PA and BHB’s effects on synaptic GluA1 
Since palmitate and BHB showed short-term effects in cortical cultured 

neurons and had a stronger effect than oleate or DHA in the long-term, 

the study of these two nutrients was continued analyzing the effect in 

primary hippocampal neurons. Moreover, different concentrations of BHB 

were tested, all of them in the range of physiological levels found in mice. 

In addition, synaptic GluA1 levels were analyzed by the co-localization of 

this protein with PSD95, used as a post-synaptic density marker. 

 

Figure 43A shows a decrease in synaptic GluA1 due to palmitate’s short-

term treatment. This suggests that palmitate is a critical nutrient that 

negatively affects synaptic function. 

 

In the case of BHB, several concentrations were evaluated (1 mM, 2 mM 

and 5 mM) in hippocampal neurons. As observed in figure 43B, surface 

GluA1 was increased by 5 mM of BHB, the concentration used in cortical 

neurons, but synaptic GluA1 was not affected by any of the concentrations 

used. This suggests that short-term treatment with physiological 

concentration of BHB does not enhance synaptic GluA1, even though at 

higher concentrations is able to increase surface GluA1, indicating that 

BHB mainly increases perisynaptic GluA1 levels. 
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Figure 43. Short-term effects on synaptic/surface GluA1 levels in hippocampal 
neurons. A) Synaptic GluA1 quantified by immunocytochemistry in hippocampal 
neurons (n=30 cells) under 2h palmitate treatment (200 µM). Control (BSA; 1.000 
± 0.061, n=49) and PA (0.439 ± 0.030, n=58). B) Synaptic/surface GluA1 in 
hippocampal neurons (n=30 cells) under 24h BHB treatment (1 mM, 2 mM and 5 
mM). Surface GluA1: control (1.000 ± 0.037, n=66), 1 mM BHB (0.890 ± 0.047, 
n=53), 2 mM BHB (1.019 ± 0.038, n=65) and 5 mM BHB (1.337 ± 0.065, n=53). 
Synaptic GluA1: control (1.000 ± 0.050, n=61), 1 mM BHB (0.816 ± 0.062, n=45), 2 
mM BHB (0.951 ± 0.049, n=59) and 5 mM BHB (1.142 ± 0.081, n=46). Hoechst was 
used to detect nuclei. Results of integrated intensity in 15 µm of primary dendrites 
were normalized by the control treatment. Data are represented as mean ± SEM 
of 60 dendrites from two independent experiments. Scale bar = 40 µm; scale bar 
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of inset magnifications = 10 µm. Statistical analysis was performed by Student t-
test (A) or one-way ANOVA followed by Bonferroni’s post correction (B). 
****p<0.0001. 

 

 

Furthermore, when hippocampal neurons were treated with palmitate for 

24h, synaptic GluA1 was also significantly reduced (figure 44A). In the case 

of BHB, similar to the results of the short-term treatment, no alterations 

in synaptic GluA1 were observed (figure 44B). However, lower 

concentrations of BHB (1 mM and 2 mM) led to an increase in surface 

GluA1. As the effect of 2 mM BHB was stronger than that of 1 mM, synaptic 

transmission experiments in hippocampus described later were conducted 

using this concentration. 
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Figure 44. Long-term effects on synaptic/surface GluA1 levels in hippocampal 
neurons. A) Synaptic GluA1 quantified by immunocytochemistry in hippocampal 
neurons (n=30 cells) under 24h palmitate treatment (200 µM). Control (BSA; 
1.000 ± 0.086, n=54) and PA (0.439 ± 0.058, n=56). B) Synaptic/surface GluA1 in 
hippocampal neurons (n=30 cells) under 24h BHB treatment (1 mM, 2 mM and 5 
mM). Surface GluA1: control (1.000 ± 0.037, n=66) 1 mM BHB (1.269 ± 0.060, 
n=67), 2 mM BHB (1.557 ± 0.070, n=65) and 5 mM BHB (1.147 ± 0.066, n=44). 
Synaptic GluA1: control (1.000 ± 0.050, n=61) 1 mM BHB (0.982 ± 0.068, n=56), 2 
mM BHB (1.040 ± 0.067, n=57) and 5 mM BHB (0.855 ± 0.057, n=43). Hoechst was 
used to detect nuclei. Results of integrated intensity in 15 µm of primary dendrites 
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were normalized by the control treatment. Data are represented as mean ± SEM 
of 60 dendrites from two independent experiments. Scale bar = 40 µm; scale bar 
of inset magnifications = 10 µm. Statistical analysis was performed by Student t-
test (A) or one-way ANOVA followed by Bonferroni’s post correction (B). 
**p<0.01, ****p<0.0001. 

 

 

In order to analyze if BHB can counteract palmitate deleterious effects on 

GluA1 synaptic levels, co-treatment of palmitate and BHB were performed 

in hippocampal neurons. As it can be observed in figure 45, 1 mM and 2 

mM of BHB effectively counteracted the adverse effects of palmitate on 

synaptic GluA1. However, a 5 mM concentration of BHB, which falls 

outside the physiological range, did not exhibit this beneficial effect in the 

presence of the saturated fatty acid.  
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Figure 45. Short-term effects on synaptic GluA1 levels in hippocampal neurons co-
treated with palmitate and BHB. Synaptic GluA1 was quantified by 
immunocytochemistry in hippocampal neurons (n=30 cells) under 2h palmitate 
(200 µM) and BHB (1 mM, 2 mM and 5 mM) treatment. Control, PA and BHB’s 
have been extracted from figure 43. Hoechst was used to detect nuclei. Results of 
integrated intensity in 15 µm of primary dendrites were normalized by the control 
treatment. Data are represented as mean ± SEM of 60 dendrites from two 
independent experiments. PA + 1 mM BHB (0.922 ± 0.050, n=52), PA + 2 mM BHB 
(0.943 ± 0.050, n=45) and PA + 5 mM BHB (0.676 ± 0.057, n=47). Scale bar = 40 
µm; scale bar of inset magnifications = 10 µm. Statistical analysis was performed 
by one-way ANOVA followed by Bonferroni’s post correction. ****p<0.0001. 

 

 

 

4. Synaptic transmission under PA and BHB treatments 
and cognitive evaluations 
4.1. mEPSCs 

To study the role of the saturated fatty acid (palmitate) and the ketone 

body (BHB) in synaptic transmission, AMPAR-mediated mEPSCs were 

measured in primary cortical neurons (at 14-15 DIV) treated with these 

nutrients for 24h. In order to detect them, recordings were carried out in 

the presence of TTX in extracellular solution to block evoked transmission. 
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D-AP5 and PTX were also added in the solution to block NMDA and GABAA 

receptors. Moreover, to use the same control group for both treatments, 

BHB group also contained BSA.  

 

These recordings were performed by David Soto and Aida Castellanos at 

the University of Barcelona. Results point out that AMPAR-mediated 

mEPSCs amplitudes were decreased in cortical neurons treated with 

palmitate but no changes were found in BHB’s (figure 46A-C). This result 

aligns perfectly with earlier observations regarding the lack of BHB’s 

effects on synaptic GluA1 levels. Cumulative amplitude histograms for 

mEPSCs (figure 46D) demonstrate a significant shift in the amplitude 

distribution towards smaller values in palmitate treated neurons, 

indicating a reduction in the number of postsynaptic AMPARs.  

 

Figure 46E shows the frequency of AMPAR-mediated mEPSCs and no 

significant differences are observed indicating no presynaptic alteration is 

present in neurons treated with palmitate or BHB. Some kinetic 

parameters from mEPSCs were also studied: rise time and τ-weighted 

(figure 46F-G). Neither of them was affected with the treatments 

suggesting that there is not any alteration in the AMPAR subtype 

composition underlying mEPSCs. 
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Figure 46. mEPSCs recordings. A) Representative whole-cell recordings of AMPAR-
mediated mEPSCs of 15 seconds duration from cultured cortical neurons (14-15 
DIV) treated with palmitate or BHB for 24h. The control group contains BSA 
(vehicle). Inset magnifications correspond to 1.5 seconds. Membrane potential 
was held at -70 mV. B) Examples of averaged mEPSCs (bold lines) from 11, 7 and 
5 minutes’ time period (vehicle, palmitate and BHB respectively) of the recordings 
shown in A. The neuron treated with vehicle (left traces) exhibited mean mEPSCs 
amplitude of –18 pA (average of 2815 miniature events). The neuron treated with 
palmitate (central traces) exhibited mean mEPSCs amplitude of –12.1 pA (average 
of 1967 miniature events). The neuron treated with BHB (right traces) exhibited 
mean mEPSCs amplitude of –18.38 pA (average of 1098 miniature events). 100 
random individual mEPSCs (events) for the three recordings are showed in grey. 
Note that the smaller events are found in the neuron treated with palmitate. C) 
AMPAR mEPSCs amplitude was decreased in palmitate treated cells compared 
with vehicle treated (-18.07 ± 1.195 pA; -13.28 ± 1.2 pA and -17.25 ± 1.269 pA for 
vehicle, palmitate and BHB treated neurons respectively; n=26, 21 and 19 neurons 
respectively). **p<0.01. Statistical analysis was performed by Student t-test by 
only comparing each condition with the control. D) Cumulative probability 
distribution of mEPSCs amplitude showing a leftward shift in amplitude for events 
of neurons treated with palmitate. Continuous lines represent the average for 
control (black line; 26 neurons containing an average of 1104 events/neuron) and 
palmitate (red line; 21 neurons containing an average of 768 events/neuron). 
Discontinuous lines denote SEM. E) AMPAR mEPSCs frequency was not altered 
neither with palmitate nor with BHB (5.042 ± 0.923 Hz; 2.816 ± 0.441 Hz and 3.319 
± 0.5306 Hz for vehicle, palmitate and BHB treated neurons respectively; n=26, 21 
and 19 neurons respectively too). Statistical analysis was performed by Mann-
Whitney test by only comparing each condition with the control. F) AMPAR 
mEPSCs rise time was not altered neither with palmitate nor with BHB (1.962 ± 
0.046 ms; 1.895 ± 0.06 ms and 1.926 ± 0.038 ms for vehicle, palmitate and BHB 
treated neurons respectively; n=26, 21 and 19 neurons respectively too). 
Statistical analysis was performed by Mann-Whitney test by only comparing each 
condition with the control. G) AMPAR mEPSCs τ-weighted was not altered neither 
with palmitate nor with BHB (3.938 ± 0.213 ms; 4.349 ± 0.347 ms and 4.003 ± 
0.207 ms for vehicle, palmitate and BHB treated neurons respectively; n=26, 21 
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and 19 neurons respectively too). Statistical analysis was performed by Mann-
Whitney test by only comparing each condition with the control. 

 

 

4.2. fEPSPs 
After studying the effect of palmitate and BHB on mEPSCs in cortical 

neurons, synaptic plasticity was explored in hippocampal slices recording 

field-EPSPs. For these electrophysiological experiments, the stimulating 

electrode was positioned in stratum radiatum to stimulate SC fibers and 

the recording electrode, onto CA1 pyramidal neurons (the distance 

between them was 100 µm). Slices were from P27-P34 mice and were 

continuously perfused (2 mL/min) with aCSF, carbogen and PTX to block 

GABAA receptors. Moreover, they were incubated for 2h with palmitate or 

BHB before doing any recording. To further explore whether the beneficial 

effects found with BHB treatment could ameliorate the deleterious ones 

of palmitate treatment, a special group combining both nutrients was also 

analyzed.  

 

It is important to reiterate that palmitate is insoluble in water, being 

necessary the use of BSA as the vehicle. In contrast, BHB is soluble in 

aqueous solution. Therefore, it was used a control condition without BSA 

and a vehicle condition with BSA.  

 

After a stable long-term baseline of 15 minutes, LTP was induced using a 

HFS protocol composed of 2 trains of bursts (100 pulses at 100 Hz with a 

10 seconds interval). Two different parameters were measured. On the 

one hand, the slope which is the steepness of an electrical signal or 

potential over time. It is useful in understanding the speed of a signal’s 

change. On the other hand, the amplitude which refers to the magnitude 

or height of an electrical signal. It describes the intensity or strength of a 

signal. The obtained data (figure 47A-B) prove that there is no any 

significant difference in LTP when treating slices with palmitate or BHB. 

Although there is a noticeable disparity between the recordings from the 

initial 5 minutes and the final 5 minutes in the control, BHB, and 

palmitate+BHB treated slices, no discernible differences are observed 

when compared to palmitate's LTP (figure 47C). This lack of effect in 

synaptic plasticity could be due to the small number of slices recorded (just 

3 or 4 per group) and the fact that only a short treatment (2h) could be 

carried out. However, when the curve of palmitate was compared with the 
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curve of palmitate+BHB, statistical differences were observed (p<0.01, 

Student t-test), suggesting that the addition of BHB is able to improve the 

synaptic plasticity of palmitate condition. 

 

 

 
Figure 47. LTP induced by HFS in slices treated with PA, BHB and PA+BHB. A) Time 
course of normalized slope of AMPAR-mediated EPSCs from baseline and after 
induction of LTP. B) Time course of normalized amplitude of AMPAR-mediated 
EPSCs from baseline and after induction of LTP. C) Representative traces before 
induction (thick lines) and for the last 5 minutes of the time course (thin lines). n 
= 3-4 slices from four mice per condition. Statistical analysis was performed by 
two-way ANOVA followed by Bonferroni’s post correction. 

 

 

In order to determine the involvement of presynaptic terminals in synaptic 

plasticity after incubating with palmitate, BHB or palmitate+BHB, PPRs 

were calculated from fEPSPs. The findings shown in figure 48 reinforce the 

idea that the effects of these nutrients are completely postsynaptic as 

there is not any difference between groups. 

 
 
 
 
 
 
 

A) B) 

C) 
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Figure 48. Postsynaptic contributions to fEPSPs. A-B) Average values of PPRs from 
fEPSP recordings from PA, BHB and PA+BHB treated slices with 100 ms 
interstimulus interval. Individual values for each condition are displayed as a dot 
plot. C) Representative traces for each condition. Data are represented as mean 
± SEM of 10-18 slices from more than four mice per condition. PPR slope: control 
(1.697 ± 0.054, n=17), BHB (1.808 ± 0.056; n=9), vehicle (1.778 ± 0.074, n=12), PA 
(1.733 ± 0.060, n=17) and PA+BHB (1.739 ± 0.077, n=12). PPR amplitude: control 
(1.789 ± 0.059, n=18), BHB (1.938 ± 0.064; n=10), vehicle (1.786 ± 0.057, n=12), 
PA (1.707 ± 0.052, n=17) and PA+BHB (1.778 ± 0.077, n=12). Statistical analysis 
was performed by one-way ANOVA followed by Bonferroni’s post correction. 

 

 

Considering all the effects are occurring at a postsynaptic level, I/O curves 

were conducted to evaluate how the treatments affect the response of 

neurons to various levels of stimulation. Figure 49 shows that PA 

treatment decreases I/O slope and amplitude indicating that this fatty acid 

diminishes the excitability and the intensity response of neurons while 

BHB increases them. Interestingly, BHB is able to reverse palmitate 

negative effects.  

A) B) C) 
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Figure 49. I/O curves in the CA1 region of hippocampal slices. A) The input/output 
curve plotted with the increased fEPSP slopes corresponding to the enhanced 
stimulating intensities. B) The input/output curve plotted with the increased 
fEPSP amplitudes corresponding to the enhanced stimulating intensities. C) 
Superimposed fEPSP traces induced by a series of stimulating pulses with an 
increase of 10 V applied to the SC fiber. n = 10-17 slices from more than four male 
mice (P26±5) per condition. Statistical analysis was performed by two-way ANOVA 
followed by Bonferroni’s post correction. **p<0.01, ****p<0.0001. 

 

 

To verify that these observed effects can only be attributed to AMPARs 

and are not influenced by other types of receptors, an AMPA/NMDA ratio 

was performed. This ratio is calculated by comparing the amplitudes of 

AMPA-mediated EPSCs and the amplitudes of NMDA-mediated EPSCs. 

These type of recordings were conducted by Ernesto Griego Melo at the 

Albert Einstein College of Medicine. 

 

As it can be shown in figure 50, palmitate induced a significant decrease in 

the AMPA/NMDA ratio. There is not any difference between control and 

vehicle group. Therefore, the palmitate’s I/O curve effects are exclusively 

due to a decrease in AMPARs, not NMDARs. In the case of BHB, a slight 

upward tendency can be observed. 

 

 

A) B) 

C) 
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Figure 50. Palmitate decreased AMPA/NMDA ratio at the CA3-CA1 synapse. A) 
Targeted patch-clamp recordings from CA1 pyramidal cells at stratum radiatum 
while stimulating SC fibers. B) Representative traces of AMPA and NMDA receptor 
mediated postsynaptic currents recorded at -70 and +30 mV, respectively. C) 
Summary bar graph showing the effect of the different treatments on the 
AMPA/NMDA ratio. Data are represented as mean ± SEM, n=5-6 cells from 3-5 
male mice (P26±5) per condition. Control (3.732 ± 0.589, n=6), vehicle (4.158 ± 
0.736, n=5), PA (2.245 ± 0.307, n=6) and BHB (4.398 ± 0.655, n=6). Statistical 
significance was performed by Student t-test by only comparing each condition 
with the control. *p<0.05. CA1 PC: CA1 pyramidal cell. SC: Schaffer collateral.  

 

 

Hence, fatty acids and ketone bodies impact postsynaptic functions rather 

than presynaptic mechanisms. Notably, BHB has demonstrated the 

capability to counteract the adverse effects induced by the palmitate, 

leading to the restoration of neuronal excitability in the presence of a 

stimulating current. However, synaptic plasticity is less affected by the 

treatments, perhaps due to the relatively brief incubation with the 

nutrients (2h). Finally, it is noteworthy that these effects are mediated 

through AMPARs.  

 

 

4.3. Behavioral tests 
Finally, to study whether the beneficial effects of BHB over the palmitate’s 

also affect cognitive levels, we decided to perform in vivo experiments. We 

explored whether daily administration of BHB could reverse the 

detrimental effects of SFAD on memory tasks' performance. For this 

purpose, 5 weeks-old mice were fed with SD or SFAD for 7 weeks. At the 

same time, they were intragastrically administrated with vehicle (equal 

amount of water) or BHB (100 mg/kg/day). Their weights were monitored 

to observe the evolution of both male and female mice over 7 weeks of 

controlled food intake (figure 51). In the case of males, they did show an 

A) B) C) 
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increased tendency in their body weight. However, female mice did not 

have this tendency in weight over time.  

 

 

 

 

 

 

 

 

 

 
Figure 51. Body weight of male and female mice over 7 weeks fed with SD or SFAD 
and treated with vehicle or BHB. A) Male mice body weight. B) Female mice body 
weight. Data are represented as mean ± SD, 5 weeks-old male and female mice, 
n=5-7/group. Statistical analysis was performed by two-way ANOVA followed by 
Bonferroni’s post correction. 

 

 

As mentioned before, several behavioral tests were conducted in order to 

examine the cognitive impact of the diets at the end of the treatment 

(figure 52). After a habituation period, short-term memory was analyzed 

with NORT using DI, which is a value that indicates the animal’s ability to 

recognize and remember a previously encountered object. Mice fed with 

SD and BHB improved their cognitive abilities compared to SD with vehicle. 

Moreover, animals fed with SFAD showed important cognitive 

impairments, which were reversed by the concomitant administration of 

BHB. Long-term memory was also evaluated with NORT. The same results 

were obtained regarding the SFAD-mediated impairment and BHB 

restoration. However, no significance differences were found among SD 

groups.    

 

In addition, spatial learning was evaluated with OLT (figure 52C). A great 

significant different was found in the DI between SD and SFAD 

corroborating the negative effects of saturated fatty acids on brain 

functions. BHB counteracts the detrimental effects of SFAD, while no 

changes were observed in SD groups. Finally, locomotor activity was also 

tested with OFT (figure 52D). The ketone body, in the presence of SFAD, 

A) B) 
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increases the distance travelled by mice compared with the rest of the 

groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 
Figure 52. Behavioral results for the novel object recognition test (NORT), object 
location test (OLT) and open field test (OFT) in male and female mice at 12 weeks-
old fed with SD or SFAD and treated with vehicle or BHB. A) Summary of NORT 
discrimination index (DI) from short-term memory (2h). SD + vehicle (0.240 ± 
0.036, n=11), SD + BHB (0.436 ± 0.092, n=9), SFAD + vehicle (0.024 ± 0.048, n=11) 
and SFAD + BHB (0.250 ± 0.041, n=11). B) Summary of NORT discrimination index 
(DI) from long-term memory (24h). SD + vehicle (0.176 ± 0.110, n=11), SD + BHB 
(0.359 ± 0.070, n=9), SFAD + vehicle (-0.006 ± 0.035, n=11) and SFAD + BHB (0.330 
± 0.043, n=11). C) Summary of OLT DI. SD + vehicle (0.260 ± 0.036, n=11), SD + 
BHB (0.190 ± 0.002, n=9), SFAD + vehicle (-0.061 ± 0.050, n=11) and SFAD + BHB 
(0.275 ± 0.049, n=11). D) Summary of the distance travelled in OFT. SD + vehicle 
(1060 ± 46.34, n=11), SD + BHB (913.8 ± 36.30, n=9), SFAD + vehicle (1079 ± 40.34, 
n=11) and SFAD + BHB (1274 ± 30.57, n=11). Data are represented as mean ± SEM.  

A) B) 

C) D) 
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Statistical analysis was performed by two-way ANOVA followed by Bonferroni’s 
post correction. *p<0.05, **p<0.01, ****p<0.0001. 

 

 

These results reveal the translational effect of BHB on cognitive processes. 

It can counteract the negative impact of a SFAD in vivo.  

 

 

 

5. The involvement of malonyl-CoA – CPT1C axis in 
nutrients’ effects 

Here, we aimed to explore whether malonyl-CoA – CPT1C axis participates 

in cognitive impairment associated with a high-fat diet. It is well-known 

that palmitate is an inhibitor of ACC, the enzyme that synthesizes malonyl-

CoA (Hunkeler et al., 2018). Taking into account these previous results, it 

was hypothesized that this axis may contribute to the regulation of AMPAR 

vesicular trafficking and synaptic plasticity mediated by diet-induced 

malonyl-CoA fluctuations. 

 

 

5.1. Enzymes of malonyl-CoA metabolism 
To examine whether malonyl-CoA levels could be modified by nutrients, 

an analysis of upstream pathway was conducted in cortical neurons. The 

ratio of p(S79)-ACC/ACC was studied as ACC enzyme is the responsible to 

synthetize malonyl-CoA and it is inactivated by phosphorylation. 

Moreover, ACC activity can also be modulated by the allosteric binding of 

specific metabolites, such as acetate, which is an activator, and palmitate, 

being an inhibitor (Rubink & Winder, 2005). FAS enzyme, whose function 

is to catalyze the synthesis of long-chain fatty acids from malonyl-CoA, was 

also studied.  

 

Furthermore, it has been published that phosphorylated CREB and BDNF 

decreased with HFD (Spinelli et al., 2020), so these two proteins were 

analyzed too with some treatments. They are related to the regulation of 

the expression and function of GluA1. On the one hand, CREB is a 

transcription factor that can regulate the expression of various genes, 

including those related to glutamate receptors. For instance, activation of 

CREB can increase the expression of GluA1 contributing to synaptic 

plasticity and brain function (Middei et al., 2013). On the other hand, BDNF 
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is a neurotrophic factor which can increase the synthesis and insertion of 

GluA1 into synapses enhancing communication between neurons (Jung et 

al., 2020). 

 

As it is shown in figure 53A-D, the presence of palmitate for 2h did not 

induce any change in the protein levels of ACC, FAS, CREB and BDNF. With 

a 24h incubation, there was an increase in the ratio p(S79)-ACC/ACC 

indicating ACC is phosphorylated and the subsequent inhibition of 

malonyl-CoA synthesis (figure 53E). This suggests that in the presence of 

palmitate, the synthesis of malonyl-CoA and long-chain fatty acids is 

halted. Moreover, this agrees with the fact that palmitate directly inhibits 

ACC enzyme.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 53. Levels of different proteins with 200 µM palmitate’s short-term 
treatment of 2h (A-D) and long-term treatment of 24h (E-H). Actin was used as 
housekeeping to normalize protein levels. Data are represented as mean ± SEM, 
n=7-17 from two (ratio pCREB and BDNF) to four (ratio pACC and FAS) 
independent experiments. Short-term treatment: ratio of p(S79)-ACC (control: 
1.000 ± 0.074, n=17 and PA: 0.954 ± 0.111, n=16), FAS (control: 1.000 ± 0.108, 
n=15 and PA: 1.222 ± 0.146, n=15), ratio of p(S129)-CREB (control: 1.000 ± 0.088, 
n=7 and PA: 1.075 ± 0.100, n=8) and BDNF (control: 1.000 ± 0.169, n=8 and PA: 
0.926 ± 0.167, n=8). Long-term treatment: ratio of p(S79)-ACC (control: 1.000 ± 
0.127, n=17 and PA: 1.791 ± 0.278, n=17), FAS (control: 1.000 ± 0.121, n=15 and 
PA: 1.003 ± 0.142, n=17), ratio of p(S129)-CREB (control: 1.000 ± 0.235, n=7 and 

A) B) C) D) 

E) F) H) G) 
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PA: 0.965 ± 0.208, n=7) and BDNF (control: 1.000 ± 0.133, n=7 and PA: 0.761 ± 
0.094, n=8). Statistical significance was performed by Student t-test. *p<0.05. 

 

 

Nevertheless, the monounsaturated fatty acid led to an increase in p(S79)-

ACC with short-term treatment (figure 54A) indicating that the synthesis 

of malonyl-CoA is partially decreased. However, the levels of FAS were 

reduced as well (figure 54B), suggesting that malonyl-CoA is not used for 

fatty acid synthesis and, therefore, some accumulation of the metabolite 

might occur.  

 

A similar result to that of the short-term treatment was obtained with 24h 

incubation. Data in figure 54C-D indicate an increase in phosphorylated 

ACC, which leads to inhibition of malonyl-CoA synthesis and a reduction in 

FAS levels, which suggest that malonyl-CoA synthesis is decreased, but 

also its utilization in the subsequent step for fatty acid synthesis. 

Therefore, it is difficult to infer whether malonyl-CoA levels are changed 

by oleate treatment. 
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Figure 54. Levels of different proteins with 200 µM oleate’s short-term treatment 
of 2h (A-B) and long-term treatment of 24h (C-D). Actin was used as housekeeping 
to normalize protein levels. Data are represented as mean ± SEM, n=7-10 from 
two independent experiments. Short-term treatment: ratio of p(S79)-ACC 
(control: 1.000 ± 0.133, n=8 and OA: 1.717 ± 0.246, n=10) and FAS (control: 1.000 
± 0.043, n=7 and OA: 0.563 ± 0.066, n=10). Long-term treatment: ratio of p(S79)-
ACC (control: 1.000 ± 0.143, n=10 and OA: 1.382 ± 0.104, n=10) and FAS (control: 
1.000 ± 0.104, n=8 and OA: 0.498 ± 0.102, n=9). Statistical significance was 
performed by Student t-test. *p<0.05, **p<0.01, ***p<0.001. 

 

In the case of the polyunsaturated fatty acid, the DHA’s incubation for 2h 

did not result in any modification in protein levels of ACC, FAS, CREB and 

BDNF (figure 55). Strikingly in figure 55E-H, the same results were obtained 

indicating that there is not any change in the synthesis of malonyl-CoA.  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 55. Levels of different proteins with 200 µM DHA’s short-term treatment 
of 2h (A-D) and long-term treatment of 24h (E-H). Actin was used as housekeeping 
to normalize protein levels. Data are represented as mean ± SEM, n=7-16 from 
two (ratio pACC, ratio pCREB and BDNF) to four (FAS) independent experiments. 
Short-term treatment: ratio of p(S79)-ACC (control: 1.000 ± 0.141, n=8 and DHA: 
0.909 ± 0.117, n=7), FAS (control: 1.000 ± 0.096, n=16 and DHA: 0.782 ± 0.091, 
n=14), ratio of p(S129)-CREB (control: 1.000 ± 0.088, n=7 and DHA: 1.384 ± 0.222, 
n=8) and BDNF (control: 1.000 ± 0.169, n=8 and DHA: 1.179 ± 0.136, n=8). Long-
term treatment: ratio of p(S79)-ACC (control: 1.000 ± 0.257, n=8 and DHA: 0.775 
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± 0.232, n=8), FAS (control: 1.000 ± 0.135, n=16 and DHA: 0.687 ± 0.089, n=16), 
ratio of p(S129)-CREB (control: 1.000 ± 0.235, n=7 and DHA: 0.658 ± 0.103, n=8) 
and BDNF (control: 1.000 ± 0.133, n=7 and DHA: 0.765 ± 0.121, n=7). Statistical 
significance was performed by Student t-test. *p<0.05. 

 

As indicated in figure 56A-D, data reveal that with short-term BHB 

treatment, none of the proteins are modified either. In the case of 24h 

incubation, FAS levels decreased suggesting a possible inhibition in the 

long-chain fatty acids synthesis and, consequently, an accumulation of 

malonyl-CoA, the substrate of FAS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 56. Levels of different proteins with 5 mM BHB’s short-term treatment of 
2h (A-D) and long-term treatment of 24h (E-H). Actin was used as housekeeping 
to normalize protein levels. Data are represented as mean ± SEM, n=6 from two 
independent experiments. Short-term treatment: ratio of p(S79)-ACC (control: 
1.000 ± 0.206, n=6 and BHB: 1.920 ± 0.427, n=6), FAS (control: 1.000 ± 0.190, n=6 
and BHB: 1.050 ± 0.136, n=6), ratio of p(S129)-CREB (control: 1.000 ± 0.077, n=6 
and BHB: 0.934 ± 0.241, n=6) and BDNF (control: 1.000 ± 0.044, n=6 and BHB: 
1.138 ± 0.136, n=6). Long-term treatment: ratio of p(S79)-ACC (control: 1.000 ± 
0.135, n=6 and BHB: 0.741 ± 0.076, n=6), FAS (control: 1.000 ± 0.063, n=6 and 
BHB: 0.787 ± 0.048, n=6), ratio of p(S129)-CREB (control: 1.000 ± 0.191, n=6 and 
BHB: 0.922 ± 0.147, n=6) and BDNF (control: 1.000 ± 0.202, n=6 and BHB: 0.808 ± 
0.255, n=6). Statistical significance was performed by Student t-test. *p<0.05. 
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In summary, results suggest that malonyl-CoA levels in cultured neurons 

might be decreased by palmitate, while they might be increased by BHB 

(table 14). This data agrees with the fact that palmitate decreases the 

trafficking of GluA1 to the plasma membrane, whereas BHB increase it. 

 
Table 14. Summarized protein levels regarding the upstream malonyl-CoA – 
CPT1C pathway.  

 

 

5.2. Modulation of malonyl-CoA levels  
It has been corroborated in our group that a decrease of malonyl-CoA by 

the ACC inhibitor, 5-tetradecyloxy-2-furoic acid (TOFA), reduces surface 

GluA1 levels with only 2h. However, it can be toxic for cells within a long-

term incubation (Casas et al., 2020).  

 

To continue exploring whether malonyl-CoA – CPT1C axis is involved in PA 

or BHB effects, cortical neurons were silenced with a lentiviral vector 

carrying either a control (shRandom) or CPT1C-silencing sequence 

(shCPT1C) at 7 DIV. As it can be seen in figure 57, shCPT1C viruses can 

inhibit the production of this protein in infected cells in about 50%. 

Treatment Protein 

Short-term 

treatment 

(2h) 

Long-term 

treatment 

(24h) 

Putative 

malonyl-CoA 

levels 

PA 

p(S79)-ACC/ACC = ↑ 

↓ 
FAS = = 

p(S129)-CREB/CREB = = 

BDNF = = 

OA 

p(S79)-ACC/ACC ↑ ↑ 

= 
FAS ↓ ↓ 

p(S129)-CREB/CREB - - 

BDNF - - 

DHA 

p(S79)-ACC/ACC = = 

= 
FAS = = 

p(S129)-CREB/CREB = = 

BDNF = = 

BHB 

p(S79)-ACC/ACC = = 

↑ 
FAS = ↓ 

p(S129)-CREB/CREB = = 

BDNF = = 
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Figure 57. CPT1C-silencing verification in cortical neurons. Representative image 
of CPT1C levels quantified by Western blot. Cortical neurons were infected at 7 
DIV with 1 MOI of either shRandom or shCPT1C. CPT1C-silencing was checked at 
14 DIV. Data are represented as mean ± SEM, n=6 from two independent 
experiments. shRandom (1.000 ± 0.184, n=6) and shCPT1C (0.588 ± 0.131, n=6). 
Statistical significance was performed by Student t-test. **p<0.01. 

 

 

Once the silencing was checked, primary cortical neurons were infected 

with shRandom or shCPT1C viruses at 7 DIV. After another week, cells 

were treated with 200 µM palmitate, 200 µM malonyl-CoA or both for 24h.  

 

Figure 58 shows (in green) that all selected neurons to be analyzed were 

infected with viruses. On the one hand (part A), palmitate treatment 

decreased surface GluA1 in agreement with the previous result (figure 

37A). Moreover, malonyl-CoA showed that it can increase them. However, 

malonyl-CoA treatment was no able to reverse palmitate’s effects on 

surface GluA1.  

 

On the other hand, in cells where CPT1C was downregulated (part B), 

palmitate still decreased surface GluA1 levels, although the effect was not 

significant (p=0.0996). In absence of CPT1C, malonyl was able to enhance 

surface GluA1 levels and reverse the impact of palmitate. Overall, these 

data indicate that palmitate’s effect on surface GluA1 is independent of 

the malonyl-CoA – CPT1C pathway.  

 

 

 



Results 

 

150 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 58. Palmitate’s and malonyl-CoA’s long-term effects on surface GluA1 in 
cortical neurons with or without the presence of CPT1C. A) Surface GluA1 
quantified by immunocytochemistry in cortical neurons (n=45 cells) under 24h 
palmitate (200 µM) and malonyl (200 µM) treatment. Control (1.000 ± 0.058, 
n=98), PA (0.537 ± 0.028, n=101), malonyl-CoA (1.250 ± 0.062, n=102) and 
malonyl-CoA + PA (0.528 ± 0.040, n= 82). B) Surface GluA1 quantified by 
immunocytochemistry in CPT1C silenced cortical neurons (n=45 cells) under 24h 
palmitate (200 µM) and malonyl (200 µM) treatment. Control (1.000 ± 0.036, 
n=107), PA (0.643 ± 0.035, n=76), malonyl-CoA (2.017 ± 0.149, n=98) and malonyl-
CoA + PA (2.331 ± 0.1136, n= 80). Scale bar = 30 µm; scale bar of inset 
magnifications = 10 µm. Hoechst was used to detect nuclei. Results of integrated 
intensity in 15 µm of primary dendrites were normalized by the control treatment. 
Data are represented as mean ± SEM of 90 dendrites from three independent 
experiments. Statistical analysis was performed by one-way ANOVA followed by 
Bonferroni’s post correction. **p<0.01, ****p<0.0001. 

 

 

In the case of BHB, it was also checked that all neurons were infected with 

viruses (figure 59). As it has been demonstrated before (figure 36A), BHB 

treatment for 2h in control neurons increased surface GluA1. It is also 

observed a reduction in surface GluA1 caused by TOFA treatment. When 

both treatments were applied at the same time, TOFA blocked the actions 

of BHB, suggesting that BHB’s effects could be mediated by malonyl-CoA 

A) 

B) 
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– CPT1C axis. Accordingly, when CPT1C was downregulated (figure 59B), 

the effects of ketone body were blunted. Therefore, data suggest that 

BHB’s effects on surface GluA1 levels can be mediated by the malonyl-CoA 

– CPT1C pathway.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 59. BHB’s and TOFA’s short-term effects on surface GluA1 in cortical 
neurons with or without the presence of CPT1C. A) Surface GluA1 quantified by 
immunocytochemistry in cortical neurons (n=45 cells) under 2h BHB (5 mM) and 
TOFA (20 µg/mL) treatment. Control (1.000 ± 0.040, n=78), BHB (1.548 ± 0.065, 
n=73), TOFA (0.461 ± 0.022, n=80) and TOFA + BHB (0.858 ± 0.044, n= 73). B) 
Surface GluA1 quantified by immunocytochemistry in CPT1C silenced cortical 
neurons (n=45 cells) under 2h BHB (5 mM) and TOFA (20 µg/mL) treatment. 
Control (1.000 ± 0.042, n=82), BHB (1.017 ± 0.053, n=73), TOFA (1.011 ± 0.038, 
n=84) and TOFA + BHB (1.027 ± 0.048, n= 76). Scale bar = 30 µm; scale bar of inset 
magnifications = 10 µm. Hoechst was used to detect nuclei. Results of integrated 
intensity in 15 µm of primary dendrites were normalized by the control treatment. 
Data are represented as mean ± SEM of 90 dendrites from three independent 
experiments. Statistical analysis was performed by one-way ANOVA followed by 
Bonferroni’s post correction. ****p<0.0001. 
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6. Results summary of chapter I 
This chapter has focused on the impact that fatty acids and ketone bodies 

have on surface GluA1 levels, synaptic transmission and cognition. Firstly, 

their effects have been analyzed in vivo (mice) and then, in vitro (primary 

culture of neurons and brain slices). Also the role of malonyl-CoA – CPT1C 

axis in nutrients’ effects has been explored. Results are summarized in 

figure 60.  

 

Diets (HFD, SFAD and MUFAD) have not shown a strong impact on GluA1 

and its phosphorylation in residues of serine 845 and 831 in mice cortex 

and hippocampus. Moreover, in vitro cortical neurons have been treated 

with different nutrients considered as diets’ analogues. The results 

obtained are more significant with a long-term incubation than with a 

short-term one. The saturated fatty acid (palmitate) decreases surface 

GluA1, while the unsaturated fatty acids (oleate and DHA) and the ketone 

body (BHB) increase them. Moreover, differentiated SH-SY5Y cells mimic 

these results being a suitable alternative model for the study. 

 

Palmitate has the capacity to decrease both surface and synaptic levels of 

GluA1, whereas BHB only increases surface levels without affecting 

synaptic ones. This implies that palmitate exerts a pronounced 

detrimental effect, while BHB demonstrates a partially beneficial effect. 

BHB does not directly increase synaptic levels but ensures that GluA1 is 

readily available on the surface, enabling rapid synaptic delivery when 

required. This important contribution to GluA1 availability could explain 

BHB capacity to counteract PA deleterious effects, as demonstrated also 

through electrophysiological recordings. In addition, in vivo results 

showed that SFAD-fed mice improved memory performance due to BHB 

administration.  

 

Regarding malonyl-CoA – CPT1C axis, the reversion experiments showed 

that palmitate’s impact is not mediated by this pathway. This fact implies 

that there are others, more significant mechanisms at play, such as the 

palmitoylation of GluA1. However, it appears that the malonyl-CoA – 

CPT1C axis does play a role in mediating the effects of BHB, at least to 

some extent.  

 

Altogether, there is evidence that palmitate and BHB can modulate 

synaptic transmission. Although saturated fatty acid, like palmitate, 
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presents a detrimental effect on AMPA receptors, BHB can counteract it 

through the regulation of surface GluA1.  

 

 
Figure 60. Graphical abstract of chapter I. Main results of the study of the impact 
of fatty acids and ketone body on synaptic transmission. PA decreases synaptic 
GluA1, whereas BHB increases surface GluA1.  
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Study of SAC1-CPT1C interaction  
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As it was mentioned in the introduction section, SAC1 and CPT1C proteins 

are able to interact regulating several processes within neurons (Brechet 

et al., 2017). However, the interacting region of both proteins is still 

unknown. Dr. José Luis Domínguez Mejide, a bioinformatician from Núria 

Casals’s group, conducted in silico experiments to simulate the interaction 

between these two proteins, using cytosolic SAC1 (residues from 1 to 520) 

and the N-terminal domain of CPT1C (residues from 1 to 52). This 

approach suggested that residues 331-333 of SAC1’s N-terminal region 

interact with residues 13-15 of CPT1C’s N-terminal domain (data not 

published). 

 

In this chapter, we wanted to explore which regions of the SAC1 protein 

are involved in the binding with CPT1C. Therefore, to address it, deletions 

of the N-terminal region of SAC1 were performed. The interaction was 

studied with two different experimental approaches: 1) FRET and 2) pull-

down.  

 

 

 

1. Validation of SAC1’s constructs 
SAC1’s constructs were developed as described in methodology (see 

section 3.2.). The first step was to verify that the truncated proteins were 

expressed correctly in transfected cells and to check their cellular 

localization. For this purpose, HEK293T were transfected and, after 2 days, 

a western blot was conducted. This validation was very important because 

some truncated proteins do not express in an appropriate way.   

 

The initial approach was the positioning of the fluorescent tag 

(mTurquoise2) after SAC1 protein in the C-terminus. For this purpose, 

HEK293T were transfected with 3 constructs: C1 (1-587aa, the full-length 

protein), C2 (89-587aa, deletion of the first 88 aa), and C3 (189-587aa, 

deletion of the first 188 aa). Despite the fact that SAC1(C1)-mTurquoise2 

is completely expressed (it is the full-length protein as mentioned before), 

the western blot analysis revealed no expression for the truncated C2 and 

C3 variants (figure 61). This suggested that the combination of SAC1 

truncations in the N-terminal domain with a tag in the C-terminus results 

in impaired expression of the recombinant proteins.  
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Figure 61. Expression of SAC1’s truncated proteins with the fluorescent tag in the 

C-terminus in transfected HEK293T. Western blot was conducted for three 

constructs: C1 (1-587aa), C2 (89-587aa) and C3 (189-587aa). Actin was used as a 

housekeeping protein to verify that the same amount of protein was charged. 

 

 

The absence of protein expression upon cell transfection with the 

truncated variants can be attributed to potential disruptions in the 

protein's structural integrity or in its essential functional domains. 

Truncations may lead to misfolding, improper localization, impaired 

interactions with binding partners or quick degradation due to the loss of 

stabilizing motifs. These factors collectively contribute to the observed 

absence of protein expression, underscoring the intricate relationship 

between protein structure, function and cellular context. 

 

On the other hand, FRET interaction studies between full-length proteins 

CPT1C-mTurq2 and SAC1-EYFP were performed and no interaction was 

observed (figure 62) suggesting that the position of the tag at the C-

terminal region of SAC1 was causing some kind of stearic impediment for 

the proper interaction. 

 

 

 

 

 

 

 

 

 

 

Figure 62. FRETse of CPT1C-mTurq2 and SAC1-EYFP in living cells. The experiments 
were conducted 48 hours after transfection in HEK293T cells expressing full-
length CPT1C-mTurq2 using increasing amounts of SAC1-EYFP plasmidic DNA.  
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Subsequently, it was decided to place the fluorescent tag at the N-terminal 

domain of SAC1. HEK293T were transfected with the 7 new constructs: C1 

(1-587aa, the full-length protein), C2 (89-587aa), C3 (189-587aa), C4 (275-

587aa), C5 (378-587), C6 (436-587aa) and C7 (520-587aa). Figure 63 shows 

a scheme of all the constructs. It is important to take into account that 

each construct is smaller than the previous one, so the amount of plasmid 

used was adjusted to moles.  

 
Figure 63. Schematic representation of SAC1 protein domains of the different 
constructs: C1 (1-587aa), C2 (89-587aa), C3 (189-587aa), C4 (275-587aa), C5 (378-
587), C6 (436-587aa) and C7 (520-587aa). mTurq2 was added to the N-terminal 
region as fluorochrome. Numbers 1-7 refer to conserved motifs in the 
phosphatase domain. LZ: leucine zipper. TMD: transmembrane domain. 
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As it can be observed in figure 64, all constructs were well-expressed with 

this second approach. However, they were expressed in different 

quantities although the same amount of plasmid (in moles) was used for 

all the transfections. In addition, the full-length SAC1 (C1) has a higher 

expression that the other proteins. Unexpectedly, the smallest protein 

(C7) was highly expressed too although it completely lacks the N-terminal 

region.  

 

The molecular weights shown in figure 64 correspond to those of the 

specific proteins together with mTurq2, the fluorescent protein fused to 

SAC1 constructs, whose molecular weight is 25 kDa.  

 

 

 

 

 

 

 

 

 

 

 
Figure 64. Expression of SAC1’s truncated proteins with the fluorescent tag in its 
N-terminus in transfected HEK293T. Western blot was conducted for the seven 
constructs from C1 to C7: C1 (1-587aa), C2 (89-587aa), C3 (189-587aa), C4 (275-
587aa), C5 (378-587), C6 (436-587aa) and C7 (520-587aa). Actin was used as a 
housekeeping protein to verify that the same amount of protein was charged.  
 

It is important to take into account that not only a correct expression of 

SAC1 constructs must be corroborated, but also the right subcellular 

localization. For this purpose, cells were visualized under confocal 

microscopy after immunocytochemistry against mTurq2 (detected by an 

anti-GFP antibody) and calnexin, an ER resident protein.  

 

As shown in figure 65, SAC1 and the truncated proteins showed a reticular 

pattern suggesting an ER localization. This agrees with the fact that all 

constructs maintain the two transmembrane domains. In all the cases a 

partial colocalization with the ER marker calnexin was observed, 

suggesting that SAC1 and the truncated proteins are also found in other 

organelles such as the Golgi apparatus, as expected for SAC1 protein. In 
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any case, the localization pattern of all the constructs was very similar. 

These results indicate that partial or complete deletion of SAC1 N-terminal 

domain does not dramatically change protein localization.  
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Figure 65. Representative images of the different constructs of SAC1. HEK293T 
were transfected with the same amount in moles of the different constructs. 
Immunocytochemistry was conducted against GFP, calnexin and Hoechst to 
detect SAC1, ER and nucleus, respectively. Scale bar = 10 µm. The crop images 
correspond to a cytoplasmic area where the co-localization of the proteins can be 
observed. 

 

 

 

2. Region of SAC1 interacting with CPT1C 
2.1. Analysis of interaction via FRET 

To start exploring the specific region of SAC1 that interacts with the CPT1C, 

first of all, a FRETap approach was conducted. This technique is based on 

the increase in donor fluorescence after the complete acceptor 

photobleaching in a specific area of the fixed cell. To carry out the 

experiment it was necessary to use controls transfecting cells with only 

one fluorophore either the acceptor (in this case, CPT1C-EYFP) or the 

donor (in this case, mTurq2-SAC1 or the truncated forms). Once 

established the conditions to conduct the photobleaching, the images 

were taken.  

 

The figure 66 shows the images where a region of the cells was 

photobleached in the acceptor channel (yellow) and the fluorescence 

intensity for the donor channel (blue) increased. KDEL and Sec61 were 

used as negative controls of the interaction with CPT1C. Sec61 is an ER-

resident protein, whereas KDEL is a target peptide sequence that drives 

proteins to the ER. 

 

Results demonstrate that the three constructs of SAC1 interact with CPT1C 

in the same way. However, this FRET approach is not sensitive enough 

because one of the negative controls did not exhibit significant differences 

compared to C1, which was used as a positive control. Furthermore, a 

significant internal variability was observed in each construct. Even 

though, significant differences between the truncated proteins and the 
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negative controls suggest that the initial 188 amino acids of SAC1 may not 

be the responsible for the interaction with CPT1C. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B) A) 

C) D) 

E) 



Results 

 

164 
 

 

 

 

 

 

 

 

 

 

 

 

 

   

Figure 66. FRET acceptor photobleaching examining the SAC1 (C1, C2, C3)-CPT1C 
interaction. A-F) Representative images of FRET efficiency. Scale bar = 10 µm. G) 
FRET efficiency of CPT1C-EYFP with mTurq2-SAC1(C1), mTurq2-SAC1(C2) and 
mTurq2-SAC1(C3); and with mTurq2-KDEL, mTurq2-Calnexin and mTurq2-Sec61 
as negative FRET interactions. Percentage of FRET was measured by the increase 
in donor intensity after photobleaching (n=8-32). Data are represented as mean ± 
SD. The results are from one (Sec61) to three independent experiments. *p<0.05, 
**p<0.01, ***p<0.001 indicate a significant difference. Statistical significance was 
performed by Student t-test by only comparing each condition with the 
corresponding negative control. 

 

Then, a more precise alternative approach was chosen for further 

investigating the interaction: the FRETse technique. This assay was 

performed in order to detect interactions too, but unlike the previous 

approach, which involved the photobleaching of fixed cells, FRETse uses 

live cells without any photobleaching. The obtained result is a saturated 

curve when interaction occurs and a linear pattern when it does not. 

Moreover, this approach had already been used in our group to assay the 

interaction between CPT1C and another partner, ABHD6 (Miralpeix et al., 

2021). 

 

For this purpose, HEK293T cells were transfected with different acceptor 

and donor proteins to validate the interaction between SAC1 and CPT1C 

using this approach. ABHD6 was used as positive interactor of CPT1C, 

while KDEL and Sec61 were used as negative controls.  

 

Results demonstrate that, as expected, the FRETse efficiency between the 

pair SAC1/CPT1C and SAC1/ABHD6 was higher compared to the negative 

G) 
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control pairs KDEL/CPT1C and Sec61/CPT1C (figure 67). Moreover, the 

curve of positive interactors becomes saturated, whereas the ones of 

negative interactors does not. The FRETse curve observed for SAC1/CPT1C 

interaction is not significantly different from the ABHD6/CPT1C curve, 

indicating that SAC1-CPT1C interaction can be effectively addressed using 

this approach.  

 

Figure 67. Full-length SAC1 interacts with CPT1C by FRETse. FRETse of CPT1C with 
either ABHD6, SAC1, KDEL or Sec61 in living cells. The experiments were 
conducted 48 hours after transfection of HEK293T cells. Cells were transfected 
with plasmids coding for ABHD6-mTurq2, mTurq2-SAC1, mTurq2-KDEL and 
mTurq2-Sec61 as donor proteins, and with increasing amounts of CPT1C-EYFP as 
an acceptor protein. The results are from one to four independent experiments 
(Sec61-CPT1C one experiment, KDEL-CPT1C three experiments, ABHD6-CPT1C 
and SAC1-CPT1C four experiments). *p<0.05, ****p<0.0001 indicates a significant 
difference. Statistical significance was performed by one-way ANOVA followed by 
Bonferroni’s post correction test. 

 

 

Then, the study between SAC1 truncated constructs and full-length CPT1C 

was conducted with FRETse assay. As it can be observed in figure 68, the 

N-terminal domain of SAC1 seems not to be the responsible for the 

interaction with CPT1C because all the results draw a curve, the 

characteristic of a positive interaction. Negative interactions result in a 

lineal pattern.  
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Nevertheless, the curve representing FRET efficiency between SAC1(C7) 

and CPT1C shows a significant difference comparing to the full-length 

SAC1(C1). SAC1(C7) protein seems to have a lower interaction with CPT1C. 

However, in SAC1(C7) construct, the fluorescent tag is positioned 

extremely close to the transmembrane domains, perhaps reducing its 

mobility or sterically interfering with SAC1-CPT1C interaction.  It cannot be 

ruled out that these differences in FRETse between SAC1(C1) and SAC1(C7) 

are false negative, related with the chosen experimental approach. 

Moreover, comparing FRET efficiency of SAC1(C7)-CPT1C with the 

negative controls (KDEL-CPT1C or Sec61-CPT1C), statistical differences are 

found (figure 68B), suggesting that SAC1(C7) is still able to bind CPT1C. 

 

 

A) 

B) 
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Figure 68. The N-terminal region of SAC1 seems not to be the responsible for its 
interaction with CPT1C. A) FRETse of CPT1C with either SAC1 C1 (1-587aa), C2 (89-
587aa), C3 (189-587aa), C4 (275-587aa), C5 (378-587), C6 (436-587aa) or C7 (520-
587aa) in living cells. B) FRETse of CPT1C with either SAC1 C7 (520-587aa), KDEL 
and Sec61 in living cells. The experiments were conducted 48 hours after 
transfection of HEK293T cells. Cells were transfected with plasmids coding for 
mTurq2-SAC1(C1-C7), mTurq2-KDEL and mTurq2-Sec61 as donor proteins, and 
with increasing amounts of CPT1C-EYFP as an acceptor protein. The results are 
from one to three independent experiments (one experiment for Sec61-CPT1C, 
and three experiments for KDEL-CPT1C and SAC1-CPT1C). ***p<0.001, 
****p<0.0001 indicates a significant difference. Statistical significance was 
performed by one-way ANOVA followed by Bonferroni’s post correction test. 

 

 

2.2. Analysis of interaction via pull-down 
To confirm these results, a very different approach was needed. 

Therefore, pull-down studies were performed with streptavidin tagged-

CPT1C or streptavidin tagged-calnexin and C5, C6 and C7 constructs of 

SAC1. Streptavidin-tagged proteins were purified by using the Strep-

Tactin® Superflow® high capacity resin. Moreover, SAC1 variants were 

tagged with mTurq2 and mCPT1C and calnexin, with eGFP. The full-length 

SAC1 was used as the positive control and calnexin, as the negative one.  

 

Once proteins are retained in the resin due to the streptavidin tag, they 

were solubilized using GDN detergent generating the pull-downs which 

contain the possible interacting proteins. GDN was the chosen 

solubilization buffer because previous studies in the group, performed by 

Xavier Fontanals Palacios, indicated it is the best detergent to efficiently 

solubilize these membrane proteins due to its physical properties. 

 

Then, pull-down proteins and their interacting partners were detected by 

western blot. As it can be observed in figure 69A, obtained pull-down were 

revealed with three different antibodies: α-mCPT1C, α-calnexin and α-

GFP, the last one used to visualize all proteins, since this antibody 

recognizes both GFP and mTurq2 fluorescent tags. 

 

In the case of α-GFP antibody, a 115 kDa band corresponding to mCPT1C-

eGFP-streptavidin or calnexin-eGFP-streptavidin (depending on the 

condition) is identified at the top of the membrane. It is worth mentioning 

that calnexin’s pull-down is more efficient than CPT1C’s pull-down 
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because calnexin is more stable (as it is a chaperone) facilitating its better 

expression. Below it, an unspecific band is observed in all lanes (at 90 KDa, 

approximately). Directly underneath, the bands corresponding to the 

different constructs of SAC1 are detected. It has to be pointed out that 

SAC1(C1) is identified in the pull-down of calnexin, when it should not be, 

since these two proteins are not intended to interact. This means that 

some contamination of insoluble membranes can occur in the pull-down 

fraction. Therefore, the amount of SAC1 present in the pull-down was 

normalized by the amount of the streptavidin-tagged protein present in 

the same pull-down.  

 

Figure 69B shows the quantity of interacting SAC1 normalized by the pull-

down proteins, mCPT1C and calnexin, respectively. Proportionally, the 

amount of SAC1 interacting with calnexin is extremely low, confirming that 

calnexin does not interact with SAC1. By contrast, all the truncated 

proteins interact with mCPT1C with a similar or higher strength than full-

length SAC1, confirming the results obtained with FRETse analysis. 

 

 

 

 

 

 

A) 



Results 

169 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 69. Pull-down assay characterizing the SAC1-CPT1C interaction. A) CPT1C, 
calnexin and SAC1 levels in pull-down samples. B) Quantification of purified SAC1 
normalized to the levels of pull-down proteins, CPT1C or calnexin, both tagged 
with streptavidin. The results are from one independent experiment.  
 

 

Interestingly, all these results suggest that the N-terminal domain of SAC1 

is not the responsible for its interaction with CPT1C. Several deletions for 

this N-terminus were done and none of them showed a loss of interaction 

with CPT1C. Despite the fact that C7 (520-587), the truncated protein with 

only the two transmembrane domains and the C-terminus, showed lower 

FRETse efficiency, it was demonstrated with the pull-down approach that 

this truncated protein still interacts with CPT1C.   

 

 

 

3. Results summary of chapter II 
In this chapter, it has been studied the interaction between the two 

proteins of interest: SAC1 and CPT1C. The first step was to verify the 

correct expression of the truncated forms of SAC1 (C2, C3, C4, C5, C6 and 

C7). All of them are expressed in the appropriate way when the 

fluorescent tag (mTurq2) is placed before the N-terminus. They are mostly 

located in the ER as it was expected.   

 

A first FRETse with SAC1 tagged at the C-terminus resulted in a very low 

efficiency indicating the protein cannot interact with CPT1C when the tag 

B) 
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is placed in this position. This fact implies that the position occupied by the 

fluorochrome is important in techniques like FRETse. 

 

The results of the possible interacting region of SAC1 to CPT1C are 

summarized in figure 70. It seems that neither of SAC1’s deletions of N-

terminal domain impair the interaction. There were some doubts about 

the C7 truncated protein (520-587aa) with FRETse assay but they were 

solved with the pull-down approach, and the results point out that amino 

acids from 1 to 519 are not the responsible for the interaction. 

 

These findings reinforce the idea that the N-terminal domain of SAC1 is 

not implicated in the interaction, suggesting that the C-terminal region or 

even the TMDs could be involved in SAC1-CPT1C binding.  

 

 
Figure 70. Graphical abstract of chapter II. The interaction between SAC1 and 
CPT1C proteins in the endoplasmic reticulum can be through the C-terminal 
domain of SAC1 and, perhaps, the N-terminus of CPT1C.  
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The brain, often regarded as the most complex organ in the human body, 

is a vast network composed of billions of neurons which are 

interconnected by synapses. Scientific research is continuously revealing 

the brain’s incredible adaptability and plasticity, demonstrating its 

capacity to rewire and reorganize in response to learning, experiences 

and, even, recovery from injury. A relatively new area of study is 

increasingly highlighting the crucial influence of diets in brain function. 

Nutrients derived from our diet play a key role in shaping the brain’s 

structure and functionality.  

 

This thesis tries to give new insights about the close connection between 

nutrition and cognition, focusing specially in AMPAR subunit GluA1 due to 

its importance in this process. Moreover, our group has previously 

published that the transport of GluA1 to the plasma membrane during the 

synapse is regulated by malonyl-CoA, a metabolite whose levels fluctuate 

depending on the presence of nutrients (Casas et al., 2020). In this thesis, 

it has been studied the impact of different diets in vivo and the effects of 

nutrients that mimic those diets in vitro.  

 

Previously, it had been shown that saturated fatty acids negatively 

influence neurotransmission. At cellular level, PA decreases the trafficking 

of GluA1 subunits toward the plasma membrane (Spinelli et al., 2017) and 

alters neuronal morphology (McLean et al., 2019). On the contrary, 

unsaturated fatty acids had the opposite effect on synaptic processes, 

specially ω-3 PUFAs (Loehfelm et al., 2020). Moreover, upon a fasting 

situation or with a ketogenic diet, GluA1 levels increase in hippocampal 

neurons (Grillo et al., 2011; Hu et al., 2018; Rojic-Becker et al., 2019). Here, 

it has been demonstrated that saturated fats decrease the trafficking of 

GluA1 to the plasma membrane, whereas unsaturated fats and BHB 

increase it. Specifically, it has been described for the first time that a 

ketone body, BHB, can counteract the detrimental effect of saturated fats 

on GluA1 trafficking, synaptic transmission and cognition. 

 

Taking into account that the malonyl-CoA – CPT1C axis has been 

demonstrated to regulate GluA1 trafficking depending on energetic 

conditions, the involvement of this axis in PA and BHB effects was also 

studied. Finally, since the main partner of CPT1C in mediating AMPAR 

trafficking regulation is SAC1 and, little is known about the interaction 

between both proteins, we performed a series of deletions in the 
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sequence of SAC1 to identify the region involved in the binding to CPT1C. 

With all these approaches, this thesis has contributed to the 

understanding of nutrient's effects on AMPAR trafficking, synaptic 

plasticity and cognition.  

 

 

 

1. Exploring dietary influence on AMPARs 
Considering the crucial role that CPT1C plays in the regulation of GluA1 

receptor trafficking in response to energetic status, we first analyzed the 

levels of GluA1 and its phosphorylations in the cortex of CPT1C KO mice.  

It is expected that in the absence of CPT1C protein, total GluA1 levels are 

reduced, as it has been published before (Fado et al., 2015). However, this 

fact was observed in hippocampal GluA1 but no in cortical one, suggesting 

that cortex does not regulate GluA1 synthesis, but it could be modulating 

its transport to the plasma membrane. Therefore, the phosphorylation of 

GluA1 was analyzed.  

 

Post-translational modifications are one of the mechanisms responsible 

for the regulation of AMPARs trafficking to perisynaptic sites and synapses 

(Diering & Huganir, 2018), being phosphorylations at S831 and S845 the 

best studied ones. Only levels of GluA1 phosphorylated at S845 decreased 

in cortical samples of CPT1C KO mice. Less p(S845)-GluA1 suggests an 

impairment in exocytosis processes, as expected in the absence of CPT1C 

because this protein has been related with GluA1’s canonical trafficking 

towards the plasma membrane (Casas et al., 2020). By contrast, p(S831)-

GluA1 is related with channel conductance, playing a critical role in the 

receptor’s functionality (Summers et al., 2019). The absence of changes in 

S831 phosphorylation in CPT1C KO mice correlates perfectly with the fact 

that CPT1C is not modulating GluA1’s channel properties (Gratacos-Batlle 

et al., 2015). Therefore, it seems that GluA1 trafficking is impaired in the 

cortex, whereas its synthesis is altered in the hippocampus. Although it 

cannot be discarded that the trafficking is not altered in the hippocampus 

because phosphorylation levels have not been analyzed in this region. 

Despite CPT1C modulates GluA1 and GluA2 hippocampal synthesis (Fado 

et al., 2015), this thesis has specifically focused on the trafficking of GluA1 

subunit as it is the only one to be regulated by CPT1C (Casas et al., 2020).  
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Taking into account that CPT1C in the hypothalamus has a protective role 

against HFD-induced obesity and CPT1C KO mice are more prone to 

gaining body weight (Rodriguez-Rodriguez et al., 2019; Wolfgang et al., 

2008), we decided to explore whether HFD could affect cognition through 

CPT1C.  Feeding WT animals with HFD for one week is not enough to affect 

GluA1 levels or its phosphorylation rate. Moreover, the observed decrease 

in GluA1 phosphorylation in CPT1C KO cortex compared to WT did not 

occur in the presence of a short-term HFD. This could suggest that dietary 

fats are able to increase GluA1 phosphorylation to normal levels in cortex 

of CPT1C deficient mice. It is noteworthy that the specific fat composition 

of this type of diet is usually left unspecified. Typically, HFD is 

characterized by a combination of saturated and unsaturated fatty acids, 

where saturated fats tend to be in a higher proportion than unsaturated 

ones. In line with this, it was assumed that unsaturated fatty acids were 

probably mitigating the effects of saturated fats. Because of that, the next 

step was to analyze GluA1 levels with different types of HFD: the SFAD and 

the MUFAD. Neither short-term or long-term diets (1 week and 1 month 

respectively) showed any alteration in total GluA1 levels or 

phosphorylated ones. This fact indicated that there were not changes at 

tissue levels, at least, within this intake period. Nevertheless, p(S845)-

GluA1 decreased with a SFAD based on 60% of fats for 6 weeks (Spinelli et 

al., 2017), indicating the importance of the fatty dose. It can be suggested 

that longer periods of time are needed to have a negative impact on 

cortical brain function with the SFAD used in this thesis (based on 49% of 

fats). Moreover, as just a few receptors are phosphorylated (Diering et al., 

2016; Hosokawa et al., 2015; Oh et al., 2006), the experimental approach 

used may not allow us to know what really occurs with their transport. 

That is why we decided to performed the study at the cellular level.   

 

To simulate SFAD and MUFAD at this level, different fatty acids were 

chosen: PA as a represent for SFAD and OA, for MUFAD. Moreover, we 

were also interested to find out what happen with ω-3 PUFAs, so DHA 

treatment was also administered. ω-6 PUFAs, such as araquidonic acid, 

were excluded because they have been related to inflammatory response 

(D'Angelo et al., 2020).  

 

The results are in concordance with the hypothesis that saturated fatty 
acids impair GluA1 trafficking and unsaturated ones, enhance it. A high 
abundance of PA led to a decrease in surface GluA1 levels. Its effects 
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seemed to be more intense with long-term treatment (24h). This might be 
attributed to the body’s ability to adapt and maintain homeostasis. In the 
short-term period, it may prioritize immediate energy needs and allocate 
resources to cope with the high fat intake without causing important 
cognitive changes. Over time, as high-fat diets persist, the cumulative 
impact on the brain and cognitive functions become more apparent. In 
addition, HFD has also led to a decrease in the total levels of PSD95 
(Spinelli et al., 2017). Therefore, this reduction in surface GluA1 due to PA 
may be associated with the downregulation of proteins within AMPAR 
macrocomplex.  
 
It has been published that PA halts the trafficking of AMPARs toward the 
plasma membrane through the palmitoylation of GluA1 subunit (Spinelli 
et al., 2017) although other mechanisms can be involved too. 
Nevertheless, not all the surface GluA1 is participating in synapses. In the 
case of the saturated fatty acid PA, it also decreased synaptic GluA1 
suggesting that it has a direct consequence on neuronal signaling. 
 
On the other hand, the positive effect of unsaturated fatty acids (OA and 
DHA) needed more time to impact on GluA1 levels. They might carry out 
their beneficial effects through more complex mechanisms than saturated 
fatty acids. They could also accumulate in tissues, which could explain the 
light tendency of increased phosphorylated GluA1 levels that it was 
observed with the long-term MUFAD. Therefore, their impact may be 
more gradual and sustained over time.  
 
Furthermore, the ketone body BHB, produced from fatty acids in fasting 
situation, has also been studied. BHB showed its positive effects on surface 
GluA1 levels with both short- and long-term treatment, indicating a rapid 
impact on neurotransmission no matters the duration of the treatment.  
This suggests that it not only serves as energy source but also potentially 
has a direct impact on synaptic plasticity. This effect could enhance 
alertness in mice and enables them, for instance, to look for food faster. 
However, BHB did not change synaptic GluA1 levels as it was firstly 
expected. It seems that the ketone body improves AMPARs trafficking, yet 
GluA1 remains in extrasynaptic regions probably ready until it is needed. 
Taking into account that BHB levels are very low in a normal situation and 
they increase with ketogenic state, we were interested in studying the 
effects of different doses of this ketone body. Strikingly, lower 
concentrations of BHB increased surface GluA1 too although, again, no 
changes in synaptic GluA1 were observed.  
 



Discussion 

177 
 

In line with the observation that PA causes axonal blebbing reducing 

dendritic arborization, while DHA can reverse these effects returning 

neurons to their typical morphology (Loehfelm et al., 2020; McLean et al., 

2019), we decided to explore whether BHB could exert a similar effect 

reversal. It is already known that BHB can ameliorate adverse effects in 

the presence of brain damage (Di Majo et al., 2022; Henderson et al., 2009; 

Manville et al., 2020; Newport et al., 2015; Tieu et al., 2003), so we 

wondered about its potential role about counteracting the deleterious 

impact of PA in GluA1 trafficking.  

 

As it was hypothesized, BHB was able to reverse the negative effects 
caused by PA on synaptic GluA1 levels. Surprisingly, with 5 mM BHB, the 
highest concentration, the reversion was not observed. It is important to 
point out that this concentration is not found in blood at physiological 
conditions. Another intriguing perspective to explore would have been 
initially subjecting neurons to PA treatment, allowing the manifestation of 
any adverse effects and, subsequently, administrating BHB. This approach 
could have shed light on the potential for BHB to mitigate negative 
consequences of PA once they have been developed. An alternative 
strategy could have involved the longitudinal observations of treatments, 
such as conducting a washout period for both PA and BHB, followed by an 
analysis of the changes in surface and synaptic GluA1. Accordingly, it could 
be determined whether the unique effects gradually diminish over time or 
persist indefinitely. 
 
Despite the fact that this thesis focused on GluA1 subunit of AMPARs, 
highlighting the specific effects of different nutrients on membrane 
targeting, it raises the question of what impact these nutrients might have 
on other glutamatergic receptors, like GluA2 or NMDA-type glutamate 
receptors, and other synaptic proteins, like PSD95.  
 
Moreover, an alternative cellular model to primary cultures was 
developed to corroborate these results. Even though no significant 
differences were obtained with short-term treatments, nutrients had the 
same effects on differentiated SH-SY5Y confirming our previous results. 
These cells represent a compelling model to avoid animal sacrifice in 
scientific research. Their use aligns with ethical considerations and may 
streamline experimental procedures enhancing the efficiency of research.  
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2. Diet-related impacts on synaptic plasticity  
In the last years, there have been an increasing interest about how our 

dietary habits affect cognition. The recognition that our diets play a key 

role in shaping cognitive abilities and processes has led to a surge in 

studies investigating the effects of specific nutrients (Gómez-Pinilla, 2008; 

Klimova et al., 2020; Puri et al., 2023). Once we established the effect of 

fatty acids and the ketone body in surface and synaptic GluA1 levels, we 

decided to further explore their role in neurotransmission. In line with the 

absence of any detected modifications in synaptic GluA1 levels with BHB 

treatment, there was no enhancement in mEPSCs recordings in cultured 

neurons. By contrast, PA clearly decreased the amplitude of mEPSCs, 

corroborating the results obtained in synaptic GluA1 levels. In fact, there 

was a notable change in the amplitude distribution toward lower values in 

this case. Moreover, the analyzed kinetic parameters exhibited no 

appreciable alterations either, so AMPARs subtype composition remained 

consistent. The frequency of these mEPSCs did not show any change 

indicating that the effects of PA and BHB occur at a postsynaptic level. 

Considering that NMDA inhibitors were used when recording mEPSCs, we 

can specifically attribute PA effects to the regulation of AMPARs.  

 

Given these results, we then wanted to study the nutrient’s effect in a 

more physiological context, conducting electrophysiological recordings in 

hippocampal slices. The absence of changes in PPR results also confirmed 

the postsynaptic effects of these nutrients. For these reasons, we 

examined neuronal excitability and the response of neurons to various 

levels of stimulation. Neurons became more excitable and fired more 

action potentials generating a larger response as the input increased with 

BHB treatment. This can be explained by considering the presence of a 

greater quantity of AMPARs in the plasma membrane ready to receive 

neurotransmitters.  

 

Although no changes were observed with BHB, PA induced a significant 

decrease in AMPA/NMDA ratio, indicating the changes in synaptic 

transmission resulting from the presence of this saturated fatty acid are 

mostly attributed to alterations in AMPARs.  

 

In order to evaluate the influence of PA and BHB in synaptic plasticity, LTP 

was studied too. The outcomes were not conclusive due to the large 

variability in the LTP magnitude and the relatively small sample size tested. 



Discussion 

179 
 

However, it is known that ketogenic diets do not affect synaptic plasticity 

(Huang et al., 2019). On the other hand, LTP is reduced following an 8-

week SFAD dietary regimen (Fernandez-Felipe et al., 2021), which is a 

longer duration compared to the short-term treatment used in the 

experiments conducted in this thesis. Furthermore, it might be of 

significant interest to investigate the effects of these two nutrients on 

several other forms of synaptic plasticity, such as LTD. 

 

 

 

3. Diet-related impacts on cognition  
Once electrophysiological approaches were done, it was relevant to 

perform behavioral tests to examine cognitive processes. Taking into 

account that the deleterious effects of fatty acids are mostly observed 

with a dietary regimen of 2 months, we decided to feed mice with SFAD 

(49% of saturated fats) during that time. To mitigate this effect, BHB was 

administrated intragastrically to ensure consistent daily doses. In addition, 

blood BHB levels vary depending on the nutritional situation: they oscillate 

between 0.5-3 mmol/L with ketogenic diets (Lowder et al., 2023) and can 

reach up to 1 mmol/L in the brain with a short-term fasting (Pan et al., 

2000). In accordance with this, the chosen dose was 100 mg/kg/day, 

determined based on previously published data (Hu et al., 2018), in which 

they administered 60nmg/kg twice daily. We used a slightly lower dose 

injected in the morning to prevent administering on an empty stomach 

and to avoid potential ketosis.  

 

BHB reverses deleterious effects of the diet. Furthermore, this fact is in 

line with the results previously mentioned, indicating that BHB alone does 

not affect synaptic transmission or synaptic GluA1. The consistent 

outcomes were replicated when assessing spatial learning. Altogether 

these results highlight that BHB can counteract PA’s effects at a cellular 

and cognitive level. So far, there have not been any available study about 

the role of BHB counteracting PA effect. This thesis has described for the 

first time the potential role of BHB over the detrimental effect of PA on 

cognition. BHB appears to function as a highly effective energy source in 

comparison to glucose. One possible explanation for this could be that 

BHB improves mitochondrial functions increasing cognitive performance 

with the extra energy. BHB, besides serving as a crucial energetic 

metabolite for neurons as demonstrated in this thesis, enhances 
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perisynaptic GluA1. This could play a vital role in facilitating the rapid 

replacement of GluA1 that is endocytosed due to palmitate, thereby 

helping to prevent the negative effects of the fatty acid. In addition, the 

energetic surplus may serve as a protection for neurons, safeguarding 

them against damage and degeneration, while also offering antioxidant 

and anti-inflammatory effects in challenging situations (Marosi et al., 

2016; Rojas-Morales et al., 2020).  

 

In the context of fasting, the body enters an atypical state, prompting the 

production of ketone bodies to provide energy for the brain and mitigate 

any adverse consequences. PA is released from adipose tissue and BHB, 

from the liver. Both metabolites reach the brain together explaining why 

intermittent fasting is not detrimental to the brain, rather, it is quite the 

opposite. Moreover, BHB emerges as the most efficient ketone body. 

Acetoacetate, which precedes BHB and acetone in the ketone synthesis 

pathway, might exhibit milder cognitive effects compared to BHB. 

Acetone, being a volatile compound rapidly eliminated from the body, is 

unlikely to exert the same strong impact as BHB.  

 

Based on these findings, one could consider the option to commercialize 

BHB for mitigating HFD-mediated cognitive impairment. Nevertheless, it 

could be interesting also to analyze AMPARs and NMDARs in the 

postsynaptic density zone and in synaptosomes. This could provide 

valuable extra insights into the functioning of synapses and neurons under 

the effects of PA and BHB.  

 

Regarding in vivo studies, for the purpose of extending the applicability of 

the concepts presented here, it is advisable to replicate the analysis using 

older mice. It has been described that disparities in synaptic plasticity exist 

between young and elderly individuals (Fado et al., 2022). Furthermore, 

we need to delve into the specific quantities of BHB required to trigger 

these reversal effects. It is very important to ascertain the precise levels of 

BHB in both the bloodstream and the brain to observe and understand this 

phenomenon.  
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4. Implication of malonyl-CoA – CPT1C axis in nutrients-
mediated regulation of AMPARs 

As it was mentioned before, CPT1C plays a key role in regulating AMPARs. 

Once studied several nutritional situations, the next step was to find out 

whether malonyl-CoA – CPT1C axis was involved in AMPARs changes 

related with diets.  

 

Malonyl-CoA, a fatty acid precursor, is under the influence of several 

regulating enzymes such as ACC and FAS. ACC assumes a critical role in the 

control of malonyl-CoA synthesis and can be modulated through its 

phosphorylation. ACC exhibited nuances when exposed to different 

nutritional factors. Both PA and OA induce the inactivation of ACC 

inhibiting the synthesis of fatty acids. Remarkably, DHA and BHB, in 

contrast, did not seem to impart any significant alteration. On the other 

hand, FAS downregulates malonyl-CoA levels because it catalyzes its 

conversion to long-chain fatty acids, such as PA. In this context, it is 

intriguing to note the PA and DHA had no discernible impact on FAS levels, 

whereas OA and BHB provoked a noticeable reduction. The results 

revealed that monounsaturated fatty acids uniquely possessed the 

capacity to concurrently regulate both ACC and FAS, consequently 

maintaining malonyl-CoA levels at a steady equilibrium. Considering these 

findings, it becomes plausible to speculate that the putative levels of 

malonyl-CoA would witness a decline in the presence of PA, indicating a 

state of low energy availability and promoting the oxidation of fatty acids. 

The presence of BHB could potentially result in an increase of malonyl-CoA 

levels, facilitating fatty acid synthesis to store energy.  

 

Moreover, we delved into the analysis of additional proteins, specifically 

focusing on CREB and BDNF, both of which have previously demonstrated 

alterations in response to HFD (Spinelli et al., 2020). No significant 

differences were observed in the levels of BDNF or the activation of CREB, 

neither with short- or long-term treatments. These findings underscore 

the complexity of the interplay between dietary factors and the molecular 

pathways governed by these proteins, warranting further exploration and 

a deeper understanding of their regulatory mechanisms. 

 

It has been published that malonyl-CoA increases surface GluA1 levels 

(Casas et al., 2020). In agreement with this, we supposed that PA might 
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exert its impact on malonyl-CoA levels, given its role as an inhibitor of ACC, 

decreasing surface GluA1 levels. This points out an exploration into 

whether malonyl-CoA could potentially mitigate the adverse effects 

induced by PA, which we hypothesized might be linked to an alteration in 

the malonyl-CoA – CPT1C axis. Remarkably, our results demonstrated that 

malonyl-CoA led to an increase in surface GluA1 levels. However, it 

became evident this metabolite alone was unable to fully reverse the 

detrimental impact of PA. This outcome raised interesting questions about 

the potential mechanisms at play. Indeed, even in the absence of CPT1C, 

PA continued to have a slight reduction in surface GluA1 levels, although 

not statistically significant. Malonyl-CoA's influence on surface GluA1 

levels remained evident, regardless of CPT1C's presence. As it increases 

the synthesis of fatty acids, this process could probably cause a remodeling 

of the plasma membrane influencing, at the same time, the amount of 

surface GluA1. In the absence of CPT1C, there are more free malonyl-CoA 

molecules possibly enhancing the trafficking of GluA1 under this situation.  

 

These findings strongly suggest that the malonyl-CoA – CPT1C pathway 

might not be the responsible for PA's effects. A noteworthy hypothesis 

emerges from this observation: it is plausible that an excess of PA may lead 

to palmitoylation of GluA1 subunits, a phenomenon previously 

mentioned. Consequently, the effects of PA on GluA1 may be independent 

of the malonyl-CoA – CPT1C pathway.  

 

In order to investigate the potential influence of BHB on GluA1 via the 

malonyl-CoA – CPT1C axis, we used TOFA, an inhibitor of the ACC enzyme 

responsible for malonyl-CoA synthesis. When these two molecules, BHB 

and TOFA, were administered at the same time, it was observed that TOFA 

effectively blocked the actions of BHB, underscoring the interplay 

between these components. Even so, when CPT1C was absent, BHB failed 

to cause any noticeable alterations, suggesting a pivotal role of CPT1C in 

this process. These findings provide reasonable evidences to suggest that 

the malonyl-CoA – CPT1C axis is implicated in BHB’s effect, particularly 

along the well-established canonical pathway of AMPARs trafficking.  

 

Nevertheless, these nutrients can generate indirect effects, thereby 

introducing a layer of complexity that requires careful consideration when 

postulating a mechanistic explanation.  
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5. Interaction between SAC1 and CPT1C 
It is well-accepted that AMPARs are macromolecular complexes whose 

regulation rely on the proteins that co-assemble with these receptors 

(Brechet et al., 2017; Schwenk et al., 2019; Schwenk et al., 2012). Two 

proteins this thesis was focused on were SAC1 and CPT1C, as they 

modulate the transport of AMPARs toward the plasma membrane 

depending on the nutritional status of neurons (Casas et al., 2020). 

However, there is limited knowledge about the interaction between them. 

We engineered constructs of truncated SAC1 in order to identify the 

domain of SAC1 involved in it.  

 

The fact that locating the fluorescent tag (mTurq2) at the end of the 

truncated SAC1 resulted in no protein expression is possibly due to issues 

like misfolding or cellular stress. In addition, the tag at the C-terminus of 

the non-truncated SAC1 also prevented the binding to CPT1C, probably 

due to a stearic impediment. Therefore, to stabilize the truncated proteins 

and avoid this stearic impediment, mTurq2 was replaced in the N-terminus 

of SAC1 for all the following experiments.  

 

Results evidenced that all the truncated proteins still maintained the 

interaction with CPT1C, indicating that the domain of SAC1 involved in the 

interaction is not the N-terminal region but the transmembrane domain 

or the C-terminus. The hindrance observed in the interaction between 

both proteins due to the placement of the fluorescent tag at the C-

terminal domain of SAC1 suggests that this specific short C-terminal region 

is involved in this interaction.  

 

Our results do not agree with in silico studies because both the 

transmembrane and C-terminal domains were excluded from the analysis. 

In this way, SAC1 was forced to interact through its N-terminus. This fact 

underlies the importance of validating results by other techniques, such as 

FRET and pull-down.  

 

Therefore, we concluded that SAC1 does not interact through its N-

terminal domain with CPT1C. When hypothesizing about their interaction, 

two scenarios come to mind. One possibility is a cis interaction, in which 

SAC1 may interact via its transmembrane domains or C-terminus with 

CPT1C within the ER. The alternative option is a trans interaction, where 

SAC1 in the Golgi apparatus uses its C-terminal domain to establish contact 
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with CPT1C in a distinct subcellular compartment. However, SAC1’s C-

terminus is formed by just 17 aa complicating the interaction through this 

domain with another protein located in another cellular organelle (Zewe 

et al., 2018), like the ER in the case of CPT1C.  

 

Thus, to fully describe the interaction of these two proteins, it would be 

recommended to engineer a new construct without SAC1’s C-terminal 

domain. Other possibility to consider could involve the deletion of its 

transmembrane domains although it could not be such a good idea as 

SAC1 needs these domains to be tethered to the membrane. Their 

removal could result in SAC1 degradation. Finally, the same interaction 

studies (FRETs and pull-downs) should be done with truncated CPT1C. 

Previous research has already described that the last 40 aa, a unique 

characteristic that sets this protein apart from the other family members, 

do not play a role in mediating the interaction with SAC1 (Casas et al., 

2020). Therefore, it could be suggested to engineer a truncated CPT1C 

without its N-terminal segment. Nonetheless, we have to consider the 

possibility that the rest of the voluminous C-terminal domain still plays a 

role in the interaction. Consequently, the same cloning strategy used for 

SAC1 (involving the removal of specific motifs) should be explored for 

CPT1C too.   

 

 

 

6. Concluding remarks 
Overall, this thesis has focused on the role of fatty acids and ketone bodies 
in AMPARs trafficking. Saturated fatty acids, as previously shown, have 
been found to significantly reduce surface GluA1 levels, thereby providing 
an explanation for their adverse impact on cognitive functions. 
Conversely, unsaturated fatty acids and ketone bodies have been 
observed to elevate the levels of this specific AMPAR subunit. In addition, 
it is worth noting that PA was able to affect synaptic GluA1 levels, whereas 
BHB seemed to predominantly affect extrasynaptic ones.  
 
These dietary components caused an impact at postsynaptic level, 
specifically through the modulation of AMPARs. More importantly, these 
effects observed by PA and BHB extend beyond receptor dynamics and 
correlate with alterations in learning and memory processes. Here, we 
demonstrated that BHB can counteract the detrimental effects of PA in 
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vitro and in vivo in mice. Furthermore, a potential mechanistic pathway for 
the BHB actions has been proposed involving the malonyl-CoA – CPT1C 
axis. Finally, ongoing studies have been directed toward elucidating the 
specific motifs underlying the interaction between SAC1 and CPT1C. 
 
Altogether, these results have contributed to a better understanding of 
the impact of nutrients in brain functions and cognitive processes. They 
have given new insights into the cellular mechanisms which can be 
implicated, as it is shown in figure 71.  

 
Figure 71. Graphical abstract of thesis concluding remarks. Schematic summary of 
main conclusions of chapter I and II of results. BHB’s effects are dependent of 
malonyl-CoA – CPT1C axis. The three possible interactions of SAC1 and CPT1C are 
represented. ER: endoplasmic reticulum. GA: Golgi apparatus. TMD: 
transmembrane domain.  
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1. GluA1 phosphorylation at S845 is compromised within the cortex of 

CPT1C KO mice, whereas GluA1 synthesis is reduced in the 

hippocampus.  

 

2. SFAD and MUFAD, based on 49% of fats, have no effects on GluA1 

protein levels and phosphorylation at S845 or S831, regardless of 

whether the feeding period was one week or one month.  

 

3. PA treatment for 24h decreases surface GluA1 levels while OA, DHA 

and BHB increase them in cultured cortical neurons. Short-term (2h) 

effects are similar to the long-term ones but milder.  

 

4. The alternative cellular model of differentiated SH-SY5Y successfully 

replicates nutrients’ effects on surface GluA1 levels as in primary 

neuronal cultures.  

 

5. PA has the capacity to reduce synaptic GluA1 levels in cultured 

hippocampal neurons, while BHB does not. However, BHB 

counteracts PA-mediated downregulation of synaptic GluA1 in these 

neurons. 

 

6. PA negatively regulates AMPARs-mediated excitatory postsynaptic 

currents in cultured cortical neurons. 

 

7. BHB restores the adverse effects of PA on neuronal excitability in 

hippocampal slices. The detrimental effects of PA are mostly due to 

AMPARs, not NMDARs. 

 

8. Daily oral BHB administration for two months counteracts the 

detrimental effects of SFAD in spatial learning and recognition 

memory. 

 

9. BHB, but not PA, regulates surface GluA1 levels through the malonyl-

CoA – CPT1C axis. 

 

10. SAC1 does not interact with CPT1C through its N-terminal domain.
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2-AG   2-arachidoniyglycerol 

A   Acceptor 

aa   Amino acid 

AA   Araquidonic acid 

ACC   Acetyl-CoA carboxylase 

aCSF   Artificial cerebrospinal fluid 

AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptor 

AMPK   AMP-activated protein kinase 

BHB   β-hydroxybutyrate 

CAMKII   Ca2+/calmodulin-dependent kinase II 

CNIH   Cornichon protein 

CNS   Central nervous system 

COPI   Coat protein I 

COPII   Coat protein II 

COT   Carnitine octanoyltransferase 

CPT   Carnitine palmitoyltransferase 

CrAT   Carnitine acetyltransferase 

CTD   C-terminal domain 

D   Donor 

D-AP5   D-(-)-2-amino-5-phosphonopentanoic acid 

DEPC   Diethyl pyrocarbonate 

DHA   Docosahexaenoic acid 

DI   Discrimination index 

DIO   Diet-induced obesity 

DMEM    Dulbecco’s Modified Eagle Medium 

DMSO   Dimethyl sulfoxide 

ECR   Extracellular region 

EGTA   Ethylene glycol tetraacetic acid 

Em   Emission 

EPSP   Excitatory postsynaptic potential 

ER   Endoplasmic reticulum 

Ex   Excitation 

FACS   Fluorescent-activated cell sorting 

FAS   Fatty acid synthase 

FBS   Fetal bovine serum 

fEPSP   Field excitatory postsynaptic potential 

FRET   Föster resonance energy transfer 

FRETap   FRET acceptor photobleaching 
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FRETse   FRET sensitized emission 

GABA   γ-aminobutyric 

HBSS   Hank’s balanced salt solution 

HEK293T  Human embryonic kidney 293T 

HFD   High-fat diet 

HFS   High-frequency stimulation 

HSP   Hereditary spastic paraplegia 

I/O   Input/output 

ICR   Intracellular region 

icv   Intracerebroventricular 

IPSP   Inhibitory postsynaptic potential 

JNK3    c-Jun N-terminal kinase 3 

KO   Knock-out 

LBD    Ligand-binding domain 

LTD   Long-term depression 

LTP   Long-term potentiation 

mEPSC   Miniature excitatory synaptic current 

ms    Milliseconds 

MUFAD   Mono-unsaturated fatty acid diet 

mV   Millivolts 

MWM   Morris water maze 

MΩ   Megaohmios 

NMDAR  N-methyl-D-aspartate receptor 

NORT   Novel object recognition test  

NTD   N-terminal domain 

OA   Oleic acid 

OFT   Open field test 

OLT   Object location test 

PA   Palmitic acid 

pA   Picoamperes 

PAK3   p21-activated kinase 3 

PBS   Dulbecco’s Phosphate Buffered Saline 

PCR   Polymerase chain reaction 

PEI   Polyethylenimine 

PI   Phosphatidylinositol 

PI4P   Phosphatidylinositol 4-phosphate 

PKA   cAMP-dependent kinase 

PKC   Protein kinase C 

PPR   Paired-pulse ratio 
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PS   Phosphatidylserine 
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